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(Abstract)

It is believed that organisms that first appeared after the formation of the earth lived in
a very limited environment, making full use of the limited number of genes. From
these early organisms’ genes, more were created by replication, mutation,
recombination, translocation, and transmission of other organisms’ DNA,; thus, it
became possible for ancient organisms to grow in various environments. The
photosynthetic CO,-fixing enzyme RuBisCO began to function in primitive
methanogenic archaea and has been evolved as a central CO,-fixing enzyme in
response to the large changes in CO, and O, concentrations that occurred in the

subsequent 4 billion years. In this review, the processes of its adaptation to be
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specialized for CO, fixation will be presented from the viewpoint of functions and

structures of RuBisCO.

Introduction

Billions of years after the earth was formed, the initial microorganisms (believed to be
anaerobic archaea) are assumed to have appeared. Among the anaerobic archaea,
methanogenic archaea are thought to be responsible for methane production from COs,
which accounted for almost 100% of the atmosphere, and H, produced non-biologically
[1]. Recent results suggest that photosynthetic CO,-fixing enzyme RuBisCO originated
from a primitive Calvin-Benson-Bassham (CBB) cycle, the reductive
hexulose-phosphate (RHP) pathway, involved in the methane production in
Methanospirillum hungatei [2] (Figure 1).

In the environmental CO, concentration at that time, CO, bonding to
methanofuran-NHs" (carbamylation), which was the initial reaction of methane
production, CO, bonding to the activation site Lys201-NHs;" of RuBisCO, and the
reaction of the substrate CO, to C2 of deprotonated ribulose 1,5-bisphosphate (RuBP) at
the RuBisCO catalytic site proceeded as chemical reactions [3]. In response to a major
environmental change that subsequently declined by 1/2000 of the environmental CO,
concentration over 4 billion years, methanogenic archaea were restricted to an anaerobic
environment containing high concentrations of CO; [4]. In contrast, how RuBisCO
responded to this change has not been argued sufficiently. In this review, we discuss the
mechanism of environmental adaptation of RuBisCO, which has followed the process

of sharply decreasing CO, concentration and increasing O, concentration from almost
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zero to 21%.

Questions in RuBisCO in vivo activation
Activation mechanism

The reversible activation reaction of RuBisCO proceeds as follows:
Lys201-NH, (E) binds CO, (C) to form Lys201-NHCOO™ (EC), to which Mg?* (M)
further coordinated to complete the activated ECM form [5]. The ternary complex is
essential for the enzyme to proceed with the deprotonation of C3 of RuBP. The reaction
rate of the carbamate formation process among these processes is very slow, but binding
of Mg?* to the carbamate progresses very fast [6]. When 44 uM RuBisCO protomer was
activated at 112 uM CO, at 10 °C, the activation rate was calculated to be
approximately 3 uM/sec and the activated was accomplished in 10 min [7]. Conversely,
the rate constant of chemical bonding of CO; to the amino group of a model compound
monoethanolamine (MEA) is 6.1 x 10%M/sec at 30 °C [8]. Calculated using this
reaction rate constant, the equilibrium in activation should have been reached in 3.2 sec
with the RuBisCO protomer and CO; concentration used in the biochemical experiment.
In contrast, the rate constant of liberation of CO, from MEA carbamate is 29.8/sec and
its half-life is 0.023 sec, but the half-life at which activated RuBisCO is inactivated
under inactivation conditions was 20 sec (Figure 1). The difference in reaction rates
between the amino groups and CO, cannot be explained completely by the difference in
the reaction temperatures used. Below, we discuss how Rubisco was able to accomplish
its catalytic function using two molecules of CO, independently as a
catalysis-supporting molecule and a substrate in the adaptation process of RuBisCO to

accomplish a considerable change in the atmospheric gas composition.
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Activation by sugar phosphates and NADPH

Ligands of RuBisCO can be classified into three groups, based on their effects
on activation [3, 9-11]: (i) positive effectors, e.g., reduced nicotinamide adenine
dinucleotide phosphate (NADPH), 6-phosphogluconate (6-PG), inorganic phosphate,
and 2-carboxy-D-arabinitol 1,5-bisphosphate enhance activation; (ii) negative effectors,
e.g., D-xylulose 1,5-bisphosphate and ribose 5-phosphate facilitate deactivation; and
(iii) neutral ligands, e.g., RuBP does not actually promote or inhibit RuBisCO activation
[12]. 6-PG and NADPH seems to be especially important as physiological positive
effectors. In 6-PG analysed in detail, K; of 6-PG in competitive inhibition with respect
to RuBP was different from Ky determined by the equilibrium binding analysis; K; was
8.5 uM, but Ky was 37 uM [10]. The promotion of activation of RuBisCO by 6-PG gave
a saturation curve and the half-saturation concentration of 6-PG was 50 uM [7]. 6-PG
binds to the RuBP-binding site in a competitive manner in the inhibition Kinetics, but
may adopt a different binding mode in the activation from that inferred in the
competitive kinetics. Although NADPH is also a competitive inhibitor of RuBP, there is
no difference between K; and K, for NADPH during activation; although it is not as
much as 6-PG, the binding mode may be different from that of RuBP.

After that, this concept was clarified from the X-ray structural analysis of rice
RuBisCO complexed with 6-PG or NADPH [11]. In rice RuBisCO, which was
crystallized under the condition including 40 mM 6-PG or NADPH in the presence of
CO;, and 40 mM MgClI; in the buffer in equilibrium with air, those structures were very
different from those expected from the difference between the above K;, and K4 or Kp,.

These sugar phosphates were bound to the catalytic site, where the e-amino group of
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Lys-201 was carbamylated and Mg?* was coordinated to the carbamate anion. The
position of the carbamyl group oxygen of Lys-201 stabilizing this Mg?* and the position
of Asp-203 and Glu-204 carboxyl group oxygen had very similar architecture between
6-PG- and NADPH-bound enzymes. One of the small differences seen in these two
enzymes was that the carboxyl groups of 6-PG and the oxygen of the hydroxyl group on
C2 were directly coordinated to Mg®" in the former, but in the NADPH enzyme, the
adiponyl phosphate oxygen and the C3 hydroxyl group oxygen of the nucleotide ribose
stabilized Mg®* via two molecules of water. Conversely, two of the three
Mg?*-coordinated water molecules observed in the NADPH complex were substituted
by the C1 carboxyl and C2 hydroxyl oxygen atoms of 6-PG. This observation suggests
that 6-PG stabilizes the ECM form by directly interacting with Mg®*, unlike the indirect
and relaxed interaction between RuBisCO and NADPH. These structural differences
may explain the observed differences in stabilizing the activated form of RuBisCO.

It is interesting to analyse the functions of 6-PG and NADPH from kinetic data of
the activities of enzymes [7]. When RuBisCO, which had been activated (ECM), was
diluted with a system without CO, or a buffer containing EDTA, RuBisCO was
inactivated with a half-life of about 20 sec. The addition of 6-PG or NADPH to this
RuBisCO inactivation reaction caused the half-life to increase to 1,800 and 300 sec,
respectively. In other words, the ECM form of Rubisco which kept its activated state
with 6-PG or NADPH maintained the active state for a long time even in the presence
of EDTA (Fig. 3). The slight difference seen in 6-PG and NADPH seems to be due to

only a slight difference in structure taken by RuBisCO when bound to the effectors.

Activation and activase



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

That the ECM form constitutes a complex with carboxyl groups from Glu-203
and Asp-204 around Lys-201 in order for RuBisCO to exhibit a CO, fixation reaction
has been proven to be essential through many pioneering RuBisCO discoveries over the
half-century since the discovery of the enzyme [5]. RuBisCO activase is deeply
involved in this process [13, 14]. RuBisCO activase dose not catalyze directly the
activation of RuBisCO, but removes various sugar phosphate inhibitors such as RuBP
bound to inactive RuBisCO and gives a chance to catalytic sites of RuBisCO to be
activated. A group from the Max Plank Research Institute has proposed an intriguing
challenge to this process via analysis of the structure of RuBisCO activase in the last
several years [15, 16], suggesting that RuBisCO activase from tobacco functions as a
hexamer .

It has been known for some time that the concentration of RuBisCO activase in
chloroplasts is rather low. When exerting its function on RuBisCO, if the activase
exhibits its functions by constituting a hexamer in vivo as proposed by Hayer-Hartl’s
group; so RuBisCO holoenzyme (LgSg) in the chloroplast is 3 pmol/m? and the activase
(As, hexamer of activase) has been estimated to be 0.57 pumol/m? [17]. In the
measurements by Mate et al. [18], these values were 2.5 and 0.16 pmol/m?, respectively.
In these activase antisense experiments, where the activase content was further reduced
to one-fifth of the wild-type level, the gas exchange rate was not affected; so, the
amount of activase required by 1 umol/m? of RuBisCO holoenzyme is 0.03 to 0.11
umol/m? for photosynthesis to proceed without any retardation. These results suggested

that relatively low concentration of activase is enough for RuBisCO activation.

How does RuBisCO keep its activated state?
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As pointed out above, the carbamate formation of the e-amino group of
Lys-201 for RuBisCO activation required a duration 180-times longer than the chemical
carbamylation of MEA. This may be because carbamylation of Lys-201 not only
proceeds as a chemical reaction, but also involves a structural change in the RuBisCO
protein, which takes longer time. For that reason, the ECM form of RuBisCO protects
Mg?* from being chelated by EDTA (Figure 2).

Such slow activation/deactivation actually measured by RuBisCO is
convincing if we consider that these processes involve the structural change of the
RuBisCO protein. In fact, Vater et al. [19] revealed structural changes of RuBisCO
during activation by CO, and Mg*with p-toluidinonapthalene-6-sulfonate (TNS), a
hydrophobic fluorescent reporter. Detailed analysis of RuBisCO activation/inactivation
by Lorimer and his colleagues [6, 7] clarified that the half-life of inactivation was
further increased when RuBisCO activated in the presence of 6-PG and NADPH was
inactivated by adding EDTA; half-lives were 78,000 and 13,000 times, respectively,
longer than the case of CO, release from carbamylated MEA. When RuBisCO activated
by these effectors was placed in a reaction system containing saturated concentrations of
RuBP and CO,, the enzyme showed full activity without delay [7]. This indicates that
these effectors are promptly released from the catalytic sites but cause RuBisCO to keep
its activated conformation for a long period in the absence of the effectors, where the
substrate RuBP may be involved in maintaining the activated state during the
carboxylation reaction [11, 13].

The minimum amount of RuBisCO activase hexamer required for 1 pmol/m? of
RuBisCO holoenzyme is 0.03 to 0.11 pmol/m?, as discussed above. Activase is needed

in removal of various sugar phosphate inhibitors such as RuBP bound to inactive
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RuBisCO and structural analogues of RuBP formed during catalysis. It seems that once
activase exerts its function, RuBisCO may adopt a conformation of the activated ECM

form with aid of positive effectors [11].

How did RuBisCO develop the capacity to use low concentrations of CO,
preferentially over great concentrations of O, in the present atmosphere?

The CO,/0, specificity factor of RuBisCO, Sy, determines the relative rates of
the carboxylase reaction to oxygenase reaction at any given CO, and O, concentrations.
Sret has a special meaning in kinetic parameters of RuBisCO and is calculated by the
equation, (Keat/Km )/ (Kea /Kim®), where Keat®, Kear” and K", Ky, are the maximum catalytic
turnover rates and Michaelis constants for CO, and O,, respectively [20]. RuBisCO
with high Sy values have lower reactivity for O, and are specialized in catalysis of the
carboxylase reaction. Sy values are 70-94 among plant species, 54-83 among green
algal RuBisCOs, 38-56 from cyanobacterial RuBisCOs, and 26-53 among bacterial
RuBisCOs. On the other hand, in red-like RuBisCOs, Sy is 40—75 for RuBisCOs
from phototrophic bacteria and 105-238 for RuBisCOs from non-green algae, such as
red algae and diatoms.

It has become clear that the extensive diversity of RuBisCO's Sy was
attained in the process of evolution of this enzyme. The problem remained to be
discussed in this review is how RuBisCO was able to produce a difference of 500
times in Sy [3]. Here may be the point of functional improvement of this important
enzyme in the future. In the reaction of RuBisCO, it does not happen that this
enzyme recognizes the gaseous substrate molecule specifically and forms an enzyme

substrate complex, unlike usual enzymes. It is hypothesized that the reason why
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plant and red algal RuBisCOs catalyze the carboxylase reaction more preferentially
as compared with the oxygenase reaction in the process of evolution is that their
active sites have a higher affinity for the transition state for carboxylation than that for
oxygenation [21]. A structural resemblance between transition state for CO, addition
and carboxylated product, 2-carboxy-3-ketoarabinitol 1,5-bisphosphate should enable
the higher Si. On the other hand, such strategy causes a tight binding of the
intermediate, leading to a decreased maximum carboxylation rate. This is in
agreement with the propensity of the inverse correlation between Sy and maximum
carboxylation rate.

A structural feature involved in Sy has recently been proposed. Lun et al.
investigated the migration of CO, and O, in and around RuBisCO using molecular
dynamics simulations [22]. Although they cannot detect any cavities providing a route
for gaseous substrates to the active site, interestingly, surface of hexadecameric
RuBisCO binds CO; stronger than it does O,. Importantly, the simulations showed a
preference of CO, for amino acids with small hydrophobic side chains, such as alanine,
valine, leucine, and isoleucine, and for the sulfur-containing cysteine residue (Note that
these are neutral amino acids). These results suggested that CO; is guided toward the
reaction center through a CO, binding region during the active site opening.
However, the study did not analyze to compare RuBisCOs from different
species with different S, values. This gave us the idea that the content of
neutral residue around active site of RuBisCO might be correlate with Sie.
Figure 3 shows the electrostatic potentials on the solvent accessible surface of closed
forms of RuBisCOs from verious sources. The top and side views for overall structures

show a diversity in distribution of the positive, negative and neutral regions. We cannot
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find any relationship between S and distribution of these regions in overall structures.
The negative potential dominates the entrance of the catalytic site of RuBisCO. The
entrance is composed of N-terminal tail, residues 46-49, catalytic loop 6, and
C-terminal tail. In particular, between RuBisCOs from Synechococcus sp. PCC6301 and
Chlamydomonas reinhardtii, the amino acid residues constituting the entrance are
conserved and show a remarkable negative potential. The negative potential is derived
from acidic side chains and main chain oxygens of the residues. Compared with those
RuBisCOs, RuBisCO from Oryza sativa with higher S, gains a neutral potential at the
entrance by a E464A substitution. Similary, RuBisCO from Galdieria partita earns even
higher neutrality than RuBisCO from O. sativa by D19P and E468N substitutions. It is
interesting to see a correlation that S, improves as the neutrality of the entrance
increases. At the present time, it is unclear whether the neutrality of the entrance is
involved in determination of Sy, but this may be an interesting target to analyze. The
Srel Of Rubisco mutants with increased neutrality around the catalytic pocket may be
improved. Considering that hydrophobic region prefers CO, rather than O, the
hydrophobicity of the active site entrance may contribute to increase Sy [23]. Similarly,
also in the partial reaction of phosphoenolpyruvate carboxylase (PEPC) which catalyses
the fixing reaction of CO, derived from HCO3" in phosphoenolpyruvate (PEP) to C1
proceeds in the neutral pocket of the reaction centre [24], implying that the
charge-neutral environment may play an important role for carboxylase reaction in both
RuBisCO and PEPC.

The neutral environment may affect gaseous substrates at the entrance to the
catalytic pocket. Here is an interesting example. Many wetland species of plants form

aerenchyma and a barrier to radial O, loss in roots to enhance internal O, diffusion to
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the root apex [25]. O, diffusion is suppressed by covering this transit tissue with
charge-nutral suberin. Considering that such neutral regions repel O, local
concentration of CO, relative to O, in charge-neutral entrance of RuBisCO active site
may increase by exclusion of O,. If RuBisCO gradually changed the reaction centre to
raise the Sy in response to billions of years of a drastic change in the global
environment, it is worth considering the idea that the entrance gate of gaseous substrates
of RuBisCO was changed gradually to neutral to increase the CO,/O, ratio in the

reaction centre space.

Abbreviations:

EDTA, ethylenediaminetetraacetate; MEA, monoethanolamine; NADPH, reduced
nicotinamide adenine dinucleotide phosphate; PEP, phosphoenolpyruvate; PEPC,
phosphoenolpyruvate carboxylase; 6-PG, 6-phosphogluconate; RHP, reductive hexulose
phosphate; RuBP, ribulose 1,5-bisphosphate; RuBisCO, ribulose 1,5-bisphosphate
carboxylase/oxygenase; Srel, CO2/0O2 specificity factor; TNS,

p-toluidinonapthalene-6-sulfonate.
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Figure legends

Figure 1. Proposed primitive  Calvin-Benson-Bassham  cycle  (reductive
hexulose-phosphate (RHP) pathway) and related metabolic processes in archaea.

The RHP pathway (highlighted in yellow) has metabolic links to methanogenesis via
methylene-H;MPT, which may be synthesized with formaldehyde released from the
RHP pathway. The successive black arrows show multiple reaction steps. The RHP
pathway (red lines and arrows) is superimposed on the CBB cycle (green lines and
arrows), and reaction steps from Ru5P to F6P are common in both cycles. Missing CBB
cycle steps in Methanospillirum hungatei are indicated by grey dashed lines and arrows.
Ru5P, ribulose  5-phosphate; RuBP, ribulose  1,5-bisphosphate; 3-PGA,
3-phosphoglycerate; BPG, 1,3-diphosphoglycerate; GAP, glyceraldehyde 3-phosphate;
DHAP, dihydroxyacetone phosphate; FBP, fructose 1,6-bisphosphate; F6P, fructose
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6-phosphate; Hu6P, D-arabino-3-hexulose 6-phosphate; FA, formaldehyde; E4P,
erythrose  4-phosphate;  Xu5P, xylulose  5-phosphate; SBP, sedoheptulose
1,7-bisphosphate; S7P, sedoheptulose 7-phosphate; R5P, ribose 5-phosphate; H;MPT,
tetrahydromethanopterin; MFR, methanofuran; PRK, phosphoribulokinase; PGK,
3-phosphoglycerate kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TPI,
triose phosphate isomerase; FBPase, fructose 1,6-bisphosphatase; TK, transketolase;
SBPase, sedoheptulose 1,7-bisphosphatase; RPE, ribulose 5-phosphate 3-epimerase;
RPI, ribose 5-phosphate isomerase; PHI, 6-phospho-3-hexulose 6-phosphate; HPS,

D-arabino-3-hexulose 6-phosphate synthase.

Figure 2. Effector-dependent suppression of the deactivation of RuBisCO.

This figure is a recasting of Fig. 4 of reference 7 and includes additional calculations
as explained in the text. The enzyme (approximately 7 mg/mL) was first activated in
Bicine buffer (pH 8.2) containing 20 mM MgCl, and 5 mM NaHCOj;. At time zero, 5
pL (35 pg of enzyme) of the solution was added to 400 uL of Bicine buffer (pH 7.8)
containing 1 mM EDTA and 0.6 mM NaHCOj; at 10 °C (light blue line). Where
appropriate, this mixture contained 0.1 mM 6-PG (black line) or 0.2 mM NADPH
(green line). At the indicated times, 10 ul of 20 mM RuBP was introduced to measure
the remaining activity at that time for 30 sec. A; is the activity at time t, and A; is the
initial activity. Inset: This panel replotted the reaction courses of lines 1 and 3 for the
initial 20 sec. Red line is the course of the chemical reaction of CO; released from MEA
carbamate as calculated by the following equation: AJA; = e™*, where k is the rate
constant of the liberation of CO, from MAE carbamate and where t is the time in sec. A
is the concentration of MEA carbamate remaining at time t, and A; is the initial

concentration.
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Figure 3. Crystal structures and surface properties of hexadecameric RuBisCOs from a
cyanobacterium Synechococcus sp. PCC6301 (PDB code: 1RBL), a green alga
Chlamydomonas reinhardtii (1IR2), a higher plant Oryza sativa (1IWDD) and a red alga
Galdieria partita (1BWV). Protein structures and electrostatic potentials on the solvent

accessible surface were drawn with PyMOL/APBS (www.pymol.org). Upper and

middle figures show top and side views of overall structures, and lower figures display
the magnified view around the entrance of the catalytic site. In the left figure (A),
N-terminal tail (residues 9—-22), residues 46-49, loop 6 (331-338), C-terminal tail (460—
475) and the remaining part of a L2 dimer unit are coloured cyan, green magenta,
yellow and light grey, respectively, and the other subunits are dark grey. In the right
figures (B), the positive, negative and neutral surfaces are shown in blue, red and white,

respectively.
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