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Carbamylation RuBisCO are discussed.

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and RuBisCO-like protein (RLP) from Bacil-
lus subtilis catalyze mechanistically similar enolase reactions. Both enzymes require carbamylation of the
£-amino group of the active site lysine during activation to generate the binding site of the essential Mg?*
ion. His267 forms a possible hydrogen bond with the carbamate of the active site Lys176 in B. subtilis RLP.
This active site histidine is completely conserved in RLPs and RuBisCO. H267Q, H267N and H267A mutant
enzymes required higher CO, concentrations for maximal activity than wild-type enzyme, suggesting
that the histidine is involved in high affinity for activator CO, in Bacillus RLP. These mutations showed
weak effects on the catalysis of RLP, whereas this residue is reportedly essential for catalysis in RuBisCO
but is not involved in the carbamylation. The different functions of the active site histidine in RLP and

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
plays a central role in carbon assimilation by fixing gaseous CO,
into ribulose-1,5-bisphosphate (RuBP) in the Calvin cycle [1,2].
The carboxylation reaction entails the initial enolization of RuBP
to give a cis-endiol intermediate and subsequent CO, addition,
hydration, C2-C3 bond cleavage and stereospecific protonation,
resulting in two molecules of 3-phosphoglycerate (Fig. S1A) [1,3].
RuBisCO is divided into three forms based on the amino acid se-
quence of the large subunit; form I from higher plants, algae, cya-
nobacteria and photosynthetic bacteria, form II from
photosynthetic bacteria, and the archaeal form III [4]. All forms
of RuBisCO require an activation process to be catalytically compe-
tent. Structural information and chemical modification of the ac-
tive-site residues have revealed that RuBisCO activation occurs
by reversible covalent binding of an activator CO, molecule to
the e-amino group of Lys201 (all sequence numbering of RuBisCO

Abbreviations: CABP, 2-carboxy-p-arabinitol-1,5-bisphosphate; DK-H-1-P, 2,3-
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carboxylase/oxygenase; RLP, RuBisCO-like protein.
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is based on the amino acid sequence of spinach RuBisCO unless
otherwise stated) to form a carbamate (producing the unstable
EC form) [1,2,5]. Subsequently, the carbamylated Lys201, together
with Asp203 and Glu204, coordinates a catalytically essential Mg?*
ion to produce the active ECM form (Fig. 1A) [1,2,6]. The carbamy-
lated Lys201 also acts as the general base to abstract the C3-proton
of RuBP in the initial enolization [1-3]. Therefore, the carbamyla-
tion of the lysyl residue is the transition point from the inactive
form to the active form of RuBisCO.

RuBisCO-like proteins (RLPs) are members of the RuBisCO
superfamily that share a common ancestral protein, based on
structural similarity and ~25% sequence homology in both pro-
teins [4,6,7]. RLPs catalyze neither carboxylation nor oxygenation
of RuBP, but conserve 9-18 of the 19 catalytic residues of RuBisCO,
including the active site lysine for carbamylation [4,7]. In our
previous study, the catalytic function of RLP was first revealed in
Bacillus subtilis; it catalyzes the enolization of 2,3-diketo-5-methyl-
thiopentyl-1-phosphate (DK-MTP-1-P) in the methionine salvage
pathway, a reaction similar to RuBP enolization by RuBisCO
(Fig. S1B) [7-11]. The enolization of DK-MTP-1-P is also catalyzed
by RLPs from Microcystis aeruginosa and Geobacillus kaustophilus
[11-13]. Recently, it was revealed that RLP of Rhodospirillum
rubrum catalyzes similar but different reaction, isomerization of
5-methylthioribulose-1-phosphate (MTRu-1-P) in the proposed
5-methylthioadenosine-isoprenoid metabolism [14]. Like RuBisCO,
Bacillus subtilis RLP (BsRLP) structurally conserves Lys1765
Asp1788 and Glu179% (the superscript Bs indicates residue
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Fig. 1. Active sites of RuBisCO and RLP. (A) ECM form complexed with transition-state analog 2-carboxy-p-arabinitol-1,5-bisphosphate (CABP; Fig. S1C) of Spinacia oleracea
RuBisCO (PDB: 8RUC) and (B) the ECM form complexed with substrate analog 2,3-diketohexane-1-phosphate (DK-H-1-P; Fig. S1C) of Geobacillus kaustophilus RLP (PDB:
20EM). Hydrogen-bonding interactions of the active site histidine are shown as dotted (<3.3 A) and dashed (3.56 A) lines. Green spheres indicate Mg?* ions. Number in
parentheses represents amino acid residue in B. subtilis RLP. (C) Partial amino acid sequence alignment around active site residues of RLPs and RuBisCOs. Conserved catalytic
residues essential for the RuBisCO carboxylation are highlighted in black. Lys201, Asp203, Glu204, and His294 are colored yellow. RLP and RuBisCO amino acid sequences
were obtained from the following organisms: S. oleracea (NP_054944), Nicotiana tabacum (NP_054507), Oryza sativa Japonica Group (NP_039391), Chlamydomonas reinhardtii
(NP_958405), Synechococcus elongatus PCC6301 (YP_170840), Galdieria partita (BAA75796), Rhodospirillum rubrum ATCC11170 (form II, YP_427487; RLP, YP_427085),
Rhodopseudomonas palustris CGA009 (form II, NP_949975; RLP, NP_947514). Thermococcus kodakaraensis KOD1 (YP_184703), Pyrococcus horikoshii OT3 (NP_142861),
Burkholderia fungorum (D9N172_9BURK), Bordetella bronchiseptica RB50 (NP_887583), Chlorobium tepidum TLS (NP_662651), Microcystis aeruginosa PCC7806 (CAJ43366), G.
kaustophilus HTA426 (YP_146806), B. subtilis str. 168 (NP_389242). Sequences are numbered above the alignment according to the S. oleracea RuBisCO sequence. The
sequence numbers shown in red at the bottom are according to the B. subtilis RLP sequence. Numbers to the left of sequences indicate the actual number in each protein. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

number in BsRLP; equivalent to Lys201, Asp203, and Glu204 in
RuBisCO; Fig. 1C), which are superimposable on residues at the ac-
tive site of RuBisCO [11,15]. Further mutational and enzymatic
analyses of BsRLP showed that these residues and Mg?* ions are
essential for catalysis [11]. In the structure of G. kaustophilus RLP
(GKRLP; PDB: 20EM and 20EK) crystallized with bicarbonate, the
¢-amino group of Lys173%K (the superscript Gk indicates residue
number in GKRLP; equivalent to Lys201 in RuBisCO) is carbamylat-
ed and coordinates the Mg?* together with Asp175°K and Glu176%*
(equivalent to Asp203 and Glu204 in RuBisCO; Fig. 1C) in a similar
manner to RuBisCO (Fig. 1B) [13]. These facts suggest that RLPs and
RuBisCO utilize a structurally similar active site for enolization [7-
9].

One of the active site residues, His294, is placed in the vicinity
of the carbamate oxygen of Lys201 (Fig. 1) and forms hydrogen-
bonding interactions with the C3-hydroxyl group of RuBP and
the side chains of the metal-coordinating residues, carbamylated
Lys201 and Glu204 in RuBisCO. In RuBisCO, it has been proposed
that His294 plays multiple catalytic roles in the overall carboxylase
reaction — enolization, carboxylation, hydration, and C2-C3 bond

cleavage - but is not involved in the carbamylation [16]. Interest-
ingly, this histidine is evolutionarily completely conserved in the
RuBisCO superfamily (Fig. 1C), although RLPs as DK-MTP-1-P eno-
lases catalyze only enolization (Fig. S1). The conservation of the
histidine invites consideration of the evolutionary and functional
relationships in the RuBisCO superfamily, but the function of this
residue is unknown in RLPs. Here, we report the function of
His26755 (equivalent to His294 in RuBisCO; Fig. 1) in BsRLP as re-
vealed by mutational analysis.

2. Materials and methods
2.1. Site-directed mutagenesis

Insertion of the mtnW gene encoding BsRLP into the pET15b
vector (Novagen, Madison, WI) to give pET15b-mtnW was
described previously [9]. Site-directed mutagenesis at His267 to
produce H267Q, H267N, and H267A mutants of BsRLP using
pET15b-mtnW as a template was performed by whole-plasmid
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PCR with KOD DNA Polymerase plus (Toyobo, Osaka, Japan). The
thermo-cycling program was as follows: 30 cycles of denaturation
at 94 °C for 30 s, annealing at 55 °C for 30 s and elongation at 68 °C
for 7 min. The mutagenic primer sets used for PCR were as follows:
H267Q-forward, = GATTATGGCGCAACCAGCAGTGAG;  H267N-
forward, GATTATGGCGAATCCAGCAGTGAG; H267A-forward, GAT-
TATGGCGGCTCCAGCAGTGAG; H267- common reverse, GGAAC
TGGGATTTCAGGATCTTCTGC. PCR products were phosphorylated
at the 5 end with T4 polynucleotide kinase (Takara Bio, Ohtsu,
Japan), ligated with Ligation High (Toyobo), and transformed into
Escherichia coli DH5a (Novagen). Successful mutagenesis was
confirmed by sequencing with a 3100 Genetic Analyzer (Applied
Biosystems, Tokyo, Japan).

2.2. Expression, purification and PAGE analyses of wild-type and
mutant enzymes

E. coli BL21 (DE3; Novagen) transformed with the expression
vector was grown at 25 °C for 12 h in 100 mL of LB medium con-
taining 50 pg mL~" ampicillin and 1 mM isopropyl p-p-thiogalacto-
pyranoside. Wild-type and His267 mutants enzymes were purified
from crude extract as described previously [10,11]. Sodium dode-
cyl sulfate (SDS) and native polyacrylamide gel electrophoresis
(PAGE) was carried out (Fig. S2A, B) as described previously [10].

2.3. Enzyme assays

The DK-MTP-1-P enolase activity of wild-type and mutant
BsRLP enzymes was measured as described previously [11]. Before
activity assay, 70 pg of enzyme was activated in 100 pL of 50 mM
Tris-HCI (pH 8.2), 25 mM NaHCO; and 20 mM MgCl, for 20 min at
25 °C, and an aliquot was used for assay. The enolase reaction was
initiated by adding 1.6 ng of MTRu-1-P dehydratase to a reaction
mixture containing 50 mM Tris-HCI (pH 8.2), 25 mM NaHCOs,
20 mM Mg?* and various concentrations of MTRu-1-P. The final
reaction volume was 100 pL and the reaction temperature was
35 °C. The amount of the product, 2-hydroxy-3-keto-5-methylthio-
pentenyl-1-phosphate, was monitored spectrophotometrically at
280 nm with a UV-visible spectrophotometer (Hewlett Packard,
Palo Alto, CA). The substrate and coupling enzyme were prepared
as described previously [9,11].

The effect of CO, and MgCl, concentrations on the enolase
activities of wild-type and mutant enzymes was examined under
standard (20 mM Mg?*, 25 mM NaHCOs;), low Mg?* (1 mM Mg?*,
25 mM NaHCOs), low CO, (20 mM Mg?*, no NaHCO; added), or
low Mg?* and CO, (1 mM Mg?*, no NaHCO3 added) conditions. To
evaluate enolase activity, 70 pg of RLP in 100 puL of 50 mM Tris—
HCI (pH 8.2) was pre-incubated for 20 min at 25 °C for each of
the conditions. Aliquots of incubated enzyme were used to mea-
sure the enolase activity under the same conditions as the pre-
incubation. Activities were normalized against the level of activity
measured after pre-incubation under standard conditions for each
enzyme.

Under these reaction conditions, the overall coupling reaction
was limited by the amount of RLP.

3. Results and discussion
3.1. Interactions of the active site histidine in RLP

In the ECM form (PDB: 20EK) and the ECM form complexed
with substrate analog 2,3-diketohexane-1-phosphate (DK-H-1-P;
Fig. S1C) of GKRLP (ECM-suba; PDB: 20EM), His264%% approxi-
mates the active site with the Mg?" ion coordinated by carbamylat-
ed Lys173%% Asp175°% and Glu176°¥ (Fig. 1B and Table S1). The

NE2 imidazol nitrogen of His264 forms hydrogen bonds with
the carbamate oxygen of Lys173° (2.84 A in ECM and 3.14 A in
ECM-suba forms) and the carboxyl oxygen of Glu176°* (3.18 A in
ECM and 2.96 A in ECM-suba forms) [13]. His264F also forms a
hydrogen bond with the C3-carbonyl oxygen of DK-H-1-P (2.77 A
in ECM-suba form). These facts suggested that the histidine is in-
volved in carbamylation and catalysis in RLP.

3.2. Expression and purification of wild-type and His267 mutant
enzymes of BSRLP

To analyze the catalytic role of this histidine in BSRLP, we re-
placed the histidine at position 267 with glutamine or asparagine
to retain the hydrogen bonding potential, or alanine to disrupt
the hydrogen-bonding interaction. Wild-type and mutant enzymes
were expressed in E. coli. The identical mobilities of wild-type and
mutant enzymes on an SDS-PAGE gel suggested that these
proteins had not undergone proteolysis (Fig. S2A). Purified mutant
enzymes showed similar mobilities to wild-type enzyme during
non-denaturing electrophoresis, suggesting that all mutants
formed stable catalytic dimers (Fig. S2B). These mutations might
have affected the formation of an active conformation but the
H267Q mutant had only slightly lower mobilities than wild-type
protein, probably because of small structural change caused by
alteration of the side chain at position 267.

3.3. His267 is involved in carbamylation of Lys176 in BSRLP

To analyze the functional interaction between His267% and the
carbamate oxygen, we first examined the CO, and Mg?* concentra-
tion requirements for activity in the wild-type and His267 mutant
enzymes (Fig. 2). The activities of the wild-type and mutant en-
zymes were normalized to 100% after pre-incubation in 25 mM
NaHCO; and 20 mM MgCl, (standard conditions). MgCl, and
NaHCO;3; concentrations had no significant effect on wild-type
activity. In contrast, His267 mutant enzymes required high CO,
and Mg?* concentrations, and showed only 10% activity under
low Mg?* and CO, conditions (1 mM MgCl,, no NaHCO; added).
In particular, low CO, conditions (20 mM MgCl,, no NaHCO3
added) caused severe reduction of mutant activities to 20% of the
fully-activated enzymes. The mutant enzymes also exhibited 57-
89% activity under low Mg?* conditions (1 mM Mg?* and 25 mM
NaHCOs). MgCl, and NaHCO3 were inhibitory above the concentra-
tions of the standard conditions in the mutant enzymes (data not
shown) and therefore the Mg?* and CO, concentrations of the
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Fig. 2. Effects of CO, and Mg?" concentrations on the enolase activity of wild-type
(WT) and His267 mutants. The activities were measured at 35 °C after preincuba-
tion at 25 °C for 20 min under standard (20 mM MgCl, and 25 mM NaHCOs), low
CO, (20mM MgCl,, no NaHCO; added), low Mg?* (1 mM MgCl, and 25 mM
NaHCOs) or low CO, and Mg?* (1 mM MgCl,, no NaHCO; added) conditions. Data
are the means + SD of three independent experiments.
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active site histidine and the oxygen of the lysyl carbamate in X-ray crystallographic
structures of RLPs and RuBisCOs. See Table S1 for a listing of the data, structural
information and their sources. The distances were measured in 3D structures from:
Gk, G. kaustophilus (RLP); Bf, B. fungorum (RLP); So, S. oleracea (form I RuBisCO); Nt,
N. tabacum (form I); Os, O. sativa (form I); Cr, C. reinharditii (form I); Se, S. elongatus
(form I); Gp, G. partita (form I); Rr, R. rubrum (form II); Tk, T. kodakaraensis (form III).
Open circles (O), ECM and EC forms of RLPs; filled circle (®), ECM-suba form of RLP;
open triangle (A), ECM form of form I RuBisCO; filled triangles (a), ECM-RuBP and -
CABP forms of form I RuBisCOs; open square ((J), ECM form of form II RuBisCO;
filled square (M), ECM-RuBP form of form II RuBisCO; filled diamond (¢ ), ECM-CABP
form of form III RuBisCO.

standard conditions were enough for maximum activities in the
mutant enzymes, as well as the wild-type enzyme. Thus, His267%
mutants required higher Mg?* and CO, concentrations for maxi-
mum activity than the wild-type. These results suggested that
BsRLP requires activation through the carbamylation of Lys176%
(equivalent to Lys201 in RuBisCO) for catalytic activity. Further-
more, large decreases in the enolase activity of the mutants under
low CO, conditions indicated that His2675° is involved in the affin-
ity for activator CO, and/or stabilization of the carbamate through
hydrogen-bonding interaction with the carbamate oxygen of
Lys17655. The H267N mutant showed a higher activity than the
other two mutant enzymes under low Mg?" conditions, but did
not show any significant difference under low CO, and Mg?* and
low CO, conditions. This result indicated that the amide nitrogen
of asparagine partially fulfilled a hydrogen-bonding role and was
spatially equivalent to the imidazole nitrogen of histidine. The car-
bamate oxygens contact with not only His264°% (2.84 A in ECM
and 3.14 A in ECM-suba forms) but also 1le145%% (equivalent to
Ile148 in BsRLP; 3.50 A in ECM and 3.36 A in ECM-suba forms),
Asp175¢K (equivalent to Asp178 in BsRLP; 2.78 A in ECM and
3.03 A in ECM-suba forms), Glu176%* (equivalent to Glu179 in
BsRLP; 2.77 A in ECM and 2.81 A in ECM-suba forms) and Leu298¢*
(equivalent to Leu301 in BsRLP; 3.85 A in ECM and 4.43 A in ECM-
suba forms) in GKRLP, suggesting that these residues also contrib-
ute to stabilize carbamylation in the active site lysine. Considering
our results of mutant analysis, His2675 largely contributes to sta-
bilize the carbamate together with Ile148%%, Asp178%, Glu179%
and Leu301®S in BsRLP.

Recently, the structure of Burkholderia fungorum RLP of un-
known function was reported (PDB: 3NWR). In this enzyme,
Lys195 (equivalent to Lys201 in RuBisCO) was carbamylated with-
out Mg?* coordination, resulting in the EC form. The distance be-
tween His284 (equivalent to His294 in RuBisCO) and the
carbamate oxygen was 3.08 A, indicating that His284 perhaps facil-
itates and stabilizes carbamate in the absence of Mg?* (Table S1
and Fig. 3). This observation supports the hypothesis we propose
in this report. Carbamylated lysine is found not only in RLP and

RuBisCO but also in urease and phosphoesterase [3]. In the latter
enzyme, the active-site histidine interacts with the carbamate oxy-
gen to form a hydrogen bond [17,18]. Thus, a stabilizing mecha-
nism for carbamate by the interaction of histidine seems to be
utilized in various enzymes.

On the other hand, the distances between His294 and the carba-
mate in RuBisCOs are much longer (3.43 and 4.00 A in the ECM
forms of spinach and R. rubrum RuBisCO, respectively) than those
of RLPs (Table S1 and Fig. 3) [19,20]. The distances in RuBisCO
ECM forms complexed with RuBP (ECM-RuBP) and transition-state
analog 2-carboxy-p-arabinitol-1,5-bisphosphate (CABP; Fig. S1C;
ECM-CABP) are also longer than in the ECM-suba form of GKRLP.
These facts suggest that interactions between the histidine and
carbamate in RuBisCO are weaker than those in any forms of
RLP. Interestingly, wild-type BsRLP under CO,-free conditions with
low CO, contamination (1.8 uM) still retained 77% activity of the
enzyme under a high CO, concentration (80 pM, by addition of
10 mM NaHCO3) [11]. Contrary to the high activation level of BsRLP
under low CO, concentrations, form I spinach RuBisCO showed
only 18% of total active sites were carbamylated at low (2 pM)
CO, concentration in the presence of 20 mM Mg?* [21]. Our results,
together with these facts, suggested that the interaction between
the histidine and carbamate should enable full activation of RLP
under low CO, concentrations. Conversely, the weak interaction
in RuBisCO may cause a low activation level under low CO, condi-
tions. In fact, equilibrium constants for CO, activation in spinach
and soybean RuBisCOs are 309 and 91 uM, respectively [21,22].
In form II RuBisCO from R. rubrum, the equilibrium constant for
activator CO, (607 pM) is 1.9-6.6-fold higher than in plant
RuBisCOs [23]. The side chain of the histidine in the ECM form of
R. rubrum RuBisCO is placed 4 A from the carbamylated lysine
(Fig. 3 and Table S1). Considering that the equilibrium constant
for activator CO, in BsRLP should be much lower than in RuBisCOs,
the distance between the imidazole nitrogen of the histidine and
the carbamate oxygen may correlate with the affinity for activator
CO,. Consequently, the strength of interaction between the histi-
dine and carbamate probably determines the carbamate stability
in RLPs and RuBisCOs.

3.4. Effect of His267 mutations on catalysis of BsRLP

We next determined the kinetic parameters of the His2675 mu-
tant enzymes after pre-incubation under standard conditions for
full activation (Table 1). The H267Q, H267N and H267A mutations
decreased kc,; to 2.2%, 8.1% and 7.4%, respectively, of the wild-type
enzyme. In addition, the substitutions of His2675 partially fulfilled
or disrupted the hydrogen bond with the C3-carbonyl oxygen of
the substrate (Fig. 1B), causing H267Q, H267N and H267A to show
2.6-, 2.2- and 3.0-fold increases in K. Therefore, the hydrogen
bonding of His267% is involved in the affinity for the substrate.
The H267Q, H267N and H267A mutations resulted in decreases
to 0.8%, 3.7% and 2.4%, respectively, of the wild-type enzyme for
keat/Km. These results suggested that His267% is involved in

Table 1
Kinetic properties of wild-type and His267 mutant enzymes of BsRLP at 35 °C and pH
8.2.

Enzyme keat (s 1) ? Kin (UM) # keat/Km(M s 1) b
Wild-type 78+7.4 16+4 49 % 10°
H267Q 1.7+0.2 42+8 4.0 x 10*
H267N 6303 3516 1.8 x 10°
H267A 5.8+0.3 48 +6 1.2 x 10°

2 Values are the means + SD of three independent assays.
b Calculated values.
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catalysis and substrate binding. The large decrease in k.. /Ky, of
H267Q suggested that substitution to glutamine disrupts the active
site, as observed in the lower mobility of the H267Q mutant en-
zyme than the others in non-denaturing electrophoresis (Fig. S2B).

Mutational approaches have revealed that R. rubrum RuBisCO
mutants of His287 (equivalent to His294 in spinach RuBisCO;
Fig. 1C), H287Q and H287N, are severely impaired in overall car-
boxylase (<0.001% and ~0.05% of the wild-type enzyme, respec-
tively) and enolase activity (~0.1% of wild-type enzyme) [16],
showing that the histidine is essential for catalysis. Based on these
results, structural information and computational investigation, it
has been proposed that His294 of RuBisCO plays multiple roles
in the overall carboxylase reaction, specifically in the enolization,
carboxylation, hydration, and C2-C3 cleavage steps. In the RuBP
enolization step of RuBisCO, His294 probably promotes basicity
of the carbamate oxygen of Lys201 through their interaction, and
indirectly facilitates the proton abstraction performed by carbam-
ylated Lys201 [16,24]. After the enolization, His294 initiates CO,
addition by abstracting the O3 proton of cis-endiol and subse-
quently reprotonates O3 to generate gem-diol in the hydration
step. In the last step, His294 also triggers C2-C3 bond cleavage
by abstracting the O3 proton of gem-diol. The general base for
DK-MTP-1-P enolization is still unclear in BsRLP. However, consid-
ering that mutants of His267% were impaired in enolase activity,
carbamylated Lys1765 may be a general base in BsRLP in a manner
similar to carbamylated Lys201 in the RuBP enolization by RuBi-
sCO. However, Lys98°, conserved among DK-MTP-1-P enolases
including BsRLP, was proposed as a general base in GKRLP based
on structural and mutational analyses [13]. The general base resi-
due of BsRLP remains to be revealed in future work. On the other
hand, mutations showed weaker effects on the catalysis of RLP
than of RuBisCO, suggesting that the contribution of His267% to
catalysis in fully activated BsRLP is small.

3.5. Conclusion

The active site histidine, His2675, is involved in carbamylation
and catalysis in B. subtilis RLP. Hitherto, a residue directly involved
in the carbamylation of Lys201 has not been reported in RuBisCO.
We identified His267® as the residue that promotes or stabilizes
carbamylation by increasing affinity for activator CO, through
hydrogen-bonding interactions in RLP. However, the contribution
of His294 to carbamylation should be smaller in RuBisCO because
of the longer distance between His294 and the carbamate than
RLPs. In contrast to carbamylation, the contribution of His294 to
catalysis is larger in RuBisCO. For RuBisCO to have acquired the
ability to catalyze the carboxylase reaction during its molecular
evolution, His294 might have had multiple roles, such that location
of this residue to a position further from the carbamate oxygen.
Such a molecular evolutionary event might have imposed a high
CO, concentration requirement for activation on RuBisCO. The ac-
tive site histidine may contribute to the diversity of catalytic reac-
tions and activation kinetics in RuBisCOs and RLPs.
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