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The Calvin-Benson-Bassham cycle is responsible for car-
bon dioxide fixation in all plants, algae, and cyanobacteria.
The enzyme that catalyzes the carbon dioxide-fixing reac-
tion is ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco). Rubisco from a hyperthermophilic archaeon
Thermococcus kodakarensis (Tk-Rubisco) belongs to the
type III group, and shows high activity at high tempera-
tures. We have previously found that replacement of the
entire �-helix 6 of Tk-Rubisco with the corresponding re-
gion of the spinach enzyme (SP6 mutant) results in an im-
provement of catalytic performance at mesophilic tempera-
tures, both in vivo and in vitro, whereas the former and
latter half-replacements of the �-helix 6 (SP4 and SP5 mu-
tants) do not yield such improvement. We report here the
crystal structures of the wild-type Tk-Rubisco and the mu-
tants SP4 and SP6, and discuss the relationships between
their structures and enzymatic activities. A comparison
among these structures shows themovement and the increase of
temperature factors of �-helix 6 induced by four essential factors.
We thus supposed that an increase in the flexibility of the �-helix
6 and loop 6 regions was important to increase the catalytic activ-
ity ofTk-Rubisco at ambient temperatures. Based on this struc-
tural information, we constructed a newmutant, SP5-V330T,
which was designed to have significantly greater flexibility in the
above region, and it proved to exhibit the highest activity among
all mutants examined to date. The thermostability of the SP5-
V330Tmutant was lower than that of wild-typeTk-Rubisco, pro-
viding further support on the relationship between flexibility and
activity at ambient temperatures.

The Calvin-Benson-Bassham (CBB)4 cycle contributes to the
fixation of carbon for all plants, algae, and cyanobacteria. The
most important enzyme in the CBB cycle is ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco: EC 4.1.1.39)
(1, 2). Rubisco is responsible for the single carbon dioxide-
fixing step of the cycle, in which ribulose-1,5-bisphosphate
reacts with CO2 and H2O to form two molecules of 3-phos-
phoglycerate. However, it also catalyzes a competitive oxygen-
ase reaction, by which ribulose-1,5-bisphosphate reacts with
O2 to form one molecule of 3-phosphoglycerate and one mol-
ecule of 2-phosphoglycolate (3, 4). Moreover, a typical
Rubisco is able to fix only three carbon dioxide molecules/s,
an extremely low turnover rate for an enzyme (3). Rubisco is
thus considered to be the rate-limiting enzyme of the CBB
pathway, and has been an important target for protein engi-
neering (3).
From sequence alignment, Rubiscos can be classified into

four groups, types I, II, III, and IV (5). The classical type I and
II Rubiscos function in the CBB cycle. Type I Rubisco is com-
posed of eight large subunits (L subunits) and eight small sub-
units (S subunits) with tetragonal symmetry (L8S8) (6). Type II
Rubisco is usually composed of only two L subunits (L2) (7, 8).
In both cases, the L2 dimer is the catalytic unit of Rubisco,
generating two catalytic centers (1, 9, 10). Type I Rubisco
seems to be by far predominant, as it is distributed in all eu-
karyotes and cyanobacteria as well as in a wide range of other
autotrophic bacteria. Type II Rubisco is confined to autotro-
phic bacteria. The eukaryotic type I enzyme cannot be func-
tionally expressed in Escherichia coli (11, 12), whereas the
cyanobacterial type I Rubisco and type II Rubisco are ex-
pressed in E. coli (13–15). Extensive structural and functional
studies have been performed with the aim to clarify the struc-
tural elements that control the specificities and activity levels
of Rubiscos (16), but no clear theory has been established. In
terms of type IV Rubiscos, these enzymes do not display car-
boxylase activity due to a lack of several residues essential for
Rubisco catalysis (17, 18), and are thus also called the
Rubisco-like proteins. The Rubisco-like protein from Bacillus
subtilis displays 2,3-diketo-5-methylthiopentyl-1-phosphate

* This work was supported by the Targeted Proteins Research Program
(B-29) from the Ministry of Education, Culture, Sports, Science and Tech-
nology, Japan. The synchrotron radiation experiments were performed
at the Photon Factory and SPring-8 with the approval of the Photon Fac-
tory Advisory Committee (proposals 2008S2-001 and 2008G149) and the
Japan Synchrotron Radiation Research Institute (JASRI) (proposals
2008A1511, 2008A1973, 2008A2001, 2008A2048, 2009A1012, and
2009A1013).

□S The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Figs. S1–S4.

The atomic coordinates and structure factors (codes 3A12, 3KDN, and 3KDO)
have been deposited in the Protein Data Bank, Research Collaboratory for
Structural Bioinformatics, Rutgers University, New Brunswick, NJ
(http://www.rcsb.org/).

1 Both authors contributed equally to this work.
2 Present address: Dept. of Biotechnology, College of Life Sciences,

Ritsumeikan University, Kusatsu, Shiga 525– 8577, Japan.
3 To whom correspondence should be addressed. Tel.: 81-75-753-4029; Fax:

81-75-753-4032; E-mail: miki@kuchem.kyoto-u.ac.jp.

4 The abbreviations used are: CBB, Calvin-Benson-Bassham; 2-CABP, 2-car-
boxy-D-arabinitol 1,5-bisphosphate; Rubisco, ribulose-1,5-bisphosphate
carboxylase/oxygenase; Tk-Rubisco, Rubisco from Thermococcus kodaka-
rensis; Sp-Rubisco, Rubisco from spinach; PDB, Protein data bank; Bicine,
N,N-bis(2-hydroxyethyl)glycine.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 50, pp. 39339 –39347, December 10, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

DECEMBER 10, 2010 • VOLUME 285 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 39339

http://www.jbc.org/cgi/content/full/M110.147587/DC1
http://www.pdb.org/pdb/explore/explore.do?structureId=3A12
http://www.pdb.org/pdb/explore/explore.do?structureId=3KDN
http://www.pdb.org/pdb/explore/explore.do?structureId=3KDO


enolase activity, and functions in the methionine salvage
pathway (18).
Type III Rubisco has been found only in archaea (19–21).

Although the CBB cycle has not been found in archaea, the
type III enzymes exhibit carboxylase activity, as in the cases of
the type I and II enzymes (19). For some time now, we have
been carrying out an extensive examination on the enzyme
from Thermococcus kodakarensis (Tk-Rubisco). Crystallo-
graphic analyses of this enzyme have revealed that the enzyme
forms an (L2)5 pentagonal ring and that the monomer struc-
ture is basically equivalent to that of the type I and II enzymes
(22). Recently, it has been shown that Tk-Rubisco is involved
in a new pathway involved in AMP metabolism in this orga-
nism (23). We have also elucidated that this enzyme is (i)
comprised only from L subunits (24), (ii) readily expressed as
a functional form in E. coli (19), (iii) not inactivated or af-
fected by the presence of oxygen (19, 25), and (iv) so
(thermo)stable that it can be expected to tolerate a high de-
gree of mutations (26). Thus, this enzyme can be considered
suitable as an alternative target of Rubisco engineering, which
has been hampered by difficulties in manipulating the eukary-
otic type I Rubiscos (11, 12).
It has been found that Tk-Rubisco supported the photoau-

totrophic and photoheterotrophic growth of a Rubisco-defi-
cient mutant strain of the mesophilic purple nonsulfur bacte-
rium Rhodopseudomonas palustris number 7 (strain �3, in
which the three native Rubisco genes have been disrupted)
(25). This indicated that Tk-Rubisco can function in R. palus-
tris cells in vivo, encouraging us to examine the enzymatic
activities of Tk-Rubisco at ambient temperatures and further
pursue the possibilities of improving the catalytic perform-
ance of this enzyme via protein engineering. We have carried
out the mutation experiments on loop 6 of Tk-Rubisco, which
harbors the active site Lys-322 interacting with the incoming
gaseous substrate (27, 28), and the adjacent �-helix 6 (29).
Replacement of the entire �-helix 6 of Tk-Rubisco with the
corresponding region of the enzyme from spinach (Sp-
Rubisco), whose activity is higher than that of Tk-Rubisco at
ambient temperatures (30), resulted in a 30% increase in turn-
over number for the carboxylase activity at 25 °C in vitro (SP6
mutant; Fig. 1A) (29). R. palustris cells harboring the SP6 mu-
tant also displayed a 31% increase in the specific growth rate
under photoheterotrophic conditions compared with cells
harboring the wild-type Tk-Rubisco. Intriguingly, the former
and latter half-replacements of �-helix 6 (SP4 and SP5 mu-
tants; Fig. 1A) did not show such improvements in Rubisco
activity (29).
To further improve the function of Tk-Rubisco, we have

determined the crystal structures of the wild-type Tk-Rubisco
as well as the SP4 and SP6 mutants in complex with its reac-
tion-intermediate analog, 2-carboxy-D-arabinitol 1,5-bisphos-
phate (2-CABP), and examined the relationships between the
structures and enzymatic activities. Based on the structural
information, we designed a new mutant expected to display
high performance at ambient temperatures, and examined its
enzymatic activities both in vivo and in vitro.

EXPERIMENTAL PROCEDURES

Strains, Media, and Growth Conditions—The Tk-Rubisco
gene (rbcTk) was isolated from T. kodakarensis KOD1, a hy-
perthermophilic archaeon isolated from Kodakara Island, Ka-
goshima, Japan (31, 32). R. palustris �3 is a derivative of R.
palustris number 7 with its three Rubisco genes disrupted:
rbcRp I-1, rbcRp I-2, and rbcRp II (25). E. coli DH5� was used
for gene manipulation and plasmid construction. Gene ex-
pression was performed with E. coli BL21(DE3)CodonPlus
RIL (Stratagene, La Jolla, CA) for kinetics assays, and with
Rosetta2(DE3)pLysS (Novagen, Darmstadt, Germany) for
crystallizations. E. coli cells were grown aerobically at 37 °C in
Luria-Bertani (LB) medium with ampicillin (100 �g/ml for
DH5� and BL21(DE3)CodonPlus RIL) or carbenicillin (50
�g/ml for Rosetta2(DE3)pLysS). R. palustris cells were first
cultivated aerobically in the dark at 30 °C in LB medium con-
taining 0.3% NaCl and zeocin (400 �g/ml) (heterotrophic
growth) for 2 days. The harvested cells were washed and re-
suspended in a basal salt medium containing 5 mM NaHCO3
and 50 mM ethanol, but without yeast extract (BSA medium)
(33). Cells were inoculated at an initial A660 of 0.05 into BSA
medium, and photoheterotrophically incubated with a light
intensity of 3,200 lux at 25 °C. Under photoheterotrophic
conditions, cells were grown in a sealed glass vial filled with
medium so that the head space was minimal. Specific growth
rates were determined in the exponential growth phase.
DNAManipulation—DNAmanipulation was carried out

using standard methods (34). Plasmid DNA was isolated with
a Quantum Prep Plasmid Miniprep Kit (Bio-Rad). E. coli was
transformed by the CaCl2 method. R. palustris �3 was trans-
formed by electroporation. Restriction enzymes were pur-
chased from Toyobo (Osaka, Japan) or Takara Bio (Otsu,
Japan). DNA ligation was performed with a DNA ligation kit
(Toyobo). KOD Plus (Toyobo) was used as a polymerase for

FIGURE 1. Mutant design of Tk-Rubisco. Residues of Rubiscos from T.
kodakarensis (Tk; GenBankTM accession number BAD86479) and spinach (Sp;
accession number P00875) are colored in black and red, respectively. The
secondary structures and residue numbers for Tk-Rubisco are shown over
the aligned sequences. A, wild-type enzymes and mutants in our previous
study (29). B, SP5 mutant derivatives. C, mutants used to investigate Val-330
and Asn-333.
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PCR, and a GFX PCR DNA and Gel Band Purification Kit (GE
Healthcare) was used to recover DNA fragments from agarose
gels after electrophoresis. DNA sequencing was performed
with a BigDye Terminator Cycle Sequencing Kit (version 3.1)
and a model 3130xl capillary DNA sequencer (Applied Bio-
systems, Foster City, CA).
Site-directed Mutagenesis—Site-directed mutagenesis was

carried out using a QuikChange XL Site-directed Mutagenesis
Kit (Stratagene). The primers and template plasmids used are
summarized in Table 1. The V330T mutant was prepared pre-
viously and reported as an SP3 mutant (29).
Protein Purification—Tk-Rubisco is composed of 444

amino acid residues and its molecular mass is about 50 kDa.
The expressed enzymes in E. coli were purified by heat treat-
ment, anion exchange chromatography, and gel filtration
chromatography as described previously (19), with slight
modifications to prepare samples for crystallization as follows.
The heat treatment condition was changed to 20 min at 85 °C.
A Superdex 200 10/300 GL column (GE Healthcare) was used
for the gel filtration chromatography step with a buffer con-
taining 100 mM Bicine-NaOH (pH 8.3), 10 mM MgCl2, and
300 mM NaCl.
Crystallization—Prior to crystallization, the purified Tk-

Rubisco was activated (carbamylated) by equilibrating with
the carbamylation buffer containing 100 mM Bicine-NaOH
(pH 8.3), 10 mM MgCl2, and 20 mM NaHCO3 at 4 °C for 1 day,
to bind the inhibitor (35). Approximately 10 mM 2-CABP
(synthesized by KNC Laboratories Co., Ltd., Kobe, Japan) was
added to the activated protein solution at 4 °C for 1 day. Crys-
tallization attempts were carried out using the hanging-drop
vapor diffusion method at 20 °C. Mixtures of the 1.5-�l pro-
tein solution and an equal volume of the reservoir solution
were equilibrated against the 500-�l reservoir solution. Crys-
tals with approximate dimensions of 0.6 � 0.2 � 0.05 mm
were obtained within a week using a reservoir solution con-
taining 100 mM acetate buffer (pH 6.0), 80–100 mM CaCl2,
5–6% (w/v) polyethylene glycol 6,000, and 10% (v/v)
2-methylpentane-2,4-diol.
X-ray Data Collection—Crystals were soaked briefly in a

cryoprotectant solution, which had been prepared by the ad-
dition of 20% (v/v) ethylene glycol to the reservoir solution.
They were mounted in a loop and flash-cooled in an N2 gas
stream at �173 °C. Diffraction data were collected using syn-

chrotron radiation at SPring-8 (BL41XU with an ADSC
Quantum 210 CCD detector, an ADSC Quantum 315 CCD
detector, and a Rayonix MX225HE CCD detector) and at the
Photon Factory (BL5A with an ADSC Quantum 315 CCD
detector, and AR-NW12 with an ADSC Quantum 210 CCD
detector). All data sets were processed and scaled using the
programs DENZO and SCALEPACK from the HKL2000 pack-
age (36).
Phasing, Model Building, and Refinement—The structures

were determined by the molecular replacement method using
the apoenzyme structure (PDB code 1GEH) (22) as a search
model with the programMOLREP (37) in CCP4i (38, 39). The
structural models were constructed using the program COOT
(40). All structures were refined using the program REFMAC5
(41) in CCP4i. The atomic coordinates of Tk-Rubisco were
deposited in the Protein Data Bank under accession numbers
3A12 (wild-type), 3KDN (SP4), and 3KDO (SP6). The protein-
ligand interaction was investigated with the program LIG-
PLOT (42). Superposition of the structures was performed
using the program COOT, on the basis of secondary-structure
matching. The figures of structures were prepared with
PyMOL.
B-factor Comparison among Three Determined

Structures—The averaged B-factor of each C� atom among
10 subunits in the asymmetric unit was calculated for the
wild-type enzyme, and the mutants SP4 and SP6, respectively.
The averaged B-factor distributions against the residue num-
bers for mutants were adjusted to that for the wild-type en-
zyme with the least squares method. C-terminal regions (resi-
dues 386–444) were excluded from the adjusting calculation,
because the differences between the wild-type enzyme and
SP6 mutant values were exclusively high (over 10).
Kinetic Examination—The conditions for activity measure-

ments in the kinetic examination of the wild-type enzyme and
the SP5-V330T mutant were the same as those applied in our
previous study (29).
Effects of Temperatures on Enzyme Stabilities—Thermosta-

bilities of the wild-type enzyme and the SP5-V330T mutant
were analyzed by measuring the residual carboxylase activities
of the proteins after incubation at 90 or 100 °C in 100 mM

Bicine-NaOH (pH 8.3) and 10 mM MgCl2. Denatured proteins
were removed by centrifugation (20 min, 15,000 � g, 4 °C)
and the supernatant was used for activity measurements. Re-

TABLE 1
Primers used for site-directed mutagenesis

Mutant Template plasmid Sequencea

SP5-G326E pET21a(�)/SP5 5�-GGCAAGCTTGAGGGCGAGAAGTGGGACGTCCTC-3�
5�-GAGGACGTCCCACTTCTCGCCCTCAAGCTTGCC-3�

SP5-K327R pET21a(�)/SP5 5�-GCAAGCTTGAGGGCGGCCGCTGGGACGTCCTCGG-3�
5�-CCGAGGACGTCCCAGCGGCCGCCCTCAAGCTTGC-3�

SP5-W328D pET21a(�)/SP5 5�-GCTTGAGGGCGGCAAGGACGACGTCCTCGGCTTC-3�
5�-GAAGCCGAGGACGTCGTCCTTGCCGCCCTCAAGC-3�

SP5-D329I pET21a(�)/SP5 5�-GAGGGCGGCAAGTGGATCGTCCTCGGCTTCG-3�
5�-CGAAGCCGAGGACGATCCACTTGCCGCCCTC-3�

SP5-V330T pET21a(�)/SP5 5�-GAGGGCGGCAAGTGGGACACCCTCGGCTTCGTTGAC-3�
5�-GTCAACGAAGCCGAGGGTGTCCCACTTGCCGCCCTC-3�

N333F pET21a(�)/rbcTk 5�-GTGGGACGTCATTCAGTTCGCCAGGATTCTCAGG-3�
5�-CCTGAGAATCCTGGCGAACTGAATGACGTCCCAC-3�

V330T/N333F pET21a(�)/V330T 5�-GTGGGACACCATTCAGTTCGCCAGGATTCTCAGG-3�
5�-CCTGAGAATCCTGGCGAACTGAATGGTGTCCCAC-3�

a The underlined nucleotides correspond to the codons that have been changed.

Catalytic Optimization of Rubisco

DECEMBER 10, 2010 • VOLUME 285 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 39341



sidual activities were measured with the enzymatic assay
methods described in our previous study (29).

RESULTS AND DISCUSSION

Structure Determination of Tk-Rubisco—We have deter-
mined the crystal structures of the wild-type Tk-Rubisco, and
the mutants SP4 and SP6 in complex with 2-CABP at 2.30,
2.09, and 2.36 Å, respectively. The resolutions are improved
compared with that of the wild-type apoenzyme (2.8 Å) (22).
Final statistics for all data sets are shown in Table 2. Approxi-
mately 90% of the residues in all structures were in the most
favored region in the Ramachandran plot (43). Although the
crystals of the wild-type enzyme and the mutants belong to
different space groups (P21212 and P21, respectively: Table 2),
their overall structures are virtually identical. Superpositions
of the SP4 and SP6 mutants on the wild-type enzyme result in
a root mean square distance of 0.27 Å for 437 C� atoms and
0.38 Å for 436 C� atoms out of a total 444 residues in a sub-
unit, respectively. The active sites in all 10 subunits are dis-
tant (more than 20 Å) from the adjacent physiological decam-
ers in the crystal. Thus, we do not take the space group
difference into consideration in the further discussion.
The inhibitor (2-CABP) and the metal (Mg2�) ion are

clearly observed in the electron density maps at each of the 10
active sites in all three structures (Fig. 2). The active-site loop
6, which had been disordered in the apo form previously de-
termined by our group (22), can also be observed. Superposi-
tion of the inhibitor complex (wild-type) on the apo form
shows induced fit movements at the C-terminal region (from
Gly-439 to Val-444), the two loops containing the active site
residues (Thr-54 and Asn-111), and the N-terminal region
(from Phe-5 to Tyr-11) to close the entrance of the active site
(Fig. 3).
Comparison of Wild-type Tk-Rubisco with the Mutants—As

described above, the overall structure of the wild-type Tk-

Rubisco, and the mutants SP4 (with equivalent activity to the
wild-type enzyme at ambient temperatures) and SP6 (with
enhanced activity) can be superposed well on each other.
However, the position of the �-helix 6 region in the SP6 mu-
tant is different from that of the wild-type enzyme (Fig. 4A).
The N-terminal side of the helix appears to be tilted toward
the solvent region compared with that of the wild-type en-
zyme (yellow arrow in Fig. 4A). This mutant was created by
replacement of the �-helix 6 of Tk-Rubisco with the corre-
sponding region of Sp-Rubisco (PDB code 8RUC) (44), and
the tilted conformation of the helix is also seen in Sp-Rubisco
(yellow arrow in Fig. 4B). The helix in the SP4 mutant is less
dislocated than that in the SP6 mutant (supplemental Fig. S1).
These results imply that the tilted conformation is related to
the higher activity at ambient temperatures.

TABLE 2
Crystallographic statistics

Data set Wild-type SP4 SP6

Resolution (Å)a 50-2.30 (2.34-2.30) 50-2.09 (2.13-2.09) 50-2.36 (2.40-2.36)
Completeness (%)a 99.9 (100.0) 96.5 (70.3) 99.6 (99.2)
I/� (I)a 15.2 (3.9) 15.4 (2.3) 13.1 (2.5)
Rmerge (%)a,b 10.5 (37.9) 7.1 (38.4) 8.2 (38.9)
Unit cell parameters
Space group P21212 P21 P21
a (Å) 173.29 97.47 97.48
b (Å) 246.38 246.24 246.57
c (Å) 144.59 133.08 134.83
� (°) 104.10 104.73

Refinement
Resolution limits (Å) 50–2.30 50–2.09 50–2.36
Number of reflections 271,962 345,208 249,468
R/Rfree (%)c 19.9/24.4 21.3/25.3 21.9/26.4
Root mean square deviation for bond distances (Å) 0.006 0.004 0.002
Root mean square deviation for bond angles (°) 0.995 0.768 0.589
Model 36,651 atoms 36,999 atoms 36,065 atoms
Proteind 4,366 residues 4,371 residues 4,379 residues
Substrate 10 CABP 10 CABP 10 CABP
Solvent molecules 2,306 waters 2,652 waters 1,811 waters

10 Mg2� 10 Mg2� 10 Mg2�

PDB entry 3A12 3KDN 3KDO
a Values for the outermost resolution shell are shown in parentheses.
bRmerge � � �Ii � �Ii	�/� 
Ii�, where Ii is the observed intensity and �Ii	 is the average intensity over symmetry equivalent measurements.
c R � � �Fobs� � �Fcalc�/��Fobs�. Rfree is the same as R, but for a 5% subset of all reflections that were never used in crystallographic refinement.
d They contain 10 carbamylated lysine residues (3 letter code: KCX).

FIGURE 2. Active site of Tk-Rubisco. A close-up view of the wild-type Tk-
Rubisco is shown. Tk-Rubisco and a 2-CABP molecule are shown in green
and white, respectively. An Mg2� ion is shown as a gray sphere. Loop 6,
which cannot be observed in the apo form, is shown in yellow. The electron
density shown in light gray is contoured at 3.0 �.
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This helix tilt can be explained by the local flexibility intro-
duced by the following four factors. The first factor is the loss
of a hydrogen bond by the mutation N333F (Fig. 4C). The
hydrogen bond between the side chain of Asn-333 and the
main chain O atom of Val-315 in the wild-type Tk-Rubisco is
broken by the N333F replacement in the SP6 mutant. The
�-helix 6 in the SP6 mutant loses an anchor to its neighboring
secondary structure and becomes flexible. Moreover, this fac-
tor cooperates with the bulky group of Phe-333 pushing the
�-helix 6 to shift from its original position, and makes this
helix more unstable. Sp-Rubisco, where a phenylalanine resi-
due is located at this position (Phe-345), does not have the
hydrogen bond (44). The N333F replacement in the SP4 mu-
tant (SP4-N333F, Fig. 1A) showed an 88% higher carboxylase
activity (kcat(CO2)) and a 20% higher kcat(CO2)/KCO2

than the
original SP4 mutant (29), which also supports the notion that
this residue contributes to an increase in the activity.
The second factor is the loss of a hydrogen bond by the

mutation Q332G (Fig. 4D). The hydrogen bond between the

amido oxygen atom of Gln-332 and the hydroxy group on
Tyr-342 in the wild-type Tk-Rubisco is broken by Q332G re-
placement in the SP6 mutant. The absence of this bond can
also be presumed to result in an increase in �-helix 6
flexibility.
The third factor is the steric hindrance caused by the

double mutation D329I/N333F (Fig. 4D). The side chains
of Ile-329 and Phe-333 in the SP6 mutant are in unfavor-
able interatomic contact, whereas Asp-329 and Asn-333 in
the wild-type enzyme are well accommodated. The aver-
aged distance between Ile-329 and Phe-333 among the 10
molecules in the asymmetric unit is �3.2 Å. This contact
may bend the helix toward the solvent region. This factor
does not appear in Sp-Rubisco but is present in the SP6
mutant (supplemental Fig. S2).
The fourth factor is hydrogen bond formation by the muta-

tion V330T (Fig. 4C). A new hydrogen bond is introduced
between the hydroxy group of Thr-330 and the main chain O
atom of Glu-326 in the SP6 mutant. This bond connects the
�-helix 6 with loop 6, and allows loop 6 to move relative to
that in the wild-type enzyme, as shown in Fig. 4C. The corre-
sponding hydrogen bond is conserved in Sp-Rubisco (44). The
introduction of a threonine residue into this helix may also be
destabilizing because this residue is constrained to essentially
one conformation in an �-helix at an entropic cost. The im-
portance of this position is also supported by the findings for
the T342V mutant in a cyanobacterial type I Rubisco (45)
(corresponding to Val-330 in Tk-Rubisco), which exhibits
decreased carboxylase activity. The other three factors de-
scribed above promote the flexibility of the �-helix 6, whereas
this fourth factor functions to transfer the flexibility to the
active-site loop 6. It is suggested that the flexibility, mainly
occurring by breaking the anchors between this helix and the
core of Tk-Rubisco, contributes to the mobility of loop 6 and
�-helix 6, and this mobility is favorable for increasing the CO2
incorporation rate and the kcat(CO2) value at ambient
temperatures.
The flexibility of protein structure affects the crystallographic

temperature factors (B-factors), which are related with thermal
vibrations. A comparison of the B-factors among the three struc-
tures reveals that mutated residues in both the SP4 and SP6mu-
tants show significantly higher B-factors than the corresponding
residues in the wild-type enzyme (Fig. 5; the results for all resi-
dues are shown in supplemental Fig. S3). These larger B-factor
values also indicate the local flexibility of the mutated residues.
Because more residues were mutated in the SP6mutant than in
the SP4mutant, the �-helix 6 in the SP6mutant can be consid-
ered to bemore flexible than that in the SP4mutant. This differ-
encemay be one of the reasons why the activity was not en-
hanced by the SP4mutant but was enhanced by the SP6mutant
relative to the wild-type enzyme. The B-factors of loop 6 (resi-
dues 315–325) are almost equivalent between the wild-type Tk-
Rubisco and the SP6mutant. This can be explained by the hy-
drogen-bond fixation between Lys-322 on this loop and the
inhibitor (Fig. 4A). The loop 6motion of the SP6mutant is prob-
ably larger than that of the wild-type enzyme when they are not
bound with the inhibitor.

FIGURE 3. Comparison between the inhibitor complex and the apo
form. Both forms are the wild-type enzymes. A, the environment around
the active site. The complex with 2-CABP and the apo form (PDB code
1GEH) are shown in green and yellow, respectively. A 2-CABP molecule is
shown as a stick model, and hydrogen bonds are indicated by blue dashed
lines. The movement of the C-terminal loop is indicated by a red arrow.
B, the molecule opposite (A) in the functional dimer. The complex with
2-CABP and the apo form are shown in dark and light blues, respectively.
The movements of the loops are indicated by red arrows, and the N-termi-
nal region, which cannot be observed in the apo form, is indicated by a red
dashed circle.
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The tilt of �-helix 6 has also been observed in the V331A/
G344S mutant of Rubisco from the green alga Chlamydomo-
nas reinhardtii (46). This tilt supports the formation of a hy-
drophobic patch between residues 331 and 342
(corresponding to Ala-318 and Val-330 in Tk-Rubisco, re-
spectively) (supplemental Fig. S4). Disruption of this hydro-
phobic patch is known to result in the loss of enzymatic activ-
ity based on various mutagenesis studies (46–48). Ala-318 in
Tk-Rubisco is an insertion residue in loop 6 compared with
other Rubiscos (supplemental Fig. S4A), and Ala-318 is close
to Val-330 (supplemental Fig. S4B). A mutant with single
amino acid deletion in this loop completely lost activity (re-
ported as an SP1 mutant in our previous study (29)), support-
ing that the hydrophobic patch is vital for the activity. How-
ever, as both the wild-type enzyme and the SP6 mutant
maintain the hydrophobic patch, this patch can be presumed
to have little effect on the difference of enzymatic activity be-
tween these two enzymes.
Creating a More Active Mutant Based on Structural

Analyses—The four factors, related with the flexibility and the
higher activity of Tk-Rubisco at ambient temperatures, are
summarized in Fig. 6 (the factors introduced by the mutations
N333F, Q332G, D329I/N333F, and V330T are named 1, 2, 3,
and 4, respectively). In the SP6 mutant with enhanced activ-
ity, the entire �-helix 6 (residues 326–336, Fig. 1A) is replaced

with the corresponding region of Sp-Rubisco, which satisfies
all four factors (Fig. 6A). In contrast, the SP4 mutant, which is
deficient compared with the wild-type enzyme, is replaced
with only the N-terminal half of the �-helix 6 (residues 326–
330), and satisfies only factor number 4 (by the mutation
V330T). In a previous study on the mutagenesis of the SP4
mutant (29), the SP4-N333F mutant, which has a higher activ-
ity than the wild-type Tk-Rubisco, satisfies factors 1 (by the
mutation N333F) and 3 (by the mutations D329I, originally
contained in the SP4 mutant, and N333F) in addition to factor
4 (Fig. 6A). In this study, we have therefore attempted to opti-
mize the SP5 mutant to create a Rubisco with further en-
hancement of the activity.
The SP5mutant, which also is inferior to the wild-type Tk-

Rubisco in terms of the enzymatic activity, is replaced with the
C-terminal half of the �-helix 6 (residues 331–336, Fig. 1A), and
satisfies factors 1 (by themutation N333F) and 2 (by themuta-
tion Q332G) (Fig. 6A). These two factors are common in the
mutants SP5 and SP6, the latter of which has higher activity than
the wild-type enzyme. To investigate the contribution of the
other two factors toward the enzymatic activity, we createdmu-
tants SP5-D329I (satisfying factor 3 by themutations D329I and
N333F, originally contained in the SP5mutant, in addition to
factors 1 and 2) and SP5-V330T (satisfying factor 4 by themuta-
tion V330T in addition to factors 1 and 2) (Fig. 6B). These two

FIGURE 4. Superposition of wild-type Tk-Rubisco on the SP6 mutant (A, C, and D) or on Sp-Rubisco (B). Light green, red, and dark green schematics rep-
resent the structures of the wild-type Tk-Rubisco, the SP6 mutant, and the wild-type Sp-Rubisco, respectively. A and B, environment around the active site.
Hydrogen bonds are indicated by blue (wild-type) and red (SP6) dashed lines, respectively. Yellow arrows indicate the tilt of the �-helix 6. C, close-up view
from the N-terminal side of �-helix 6. D, close-up view from the side of �-helix 6. The red arrow indicates the unfavored steric interaction.
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mutants were expected to show improved enzymatic activities at
ambient temperatures. Additionally, three mutants (SP5-G326E,
SP5-K327R, and SP5-W328D) were also constructed to cover the
other three residues, which in the SP5mutant are different from
those in the SP6mutant (Fig. 1B), for comparison. All of these
novel mutants were introduced into the R. palustris �3 strain to
check their activities in vivo.
R. palustris �3cSP5-V330T cells, which harbored the SP5-

V330T gene on the chromosome, exhibited a higher specific
growth rate (0.48 day�1) under photoautotrophic conditions
than the wild-type Tk-Rubisco (0.31 day�1) or any of the mu-
tants reported in the present and previous papers (29) (Fig.
7A). The kinetic analyses of the SP5-V330T mutant in vitro at
ambient temperatures also revealed that its kcat(CO2) and
kcat(CO2)/KCO2

values were 71 and 57% higher than those of
the wild-type enzyme, respectively (Table 3). This kcat(CO2)/
KCO2

value was the highest among all the mutants we have
measured to date (29). These enhanced activities both in vivo
and in vitromust be related with an increase of flexibility
around �-helix 6. The significant decrease of the thermosta-
bility of the SP5-V330T mutant at both 90 and 100 °C com-
pared with the wild-type enzyme (Table 4) also supports an
increase of flexibility in the SP5-V330T mutant. Intriguingly,
on the other hand, the cells harboring the SP5-D329I gene
(�3cSP5-D329I) grew more slowly than those with the wild-

type Tk-Rubisco gene (�3cTk-Rubisco) (Fig. 7A). As expected,
the other three mutants, SP5-G326E, SP5-K327R, and SP5-
W328D, also did not show an increase in the specific
growth rates of the R. palustris �3 strains. In these three
mutants as well as the SP5-D329I mutant, the flexibilities
around �-helices 6 are most likely insufficient to increase
the enzymatic activities. Furthermore, as a strong and reli-
able correlation exists between cell growth rate and car-
boxylase activity (25), they probably also show lower car-
boxylase activities in vitro.
All of the mutants with enhanced activities so far (SP6,

SP4-N333F, and SP5-V330T) satisfy factors 1 and 4 (25)
(green lines in Fig. 6, A and B). To analyze the importance of
these two factors for the improvement of the enzymatic activ-
ities, three additional mutants, V330T (satisfying factor 4),
N333F (satisfying factor 1), and V330T/N333F (satisfying
both factors 1 and 4) were constructed (Figs. 1C and 6C), and
introduced into the R. palustris �3 strain (�3cV330T,
�3cN333F, and �3cV330T/N333F, respectively). As a result,
the specific growth rates of �3cV330T and �3cV330T/N333F
were slower (0.08 and 0.12 day�1, respectively) than that of
�3cTk-Rubisco (0.29 day�1), whereas that of �3cN333F was
higher (0.37 day�1) (Fig. 7B). The results for the N333F mu-
tant indicate that the mutation N333F alone improves func-
tional performance at ambient temperatures, and more
investigations will be needed to completely clarify the mecha-
nism. The results for the V330T mutant are as expected be-
cause this mutant lacks the essential factor 1. Although the
double mutant V330T/N333F satisfies both factors 1 and 4,
�3cV330T/N333F displayed a much lower specific growth

FIGURE 5. Comparison of the B-factors. Each data point represents the
adjusted B-factor of each C� atom 
 S.E. The B-factor values for the wild-
type Tk-Rubisco as well as the mutants SP4 (A) and SP6 (B) are shown in
green, blue, and red, respectively. The apparent differences between the
wild-type data and the data for each mutant are shown in the colored re-
gions (SP4, light blue; SP6, pink).

FIGURE 6. The four factors playing the dominant role in the Tk-Rubisco
activity. Factors 1, 2, 3, and 4 are the loss of a hydrogen bond by the muta-
tion N333F, the loss of a hydrogen bond by the mutation Q332G, the steric
hindrance by the double mutation D329I/N333F, and a new hydrogen bond
by the mutation V330T, respectively. The growth rate was measured using
�3c strains harboring each mutant. The red “�” satisfies the corresponding
factor and the black “�” does not. Green lines highlight the mutants improv-
ing the growth rates. A, the wild-type Tk-Rubisco and mutants previously
reported (25). B, SP5-mutant derivatives. C, the mutants used to investigate
Val-330 and Asn-333.
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rate compared with �3cTk-Rubisco. This suggests that these
two factors alone are insufficient to increase activity. The
three mutants with enhanced activities satisfy, in addition to
factors 1 and 4, factors 2 and 3 (SP6), factor 3 (SP4-N333F),
and factor 2 (SP5-V330T), respectively (Fig. 6, A and B).

TABLE 3
Kinetic properties of purified Tk-Rubisco and its mutant

Kinetic constant Wild-type SP5-V330T Spinach (30)

� � 0.30 day�1a � � 0.48 day�1a

VCO2
(�mol/min/mg) 0.37 
 0.02 0.64 
 0.03 2.3

kcat(CO2)
(s�1�site�1) 0.31 0.53 2.6

KCO2
(�M) 60 
 7 67 
 6 14.3

kcat(CO2)
/KCO2

0.0051 0.0080 0.182
VO2

(�mol/min/mg) 0.28 0.25
kcat(O2)

(s�1�site�1) 0.23 0.21
KO2

(�M) 267 
 0 123 
 0
kcat(O2)

/ KO2
0.00085 0.00169

� (VCO2
KO2

/VO2
KCO2

) 6.0 
 0.4 4.7 
 0.3 93.8 
 0.8
KRuBP (�M) 
 0.5 
 0.5

a� represents specific growth rates of recombinant strains that harbor the indi-
cated proteins noted.

TABLE 4
Thermostability of wild-type Tk-Rubisco and its mutant

Temperature
Half-lives of protein activities

Wild-type SP5-V330T

min
90 °C 220 
 10 150 
 3
100 °C 48 
 2 2.9 
 0.2

FIGURE 7. Representative photoheterotrophic growth curves of the �3c strains. Open, gray, and closed circles indicate the growth of the cells harboring
the wild-type Tk-Rubisco, the SP5 mutant, and targeted mutants, respectively. The average specific growth rate of each strain harboring the Tk-Rubisco mu-
tant (�m) (3 to 5 measurements; n � 3 to 5) was compared with that harboring the wild-type enzyme (�w). A, SP5 mutant derivatives. B, the mutants used to
investigate Val-330 and Asn-333. The averaged �w values were 0.31 
 0.02 day�1 (n � 4) (A) and 0.29 
 0.02 day�1 (n � 3) (B). The corresponding value for
�3cSP5 was 0.23 
 0.02 day�1 (n � 4).
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These results indicate that either one of factors 2 or 3 is also
required, together with factors 1 and 4, to obtain an increase
in activity. The slower growth rate in the SP5-D329I mutant
described above can be explained by the lack of the essential
factor 4.
In summary, we determined the crystal structures of the

wild-type Tk-Rubisco, and the mutants SP4 and SP6. Anal-
yses of the differences among these structures revealed that
the four factors represented in Fig. 6 play a major role in
determining levels of enzymatic activity at ambient tem-
peratures. This finding led us to create the mutant SP5-
V330T, the most active examined thus far. The R. palustris
�3 strain harboring this mutant reached the specific
growth rates that are comparable (�80%) with those of
cells with the native Rubiscos from R. palustris (25). Al-
though lower than the wild-type enzyme, the SP5-V330T
mutant still exhibits remarkable thermostability (Table 4).
It indicates that this mutant can surely tolerate additional
mutations without losing its basic structure, which is
promising for further engineering of the enzyme to obtain
a Rubisco with activity to exceed the performance of the
current enzyme, and eventually, native Rubiscos from me-
sophilic sources.
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