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Abstract Ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) catalyzes the reactions of carboxylation and oxygen-
ation of ribulose-1,5-bisphosphate. These reactions require that
the active site should be closed by a £exible loop (loop 6) of the
large subunit. Rubisco from a red alga, Galdieria partita, has
the highest speci¢city for carboxylation reaction among the
Rubiscos hitherto reported. The crystal structure of unactivated
Galdieria Rubisco has been determined at 2.6 A' resolution. The
electron density map reveals that a sulfate binds only to the P1
anion-binding site of the active site and the loop 6 is closed.
Galdieria Rubisco has a unique hydrogen bond between the main
chain oxygen of Val332 on the loop 6 and the OO-amino group of
Gln386 of the same large subunit. This interaction is likely to
be crucial to understanding for stabilizing the loop 6 in the
closed state and to making a higher a⁄nity for anionic
ligands. 0 2002 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubis-
co; EC 4.1.1.39) catalyzes two separate reactions, carboxyla-
tion and oxygenation reactions. The gaseous CO2 and O2 are
the competitive substrates in Rubisco, the activity of which is
characterized by the speci¢city factor, Sc=o ( =VcKo/VoKc,
where Vc, Vo and Kc, Ko are the Vmax and Km values for
CO2 and O2, respectively). A thermophilic red alga, Rubisco

from Galdieria partita has the highest Sc=o (364 and 238 at 15
and 25‡C, respectively) among the Rubiscos reported so far
[1].
Structural analyses of Rubiscos from higher plants, green

and red algae, a cyanobacterium, photosynthetic bacteria, and
an archaebacterium have been reported [2^4,12^24]. Rubiscos
from most of photosynthetic organisms are composed of eight
large and eight small subunits (L8S8). These enzymes have an
K/L barrel domain in the large subunit. The active site is on
the large subunit and consists of P1 and P2 anion-binding
sites and the metal-binding site [2]. The active site must be
covered by a £exible loop 6 during carboxylation reaction.
The residues 328^339 in the loop 6 are completely conserved
among all the L8S8 Rubiscos. The previous report described
that P1 and P2 sites consist of four subsites (proximal subsite,
distal subsite, etc.) [2]. The distance between P1 and P2 sites
correlates to open and closed states of the active site. The
active site shows a closed state when the distance between
two anions in P1 and P2 sites is the shortest. The anion
positions are named P1K and P2K positions in this paper.
On the other hand, the open structure shows the long distance
between P1 and P2 sites ; named P1L and P2L positions.
The loop 6 plays a vital role in covering the active site and

in catalyzing the carboxylation reaction. LysL334 (superscript
L stands for the residue in the large subunit), located in the
middle of the loop 6, interacts with C-2 carboxylate group of
the carboxylation reaction intermediate (3-keto-2CABP) and
the side chain of GluL60 from the other large subunit in an L2

dimer [3]. The loop 6-deleted mutant enolizes ribulose-1,5-bis-
phosphate (RuBP), but cannot process 3-keto-2CABP into the
product [3]. The structural changes in both ValL332 and
AspL338 donate the loop 6 and result in open and closed
states.
Several structures of Rubisco complexed with substrate

analogues, inhibitors, and reaction products have been deter-
mined by X-ray crystallography, while these structures were
distributed between open and closed state in the active site
[2,3]. Rubiscos complexed with 2-CABP (Mg2þ-activated),
4-CABP (metal-free) and XuBP (metal-free) take the closed
state formed by the loop 6, whereas Rubiscos complexed with
3-PGA (Mg2þ-activated), 2-CABP (metal-free), PO33

4 (metal-
free) and SO23

4 (metal-free) take open state (Table 1).
In these closed structures of L8S8 Rubiscos hitherto re-

ported indicate the anion-binding sites adopt the P1K and
P2K structure [2].
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The X-ray crystal structure of Galdieria Rubisco displays
that P1K is occupied by a sulfate, and the loop 6 covers the
active site without any substrate analogue. Here we discuss
that the loop 6 in Galdieria Rubisco has a unique hydrogen
bond contributing to close the active site, resulting in the
highest a⁄nity for CO2.

2. Materials and methods

2.1. Puri¢cation and crystallization
Galdieria was cultured as previously described [1]. Rubisco was

puri¢ed at 0^4‡C. The cells suspended in extraction bu¡er (50 mM
HEPES^KOH, pH 7.6, 1 mM EDTA, 1 mM dithiothreitol, 1 mM
PMSF, 10 WM leupeptin) were disintegrated by using a bead beater.
The crude extract was centrifuged at 15 000Ug for 20 min, and the
supernatant was collected. A fraction that precipitated between 30
and 60% ammonium sulfate was centrifuged at 15 000Ug for 20 min.
The precipitate was dissolved in elution bu¡er (50 mM HEPES^KOH,
pH 7.6, 1mM EDTA, 1 mM dithiothreitol) containing 30% ammo-
nium sulfate. The sample was applied to a column of butyl-Toyopearl
(Tosoh, Tokyo, Japan) and eluted with a 30^0% ammonium sulfate
gradient in the elution bu¡er. The active fractions were pooled, ap-
plied to a HiLoad 26/60 Superdex 200 prep grade column (Amersham
Pharmacia Biotech, Tokyo, Japan), and developed with the elution
bu¡er. Finally, the active fractions were pooled and used for crystal-
lization.
Crystals were grown at 20‡C by the hanging-drop vapor-di¡usion

method. The puri¢ed Rubisco was concentrated to 22.7 mg/ml. Drops
consisted of 3 Wl of Rubisco solution with an equal volume of well
liquor (100 mM HEPES^NaOH, pH 7.5, 12% (w/v) polyethylene gly-
col 4000, 5% (w/v) 2-methyl-2,4-pentanediol, and 20% (w/v) glycerol).
In 7 days, the typical size of crystals grew to 0.1U0.1U0.05 mm.
Crystals belonged to the monoclinic space group of C2 with cell con-
stants of a=201.3, b=146.9, c=197.2 AS , L=99.8‡.

2.2. Data collection, structure determination and re¢nement
X-ray di¡raction intensities were measured at beamline BL18B of

the Photon Factory (PF), High Energy Acceleration Research Orga-
nization, Tsukuba, Japan. Di¡raction data were processed with the
programs DPS [6] and SCALA [7]. The structure was determined by
the molecular replacement method using the program AMoRe [8]. A
crystal structure of the complex of activated Galdieria Rubisco and
2-CABP (Protein Data Bank (PDB) ID, 1BWV [4]) was used as the
search model. The asymmetric unit in this crystal was L8S8 and Vm
[10] was 2.65 AS 3 Da31. Re¢nement was carried out using the program
CNS [11] without non-crystallographic symmetry restraints/con-
straints. The structure was visualized and modi¢ed using the program
TURBO-FRODO [9]. Data collection and re¢nement statistics are

summarized in Table 2. The coordinates and structure factors have
been deposited in the PDB with ID 1IWA.

3. Results and discussion

3.1. Overall structure
The ¢nal model of unactivated Galdieria Rubisco has been

re¢ned at 2.6 AS resolution. The root-mean-square deviation
(RMSD) of the CK-atoms between all the subunits of unac-
tivated Rubisco and those of Rubisco complexed with
2-CABP are 0.22 AS . All the subunits of N-terminal domain
and C-terminal strand are not di¡erent between unactivated
Rubisco and those of Rubisco complexed with 2-CABP.
Unexpectedly, the higher peak of electron density is located

in P1 site near the positively charged side chain of LysL334.

Table 1
Crystal structures of L8S8 Rubiscos

Source Metal ion Ligand Anion position Active site Res. (AS ) PDB ID

Spinach Mg2þ 2-CABP P1K, P2K closed 1.6 8RUC [18]
Spinach Mg2þ 2-CABP P1K, P2K closed 1.8 1BUR [17]
Spinach Mg2þ ^ ^ open 2.2 1AUS [20]
Spinach Ca2þ RuBP P1L, P2L open 2.2 1RXO [21]
Spinach Mg2þ 3-PGA P1L, P2L open 2.2 1AA1 [20]
Spinach ^ 4-CABP P1K, P2K closed 2.3 1RBO [19]
Spinach ^ 2,2-diol-XuBP P1K, P2K closed 2.3 1RCO [19]
Spinach ^ RuBP P1K, P2K closed 2.4 1RCX [21]
Tobacco ^ SO23

4 /PO33
4 P1L, P2L open 2.0 3RUB [12]

Tobacco ^ PO33
4 P1L, P2L open 2.45 1EJ7 [2]

Tobacco ^ 2-CABP P1L, P2L open 2.7 1RLC [15]
Tobacco ^ ^ ^ open 2.5 1RLD [13]
Tobacco Mg2þ 2-CABP P1K, P2K closed 2.7 4RUB [12]
C. reinhardtii Mg2þ 2-CABP P1K, P2K closed 1.4 1GK8 [23]
C. reinhardtii Mg2þ 2-CABP P1K, P2K closed 1.84 1IR2 [24]
G. partita Mg2þ 2-CABP P1K, P2K closed 2.4 1BWV [4]
G. partita ^ SO23

4 P1K closed 2.6 ^
Alcaligenes eutrophus ^ PO33

4 P1L, P2L open 2.7 1BXN [22]
Synechococcus Mg2þ 2-CABP P1K, P2K closed 2.2 1RBL [16]
Synechococcus ^ XuBP P1K, P2K closed 2.3 1RSC [14]

Table 2
Data collection and re¢nement statistics

Data collection
X-ray source/detector system PF (BL18B)/ADSC Quantum 4R [5]
Wavelength (AS ) 1.0000
Space group C2
Cell constants (AS , ‡) a=201.3, b=146.9, c=197.2,

L=99.8
Resolution range (AS 40.8^2.6 (2.76^2.6)
No. of measured/unique
re£ections

895 084/172 258

Completeness (%) 98.9 (97.4)
Rmerge

a (%) 10.3 (30.6)
Re¢nement
Resolution range (AS ) 40.0^2.6
No. of unique re£ections 172 258
Rcryst

b (%)/Rfree
c (%) 17.2/23.5

No. of non-hydrogen protein
atoms

38 856

No. of water molecules 2 876
RMSD
Bond lengths (AS ) 0.006
Bond angles (‡) 1.34

Values in parentheses refer to outermost shells: 2.76^2.6 AS resolu-
tion. RMSD, root-mean-square deviation.
aRmerge =SjShMIh;j3G/hfMISjShGIhf.
bRcryst =SMMFoM3MFcMMISMFoM summed over only data (95%) used
for re¢nement.
cRfree =SMMFoM3MFcMMISMFoM summed over only data (5%) set aside
as the test set.
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The electron density is large enough to accommodate a sulfate
or phosphate. Although neither sulfate nor phosphate is in-
cluded in the crystallization solution, ammonium sulfate was
used in a puri¢cation step. Because the B-factors of sulfates
are similar to that of the atoms around the binding site, we
concluded that the electron density results from binding of a
sulfate to the P1 site. When occupancies were set to 1, the
average B-factors of sulfates among the eight large subunits
were calculated at 58.5 AS 2. These values are same for the
residues that bind the sulfates. The average B-factor and Wil-
son B-factor of this crystal structure are 27.9 AS 2 and 29.9 AS 2,
respectively.
In the previous reports, unactivated Rubiscos complexed

with sulfate or phosphate were in the open state structure
(Table 1). Surprisingly, the loop 6 structure of unactivated
Galdieria Rubisco is closed as that of Galdieria Rubisco com-
plexed with 2-CABP (PDB ID, 1BWV).

3.2. Comparison between the novel open and closed structures
The electron density in the active site clearly indicates that

the sulfate binds to K-subsite of the P1 site, and the active site
is covered by the loop 6 (Fig. 1). The open structure of tobac-
co Rubisco (1EJ7) shows that two phosphates bind to the
active site and two phosphates locate in P1L and P2L posi-
tions. Moreover, the occupancy of the phosphate in the P2L
position is higher than that of the phosphate in the P1L posi-
tion.

In our structure, the P2 site is not occupied by any anions;
thereby the P2 site appears not to contribute to induce the
closed state of loop 6 (Figs. 1 and 2). This observation is
consistent to the idea that movement of the P1 phosphate
plays a central role in triggering the active site closure [2].
In the present structure, the main chain oxygen of ValL332

forms a hydrogen bond of 3.3 AS with the O-amino group of
GlnL386. In Galdieria Rubisco complexed with 2-CABP
(1BWV), the hydrogen bond is found between ValL332 and
GlnL386 at the distance of 2.8 AS . In contrast, the high reso-
lution structures of Rubiscos complexed with 2-CABP show
that HisL386 is far from ValL332, 3.9 AS in spinach (8RUC),
3.7 AS in Synechococcus (1RBL), and 3.7 AS in Chlamydomonas
reinhardtii (1GK8 and 1IR2). Consequently, the latter of these
Rubiscos have no hydrogen bond between ValL332 and
HisL386.
The Kc value of a Galdieria Rubisco is the smallest among

those of other Rubiscos hitherto reported [1]. The previous
study of Rubisco complexed with 2-CABP (1BWV) reported
novel hydrogen bonds between the side chain of GluL336 and
the main chain of ThrL472, the main chain of GlyL329 and
the side chain of TyrL346 [4] ; these have not been observed
with other Rubiscos. The interactions may be responsible for
the locking of the loop 6 on the active site. Moreover, these
and the unique interaction between ValL332 and GlnL386 in
Galdieria Rubisco strengthens the closed conformation of the
loop 6 and promotes the interaction between LysL334 and the

Fig. 1. Active site structure in Rubiscos structure of Galdieria metal-free Rubisco bound with SO23
4 . Oxygen, nitrogen, and sulfur atoms are

shown in red and purple and yellow. The metal ion and the bound 2-CABP of Galdieria Rubisco(1BWV) are shown with some transparency.
The loop 6 of Galdieria is shown in red.
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anion in P1K position. Thus, the stability of the loop 6 in the
closed state may be related to the e⁄cient CO2 ¢xation of
Galdieria Rubisco.
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