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Abstract

The crystal structure of unactivated ribulose 1,5-bisphosphate carboxylase/oxygenase from Nicotiana tabacum
complexed with a transition state analog, 2-carboxy-p-arabinitol 1,5-bisphosphate, was determined to 2.7 A res-
olution by X-ray crystallography. The transition state analog binds at the active site in an extended conforma-
tion. As compared to the binding of the same analog in the activated enzyme, the analog binds in a reverse
orientation. The active site Lys 201 is within hydrogen bonding distance of the carboxyl oxygen of the analog.
Loop 6 (residues 330-339) remains open and flexible upon binding of the analog in the unactivated enzyme, in
contrast to the closed and ordered loop 6 in the activated enzyme complex. The transition state analog is exposed

to solvent due to the open conformation of loop 6.
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Ribulose 1,5-bisphosphate carboxylase/oxygenase (rubisco, EC
4.1.1.39) is a bifunctional enzyme that catalyzes the initial re-
actions of two important but competing physiological pathways
in green plants: photosynthetic carbon fixation and photores-
piration. The Calvin cycle of photosynthetic carbon fixation, ini-
tiated by the rubisco-catalyzed carboxylation of ribulose
1,5-bisphosphate (RuBP), is the only significant incorporation
of atmospheric carbon into the biosphere (Brandén et al., 1991).
In photosynthesis, green plants use chemical energy trapped by
light-energized reactions to drive the rubisco-catalyzed fixation
of carbon dioxide. But the competing pathway of photorespi-
ration, catalyzed also by rubisco, consumes chemical energy and
releases CO, into the atmosphere. Photorespiration signifi-
cantly reduces the net efficiency of photosynthesis and limits
crop yields. Rubisco, being an abundant yet inefficient enzyme
with a central role in the carbon metabolism of plants, is a prime
target in attempts to use protein engineering to increase the yields
of agriculturally important crops (Ellis, 1979; Andrews &
Lorimer, 1987).

Rubisco must be activated in order to carry out its carboxyl-
ation and oxygenation functions (Lorimer et al., 1976). The ac-
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tivation involves the formation of a carbamate between the
e-amino group of a conserved lysine (Lys 201 in tobacco) with
a nonsubstrate CO,, known as an activator. This carbamate is
stabilized by a metal ion (usually Mg?*) (Lorimer, 1981). Al-
though rubisco is catalytically competent only when it forms a
ternary complex of rubisco-CO,-Me?* (Lorimer et al., 1976;
Pierce et al., 1980; Lorimer, 1981), the unactivated rubisco can cat-
alyze the decarboxylation of the transition state intermediate,
2-carboxy-keto-p-arabinitol 1,5-bisphosphate (Pierce et al., 1986).
This is the only known catalytic function of the unactivated enzyme.

The atomic structures of rubisco from various sources were
solved by X-ray crystallography (for a review, see Brindén et al.,
1991). The rubisco from the photosynthetic bacterium Rhodo-
spirillum rubrum is a dimer of 2 large subunits (Schneider et al.,
1986). However, rubisco from plants and most other photosyn-
thetic organisms is a complex of 8 large and 8 small subunits
(Chapman et al., 1986, 1987, 1988; Andersson et al., 1989). The
active site is formed between the interface of the C-terminal
B3/a-barrel domain of a large subunit and the N-terminal domain
of a dimer-related large subunit.

We report here the crystal structure of the unactivated ru-
bisco from tobacco complexed with a transition state analog,
2-carboxy-D-arabinitol 1,5-bisphosphate (CABP), refined at
2.7 A resolution. The mode of binding of CABP, its interaction
with residues in the active site, and a comparison with the same
analog in activated rubisco are presented.
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Results

The overall structure of the complex of unactivated rubisco with
the transition state analog CABP is very similar to that of the
unactivated rubisco (Curmi et al., 1992), having an RMS devi-
ation of 0.85 A for all the nonhydrogen atoms. A superposition
of Ca atoms between the unactivated rubisco structures with and
without CABP bound is shown in Kinemage 1. The active site
residues are little affected by the binding of CABP. A movement
of loop 6 (residues 330-339) from open, disordered to close, or-
dered conformation was observed from the structures of unacti-
vated rubisco (Curmi et al., 1992) and activated rubisco
(Schreuder et al., 1993). A similar loop movement during catal-
ysis is also observed in the active site of the crystal structures
of triose phosphate isomerase (Alber et al., 1981). In this struc-
ture of unactivated rubisco, loop 6 remains flexible upon bind-
ing of CABP, as judged by its high temperature factors, which
are comparable to those in the structure of unactivated rubisco.
Residues in loop 6 make a few hydrogen bonds and hydropho-
bic interactions with residues of symmetry-related molecules.

A portion of the 2F, — F. map around CABP (Fig. 1) shows
that the carboxyl and hydroxyl groups of the CABP are clearly
visible and the residues in the active site are well defined.

The CABP binds across the C-terminal side of the 8/«a-barrel,
in the active site of rubisco, through a network of hydrogen
bonds and salt links, as shown in Figure 2. The phosphate
groups of the CABP occupy the same position as that of the free
sulfate/phosphate in the unactivated rubisco (Curmi et al.,
1992). The P1 phosphate is about 0.60 A away from the free sul-
fate/phosphate, and the P2 phosphate is about 0.58 A away
from the free sulfate/phosphate, as shown in Figure 3. As
judged by the atomic separations of less than 3.8 A, the P1 phos-
phate interacts with the side chains of Arg 295, His 298, and
Ser 379 in loops 5 and 6 (the numbering scheme is the same as
that of Curmi et al., 1992). The P2 phosphate binds to the side
chain of Lys 175 and the amide hydrogen of Gly 380, Gly 381,
Gly 403, and Gly 404 in loops 1 and 8 at the opposite side of the
B/a-barrel. Kinemage 2 shows the mode of binding of CABP
in the active site and the corresponding residues in the unacti-
vated rubisco without CABP bound.
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When compared to the CABP in the activated rubisco
(Schreuder et al., 1993) as explained in the Materials and meth-
ods, the CABP binds in the unactivated rubisco in a reverse ori-
entation, as shown in Figure 4 and in Kinemage 3. The reverse
mode of binding of CABP is also observed in the structure of
inactive rubisco from R. rubrum complexed with CABP
(Lundqvist & Schneider, 1989). The CABP is more extended in
the unactivated than in the activated enzyme. The distance be-
tween the 2 phosphate groups of CABP in the unactivated en-
zyme is 9.72 A, whereas the distance between the 2 phosphate
groups of CABP in the activated enzyme is 8.80 A. Because of
the reversal, the positions of P1 and P2 phosphate groups of
CABP are exchanged between the unactivated and activated ru-
bisco. The spatial difference between the P1 in unactivated and
P2 in activated rubisco is 1.23 A. The distance between the P2
in unactivated and P1 in activated rubisco is 1.97 A. The C2 car-
boxyl group of CABP points toward Lys 201 and away from
loop 6 in the unactivated form, whereas it points toward loop
6 in the activated rubisco. The position of the C2 carboxyl group
is shifted about 1.86 A axially along the CABP. This places the
2 carboxyl oxygens at very different positions. Most noticeably,
the O3 and O4 oxygens form hydrogen bonds with the e-N
of Lys 201, which was carbamylated in the activated rubisco.
The distance between e-N of Lys 201 and O3 of CABP is 3.42 A.
The distance between e-N of Lys 201 and O4 of CABP is 3.43 A.
The position of the side chain of Lys 201 in the unactivated com-
plex was confirmed by simulated annealing omit maps. Since
loop 6 remains in an open conformation upon binding of CABP
in the active site, the CABP is exposed to solvent with an ac-
cessible surface area of 97 A2 as compared with 7 A? in the ac-
tivated rubisco (Schreuder et al., 1993).

Discussion

As in the structure of unactivated rubisco (Curmi et al., 1992),
the active site residues are held together by a network of hydro-
gen bonds, salt bridges, and van der Waals interactions. In con-
trast, the forces that hold the free sulfates/phosphates in the
active site are weak. Therefore, the sulfates/phosphates can be

Fig. 1. Stereo pair difference electron den-
sity map around the transition state analog
CABP, contoured at the 1.0 standard devi-
ation level. The coefficients used are 2F, —
F,, where F, and F, are the observed and
calculated structure factor amplitudes for
the binary complex of rubisco with CABP.
The phases used are those calculated from
the refined model. The refined atomic
model (represented by thick solid line) is su-
perimposed. The P1 and P2 phosphates
and the C2 carboxyl group are labeled.
Those residues in contact with CABP are
also marked.
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Fig. 2. Schematic diagram showing the polar interactions of CABP with
the active site residues of unactivated rubisco. Interacting polar atoms are
connected by dashed lines, with distances between them (in A) indicated.
The symbol # indicates residues from symmetry-related molecules.

removed by a desalting process and replaced by CABP, which
does not affect the positions of active site residues.

CABP binds in a reverse orientation in unactivated rubisco
compared to that in activated rubisco. This suggests that the car-
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bamylation of Lys 201 and the associated metal ion are neces-
sary not only for the activation of rubisco but also for the correct
orientation of the substrate. Because the transition state analog
in the unactivated rubisco binds in a different orientation than
in the activated rubisco, the decarboxylation is not chemically
the reverse of the carboxylation step. The decarboxylation can
occur with both orientations of substrate, but may be through
a different mechanism (Pierce et al., 1986).

Among the residues that interact with CABP, Lys 201 seems
to be the most likely candidate to be involved in the decarbox-
ylation of the intermediate. In the binary structure of inactive
rubisco from R. rubrum with 3-phospho-p-glycerate (3PG),
Lundqvist and Schneider (1988) observed that the carboxyl
group forms a salt bridge with Lys 191 (equivalent to Lys 201
in tobacco). However, in the complex of inactive rubisco from
R. rubrum with CABP (Lundqvist & Schneider, 1989), the e-N
of Lys 191is 6.4 A away from the carboxyl oxygen and thus can-
not participate in the decarboxylation reaction. Instead, the data
indicated the possible involvement of Asn 111 from a symme-
try-related molecule in the decarboxylation. The corresponding
residue Asn 123 in this study is not interacting with the carboxyl
group of CABP. The nearest atom from Asn 123 to the carboxyl
group of CABP is ND2. The distance between ND2 of Asn 123
and O3 of CABPis 4.61 A. The distance between ND2 of Asn 123
and O4 of CABP is 6.23 A. The Asn 123 instead interacts with
O1, 02, and O2P of CABP, as shown in Figures 2 and 3. There
is also biochemical evidence that suggests that Lys 191 in the ru-
bisco from R. rubrum is not involved in the decarboxylation (Es-
telle et al., 1985; Lorimer & Hartman, 1988). However, the
structure of unactivated rubisco from tobacco complexed with
CABP in our work shows that Lys 201 is within hydrogen bond-
ing distance of the carboxyl oxygen, which might enable Lys 201
to participate in the decarboxylation process.

Comparing the present structure to that of unactivated rubisco
(Curmi et al., 1992), there is no significant change observed for
loop 6. This suggests that the closure of loop 6 may not be trig-
gered by the binding of substrate but rather by the correct ori-
entation of the substrate. In activated rubisco, the e-N of Lys 334
makes hydrogen bonds with O2 of CABP (3.2 A distance),
However, in unactivated rubisco, O2 is at the opposite side

Fig. 3. Stereo view of the active site of un-
activated rubisco from tobacco (form I1I)
before and after soaking with CABP. The
2 phosphate groups of CABP, labeled P1
and P2, occupy essentially the same posi-
tions as the 2 free sulfates/phosphates
found in the unactivated form III rubisco
(Curmi et al., 1992). The atomic models of
rubisco before and after soaking with CABP
are represented by dashed and solid lines,
respectively. The CABP model is represented
by thick solid lines. Residue Asn 123,
marked by #, is from a symmetry-related
molecule.
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of CABP and points away from loop 6, thus making it impos-
sible for Lys 334 to form hydrogen bonds with CABP. There-
fore, there is no driving force for the movement of loop 6.

Materials and methods

Purification and crystallization

Rubisco was purified from leaves of N. tabacum var. Turkish
samsun as described by Chan et al. (1972) and Chapman et al.
(1986). Rubisco was stored in 50 mM KH,PO,, 0.5 mM EDTA,
and 0.5 mM NaN, at pH 7.2 with a protein concentration of
about 28 mg/mL.

Crystals (form III) were grown according to a modified pro-
cedure of Baker et al. (1977) using the hanging drop method.
The reservoir contained the precipitant, which is made of 0.2 M
KH,PO,, 0.3 M (NH,4),SO,, and | mM NaN, at pH 5.2. The
hanging drop consisted of between 30 and 70% (v/v) of rubisco
solution and precipitant. Large crystals of bipyramidal shape
were grown within 1-2 weeks.

Crystal desalting and soaking

The active site of unactivated rubisco is occupied by sul-
fate/phosphate ions that are used in the crystallization. Ortho-
phosphate and ammonium sulfate were found to be competitive
inhibitors with respect to RuBP (Paulsen & Lane, 1966). There-
fore, the sulfates/phosphates must be removed before the CABP
can be soaked into the active site. A desalting method similar
to that of Schreuder et al. (1988; see also Ray et al., 1991) was
adopted for the removal of the sulfates/phosphates in the ac-
tive site. A phosphate- and sulfate-free synthetic mother liquor,
made from 20% PEG 8000 (polyethylene glycol 8000), 50 mM
NaCl, 1 mM NaN3;, 50 mM MES (2-[N-morpholino]ethanesul-
fonic acid) buffered at pH 5.2, was used. Rubisco form III crys-
tals are stable in this synthetic mother liquor for weeks without
losing their diffraction pattern. A form III crystal was trans-
ferred into this synthetic mother liquor. This transfer was re-
peated once per day for a week to ensure the complete removal
of sulfates/phosphates. The removal of sulfates/phosphates was
confirmed by the difference maps of desalted crystals. Upon
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Fig. 4. Stereo view comparison of the orientations of CABP
in unactivated (solid line; this work) and activated (broken
line; Schreuder et al., 1993) rubisco. The relative orientation of
CABP in unactivated and activated rubisco as shown here is the
consequence of the superposition of the corresponding protein
structures by the algorithm of Kabsch (1978). The CABP in
unactivated rubisco is reversed compared to that in activated
rubisco. The carboxyl group is not only shifted by 1.86 A between
the CABP in unactivated and activated rubisco but also points
in different directions.

completion of the desalting process, 0.2 mM CABP was added
to the synthetic mother liquor and the crystal was soaked in this
solution for 24 h before data collection.

Data collection

The crystal of rubisco soaked in CABP is in space group 1422
with unit cell dimensions of 2= b = 149.0 A and ¢ = 136.8 A.
A total of 69,151 reflections were collected from 2 crystals using
the RAXIS-II imaging plate system with Cu K« radiation from
a Rigaku rotating anode generator. Data collection and process-
ing were carried out by the RAXIS software. The whole data
set consists of 19,091 unique reflections, which comprise 92%
of all possible reflections, to 2.7 A resolution with R erge Of
9.2% on intensities. A similar data set was also collected for the
desalted crystal before soaking in CABP from the same exper-
imental batch, as a control.

Model building and structure refinement

Because the space group and the unit cell of the desalted and
soaked crystal did not change significantly, it is assumed that
the treated crystal is isomorphous with the original form III crys-
tal. Therefore, the model phases from the unactivated rubisco
structure refined at 2.0 A (Curmi et al., 1992) were used to com-
pute difference maps. The sulfates/phosphates were removed
from the model to avoid model bias. We first calculated the dif-
ference map shown in Figure 5 using the observed structure fac-
tor amplitudes of the desalted crystal and those of the native
crystal. This map shows that the sulfates/phosphates were in-
deed removed. Next, we calculated the difference map between
the amplitudes of the desalted and CABP-soaked crystal and
that of the model without sulfates/phosphates using the model
phases. The map shown in Figure 6 clearly revealed the electron
density for CABP bound at the active site. The position of the
carboxyl group is well defined. This enabled us to build in the
CABP model in an unambiguous orientation. This orientation
of the CABP is the reverse of that in the activated rubisco
(Schreuder et al., 1993). The rest of the model was taken from
the refined structure of unactivated rubisco with slight adjust-
ment of some side chains according to the 2F, — F, map. The
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Fig. 5. Difference electron density map at the
active site contoured at —3.0 times the standard
deviation. The map was calculated with ampli-
tudes | Foys| — | Fopat |, where F, . and F,,,, are
the observed structure factor amplitudes for the
desalted crystal and the native form III crystal,
respectively. The phases for the map are calcu-
lated from the refined model of the form III ru-
bisco without the 3 free sulfates/phosphates. The
initial model of CABP and rubisco is superim-
posed on the electron density to indicate the po-
sitions of the free sulfates/phosphates. The
negative density (dashed line) in the difference
map shows that the free sulfates/phosphates
were removed by the desalting process.

Fig. 6. Difference electron density map at the active site contoured at 3.0 times the standard deviation. The map was calcu-
lated with amplitudes | Focapp| — | Feaie| » Where Feqp, is the observed structure factor amplitude for the desalted crystal soaked
with CABP. The F,,,. and phases are calculated from the refined model of the form III rubisco without the 3 free sulfates/phos-
phates in the active site. The densities corresponding to the 2 phosphate groups and the carboxyl group of the CABP are strong.
This makes the orientation of the CABP unambiguous.
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