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Many enzymes are composed of subunits with the identical primary structure. It has
been believed that the protein structure of these subunits is the same. Ribulose 1,5-bis-
phosphate carboxylase/oxygenase (RuBisCO) comprises eight large subunits with the
identical amino acid sequence and eight small subunits. Rotation of the side chains of
the lysine residues, Lys-2]1 and Lys-305, in each of the eight large subunits in spinach
RuBisCO in two ways produces microheterogeneity among the subunits. These struc-
tures are stabilized through hydrogen bonds by water molecules incorporated into the
large subunits. This may cause different effects upon catalysis and a hysteretic, time-
dependent decrease in activity in spinach RuBisCO. Changing the amino acid residues
corresponding to Lys-21 and Lys-305 in non-hysteretic Chromatium vinosum RuBisCO to
lysine induces hysteresis and increases the catalytic activity from 8.8 to 15.8 per site per
second. This rate is approximately five times higher than that of the higher-plant en-

zyme.

Key words: hysteresis, RuBisCO, structural microheterogeneity.

Ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBis-
CO) [EC 4.1.1.39] catalyzes the CO,-fixation step of photo-
synthesis and is the important rate-limiting enzyme of this
process (I1-3). RuBisCO in most photosynthetic organisms
consists of eight large subunits (LS) and eight small sub-
units (SS) (reviewed in Refs. 4-7). The LS is the catalytic
subunit, but the function of the SS remains obscure. The
LS is coded by a single gene in the multicopy plastid
genome, and the SS are coded by a multigene family in the
nuclear DNA (8). The primary structures of the different
SS family members are not identical; in spinach RuBisCO,
two different SS have an orderly disposition within the
holoenzyme (9).

The catalytic activity of RuBiCO is species-dependent
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and reflects the atmospheric conditions under which a
given species evolved (10, 11). For example, RuBisCOs of
higher land plants, which appeared after the atmosphere of
the earth became oxygenic, have a higher affinity for CO,
and a stronger specificity for the carboxylase reaction than
for the oxygenase reaction compared to the cyanobacterial
enzyme, which appeared in a virtually anoxygenic but car-
bonated atmosphere (12). Conversely, higher land plant
RuBisCOs have lost the ability to catalyze the reaction at
the rapid rates shown by the photosynthetic bacterial and
cyanobacterial enzymes (4, 13). Furthermore, RuBisCOs of
higher land plants are subject to “fallover,” in which, at
least in vitro, the catalytic rate declines during catalysis to
a stationary level (14-18; see also Fig. 5). In contrast,
RuBisCOs from algae and photosynthetic bacteria do not
show such a loss of activity (19).

“Fallover,” is composed of two components, hysteresis,
which occurs during the initial several minutes after the
start of the reaction, and a subsequent slow decrease in
activity (20). The latter loss of activity is caused by an accu-
mulation of suicide inhibitors formed from the substrate
ribulose 1,5-bisphosphate (RuBP) within the catalytic site
(15, 18, 20, 21). We have suggested that Lys-21 and Lys-305
in the LS are two of the amino acid residues involved in the
conformational change of the RuBisCO protein during hys-
teresis. These residues are highly conserved among RuBis-
COs from higher plants (22), but the corresponding amino
acid residues are different in the algal and photosynthetic
bacterial enzymes. Binding of the transition state analogue
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2-carboxyarabinitol 1,5-bisphosphate (CABP) to the cata-
lytic sites of carbamylated or activated spinach RuBisCO
induces a similar conformational change to that observed
in hysteresis during RuBP carboxylation (19).

The present study re-examines the protein structures
near Lys-21 and Lys-305 in the CABP-carbamylated spin-
ach RuBisCO complex using coordinates obtained at 1.8 A
resolution (9), and compares them with those of the car-
bamylated spinach enzyme (23) and the carbamylated
cyanobacterial enzyme-CABP complex (24, 25). We newly
found the occurrence of two types of ordered structural
microheterogeneity around these amino acid residues
among LS with coordinates resolved assuming that all pro-
tomers are not identical. The microheterogeneity is sug-
gested to cause two forms of LS to have different car-
boxylase activities. The involvement of the two lysine resi-
dues in hysteresis was then confirmed by site-directed
mutagenesis of RuBisCO from the photosynthetic bacte-
rium, Chromatium vinosum.

MATERIALS AND METHODS

Materials—Spinach RuBisCO was purified from fresh
spinach leaves as reported previously (19). [2-1*C]Carbox-
yarabinitol 1,5-bisphosphate (*C-CABP) was synthesized
from RuBP and K“CN (26). RuBP was purchased from
Sigma. Other chemicals were of the highest grade commer-
cially available.

Structural Analyses—Structural analyses were con-
ducted by the molecular replacement method using the
coordinates deposited in the Brookhaven Protein Data
Base. The accession codes are 1IRUB, 1AUS, and 1RBL for
the quaternary complexes of spinach RuBisCO, carbamy-
lated spinach RuBisCO, and the quaternary complex of
Synechococcus RuBisCO, respectively.

Site-Directed Mutagenesis and Analyses of RuBisCO—
Site-directed mutagenesis was performed as previously de-
scribed (27) using pCV23, which bears the rbcA-rbcB
operon from C. vinosum (28). To introduce lysine at Arg-21
and Pro-305 in the amino acid sequence of the Chromatium
enzyme, the codons CGC (bases 37 to 39) and CCG (bases
889 to 891) in the rbcA-rbcB sequence were changed to
AAA codons sequentially (generating the R21K/P305K dou-
ble mutant) using the following PCR primers, 5-GGGCA-
TCCAATAGGTCTCTTTGTACTCTTTCACGCCCGC-3" and
5-GAAGTGGATGCCGTGGTGTTTATTGCGGTCGAGCA-
CGGC-3, respectively, where the mutation sites are under-
lined. All mutations were confirmed by sequencing the
entire rbcA-rbcB mutant genes with a Shimadzu DNA se-
quencer, using methods described by the manufacturer.

Escherichia coli JM109 harboring pCV23 and the plas-
mid bearing mutated rbcA-rbcB genes were cultured and
wild type and mutant RuBisCOs were purified to homoge-
neity by previously reported methods (12, 29). Enzyme
purity was confirmed by SDS-PAGE (30). The course of the
carboxylase reaction was followed by measuring the change
in light absorbance of the substrate RuBP at 280 nm (20).
The enzymatic properties of RuBisCO were determined by
previously described methods (12, 31). The pH of the reac-
tion mixture was 7.5 for the wild type and mutated bacte-
rial RuBisCOs and 8.0 for spinach RuBisCO.

Protein was quantified by the dye-binding assay method
(32) with purified spinach RuBisCO as the standard. The
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catalytic number of RuBisCO was measured by the “C-
CABP-binding method (26).

RESULTS

Structural Analyses of Spinach RuBisCO—Each RuBis-
CO LS has two major domains, an N-terminal domain of
mixed a-helices and B-sheets, residues 1 to 150, and a C-
terminal domain in the form of an o/ barrel, residues 151
to 475 (33). The catalytic site is at the mouth of the barrel,
but residues 60, 65, and 123 from the N-terminal domain of
the neighboring LS in the LS dimer (L2 dimer) contribute
to the site. The position of Lys-334 at the apex of loop 6 of
the o/B barrel is important in polarizing the substrate CO,
thereby stimulating nucleophilic attack of the C2 carboan-
ion of the enediol of RuBP and/or stabilizing the fixed CO,
on the transition state intermediate (24, 34). The precise

Fig. 1. Locations of Lys-21 and Lys-305 in an LS of the CABP-
carbamylated spinach RuBisCO complex and water mole-
cules bound to the carbamylated RuBisCO and the complex.
Only the main chain of the LS in the complex is depicted in blue, ex-
cept Lys-21 and Lys-305 in cyan and the C-terminal sequence from
Lys-463 to Val475 in gray. CABP bound to the catalytic site in the
neighboring LS, the structure of which is not depicted, is shown in
red. a-Helix B is shown in green. Yellow spheres are water molecules
bound to the carbamylated spinach RuBisCO and red spheres are
those bound to the CABP—arbamylated RuBisCO complex. The car-
bamylated holoenzyme binds 1,736 water molecules (B factor < 40
A?), while 2,412 bind to the CABP-carbamylated complex (B factor
< 40 A?). This figure was drawn with MidasPlus (36, 37).
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position of Lys-334 is maintained during catalysis by the
carboxyl group of Glu-60, which forms hydrogen bonds with
the e-amino group of Lys-334 (34, 35). Lys-21 and Lys-305,
which are the focus of the present research, are remote
from the catalytic site (Fig. 1).

Re-examination of the coordinates obtained assuming
that all protomers of spinach RuBisCO are not identical
gave us a chance to notice some amino acid residues with
different structures among LS, as in the case of SS (9). In
the carbamylated spinach RuBisCO, the side chain of Lys-
21 is free (Fig. 2). The carboxyl group of Glu-60 forms hy-
drogen bonds with the OH group of Tyr-20 and the amide
of Asn-123 of the same N-terminal domain. One of the car-
boxyl oxygens of Glu-52 forms a hydrogen bond with the
peptidyl O of the same residue and the other is free. Large
structural changes in spinach RuBisCO occur after binding
CABP to the carbamylated form (23). Alpha-Helix B, com-
prising amino acid residues 50 to 60 and the N-terminal
Asp-19 to Lys-21, is pulled in about 2 A toward the cata-
lytic site in the quaternary complex, as reported by Taylor
and Andersson (23). The peptidyl N of Tyr-20 and the pepti-
dyl N of Lys-21 form hydrogen bonds with the carboxyl oxy-
gens of Glu-52 in the complex. The carboxyl oxygens of Glu-
60 form a hydrogen bond with the OH group of Tyr-20 and
a salt bridge with the amino group of Lys-334 in loop 6
from the neighboring LS in a L2 dimer. The amide group of
Asn-123 interacts with the carboxyl group of CABP on the
catalytic site of the neighboring LS. Thus, the sliding a-
helix B is tied at the front and the end of the helix by the
N-terminal residues in the quaternary complex. In four of
eight LS, the e-amino group of Lys-21 forms a salt bridge
with the carboxyl carbon of Asp-19 (the K-D interaction)
(Fig. 2). The group is free in the other four LS (see also Fig.
1). The two structures of the side chain result from differ-
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ent rotations of the chain between C_ and C,.

Lys-305 resides in the interface between the N-terminal
and C-terminal domains of spinach RuBisCO (Fig. 1). The
side chain of Lys-305 in the C-terminal domain forms ionic
bonds with carboxyl groups on Glu-93 and Glu-96 in the N-
terminal domain of the same LS in the carbamylated form
of spinach RuBisCO (K-2E interaction) (23). The C-termi-
nal region 463475 is free in this conformation. Binding of
CABP causes large relocations of hydrogen bonds among
the amino-acid side chains around Lys-305. The e-amino
group of Lys-305 forms an ionic bond with the OE2 of Glu-
93 in the same subunit in four of eight LS in the CABP-car-
bamylated RuBisCO complex (K-E interaction) (Fig. 3A).
The K-E interaction makes a bridge over a large cleft
formed between the N- and C-terminal domains. In the
remaining four LS, the Lys-305 side chain is rotated be-
tween C,; and C, to form an ionic bond with the C-terminal
carboxyl oxygen of Val475 in the same LS (K-OXT interac-
tion).

A LS with the K-E interaction between Lys-305 and
Glu-93 always has the K-D interaction between Lys-21 and
Asp-19 (Table I). Conversely, a LS with the K-OXT interac-
tion between Lys-305 and Val-475 always has a free Lys-21.
The distribution of the heterologous structures is summa-
rized in Fig. 4. The observed microheterogeneity does not
seem to cause an energetic imbalance in the LS and de-
stroy the structural stability.

Another major difference between the carbamylated form
and the CABP-carbamylated spinach RuBisCO lies in the
number of water molecules bound to the enzyme (Fig. 1)
(23, 34). When CABP is bound, additional water molecules
are found around the a-helix B and Asp-19-Lys-21 region
(Figs. 1 and 2), between the C-terminal strand (residues
463 to 475) and loop 6, and in the cleft between the N-ter-

Fig. 2. Stereo view of the
structural changes in a-helix
B and the N-terminal strand
near Lys-21 of the carbamy-
lated and CABP-carbamy-
lated spinach RuBisCO. The
main chains and side residues of
the carbamylated form and the
quaternary complex are shown
in cyan and blue, respectively.
Oxygen and nitrogen atoms are
colored red and dark blue, re-
spectively. Yellow dotted lines re-
present ionic and hydrogen
bonds. Water molecules bound to
these regions of the CABP-car-
bamylated RuBisCO complex are
shown as small blue spheres.
The carbon skeleton and oxygen
atoms of CABP occupying the
catalytic site of the neighboring
LS are shown in blue and red, re-
spectively. Lys-334 is from the
neighboring LS. The structure of
the CABP-carbamylated RuBis-
CO in this figure is the form with
an ionic interaction between Lys-
21 and Asp-19.
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minal and C-terminal domains. This observation is consis-
tent with previous results that a hydrophobic fluorescent
probe attached to the carbamylated enzyme is released
from the enzyme along with the slow hysteretic conforma-
tional change that occurs after the binding of CABP, RuBP
or 6-phosphogluconate to the catalytic sites (19). The failure
of the probe to re-bind to RuBisCO once it is released dur-
ing the RuBP-carboxylation reaction suggests that both the
water molecules and the N-terminal domain must be stabi-
lized as they are in the CABP-carbamylated RuBisCO.
Euglena gracilis RuBisCO possesses arginines at both posi-
tions 21 and 305 and shows neither hysteresis nor release
of the fluorescence probe during the reaction (19). Thus, the
slow binding of water molecules is likely to be involved in
the stabilization of the structure with microheterogeneity
of spinach RuBisCO.

We propose that the movement of the side chains of Lys-
21 and Lys-305 and the subsequent stabilization of these
structures by a bond network composed of interactions be-
tween amino acid residues and water molecules affect
catalysis indirectly. Lys-21 contributes to the network of
bonds positioning Lys-334 within the catalytic site in four
of the eight LS. In particular, the interaction between a-
helix B and Tyr-20 and Lys-21 through Glu-52 and Glu-60
may affect interactions between Glu-60 and Lys-334. A

Fig. 3. A: Structural significance of Lys-305 in maintaining the
cleft formed between the N-terminal and C-terminal domains
of the CABP-carbamylated spinach RuBisCQ. The structures of
the LS in the K-E and K-OXT states are depicted at the same time.
The N-terminal and C-terminal domains of the LS with the K-E in-
teractions are green; those of the LS with the K-OXT interactions are
yellow. In the K-E state, residues Glu-93 and Val-475 are red, and
residue 305 is blue. These are vermilion and cyan blue, respectively,
in the K-OXT state. Note that the K-E bond makes a bridge over the
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small rotation of the N-terminal domain toward the cata-
Iytic site of the neighboring LS is the driving force in all LS
for the large movement of a-helix B toward the catalytic
site to construct the catalytic center (23). Lys-305 may also
influence the rotation flexibility of the N-terminal domain
differently in the two types of LS. The OE1 and OE2 of
Glu-60 are 3.06 and 3.13 A, respectively, away from the NZ
of Lys-334 in LS showing the K-D and K-E interactions
(Table I). On the other hand, they are 3.03 and 3.10 A,
respectively, away in LS in the free Lys-21 state or showing
the K-OXT interaction (Table I). However, in the cyanobac-
terial enzyme, which shows no hysteresis but a much
higher turnover rate than the plant enzyme (4), both car-
boxyl O are 3.07 A away from the NZ of Lys-334. In the
cyanobacterial RuBisCO, Lys-305 is replaced by arginine

TABLE I. Distance of carboxyl oxygens of Glu-60 from the e-
nitrogen of Lys-334 in the two types of LS in spinach
RuBisCO.

Distance to Lys-334NZ (A
RuBisCO source i el o

Lys-21 Lys-306

OE1 OE2

Spinach K-D K-E 3.06 3.13
Free K-OXT 3.03 3.10

Synechococcus (E93-R305-L475) 3.07 3.07

large cleft formed between the two domains. B: The structure of

the corresponding site in the CABP-carbamylated Synechoc-
occus RuBisCO (18) showing the simultaneous formation of
ion bridges by the guanizyl group of Arg-305 with the car-
boxyl group oxygens of Glu-93 and the C-terminal carboxyl
carbon of Leu-475. The bulk structure is colored green, residues
Glu-93 and Leu-475 are red, and residue Arg-3056 is colored blue. This
figure is depicted in the same orientation as for the spinach enzyme,
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(38), which forms ionic bonds with both the carboxyl group
of Glu-93 and the C-terminal carboxyl group (Fig. 3B). This
may prevent the rotation of the N-terminal domain, keep-
ing Glu-60 closer to Lys-334 and resulting in a high tum-
over rate. Similarly, Rhodospirillum rubrum RuBisCO
shows neither hysteresis (39) nor N-terminal domain rota-
tion (40). Thus, the catalytic rate of LS with a free Lys-21
and showing the K-OXT interaction may be greater than
LS showing the K-D and K-E interactions due to an effect
on the ability of Lys-334 to polarize CO, and stabilize the
reaction intermediate. The very small difference in the loca-
tion of Glu-60 between the two types of LS may be impor-
tant for a change in the catalytic rate without a complete

Fig. 4. Overall heterogeneity among subunits in a holoen-
zyme quaternary complex of spinach RuBisCO. Sphere models
colored in white and gray are L2 dimers. Lys-21 and Lys-305 are
highlighted in yellow (free Lys-21), green (K-D for Lys-21), orange
(K-OXT for Lys-305), and red (K-E for Lys-305). Two kinds of small
subunits, 8' and S" (5), are colored in dark blue and blue, respec-
tively.

kDa

97
67

43
30

20
14.4

Fig. 5. SDS-PAGE of wild and double-mutated RuBisCO en-
zymes. SDS-PAGE was done in 12.5% acrylamide gels, and the pro-
teins were visualized by staining with Coomassie Brilliant Blue.
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loss of activity, as has been discussed (41).

Introduction of Lys-21 and Lys-305 into C. vinosum
RuBisCO—The amino acid residues corresponding to Lys-
21 and Lys-305 in spinach RuBisCO are arginine and pro-
line in the non-hysteretic RuBisCO of C. vinosum (28). The
C. vinosum RuBisCO is composed of L8S8 and has a high
turnover rute. These two arginine and proline residues in
the C. vinosum RuBisCO were changed to lysines by site-
directed mutagenesis. The wild-type (R21/P305) and
mutated enzymes (R21K/P305K) were expressed in E. coli
and purified to homogeneity (numbering of the amino acid
residues in C. vinosum LS follows that for the spinach en-
zyme for simple comparison) (Fig. 5). The catalytic sites of
wild and mutated RuBisCO in the crude extracts of E. coli
were measured with a labeled tight-binding transition
state analogue, “C-CABP. The catalytic number of wild
RuBisCO in the crude extract on the basis of the catalytic
site was very similar to that of the purified enzyme. On the
other hand, the activity of the mutant enzyme increased
from 13.8 to 15.8 site! s! by purification (Table II). This
increase was due to the existence of a RuBisCO protein
with *C-CABP-binding activity but without catalytic activ-
ity. In fact, the “C-CABP-binding activity was divided into

TABLE II. Some kinetic parameters of Chromatium wild and
mutant RuBisCOs.

: Crude extract Purified enzyme
e ko k.. K. for CO, Relative specificity
Wwild 7.9 8.8 29 44
R21K/P305K 135 155 241 42

Relative amount of consumed RuBP

0 5 10 15 20

Reaction time (min)

Fig. 6. Courses of the carboxylase reaction with time of the
double mutant (R21K/P303K), wild but recombinant (R21/
P305), and spinach (K2I/K305) RuBisCOs. The protein concen-
trations were 3, 6, and 15 pg per 3 ml of reaction mixture for R21K/
P305K, R21/P305, and K21/K305, respectively. The courses were
smoothed once by the spectrogram smoothing system with which the
spectrophotometer is equipped. For ease of comparison, relative
amounts of RuBP consumed are presented by fixing the amounts
consumed in the first one minute at unity.
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N-terminal
Asp-19

Lys-21
RuBP
Glu-93 "
GlU‘96 ¢,._)+

Lys-305

C-terminal

A B C

Fig . 7. Schematic drawing of the fallover mechanism.The N- dots. Note that in an L2 dimer, one LS shows the K-D/K-E interac-
terminal and C-terminal domains of one LS are represented by a tri- tions while the other LS shows the free Lys-21 state and the K~OXT
angle and a circle, respectively. In an L2 dimer, one LS is colored interaction. See the text for details.

green and the other is in yellow. Water molecules are depicted by red

two fractions by gel filtration on Superdex 200, the void-
volume and 500 to 550 kDa fractions. The former fraction
showed CABP-binding activity with no CO,-fixation activ-
ity, while the latter showed both activities. SDS-PAGE of
the void-volume fraction revealed a protein band of LS
without any SS band (data not shown), although the latter
had both subunits (Fig. 5). The latter fractions were used
for further analyses.

The course of the carboxylase reaction with the purified
mutated and wild-type enzymes was analyzed spectropho-
tometrically (Fig. 6). The wild-type enzyme exhibited a
course that was linear with reaction time. But the R21K/
P305K enzyme showed strong hysteresis. The reaction
course was virtually linear after the initial decrease. In ad-
dition, the kinetic constants for the double mutant (R21K/
P305K) were altered (Table II), with the initial &, increas-
ing from 88 to 15.5 site s and the k_, increasing 1.4
times over that of the wild-type enzyme even after hystere-
sis. Although the relative specificity between the carboxy-
lase and oxygenase reactions was not changed (43.8 in the
wild-type enzyme and 41.8 in the mutant enzyme), the
Michaelis constant for CO, of the double mutant increased
to 240 from 33 pM in the wild-type enzyme.

DISCUSSION

Molecular Mechanism of Hysteresis in RuBisCO—The
structural and enzymological analyses in this report con-
firm that Lys-21 and Lys-305 are key residues involved in
the hysteresis of RuBisCO. A plausible model for fallover is
depicted in Fig. 7. In the carbamylated enzyme, Lys-305
attracts the N-terminal domain through K—2E interactions
with Glu-93 and Glu-96, as a-helix B maintains an “open”
state (23, 33). Lys-21 does not influence the position of «-
helix B because residues 1-19 and the side chain of Lys-21
are free. The C-terminal region of the LS (residues 463—

475) and loop 6 are also free (23).

The binding of RuBP to the catalytic site initiates cataly-
sis in which Loop 6 adopts a “closed” state that serves both
to activate the substrate CO, via Lys-334 and to stabilize
the transition state compound for each turnover (23, 34,
42). a-Helix B and Glu-60 soon slide to the catalytic site to
stabilize loop 6. The K—2E interactions are broken and K-D
and K-E interactions occur in four LS. The salt bridges
formed between o-helix B and residues Asp-19 to Lys-21
(K-D interactions) ensure that Glu-60 is precisely posi-
tioned close to Lys-334 as in the Synechococcus RuBisCO
(Table I). The remaining four LS adopt only K-OXT inter-
actions with free Lys-21. The C-terminal region is also
trapped on loop 6 to promote catalysis. These structures
may confer on RuBisCO the “high activity” seen just after
the initiation of catalysis. Water molecules are incorporated
over time around the N-terminal region and into the cleft
between the N-terminal and C-terminal domains and the
space between the C-terminal region and loop 6. The hydro-
gen bonds formed between the water molecules and the N-
terminal amino acid residues (residues 1 to 21) distance
slightly a-helix B and Glu-60 from Lys-334. This distancing
is accentuated by the formation of a hydrogen bond be-
tween Lys-21 and Asp-19 (K-D interactions) (Table I and
Figs. 1 and 2). Consequently, the catalytic activity of LS
with the K-D and K-E interactions may be lower than that
of LS in the other interaction. These structures will be fur-
ther stabilized by the hydrogen bonds between the water
molecules and the C-terminal region and the cleft. The
finding that the removal of Val-475 severely harms cataly-
sis in spinach RuBisCO (43) is well-explained by the
present observations. Thus, it is reasoned that the observed
high activity before hysteresis is ascribed to a flexible struc-
ture of LS and the lower activity after hysteresis is due to a
partial loss of activity in four LS with K-D and K-E inter-
actions. In this context, it is interesting to note that
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RuBisCO activase eliminates fallover from plant RuBisCO
(44, 45) by interacting with a few residues from B-strands
C and D (46, 47). These strands further interact with B-
strand B to influence the location of Glu-60 (47).

The introduction of hysteresis into the Chromatium
enzyme clearly demonstrates that the lysine residues are
at least two of the amino acid residues involved in hystere-
" gis in spinach RuBisCO. However, the slower gradual inhi-
bition with reaction time observed after the occurrence of
hysteresis in spinach RuBisCO (Fig. 5} was not produced
by the present double mutation. If the formation of suicide
inhibitors during catalysis were the cause of fallover (17,
18), or changes in the two amino acid residues of C. vino-
sum RuBisCO to lysine had changed the bacterial enzyme
to an inhibitor-sensitive form, the double-mutated enzyme
should have shown a plant-type reaction course. This was
not the case (Fig. 6). The reaction of the mutant enzyme
showed a bending in the reaction course with time only
during the initial few minutes. On the other hand, if a pro-
posed RuBP analogue contaminating the home-made
RuBP preparation (48) had become an inhibitor of the dou-
ble-mutated enzyme but not the wild enzyme, the reaction
course of the mutated enzyme with time should have been
plant-type. The observed short-term decrease in activity
cannot be explained by inhibitors. This supports our previ-
ous idea that “fallover” in spinach RuBisCO consists of hys-
teresis and a slower inhibition by suicide inhibitors (20).

In the present studies, genetic engineering of C. vinosum
RuBisCO resulted in an enzyme that displayed hysteresis
and an altered &, (Table II). Given the high structural
homology among various RuBisCO proteins (24) and the
ability of Lys-21 and Lys-305 to influence the reaction rate
in spinach RuBisCQ, the introduction of these residues into
the bacterial enzyme might have affected the catalytic site
structures to show a larger k&, than the wild-type enzyme.

While both LS and SS are essential for catalysis in L8S8
RuBisCO enzymes, the SS-depleted L8 octamer of the Syn-
echococcus enzyme still binds CABP (49, 50). In this study
with the mutated genes of Chromatium RuBisCO, some 1S
existed in a form with the higher molecular mass than the
L8S8 form and showing CABP-binding activity in the crude
extract of E. coli. The occurrence of the SS-less form with
CABP-binding activity might have caused the slightly
lower measured k&, (Table II).

The present studies increase our understanding of the
ways in which individual residues contribute to catalysis.
Structural microheterogeneity among subunits with identi-
cal amino acid sequences in an enzyme is important for the
fine regulation of catalysis, as has been postulated for the
allosteric enzyme phosphoglycerate dehydrogenase from E.
coli (51). Success in increasing k., in this study and the
existence of RuBisCO with a relative specificity over 230
(31) fosters the expectation that we can improve RuBisCO
in crop plants and thereby increase productivity.

Entire Architecture of RuBisCO—The protomers of a
RuBisCO holoenzyme have been functionally divided into
two groups. In binding to the putative regulatory sites of
the quaternary complex, CABP binds the first 4 protomers
with much higher affinities than those of the remaining
protomers (26). A similar phenomenon is observed with
RuBP (52) and 6-phosphogluconate (53). Stimulation of the
carbamylation of RuBisCO by inorganic phosphate may
also occur by the same mechanism, although the exact
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inorganic phosphate-binding sites differ from the regula-
tory sites (54). Structural analyses have not been done for
these functional heterogeneities.

Intersubunit structural microheterogeneity has been
observed for SS of spinach RuBisCO (9). The eight SS in
the RuBisCO holoenzyme are divided into two groups on
the basis of their primary structures. His-56 residues in
four SS are changed to Leu-56 in the remaining four SS.
The two SS types are symmetrically and orderly disposed
in the holoenzyme. The imidazol N of His-56 is in ionic
interaction with the carbonyl oxygen of Glu-259, the car-
boxyl oxygen of which participates in an ionic interaction
with Arg-258 in the neighboring L2 dimer; this serves, in
part, to adhere two L2 dimers together (33). It has been
postulated that the eight LS might also be grouped into
two categories through this imidazol function and that this
interaction may be involved in the functional cooperativity
of the binding of sugar phosphates on the putative regula-
tory sites (9). The intersubunit microheterogeneity with
respect to Lys-21 and Lys-305 also groups the eight LS into
two classes; these may correspond to high- and low-activity
LS (Table I). Both types of LS are carbamylated and cata-
lyze the carboxylation of RuBP, but their turnover rates
may be very different due to a small change in the location
of the a-amino group of Lys-334.

Considering these and our previous results, RuBisCO
may function as a complex formed from four dimers, each
of which has two-types of protomers with different proper-
ties. This will give rise to cooperativity in binding of sugar
phosphates to the regulatory sites and hysteresis in cataly-
sis. Examining the functional significance of the interaction
between SS heterogeneity and intersubunit microheteroge-
neity of LS (Fig. 4) is our next interest.
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