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ABSTRACT: Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) enzymes from different species
differ with respect to carboxylation catalytic efficiency and CO2/O2 specificity, but the structural basis
for these differences is not known. Whereas much is known about the chloroplast-encoded large subunit,
which contains theR/â-barrel active site, much less is known about the role of the nuclear-encoded small
subunit in Rubisco structure and function. In particular, a loop betweenâ-strands A and B contains 21 or
more residues in plants and green algae, but only 10 residues in prokaryotes and nongreen algae. To
determine the significance of these additional residues, a mutant of the green algaChlamydomonas
reinhardtii, which lacks both small-subunit genes, was used as a host for transformation with directed-
mutant genes. Although previous studies had indicated that theâA-âB loop was essential for holoenzyme
assembly, Ala substitutions at residues conserved among land plants and algae (Arg-59, Tyr-67, Tyr-68,
Asp-69, and Arg-71) failed to block assembly or eliminate function. Only the Arg-71f Ala substitution
causes a substantial decrease in holoenzyme thermal stability. Tyr-68f Ala and Asp-69f Ala enzymes
have lowerKm(CO2) values, but these improvements are offset by decreases in carboxylationVmax values.
The Arg-71f Ala enzyme has a decreased carboxylationVmax and increasedKm(CO2) andKm(O2) values,
which account for an observed 8% decrease in CO2/O2 specificity. Despite the fact that Arg-71 is more
than 20 Å from the large-subunit active site, it is apparent that the small-subunitâA-âB loop region can
influence catalytic efficiency and CO2/O2 specificity.

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubis-
co,1 EC 4.1.1.39) plays an essential role for the existence of
life on our planet. It fixes atmospheric CO2 in the first
reaction of the Calvin cycle of photosynthesis by catalyzing
the reaction between unbound, gaseous CO2 and RuBP to
form two molecules of 3-phosphoglycerate (for reviews, see
refs1 and2). Net CO2 fixation is limited by Rubisco due to
the fact that the enzyme has akcat for carboxylation of only
a few per second. Furthermore, O2 is mutually competitive
with CO2 at the same active site, and the enzyme catalyzes
the oxygenation of RuBP to produce phosphoglycerate and
phosphoglycolate (3). This latter, nonessential product enters
the photorespiratory pathway, which subsequently generates
CO2 during the conversion of glycine to serine. Thus, net
CO2 fixation is defined by the velocity of carboxylation
minus half the velocity of oxygenation, whereas CO2/O2

specificity is defined by the kinetic constantΩ, which is
equal toVcKo/VoKc, whereV is theVmax of carboxylation or
oxygenation andK is the Michaelis constant for O2 or CO2

(4, 5). There has been much interest in engineering Rubisco
to increase the level of carboxylation or decrease the level
of oxygenation as a means of increasing the production of
food, fiber, and energy (1, 2, 6, 7).

The Rubisco holoenzyme of land plants and green algae
is comprised of eight 55 kDa large subunits, encoded by the
chloroplastrbcL gene, and eight 15 kDa small subunits,
encoded by a family of nearly identicalRbcSnuclear genes
(for a review, see ref2). Much is known about the structure-
function relationships of the large subunit (for reviews, see
refs 6 and 7). It contains the active site. Numerous X-ray
crystal structures of both prokaryotic and eukaryotic holoen-
zymes have identified specific residues at the surface of the
R/â-barrel domain of one large subunit and residues in the
N-terminal domain of a neighboring large subunit that
interact with each other and with the transition state analogue
2-carboxy-D-arabinitol 1,5-bisphosphate (8-11). The es-
sentiality and role of many of these catalytic residues and
their neighboring large-subunit regions have been defined
by biochemical and genetic methods, primarily with the aid
of prokaryotic Rubisco expressed inEscherichia coli(for a
review, see ref6) or by screening, selection, and chloroplast
transformation in the green algaeChlamydomonas reinhardtii
(for a review, see ref12).
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Rubisco holoenzymes from various species differ with
respect tokcat (1-10 s-1) andΩ (10-240) (2, 13-15), but
the large-subunit catalytic residues are conserved among
more than 1000 deduced sequences (16). In contrast, the
hundreds of known small-subunit sequences are more
divergent than those of the large subunit, and some Rubisco
enzymes of prokaryotes and dinoflagelates, which haveΩ
values of <40 (13, 17), lack small subunits entirely.
Nonetheless, the role of the small subunit in Rubisco structure
and function remains mysterious (for a review, see ref2).

It has been difficult to study the small subunits of land
plants because they are encoded by a family ofRbcSgenes
that cannot be replaced or eliminated (2, 18). Furthermore,
it has not been possible to assemble the large and small
subunits of eukaryotic Rubisco inE. coli (19), precluding
the use of in vitro-directed mutagenesis. However, the most
notable difference among small subunits concerns the larger
loop betweenâ-strands A and B that is characteristic of land-
plant small subunits (Figure 1) (8-10). The small subunits
of land plants and green algae contain 21 or more residues
betweenâ-strands A and B, but those of prokaryotes and
nongreen algae contain 10 residues (Figure 2). To examine
the significance of this land-plant loop, Wasmann et al. (20)
used in vitro transcription and translation to generate altered
small subunits, and studied their ability to assemble with
large subunits after transport into isolated pea chloroplasts.
Whereas cyanobacterial small subunits could not assemble
with pea large subunits, they could be made assembly-
competent by replacing the 10-residueâA-âB loop with
the longer loop (22 residues) characteristic of land plants
(20). Subsequent directed mutagenesis studies revealed that
an R53E substitution in the pea small subunit (Figure 2)
could block holoenzyme assembly (21, 22), further indicating
that theâA-âB loop might be essential for the assembly of
the eukaryotic holoenzyme. Although a number of additional

small-subunit substitutions were created and examined that
did not block holoenzyme assembly (21), their influence on
the function of Rubisco could not be determined due to the
low yield of holoenzyme from isolated chloroplasts. More
recently, genetic screening and selection inChlamydomonas
identified N54S and A57V substitutions in the small-subunit
âA-âB loop (Figure 2) that can complement an L290F
mutant substitution in the Rubisco large subunit (23, 24).
These small-subunit substitutions increaseΩ andVc of the
mutant enzyme back to near normal levels, indicating that
theâA-âB loop may also contribute to holoenzyme catalytic
efficiency.

Recent insertional mutagenesis experiments inChlamy-
domonasproduced a mutant strain that lacks the 13 kb locus
that encodes both members of theRbcSgene family (25).
Like photosynthesis-deficient mutants ofChlamydomonasin
general (12, 26), this RbcS∆ strain can be maintained when
supplied with acetate as an alternative carbon source. It can
be restored to photosynthetic competence via transformation
with either of the twoRbcSgenes (RbcS1or RbcS2) (25).
Therefore, it is now possible to examine the role of the
eukaryotic small subunit in the structure and function of
Rubisco. To further assess the significance of the small-
subunitâA-âB loop, directed mutagenesis and transforma-
tion were used to replace five conserved residues with Ala
(Figures 1 and 2). None of these residues was found to be
essential for holoenzyme assembly, but one substitution
influences bothΩ and carboxylationVmax.

MATERIALS AND METHODS

Strains and Culture Conditions. C. reinhardtii 2137mt+

was the wild-type strain (26). TheRbcS∆-T60-3mt- strain

FIGURE 1: Stereoimages of the Rubisco small-subunitâA-âB loop.
(A) The loop in spinach Rubisco (8RUC) contains 22 residues (8),
five of which (in red) are conserved among land plants and green
algae but are missing or different from the small subunits of
prokaryotes and nongreen algae. (B) The loop inSynechococcus
Rubisco (1RBL) contains only 10 residues (10), one of which (in
red) may be the structural homologue of spinach Arg-65.

FIGURE 2: Sequences of small-subunitâA-âB loop regions.
Sequences were chosen from the National Center for Biotechnology
Information Entrez Protein Database to illustrate the diversity of
residue identities, and were aligned relative to existing X-ray crystal
structures (8-11). Residues conserved among land plants and green
algae but missing or different from the small subunits of prokaryotes
and nongreen algae are underlined.â-Strands A and B are shaded
in gray.
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was used as the host for transformation. It lacks photosyn-
thesis and requires acetate for growth due to deletion of the
13 kb locus that containsRbcS1andRbcS2(25). All strains
are maintained at 25°C in darkness on medium containing
10 mM acetate and 1.5% Bacto agar (26). For biochemical
analysis, cells were grown in 250-500 mL of liquid acetate
medium at 25°C on a rotary shaker at 120 rpm in darkness.

Directed Mutagenesis and Transformation.Plasmid pSS1
(25), which is comprised of pUC19 (27) and a 5 kbEcoRI
fragment containing the entireChlamydomonas RbcS1gene
(28), was used for directed mutagenesis and transformation.
Mutagenesis was performed with synthetic oligonucleotides
and a kit from Pharmacia (29). Plasmids were propagated
in E. coli XL1-Blue cells (Stratagene). The amino acid
substitutions arising from changes in codons were as fol-
lows: R59A (CGCf GCC), R59E (CGCf GAG), Y67A
(TAC f GCC), Y68A (TAC f GCC), D69A (GAC f
GCC), and R71A (CGCf GCC). For transformation of the
Chlamydomonas RbcS∆ strain, cells were grown in 50 mL
of liquid acetate medium in darkness to a density of 2×
106 cells/mL. The cells were concentrated to 4× 107 cells
in 0.4 mL of minimal growth medium (without acetate)
containing 5% polyethylene glycol, and transformed with
plasmid DNA (3µg) by the glass-bead vortexing method
(30). Transformed cells were recovered by selecting for
photosynthetic competence (1× 107 cells per 100 mm Petri
plate) on minimal medium in the light (80µeinsteins m-2

s-1) at 25°C (25). By employing standard procedures (24,
25), we purified DNA from the transformants, amplified
RbcS1by the polymerase chain reaction, and confirmed the
presence of the expected mutations by DNA sequencing.

Biochemical Analysis.Approximately 1× 109 cells were
harvested by centrifugation and sonicated in 50 mMN,N-
bis(2-hydroxyethyl)glycine (pH 8.0), 10 mM NaHCO3, 10
mM MgCl2, and 1 mM dithiothreitol at 0°C for 1.5 min
(31). Protein was quantified (32) and subjected to SDS-
polyacrylamide gel electrophoresis (33) and Western blotting
with rabbit anti-tobacco Rubisco immunoglobulin G (34),
or fractionated on sucrose gradients as the means of purifying
Rubisco holoenzyme (31). RuBP carboxylase and oxygenase
activities and kinetic constants were measured via the
incorporation of acid-stable14C from NaH14CO3 (23). Ω of
purified and activated Rubisco (20µg/reaction) was deter-
mined by assaying carboxylase and oxygenase activities
simultaneously with 130µM [1-3H]RuBP (9.7 Ci/mol) and
2 mM NaH14CO3 (5 Ci/mol) in 30 min reactions at 25°C
(35, 36). The [1-3H]RuBP and phosphoglycolate phosphatase
used in these assays were synthesized and/or purified
according to standard methods (35, 37). Rubisco thermal
stability was assayed by incubating purified and activated
enzymes (5µg) in 0.5 mL of 50 mMN,N-bis(2-hydroxy-
ethyl)glycine (pH 8.0), 10 mM NaHCO3 (2 Ci/mol), and 10
mM MgCl2 at various temperatures for 10 min (24, 38). The
samples were then cooled on ice for 5 min, and carboxylase
activity was initiated at 25°C by adding 20µL of 10 mM
RuBP. After 1 min, the reactions were terminated with 0.5
mL of 3 M formic acid in methanol.

RESULTS

RecoVery and Phenotypes of Mutants. Although the
ChlamydomonasâA-âB loop is six residues longer than

the land-plantâA-âB loop, alignment of 197 small-subunit
sequences revealed that there are five residues in theâA-
âB loops of land-plant andChlamydomonassmall subunits
that are absent or different from the residues in theâA-âB
loops of prokaryotes and nongreen algae (Figure 2). In an
attempt to test the functional significance of these residues
(Arg-59, Tyr-67, Tyr-68, Asp-69, and Arg-71) without
drastically altering holoenzyme structure, single mutations
were created in theChlamydomonas RbcS1gene that would
cause each of the residues to be substituted with Ala. When
these RbcS1 mutant genes were transformed into the
Chlamydomonas RbcS∆ deletion mutant, each restored
photosynthetic ability. Thus, none of the residues plays an
essential role in Rubisco function or assembly. When growth
was compared on solid minimal medium (without acetate)
at 25°C (26), all of the mutant strains were indistinguishable
from a strain transformed with the wild-typeRbcS1gene
(25). However, in contrast to the other strains, mutant R71A
was unable to grow on minimal medium at 35°C.

In previous studies, when Arg-53 of the pea small subunit
was replaced with Glu, small subunits failed to assemble
(20) or assembled at a substantially reduced rate (21) with
large subunits in isolated pea chloroplasts. Because Arg-53
of pea was assumed to be homologous with Arg-59 of
Chlamydomonason the basis of sequence alignment (Figure
2), finding that theChlamydomonasR59A mutant strain
could grow photosynthetically was somewhat unexpected.
To further test whether Arg-59 (Chlamydomonas) and Arg-
53 (pea) are homologous residues with regard toâA-âB
loop structure, anRbcS1mutation was created that would
produce an R59E substitution. Once again, photosynthesis-
competent transformants were recovered when theRbcS1-
R59E gene was transformed into theRbcS∆ deletion strain.
However, the R59E mutant cells grew substantially slower
than wild-typeRbcS1transformants on minimal medium at
25 °C, and failed to grow on minimal medium at 35°C.
Thus, Arg-59 (Chlamydomonas) and Arg-53 (land plants)
are likely to be homologous residues (Figure 2), but it is the
presence of Glu rather than the absence of Arg that may be
detrimental to holoenzyme assembly or stability.

To determine whether the temperature-conditional, pho-
tosynthesis-deficient phenotypes of R59E and R71A resulted
from a lack of holoenzyme at the 35°C restrictive temper-
ature, Western analysis was performed on protein extracts
of cells grown at both 25 and 35°C with acetate medium in
darkness. Whereas both of the mutants grow as well as the
wild type under these conditions, R59E has substantially less
Rubisco at 25°C, and both mutants lack holoenzyme at 35
°C (Figure 3).

Thermal Stability of Mutant Rubisco Enzymes.Because
nuclear transformation ofChlamydomonasoccurs by non-
homologous recombination (30), the level of expression of
an introduced gene might be influenced by its location in
the genome. However, except for mutants R59E and R71A
(Figure 3), none of the mutants had substantially less
holoenzyme than wild-typeRbcS1 transformants when
Rubisco was purified from extracts of cells grown at 25°C
in darkness (data not shown). Therefore, no structural
instability of the R59A, Y67A, Y68A, and D69A mutant
enzymes was apparent in vivo. In contrast, only trace
amounts of the R59E holoenzyme could be isolated from
sucrose gradients, precluding a detailed biochemical analysis
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of the properties of this mutant enzyme.
To further explore the role of theâA-âB loop in

holoenzyme stability, one can examine the thermal stability
of each of the purified mutant enzymes in vitro (24, 38).
Because the mutant enzymes contain onlyRbcS1-encoded
small subunits, it was first important to determine whether
there was any difference in thermal stability between the
wild-type holoenzyme and holoenzymes containing only the
RbcS1- or RbcS2-encoded small subunits (25). As shown in
Figure 4A, no difference in thermal stability was found
between these enzyme forms. Considering that the R59E
substitution appears to have a dramatic effect on holoenzyme
stability in Chlamydomonas(Figure 3) and land plants (21,
22), we anticipated that the R59A enzyme might also have
an associated thermal instability. However, this mutant
holoenzyme was only moderately less stable than wild-type
Rubisco in vitro (Figure 4A). Furthermore, the Y67A and
Y68A holoenzymes were not significantly different from the

R59A holoenzyme with regard to thermal stability (compare
panels A and B of Figure 4), and the D69A holoenzyme
was not significantly different from the wild-type enzyme
(Figure 4B). Only the R71A substitution had a substantial
effect on holoenzyme thermal stability in vitro, which is
consistent with the temperature-conditional, photosynthesis-
deficient phenotype of the R71A mutant strain (Figure 3).
Wild-type Rubisco retained more than 90% of its carboxylase
activity after a 10 min incubation at 55°C, but the R71A
enzyme was completely inactivated (Figure 4B).

Kinetics of the Mutant Enzymes.To determine whether
the conserved residues in theâA-âB loop might play a role
in catalytic efficiency or CO2/O2 specificity, each of the
purified mutant enzymes was initially examined for car-
boxylation specific activity and O2 inhibition of this activity
(Table 1) (23). When assayed with saturating CO2 (12.4 mM
NaHCO3) in the absence of O2 (100% N2), the Y68A, D69A,
and R71A mutant enzymes had less than half the wild-type
level of carboxylase activity. When assayed with limiting
CO2 (0.98 mM NaHCO3) in the absence (100% N2) and
presence (100% O2) of oxygen, only the R71A mutant
enzyme had a decrease in the ratio of these two measure-
ments of carboxylase activity. It would seem from this lower
ratio that the R71A enzyme has greater specificity for CO2

(i.e., less O2 inhibition of carboxylase activity), but it is
important to point out that the ratio (R) of carboxylase
activities under 100% N2 and 100% O2 is, in fact, determined
by only the Km values for CO2 and O2 according to the
relationshipR ) 1 + Kc[O2]/Ko(Kc + [CO2]) (23). Nonethe-
less, because the Y68A, D69A, and R71A mutant enzymes
appeared to have significant alteration in enzyme function,
they were deemed appropriate for further, more detailed
kinetic analysis.

As shown in Table 2, the Y68A and D69A enzymes have
quite similar kinetic constants. Relative to the wild-type

FIGURE 3: Western blot analysis of total soluble proteins from the
wild type (lanes 1 and 4), mutantRbcS1-R71A (lanes 2 and 5),
and mutantRbcS1-R59E (lanes 3 and 6). Extracts (30µg/lane) of
cells grown at 25 (lanes 1-3) or 35°C (lanes 4-6) with acetate
medium in darkness were fractionated by SDS-polyacrylamide (7.5
to 15%) gradient gel electrophoresis. Proteins were blotted to
nitrocellulose, probed with anti-Rubisco immunoglobulin G (0.5
µg/mL), and detected by enhanced chemiluminescence (34). The
Rubisco large subunit (LS) and small subunit (SS) are denoted.

FIGURE 4: Thermal inactivation of Rubisco purified from wild-
type strains andRbcS1mutants. Rubisco was incubated at each
temperature for 10 min. The samples were then cooled on ice, and
RuBP carboxylase activity was assayed at 25°C. Activities were
normalized against activity measured after the 35°C incubation.
(A) Wild type (O), transformant containing only the wild-type
RbcS1gene (]), transformant containing only the wild-typeRbcS2
gene ([), and mutant R59A (b). (B) Wild type (O), mutant R71A
(9), mutant Y68A (0), mutant Y67A (2), mutant D69A (4).

Table 1: Oxygen Inhibition of RuBP Carboxylase Specific Activity
for Purified Wild-Type and Mutant Rubisco Enzymes

activity [µM CO2 h-1 (mg of protein)-1]a

enzyme

100% N2

with 12.4 mM
NaHCO3

100% N2

with 0.98 mM
NaHCO3 (A)

100% O2

with 0.98 mM
NaHCO3 (B)

ratio
(A/B)

wild type 113( 8 26.9( 1.5 9.7( 0.4 2.8
R59A 127( 8 29.4( 0.5 9.8( 0.5 3.0
Y67A 89 ( 5 22.4( 1.7 7.3( 0.4 3.1
Y68A 46 ( 1 10.9( 0.7 3.9( 0.2 2.8
D69A 48( 11 13.6( 0.3 4.5( 0.3 3.0
R71A 18( 1 3.5( 0.5 1.4( 0.2 2.5

a Values are means( standard deviation of triplicate assays of a
single enzyme preparation.

Table 2: Kinetic Properties of Rubisco Purified from the Wild Type
and Mutants

kinetic constant wild type Y68A D69A R71A

Ω ) VcKo/VoKc
a 61 ( 1 60( 1 60( 1 56( 1

Vc (µmol h-1 mg-1)a 152( 8 44( 8 66( 17 24( 6
Kc (µM CO2)a 34 ( 2 24( 1 22( 1 44( 5
Ko (µM O2)a 537( 44 501( 19 459( 38 900( 117
Vc/Kc

b 4.5 1.8 3.0 0.5
Ko/Kc

b 16 21 21 20
Vc/Vo

b 3.8 2.9 2.9 2.8
a Values are means( standard deviation of three separate enzyme

preparations.b Calculated values.
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enzyme, both have lowerKc and higherKo/Kc values, but
these beneficial alterations do not improve carboxylation
catalytic efficiency (Vc/Kc) or Ω because both enzymes have
>55% decreases inVc. In contrast to the Y68A and D69A
enzymes, the R71A mutant enzyme has an 8% decrease in
Ω relative to the wild-type enzyme (Table 2). This decrease
in Ω results from>80% decreases inVc andVc/Kc despite
an increase inKo/Kc comparable to that seen in the Y68A
and D69A mutant enzymes. The increase inKo/Kc of the
R71A mutant enzyme results from a nearly 2-fold increase
in Ko, which is primarily responsible for the decrease in the
level of O2 inhibition of carboxylase observed with limiting
CO2 (Table 1) (23).

DISCUSSION

Because the Rubisco small subunits ofChlamydomonas
and spinach are only 44% identical in primary structure, it
was somewhat unexpected to find that Ala substitutions at
five of the most conserved residues in land-plant and green-
algal small subunits (Figure 2) did not eliminate Rubisco
function or substantially impair photosynthesis in vivo. The
small decreases in the levels of carboxylation (Tables 1 and
2) and holoenzyme stability (Figures 3 and 4) brought about
by the Ala replacements must be of sufficient functional
significance to account for the retention of the conserved
residues during evolution. Because these residues are identi-
cal inChlamydomonasand spinach Rubisco (Figure 2), they
cannot account for differences in catalysis between the
Chlamydomonasand spinach enzymes. However, small
subunits of prokaryotes and nongreen algae lack these
particular residues, primarily due to the absence of 11 or
more residues that are characteristic of the small-subunit
âA-âB loops of plants and green algae (Figures 1 and 2).
Thus, differences in catalysis observed between prokaryotic
or nongreen-algal and land-plant or green-algal Rubisco
enzymes could, in part, be due to the substantial differences
in their âA-âB loops. Other changes in holoenzyme
structure may also have occurred during phylogenetic
divergence that complement (compensate for) these structural
differences.

Previous studies had indicated that the longerâA-âB loop
of land plants might be essential for the assembly of the land-
plant holoenzyme (20). However, when a number of amino
acid substitutions were examined in the peaâA-âB loop
(R53E, E54R, H55A, P59A, D63G, D63L, and Y66A) (21),
only one (R53E) was found to block holoenzyme assembly
in isolated chloroplasts (21, 22). In the study presented here,
none of the substitutions at the conserved residues (Figure
2) was found to block holoenzyme assembly, including R59A
and R59E substitutions at theChlamydomonasresidue
homologous to pea Arg-53. Although it is difficult to
conclude that the longerâA-âB loop of theChlamydomonas
small subunit is essential for holoenzyme assembly, most
of the substitutions (R59A, R59E, Y67A, Y68A, and R71A)
cause decreases in holoenzyme thermal stability in vitro
(Figure 4), and the R59E and R71A enzymes have an
associated thermal instability in vivo (Figure 3). Given that
N54S and A57V substitutions in theChlamydomonasâA-
âB loop have also been found that improve the thermal
stability of a large-subunit L290F mutant Rubisco in vivo
and wild-type Rubisco in vitro (24), it is apparent that
interactions at the interface between large subunits and the

small-subunitâA-âB loop play a significant role in ho-
loenzyme stability. Perhaps substitutions at multiple loop
residues would block assembly of the eukaryotic holoen-
zyme.

The Y67A, Y68A, D69A, and R71A substitutions in the
Chlamydomonassmall-subunitâA-âB loop cause decreases
in carboxylation catalytic efficiency (Tables 1 and 2). Similar
effects on catalysis have been found in a variety of
cyanobacterial small-subunit, directed-mutant enzymes (for
a review, see ref2). However, whereas cyanobacterial large
subunits expressed in the absence of small subunits retain a
normal Ω value (39), replacement of Arg-71 with Ala in
the Chlamydomonassmall subunit causes a decrease inΩ
(Table 2). Previous studies have also shown that N54S and
A57V substitutions in theChlamydomonassmall subunit
(Figure 2) can increaseΩ of a large-subunit L290F mutant
enzyme back to the normal value (23, 24), but these small-
subunit substitutions have little, if any, influence on catalysis
of the wild-type enzyme (24). Thus, the R71A small-subunit
substitution, which affectsΩ directly, may provide unique
information about the role of the small-subunitâA-âB loop
in Rubisco function.

In the spinach Rubisco X-ray crystal structure (8), small-
subunit residues Arg-53, Tyr-61, Tyr-62, Asp-63, and Arg-
65 (Figure 2, residues 59-71 in Chlamydomonas) have
extensive contact with each other (Figure 1A) as well as with
the Rubisco large subunit. Arg-53 and Tyr-62 (Arg-59 and
Tyr-68 in Chlamydomonas) are in contact with one large
subunit, whereas Tyr-61 and Asp-63 (Tyr-67 and Asp-69 in
Chlamydomonas) interact primarily with a second, neighbor-
ing large subunit. Arg-65 (Arg-71 inChlamydomonas)
interacts extensively with two large subunits (Figure 5A). It
forms ionic and hydrogen bonds with Glu-223 in one large
subunit and a hydrogen bond with Lys-161 in a neighboring
large subunit (Figure 5A) (8). An atomic structure is not yet
available forChlamydomonasRubisco (40), but one can
assume that the structural interactions between the conserved
small-subunit residues and the large subunits are quite
similar. The six additional residues in the N-terminal half
of the ChlamydomonasâA-âB loop (Figure 2) are likely
to reside in the central solvent channel, which is encircled
by theâA-âB loops of four small subunits at the top and
bottom of the spinach holoenzyme (8). In spinach Rubisco,
residues in this half of theâA-âB loop shield residues in
the C-terminal half from solvent (Figure 1A). Furthermore,
with regard to the large-subunit residues that are within 5 Å
of the five conserved small-subunit residues, all but one (Ile-
235 in spinach and Val-235 inChlamydomonas) are identical
in the spinach (Ω ) 80) andChlamydomonas(Ω ) 60)
enzymes. In contrast, small subunits of the cyanobacterium
Synechococcus(Ω ) 40) lack four of the five residues and
contain Phe-53 in place of the spinach Arg-65 (Figure 1)
(10). Chlamydomonasand spinach large subunits contain
Glu-223 and Lys-161 (Figure 5A), butSynechococcuslarge
subunits contain Asp-220 and Leu-158 (Figure 5B). In the
holoenzyme of the eukaryotic thermophileGaldieria partita
(Ω ) 240) (11, 15), small subunits contain a 30-residue
extension of the C-terminus that packs in the central solvent
channel. These residues may take the place of some of the
missingâA-âB loop residues, but none is in contact with
Ala-46, which is structurally homologous with spinach Arg-
65 (Figure 5A) andSynechococcusPhe-53 (Figure 5B).
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Residue identities and interactions relative to theGaldieria
small-subunit Ala-46 are substantially different from those
in the spinach andSynechococcusholoenzymes (Figure 5).
Thus, there may be an interdependence between the longer
âA-âB loop, Arg-65 (Arg-71 in Chlamydomonas), and
specific residues in the large subunits of land-plant and green-
algal Rubisco that may account for differences in carboxy-
lation catalytic efficiency andΩ between long and shortâA-
âB-loop Rubisco enzymes. It is difficult to deduce how
changes at the small-subunit-large-subunit interface can
influence carboxylation catalytic efficiency andΩ at active-
site residues that are 20 Å distant (8-11). Because the
ChlamydomonasR71A mutant strain has a temperature-
conditional, photosynthesis-deficient phenotype, it may be
possible to select for additional, complementing substitutions
as a means of identifying the most significant structural
interactions (12, 24, 38).

Small subunits may have evolved due to their ability to
assemble large-subunit dimers into hexadecameric holoen-
zymes, thereby concentrating active sites in a limited cellular
compartment. Amplification ofRbcSandrbcL genes during
evolution also results in the production of more Rubisco
holoenzyme (25). However, it is clear from the work
presented here that at least one small-subunit region has also
become intimately connected with the catalytic functions of
the holoenzyme during evolution. A deeper understanding
of the structure-function relationships that are responsible
for retaining multiple forms of the small-subunitâA-âB
loop during phylogenetic divergence may provide clues for
engineering a better Rubisco enzyme.
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