
Chimeric Small Subunits Influence Catalysis without Causing Global
Conformational Changes in the Crystal Structure of Ribulose-1,5-bisphosphate

Carboxylase/Oxygenase†,‡

Saeid Karkehabadi,§,| Srinivasa R. Peddi,§,⊥,# M. Anwaruzzaman,⊥,4 Thomas C. Taylor,| Andreas Cederlund,|

Todor Genkov,⊥ Inger Andersson,| and Robert J. Spreitzer*,⊥

Department of Biochemistry, UniVersity of Nebraska, Lincoln, Nebraska 68588, and Department of Molecular Biology,
Swedish UniVersity of Agricultural Sciences, 751 24 Uppsala, Sweden

ReceiVed March 23, 2005; ReVised Manuscript ReceiVed May 17, 2005

ABSTRACT: Comparison of subunit sequences and X-ray crystal structures of ribulose-1,5-bisphosphate
carboxylase/oxygenase indicates that the loop betweenâ-strands A and B of the small subunit is one of
the most variable regions of the holoenzyme. In prokaryotes and nongreen algae, the loop contains 10
residues. In land plants and green algae, the loop is comprised of∼22 and 28 residues, respectively.
Previous studies indicated that the longerâA-âB loop was required for the assembly of cyanobacterial
small subunits with plant large subunits in isolated chloroplasts. In the present study, chimeric small
subunits were constructed by replacing the loop of the green algaChlamydomonas reinhardtiiwith the
sequences ofSynechococcusor spinach. When these engineered genes were transformed into a
Chlamydomonasmutant that lacks small-subunit genes, photosynthesis-competent colonies were recovered,
indicating that loop size is not essential for holoenzyme assembly. Whereas theSynechococcusloop causes
decreases in carboxylationVmax, Km(O2), and CO2/O2 specificity, the spinach loop causes complementary
decreases in carboxylationVmax, Km(O2), and Km(CO2) without a change in specificity. X-ray crystal
structures of the engineered proteins reveal remarkable similarity between the introducedâA-âB loops
and the respective loops in theSynechococcusand spinach enzymes. The side chains of several large-
subunit residues are altered in regions previously shown by directed mutagenesis to influence CO2/O2

specificity. Differences in the catalytic properties of divergent Rubisco enzymes may arise from differences
in the small-subunitâA-âB loop. This loop may be a worthwhile target for genetic engineering aimed
at improving photosynthetic CO2 fixation.

Because ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco,1 EC 4.1.1.39) catalyzes the rate-limiting step of
photosynthetic CO2 fixation, there has been much interest
in engineering its rate of carboxylation or CO2/O2 specificity
as a means for increasing agricultural productivity (reviewed
in refs1-5). Whereas carboxylation of RuBP generates two
molecules of 3-phosphoglycerate, competitive oxygenation

of RuBP, which is a nonessential process, generates one
molecule of 3-phosphoglycerate and one molecule of phos-
phoglycolate. Phosphoglycolate enters the photorespiratory
pathway that leads to the loss of CO2. Thus, an engineered
increase in the catalytic efficiency (Vmax/Km) of carboxylation
or a decrease in that of oxygenation would result in an
increase in net CO2 fixation. The CO2/O2 specificity factor
kinetic constant, termedΩ, is defined as the ratio of these
catalytic efficiencies,VcKo/VoKc, whereV is theVmax of either
carboxylation or oxygenation andK is the Michaelis constant
for CO2 or O2 (6). TheΩ values of Rubisco enzymes from
diverse species are substantially different (7-10), but it is
difficult to tell whether any of these enzymes is “better” (1,
11) because there is an inverse correlation betweenVc and
Ω (7), and intracellular CO2 and O2 concentrations vary
considerably among species (12, 13).

X-ray crystal structures of Rubisco enzymes are all quite
similar when CR traces are compared (reviewed in ref2).
Two ∼55 kDa large subunits assemble into functional dimers
with two active sites (Figure 1A). Loops of the carboxyl-
terminalR/â-barrel domain of one subunit and the amino-
terminal domain of the other contribute conserved residues
that interact with the carboxylation transition state analogue
CABP. Four∼15 kDa small subunits cap the top and bottom
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of four pairs of the large subunits to form the hexadecameric
holoenzyme. The most notable difference among various
Rubisco enzymes occurs in the loop betweenâ-strands A
and B of the small subunit (Figure 1) (14-17). The âA-
âB loops of four small subunits reside at each end of the
solvent channel that traverses the holoenzyme. Cyanobacteria
have only 10 residues in the loop, but land plants have as
many as 22 and green algae have 28 (reviewed in ref5).
Nongreen algae and some prokaryotes, which also have only
10 residues in theirâA-âB loops, have carboxyl-terminal
extensions that formâ-hairpin structures in the spaces that
are normally occupied by the longerâA-âB loops of green
algal and land plant enzymes (18, 19). Considering that some
prokaryotic Rubisco enzymes lack small subunits (reviewed
in refs2 and5), and these dimeric large-subunit holoenzymes
have the lowestΩ values (7), one wonders whether the
variation in the small-subunitâA-âB loop plays a role in
the differences inVc and Ω observed among different
Rubisco enzymes.

When the 10-residueâA-âB loop of the cyanobacterium
Synechococcuswas replaced with the 22-residue loop of pea
(Pisum satiVum), theSynechococcussmall subunit was now
able to assemble with pea large subunits in isolated chloro-
plasts (20). Subsequent directed mutagenesis and chloroplast
import showed that an R53E substitution in the peaâA-
âB loop was particularly detrimental to holoenzyme assembly
(21, 22). These studies indicated that the longerâA-âB loop
may play a role in assembly, but it was difficult to assess
whether the extra residues in the land plant loop might affect
catalysis. Land plant Rubisco cannot assemble inEscherichia
coli (23), and because land plants have a family ofrbcS
small-subunit genes in the nucleus (reviewed in ref5), it

has not been possible to create a suitable host for transforma-
tion of engineered small subunits in vivo (24-26).

More recently, N54S and A57V small-subunit substitutions
in the âA-âB loop were selected in the green alga
Chlamydomonasas suppressor mutations that restore the
decreases inVc, Ω, and thermal stability that result from an
L290F substitution in the large subunit (27, 28). To further
investigate the functional significance of the loop, aChlamy-
domonasmutant that lacks therbcS gene family (29) and
requires acetate for growth was used as a host for transfor-
mation (30). Five âA-âB-loop residues that are conserved
among green algae and land plants but missing or different
in the shorterâA-âB loops of prokaryotes and nongreen
algae were each substituted with Ala. None of these
substitutions (R59A, Y67A, Y68A, D69A, and R71A)
blocked photosynthetic growth, and only the R71A substitu-
tion caused a substantial decrease in holoenzyme thermal
stability in vivo and in vitro (30). When an R59E enzyme
was created, to mimic the R53E enzyme of land plants (21,
22), Rubisco also assembled inChlamydomonas, albeit at a
lower level and with an associated decrease in thermal
stability (30). More importantly, the Y68A and D69A
enzymes had lowerKc values, which were offset by decreases
in Vc, and the R71A enzyme had an 8% decrease inΩ due
to a decrease inVc and increase inKc (30). Thus, none of
these substitutions eliminated holoenzyme assembly in vivo,
but two affected catalytic efficiency (Y68A and D69A) and
one caused a decrease inΩ (R71A).

When the X-ray crystal structure ofChlamydomonas
Rubisco was solved (14), it became clear that sequence
alignment of theâA-âB loop was not the same as structural
alignment. For example, whereas Arg59 ofChlamydomonas
was thought to be homologous with Arg53 of land plants
(30), the X-ray crystal structure revealed that the backbone
atoms of Asn54 inChlamydomonasalign with those of
Arg53 in spinach. However, the guanidino group of Arg59
from a neighboring small subunit ofChlamydomonasis in
perfect structural alignment with the guanidino group of
Arg53 in the same small subunit of spinach (14). Further-
more, theChlamydomonasN54S and A57V suppressor
substitutions (28) reside in a region of theâA-âB loop
unique to plant and green algal enzymes. Therefore, to better
understand the role of structural divergence in theâA-âB
loop, theChlamydomonasloop was replaced with the shorter
loops of spinach andSynechococcusin the present study.
Both mutant strains can grow photoautotrophically, indicating
that species-specific differences in the loops are not essential
for holoenzyme assembly. However, both mutant enzymes
have altered catalytic properties, and the introduction of the
Synechococcusloop causes an 11% decrease inΩ. Despite
these changes in catalysis, X-ray crystal structures reveal
remarkable conservation of cyanobacterial and land plant
âA-âB-loop structures in the algal large-subunit environ-
ment.

MATERIALS AND METHODS

Strains and Culture Conditions. Chlamydomonas rein-
hardtii 2137mt+ is the wild-type strain (31). MutantrbcS∆-
T-60 was used as the host for nuclear transformation. It lacks
photosynthesis and requires acetate for growth due to deletion
of the 13-kb locus that contains the small-subunitrbcS1and

FIGURE 1: Comparison of Rubisco X-ray crystal structures: (A)
green algaC. reinhardtii (1GK8) side view tilted 30° forward
around theX axis (14), (B) Chlamydomonastop view, (C) land
plant spinach (S. oleracea) (8RUC) top view (15), and (D)
cyanobacteriumSynechococcus(A. nidulans) (1RBL) top view (16).
Large subunits that form functional dimers are colored light and
dark green. Small subunits are colored yellow and orange. Loops
between large-subunitâ-strand 6 andR-helix 6 are colored gray to
denote the active sites. Loops between small-subunitâ-strands A
and B are colored red.
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rbcS2genes (29). All Chlamydomonasstrains are maintained
at 25°C in darkness with 10 mM acetate medium containing
1.5% Bacto agar (31). For routine biochemical analysis, cells
were grown on a rotary shaker at 220 rpm with 250-500
mL of liquid acetate medium in darkness.

Construction of Chimeric Genes.A 17 base pairSmaI/
HincII DNA fragment was deleted from plasmid pUC19 (32)
to generate pUC19∆, which lacksSmaI, BamHI, XbaI, and
HincII restriction enzyme sites. The 5 kilobase pairEcoRI
fragment of pSS1 (29), which contains the wild-type
Chlamydomonas rbcS1gene at theEcoRI site of pUC19,
was subcloned intoEcoRI-digested pUC19∆ to create
plasmid p∆SS1. Sequences encoding small-subunitâA-âB-
loop regions were amplified fromChlamydomonas rbcS1
with forward primers for spinach (5′-GGCTGGATCCCCT-
GCCTGGAGTTCGCT ACC GAC CAC GGT TTC GTG
TAC CGC GAG CAC CAC AAC AGC CCC GGT TAC
TAC GAC GGT CGC TAC TGG-3′) or Synechococcus(5′-
GGCTGGATCCCCTGCCTGGAGTTCGCT GAG CAC
AGC AAC CCC GAG GAA TTC TAC TGG-3′) and a
reverse primer encompassing the uniqueStuI site of the
Chlamydomonas rbcS1gene. UniqueMspI (CCCCGG) and
EcoRI (GAATTC) sites were also engineered in the spinach
andSynechococcussequences, respectively, and codons were
introduced that are common to the nuclear gene products of
Chlamydomonas. Because both of the forward primers have
identical 5′ sequences encompassing a uniqueBamHI
(GGATCC) site in the region encodingChlamydomonas
â-strand A, the amplified products were digested withBamHI
andStuI, and the resultingBamHI/StuI fragments were used
to replace theBamHI/StuI fragment of p∆SS1. These final
constructs eliminate intron 3 ofrbcS1and encode proteins
in which theâA-âB loops of spinach orSynechococcusare
inserted precisely betweenâ-strands A and B of the
Chlamydomonassmall subunit. The chimericrbcS1genes
were confirmed byMspI and EcoRI restriction enzyme
digestion. The plasmids encoding theâA-âB loops of
spinach (Spinacea oleracea) andSynechococcus(Anacystis
nidulans) were named pSS1-ABSO and pSS1-ABAN, re-
spectively.

Transformation and Mutant RecoVery.Dark-grownrbcS∆-
T60-3 cells were concentrated by centrifugation to 4× 108

cells/mL. Electroporation transformation (33) was performed
with a Bio-Rad Gene Pulser Xcell electroporation system
using a 4 mm gapcuvette (Equibio, Kent, U.K.) containing
2.5 µg of plasmid DNA and 1× 108 cells in 0.25 mL of 50
mM sucrose in acetate medium. The cells, which lack the
cell wall (29), were electroporated at 750 V with 25µF
capacitance. They were then transferred to 50 mL of acetate
medium in a 250 mL Delong flask and cultured in darkness
for 16 h. To select transformants, the cells were concentrated
by centrifugation and plated on minimal medium in the light
(80 µmol of photons m-2 s-1) at a density of 2× 106 cells
per 100 mm Petri plate. Total DNA was extracted from the
photosynthesis-competent transformants (34), and therbcS
gene was amplified by the polymerase chain reaction (29).
The amplified DNA was completely sequenced at the DNA
sequencing facility of the University of Nebraska (Lincoln,
NE) to verify that only the expected changes were present.
The mutant strains containingSynechococcus(A. nidulans)
and spinach (S. oleracea) small-subunitâA-âB-loop inser-
tions were named ABAN and ABSO, respectively.

Biochemical Analysis.Approximately 1× 109 cells were
harvested by centrifugation, resuspended in 1.5 mL of 50
mM N,N-bis(2-hydroxyethyl)glycine (pH 8.0), 10 mM
NaHCO3, 10 mM MgCl2, and 1 mM dithiothreitol, and
sonicated at 0°C for 3 min. Cell debris was removed by
centrifugation at 37000g for 15 min, and the amount of
proteins in the resulting cell extract was determined by the
method of Bradford (35). The cell extract was then subjected
to sucrose gradient centrifugation to purify Rubisco holoen-
zyme (36) or fractionated by SDS-polyacrylamide gel
electrophoresis for western analysis (37). Proteins were
transferred from the gel to the nitrocellulose membrane,
probed with rabbit anti-ChlamydomonasRubisco immuno-
globulin G, and detected by chemiluminescence (38).
Antibodies were affinity purified (39) from serum kindly
provided by Dr. Arminio Boschetti (University of Bern, Bern,
Switzerland).

Thermal stability was assayed by incubating 5µg of
purified and activated enzyme in 0.5 mL of 50 mMN,N-
bis(2-hydroxyethyl)glycine (pH 8.0), 10 mM NaHCO3, 10
mM MgCl2, and 1 mM dithiothreitol at various temperatures
for 10 min (40). The samples were then cooled on ice for 5
min, and carboxylase activity was assayed at 25°C by adding
50 µL of the incubated enzymes to 450µL of assay buffer
containing 50 mMN,N-bis(2-hydroxyethyl)glycine (pH 8.0),
0.4 mM RuBP, 10 mM NaH14CO3 (2 Ci/mol), and 10 mM
MgCl2. After 1 min, the reactions were terminated by adding
0.5 mL of 3 M formic acid in methanol. Samples were dried
at 80 °C for 10 h, and incorporation of14C was measured
by liquid scintillation counting.

The carboxylation and oxygenation kinetic constants of
purified and activated enzyme were assayed by measuring
the incorporation of acid-stable14C from NaH14CO3 (27).
Ω was determined with 20µg of Rubisco per reaction by
assaying carboxylase and oxygenase activities simultaneously
with 130 µM [1-3H]RuBP (7.2 Ci/mol) and 2 mM NaH14-
CO3 (0.5 Ci/mol) in 30 min reactions at 25°C (41, 42).
Phosphoglycolate phosphatase and [1-3H]RuBP were syn-
thesized/purified according to standard methods (41, 43).

Crystallization and Structure Determination.For large-
scale production of Rubisco, cells were grown with 3-5 L
of acetate medium in darkness, harvested by centrifugation
at 2500g for 5 min, and lysed by sonication. After differential
ammonium sulfate precipitation between 30% and 50%
saturation, the redissolved cellular protein was loaded onto
a Superdex-200 16/60 size exclusion column. The fractions
corresponding to Rubisco were collected and loaded onto a
Mono Q anion-exchange column. Rubisco was eluted from
the column with a 0.1-0.5 M NaCl gradient. Crystals of
mutant Rubisco were grown using hanging-drop vapor
diffusion at 20°C. The drops were prepared by mixing a
solution containing 10 mg/mL Rubisco and 1 mM CABP
with an equal volume of a well solution containing 50 mM
HEPES (pH 7.5), 50-200 mM NaCl, 7-12% poly(ethylene
glycol) 4000, 10 mM NaHCO3, and 5 mM MgCl2. Crystals
grew within 1 week. Prior to data collection, crystals were
transferred to a solution containing the well solution with
30% ethylene glycol as a cryoprotectant and frozen in liquid
N2. Data were collected from single crystals at 100 K
on beam line ID29 at the European Synchrotron Radia-
tion Facility, Grenoble, France. The data were processed
using DENZO and SCALEPACK (44) to a resolution of
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2.2 Å for the ABAN and 2.4 Å for the ABSO mutant
enzymes.

The mutant crystal structures were solved by molecular
replacement using the program AMORE (45, 46). The search
model consisted of one set of large and small subunits of
wild-type ChlamydomonasRubisco (PDB code 1GK8) (14)
in which theâA-âB loop of the small subunit had been
removed. In each case, eight solutions corresponding to eight
different orientations of the search unit within one hexa-
decamer in the asymmetric unit were found. Refinement was
performed using REFMAC version 5 (47). For cross-
validation, 5% of the data was excluded from the refinement
for Rfree calculations. Initial electron density maps calculated
after one round of rigid body refinement showed clear density
for the chimericâA-âB loops. After building the corre-
sponding loops into density, the mutant structures were
further refined using a maximum likelihood target function
with noncrystallographic symmetry restraints for the eight
copies of large and small subunits in the asymmetric unit.
Solvent molecules were added using ARP/wARP (48).
Throughout the refinement, 2mFo - DFc and mFo - DFc

sigmaA-weighted maps (49) were inspected and the models
manually adjusted using O (50). The structures of the ABAN
and ABSO enzymes were refined to finalRcryst/Rfree values
of 0.165/0.195 and 0.195/0.225, respectively. Coordinates
and structure factors have been deposited at the Protein Data
Bank with accession codes 1UZH and 1UZD.

Calculation of Occluded Surface Area.The surface areas
buried between theâA-âB loops and neighboring subunits
were calculated using the occluded surface area algorithm
as described by Pattabiraman et al. (51). Regions of the
small-subunit loops were chosen, based on divergence of the
small-subunit CR traces, and compared beginning at residue
45 and ending at Tyr72 inChlamydomonas, Tyr66 in spinach
and mutant ABSO, and Tyr54 inSynechococcusand mutant
ABAN. The occluded surface areas were calculated for each
atom, and the total surface area occluded by neighboring
subunits was summed over the entire sequence.

RESULTS

RecoVery and Phenotypes of Mutants.To assess the
significance of the variation in size of the small-subunitâA-
âB loop, the 28-residue loop sequence ofChlamydomonas,
which is representative of green algae, was replaced with
the shorter loop sequences of spinach andSynechococcus,
which are representative of land plants (22 residues) and
prokaryotes (10 residues) (Figure 2). When the engineered
pABSO (spinach) and pABAN (Synechococcus) chimeric
rbcS plasmids were transformed into theChlamydomonas

rbcS∆ deletion mutant, photosynthesis-competent colonies
arose on minimal medium in the light at frequencies of 8.4
× 10-5 and 8.0× 10-5 cells, respectively. Because these
frequencies are similar to that obtained with the wild-type
rbcS1 gene (9.3× 10-5 cells), no significant deleterious
effects of the shorterâA-âB loops were apparent. Further-
more, because therbcS1genes in the pABSO and pABAN
plasmids lack intron 3, it is apparent that this intron is not
essential forrbcS mRNA expression. However, when the
growth phenotypes of a number of pABSO and pABAN
transformants were assessed in “spot tests” (31), all of the
pABAN transformants failed to grow on minimal medium
in the light at 35°C. No other phenotypic difference relative
to wild-type rbcS1transformants was observed on minimal
medium at 25°C or acetate medium in darkness at 25 or 35
°C. Despite the fact that the ABAN mutant strain has a
temperature-conditional phenotype, the size of theâA-âB
loop is clearly not essential for Rubisco assembly or function.

Thermal Stability of the Chimeric Rubisco Enzymes.When
extracts of 25°C grown cells were subjected to SDS-
polyacrylamide gel electrophoresis and western analysis
(Figure 3), mutant ABAN had only somewhat less Rubisco
subunits than mutant ABSO or anrbcS1wild-type transfor-
mant, and the decreased molecular masses of the ABAN and
ABSO small subunits agreed with the engineered decreases
in the sizes of theâA-âB loops (Figure 2). However, in
extracts of 35°C grown cells, mutant ABAN had only a
trace of Rubisco subunits (Figure 3), which would account
for its inability to grow photosynthetically at 35°C. Because
unassembled Rubisco small subunits are rapidly degraded
in Chlamydomonas(52), their abundance in cell extracts
reflects the amount of holoenzyme in vivo. To further assess
the stability of the chimeric mutant enzymes, Rubisco was
purified from 25°C grown cells and analyzed for its ability
to retain RuBP carboxylase activity after incubation at
various temperatures. As shown in Figure 4, ABAN Rubisco
retained less activity than the wild-type enzyme, but ABSO
Rubisco retained more activity than the wild-type enzyme.
For example, in three separate experiments, ABAN Rubisco
was completely inactivated after 10 min at 60°C, but wild-

FIGURE 2: Sequences of Rubisco small-subunitâA-âB-loop
regions of Chlamydomonas, spinach, Synechococcus, and the
Chlamydomonaschimeric mutants ABSO and ABAN containing
the âA-âB loops of spinach andSynechococcus, respectively.
Hyphens are inserted to align the sequences according to the X-ray
crystal structures (14-16). â-Stands A and B are shaded in gray.

FIGURE 3: Western blot analysis of total soluble proteins from wild
type (lanes 1 and 4), chimeric mutant ABAN (lanes 2 and 5), and
chimeric mutant ABSO (lanes 3 and 6). Extracts (30µg per 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
(7.5-15%) gradient gel electrophoresis (37). Proteins were blotted
to nitrocellulose, probed with anti-ChlamydomonasRubisco im-
munoglobulin G (0.5µg/mL), and detected by enhanced chemilu-
minescence (38). The Rubisco large subunit (LS) and small subunit
(SS) are indicated.
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type and ABSO Rubisco retained 44( 2% and 85( 2%
((n - 1 standard deviation) of their initial activities, respec-
tively, after incubation at the same temperature. Thus, al-
though the nature of theâA-âB-loop sequence is not essen-
tial for holoenzyme assembly, it can influence holoenzyme
stability in vivo and in vitro.

Kinetics of the Chimeric Enzymes. To assess the influence
of the spinach (ABSO) andSynechococcus(ABAN) âA-
âB loops on Rubisco function, the kinetic properties of the
purified and activated chimeric enzymes were determined
in detail (Table 1). Whereas theΩ value of the ABSO mutant
enzyme is not significantly different from that of wild-type
ChlamydomonasRubisco,Ω of the ABAN enzyme is de-
creased by 11%. This decrease results primarily from a 46%
decrease inVc and 30% decrease inKo, with no change in
Kc. Although nativeSynechococcusRubisco has a lowerΩ
than that ofChlamydomonasRubisco (7), the substantial
decrease inVc indicates that the ABAN enzyme would have
a lower net carboxylation rate than that of either wild-type
enzyme (6). The ABSO enzyme also has decreases inVc

andKo (50% and 14%, respectively), but these are offset by
a 26% decrease inKc (and an increase inKo/Kc) (Table 1).
A lower Vc and higherKo/Kc are characteristic of spinach
Rubisco, but the spinach enzyme has anΩ value greater than
that of ChlamydomonasRubisco (7). Because the ABSO
enzyme has the sameΩ value as wild-typeChlamydomonas
Rubisco, the substantial decrease inVc indicates that its net
carboxylation would be lower than that of the wild-type
Chlamydomonasor spinach enzymes. Despite some changes
in kinetic properties that mimic those of theSynechococcus
and spinach enzymes, it is difficult to tell from kinetics alone
whether the foreignâA-âB loops impart catalytic properties
of theSynechococcusand spinach enzymes or whether they
cause deleterious effects due to global disruption of the
holoenzyme structure.

X-ray Crystal Structures of the Chimeric Enzymes.To
determine whether the altered kinetic properties of the ABAN
and ABSO mutant enzymes arose from either general
misfolding of the small subunit or alterations in specific
interactions with the large subunit, the purified proteins were
crystallized, and their structures were determined. The
crystallographic data collection and refinement statistics for
the mutant enzyme crystal structures are summarized in Table
2. The quality of the structures is evidenced by the lowRcryst

and Rfree values and only minor deviations from ideal
geometry. The final electron density maps for the ABSO
enzyme show density for residues 11-475 (from a total of
475 residues) of the large subunit and residues 1-121 and
127-134 (from a total of 134 residues) for the small subunit.
For ABAN, density is visible for residues 11-475 of the
large subunit and residues 1-122 (from a total of 122
residues) for the small subunit. Clear density was observed
for the chimeric loops in each case. As shown in Figure 5,
the âA-âB loops of the ABAN and ABSO small subunits
are remarkably similar to the native loops in the crystal
structures of Rubisco fromSynechococcusand spinach,
respectively (15, 34). No alteration is observed in the CR
backbone trace of the ABSO or ABAN large subunit when
compared with the large subunit of wild-typeChlamydomo-
nas. A superposition of the wild-type large subunit with the
large subunits of ABSO and ABAN using the algorithms
encoded in O (50) gave root-mean-square deviations of 0.211
and 0.157 Å for all CR atoms, respectively.

ComparatiVe Analysis ofâA-âB Loop Structures. The
âA-âB loop appears to be somewhat autonomous in
assembly relative to holoenzyme structure. For example, with
respect to theâA-âB loop of the ABSO enzyme, the
guanidino group of Arg53 is positioned within the core of
the loop as in spinach Rubisco rather than being contributed
by a neighboring small subunit as inChlamydomonas
Rubisco (14). The only notable differences in arrangement
of ABSO CR backbone atoms relative to the spinachâA-
âB loop are observed at residues Thr46, Asp47, and His48.

FIGURE 4: Thermal inactivation of Rubisco purified from wild type
and chimeric small-subunit mutants. 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 (40). Activities
were normalized against activity measured after the 35°C incuba-
tion. Key: wild-type transformant containing only theRbcS1gene
(O), chimeric mutant ABAN (b), and chimeric mutant ABSO (0).

Table 1: Kinetic Properties of Rubisco Purified from Wild Type
and Chimeric Mutants

kinetic constant wild type ABSO ABAN

Ω ) VcKo/VoKc
a 63 ( 2 62( 3 56( 1

Vc (µmol h-1 mg-1)a 111( 6 55( 4 60( 6
Kc (µM CO2)a 35 ( 2 26( 3 36( 1
Ko (µM O2)a 501( 18 431( 10 350( 2
Vc/Kc

b 3.2 2.1 1.7
Ko/Kc

b 14 17 10
Vc/Vo

b 5.0 4.0 6.0
a Values are means( standard deviation (n - 1) of three separate

enzyme preparations.b Calculated values.

Table 2: Statistics for Data Collection and Refinement

ABSO ABAN

resolution limita (Å) 2.4 2.2
space group P21212 P21212
cell dimensionsa, b, c (Å) 220.0, 224.1, 111.8 220.8, 224.0, 112.0
no. of reflections

measured 6104932 5695441
unique 215895 277345

completeness (%) 95.4 (96.1)d 90.2 (81.6)
I/σ 7.6 (1.4) 8.7 (2.0)
Rmerge

b 0.185 (0.780) 0.148 (0.444)
WilsonB-factorBW

a (Å2) 31.8 21.2
Rcryst

c 0.190 (0.25) 0.160 (0.21)
Rfree

c 0.230 (0.28) 0.190 (0.25)
estd coordinate errora (Å) 0.119 0.150
rmsd from ideal geometry

bond lengths (Å) 0.014 0.014
bond angles (deg) 1.39 1.25
a For the wild-typeC. reinhardtii Rubisco structure (PDB code

1GK8), the resolution limit is 1.4 Å, the WilsonB-factor is 11.8 Å2,
and the estimated coordinate error (based on maximum likelihood
calculations) is 0.034 Å.b Rmerge) ∑h∑i|Ii(h) - 〈Ii(h)〉|/∑h∑iIi(h), where
I is the observed intensity and〈I〉 is the mean intensity of reflectionh.
c R ) ∑hkl||Fo| - |Fc||/∑hkl|Fo|, whereFo andFc are the observed and
calculated structure factor amplitudes, respectively.d Values in paren-
theses are for the highest resolution shell.
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FIGURE 5: Stereoimages of residues surrounding the small-subunitâA-âB loops (yellow) of Rubisco: (A)Chlamydomonas(1GK8) (14), (B) spinach (8RUC) (15), (C) chimeric mutant ABSO,
(D) Synechococcus(1RBL) (16), and (E) chimeric mutant ABAN. The central solvent channel is behind the structures. Large-subunit residues within 4.5 Å of the small-subunitâA-âB loops are
colored light and dark green from neighboring subunits. Large-subunit residues inChlamydomonasRubisco that are not within 4.5 Å of theâA-âB loop in ABSO or ABAN Rubisco are colored
gray. Large-subunit residues that show the greatest deviation in side-chain conformation betweenChlamydomonasand ABSO or ABAN are colored red. Selected amino-terminal residues from
a neighboring small subunit are colored orange, and those in the same small subunit as theâA-âB loop are colored brown. Residues are numbered according to their actual positions in the primary
structures of the individual proteins.
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The position of these residues appears to be influenced by
differences in the interactions with the amino-terminal
residues of the neighboring small subunit. WhereasChlamy-
domonasand ABSO have Pro6 and Val7 (Figure 5A,C),
spinach contains Ile6 and Leu7 in the same relative positions
(Figure 5B). Despite these alterations, no differences are
observed in the side chains of nearby large-subunit residues
relative to the wild-typeChlamydomonasenzyme structure
(14) or in the side chains of otherâA-âB-loop residues
relative to the spinach enzyme structure (15). Calculation
of subunit surface area occluded by the ABSO and spinach
âA-âB loops yielded quite similar values of 436 and 449
Å2, respectively. These values are less than that for theâA-
âB loop of wild-typeChlamydomonas(713 Å2), but much
of this difference is accounted for by the smaller size and
lack of loop-to-loop contacts of the spinach loop.

The CR backbone conformation of the ABANâA-âB
loop is also very similar to that of the nativeSynechococcus
loop (Figure 5D,E). However, the ABAN loop residues are
displaced by an average of 1 Å with a maximum displace-
ment of 1.4 Å at Glu52. This displacement results from
differences in the packing of the loop to amino-terminal
residues in the same and in an adjacent small subunit. These,
in turn, may be influenced by the longer carboxyl terminus
of theChlamydomonassmall subunit. Lys8 inSynechococcus
forms an ionic bond with Glu46 (Figure 5D) in a neighboring
small subunit, but Pro6 and Val7 in ABAN (and wild-type
Chlamydomonas) cause the side chain of Glu46 to interact
with solvent (Figure 5A,E). On the opposite side of theâA-
âB loop, van der Waals contacts between loop residues
(Ser48, Asn49, Pro50) and the Arg10 side chain (in the same
small subunit) ofSynechococcusare lost in ABAN (which
contains Lys10) (Figure 5D,E). These alterations result in a
21% decrease in the surface area occluded by theâA-âB
loop from a value of 220 Å2 in SynechococcusRubisco to
173 Å2 in the ABAN enzyme. Altogether, these differences
in the structure of theâA-âB loop likely contribute to the
thermal instability of the ABAN enzyme (Figures 3 and 4).

Specific Alterations in the Large Subunits. Because the
large subunit contains the active site, and the ABSO and
ABAN chimeric enzymes have altered kinetic properties
relative to wild-typeChlamydomonasRubisco (Table 1), one
would anticipate that the foreignâA-âB loops would cause
alterations in the large subunits. However, no significant
differences in large-subunit CR backbone atoms are observed
among the wild-type, ABAN, and ABSO structures. Al-
though the large subunits ofChlamydomonas, Synechococ-
cus, and spinach are∼90% identical in sequence, there are
some large-subunit residues in contact with the small-subunit
âA-âB loop that differ among them. It is among these
residues that the greatest differences are observed when the
Chlamydomonaswild-type, ABSO, and ABAN Rubisco
structures are compared.

In the wild-typeChlamydomonasenzyme (14), Lys258
interacts with the small-subunitâA-âB loop by forming a
van der Waals contact with the side chain of Val63 and a
hydrogen bond with the carbonyl oxygen of Ser62. Lys258
also forms an intrasubunit hydrogen bond with large-subunit
Asn287 and a solvent-mediated intersubunit hydrogen bond
with Glu259 in an adjacent large subunit. The effect of the
shorterâA-âB loops in the ABSO and ABAN chimeric
enzymes is to abolish the intersubunit interactions of Lys258

with Ser62 and Val63. Thus, in the ABSO and ABAN
enzymes (Figure 5C,E), Lys258 and Glu259 have greater
conformational freedom, and the distance between them can
be shortened relative to that of wild-typeChlamydomonas
Rubisco (Figure 5A). The interactions of Lys258 and Glu259
in the ABAN structure are identical to those of Lys258 and
Glu259 in theSynechococcusenzyme (16). In Rubisco from
spinach, Arg258 forms an ionic bond with Glu259 from an
adjacent large subunit (Figure 5B) and lacks the hydrogen
bond with Asn287. In a previous study (53), a K258R
substitution, in combination with other substitutions (C256F
and I265V) that introduce residues characteristic of land
plants, caused a decrease inΩ of ChlamydomonasRubisco.
Thus, although small, the variation in the Lys258 and Glu259
side chains observed in the ABSO and ABAN structures may
contribute to the altered catalytic properties of the chimeric
enzymes (Table 1).

In theChlamydomonasenzyme (Figure 6A), the carbonyl
oxygen of large-subunit Lys161 forms a hydrogen bond with
the guanidino group of small-subunit Arg71. The carboxyl
group of Glu223 (in a second large subunit) hydrogen bonds
with both the guanidino group and carbonyl oxygen of Arg71
(Figure 6A). Arg71, in turn, forms a hydrogen bond with
the carbonyl oxygen of Leu66 (Gly60 in spinach) in the core
of the small-subunitâA-âB loop. In theSynechococcus
enzyme (Figure 6B), all of these interactions are absent
because Arg71 is replaced by Phe53. Furthermore, whereas
ChlamydomonasRubisco has large-subunit Lys161, large-
subunit Glu223, and small-subunit Leu66,Synechococcus
has large-subunit Leu161 and Asp223 and is missing a
residue homologous with small-subunit Leu66 due to the
smaller size of theâA-âB loop. In the chimeric mutant
ABAN enzyme (Figure 6C), a residue comparable to Leu66
is also missing, but because of the absence of manyâA-
âB-loop residues, the side chains of large-subunit Lys161
and Glu223 move into the central solvent channel (Figure
6A,C). This appears to cause a major reorientation of the
Tyr226 side chain (His226 inSynechococcus, Figure 6B)
that results in the loss of another set of hydrogen bonds. In
wild-type ChlamydomonasRubisco (14), Tyr226 hydrogen
bonds with large-subunit Gly261 and Leu266, as well as with
the guanidino group of the small-subunitâA-âB-loop
residue Arg59, which is missing from the ABAN enzyme.
Altogether, the disruption of a network of hydrogen bonds
may contribute to the thermal instability of the ABAN
chimeric mutant enzyme (Figure 4). In a previous study (30),
an R71A substitution in theâA-âB loop of theChlamy-
domonasenzyme also caused decreases in carboxylation
catalytic efficiency,Ω, and holoenzyme thermal stability,
similar to the properties of mutant ABAN Rubisco (Table
1).

Alterations in the ActiVe Sites of the Chimeric Enzymes.
When compared with wild-typeChlamydomonasRubisco
(14), a number of minor alterations are observed in the
distances between large-subunit and CABP atoms in the
active sites of the ABAN and ABSO chimeric mutant
enzymes. Because these differences are quite small, it is
difficult to conclude that they have any direct effect on
catalysis. The largest differences are observed in the ABSO
structure. For example, the side-chain oxygens of Thr173
and Ser379 are>0.2 Å farther away from CABP O2 and
O4, respectively, and the Lys334 side-chain nitrogen is>0.2
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Å closer to CABP O3P. However, regardless of the signif-
icance of these small differences, no significant structural
alterations are observed in the core of the ABAN and ABSO
holoenzymes that may link active site alterations to changes
observed in the regions surrounding theâA-âB loops.

DISCUSSION

By replacing theChlamydomonasâA-âB loop with the
shorter loops ofSynechococcus(mutant ABAN) and spinach
(mutant ABSO), it is readily apparent that the differences in
size and residue identities are not essential for Rubisco
holoenzyme assembly. Both chimeric enzymes assemble in
vivo (Figure 3) and support the photosynthetic growth of
Chlamydomonas, and both haveâA-âB-loop structures
nearly identical to those of the nativeSynechococcusand
spinach Rubisco enzymes (Figure 5). Despite these observa-
tions, previous studies had indicated that the longer small-
subunit loop of land plants was an essential holoenzyme
“assembly domain” (20). It is likely that the lack of assembly
of nativeSynechococcussmall subunits with land plant large
subunits may be due to an exaggeration of an inherent

difficulty of holoenzyme assembly when small subunits are
experimentally targeted to isolated chloroplasts (20-22).

In the present study, replacing theChlamydomonasâA-
âB loop with that ofSynechococcuscauses a decrease in
holoenzyme thermal stability in vivo and in vitro (Figures 3
and 4), and the ABAN mutant strain has a temperature-
conditional, acetate-requiring growth phenotype. The de-
crease in thermal stability may arise from a number of
structural alterations observed in the crystal structure of
ABAN Rubisco, including altered interactions between small-
subunit amino-terminal residues and theâA-âB loop (Figure
5), as well as the loss of a network of hydrogen bonds
resulting from a decrease in the size of the loop and the
replacement of Arg71 by Phe (Figure 6). These alterations
contribute to a 76% decrease in occluded surface area relative
to the ChlamydomonasâA-âB loop and a 21% decrease
relative to the nativeSynechococcusloop. Because surface
areas occluded in the formation of protein complexes
correlate highly with the free energies of protein-protein
interactions (54), the decrease in occluded surface area can
be viewed as an estimate of the relative thermodynamic

FIGURE 6: Stereoimages of selected residues in contact with the structurally homologous (in red) Rubisco small-subunit Arg71 and large-
subunit Glu223 inChlamydomonas(A), small-subunit Phe53 and large-subunit Asp223 inSynechococcus (B), and small-subunit Phe53
and large-subunit Glu223 in ABAN (C). These structures, with the central solvent channel in front, are rotated 180° around theY axis
relative to the images in Figure 5. Other small-subunit residues are colored yellow, and residues from neighboring large-subunits are
colored light and dark green.
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destabilization of the hexadecamer due to the introduction
of the SynechococcusâA-âB loop.

Although no mutant substitution in theChlamydomonas
âA-âB loop has yet been found to eliminate Rubisco
assembly or function, numerous studies have indicated that
the nature of residues at the interface between large subunits
and the small-subunit loops can influence holoenzyme
thermal stability (27, 28, 30, 40, 55, 56). Recently, X-ray
crystal structures of large-subunit L290F mutant and L290F/
A222T revertant enzymes have shown that substantial
alterations in temperature factors occur for both large- and
small-subunit residues in theâA-âB-loop region (57),
thereby providing a physical basis for the effects of both
large- and small-subunit substitutions that can either decrease
or increase holoenzyme thermal stability (28, 30, 56). Thus,
size of the loop is not entirely responsible for thermal
stability. This is also apparent from the observation that the
chimeric ABSO enzyme has a 39% decrease in occluded
surface area relative to theâA-âB loop ofChlamydomonas,
but the purified enzyme has a small increase in thermal
stability in vitro (Figure 4).

Significant alterations in the catalytic properties ofChlamy-
domonasRubisco were also observed for the ABSO and
ABAN chimeric mutant enzymes (Table 1). In a previous
study ofChlamydomonasRubisco (30), changes in catalytic
efficiency and specificity were observed when residues
conserved in the green algal and land plantâA-âB loops
were substituted with Ala. However, in the present study,
the ABSO chimeric mutant enzyme was found to have
decreases inVc, Kc, andKo despite the fact that the conserved
residues are not altered. There must be some structural
difference brought about by the introduction of the spinach
loop, and this difference may account for the differences in
catalytic properties between the nativeChlamydomonasand
spinach enzymes (7). In the ABSO crystal structure, only a
minor change in the water-mediated hydrogen bonding of
large-subunit residues Lys258 and Glu259 is observed at the
apex of the small-subunitâA-âB loop (Figure 5). Nonethe-
less, when three substitutions were previously created in this
large-subunit region (C256F, K258R, and I265V), which
would introduce residues characteristic of land plant Rubisco,
substantial decreases in carboxylation catalytic efficiency and
Ω were observed (53). Perhaps a reduction in the size of
the small-subunitâA-âB loop, like that of the ABSO
chimeric mutant enzyme, would complement the detrimental
catalytic effects of the large-subunit C256F/K258R/I265V
triple-mutant enzyme.

The ABAN chimeric mutant enzyme has decreases inVc

andKo that cause an 11% decrease inΩ (Table 1). In the
ABAN crystal structure, as in the ABSO structure, the
distance between Lys258 and Glu259 is decreased due to
the shorterâA-âB loop. However, there are additional
alterations in the side chains of large-subunit residues
Lys161, Glu223, and Tyr226 that arise from the loss of their
hydrogen-bonding partners Arg59 and Arg71 (Figure 6).
Arg59 resides in a region of theChlamydomonasâA-âB
loop that is missing from the shorterSynechococcusloop,
and Arg71 is replaced by Phe53. In a previous study (30),
an R59A substitution in theChlamydomonasâA-âB loop
had little or no effect on the catalytic properties of Rubisco,
but an R71A substitution caused increases inKo andKc and
decreases inVc andΩ. Furthermore, both substitutions caused

a decrease in Rubisco thermal stability in vitro, but only the
R71A mutant strain lacked holoenzyme and failed to grow
photoautotrophically at the restrictive temperature of 35°C.
Thus, the altered catalytic properties and decreased thermal
stability of ABAN Rubisco likely arise primarily from the
substitution of Arg71 by Phe53 (Figure 6).

The small-subunitâA-âB loops are located in the central
solvent channel of the holoenzyme where they interact with
large subunits at the opposite ends of theR/â barrels that
form the active sites (Figure 1). Despite this distant location,
the introduction of the spinach andSynechococcusâA-âB
loops into theChlamydomonassmall subunit causes signifi-
cant changes in the catalytic properties of Rubisco. In the
crystal structures of the ABSO and ABAN chimeric mutant
enzymes, only small perturbations of questionable signifi-
cance are observed in the active sites, and only a small
number of the large-subunit side chains that are normally in
contact with theChlamydomonasâA-âB loop are altered
by the foreign loops. Thus, one must consider that the
introduction of the spinach andSynechococcusâA-âB loops
affects the dynamic nature of the holoenzymes, and structural
data alone may not be sufficient for elucidating the mech-
anisms that bring about the observed changes in catalysis.
Nonetheless, it is clear that the small-subunitâA-âB loops
can contribute to the differences in the catalytic properties
of divergent Rubisco enzymes and may be worthy targets
for further study aimed at engineering a superior Rubisco.
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