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ABSTRACT. Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) enzymes from different species
differ with respect to carboxylation catalytic efficiency and £ specificity, but the structural basis

for these differences is not known. Whereas much is known about the chloroplast-encoded large subunit,
which contains theu/s-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 betyegimands 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 gree@hdayaydomonas
reinhardtii, which lacks both small-subunit genes, was used as a host for transformation with directed-
mutant genes. Although previous studies had indicated th@&he5B 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=7Ala substitution

causes a substantial decrease in holoenzyme thermal stability. FyrA8 and Asp-69— Ala enzymes

have loweKn(CO,) values, but these improvements are offset by decreases in carboxyatioralues.

The Arg-71— Ala enzyme has a decreased carboxylatipg and increase#{,(CO,) andK(O,) values,

which account for an observed 8% decrease in/O@specificity. Despite the fact that Arg-71 is more

than 20 A from the large-subunit active site, it is apparent that the small-sy®Ari8B loop region can
influence catalytic efficiency and G, specificity.

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisspecificity is defined by the kinetic constat, which is
co! EC 4.1.1.39) plays an essential role for the existence of equal toV:Ky/VoKc, whereV is the Vmax Of carboxylation or
life on our planet. It fixes atmospheric GOn the first oxygenation and is the Michaelis constant for {or CO,
reaction of the Calvin cycle of photosynthesis by catalyzing (4, 5). There has been much interest in engineering Rubisco
the reaction between unbound, gaseous @@ RuBP to to increase the level of carboxylation or decrease the level
form two molecules of 3-phosphoglycerate (for reviews, see of oxygenation as a means of increasing the production of
refs1 and2). Net CQ fixation is limited by Rubisco dueto  food, fiber, and energyl( 2, 6, 7).
the fact that the enzyme haska; for carboxylation of only The Rubisco holoenzyme of land plants and green algae
a few per second. Furthermore; ® mutually competitive  is comprised of eight 55 kDa large subunits, encoded by the
with CO; at the same active site, and the enzyme catalyzeschloroplastrbcL gene, and eight 15 kDa small subunits,
the oxygenation of RuBP to produce phosphoglycerate andencoded by a family of nearly identicRbcSnuclear genes
phosphoglycolated). This latter, nonessential product enters (for a review, see re?). Much is known about the structure
the photorespiratory pathway, which subsequently generatesunction relationships of the large subunit (for reviews, see
CQO, during the conversion of glycine to serine. Thus, net refs 6 and 7). It contains the active site. Numerous X-ray
CO;, fixation is defined by the velocity of carboxylation crystal structures of both prokaryotic and eukaryotic holoen-
minus half the velocity of oxygenation, whereas £0) zymes have identified specific residues at the surface of the
o/f-barrel domain of one large subunit and residues in the
T This work is supported by Grant DE-FG03-00ER15044 from the _N-termmal domain of a nelghborlng Ia_\r_ge subunit that
U.S. Department of Energy and by the Nebraska Agricultural Research interact with each other and with the transition state analogue
Di\ii?l'ign \(/;/]r?grrr? alc%?rrtiai%gr?dpgr:c}aszgﬁguld be addressed. E-mail: 2-Ca.rb|(_)xyD-z(ijrablinit0fl LS_biS? hr? Sphate3{|-1;L). Thg ol d
, i . - =-mall: sentjality and role of many of these catalytic residues an
rs‘iﬁ'ﬁﬁ;ﬁ;”;f,ﬂg'bfggigf“’”e' (402) 472-5446. Fax: (402) 472'7842'their_ neighb_oring Iarge-sqbunit regions .havg begn defin'ed
s Technical University of Lisbon. by biochemical and genetic methods, primarily with the aid
! Abbreviations: Rubisca-ribulose-1,5-bisphosphate carboxylase/  of prokaryotic Rubisco expressed fscherichia coli(for a
oxygenase; RuBRy-ribulose 1,5-bisphosphat¥, Vimax for carboxy-  yayiew, see re6) or by screening, selection, and chloroplast
lation; Vo, Vmax for oxygenationK., Michaelis constant for C§ Ko, L . "
Michaelis constant for © Q, CO,/O, specificity factor; SDS, sodium  transformation in the green alg@hlamydomonas reinharditii
dodecyl sulfate; kb, kilobase. (for a review, see ret?2).
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GREEN ALGAE » -
Chlamydomonas 39 KEADKAYVSNESAIRFGSVSCLYYDNRYWTHW -80
Euglena 39- AAPENSF TANDNTVRFSGTAAGYYDNRYWTHW -80
Acetabularia 39- TRCLEFAASDQAYAGNENCIRMGPVASTYQDNRYWTHMW -80

LAND PLANTS ) )
Spinacea 39- VP REHHNSPGYYDGRYWTHW -70
Pisum 39- REHNKSPGYYDGRYWTHW -70
Nicofiana 39- RENNKSPGYYDGRYWTHW -70
Zea 39- RENSTSPCYYDGRYWTHW -69
Glycine 39- REHNRSLGYYDGRYWTHW -70
Helianthus 39- RENARSPGYYDGRYWTHW -70
Mesembryanthemum  39- REHGNTPGYYDGRYWTMW -70
Gossypium 39- RKYSSLPTYYDGRYWIHW -70
Cucumis 39- MPCVEFDIGSGFVY RENHRSPGFYDGR -70
Amaranthus 38- EFELEHPFVY RENHRSPGYQDGRYWTHW -70
Brassica 39- FELEHGFVY REHGSTPGYYDGRYWTHW -70
Arabidopsis E REHGNTPGYYDGRYWTMW -70
Triticum REHNSSPGYYDGRYWIMW -69
Lemna RENHASPGYYDGRYWTHW -69
Pteris REHFHGSGYYDGRYWIMW -69
Marchantia REGSTMPGYYDGRYWTMW -69
NONGREEN ALGAE
Galdieria partita AYWEIW -51
Cyanidium SYWEMW -51
Porphyridiurm v i SFWELW -51
Cylindrotheca 32- AMNVEWTDDPHPRN NYWELW -51

PROKARYOTES )

Synechococcus 39- HPLIEFNEHSNPEE
Anabaena 38- EFNEVSEPTE
Alcaligenes 32- DDPHPRN
FiGURE 1: Stereoimages of the Rubisco small-subgit-3B loop. Bnodabacter profl - relhin

(A) The loop in spinach Rubisco (8RUC) contains 22 resid8gs (

five of which (in red) are conserved among land plants and green FIGURE 2: Sequences of small-subun®A—/B loop regions.
algae but are missing or different from the small subunits of Sequences were chosen from the National Center for Biotechnology

prokaryotes and nongreen algae. (B) The loofBymechococcus Information Entrez Protein Database to illustrate the diversity of
Rubisco (1RBL) contains only 10 residue€), one of which (in residue identities, and were aligned relative to existing X-ray crystal

red) may be the structural homologue of spinach Arg-65. structures§—11). Residues conserved among land plants and green
algae but missing or different from the small subunits of prokaryotes

and nongreen algae are underlingeStrands A and B are shaded

Rubisco holoenzymes from various species differ with in gray

respect tdkea (1—10 s1) andQ (10—-240) @, 13—15), but

the Ia;ge-si%%rgt dcadtalyt:;: residues arel constervetd tamongsmall-subunit substitutions were created and examined that
more than educed sequence$§).(In contrast, the did not block holoenzyme assembB/4j, their influence on

h_undreds of known small-subunit Sequences aré Morey,q fynction of Rubisco could not be determined due to the
divergent than those of the Iargg subunit, and Some RUbISCOIow yield of holoenzyme from isolated chloroplasts. More
enzymes of prokaryotes and dinoflagelates, which Have recently, genetic screening and selectio@€hlamydomonas

values of <40 (13 17), lack small _su_bunits_ entirely. identified N54S and A57V substitutions in the small-subunit
Nonetheless, the role of the small subunit in Rubisco structureﬁA_ﬁB loop (Figure 2) that can complement an L290F

and function remains mysterious (for a review, see2lef | ot substitution in the Rubisco large subui@B, (24).

Ilt ?az been dltf;mult to SIUdﬁ tZebsma;ll S.Lllblkﬂ'ts of land these small-subunit substitutions incre&seand V. of the
plants because they are encoded by a familRb¢Sgenes mutant enzyme back to near normal levels, indicating that

_that cannot be replaced or eliminate] {8). Furthermore, the A—[B loop may also contribute to holoenzyme catalytic
it has not been possible to assemble the large and Sma”eﬁiciency
subunits of eukaryotic Rubisco iB. coli (19), precluding Recent insertional mutagenesis experimentSiamy-

the use of in vitro-directed mutagenesis. However, the most .
. . domonagproduced a mutant strain that lacks the 13 kb locus
notable difference among small subunits concerns the larger,

loop betweerfp-strands A and B that is characteristic of land- H:I?(te eﬂg?gsesnt?ggsgi?ggﬁ r?]fuitjzgtcs %]ﬁ?;; fggnr%ne%
plant small subunits (Figure 18{10). The small subunits b y Y

of land plants and green algae contain 21 or more residuesgeneral (2, 26), this RbcS\ strain can be maintained when

betweens-strands A and B, but those of prokaryotes and supplied with acetate as an_alternatlve carb_on source. It can
. . . .~ _be restored to photosynthetic competence via transformation
nongreen algae contain 10 residues (Figure 2). To examine

the significance of this land-plant loop, Wasmann et20) ( with either of the twoRbcSgenes RbcSlor RbeS2 (25).

oo I : Therefore, it is now possible to examine the role of the
used in vitro transcription and translation to generate alteredeukar otic small subunit in the structure and function of
small subunits, and studied their ability to assemble with Rubisi/:o To further assess the sianificance of the small-
large subunits after transport into isolated pea chloroplasts. ' 9

. . subunit3A—/B loop, directed mutagenesis and transforma-
Whereas cyanobacterial small subunits could not assernbletion were used to replace five conserved residues with Ala

with pea large subunits, they could be made assembly-, . :
. e - . (Figures 1 and 2). None of these residues was found to be
competent by replacing the 10-residdé —fB loop with essential for holoenzyme assembly, but one substitution

the longer loop (22 residues) characteristic of land plants . :
(20). Subsequent directed mutagenesis studies revealed thal" fluences bottt2 and carboxylation/max

an R53E substitution in the pea small subunit (Figure 2) \ATERIALS AND METHODS

could block holoenzyme assembB/A( 22), further indicating

that theSA—fB loop might be essential for the assembly of ~ Strains and Culture Condition<. reinhardtii 2137 mt"

the eukaryotic holoenzyme. Although a number of additional was the wild-type strain2g). The Rbc\-T60-3 mt™ strain
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was used as the host for transformation. It lacks photosyn-the land-planfSA—/B loop, alignment of 197 small-subunit
thesis and requires acetate for growth due to deletion of thesequences revealed that there are five residues ifiAhe

13 kb locus that containrRbcSlandRbcS225). All strains B loops of land-plant an@€hlamydomonasmall subunits
are maintained at 2%C in darkness on medium containing that are absent or different from the residues iniAe-5B

10 mM acetate and 1.5% Bacto aga6); For biochemical loops of prokaryotes and nongreen algae (Figure 2). In an
analysis, cells were grown in 25600 mL of liquid acetate  attempt to test the functional significance of these residues
medium at 25C on a rotary shaker at 120 rpm in darkness. (Arg-59, Tyr-67, Tyr-68, Asp-69, and Arg-71) without

Directed Mutagenesis and Transformatiétiasmid pss1 ~ drastically altering holoenzyme structure, single mutations
(25), which is comprised of pUC12{) and a 5 kbEcoRI were created in th€hlamydomonas Rbc$Ene that would
fragment containing the enti@hlamydomonas Rbc$ene cause each of the residues to be substituted with Ala. When
(28), was used for directed mutagenesis and transformation.these RbcS1 mutant genes were transformed into the
Mutagenesis was performed with synthetic oligonucleotides Chlamydomonas RbaS deletion mutant, each restored
and a kit from Pharmacia2@). Plasmids were propagated Photosynthetic ability. Thus, none of the residues plays an
in E. coli XL1-Blue cells (Stratagene). The amino acid essential role in Rubisco function or assembly. When growth

substitutions arising from changes in codons were as fol- Was compared on solid minimal medium (without acetate)

lows: R59A (CGC— GCC), R59E (CGC—~ GAG), Y67A
(TAC — GCC), Y68A (TAC — GCC), D69A (GAC—
GCCQC), and R71A (CGC~ GCC). For transformation of the
Chlamydomonas RbaSstrain, cells were grown in 50 mL
of liquid acetate medium in darkness to a density ok 2
10° cells/mL. The cells were concentrated tox410” cells

in 0.4 mL of minimal growth medium (without acetate)
containing 5% polyethylene glycol, and transformed with
plasmid DNA (3ug) by the glass-bead vortexing method
(30). Transformed cells were recovered by selecting for
photosynthetic competence {10’ cells per 100 mm Petri
plate) on minimal medium in the light (8@einsteins m?

s 1) at 25°C (25). By employing standard procedurezi(
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 AnalysisApproximately 1x 10° cells were
harvested by centrifugation and sonicated in 50 M-
bis(2-hydroxyethyl)glycine (pH 8.0), 10 mM NaHGQOLO0
mM MgCl,, and 1 mM dithiothreitol at @C for 1.5 min
(31). Protein was quantified3@) and subjected to SDS
polyacrylamide gel electrophores&3j and Western blotting
with rabbit anti-tobacco Rubisco immunoglobulin G4,

or fractionated on sucrose gradients as the means of purifying

Rubisco holoenzyme3(). RuBP carboxylase and oxygenase
activities and kinetic constants were measured via the
incorporation of acid-stabl¥C from NaHCGO; (23). Q of
purified and activated Rubisco (2@/reaction) was deter-
mined by assaying carboxylase and oxygenase activities
simultaneously with 13@M [1-3H]RuBP (9.7 Ci/mol) and

2 mM NaH“CGQ; (5 Ci/mol) in 30 min reactions at 25C

(35, 36). The [1*H]RuUBP and phosphoglycolate phosphatase
used in these assays were synthesized and/or purifie
according to standard method35( 37). Rubisco thermal
stability was assayed by incubating purified and activated
enzymes (5u«g) in 0.5 mL of 50 mMN,N-bis(2-hydroxy-
ethyl)glycine (pH 8.0), 10 mM NaHC£2 Ci/mol), and 10
mM MgCl, at various temperatures for 10 mi24( 38). The
samples were then cooled on ice for 5 min, and carboxylase
activity was initiated at 25C by adding 2QuL of 10 mM
RuBP. After 1 min, the reactions were terminated with 0.5
mL of 3 M formic acid in methanol.

RESULTS

Recaery and Phenotypes of Mutant#\lthough the
Chlamydomona@gA—/£B loop is six residues longer than

at 25°C (26), all of the mutant strains were indistinguishable
from a strain transformed with the wild-typgebcS1gene
(25). However, in contrast to the other strains, mutant R71A
was unable to grow on minimal medium at 35.

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 rafg ith
large subunits in isolated pea chloroplasts. Because Arg-53
of pea was assumed to be homologous with Arg-59 of
Chlamydomonasen the basis of sequence alignment (Figure
2), finding that theChlamydomonafk59A mutant strain
could grow photosynthetically was somewhat unexpected.
To further test whether Arg-53Chlamydomongsand Arg-

53 (pea) are homologous residues with regargAc-5B

loop structure, arRbcS1mutation was created that would
produce an R59E substitution. Once again, photosynthesis-
competent transformants were recovered whenRheS1
R59E gene was transformed into tRec3\ deletion strain.
However, the R59E mutant cells grew substantially slower
than wild-typeRbcSliransformants on minimal medium at
25 °C, and failed to grow on minimal medium at 3&.
Thus, Arg-59 Chlamydomongsand 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 3& restrictive temper-
ature, Western analysis was performed on protein extracts
of cells grown at both 25 and 3% with acetate medium in
darkness. Whereas both of the mutants grow as well as the
wild type under these conditions, R59E has substantially less

dRubisco at 25C, and both mutants lack holoenzyme at 35

°C (Figure 3).

Thermal Stability of Mutant Rubisco Enzym8gcause
nuclear transformation d€hlamydomonasccurs by non-
homologous recombinatior8@), 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°Z5
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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123456 Table 1: Oxygen Inhibition of RuBP Carboxylase Specific Activity
for Purified Wild-Type and Mutant Rubisco Enzymes
LS e i activity [uM CO, h™! (mg of protein)']2
100% N 100% N 100% G

with 12.4 mM with 0.98 mM with 0.98 mM ratio
enzyme NaHCQ NaHCG; (A) NaHCG:; (B) (A/B)

wild type 113+ 8 26.94+ 1.5 9.7+ 0.4 2.8

5SS w—— - R59A 127+ 8 29.4+ 0.5 9.8+ 0.5 3.0

Y67A 89+5 224+ 1.7 7.3+ 0.4 3.1

Y68A 46+ 1 10.9+ 0.7 3.9+0.2 2.8

Ficure 3: Western blot analysis of total soluble proteins from the D69A 48+ 11 13.6+ 0.3 4.5+ 0.3 3.0

wild type (lanes 1 and 4), mutaibcS1R71A (lanes 2 and 5), R71A 18+ 1 3.5+0.5 14+0.2 25
and mutanRbcSIR59E (lanes 3 and 6). Extracts (a0/lane) of aValues are means standard deviation of triplicate assays of a

cells grown at 25 (lanes-13) or 35°C (lanes 4-6) with acetate single enzyme preparation.
medium in darkness were fractionated by SipBlyacrylamide (7.5

to 15%) gradient gel electrophoresis. Proteins were blotted to
nitrocellulose, probed with anti-Rubisco immunoglobulin G (0.5 Table 2: Kinetic Properties of Rubisco Purified from the Wild Type
ug/mL), and detected by enhanced chemiluminesceBde The and Mutants

Rubisco large subunit (LS) and small subunit (SS) are denoted.

kinetic constant wild type Y68A D69A R71A
Q = VK/VoK2 61+1 60+ 1 60+ 1 56+ 1
Ve (umol htmg1)2 152+ 8 44+ 8 66+ 17 2446
Ke (uM COy)2 34+2 24+ 1 22+ 1 44+ 5
Ko (uM O2)2 537+ 44 501+ 19 459+38 900+ 117
VJ/KP 45 1.8 3.0 0.5
Ko/KcP 16 21 21 20
VoV 3.8 2.9 2.9 2.8

aValues are means standard deviation of three separate enzyme
preparations? Calculated values.

100c

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 58C, but the R71A

Relative activity (%)
H [o2] [o]
o o (=)

[
o

o

35 40 45 50 55 60 65
Incubation temperature (°C)

Ficure 4: Thermal inactivation of Rubisco purified from wild- ; : ;
type strains andRbcS1mutants. Rubisco was incubated at each enzymg was completely inactivated (Figure .48)'
temperature for 10 min. The samples were then cooled on ice, and  Kinetics of the Mutant Enzyme$o determine whether
RUBP carboxylase activity was assayed at@5 Activities were the conserved residues in tha—/3B loop might play a role
normalized against activity measured after the°85incubation. in catalytic efficiency or C@O, specificity, each of the
(A) Wild type (©), transformant containing only the wild-type  pyrified mutant enzymes was initially examined for car-

RbcSlgene ©), transformant containing only the wild-tyfiRbcS2 : e - i : -
gene ), and mutant R59A®). (B) Wild type (O), mutant R71A boxylation specific activity and @nhibition of this activity

(M), mutant Y68A (), mutant Y67A @), mutant DE9A f). (Table 1) £3). When assayed with saturating €Q2.4 mM
NaHCGQ;) in the absence of £1100% N), the Y68A, DE69A,
of the properties of this mutant enzyme. and R71A mutant enzymes had less than half the wild-type
To further explore the role of thggA—SB loop in level of carboxylase activity. When assayed with limiting
holoenzyme stability, one can examine the thermal stability CO, (0.98 mM NaHCQ) in the absence (100% JNand
of each of the purified mutant enzymes in vitr®4( 38). presence (100% £ of oxygen, only the R71A mutant

Because the mutant enzymes contain dRlycSiencoded enzyme had a decrease in the ratio of these two measure-
small subunits, it was first important to determine whether ments of carboxylase activity. It would seem from this lower
there was any difference in thermal stability between the ratio that the R71A enzyme has greater specificity for,CO
wild-type holoenzyme and holoenzymes containing only the (i.e., less Q inhibition of carboxylase activity), but it is
RbcS1 or RbcS2encoded small subunit2®g). As shown in important to point out that the ratidR[ of carboxylase
Figure 4A, no difference in thermal stability was found activities under 100% Nand 100% Qis, in fact, determined
between these enzyme forms. Considering that the R59Eby only the K, values for CQ and Q according to the
substitution appears to have a dramatic effect on holoenzymerelationshipR = 1 + KJO]/Ko(Kc + [CO2]) (23). Nonethe-
stability in Chlamydomonagrigure 3) and land plant2{, less, because the Y68A, D69A, and R71A mutant enzymes
22), we anticipated that the R59A enzyme might also have appeared to have significant alteration in enzyme function,
an associated thermal instability. However, this mutant they were deemed appropriate for further, more detailed
holoenzyme was only moderately less stable than wild-type kinetic analysis.

Rubisco in vitro (Figure 4A). Furthermore, the Y67A and As shown in Table 2, the Y68A and D69A enzymes have
Y68A holoenzymes were not significantly different from the quite similar kinetic constants. Relative to the wild-type
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enzyme, both have lowdf. and higherK,/K. values, but small-subunitA—/S3B loop play a significant role in ho-
these beneficial alterations do not improve carboxylation loenzyme stability. Perhaps substitutions at multiple loop
catalytic efficiency YJ/Kc) or Q because both enzymes have residues would block assembly of the eukaryotic holoen-
>55% decreases M.. In contrast to the Y68A and D69A  zyme.

enzymes, the R71A mutant enzyme has an 8% decrease in The Y67A, Y68A, D69A, and R71A substitutions in the
Q relative to the wild-type enzyme (Table 2). This decrease Chlamydomonasmall-subunif3A—/B loop cause decreases

in Q results from>80% decreases M. and VK. despite in carboxylation catalytic efficiency (Tables 1 and 2). Similar
an increase irK/K. comparable to that seen in the Y68A effects on catalysis have been found in a variety of
and D69A mutant enzymes. The increaseKyiK. of the cyanobacterial small-subunit, directed-mutant enzymes (for

R71A mutant enzyme results from a nearly 2-fold increase a review, see re2). However, whereas cyanobacterial large
in Ko, which is primarily responsible for the decrease in the subunits expressed in the absence of small subunits retain a
level of G, inhibition of carboxylase observed with limiting  normal Q value @9), replacement of Arg-71 with Ala in
CO, (Table 1) 3. the Chlamydomonasmall subunit causes a decreasen
(Table 2). Previous studies have also shown that N54S and
DISCUSSION A57V substitutions in theChlamydomonasmall subunit
Because the Rubisco small subunitsGiflamydomonas  (Figure 2) can increas of a large-subunit L290F mutant
and spinach are only 44% identical in primary structure, it enzyme back to the normal valug3( 24), but these small-
was somewhat unexpected to find that Ala substitutions at subunit substitutions have little, if any, influence on catalysis
five of the most conserved residues in land-plant and green-of the wild-type enzyme24). Thus, the R71A small-subunit
algal small subunits (Figure 2) did not eliminate Rubisco substitution, which affect§2 directly, may provide unique
function or substantially impair photosynthesis in vivo. The information about the role of the small-subufi#—/B loop
small decreases in the levels of carboxylation (Tables 1 andin Rubisco function.
2) and holoenzyme stability (Figures 3 and 4) brought about  In the spinach Rubisco X-ray crystal structu@, Gmall-
by the Ala replacements must be of sufficient functional subunit residues Arg-53, Tyr-61, Tyr-62, Asp-63, and Arg-
significance to account for the retention of the conserved 65 (Figure 2, residues 591 in Chlamydomongshave
residues during evolution. Because these residues are identiextensive contact with each other (Figure 1A) as well as with
cal inChlamydomonaand spinach Rubisco (Figure 2), they the Rubisco large subunit. Arg-53 and Tyr-62 (Arg-59 and
cannot account for differences in catalysis between the Tyr-68 in Chlamydomongsare in contact with one large
Chlamydomonasand spinach enzymes. However, small subunit, whereas Tyr-61 and Asp-63 (Tyr-67 and Asp-69 in
subunits of prokaryotes and nongreen algae lack theseChlamydomongsgnteract primarily with a second, neighbor-
particular residues, primarily due to the absence of 11 or ing large subunit. Arg-65 (Arg-71 irChlamydomongs
more residues that are characteristic of the small-subunitinteracts extensively with two large subunits (Figure 5A). It
BA—SB loops of plants and green algae (Figures 1 and 2). forms ionic and hydrogen bonds with Glu-223 in one large
Thus, differences in catalysis observed between prokaryoticsubunit and a hydrogen bond with Lys-161 in a neighboring
or nongreen-algal and land-plant or green-algal Rubisco large subunit (Figure 5A)8). An atomic structure is not yet
enzymes could, in part, be due to the substantial differencesavailable for ChlamydomonadRkubisco 40), but one can
in their BA—pB loops. Other changes in holoenzyme assume that the structural interactions between the conserved
structure may also have occurred during phylogenetic small-subunit residues and the large subunits are quite
divergence that complement (compensate for) these structurakimilar. The six additional residues in the N-terminal half
differences. of the ChlamydomonagA—pB loop (Figure 2) are likely
Previous studies had indicated that the lorgfe+/B loop to reside in the central solvent channel, which is encircled
of land plants might be essential for the assembly of the land- by the SA—/B loops of four small subunits at the top and
plant holoenzyme20). However, when a number of amino  bottom of the spinach holoenzym@)(In spinach Rubisco,
acid substitutions were examined in the pg&%s— (B loop residues in this half of th8A—pB loop shield residues in
(R53E, E54R, H55A, P59A, D63G, D63L, and Y66A)1j, the C-terminal half from solvent (Figure 1A). Furthermore,
only one (R53E) was found to block holoenzyme assembly with regard to the large-subunit residues that are within 5 A
in isolated chloroplast2(, 22). In the study presented here, of the five conserved small-subunit residues, all but one (lle-
none of the substitutions at the conserved residues (Figure235 in spinach and Val-235 i@hlamydomongsare identical
2) was found to block holoenzyme assembly, including R59A in the spinach @ = 80) andChlamydomonag®2 = 60)
and R59E substitutions at th€hlamydomonagesidue enzymes. In contrast, small subunits of the cyanobacterium
homologous to pea Arg-53. Although it is difficult to Synechococcu& = 40) lack four of the five residues and
conclude that the long@&A —/B loop of theChlamydomonas  contain Phe-53 in place of the spinach Arg-65 (Figure 1)
small subunit is essential for holoenzyme assembly, most(10). Chlamydomonasnd spinach large subunits contain
of the substitutions (R59A, R59E, Y67A, Y68A, and R71A) Glu-223 and Lys-161 (Figure 5A), b&ynechococcuarge
cause decreases in holoenzyme thermal stability in vitro subunits contain Asp-220 and Leu-158 (Figure 5B). In the
(Figure 4), and the R59E and R71A enzymes have anholoenzyme of the eukaryotic thermoph@aldieria partita
associated thermal instability in vivo (Figure 3). Given that (Q = 240) (11, 15), small subunits contain a 30-residue
N54S and A57V substitutions in ti@éhlamydomonagA — extension of the C-terminus that packs in the central solvent
BB loop have also been found that improve the thermal channel. These residues may take the place of some of the
stability of a large-subunit L290F mutant Rubisco in vivo missingSA—pSB loop residues, but none is in contact with
and wild-type Rubisco in vitro 24), it is apparent that  Ala-46, which is structurally homologous with spinach Arg-
interactions at the interface between large subunits and the65 (Figure 5A) andSynechococcu®he-53 (Figure 5B).
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FIGURE 5: Stereoimages of residues witts A of thestructurally
homologous (in red) Rubisco small-subunit residues Arg-65 in
spinach (A), Phe-53 iBynechococcuy®), and Ala-46 inGaldieria
(C). Other small-subunit residues are in yellow (spinach Val-51,
Gly-60, Tyr-61, Tyr-62, Asp-63, Gly-64, Tyr-66, Trp-67, and Arg-
100, Synechococcusslu-51, Glu-52, Tyr-54, and Trp-55, and
Galdieria Glu-36, Arg-44, Asn-45, Tyr-47, and Trp-48). Residues

from one large subunit are in blue (spinach Lys-183, Phe-220, and

Glu-223,Synechococcusys-180, Leu-216, Phe-217, and Asp-220,
and Galdieria Lys-192, Phe-229, and Glu-232). Residues from a
neighboring large subunit are in green (spinach Asp-160, Lys-161,
Leu-162, Asn-163, and lle-235 ar®ynechococcuasp-157, Leu-
158, and Asn-160). Images are derived from the X-ray crystal
structures of Rubisco from spinach (8RUC$ynechococcus
(1RBL), andGaldieria (1BWV) (8, 10, 11).

Residue identities and interactions relative to @adieria
small-subunit Ala-46 are substantially different from those
in the spinach an@&ynechococcusoloenzymes (Figure 5).

Thus, there may be an interdependence between the longer14.

BA—[B loop, Arg-65 (Arg-71 inChlamydomongs and

specific residues in the large subunits of land-plant and green-

algal Rubisco that may account for differences in carboxy-
lation catalytic efficiency an@® between long and shqiA—
BB-loop Rubisco enzymes. It is difficult to deduce how
changes at the small-subunlarge-subunit interface can
influence carboxylation catalytic efficiency af2lat active-
site residues that are 20 A distar8—(11). Because the
Chlamydomonadk71A 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).

Spreitzer et al.

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 oRbcSandrbcL 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-suburfA—£B
loop during phylogenetic divergence may provide clues for
engineering a better Rubisco enzyme.
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