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ABSTRACT:. Comparison of subunit sequences and X-ray crystal structures of ribulose-1,5-bisphosphate
carboxylase/oxygenase indicates that the loop betwestnands 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®®fand 28 residues, respectively.
Previous studies indicated that the longér— /B 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 greenGidmmydomonas reinhardtivith the
sequences ofSynechococcu®r spinach. When these engineered genes were transformed into a
Chlamydomonamutant that lacks small-subunit genes, photosynthesis-competent colonies were recovered,
indicating that loop size is not essential for holoenzyme assembly. Where@grteehococcusop causes
decreases in carboxylatidfina, Km(O2), and CQ/O; specificity, the spinach loop causes complementary
decreases in carboxylatiothna, Km(O2), and Kn(CO,) without a change in specificity. X-ray crystal
structures of the engineered proteins reveal remarkable similarity between the intrgducS8 loops

and the respective loops in tf&y/nechococcuand spinach enzymes. The side chains of several large-
subunit residues are altered in regions previously shown by directed mutagenesis to influeffde CO
specificity. Differences in the catalytic properties of divergent Rubisco enzymes may arise from differences
in the small-subunifA—/B loop. This loop may be a worthwhile target for genetic engineering aimed

at improving photosynthetic CClixation.

Because ribulose-1,5-bisphosphate carboxylase/oxygenasef RuBP, which is a nonessential process, generates one
(Rubisco! EC 4.1.1.39) catalyzes the rate-limiting step of molecule of 3-phosphoglycerate and one molecule of phos-
photosynthetic C@fixation, there has been much interest phoglycolate. Phosphoglycolate enters the photorespiratory
in engineering its rate of carboxylation or @O, specificity pathway that leads to the loss of €Qhus, an engineered
as a means for increasing agricultural productivity (reviewed increase in the catalytic efficiency{a./Km) of carboxylation
in refs 1-5). Whereas carboxylation of RUBP generates two or a decrease in that of oxygenation would result in an
molecules of 3-phosphoglycerate, competitive oxygenation increase in net Cgfixation. The CQ/O, specificity factor
kinetic constant, termef®, is defined as the ratio of these
DET 'I';g% ;v%rcl; IE\/;I?als;SS()uz&portl(\eld tl))y thke UAS. I_De;laartrr;egt of Ene}qu D(_A}Nard catalytic efficienciesyKo/VoKc, WwhereV is theVmax Of either

- - s epraska ricultura esearc Ivision 1 i i i i
(Journal Series Paper')14948), Swedisg_ Research Council for Environ-?;rléoézylgslg: ?é)m_;.);]%egga\t:lﬂ:‘Srh(cj)lfsg:]i:\sﬂé%hztslzls r;%r;s;[ra(;;
ment, Agricultural Sciences, and Spatial Planning (FORMAS), and : Yy
European Union (QLK3-CT-2002-01945). diverse species are substantially different10), but it is

* Coordinatt_es and structure factors have been deposited in the Proteirgifficult to tell whether any of these enzymes is “bettet” (
Data Bank with accession codes 1UZH for the ABAN mutant and 11) because there is an inverse correlation betwéeand

1UZD for the ABSO mutant enzymes. i :
* To whom correspondence should be addressed. Tel: 402-472-5446.Q (7), and intracellular C@and Q concentrations vary

Fax: 402-472-7842. E-mail: rspreitzerl@unl.edu. considerably among speciek2( 13).
§ These authors contributed equally to this research. . .
I Swedish University of Agricu|tural Sciences. X-ray Crystal structures of Rubisco enzymes are all qute
Y University of Nebraska. similar when @ traces are compared (reviewed in @&f

#Current address: Stanley S. Scott Cancer Center, Louisiana Stat ~ ; ; ; ;
University Health Sciences Genter. New Orleans, LA 70112. ®Two ~55 kDa large subunits assemble into functional dimers

s Current address: Department of Plant and Microbial Biology, With two active sites (Figure 1A). Loops of the carboxyl-

University of California, Berkeley, CA 94720-3102. terminal a/B-barrel domain of one subunit and the amino-
1AbbreV'aFg'°E§g Rb“tl"scoi rs'bg.'osﬁ'llf’r;b{aphgé%ate Caf]f.’o.i‘y'ase’ terminal domain of the other contribute conserved residues

oxygenase; Ru -ripulose 1,o-dDispnosphate?, SpPeECITICI . . . .

faégr; CABP, 2-carboxy>—arabinitolpl,S-Eisphosphate;z SFI)DS, Sooﬁum that interact with the carboxylation transition state analogue

dodecyl sulfate. CABP. Four~15 kDa small subunits cap the top and bottom

10.1021/bi050537v CCC: $30.25 © 2005 American Chemical Society
Published on Web 06/25/2005



9852 Biochemistry, Vol. 44, No. 29, 2005 Karkehabadi et al.

has not been possible to create a suitable host for transforma-
tion of engineered small subunits in viva4—26).

More recently, N54S and A57V small-subunit substitutions
in the SA—pB loop were selected in the green alga
Chlamydomonass suppressor mutations that restore the
decreases iW,, Q, and thermal stability that result from an
L290F substitution in the large subuni? 28). To further
investigate the functional significance of the loolalamy-
domonasmutant that lacks thebcS gene family 29) and
requires acetate for growth was used as a host for transfor-
mation B0). Five SA—fB-loop residues that are conserved
among green algae and land plants but missing or different
in the shortefBA—/SB 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 80). When an R59E enzyme
was created, to mimic the R53E enzyme of land pla2is (
22), Rubisco also assembled @hlamydomonasalbeit at a

: : lower level and with an associated decrease in thermal
Ficure 1: Comparison of Rubisco X-ray crystal structures: (A
green algaC. repinhardtii (1GK8) side viyewrxcilted 30 forward( ) stability (30). More importantly, the Y68A and D69A
around theX axis (14), (B) Chlamydomonasop view, (C) land enzymes had lowd{. values, which were offset by decreases
plant spinach §. oleracep (8RUC) top view (5), and (D) in V,, and the R71A enzyme had an 8% decreas® idue
cyanobacteriunsynechococcy@. nidulang (LRBL) top view (L6). to a decrease i, and increase i, (30). Thus, none of

Large subunits that form functional dimers are colored light and h - limi hol v in Vi
dark green. Small subunits are colored yellow and orange. Loops "€S€ substitutions eliminated holoenzyme assembly in vivo,

between large-subunfstrand 6 and:-helix 6 are colored gray to ~ but two affected catalytic efficiency (Y68A and D69A) and
denote the active sites. Loops between small-sulissitands A one caused a decreasefh(R71A).
and B are colored red. When the X-ray crystal structure ofhlamydomonas
Rubisco was solved1d), it became clear that sequence
alignment of the8A—/B loop was not the same as structural
alignment. For example, whereas Arg59Qiiflamydomonas
was thought to be homologous with Arg53 of land plants
(30), the X-ray crystal structure revealed that the backbone
atoms of Asn54 inChlamydomonaslign with those of
?Argss in spinach. However, the guanidino group of Arg59
Sfrom a neighboring small subunit @hlamydomonass in
)Perfect structural alignment with the guanidino group of
Arg53 in the same small subunit of spinac¥), Further-
more, the ChlamydomonadN54S and A57V suppressor
substitutions 2Z8) reside in a region of thg A—SB loop
unique to plant and green algal enzymes. Therefore, to better
understand the role of structural divergence in ftide-5B
loop, theChlamydomonakop was replaced with the shorter
loops of spinach an@ynechococcum the present study.
Both mutant strains can grow photoautotrophically, indicating
. . : that species-specific differences in the loops are not essential
the _dlfferences Ve and Q observed among different for holoenzyme assembly. However, both mutant enzymes
Rubisco enzymes. i have altered catalytic properties, and the introduction of the
When the 10-residygA —/B loop of the cyanobacterium gy nechococcusop causes an 11% decreas&inDespite
Synechococcusas replaced with the 22-residue 100p of pea hege changes in catalysis, X-ray crystal structures reveal
(Pisum sawum), the Synechococcusmall subunit was now  remarkable conservation of cyanobacterial and land plant

able to assemble with pea large subunits in isolated chloro- A—/B-loop structures in the algal large-subunit environ-
plasts R0). Subsequent directed mutagenesis and chloroplast’ﬁlem.

import showed that an R53E substitution in the e

/B loop was particularly detrimental to holoenzyme assembly pMATERIALS AND METHODS

(21, 22). These studies indicated that the longar—/B loop

may play a role in assembly, but it was difficult to assess  Strains and Culture Conditions. Chlamydomonas rein-
whether the extra residues in the land plant loop might affect hardtii 2137mt" is the wild-type strain31). MutantrbcSA-
catalysis. Land plant Rubisco cannot assemblesicherichia T-60 was used as the host for nuclear transformation. It lacks
coli (23), and because land plants have a familyrio€S photosynthesis and requires acetate for growth due to deletion
small-subunit genes in the nucleus (reviewed in5gfit of the 13-kb locus that contains the small-subub@S1and

of four pairs of the large subunits to form the hexadecameric
holoenzyme. The most notable difference among various
Rubisco enzymes occurs in the loop betwgestrands A
and B of the small subunit (Figure 1)4—17). The fA—

BB loops of four small subunits reside at each end of the
solvent channel that traverses the holoenzyme. Cyanobacteri
have only 10 residues in the loop, but land plants have a
many as 22 and green algae have 28 (reviewed irbyef
Nongreen algae and some prokaryotes, which also have onl
10 residues in theiBA—/B loops, have carboxyl-terminal
extensions that fornf-hairpin structures in the spaces that
are normally occupied by the longgA—/B loops of green
algal and land plant enzymekg 19). Considering that some
prokaryotic Rubisco enzymes lack small subunits (reviewed
in refs2 and5), and these dimeric large-subunit holoenzymes
have the lowesQ values (), one wonders whether the
variation in the small-subunftA—{£B loop plays a role in
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rbcS2genes 29). All Chlamydomonastrains are maintained
at 25°C in darkness with 10 mM acetate medium containing
1.5% Bacto agar31). For routine biochemical analysis, cells
were grown on a rotary shaker at 220 rpm with 2500
mL of liquid acetate medium in darkness.

Construction of Chimeric Geneé 17 base pairSma/
Hincll DNA fragment was deleted from plasmid pUCT3)
to generate pUCI®, which lacksSmd, BanHl, Xbd, and
Hincll restriction enzyme sites. The 5 kilobase paaoR|
fragment of pSS1 29), which contains the wild-type
Chlamydomonas rbcSdene at theEcdRlI site of pUC19,
was subcloned intoEcoRI-digested pUC1A to create
plasmid pASS1. Sequences encoding small-subBAit-B-
loop regions were amplified fron€hlamydomonas rbcS1
with forward primers for spinach (8S5GCTGGATCCCCT-
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 Synechococcu®'-
GGCTGGATCCCCTGCCTGGAGTTCGCT GAG CAC
AGC AAC CCC GAG GAA TTC TAC TGG-3) and a
reverse primer encompassing the unidbtel site of the
Chlamydomonas rbcSfene. UniqueMsp (CCCCGG) and
EcoRl (GAATTC) sites were also engineered in the spinach
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Biochemical AnalysisApproximately 1x 10° cells were
harvested by centrifugation, resuspended in 1.5 mL of 50
mM N,N-bis(2-hydroxyethyl)glycine (pH 8.0), 10 mM
NaHCG;, 10 mM MgCh, and 1 mM dithiothreitol, and
sonicated at OC for 3 min. Cell debris was removed by
centrifugation at 37009 for 15 min, and the amount of
proteins in the resulting cell extract was determined by the
method of Bradford35). The cell extract was then subjected
to sucrose gradient centrifugation to purify Rubisco holoen-
zyme @6) or fractionated by SDSpolyacrylamide gel
electrophoresis for western analysi37). Proteins were
transferred from the gel to the nitrocellulose membrane,
probed with rabbit antGhlamydomona&ubisco immuno-
globulin G, and detected by chemiluminescen@s).(
Antibodies were affinity purified 39) from serum kindly
provided by Dr. Arminio Boschetti (University of Bern, Bern,
Switzerland).

Thermal stability was assayed by incubatingu§ of
purified and activated enzyme in 0.5 mL of 50 mNJN-
bis(2-hydroxyethyl)glycine (pH 8.0), 10 mM NaHGQOL0
mM MgCl,, and 1 mM dithiothreitol at various temperatures
for 10 min @0). The samples were then cooled on ice for 5
min, and carboxylase activity was assayed at@®by adding

andSynechococcusequences, respectively, and codons were 50 uL of the incubated enzymes to 40 of assay buffer
introduced that are common to the nuclear gene products ofcontaining 50 mMN,N-bis(2-hydroxyethyl)glycine (pH 8.0),

Chlamydomona®Because both of the forward primers have
identical 3 sequences encompassing a unigBarmH]
(GGATCC) site in the region encodinGhlamydomonas
f-strand A, the amplified products were digested vigrHl|
andStd, and the resultingganH1/Stu fragments were used
to replace thBanHI/Stu fragment of ASS1. These final
constructs eliminate intron 3 ebcS1and encode proteins
in which thefA—pfB loops of spinach oBynechococcuare
inserted precisely betweefi-strands A and B of the
Chlamydomonasmall subunit. The chimeridbcS1genes
were confirmed byMsp and EcdRlI restriction enzyme
digestion. The plasmids encoding ti#\—£B loops of
spinach §pinacea oleracgaand Synechococcu@nacystis
nidulang were named pSS1-ABSO and pSS1-ABAN, re-
spectively.

Transformation and Mutant Regery. Dark-grownrbcA-
T60-3 cells were concentrated by centrifugation te 40°
cells/mL. Electroporation transformatio83) was performed
with a Bio-Rad Gene Pulser Xcell electroporation system
using a 4 mm gapuvette (Equibio, Kent, U.K.) containing
2.5ug of plasmid DNA and 1x 10® cells in 0.25 mL of 50

0.4 mM RuBP, 10 mM NaMCQ; (2 Ci/mol), and 10 mM
MgCl,. 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 df'C 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-stabC from NaH‘CQO; (27).

Q was determined with 2@g of Rubisco per reaction by
assaying carboxylase and oxygenase activities simultaneously
with 130 uM [1-3H]RuUBP (7.2 Ci/mol) and 2 mM Nat4+

CGO; (0.5 Ci/mal) in 30 min reactions at 25C (41, 42).
Phosphoglycolate phosphatase andH]RuBP were syn-
thesized/purified according to standard methaotls 43).

Crystallization and Structure Determinatiofor large-
scale production of Rubisco, cells were grown with33L
of acetate medium in darkness, harvested by centrifugation
at 250@ 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

mM sucrose in acetate medium. The cells, which lack the corresponding to Rubisco were collected and loaded onto a

cell wall (29), were electroporated at 750 V with 28~

Mono Q anion-exchange column. Rubisco was eluted from

capacitance. They were then transferred to 50 mL of acetatethe column with a 0.20.5 M NaCl gradient. Crystals of

medium in a 250 mL Delong flask and cultured in darkness

mutant Rubisco were grown using hanging-drop vapor

for 16 h. To select transformants, the cells were concentrateddiffusion at 20°C. The drops were prepared by mixing a

by centrifugation and plated on minimal medium in the light
(80 umol of photons m? s7%) at a density of 2x 1(Ff cells
per 100 mm Petri plate. Total DNA was extracted from the
photosynthesis-competent transformai®4),(and therbcS
gene was amplified by the polymerase chain reactig). (
The amplified DNA was completely sequenced at the DNA
sequencing facility of the University of Nebraska (Lincoln,

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), 56200 mM NacCl, 7~12% poly(ethylene
glycol) 4000, 10 mM NaHCg and 5 mM MgC}. 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

NE) to verify that only the expected changes were present.N,. Data were collected from single crystals at 100 K

The mutant strains containir§ynechococcu@. nidulan3
and spinach§. oleraceasmall-subunifA—/B-loop inser-
tions were named ABAN and ABSO, respectively.

on beam line ID29 at the European Synchrotron Radia-
tion Facility, Grenoble, France. The data were processed
using DENZO and SCALEPACK44) to a resolution of
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40 45 50 55 B0 B85 T0 75
Chlamydomonas TPCLEFAEADKAYVSNESA-IRFGSVSCLYYDNRYWTMW 1 2 3 4 5 6
. 40 45 50 55 &0 65 70
Spinach VPCLEFET-DHGFVYREHHN-=- - - -~ SPGYYDGRYWTMW
40 45 50 55 LS-_-- - -—
Synechococcus HPLIEFNE--HSNPE----------------- EFYWTMW
. 40 45 50 55 B0 65 70
ABSO Chimera IPCLEFAT-DHGFVYREHHN------ SPGYYDGRYWTMW
40 45 50 55
ABAN Chimera TPCLEFAE - -HSNPE- - -« - == - -oeno- EFYWTHW

Ficure 2: Sequences of Rubisco small-subufid—pB-loop

regions of Chlamydomonasspinach, Synechococcusand the

Chlamydomonashimeric mutants ABSO and ABAN containing

the SA—pSB loops of spinach an@ynechococcugespectively.

Hyphens are inserted to align the sequences according to the X-ray SS —
crystal structuresld—16). 5-Stands A and B are shaded in gray. 4l

2.2 A for the ABAN and 2.4 A for the ABSO mutant FiGURE3: Western blot analysis of total soluble proteins from wild
enzymes. type (lanes 1 and 4), chimeric mutant ABAN (lanes 2 and 5), and

chimeric mutant ABSO (lanes 3 and 6). Extracts (@0per lane)
The mutant crystal structures were solved by molecular of cells grown at 25 (lanes-43) or 35°C (lanes 4-6) with acetate

replacement using the program AMORES(46). The search  megium in darkness were fractionated by SE®lyacrylamide
model consisted of one set of large and small subunits of (7.5-15%) gradient gel electrophores&¥]. Proteins were blotted
wild-type ChlamydomonaRubisco (PDB code 1GK8)1#) to nitrocellulose, probed with anGhlamydomona®ubisco im-
in which the SA—/B loop of the small subunit had been munoglobulin G (0.5¢g/mL), and detected by enhanced chemilu-
removed. In each case, eight solutions corresponding to eigh{rélnescence:iS). The Rubisco large subunit (LS) and small subunit

different orientations of the search unit within one hexa-

decamer in the asymmetric unit were found. Refinement was rpcsA deletion mutant, photosynthesis-competent colonies
performed using REFMAC version 547). For cross-  rgse on minimal medium in the light at frequencies of 8.4
validation, 5% of the data was excluded from the refinement . 10-5 and 8.0x 107 cells, respectively. Because these
for Ryee calculations. Initial electron density maps calculated frequencies are similar to that obtained with the wild-type
after one round of rigid body refinement showed clear density 51 gene (9.3x 1075 cells), no significant deleterious
for the chimericBA—fB loops. After building the corre-  affects of the shorteBA—$B loops were apparent. Further-
sponding loops into density, the mutant structures were more, because thicS1genes in the pABSO and pABAN
further refined using a maximum likelihood target function plasmids lack intron 3, it is apparent that this intron is not
with noncrystallographic symmetry restraints for the eight ogsential forrbcS mRNA expression. However, when the
copies of large and small subunits in the asymmetric unit. growth phenotypes of a number of pABSO and pABAN
Solvent molecules were added using ARPWARB)(  {ransformants were assessed in “spot tes3d), (all of the
Throughout the refinementn#, — DF. andmF, — DF¢ PABAN transformants failed to grow on minimal medium
sigmaA-weighted mapsi@) were inspected and the models i, he |ight at 35°C. No other phenotypic difference relative
manually adjusted using GQ). The structures of the ABAN {1 yild-type rbcS1transformants was observed on minimal
and ABSO enzymes were refined to firflys/Riee Values  medium at 25C or acetate medium in darkness at 25 or 35
of 0.165/0.195 and 0.195/0.225, respectively. Coordinates.c Despite the fact that the ABAN mutant strain has a
and strupture facto_rs have been deposited at the Protein Dat?emperature-conditional phenotype, the size ofhe-3B
Bank with accession codes 1UZH and 1UZD. loop is clearly not essential for Rubisco assembly or function.
Calculation of Occluded Surface Areghe surface areas Thermal Stability of the Chimeric Rubisco Enzynlaen
buried between th8A—/B loops and neighboring subunits  gyiracts of 25°C grown cells were subjected to SBS
were Cak_:ulated using the occluded surface_area algorithmpolyacrylamide gel electrophoresis and western analysis
as described by Pattabiraman et &1)( Regions of the (Figyre 3), mutant ABAN had only somewhat less Rubisco
small-subunit loops were chosen, based on divergence of the; punits than mutant ABSO or abcS1wild-type transfor-
small-subunit @ traces, and compared beginning at residueé mgant, and the decreased molecular masses of the ABAN and
45 and ending at Tyr72 iGhlamydomonasTyr66 in spinach  ABSO small subunits agreed with the engineered decreases
and mutant ABSO, and Tyr54 fBynechococcusnd mutant in the sizes of thggA—pB loops (Figure 2). However, in
ABAN. The occluded surface areas were calculateq for GQChextracts of 35°C grown cells, mutant ABAN had only a
atom, and the total surface area occluded by neighboringrace of Rubisco subunits (Figure 3), which would account
subunits was summed over the entire sequence. for its inability to grow photosynthetically at 3%&. Because
RESULTS unassembled Rubisco small subunits are rapidly degraded
in Chlamydomonag52), their abundance in cell extracts
Recaery and Phenotypes of Mutant3o assess the reflects the amount of holoenzyme in vivo. To further assess
significance of the variation in size of the small-subyi#it— the stability of the chimeric mutant enzymes, Rubisco was
BB loop, the 28-residue loop sequenceGiflamydomonas purified from 25°C grown cells and analyzed for its ability
which is representative of green algae, was replaced withto retain RuBP carboxylase activity after incubation at
the shorter loop sequences of spinach &ydechococcys  various temperatures. As shown in Figure 4, ABAN Rubisco
which are representative of land plants (22 residues) andretained less activity than the wild-type enzyme, but ABSO
prokaryotes (10 residues) (Figure 2). When the engineeredRubisco retained more activity than the wild-type enzyme.
pABSO (spinach) and pABANSynechococcyischimeric For example, in three separate experiments, ABAN Rubisco
rbcS plasmids were transformed into ti@hlamydomonas  was completely inactivated after 10 min at @D, but wild-

S) are indicated.
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Table 2: Statistics for Data Collection and Refinement

&100
2 80 ABSO ABAN
2 60 resolution limié (A) 2.4 2.2
8 space group P2;2,2 P2:2:2
9 40 cell dimensions, b, c (&) 220.0,224.1,111.8 220.8,224.0,112.0
20 no. of reflections
E 0 measured 6104932 5695441
35 40 45 50 55 60 65 unique 215895 277345
Incubation temperature (°C) completeness (%) 95.4 (9691) 90.2 (81.6)
F ) L , - . o 7.6 (1.4) 8.7 (2.0)
IGURE4: Thermal inactivation of Rubisco purified from wild type Roera? 0.185 (0.780) 0.148 (0.444)
and chimeric small-subunit mutants. Rubisco was incubated at eachWiféggn B-factorBu? (A?) 318 2192 )
temperature for 10 min. The samples were then cooled on ice, andRC N 0.190 (0.25) 0.160 (0.21)
RuBP carboxylase activity was assayed at°@5(40). Activities Rf”/sc' 0.230 (0'28) 0.190 (0'25)
were normalized against activity measured after thé@#ncuba- estd coordinate eroth) 0119 0150
tion. Key: wild-type transformant containing only tRbcSlgene rmsd from ideal geometry ' ’
(©), chimeric mutant ABAN @), and chimeric mutant ABSQX). bond lengths (A) 0.014 0.014
bond angles (deg) 1.39 1.25

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

kinetic constant wild type ABSO ABAN
Q = VKo/VoK2 63+2 62+ 3 56+ 1
V¢ (umol h™mg1)2 111+ 6 55+ 4 60+ 6
Kc (uM COp)2 35+2 26+ 3 36+1
Ko (uM O2)2 501+ 18 431+ 10 350+ 2
VoKL 3.2 2.1 1.7
Ko/KP 14 17 10
Vo/Vo? 5.0 4.0 6.0

aValues are meang standard deviationn(— 1) of three separate
enzyme preparation8.Calculated values.

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 th@A —/B-loop sequence is not essen-
tial for holoenzyme assembly, it can influence holoenzyme
stability in vivo and in vitro.

Kinetics of the Chimeric EnzymeEo assess the influence
of the spinach (ABSO) an8ynechococcu@BAN) SA—
/B loops on Rubisco function, the kinetic properties of the
purified and activated chimeric enzymes were determined
in detail (Table 1). Whereas tt§¢ value of the ABSO mutant
enzyme is not significantly different from that of wild-type
Chlamydomona®ubisco,Q2 of the ABAN enzyme is de-
creased by 11%. This decrease results primarily from a 46%
decrease i/ and 30% decrease iK,, with no change in
K. Although nativeSynechococcuRubisco has a loweR
than that ofChlamydomona®ubisco ¥), the substantial
decrease iV, 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 decrease¥dn
andK, (50% and 14%, respectively), but these are offset by
a 26% decrease K (and an increase iK/Kc) (Table 1).
A lower V. and higherK/K. are characteristic of spinach
Rubisco, but the spinach enzyme hagawalue greater than
that of Chlamydomona®ubisco ). Because the ABSO
enzyme has the sanf& value as wild-typeChlamydomonas
Rubisco, the substantial decreasé&/irindicates that its net
carboxylation would be lower than that of the wild-type
Chlamydomonasr spinach enzymes. Despite some changes
in kinetic properties that mimic those of ti&ynechococcus
and spinach enzymes, it is difficult to tell from kinetics alone
whether the foreigi#A—/£B loops impart catalytic properties
of the Synechococcusnd spinach enzymes or whether they
cause deleterious effects due to global disruption of the
holoenzyme structure.

aFor the wild-typeC. reinhardtii Rubisco structure (PDB code
1GKS8), the resolution limit is 1.4 A, the WilsoB-factor is 11.8 &,
and the estimated coordinate error (based on maximum likelihood
calculations) is 0.034 A2 Ryerge= YnYilli(h) — M(h)IV3nYili(h), where
| is the observed intensity arifilis the mean intensity of reflectidm
R = Sl|Fol = |Fe/l/SnulFol|, whereF, andF. are the observed and
calculated structure factor amplitudes, respectivéWalues in paren-
theses are for the highest resolution shell.

X-ray Crystal Structures of the Chimeric Enzymg&s.
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 Ry
and Ryee Values and only minor deviations from ideal
geometry. The final electron density maps for the ABSO
enzyme show density for residues-1475 (from a total of
475 residues) of the large subunit and residue4 1 and
127-134 (from a total of 134 residues) for the small subunit.
For ABAN, density is visible for residues 475 of the
large subunit and residues—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 SA—pSB loops of the ABAN and ABSO small subunits
are remarkably similar to the native loops in the crystal
structures of Rubisco fronSynechococcusind spinach,
respectively 15, 34). No alteration is observed in theoC
backbone trace of the ABSO or ABAN large subunit when
compared with the large subunit of wild-ty@hlamydomo-
nas A superposition of the wild-type large subunit with the
large subunits of ABSO and ABAN using the algorithms
encoded in O%0) gave root-mean-square deviations of 0.211
and 0.157 A for all @ atoms, respectively.

Comparatve Analysis ofp)A—(B Loop StructuresThe
BA—pB loop appears to be somewhat autonomous in
assembly relative to holoenzyme structure. For example, with
respect to theBA—pB 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 i@hlamydomonas
Rubisco (4). The only notable differences in arrangement
of ABSO Co. backbone atoms relative to the spingth—

/B loop are observed at residues Thr46, Asp47, and His48.
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Ficure 5: Stereoimages of residues surrounding the small-suBénit3B loops (yellow) of Rubisco: (AChlamydomonaglGK8) (14), (B) spinach (8RUC)15), (C) chimeric mutant ABSO,
(D) Synechococcud RBL) (16), and (E) chimeric mutant ABAN. The central solvent channel is behind the structures. Large-subunit residues within 4.5 A of the smaiAsubBridops are

colored light and dark green from neighboring subunits. Large-subunit resid@samydomonaRubisco that are not within 4.5 A of thi#A—$B loop in ABSO or ABAN Rubisco are colored
gray. Large-subunit residues that show the greatest deviation in side-chain conformation @hieeydomonaand ABSO or ABAN are colored red. Selected amino-terminal residues frdga

a neighboring small subunit are colored orange, and those in the same small subunjitfas fiieloop are colored brown. Residues are numbered according to their actual positions in the primary
structures of the individual proteins. o
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The position of these residues appears to be influenced bywith Ser62 and Val63. Thus, in the ABSO and ABAN
differences in the interactions with the amino-terminal enzymes (Figure 5C,E), Lys258 and Glu259 have greater
residues of the neighboring small subunit. Whet@akamy- conformational freedom, and the distance between them can
domonasand ABSO have Pro6 and Val7 (Figure 5A,C), be shortened relative to that of wild-tyfgghlamydomonas
spinach contains lle6 and Leu7 in the same relative positionsRubisco (Figure 5A). The interactions of Lys258 and Glu259
(Figure 5B). Despite these alterations, no differences arein the ABAN structure are identical to those of Lys258 and
observed in the side chains of nearby large-subunit residuesGlu259 in theSynechococcusnzyme 16). In Rubisco from
relative to the wild-typeChlamydomonasnzyme structure  spinach, Arg258 forms an ionic bond with Glu259 from an
(14) or in the side chains of othe#A—/B-loop residues  adjacent large subunit (Figure 5B) and lacks the hydrogen
relative to the spinach enzyme structufés)( Calculation bond with Asn287. In a previous studp3), a K258R

of subunit surface area occluded by the ABSO and spinachsubstitution, in combination with other substitutions (C256F
BA—[B loops yielded quite similar values of 436 and 449 and 1265V) that introduce residues characteristic of land
A2 respectively. These values are less than that fof#he plants, caused a decreasedrof ChlamydomonaRubisco.

B loop of wild-type Chlamydomonag713 A?), but much Thus, although small, the variation in the Lys258 and Glu259
of this difference is accounted for by the smaller size and side chains observed in the ABSO and ABAN structures may

lack of loop-to-loop contacts of the spinach loop. contribute to the altered catalytic properties of the chimeric
The Gu backbone conformation of the ABANA—/B enzymes (Table 1).
loop is also very similar to that of the nati®nechococcus In the Chlamydomonasnzyme (Figure 6A), the carbonyl

loop (Figure 5D,E). However, the ABAN loop residues are oxygen of large-subunit Lys161 forms a hydrogen bond with
displaced by an averagé b A with a maximum displace-  the guanidino group of small-subunit Arg71. The carboxyl
ment of 1.4 A at Glu52. This displacement results from group of Glu223 (in a second large subunit) hydrogen bonds
differences in the packing of the loop to amino-terminal with both the guanidino group and carbonyl oxygen of Arg71
residues in the same and in an adjacent small subunit. These(Figure 6A). Arg71, in turn, forms a hydrogen bond with
in turn, may be influenced by the longer carboxyl terminus the carbonyl oxygen of Leu66 (Gly60 in spinach) in the core
of the Chlamydomonasmall subunit. Lys8 itsynechococcus  of the small-subunifsA—/SB loop. In the Synechococcus
forms an ionic bond with Glu46 (Figure 5D) in a neighboring enzyme (Figure 6B), all of these interactions are absent
small subunit, but Pro6 and Val7 in ABAN (and wild-type because Arg71 is replaced by Phe53. Furthermore, whereas
Chlamydomongscause the side chain of Glu46 to interact Chlamydomonafubisco has large-subunit Lys161, large-
with solvent (Figure 5A,E). On the opposite side of fife— subunit Glu223, and small-subunit Leu6Bynechococcus
B loop, van der Waals contacts between loop residueshas large-subunit Leul61 and Asp223 and is missing a
(Ser48, Asn49, Pro50) and the Argl10 side chain (in the sameresidue homologous with small-subunit Leu66 due to the
small subunit) ofSynechococcuare lost in ABAN (which smaller size of theA—B loop. In the chimeric mutant
contains Lys10) (Figure 5D,E). These alterations result in a ABAN enzyme (Figure 6C), a residue comparable to Leu66
21% decrease in the surface area occluded bythe/B is also missing, but because of the absence of nibfy
loop from a value of 220 Ain SynechococcuRubisco to BB-loop residues, the side chains of large-subunit Lys161
173 A2 in the ABAN enzyme. Altogether, these differences and Glu223 move into the central solvent channel (Figure
in the structure of th A—pSB loop likely contribute to the  6A,C). This appears to cause a major reorientation of the
thermal instability of the ABAN enzyme (Figures 3 and 4). Tyr226 side chain (His226 isynechococcug-igure 6B)

Specific Alterations in the Large SubuniBecause the that results in the loss of another set of hydrogen bonds. In
large subunit contains the active site, and the ABSO and wild-type Chlamydomona®&ubisco (4), Tyr226 hydrogen
ABAN chimeric enzymes have altered kinetic properties bonds with large-subunit Gly261 and Leu266, as well as with
relative to wild-typeChlamydomonaRubisco (Table 1), one  the guanidino group of the small-subumiA—/;B-loop
would anticipate that the foreighA—/SB loops would cause  residue Arg59, which is missing from the ABAN enzyme.
alterations in the large subunits. However, no significant Altogether, the disruption of a network of hydrogen bonds
differences in large-subunitdCbackbone atoms are observed may contribute to the thermal instability of the ABAN
among the wild-type, ABAN, and ABSO structures. Al- chimeric mutant enzyme (Figure 4). In a previous stig),(
though the large subunits @hlamydomonasSynechococ-  an R71A substitution in th8A—{£B loop of the Chlamy-
cus and spinach are-90% identical in sequence, there are domonasenzyme also caused decreases in carboxylation
some large-subunit residues in contact with the small-subunitcatalytic efficiency,Q, and holoenzyme thermal stability,
BA—[B loop that differ among them. It is among these similar to the properties of mutant ABAN Rubisco (Table
residues that the greatest differences are observed when thé).
Chlamydomonaswild-type, ABSO, and ABAN Rubisco Alterations in the Actie Sites of the Chimeric Enzymes.
structures are compared. When compared with wild-typ€hlamydomonafkubisco

In the wild-type Chlamydomonagnzyme 14), Lys258 (14), a number of minor alterations are observed in the
interacts with the small-subun®A—/£B loop by forming a distances between large-subunit and CABP atoms in the
van der Waals contact with the side chain of Val63 and a active sites of the ABAN and ABSO chimeric mutant
hydrogen bond with the carbonyl oxygen of Ser62. Lys258 enzymes. Because these differences are quite small, it is
also forms an intrasubunit hydrogen bond with large-subunit difficult to conclude that they have any direct effect on
Asn287 and a solvent-mediated intersubunit hydrogen bondcatalysis. The largest differences are observed in the ABSO
with Glu259 in an adjacent large subunit. The effect of the structure. For example, the side-chain oxygens of Thr173
shorterBA—fB loops in the ABSO and ABAN chimeric  and Ser379 are-0.2 A farther away from CABP O2 and
enzymes is to abolish the intersubunit interactions of Lys258 O4, respectively, and the Lys334 side-chain nitrogenQds?
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FIGURE 6: Stereoimages of selected residues in contact with the structurally homologous (in red) Rubisco small-subunit Arg71 and large-
subunit Glu223 inChlamydomonagA), small-subunit Phe53 and large-subunit Asp223imechococau(B), and small-subunit Phe53

and large-subunit Glu223 in ABAN (C). These structures, with the central solvent channel in front, are rotatedoL®d 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.

A closer to CABP O3P. However, regardless of the signif- difficulty of holoenzyme assembly when small subunits are
icance of these small differences, no significant structural experimentally targeted to isolated chloroplag8-(22).
alterations are observed in the core of the ABAN and ABSO |, the present study, replacing tiélamydomonagA —
holoenzymes that may link active §ite alterations to changesﬂB loop with that of Synechococcusauses a decrease in
observed in the regions surrounding fi®—/B loops. 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-

By replacing theChlamydomonagA—gB loop with the crease in thermal stability may arise from a number of
shorter loops o8ynechococcusnutant ABAN) and spinach ~ Structural alterations observed in the crystal structure of
(mutant ABSO), it is readily apparent that the differences in ABAN Rubisco, including altered interactions between small-
size and residue identities are not essential for RubiscoSubunitamino-terminal residues and fie—/3B loop (Figure
holoenzyme assembly. Both chimeric enzymes assemble ind). as well as the loss of a network of hydrogen bonds
vivo (Figure 3) and support the photosynthetic growth of resulting from a decrease in the size of the loop and the
Chlamydomongsand both haveSA—fB-loop structures replacement of Arg71 by Phe (Figure 6). These alterations
nearly identical to those of the nati®nechococcuand contribute to a 76% decrease in occluded surface area relative
spinach Rubisco enzymes (Figure 5). Despite these observato the ChlamydomonagA—/3B loop and a 21% decrease
tions, previous studies had indicated that the longer small- relative to the nativésynechococcueop. Because surface
subunit loop of land plants was an essential holoenzyme areas occluded in the formation of protein complexes
“assembly domain”Z0). It is likely that the lack of assembly  correlate highly with the free energies of proterotein
of nativeSynechococcusmall subunits with land plant large  interactions %4), the decrease in occluded surface area can
subunits may be due to an exaggeration of an inherentbe viewed as an estimate of the relative thermodynamic

DISCUSSION
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destabilization of the hexadecamer due to the introduction a decrease in Rubisco thermal stability in vitro, but only the
of the Synechococcy8A—[B loop. R71A mutant strain lacked holoenzyme and failed to grow
Although no mutant substitution in theéhlamydomonas  photoautotrophically at the restrictive temperature ofG5
BA—pB loop has yet been found to eliminate Rubisco Thus, the altered catalytic properties and decreased thermal
assembly or function, numerous studies have indicated thatstability of ABAN Rubisco likely arise primarily from the
the nature of residues at the interface between large subunitsubstitution of Arg71 by Phe53 (Figure 6).
and the small-subunit loops can influence holoenzyme The small-subunifA—/jB loops are located in the central
thermal stability 27, 28, 30, 40, 55, 56). Recently, X-ray solvent channel of the holoenzyme where they interact with
crystal structures of large-subunit L290F mutant and L290F/ large subunits at the opposite ends of th barrels that
A222T revertant enzymes have shown that substantial form the active sites (Figure 1). Despite this distant location,
alterations in temperature factors occur for both large- and the introduction of the spinach arf®/nechococcysA—jB
small-subunit residues in th8A—/j3B-loop region 67), loops into theChlamydomonasmall subunit causes signifi-
thereby providing a physical basis for the effects of both cant changes in the catalytic properties of Rubisco. In the
large- and small-subunit substitutions that can either decreaserystal structures of the ABSO and ABAN chimeric mutant
or increase holoenzyme thermal stabili3g(30, 56). Thus, enzymes, only small perturbations of questionable signifi-
size of the loop is not entirely responsible for thermal cance are observed in the active sites, and only a small
stability. This is also apparent from the observation that the number of the large-subunit side chains that are normally in
chimeric ABSO enzyme has a 39% decrease in occludedcontact with theChlamydomonagA—/B loop are altered
surface area relative to tiid —3B loop of Chlamydomonas by the foreign loops. Thus, one must consider that the
but the purified enzyme has a small increase in thermal introduction of the spinach ar8ynechococcysA —/SB loops
stability in vitro (Figure 4). affects the dynamic nature of the holoenzymes, and structural
Significant alterations in the catalytic propertiesGiflamy- data alone may not be sufficient for elucidating the mech-
domonasRubisco were also observed for the ABSO and anisms that bring about the observed changes in catalysis.
ABAN chimeric mutant enzymes (Table 1). In a previous Nonetheless, it is clear that the small-subyi#it—B loops
study ofChlamydomonaRubisco 80), changes in catalytic ~ can contribute to the differences in the catalytic properties
efficiency and specificity were observed when residues of divergent Rubisco enzymes and may be worthy targets
conserved in the green algal and land pldAt-B loops for further study aimed at engineering a superior Rubisco.
were substituted with Ala. However, in the present study,
the ABSO chimeric mutant enzyme was found to have ACKNOWLEDGMENT
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