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ABSTRACT: Substitution of Leu290 by Phe (L290F) in the large subunit of ribulose-1,5-bisphosphate
carboxylase/oxygenase from the unicellular green @lgamydomonas reinhardttiauses a 13% decrease

in CO,/O, specificity and reduced thermal stability. Genetic selection for restored photosynthesis at the
restrictive temperature identified an Ala222 to Thr (A222T) substitution that suppresses the deleterious
effects of the original mutant substitution to produce a revertant enzyme with improved thermal stability
and kinetic properties virtually indistinguishable from that of the wild-type enzyme. Because the mutated
residues are situated19 A away from the active site, they must affect the relative rates of carboxylation
and oxygenation in an indirect way. As a means for elucidating the role of such distant interactions in
Rubisco catalysis and stability, we have determined the crystal structures of the L290F mutant and L290F/
A222T revertant enzymes to 2.30 and 2.05 A resolution, respectively. Inspection of the structures reveals
that the mutant residues interact via van der Waals contacts within the same large subunit (intrasubunit
path, 15.2 A @—Ca) and also via a path involving a neighboring small subunit (intersubunit path, 18.7

A Ca—Coa). Structural analysis of the mutant enzymes identified regions (residueg20f the small

subunit and residues 16164 and 259-264 of the large subunit) that show significant and systematically
increased atomic temperature factors in the L290F mutant enzyme compared to wild type. These regions
coincide with residues on the interaction paths between the L290F mutant and A222T suppressor sites
and could explain the temperature-conditional phenotype of the L290F mutant strain. This suggests that
alterations in subunit interactions will influence protein dynamics and, thereby, affect catalysis.

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Ru-specificity factorQ = V.K/VoK., whereV, andV, are the
bisco} EC 4.1.1.39) catalyzes the rate-limiting incorporation Vi values of carboxylation and oxygenation, respectively,
of atmospheric C@into carbohydrate precursors during andK;andK, are theK, values for CQand Q, respectively
photosynthesis. The efficiency of this essential reaction is (5). There is considerable variation i values among
severely hampered by a side reaction in which atmosphericRubisco enzymes from different species. Most land plants
O, competes with Cat the active site, ultimately leading  haveQ values in the range of 86100 (reviewed in reb).
to the loss of C@and energy in the process of photorespi- The highly homologous Rubisco frorhlamydomonas
ration. In addition, Rubisco is a slow catalyst with; values reinhardtii, a green alga, has @@ value of ~60 whereas
of less than 10°$. The combination of these two properties  cyanobacteria and anoxic photosynthetic bacteria have values
limits the rate of biqmass assimilation of land p_Iants. For of ~50 and~15, respectively). More recent investigations
these reasons, Rubisco has long been a potential target fopaye identified Rubisco enzymes from nongreen algae that
genetic manipulation aimed at increasing the yield of crop haveq values in the range of 166240 @, 9). This implies
plants (reviewed in refa—4). that it may be possible to engineer Rubisco enzymes from

o Tgi G’tfgie‘:ien;geg‘ﬂtsh g:tggr;g iiaiblgeto fggﬁﬁ; "‘l’)ith theland plants with improved specificities and kinetic properties.
2 g q y It has been difficult to engineer the Rubisco enzymes of
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of the enzyme opens up the possibility for using site-directed Table 1: Statistics for Data Collection and Refinement

mutagenesis in order to further our understanding of the
catalytic mechanism and, ultimately, to identify residues that

L290F

L290F/A222T

resolution limie (A)
space group
cell dimensions

contribute to specificity in land plant Rubisco. This approach
has earlier been practiced with the prokaryotic Rubisco

2.3 (2.34-2.30)

P2,

2.05 (2.09-2.05)
P2

enzymes expressed E. coli (reviewed in refsl and 15). a b, c(A) 121.0,177.7,122.7 126.0,178.2, 120.5

However, because of the complexity of Rubisco, it is not  f (deg) 117.7 120.5

yet known which residues may improg&or carboxylation no. of reflections

catalytic efficiency or account for differences § among umneigjgmd 1%%29%12213 219%63%%12

Rubisco enzyme from divergent species. completeness (%) 98.3 (93.4) 88.9 (83.5)
Genetic screening and selectionGhlamydomonasffer o 8.9 (1.6) 8.9 (1.8)

an alternative approach in which Rubisco mutants are \;R\'/"Ifégg n B-factorBu? (A?) 3.3128 (0.382) 1%1851 (0.497)

randomly recovered on the basis of a photosynthesis-deficientg_ ¢ 0.171 (0.23) 0.157 (0.20)

phenotype (i.e., growth requirement for acetate) and subse-Ryes 0.205 (0.27) 0.194 (0.24)

quently defined at the molecular level. Such mutants can estimated coordinate

then be used to select for second-site mutations that restorerng?r':)ff)i eal geometry0'15o 0.119

Rubisco function and photosynthesis. Using this approach, = pong lengths (&) 0.016 0.013

residues in both large and small subunits, relatively far from  bond angles (deg) 1.46 1.46

the active site, have been identified that influence aFor the wild-typeC. reinhardtii Rubisco structure (PDB code
(reviewed in refl). The first mutant Rubisco found to have 1GKa8), the resolution limit is 1.4 A, the WilsoB-factor 11.8 &, and

an altered? value was caused by a Leu290 to Phe (L290F) the estimated coordinate error (based on maximum likelihood calcula-
subsituion n the coropastencoded large subuh( (19 0854 o T BB rl e
The L290F enzyme has a 13% decreas@iand reduced  $7C0"=C |Fc||/zyhkl||:0|y whore F. and F. e the oneerved and
thermal stability in vivo and in vitroX6, 17). The mutant  cajculated structure factor amplitudes, respectivélalues in paren-
cells can grow photoautotrophically at 2% but lack theses are for the highest resolution shell.

photosynthesis and require acetate for growth at@G%ue

to the loss of Rubisco holoenzym#&g( 17). Ala222 to Thr
(A222T) and Val262 to Leu (V262L) second-site suppressor
mutations were recovered that restored photosynthesis of th
L290F mutant at the restrictive temperatut&)( The L290F/
A222T and L290F/V262L double-mutant enzymes have
improved thermal stability properties attlvalues virtually
indistinguishable from those of the wild-type enzyni,(
19). Here we present the first X-ray crystal structures of
mutant Rubisco enzymes that have a decrease (L290F sing|
mutant) or increase (L290F/A222T double mutantfiras

a result of amino acid substitutions far from the active site.
These structures can explain the molecular basis for holo-
enzyme instability at elevated temperature and provide
insight into the mechanism by which interactions between
large and small subunits may influence Rubisco catalysis.

50 mM HEPES (pH 7.5), 10 mM NaHGOand 5 mM
MgCl,. Crystals of the Rubisco mutants were grown using
Ghe hanging-drop vapor diffusion method at”0 The drop
contained equal amounts of the protein sample in activating
buffer containing 1 mM carboxyarabinitol bisphosphate
(CABP) and well solution consisting of 50 mM HEPES (pH
7.5), 50-200 mM NaCl, +~12% PEG 4000, 10 mM
NaHCG;,, and 5 mM MgC}. Crystals belonging to space
Pgroup P2, appeared within 1 week (Table 1). Crystals of
the mutants are significantly more mosaic than the wild-
type enzyme crystal2(). Prior to data collection, crystals
were frozen in liquid N using a mother liquor with 30%
ethylene glycol added as a cryoprotectant. Data for the L290F
single-mutant enzyme were collected on beam line 1711 at
Max-lab, Lund, Sweden, and for the L290F/A222T double-
mutant enzyme on beam line ID14-1 at ESRF, Grenoble,
France, from single crystals at 100 K. The data were
processed using DENZO and SCALEPACR2] to a

28 °C in darkness with acetate mediurd0). Cells were resolution of 2.3 A for the single-mutant and 2.05 A for the
harvested by centrifugation in 500 mL bottles at 25@6r double-mutant enzymes. Data for L290F/V262L suffered
5 min and lysed by sonication. The mutant Rubisco enzymesfrom twinning and were not useful. The resulting merging
were purified using a procedure similar to that described for R-values are generally higher for the mutant data than for
the wild-type enzyme21). A differential ammonium sulfate ~ wild type (21). This may be attributed to a combination of
precipitation between 30% and 50% saturation was carried high mosaicity, large unit cells, and low symmetry (requiring
out. The pellet was then dissolved and loaded on a Superdexthe collection of a large number of images and data sets
200 16/60 size exclusion column. The fractions correspond- containing predominantly partial reflections).

ing to Rubisco were collected and loaded onto a Mono Q  Structure Determination and Refinemefithe mutant
anion-exchange column. Rubisco was eluted from the columncrystal structures were solved by molecular replacement
with a 0.1-0.4 M NaCl gradient. The L290F single-mutant ysing the program AMOREZ2@, 24). The search model
enzyme was purified in the presence of 1 mM dithiothreitol, consisted of a set of one large and one small subunit of wild-
and the L290F/A222T and L290F/V262L double-mutant type Ch]amydomonagubisco (PDB code 1GK8) in which
enzymes were purified in the presence of 5 rfiNhercap-  the side chains of the substituted residues had been removed.
toethanol throughout. In each case, eight solutions corresponding to eight different

Crystallization and Data CollectiarPurified protein was  orientations of the search model within one hexadecamer in
concentrated to 10 mg/mL in an activating buffer containing the asymmetric unit were found.

EXPERIMENTAL PROCEDURES

Protein Purification C. reinhardtii cells were grown at



Intersubunit Interactions in Mutant Rubisco Biochemistry, Vol. 44, No. 1, 2005.15

Ficure 2: Relative positions of the Phe290 and Thr222 substitu-
tions in the L290F/A222T double-mutant enzyme with respect to
the transition-state analogue CABP in the large-subunit active site.
One large subunit (blue) and one small (yellow) subunit are denoted
by ribbons. Phe290, Thr222, and CABP are shown as spheres.

Ficure 1: Electron density from sigmaA-weighted mapsnz . .
— DF., gray;mF, — DF, green) around the mutant residues Phe290 10—475 (from a total of 475 residues) of the large subunits

(A) in the L290F single-mutant enzyme and Thr222 (B) in the and residues 1140 (from a total of 140 residues) of the
L290F/A222T double-mutant enzyme. small subunits. Good density was observed for these residues
i . . in all subunits of the hexadecamer. This indicates that NCS
Refinement was performed using REFMAC versio25)( is followed strictly, as was observed earlier for the wild-
For cross-validation, 5% of the data was excluded from the type enzymeZ1). Attempts to relax NCS restraints resulted
refinement forRyee calculations. Initial electron density maps i increases in the fre®-factor. This indicated that this
calculated after one round of rigi_d body refinement anq using operation did not lead to an improvement of the structures
data b 3 A showed clear density for the mutant residues. and was thus not pursued. Clear density was also observed
After building the mutant residues, the mutant structures were o, the carbamoy! group on Lys201, the metal, and the

further refined using a maximum likelihood target function  y4nsition-state analogue CABP. Judged by the electron
Wlth nonc_rystallographlc symmetry (N(_:S)_ restraints for thg density, modified residues (Hyp104 and Hyp151, methyl-
elght copies of large and small subunl_ts in the asymmetric Cys256 and methyl-Cys369) unique to tBelamydomonas
unit. Solvent molec_;ules were added using ARP/WARE).( holoenzyme 21) are also present in the mutant enzyme
Throughout the refinement, tf&anFk, — DF. andmF, — DF, structures.

sigmaA-weighted map<2{) were inspected and the models  Resjdue 290 is situated at the beginningdestrand 5 of

manually adjusted using @@). The L290F single-mutant  yq carboxyl-terminat/f-barrel domain of the large subunit,
enzyme was refined to fin@eys/Rree values of 0.171/0.205  anq jts Gy is 18.2 A away from the catalytically important
and the L290F/A222T double-mutant enzyme to final values magnesium ion at the active site (Figure 2). The L290F

of 0.157/0.194 (Table 1). Volumes of buried cavities were gypstitution must therefore affect the relative rates of

calculated with the program Voido@9) using a probe radius  ¢arhoxylation and oxygenation in an indirect way. Residue
of 1.0-1.8 A and a grid spacing of 0.5 A. Figures were 525 is nositioned roughly in the middle ofhelix 2 of the
prepared using the programs Molr&80f and Pymol (http:// 8 parrel. Its Gx is 20.0 A away from the active site
www.pymol.org). magnesium, 15.2 A (€—Co) away from residue 290 in the
RESULTS same subunit (Figure_ 2), an_d 18.7 AdECa) _from residue
290 in the nearest neighboring large subunit. Thus the effect

Quality and Description of the Structure$he crystal- of the A222T suppressor substitution must also be indirect.
lographic data collection and refinement statistics for the  The shortest interaction path between residues 290 and
mutant enzyme crystal structures are summarized in Table222 within the same large subunit (intrasubunit path) is
1. The quality of the structures is evidenced by the low values mediated via Pro263 and Val262 (Figure 3). The carbonyl
for RerystandRyee and small deviations from ideal geometry. oxygen of Pro263 interacts with residue 290 via main-chain
Initial difference electron density maps for the L290F single- hydrogen bonding and van der Waals contact (side chain).
mutant and the L290F/A222T double-mutant enzymes The side chain of Val262 interacts with the side chain of
showed clear densities for the substituted residues (Figureresidue 222 at a distance of 4.1 A in the wild-type and L290F
1). Slight shifts of residues surrounding the mutant sites were single-mutant enzymes, but in the L290F/A222T double-
observed, but no shifts were observed remote from thesemutant enzyme, this distance is shortened to 3.5 A«C
sites. The final model after refinement comprises residues Oy). An indirect path is also provided via residues in the
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Ficure 3: Interactions between residues 290 and 222 mediated by
residues in large and small subunits. Interactions in only the L290F/
A222T double mutant are shown, but similar interactions are also
present in the wild-type and L290F single-mutant enzymes. Large
subunits are colored slate blue and cyan. The small subunit is
colored yellow. Interaction paths are colored red (intrasubunit path)
and green (intersubunit path).

small subunit (Figure 3). Here, the side chain of residue 290
makes van der Waals contact with the side chain of Leu66
in the small subunit. The side chain of the preceding small
subunit residue, Cys65, interacts with the carbonyl oxygen
of Val262, which in turn interacts with Ala222. This
interaction is maintained in the double-mutant enzyme
(Figure 3). The shortest interaction path between residues
290 and 222 in neighboring large subunits (intersubunit path)
involves residues from the small subunit. The 290 side chain
makes a van der Waals interaction with the side chain of /

Leu66 in the small subunit, and the small subunit Tyr67 side FIGURE 4: Structural differences close to mutant residue 290 (A),

L335

H294

chain is within van der Waals bonding distance of Ala222
in the adjacent large subunit. This latter interaction is
shortened by the introduction of the bulkier threonine in the
L290F/A222T double-mutant enzyme (Figure 3).
Differences That Arise from the Mutant Substitutions
Along the intrasubunit path in the single-mutant enzyme, the

suppressor residue 222 (B), and the transition-state analogue CABP
in the active site (C). The large subunit is colored blue with side
chains colored dark blue in the L290F single mutant and light blue
in the L290F/A222T double mutant. The small subunit is colored
yellow with the side chain of Leu66 colored yellow in the single
mutant and orange in the double mutant. Corresponding side chains
in the wild-type enzyme21) are colored red. D216 in panel A is

side chain of Val262 is slightly shifted toward Phe290 and o™ &1 @diacent large subunit and is colored green.

away from Ala222 (Figure 4B). In the L290F/A222T double- relative to the wild type. The largest shift is a lengthening
mutant enzyme, the Val262 side chain is restored to the wild- (by 0.3 A) of the hydrogen bond between tpexygen of
type position. More differences are observed along the Thrl73 to O2 of CABP in the L290F mutant structure
intersubunit path via the small subunit. In both the L290F relative to the L290F/A222T revertant or wild-type structures
single-mutant and L290F/A222T double-mutant enzymes, the (Figure 4C).

side chain of small-subunit Leu66 is slightly rotated relative ~ Leu66 is part of a loop of the small subunit, {B&—£B

to the wild type (Figure 4A). The side chain of Lys161 makes loop, that displays extensive inter- and intrasubunit inter-
van der Waals contacts with Leu290 in the wild-type enzyme, actions. Despite this, no further atom displacements were
but in the L290F enzyme, it adopts a slightly different observed in this loop (but see below). Residue 51 at one
conformation, thereby maintaining the interaction with small- end of the loop exists in a dual conformation in the wild-
subunit Leu66. In the L290F/A222T double-mutant enzyme, type enzyme Z1). There are indications in the electron
the Thr222 side chain makes an extra hydrogen bond with density maps of dual conformations, but because of the lower
the main-chain carbonyl of Phe218 at the base-tklix 2. resolution limits of the mutant structures, Tyr51 was refined
This helix in turn makes interactions with residues along the as its mean single conformation here.

intersubunit path. Thg-strand and loop preceding-helix Another region that shows structural variability between
2 contain the residues (Asp203, Glu204, and carbamylatedthe mutant and wild-type enzymes is located at the carboxyl
Lys201) that bind the active site magnesium ion. Thus, terminus of the large subunit between residues 438 and 466.
differences in interactions withi-helix 2 have the potential ~ This region lies betweea-helix 8 of thea/p barrel and the

for influencing catalysis. Analysis of the interactions between flexible carboxyl terminus that closes over the active site
CABP and amino acid residues of the enzyme shows thatduring catalysis31). Although the overall fold is identical,
there are only small shifts in bond lengths in the mutants this region also shows small differences between the two
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FiGuRe 5: Atomic temperature factorg{factors) corrected for crystal disorder: (A) large-subunit residues-380 and (B) all small-
subunit residues. These values are not corrected for bulk solvent. Key: wild-type, thick line; L290F, thin line; L290F/A222T, dashed line.

reported wild-typeChlamydomonaRubisco structures with  second factor is the thermal vibration of each atom within a
PDB codes 1GK821) and 1IR2 82). In the former structure,  molecule Byerm)- The refined atomic temperature facRtom

a disulfide bond exists between Cys449 and Cys459. Thisis an estimate of the suBw + Buermfor each atom. Because
is also the case in the L290F single-mutant structure but notthe data for the wild-type, single-mutant, and double-mutant
in the L290F/A222T double-mutant structure. This difference structures were collected from three different crystals, we
in oxidation state almost certainly contributes to differences can compare estimates &f.rm in order to eliminate the
observed between the structures. Whether the Cys residuesrystal-dependent disorder.

are oxidized or reduced may be due in part to the presence B-factor analysis for the mutant and wild-type (PDB code
of f-mercaptoethanol rather than dithiothreitol in the puri- 1GK8) enzymes shows some highly significant differences
fication buffer or as a result of the photoreducing effect of between the L290F single-mutant structure compared with
X-rays during data collection from the cryst83. Thus, it both the wild-type and double-mutant structures (Figure 5).
is unlikely that the differences observed in this region are Residues 5872 of the small subunit and residues 161
caused by the L290F or A222T substitutions. 164 and 259-264 of the large subunit show significant and

B-Factor Analysis and Rubisco Thermal Stabiliiyhe systematically increaseB-factors in the L290F structure.
differences observed at Val262 along the intrasubunit These regions are concentrated around those residues in
interaction path are consistent with the phenotypes that resultwhich differences are observed between mutant sites (i.e.,
from the L290F-mutant and A222T-suppressor substitutions small-subunit Leu66 and large-subunit Lys161 and Val262)
(18) whereas the alterations along the intersubunit path that(Figure 6). This effect of the L290F single substitution could
are the same in both the L290F-mutant and L290F/A222T- explain the temperature-conditional phenotype of the mutant
revertant structures are more likely to arise from only the strain because atomic disorder increases with temperature.
L290F substitution. It was previously proposed that the The mutant enzyme may be sufficiently ordered in these
intersubunit contacts between large and small subunits, inregions to support catalysis at the permissive temperature
particular those involving the small-subunit loop between (25 °C) but not at the restrictive temperature (35). The
pB-strands A and B, may be key interactions both for increasedB-factors may also explain the observation that
maintaining catalytic function and for holoenzyme stability Rubisco holoenzyme levels are highly reduced in mutant cells
(18, 19, 34). Analysis of the atomic temperature factors of at 35 °C due to increased rates of degradatids, (18).
the mutant enzymes compared with the wild-type enzyme Disorder at the surface of a protein will expose hydrophobic
supports this hypothesis. patches and mimic a misfolded state.

The atomic temperature factoB-factor) of an atom The introduction of the suppressor substitution, A222T,
determined by X-ray crystallography is an estimate of the improves the thermal stability and kinetic properties of the
disorder of that atom within the crystal lattice. Two main original mutant enzymel@g, 19), and the L290F/A222T
factors contribute to the magnitude of tBdactor. The first double-mutant enzyme h#&sfactor values similar to those
is the crystal packing disorder, the Wils@afactor Bw). of the wild-type enzyme (Figure 5). These results indicate
This can be estimated from the experimental data from the that the effect of the V262L suppressor substitution, which
decay of diffraction intensity with increasing resolution. The also imparts wild-type stability and kinetics to the L290F/
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structure globally. No cavities were detected in the vicinity
of Leu290 that could accommodate the additional bulk of
the phenylalanine side chain. Instead, the introduction of the
bulkier Phe side chain is accommodated by the slight shifts
of Lys161 of the large subunit and Leu66 of the adjacent
small subunit (Figure 4). One might assume that suppression
would be achieved by relieving the strain on Phe290 by the
introduction of a smaller residue at a second site. However,
this is not the case. Second-site suppression is accomplished
by the addition of even more bulk at a distance from the
L290F mutant substitution. This is the case in the L290F/
A222T revertant enzyme investigated here and also in a
second revertant of L290F resulting from a V262L suppressor
substitution {8, 19). Although the A222T (or V262L)
suppressor substitution improves the thermal stability of the
L290F mutant enzyme in vitro and in vivd§), it also
increases the thermal stability of the wild-type enzy3®).(
Thus, it is not surprising that a direct interaction between

Ficure 6: Mapping of the region in the large and small subunits . .
that has increased disorder in the single mutant L290F: large .the mutant and suppressor residues is not observed and that

subunit, blue; small subunit, yellow. Atoms with increased atomic improved thermal stability does not necessarily require
temperature factors are drawn as spheres. correction of any structural alterations brought about by the

L290F mutant substitution. However, one might expect that
V262L double-mutant enzymel @, 19), may be explained the A222T substitution would return some alterations in
by the same phenomenon. Because the side chain of Val26&tructure back to those of wild type, considering that A222T
interacts closely with the side chain of Ala222, it seems improves the2 value and carboxylation catalytic efficiency
probable that replacement of Val262 by the larger Leu of the L290F mutant enzyme but has little effect on the
residue would have the same effect. catalytic properties of the wild-type enzym#9j.

Improved Rubisco thermal stability seems to be the basis
DISCUSSION for genetic selection of A222T as a second-site suppressor

Despite variation in catalytic propertie3<9), Rubisco ~ Of the L290F mutant substitutior.§). In general, amino
enzymes from diverse species have nearly identical active@cids that are branched at th@ @tom are expected to be
site X-ray crystal structures (reviewed in @f and mutant ~ destabilizing within ara-helix due to restriction of confor-
screening and selection hlamydomonakave identified ~ mation @6). The hydroxyl group of threonine may also have
several amino acid substitutions far from the active site that & destabilizing effect owing to its ability to make a hydrogen
influenceQ and carboxylation catalytic efficiency (reviewed bond in the unfolded state. However, these effects may be
in ref 1). Together, these observations indicate that structural modulated by the structural context of the helix (i.e., whether
differences relatively far from the site of catalysis can make it is buried or exposed to solvent). In the L290F/A222T
a substantial contribution to catalytic efficiency and specific- €nzyme, the side chain of Thr222 makes one intrachain
ity. However, it remains difficult to deduce the means by hydrogen bond and a number of additional packing interac-
which distant structural differences influence the active site. tions not present in the wild-type enzym@lj. These
In the present study, we have solved the X-ray crystal interactions may increase rigidity and thereby improve
structures of two mutant Rubisco enzymetilamydomo-  stability.
nas The L290F mutant enzyme has decreaseiand In the single-site mutant enzyme, replacement of Leu290
thermal stability whereas the L290F/A222T revertant enzyme by Phe destabilizes a region of the enzyme that can now be
has relatively improved thermal stability and@rincreased  exactly defined by increases Bifactors of residues in both
to the wild-type value16—19). These large-subunit substitu-  the large and small subunits. It is interesting to note that
tions occur at residues19 A from the active site, close to  gne of the largest effects of the L290F mutation is around
the interface with the small subunit. residue 262 of the large subunit (Figure 5A), which corre-

At first glance of the X-ray crystal structures, it is difficult  sponds to the second suppressor substitution. In the L290F/
to see the reason for the dramatic effects of the L290F A222T revertant enzyme, the magnitude of the temperature
substitution on specificity and thermal stability6]. It is factors is restored to wild-type levels (Figure 5). Mapping
also not obvious why a second substitution, A222T, should of the effect on the structure (Figure 6) illustrates that, despite
complement the deleterious effects of the original L290F being far apart in primary structure, the affected residues
mutant substitution@, 19). The affected residues are far form a contiguous volume in the protein. This volume,
apart, at a distance of 15 A, and remote from the active site comprising 4550 A contains residues 5072 of the small
(~19 A from Mg?"). The substitutions cause only minimal  subunit (i.e., thegA—AB loop) and two adjacent regions of
changes in structure apart from the replaced residuesthe large subunit. Because this region is close to the 4-fold
themselves. No shifts of thedCbackbones or exchanges of molecular axis of the hexadecameric holoenzyme, regions
side-chain rotamers are apparent. from eight symmetry-related subunits (four large and four

The replacement of Leu290 by Phe adds bulk in the core small subunits) together form a volume of considerable size
of the protein but causes little or no perturbation of the (~18000 A& per interface at each end of the molecule).
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The increase in th8-factors of small-subunijtA—/SB- large-subunit structure in hexadecameric Rubisco. It is also
loop residues correlates well with the observation that worth pointing out that th8A—/B loop differs substantially
substitutions in this loop can complement the L290F among divergent Rubisco enzymes. It is comprised of 28
substitution in a manner similar to that of A222T9( 35). residues in green algae and®2 residues in land plants but
Small-subunit N54S and A57V suppressor substitutions, only 10 residues in prokaryotes and nongreen algae (reviewed
which are distant from L290F and the paths connecting in ref 11). In nongreen algae and some prokaryotes, a longer
residues 290 and 222 described here (Figures 2 and 3), als@arboxyl terminus of the small subunit formsfahairpin
improve the catalytic properties and thermal stability of the structure that takes the place of the missfify—/$B-loop
L290F mutant enzyme3p). Furthermore, an R71A directed- residues41, 42). Considering that directed-mutant substitu-
mutant substitution in the small-subufih—/3B loop causes  tions in theChlamydomonakarge and small subunits at this
significant decreases if, catalytic efficiency, and holo-  subunit interface can influenc® and catalytic efficiency
enzyme thermal stability and results in a temperature- (35, 37), it seems possible that structural diversity of the
conditional phenotype like that of the L290F large-subunit small-subuni3A—/£B loop may contribute to the differences
mutant @7). We note that the guanidinium group of Arg71 in catalytic properties of divergent Rubisco enzymeésy).
makes a hydrogen bond to the carbonyl oxygen of small- Structural analysis of the mutant enzymes in the present study
subunit Leu66 on the intermolecular path (FigureZ) (It provides a physical basis for intersubunit interactions in the
is thus apparent that interactions at the interface betweenregion of the small-subunifA—/£B loop and indicates that

large subunits and small-subun®A—/£B loops play a
significant role in holoenzyme stability.
The changes at the small/large-subunit interface must

further investigation of this region is warranted with respect
to Rubisco improvement.

influenceQ and catalytic efficiency at the active site (20 A ACKNOWLEDGMENT

away) in an indirect manner. The larBefactor increases in
the L290F single mutant will likely influence the dynamics

We thank Andreas Cederlund for excellent technical

of the protein, and these effects will ultimately be transmitted gssistance.

to the active site. One long-range path is throfigétrand 5

via His294, which is in hydrogen-bonding distance to CABP REFERENCES

(21). Leu290 is one of several hydrophobic residues that
surround Glul58, which is the first residue of a hydrogen
bond network (via His325 and His292) that terminates at
active site His327 38). His327 is also within hydrogen-
bonding distance to CABP. However, no significant coor-
dinate shifts are observed for these residues relative to the

wild-type crystal structure(l). This is perhaps not surprising 3.

because CABP is a close mimic of the carboxylation
transition state and forms an extraordinarily tight complex
with Rubisco (binding constant e$10~1* M for the spinach
enzyme) 89). This may at least in part explain the similarity

in conformation and bond lengths in the wild-type and mutant 5

structures, which all contain CABP. One of the largest shifts
is seen for Thr173, which weakens the hydrogen bond of its

side chain with CABP in the L290F structure but not in the 6.

wild-type or L290F/A222T structures. Whether this differ-
ence can account for differences in catalysis may require 7
the analysis of additional mutant enzyme structures. How-
ever, itis interesting to note that whereas Thr173 is conserved
in all hexadecameric Rubisco enzymes, this residue is
replaced by lle in the homodimeric, lo®R- enzyme of
Rhodospirillum rubrunm(40).

The results presented here indicate that Leu290 is a critical
residue inChlamydomonaRubisco owing to its position at
the interface between large and small subunits (Figures 2
and 3). A remaining issue concerns the generality of these
interactions. Leu290 is conserved in land plants and green
algae but is replaced by Phek rubrumRubisco. Ala222
is conserved in land plants aiRd rubrum whereadRalstonia
eutropha and Chromatiumezinosum have Met 88). One
interaction pathway between the mutant substitution at
residue 290 and the suppressor substitution at residue 222
is via residues of the small-subugit—/B loop (Figure 3).
Perhap®R. rubrumRubisco has a different residue at position
290 because it lacks small subunits, further indicating that
the small-subuniBA—/3B loop has a critical influence over
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