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ABSTRACT

Rubisco's role m the carbon cycle of the biosphere is of fundamental
importance.

Rubisco catalyses the carboxylation of RuBP, the first step in the

photosynthetic carbon fixation pathway.

However, Rubisco's inherrent catalytic

feebleness, together with its propensity to catalyze other abortive side-reactions, makes
it an unworthy candidate for this prodigious task. Genetic manipulation of Rubisco has
been seen as a means to improve its carboxylation efficiency.

Before this can be

achieved, an understanding of the relationship between this enzyme's structure and its
function is necessary.
Most Rubiscos are composed of eight large (50 to 55 KDa) subunits and eight
small (12 to 18 KDa) subunits. Although the catalytic sites of Rubisco reside on the
large subunits, the small subunits are necessary for full catalytic competence of the
holoenzyme. The nature of the interactions between small and large subunits that lead
to full catalytic competence is not clearly understood. To investigate this, a method was
developed for expressing the large and small subunits of Synechococcus PCC6301
Rubisco separately in different E. coli cultures.

The holoenzyme could then be

reconstituted in vitro. This enabled the effects of mutation in the small subunit on the
tightness of binding of the small subunit to the large-subunit octamer to be
distinguished from the effects of the same mutation on catalysis carried out by the
assembled complex when fully saturated with mutant small subunits. This important
distinction allows the relationship between inter-subunit binding and catalytic
enhancement to be investigated.
The interactions between the amino-terminal arm of the small subunit and
residues on helix a8 of the large subunit are believed to be important in orientating a
loop region which contains part of the binding site for the C-1 phosphate of the
substrate (RuBP).

Therefore, mutational analyses of the amino-terminal arm may

provide information on substrate binding and catalysis.

Substitutions of conserved

residues at positions 14 (Ala, Val, Gly or Asp instead of Tor) and 17 (Cys instead of
Tyr), which are at the interface between large and small subunits, were found to have

V

rather limited consequences in terms of inter-subunit binding, substrate affinity and
catalysis. A potential intersubunit-hydrogen bond involving the hydroxyl group of T14
was, however, shown to be unimportant.
To probe the importance of residues in the amino-terminal arm further, deletions
of the arm from the amino terminus were created. The tightness of binding of small
subunits to large subunits was not significantly affected by removal of residues 1 to 12
of the amino-terminal arm of the small subunit. Removal of the 13th residue (E13) ,
however, weakened the binding about 80-fold, while removal of the next 7 residues
resulted in inability to form a stable holoenzyme. The catalytic activity of the enzyme
was not affected in the absence of the first 6 residues but was approximately halved by
removal of the next 7 residues. In the absence of up to 13 residues, substrate affinities
of the mutant enzyme were not signifi_cantly different from those of the wild-type
enzyme. Clearly residues 13 to 20 of the amino-terminal arm of the small subunit of

Synechococcus Rubisco do play an important role in inter-subunit binding.
The importance of certain residues within the active site of Synechococcus
Rubisco were also investigated. The hydroxyl group of T65 of the large subunit is in
close proximity to the C-1 phosphate of RuBP and the e-amino group of K334 (Knight

et al., 1990). The substitution of T65 with Val reduced the catalytic activity and altered
the kinetic properties of the enzyme, as well as reducing the specificity for CO2 as
opposed to 0 2 •

The mutant, however, showed an improved ability to suppress an

abortive side-reaction, the ()-elimination of the aci-carbanion form of PGA (an
intermediate in the carboxylation reaction mechanism).
The orientation and/or conformation of loop6 of the (3/a barrel has been
implicated as a key determinant of the COzf 0 2 specificity of Rubisco. Differences in
amino-acid sequence exist between higher-plant and cyanobacterial Rubiscos at the
carboxyl-terminal end of this loop. Substitution of the DKAS sequence in loop6 of

Synechococcus Rubisco with the corresponding ERD I sequence from the spinach
enzyme, resulted in a 6.4 % increase in the COz/0 2 specificity of the Synechococcus
enzyme.

Vl

The suppression of the ()-elimination reaction by the T65V mutant as well as the
increased specificity of the ERDI mutant for CO 2 demonstrate that it is possible to
reduce the abortive side reactions of Rubisco by genetic manipulation.
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ABBREVIATIONS

ArBP

o-arabinitol 1,5-bisphosphate

BCA

bichiconinic acid

BSA

bovine serum albumin

CABP

2' -carboxy-o-ara bini to 1 1, 5-bisphosphate

CPBP

2'-carboxy-o-pentitol 1,5-bisphosphate, unresolved isomeric mixture
of CABP and CRBP

cpm

counts per minute

CRBP

2'-carboxy-o-ribitol 1,5-bisphosphate

Da

Daltons

dATP

deoxyadenosine 5'-triphosphate

DEAE

diethylaminoethyl

DNA

deoxyribonucleic acid

DTT

dithiothreitol

EDTA

ethylenediamine tetraacetic acid

EPPS

(N-[2-hydroxyethyl]-piperazine-N'-[3-propanesulfonic acid]

Hepes

N-(2-hydroxyethyl)piperazine-N'-3-propanesulfonic acid

Kc

KM(C0 2), Michaelis constant for CO 2

kcat

turnover rate

Ko

KM(0 2 ), Michaelis constant for 0 2

Ko

dissociation constant

KDa

Kilo Daltons

LB

Luria-Bertani

NADH

nicotinamide adenine dinucleotide, reduced form

PGA

3-phosphoglycerate

PMSF

phenylmethanesulfonyl fluoride

ppm

parts per million

RiBP

o-ribitol 1,5-bisphosphate

Rubisco

o-ribulose 1,5-bisphosphate carboxylase/oxygenase

Vlll

RuBP

o-ribulose 1,5-bisphosphate

S.E.

standard error

S.D.

standard deviation

SDS

scxiium dcxiecyl sulfate

Tricine

(N-Tris[hydroxymethyl]methylglycine)

Tris

tris (hydroxymethyl) aminomethane

UV

ultraviolet

Vmax(C0 2 ),

kcat(c)'

maximum velocity of carboxylation

V,,ia)Oz), kcat(o)' maximum velocity of oxygenation
XuBP

o-xylul.ose 1,5-bisphosphate

Amino Acids
Ala (A)

alanine

Leu (L)

leucine

Arg (R)

argrmne

Lys (K)

lysine

Asn (N)

asparagme

Met (M)

methionine

Asp (D)

aspartic.acid

Phe (F)

phenylalanine

Cys (C)

cysteine

Pro (P)

praline

Cys (C)

cystine

Ser (S)

serine

Gly (G)

glycine

Thr (T)

threonine

Glu (E)

glutamic acid

Trp (W)

tryptophan

Gln (Q)

glutamine

Tyr (Y)

tyrosine

His (H)

histidine

Val (V)

valine

Ile (I)

isoleucine

Amino Acid Sequence Numberini
Throughout this thesis, amino-acid residue numbering is according to the spinach
sequence. For an alignment with the sequences of other species, refer to Figures 1.5
and 1.6.

Mutant Representation
The shorthand notation used for specifying a mutation uses the sequence number
preceeded by the single-letter representation for the wild-type residue at this position
and followed by the single-letter representation for the replacement.
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CHAPTER ONE

RIBULOSE 1,5-BISPHOSPHATE CARBOXYLASE/OXYGENASE

1

1.1 INTRODUCTION

All life on earth is either directly or indirectly dependent on the catalytic activity
of one enzyme, ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) (EC
4.1.1.39).

This enzyme catalyses the carboxylation of ribulose 1,5-bisphosphate

(RuBP) to two molecules of 3-phosphoglycerate (PGA) (Wildman & Bonner, 1947),
the initial step in the C3 photosynthetic carbon-reduction cycle of all photosynthetic
organisms (Bassham & Calvin, 1957) (Figure 1.1). The carboxylase activity of Rubisco
represents the only means by which inorganic carbon is made available to the
biosphere. Although oth~r carboxylases are present in organisms, the CO 2 fixed by
them is only transitory as it is subsequently released by decarboxylation reactions
(reviewed by Andrews & Lorimer, 1987). Curiously, Rubisco also recognises the product of photosynthesis, 0 2 , as a
substrate and catalyzes the oxygenation of RuBP to one molecule each of 3phosphoglycerate and 2-phosphoglycolate (Bowes et al., 1971; Andrews et al., 1973;
Lorimer et al., 1973). The oxygenase reaction is a wasteful process from the standpoint
of carbon acquisition since it diverts up to 50 % of the photosynthetically reduced
carbon away from the photosynthetic carbon-reduction cycle (Pierce, 1988).

The

subsequent metabolism of phosphoglycolate through the photorespiratory cycle is seen
as a salvage mechanism to redirect three-quarters of the carbon back into the
photosynthetic cycle (reviewed by Artus et al., 1986). The remaining one-quarter,
however, is lost as CO2 •

The energy costs incurred ~y the plant in running the

photorespiratory cycle (Figure 1.1) impose a limitation on the quantum efficiency of
photosynthesis. Rubisco's catalytic feebleness [the kca/KM(CO) ratio is less than onethousandth of the rate at which the substrates diffuse into the catalytic site] also limits
the water-use efficiency and nitrogen-use efficiency of the plant. These limitations
combined, severely restrict the productive potential of the plant.
The inability of Rubisco to distinguish completely between CO2 and 0 2 is a
result of its complex carboxylase reaction mechanism which involves several
intermediates (reviewed by Andrews & Lorimer, 1987). Two of these intermediates are
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Figure 1.1 The photosynthetic carbon reduction (C 3 cycle) and photorespiratory carbon oxidation (C 2 cycle) pathways. Rubisco
catalyses both the carboxylation and oxygenation of ribulose 1,5-bisphosphate (RuBP), the initial reactions of the respective pathways.
Taken from Morell et al. (1992).
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highly reactive and have the propensity to lead to abortive side reactions.

Hence,

besides the oxygenase reaction, three other side reactions are at present known to be
catalyzed by Rubisco (Edmondson et al., 1990a; Andrews & Kane, 1991; Zhu &
Jensen, 1991a,b). Avoidance of these side reactions may be a major constraint which
has retarded Rubisco's evolutionary refinement.
Due to the central position of Rubisco in CO 2 fixation and its potential influence
on productivity, intense effort has been channelled into determining the threedimensional structure of the enzyme at atomic resolution and to understanding the
mechanism of catalysis within this structural framework. It is hoped that these studies
might eventually culminate in an engineered Rubisco which is not only catalytically
more effective but also able to select better between CO2 and 0 2•

1.2 MECHANISM OF RUBISCO CATALYTIC ACTIVITY

1.2.1 Activation
All Rubiscos so far studied have to be activated to a catalytically competent
form before they are able to catalyze either the carboxylation or oxygenation of RuBP.
The catalytically competent form of Rubisco is the ternary complex of enzyme-C0 2 Me2+ (Figure 1.2) (Lorimer et al., 1976; Laing & Christeller, 1976; Badger & Lorimer,
1976; Christeller & Laing, 1978; Whitman et al., 1979; Gibson & Tabita, 1979).
Activation is initiated when a molecule of CO2 reacts with the deprotonated £-amino
group of a specific Lys residue K201 1 at the active site of the enzyme to form a
carbamate (Lorimer et al., 1976; Lorimer & Miziorko, 1980; Lorimer 1981; Donnelly

et al., 1983). This is followed by rapid binding of a divalent metal ion (Me2+) to the
carbamate. The Me2+ stabilizes the carbamate (Lorimer et al., 1976; Lorimer, 1979;
Belknap & Portis, 1986a,b) and completes the active site.

1 Throughout

this thesis, amino-acid residue numbering is according to the spinach sequence. For an
alignment with the sequences of other species, refer to Figures 1.5 and 1.6.

4

Mg2+
CO2
,,,.,
2
E-N-coo· .. Mg +
,,., ,,,. E-N-cooH
H

...

Figure 1.2 Activation of Rubisco.

Spectroscopic and kinetic studies have shown that the activation of Rubisco is
an ordered reaction sequence with the binding of CO 2 preceding the binding of Me2+
(Miziorko & Mildvan, 1974; Lorimer et al., 1976). The carbamate formation step is the
rate-limiting step in the activation process for it is a slow but readily reversible reaction.
Moreover, these studies also established that CO 2, rather than HC0 3- or CO/-, is the
reactive species involved in activation. From kinetic turnover and competitive binding
studies it was firmly established that this activator CO 2 is distinct from the substrate
CO 2 which is fixed during carboxylation (Lorimer 1979; Miziorko, 1979).
Although Mg2+ is the activator metal in vivo, in vitro activation can occur with a
wide variety of metals. Mn2+, Fe2+, Ca2+ or Cu2+ has been found to replace Mg 2+ and
stabilize the carbamate (Christeller & Laing, 1978; Robison et al., 1979; Christeller,
1981; Nilsson et al., 1984; Styring & Branden, 1985; Pierce & Reddy, 1986).
The in vitro activation of Rubisco by CO 2 and Me2+ is a spontaneous process.
The degree of activation of the enzyme is dependent upon the concentrations of CO 2
and Me2+, and the pH of the medium (Lorimer et al., 1976). The activation of Rubisco

in vivo is further regulated by light intensity and sugar phosphates, including RuBP,
xylulose 1,5-bisphosphate (XuBP) and 2-carboxyarabinitol 1-phosphate (reviewed by
Salvucci, 1989 and Portis, 1990). The presence of another protein, Rubisco activase, is
also required for this in vivo regulation.

Rubisco activase has been shown to be

involved in releasing sugar phosphates which bind to the carbamylated and
decarbamylated forms of Rubisco.

The mechanism by which Rubisco activase

performs this role has not yet been clearly understood.

5

The activation of Rubisco does not require the presence of small subunits (see
Section 1.3.1). Studies on the L2 Rhodospirillum. rubrum enzyme, which lacks small
subunits, initially indicated that activation is independent of the small subunits
(Whitman et al., 1979).

Later, studies on the L8 core of L8S8 enzymes clearly

established that the large subunits alone are involved in activation of the enzyme
(Andrews & Ballment, 1984).

1.2.2 Carboxy/ase Reaction
The most productive reaction catalyzed by Rubisco is the carboxylation of
RuBP to two molecules of PGA.

An outline of this reaction which actually

encompasses a series of chemical reactions (enolization, carboxylation, hydration,
carbon-carbon scission and protonation) involving several intermediates I to IV, is
shown in Figure 1.3 (reviewed by Andrews & Lorimer, 1987). Following activation,
the substrate RuBP binds to the active site of the enzyme (Gutteridge et al., 1984;
Pierce et al., 1986). Catalysis is initiated with the abstraction of the C-3 proton from
RuBP forming the 2,3-enediol (or enediolate) of RuBP (intermediate I) (Saver &
Knowles, 1982; Jaworowski et al., 1984). Addition of one molecule of CO 2 to the 2,3enediol results in the six-carbon intermediate, 2'-carboxy-3-keto-arabinitol 1,5bisphosphate (3-keto CABP) (intermediate II) (Schloss & Lorimer, 1982), which
undergoes hydration to form the gem-diol form (intermediate III) (Pierce et al. , 1986).
The next stage of the reaction mechanism involves carbon-carbon cleavage be.tween the
C-2 and C-3 of the gem-diol intermediate which is initiated by the deprotonation of the

0-3 of the gem-diol. This generates one molecule of PGA and one molecule of the acicarbanion of PGA (intermediate IV) (Hurwitz et al. , 1956; Saver & Knowles, 1982).
The stereospecific protonation of the carbanion intermediate produces the second
molecule of PGA which completes the carboxylation reaction mechanism.

1.2.3 Side Reactions Catalyzed by Rubisco
Rubisco is also known to catalyze at least four other reactions in addition to the
carboxylation reaction.

These side reactions arise from two highly reactive
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Figure 1.3 The mechanism of carboxylation of RuBP. The carboxylation reaction sequence intermediates are : I, 2,3-enediol(ate) of
RuBP; II, 2'-carboxy-3-keto-arabinitol-1,5-bisphosphate (3-keto CABP); III, hydrated gem-diol form of II; IV, aci-carbanion form of
PGA. Taken from Morell et al. (1992).
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intermediates of the carboxylase reaction mechanism, the 2,3-enediol of RuBP and the
aci-carbanion of PGA. Both of these intermediates are potent nucleophiles which have
the propensity to react with other electrophiles besides those involved in the
carboxylation reaction mechanism.

1.2.3.1 Oxy~enation Reaction
The oxygenation of RuBP was the first side-reaction known to be catalyzed by
Rubisco (Bowes et al., 1971; Andrews et al., 1973).

The fact that the oxygenase

reaction occurs even in Rubiscos from organisms that grow in anaerobic environments
led to the notion that the o~genase activity must be an unavoidable consequence of the
chemical nature of the carboxylase activity (Lorimer & Andrews, 1973). Mechanistic
studies have since shown that both CO 2 and 0 2 react with the same 2,3-enediol of
RuBP, bound to the active site of the enzyme.
Although the details of the oxygenation reaction mechanism have not been
completely understood, it. is believed to follow an ordered reaction sequence similar to
that of the carboxylase reaction. Figure 1.4 outlines the oxygenation reaction sequence
as it is presently understood. The addition of 0 2 to the 2,3-enediol of RuBP prcxiuces a
five-carbon hydroperoxide intermediate. This intermediate is presumed to have the
same stereochemical configuration around C-2 as the carboxy lated six-carbon (3-keto
acid intermediate (Lorimer et al., 1973; Branden et al., 1984).

Hydrolysis of this

intermediate, followed by carbon-carbon cleavage between C-2 and C-3 results in one
molecule of PGA and one molecule of 2-phophoglycolate ~ing formed.

1.2.3.2

Misprotonation of the 2.3-Enediol of RuBP
The formation of 2,3-enediol of RuBP by a removal of a proton from C-3 of

RuBP is a reversible reaction. That is, reprotonation at C-3 recreates RuBP (Figure
1.4). However, if the reprotonation at C-3 occurs on the opposite face of the molecule
(the Si face) then the epimer, XuBP, would be formed (Edmondson et al., 1990a; Zhu

& Jensen, 1991a,b). This misprotonation reaction has been estimated to occur once in
every 400 carboxylation reactions catalyzed by spinach Rubisco (Edmondson et al. ,
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Figure 1.4 The reactions catalyzed by Rubisco. The relative specificity for each side reaction known to be catalyzed by the spinach
enzyme is given beside the arrows. This number represents the number of times the carboxylation reaction is faster than the side reaction
in question, all other things, such as substrate concentration, etc., being equal. Taken from Andrews et al. (1992).
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1990a). On the other hand, if reprotonation occurs at C-2 instead of C-3 then one or
both of the epimers of pent-3-ulose 1,5-bisphosphate would be produced (Figure 1.4).
The presence of one of these epimers, 3-keto-arabinitol 1,5-bisphosphate (ArBP), was
inferred by Edmondson et al. (1990a) and later confirmed by Zhu & Jensen (1991a,b).
All of these isomers of RuBP once formed remain tightly bound to the active site and
lead to a slow but progressive inhibition of the carboxylase reaction (Edmondson et al.,
1990a,b,c,d; Zhu & Jensen, 1991a,b). It has been observed in vitro that Rubisco also
catalyzes the carboxylation of XuBP (Yokota, 1991).

The XuBP carboxylation

reaction, like the RuBP carboxylation reaction, proceeds via the formation of the 2,3I

i

enediol resulting in the formation of the same PGA product. The carboxylation of
XuBP by Rubisco in vitro can be seen as a means to relieve the inhibition of its catalytic
site by XuBP and to dispose of the significant amount of XuBP formed due to the
misprotonation of its carboxylation reaction intermediate. However, the rate of XuBP
carboxylation represents only 0.03 % of the RuBP carboxylation reaction which is
much slower than the rate at which XuBP is produced.

1.2.3.3

'3-Elimination of the Aci-Carbanion of PGA
Recently, Andrews & Kane (1991) have identified yet another side-reaction

catalyzed by Rubisco.

It derives from the aci-carbanion intermediate of the

carboxylation reaction mechanism. In addition to PGA, these authors detected pyruvate
as a product of the carboxylase reaction. The production of pyruvate is envisaged to
occur by the j3-elimination of the phosphate moiety o~ the aci-carbanion via the
formation of eno/-pyruvate (Figure 1.4).

Interestingly, different Rubiscos (from

spinach, Synechococcus and R. rubrum) were found to catalyse this j3-elimination
reaction at a constant rate of 0. 7 % of the carboxylase reaction. Varying the pH or the
CO 2 concentration or substituting Mn2+ for Mg2+ in the reaction did not alter this rate of
pyruvate formation.
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1.2.4

Physiolo~ical Consequences of Side Reactions Catalyzed by Rubisco
The side reactions known to be catalyzed by Rubisco represent a finite wastage

of energy. They not only divert carbon from the productive carboxylation reaction, but
more importantly, the plant has to invest in elaborate mechanisms to dispose of the
waste products formed by these side reactions. The oxygenase reaction, in particular,
imposes severe physiological limitations on the plant, affecting (directly or indirectly)
the efficiencies with which it uses light, water and nitrogen.
The oxygenase reaction catalyzed by Rubisco constitutes a significant
percentage of its carboxylase reaction. In plants, at equal concentrations of CO 2 and
0 2 , it occurs once in app~oximately every 100 carboxylation reactions (Figure 1.4)
(Jordan & Ogren, 1981; Andrews & Lorimer, 1985). At atmospheric levels of CO 2 and
0 2, this translates to an oxygenase/carboxylase ratio of about 0.25.

During active

photosynthesis in the chloroplast stroma of C 3 plant cells, the concentration of dissolved
0 2 increases at the site of the photosystem II complex. This together with the diffusion
limitation of CO 2 transport result in the concentration of 0 2 being at least 30 times that
of CO 2 at the site of carboxylation.

Therefore, a more realistic ratio between

oxygenation and carboxylation in C3 plants in air would be at least 0.3. The C4 plants
have a higher CO2 concentration at the site of CO2 fixation than C 3 plants because these
plants have a CO 2 concentrating mechanism by which CO2 is pumped from intercellular
spaces into the bundle-sheath cells where Rubisco is located. As a result, the oxygenase
activity in C4 plants is almost completely suppressed.
The accumulation of phosphoglycolate as a result of the oxygenase activity of
Rubisco has necessitated the investment by plants in a system for its disposal. The
photorespiratory pathway (refer to Figure 1.1) spanning three organelles (chloroplast,
peroxisome and mitochondria) and involving at least five other enzymes has probably
evolved in response to this need. The metabolism of phosphoglycolate through this
pathway may also be seen as a salvage mechanism which recycles part of the carbon
back into the photosynthetic pathway (Tolbert, 1979; reviewed by Artus et al., 1986).
However, this process consumes a considerable amount of energy in order to convert 75
% of the carbon of phosphoglycolate to PGA which is then processed through the
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photosynthetic pathway to regenerate RuBP.

The remaining 25 % of the carbon of

phosphoglycolate is released as CO2. Furthennore, nitrogen is released as ammonia during
the metabolism of phosphoglycolate requiring further energy for its reassimilation.
The energy consumed in the photorespiratory pathway, in turn, adversely affects the
quantum efficiency of photosynthesis.

This was demonstrated by growing plants under

saturating CO2 or low 02 conditions where photorespiration is suppressed. Under these
conditions, the quantum efficiency of these plants approximately doubled at 25-30 °C
(Ehleringer and Bjorkman, 1977). Clearly, at air levels of CO2 and 02, photorespiration
imposes a severe limitations on the quantum efficiency of photosynthesis.
Photorespiration also adversely affects the water-use efficiency of C3 plants.

In

order to maximise the C02f02 ratio in the chloroplast stroma to limit photorespiration,
diffusional limitations to CO2 transport must be minimised. C3 plants achieve this with
large apertures of their leaf stomata, but this facilitates water loss. C4 plants, on the other
hand, have a better water-use efficiency than C3 plants (Fischer & Turner, 1978). The
functioning of a CO2 concentration mechanism in these plants permits a very low CO2
concentration in the mesophyll which, in turn, permits lower stomata! apertures and lower
rates of water loss.
Like phosphoglycolate, the isomers of RuBP produced at the active-site of Rubisco
need to be disposed off. One of the roles of the Rubisco activase system in plants seems to

be the release of these inhibitors from the active-site (Robinson and Portis, 1989). The
mechanism by which Rubisco activase acco1nplishes this is not known yet.

The XuBP

released from Rubisco is further believed to be processed by a specific phosphatase to
xylulose-5-phosphate which is then 1netabolised through the photosynthetic cycle (A.R.
Portis, personal communiation). Here again, the plant has to invest in at least two other
enzymes to dispose of the products of side reactions.
Pyruvate, unlike the other products produced by the side-reactions catalyzed by
Rubisco, is not a waste product. Pyruvate is normally produced in cells by the
metabolism of sugars (glycolytic pathway) and it can be metabolised through the Krebs
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cycle. However, the production of pyruvate requires the expenditure of energy. The
energetic equivalent of one ATP molecule is wasted for every molecule of pyruvate
produced.
The four known side reactions catalyzed by Rubisco cumulatively decrease the
catalytic efficiency of Rubisco with respect to its carboxylation reaction. This coupled
to the fact that Rubisco is inherently a slow catalyst, necessitates the investment by the
plant of at least one-quarter of its nitrogen budget in the biosynthesis of this enzyme.
On a global scale this amounts to one million grams of Rubisco being synthesized every
second which makes it the most abundant protein in the world (Ellis, 1979).

If Rubisco is able to curb itself from carrying out these side reactions and
concentrate only on its carboxylation reaction, then this in itself will improve its
catalytic efficiency.

Particularly, if the inhibition of its carboxylation reaction by

oxygen could be diminished or eliminated this would have profound implications on
photosynthesis and plant productivity.

1.2.5 COJ02 Specificity
The relative rates of photosynthesis and photorespiration in plants are governed
by the kinetic characteristics of Rubisco as well as the internal concentrations of CO 2
and 0 2 (Laing et al., 1974). Therefore an increase in the concentration of CO 2 relative
to 0 2 at the active site of Rubisco or an increase in the relative rate of carboxylation to
oxygenation catalyzed by Rubisco would lead to an increase in photosynthesis. The
observations of diminished photorespiration in C4 plants _under normal atmospheres
(Hatch & Slack, 1970; Hatch, 1976; Lucas & Berry, 1985) and in C 3 plants under CO 2 enriched atmospheres (Ogren & Chollet, 1982) are believed to reflect an increase in the
concentration of CO 2 (and, therefore, the COz/0 2 ratio) at the active site of Rubisco
(Laing et al., 1976). These observations support the view that photosynthesis can be
increased by altering the relative rates of fixation of the two gases by the plant.
Unfortunately, under the present atmospheric concentrations of CO 2 and 0 2 , this is not
feasible with C3 plants unless in a glass house. On the other hand, an increase in the
relative rate of carboxylation by the enzyme can be envisaged to occur by genetic
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manipulation of the enzyme such that its kinetic characteristics are altered in favour of
carboxylation.
The kinetic characteristics of Rubisco for carboxylation and oxygenation are
represented by the following relationship (Laing et al., 1974):

vjv 0 = {(V jK)/(VJK0 }·{[C0 2]/[02]}

(Equation 1.1)

where, vc and v0 are the velocities of carboxylation and oxygenation, respectively, Ve
and V0 the maximal velocities of the two reactions, and Kc and K0 the Michaelis
constants for CO 2 and 0 2 • The COif0 2 specificity factor, V/(JV J<c, determines the
relative rates of the two reactions at any given CO 2 and 0 2 concentrations. This factor
is defined here as Scio' the re!ative specificity of the enzyme for CO 2 as opposed to 0 2•
A higher value for this factor denotes a greater specificity for CO 2• The VIK ratio is
also an important index as it measures the catalytic efficiency of the enzyme for a
particular substrate (Fersht, 1985) and the higher the ratio the greater the efficiency of
the enzyme in converting the substrate to product(s) at limiting substrate concentrations.
The kinetic characteristics of Rubisco from a wide variety of higher-plant, algal
and bacterial species have been measured by previous studies (Jordan & Ogren, 1981;
Yeoh et al. , 1981; Bird et al. , 1982; Jordan & 0 gren, 1983; Seeman et al. , 1984).
These studies have revealed that natural variability exists with respect to all kinetic
constants, including the Sc10 factor. The VjKc ratio and the Sc10 value for Rubiscos from
these sources are summarised in Table 1.1. The Scio values range from about 10 for
Rubiscos from photosynthetic bacteria to about 100 for Rubiscos from higher plants
while the carboxylation efficiencies range from about 6 x 104 M- 1s- 1 in bacteria to
about 20 x 104 M-ls-1 in plants. Clearly higher-plant Rubiscos exhibit not only greater
selectivity for CO 2 but also are more efficient with respect to carboxylation than
bacterial Rubiscos. Since photosynthetic bacteria occur in an environment where CO2
is abundant, their Rubiscos may not be subjected to selective pressure to increase their
specificity. On the other hand, higher-plant Rubiscos occur in an environment where

-

the 0 2 concentration is much higher than the CO2 concentration. The Rubiscos from
these sources are therefore under greater selective pressure to increase their specificity
for CO 2 • The observed increases in Sc10 and V jKc values of Rubiscos from higher
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plants compared to those from bacteria therefore suggest an evolutionary trend towards
greater selectivity and efficiency.

In order to achieve this, Rubisco must have

undergone structural changes, demonstrating that further increases in the specificity of
Rubisco might be achieved through genetic manipulations.

Table 1.1 Some catalytic properties of Rubisco from different species

.

species

sc/o

VJKc
(M- 1s- 1, xl 04)

C3 plants

I

80-100 _

15-20

C4 plants

I

70-90

14-18

Green algae

I

60-70

Photosynthetic

I

50-60

6-8

bacteria

II

10-20

6-8

a

see Section 1.3.1 for the two forms of Rubisco.

Adapted from Gutteridge (1990).

Early studies have shown that the Sc10 factor could be altered by incubating the
enzyme at elevated temperatures (Jordan & Ogren, 1984) or by substituting the essential
Mg 2+ ion with other divalent cations (Christeller & Laing, 1979; Robison et al., 1979;
Jordan & Ogren, 1983).

Although these experimental manipulations resulted in

reduced Sc10 values, these again demonstrated that the specificity for CO 2 is not
immutable. In the literature, there are many studies dealing with mutations in the large
.

and small subunits of Rubisco. However, only the most recent of these studies have
determined the Sc10 factor of mutant enzymes. While mutations within the small subunit
of Rubisco small subunit were found not to affect the specificity factor (Lee et al. ,
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1991a; Read & Tabita, 1992, see Section 1.3. 7 for details of mutations), mutations
within the large subunit were found to have an adverse effect (Smith et al., 1990; Chen

et al., 1991, see Section 1.3.5 for details of mutations). These large-subunit mutations,
nonetheless, have contributed significantly to our understanding of the active-site
microenvironment and also have identified residues that may play an important role in
determining COz/0 2 specificity. A knowledge of the relationship between structure and
function is crucial before any rational attempts to improve the specificity or
carboxylation efficiency for CO 2 can be envisaged.

1.3 RUBISCO STRUCTURE

1.3.1 Subunit Stoichiometry
There are two forms of Rubisco, Form I and Form II (reviewed by Andrews &
Lorimer, 1987). The Form I enzyme is a hexadecamer of eight large (L) and eight
small (S) subunits (L8S 8). The large subunits are 50 to 55 kDa in molecular mass while
the small subunits range from 12 to 18 kDa. The Form I enzyme is the most common
fonn of the enzyme and is present in all plants, algae and most photosynthetic bacteria.
The Fenn II enzyme is only present in purple, non-sulfur, photosynthetic bacteria and
lacks the small subunits. In R. rub rum, it is a homodimer of large subunits (L 2) and in
rhodopseudomonads, it is an oligomer of large subunits. In the rhodopseudomonad,

Rhodobacter (Rhodopseudomonas) sphaeroides, both Forms of Rubisco are known to
occur. The Fonn I enzyme is only synthesized during late logarithmic and stationary
phases of cell growth and when CO2 is limiting. The size of the Fonn II enzyme is
variable and ranges from L2 to an aggregate of at least L8 , depending on the pH of the
medium. The ability of this organism to switch from Form II to Form I under CO 2
stress indicates a likely evolutionary trend towards the more efficient Form I enzyme as
CO 2 levels diminished and 0 2 levels increased in the atmosphere. This also suggests
that there must be some advantage in procuring the small subunits for which no explicit
role has thus far been assigned (see Section 1.3.7).
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l.3.2 Primary Structure
The amino-acid sequences of both the large and small subunits of Rubisco from
a wide variety of species have been determined. A compilation of these sequences is
given in Figures 1.5 and 1.6. The large and small subunit consists of approximately
475 and 125 residues, respectively, though the exact number of residues in each subunit
varies from species to species.
A comparison of the large-subunit sequences of L8 S8 enzymes indicates more
than 80 % sequence homology (Figure 1.5).

A comparison of the large-subunit

sequences of L8S8 enzymes and the L2 R rubrum enzyme, on the other hand, shows a
much lower sequence homology of about 25 % (Figure 1.5).

In spite of this low

sequence homology, it can be seen that the active-site residues (indicated by an asterisk
in Figure 1.5; see also Section 1.3.5 and Figure 1.14) in the loop regions are identical in

the L2 and the L8 S8 sequences. In addition, structural studies have shown that the
secondary structural folds of the large subunits from R. rubrum, spinach and tobacco
are very similar (see Section 1.3.3).
The small subunits from different species, on the other hand, are more variable
with homologies ranging from 50-70 % (Figure 1.6).

This is partly due to the

variations in the small-subunit polypeptide lengths, both at the carboxy- and aminotermini as well as in the 'hair-pin' loop region (residues 46 to 67). A major portion of
this loop region is absent in cyanobacteria (Synechococcus and Anabaena), brown algae

(Pylaiella littoralis and Ectocarpus siliculosus), and the red algae (Prophyridium
aerugineum

and

Cyanidium

calda.rium)

but

in

other

orgarusms

(Euglena ,

Chlamydomonas and Acetabu/aria) it is considerably longer. In spite of this, three
conserved regions can be identified. These are located in the amino-terminus (residues
10 to 21), the 'hair-pin' loop region (residues 61 to 76) and the carboxy-terminus
(residues 98 to 116) of the small subunit.

1.3.3 Secondary Structure
Figure 1.7a shows the secondary structure and domain foldings of one largesubunit polypeptide of the R. rubrum enzyme (Schneider et al. , 1986; 1990a; Lundqvist
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Figure 1 .5 Amino acid sequences of Rubisco large subunits from different species.
The sequence numbering (first line above the
to the spinach sequence.
Residues identical to the spinach residue are indicated by dots.
Dashes represent gaps arbitrar il y
homology.
The symbols above the sequence refer to numbered secondary structural elements of the spinach enzyme (a-helices
Section 1 .3.3). Active-site residues are labelled by an asterisk. The sources from which the sequences were obtained are listed

sequence ) 1s according
introduced to maximize
or p -sheets ; refer lo
in Table 1 .2.
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Table 1.2 The sources from which the amino-acid sequences of Rubisco large subunits
shown in Figure 1.5 were obtained are given below
Species

spinach
tobacco
pea
petunia
alfalfa

Atriplex patula
Flaveria pringlei (partial sequence)
barley (partial sequence)

.

nee
Triticum aestivum
Neurachnetenuifolia

.

ma12e

Marchantia polymorpha
Chlamydomonas reinhardtii
Euglena gracilis
Synechococcus PCC6301
Anabaena
Alcaligenes eutrophus
Chromatium vinosum
Rhodobacter sphaeroides (Form I)
Rhodospirillum rubrum

Source

Zurawski et al. (1981)
Shinozaki & Sugiura (1982)
Zurawski et al. (1986)
Aldrich et al. (1986a)
- Aldrich et al. (1986b)
Hudson et al. (1990)
Hudson et al. (1990)
Zurawski et al. (1984)
Moon et al. (1987)
Terachi et al. (1987)
Hudson et al. (1990)
McIntosh et al. (1980)
Ohyama et al. (1986)
Dronet al. (1982)
Gringrich & Hallick (1985)
Reichelt & Delaney (1983)
Curtis & Haselkom (1983)
Andersen & Caton (1987)
Viale et al. (1989)
Wagner et al. (1988)
Nargang et al. (1984)
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Amino acid sequences of Rubisco small subunits from different species. The sequence numbering (first line , above the sequence)

is according

to the spinach sequence. Residues identical to the sp inac h residue at that position are indicated by dots. Dashes represent gaps arbitrarily introduced
in the sequence to max i miz e homology. X represents an un i dent ifi ed am i no acid . The symbols above the sequences refer to numbered secondary structural
elements of the spinach enzyme (a - helices or p-sheets; refer to Section 1 .3.3). For Fucus vesiculosus, only the partial sequence is known. The sources
from wh ich the sequences were obtained are listed in Table 1 .3.

20

21

Table 1.3 The sources from which the amino-acid sequences of Rubisco
small subunits shown in Figure 1.6 were obtained are given below
Species

Source

spinach
.
nee
wheat
.
maize
soybean
pea
.
pme

Martin (1979)
Xie & Wu (1988)
Broglie et al. (1983)
Matsuoka et al. (1987)
Berry-Lowe et al. (1982)
Fluhr et al. (1986)
Yamamoto et al. (1988)
Stiekema et al. (1983)
Wolter et al. (1988)
Mazur & Chui (1985)
McKnight et al. (1986)
Turner et al. (1986)
Starnes et al. (1985)
Shinozaki & Sugiura (1983)
Nierzwicki-Bauer et al. (1984)
Sailland et al. (1986)
Goldschmit-Clermont &Rahire (1986)
Schneider et al. (1989)
Andersen & Caton (1987)
Meijer (1989)
Wagner et al. (1988)
Valentin & Zetsche (1989)
Assali et al. (1991)
Douglas & Durnford (1989)
Valentin & Zetsche (1990a)
Boczar et al. (1989)
Valentin & Zetsche (1990b)
Keen et al. (1988)
Viale et al. (1989)

lemnagibba
potato

Nicotiana tobaccum
tomato
petunia

Cyanophora paradoxa
Synechococcus PCC6301
Anabaena
Euglena gracilis
Chlamydomonas reinhardtii
Acetabulari medite"anea
Alcaligenes eutrophus
Xanthobacter flavus
Rhodobacter sphaeroides (Form I)
Porphyridium aerugineum
Pylaiella littoralis
Cryptomonas 4>
Ectocarpus s iliculosus
Olisthodiscuslu.teus
Cyanidium caldarium
Fucus vesiculosus
Chromatium vinosum
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& Schneider, 1991a). It consists of two domains, a small amino-terminal domain and a
large carooxy-tenninal domain which has a (3/a-barrel motif.

The amino-terminal

domain is folded into a central mixed, five-stranded ~sheet (f3A to f3E) with one ahelix (aA) on one side and two a-helices (aB and aC) on the other side of the ~sheets.
This domain is connected to the carooxy-terminal domain by a short a-helix (aD),
followed by an extended loop.
The carooxy-terminal domain starts with an a-helix (aE), the loop from which
enters the f3/a-barrel motif. This motif consists of an alternating eight-stranded f3/a
structure. The ~sheets (f31 to (38) hydrogen oond to each other and form the central
core of the barrel, around w!uch the a-helices (al to a8) are arranged. Helices aF to
aJ and ~sheets f3F to f3H which are not part of the barrel complete the carooxy-

terminal domain.
The f3/a-barrel motif is not peculiar to Rubisco. A total of 17 enzymes have this
motif which accounts for 10 % of all enzymes whose structures are known (Farber &
Petsko, 1990). In each case, the active-site residues are located in the loop regions,
which connect the ~sheets to the a-helices (see Figure 1.7a). This motif apparently
forms a particularly stable structure.
Structural studies on the spinach and tobacco enzymes have shown that the
secondary structure and domain folding of the L8S 8 large subunit are very similar to that
of the R. rubrum large subunit (Chapman et al., 1987; 1988; Andersson et al., 1989;
Knight et al., 1989; 1990).

Figure 1.7b shows the secondary structure and .domain

foldings of the large subunit of spinach Rubisco. A superimposition of the Ca traces of
the spinach and R. rubrum large subunits showed only three regions of non-alignment,
one in the amino-terminal domain and the other two in the carboxy-terminal domain
(Schneider et al., 1990b). In the amino-terminal domain, helix aA is absent in the
spinach large subunit and is replaced by an extended loop.

In the carboxy-tenninal

domain, helices al and aJ are absent in the spinach and helices aG and aH adopt
different positions. In addition, the region between loop7 to loop8 in the (3/a-barrel
motif is significantly shifted in the spinach large subunit. This shift may be due to the
extensive interactions between helix a8 of thjs region and the amino-terminal arm of
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a3

Figure 1.7 Secondary structure and domain foldings of the large subunit of Rubisco. (a) Schematic
view of the R. robrum large subunit. a-helices are represented by cylinders and f3-sheets by arrows.
The loop regions connecting the f3-sheets to the a-helices in the f3/a-barrel motif are labelled Ll -L8.
(b) Ribbon diagram of the spinach large subunit a-helices in the f3/a-barrel motif are in pink while all
other a-helices in the amino(N)- and carboxy(C)-t~al domains are in dark blue. f3-sheets in the
f3/a-barrel motif are in red while other f3-sheets in the N- and C-terminal domains are in light blue. The
carbon backbone of the polypeptide is in green. The two structures are very similar except for the
differences mentioned in the text. (a) Adapted from Schneider et al. (1990a).

d
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the small subunit. Moreover, within loop8 there is a short a-helix (aP) which is absent
in the R. rubrum polypeptide.
Figure 1.8 shows the secondary structure of the small subunit of spinach
Rubisco (Andersson et al., 1989; Knight et al., 1989; 1990). The core of the small
subunit is made up of four anti-parallel (3-sheets (f3A to f3D) with two a-helices (aA
and aB) on one side of the sheet. The amino terminus comprising residues 1 to 21 has
no secondary structure and forms an extended chain (or arm). Between strands f3A and
f3B is an extended loop, the 'hair-pin' loop. In cyanobacterial enzymes, residues 52 to
63 (see Figure 1.6) of this loop are absent.

l.3.4 Tertiary Structure
The R. rubrum enzyme is a dimer of two large subunits which are arranged in a
head-to-tail orientation, forming an elongated cylinder (Schneider et al. , 1986; 1990a;
Lundqvist & Schneider, 1991a) (Figure 1.9). The amino-terminal domain of one large
subunit interacts with the barrel motif of the second large subunit in the dimer. There
are extensive interactions between residues in the two carboxy-terminal domains and
between one carboxy-terminal domain and the amino-terminal domain of the second
subunit. The active site is located at the dimer interface with residues from the (3/abarrel motif of one large subunit and the amino-terminal domain of the second subunit
both contributing to the active site. Thus, there are two active sites per dimer. The
location of the active sites was first identified by chemical cross-linking and sitedirected mutagenesis studies prior to structural determination (Larimer et al. , 1987; Lee
et al. , 1987). The L2 dimer represents the basic functional unit of Rubisco.

The L8S8 enzyme has a keg-like structure with a local 422 symmetry (Chapman
et al., 1987; 1988; Andersson et al., 1989; Knight et al., 1989; 1990). The core of the

molecule is made up of eight large subunits which are arranged as L2 dimers (as in the
R. rubrum enzyme) around a four-fold axis of symmetry (Figure 1.10). Thus, there are

four L2 dimers [ (Lz) 4]. Here again the active sites are located at the interface ' tween
large subunits in a dimer. So there are eight active sites per L8 S8 molecule. The eight
small subunits are arranged as tetramers (S4) at either end of the L8 core (Figure
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Figure 1.8 Ribbon diagram of the small subunit of spinach Rubisco. a-helices are
shown in dark blue, (3-sheets in light blue, the amino(N) -terminal arm in pink and the
'hair-pin' loop in red. The carbon backbone of the small subunit is in green.
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Figure 1.9 Ca tracing of the L2 dimer from R. rubrum Rubisco. The amino (N) and carboxy (C)-terminal domains of one large subunit are shown in light blue and dark
blue, respectively. The two domains of the second large subunit in the dimer are shown
in green (N-terminal) and red (C-terminal).

The N-terminal domain of one large

subunit interacts with the C-terminal domain of the second subunit.
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Figure 1.10 Ribbon diagram of the L8 core of spinach Rubisco. Four L dimers
2

make up the core of the molecule. Each L2 dimer is shown~ a different colour.
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1.1 la,b). A central solvent channel extends throughout the centre of the molecule along
the four-fold axis and between the four L2 dimers.
There are extensive interactions between the L2 dimers.

These interactions

mainly involve residues from the carboxy-terminal domains although there are a few
interactions between the amino-terminal domain residues.

Each large subunit also

interacts with three different small subunits and each small subunit, in turn, interacts
with three different large subunits from two different L2 dimers. The 'hair-pin' loop
region of each small subunit is wedged in the crevice formed between the tips of two L2
dimers and extends into the central solvent channel (Figure 1.12). This loop forms
extensive interactions with large-subunit residues in its vicinity. In addition, the 'hairpin' loop of one small subunit interacts with the 'hair-pin' loop of a neighbouring small
subunit in the crevice. This small-subunit to small-subunit contact site constitutes one
of two such contacts in the L8S8 molecule. The amino-terminal arm (residues 1 to 21)
of each small subunit wraps around the carboxy-terminal domain of one large subunit in
a dimer with the first 7 residues of the small subunit extending into a crevice farmed
between that large subunit and a neighbouring small subunit on the other side of the
dimer (Figure 1.13). The interactions between these 7 residues of the small subunit and
the neighbouring small subunit, form the second small-subunit to small-subunit contact
site. The interactions between the amino-terminal arm of the small subunit and the
large subunit are confined to helix a8 of the (3/a motif of the carboxy-terminal domain
of the large subunit.

l.3.5 Active Site
The active site of Rubisco is highly conserved and located at the interface
between the monomers of each L2 dimer. Residues from the loop regions of the (3/abarrel motif (loops connecting the (>-sheets to the a-helices, see Figure 1. 7a) of one
large subunit and residues from two regions in the amino-terminal domain of a second
large subunit in a dimer constitute the active site. The small subunits of L8S8 enzymes
do not contribute residues to the active site.

rd
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(a)

Figure 1.11 Ribbon diagram of the L 8S 8 molecule of spinach Rubisco. (a) Side-view of the L8S8
molecule. The large subunits (in blue) form the core of the molecule. The small subunits (in red) are
located at either end of the molecule. (b) Top view of the L8S8 molecule showing the tetrameric
arrangement of small subunits (red). The four small subunits at the bottom of the molecule are
arranged in a similar fashion.
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Figure 1.12 The location of the "hair-pin" loop of the small subunit within the

L8S 8 molecule. The two L2 dimers are shown in green, the small subunits in blue and
the 'hair-pin' loops of the small subunit in red. See text for details.

- ~ - - - ~ ~ - - - - - - - - - - - - - -~
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Figure 1.13 The interactions of the amino-terminal arm of the small subunit.
The amino-terminal arm (in light blue) of one small subunit (in red) interacts with helix

a8 (in dark blue) of the large subunit (in green). The first 7 residues of the aminoterminal arm interact with a neighbouring small subunit (in pink).
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A schematic diagram of the active site of the activated spinach enzyme with the
analog of the six-carbon intermediate (3-keto CABP), 2-carboxy-arabinitol 1,5bisphosphate (CABP), bound to it (quaternary complex) is shown in Figure 1.14
(Andersson et al., 1989; Knight et al., 1989; 1990). The residues in the active site
region are highly conserved (see Figure 1.5) and many of them were identified by
chemical modification and site-directed mutagenic studies. In the centre of the active
site is the metal-binding site. During activation, an activator CO 2 molecule interacts
with the £-amino group of K201 (loop2) forming the carbamate (Lorimer et al., 1976;
Lorimer & Miziorko, 1980; Lorimer, 1981; Donnelly et al., 1983). The proximity of
the acidic group of the carba1?1ate to those of D203 and E204 (both from loop2, E204 is
not shown in Figure 1.14) is electrostatically unfavourable and thus may be a likely

l·

cause for the unstability of the carbamate in the absence of the Me2+ ion. One of the
oxygen atoms of the carbamate forms a protein ligand to the activating Me2+ ion (Mg2+
in Figure 1.14) which, in tum, stabilizes the carbamate. The metal is coordinated in the
active site by interactions with two other protein ligands, D203 and E204., and also by
interactions with the hydroxyl and carboxyl groups at C-2 of CABP.

Two other

residues, H294 (loop5) and N123 (from the amino-terminal domain of the second
subunit), are also in the vicinity of the metal-binding site. One of these residues is
believed to form a nitrogen ligand to the metal before substrate RuBP binds. The
presence of this ligand to the metal was detected in the activated ternary complex, but
not in the quaternary complex, by EPR studies (Branden et al., 1984).
CABP (or substrate RuBP) binds in an extended conf9rmation across the mouth
of the barrel, shielding the metal-binding site from solution. It is anchored at either end
by interactions involving the phosphate groups. The phosphate group at C-1 forms
hydrogen bonds to residues G403 and G404 from loop8 and residues G380 and G381
(not shown in Figure 1.14) from loop7. In addition, it forms salt-links to residues Kl 75
of loopl and K334 of loop6. The catalytically essential residue K334 (Soper et al.,
1988; Hartman & Lee, 1989) also interacts with the carboxyl group at C-2 of CABP.
Two other residues from the amino-terminal domain of the second large subunit, E60
and T65 (not shown in Figure 1.14), are also in the vicinity of the C-1 phosphate
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Figure 1.14 Schematic diagram of the active site of activated spinach Rubisco with

CABP bound. The interactions between side chains of amino-acid residues, the Mg 2+
ion and CABP are shown. The suffix B refers to a residue from the second large
subunit in a dimer. Taken from Andersson et al. (1989).
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binding site. The side chain of T65 is in hydrogen-bonding distance to two of the
phosphate oxygen atoms as well as with K334.

It is not clear whether the C-1

phosphate is held in place by the interactions with G403, G404 and G381 or by the
interactions with T65. The C-5 phosphate group is held in place by ionic interactions
with residues R295 (loopS) and H327 (loop6). Residues, H294, H298 (loopS), L335
(loop6) and S379 ((37), are also in the vicinity of the C-5 phosphate binding site.
Residues, Kl 75, Kl 77, H294, H327, K334 and S379, have all been implicated
as the essential base that catalyzes the enolization of RuBP by the abstraction of the C-3
proton of RuBP.

The unusually low pKa (7.9) of K175 and the enhanced

nucleophilicity of its amino . group would be consistent with a proton-abstraction role
(Hartman et al., 1985). In addition, site-directed mutants of Kl 75 in R. rubrum were
found not to catalyse the exchange of the C-3 proton of RuBP with solvent but were
able to form the quaternary complex (Hartman et al., 1987; Lorimer & Hartman, 1988).
However, from structural studies it appears that Kl 75 is not the likely candidate as it is
0

too far away (about 6 A) from C-3 of RuBP with C-2 of RuBP being in between the
amino N and C-3 (Knight et al., 1990; Curmi et al., 1991).

E-

Of the other likely

candidates, K334 has been clearly shown not to be the proton abstractor. Although all
mutants of this residue were unable to catalyse CO2 addition to the enediol, they were
able to catalyse the enolization reaction (Hartman & Lee, 1989). Mutagenic studies in

R. rubrum have also indicated that Kl 77 (Mural et al., 1990), H327 and S379 (Harpel
et al., 1991) are unlikely to be proton acceptors. These mutants had reduced catalytic
rates but still retained the ability to catalyze the enolization reaction (again at reduced
levels). Currently, Harpel et al. are investigating the possibility that H294 might be the
proton abstractor.
Although the identity of the proton abstractor is not known yet, it is clear that
the metal ion is important in polarizing the carbonyl group at C-2 of the substrate
RuBP, thus facilitating proton abstraction (Andrews & Lorimer, 1987). Mutants of the
residues that bind the metal ion are all incapable of binding the metal and catalyzing the
enolization reaction (Lorimer et al., 1987). The metal has also been implicated to play
a role in stabilizing the transition state leading to the carboxylated intermediate, 2'-
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carboxy-3-keto-arabinitol 1,5-bisphosphate (3-keto CABP), because substituting other
divalent metal ions for Mg2 + was found to reduce the specificity for CO 2 (Christeller &
Laing, 1979; Robison et al., 1979). Residue K334, which is absolutely essential for
catalysis (Hartman & Lee, 1989), also interacts with the carboxyl group at C-2 of the
reaction intermediate (Figure 1.14). Hence, it has also been implicated to play a role in
the stabilization of the transition state (Hartman & Lee, 1989; Knight et al., 1990). In
fact, perturbations in the vicinity of the metal-binding site or K334 have been found to
adversely affect the specificity of the enzyme for CO 2 • Chen & Spreitzer (1989) using
random mutagenesis and selection identified a Chlamydomonas reinhardtii mutant with
a 1.7-fold reduction in its

Scio

factor compared to the wild-type enzyme. These authors

later identified the mutation to be a Val to Ala substitution of residue 331 in loop6 of
the large subunit (Chen et al., 1991). Smith et al. (1990) substituted E60 in the aminoterminal domain of the R. rubrum large subunit with carboxymethyl cysteine and
reported that the mutant had a 5.5-fold lower Scio factor than the wild type. Both these
mutations are in the region of the metal-binding site and K334 (Figure 1.14), testifying
to the sensitivity of this region to perturbations.

l.3.6 Structural Changes in the Activated Quaternary Complex
Comparative structural studies between the nonactivated tobacco enzyme and
the activated quaternary complex of the tobacco and spinach enzymes have revealed
structural changes in the transition from one form to the other (Curmi et al. , 1991). At
the gross level, the large subunits have rotated such that their amino-terminal domains
are brought closer to the dimer-related (3/a-barrel region, thus shielding the active sites.
The small subunits (viewed from the top of the molecule) have rotated by about 2° in a
clockwise direction and also rotated about the centre of the molecule in the quaternary
complex. In addition, dramatic conformational changes at the active site have also been
observed from the transition from the nonactivated to the quaternary complex. These
changes involve the flexible loop6 of the (3/a-barrel motif. In the nonactivated enzyme,

.

helix a6 has an extra turn at the carboxy-terminal end and residue K334 in loop6 is well
away from the active site (Figure 1.15). In the quaternary complex, the extra turn
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helix a6

Figure 1.15 Schematic diagram of the carboxy(C)-terminal domain of ll rubrum

Rubisco illustrating the movement of loop6.

Although this diagram shows the

carboxy-tenninal domain of the R. rubrum enzyme, the loop6 movement was based on
structural comparisons of the activated R. rubrum enzyme with RuBP bound (which is
catalytically inactive) and the activated quaternary complex of spinach Rubisco (which
is catalytically active). In the inactive form, helix a6 has an extra turn and loop6 (full
lines) is away from the active site. In the activated quaternary complex, loop6 is longer
(dashed lines) and has moved across the active site. The position of the metal ion at the
active site is indicated. Adapted from Lundqvist & Schneider (1991b).
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unwinds resulting in a longer loop which moves across the entrance of the barrel and
closes off the active site, rendering CABP inaccessible to solvent. The movement of
loop6 brings K334 into the active site such that it interacts with the carboxyl group
(which comes from the substrate CO 2) at C-2 of CABP (Figure 1.14). It is not known
whether the movement of loop6 is as a result of substrate CO2 or RuBP binding. The
inability to crystallize the activated R. rubrum enzyme with CABP bound to it has
prevented any comparative studies to be made between the nonactivated form and
quaternary complex of this enzyme.

l.3.7 Possible Roles of the Small Subunit
The function of the small subunit in LsSs Rubiscos has so far remained a
mystery.

In vitro studies on the Ls core .of Synechococcus Rubisco have clearly

demonstrated that the small subunits are not necessary for either activation or catalysis
(Andrews, 1988). Structural studies on LsSs enzymes have showed the remoteness of
small subunits from the active site, confirming no direct participation of the small
subunits in catalysis(Chapman et al., 1987; 1988; Andersson et al., 1989; Knight et al.,
1989; 1990). However, in the absence of small subunits the catalytic activity of the Ls
core of Synechococcus Rubisco was drastically reduced to 1 % of that of the
holoenzyme.

On addition of small-subunit preparations (isolated by mild acid

precipitation of the spinach holoenzyme) to large-subunit preparations (cyanobacterial
large subunit expressed in E. coli), activity of the holoenzyme was restored (Andrews,
1988). In addition, full activity of Synechococcus Rubisco l<l!ge subunits (isolated from
the holoenzyme) were restored when isolated Synechococcus Rubisco small subunits
were added (Andrews & Lorimer, 1985). These demonstrate that the binding of small
subunits to large subunits somehow increases the catalytic competence of the Ls core,
possibly by influencing the conformation of residues at the active site. The rotation of
small subunits observed in structural studies from the transition from the nonacti vated
to the activated quaternary complex (Curmi et al., 1991) may well signify the
involvement of small subunits in modulating the conformation of the Ls core.
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However, the nature of the interactions between the large and small subunits
responsible for the catalytic enhancement of the Ls core is unclear.
Attempts have also been made to dissociate higher-plant large subunits from
holoenzymes or express them in E. coli for in vitro reconstitution studies (Rutner &
Lane, 1967; Kawashima & Wildman, 1971; Voordouw et al., 1984; Jordan & Chollet,
1985). However, in the absence of small subunits the large subunits of higher-plant
Rubiscos were found to be insoluble. This is in contrast to cyanobacterial Rubisco large
subunits which retained their solubility in vitro after dissociation from the holoenzyme
or after expression in E. coli (Andrews & Abel, 1981; Andrews & Ballment, 1983;
Andrews, 1988). In the plastids of higher plants, Rubiscos are extremely soluble at
levels of up to about 300 mg·m1- 1• Hence, it is possible that small subunits may play a
role in maintaining the solubility of large sub~ts, at least in higher plants. Structural
studies on higher-plant enzymes have indicated that the major interactions between the
large and small subunits are hydrophobic interactions.

Removal of small subunits

would thus, expose hydrophobic patches on the surface of large subunits making them
accessible to solvent, and therefore decreasing their solubility (Knight et al., 1990).
Under CO 2 stress, Rhodobacter (Rhodopseudomonas) sphaeroides is able to
switch from synthesizing the Form II (a homo-oligomer of large subunits) enzyme to
the Form I (LsSs) enzyme (see Section 1.3.1). The Form I enzyme has at least a fourfold higher Sc10 factor than the Form II enzyme (refer to Table 1.1). From this, it may
be inferred that the small subunits might confer on the large subunits the ability to
discriminate against 0 2 • However, COif0 2 specificity studies on in vitro reconstituted
heterologous enzymes (Synechococcus large and spinach small, Andrews & Lorimer,
1985; Synechococcus large and Alcaligenes eutrophus small, Lee et al., 1991a) and the
Ls core of the large subunit (Gutteridge, 1991) have shown that the
Rubisco is determined by the source of the large subunit.

Scio

factor of

Furthermore, mutations

within the large subunit were found to have an effect on the

Scio

factor (Chen &

Spreitzer, 1989; Smith et al., 1990; see Section 1.3.5 for details of mutations) but
mutations within the small subunits have so far no effect on the Scio factor (Lee et al. ,
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1991a; Read & Tabita, 1992). Although the small-subunit mutations, P19H 2 (Lee et
al., 1991a), I87V, R88K, G91 V and F92L (Read & Tabita, 1992) created in Anacystis
nidulans (Synechococcus) Rubisco, had no effect on the Scio factor, the last three

mutations were found to affect the kinetic characteristics of the enzyme. While R88K
mutant enzyme exhibited a 2-fold lower affinity for RuBP and 0 2, G91 V and F92L
mutant enzymes had a 2- to 2.5-fold lower affinity for RuBP and CO2 (Read & Tabita,
1992). These results clearly demonstrate that small subunits do play an important role
in modulating the kinetic constants of carboxylation and oxygenation which, in turn,
determine COz/0 2 specificity. Attempts to engineer a better Rubisco should, therefore,
take into consideration the contributions of both subunits.

l.3.8 Aims
In the present study, the influence of small-subunit residues in the catalytic

enhancement of the L8 core of the large subunit was further investigated. Since it is the
binding of small subunits to large subunits that results in full catalytic competence of
the enzyme, a methodology for quantitating this binding by means of separate
expression of large and small subunits of Synechococcus PCC6301 Rubisco in E. coli
followed by in vitro reconstitution of the holoenzyme was developed.

Using this

methodology, the effect of mutations in the small subunit on holoenzyme assembly
could be distinguished from the effects of the same mutations on catalysis.
The amino-terminal ann of the small subunit has been identified as a region of
both inter- (small-subunit to large-subunit) and intra- (small-subunit to small-subunit)
subunit contact by structural studies on the spinach Rubisco (Schneider et al. , 1990b;
Knight et al., 1990).

In particular, residues 13 to 20 of the small subunit make

extensive interactions with helix a8 of the large subunit. Helix a8 is an important
region of the large subunit as its position can affect the orientation of loop8. Residues
G403 and G404 in loop8, in turn, form interactions with the C-1 phosphate group of

2

The shorthand notation used for specifying a mutation uses the sequence number preceeded by the
single-letter representation for the wild-type residue at this position and followed by the single-letter
representation for the replacement.
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substrate RuBP (or CABP) (refer to Figure 1.14). Therefore, mutations within residues 1320 of the small subunit may provide valuable insight into substrate binding and catalysis.
Guided by x-ray crystallographic information (Andersson et al., 1989; Knight et al., 1989;
1990), site-directed mutants of two highly conserved residues (T14 and Yl 7) in the aminoterminal arm of the small subunit were created and the effect of these mutations on
holoenzyme assembly, substrate affinities and catalysis were investigated.

In addition,

progressive truncations of the amino-terminal arm were also created and the effect of these
deletions on holoenzyme assembly, catalysis and substrate affinities were also investigated.
Since the first seven residues of the amino-terminal arm of the small subunit are believed to
be involved in small subunit to small subunit contact (Knight et al., 1990), the effects of
truncations on these interactions were also examined.
Structural studies at the active-site have revealed another possible interaction
involving the C-1 phosphate group (Knight et al. , 1990). A Thr residue (T65) from the
amino-terminal domain of a second large subunit is in hydrogen-bonding distance from two
of the phosphate oxygens. It addition, this residue is also in hydrogen-bonding distance to
the catalytically essential residue, K334. It is not clear whether the C-1 phosphate group is
held in place by the interactions with T65 or by the interactions with G403, G404 (in loop8),
G380 and G381 (in loop7) or both. In order to clarify this, Thr-65 was substituted with Val65 which would abolish all possible hydrogen bonds to this residue.

The effect of this

mutation on the catalytic and kinetic properties of the mutant enzyme, including the effect on
relative specificity for CO2, was determined.

An attempt was also made to identify residues within the large subunit which may be

recognised as determinants of the relative specificity for CO2 of Rubisco. Loop6 in the
active-site is an obvious target as the conformation and or position of this loop is critical in
orientating K334. Residues in this loop region are highly conserved except at the
carboxy-terminal end of the loop where differences exist between higher plant,
cyanobacterial and algal Rubiscos. In spinach, (and in other higher plants) , the sequence at
the end of loop6 is ERDI while in Synechococcus, it is DKAS. In order to ascertain
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whether the observed 2-fold difference in the

S cio

factor between spinach and

Synechococcus enzymes is accountable by these sequences, the DK.AS sequence of the

cyanobacterial enzyme was substituted with the ERDI sequence from the spinach
enzyme. The effect of these amino-acid substitutions on the
Synechococcus enzyme was investigated.

Scio

factor of the mutant

I·

CHAPTER TWO

EXPRESSION OF SYNECHOCOCCUS PCC6301 RUBISCO SMALL SUBUNITS
IN ESCHERICHIA COLI IN THE ABSENCE OF LARGE SUBUNITS
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2.1 INTRODUCTION

The in vitro manipulation of higher-plant Rubiscos has so far been impossible.
The major roadblock is the inability to produce an active enzyme either after
dissociation and re-association of the subunits (V

rdouw et al., 1984; Jordan &

Chollet, 1985) or after expressing the subunit genes in E. coli (Bradley et al., 1986;
Gatenby et al., 1987). This is possibly due to the complex synthesis and assembly of
plant Rubiscos in vivo. The large subunit of plant Rubiscos is encoded by chloroplast
DNA (Chan & Wildman, 1972; Sakano et al., 1974) and synthesized on the
chloroplastic 70S polysomes (Criddle et al., 1970; Blair & Ellis, 1973; Ellis, 1981).
The small subunit, on the other hand, is encoded by the nuclear genome (Berry-Lowe et
al., 1982; Broglie et al. , 1983; Dean et al. , 1985) and synthesized on the cytoplasmic

80S polysomes as a 20 kDa precursor (Criddle et al., 1970; Roy et al., 1976; Highfield

& Ellis, 1978). The precursor contains a 4 to 6 kDa peptide extension at the aminoterminal end of the mature small subunit. Following the ATP-dependent transport of
the small-subunit precursor into the chloroplast (Ellis 1981; 1983), the peptide
extension is cleaved by a specific endoprotease (Robinson & Ellis, 1984; 1985). The
mature small subunits, thus formed, assemble with the large subunits in the chloroplast
stroma to form the holoenzyme (Smith & Ellis, 1979).

A chaperonin (chloroplast

chaperonin-60, previously called the large-subunit binding protein) is also implicated in
this assembly process, possibly maintaining the large subunits in a soluble form prior to
assembly with small subunits (Barraclough & Ellis, 1980; Bloom et al., 1983; Milos &
Roy, 1984).

This may explain the insolubility of large subunits of higher-plant

Rubiscos encountered when expressed in E. coli (Somerville et al., 1984; Gatenby,
1984) where the analogous chaperonin system (groEL and groES gene products) may
be sufficiently different from their chloroplast counterparts that correct folding and

assembly is impossible.
The cyanobacterial Rubisco resembles higher-plant Rubisco in having the L8S8
form of the enzyme. However, in contrast to plant Rubisco, the synthesis and assembly
of cyanobacterial Rubisco is straightforward. The large- and small-subunit genes (rbcL

'
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and rbcS) constitute a single operon of the cyanobacterial genome and are expressed as
mature subunits in the same cell compartment (Shinozaki & Sugiura, 1985).
Cyanobacterial Rubisco can be dissociated into individual subunits in vitro and reassociated with the return of full activity (Andrews & Ballment, 1983). In addition,
cyanobacterial Rubisco subunit genes have been expressed in E. coli with the
production of fully assembled and active holoenzymes (Gatenby et al., 1985; Tabita &
Small, 1985; Gurevitz et al., 1985; Christeller et al., 1985). A study by Goloubinoff et

al. (1989) has shown that the assembly of cyanobacterial L8S8 Rubisco in E. coli is
mediated by the E. coli chaperonin proteins, groES and groEL.

Overproduction of

these proteins increased the assembly of the L8S8 and L8 core of cyanobacterial
Rubisco. In the case of the R. "rubrum L2 Rubisco, these authors showed that assembly
of the L2 dimer from large-subunit monomers in E. coli requires the presence of the
chaperonin proteins. In the presence of mutant forms of these proteins, synthesis of
large subunits occurred but assembly into L2 dimers was not possible. The gro EL
protein and the chloroplast large-subunit binding protein have similar structure and
share extensive amino-acid sequence homology (Pushkin et al., 1982; Hemmingsen et

al., 1988).

This implies a similar requirement for post-translational interaction of

Rubisco subunits with chaperonins in chloroplasts and in E. coli. It is also likely that
the assembly of L8S8 Rubisco in cyanobacteria may be mediated by the cyanobacterial
homologs of the gro EL and gro ES proteins.
In the absence of an in vitro system for the manipulation of higher-plant

Rubiscos, the cyanobacterial Rubisco has been used as a model system.

Various

laboratories have created site-directed mutants of the cyanobacterial Rubisco, expressed
in E. coli, to identify functional residues in the small subunit that might be involved in
subunit binding or catalysis. Using a dual-expression system (i.e., rbcL and rbcS were
carried on different plasmids but expressed in the same cell), Fitchen et al. (1990)
reported that mutant small subunits, E13V, W67R, P73H and Y98N, produced inactive
holoenzymes when expressed in E. coli. Using a co-expression system (i.e. , rbcL and

rbcS were carried on the same plasmid), small subunit mutants with single-residue
substitutions, W67F, W70F (Voordouw et al., 1987), L21E (Lee et al., 1991b), I99V,
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RlOOK, G103V and F104L (Read & Tabita, 1992) and double-residue substitutions,
P19A-P20A, S16A-Yl 7D, T14A-S16A, RlOG-RllG (McFadden & Small, 1988), have
also been reported. In each case, the catalytic activity of the mutant holoenzymes in E.
coli extracts was greatly reduced.

However, the use of the dual- or co-expression

systems made it impossible to determine if the changes in the small subunits perturbed
the binding of small subunits to large subunits, or if there was a direct effect on
catalysis, or both.

If the change caused a weakening in the binding of the small

subunits to the large-subunit octamer, or decreased the expression level of the small
subunits, then the assembled enzyme may not have had a full complement of eight
small subunits. This would, by itself, reduce the activity (Andrews & Ballment, 1983).
One way to distinguish the effects of mutations on subunit binding from direct effects
on catalysis is to clone the rbcL and rbcS genes on different expression plasmids and
express them in separate E. coli cultures. Reconstitution of the holoenzyme in vitro will
then allow assembly to be forced (by using an excess of small subunits) even when the
binding affinity between small and large subunits is reduced.

This approach also

provides a method for estimating the binding affinity of small subunits to large
subunits. This methodology allows the relationship between small-subunit binding and
catalytic enhancement to be investigated.
This chapter reports the expression of functional

small subunits of

Synechococcus PCC6301 Rubisco in E. coli, in the absence of large subunits, and

reconstitution of fully functional holoenzyme from separately expressed large and small
subunits. The separate expression of the large subunits has been reported previously
(Andrews, 1988).

2.2 EXPERIMENTAL PROCEDURES

2.2. l Materials
RuBP was synthesized according to Horecker et al. (1958) without exposure to
alkaline pH and purified by Dowex 1-X8-Cl- chromatography (Edmondson et al. ,
1990b).

[14C]CPBP was synthesized as previously described (Collatz et al. , 1979).
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NaH 14C0 3 was obtained from Amersham. The protease inhibitors, PMSF and pepstatin
A, were from Sigma Chemical Co., while leupeptin, was from Calbiochem, and
immunoblotting reagents were from Bio-Rad. Goat anti-rabbit antibodies conjugated to
horseradish peroxidase, together with the peroxidase colour developing reagents were
from Bio-Rad.

Goat anti-rabbit antibodies labelled with alkaline phosphatase were

from Pierce and the immuno-blot assay kit for staining alkaline phosphatase activity
was from Bio-Rad.

2.2.2 Bacterial Strains
E. coli strain JM101 (Messing, 1983) was used in cloning experiments while

strains HB101 (Boyer & Roulland-Dussoix, 1969) and CAG630 [/acZ(am), trp(am),
pho(am), supCts, rpsL, mal(am), rpoH165-Tn10] (kindly provided by Dr. Carol A.

Gross) were used in expression experiments.

2.2.3 Purified Rubiscos
Synechococcus PCC 6301 Rubisco was purified by a combination of ammonium

sulfate fractionation and DEAE-Sephacel column chromatography (Andrews &
Ballment, 1983) from extracts of E. coli co-expressing the Synechococcus rbcL and
rbcS genes on plasmid pSHl (Andrews, 1988; see Section 2.2.5). R. rub rum Rubisco

was purified by a combination of ammonium sulfate fractionation, anion-exchange
chromatography and gel filtration from extracts of E. coli expressing the R. rubrum
rbcL gene on plasmid pRRl (Morell et al., 1990).

2.2.4 Antisera Against Rubisco
Two types of antisera were used in this study. One type was raised against
purified Synechococcus Rubisco holoenzyme and the other was raised against a purified
fusion protein of Synechococcus Rubisco small subunit. Both antisera were raised in
rabbits. To raise antibodies against the small subunit of Synechococcus Rubisco, the
coding region of rbcS was inserted into the Smal site of plasmid pGEX-2T (Smith &
Johnson, 1988) which directed the synthesis of the small subunit fused to the

,
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glutathione-binding domain of glutathione S-transferase.

The fusion protein was

purified by adsorption on glutathione-agarose as described by Smith & Johnson (1988).
Antibodies against this purified fusion protein were then raised in rabbits.

The

antibodies raised against the holoenzyme were able to recognise both the large and
small subunits while the antibodies raised against the small subunit were specific for the
small subunits.
To suppress non-specific immune reactions, the antisera were pretreated with an
extract of E. coli cells which harboured plasmid pTZl 9R.

An aliquot of antisera

(100µ1), diluted 1:100 in blocking buffer [SO mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1
% (v/v) Triton X-100 and 1 % BSA], was incubated with 1 ml of E. coli extract

(containing 12 mg·m1- 1 total soluble proteins) at 37 °C for 30 min.
immune complexes were removed by 9,000 -x g for 10 min.

Precipitated

This procedure was

repeated at least twice with fresh extract. The final supernatant was stored at -20 °C.

2.2.5 Plasmid Construction
All DNA manipulations were carried out according to standard recombinant
DNA protocols (Sambrook et al., 1989). Plasmid pSHl (Andrews, 1988), a derivative
of pUC18 (Norrander et al., 1983), contains a 2.2-kilobase Pstl fragment of the
Synechococcus PCC 6301 genome which encodes both rbcL and rbcS genes (Figure

2.1). This plasmid was isolated from E. coli cultures and digested with HindIII and
Pstl in the presence of the appropriate buffers supplied with the restriction enzymes. A

663-basepair HindIII/PstI fragment, containing the ribosome binding site and coding
region of the rbcS gene, was isolated by agarose gel electrophoresis and purified
according to the protocol supplied with the Geneclean II Kit (BIO 101). This fragment
was subcloned into the HindIII and Pstl sites of the polylinker of plasmid pTZl 9R
(Mead et al., 1986), downstream from the lacZ promoter. This recombinant plasmid
was transformed into E. coli JM101 (see Section 2.2.6) with selection on Luria-Bertani
(LB) agar [1 % (w/v) bacto-tryptone, 0.5 % (w/v) bacto-yeast extract, 1 % (w/v) NaCl,
and 1.5 % (w/v) bacto-agar in distilled water; see Appendix A.4 of Sambrook et al.,
1989] at 200 µg·m1-1 ampicillin, 12 mM isopropyl ~o-thiogalactopyranoside and 6 %
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Figure 2.1

Expr~ion vectors for Synechococcus PCC 6301 Rubisco.

Plasmid

pSHl (Andrews, 1988) encodes both rbcL and rbcS genes of Synechococcus Rubisco.
Plasmid pDB53 (Gatenby et al., 1985) harbors the rbcL gene alone. Plasmid pKPl,
constructed in this study, contains a 663-basepair HindI.II/Pstl fragment encoding the

rbcS gene alone. H, HindI.11; P, Pstl; •, Synechococcus ribosome binding site, Plac, ~
galactosidase promoter region.
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5-bromo-4-chloro-3-indoxyl (3-o-galactopyranoside.

Plasmid DNA from white colonies

were then examined by HindIII/PstI digestion for confirmation of insert. This plasmid was
designated pKPl (Figure 2.1).

Since the rbcS gene in pKPl is not in-frame with the

initiation codon of the lacZ gene the small subunit were not produced. Plasmid pDB53
(Figure 2.1) containing a 1.7-kilobase PstI/HindIII fragment, harbouring only the rbcL gene
of Synechococcus (Gatenby et al., 1985), was a gift from Dr. S. van der Vies.

2.2.6 Transformation of Competent Cells
Preparation and transformation of competent cells were carried out using the calcium
chloride technique (pg. 1.82 to 1.84; Sa1nbrook et al., 1989). Competent E. coli HB101 and
E. coli CAG630 were transformed with plasmid pKPl while pDB53 was transformed into E.

coli HBl O1. The transformation mixture was plated onto LB agar medium containing 200

µg·ml- 1 amplicillin and the plates incubated overnight at 37 °C.1
2.2. 7 Preparation of Inocula and Growth of E coli Cultures
Innocula were prepared by growing single colonies of plasmid-bearing E. coli, picked
from plates, in 2 ml of LB liquid medium containing 2.5 mg·ml- 1 ampicillin at 37 °C until
the first signs of turbidity appeared. The entire 2 ml were then ilu1oculated into 1 L of LB
liquid medium containing 200 µg·inl- 1 ampicillin i11 a baffled shake flask. TI1is inoculation
procedure served to circumvent the problem of overgrowth of the culture by plasmid-free
cells which is encountered when high cell densities are required with ampicillin selection
(Pierce and Gutteridge, 1985). However, pDB53-bearing E. coli HB101 cells were found to
grow either very slowly or sometimes not at all when grown in high ampicillin (2.5 mg·ml-1
in the innocula). In this case, the lower ampicillin concentration of 200 µg·ml-1 was used in
innocula preparation. The rbcL-expression cultures were grown overnight at 37 °C with
vigorous shaking until an optical density at 650 nm of 3 to 5 were achieved.
Since neither of the host strai11s is lacJq, induction of lacZ gene expression
with B-D-thiogalactopyrameide was wmecessary. The cells were then harvested by
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centrifugation (5,000 x g, 10 min, 4 °C), washed by resuspension in 50 mM EPPSNaOH buffer, pH 7.8, recentrifuged, and the pellet stored at -20 °C until extracted.

2.2.8 Extraction of Cell Pellet
All procedures were carried out at 4 °C. The cell pellet was resuspended in 2
volumes of 50 mM EPPS-NaOH buffer, pH 7.8, containing 5 mM MgC1 2 , 1 mM EDTA
and 5 mM DTI. PMSF, leupeptin and pepstatin A were added to the cell suspension to
a final concentration of 2 mM, 10 µM and 22 µM, respectively, immediately before
sonication. The cells were ruptured by sonicating three times for 30 s each, using an
ultrasonic processor (model C3, Heat Systems-Ultrasonics, Inc.), at a power output of
approximately 6 to 8 %.

The crude extract was clarified of cell debris by

ultracentrifugation (100,000 xg, 30 min, 4 °C) and stored on ice.

2.2.9 Purification of Wild-Type Small Subunits Expressed in E. coli HB101
All procedures were carried out at 4 °C. The crude extract (6 ml, derived from
2g of cells) was passed through a Sephadex G-100 (coarse) column (40 x 3.2 cm)
equilibrated with 10 mM Tris-HCl buffer, pH 7.4, containing 1 mM EDTA. Fractions
containing small subunits were pooled and loaded onto a Pharmacia Mono-Q HR 10/10
column equilibrated with the same buffer. The column was washed with 70 ml of the
buffer and eluted with a 320-ml linear O to 0.5 M KCl gradient in buffer. Fractions
containing small subunits were detected by their ability to stimulate the carboxylase
activity of large subunits (see Section 2.2.10), pooled and stored frozen at -20 °C.

2.2.10 Estimation of Molecular Size
The purified wild-type small subunits from above were subjected to gel
permeation chromatography on a Pharmacia Superose-12 HR 10.30 column,
equilibrated at 4 °C with 50 mM potassium phosphate buffer, pH 7.3, containing 1 mM
EDT A (flow rate, 0.5 ml.min- 1).

The column was calibrated with the following

proteins, which were detected by their absorbance at 280 nm: cytochrome C (horse
heart, 12,400 Da), soybean trypsin inhibitor (20,100 Da), carbonic anhydrase (bovine

so
erythrocytes, 30,000 Da), bovine serum albumin (67,000 Da) and purified R. rubrum
Rubisco (110,000 Da). The elution of small subunits from the column was detected by
enzyme assay (see Section 2.2.13).

2.2.11 SDS-Polyacrylamide Gel Electrophoresis and Immunoblotting
Two methods were used for SDS-polyacrylamide gel electrophoresis and
immunoblotting.

Method A was used in the initial stages of this study but was

superseded in the later stages by the less time consuming Method B. The samples to be
electrophoresed were prepared in the same way for both methods. Samples containing
2 µg total protein were dissociated in 0.1 volume 20 % (w/v) SDS and 0.1 volume
mercaptoethanol at 100 °C for 5 min. To this was added 0.1 volume of an SDS-dye
1·

cocktail [40 % (w/v) sucrose, 20 % (w/v) bromophenol blue, 0.2 % (w/v) SDS].

Method A

SDS-polyacrylamide gel electrophoresis was performed in a 2 mm thick, 15 %
SDS-gel slab, which was prepared according to Laemmli (1970), using a Bio-Rad gel
electrophoresis apparatus. Samples were fractionated for 6 h at 200 V (with cooling) in
1 M Tris-HCl buffer, pH 8.8, containing 0.25 % (w/v) SDS until the tracking dye
(bromophenol blue) reached the bottom of the gel.

The gel was then placed on a

nitrocellulose sheet and electroblotted overnight at 80 Vin 25 mM Tris-HCl buffer, pH
8.3, containing 192 mM glycine and 20 % (v/v) methanol using a Bio-Rad trans-blot
cell. The blotted sheet was incubated at room temperature for 1 h with constant shaking
in blocking buffer to prevent non-specific binding of antibodies. The nitrocellulose
sheet was rinsed with three changes of washing buffer [20 mM Tris-HCl, pH 7.5, 500
mM NaCl, and 0.05 % (v/v) Triton X-100] to remove the blocking buffer and then
incubated for 1 h at room temperature in blocking buffer containing antibodies raised in
rabbit against purified Synechococcus Rubisco (diluted 1:1,000).

Excess antibodies

were rinsed off with three changes of washing buffer and the nitrocellulose sheet was
incubated for 1 h with blocking buffer containing goat anti-rabbit antibodies conjugated
to horseradish peroxidase. The sheet was rinsed with three changes of Tris-buffered
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saline (50 mM Tris-HCl, pH 7.5, 150 mM NaCl).

Immunoreactive bands were

visualized by staining with horseradish colour developing reagent containing 0.015 %
hydrogen peroxide.

MethodB
SDS-polyacrylamide gel electrophoresis was performed on a 0.45 mm thick,
20% homogeneous PhastGel containing 20 % (w/v) acrylamide in the separation zone
using the Pharmacia PhastSystem.

The buffer system in the gel, supplied by

Pharmacia, was 0.112 M acetate, 0.112 M Tris, pH 6.5. The gel was run with PhastGel
SDS buffer strips which contain 0.2 M Tricine, 0.2 M Tris, 0.55 % (w/v) SDS, pH 8.1
at 15 °C for 20 to 30 min (or until the tracking dye reached the buffer strip) at 250 V.
The fractionated proteins were transblotted onto a nitrocellulose sheet in a continuous
buffer system [48 mM Tris, 39 mM glycine 0.0375 % (w/v) SDS, 20 % (v/v) methanol]
for 1 hat 16 mA using the Pharmacia LKB Novablot Electrophoretic Transfer Kit. The
nitrocellulose sheet was treated with antibodies as before (see Method A) except that
the primary antibody used was raised

against the purified glutathione S-

transferase/small subunit fusion protein and the goat-anti-rabbit antibodies used were
conjugated to alkaline phosphatase. Immunoreactive bands were visualized using the
staining reagents supplied in the immuno-blot assay kit for alkaline phosphatase
conjugated antibodies. These bands were more stable than those obtained using the
horseradish peroxidase staining procedure of Method A, which were light sensitive.

2.2.12 Concentration of Active Sites in Large Subunit Extracts
The concentration of Rubisco active sites in extracts containing large subunits
was determined by measuring the binding of the reaction-intermediate analog, CABP,
to the catalytic site of the COzfMg2+-activated L8 core (Miziorko, 1979; Pierce et al.,
/"

1980). This binding has a stoichiometry of 1:1:1:1, with respect to active-sites, Mg 2+,

I,

CO 2 and CABP.
To an aliquot of large-subunit extract (usually about 30 µ1), was added 1 M
MgC1 2 and 1 M NaHC0 3 to a final concentration of 20 mM and 50 mM, respectively,
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in 0.5 ml. The mixture was left to stand at room temperature for 20 min before 5 µ1 of
1.8 mM [14C]CPBP (an isomeric mixture of [14C]CABP and [1 4C]CRBP) (2035
Bq·nmol- 1) was added. After a further 30 min at room temperature, the mixture was
applied to a Sephadex G-50 (fine) column (1.6 x 30 cm) pre-equilibrated with 50 mM
Hepes-NaOH buffer, pH 7.9, containing 20 mM MgC1 2 , 50 mM NaHC0 3 , and 1 mM
EDT A. The column was eluted with the same buffer at a flow rate of 1 ml/min and
0.75 ml fractions were collected. 250 µ1 distilled water, 100 µ1 1 N NaOH and 10 ml
ACS II scintillation cocktail (Amersham) were added to the fractions before 14C
scintillation counting. The concentration of catalytic sites in the large-subunit extract
was calculated from the radioactivity contained in the high-molecular-weight peak
(Figure 2.2).

I·

No increase in [1 4C]CABP binding was observed when large subunits were
pretreated with a saturating level of small subunits.

2.2.13 Carboxylase As-say
Rubisco carboxylase activity was measured at 25 °C by determining the
incorporation of NaH 14C0 3 into acid-stable products m the presence of RuBP
(Andrews, 1988). A standard 1 ml assay solution in a 25 ml sealed scintillation vial
contained, in addition to extract, 100 mM EPPS-NaOH buffer, pH 7.8, 20 mM MgC12 ,
25 mM NaH 14C0 3 (10.2 Bq·nmol- 1), and 1 mg·ml- 1 BSA. After preincubation for 10
min, catalysis was initiated by adding RuBP to a final concentration of 0.5 mM. After
10 min, the reaction was stopped by adding 0.5 ml of concentrated formic acid. The
mixture was evaporated to dryness on a hot plate to remove the unincorporated
NaH 14C0 3. The dried residue was dissolved in 1 ml distilled water and 10 ml ACS II
scintillant added for liquid scintillation counting.
Small subunits were detected by the stimulation they induced in the activity of
large subunits. An aliquot of small-subunit containing extract or column eluate was
added to an assay solution which also contained a fixed volume of large-subunit extract.
The usual preincubation and assay procedure was then carried out.

The trace of

intrinsic activity due to the large subunits alone was measured in controls lacking small

'

53

.--

80
+-'

u

0
.._

.

~

0

60

E

Q_

,o_-

co

40

Q_

u
u

,---,
~

.-L__J

20

I·

0
0

10

20

30

40

50

Fraction Number

Figure 2.2

Binding of [1 4C]CABP to Synechococcus Rubisco large subunits

expressed in E. coli HB101. The chromatographic separation of bound CABP from
free CPBP is shown. It is made possible by the tight binding of Rubisco large subunits
to CABP. The large subunit-CABP complex was eluted just after the void volume of
the column and is seen as the first radioactive peak. The second radioactive peak is a
mixture of excess CABP (not bound to the large subunits) and CRBP. Since CABP
constitutes only 50 % of CPBP, it was ensured that the label in the first peak was well
below this level (ideally 0.1 % of the total CPBP) so as not to underestimate the
concentration of catalytic sites. A slight degree of dissociation of the label occurred
during chromatography which is seen after the first peak where the label does not quite
reach base-line levels. This indicates that the binding of the analog, CABP, to large
subunits is not as tight as when the analog binds the holoenzyme (Miziorko, 1979;
Andrews, 1988).

However, this method still gives an accurate estimation of the

concentration of catalytic sites for, in the presence of an excess of small subunits, no
increase in CABP binding was observed.
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subunits and subtracted. In these assays, the molar ratio of small subunits to large subunits
was never more than 0.5. This was verified by showing that the activity was never more
than half of that obtained when an excess of small subunits was present.

In this sub-

stoichiometric region, the activity is a near-linear function of the small-subunit concentration
(see Figure 2.5). When determining the binding affinity of small subunits and the maximum
activity that they stimulated at saturation, assay mixtures contained a constant concentration
of large subunits (determined by [14 C]CABP binding) and varying amounts of small subunit
extract. The data for the activities observed were fitted to the fallowing equation:
v = kcat(L+(x·S)+Ko - ((L+(x·S)+Ko) 2 - 4·L·(x·S))112)/(2·L)
(Equation 2.1)
where v is the turnover rate (s- 1) at a particular concentration of small subunits, L is the
concentration of large subunits in the assay (nM), and x is the volume (ml) of small subunit
extract per ml of assay mixture. This allowed estimation of S, the concentration of small
subunits in the small subunit extract (nM), Ko, the binding constant for small subunits (nM),
and kcat, the maximum turnover rate (s- 1) when the large subunits are saturated by small
subunits. This equation is a variant of that used by Andrews & Ballment (1983).
Substrate affinities were measured in assays containing saturating levels of small
subunits. When RuBP was varied (0 to 100 µM), the concentration of NaHCQ3 was fixed at
25 mM. When CO2 concentration was varied, (by varying the NaHC0 3 concentration added
to the assay between O and 25mM), two alterations were introduced into the assay
procedure. First, 02-free conditions were maintained by exhaustive sparging of the assay
buffer solution with N2 and the assays were carried out in septum-capped reaction vials
under a N2 atmosphere. Second, the mixture of extracts containing large and small subunits
was preincubated for 30 min in the presence of 40 mM MgClz and 30 mM NaHC03. The
assay was then started by adding an aliquot of this mixture to the otherwise complete assay
solution which contained 0.6 mM RuBP and 0.1 mg bovine carbonic anhydrase. KM values
were estimated by fitting the data to the Michaelis-Menten equation. The concentration of
CO2 was calculated from the total NaHC0 3 concentration, including the NaHC0 3 carried
over into the assay with the preactivated enzyme solution, using a pK' value for the
C02/HCQ3- equilibrium of 6.12 at 25 °C.
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2.3 RESULTS

2.3.1 Authentic Small Subunits were Expressed by E.coli
An immunoblot of an SDS-gel of extracts of pKPl-bearing E. coli HB101

showed the presence of two closely-spaced immunoreactive bands (lane 1, Figure 2.3).
The higher-molecular-weight band corresponded to authentic small subunits dissociated
from purified Synechococcus holoenzyme (lane 4, Figure 2.3). The lower-molecularweight band may be the result of proteolysis. However, the incorporation of protease
inhibitors, PMSF, leupeptin and pepstatin A, in the extraction buffer prior to sonication
of cells could not eliminate the lower-molecular-weight band (data not shown).
Furthermore, a combination of gel filtration and anion-exchange chromatography was
found not to be fully effective in separating ~t from the larger species (lane 2, Figure
2.3). However, when small subunits were expressed by E. coli strain CAG630, the
lower-molecular-weight band was absent (lane 2, Figure 2.4). This strain carries an
rpoH165 (htpR165) mutant gene which has been shown to be defective in proteolysis at

30 and 42 °C (Baker et al., 1984). The wild-type rpoH165 gene encodes for a a factor
( 0 32 )

which promotes transcription of E. coli proteins from heat shock promoters

(Grossman et al., 1984). The mutation in this gene results in decreased expression of
heat shock proteins, including some proteases.
It was feared that the truncated small-subunit species might be nonfunctional or

only partly functional. In either case, if they still retained their ability to bind to large
subunits then they would compete with the full-sized species for binding sites on the
large-subunit octamer. This, in itself, would lead to a reduction in the kcat of the
reconstituted enzyme and might alter the apparent K0 for the binding of the small
subunits to large subunits. To avoid this confusion, full-sized small subunits expressed
in E. coli CAG630 were used routinely in all small-subunit studies.

2.3.2 Properties of Small Subunits Expressed by E. coli
Small subunits expressed by E. coli CAG630 were found to be fully functional,
as judged by their ability to assemble with large subunits (expressed by plasmid pDB53
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Figure 2.3

Immunoblot of an SOS-electrophoresis gel of extracts of E. coli

expressing the small and large subunits of Rubisco from Synechococcus. This blot
was obtained using Method A as described in Section 2.2.11. The E. coli strain was
HB101. Lane 1, crude extract of small subunits; lane 2, partially-purified preparation
of small subunits (eluate after Mono-Q column chromatography, see Section 2.2.9);
lane 3, crude extract of large subunits; and lane 4, holoenzyme purified from E. coli
expressing both rbcL and rbcS genes. The large (L) and small (S) subunit bands are
indicated.

The primary antilxxiies used -here were raised against

purified

Synechococcus Rubisco holoenzyme and were able to recognise both large and small
subunits.
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Figure 2.4

Immunoblot of an SOS-electrophoresis gel of extracts of E. coli

expressing small subunits of Ru bis co from Synechococcus. This blot was obtained

using Method B as described in Section 2.2.11. Lane 1, partially-purified preparation
of small subunits expressed in E. coli HB101 (eluate after Mono-Q column
chromatography); lane 2, crude extract of small subunits expressed in E. coli CAG630;
and lane 3, holoenzyme purified from E. coli expressing both rbcL and rbcS genes.
The primary antibodies used here were raised against the purified Synechococcus
Rubisco small subunit/glutathione S-transferase fusion protein. They recognise only the
small subunits. The small subunit (S) bands are indicated.
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in E. coli HB101) to form fully active enzyme. In the presence of saturating amounts
of small subunits, the assembled enzyme had a

kcat

of 11.8 + 0.1 s-1 (Figure 2.5), a

turnover rate comparable to the highest reported for cyanobacterial Rubiscos (Andrews
& Lorimer, 1985). The affinity of the reconstituted enzyme for its substrates, CO2 and

RuBP, were estimated to be 251 + 32 µM and 17.2 + 1.3 µM, respectively. These
kinetic parameters of Synechococcus PCC 6301 Rubisco are slightly different from the
analogous parameters for the enzyme from the marine cyanobacterium, Synechococcus
ACMM 323 (Andrews & Lorimer, 1985).

While the

kcat

and KM(C02) values are

similar for the two enzymes, the enzyme from the marine organism has a 4-fold higher
KM(RuBP).
The binding of small subunits to large subunits was very tight, the estimated Ko
being 1 + 5 pM. This estimate is lower than the estimate of Andrews & Lorimer (1985)
for the enzyme from the marine Synechococcus (0.12 + 0.27 nM).

However, it is

obviously difficult to obtain an accurate estimate of the K 0 when its magnitude is so
much lower than the large-subunit concentration used in the experiments.

A much

lower large-subunit concentration (0.8 nM) was used in this study than in that of
Andrews & Lorimer (1985) and it is possible that further lowering of the large-subunit
concentration would lower the Ko estimate still further. Therefore, the present estimate
of 1 + 5 pM should still be regarded as a maximum estimate. The large standard error
is also a reflection of the magnitude of the estimated Ko, relative to the concentration of
large subunits used.
The molecular mass of wild-type small subunits capable of assembling with
large subunits was estimated by gel chromatography.

Prior to molecular-weight

estimation, small subunits were purified by a combination of gel filtration and anionexchange chromatography.

The purified small subunits were then subjected to

Superose-12 column chromatography to ascertain their molecular mass. The UV trace
of the purified small subunits showed the presence of a major protein peak (Figure 2.6).
However, when the presence of the small subunits was detected by the stimulation that
they induce in the activity of large subunits, the activity peak did not coincide with the
protein peak (Figure 2.6). This indicates that other contaminating proteins comprise the

'
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Figure 2.5 Activation of E. coli HB101-expr~ed large subunits of Rubisco by

small subunits expressed separately in E. coli CAG630. A fixed concentration of
large subunits (0.8 nM as measured by [1 4 C]CABP binding) was activated in the
presence of increasing amounts of extract containing small subunits and assayed for
carboxylase activity.

The data were fitted to equation 2.1 , as described in Section

2.2.13, in order to estimate Ko, kcat, and the concentration of small subunits in the
extracts. Using the estimated concentration of small subunits, the data and the fitted
lines were then replotted with the ratio between the small-subunit and large-subunit
concentrations in the assay solution as the abscissa.

60

. - - - - - - - - - - - - - - - - - - - - - - - - , 160
,.......,
::,

Q\
0

0.4

Q)

CJ
C:

120

-e ~

en co

-

(\J

..:-.•
0

-·.
3 I

00

~

3

80

0
0

0.2

\0

0 ca

I

0

40

'·'o ~
•-•-•!•-•-•-•-•·•J 'o-o-•------' o
0

•

0

0.0
10

14

.::,
3

)>

-

C')

CD

::-.

D)

!S.
.....

c

..... "'<
CD
...__,,
I

-.

.......

20

Elution volume (ml.)

Figure 2.6

Superose-12 column chromatography of purified Synechococcus

Rubisco small subunit. An aliquot (0.5 ml) of the Mono-Q purified pooled fraction
(see Section 2.2. 9) was subjected to gel chromatography in order to ascertain the
molecular size. The column was previously calibrated with marker proteins. The small
.

subunits were detected by carboxylase assay and their elution volume compared to
those of marker proteins (Figure 2. 7).
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bulk of the protein in this preparation. This preparation is, however, satisfactory for the
present analysis. The elution volume of the small subunits (estimated from the fraction
containing peak activity) was compared to the elution volumes of other marker proteins
chromatographed on the same column. Figure 2. 7 shows the plot of elution volume
versus the log (molecular mass) of the marker proteins. From this plot the molecular
mass of the small subunits was estimated to be 12.6 kDa. This estimate is close to the
value predicted from the nucleotide sequence of the small-subunit polypeptide
(Shinozaki & Sugiura, 1983). This result demonstrates that the partially purified small
subunits exist as monomers under the conditions of the gel chromatography system.
Likewise, small subunits isola~ed from Synechococcus ACMM323 (Andrews, 1986) and
Aphanothece halophytica (Asami et al., 1983) Rubisco holoenzymes were reported to

be monomeric.

2.4 DISCUSSION

This study has demonstrated that fully active Synechococcus PCC 6301 Rubisco
(kcat = 11.8 s- 1) can be produced following assembly in vitro of large and small subunits

expressed separately in different E. coli cultures. A previous study by Christeller et al.
(1985) had resulted in a failure to obtain activity by mixing extracts of E. coli cells
harboring plasmids with large and small subunit genes. However, in their study, the
large subunit gene had six codons at the 3' end of the coding region replaced by eight
unrelated codons and this may have resulted in non-functional large subunits being
produced. Recently Lee & Tabita (1990) have also reported stimulation of the activity
of purified large-subunit octamers by extracts of E. coli cells expressing the
Synechococcus small-subunit gene. However, the maximum

kcat

they attained was only

0.35 s- 1, perhaps because of extensive denaturation of the large subunits during
purification. The instability of isolated large subunits during purification has also been
observed by Andrews (1988) and, in this study, it was decided not to purify them but,
rather, to measure their concentration in extracts by their ability to bind [14C]CABP.
Large-subunit octamers retain their ability to become carbamylated and to bind CABP

'
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Figure 2. 7 Molecular-weight estimation of Synechococcus Rubisco small subunit.
The molecular weight of partially purified Synechococcus Rubisco small subunit
expressed in E. coli HB101 was estimated by gel permeation chromatography. The
calibration plot of log (molecular mass) vs elution volume is shown.
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in the absence of small subunits (Andrews & Ballment, 1984; Andrews, 1988). The
stoichiometric nature of the binding of the analog to isolated large subunits under the
conditions used in this study was confirmed by showing that reconstitution of the
holoenzyme by exposure of the large-subunit octamers to an excess of small subunits
before addition of the analog did not promote increased binding of the analog.
E. coli-expressed small subunits were predominantly monomeric, at least under

the relatively dilute conditions of the gel filtration experiment.

By contrast, large

subunits expressed in E. coli are predominantly octameric (Andrews, 1988) .
Interactions between small subunits leading to tetramers might be expected from
consideration of the crystallographically-determined quaternary structure (Chapman et

al., 1988; Andersson et al., 1989; Knight et al., 1990) but the present data show that
such interactions must be relatively weak.

CHAPTER THREE

POINT MUTATIONS IN THE AMINO-TERMINAL ARM OF
SYNECHOCOCCUS RUBISCO SMALL SUBUNIT
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3.1 INTRODUCTION
Crystallographic studies on the spinach Rubisco (Andersson et al., 1989; Knight

et al., 1990) have shown that the amino-terminal arm of the small subunit (residues 121) wraps around the ()/a-barrel domain of the large subunit, making extensive
interactions with helix a8 of this domain (Figure 3.1). Helix a8 is an important region
of the (3/a barrel since its position affects the orientation of loop8 (the loop which joins
the carboxyl end of strand (38 with the amino end of helix a8) which provides part of
the binding site (residues G403 and G404) for the phosphate group attached to C-1 of
the substrate or reaction intermediate (refer to Figure 1.14).

Comparison of the

structure of spinach Rubisco :with that of the enzyme from R. rubrum showed that a
major difference in the conformation of the large subunits between the two structures is
the region between loop7 to loop8 (Schneider-et al., 1990b) (see also Section 1.3.3).
This region is significantly shifted in the spinach enzyme. Interactions between helix

a8 and the amino-terminal arm of the small subunit have been suggested to be a
contributing factor for the observed difference in the conformation of loop7 to loop8 in
spinach Rubisco. This may, in turn, contribute to the observed differences in catalytic
parameters between L2 and LsSs Rubiscos. The lack of these interactions may also be a
cause of the 100-fold reduction in activity and concomitant weakening of substrate
affinities which accompanies removal of the small subunits from the LsSs enzyme
(Andrews, 1988).

Mutation of small-subunit residues which participate in these

interactions may lead to a better understanding of the manner in which these
interactions influence catalysis.
Within the amino-terminal arm of the small subunit, interactions with helix a8
are concentrated in the region between residues 13 and 20, which is one of the most
highly conserved regions of the small-subunit sequence (Figure 3.2; see also Figure
1.6). Such strong conservation reinforces the suspicion that this large-subunit contact
site may be functionally important.

Of these residues, E13, T14, and Yl 7 of the

spinach small subunit show the greatest decrease in accessibility to solvent on forming
the small subunit-large subunit complex, becoming buried within the molecule (Knight
et al., 1990). Substitution of E13 of the small subunit of Rubisco from Anabaena 7120
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Figure 3.1 Ribbon diagram of the large and small subunit of spinach Rubisco. The
amino-terminal arm (in red) of the small subunit (in purple) interacts with helix a8 (in
blue) of the large subunit (in green) . These interactions may affect the orientation of
loop7 (in pink) and loop8 (in light blue) of the large subunit. Residues in loop7 and
loop8 form the binding site for the C-1 phosphate of substrate RuBP (Knight et al. ,
1990).
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Figure 3.2 Comparison of amino-acid residues 10 to 20 in the amino-terminal arm
of the small subunits of Rubiscos from a variety of species. Sequence numbering is

according to the spinach sequence. Residues identical to the spinach residue at that
position are indicated by dots. The sequences shown are from the following sources:
spinach, Martin (1979); soybean, Berry-Lowe et al. (1982); tobacco, Mazur & Chui
(1985); wheat, Broglie et al. (1983); Lemna gibba, Stiekema et al. (1983); Euglena
gracilis, Sailland et al. (1986); Chlamydomonas reinhardtii, Goldschmidt-Clermont &
Rahire (1986); Acetabularia mediterranea, Schneider et al. (1989); Cyanophora
paradoxa, Starnes et al. (1985); Synechococcus PCC 6301, Shinozaki & Sugiura
(1983); Anabaena PCC 7120, Nierzwicki-Bauer et al. (1984); Chromatium vinosum,
Viale et al. (1989); Alcaligenes eutrophus, Andersen & Caton (1987); Rhodobacter
sphaeroides (Form I), Wagner et al. (1988); Fucus vesiculosus, Keen et al. (1988);
Cryptomonas F, Douglas & Durnford (1989); Porphyridium aerugineum, Valentin &
Zetsche (1989).
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with Val resulted in small subunits which did not assemble significantly with Anabaena
large subunits when expressed in E. coli (Fitchen et al., 1990). The use of the dualexpression system by these authors prevented further characterization of this mutation.
Tl 4 and Yl 7 of the small subunit of Synechococcus Rubisco were chosen as targets for
mutagenesis here.
Although the 3-dimensional structure of Synechococcus Rubisco has not yet
been reported, the primary structure of this enzyme resembles that of the plant enzymes
very closely (Shinozaki & Suguira, 1983) and catalytically active hybrids may be
constructed between the Synechococcus large subunits and spinach small subunits
(Andrews & Lorimer, 1985; Andrews, 1988). Therefore, the structure of the spinach
enzyme is likely to provide a very useful guide to the structure of its cyanobacterial
homolog, particularly in the highly conserved regions of inter-subunit contact. Part of
the structure of spinach Rubisco (Knight et al., 1990) showing the interactions of T14
and Yl 7 of the small subunit with large subunit residues is represented in Figure 3.3.
The hydroxyl oxygen of T14 is positioned appropriately with respect to the carbonyl
oxygen of the conserved large-subunit residue, Y165 to form a hydrogen bond (Knight
et al., 1990). It also interacts with the hydrophobic part of the side chain of R167 (not

shown in Figure 3.3), which is also conserved. Both of these residues are located in the
loop of the large subunit between helix aE and strand (31 which closes the mouth of the
(3/a barrel on the opposite side to the active site. The hydroxyl oxygen of the side chain
of Yl 7 of the small subunit interacts with G196, the aromatic portion interacts with the
hydrophobic part of the side chain of R421 (a8), and the (3 carbon is close to a carboxyl
oxygen of G425 (a8). All three of these residues are conserved in all known largesubunit sequences of LsSs Rubiscos (refer to Figure 1.5). G 196 occurs in a totally
conserved loop at the non-active-site side of the barrel connecting helix al with strand
(32. The position of this loop may affect the orientation of the sequence K201 to D203
at the other end of strand (32 which binds the catalytically essential divalent metal.
/,

In this chapter, the effects of substitutions of residues 14 and 17 of the small

subunit of Synechococcus Rubisco are reported. By exploiting the separate expression
of large and small subunits, followed by reconstitution in vitro, the effects of the
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G195L

R421L

Figure 3.3 Interactions between the large and small subunits in the vicinity of the

small-subunit residues, Thr-14 and Tyr-17.

The diagram is based on the

crystallographic coordinates of activated spinach Rubisco with CABP bound (Knight et·

al., 1990). The conserved region of the small subunit near the amino terminus (residues
13 to 19) is traced by the left ribbon. The right ribbon traces part of helix a8 of the
large subunit. The positions of the large-subunit residues, Tyr-165, Gly-195 and Gly196, are also shown. (For the large-subunit residues shown here, the Synechococcus
numbers are three less than the spinach numbers shown.) The suffixes, Land S, of the
labels refer to large- and small-subunit residues, respectively.
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substitutions on the binding affinity of the small subunits can be separated from the
effects of the substitutions on the catalytic performance of the fully assembled complex.

3.2 EXPERIMENTAL PROCEDURES

3.2. l Materials
The materials used in this study are as given in Section 2.2.1.

In addition,

oligonucleotide-directed in vitro mutagenesis reagents and [a 35 S]dATP were obtained
from Amersham.

Dideoxy DNA sequencing reagents were from United States

Biochemical. Oligonucleotides.were synthesized on a Pharmacia Gene Assembler Plus.

I·

3.2.2 Bacterial Strains
E. coli strain JM101 (Messing, 1983) was used in mutagenesis experiments. E.
coli HB101 (Boyer & Roulland-Dussoix, 1969) was used for the expression of large

subunits while E. coli CAG630 (see Section 2.2.2) was used for expression of wild-type
and mutant small subunits.

3.2.3 Plasmids
The 663-basepair HindIII/PstI fragment containing the ribosome binding site
and coding region of the rbcS gene was cloned from plasmid pKPl, a derivative of
pTZ19R (see Section 2.2.5 and Figure 2.1), into the HindIII/Pstl sites of the polylinker
of M13mp18, producing M13mp18S.

This phage was used for the production of

single-stranded DNA for oligonucleotide-directed mutagenesis. Plasmid pDB53 (see
Section 2.2.5 and Figure 2.1), carrying the rbcL gene was used for the expression of
large subunits.

3.2.4 Oligonucleotide-Directed Mutagenesis
Mutations were introduced into the Synechococcus rbcS gene by the method of
Taylor et al. (1985) using the oligonucleotide-directed in vitro mutagenesis kit. The
oligonucleotides,

(5'

GCGTCGTTI'CGAGGNTTI'CTCGT

3')

and

(5'
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TITCTCGTNCCTGCCTCCCCTC 3'), were used as primers and single-stranded DNA
from M13mp18S was used as template DNA. M13mp18S single-stranded DNA was
prepared according to standard protocols supplied with the mutagenesis kit.

An

equimolar mixture of G, A, T and C was incorporated into the oligonucleotides at the
positions marked N.

Altered rbcS genes were identified by single-stranded DNA

sequencing using the dideoxy termination method (Sanger et al. , 1977) supplied with
the Sequenase DNA Sequencing kit. The entire coding region was sequenced in each
case, confirming that only the directed sequence changes had occurred.

Mutants

containing codons GCT (Ala), GTT (Val), GGT (Gly) or GAT (Asp) in place of the
wild-type codon ACT (Thr) at position 14 were obtained. In the case of residue 17, all
of the mutations recovered contained the codon TGC (Cys), replacing the wild-type

I·

codon TAC (Tyr).

Mutant rbcS genes were subsequently cloned back into the

expression vector, pTZ19R, via HindIIl/Pstl sites.

3.2.5. Growth and Extraction of E. coli Cultures
The preparation of inocula, growth of plasmid-bearing E. coli HB101 and
CAG630 cells and preparation of extracts were carried out as before (see Sections 2.2. 7
and 2.2.8).

3.2.6 SDS-Polyacrylamide Gel Electrophoresis and lmmunoblotting
SDS-polyacrylamide gel electrophoresis and immunoblotting of E. coli extracts
containing wild-type or mutant small subunits were carried out as described previously
(see Section 2.2.11, Method B).

3.2.7 Binding of [1 4 C}CABP
The concentration of active sites in extracts containing large subunits (expressed
by plasmid pDBS3) was determined by measuring the binding of the reactionintermediate analog, CABP, as described in Section 2.2.12.
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3.2.8 Carboxylase Assay
Rubisco carboxylase activity was measured by the standard
described in Section 2.2.13.

The maximum activity,

kcat

14 C

assay procedure

(s- 1), of the in vitro

reconstituted wild-type and mutant holoenzymes was determined by measuring
stimulation in activity of a fixed concentration of large subunits (determined by
(1 4C]CABP binding) in th~ presence of varying amounts of small-subunit extract and

fitting the data to Equation 2.1 of Section 2.2.13. The K0 for the binding of wild-type
and mutant small subunits to large subunits was also determined from these data.
The kinetic constants, KM(CO) and KM(RuBP), of the wild-type and mutant
reconstituted holoenzymes were determined as before (Section 2.2.13).

3.2. 9 Protein Determination.
Total soluble proteins in E. coli extracts were determined by the Pierce BCA
(bicinchoninic acid) procedure supplied with the reagents.

3.3 RESULTS

3.3.1 Mutant Small Subunits were Expressed by E. coli
Five different variants of the small subunit with four substitutions at position 14
(T14A, T14V, T14G and T14D) and one substitution at position 17 (Yl 7C) were
obtained by oligonucleotide-directed mutagenesis. The mutant oligonucleotide used to
create the Yl 7 mutation consists of a population of four differ~nt oligonucleotides like
the T14 mutant oligonucleotide.

This is because one of the bases in both the

oligonucleotides is a wobble base. If, during synthesis of the oligonucleotide, any one
base prevails, then the oligonucleotide containing that base would be the dominant
species of the population.

This could account for obtaining only one mutation at

position 17. In this case, all the mutants recovered were found to have Cys instead of
Tyr.
All of the mutant small subunits created in this study were expressed in E. coli
CAG630.

Figure 3.4 shows an immunoblot of an SDS gel of extracts of E. coli
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123456

Figure 3.4

7

Immunoblot of an SOS-electrophoresis gel of extracts of E. coli

expr~ing small subunits of Rubisco from Synechococcus PCC 6301. Lane 1, wildtype; lane 2, T14A; lane 3, T14V; lane 4, Tl4G; lane 5, Tl4D; lane 6, Yl 7C and lane
7, holoenzyme purified from E. coli expressing both rbcL and rbcS genes. Since the
primary antibodies used recognise only the small subunit, the large subunit in the.
purified holoenzyme sample (lane 7) is not seen.
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containing wild-type or mutant small subunits.

The mutant small subunits were

expressed as a single species (lanes 2 to 6, Figure 3.4) with mobilities corresponding to
wild-type small subunit expressed in E. coli (lane 1, Figure 3.4) and to small subunits
dissociated from purified holoenzyme (lane 7, Figure 3.4).

3.3.2 Binding Properties of Mutant Small Subunits
Extracts of E. coli CAG630 containing mutant small subunits were used to
stimulate the activity of large-subunit octamers derived from E. coli HB101 cells
expressing the large-subunit gene using the in vitro reconstitution assay. Figure 3.5
shows that all five mutant small subunits were able to assemble with large-subunit
octamers to form active holoenzymes.

However, the holoenzymes saturated with

T14G, T14D and Yl 7C mutant small subunits-were found to be less active than the
wild-type enzyme. The estimated

kcat

values of these mutant holoenzymes, shown in

Table 3.1, were 1.8- to 2.4-fold lower than the

kcat

of the wild-type enzyme. On the

other hand, holoenzymes formed with T14A and T14V mutant small subunits were just
as active as the wild-type enzyme. The binding of T14G, T14D and Yl 7C mutant
small subunits to large subunits was also found to be weaker than the binding of wildtype small subunits to large subunits (Table 3.1). The estimated K 0 of these mutant
small subunits was 15- to 70-fold larger than the K 0 of the wild-type small subunit. In
spite of the large standard errors in the Ko estimates (Table 3.1) (an unavoidable
consequence of the concentration of large subunits used, see Section 2.3.2), the weaker
binding of the T14G, T14D and Yl 7C mutant small subunits is quite obvious from the
more relaxed curvature in the region near the intersection of the two near-linear arms of
the saturation curves (Figure 3.5). The estimated K0 of T14A and T14V mutant small
subunits, on the other hand, was very similar to the K 0 of the wild-type small subunit
(Table 3.1). In fact, the saturation curves of these mutant small subunits and the wildtype small subunit were almost superimposable (Figure 3.5).
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Figure 3.5 Activation of E. coli HB101-expressed large subunits by wild~type and

mutant small subunits expressed separately in E. coli CAG630.

A fixed

concentration of large subunits (0.4 to 1.0 nM as measured by [1 4 C]CABP) was
activated in the presence of increasing amounts of extracts containing either wild-type
or mutant small subunits and assayed for carboxylase activity (see Section 2.2.13). The
data were fitted to equation 2.1 as described in Section 2.2.13 in order to estimate Ko,
kcat, and the concentration of small subunits in the extracts. The estimated K 0 and kcat

are reported in Table 3.1. Using the estimated concentration of small subunits, the data
and the fitted lines were then replotted with the ratio between the small-subunit and
large-subunit concentrations in the assay solution as the abscissa. The small-subunit
types are: wild-type, 0; T14A,

e; T14V, D; T14G, • ; T14D, .._ and Yl 7C, D .
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Table 3.1 Binding data for wild-type and mutant small subunits and kinetic data for the
holoenzymes assembled with these small subunits

Small subunit
(pM)

(s-1)

(µM)

(µM)

(+S.E.)

(+S.E.)

(+S.E.)

(+S.E.)

Wild-typed

1+5

11.8+0.1

251+32

17.2+1.3

0.75

T14A

5+8

11.5+0.2

280+38

11.2+1.3

0.09

T14V

1+3

11.3+0.3

226+23

12.5+1.7

0.07

T14G

17+7

6.0+0.2

207+13

3.4+0.8

0.04

T14D

25+12

4.9+0.2

240+27

10.9+1.4

0.01

Y17C

71+31

6.7+0.1

273+36

11.2+1.0

0.01

(%)

aKo, kcat, and the concentration of small subunits in the E. coli CAG630 extracts were

estimated from the data presented in Figure 3.5 by fitting them to Equation 2.1 as
described in Section 2.2.13.
bWhen determining KM(RuBP) of mutant holoenzymes, upto 20 µl of crude extract
containing mutant small subunits were used in the assay. Since phosphatases present in
the crude extract can deplete the RuBP, it was ensured that the rate of the reaction was
linear at the lowest RuBP concentration used (5µM).
cExpression level refers to the percentage of total soluble protein of crude extracts
represented by small subunits capable of binding to large subunits and promoting
activity.
dTue data for the wild-type small subunit were taken from Section 2.3.2.
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· 3.3.3 Kinetic Properties of Holoenzymes with Mutant Small Subunits

Table 3.1 also shows the kinetic properties of the reconstituted mutant holoenzymes.
The KM(CO)z and KM(RuBP) values of these enzymes were not significantly different from
those of the wild-type enzyme except in the case of T14G mutant enzyme. The KM of this
mutant enzyme for substrate RuBP was reduced by 5-fold compared to the wild-type (Table
3.1).
3.3.4 Expression Levels of Subunits

Large subunits (determined by [14C]CABP binding) represented 4% of the soluble
protein of E. coli HB101 extracts.

This is a much higher level of expression of large

subunits than that obtained in a previous study (0.05 to 0.5%, Andrews, 1988) where the host

I strain was E. coli TG2.

Wild-type small subunits capable of assembling with large subunits

and promoting activity constituted 0. 75% of the soluble protein in the E. coli CAG630
extracts (Table 3.1). However, all of the mutant small subunits were consistently expressed
at significantly lower levels than the wild-type (Table 3.1).
3.4 DISCUSSION
3.4.1 Consequences of Substitutions of Residues 14 and 17

Catalytically competent assembled enzymes were obtained with all of the small
subunit mutants created in this study. The hydrophobic residues, Ala and Val, were able to
replace the polar Thr residue at position 14 with no significant differences in the binding
affinity of the small subunits or the kinetic parameters of the holoenzymes containing them.
Clearly, the potential hydrogen-bond between the hydroxyl oxygen of Thr-14 and the
carbonyl oxygen of the large subunit residue, Tyr-165(162), whose presence was inferred
from crystallographic studies on the activated spinach enzyme (Knight et al., 1990) is of no
significance to the catalytic performance of the Synechococcus enzyme. Likewise,
the polarity of the residue at this position is also of little consequence. The size
and charge of the residue at position 14 are likely to be more important.
Since Val is of similar size and its preferred side-chain conformation within
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a protein is the same as for Thr (Janin et al., 1978), perhaps few or no perturbations
were introduced by this substitution. However, the smaller residue, Ala, also replaced
Thr without obvious consequences. Deletion of the side chain altogether (Tl 4G) or

introduction of a negative charge (T14D) loosened the binding of the small subunits by
more than an order of magnitude and reduced the small-subunit-saturated turnover rate
approximately 2-fold. It is likely that the packing of amino acids in this region might
have been perturbed by the greater flexibility of the main chain (in T14G) and the
introduction of a charged side chain (in T14D). These conclusions are supported by the
natural variation known at this position, where Ser, Cys, or Ala occur in the small
subunits of some bacterial or non-green-algal Rubiscos (Figure 3.2; see also Figure
1.6). However, it should be noted that the latter class of Rubiscos is rather different,
particularly in the amino-terminal arm of the_small subunits, and seems to constitute a
separate line of evolutionary descent from Rubiscos of cyanobacterial and higher-plant
ongm.
Only one mutant substitution was obtained at residue 17, which is Tyr in the
small subunits of Rubiscos from cyanobacteria and higher plants or Phe in some
bacterial and non-green-algal enzymes.

Cys was substituted, a quite radical

replacement which removes both the bulk and the aromaticity of the side chain. The
binding of this Yl 7C small subunit was some 70-fold looser than that of the wild-type
and the kcat of the holoenzyme fully saturated with these small subunits was 60% of that
of the wild-type. These seem to be relatively minor consequences for such a gross
change in the size and character of this side chain which has extensive, and highly
conserved, interactions at an important interface between the large and small subunits
[see Section 3.1 and Knight et al. (1990)].
In every case where the inter-subunit (small-subunit to large-subunit) binding

(Ko) was weakened, the kcat of the holoenzyme when fully saturated with small subunits
also suffered.

A similar increase in Ko and decrease in

k cat

was observed when

heterologous spinach small subunits were hybridized to the Synechococcus ACMM 323
large-subunit octamer (Andrews & Lorimer, 1985). Although the correlation between
kcat

and Ko does not appear to be a simple linear one, it is possible that the tightness
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with which the small subunit binds may influence its ability to induce the necessary changes
in conformation at the active site on the large subunit. More radical alterations to the subunit
interfaces than those that have been currently effected may elucidate this possibility further.
The affinities of the mutant holoenzymes for CO2 and RuBP were not very different
from that of the wild-type. However, the 5-fold reduction in the KM(RuBP) of T14G is
particularly notable.

A 2- to 3-fold reduction in the KM(RuBP) and KM(CO} of

Synechococcus Rubisco has been recently reported by Read and Tabita (1992) as a result of

mutations at the carboxy-terminus of the small subunit [G103V and F104L]. These results
clearly indicate that mutations in the small subunit have the capacity to alter the Michaelis
constants of Rubisco.

3.4.2 Expression Levels of Wild-type and Mutant Small Subunits
It was particularly apparent that all of the mutant small subunits created in this study,
even those which had no effect kinetically or on the binding affinity, were expressed in E.

coli CAG630 at considerably lower levels than were wild-type small subunits. Perhaps, the
mutant small subunits had a greater propensity for improper folding, and subsequent
degradation, than did the wild-type small subunits. This emphasizes that, in addition to the
necessity for appropriately matched interactions between large and small subunits, the
structural prerequisites for production of a stable monomeric small subunit must also be
satisfied.

3.4.3 Advantages of the Separate Expression System
The separate expression system used in this study has a distinct advantage over the
co-expression or dual-expression systems for working with mutant small subunits. When
both large and small subunits are expressed together in the same cell, a serious difficulty in
interpretation is encountered if the mutation weakens the small subunit's binding affinity or
if, as is frequently the case, the mutant small subunit is expressed at low levels.

In either case, the assembled enzyme may be w1dersaturated with small subunits,
leading to an underestimate of its activity. These potential problems make it
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impossible to determine whether the small-subunit mutations studied by Voordouw et

al. (1987), McFadden & Small (1988), Fitchen et al. (1990), Lee et al. (1991b) and
Read & Tabita (1992) (see Section 2.1) affected the small subunit's activity-promoting
capabilities, its binding affinity, or, merely, its expression level relative to large
subunits. Lee et al. (1991b) showed that some of their mutant small subunits (S16D,
L21E, and Y66S) were less tightly bound to large subunits by observing that these
mutant small subunits dissociated from large subunits during non-denaturing gel
electrophoresis and that activity was lost during sucrose-density-gradient centrifugation.
However, because of the use of the co-expression system, these authors were unable to
quantitate the reduction in binding affinity of their mutant small subunits. Fitchen et al.
(1990) showed by sucrose-density-gradient centrifugation followed by SDS-gel
electrophoresis and immunodetection that their small-subunit mutants did not assemble
into active holoenzymes. However, poor expression of mutant small subunits coupled
with weak binding could have resulted in inability to detect activity. The separate
expression system overcomes these problems by allowing the ratio of small to large
subunits to be varied during reconstitution in vitro. Provided a large enough ratio of
small-subunit preparation to large-subunit preparation is used, full saturation is
guaranteed regardless of how weakly the small subunits are expressed or bound. The in
vitro reconstitution approach also allows the binding affinity to be measured.

Although T14 and Yl 7 are highly conserved residues of the small subunit and
crystallographic structural studies have identified these residues to be at the interface
between small subunit and large subunit in the holoenzyme, mutations of these residues
were found to have relatively minor consequences.

CHAPTER FOUR

AMINO-TERMINAL TRUNCATIONS OF SYNECHOCOCCUS RUBISCO
SMALL SUBUNIT
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4.1 INTRODUCTION
The point mutations introduced into the amino-terminal arm of the small
subunit, described in the previous chapter, were quite informative. However, they did
not have the dramatic impact on holoenzyme assembly, catalysis, or substrate affinity
which might have been predicted given the conservation of these residues across
Rubiscos from such a wide variety of sources (refer to Figures 1.6 and 3.2). Previous
studies by other workers to identify functional residues in the amino-terminal arm of the
small subunit of Synechococcus Rubisco by directed mutagenesis have not been
conclusive. Substitution of residue Pl 9 with Hl 9 has been reported to have no obvious
effect on the kcat of the mutan_t enzyme while substitution of S16 and L21 with Dl6 and
E21, respectively, reduced the

kcat

of the mutant enzymes (Lee et al., 1991b). Double

mutations, P19A-P20A, S16A-Yl 7D, T14A-S16A and RlOG -RllG, within the aminoterminal arm of the small subunit have also been reported to reduce the catalytic activity
of the mutant enzymes (McFadden and Small, 1988). Substitution of residue E13 with
V13 in the amino-terminal arm of the small subunit from Anabaena Rubisco, on the
other hand, resulted in an inactive enzyme (Fitchen et al., 1990). All of these results
are, however, clouded by the use of the co- and dual-expression systems for the
expression of mutant enzymes, which do not ensure full saturation of large subunits
with mutant small subunits (see Sections 2.1 and 3.4.3).

This coupled with poor

expression of mutant small subunits relative to large subunits may have contributed to
the observed reduction in activity of mutant enzymes or the inability to detect activity.
The observed decrease in affinity of the L8 core of Synechococcus Rubisco for
substrate RuBP (Andrews, 1988; Gutteridge, 1991) suggests a likely perturbation of the
RuBP-binding site with the removal of the small subunit. Structural studies on the
spinach enzyme have shown that the amino-terminal arm of the small subunit
(especially residues 13 to 20) forms extensive interactions with helix a8 of the large
subunit (Knight et al., 1990; refer also to Figure 3.1). The conformation of this helix
may influence the orientation of the C-1 phosphate binding site in loop8. Hence, it may
be inferred that the absence of the interactions between residues from the amino-

d
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terminal arm of the small subunit and residues in helix a8 may have contributed to the
observed decrease in affinity of the L8 core for RuBP.
To further investigate the importance of residues from the amino-terminal arm
of the small subunit, progressive truncations of the small subunit from the amino
terminus were constructed in this study. Using the in vitro reconstitution of separately
expressed large and mutant small subunits, the effect of these truncations on
holoenzyme assembly, catalysis and substrate affinities are reported here. In addition to
being an important inter-subunit (small-subunit to large-subunit) contact site,
crystallographic studies have showed that the amino terminus of the small subunit from
spinach Rubisco forms an interface with a second small subunit (Knight et al., 1990;
refer also to Figure 1.13). This study also reports the effects of truncations on the
association between small subunits.
4.2 EXPERIMENTAL PROCEDURES
4.2.1 Materials
The materials used in this study were as listed in Section 2.2.1. In addition,
dideoxy sequencing reagents and protein markers (low- and high-molecular weight)
were obtained from Pharmacia and [a35S]dATP from Amersham. The "Erase-a-base"
kit

was

supplied

by

Promega.

Plasmid

pND214

and

.

pnmer

9

(GGCAGCATTCAAAGCAG) were kindly provided by Dr. Nick Dixon (Research
School of Chemistry, Australian National University).

4.2.2 Bacterial Strains
E. coli strain JM101 (Messing, 1983) was used m deletion mutagenesis

experiments.

Strain HB101 (Boyer & Roulland-Dussoix, 1969) was used for the

expression of Rubisco large subunits and strain CAG630 (see Section 2.2.2) was used
for the expression of wild-type (Ml) and truncated small subunits.

d
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4.2.3 Construction of Amino-Terminal Truncations of the rbcS Gene
All DNA manipulations were performed according to standard molecular
biology protocols (Sambrook et al., 1989). Plasmid pSHl (Andrews, 1988) carrying
the rbcL and rbcS genes of Synechococcus PCC6301 Rubisco (Figure 4.1) was digested
with HincII and Eco0109. The resulting fragment containing the 3' end of the rbcL
gene and the entire rbcS gene was inserted into the Smal and Eco0109 sites of pND214
(Figure 4.1). This recombinant plasmid was designated pMTK (Figure 4.1).
Truncations of the rbcS gene from the 5'-end were constructed by linearising
pMTK by EcoRI digestion. The linearised plasmid was then digested with exonuclease
III, followed by Sl nuclease, according to the protocol supplied with the "Erase-a-base"
kit. This protocol is based on the method of Henikoff (1984). A start codon (ATG) for
the amino terminal deleted rbcS gene was generated by Neal cleavage of the digested
products, followed by end-filling and blunt-end ligation. In-frame 5' deletions of the
rbcS gene were identified by double-stranded DNA sequencing according to the
dideoxy termination method of Sanger et al. (1977), using the protocol supplied with
the "TI sequencing" kit. Primer 9 (5' GGCAGCATTCAAAGCAG 3') was used to
prime second strand synthesis in the sequencing. Five truncated rbcS genes and a wildtype rbcS gene containing the entire coding region of the small subunit were obtained.
In all cases, an additional ATG codon resulting from the filled-in Neal site was present
at the 5' end of the coding region. The plasmids carrying the different truncated rbcS
genes are described further in Figure 4.1. The plasmid carrying the wild-type gene was
designated pMl (not shown in Figure 4.1).

4.2.4 Growth and Extraction of E. coli Cultures
The growth and preparation of extracts of plasmid-bearing E. coli HB101 and
CAG630 cells were as described previously (see Sections 2.2.7 and 2.2.8).
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Figure 4.1 Expression vectors used in the construction of truncations of the rhcS

gene. Plasmid pSHI (Andrews, 1988) contains a 2.2-kilobase Pstl fragment of the
Synechococcus PCC6301 genome which harbours the rbcL and rbcS genes. Plasmid

pND214 is a derivative of pCE30 (Elvin et al., 1990) which contains a segment of )...
DNA inserted between the Pstl and BamHI sites in the polylinker of pUC9 (Viera &
Messing, 1982). The)... segment contains the c185?ts gene and the PR and Pr promoters
arranged in tandem to promote transcription in the same direction.

pND214, in

addition, has a 9-basepair ribosome binding site,•, complementary to the 3' end of E.
coli 16-S rRNA, separated by 3-basepairs from a unique Neal site. Plasmid pMTK,

constructed in this study, contains a Hincll/Eco0l09 fragment from pSHI, encoding a
390-basepair 3' region of rbcL and the entire coding region of rbcS, inserted between
the Smal and Eco0109 sites of pND214. Plasmid pLi contains the truncated rbcS genes.
There are five of these plasmids and are named according to the truncated gene they
contain (refer to Section 4.3.1).

These truncated rbcS genes were subcloned into

plasmid pTZ18R, forming the pT18Li series of plasmids (see Section 4.3.2). Hi, HincII;
E, EcoRI; P, Pstl; EO, Eco0l09; B, BamHI; N, Neal; S, Smal; Lir...hQL, truncated rbcL
gene; Lir_hQS, truncated rbcS gene; 0, Synechococcus ribosome binding site.
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4.2.5 [1 4 C}CABP Binding
The concentration of catalytically active sites in crude extracts containing large
subunits (expressed by plasmid pDB53) was determined by [14 C]CABP binding as
described in Section 2.2.12.

4.2.6 Carboxylase Assay
The kcat' KM(C0 2 ) and KM(RuBP) of the in vitro reconstituted wild-type and
mutant holoenzymes and the K 0 for the binding of wild-type or truncated small subunits
to large subunits were determined as described in Section 2.2.13.

4.2. 7 Polyacrylamide Gel-Electrophoresis and lmmunoblotting
SDS- and native-polyacrylamide gel electrophoreses were carried out using the
Pharmacia PhastSystem.

For SDS-polyacrylamide gel electrophoresis, samples

containing 2 µg total protein were denatured with SDS (see Section 2.2.11) and
fractionated on a High Density PhastGel containing 20 % (w/v) acrylamide and 30%
ethylene glycol in the separation zone. For native gel electrophoresis, samples were
fractionated on a 20% homogeneous PhastGel containing 20 % (w/v) acrylamide in the
separation zone.

Both gels were electrophoresed with buffer systems supplied by

Pharmacia. Following fractionation, proteins were transblotted onto a nitrocellulose
membrane using the LKB Novablot Electrophoretic Transfer apparatus, probed with
antibodies raised against purified glutathione S-transferase/Rubisco small-subunit fusion
protein as described previously (see Section 2.2.11, Method B). Immunoreactive bands
were revealed using goat anti-rabbit antibodies conjugated to alkaline phosphatase.

4.2.8 Protein Determination
Total soluble proteins in E. coli extracts were determined by the Pierce BCA
procedure.
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4.3 RESULTS

4.3.l Truncated rbcS Genes
Five truncated rbcS genes, ~M3, Af>?, ~E13, ~T14 and ~L21, with 2, 6, 12, 13,
and 20 codons, respectively, deleted from the S' end were obtained (Figure 4.2). These
truncated rbcS genes were encoded on the p~ plasmids (Figure 4.1) which, in turn,
were named according to the truncated gene they carried. For instance, the plasmid
carrying the ~M3 truncated gene was designated p~M3. A wild-type rbcS gene, Ml
(encoded on plasmid pMl), containing the entire coding region of rbcS was also
obtained. A formyl-Met re~idue coded by the ATG of filled-in Neal site was present at
the 5' end of the coding region of the Ml and the truncated genes (Figure 4.2). Thus,
the wild-type (Ml) and all the truncated small subunits used in this study may have an
additional Met residue at the amino terminus. However, E. coli possesses an enzyme
activity which routinely removes amino-terminal formyl-Met residues from proteins.
The identity of the amino acid at the amino terminus of Ml and the truncated small
subunits was not directly determined in these studies.

4.3.2 Expression of Ml and Truncated Small Subunits in E. coli CAG630
The truncated rbcS genes in the p~ plasmids and the Ml rbcS gene in plasmid
pMl are under the transcriptional control of the PR and PL promoters (Figure 4.1).
These promoters are repressed by the product of the temperature sensitive c/857fs gene
(which is upstream of these promoters) at low temperatures (< 37°C).

Therefore,

expression of genes downstream of the PR and PL promoters requires high temperatures
(42 °C) (Elvin et al., 1990). However, when the Ml rbcS gene (in plasmid pMl) was
expressed in E. coli strain CAG630 at 42 °C, immunoblots of SDS gels revealed a
lower-molecular-weight species (probably a proteolytic product) in addition to
authentic small subunits (data not shown). No proteolysis of small subunits expressed
in CAG630 cells was observed in previous studies at 37 °C (see Figures 2.7 and 3.4).
Apparently the residual protease in this protease-reduced cell line must be activated to
some extent by growth at 42 °C. To prevent the degradation of small subunits, Ml ,
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Figure 4.2 Ml and deletion mutants of rbcS. The first 22 amino-acid residues in the
amino-terminal arm of Synechococcus Rubisco small subunit are shown. A wild-type
(Ml) and 5 truncations of the small subunit were obtained as described in Section 4.2.3.
The wild type and truncations were named according to the amino-acid residue
immediately following formyl-Met (fM), derived from the initiation ccxion (ATG)
within the Ncol site of pMTK. For example, in 6.M3, two residues from the amino
terminus of the small subunit have been deleted and the mature polypeptide starts from
residue M3 while in LiP7, six residues have been deleted and the mature polypeptide
starts from residue P7, with the rest of the residues identical to the sequence of Ml
(indicated by dots). This assumes that the amino-terminal formyl-Met residue is posttranslationally removed.
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~M3, Af>'?, ~E13, ~T14 and ~L21 rbcS genes were subcloned from plasmids, pMl,
p~M3, pAf>7, p~E13, p~T14 and p~L21, respectively, into the BamHI and Pstl sites of
pTZ18R (Mead et al., 1986).

The resulting plasmids were designated pT18Ml,

pT18~M3, pT18Af>7, pT18~E13, pT18~T14 and pT18~L21, respectively (Figure 4.1).
The Ml and truncated rbcS genes in these plasmids are under the transcriptional control
of the Plac promoter which does not require high temperatures for initiation of
transcription. Expression of both Ml and truncated small subunits from these plasmids
in E. coli strain CAG630 produced a single species of small subunits at 37 °C (lanes 2
to 7, Figure 4.3). The progressive increase in mobility of the truncated small subunits
(from ~M3 to ~L21, lanes 6 to 2, Figure 4.3) reflects the progressive decrease in size of
these small subunits. All subsequent studies on Ml and truncated small subunits were
carried out using small subunits expressed by_these plasmids in CAG630 cells at 37 °C.
The expression level of truncated small subunits (expressed in CAG630 cells at
37 °C) was only 0.02 to 0.15 % of the total soluble proteins of crude extracts (Table
4.1). The Ml small subunits, on the other hand, were expressed at a level of up to 25fold greater than the truncated small subunits. The poor expression of mutant small
subunits has been observed previously (see Table 3.1).

4.3.3

Catalytic and Kinetic properties of In Vitro Reconstituted Ml and Mutant

Holoenzymes
Holoenzymes containing either Ml or truncated small subunits were
reconstituted in vitro by adding an excess of E. coli CAG630 cell extracts containing
these small subunits to a fixed concentration of large-subunit octamers (expressed by
pDB53 in E. coli HB101 cells).

The in vitro reconstituted, fully assembled, Ml

holoenzyme had a kcat of 12.1 s- 1, a KM(COz) of 254 µM, and a KM (RuBP) of 12.3 µM
(Table 4.1). The binding of Ml small subunits to large subunits was very tight with an
estimated K 0 of 0.7+2 pM (Table 4.1).

These catalytic and kinetic values of the

reconstituted Ml wild-type holoenzyme used in this study (which may or may not have
an additional Met residue at the amino terminus of its small subunit) are similar to the
values obtained previously for the reconstituted wild-type enzyme (see Table 3.1).
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Figure 4.3 Immunoblot of an SOS-electrophoresis gel of extracts containing Ml

and truncated small subunits. Crude extracts of E. coli CAG630 cells harbouring
plasmids encoding Ml and truncated small subunits, grown at 37 °C, were treated with
SDS, fractionated on a 20 % (w/v) High Density PhastGel and immunoblotted as
described in Section 4.2.7. The small-subunit types are as follows : lane 1, purified
holoenzyme from E. coli expressing rbcL and rbcS; lane 2, ~L21; lane 3, ~T14; lane 4,
~E13; lane 5, Af>7; lane 6, ~M3; and lane 7, Ml.

Since the antibodies used only

recognise small subunits, the large subunit in the purified holoenzyme sample (lane 1)
is not seen.
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Table 4.1 Binding data for Ml and mutant small subunits and kinetic data for the
holoenzymes assembled with these small subunits

small subunit K0 3

KM(CO)

KM(RuBP)

Expression levelb
(%)

(pM)

(s-1)

(µM)

(µM)

(+S.E.)

(+S.E.)

(+S.E.)

(+S.E.)

0.7+2

12.1 +0.3

254+38

12.3+0.8

0.51

LiM3

3+6

11.5+0.8

269+32

9.9+0.9

0.15

LiP7

5+9

11.8+0.9

256+38

10.3+1.1

0.10

LiE13

6+10

2.7+0.1

218+18

10.9+1.5

0.02

LiT14

80+16

5.2+0.l

282+44

7.3+1.2

0.02

Ml

LiL21c

3

0

K0 and kcat were estimated from data presented in Figure 4.4.

bExpression level refers to the percentage of the total soluble protein content of crude
extracts represented by small subunits capable of binding to large subunits and
promoting activity.
cLiL21 did not stimulate the activity of large subunits.
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Figure 4.4 shows that ~M3, Af>7, ~E13, and ~T14 truncated small subunits
were able to assemble with large-subunit octamers to form catalytically active
holoenzymes. The estimated kcat values of ~M3 and Af>7 mutant holoenzymes were
very similar to the kcat value of the Ml holoenzyme (Table 4.1). Mutant holoenzymes
formed with ~E13 and ~T14 truncated small subunits, however, had 4.5- and 2.3-fold
lower kcat values, respectively, than the Ml enzyme (Table 4.1). ~L21 small subunits,
on the other hand, were unable to stimulate the activity of large subunits although they
were definitely expressed in CAG630 cells (lane 2, Figure 4.3 and lane 1, Figure 4.5).
Adding increasing volumes of extracts containing ~L21 small subunits to a fixed
volume of large-subunit extracts did not increase the kcat above the intrinsic

kcar

of the

L8 core alone (0.04 s-1).
The estimated K 0 for the binding of ~M3, Af>?, ~E13 and ~T14 mutant small
subunits to large subunits are shown in Table 4.1. The K 0 values obtained for the
binding of ~M3, Af>7 and ~E13 mutant small subunits to large subunits were very
similar to one another, ranging from 3 to 6 pM. However, it is not possible to discern
whether there is any significant difference between these K0 values and that obtained
for the binding of Ml small subunits to large subunits (Table 4.1). This is because of
the technical difficulties encountered in measuring K0 values accurately when the
concentration of large-subunit octamers used in the assays was at least two orders of
magnitude greater than the estimated K 0 values (see Section 2.3.2). The K 0 for the
binding of ~Tl 4 truncated small subunits to large subunits, on the other hand, was at
least 80-fold larger than the K 0 for the binding of Ml small subunits to large subunits
(Table 4.1). It is interesting to note that, although ~T14 small subunits bound less
tightly to large subunits than ~E13 small subunits, the kcat of ~T14 mutant holoenzyme
was about twice that of the ~E13 mutant holoenzyme (Table 4.1).
The affinities of mutant holoenzymes for substrates, CO 2 and RuBP, were not
significantly different from those of the Ml enzyme (Table 4.1).
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Figure 4.4 : In vitro reconstitution of Rubiscos from separately expressed large and

Ml or truncated small subunits. Stimulation in activity of a fixed concentration of
large subunits (0.4 to 0.8 nM as determined by [C 14]CABP binding, see Section 2.2.12)
was assayed in the presence of increasing amounts of extracts containing M1 or
truncated small subunits. The activity after saturation with small subunits (kcat' s- 1), the
Kn for the binding of small subunits, and the concentration of small subunits in the

small-subunit extracts were estimated by fitting the data to Equation 2.1 of Section
2.2.13. Using the estimated concentration of small subunits, the data and the fitted lines
were replotted with the ratio between the small-subunit and large-subunit
concentrations in the assay solution as the abscissa. The estimated Kn for the binding of
Ml and truncated small subunits and the kcat of the holoenzymes formed with these
small subunits are shown in Table 4.1. The small-subunit types are as follows, Ml,
~M3, 0; Af>7, • ; ~E13, O; and ~T14, ....

e;
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4.3.4 Aggregates of Small Subunit
E. coli extracts containing Ml, ~M3, LlP7, ~E13, ~T14 and ~L21 small subunits
were fractionaed under non-denaturing conditions on a 20 % (w/v) polyacrylamide gel. An
immunoblot of this gel showed the presence of aggregates of the small subunit (lanes 1 to 6,
Figure 4.5). The molecular weights of these small-subunit aggregates ranged from about 100
kDa to about 400 kDa. The lowest of these values corresponds to the molecular weight of
octamers of the small subunit. The monomeric form of the small subunit (< 14 dDa) was
only seen in extracts containing ~E13, ~T14 or ~L21 truncated small subunits (lanes 1 to 3,
Figure 4.5).
4.4 DISCUSSION
4.4.1 Effects of Deletion on Holoenzyme Assembly and Catalysis
The results presented here show that the removal of the first six residues of the
amino-terminal arm of Synechococcus Rubisco does not have deleterious effects on either
holoenzyme assembly or catalysis. Crystallographic studies on the spinach enzyme (Knight
et al., 1990) suggested the presence of hydrogen bonds between the main-chain oxygens of
residues W4 and PS (residues which are highly conserved in higher-plant Rubisco small
subunits; refer to Figure 1.6) in the amino terminus of the small subunit and the main-chain
nitrogen of Rl 94 (helix al) of the large subwut. In Synechococcus, the residues at positions
4 and 5 of the small subunit are Lys and Thr, respectively, (Figure 4.6) and R194(191) in the
large subunit is invariant. Given that the hydrogen bonds involve main-chain atoms, it is
possible that these hydrogen bonds are conserved in Synechococcus Rubisco. However, they
are probably of no fw1ctional importance in the cyanobacterial enzyme.
The removal of the next six residues (residues 7-12) apparently also did not have a
deleterious effect on the tightness of binding of the truncated small subunits
(~E13) to large-subwut octamers. However, the catalytic activity of the mutant holoenzyme
formed with these truncated small subwuts was greatly reduced. Structural studies
on the spinach enzyme have identified four hydrogen bonds in tlus region of the small
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Figure 4.5 Immunoblot of a native-electrophoresis gel of extracts containing Ml

and truncated small subunits. Crude extracts containing approximately 6 µg total
protein were fractionated on a 20 % (w/v) homogeneous PhastGel and immunoblotted
(see Section 4.2.7 for details). The small-subunit types are, lane 1, LlL21; lane 2, LlT14;
lane 3, LlE13; lane 4, LlP7; lane 5, LlM3; lane 6, Ml; and lane 7, E. coli CAG630
extract. The mobilities of low- and high-molecular-weight protein marke;:-s (in kDa) are
indicated adjacent to lane 7.
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4.2.5 [14C]CABP Binding
The concentration of catalytically active sites in crude extracts containing large
subunits (expressed by plasmid pDB53) was determined by [14C]CABP binding as described
in Section 2. 2.12.

4.2.6 Carboxylase Assay
The kcat, KM(C02) and KM(RuBP) of the in vitro reconstituted wild-type and
mutant holoenzymes and the KD for the binding of wild-type or mutant small subunits to
large subunits were determined as described in Section 2.2.13.
4.2. 7 Polyacrylamide Gel Electrophoresis and Immunoblotting
SDS- and native-polyacrylamide gel electrophoreses were carried out usmg the
Pharmacia PhastSystem. For SDS-polyacrylamide gel electrophoresis, samples containing 2
mg total protein were denatured with SDS (see Section 2.2.11) and fractionated on a High
Density PhastGel containing 20 % (w/v) acrylamide and 30% ethylene glycol in the
separation zone.

For native gel electrophoresis, samples were fractionated on a 20%

homogeneous PhastGel containing 20 % (w/v) acrylamide in the separation zone. Both gels
were electrophoresed with buffer systems (containing 0.88M L-alanine, 0.25M Tris, pH 8.8
in the case of native gel electrophoresis and 0.2M Tricine, 0.2M Tris, 0.55% SDS(w/v), pH

8.1 in the case of SDS gel electrophoresis) supplied by Pharmacia. Following fractionation,
proteins were transblotted onto a nitrocellulose membrane using the LKB Novablot
Electrophoretic Transfer apparatus, probed with antibodies raised against purified
glutathione S-transferase/Rubisco small subunit fusion protein as described previously (see
Section 2.2.11, Method B).-

Immunoreactive bands were revealed using goat anti-rabbit

antibodies conjugated to alkaline phosphatase.
4.2.8 Protein Determination
Total soluble proteins
procedure.

111

E. coli extracts were determined by the Pierce BCA
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subunit involving three residues (Knight et al., 1990). The side chain of KlO and the
main chains of Kl 1 and F12 interact with conserved residues at the end of helix a2 of
the large subunit. In Synechococcus, KlO and Kll are conservatively substituted by
RlO and Rll, while F12 is conserved (Figure 4.6).

The tight binding of ~E13

truncated small subunits to large subunits shows that the hydrogen bonds formed
between the small-subunit residues, RlO, Rll and F12, and large-subunit residues are
not important contributors in the assembly of the holoenzyme from Synechococcus.
However, these residues have an influence on the catalytic activity of the holoenzyme.
The catalytic activity is reduced 4.5-fold in their absence.
Removal of residue E13 resulted in truncated small subunits (~T14) whose
affinity for large-subunit octamers was reduced about 80-fold. However, these ~T14
small subunits were better able to stimulate _the catalytic activity of the L8 core than
were the ~E13 small subunits (Table 4.1). Therefore, the presence of residue E13, in
the absence of residues 1 to 12, appears to be deleterious to the holoenzyme. It is
possible that the charged side chain of E13 at the amino terminus may engage in
inappropriate interactions which affect the catalytic activity of the assembled enzyme.
The absence of such deleterious interactions may have led to the enhanced catalytic
activity of the mutant holoenzyme formed with ~T14 small subunits. Some part of the
4.5-fold reduction in kcat observed on deletion of residues 7 to 12 of the amino-terminal
arm of the small subunit may, therefore, be attributed to the inappropriate interactions
of residue E13 rather than to the absence of residues 7 to 12 per se.
The 80-fold weaker binding of ~T14 truncated small subunits to large subunits
and the 2.3-fold lower catalytic activity of the mutant enzyme formed with these small
subunits clearly indicate that residue E13 of the amino-terminal arm plays an important
role in inter-subunit binding and catalysis. Residue E13 is a strictly conserved residue
in the small subunit of all higher-plant and cyanobacterial Rubiscos sequenced so far
(Figure 4.6; refer also to Figure 1.6). In some bacterial and non-green-algal Rubiscos,
however, it has been replaced by G 13. The amino-terminal region of the small subunits
from this latter class of Rubiscos, however, shows substantial amino-acid sequence
divergence from those of higher-plant and cyanobacterial Rubiscos (Figure 4.6; refer
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also to Figure 1.6), and may constitute a separate line of evolutionary descent.
Structural studies on the spinach Rubisco have shown that residue E13 is involved in an
intricate network of ion-pair interactions with highly conserved residues, K164, R167,
K236, D198, E234, R421 and E425, from the large subunit (Figure 4.7; see also Knight

et al., 1990). The net unbalanced positive charge of these large-subunit residues is
thought to be balanced by the negative charge of residue E13.

The lack of these

interactions may have contributed to the observed marked increase in the KO for the
binding of b.T14 small subunits to large subunits of Synechococcus Rubisco. Fitchen et

al. (1990) substituted E13 with Val in the Anabaena Rubisco small subunit and
reported that the mutation prevented the assembly of the holoenzyme. These authors
suggested that the highly charged region in the vicinity of E13 is probably quite
sensitive to even small disruptions. In the present study, the removal of the aminoterminal thirteen residues, including E13, had less severe effects on the ability of the
small subunits to function compared to the E13V substitution. It is likely that the
E13V-mutant small subunit of Fitchen et al. (1990) may have been impaired in its
binding to large subunits to an extent similar to the b.Tl 4 truncated small subunits. The
use of the co-expression system by these authors for the expression of their mutant
enzyme, coupled with poor expression of mutant small subunits, may have been the
cause of their inability to show the presence of the holoenzyme and to detect activity. It
therefore appears that disruptions within the highly charged region of E13 are not as
catastrophic as the observations of Fitchen et al. (1990) would suggest. The T14D
substitution in the small subunit reported previously (Chapter Three) also introduced
disruptions, in the form of an additional negative charge, within this region.

Here

again, the consequences were not catastrophic (Table 3.1).
Removal of a further seven residues (residues 14 to 20) from the amino terminus
resulted in truncated small subunits (LlL21) that were unable to enhance the catalytic
activity of large subunits. To ascertain whether the b.L21 small subunits were capable
of binding to the large subunits, extracts containing these small subunits were mixed
with extracts containing large subunits and fractionated on a 12.5 % non-denaturing
polyacrylamide gel. An immunoblot of this gel using antibodies raised against purified

en,
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L YS 236L

LYS 164L

Figure 4. 7 A highly conserved contact site between the small subunit and the large
subunit of spinach Rubisco. Residue Glu-13 of the small subunit is in the vicinity of

charged residues (Arg-167, Lys-164, Asp-198, Glu-234, Lys-236, Arg-421 and Glu425) from the large subunit.

(For the large-subunit residues shown here, the

Synechococcus numbers are three less than the spinach numbers.) The negative charge
of Glu-13 is thought to balance the net unbalanced positive charge of the large-subunit
residues shown. The suffixes, L and S, of the labels refer to large- and small-subunit
residues, respectively. Adapted from Knight et al. (1990).
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holoenzyme did not show the presence of the holoenzyme complex in the region of the
gel where the holoenzyme should migrate (data not shown). This indicates that ~L21
small subunits are probably unable to bind to large subunits. But it is also likely that if
~L21 small subunits bound very weakly to large subunits, then they may have
dissociated from the large subunits during non-denatU1ing gel electrophoresis.
According to structural studies on the spinach enzyme, the truncated ~L21 small
subunits should still retain a number of residues which make important contacts with
the large subunit (Knight et al., 1990). These include nine hydrogen bonds as well as
hydrophobic interactions between residues from strands f3B and f3C and the loop region
between strands f3A and f3B of the small subunit and residues from helices al and a2 of
the large subunit. Most of these residues from the small and large subunits are highly
conserved residues.

However, these interactions between small- and large-subunit

residues are clearly not sufficient to allow the formation of a stable holoenzyme in the
absence of the interactions involving residues 14 to 20 of the amino-terminal arm of the
small subunit.

4.4.2 Relationship Between Kv and kcat
It has been suggested that the binding of small subunits to large subunits
produces conformational changes which result in the enhanced catalytic activity of the
holoenzyme relative to the L8 core (Andrews & Lorimer, 1985; Andrews, 1988). It has
also been suggested that amino-acid substitutions within the small subunit which
produce changes in catalysis of the holoenzyme will also alter the association between
large and small subunits (Voordouw et al., 1987; Knight et al., 1990).

This is

supported by the general correlation between weakened binding of T14G, T14D, Yl 7C
(reported in Chapter Three) and ~T14 (in this study) mutant small subunits and reduced
catalytic activity. However, the ~E13 mutant enzyme created in this study was found
to have a reduced catalytic rate but its truncated small subunits still bound tightly to
large subunits (Table 4.1 and Figure 4.4).

This clearly demonstrates that the

relationship between K 0 and kcat is certainly not a simple linear one and that a decrease
in kcat can occur without an increase in K 0 . This also reiterates the advantage of using
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the separate expression system for the analyses of the effects of small-subunit mutations on
holoenzyme assembly and catalysis.

4.4.3

Effect of Truncations on Kinetic Constants
In the complete absence of the small subwlit, the L8 core of Synechococcus Rubisco

exhibited a 5-fold and a 2- to 3-fold increase in the KM for RuBP and CO2 , respectively
(Andrews, 1988; Gutteridge,1991). The increase in KM(RuBP) may have been brought
about by a perturbation of the C-1 phosphate binding site located in loop7 and loop8 of the
large subunit (Knight et al., 1990). The conformation and/or position of these loops may be
influenced by the conformation of helix a8 of the large subwlit. Tilis helix forms extensive
interactions (both hydrophobic and·hydrogen-bond interactions) with residues 13 to 20 of the
amino-teriminal arm of the small subw1it. Residues 1 to 12 of the amino-terminal arm of the
small subunit interact with residues on helices al and a2 of the large subunit, which are on
the opposite side of the f3/a barrel from the active site. TI1e removal of these residues were
found not to affect the affinities of the 1nutant enzy1ne for RuBP or CO2 (Table 4.1).
Residue E13 of the small subunit forms interactions with residues R421 and E425 on helix

a8 of the large subunit. Despite tllis, deletion of this residue resulted in a mutant enzyme
(~Tl 4) whose affi1lity for RuBP and CO 2 was not sig1lificantly different from that of the
wild-type (Ml) enzyme (Table 4.1). Perhaps, further progressive truncations of residues
T14 to P20, which 1nake extensive contacts with helix a8, may demonstrate the importance
of these residues in influencing the affi1lity of the enzyme for RuBP.

4.4.4 Small subunit-Small Subunit Interactions
Structural studies with the spinach enzyme have identified two regions within the
small subwlit that are invovled in small-subw1it to s1nall-subw1it interactions (Knight et al.,
1990). One such interaction area involves the first seven residues of the amino-terminal arm
of the small subwlit (refer to Figure 1.13). Residues V3 and I6 in the amino-terminal
arm of the spinach small subw1it form hydrophobic contacts with residues
F44 (strand f3A), W70 (strand f3B) and Y94 (between helix aB and strand f3C)
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from a neighbouring small subunit. In Synechococcus, the residues at positions 3 and 6
of the small subunit are Met and Leu, respectively, which are conservative substitutions
(Figure 4.6). The second small-subunit to small-subunit interaction area in spinach
Rubisco is between the 'hair-pin' loop regions (residues 52 to 63) of two neighbouring
small subunits. In the complete absence of the large subunits, it is possible that these
potential interactions between small subunits may lead to the formation of oligomers of
the small subunit. The tetrameric arrangement of small subunits at the poles of the L8S8
molecule (Chapman et al., 1987, 1988; Andersson et al., 1989), also suggests the likely
formation of oligomers (tetramers) of the small subunit prior to L8S8 assembly.
In the absence of the .'hair-pin' loop region (residues 52 to 63) in Synechococcus

Rubisco, the hydrophobic contacts made by residues 1 to 6 of the amino-terminal arm
of the small subunit may possibly be the only small-subunit to small-subunit contact site
in this enzyme. Removal of the amino-terminal arm would therefore be expected to
disrupt any interactions between small subunits, leading to the inability to form
associations between small subunits. Contrary to this assumption, it was observed that
removal of the first 6 residues, which are involved in small-subunit to small-subunit
contact, did not eliminate the ability of M>7 truncated small subunits to associate with
one another.

Aggregates of these truncated small subunits were observed on

immunoblots of native gels (lane 4, Fig 4.5).

Thus, the hydrophobic interactions

involving residues 3 and 6 of the amino-terminal arm detected in spinach Rubisco, do
not constitute the only potential interactions between the small subunits of

Synechococcus Rubisco.
The ability of Synechococcus Rubisco small subunits to form aggregates was not
eliminated even when the entire arm was deleted.

~L21 truncated small subunits

retained the ability to associate with one another to form aggregates (lane 1, Figure
4.5). This suggests that there are likely to be other interactions between small-subunit
residues remote from the arm in Synechococcus Rubisco.

However, when at least

twelve residues were deleted from the arm, the association between the truncated small
subunits (~E13) was weakened, as monomers of these truncated small subunits were
also detected (lane 3, Figure 4.5). There must, therefore, be other small subunit-small
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subunit interactions involving residues 7 to 12 of the arm in Synechococcus Rubisco.
Further sequential truncations of residues 7 to 12 of the amino-terminal arm may lead to the
identity of these residues.

It was reported in Chapter Two that the active form of wild-type small subunits expressed in

E. coli was the monomer (see Sections 2.3.2 and 2.4). The existence of monomers was
determined by gel chromatography under dilute conditions. However, the immunoblot
shown in Figure 4.5 (lane 6) does not show the monomeric form of wild-type (Ml) small
subunits. During non-denaturing polyacrylamide gel electrophoresis, small subunits were
concentrated in the loading zone of the gel before entering the separation zone. Interaction
between the small subunits leading to the formation of aggregates may have been favoured
under these conditions. The concentration of wild-type small subunits by ammonium sulfate
fractionation has been observed (during initial attempts to purify small subunits) to lead to
the precipitation of small subwtits. Smrcka et al. (1991) also reported the precipitation of
small subunits of Synechococcus and pea Rubiscos when concentrated by diafiltration. This
precipitation is an indication of the tendency of small subunits to aggregate when
concentrated.
Although it was not determined in this study whether the aggregated small subunits were
capable of binding to large subunits and promoting activity, it is quite likely that they are
deleterious to holoenzyme assembly.
4.4.5

Role of the Amino-Terminal Arm
From the results obtained in tltis study, it is clear that residues 13 to 20 of the amino-

terminal arm of the small subunit of Synechococcus Rubisco do play an important role in the
inter-subunit (small-subwtit to large-subunit) binding of this enzyme. This region of the
small subunit constitutes one of the most highly conserved regions of the small subunit
(Figure 4.6; refer also to Figure 1.6). Crystallograpltic studies have also identified this
region of the small subunit as an area of extensive inter-subunit (small-subunit to largesubunit) contact (Knight et al., 1990).
The interactions involving these residues and large-subunit residues are largely hydrophobic
interactions but include four hydrogen bonds. Of the four hydrogen bonds, three are formed
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between E13, L15(F15 in Synechococcus) and Yl 7 of the small subunit and residues on
helix a8 of the large subunit. The fourth hydrogen bond is formed between Tl 4 of the

I
'

small subunit and a residue in the loop region between helix aE and strand f31 of the
large subunit and has been shown previously to be functionally unimportant in
Synechococcus Rubisco (see Section 3.4.1 and Table 3.1).

Sequential deletion of

residues from T14 to L21 may further elucidate the importance of these residues and
their respective interactions in holoenzyme assembly, catalysis and substrate affinities.

4.4.6 Necessity for Structural Studies with Mutants
Crystallographic studies have presented us with penetrating insights into the
intricate network of interactions between the subunits of Rubisco.

However, while

interactions between atoms and residues of the two subunits may be inferred from their
proximity, the significance of a particular interaction to subunit binding and consequent
conformation changes is more difficult to assess. The present studies (Chapters Three
and Four) demonstrate that not all of the interactions that are perceived from the
structure to be significant necessarily are so.

An iterative procedure where the

significance of interactions is tested by mutagenic substitution, followed by structural
studies with the mutant holoenzymes, is likely to be an informative approach. Hence,
crystallographic studies would be required to identify the subtle differences between the
structures of the large subunits in the holoenzymes formed with wild-type, T14G,
T14D, Yl 7C, ~E13 and ~T14 small subunits.

These differences may reveal the

structural basis for the apparent correlation between the ti_ghtness of binding of the
small subunits and their ability to induce the conformational changes at the active site
that are necessary to promote catalysis.

CHAPTER FIVE
MUTATION OF AN ACTIVE-SITE RESIDUE, THR-65
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5.1 INTRODUCTION

According to structural studies on spinach Rubisco (Knight et al., 1990), the C-1
phosphate group of the substrate RuBP (or the reaction intermediate) is orientated at the
active site by hydrogen-bond interactions involving the phosphate-oxygen atoms and
residues from loop7 (G380 and G381) and loop8 (G403 and G404) of the (3/a-barrel
domain of the large subunit (Figure 5.1). The orientation of the residues from loop8, in
turn, are believed to be influenced by the interactions between the amino-terminal arm
of the small subunit and helix a8 of the large subunit (Schneider et al., 1990b).
Another residue, T65, from the amino-terminal domain of the companion large subunit
of the dimer is also in close proximity to the C-1 phosphate group. The hydroxyl group
of T65 is in hydrogen-bonding distance to two of the oxygen atoms of the phosphate
group (Figure 5.1) (Knight et al., 1990; P. Curmi, personal communication). Hence,
T65 may also be involved in orientating the phosphate group at the active site. To
investigate this possibility, T65 was substituted with V65 in the enzyme from

Synechococcus. The substitution of the apolar residue Val for the polar residue Thr
would abolish all possible hydrogen-bond contacts to the side chain of Thr. However,
few other perturbations would be introduced within the active site because Val is of
similar size to Thr and its preferred side-chain conformation within a protein is the
same as that of Thr (Janin et al., 1978). The effect of this mutation on catalysis and
substrate affinity was investigated in this study.
If the orientation of the C-1 phosphate group is influenced by interactions with
T65, then removal of these interactions should affect the ()-elimination of the phosphate
moiety of the aci-carbanion intermediate of the carboxylation reaction at the active site
(see Section 5.4.3 of Discussion for details). The amount of pyruvate, the product of()elimination of the aci-carbanion (Andrews and Kane, 1991), produced by the mutant
enzyme was also determined.
The hydroxyl group of T65 is also in hydrogen-bonding distance to the €-amino
group of K334 (Figure 5.1). Residue K334 is essential for catalysis (Soper et al., 1988;
Hartman & Lee, 1989). The positioning of this residue is also believed to influence the
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Figure 5.1 Possible interactions of T65 at the active site of spinach Rubisco. The
diagram is based on the crystallographic coordinates of activated spinach Rubisco with
CABP (an analog of the (3-keto acid intermediate) bound (Knight et al. , 1990). The
hydroxyl oxygen of Thr-65 is shown to be in hydrogen-bonding distance to two of the
phosphate oxygens of the C-1 phosphate and to the e-amino group of Lys-334. (For the
large-subunit residues shown here, the Synechococcus numbers are three less than the
spinach numbers shown.) Taken from Andrews et al. (1992).
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COz/0 2 specificity of the enzyme (Knight et al., 1990; Chen et al., 1991). This study
also reports on the effect of the T65V mutation on the COzf0 2 specificity of the
enzyme.

5.2 EXPERIMENTAL PROCEDURES

5.2.1 Materials
RuBP, [14 C]CPBP and protease inhibitors were obtained as described before
(see Section 2.2.1). The oligonucleotide was synthesized on an Applied Biosystems
DNA synthesizer (model 380B).

Oligonucleotide-directed in vitro mutagenesis

reagents and radioisotopes, NaH 14C0 3 and [a3SS]dATP, were from Amersham.
Dideoxy DNA sequencing reagents were from Pharmacia. o-[2- 14C]Glucose was from
DuPont NEN. [1- 14 C]RuBP was synthesized from o-[2- 14C]glucose in the presence of
hexokinase, glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase,
phosphoribulokinase and the appropriate co-factors and purified by chromatography on
a Bio-Rad anion exchange resin (Dowex AG1-X8, c1- form) column.

5.2.2 Bacterial Strains

E. coli strain JM101 (Messing, 1983) was used in transformation experiments.
Strain HB101 (Boyer and Roulland-Dussoix, 1969) was used for the expression of
wild-type and mutant holoenzymes while strain CAG630 was used for the expression of
wild-type small subunits.

5.2.3 Oligonucleotide-Directed In Vitro Mutagenesis and Plasmid Construction
All DNA manipulations were carried out according to standard recombinant
DNA protocols (Sambrook et al., 1989). Plasmid pGQ2 (constructed by G. Quinlan), a
derivative of pTZ18R (Mead et al., 1986), contains the rbcL gene of Synechococcus
Rubisco which has been inserted in the reverse orientation with respect to the Plac
promoter (Figure 5.2). Single-stranded DNA from this plasmid was annealed to the
oligonucleotide, 5' CCACACGGTGGTCCAAACACCGGTCGAAGATTC 3', which
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Figure 5.2 Construction of T65V mutation in rbcL of Synechococcus Rubisco.
Plasmid pSal2, a derivative of pUC13, harbours the 2.2-kilobase Pstl fragment from
Synechococcus

PCC6301

genome containing the

rbcL

and rbcS

genes of

Synechococcus Rubisco. Plasmid pGQ2, a derivative of pTZ18R, contains the rbcL
gene alone cloned in the 3' to 5' orientation. The T65V mutation at the 5' end of the
rbcL gene was created in this plasmid. The 3.2-kilobase Eco0l09/Sstl fragment from
pGQ2 carrying the T65V mutation was inserted into the Eco0l09/Sstl sites of plasmid
pSa12, forming plasmid pT18T65V. Since the mutant rbcL and wild-type rbcS genes in
this plasmid are in the reverse orientation, these were cloned into the Pstl site of
pTZ19R in the correct orientation. This plasmid was designated pT19T65V. P, Pstl ;
E, Eco0l09; Ss; Sstl; B, BamHI; T65, designates the position of residue Thr-65 ; T65V,
designates the position of the mutation; Plac, (3-galactosidase promoter region; • ,
Synechococcus ribosome-binding site; the arrow in the rbcL gene indicates the 5' to 3'
orientation of the gene with respect to the Plac promoter.
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carries the altered codon (AAC) for replacing T65 with V65. Second strand synthesis
was initiated according to the method of Taylor et al. (1985) using the oligonucleotide(

directed in vitro mutagenesis kit. The mutation abolished a Kpnl (GGTACC) site in the
rbcL gene which was used in the initial identification of putative mutants. Double-

stranded DNA sequencing using the dideoxy termination method of Sanger et al. (1977)
confirmed that the oligonucleotide directed the desired mutation.

Double-stranded

DNA carrying the desired mutation in the rbcL gene was digested with Eco0109 and
Sstl. The resulting 3.2-kilobase fragment containing the 5' terminus of the mutant rbcL

gene was kept while the 1.2-kilobase fragment containing the 3' end of the rbcL gene
was discarded (Figure 5.2). Plasmid pSal2 (constructed by M. Morell) carrying the
rbcL and rbcS genes of Synechococcus PCC6301 Rubisco was also digested with
Eco0109 and Sstl (Figure 5.2). The resulting 1.7-kilobase fragment containing the 3'

end of the rbcL gene and the entire wild-type rbcS gene was ligated with the 3.2kilobase fragment carrying the 5' end of the mutant rbcL gene such that a complete
mutant rbcL gene was recreated. This plasmid was designated pT18T65V. A Pstl
digestion of this plasmid yielded a 2.2-kilobase fragment containing the mutant rbcL
and wild-type rbcS genes which was inserted into the Pstl site of plasmid pTZ19R
(Mead et al., 1986) such that the mutant rbcL and wild-type rbcS genes were in the
correct orientation.

This plasmid was designated pTl 9T65V.

Plasmid pTSal, a

derivative of pTZ18R (not shown in Figure 5.2), which carries the wild-type Rubisco
genes was used in the expression of wild-type Rubisco. Plasmid pKPl carrying only
the rbcS gene of Synechococcus Rubisco (see Section 2.2.5 and Figure 2.1) was used in
the expression of wild-type small subunits.

5.2.4 Growth and Extraction of E coli Cultures
Growth of pTSal- and pT19T65V-bearing E. coli HB101 and pKPl-bearing E.
coli CAG630 was carried out at 37 °C and preparation of crude extracts was as

previously reported (see Sections 2.2.7 and 2.2.8).
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5.2.5 Purification of Wild-Type and Mutant Rubiscos
All procedures were carried out at 4 °C, unless otherwise stated. The crude
extract (15 ml, derived from 5 g of cells) was subjected to heat treatment at 50 °C for
20 min, rapidly cooled on ice and centrifuged at 9000 x g for 20 min.

To the

supernatant was added (NH4) 2SO4 to 25 % saturation and after 1 h, centrifuged at 9000

x g for 20 min.

The supernatant was decanted and (NH4 ) 2SO4 added to 50 %

saturation. After 1 h, this was centrifuged at 9000 x g for 20 min. The pellet was
resuspended in 40 ml of 50 mM Tris-HCl buffer, pH 8, containing 150 m:rvt KCl and 1
mM EDTA (buffer A) and applied to a Pharmacia Mono-Q HRl 0/10 column which had
been equilibrated with buffer A. The column was washed with 40 ml of buffer A and
then eluted with a 100 ml 0.15 to 0.5 M linear KCl gradient in buffer A. Fractions (2
ml) containing wild-type or mutant Rubisco were identified by carboxylase assays and
peak fractions were dialyzed into 10 mM sodium phosphate buffer, pH 7.6, containing
50 mM NaCl and 1 mM EDT A and stored at -80 °C in 20 % glycerol.

5.2.6 Carboxylase As'say
Rubisco activity was measured as described previously (see Section 2.2.13)
except that bovine serum albumin was omitted from the assay mixture. In addition, all
assay mixtures containing crude extracts of wild-type or mutant enzymes were
supplemented with Rubisco small subunits (expressed in E. coli strain CAG630
harbouring the plasmid pKPl). This ensured that the wild-type or mutant enzyme was
fully saturated with small subunits. The affinity constants, KM(C0 2 ) and KM(RuBP) ,
were determined as before (see Section 2.2.13).

5.2.7 Measurement of COJ02 Specificity
A single isotope method was used to determine the

S cio

factor of wild-type and

mutant Rubiscos. This method used the conversion of [ l- 14 C] RuBP by the enzyme at
known concentrations of CO2 and 0 2 into [1- 14C]3-PGA and [l- 14 C]2-phosphoglycolate
as a measure of the relative rates of carboxylation and oxygenation of the enzyme,
respectively. Since the RuBP is labelled at C-1 , only one molecule of PGA from the
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carooxylation reaction would be labelled while only the phosphoglycolate from the
oxygenation reaction would be labelled. The desired concentrations of CO 2 and 0 2
were obtained by mixing pure CO 2 gas and COz-free air using three sets of Wosthoff
gas mixing pumps (models SA 18/3, SA 27/s and G 27/3F; H. Wosthoff oHG, Bochum,
F.R. Germany). Reaction mixtures (1 ml total volume) contained 24 mM Tricine, pH
8.3, 16 mM MgC1 2 , 0.2 mg oovine caroonic anhydrase, 1.53 µM [14C]RuBP and
purified Rubisco (0.3 mg wild-type or 2.5 mg T65V-mutant). All components except
[1- 14C]RuBP were placed in a Warburg flask and incubated at 25 °C with constant
shaking in a Warburg apparatus. Gas equilibration of the mixture and head-space was
carried out for 1 h. During ~his period, activation of Rubisco was also achieved. After
1 h, catalysis was initiated by adding [1- 14C]RuBP to the reaction mixture.

The

reaction was allowed to proceed for a further -30 min in the case of the wild type and a
further 2 h in the case of the mutant. During this time, the flask was continuously
purged with the gas mixture. The reaction was stopped by adding 70 µg of alkaline
phosphatase to dephosphorylate any unfixed [1- 14C]RuBP as well as the products of
carboxylation and oxygenation, PGA and 2-phosphoglycolate, respectively. After 30
min, unlabelled glycerate and glycolate carriers were each added to final concentrations
of 1.7 mM and the entire contents of the reaction flask applied to a 1 x 0.8 cm (0.4 ml)
column of anion exchange resin (Bio-Rad Dowex AG l-X8, formate form) which had
been water washed. Unbound material (including ribulose) was washed through with 2
ml distilled water and the glycerate and the glycolate bound to the column were eluted
with 2 ml 10 % H2S04 • Aliquots of the eluate (up to 200 µ1) were chromatographed on
a 30 x 0.78 cm Bio-Rad Aminex HPX-87H column, which is designed for the
separation of organic acids. The column was run at a flow rate of 0.4 ml·min- 1 at 65 °C
using 0.015 N H2S04 as the mobile phase. Fractions of 100 µl were collected and the
ratio of labelled glycerate to labelled glycolate in the sample was determined by
scintillation counting. The Sc/0 factor was calculated by substituting the known ratio of
labelled glycerate to glycolate into the following equation which is a variant of
Equation 1.1 (see Section 1.2.5):
Sc10 = { (14 C-glycerate/14 C-glycolate) · ([ 0 2]-sOz)} /([ C0 2]·sCOz)

(Equation 5.1)
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where (0 2 ], is the concentration of atmospheric 0 2 used in the reaction (2.09 x 10s
ppm); [CO 2 ], is the concentration of CO 2 used in the reaction (250 ppm); sOzfsC02 , is
the ratio of the solubilities of 0 2 and CO2 in distilled water at 25 °C, which is taken to
be 0.037 (International Critical Tables, 1928).

5.2.8 Measurement of Pyruvate Production by Wild-Type and T65V-Mutant Enzymes
To measure pyruvate production, the method of Andrews and Kane (1991) was
used.

Reaction mixtures (1 ml total volume) in a 25 ml sealed scintillation vial

contained 30 mM Tricine buffer, pH 7.8, 20 mM MgC1 2 , 0.2 mg carbonic anhydrase, 50
mM NaH 14C0 3 (2000 cpm·nmoI- 1), O.SmM RuBP and 75 µg purified wild-type or 2.5
mg purified T65V-mutant Rubisco.

All components except RuBP were added and

incubated at 25 °C for 10 min for the activat~on of Rubisco. After 10 min, RuBP was
added and incubation at 25 °C continued.

At 30 min intervals, 10 µ1 aliquots of

reaction mixture were taken and added to 100 µ1 concentrated formic acid to stop the
reaction. This sample w~ evaporated to dryness on a hot plate, and 1 ml distilled water
and 10 ml scintillant added before liquid scintillation counting. From the amount of 14 C
label in the aliquot, the amount of RuBP converted to products could be estimated.
Once about three-quarters of the initial RuBP had been converted (it took 30 min in the
case of the wild type and 90 min for the mutant), unlabelled PGA, glycerate (final
concentration of 1. 7 mM each) and lactate (final concentration of 0. 7 mM) carriers were
added to the reaction mixture. The entire contents of the reaction vial was passed over
a 0.5 x 5 cm (1 ml) Bio-Rad AG SOW-XS cation exchange resin (100-200 mesh, H+
form) column which had been equilibrated with distilled water. The column was eluted
with 2 ml distilled water. The eluate and washings were vortexed under a stream of
nitrogen to remove the unfixed

14 C0 •
2

The pH of the sample was adjusted to 6 with 1

N NaOH and the sample dried in a speed-vac. The residue was dissolved in 400 µl
0.015 N H2S04 • Aliquots of 200 µl were chromatographed on a 0.78 x 30 cm Bio-Rad
Aminex HPX-87H column with 0.015 N H2S04 as the mobile phase at a flow rate of
0.4 ml·min- 1 at 65 °C. Fractions of 100 µl were collected and the amount of
in each fraction determined by scintillation counting.

14 C

label
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To confirm pyruvate production, an analogous reaction was carried out with the
inclusion of 0.1 mg (55 U) lactate dehydrogenase and 1 mM NADH in the reaction
mixture. In the presence of lactate dehydrogenase and NADH, the pyruvate produced
should be converted to lactate, thus confirming its production. In addition, another
analogous reaction was set-up but this time CABP was added to the reaction mixture,
prior to the addition of RuBP, and incubated at 25 °C for 10 min.

CABP is a

competitive inhibitor of RuBP which binds to the active site of activated Rubisco and
renders it inaccessible to RuBP. So no pyruvate or lactate should be detected in the
presence of CABP.

5.2. 9 Measurement of Other Products Produced by the Carboxylase Activity of Wild-

Type and T65V-Mutant Rubiscos
The reaction was carried out in a 25 ml sealed scintillation vial. 1 ml of reaction
mixture contained 30 mM Tricine buffer, pH 7.8, 20 mM MgC1 2 , 50 mM NaHC0 3 , 7.7
µM [1- 14C]RuBP and 2.5 µg purified wild-type or 2.16 mg purified T65V-mutant
enzyme. The presence of high HC0 3- levels in the reaction mixture would favour the
carboxylation reaction and suppress the oxygenation reaction.

The enzyme was

activated at 25 °C for 10 min and the reaction was initiated by adding [1- 14C]RuBP and
incubated at 25 °C. After 60 min, 70 U alkaline phosphatase was added to the reaction
mixture and incubated for 30 min at 25 °C to stop the reaction. Unlabelled xylulose
and ribulose carriers were added to a final concentration of 0.8 mM and the entire
volume of each reaction vial applied onto a 1.2 x 0.8 cm (0.5 ml) column of anion
exchange resin (Bio-Rad Dowex AG 1-X8, formate form). The eluate was collected
and the column rinsed with 2 ml distilled water which was also collected. Unreacted
RuBP (as ribulose) and any other compound unable to bind to the column would be
present in the eluate and washings. PGA (as glycerate) and pyruvate produced by the
carboxylase reaction together with any phosphoglycolate (as glycolate) produced by the
oxygenase reaction would remain bound to the column. The eluate and rinses were
concentrated in a speed-vac to a volume of about 200 µ1 making sure that the pH
remained between 5 to 7. This ensured that isomerization of any residual RuBP, which
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has not been dephosphorylated, was suppressed. The concentrated sample was then
chromatographed on a 30 x 0.78 cm Bio-Rad Aminex HPX-87H column at a flow rate
of 0.4 ml·min- 1 at 65 °C using 0.015 N H2S04 as the mobile phase. Fractions of 100 µl
were collected and the amount of label in each fraction determined by scintillation
counting.
Two analogous reactions were carried out as controls. To one was added 120
µM CABP, prior to the addition of [1- 14C]RuBP, and incubated at 25 °C for 10 min.
No enzyme was added to the other.
From the results obtained from the above analysis, which are described in
Section 5.3.5, further analys~s of the carboxylase reaction products were carried out as
follows. The reaction was carried out as before except that at 10, 60 and 150 min after
initiation of catalysis (by the addition of [1- 14C]RuBP), 350 µ1 aliquots of the reaction
mixture were added to 70 U alkaline phosphatase to stop the reaction. Each aliquot of
the reaction mixture was applied onto the anion exchange resin column and the eluate
and washings from this column treated as before.

However, the final sample was

chromatographed on a 30 x 0.78 cm Bio-Rad Aminex HPX-87C column instead of the
HPX-87H column. This column was run at a flow rate of 1.0 ml·min- 1 at 85 °C using
water as the mobile phase. Fractions of 200 µ1 were collected and the amount of label
in each fraction determined by scintillation counting. Two controls for this experiment
were also carried out, one with CABP in the reaction mixture and the other without any
enzyme.

5.2.10 Detection of Inorganic Phosphate Released by T65V Mutant
The inorganic phosphate released from RuBP by the T65V-mutant enzyme was
detected by a modified Chifflet assay procedure (Chifflet et al. , 1988). The reaction
mixture (1 ml total volume) in a 25 ml sealed scintillation vial contained 100 mM EppsNaO H, pH 7.8, 20 mM MgC1 2 , 50 mM NaH 14C0 3 (2000 cpm·nmol- 1) , 0.5 mM RuBP
and 0.2 mg purified T65V mutant. All components, except RuBP, were added and
incubated at 25 °C for 10 min. Following activation of the enzyme, RuBP was added
and incubation at 25 °C continued. At 30 min intervals, 10 µl aliquots of the reaction
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mixture were added to 250 µ1 concentrated formic acid.

At the same time 100 µ1

aliquots of the reaction mixture were also taken and frozen for phosphate assay. The
aliquot added to formic acid was evaporated to dryness on a hot plate and the amount of
label in it determined by scintillation counting.
Phosphate As-say. To the 100 µ1 aliquots, 200 µ1 Chifflet reagent 1 (1 N HCl,

0.5 % NH 4 Mo0 4 and 1.5 % Na ascorbate) were added and incubated at room
temperature. After 10 min, an equal volume of Chifflet reagent 2 (2 % Na citrate, 2 %
acetic acid and 2 % NaAsOz) was added and incubated for a further 30 min at room
temperature.

The absorbance at 700 nm was then measured and compared with a

potassium phosphate standard, ranging from 0-30 nmol, which had been treated
identically with the samples.
Two controls for this experiment were carried out. To one control was added
0.13 mM CABP prior to the inclusion of RuBP and to the other 0.5 mM PGA and 2phosphoglycolate were added instead of RuBP.

5.2.11 Other Methods
The total soluble protein content of crude extracts and purified enzymes was
determined by the Pierce BCA procedure. The concentration of catalytically active
sites in wild-type or T65V-mutant Rubiscos in crude extract preparations was
determined by [1 4 C]CABP binding (see Section 2.2.12).

5.3 RESULTS

5.3.l Catalytic Properties of Wild-Type and T65V-Mutant Rubiscos
The catalytic properties of wild-type and T65V-mutant Rubiscos determined in
this study are given in Table 5.1. The

kcat'

KM(C0 2) and KM(RuBP) of wild-type and

mutant enzymes were determined using crude extract preparations.
presented in Table 5.1 were obtained using purified Rubiscos.

All other data
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Table 5.1 Catalytic properties of wild-type and T65V-mutant Rubiscos

wild-type

T65V

(+S.E.)

(+S.E.)

kcata(s-1)

11.7+0.1

0.09+0.01

KM(CO) (µM)

270+22

633+119

kca/KM(C0 2 ) (s- 1M- 1)

43

103

0.14 X 103

Scio b

42.1 +0.5

18.5+0.2

21 +1.5

174+20c

pyruvatefRuBpd (%)

0.62

0.14

X/RuBpe (%)

0.23f

4.03f

KM(RuBP) (µM)

3

X

Based on catalytic site concentrations determined by the binding of (CI 4]CABP.

bSc/o

values are averages of triplicate measurements (+S.D.).

c1t was ensured that this large KM(RuBP) value was not caused by phosphatases present
in the crude extract depleting the RuBP (refer to Table 3.1).
dPyruvate produced as a percentage of RuBP consumed. (This was actually calculated
from the ratio of lactate produced to RuBP consumed.)
ecompound X produced during a period of 10 min as a percentage of initial RuBP.
Since a small amount of compound X as well as compounds Pl and P2 are derived
from RuBP, the actual amount of RuBP converted to products by Rubisco alone could
not be accurately determined. Therefore, the amount of compound X produced by
Rubisco is given here as a percentage of the initial RuBP concentration in the reaction
mixture and not as a percentage of RuBP consumed by Rubisco.
f\Talues obtained after subtracting amount of compound X produced from RuBP in
minus-enzyme control.
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The wild-type Rubisco had a kcat of 11.7 s- 1, a KM(C0 2 ) of 270 µM and a
KM(RuBP) of 21 µM. These values are comparable to those reported previously for the
in vitro reconstituted wild-type enzyme (see Table 3.1).
The T65V mutant was found to have a drastically reduced catalytic rate of 0.09
s- 1 (Table 5.1). This is about 0.8 % of that of the wild type.

No increase in the

catalytic activity of the mutant was observed following supplementation with additional
small subunits, indicating a full complement of small subunits was already present. The
affinity of the mutant enzyme for its substrates, CO 2 and RuBP, were also found to be
reduced compared to the wild-type. The KM(RuBP) was increased 8-fold while the
KM(C0 2 ) was increased 2-fold (Table 5.1). As a result of the low tum-over rate of the

mutant as well as its weak affinity for CO2 , its carboxylation efficiency [kca/KM(COz)]
was only 0.3 % of the wild type (Table 5.1). _
Despite its low catalytic activity and its poor affinity for substrate RuBP, the
ability of the mutant to bind CABP appeared to be unaffected. In a gel filtration assay,
the mutant enzyme bounqjust as tightly to CABP as the wild-type enzyme (Figure 5.3).
However, a slight degree of dissociation of the label in the first radioactive peak was
observed in the case of the mutant.

This reflects either slight differences in the

efficiency of sample application onto the column or a real but marginally weaker
binding of the mutant enzyme to CABP.
Both the mutant and wild-type enzymes were expressed in E. coli HB101 at a
level of about 2.3 % of the total soluble protein content in crude extracts (as determined
by [14C]CABP binding).

5.3.2 COJ02 Specificity
Figures 5.4b and

5.4c show the chromatographic separation of the

dephosphorylated products of the carboxylation and oxygenation reactions catalyzed by
the wild-type and T65V-mutant Rubiscos. In both cases, two peaks corresponding to
the UV trace due to glycerate and glycolate internal standards (Figure 5.4a) were
obtained. In the case of the wild type, the glycerate peak was larger than the glycolate
peak while in the mutant, the glycolate peak was larger than the glycerate peak. The
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wild-type Rubisco was estimated to have a Scio factor of 42.1 while the mutant had a
2.3-fold lower Scio factor of 18.5 (Table 5.1). Recently Gutteridge (1991) and Lee et al.
(1991a) have also reported the Scio factor of Synechococcus Rubisco and their value is
similar to that obtained here for the wild type (after compensating for differences in
assumptions about the pK' of COzfHC0 3- equilibrium).

5.3.3 Pyruvate Production
The extent to which wild-type Rubisco and T65V-mutant Rubisco were able to
~eliminate the aci-carbanion of PGA was monitored by measuring the amount of
pyruvate produced during the carboxylation of RuBP. Figures 5.5b and 5.5d show the
chromatographic separation of the products of the carboxylation reaction catalyzed by
the two Rubiscos. In both cases, a major peak representing the main product of the
carboxylase reaction, PGA, was observed. In the case of the wild type, a minor peak
which co-eluted with the UV peak due to the pyruvate internal standard was also
observed. In the presence of lactate dehydrogenase and NADH in the reaction mixture,
no pyruvate peak was present (Figure 5.5c). Instead a new peak was found which coeluted with the UV peak due to the lactate internal standard. This confirmed that the
minor product in the wild-type carboxylase reaction was pyruvate. The percentage of
pyruvate produced was estimated to be 0.62 % of RuBP converted to products 1 (Table
5.1). This estimate is comparable to the estimate of 0.71 % of Andrews and Kane
(1991) for the wild-type Rubisco.
In the case of T65V-mutant Rubisco, no pyruvate peak was observed when the

products of the carboxylation reaction were chromatographed (Figure 5.5d). However,
in the presence of lactate dehydrogenase and NADH in the reaction mixture, a tiny peak
which coincided with the UV peak of lactate internal standard was observed (Figure
5.Se). Since this lactate peak is very small it could have been masked by the massive
PGA peak when in the pyruvate form. The amount of pyruvate (as lactate) produced by

1 Since

the pyruvate and PGA peaks were not completely resolved by the colwnn in this experiment
(probably because of colwnn deterioration) , the pyruvate production reported here was estimated from
the lactate produced. As pyruvate is slightly volatile and has a tendency to dimerize, the percentage of
lactate would therefore give a more accurate estimation of the percentage of pyruvate produced.
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T65V mutant was estimated to be 0.14 % of RuBP consumed (Table 5.1).

This

represents a 77 % reduction in the amount of pyruvate prcxiuced by the mutant
compared to the wild type.

In the presence of CAPB in both the carboxylase reaction mixtures, no pyruvate
or lactate was detected (data not shown). This confirmed that pyruvate is a prcxiuct of
the activity of the Rubisco enzymes.

In Figures 5.5 b-e, a minor peak which coincided with the UV trace of glycerate
internal standard was also observed. This is probably due to the presence of a trace
level of phosphatase contaminant in the purified Rubisco preparations.

5.3.4 Other Reaction Products of the Carboxylase Reaction
To ascertain whether any other compound, besides PGA and pyruvate, was
produced by the carboxylase activity of the mutant enzyme, the reaction mixture was
treated as described in Section 5.2.9. The chromatographic separation obtained for the
T65V-mutant enzyme is . shown in Figure 5.6b.

As well as the expected peak

representing ribulose from unreacted RuBP, another prominent peak which was not
completely resolved from ribulose was also observed. It was suspected that this peak
might be xylulose from XuBP, the isomer of RuBP.

XuBP has been shown to be

produced chemically from RuBP at slightly alkaline pH (Paech et al., 1978).

In

addition, XuBP is also prcxiuced at the active site of Rubisco by a misprotonation of the
2,3-enediol of RuBP (Edmondson et al., 1990a; Zhu and Jensen, 1991a,b). Ribulose
and xylulose standards were then chromatographed on the column and the UV trace of
these are shown in Figure 5.6a. The two sugars were also not completely resolved by
the column. A comparison of the elution times of the sugar standards and the two
compounds from the T65V-mutant reaction mixture showed that the major compound
coincided with the ribulose peak while the minor compound coincided with the xylulose
peak (Figures 5.6a,b). In the presence of CABP, the xylulose peak was absent but
ribulose from unreacted RuBP was present (Figure 5.6c). When enzyme was excluded
from the reaction mixture, ribulose from RuBP was again the only peak (Figure 5.6d).
These confirmed that the minor compound was prcxiuced by the enzyme and was not a
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contaminant in the enzyme or RuBP preparations or produced chemically from RuBP.
The minor compound amounted to approximately 3 % of the RuBP consumed. If this
l

compound produced by T65V-mutant enzyme was solely XuBP, then this is a

'

considerable amount compared to the 0.25 % estimated to be produced by spinach
Rubisco (Edmondson et al., 1990a). Chromatographic separation of the products of the
carboxylase reaction catalyzed by the wild-type enzyme showed only the presence of
ribulose (Figure 5.6e). If XuBP was produced by the wild type at the same level as that
estimated for the spinach enzyme (0.25 %) , then it (as xylulose) would have been
masked by the larger ribulose peak.
Since the Aminex HPX-87H column was not able to completely resolve ribulose
and xylulose, further analyses of the carboxylase reaction products of the mutant and
wild-type enzymes were carried out on an Am_inex HPX-87C column. This column has
been specifically designed for the separation of sugars.

The chromatographic

separation of xylulose and ribulose standards on this column is shown in Figure 5.7a.
The two sugars were resolved from one another with approximately 4 min elution time
interval between them. Hence, a better measurement of the compound produced by the
mutant could be made.
Figures 5.7b and 5.7d show the HPX-87C column separation of the products of
the carboxylase reaction catalyzed by the mutant and wild-type enzyme, respectively,
during a period of 10 min. In the case of the mutant, two major peaks (X and R) and
two minor peaks (Pl and P2) were observed. Peaks X and R co-eluted with the UV
peaks due to xylulose and ribulose internal standards (Figure 5. 7a), respectively. The
presence of peak R indicates that a small percentage of the RuBP (approximately 9 %,
refer to Figure 5.8) has not been consumed. In the case of the wild type, ribulose from
unreacted RuBP constituted a major peak (peak R), while the other peaks, X, Pl and
P2, were very tiny (Figure 5.7d). The huge peak R indicates that a large percentage of
the RuBP (approximately 46 %, refer to Figure 5.8) has not been consumed. This is
probably because of an insufficient amount of wild-type enzyme in the reaction
mixture. Despite this, it is clear that compound X constitutes a much larger percentage
of the reaction products of the mutant enzyme compared to those of the wild-type
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enzyme (refer also to Figure 5.8, where even when approximately 87 % of RuBP has
been converted during a 150 min incubation period, peak X from the wild-type reaction
mixture is still much smaller than that from the mutant reaction mixture).
In the presence of CABP, peak X virtually disappeared from the elution profile

while the magnitude of peak R was increased (Figure 5.7c). This was expected since
CABP binds to the active site of Rubisco and prevents catalysis. However, the presence
of a tiny amount of compound X indicated that it was either a contaminant in the RuBP
preparation or was produced from RuBP during incubation. Peaks Pl and P2 were also
present in the CABP-treated reaction mixture (Figure 5.7c), indicating that they were
unlikely to be produced by the mutant enzyme. In the case of the wild-type enzyme,
the elution profile of the CABP-treated reaction mixture (not shown in Figure 5.7) was
similar to that of the CABP-treated mutant enzyme (Figure 5.7c).
In the absence of either wild-type or mutant enzyme, a similar chromatographic

separation as that obtained in the presence of CABP was observed (Figure 5.7e). This
confirmed that a trace level of compound X was either present in the RuBP or produced
from RuBP under the conditions of the assay. Likewise, peak Pl and peak P2 were also
derived from the RuBP preparation. (These trace amounts of compounds X, Pl and P2
were not observed in Figure 5.6d probably because of the inability of the HPX-87H
column to resolve these.)
The amount of compound X produced by the mutant enzyme during a period of
10 min was estimated to be approximately 4. 03 % of the initial RuBP concentration
(after subtraction of the amount present in the minus-enzyme control, Table 5.1). In the
case of the wild type, the amount of compound X produced was approximately 0.23 %
of the initial RuBP concentration. This is comparable to the amount of XuBP produced
by the spinach enzyme (Edmondson et al., 1990a). The amount of compound X in the
mutant and the wild-type reaction mixtures, however, were found to decrease with
incubation period (Figure 5.8).

This was particularly apparent in the mutant, with

compound X production decreasing at a rate of 0.9 % per h.

The non-enzymatic

formation of compound X from RuBP in the control, on the other hand, was found to
increase with incubation period. The estimated rate of compound X formation from
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RuBP was approximately 0.2 % per h.

The presence of products Pl and P2,

corresponding to peaks Pl and P2, respectively, were found to be relatively independent
of incubation time.

5.3.5 Inorganic Phosphate Released by T65V Mutant

It is also possible that compound X may be the diketone produced by f3elimination of the 2, 3-enediol of RuBP (see Section 5.4.4, for details). To ascertain
this, attempts were made to detect the second product of the f3-elimination reaction,
inorganic phosphate. From Figure 5.8, the rate of production of compound X by the
mutant was estimated to be approximately 1.8 nmol/h (after subtraction of the amount
of compound X present in the minus-enzyme control). Therefore, the rate of inorganic
phosphate released would be at least 1.8 nmol/h.

The f3-elimination of the aci-

carbanion of PGA would also release inorganic phosphate as one of the products,
pyruvate being the other product (see Section 5.3.3). From the percentage of pyruvate
produced (and the incubation period of the reaction mixture), the rate of inorganic
phosphate released by the f3-elimination of the aci-carbanion of PGA was estimated to
be approximately 0.5 nmol/h. From these estimations, a total of 2.3 nmol of inorganic
phosphate would be produced by the mutant per h during catalysis (if both f3elimination reactions occurred).

To detect this low rate of inorganic phosphate, a

sensitive method had to be used. The Chifflet assay method used in this study has a
sensitivity in the range of Oto 25 nmol.
A plot of inorganic phosphate produced in a period of two h by the mutant
during catalysis together with the appropriate controls is shown in Figure 5.9. Chifflet
reagent 1 contains 1 N HCl which can cause the release of inorganic phosphate from
RuBP and from the products of carboxylation and oxygenation.

Contaminating

phosphatases could also cause phosphate release. Therefore, controls to take these into
account had to be included. From the initial rates of the three curves shown in Figure
5. 9, the rate of inorganic phosphate produced by the mutant was estimated to be either
0.8 or 1.7 nmol/h, depending on which control was subtracted. The controls, however,
are in danger of overestimating phosphate released from PGA, 2-phosphoglycolate and
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RuBP. The concentrations of PGA and phosphoglycolate were fixed in the control (•,
Figure 5.9) but in the actual reaction they would increase with time until RuBP was
totally consumed.

Likewise, the concentration of RuBP would decrease with time

during the course of the reaction while in the control (0, Figure 5.9) it was fixed. A
more realistic estimation of inorganic phosphate released would, therefore, be between
0.8 and 1.7 nmol/h. The rate of inorganic phosphate released by the mutant, estimated
from the rates of pyruvate production and compound X production (2.3 nmol/h), appear
to fall near the upper limit of this range. However, due to the error involved in these
estimations, these results are not conclusive.

5.4 DISCUSSION

5.4. l Reduced kcat and Reduced Affinities for CO2 and RuBP
The reduced tum-over rate of T65V-mutant Rubisco as well as its reduced
affinities for CO 2 and RuBP (Table 5.1) are very similar to those reported for the Lg
core of the wild-type enzyme, in the absence of small subunits (0.12 s- 1, 480 µM, 200
µM, respectively; Andrews, 1988). This raised the possibility that the T65V-mutant
enzyme may not have had a full complement of small subunits or that it might be
devoid of small subunits altogether. Supplementing the assay with additional small
subunits (expressed in E. coli strain harbouring the plasmid pKPl) did not increase the
catalytic activity, but this could be due to an inability of small subunits to bind to the
T65V mutant.

However, on a non-denaturing polyacrylamide gel (stained with

Coomassie Blue), the mutant protein had the same migratory distance as the wild-type
holoenzyme (data not shown), unlike the Lg core (Andrews, 1988). Furthermore, the
activity of separately expressed Lg core of the T65V mutant was undetectable but was
stimulated by adding wild-type small subunits to a level comparable to that shown in
Table 5.1 (data of M. Morell). Therefore, the T65V-mutant Rubisco created in this
study must have a full complement of small subunits.
The 8-fold reduction in the affinity of the mutant enzyme for substrate RuBP
(Table 5.1) might be indicative of a perturbation of the C-1 phosphate-binding site
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brought about by the Thr to Val substitution.

Two of the oxygen atoms of the

phosphate group are within hydrogen-bonding distance to the hydroxyl group of T65 in
the wild-type spinach enzyme (Figure 5.1; Knight et al., 1990). The phosphate group
may thus be orientated within the active site by means of these interactions. The Thr to
Val substitution abolishes any such hydrogen bonds and could thus affect the
orientation of the phosphate group. The weakened affinity of the wild-type Lg core for
RuBP may also be explained in terms of interferences with the binding of the C-1
phosphate group.

Part of the binding site for the phosphate group is provided by

residues (G403 and G404) in loop8 (Knight et al., 1990; see also Figure 5.1). The
orientation of this loop may have been affected by the absence of interactions between
helix a8 (which immediately follows loop8, refer to Figure 3.1) and the small subunit.

5.4.2 Decrease in C02 !02 Specificity
The Thr to Val substitution severely affected the selectivity of the enzyme for
substrate CO 2 as opposed to 0 2 (Table 5.1). The 56 % reduction in the

Scio

factor is a

likely consequence of the perturbation of the essential Lys residue, K334 (in loop6).
The E-amino group of K334 is in hydrogen-bonding distance to the hydroxyl group of
T65 in the wild type (Knight et al., 1990; Figure 5.1).

Residue K334 has been

implicated to play a role in facilitating the addition of either CO 2 or 0 2 to the 2,3enediol of RuBP and in the stabilization of the transition states of the carboxylation and
oxygenation reactions (Hartman & Lee, 1989; Knight et al., 1990). These, in turn,
directly influence the affinity constants, KM(C0 2) and KM(0 2), and the COz/0 2
specificity. The perturbation of the orientation of K334 was also thought to be the
cause for the reduction in the

Scio

factor of a mutant form of the enzyme from

Chlamydomonas reinhardtii (Chen et al., 1991). In this case, the mutation (V331A)
was within loop6 of the large subunit, three residues away from K334. The 130-fold
reduction in the catalytic activity of the T65V-mutant enzyme, may also be a likely
consequence of perturbations in the position and/or orientation of the E-amino group of
K334.

It is of interest to note that, in the absence of the small subunit, COz/0 2

specificity of the wild-type Lg core is very similar to that of the wild-type holoenzyme
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(Gutteridge, 1991). This indicates that, unlike the removal of the hydroxyl group of
T65, the removal of the small subunit may not affect the orientation of K334.

5.4.3 Pyruvate Production
Pyruvate has been demonstrated to be a by-product of the carboxylation reaction
catalyzed by Rubisco (Andrews & Kane, 1991). It is produced by a f3-elimination of
the phosphate moiety of the aci-carbanion of PGA, an intermediate in the carboxylation
reaction.

Andrews & Kane (1991) have suggested a mechanism by which the f3-

elimination of the phosphate group may occur. Figure 5.10 outlines this mechanism.
According to structural studies, the analog of the 6-carbon intermediate, CABP, binds
to the active site of Rubisco in an extended conformation (Andersson et al., 1989;
Knight et al., 1990). By analogy, the conformation of the six-carbon intermediate (3keto CABP) at the active site may also be taken to be the extended form (C, Figure
5.10). Following carbon-carbon cleavage between C-2 and C-3 of 3-keto CABP, the
bond between C-1 and the bridge oxygen of the phosphate moiety would be at right
angles to the double bond between C-2 and the carboxyl group [unless C-1 or the bridge
oxygen (or both) moved].

From stereoelectronic considerations, this would be a

favourable configuration for f3-elimination of the phosphate moiety because orbital
overlap with the

Jt

system would be maximized (Rose, 1981). f3-elimination would be

suppressed if the aci-carbanion intermediate adopted the conformation shown in Figure
5.10 (D) so as to minimize the orbital overlap. To adopt this conformation, either the
C-1 phosphate group or the bond between C-1 and C-2 (or both) has to move in the
direction shown by the large arrow in Figure 5.10 (C). As the C-1 phosphate group is
orientated by interactions with residues in loop7 and loop8 and also possibly by
interactions with T65 (Knight et al., 1990), some or all of these interactions may have
to be disrupted so as to accomplish the movement of the C-1 phosphate group.
However, this may not occur fast enough to prevent f3-elimination of the phosphate
group completely.

In the wild-type enzyme, this f3-elimination occurs once in

approximately every 150 carboxylation reactions (see Table 5.1 and also Andrews &
Kane, 1991).

The T65V mutant, on the other hand, was able to reduce the f3-
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elimination of the C-1 phosphate group. Presumably, the lack of interactions between
the phosphate group and T65V may have allowed faster movement of the phosphate
group, thereby reducing the chances of its ()-elimination. Interestingly, in the absence
of the small subunit, the ()-elimination of the phosphate group of the aci-carbanion at
the active site of L8 occurs at approximately the same rate (0. 71 %) as in the
holoenzyme (Andrews et al., 1992). The ability of the holoenzyme to move its C-1
phosphate group, therefore, appears to be unaffected by the presence or absence of the
small subunit.

5.4.4 Compound X
The identity of compound X was not resolved in this study. Clearly, it is not
PGA, phosphoglycolate or pyruvate. The co-elution of compound X with xylulose
internal standard during column chromatography suggests that it might be an isomer of
RuBP produced at the active site of Rubisco. A misprotonation at C-2 of the 2,3enediol of substrate RuBP would result in ArBP or 3-keto ribitol 1,5-bisphosphate
(RiBP), while a misprotonation at C-3 would lead to XuBP (refer to Figure 1.4). Both
XuBP and ArBP have been demonstrated to be produced by Rubisco at its active site
(Edmondson et al., 1990a; Zhu and Jensen, 1991a,b). The formation of RiBP at the
active site of Rubisco has not been demonstrated. It is also possible that compound X
may be 1-deoxy-D-g[ycero-2,3-pentodiulose-5-phosphate (a diketone compound) . If
so, its dephosphorylated product must co-elute with xylulose on the HPX-87C column.
The ()-elimination of the C-1 phosphate moiety of the 2,3-enediol would produce the
diketone (Paech et al. , 1978).

The production of the diketone from the enediol

intermediate was demonstrated when the latter was removed from the active site
(Jaworowski et al., 1984). However, its production at the active site of Rubisco has not
been demonstrated. The second product of such a ()-elimination reaction is inorganic
phosphate. Attempts were made in this study to detect inorganic phosphate but the
results were inconclusive (see Section 5.3.5) . Therefore, further direct analyses of
compound X are needed to resolve its identity. For instance, if compound X is XuBP,
then its reduction with NaBH4 would result in xylitol 1,5-bisphosphate and arabinitol
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1,5-bisphosphate. On the other hand, if compound Xis the diketone compound, then in
the presence of hydrogen peroxide, it would be converted to acetic acid and PGA.
These analyses are currently being undertaken (by M. Morell).
Whatever the nature of compound X, it is clear that a much larger percentage of
it was produced by the T65V-mutant Rubisco compared to the wild-type Rubisco. It is
conceivable that the very slow tum-over rate of the mutant enzyme might have resulted
in an accumulation of the 2,3-enediol intermediate at the active site of the enzyme. A
larger pool size of the enediol-Rubisco complex would allow more opportunity for
misprotonation or ~elimination of the C-1 phosphate moiety.

The decrease in the

amount of compound X observed during prolonged incubation of the reaction mixture
might be the result of slow consumption of compound X (if it is XuBP) by Rubisco as
an alternative substrate.

Very slow carbo~lation of XuBP by Rubisco has been

observed in vitro in the absence of RuBP (Yokota, 1991). Alternatively, the decrease in
compound X might represent non-enzymatic conversion of it (if it is the diketone
compound) to 2-methyltetronate-4-phosphate (Paech et al., 1978).

This compound

would remain anionic after dephosphorylation and thus would have been removed by
the anion-exchange resin before chromatography on the HPX-87C column.

5.4.5 X-Ray Crystallographic Studies o/T65V Synechococcus Rubisco

Synechococcus Rubisco is clearly catalytically crippled in the absence of the
hydroxyl group of T65. This may be attributed to a perturbation of the orientation of
the £-amino group of K334 and perhaps also to a perturbation of the C-1 phosphate
group of substrate RuBP. Comparative structural studies of the wild-type enzyme and
the T65V-mutant enzyme may elucidate the changes in the orientation of these two
groups in the absence of the hydroxyl group of T65. These studies may also reveal the
structural basis for the suppression of the ~elimination of the aci-carbanion of PGA by
the mutant. Crystals of T65V-mutant Rubisco have already been produced by Dr. I.
Andersson (Swedish University of Agricultural Sciences) and x-ray studies are being
undertaken.

CHAPTER SIX

MUTATIONS WITHIN LOOP6 OF THE (3/a-BARREL MOTIF OF THE
LARGE SUBUNIT
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6.1 INTRODUCTION

Previous studies have reported an intrinsic variation in the Scio factor of Rubisco
from diverse species (reviewed by Andrews & Lorimer, 1987). Single-subunit bacterial
enzymes have recorded values around 15 while higher-plant enzymes have values
around 100, with cyanobacterial and algal enzymes having intermediate values (see
Table 1.1). Although there is only about 25 % sequence homology between the large
subunit of the L2 R. rubrum enzyme and the large subunit of the L8S8 enzymes
(reviewed by Andrews & Lorimer, 1987), crystal structures of the R. rubrum large
subunit (Schneider et al., 1986; 1990a; Lundqvist & Schneider, 1991a,b) and spinach
large subunit (Andersson et al., 1989; Knight et al., 1990), reveal that the active sites of
these enzymes are highly conserved, both in terms of residue identity and residue
spatial orientation. The cyanobacterial Rubiscos, on the other hand, closely resemble
plant enzymes in having the L8S8 form with 80 % amino-acid residue identity. Despite
this, the

Sc/o

factor of . plant Rubiscos is significantly higher than those from

cyanobacteria and R. rubrum.

Therefore, even subtle differences in the active-site

region must make significant contributions to COz/02 specificity.
Kinetic studies of hybrid enzymes formed between Synechococcus large subunit
and plant or bacterial small subunit (Andrews & Lorimer, 1985; Lee et al., 1991a) and
of the Synechococcus Ls core (Gutteridge, 1991) showed that the Scio factor of Rubisco
is determined by the large subunit alone. In particular, loop6 of the ()/a-barrel motif of
the large subunit has been implicated to play a role in influencing COz/0 2 specificity.
This was demonstrated by Chen et al. (1991) (refer also to Chen & Spreitzer, 1989) who
used random mutagenesis and selection to identify a Chlamydomonas reinhardtii
mutant with a 1.7-fold decrease in COz/02 specificity resulting from the substitution of
V331 by A331 in loop6 of the large subunit (refer to Figure 6.1) . Two other mutations,
T342I within this loop and G344S in helix a6, were found to partially revert the
decrease in the Scio factor caused by the V331A mutation. The V331A{f342I mutation
restored the COz/0 2 specificity to a near-wild-type level while the V331NG344S
mutation restored COz/0 2 specificity to 73 % of that of the wild-type. These mutations
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flank the essential active-site residue, K334 (Soper et al., 1988; Hartman & Lee, 1989;
Andersson et al., 1989; Knight et al., 1990). Residue K334 has been implicated in
facilitating the addition of both CO 2 and 0 2 to the enediol of RuBP, either by stabilizing
the enediol or by directly interacting with CO2 or 0 2 , and in stabilizing the transition
states of carboxylation and oxygenation (Hartman & Lee, 1989; Knight et al., 1990).
Any perturbations which affect K334 are thus likely to affect the Scio factor of the
enzyme. In addition, another mutation, not within loop6 but in the vicinity of K334 and
the metal-binding site, has been reported to adversely affect the Scio factor of Rubisco.
Smith et al. (1990) substituted E60 in the amino-terminal domain of R. rubrum Rubisco
with carboxymethyl cysteine. The substitution produced an enzyme with a 15.5-fold
lower carboxylation activity and a 5.5-fold lower Scio factor.

E60 is an active-site

residue which forms electrostatic interactions with Kl 77 (refer to Figure 1.14 and
references therein). Kl 77, in turn, co-ordinates the catalytically essential metal which
forms a bridge to K334 via the carboxyl group (from substrate CO 2

)

of the

carboxylated intermediate (or CABP in Figure 1.14). The sensitivity of this region to
perturbations is reflected by the decrease in COz/0 2 specificity of the R. rubrum mutant.
The T65V mutation constructed in the previous chapter also adversely effected the Scio
factor of the enzyme, probably because of a perturbation of K334.
A comparison of loop6 residues of higher-plant, algal and cyanobacterial
Rubisco large subunits shows differences at the carboxyl end of the loop, between
residues 338 and 342 (Fig. 6.1). Most of the changes in this region are conservatively
substituted residues except for the residue at position 340.

In Anabaena,

Synechococcus, Alcaligenes, Chromatium and Merchantia the residue at this position is
an uncharged residue, while the remainder of the species shown in Figure 6.1 have a
negatively charged residue at this position. The first four of these species have lower

Scio factors compared to higher plants (reviewed by Andrews & Lorimer, 1987; Lee et
al., 1991a). The Scio factor of Merchantia has not been determined yet. Except for this
difference in the amino-acid sequence there are no other obvious pattern of residue
substitutions between high COzfOz-specificity enzymes and low COzfOz-specificity
enzymes.

Moreover, it is likely that even subtle differences due to conservative
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Figure 6.1 Comparison of amino-acid residues in loop6 of Rubisco large subunits

from different species. The last 7 species belong to the algal and cyanobacterial group
while the rest of the species belong to the higher-plant group. Sequence numbering is
according to the spinach sequence. (For Synechococcus, the numbers are three less than
the spinach numbers.) Residues identical to the spinach sequence are indicated by dots.
The sequences shown are from the following sources : spinach, Zurawski et al. (1981);
tobacco, Shinozaki & Sugiura (1982); petunia, Aldrich et al. (1986a); Atriplex rosea,

Flaveria pringlei and Neurachne munroi, Hudson et al. (1990); alfalfa, Aldrich et al.
(1986b); maize, McIntosh et al. (1980); pea, Zurawski et al. (1986); rice, Moon et al.
(1987); barley, Zurawski et al. (1984); Triticum aestivum and Aegilops crassa, Terachi

et al. (1987); Chlamydomonas reinhardtii, Dron et al. (1982); Euglena gracilis,
Gingrich & Hallick (1985); Anabaena, Curtis & Haselkorn (1983); Synechococcus
PCC6301, Shinozaki et al. (1983); Alcaligenes eutrophus, Andersen & Caton (1987);

Chromatium vinosum, Viale et al. (1989); Merchantia polymorpha, Ohyama et al.
(1986).

137

substitutions may be important contributors to the observed differences in COzf0 2
specificities between Rubiscos from different species. This is supported by the Val to
Ala substitution at residue 331 in loop6 of C. reinhardtii Rubisco (Chen et al., 1991).
In this study the DKAS sequence (residues 338 to 341 in Figure 6.1) at the
carboxy-terminal end of loop6 in Synechococcus Rubisco large subunit was substituted
with the corresponding ERDI sequence found in the large subunit of spinach Rubisco.
The effect of these amino-acid substitutions on the Scio factor of the Synechococcus
enzyme was investigated.

6.2 EXPERIMENTAL PROCEDURES

6.2.l Materials
The materials used in this study were the same as those used in the previous
chapter (see Section 5.2.1).

6.2.2 Bacterial Strains
The bacterial strains used in this study were the same as those used previously
(see Section 5.2.2).

6.2.3 Plasmid Construction
All DNA manipulations were done according to standard molecular biology
protocols (Sambrook et al., 1989).

The 2.2-kilobase Pstl fragment of the

Synechococcus PCC 6301 genome containing the _rbcL and rbcS genes of Rubisco was
cloned from pSHl (Andrews, 1988; see Figure 2.1) into the Pstl site in the polylinker
of pTZ18R (Mead et al., 1986), yielding a plasmid designated pTSal (Fig. 6.2). An

Sphl digestion of this plasmid yielded a 1.36-kilobase fragment, encoding a 643basepair 3' region of the rbcL gene and the entire coding region of rbcS gene. This
fragment was cloned into the multiple cloning site of M13mp18.

This phage was

designated M13S~L. Plasmid pKPl (see Figure 2.1) harbouring only the rbcS gene
was used for the expression of small subunits.
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~
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CTG GAA GGC GAC AAA OCT TCG ACC TTG GGC TTT G
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AST
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F
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CTG GAA GGC GAA CGT GAT ATC ACC TIG GGC TTT G
LEGER
DI T L G F

3'

s

•---·
p

PS

~

__...._____,

pERDI

rbc L

rbcS--

1 kbp

Figure 6.2 Construction of pERDI. Plasmid pTSal harbours the rbcL and rbcS genes
of Synechococcus PCC 6301 Rubisco. An Sphl fragment from pTSal was cloned in the
reverse orientation (i.e., rbcS followed by !lrbcL downstream from the Plac promoter)
into M13mp18 giving rise to the phage M13S~L.

Single-stranded DNA from this

phage was used in the introduction of the desired mutations in the 3' region of rbcL.
Plasmid pERDI was constructed by inserting the mutant Sphl fragment from M13S~L
into the 3.6-kilobase Sphl fragment of pTSal such that a complete mutant rbcL gene
was created. The wild-type and mutant nucleotide and amino-acid sequences in the
mutagenic region of the rbcL gene are shown. The underlined nucleotides indicate the
substitutions made. P, Pstl; S, Sphl; •, Synechococcus ribosome binding site; Plac , (3galactosidase promoter region; !lrbcL, 643-basepair 3' region of rbcL.
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6.2.4 Oligonucleotide-directed In Vitro Mutagenesis
Residues, DKAS (residues 338 to 341) in loop6 of Synechococcus Ribisco large subunit were
substituted with residues, ERDI, the corresponding residues in the spinach sequence (see Fig
6.1). Substitutions were introduced by oligonucleotide-directed mutagenesis according to
the

method

of

Taylor

et

al.

(1985)

usmg

CTGGAAGGCGAACGTGATATCACCTTGGGCTITG

3'

the

oligonucleotide,

(the

altered

codons

5'
are

underlined), to prime second strand synthesis from single stranded M13S~L DNA. This
oligonucleotide contained 11 5' bases and 13 3' bases identical to the target sequence to
promote annealing (Fig 6.2). Furthermore, the mutation introduced a unique EcoRV site
(GATATC) which was used in the identification of putative mutants. Double-stranded DNA
sequencing of the resultant mutant phage using the dideoxy termination method of Sanger et
al. (1977) confirmed that the oligonucleotide directed only the desired mutations.

Replicative-form DNA from phage containing the desired mutation was digested with Sphl
and the 1.36-kilobase fragment containing the 3' end of the mutant rbcL gene was inserted
into the 3.6-kilobase Sphl fragment of pTSal, creating a complete mutant rbcL gene
upstream of a wild-type rbcS gene. This construct was designated pERDI (Figure 6.2).
6.2.5 Growth and Extraction of E. coli Cultures
Growth of pTSal- or pERDI-bearing E. coli HB101 and pKPl-bearing E. coli CAG630, was
carried out at 37 °C and preparation of crude extracts was as previously reported (see
Sections 2.2.7 and 2.2.8).
6.2.6 Purification of Wild-type and Mutant Rubiscos
Wild-type and ERDI-mutant Rubiscos were purified according to the protocol developed in
the previous study (see Section 5.2.5).
6.2. 7 Carboxylase Assay

Rubisco activity was measured as described previously (see Section 2.2.13) but using
NaH14co3 with a specific radioactivity of 7 Bq.nmo1-l and omitting bovine serum
albumin from the assay mixtures. In addition, to all assay mixtures containing
crude extracts of wild-type or mutant enzymes were supplemented with Rubisco small
I.
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subunits (expressed in E. coli strain CAG630 harbouring the plasmid pKPl).

This

ensured that the wild-type or mutant enzyme was fully saturated with small subunits.
The affinity constants, KM(COz) and KM(RuBP), were determined as before (see Section
2.2.13).

6.2.8 Measurement of Scio Factor of Rubisco
The Scio factor of the wild-type and ERDl-mutant enzymes was determined
using the single isotope method described in Section 5.2.7.

6.2.9 Statistics
The t test was used to determine the significant difference in the S c/o factors and
catalytic turnover rates (kcat) of the wild-type and ERDI-mutant enzymes.

6.2.10 Other Methods
The total soluble protein of crude extracts and purified preparations of wild-type
and mutant enzymes was estimated by the Pierce BCA procedure. The concentration of
catalytically active sites of wild-type or mutant Rubisco in crude cell extracts was
determined by [14C]CABP binding (see Section 2.2.12).

6.3 RESULTS

6.3.l Catalytic and Kinetic Properties of Wild-Type and Mutant Rubiscos
Wild-type and mutant Rubiscos were expressed in E. coli HB101 at a level of 23 % of the total soluble protein. Crude cell extracts were used in determining the
catalytic and kinetic properties of these enzymes (except in determining COz/0 2
specificity, where purified enzymes were used) . The wild-type Rubisco had a

k cat

of

11.6 s- 1, a KM(C0 2 ) of 300 µM and a KM(RuBP) of 20.8 µM (Table 6.1), values
comparable to those reported in the previous study (see Table 5. 1). The ERDI-mutant
enzyme, on the other hand, had a significantly (probability > 0.995, n=3) reduced
turnover rate of 8.7 s- 1 , 25 % slower than the wild-type enzyme. However, the affinity
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Table 6.1 Kinetic Data for Wild-type and ERDI-Mutant Rubiscos

Enzyme

wild-type

(s-1)

(µM)

(+S.D.)

(+S.E.)

11.6+0.2

300+39

(s- 1M- 1 x 104)

3.9

(µM)

(+S.E.)

(+S.D.)

20.8+1.7

42.12+0.53

(11.9, 11.3, 11.6)
ERDI

(42.1, 43.8, 41.5)

8. 7+0.4
284+47
(8.8, 8.9, 8.4)

aToe values shown for

kcat

and

Scio

3.0

31.7+1.9

44.83+0.69
(44.2, 45.8, 44.5)

factor are averages of triplicate measurements with

sample (n-1) standard deviations (S.D.).
measurements are given in parentheses.

The actual values for each of these
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of the ERDI-mutant enzyme for the substrates CO 2 and RuBP was not significantly
different from the wild-type (Table 6.1).

Therefore, the carboxylation efficiency

[kcat(cYKM(COz)] of the mutant enzyme was reduced (Table 6.1).

6.3.2 COJ02 Specificity
COz/0 2 specificities of 42.1 and 44.8 were obtained for the wild-type and
ERDI-mutant Rubisco, respectively (Table 6.1). The 6.4 % increase in the relative
specificity of the ERDI-mutant enzyme is significant at a probability level of >0.95
(n=3).

It is essential that the method used for determining the Seto factor is highly

accurate and reproducible so that slight but significant differences in specificity can be
detected. The method used here is capable of a reproducibility of approximately + 1.5
%.
6.4 DISCUSSION

6.4.1 An Engineered Increase in COJ02 Specificity
The 6.4 % 1 increase in COz/02 specificity of the ERDI-mutant Rubisco,
although small, is significant at a probability level of >0. 95 (n=3). This result clearly
demonstrates that an increase in COz/0 2 specificity can be brought about by engineered
changes in the large subunit of the enzyme. Thus far, only the converse has been true,
i.e., changes introduced either by directed mutagenesis in the amino-terminal domain
(E60 mutation in R. rub rum; Smith et al., 1990; T65V in the previous chapter) or by
random mutagenesis in loop6 of the (3/a-barrel motif (V331A mutation in C.

reinhardtii; Chen et al., 1991) of the large subunit have resulted in a decrease in
COz/0 2 specificity (see Section 6.1).

1

Very recently, Parry et al. (1992) have also reported a 6 % increase in the Sc/o factor of

Synechococcus Rubisco brought about by similar substitutions in 1006 to those reported in this study.
These authors substituted the DKAS sequence with the EREI sequence found in maize and pea
Rubiscos.
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6.4.2 Carboxylation Efficiency Versus COJ02 Specificity
Although the ERDI-mutant enzyme has an increased specificity for CO 2 , its kcat
has decreased by 25 % compared to the wild-type.

Due to the decrease in the

carboxylase activity of the mutant, with KM(C0 2) remaining virtually unchanged, the
carboxylation efficiency [kcat(cYKM(CO)] of the mutant also decreased compared to the
wild-type (Table 6.1).

Therefore, the increase in COz/0 2 specificity of the mutant

enzyme must have been brought about by an even larger decrease in the kcat(oYKM(O)
ratio.

An examination of the properties of the naturally occurring Rubiscos

characterized suggests that there is no obligatory trade-off between carboxylation
efficiency and COzf0 2 specificity, with the most efficient carboxylases being more
selective towards CO 2 (see Table 1.1).

6.4.3 The Flexible Loop6
Residues DKAS in Synechococcus and ERDI in spinach (residues 338 to 341 in
Figure 6.1) form the carboxy-terminal hinge of the loop6 regions of the respective
Rubiscos. In the unactivated form of Rubisco, these residues form the first tum of helix

a6, the helix following loop6, which unfolds to form the carboxy-terminal end of loop6
in the activated ternary complex (Curmi et al., 1991). This elongated loop then moves
across the entrance of the

f3/a

barrel and closes off the active site, rendering the

substrate RuBP inaccessible to solvent (Figure 6.3). The movement of loop6 brings
K334 from outside the active site in the unactivated form into the activated, reactionintermediate-bound active site (Knight et al., 1990; Curmi et al., 1991). It is likely that
the residues, DKAS/ERDI, at the hinge of the loop may have an influence on either the
orientation and or conformation of the loop. Perhaps, the slight increase in the Scio
factor seen in this study reflects this influence which may, in tum, have had an effect on
the position of the e-amino group of K334 within the loop.

On the other hand,

structural studies have identified numerous interactions involving loop6 residues and
amino-terminal domain residues of the companion large subunit in the L2 dimer which
hold loop6 over the entrance of the active site (Knight et al., 1990). It is also likely that
perturbations within loop6 might affect these interactions (some of which are hydrogen-
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helix a6

Figure 6.3 Schematic diagram of the carboxy(C)-terminal domain of Rubisco from
R. rubrum illustrating the movement of loop6.

Although this diagram shows the

carboxy-tenninal domain of the R. robrom enzyme, the loop6 movement was based on
structural comparisons of the activated R. robrom enzyme with RuBP bound (which is
catalytically inactive) and the activated quaternary complex of spinach Rubisco (which
is catalytically active). (The structure of the activated R. robrom enzyme with CABP
bound is not known as this enzyme is unable to co-crystalise in the presence of CABP .)
The position of loop6 in the unactivated spinach and tobacco enzymes is the same as
that shown for the activated R. rubru,m enzyme with RuBP bound.

Hence, in the

inactive form, helix a6 has an extra tum and loop6 (full lines) is away from the active
site . In the activated quaternary complex loop6 is longer (dashed lines), as the first
tum of helix a6 unwinds, and moves across the active site. The position of the metal
ion at the active site is indicated.

Adapted from Lundqvist & Schneider (1991b).
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bond interactions) which may, in turn, affect COz/0 2 specificity. Whatever the nature
of interactions between residues DKAS/ERDI and other residues within loop6 or in the
amino-terminal domain, the results presented here show that the DKAS/ERDI
substitution alone does not account for the observed 2-fold difference in COz/0 2
specificity between spinach and Synechococcus Rubiscos.

6.4.4

A Need for the Comparison of the Unactivated and Activated Quaternary

Complex of Rubisco from Different Sources

The inability of the R. rubrum Rubisco to co-crystalise in the presence of the
transition-state analogue, CABP, prevents direct comparison of the position of loop6
immediately following the carboxylation of the substrate in low-COz/0 2 specificity (R.
rubrum) and high-COz/0 2 specificity (spinach and tobacco) Rubiscos. Comparison of

the structure of the activated R rubrum enzyme with substrate RuBP bound to it and the
spinach quaternary complex (with CABP bound) suggests that there are only very slight
differences in active-site architecture. However, the complex between the R. rubrum
enzyme and its substrate was obtained by soaking non-activated crystals with CO 2 ,
Mg 2+ and RuBP.

These crystals were not catalytically competent, perhaps because

loop6 remained in the retracted position seen in unactivated crystals (Lundqvist &
Schneider, 1991b). Therefore, no realistic comparison of the position of loop6 can be
made between the spinach and R. rub rum structures. Fortunately, the Synechococcus
enzyme does co-crystallize with CABP (Newman & Gutteridge 1990) and future
comparison of the crystal structures of the Synechococcus and spinach active-site
regions may reveal subtle differences in the position of loop6 residues and shed some
light on the structural basis for the difference in the COzf0 2 specificities.

CONCLUDING REMARKS
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Rubisco catalyzes, perhaps, the most important reaction on planet Earth. Yet, it
is both a slow and a confused catalyst. In times of expanding world population the need
to improve plant productivity is now, than ever before, a major economical issue. A
'superior' Rubisco, one which is more selective towards CO 2 or more efficient
catalytically, would have immense and far-reaching consequences.
To engineer a 'superior' Rubisco, a thorough understanding of the structurefunction relationship of this enzyme is crucial.

Our present understanding of this

relationship is still in its infancy. Extensive mutagenic studies coupled with structural
studies of the mutants are warranted before a detailed picture of the workings of the
enzyme can be known. The mutagenic studies carried out in this thesis represent small
steps towards fulfilling this need. The results obtained clearly demonstrate that it is
possible to increase the specificity of Rubisco by directed mutagenesis of the large
subunit.

This represents the first positive demonstration of an improvement in the

enzyme by structural manipulation. In addition, it was also shown in this thesis that the
abortive side-reactions catalyzed by Rubisco, which may be responsible for retarding
Rubisco's evolutionary refinement, can be suppressed or reduced (although the mutation
crippled the kinetic properties of the enzyme).

These results fuel the hope that a

'superior' Rubisco may, in fact, be engineered. However, it is obvious from the present
studies, as well as studies carried out by others, that it would be unlikely to produce real
improvements in Rubisco by means of single amino-acid residue substitutions. If so,
the more than 3.5 X 109 years of intense natural selection to which Rubisco has been
subjected would certainly have resulted in an improved Rubisco. It is more likely,
therefore, that very subtle manipulation of the enzyme's structure, involving multiple
residues from both large and small subunits, would be required to engineer a 'superior'
Rubisco. If this can be achieved, then the tools necessary for transfonning such a
mutant gene into the plant cell are already available (Klee et al., 1987).
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