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ABSTRACT 

The large (L) and small (S) subunits of ribulose 1,5-

bisphosphate carboxylase/oxygenase (rubisco) from 

Synechococcus PCC 6301 were expressed separately and a 

method was developed for their purification from Escherichia 

coli. The synechococcus L subunits could be assembled with 

either Synechococcus S or pea S and the respective 

holoenzymes had high specific activities. Using a method 

developed for determination of carbamylation of L, the pK's 

for activation were found to be lower for ~S8 relative to L 

while the Kact ' s for CO2 were not different. Purified L was 

analyzed by gel filtration and eluted at a position 

consistent with it being octameric. 

The transition state analog, 2-carboxy-D-arabinitol 

1,5-bisphosphate (CABP) bound tightly to~. Incubation at 

0.6 M ionic strength increased the dissociation rate 

constant for the L-CABP complex by three orders of magnitude 

over that observed for ~S8. The binding of CABP to L 

caused a major change in the gel filtration profile implying 

that a conformational change had occurred. The binding of 

2-carboxyribitol 1,5-bisphosphate (CRBP) had no such effect, 

indicating that the shift was due to the tight binding of 

CABP. At 0.6 M ionic strength in the presence of CABP or in 

the presence of Sand CABP, the change was not observed. 

These results indicate that alterations in interactions at 

the L-S interface participate in CABP tight binding. 
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Synechococcus rubisco had higher overall Kdts relative 

to spinach rubisco for 2-carboxy-D-arabinitol 1-phosphate 

and xylulose l,5-bisphosphate. The Kits for these 

inhibitors with respect to RuBP were similar, indicating 

that the difference in overall affinity was due to the 

conformational changes involved in tight binding. RuBP 

inhibited the rate of activation of a Synechococcus La-pea S 

hybrid to a greater extent than the native Synechococcus 

LaSa holoenzyme. Synechococcus La was activated by RuBP 

indicating that S influences the affinity of RuBP for the 

inactive form. Rubisco activase from spinach was unable to 

activate RuBP inhibited Synechococcus, or a Synechococcus 

La-pea S hybrid enzyme. 

Rubiscos from higher plants have a greater ability to 

discriminate between CO2 and 02 as SUbstrates than do 

rubiscos from cyanobacteria. This characteristic was 

probably required for survival in high 02' low CO2 

atmospheres. Inhibitor tight binding may have been an 

undesired side effect of the evolution of increased 

specificity for CO2• Rubisco activase may have evolved 

simultaneously with specificity factor to allow higher plant 

rubiscos to function in the presence of inhibitors. 
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CHAPTER 1 

INTRODUCTION 
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Photosynthesis is a unique process where energy derived 

from light is used to drive a series of chemical reactions 

which result in the assimilation of CO2 and production of 

carbohydrate. Central to photosynthesis in bacteria, 

cyanobacteria, algae, and green plants is the enzymatic 

fixation of CO2 catalyzed by ribulose 1,5-bisphosphate 

carboxylase/oxygenase (EC.4.1.1.39) (rubisco). The rubisco 

protein was discovered in 1947 as a major protein 

constituent in green leaves (Wildman'and Bonner, 1947). 

This protein which often accounts for up to 50% of the 

soluble protein in a leaf was called fraction I protein. 

Fraction I protein was purified in 1956 and the formation of 

3-phosphoglycerate (PGA) from ribulose 1,5-bisphosphate 

(RuBP) and CO2 ' (Weissbach et al., 1956) was found to be the 

reaction that it catalyzed. 

In the carboxylation reaction ribulose 1,5-bisphosphate 

(RuBP) is condensed with CO2 to form two molecules of 3-

phosphoglycerate (PGA). Subsequent reactions catalyze the 

reduction of PGA, using ATP and NADPH produced from 

photosynthetic electron transport, to form carbohydrate and 

to regenerate RuBP. This reaction series forms the central 

carbon dioxide fixation pathway in all photosynthetic 

organisms. A competing reaction which limi-t;; the efficiency 

of photosynthesis is the oxygenation of RuBP, also catalyzed 

by rubisco, which results in the production of only one 

molecule of PGA and one molecule of 2-phosphoglycolate. 
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Energy is used in the reactions of the photorespiratory 

pathway to salvage 3/4 of the carbon in phosphoglycolate for 

reuse in the fixation reaction (reviewed in Ogren, 1984). 

The study of rubisco over the last 20 years has been 

vigorous and much has been learned about the properties of 

this enzyme. The research described in this thesis is 

concerned primarily with the influence of subunit 

interactions and evolutionary modifications on potential 

mechanisms for the regulation of rubisco in vivo. Rather 

than review all that is known about rubisco this 

introduction will focus on structure-function relationships 

in rubisco as they relate to the in vivo performance of the 

enzyme. 

catalytic mechanism. The overall mechanism for the 

carboxylation reaction is diagrammed in Fig.1.1. The 

reaction is ordered with substrate RuBP binding to the 

enzyme first, followed by the catalytic addition of gaseous 

substrates (Pierce et al., 198Gb). Experiments designed to 

detect a Michaelis complex between substrate CO2 or 02 and 

the enzyme have been unsuccessful, suggesting that there is 

no specific binding site for these molecules (Pierce et al., 

198Gb). The reaction proceeds through a reactive enediol 

generated by the abstraction of a proton from the C-3 

t..;, 



Fig. 1.1. catalytic steps in the carboxylation or 

oxygenation of RuBP by ribulose 1,5-bisphosphate 

carboxylase/oxygenase. Taken from Pierce et al., 1986a. 
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position of RuBP by a basic group in the catalytic site 

(Saver and Knowles, 1982; Sue and Knowles, 1982). This 

reactive intermediate is stabilized by the presence of a 

Mg2+ ion in the catalytic site and is electrophilically 

attacked by either CO2 or 02. In the case of carboxylation a 

labile six carbon intermediate is formed (Calvin, 1954; 

Schloss and Lorimer, 1982) that is then catalytically and 

stereospecifically cleaved by the enzyme to form two 

molecules of 3-PGA (Andrews and Lorimer, 1987). It is 

thought that the oxygenation reaction is unavoidable because 

the generation of an ene-diolate as the substrate for 

carboxylation results in a reactive intermediate which can 

react with either cO2 or °2• 

specificity factor. A measure of the ratio of the 

carboxylase reaction to the oxygenase reaction is called the 

specifici ty factor or Srel and is defined as follows; 

VcKo/VoKc, where V represents the maximum velocity for the 

respective reactions and K represents the Michaelis constant 

for the two reactions (Laing et al., 1974). Given that 

neither cO2 nor 02 interact with the enzyme catalytic site 

directly, one might expect that the ratio of the rates of 

the two reactions would be a constant value in rubiscos from 

all species. This is not the case. The specificity factor 

is an intrinsic property that is constant within a species 

but varies between species. Figure 1.2 shows the range of 



Fig. 1. 2. Range of specificity factors eSrel>. Taken 

from Andrews and Lorimer, 1987. 
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specificity factors across species and demonstrates that, in 

general, rubiscos from prokaryotes have lower specificity 

factors than do the rubiscos from higher plants. Most 

prokaryotes with lower specificity factors are either 

obligate anaerobes or are aquatic organisms that have 

bicarbonate pumps to concentrate CO2 at the enzyme catalytic 

site (reviewed in Badger, 1987). The evolution to higher 

specificity factors by land plants may have been a necessary 

adaptation to life in an atmosphere where the 02 

concentration is much higher than that of CO2 • That the 

specificity factor has varied in the course of evolution 

suggests that this parameter could be modified by in vitro 

mutagenesis; however, the ability of rubisco to discriminate 

between potential substrates is still very poor relative to 

that of most enzymes, suggesting that there is some inherent 

barrier to further improvement that is not yet understood 

(Andrews and Lorimer, 1987). 

Hodulation of activity in vivo. Although rubisco is an 

abundant protein in leaves, the rate of CO2 fixation in 

plants appears to be limited by the percentage of the total 

rubisco that is catalytically functional under a particular 

physiological condition (Perchorowicz et al., 1981). 

Purified rubisco requires preincubation with CO2 and Mg2+ in 

vitro to achieve a rapid initial rate of catalysis (Laing et 



al., 1975; Lorimer et al., 1976) which has been shown to 

proceed by the following mechanism: 

E + C02~ EC + Mg2+~ ECM 

22 

In the rate limiting step, a molecule of CO2, distinct from 

the substrate CO2 (Lorimer, 1979), reacts with the £-amino 

of a lysine in the catalytic site to form a negatively 

charged carbamate, which, along with other residues in the 

catalytic site, rapidly coordinates a Mg2+ ion to yield a 

form of rubisco which is competent for catalysis (ECM) 

(Lorimer and Miziorko, 1980; Lorimer, G. H., 1981). This 

process which leads to the formation of the active, ECM, 

state is called carbamylation and, throughout this thesis, 

the E and ECM forms will be referred to as being 

decarbamylated or carbamylated, respectively. Changes in pH 

alter the equilibrium because CO2 only reacts with the 

uncharged form of the lysine (Lorimer et al., 1976). 

Binding of effector ligands to the catalytic site also 

shifts the equilibrium to favor either E or ECM depending on 

which form that particular effector tends to stabilize 

(Hatch and Jensen, 1980; Badger and Lorimer, 1981; McCurry 

et al., 1981; Jordan et al., 1983). The status of this 

equilibrium alone does not account for all of the changes in 

activity that are observed in vivo but it forms a basis on 

which other regulatory mechanisms can be superimposed. 

-------------------
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Light regulation. Rubisco activity in leaves and in 

isolated chloroplasts has been shown to vary in proportion 

to light intensity (Bahr and Jensen, 1978; Perchorowicz et 

al., 1981). Up until recently a satisfactory mechanism had 

not been found to account for this response. It had been 

suggested that changes in pH and Mg2+ concentration in the 

chloroplast stroma, as a result of photosynthetic electron 

transport and generation of the proton motive force, could 

cause changes in the rubisco carbamylation status (Lorimer 

et al., 1976; Bahr and Jensen, 1978). Experiments that have 

examined the light dependence of pH and Mg2+ fluctuations in 

chloroplasts, have found that they are unresponsive to light 

intensities greater than 100 ~E while the major changes in 

rubisco carbamylation, in response to light, occur only at 

higher light intensities (Portis, 1981; Oja et al., 1986; 

Portis and Heldt, 1986). There is no evidence for covalent 

modification (eg. phosphorylation or methylation) of rubisco 

as a regulator of activity in response to light. A number 

of enzymes in the Calvin cycle are regulated by light via an 

oxidation reduction system (reviewed in Buchanan, 1980) but 

again these responses are saturated ~t light intensities 

well below those required for full carbamylation of rubisco 

(Heber et al., 1982). 

Calvin cycle metabolic intermediates have been shown to 

be able to modulate the activity of the carboxylase in vitro 
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by altering the overall carbamylation equilibrium (Hatch and 

Jensen, 1980; Badger and Lorimer, 1981; McCurry et al., 

1983; Jordan et al., 1983). The levels of these 

phosphorylated intermediates change in response to light and 

could alter the carbamylation status of rubisco in vivo 

(Andrews and Lorimer, 1987). For this reason there has been 

considerable interest in development of a rapid method for 

determination of the concentration of phosphorylated 

intermediates under a variety of physiological conditions. 

In the past several years a mechanism involving specific 

interactions of phosphorylated sugars with the rubisco 

catalytic site and modulation of these interactions by a 

newly discovered protein, rubisco activase, probably 

accounts for the regulation of rubisco in vivo by light. 

This meohanism will be described in detail in the next two 

sections and is a major focus of this thesis. 

Tight binding inhibitors. A specific class of 

phosphorylated effectors has been distinguished by their 

ability to form tight complexes with rubisco (Kd's 10 pM to 

0.5 ~M) (McCurry and Tolbert, 1977; Pierce et al., 1980; 

Jordan and Chollet, 1983; Berry et al., 1987). These 

molecules bind to the catalytic site through the following 

mechanism. 

kl ~ * 
E + I -:ik;' EI -K4 EI 
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with E representing either the carbamylated or 

decarbamylated forms of rubisco and I representing the tight 

binding inhibitor. Typically, establishment of the initial 

binding equilibrium k2/k, ,is rapid with a Kd of about 1 ~M 

which is then followed by a slower rate-limiting step which 

involves a confomational alteration of the enzyme and is 

responsible for tight binding (Pierce et al., 1980; Jordan 

and Chollet, 1983). The second step, k4/k3 varies depending 

on the nature of the inhibitor. 

A synthetic reaction intermediate analog, 2-carboxy-D

arabinitol 1,5-bisphosphate (CABP) is an example of an 

inhibitor that binds essentially irreversibly and has been 

used extensively for catalytic site studies (Pierce et al., 

1980; Lorimer and Miziorko, 1980; Hall et al., 1981; 

Schloss, 1988; Lundqvist and Schneider, 1989). The overall 

dissociation constant for this molecule is about 10 pM with 

the tight binding step having a Kd of 1 ~M (Pierce et ale 

1980). A natural inhibitor of rubisco, 2-carboxy-D

arabinitol 1-phosphate (CA1P) has a significantly higher 

dissociation constant (0.032 ~M) but binds to the enzyme by 

the same basic mechanism (Seemann et al., 1985; Berryet 

al., 1987). The structures of these inhibitors are shown in 

Fig. 1.3. Both of these molecules only bind tightly to the 

carbamylated form of the enzyme and are inhibitors by virtue 

of the fact that they prevent substrate from entering the 



Fig. 1.3. structures of 2-carboxy D-arabinitol 1,5-

bisphosphate and 2-carboxy D-arabinitol 1-phosphate. 
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catalytic site. The substrate RuBP is also a tight binding 

inhibitor of rubisco but it binds tightly only to the 

decarbamylated form (Kd=21 nM) and prevents the binding of 

CO2 and Mg2+ required for activation (Jordan and Chollet, 

1983). Thus both the carbamylated and decarbamylated forms 

are capable of tightly binding inhibitors. The major 

kinetic reason for this tight binding is that the rate 

constant for dissociation, k4 , is very low relative to other 

types of sugar phosphates that bind to the catalytic site. 

For CABP the half time for dissociation is 410 days 

(Schloss, 1988) whereas for RuBP it has been estimated to be 

between 7.5 and 60 min (Jordan and Chollet, 1983; Cardon and 

Mott, 1989). 

While CABP is a synthetic reaction intermediate analog 

and does not playa physiological role in vivo, both CA1P 

and RuBP are clearly physiologically relevant (Servaites, 

1985; Berry et al., 1985; Salvucci et al., 1986a; Brooks and 

Portis, 1988). Given a Kd of 21 nM for RuBP and the 

concentrations of RuBP that exist in vivo, one would expect 

almost all of the rubisco in a leaf to be sequestered in an 

RuBP bound complex that would be incapable of catalysis. 

This is obviously not the case since photosynthesis does 

occur; therefore, there must be some system, in the leaf, 

that allows rubisco to function in the presence of tight 

binding inhibitors. 

----------------------- -
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Another in vitro property of rubisco that is difficult 

to reconcile with in vivo rubisco function is the phenomenon 

called "fallover". When fully carbamylated rubisco is 

incubated with saturating RuBP and C02 and allowed to react 

for 5-10 min, the reaction quickly becomes nonlinear with 

the rate of CO2 fixation decreasing with time until a new 

slower steady state rate is achieved (Andrews and Hatch, 

1971; Sicher et al., 1981; Mott and Berry, 1986). The exact 

mechanism for this time dependent inactivation is unclear 

but could involve the tight binding of RuBP to the 

decarbamylated form, shifting the overall carbamylation 

equilibrium toward inactivation (Mott and Berry, 1986). 

Another possibility is that a side reaction catalyzed by 

rubisco could lead to the accumulation of an inhibitor that 

inactivates the enzyme (Pierce, 1989; Edmondson et al., 

1990). There is little published evidence to firmly support 

either or both of these processes as being responsible for 

the "fallover". It is clear; however, that "fallover" is 

due to inhibition by some tight binding inhibitor. An 

important question is how this inhibition is overcome by the 

plant. 

Rubisco activase. Mutagenesis of Arabidopsis thaliana and 

screening for a high CO2 growth requirement led to the 

recovery of a mutant (rca) that, fortuitously, was not able 

to activate rubisco in the light. Extraction and study of 
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the rubisco !n vitro showed that the mutation had no effect 

on the rubisco protein (somerville et al., 1982). The 

mutation was correlated with the absence of two polypeptides 

on two dimensional gel electrophoresis patterns from rca 

mutant chloroplasts (Salvucci et al., 1985). A 

reconstituted light activation system comprised of stromal 

extracts from either spinach or Arabidopsis, spinach 

thylakoids, and purified spinach rubisco was developed which 

could promote light activation of rubisco in vitro (Salvucci 

et al., 1985; Salvucci et al., 1986a). The same system 

using stromal extracts from the Arabidopsi~ rca mutant was 

incapable of promoting rubisco activation upon illumination. 

The active spinach extract was fractionated and two 

polypeptides of 47 and 43 kDa were purified that were 

capable of activating rubisco in vitro in the presence of 

thylakoids, light, CO2, Mg2+, and RuBP (Salvucci et al., 

1987). Later it was found that ATP could be substituted for 

thylakoids (streusand and Portis, 1987). The polypeptides 

were collectively called rubisco activase and shown to be 

ubiquitous in eukaryotes by examination of many plant and 

algal species with antibodies raised· against the purified 

proteins (Salvucci et al., 1987). 

Both cDNA and genomic clones have been isolated for 

both polypeptides (Werneke et al., 1988a). The protein, 

when expressed in E. coli, is capable of activating rubisco 

in vitro (Werneke et ale 1988b). The mechanism for the 
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action of this protein has not been rigorously defined but 

appears to be acting through ATP-dependent release of 

tightly bound inhibitors from the catalytic site (Robinson 

and Portis, 1988; Salvucci, 1989). This can explain how 

rubisco can be active in vivo in the presence of inhibitors 

that bind to the catalytic site. A model that accounts for 

kinetics of rubisco activase action is shown in Fig. 1.4. 

Conformational transitions. There is considerable evidence 

that coordination of CO2 and Mg2+ in the catalytic site 

causes a change in conformation of the enzyme that is 

probably essential to the activation process in both 

prokaryotic and eukaryotic enzymes. This evidence comes 

from experiments demonstrating altered reactivity toward 

group specific arylating reagents (Hartman et al., 1985), 

changes in chemical cross linking between subunits, and 

changes in the circular dichroism spectrum (Grebanier et 

al., 1978) in response to carbamylation. 

Phosphorylated effectors that influence the 

carbamylation equilibrium act through changes in 

conformation of rubisco enzymes. Experiments with 6-

phosphogluconate have shown that concentrations of this 

molecule equal to one eighth the total catalytic site 

concentration stabilized the carbamylated form at all eight 

catalytic sites (Jordan et al., 1983; Vater et al., 1983). 

This demonstrated that interactions at one site of the 



Fig. 1.4. General model for the action of rubisco 

activase. 

------------._ .... _-_. -.---- ._ ... - -



31 

¥ -
~ 
U 
w 

~Jr~ -(L 

+ :E « 
(L u (!) 

~\ 
w 0-

> -1~- C\J 
.r:. 

" 
W 
C/) :E a.. <t 

("-.~ > U+ CD -
t- -+ W ::J C\J 
U +Cl 0:: 0 
<t :?! u 

~J C\J 
0 

« u 
lLJ 

-4r--w 

~n~ 
• -W 

----- -. --. -- ... - ..... 



32 

rubisco ~Ss could cause conformational alterations that are 

transmitted throughout the protein. 

The tight binding of CABP and RuBP is thought to alter 

the conformation of rubisco. Evidence for this comes from 

interpretation of kinetic information (Pierce et ale 1980, 

Jordan and Chollet, 1983) and from inhibitor induced uv

difference spectra (Kwok and Wildman, 1974~ Jordan and 

Chollet, 1983). It has been demonstrated that CABP binds 

preferentially to unoccupied rubisco.~Ss over LaSs molecules 

that have CABP bound to a portion of the catalytic sites 

indicating that the binding is negatively cooperative (Johal 

et al., 1985). Other tight binding inhibitors bind to 

rubisco via the same kinetic mechanism as CABP and RuBP 

which may indicate that they too cause conformational 

alterations (McCurry and Tolbert, 1977~ Seemann et ale 

1985). 

Many of the experiments in this thesis have been 

designed to find and study the involvement of structural 

elements (specifically the small subunit) in conformational 

changes that occur during the tight binding of 

phosphorylated ligands. 

structure. Rubisco has been found in two forms. Form I 

rubisco, found in all eukaryotes and most prokaryotes, is 

made up of eight large subunits (L) of 50 to 55 kDa and 

eight small subunits of 12 to 18 kDa each (Andrews and 
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Lorimer, 1987). Form II rubisco has only been demonstrated 

in Rhodospirillum rubrum and is a dimer of two 50 kDa large 

subunits (Tabita and McFadden, 1974). The three dimensional 

structures of ~ rubrum, spinach and tobacco rubiscos have 

been determined to at least 3 A by X-ray crystallography 

(Schneider et al., 1986; Chapman et al., 1987; Andersson et 

al., 1989). In all three rubiscos the large subunit 

consists of two domains. The C terminal domain contains an 

a,p-barrel comprised of eight p-strands surrounded by eight 

a-helices while the smaller N-terminal domain consists of a 

mixed five stranded p-sheet surrounded by a-helices 

(Schneider et al., 1986). This c-terminal domain interacts 

with the N terminal domain of an adjacent subunit to form a 

dimer. It has been shown through site directed mutagenesis 

experiments that this interaction forms the catalytic site 

in B. rubrum with amino acids from both domains contributing 

to catalysis (Lee et al., 1987; Larimer et al., 1987). In 

~S8 type rubiscos, the L core is composed of four ~ dimers 

with S resting between the dimers on both the top and the 

bottom. No amino acids from S come in close enough 

proximity to the catalytic site to participate in catalysis 

(Knight et al., 1989). Because of this arrangement each 

dimer contains 2 catalytic sites and the ~S8 molecule 

contains eight catalytic sites. While many questions have 

been answered by the resolution of these crystal structures, 

many more questions still remain because these structures do 
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not represent many of the possible conformations that are 

important for rubisco function. For example, the structure 

of the decarbamylated form has been solved as well as the 

structure of the carbamylated form with bound CABP. Both of 

these structures are different than the carbamylated form 

that functions in catalysis (see "Conformational 

transitions"). It is also of particular interest that the 

structure for Synechococcus rubisco be solved, since this is 

the best example, to date, of an ~S8 enzyme that can be 

expressed in a functional form in ~. coli. 

Molecular biology and assembly. In prokaryotic organisms 

the large subunit (rbcL) and small subunit (rbcS) genes are 

organized in an operon where both genes are translated onto 

one mRNA (Shinozaki and Sugiura, 1983; Viale et al., 1985). 

The Synechococcus rubisco operon has been cloned into ~. 

coli expression vectors. The protein products from these 

genes are produced in ~. coli and active rubisco is obtained 

(Gatenby et al., 1985; Tabita and Small, 1985; Viale et al., 

1985). In order to accumulate active ~S8 rubisco in~. 

coli two endogenous ~. coli proteins, GroEL and GroES, 

appear to be required (Goloubinoff et al., 1989). These 

proteins are known to participate in the assembly of 

oligomeric complexes in ~. coli and probably assist in the 

assembly of L dimers of rubisco. They have not yet been 

shown to be involved in any other stage of assembly. 
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In eukaryotic organisms the small subunits are coded 

for in the nucleus and the number of copies of the gene 

(rbcS) varies between species. The protein sequences coded 

for by these multiple copies of rbcS are essentially 

identical within an organism but the nucleotide sequences 

are considerably divergent (Berry-Lowe et al., 1982; Dean et 

al., 1985) indicating that within an organism there is 

selective pressure to maintain S structure. Transcription 

of rbcS genes has been shown to be regulated by light in 

peas (Fluhr and Chua, 1986), and light dependent 

translational regulation of both rbcL and rbcS gene 

expression has been observed (Berry et al., 1986). The rbcS 

mRNA is translated in the cytoplasm to form a precursor 

protein, which is transported into the chloroplast and 

converted to the shorter mature form in the process 

(Highfield and Ellis, 1978). The rbcL gene is located in 

the chloroplast where it is transcribed and translated 

(Blair and Ellis, 1973). The Sand L proteins are assembled 

in the chloroplast where an assembly protein that hydrolyses 

ATP, called the large subunit binding protein, appears to be 

required (reviewed in Ellis and Van der Vies, 1988). The 

gene for this protein has been shown to have significant 

homology to the groEL gene from ~. coli which codes for 

proteins thought to be involved in the assembly of a variety 

of oligomeric proteins in ~. col~ (Hemmingsen et al., 1988) 
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Attempts to express functional eukaryotic rubiscos in 

E. coli have been unsuccessful because L synthesized therein 

has been found to be completely insoluble (Gatenby, 1984; 

Bradley et al., 1986). This could be due to the absence of 

a proper assembly system in E. coli. Apparently the GroE 

system in E. coli is sufficiently homologous to a rubisco 

assembly system required in Synechococcus to allow 

Synechococcus rubisco to be assembled in E. coli and to 

remain soluble. This same system is probably not homologous 

enough to the large subunit binding protein system in higher 

plant chloroplasts to support assembly of higher plant 

rubiscos in E. coli. 

Small subunit. Large subunit from synechococcus expressed 

in E. coli in the absence of S has been shown to catalyze 

carboxylation of RuBP. That the rate is very low in the 

absence of S (Andrews, 1988) suggests a role for S in 

catalysis. All of the amino acids that have been identified 

as being important for catalysis by chemical modification 

studies have been found on L (reviewed in Andrews and 

Lorimer, 1987). The crystallographic structures show amino 

acids from S being too distant from the catalytic site to 

contribute to catalysis (Chapman et al., 1988; Knight et 

al., 1989). For these reasons the role for S in catalysis 

must be subtle and indirect yet essential. 
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There is evidence for a role of S in rubisco functions 

other than catalysis. Work designed to elucidate functions 

for S has concentrated on comparing the properties of L in 

the absence of S to ~S8 since S itself has few assayable 

biochemical properties. Small subunits can be separated 

from rubisco holoenzyme, purified from Svnechococcus, using 

an acid precipitation procedure (Andrews and BaIlment, 1983) 

that gives soluble large and small subunits that can be 

reassembled to reconstitute activity. This acid 

dissociation procedure or an alkaline dissociation procedure 

has also been applied successfully to rubiscos from several 

bacterial species (Jordan and Chollet, 1985; Incharoensakdi 

et al., 1985ai Incharoensakdi et al., 1985b). When these 

procedures are applied to higher plant rubiscos, S remains 

soluble, but the precipitated L is only soluble in 

denaturing detergents such as SOS (Jordan and Chollet, 1985; 

Andrews and Lorimer, 1985). For this reason most of the 

experiments examining the properties of L in the absence of 

S have been done using the Synechococcus enzyme. All 

rubiscos whose subunits have been reversibly dissociated 

have all been from prokaryotes suggesting some fundamental 

difference between higher plant rubisco and prokaryotic 

rubisco L'S despite an overall amino acid identity of 80%. 

As was discussed previously, catalytic activity is 

exceptionally low after S is removed indicating that S is 

essential for effective catalysis even though it contributes 
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no amino acids to the catalytic site. Activity 

reconstituted by addition of isolated S to soluble 

Synechococcus L was shown to be linearly related to the 

amount of S added (Andrews and Ba11ment, 1983; 

Incharoensakdi et a1., 1985a). Isolated L could be 

activated by CO2 and Mg2+ with the same kinetics as for 

assembled holoenzyme but the level of carbamy1ation appeared 

to be lower for L at equilibrium (Andrews and Ba11ment, 

1984; Incharoensakdi, et a1., 1986). L could still bind the 

reaction intermediate analog, CABP, tightly enough to 

survive gel filtration but with a lower affinity than the 

holoenzyme (Andrews and Ba11ment, 1984; Andrews, 1988). The 

actual dissociation constant has not been determined. using 

native gel electrophoresis and sucrose density gradient 

centrifugation to examine S-depleted L, it was determined 

that L is assembled as an octameric structure in the absence 

of S, implying that S is not required to maintain the 

oligomeric structure of L (Andrews and Abel, 1981). 

L isolated from Synechococcus has been assembled with S 

from other species. For example, Synechococcus L could be 

assembled with both Synechococcus S and spinach S (Andrews 

and Lorimer, 1985). Activity could be reconstituted with S 

from both sources but the Vmax was lower by about two fold 

and the Km for CO2 was increased two fold in the spinach S

Synechococcus L hybrid enzyme relative to the native 

Synechococcus enzyme. The specificity factor of the hybrid 
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was the same as for synechococcus native holoenzyme which 

led the authors to conclude that all of the catalytic 

characteristics for this parameter are specified on L. 

Spinach S had a ten fold lower affinity for the L octamer 

than did the Synechococcus S suggesting that the reason for 

the decreased efficiency of the enzyme could be due to an 

improper fit between the two different types of subunit. 

For this reason, it is probably inappropriate to make 

conclusions about whether the functional differences between 

higher plant and prokaryotic rubiscos can be attributed to S 

based on subunit hybridization experiments. 

To further characterize the properties of each subunit, 

plasmid constructions have been generated which have 

truncated the Synechococcus rubisco operon prior to the rbcS 

gene. These constructions were expressed in ~. coli and L 

was produced which was active when spinach S was added (Van 

der Vies et al., 1986; Andrews, 1988). The GroE proteins 

are required for production of L that can be assembled with 

S to promote activity (Goloubinoff et al., 1989). Partially 

purified fractions of ~. coli lysates, containing L, have 

been shown to have a very low catalytic activity, providing 

further proof that all the amino acids required for 

catalysis are located on L in synechococcus (Andrews, 1988). 

Evolutionary relationship between rubiscos. Rubisco genes 

have been cloned and sequenced from a variety of organisms 
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that are representative of all photosynthetic groups and 

many organismal types (sequences are compiled in Andrews and 

Lorimer, 1987). When the deduced amino acid sequences of L 

are compared from rubiscos that have ~S8 subunit 

stoichiometry, it is found that 80% of the amino acids are 

identical. When these are compared to the sequences from ~ 

type rubiscos, the identity declines to about 25%. The 

conserved amino acids between ~S8 and ~ are found in 

regions that are thought to comprise the catalytic site. 

There is considerably less identity between the 

sequences of S (70% within higher plants and 40% between 

higher plant and cyanobacteria). One obvious difference 

between higher plant and cyanobacterial S is the omission in 

cyanobacteria of a highly conserved (in higher plants) 

stretch of amino acids corresponding to numbers 45 through 

66 in the spinach amino acid sequence. Examination of the 

crystal structure of spinach rubisco indicates that this 

region forms a loop that extends from the small subunit and 

makes extensive contacts with two large subunits (Knight et 

al., 1989). Wasmann et al., 1989, hypothesized that this 

region forms a domain that is responsible for assembly of 

the subunits in the chloroplast. 

Of particular relevance to this thesis is the 

evolutionary relationship between the cyanobacterial enzyme 

and the higher plant enzyme. Several kinetic parameters 

differ between these enzymes and are outlined in Table I. 



Table I. In vitro kinetic parameters for rubiscos from 
evolutionarily diverse sources 

Km CO (a,b) Km ° (b) Srel 
(b) 

Km RuBP Vc 2 2 (U) (h) (I-'M) (I-'M) (I-'M) 

C3 plants 7-13 430-650 99-105 15-50(e) 2.5(f) 

Cyanobacteria >80 >1000 60-70 70(C) 5-11 (a,c) 

B. rub rum 69 406 19 10(g) 6.3(d) 

(a)Jordan and Ogren, 1983; (b)Jordan and ogren, 1981· 
(C)Andrews and Lorimer, 1985; (d)Christeller, 1982; (e)Yeoh et 
al., 1981; (f)Salvucci et al., 1986b;(g) Christeller and 
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Laing, 1978; (h)l U equals 1 I-'mol cO2 fixed mg- 1 rubisco 
min-1

• Values for Km CO2 and Srel were recalculated from a 
and b using a pK of 6.12 for the cO2 ~ HC03- equilibrium 
based on an ionic strength of 0.1 M and a pH of 8.3. (Yokota 
and Kitoaka, 1985). 
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For the cyanobacterial enzyme, the Km for CO2, the Km for 

RuBP, and the specific activity are higher than for the 

spinach enzyme. The specificity factor is lower in 

cyanobacterial rubiscos relative to the higher plant 

rubiscos (Andrews and Lorimer, 1985). RuBP inhibits the 

rate of carbamylation of spinach rubisco by binding tightly 

to the decarbamylated form but does not inhibit 

cyanobacterial rubisco to the same extent (Andrews and Abel, 

1981). The high degree of homology in primary sequence and 

the many functional similarities that exist between enzymes 

from higher plants and cyanobacteria. permit meaningful 

extrapolations to be made from data obtained using 

cyanobacterial rubisco. caution should be observed, however, 

when extrapolating data obtained from cyanobacterial L to 

all rubiscos because of the differences that do exist. 

Objectives. In this thesis the experiments will examine the 

subunit interactions and make evolutionary comparisons of 

factors that might contribute to variations of in vitro 

properties of rubisco. A property that is of particular 

relevance, and which the studies will emphasize, is the 

ability of rubisco to tightly bind inhibitors. As has been 

discussed earlier, this property is of fundamental 

importance to the regulation of rubisco activity in vivo. 

The first section of results describes the development of a 

procedure to prepare purified Land S subunits from ~. coli. 
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Also in this section are results that characterize the 

properties of these subunits in vitro. The second section 

elucidates a role for L-S interactions in regulation of the 

tight binding of inhibitors. The third section is a 

comparative study of the ability of cyanobacterial and 

higher plant rubiscos to tightly bind inhibitors. This will 

lead to a discussion on the effects of evolution on 

inhibitor tight binding. The final section is concerned 

with the development of a technique for the analysis of 

physiological inhibitors and a study of their metabolism in 

vivo. The overall goal is to characterize the in vitro 

properties of this critical enzyme as a function of subunit 

structure and evolution and to relate these to in v!vQ 

function. 
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CHAPTER 2 

MATERIALS AND METHODS 
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In this section I will outline the basic methods that were 

used throughout this thesis. These will be divided into 

four sections as follows: A) Molecular Biology, B) Protein 

Preparation, C) Protein Assay, D) Sugar Phosphate Synthesis 

and Assay. Methods that were developed as part of the work 

for a given chapter are described in the Materials and 

Methods section in that chapter. other specific methods are 

described in figure legends. 

A. Molecular Biology 

1. Bacterial strains and plasmids. E. coli strains Mcl06l 

(Maniatis et a1., 1982) and BR2 (Mc1061 with a plasmid 

coding for the temperature sensitive lambda repressor and a 

protein conferring kanamycin resistance) were used. The PL 

expression vector pEVvrf was provided by R. Crowl (Nutley, 

N.J.). The Synechococcus rubisco operon was present on 

pANP1155 which was provided by M. Sugiura (Nagoya, Japan). 

These were used to prepare the expression vector pLANL for 

the Synechococcus L protein containing an N-termina1 

extension of 10 amino acids. In short, the Synechococcus 

rbcL gene was modified to include an EcoRI restriction 

enzyme recognition site 5' to the protein initiation codon 

and a BamHI site 3' to the protein termination codon of the 

rbcL gene. This EcoRI-BamHI fragment was placed behind the 
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expression sequences (lambda leftward promoter and synthetic 

Shine-Dalgarno sequence) on the vector pEVvrf to prepare the 

Svnechococcus L expression vector pLANL. 

The Synechococcus S expression vector pLAS3.2 codes for 

a protein with 6 additional amino acids at the N-terminal 

end. An EcoRI restriction enzyme recognition site was 

placed 5' to the protein initiation codon and a BamHI site 

placed 3' to the protein termination codon. This EcoRI

BamHI fragment was placed behind the expression sequences of 

pEVvrf to generate the synechococcus S expression vector 

pLAS3.2. 

2. DNA manipulations. Plasmid DNA isolation, restriction 

enzyme digests, agarose gel electrophoresis, fragment 

isolation, ligations and transformations were carried out by 

standard procedures (Maniatis et al., 1982). 

3. Expression of Land S and preparation of extracts. BR2 

cells were grown to mid-log phase at 28°C in LB media 

containing ampicillin (50 ~g/ml) and kanamycin (25 ~g/ml). 

Induction of rubisco protein was initiated by shifting the 

cells to 42°C. Induction proceeded for 4 h after which the 

cells were harvested by centrifugation, washed with 50 mM 

tris(hydroxymethyl)-aminomethane-chloride (Tris-Cl), pH 8.0, 

1 mM ethylenediamine tetraacetic acid (EDTA), 300 mM NaCl 

and frozen as pellets at -70°C. Cells were lysed by 
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sonication in 50 mM Tris-Cl, pH 7.8, 75 mM KCl, 1 mM 

dithiothreitol (DTT), 1 roM EDTA, 1 mM phenylmethylsulphonyl 

fluoride (PMSF) and deoxyribonuclease I (DNAase I) (0.01 

mg/ml). Lysates were centrifuged at 100,000 x g for 1 h to 

yield a soluble supernatant fraction in the case of L 

expression or the insoluble pellet in the case of S 

expression. 

B. Protein Preparation 

1. Purifioation of spinaoh rubisoo. This procedure was 

similar to that published by McCurry et al., 1982. 

Approximately 200-500 g of spinach leaves were deribbed and 

homogenized 100 g at a time at 4°C using a Polytron 

(Brinkman) tissue homogenizer in 200 ml of buffer A [25 mM 

N,N-bis(2-hydroxyethyl)glycine (Bicine), pH 7.8), 10 mM 2-

mercaptoethanol, 1 mM EDTA] plus 2% insoluble 

polyvinylpolypyrrolidone (PVP). The resulting homogenate 

was filtered through ten layers of cheese cloth and 2 layers 

of Miracloth (Calbiochem) and centrifuged at 30,000 x g for 

30 min. The resulting supernatant was made 35% saturated at 

Ooc with (NH4)2S04 by slow addition of a 100% saturated 

(NH4)2S04 solution and stirred slowly at 4°C. The suspension 

was centrifuged at 10,000 x g for 15 min and the supernatant 

was decanted and made 55% saturated at ooC in (NH4)2S04 by 

slow addition of solid ammonium sulfate. This suspension 
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was stirred slowly for 30 min and centrifuged at 10,000 x g 

for 15 min. The pellet containing the precipitated rubisco 

was resuspended in buffer A and centrifuged at 30,000 x g to 

remove insoluble material. 

The resulting supernatant was loaded on a 2.5 x 110 cm 

Sephacryl S-30-0 (Pharmacia) gel filtration column, 

equilibrated with buffer A, and eluted at a flow rate of 

0.75 ml/min. Fractions were monitored for absorbance at 280 

nm and peak fractions were assayed for RuBP dependent CO2 

fixation. Fractions containing peak activity were 

electrophoresed as described in section 2.C.5. and fractions 

containing the least contamination were pooled. 

The pooled fractions were loaded onto a 3 x 30 cm DEAE

cellulose (Whatman-DE52) ion-exchange column, washed with 

100 ml of buffer A and eluted with a 0.0 to 0.4 M NaHC03 

gradient in buffer A. Protein elution was monitored at 280 

nm, assayed for rubisco activity and checked for purity by 

denaturing gel electrophoresis as described in 2.C.5. 

Fractions determined to be at least 95% pure were pooled and 

the protein was precipitated by addition of solid (NH4)zS04 

to 55% saturation at OOC. The resulting suspension was 

slowly dripped into liquid Nz and- the resulting beads were 

stored at -70°C. To prepare rubisco for use, frozen beads 

were thawed at room temperature and centrifuged at 10,000 x 

g for 5 min, the supernatant discarded and the pellets 

resuspended in buffer. This solution was then dialyzed 

-------- ------------- -_.-
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overnight at 4°C against the specific buffer to be used in a 

particular experiment to remove remaining (NH4)2S04. 

2. Isolation of S from spinaoh. Small subunits from spinach 

were prepared from purified spinach holoenzyme by the method 

of Andrews, 1986, with the modification that NaCl was 

omitted from the separation buffer. Purified spinach 

rubisco at 0.7 mg/ml was dialyzed against 10 mM sodium 

phosphate buffer, pH 7.6, containing 1 mM EDTA. The pH was 

carefully adjusted to 5.0 with 0.25 M acetic acid at room 

temperature and then incubated on ice for 1 h. Precipitated 

protein was removed by centrifugation and the supernatant 

was adjusted to pH 7.7 with 1 M Tris base. The supernatant, 

containing separated small subunits that were completely 

free of L, was stored at 4°C until use. 

3. Purifioation of rubisoo aotivase. Rubisco activase was 

purified by the method of Robinson et al., 1988. 100 g of 

spinach leaves were deribbed, frozen in liquid N2 and ground 

with a mortar and pestle. The frozen leaf powder was added 

to 10 mM bis-tris-propane (BTP), pH 7.0, 5 mM MgC12, 1 roM 

EDTA, 0.4 mM ATP, 15 mM DTT and 1 mM PMSF. The resulting 

solution was filtered through two layers of miracloth 

(Calbiochem) and centrifuged at 50,000 x g. All solutions 

were kept at 4°C beyond this point. The supernatant was 

made 35% saturated in (NH4)2S04 by addition of a 100% 
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saturated solution and stirred for 30 min. The suspension 

was centrifuged at 10,000 x g for 5 min and the pellet was 

washed with buffer A (10 mM BTP, 100 mM KCl, 10 mM OTT, 0.2 

mM ATP) containing 35% (NH4)2S04. The pellet was resuspended 

in buffer A, desalted on a Sephadex G-25 column (Pharmacia) 

equilibrated with buffer A, and then frozen in liquid N2• 

The solution was thawed and diluted 2 fold with buffer A 

without KCl and centrifuged at 50,000 x g. The supernatant 

(14 mg protein) was applied to a Mono Q FPLC anion-exchange 

column (Pharmacia) equilibrated with 20 roM BTP, pH 7.0, and 

4 roM DTT. The sample was washed with 20 ml of equilibration 

buffer and then eluted at 0.5 ml/min, with a 0.0-0.5 M KCl 

gradient. Fractions were assayed for rubisco activase 

activity according to section 2.C.2. Peak fractions were 

pooled and desalted on a Sephadex gel filtration column 

equilibrated with 10 roM BTP, 10 roM DTT, 50 roM KCl, and 0.2 

roM ATP and then frozen and stored in liquid N2• This 

procedure resulted in rubisco activase that was 95% pure and 

free of rubisco contamination. 

c. Protein Analysis 

1. Rubisoo enzyme assay. Rubiscos from either spinach or 

Synechococcus were incubated in 500 ~l assay solutions 

containing 100 roM Bicine-NaOH, pH 8.2, KH14C03 (1 ~ci/~mol), 

MgC12 and 0.1 mg/ml BSA. The concentrations of KHC03 and 
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MgC12 were varied depending on the type of experiment. In 

general rubisco fromSynechococcus was incubated at higher 

concentrations (40 roM KH'4C03, 20 roM MgC12) than rubisco from 

spinach (10 roM KH'4C03, 10 roM MgCl2). Reactions were 

usually initiated by addition of RuBP to 1 roM and stopped 

after 30 s by addition of 500 ~l of 1 N HCl. Samples were 

dried to remove unfixed 14C02 and the acid stable 

radioactivity remaining was assayed by liquid scintillation 

counting. 

2. Activase assay. Purified spinach rubisco was dialyzed 

overnight at 4°C against a solution containing 50 mM 

Tricine-NaOH, pH 8.0, and 1 roM EOTA to promote inactivation. 

Rubisco treated in this way was incubated with 0.2 roM EOTA 

and 0.5 roM RuBP for 30 min prior to assay. The activase 

reaction mixture contained 10 roM KHC03, 10 roM MgC12 an ATP 

regenerating system (1 roM ATP, 15 mM creatine phosphate, 20 

U of creatine phosphokinase) and 4 mM RuBP. Activase was 

added 30 s prior to initiation of the activase reaction by 

addition of RuBP-inhibited rubisco. At various times 

samples were removed and assayed for rubisco activity by a 

standard rubisco assay at 5 roM KH'4C03 for 15 s. 

3. CABP binding. Samples were incubated for 1 h with 1 ~M 

['4C]CABP (31 ~Ci/~mol), synthesized and purified from other 

isomers according to section 2.0.2., in 25 mM Tris-Cl, pH 
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8.0, 10 mM KHC03 , 10 mM MgCl2 and 100 mM RCI followed by a 1 

h incubation with purified 50 ~M [12C]CABP unless otherwise 

indicated. Bound CABP was separated from unbound CABP by 

gel filtration on either a Pharmacia Superose 12 or 

Pharmacia PD10 column. Since one molecule of CABP binds per 

active site, protomer amounts were calculated from the 

amount of [14C]CABP bound. For expression of data, active 

site amounts were converted to mg of rubisco holoenzyme 

protein assuming 8 binding sites per 530 kDa. Increasing 

the concentration of KHC03 and MgCl2 to 40 and 20 mM 

respectively did not increase the amount of [14C]CABP bound 

by either L or holoenzyme. When using this method to 

determine the amount of L present in'a sample, excess S was 

added to the incubation solution. 

4. Immunological quantitation of L in crude extracts. Fifty 

~l of each fraction was incubated overnight at 4°C in a 96 

well plastic microtiter plate. After blocking unbound sites 

with bovine serum albumin (BSA), 100 ~l of affinity-purified 

rabbit anti-Rubisco antibody was added. After several 

washes, anti-rabbit IgG conjugated to alkaline phosphatase 

(Sigma) was added. Unbound antibody was thoroughly removed 

by washing, p-nitrophenyl phosphate was added and color 

development proceeded for 30 min. An ELISA plate reader 

(Flow Laboratories) measured the absorbance at 405 nm. 

--------_ .. _ .. _._----_._- ." 
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5. Blectrophoresis. Sodium dodecyl sulfate, polyacrylamide 

gel electrophoresis (SOS-PAGE) was carried out by the method 

described by Laemm1i, 1970. Holoenzyme and/or small 

subunits were analyzed on 15% polyacrylamide gels while 

large subunits were analyzed on 12.5% gels. stacking gels 

were 4% polyacrylamide. For rapid analysis, a Hoeffer 

minigel apparatus was used. The running gels were pre-cast 

at 0.75 mm in sets of eight and stored at 4°C. At the time 

of use gels were attached to the apparatus and 4% 

polyacrylamide stacking gels were cast on top of the gels 

with 10-15 wells per gel. Samples were prepared for 

electrophoresis by boiling the samples in 1% SOS, and B

mercaptoethanol. Gels were stained with Coomassie Brilliant 

Blue R-250. 

6. FPLC gel filtration. Analytical gel filtration was 

performed on a Pharmacia FPLC system using either a Superose 

12 or Superose 6 Pharmacia gel filtration column. The 

eluate was monitored at 280 nm using an LKB uvicord flow 

through absorbance monitor. 

7. Protein assay. Rubisco concentrations were determined in 

two ways. The concentration of purified spinach rubisco was 

determined by measuring the absorbance at 280 nm and using 

the extinction coefficient of 1.64 cm2/mg from Paulsen and 

Lane, 1966. The concentration of Synechococcus rubisco 
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holoenzyme or L was determined by r14C]CABP binding (section 

2.C.3). other protein determinations were made by the 

method of Bradford, 1976. 

D. Sugar Phosphate Preparation and Assay 

1. RuBP synthesis and purification. RuBP was synthesized 

from ribose 5-P purchased from sigma. Chloroplasts were 

isolated from spinach using the procedure of Jensen and 

Bassham, 1966 and lysed in water that had been purged with 

N2 • These chloroplast lysates were used as a source for 

ribose 5-P (R5P) isomerase and phosphoribulokinase. 

Solutions containing 12 mM R5P, 1 mM ATP, 15 mM creatine 

phosphate and creatine phosphokinase were flushed with 

nitrogen for 30 min to remove cO2 and 02. The chloroplast 

lysate was added and the components were allowed to react 

for 30 min. The reaction was stopped by cooling the 

reaction mixture to OoC and the pH was adjusted to 6.5 by 

adding 1 M HCI. Sugar phosphates including RuBP were 

precipitated as their barium salts by the addition of a 5 

fold excess of 1 M barium acetate and an equal volume of 95% 

ethanol. The precipitate was solubilized in 5% 

trichloroacetic acid (TCA) and centrifuged to remove 

precipitated proteins. The supernatant was passed over a 

column of activated charcoal to remove ATP and ADP. The pH 

was adjusted to 6.5 with cO2 free KOH and the RuBP was 
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reprecipitated by addition of excess barium acetate and 1/3 

volume of 95% ethanol. The RuBP was collected by 

centrifugation and solubilized by adding excess Dowex AG 

50W-X4(H+) (Bio-Rad) and then filtered to remove the Dowex. 

The. pH was adjusted to 6.5 with CO2 free KOH and the 

solution was stored at -20°C. 

To further purify the RuBP it was loaded on a 2 x 60 cm 

Dowex AG 1-X8(Cl-) (BioRad) ion-exchange column. The column 

was equilibrated with 3 mM HCl and the RuBP was eluted with 

a 2-L, 0 to 0.4 M linear gradient of Licl in 3 mM HCl. The 

eluate was monitored at 206 nm for the carbonyl moiety of 

the RuBP. The major peak was collected, pooled and 

concentrated to about 10 ml and the RuBP was precipitated by 

the addition of a 3 fold excess of barium acetate and 1/3 

volume of 95% ethanol. The precipitated RuBP was 

solubilized by the addition of excess Dowex AG 50W-X4(H+). 

The solution was filtered to remove the Dowex and the pH was 

adjusted to 6.5 with CO2 free KOH. The concentration of 

RuBP was determined by incubating RuBP with rubisco as 

described in section 2.C.1, except the reaction was allowed 

to proceed for 30 min and the concentration of KH14C03 was 30 

mM. Dilute RuBP concentrations were used to prevent 

inhibition of activity by the substrate. The amount of CO2 

fixed under these conditions was assumed to be equivalent to 

the amount of RuBP present since the oxygenase function was 

inhibited by excess CO2• 
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2. CABP synthesis and purification. CABP was prepared by 

the method of Pierce et al., 1980. RuBP (100-200 ~moles) 

was incubated for 48 h at pH 8.5 with either KCN or K14CN 

such that the final ratio of KCN to RuBP was 1.1. The 

solution was treated with excess Dowex AG 50W-X4(H+), 

filtered, and concentrated to dryness under vacuum 

overnight. The resulting lactones were dissolved in H20 and 

adjusted to pH 5.5 with 1 M NaOH. This solution was loaded 

on a 2 x 60 cm Dowex AG 1-X8(Cl-) equilibrated with 3 roM HCl 

and eluted with a linear, 2-L, 0.0-0.4 M Licl gradient. 

Peak fractions were identified either by monitoring 

radioactivity or A206 and fractions containing CABP (Pierce 

et al., 1980) were pooled. When CABP elution was followed 

by monitoring absorbance at 206 nm, the absorbance of the 

starting solution was adjusted to that of the final solution 

using acetone. The pooled fractions were reduced in volume 

to 50 ml, the pH was adjusted to 8.5 using 2 M LioH and CABP 

was precipitated by addition of 5 fold molar excess of 1 M 

barium acetate and an equal volume of 95% ethanol. After 1 

h at -20°C, the precipitate was collected by centrifugation 

and washed twice with 95% ethanol. The precipitate was 

solubilized by addition of excess Dowex AG 50W-X4(H+), 

filtered, adjusted to pH 6.5 and stored at -20°C until just 

before use. Prior to use, the pH of the solution was 

adjusted to 9.0 and incubated for 24 h to hydrolyze the 



lactones. CABP concentration was determined by phosphate 

analysis (2.D.7). 
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3. synthesis of xylulose 1,S-bisphosphate. Xylulose 1,5-

bisphosphate (XuBP) was synthesized by condensation of 

glycolaldehyde phosphate and dihydroxyacetone phosphate 

using rabbit muscle aldolase (EC 4.1.2.13). Glycolaldehyde 

phosphate was prepared by oxidative decarboxylation of Q

glycerophosphate as described by Serianni et al., 1982. The 

products that resulted were then separated by ion-exchange 

chromatography on a 1.5 x 60 cm column of Dowex AG 1-

X8(Cl-). The column was eluted with a 0-0.4 M Licl 

gradient. The XuBP was detected by the absorbance of the 

keto group at the 2 position at 206 nm. Fractions in the 

peak were pooled and the bisphosphates were precipitated by 

addition of an excess of barium acetate. The precipitate 

was resuspended by addition of Dowex AG 50W-X4(H+) and the 

pH adjusted to 6.5 with NaOH. 

The identity of the XuBP was confirmed by hydrolyzing 

the bisphosphate with alkaline phosphatase and comparing the 

retention time to that of standard xylulose on an HPLC 

system that separates sugars by anion-exchange 

chromatography (Carbopac, Dionex) at high pH and is coupled 

to pulsed amperometric detection (Dionex). Additional 

evidence for its identity was its elution corresponding to 

that of a diphosphate on the Dowex AG 1-X8(Cl-) column and 
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on the ion-exchange HPLC system coupled to a pulsed 

amperometric detector that is set up for the separation of 

sugar bisphosphates. On the HPLC system no other peaks were 

detected than the one corresponding to XuBP. 

4. BPLC. HPLC methods were developed in chapter 6 and are 

described in the "Materials and Methods" section therein. 

5. CA1P synthesis. A method for the synthesis of CA1P from 

CABP was developed in the work done for chapter 6 and is 

described there. To insure that the synthetic CA1P was free 

of inorganic phosphate and CA5P the solution containing 

"pure" CA1P prepared as above was incubated with purified 

rubisco holoenzyme from tobacco at a ratio of CA1P to 

holoenzyme of 1.5 in 50 roM Tris-CI, pH 8.0, 10 mM RHC03 , 10 

mM MgCl2 and 0.2 roM EDTA. After 30 min the rubisco protein 

was precipitated by making the solution 20% in polyethylene 

glycol 4000 (PEG) and 60 roM in Mgcl2 at 4°C and 

centrifugation at 15,000 x g for 15 min. In the incubation 

solution the only possible phosphate contaminants that could 

have been present were Pi, CA5P, and CABP because of the way 

the synthetic CA1P was prepared and only CA1P binds tightly 

enough to the rubisco to remain associated with the rubisco 

during precipitation (Berry et al., 1987). The precipitated 

protein was solubilized in the incubation solution and 

reprecipitated by the above procedure. This precipitate was 
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dissolved in water and HCIO, was added to 4%, to precipitate 

the rubisco and release the bound inhibitor. The HCIO, was 

removed as KCIO, by adjusting the pH to 8.5 with 0.1 N KOH 

at 4°C and centrifugation at 10,000 x g for 5 min. The CA1P 

was then precipitated by addition of a 10 fold molar excess 

of barium acetate and an equal volume of 95% ethanol. After 

storage at -20°C overnight the precipitated CA1P was 

harvested by centrifugation at 10,000 x 9 for 20 min. The 

Ba-CA1P salt was solubilized by addition of an excess of 

washed Dowex AG 50W-X4{H+>. The Dowex was removed by 

filtration and the pH was adjusted to 6.5 with 0.1 M NaOH 

and the solution was stored at -20°C. That this preparation 

was free of inorganic phosphate was determined by the 

phosphate assay (see 2.D.7) without the 160°C heating step 

that hydrolyses organic phosphates •. That the preparation 

was free of CA5P and CABP was shown by the HPLC method 

described in chapter 6. The concentration of the CA1P was 

determined by phosphate analysis (2.D.7). 

6. Isolation of CA1P from bean leaves. Natural CA1P was 

isolated from leaves by the method of Seemann et al., 1985. 

Leaves that had been in the dark overnight were frozen in 

liquid Nz and ground to a fine powder. The powder was 

extracted by grinding in 50 mM Tris-CI, pH 8.0, 20 mM KHC03 , 

20 mM MgC12f 1 roM EDTA and 5 roM DTT. After centrifugation 

at 15,000 x 9 for ten min to remove particulates the 
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solution was treated as described in the previous section 

for insuring the purity of CA1P (see section 2.D.5.). The 

concentration of CA1P was determined by titration of spinach 

rubisco as described by Seemann et a1., 1985. 

7. Phosphate analysis. Solutions containing organic 

phosphates and inorganic phosphate standards were incubated 

in 0.4 m1 of 10 N H2S04 at 160°C for at least 1 h to release 

the Pi from the organic phosphates. After cooling 10 ~l of 

H20 2 was added and the solutions were heated for 20 min. 

After cooling"2 m1 of water was added and the solutions 

ref1uxed at 100°C for 20 min to hydrolyze pyrophosphates. 

The solution was cooled to room temperature and 1.6 ml H20, 

0.5 m1 6% ammonium molybdate and 0.5 m1 1% ascorbic acid 

were added. The color reaction was allowed to develop for 

1.5 h at 42°C and the absorbances were read at 820 nm. 

Phosphate concentrations were determined by comparison with 

the standard inorganic phosphates. If determining the 

concentration of free pi in organic phosphate preparations 

the 160°C heating, the H202 and the 100°C pyrophosphate 

hydrolysis steps were omitted. 



CHAPTER 3 

PURIFICATION AND CHARACTERIZATION OF LARGE AND SMALL 

SUBUNITS OF RIBULOSE 1,S-BISPHOSPHATE CARBOXYLASE 

EXPRESSED SEPARATELY IN ESCHERICHIA COLI 
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Abstract 

The genes for the large subunit of ribulose 1,5-

bisphosphate carboxylase/oxygenase (rubisco) from 

Svnechococcus pee 6301 and the small subunits of rubisco 

from Synechococcus and pea were transformed into Escherichia 

coli on separate expression plasmids. A procedure is 

presented for the purification to 95% of homogeneity of the 

expressed large subunit protein from the soluble fraction of 

an E. coli lysate. A separate procedure was developed for 

purification to 80% of homogeneity of the expressed 

Synechococcus small subunit, from the insoluble fraction of 

an E. coli lysate, using denaturation and renaturation in 

urea. The purified large subunits had a low specific 

activity in the absence of S (kcat=O. 08 s·'). The purified 

large subunits could be assembled rapidly with small 

subunits to achieve high specific activities for either 

homologous (kcat=6. 8 s·') or pea S-Synechococcus L hybrid 

(kcat=3 • 8 s·') holoenzymes. That purified Synechococcus S 

could be denatured and renatured in urea indicates that GroE 

proteins are not required for in vitro folding of S. 

A technique was developed for measurement of the 

carbamylation status of large subunits in the absence of S. 

Using this technique, the pK for lysine 201 (spinach 

numbering system) was found to be 0.1 to 0.2 pH units higher 

for L relative to the holoenzyme. The Kact I S for e02 were 

very similar for L (13.5 ~M) and holoenzyme (15.5 ~M), at pH 
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8.4. These results, together, indicate that the previously 

reported difference in the equilibrium level of activation 

at pH 7.7, of L relative to holoenzyme (Andrews and 

BaIlment, 1984) can be attributed to differences in the pK 

of lysine 201 and this difference can be overcome by 

increasing the pH. This is the first report on the 

properties of L purified, in the absence of S, from E. coli. 

Synechococcus Land S from Synechococcus or pea, synthesized 

and purified by the techniques presented, are functional and 

can be used for biochemical analysis. 
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One of the goals of the laboratory was to characterize 

the influence of amino acid interactions between Sand L on 

properties of the rubisco holoenzyme. The approach was to 

make modifications at the L-S subunit interface and examine 

the effects of the change on assembly, activation, substrate 

binding or catalysis. In this thesis, intersubunit 

interactions were removed by expressing L in Escherichia 

coli in the complete absence of S. Protein prepared in this 

way was analyzed by a variety of methods and the properties 

were compared to those of L assembled with S. The rationale 

for using this approach, instead of using the more specific 

site directed mutagenesis approach, was based partially on 

research indicating that none of the amino acids from S 

contribute directly to catalysis and that the active site is 

located on L (Andrews and BaIlment, 1984; Andrews, 1988; 

Chapman et al., 1988; Knight et al., 1989). This means that 

the influence of S on rubisco properties is the result of L

S interactions inducing conformational alterations in L that 

lead to changes in catalytic site structure. A model that 

accommodates these results is one where all the individual 

amino acid interactions at the L-S interface contribute 

cooperatively to shaping L architecture. If s-induced 

properties of rubisco depend on this type of cooperativity, 

then clearly definable roles for individual amino acids 



might not exist, in which case, site directed mutagenesis 

would not yield clear information. 
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At the time these experiments were initiated the 

crystal structure of rubisco had not yet been solved and 

therefore it was not known which specific amino acids were 

involved in contact interactions. since that time the three 

dimensional structures for two LaSs rubiscos have been 

determined (Chapman et al., 1988; Andersson et al., 1989). 

In the case of the tobacco rubisco structure it appears that 

the published L-S amino acid contacts are incorrect (Chapman 

et al., 1988; Knight et al., 1989). The spinach rubisco 

structure has been published but the three dimensional 

coordinates have not been released to the public (Knight et 

al., 1989). In the absence of structural data, decisions 

relating to site-directed mutagenesis would have to be based 

on comparisons of primary sequence. 

Before this work was begun, some work examining L, in 

the absence of S, had been published and several important 

parameters had been identified (Andrews and Abel, 1981; 

Takabe et al., 1984; Andrews and Lorimer, 1985; 

Incharoensakdi, 1986; Andrews et al., 1986; Andrews, 1988). 

Despite the advances made by these groups, no clearly 

defined role for the small subunit has emerged. Experiments 

with carboxy pentitol 1,5-bisphosphate (CPBP) indicated that 

S has some influence on the binding of phosphorylated 

ligands (Andrews and BaIlment, 1984; Takabe et al., 1984). 



Further study of these interactions is a primary goal of 

this research. 
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A major requirement for these experiments was the 

availability of large amounts of Land S. Expression of 

Synechococcus Land S separately in E. coli provided a means 

for production of large amounts of L that had never been 

assembled with S, and S that had never been assembled with 

L. A major disadvantage of this system was that the 

subunits were produced in the presence of large quantities 

of undesired E. coli protein. This paper provides the first 

demonstration of a method for purification of Land S 

separately from E. coli. These proteins were characterized 

and shown to be stable and suitable for biochemical analysis 

in the purified form. Some experiments indicate that the 

properties of L in an E. coli extract are not the same as 

for the purified protein pointing out the importance of 

studying L in the purified form. 
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Materials and Methods 

Purification of L. 100,000 x g supernatants prepared as in 

section 2.A.3, were made 35% saturated with ammonium 

sulfate, incubated at 4°C for 15 min, and centrifuged at 

10,000 x g for 30 min. The pellet was resuspended in a 

minimum volume of lysis buffer, heated at 50°C for 10 min 

and centrifuged at 15,000 x g for 20 min to remove 

precipitated protein. The supernatant was desalted on a 1.5 

x 5 cm G-25 Sephadex column into ion-exchange starting 

buffer (25 mM Tris-Cl, pH 8.0, 1 mM EDTA, 1 mM OTT). The 

sample (maximum of 30 mg total protein) was applied to a 

Pharmacia Mono Q anion-exchange column. The column was 

washed with starting buffer for 10 min and the sample was 

eluted with a 0-0.5 M KCL gradient (60 ml). Fractions 

containing peak activity after S was added were pooled, 

desalted on G-25 Sephadex, made 10 and 40 mM in MgC12 and 

KHC03 respectively, and applied to a 5 ml reactive green 

agarose (Sigma) (Jouanneau and Tabita, 1986; Soper et al., 

1988). The column was washed extensivelY with starting 

buffer after which L was recovered using a step elution with 

0.5 M KC1. Fractions containing peak activity were desalted 

into ion-exchange starting buffer containing 100 mM KC1, 

made 10% in glycerol and stored at -70°C. 
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preparation of S. Insoluble 100,000 x g pellets from E. 

coli extracts containing S from either Synechococcus or pea 

were suspended in 2 M urea for 2 h. All procedures were 

conducted at 4°C. samples were centrifuged at 100,000 x g 

for 1 h, the supernatant discarded and the pellet 

resuspended in 4 M urea. This was centrifuged at 100,000 x 

g for 1 h and the supernatant retained. The 4 M urea 

solubilized protein consisted mainly of S (Fig. 3.3) at 8 

mg/ml. To recover viable S protein the urea solution was 

diluted to a final concentration of 0.1 mg/ml, over the 

course of 1 h, with 50 roM Tris-Cl, pH 8.0, 1 roM EDTA, and 10 

roM B-mercaptoethanol and incubated overnight. Samples were 

then concentrated by diafiltration, using an Amicon YM 10 

membrane, to a final concentration of 1-2 mg/ml. This 

procedure left 50 roM urea in the S solutions. Functional S 

was detected by assembly with L and assaying for carboxylase 

activity. Unless otherwise specified, experiments requiring 

assembly to form the holoenzyme used Synechococcus Sand L. 
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Results 

Bstimation of L. L was quantitated in crude extracts of E. 

coli by [14C]CABP binding or by activity assay in the 

presence of added Sand RuBP (See 2.C.1 and 2.C.3). using 

the CABP binding assay it was estimated that about 0.02 mg 

of L was recovered in the soluble fraction for every mg of 

total protein. 

Expression of L. Several different attempts were made to 

collect significant quantities of L synthesized in E. coli. 

One method involved the construction of an expression vector 

in which the Synechococcus rubisco operon, or a fragment of 

this operon containing the gene for L only, was inserted 

into a Pst site, 3' to the lac promoter in a pUC18 plasmid. 

The construction was transformed into an E. coli cell where 

expression could be induced by isopropyl-B-D-thiogalactoside 

(IPTG). This system for synthesis of the holoenzyme was 

identical to the system described by Kettleborough et al., 

1987, that produced Synechococcus rubisco to a level that 

accounted for about 10% of the total E. coli protein. An 

apparent advantage of this system was that 11-L batches of 

bacteria could be grown and production of rubisco protein 

could be induced by addition of IPTG. with this system in 

our hands, no significant accumulation of rubisco holoenzyme 
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or L was observed, as determined by CABP binding or western 

blotting. The plasmid was constructed several times using 

fresh plasmid from the lab stock with no improved 

expression, suggesting that there was not a down mutation in 

the promoter that occurred after transformation of the E. 

coli and growth of stock cultures. A possible cause for the 

low expression may have been that the stock pUC1S plasmid 

from the laboratory had a down mutation. A second 

possibility is that the Kettleborough plasmid promoter had 

an up mutation which directed expression of large amounts of 

LaSs· 
A second approach, developed by Robert Ramage in the 

laboratory, used a truncated version of the Rubisco operon 

containing only the gene for L inserted into a pL vector 3' 

to the pL promoter. This plasmid was transformed into an E. 

coli cell that over-produced a temperature sensitive lambda 

repressor. The production of proteins, in this system, can 

be induced by raising the temperature to 42°C which 

destabilizes the repressor, leading to expression of genes 

3' to the pL promoter. Cultures (ll-L each) of these 

bacteria were grown for 4 h at 2SoC after which the 

fermenter temperature was increased to 42°C for 4 h to 

induce expression of L protein. The amount of L accumulated 

under these conditions was not significant, possibly because 

the temperature could not be raised quickly enough in ll-L 

of media using the fermenter thermostat. As an alternate 
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procedure, the cells were grown at 2SoC for four h in 0.5-L 

batches after which they were transferred to a shaking water 

bath at 42°C for four hours to induce protein production. 

The cells were then harvested by centrifugation and frozen 

at -70°C. This was considerably more successful and 0.5 to 

1 mg of crude L protein was produced per 0.5 L culture under 

these conditions. The harvested ~. coli cells were stored 

until about twenty, 0.5-L cultures were accumulated after 

which they were pooled and processed. 

Purifioation of L. Table II summarizes the purification 

protocol that was developed. Ammonium sulfate fractionation 

resulted in sUbstantial enrichment of L. Although the 

figures presented in Table II indicate that only 39% of L 

was recovered in that particular preparation, the protocol 

generally resulted in recoveries of 40 to 60% of the L 

present. Although a heating step was used in this protocol 

it was later found that this step could be omitted without a 

sacrifice in L purity. The profile for the elution of L 

from the Pharmacia Mono Q column is shown in Fig. 3.1. 

Elution of L from the reactive agarose green occurred as a 

sharp peak in three, 1 ml, fractions beginning after 2 ml of 

flow through. The final protein preparation was at least 

95% pure as judged by SOS gel electrophoresis (Fig. 3.2) 

with a final yield of 10% (Table II). Table II indicates 

only SO% purity but this discrepancy is probably due to the 

----------- -------------



Table II. Purification of rubisco L from E. coli 

Purification Total 
step Protein 

Supernatant 

Mono Q 

Agarose Green 

mg 

592 

38 

27 

7 

1.4 

L' 
Amount 

mg 

11.26 

4.4 

3.2 

2.1 

1.1 

L 
Tot. Prot. 

mg/mg 

0.019 

0.114 

0.154 

0.35 

0.78 

yield 

% 

39 

28 

23 

10 

Purif. 

-fold 

6 

8 

18 

41 

iL amount was determined using [14C]CABP binding as 
described in 2.C.3. 
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Fig. 3.1. Anion-exchange fractionation of L in a 

partially purified E. coli extract. An extract containing 

30 mg of total protein was loaded onto a Mono-Q anion

exchange column (Cl") (Pharmacia) using a 10 ml Superloop 

(Pharmacia) and the column was washed for 10 min with 

starting buffer (see "Materials and Methods" this chapter). 

Protein was eluted with a 0.0-0.5 M KCl gradient starting at 

time 0, at a flow rate of 1 ml/min. Activity was detected 

by assaying for rubisco activity (see 2.C.2.) after 

reconstitution with small subunit. The vertical bar 

represents 0.05 Absorbance units. 

-------------------- -- -- --- ----- -------- -----
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Fig. 3.2. SDS-PAGE analysis of the stages of L 

purification. The gel was polymerized from a 12.5% 

polyacrylamide solution in 0.1% SDS and proteins were 

stained with Coomassie brilliant blue. Lane 1 contained the 

100,000 x g supernatant fraction from E. coli (30 ~g 

protein); lane 2, ammonium sulfate precipitate (20 ~g 

protein); lane 3, heat treated supernatant (20 ~g protein); 

lane 4, peak fractions from Mono Q anion-exchange (15 ~g 

protein); lane 5, Agarose green peak fractions (8 ~g 

protein); lane 6, purified spinach rubisco; lane 7, 

molecular weight standards. Molecular weight standards were 

phosphorylase B (97 kDa), bovine serum albumin (BSA) (66 

kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), 

soybean trypsin inhibitor (21 kDa), and lysozyme (14 kDa). 
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inaccuracies of the Bradford protein assay system in 

estimating total protein amounts. If lower amounts of 

protein are loaded on the gel, the band corresponding to L 

appears as a doublet. The lower band is actually a 

proteolytic product as is indicated in a western blot 

analysis by its ability to react with affinity purified 

antibody raised against tobacco rubisco holoenzyme (data not 

shown). This proteolytic processing occurred despite the 

inclusion of the protease inhibitor, PMSF, at all stages of 

purification. 

In all cases it was important to maintain the ionic 

strength at 100 mM in buffers used for L, otherwise loss of 

material occurred during storage or processing. It was also 

found that 50% or more L was lost during dialysis. For this 

reason Sephadex G-25 desalting columns were always used to 

change buffer salts. Over 90% of L was lost during gel 

filtration on Sephacryl S-300 columns (Pharmacia) indicating 

that Sephacryl columns were unsuitable for L purification. 

Once frozen, the protein was stable for several months. 

Purification of S. When Synechococcus S, encoded on the 

pLAS3.2 plasmid, was over-expressed in E. coli, highly 

enriched S protein was found in the 100,000 x g pellet of 

the E. coli lysate. Very little, if any, was present in the 

soluble phase (Fig. 3.3 lanes 1 and 2). When the pellet was 

extracted successively with 2 and 4 M urea, S was 



Fig. 3.3. SOS-PAGE analysis of Synechococcus S 

purification. The gel was prepared as described in Fig. 3.2 

except that it was 15% polyacrylamide. Lanes 1 and 2 

contained the supernatant and the 1% SOS solubilized pellet, 

respectively, of a 100,000 x g centrifugation of the E. coli 

lysate. Lanes 3 and 4 contained equal volumes of 

supernatant of extractions from the pellet in lane 2, with 

2 and 4 M urea respectively. Lane 5 contains molecular 

weight standards as in Fig. 3.2. 
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solubilized in a reasonably pure state (Fig. 3.3, lanes 3 

and 4). The S protein is extracted in its purest form in 

the 4 M urea fraction (80% pure). That S extracted in 4 M 

urea could be renatured to a functional form by the 

procedure described in "Materials and Methods" (this 

chapter) is evidenced by the results in the next section, 

"Holoenzyme can be assembled from isolated subunits". The 

renatured material could be stably stored for several months 

at -70°C in 10 % glycerol. This same procedure could be 

applied to pea S expressed in E. coli (plasmid vector pL3.3) 

but resulted in pea S that was only 20% pure (not shown). 

Holoenzyme oan be assembled from isolated SUbunits. When 

renatured Synechococcus or pea S were added to L, the 

activity increased in proportion to the amount of S added 

(Fig. 3.4). L was easily saturated with S from 

Synechococcus while saturation was only approached with pea 

S. The purified L had a specific activity of 0.075 ~mol/mg 

holoenzyme/min, at 40 mM KHC03, when no S was added. The 

maximum specific activities, determined at 40 mM KHC03 , were 

6.2 and 3.1 ~mol/mg holo/min for L assembled with 

Synechococcu~ or pea S respectively. At the point where 

maximum activity was reached with SyDechococcus S it was 

assumed that there was at least one molecule of S for every 

measured binding site of L. with the pea subunits, since 

the activity never quite saturated during the titration, the 

-------------------- .. _-



Fig. 3.4. Titration of Synechococcus L, purified from 

E. coli, with renatured S. (0) Synechococcus S, (e) Pea S, 

were incubated at 26°C for 30 min in 500 ~l of rubisco assay 

buffer containing 40 mM KH14C03 and 100 pmol purified L. 

Activity assays were performed as described in 2.C.1 •• 

Equivalents of S were determined by titration of L until an 

activity maximum was reached (See Results "Holoenzyme can be 

assembled from isolated subunits"). 

--------_ .. _._ .. _-_._ .. _ •... - .•......... - ........ -. 
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point where the activity began to level off was taken to be 

the equivalence point for Land S. Since the number of 

binding sites for L were known from CABP binding, a lower 

limit on the amount of S present could be calculated. 

The relative levels of CO2' Mg2+ carbamylation of 

rubisco holoenzyme can be determined by an assay of the 

initial activity in a 14C02 fixation reaction because 

activity and carbamylation are directly proportional. The 

determination of the relative carbamylation status of L, in 

the absence of S, is a more difficult problem because L has 

very little assayable activity. This is circumvented if L 

is assembled with S, during the assay, to produce an 

activity that is proportional to L carbamylation. This 

approach could only work if assembly of the holcsnzyme is 

rapid enough to prevent the rate of assembly from having a 

limiting effect on the amount of 14C02 that is fixed during 

the assay time. It must also be insured that the change in 

cO2 concentration that occurs when activated L or holoenzyme 

is transferred to the assay solution does not alter the 

carbamylation status of the assembled holoenzyme during the 

assay. To determine if assembly rate limited the assay, the 

time course of a CO2 fixation reaction, initiated by 

addition of L pre-activated with CO2 and Mg2+, to a 1.2 fold 

excess of S (final concentration of L was 500 nM) was 

compared to a reaction initiated with pre-activated, pre

assembled holoenzyme (300 nM) (Fig. 3.5). In both cases the 

--------- ---~---------.---
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enzyme was incubated with 30 roM KH14C03 , pH 8.2, and diluted 

10 fold into buffer containing no added CO2 • This resulted 

in a 3 roM final concentration of KH14C03 in the assay 

solution. A subsaturating KH14C03 concentration was used in 

the assay to minimize changes in activation during the 

assay. The reactions initiated with either L or holoenzyme 

were linear and had similar slopes for at least 30 s. This' 

was despite the fact that the KHC03 concentration was 

diluted 10 fold. This indicated that L could be incubated 

at one KHC03 concentration and assayed at another without an 

affect of the KHC03 used in the assay on the activation 

status. This also showed that there was no lag time 

associated with assembly of Land S. This technique was 

used throughout this thesis to assess the carbamylation 

status of L or holoenzyme under various conditions. 

The small subunits prepared by renaturation contained 

50 roM urea. The presence of this urea allowed S to be 

concentrated and stored for long periods of time at -70°C. 

If the urea was removed completely by dialysis or 

diafiltration, the ability of S to promote activity was 

lost, indicating that urea was required to maintain S 

stability. Urea did not interfe~e with assembly 



Fig. 3.5. Linearity of rubisco assay during and after 

in vitro assembly. C.) L or (0) assembled holoenzyme were 

incubated in 50 roM Bicine, pH 8.2, containing 30 roM KH14C03 

(10 ~Ci/~mol) and, at 0 time, diluted 10 fold into rubisco 

assay buffer containing 1 roM RuBP, no added CO2 and +/- 600 

nM equivalents of renatured Synechococcus S. The final 

concentrations of L and holoenzyme were 500 nM and 300 nM 

respectively. At the indicated times, aliquots were removed 

and added directly to 1 N HCl to quench the reaction. 

---------------------- ----- --- ._- .-- --. -----
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as long as its concentration was low (5-10 roM) during the 

assembly and assay (see Figs. 3.4 and 3.5). At higher 

concentrations, urea interferes with rubisco activity which 

might result from disruption of assembly. 

To assemble large amounts of holoenzyme, Land S were 

combined directly, and the urea was removed by gel 

filtration on a Sephadex G-25 column, equilibrated with 50 

roM Tris-Cl, pH 8.0, 100 roM KCL, 1 roM DTT, and 0.1% BSA. The 

sample was then concentrated using centrifugal 

ultrafiltration (Centricon) or diafiltration under N2 

pressure (Amicon YM-30 membrane) which resulted in a 90% 

recovery of CABP binding sites as holoenzyme. This 

procedure was used because it was not convenient to dilute 

the samples to the extent required to maintain a low 

concentration of urea. If dialysis was used to remove urea 

after combining the subunits, a loss of about 50% of the 

CABP binding sites resulted. 

S decreases the pK of lysine 201. The pH dependence of 

activation for L and the assembled holoenzyme were compared 

(Fig. 3.6) following the procedure of Lorimer et al., 1976. 

These experiments were repeated twice and yielded pK values 

of 8.27 (S.E.=0.07) and 8.15 (S.E.=0.05) for Land 

holoenzyme respectively. The holoenzyme had the lower 

relative value for both experiments indicating that there 

was a significant, albeit small difference in pK. 



Fig. 3.6. pH dependence of activation of Land pre

assembled holoenzyme. CO) L or Ce) pre-assembled holoenzyme 

were incubated at 25°C for 15 min in 0.1 M buffer CHepes

NaOH for pHis 7.4 and 7.8, Tris-HCI for pHis 8.0, 8.25, 

8.55, and 8.73 and ammediol-HCI for pHis 9.0 and 9.4), 20 mM 

MgCI2, 0.5 roM OTT and 0.05 mg/ml carbonic anhydrase. 500 ~l 

samples were incubated in serum stoppered vials and bubbled 

with 200 ppm of CO2 in N2 to maintain a 10 ~M concentration 

of CO2 in solution. Assays of activation status were 

initiated by diluting 200 ~l into assay buffer such that the 

1 ml assay solution contained 3 roM KH'4C03 C10 ~Ci/~mol), 20 

roM MgCI2, 250 roM Tris-CI, pH 8.4, 500 nM L or holoenzyme, 

0.1 mg/ml BSA, +/- 600 nM equivalents S, and 1 roM RuBP. The 

reactions were terminated after 15 s by addition of an equal 

volume of 1 N HCI. The activities of both L and holoenzyme 

at 100 % were between 0.4 and 0.5 ~mol/mg holo/min. These 

activities were low because of the very low 14C02 

concentration in the assay mixture. 

--------------------------_._- .. -



83 

,--... 100 • 0 t;>J=--i~ 
X 
0 

E 75 
4-
0 

~ 50 • Large subunit 
'-../ 

/ 0 
~ . / -f-J 

.~O"""O 0-

> 25 0-

-f-J 
0 « 

0 
7.0 7.5 8.0 8.5 9.0 9.5 

pH 

-----_ ... _---_. __ ... _---



84 

The Beet tor CO2 is not affeoted by S at pH 8.... The 

response of activation of L, in the absence of S, was 

determined at various cO2 concentrations at constant pH, 

8.4, and MgC12 (20 mM) and compared to that of the 

holoenzyme (Fig. 3.7). The Kact ' s for cO2 were calculated 

using the method of Wilkinson, 1961. This experiment was 

repeated 3 times for L giving a Kact of 13.5 J.l.M (S. E. =0.3) 

and twice for the holoenzyme giving a value of 15.5 J.l.M 

(S.E.=4.4). This indicates that at pH 8.4 the amount of cO2 

required to achieve half maximal activation was not strongly 

influenced by the presence of S. 

Purified L is predominantly ootamerio as determined by 

Superose gel filtration. Purified L was analyzed by 

Superose 6 (Fig. 3.8) and Superose 12 (Table III) gel 

filtration to examine the oligomeric status of L that had 

never been assembled into holoenzyme. L was detected by 

following A2BO ' or by assaying activity of the eluate after 

addition of Sand RuBP. Superose 6 gel filtration resolves 

proteins with molecular weights greater that 300 kDa from 

each other. Superose 12 columns·resolve molecules less than 

500 kDa from each other. On the Superose 6 column L elutes 

as a sharp peak at a position close to the Synechococcus 

holoenzyme but it is not well resolved from lower molecular 

weight proteins (Fig. 3.8). On the Superose 12 column, 

--------_ .... _----------_.- ._----



Fig. 3.7. CO2 dependence of activation of Land pre

assembled holoenzyme. Ce> L or CO> pre-assembled holoenzyme 

were incubated at pH 8.4 in 25 mM Bicine-NaOH, 20 mM MgCI2 , 

1 mM OTT, 75 mM NaCI, and 0.1 mg/ml BSA and various 

concentrations of KH14C03 • The incubation solutions were 

then diluted such that the concentration of KH14C03 was 3 mM 

and the concentration of L was 500 nM and contained 1 mM 

RuBP and +/- 600 nM equivalents S. The concentrations of 

all the other components remained the same as in the 

incubation. CO2 concentrations were calculated from the 

KHC03 concentrations according to Yokota and Kitaoka, 1985, 

assuming an ionic strength of 0.1 M. The 100 % specific 

activity values were between 0.4 and 0.5 ~mol/mg holo/min. 
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Fig. 3.8. Superose 6 gel filtration of purified L. 200 

~1 of purified L (40 ~g) was injected on a Pharmacia 

Superose 6 gel filtration column (flow rate = 0.5 m1/min). 

The elution buffer was 25 mM Tris (pH 8.0), 10 mM MgC12, 10 

mm RHC03 , and 100 mM KC1. The arrow indicates the position 

of elution of the Synechococcus holoenzyme. The vertical 

bar represents 0.001 absorbance units. Molecular weight 

markers are: a) blue dextran (Vo)' b) thyroglobulin (670 

kDa), c) spinach rubisco (550 kDa), d) gamma-globulin (158 

kDa), e) ovalbumin (44 kDa), f) myoglobin (17 kDa). 
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Table III. Molecular weight analysis of L by Superose 12 
gel filtration 

87 

Protein Molecular wt. (Da) Elution Vol. (m1) 

Thyroglobulin 
Spinach rubisco 
Synechococcus rubisco 
Synechococcus L 
Catalase (bovine liver) 
,.-globu1in 

------------------------

670,000 
550,000 
550,000 

247,000 
158,000 

9.0 
10.7 
10.9 
11.1 
11.9 
12.0 
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purified L elutes prior to catalase (247 kOa) and slightly 

after the holoenzyme (Table III). This is consistent with L 

being octameric as it elutes. 

On both types of column, only 50 % of the S assembled 

activity of L that was applied could be recovered. This was 

directly correlated with a loss in L protein. This loss did 

not occur if L was assembled with S prior to the gel 

filtration. The activity that did elute was directly 

proportional to the A2S0 across the peak indicating that all 

of the protein within the peak could be assembled into an 

active form, supporting the idea that L eluting in the peak 

was predominantly octameric. No activity was detected in 

fractions before or after the peak. That the peak of 

protein absorbance was sharp and occurred at the correct 

position indicates that the octamer did not interact 

strongly with the column matrix. That 50 % of the protein 

was lost and did not elute at another position suggests that 

some of the protein was lost by adsorption to the column. 

These two observations can be reconciled if the octamer was 

in equilibrium with lower molecular weight forms that could 

adhere to the column. If octamer dissociation occurred in 

the course of the run then the lower molecular weight forms 

would have been lost due to adherence to the column. 

CABP increases the apparent molecular weight of L in the 

presence of B. coli protein. In these experiments, samples 
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containing purified L were incubated in the presence or 

absence of [14C]CABP and analyzed by Superose 6 gel 

filtration. The peak for [14C]CABP was at a position 

comparable to that for protein absorbance (compare Figs. 3.8 

and 3.9A). Some radioactivity eluted after the peak and was 

present in part because some of the CABP probably 

dissociated from L during gel filtration and in part because 

of the lack of baseline resolution between the bound 

[14C]CABP and the free [14C]CABP by this column. When 

purified L was incubated in a dialyzed extract of E. coli 

protein (20 mg/ml protein) the radioactive elution profile 

was much broader than for purified L alone with much of the 

radioactivity associated with higher molecular weight 

fractions (Fig. 4.6B). This shift did not occur if BSA was 

sUbstituted for E. coli protein. Fractions from crude 

extracts of E. coli with no L did not show any [14C]CABP 

binding. 

Fractions collected after gel filtration of samples 

without CABP were incubated with 50 pmol S and assayed for 

RuBP dependent 14C02 fixation (see section 2. C. 1) • The 

activity peaks for purified Land L in E. coli extracts, 

were at a position that corresponded to that for CABP 

binding and A280 for the purified L (compare Figs 3.8, 3.9A 

and 3.9B). 

That the E. coli extract only influenced the migration 

of the CABP-L complex and not free L indicates that CABP 
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binding to L altered its conformation such that it could now 

interact with some component(s) of the E. coli extract. The 

identity of this component is unknown. If S was added to 

the incubation mixture, prior to gel filtration, the 

radioactive elution profile (not shown) of the L-[14C]CABP 

complex was identical in the presence or absence of E. coli 

proteins indicating that S can shield L from interactions 

with E. coli proteins. 



Fig. 3.9. Superose 6 analysis of L with and without 

CABP bound. Purified L (50 pmol) (A), or purified L plus 

100,000 x g supernatant from an E. coli lysate (final 

concentration 3 mg/ml) (B), were incubated in 50 mM Tris-Cl, 

10 mM KHC03 , 10 mM MgCl2 , 100 mM KCl and [14C]CABP (31 

~Ci/~mol) for CABP binding (0); Identical samples without 

added [14C]CABP were assayed for activity (e), after elution 

and addition of 20 ~l Sand KH14C03 to 1 ~ci/~mol, according 

to section 2.C.l. [14C]CABP incubated in the extract 

without purified L (D). 
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Discussion 

This is the first report on the characteristics of L 

purified from~. coli that had never been exposed to s. 

Purified L was catalytically active in the absence of S, 

with an activity of about 1% of the assembled holoenzyme and 

a specific activity of 0.075 ~mol/mg holo/min. This 

confirms the results from an earlier study which indicated 

that L in a partially purified ~. coli extract was capable 

of catalysis (Andrews, 1988). Purified L protein could be 

assembled in vitro with purified S renatured from a urea

solubilized ~. coli pellet. The S-saturated activities of 

this material were measured at 6.5 ~mol/mg holo/min 

(kcat=6.8 s·') and 3.4 ~mol/mg holo/min (kcat=3.8 s·') for 

homologously and heterologously assembled enzymes 

respectively (Fig. 3.4). These values are within the range 

of values previously reported for this enzyme (Andrews and 

Abel, 1981; Andrews and Lorimer, 1985; Andrews, 1988) 

indicating that after the purification treatments the 

subunits retained their native conformations to the extent 

that high activity could be measured despite the presence of 

an amino terminal extension of 10 amino acids on Land 6 

amino acids on S. 

Renaturation in urea enabled concentration of 

Synechococcus S in a relatively pure state to up to 2 mg/ml 
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which could be stored for several months. Assembly 

experiments that were previously inconvenient due to 

problems with subunit availability and dilution, are now 

possible. Small subunits from pea could also be isolated 

and concentrated but were considerably less pure than the 

Synechococcus S. Land S rapidly assemble to achieve an 

activity equal to that of the pre-assembled holoenzyme 

without changes in activation over the course of the assay 

(Fig. 3.5), indicating that this technique could be used to 

monitor the activation state of L. 

The level of co2, Mg2+ activation was measured at a 

variety of pH values to determine the pK of lysine 201 

(spinach numbering system) in the presence and absence of S 

(Fig. 3.6). The calculated pK values of 8.15 and 8.27 for 

holoenzyme and L respectively, are close to the value of 8.0 

reported for the spinach enzyme (Lorimer et al., 1976). The 

absolute values of the pK's are not precise and the 

difference between the two values is small but it can be 

seen from Fig. 3.6 that at certain pH values this small 

difference in pK can lead to large changes in the level of 

activation at a given cO2 and Mg2+ concentration. This 

indicates that the binding of S can influence the 

carbamylation state by changing the environment of the 

active site such that the pK for the lysine involved in 

activation (201 in the spinach numbering system) is altered. 

A lower level of activation of Synechococcus L relative to 
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LaS8' at pH 7.7 and 10 IJM CO2, has been observed (Andrews and 

BaIlment, 1984). Our results indicate that their 

observations could be accounted for by the difference in pK 

that we measure. 

The results demonstrating that the Kact for CO2 is not 

significantly changed by S at pH 8.4 (Fig. 3.7) can be 

explained in terms of the CO2 , Mg2+ activation equilibrium. 

If S influences the level of activation by altering the pK 

of the lysine involved in activation then differences 

between L and holoenzyme could be overcome if the pH is 

significantly higher than the pK. 

Other groups have analyzed L, partially purified from 

an E. coli lysate, on sucrose gradients (Andrews, 1988) or 

native gels (Goloubinoff et al., 1989) to determine the 

molecular weight. The results of these earlier experiments 

show that L that can be assembled with S to yield active 

enzyme that is predominantly octameric in crude extracts. 

The elution of purified L on Superose 6 and Superose 12 gel 

filtration columns was monitored by protein absorbance at 

280 nm. The position of elution of purified L was 

consistent with that of an octameric structure. The protein 

at all positions under the peak can be assembled with S to 

produce active holoenzyme whose activity is proportional to 

the absorbance. This supports the notion that the protein 

in this region is predominantly octameric. It has been 

reported that crude extracts containing L could not be 
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analyzed on Pharmacia FPLC superose gel filtration columns 

because most of the L activity was lost and that which did 

elute emerged at a position that was too late even for 

monomeric L (Andrews, 1988). In our hands purified L behaves 

reasonably well on both Superose 6 (Fig. 3.8) and Superose 

12 columns (not shown) but there is some loss of activity in 

the course of the gel filtration. 

Usually only 50% of the activity applied to the 

Superose columns could be recovered, but what did elute, 

eluted reproducibly and as a sharp peak. A possible 

explanation for the loss is that during the course of the 

gel filtration, some dissociation of the octamer occurred 

due to the dilution associated with gel filtration. 

Andrews, 1988 found a similar phenomenon occurring during 

sucrose density gradient centrifugation of L. Any L that 

had dissociated could expose hydrophobic areas that are 

involved in L interactions resulting in a strong interaction 

with the column matrix. This situation would lead to 

retention of L that dissociated without broadening of the 

peak for L that remained octameric. This suggests that the 

L octamer, in the absence of S, is in equilibrium with lower 

molecular weight forms that do not behave well on Superose 

columns. 

Further gel filtration analysis of L indicated that the 

presence of extracted E. coli protein could influence the 

elution position of L. This only occurred when L was bound 

---------~ ~~-~-----------.~ 
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with CABP in the absence of S. This indicated that the 

binding of CABP to L induced a change in L conformation that 

led to interactions with components of the E. coli extract 

that could be shielded by S. This also indicates that the 

properties of L can be influenced by E. £Qli protein and 

points out the importance of studying L in the purified 

form. 

GroE proteins (also ref~rred to as chaperonins) have 

been shown to assist in the assembly of a variety of 

macromolecular complexes (Ellis and Hemmingsen, 1989) and 

are involved in the assembly of B. rub rum rubisco ~ units 

in E. coli but a role in assembly of ~ units or folding of 

S remains unproven (Goloubinoff et al.,1989a; 1989b). 

Proteins homologous to GroE are involved in the assembly of 

rubisco in chloroplasts (Roy et al., 1982; Ellis and van der 

Vies,1988; Hemmingsen et al., 1988). The fact that ~ can 

be maintained in the purified form indicates that once 

assembled, this assembly intermediate no longer requires 

groE protein to maintain its stability or assembly status. 

Recent reports indicate that higher plant S associates 

with GroE in E. coli (Landry and Bartlett, 1989) and in 

chloroplasts (Lubben et ale 1989). We have shown that the 

small subunits from Synechococcus and pea can be completely 

denatured in 4 M urea and refolded such that they can 

promote rubisco activity in the absence of GroE. These 

results indicate that for folding of S and its subsequent 
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assembly with L, the specific actions of groE proteins are 

not required in vitro. For our preparations of purified L 

or S, it is possible that there was some contamination with 

GroE. ATP plus high amounts of both GroEL and GroES 

relative to their substrates are required for the groE 

proteins to promote assembly of ~ rubisco in vitro and are 

probably required for assembly of many proteins in ~ 

(Goloubinoff et ale 1989a; 1989b; Pelham, 1988). Even 

though there may have been some contamination in our 

preparations by GroE, its level would have been very low 

relative to S. Additionally there was no ATP present in 

these preparations suggesting that any contamination of the 

preparations by GroE would have had great difficulty in 

promoting the folding of such large quantities of S. 

It is thought that GroE can bind to regions of newly 

synthesized protein that might interact unfavorably with the 

solvent, thereby maintaining the stability of the protein in 

solution (Ellis and Hemmingsen, 1989; Bochkareva et al., 

1988; Goloubinoff, 1989). The presence of urea in our 

preparations might SUbstitute for GroE in this role. When 

urea is removed from our preparations by conventional 

dialysis or diafiltration, most of the S activity is lost 

indicating that the urea is required to maintain S 

stability. These data are consistent with a general role 

for GroE in stabilizing S in E. coli rather than a specific 

role in the folding and assembly of S with L. The fact that 

---------- ----------- -- -----



most of the highly expressed S protein was found in the 

pellet could indicate that the amount of S produced in E. 

&Ql1, exceeded the capacity of the GroE system to maintain 

its solubility. 
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CHAPTER 4 

SUBUNIT INTERACTIONS REGULATE THE TIGHT-BINDING 

OF A TRANSITION STATE ANALOG BY 

RIBULOSE 1,5-BISPHOSPHATE CARBOXYLASE/OXYGENASE 

-------------- ---._- . __ . 
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Abstract 

The large subunit (L) of ribulose 1,5-bisphosphate 

carboxylase/oxygenase (rubisco) from synechococcus PCC 6301, 

was expressed in Escherichia coli and analyzed for its 

ability to tightly bind the transition state intermediate 

analog 2-carboxy-D-arabinitol 1,5-bisphosphate (CABP). 

[14C]CABP remained bound to L even after a challenge with 

[12C]CABP and gel filtration, indicating that L was capable 

of tightly binding CABP. If the ionic strength was 

increased with either KCl or MgCl2, during or after the 

binding of [14C]CABP, the addition of [12C]CABP could result 

in elimination of [14C]CABP bound after gel filtration. The 

decrease occurred if [12C]CABP was added prior to the gel 

filtration. At similar ionic strengths, MgCl2 was much more 

effective at releasing bound [14C]CABP than was KCl. The 

rate constant (k4) for [14C]CABP dissociation from L-[14C]CABP 

complexes, but not ~S8-CABP complexes, were found to be 

strongly affected by ionic strength. 

The binding of CABP to L was found to induce a shift in 

the gel filtration profile for L that is probably the result 

of a conformational change. This change is masked by 

assembly with the small subunit and could be reversed by 

incubation at 150 mM MgCl2• These data indicate that 

interactions between Land S are intimately involved in 

maintaining the stability of the tight binding of CABP to 

the active site and that alterations of these interactions 

------------------ - ------- ---- -- ------



could be a means for regulation of the tight binding of 

inhibitors. 
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CABP is an analog of 3-keto-2-CABP, a transition state 

intermediate in'the carboxylation reaction catalyzed by 

rubisco. As such it is capable of binding to the ECM form 

of the catalytic site of rubisco holoenzyme with great 

tenacity (Kd=0.2 pM, t,/2=530 days) (Schloss, 1988). A 

complex between the carbamylated form of rubisco and CABP 

retains the activator cO2 and Mg2+ such that they do not 

exchange with free cO2 and Mg2+ in solution (Miziorko, 1979). 

EPR and NMR studies have shown that the carboxyl group at 

the C-2 position interacts with Me2+ ion bound at the 

catalytic site (Miziorko and Sealy, 1984; Pierce and Reddy, 

1986). This carboxyl group is thought to occupy the 

position of the substrate cO2 in 3-keto-2-CABP. 

Both spinach and B. rub rum rubiscos have been 

crystallized with CABP bound to the active site (Lundqvist 

and Schneider, 1989; Andersson et al., 1989). From these 

structures, amino acid residues have -been identified that 

form ligands to CABP. These are conserved across all 

species for which the primary sequence is known. The CABP 

is in an extended conformation that spans the alP-barrel 

with the phosphoryl oxygens binding primarily to backbone 

nitrogens and lysine f-amino groups. The crystal structures 

confirm the NMR and EPR measurements which show that the 

metal ion is directly coordinated to the carboxyl group of 

CABP. These contacts presumably reflect those that are made 
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by the transition state intermediate, 3-keto-2-CABP. In the 

case of the B. rubrum enzyme there is no evidence for a 

major conformational difference between carbamylated enzyme 

bound with CABP and decarbamylated enzyme without bound CABP 

(Lundqvist and Schneider, 1989). Many physical studies on 

LaSa type rubiscos, on the other hand, suggest that there 

are conformational changes upon both CABP binding and CO2, 

Mg2+ activation (see introduction "Conformational 

transitions"). 

In the experiments described in this chapter, CABP is 

used to study catalytic site characteristics that are 

influenced by S. CABP has been used in the past to study 

catalytic site characteristics of Synechococcus rubisco from 

which S had been removed by acid precipitation (Andrews and 

BaIlment, 1984). Rubisco L prepared in this way was 

essentially inactive but could have its activity promoted 

greatly by the addition of S. Results from this work, which 

are supported by the results in Chapter 3, indicate that a 

major portion of L in the absence of S is octameric. other 

data from this work demonstrated that CABP bound tightly to 

the catalytic site of L, indicating that L was carbamylated 

by CO2 and Mg2+, and that a major portion of the catalytic 

site, which was architecturally similar to that of the LaSa' 

was found on L (Andrews and BaIlment, 1984). These 

experiments and more recent experiments with L in crude 

extracts of E. coli suggested that the binding of CABP to 
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the catalytic site was looser than in the presence of S 

(Andrews, 1988). The work in this chapter extends these 

results to describe in more detail the influence of S on the 

CABP binding characteristics of L. 

The tight binding of phosphorylated sugars to the 

catalytic site inhibits the activity of rubisco in vivo. 

CA1P, a natural inhibitor that binds to rubisco in Vivo 

(Seemann et al., 1985), is an isomer of CABP, that is 

missing the phosphate moiety at the 5 position (Berry et 

al., 1987). The absence of the 5-phosphate group 

significantly reduces the affinity of CA1P for the 

carbamylated catalytic site relative to CABP as is indicated 

by the observed Kd values (0.2 pM for CABP VS. 32 nM for 

CA1P) (Berry et al., 1987). RuBP binds tightly to the 

decarbamylated active site !n vivo (Brooks and Portis, 1988; 

Cardon and Mott, 1989; Jordan and Chollet, 1983). Rubisco 

acti vase prom'otes rapid activation of rubisco that has 

either RuBP or CA1P bound to the catalytic site in vitro, 

suggesting that this protein increases the rate of 

dissociation of tightly bound ligands (Robinson et al., 

1988; Robinson and Portis, 1988). The action of rubisco 

activase helps to explain how rubisco can be activated in 

the presence of high concentrations of these inhibitors in 

vivo. For this reason it probably plays a key role in the 

regulation of rubisco activation state during 

photosynthesis. 

---------,----_._---
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The binding of CABP to the active site is analogous to 

the binding of natural phosphorylated sugars (Seemann et 

al., 1985; Pierce et al., 1980) in that all of these 

molecules bind to the active site via this mechanism: 

with E representing either carbamylated or decarbamylated 

rubisco, I representing any tight binding inhibitor and EI* 

representing the tightly bound complex of rubisco and 

inhibitor. This chapter studies the effects of S on various 

aspects of this binding mechanism with respect to CABP. 

---"------ ----"" 
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Results 

L binds CABP tightly. The following protocol, utilizing 

exchange of bound [14C]CABP with free [12C]CABP, 

discriminates between tightly bound and loosely bound 

['4C]CABP. The carbamy1ated form of rubisco is incubated 

with 1 J.l.M ['4C]CABP, a concentration that is 6 orders of 

magnitude greater than the dissociation constant reported 

for the spinach enzyme (1 pM) and is in excess of the number 

of rubisco catalytic sites available for binding (1 nmo1 

CABP and 400 pmo1 L). This treatment loads the rubisco 

catalytic sites with ['4C]CABP. After binding the catalytic 

sites with [14C]CABP, a fifty fold excess of [12C]CABP (50 

J.l.M) relative to ['4C]CABP is added and allowed to incubate 

for 1 h. Under these conditions, ['4C]CABP that is loosely 

bound, dissociates from the catalytic site, mixes with the 

free ['2C]CABP pool, and dilutes its specific activity fifty 

fold, such that any rebinding of CABP does not contribute 

significantly to the amount of bound radioactivity. Bound 

['4C]CABP is resolved from unbound by passing through a gel 

filtration column. Any ['4C]CABP that elutes at a position 

that corresponds t.o that of purified rubisco is considered 

to have been tightly bound to the catalytic site at the 

start of the gel filtration. 

When this procedure was used to analyze L, in crude 

lysate of E. coli, using a Superose 12 gel filtration 



107 

column, a peak of radioactivity eluted at a position that 

corresponded with the elution position for spinach 

holoenzyme (Fig. 4.1A). If spinach S, prepared by acid 

stripping from purified spinach holoenzyme, was added to a 

separate portion of the same extract prior to exposure to 

[14C]CABP and treated as above, the peak contained more 

radioactivity and was sharper than the peak for L ~nly (Fig. 

4.1 A). This indicated that the spinach S assembled with L 

and increased its ability to tightly bind CABP. When an 

equal amount of E. coli protein, extracted from cells that 

did not express L (no LANL1 plasmid), was treated in the 

same manner, no radioactivity eluted at the ~S8 position, 

indicating that the radioactive peaks in this region 

represent [14C]CABP that was specifically bound to rubisco. 

The peak for the assembled holoenzyme contained more 

bound [14C]CABP than did L. This is probably due to the 

fact that L binds CABP more weakly than holoenzyme and 

probably because ~ could have partially dissociated in the 

course of the gel filtration, causing the release of bound 

[14C]CABP. In many of these experiments a trail of 

radioactivity eluted after the peak indicating that some 

[14C]CABP was released during the· run. 

High ionic strength decreases CABP binding to L. The 

experiments described above were done at 165 mM ionic 



Fig. 4.1. CABP binding and size fractionation of L in 

crude extracts of E £Ql!. (A) CABP binding was done 

according to 2.C.3. (~) L plus spinach S; (0) L at 165 mM 

ionic strength; (e) L at 415 mM ionic strength; ( .... ), & 

coli cell line plus S. (B) ELISA (section 2.C.4.) of the 

same samples as in A detecting L protein. CABP (1 ~M, 44 

~ci/~mol) binding incubations were 1 ml and contained 400 

pmol L. 500 ~l was injected onto an FPLC Superose 12 gel 

filtration column. The elution buffer was 25 mM Tris-Cl, pH 

8.0, 10 mM KHC03 , 10 mM MgC12 , and KCl equal to the 

concentration during incubation. other conditions for CABP 

binding were as in section 2.C.2. Ionic strength was 

calculated based on the concentrations of all the salts in 

solution and was adjusted with KC1. The flow rate was 0.5 

ml/min. Position of elution of ~S8 and ~ was determined by 

following CABP binding to purified spinach rubisco and 

Rhodospirillum rub rum rubisco expressed in E. coli 

respectively. 

----------.-.---.. --... - .-' --_._ .. __ ._---_._ .. _.-. 
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strength. Ionic strengths, based on all ionic species 

present, were calculated using the following equation: 

109 

where C, is the concentration of the ionic species and Z, is 

the net charge of the ion. When the ionic strength was 

increased to 415 roM by addition of KCI during the incubation 

with ['4C]CABP and ['2C]CABP and during gel filtration, the 

binding of CABP to L was decreased to 10% of that bound to 

the holoenzyme (Fig. 4.1A). When the assembled holoenzyme 

was incubated at 415 roM ionic strength there was no decrease 

in CABP binding (Fig. 4.2). 

The amount of CABP bound, based on summation of the 

radioactivity that eluted under the area of the peak, was 

determined at various ionic strengths using the tight 

binding protocol described above (Fig. 4.2). When KCI was 

used to adjust the ionic strength between 100 and 250 roM the 

CABP bound was about 60% of that bound to the holoenzyme. 

At ionic strengths above 250 mM the amount of CABP bound to 

L dropped drastically. Binding of ['4C]CABP to the 

assembled holoenzyme remained constant. When MgCl2 was used 

to adjust the ionic strength, instead of KCI, the amount of 

CABP bound to L was decreased at lower ionic strengths. 

This suggests that the cationic component of the salt may be 

responsible for the decrease in CABP binding. 

--------------------- --
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When L was incubated with [14C]CABP and not challenged 

with [12C]CABP at an ionic strength of 415 mM (KCI), the 

amount of [14C]CABP bound was not significantly decreased 

relative to the same treatment at 165 mM (data not shown). 

This indicates that the ions used to adjust the ionic 

strength did not prevent the binding of [ 14C] CABP to the 

catalytic site. This also indicates that the decreased 

[14C]CABP binding induced by high ionic strength is not 

simply the result of a competition of ions for the CABP 

binding site. The decrease in bound [14C]CABP at high ionic 

strength only occurs after addition of [12C]CABP. Inorganic 

phosphate did not decrease the amount of [14C]CABP bound to 

L if it was added at 10 mM after incubation with [14C]CABP 

(data not shown). 

since the ions did not inhibit the formation of the L

[14C]CABP complex, the decrease in the amount of [14C]CABP 

bound at higher ionic strengths must have been the result of 

an increase in the amount of L-[14C]CABP complex that 

dissociated during the 1 h incubation with [12C]CABP. The 

rate of [14C]CABP dissociation is dependent on the product 

of 2 rate constants, k2 and k4• k2 is very rapid and k4 is 

rate limiting for dissociation of CABP (Pierce et al., 1980; 

Schloss, 1988). This suggests the effects of removal of S 

and ionic strength on the amount of bound [ 14C] CABP were on 

the dissociation rate constant (k4) for the EI* complex. 

Removal of S and changing the ionic strength may 

--------- ------------- -------



Fig. 4.2. Ionic strength dependence of CABP binding to 

L and hybrid spinach S-Svnechococcus~. CABP was bound and 

analyzed as in Fig. 4.1. The dpm's under each peak were 

added to give the total ['4C]CABP bound. Ionic strength was 

adjusted with either KCl or MgC12 as indicated. At the 

lowest MgC12 concentration 50 roM KCl was added to maintain a 

minimum ionic strength. 

--------- ------------- --------_. -_._-
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have also influenced k3' which determines the rate of 

formation of the L-['4C]CABP complex. This would have had 

no influence on any decrease in the amount of r'4C]CABP 

bound that occurred after the addition of ['2C]CABP because 

the L-['4C]CABP complex was already formed in the presence 

of the added ions prior to addition of ['2C]CABP. 

Ionic strength increases k, for L-r'4C]CABP. The rate of 

bound ['4C]CABP dissociation was measured at a variety of 

ionic strengths. L was incubated at the ionic strength to 

be tested (adjusted with MgC12 unless otherwise indicated), 

with 4 J.l.M ['4C]CABP for 1 h. At time=o, [12C]CABP was added 

in 100 fold excess over [14C]CABP, preventing rebinding of 

CABP to catalytic sites from contributing to the amount of 

radioactivity measured. At various times aliquots of L were 

diluted into solutions containing an excess of Synechococcus 

S purified from E. coli, allowed to assemble for 5 min and 

stored on ice until the amount of remaining [14C]CABP bound 

could be determined. Addition of S decreased the 

dissociation rate constant of the E-CABP complex to the 

point where no appreciable dissociation occurred before the 

amount of [14C]CABP bound was determined by gel filtration. 

This method allowed estimation of the first time point, 

after time=o, at 15 seconds after addition of [12C]CABP. 



Fig. 4.3. Effect of MgCl2 on [14C]CABP dissociation 

from L. Purified L (400 pmol) was incubated at 26°C in 50 

mM Tris-Cl, pH 8.0, 10 mM KHCOl , 4 #M [14C]CABP (31 ~Ci/~mol) 

and 10 mM or greater MgC12 • The labels on each dissociation 

curve represents the mM concentration of added MgCl2 • At 0 

time unlabelled CABP (200 ~M) was added and at various times 

40 #1 aliquots were removed and added to 210 ~l solution 

such that the final solution contained 50 roM Tris-Cl, pH 

8.0, 10 mM KHC03 , 0.1 mg/ml BSA, 1000 nM equivalents of S, 

to stop the ['4C]CABP dissociation. The final concentration 

of L was 160 nM. All other components were diluted 6.25 

fold but the MgC12 concentration was maintained at least 10 

mM. After incubation in the stop solution for 5 min the 

samples were transferred to ice until the bound ['4C]CABP 

could be separated from the unbound r'4C]CABP by Superose 6 

FPLC gel filtration. 

---------- ------------ --- ---------
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Dissociations that had a t1l2 of less than 15 seconds could 

not be measured using this method. 

Figure 4.3 shows that the rate of dissociation of CABP 

is strongly dependent on MgC12 concentration. Similar 

results were obtained if RCI was used, but much higher ionic 

strength equivalents were required to achieve the same rates 

of CABP dissociation (not shown). The initial amount of 

[14C]CABP bound varied due to experimental error but did not 

vary strongly in relation to the amount of MgC12, with low 

and high ionic strength experiments having comparable 

initial amounts of [14C]CABP bound (Table IV). Since there 

was always [14C]CABP bound at each ionic strength, the rates 

of loss of radioactivity measured after addition of 

[12C]CABP must be due to effects of ionic strength on the 

rubisco-CABP complex. The data (5 to 8 time points for each 

MgC12 concentration except 160 roM MgCI2) were analyzed with 

Multiple Exponential Decay Analysis Software (MEDAS) (EMF 

Software: Knoxville, TN) and all the plots were best fit 

with a first order decay equation containing a single 

exponential term, k4• In Fig. 4.4 MgCl2 concentrations were 

converted to ionic strength and plotted against the log of 

k4• with increasing ionic strength, k4 increased steadily 

until between 350 and 450 mM ionic strength it increased 

sharply. The measurement at 160 mM MgC12 showed all the 

dissociation occurring before the first time point could be 

measured so the value for k4 that is reported is the minimum 



Table IV. Dissociation of [ '4C] CABP From L 

Hggl2 Qongent~atlon (roM} 
0 35 60 85 110 160 

Time' 
r'4C1CABP bound (DPM} (mln} 

0 1578 1791 1336 733 2212 1204 
0.25 487 
0.5 475 
0.75 487 
1 2040 421 
2 345 
3 1087 1008 
4 564 
5 800 924 
7.5 515 
10 918 611 
11 360 
15 1072 
16 271 
20 561 366 
30 1263 725 394 
45 586 278 
60 971 492 
90 343 
120 730 287 
180 241 
300 463 

'Time represents time between addition of ['2C]CABP and 
quenching of the dissociation by addition of S 
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Fig. 4.4. Log k4 as a function of increasing ionic 

strength (adjusted with MgC12). The data used for Fig. 4.4 

were analyzed with Multiple Exponential Decay Analysis 

Software (MEDAS). The curves were best fit by a single 

first order exponential yielding the first order rate 

constants for CABP dissociation shown in the figure. 

--------- ._-._-- . __ ... -- .. 
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dissociation rate constant that would have been observed 

using our measuring technique. 
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Ionio strength does not inorease dissooiation of La. The 

samples that were used for the CABP binding experiments in 

Fig. 4.1A were assayed directly for L protein using an ELISA 

(see section 2.6.4) (Fig. 4.1B). The profile shows that 

there was a significant portion of L protein eluting in 

higher molecular weight fractions that did not have 

[14C]CABP bound (compare 4.1A and B). The 415 mM ionic 

strength treatment caused a reduction in the amount of 

protein in these higher molecular weight fractions but did 

not drastically alter the position of elution or the amount 

of L that was present in the peak. A small amount of 

immunoreactive protein eluted after the peak (13-16 ml 

elution volume) suggesting that some L may have dissociated 

in the course of the run. The amount of material in this 

area was not affected by the ionic strength treatment 

indicating that dissociation of L octamers to smaller forms 

did not contribute significantly to the loss of bound CABP 

caused by increasing the ionic strength. 

As an alternate approach to the ELISA to test for 

dissociation of L octamers, the elution profile of purified 

L without bound CABP, was monitored by the protein's 

absorbance at 280 nm (Fig. 4.5) at 165 mM (A) and 415 mM (B) 

ionic strength (adjusted with KCL). It can be seen that the 



Fig. 4.5. Ionic strength effects on the elution of 

purified L. Purified L (800 pmol) was incubated at 165 and 

415 mM ionic strength in 250 ~l elution buffer (see Fig 

4.1). 200 ~l was injected onto an FPLC Superose 6 gel 

filtration column equilibrated with a solution identical to 

the incubation solution. The flow rate was 0.5 ml/min. 

Vertical bar represents 0.0005 Absorbance units. Molecular 

weight markers are: a) blue dextran (Vo)' b) thyroglobulin 

(670 kDa) , c) spinach rubisco (550 kDa) , d) gamma-globulin 

(158 kDa) , e) ovalbumin (44 kDa) , f) myoglobin (17 kDa) , g) 

vitamin B-12 (1.3 kDa) 



118 

a bcdef 9 
I IIIII I 

-.. 165 mM E 
c 
0 
ex:> 
C\I ......... 
Q) 
0 
c 
ctS 
.n 415 mM to.... 
0 
UJ 
.n 
« 

I 

o 6 9 18 24 

Elution Volume (ml) 

--------------------------- -



119 

position of elution or the amount of L present is not 

influenced by ionic strength. These results with purified 

L, and L in crude extracts, indicate that ionic strength is 

not influencing the solubility or the intactness of L 

octamers suggesting that the decreases in CABP binding 

observed with increases in ionic strength are the result of 

changes in specific interactions between CABP and the 

catalytic site. 

Binding of CABP to L alters its molecular conformation. 

Elution of purified L in the presence or absence of CABP was 

followed by monitoring the absorbance of the protein at 280 

nm (Fig. 4.6). The position of elution of the protein, with 

no CABP bound, corresponds to that of the activity in the 

previous set of experiments (see Fig. 3.9). If CABP was 

bound to L and run on a column that was not equilibrated 

with CABP the peak was slightly broader and slightly shifted 

to higher molecular weight (not shown). When the protein 

was bound with CABP and gel filtered on a column 

equilibrated with 3 ~M CABP there was a drastic change in 

the elution profile such that the majority of the protein 

eluted at higher molecular weight positions, indicating that 

an alteration in the molecular conformation of L had 

occurred. 2-carboxy-D-ribitol 1,5-bisphosphate (CRBP) is an 

isomer of CABP that differs in stereochemistry about C-2. 

CRBP and CABP interact with the catalytic site of rubisco in 



Fig. 4.6. Effect of the binding of CABP on L apparent 

molecular weight. Purified L (500 pmol) was incubated at 

26°C for 1 h in 50 mM Tris-Cl, pH 8.0, 10 mM MgC12 , 10 mM 

KHC03 under 3 conditions: upper panel, nothing added; middle 

panel, +3 ~M CABP; lowest panel, +3 ~M CABP and 150 mM 

MgC12 • 200 ~l samples were loaded on a FPLC Superose 6 

column equilibrated with buffer identical to the incubation 

solution. The column was eluted at 0.25 ml/min and 

molecular weight markers are as in Fig. 4.5. vertical bar 

represents 0.001 Absorbance units. 
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a similar fashion in that both can form a rapidly 

dissociable complex; however, CRBP does not bind tightly to 

rubisco (overall K1=1.5 ~M) (Pierce et a1., 1980). When L 

was incubated and run on the column equilibrated with 3 ~M 

CRBP there was no change in the position of elution (data 

not shown). These results indicate that L can exist in at 

least two conformations; one that exists during interaction 

with loosely bound ligands and one that exists when ligands 

are tightly bound. When L was assenm1ed with S prior to 

CABP binding there was no shift in elution position when run 

on the column equilibrated with CABP (Fig. 4.7). This 

indicates that the conformation change that occurs upon 

tight binding of ligands is accommodated or modified by 

interactions with S such that no alteration of molecular 

size occurs. When CABP is bound to L in the presence of 150 

mM MgC12 and run on the column equilibrated with 150 mM 

MgC12 and 3 ~M CABP, the position of elution corresponds 

with that in the absence of tight binding. Previous results 

demonstrated that high ionic strength caused a decrease in 

the ability of L to retain tightly bound CABP. The shift to 

a size that resembles that of the loosely bound state is 

consistent with the loose binding that is observed at 150 mM 

MgC12 (Figs. 4.3 and 4.4, Table IV) 



Fig. 4.7. Effect of the binding of CABP on ~S8 

molecular weight. The peak that elutes first is rubisco 

holoenzyme and the second peak is unassembled S. Elution 

and incubation conditions are identical to those described 

in Fig. 4.6 except 1000 pmol equivalents of S were included 

during the incubation but were omitted from the elution 

buffer. Solid line, +3 ~M CABP; dotted line no CABP. 

Vertical bar represents 0.001 Absorbance units. 

weight markers are as in Fig. 4.5. 
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Discussion 

CABP binds to spinach rubisco with a Kd of 0.2 pM and 

the complex has a half-time for dissociation of 530 days 

(Schloss, 1988). The large subunit of rubisco from 

Syneqhococcus, in the absence of S, also binds CABP tightly 

but not as tightly as the holoenzyme (Andrews and Ballment, 

1984; Andrews, 1988). The experiments presented in this 

chapter used an approach to examine CABP tight binding that 

was different from that used in these earlier studies in 

that the stability of the L-[14C]CABP complex was tested by 

a challenge with excess [12C]CABP. Under these conditions 

[14C]CABP remained bound to L at low ionic strength proving 

that the CABP can be tightly bound to the active site in the 

absence of S. High ionic strength caused a large increase 

in the rate of [14C]CABP dissociation from L, but not from 

~S8' in the presence of [12C]CABP. This indicates that the 

binding to L is much weaker than has been previously 

suggested (Andrews and Ballment, 1984; Andrews, 1988). 

Due to the nature of the experimental technique some 

possible explanations for the ionic strength dependence of 

CABP binding can be ruled out. These are factors that could 

influence the rate of formation of the L-CABP complex, but 

would not affect the rate of dissociation of CABP from the 

complex (k4). These include the following: 1) added ions 

could interact with amino acids in the active site 
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electrostatically, thereby neutralizing the charges that are 

involved in the interaction with CABP. 2) Divalent cations 

are known to form coordination complexes with sugar 

bisphosphates and this interaction could be strong enough to 

sequester CABP and prevent binding to the active site. That 

['4C]CABP remains bound to the active site at all ionic 

strengths tested, until challenged with ['Z]CABP, indicates 

that the ionic strength effects that we measured were on k4 • 

There may have been an effect of ionic strength on k3 but 

this would not have affected the measurements of k4 • 

Effects of ionic strength on the binding of CABP have 

been reported; however, these results are not comparable 

with ours due to the fact that CPBP, which is a racemic 

mixture of CABP and CRBP, was used to measure the effects of 

ionic strength on the overall Kd to holoenzyme only 

(Wishnick et a1. 1970). Their estimates of the overall Kd 

(1-10 ~M) are much higher than that obtained with purified 

CABP and indicate that the Kd that was measured did not 

correspond to that of the tight binding complex (Pierce et 

al., 1980; Schloss, 1988). 

That L can bind CABP tightly in the absence of S 

indicates that L can undergo the· conformational change that 

is required for tight binding. That the dissociation rate 

constant for the L-CABP complex (Fig. 4.4) can be increased 

3 orders of magnitude over that for the holoenzyme-CABP 

complex at 160 roM MgClz means that the tight binding of 
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ligands by L is highly unstable. This also indicates that 

the small subunit is intimately involved in stabilizing ~S8 

in a conformation that tightly binds CABP. 

A model that would accommodate these results is as 

follows. S must stabilize CABP tight binding through 

specific bonding interactions between amino acids on Sand 

amino acids on L. To change to a looser binding 

conformation these interactions might have to be disrupted 

and new interactions created. Added cations might interact 

with ~S8 in such a way as to favor a conformation that 

loosely binds CABP but the transition, represented by a 

change in k4, is prevented because bonding interactions 

between Sand L are too strong. In the absence of S, the 

free energy for the transition from the tight binding 

conformation to a looser binding conformation might be 

favorable because fewer amino acid interactions would have 

to be perturbed. 

When considering these loose and tightly bound states 

it is important to consider that the transitions between 

slowly and rapidly dissociable complexes is not an all or 

nothing phenomenon. clearly with variations in ionic 

strength there are a variety of intermediates that have 

different rates of [14C]CABP dissociation. This is probably 

because there is a continuum of subtly different 

conformations each having a different CABP dissociation 

rate. 
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The gel filtration experiments demonstrating changes in 

the elution of L, upon ligand tight binding, support the 

idea that there are different conformations that represent 

tightly and loosely bound states. That assembly with the 

small subunit prevents the change in elution profile 

indicates that the small subunit accommodates the 

conformational transition that is known to occur during CABP 

tight binding to the holoenzyme (Pierce et al., 1980; Johal 

et al., 1985). 

Possibly, when CABP binds tightly to rubisco holoenzyme 

there is a conformational change that leads to changes in 

the L-S contacts. When CABP binding occurs in the absence 

of S, the amino acids on L that interact with amino acids on 

S only in the CABP bound state might be exposed to the 

surrounding solvent. This could lead to unfavorable 

interactions with the solvent that would be overcome by L 

subunits associating with each other. Results from chapter 

3 indicate that octameric L is in equilibrium with lower 

molecular weight species. The binding of CABP could shift 

this equilibrium to L structures that are larger than 

octameric. The breadth of the peak of L with CABP bound in 

Fig. 4.6 indicates that the higher molecular weight forms 

are in equilibrium with a variety of lower molecular weight 

forms most of which are larger than octameric. 

The addition of MgC12 that leads to disaggregation 

might either neutralize the exposed charges on the surface 



127 

or alter the conformation of L such that amino acids are no 

longer unfavorably exposed. It is likely that the 

conformational changes that cause the alteration in 

aggregation state also change the k4 for the complex. It is 

not evident from these experiments whether the 

conformational change alone is sufficient for tight binding 

or whether it must be coupled to aggregation. 

Several molecules of physiological importance including 

CA1P, RuBP and XuBP bind to rubisco via a tight binding 

mechanism. The enzyme, rubisco activase, can catalyze 

activation of spinach rubisco that has CA1P and RuBP tightly 

bound to the active site (Robinson and Portis, 1988; 

Salvucci et al., 1986a). Activase causes rubisco activation 

by increasing the k4 for these tightly bound ligands, 

probably through a conformational alteration of the active 

site (Robinson and Portis, 1988). That structural change is 

analogous, to the conformational change in L that probably 

occurs with changes in ionic strength in that both lead to 

an increase in k4. If the two processes were strictly 

analogous the changes in contact between Land S that would 

have to occur to increase the rate of release of CABP would 

also occur when activase increases the rate of release of 

bound inhibitors. Since interactions with S playa role in 

preventing the release of tightly bound CABP these same 

interactions might have to be altered to promote the release 

of tightly bound inhibitors by rubisco activase. 

-------------
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All of the experiments in this chapter were with 

Synechococcus rubisco while all the experiments with 

physiological tight binding inhibitors and activase have 

been done with higher plant rubiscos (Seemann et al., 1985; 

Robinson and portis, 1988). Experiments in the next chapter 

indicate that Synechococcus rubisco does not bind 

physiological inhibitors as tightly as the spinach enzyme 

and that rubisco activase does not influence their binding 

characteristics. For these reasons the data presented in 

this chapter cannot be absolutely compared to results with 

spinach enzyme and rubisco activase. 

The large subunits are 80% identical in terms of amino 

acid sequence between spinach and Synechococcus (compiled in 

Andrews and Lorimer, 1987). There is considerably more 

divergence between small subunits where the amino acid 

identity is about 45% (Shinozaki and Sugiura, 1983). Amino 

acids that participate in the interaction between Land S 

are highly conserved in both Land S across many species. 

There is a highly conserved region (75% identity) among 

higher plant small subunits, that is absent in 

cyanobacterial S, and interacts extensively with higher 

plant L (Knight et al. 1989; Wasmann et al., 1989). Among 

other things, these differences in structure are correlated 

with to an increase in the affinity of spinach rubisco for 

tight binding ligands relative to cyanobacterial rubisco 
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(see chap. 5). It could be that some of these differences 

are manipulated by the activase system. 

In summary, S plays a role in inhibitor tight binding. 

Alteration of ~S8 interactions is a possible mechanism for 

regulating the tight binding of ligands to rubisco. 

--------------- -----------------



CHAPTER 5 

BINDING AND RELEASE OF TIGHT BINDING INHIBITORS 

BY TWO EVOLUTIONARILY DIVERSE FORMS OF RIBULOSE 

1,S-BISPHOSPHATE CARBOXYLASE/OXYGENASE 

------------------- ---- - ------
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Abstract 

The Kd for the interaction of the natural inhibitor of 

ribulose 1,5-bisphosphate carboxylase/oxygenase (rubisco), 

2-carboxy-D-arabinitol l-phosphate (CA1P), with 

synechococcus rubisco, was found to be one order of 

magnitude higher than that for rubisco from spinach (2 ~M 

vs. 0.2 ~M). The competitive inhibition constant, KI , which 

is a measure of the ratio of the dissociation and 

association rate constants (kz/k,) for the first step of the 

tight binding equilibrium, were very similar for the 

rubiscos from the two organisms (2.13 for Synechococcus and 

1.25 for spinach) indicating that the dissociation constant 

for the second step (k4/k3) was responsible for the 

difference in overall Kd • Similar results were found for 

xylulose 1,5-bisphosphate (XuBP) although there was a 3-fold 

difference in KI (5.2 ~M for synechococcus and 1.6 ~M for 

spinach). 

RuBP inhibited the rate of activation of Synechococcus 

rubisco by COz and Mgz+ but not to the extent observed for 

the spinach enzyme. A Synechococcus ~-pea S hybrid 

holoenzyme had a rate of activation that was between that 

for spinach and Synechococcus holoenzymes. This suggests 

that it is possible that differences in S are responsible 

for the differences in tight binding that are observed. 

Rubisco activase from spinach did not influence the rate of 

COz' Mgz+ activation of the enzymes containing Synechococcus 

----------------.--



L, when inhibited with either CA1P or RuBP while it did 

increase the rate of activation of spinach holoenzyme. 

132 

L, in the absence of S, not only was not inhibited by 

RuBP, but was activated in the presence of RuBP. This 

indicates that RuBP can shift the CO2 , Mg2+ activation 

equilibrium to favor the carbamylated form of rubisco in the 

absence of tight binding to the decarbamylated catalytic 

site. 



133 

Correlating the in vitro properties of rubisco with the 

observed activity in vivo has been a problem since even 

before the CO2 and Mg2+ mechanism for activation was proposed 

(Lorimer et al. 1976). One particularly interesting problem 

was that the substrate, RuBP, bound tightly enough to the 

decarbamylated catalytic site to prevent activation in vitro 

even in the presence of high concentrations of CO2 and Mg2
+ 

(Sicher et al., 1981; Jordan and Chollet, 1983). For this 

reason it was hard to explain how rubisco could be activated 

in vivo where the steady state concentration of RuBP could 

be higher than 6 mM (Perchorowicz et al. 1981; Mott et al., 

1984). 

In higher plants the recently discovered protein, 

rubisco activase, is able to increase the rate of activation 

of RuBP-inhibited rubisco by promoting the release of RuBP 

from the catalytic site in the presence of ATP (Portis et 

al., 1936; streusand and Portis, 1987). This explains how 

rubisco can be active in vivo in the presence of high RuBP. 

Rubisco complexed with either CA1P or other tight binding 

inhibitors can also be activated by rubisco activase 

(Robinson and Portis, 1988; Robi~son and Portis, 1989a). 

These results imply that rubisco activase acts by altering 

the dissociation constants for tight binding of inhibitors 

to rubisco, thereby removing barriers to catalysis or 

activation. Rubisco activase cannot increase the activation 
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of the rubisco-CABP complex (Robinson and Portis, 1988) 

whose overall Kd is at least 3 orders of magnitude lower 

than the Kd's for physiological tight binding inhibitors 

(Pierce et ale 1980; Jordan and Chollet, 1983; Berry et ale 

1987) indicating that if the Kd for the inhibitor is too 

low, activase cannot promote its release. 

These inhibitors, with rubisco activase, play an 

important role in regulation of rubisco in plants. The 

strong inhibition of activation by RuBP for higher plant 

rubiscos, is not observed for rubiscos from cyanobacteria 

(Andrews and Abel; 1981, Jordan and Ogren, 1983) or the ~ 

type enzyme from B. rub rum (Whitman et al., 1979; Jordan and 

Chollet, 1983), suggesting that RuBP is unable to bind 

tightly to the decarbamylated form of these rubiscos. 

Synechococcus rubisco is capable of binding ligands tightly, 

as is evidenced by its ability to bind CABP (Andrews and 

BaIlment, 1984; Chapter 4) but this does not necessarily 

extend to the physiologically important molecules which have 

dissociation constants that are higher than CABP. The 

presence of rubisco activase has been demonstrated in many 

algal and plant species and is considered to be ubiquitous 

in eukaryotic, photosynthetic organisms (Salvucci et al., 

1987) but has not yet been shown to exist in prokaryotic 

organisms such as Synechococcus. 

Photosynthesis in cyanobacterial organisms existed on 

earth before the emergence of land plants; therefore, 

------------._---_ .. _-
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higher plant rubiscos may have evolved from their 

cyanobacterial counterparts (Cattolico, 1986; Newman et al., 

1989). Land plants and marine cyanobacteria have been 

subjected to different evolutionary pressures since the time 

of their divergence which has probably resulted in 

differences in kinetic characteristics of their rubisco's, 

including the Km's for CO2 and RuBP as well as specificity 

factors (Jordan and Ogren, 1981; Jordan and Ogren, 1983). 

This chapter is concerned with differences in the ability of 

the evolutionarily diverse rubiscos from spinach and 

Synechococcus to tightly bind inhibitors, and the ability of 

rubisco activase to influence these binding characteristics. 

These studies may more clearly define the physiological role 

of inhibitor tight binding in cyanobacteria and higher 

plants. 
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Results 

Binding of CA1P and XuBP is looser to syneohooooous rubisoo 

than to spinaoh rubisoo. The overall Kd values for the 

interaction of CA1P and XuBP with CO2, Mg2+ activated spinach 

and Synechococcus holoenzymes, were determined by titration 

of fixed concentrations of rubisco with increasing amounts 

of inhibitor (Fig. 5.1). These data were fitted with an 

equation describing the curve that would be expected if the 

mechanism of inhibition involved tight binding of the 

inhibitor (Henderson, 1972): 

where Et is the total rubisco catalytic site concentration, 

It is the total inhibitor concentration and EI is the 

concentration of rubisco-inhibitor complex. EI at various 

inhibitor concentrations was determined using the following 

equation: 

where VI is the rubisco activity in the presence of 

inhibitor and Va is the activity in the absence of 

inhibitor. 

-------------- ----

(2) 



Fig. 5.1. Titration of Synechococcus and spinach 

rubiscos with CA1P and XuBP. Spinach rubisco (0.3 ~M 

catalytic sites) was incubated for 30 min in 100 mM Bicine

NaOH, pH 8.2, 10 mM KH14C03 , 10 mM MgCl2 and varying 

concentrations of CA1P or XuBP. Synechococcus rubisco (0.3 

~M) was incubated for 30 min in 100 mM Bicine-NaOH, pH 8.2, 

40 mM KH14C03 , 20 mM MgCl2 and varying concentrations of CA1P 

or XuBP. Activity was determined by addition of RuBP (0.6 

mM) to initiate the reaction and terminated 15 s later. The 

specific activity of the spinach enzyme was 1.0-1.4 ~mol CO2 

fixed/mg/min. The specific activity of the Synechococcus 

enzyme was 5-6 ~mol CO2 fixed/mg/min. Rubisco amounts were 

calculated based on CABP binding sites. Vo is the activity 

in the absence of added inhibitor and Vi is the activity 

after inCUbation with the inhibitor. 
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Equation 1 and the data were fitted with a nonlinear 

regression analysis program using SAS (SAS Institute Inc.; 

Cary, NC). The Kd's of CA1P and XuBP for the spinach 

holoenzyme were 0.2 and 0.5 ~M respectively. For the 

Synechococcus holoenzyme the Kd for CA1P was found to be 2 

~M, and for XuBP significant inhibition was not observed 

until concentrations reached 10 ~M. 

As has been discussed previously, the interaction 

between tight binding inhibitors and the rubisco catalytic 

site is governed by two pairs of kinetic constants, the 

first (kz/k,) being a rapid equilibrium which is followed by 

a slower, time dependent interaction (k4/k3), that results 

in tight binding (overall Kd=(kzk4/k,k3». The difference in 

the overall Kd's between the two enzymes for the two 

inhibitors could be attributed to a change in either kz/k, 

or k4/k3 or both. To determine which was the case, the KI's 

for XuBP and CA1P with respect to RuBP were compared for the 

two enzymes (Kj=kz/k,). These experiments differed from the 

measurements of overall Kd in that the RuBP and the 

inhibitor were added simultaneously to initiate the reaction 

which was then terminated within 15 s. This approach 

prevents the tight binding complex from forming and gives 

the apparent dissociation constant for the rapid equilibrium 

phase (Pierce et al., 1980). Figures 5.2 and 5.3 are 

Lineweaver-Burke plots for determination of the KI for 

inhibition by CA1P and XuBP respectively. Figures 5.4 and 



Fig. 5.2. Double reciprocal plots of activity versus 

RuBP concentration when CA1P and RuBP were added 

simultaneously. Assay conditions are as in Fig. 5.1 except 

CA1P was varied during the assay and was not included in the 

incubation buffer. The concentrations of spinach enzyme and 

Synechococcus enzyme were 0.2 ~M and 0.047 ~M respectively. 

-----------_._ .... - .. 
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Fig. 5.3. Double reciprocal plots of activity versus 

RuBP concentration when XuBP and RuBP were added 

simultaneously. conditions are identical to Fig. 5.2 except 

XuBP concentration was varied during the assay. 
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Fig. 5.4. Slopes of double reciprocal plots as a 

function of CA1P concentration. Slopes of the double 

reciprocal plots from Fig. 5.2 were calculated by linear 

regression and the method of Wilkinson, 1966. 
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Fig. 5.5. Slopes of double reciprocal plots as a 

function of XuBP concentration. slopes of the double 

reciprocal plots from Fig. 5.3 were calculated by linear 

regression and the method of Wilkinson, 1966. 
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5.5 are plots of the slopes from the Lineweaver-Burke plots 

as a function. of CA1P concentration (Fig. 5.4) and XuBP 

concentration (Fig. 5.5). The "absolute value" of the 

number at the X axis intercept yields the Kf • The Kro's for 

RuBP in the absence of inhibitors, 60 ~M for Synechococcus 

and 15 ~M for spinach, are comparable to those that have 

been previously published (Andrews and Lorimer, 1985; Jensen 

and Bahr, 1977). The KI of XuBP for the spinach and 

Synechococcus rubiscos were found to be 1.6 ~M and 5.2 ~M 

respectively. For CA1P the K, for spinach enzyme was 1.25 

~M while for the Synechococcus enzyme it was 2.13 ~M. The 

fact that the Kl's of these inhibitors for the Synechococcus 

and the spinach rubiscos were very similar for CA1P and XuBP 

indicates that these enzymes have comparable rapid 

equilibrium Kd's (k2/k,). 

Activation of spinach rubisco with rubisco activase. 

Rubisco activase was purified from spinach leaves following 

the procedure of Robinson et ale 1988. The ability of this 

protein to activate purified spinach rubisco, previously 

inhibited by RuBP, is shown in Fig. 5.6. As the 

concentration of purified rubisco activase is increased, the 

rate of activation increased as did the final steady state 

level of activation. other experiments indicated that the 

rate of activation increased in response to increasing 

concentrations of rubisco (data not shown). Rubisco that 

--------_ ... __ .... _ ... 



Fig. 5.6. Activation of spinach rubisco by spinach 

rubisco activase. Spinach rubisco, dialyzed against 50 roM 

Tricine-NaoH, pH 8.0, and 1 roM EDTA was incubated at 2.2 

mg/ml in the presence of 0.5 roM RuBP for 30 min prior to 

activation and assay. The activation mixture contained 50 

roM Tricine, pH=8.0, 3 roM KHC03 (40 ~M CO2), 10 roM MgCl2 , 4 roM 

RuBP, and an ATP regenerating system (1 mM ATP, 15 roM 

creatine phosphate, 20 U of creatine phosphokinase). 

Activase was added to the activation mixture, in the amounts 

indicated in the figure, 30 s prior to addition of the 

spinach rubisco (0.4 mg/ml) (final volume=1 ml). At the 

indicated times, aliquots were removed from the activation 

buffer and assayed for rubisco activity by addition to a 

solution containing 50 roM Tricine-NaOH, pH 8.0, 3 roM KH14C03 

(10 ~Ci/~mol), 10 roM MgCl2 and 1 roM RuBP. The assay was 

quenched after 30 s by addition of an equal volume of 1 N 

HCl. The concentration of rubisco activase was determined 

using the Bradford protein assay (section 2.C.7). The final 

activities are low because the CO2 concentration used in the 

assay was sub-saturating for catalysis. Low concentrations 

of CO2 were used to mimic the conditions that have to be 

used to prevent changes in carbamylation when the 

Synechococcus carbamylation status is measured. 

-------------- .. _.-
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had not been previously incubated with RuBP was not 

influenced by the presence of activase. Rubisco activase 

was also capable of increasing the rate of activation of 

CA1P inhibited rubisco activase (data not shown). All of 

these results are in accord with previously published 

results concerning purified rubisco activase (Robinson et 

al., 1988; Robinson and Portis, 1988). 
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Inhibition of synechococcus rubisco by RuBP. Figure 5.7 

shows the kinetics of activation of Synechococcus rubisco 

holoenzyme, and a pea S-Synechococcus La, hybrid holoenzyme 

in the presence and absence of 4 roM RuBP. The rate of 

activation of both enzymes is very rapid in the absence of 

RuBP. The first assay was done within ten seconds after 

addition to the activation buffer and it can be seen that 

both enzymes, in the absence of RuBP, were almost fully 

activated during this time. In the presence of RuBP the 

rate of activation of both holoenzymes is inhibited (Fig. 

5.7A,B) but not to the same extent as the spinach enzyme 

(compare Fig. 5.6). The rate of activation of the hybrid 

(Fig. 5.7A) is slower than that seen for the Synechococcus 

holoenzyme (Fig. 5.7B) but faster than for the spinach 

enzyme. This indicates that some of the tight binding of 

RuBP by the decarbamylated form of higher plant rubiscos can 

be conferred upon Synechococcus L by addition of a higher 

plant S. 

------------------ ... __ ._--_. 



Fig. 5.7. Influence of RuBP and rubisco activase on 

the activation rate of Synechococcus holoenzyme and a pea S

Synechococcus ~ hybrid. A) Pea S- Synechococcus ~, hybrid 

holoenzyme. B) Synechococcus S- synechococcus ~, 

holoenzyme. Rubisco enzymes assembled as described in 

Chapter 3 were incubated +/- 4 mM RuBP in 50 mM Tris-Cl, pH 

8.0, 100 mM KCl, 1 mM OTT and 0.2 roM EDTA for 30 min prior 

to activation. Activation was initiated by addition of the 

rubisco (0.4 mg/ml) to a solution containing 50 roM Tricine

NaOH, pH 8.0, 10 roM KHC03 (130 ~M CO2), 10 roM MgCl2 , +/- 4 roM 

RuBP, an ATP regenerating system as described in Fig. 5.6 

and 250 ~g/ml activase added 30 s prior to addition of the 

rubisco. For the -RuBP treatment, RuBP was omitted from the 

inCUbation and activation buffers but was included in the 

rubisco assay medium and rubisco activase was omitted. The 

activities at the various indicated times were determined by 

dilution of aliquots of the activation reaction into 50 roM 

Tricine, pH 8.0, 5 roM KH14C03 (1 ~ci/~mol) (65 ~M CO2), 10 roM 

MgCl2 and 1 roM RuBP. Because of the technical nature of the 

assay the first time point was taken 10 s after addition to 

the activation solution. specific activities are low 

because the CO2 concentration used in the assay was sub

saturating for catalysis. CO2 concentrations throughout 

this chapter were calculated from the KHC03 concentrations 

according to Yokota and Kitoaka, 1985 at an ionic strength 

of 0.1 M. 
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Fig. 5.8. Activation of Synechococcus L in the 

presence and absence of RuBP. Synechococcus L was incubated 

+/- 0.5 roM RuBP in 25 roM Tricine, pH 8.0, and 0.2 roM EDTA. 

To initiate activation, aliquots were transferred to a 

solution containing 50 roM Tricine, pH 8.0, 5 roM KHC03 (65 ~M 

CO2), 5 roM MgCI2 , and +/- 4 roM RuBP, such that the 

concentration of L was 0.2 mg/ml. At the indicated times, 

aliquots were diluted into a solution containing 50 roM Tris

CI, pH 8.0, 5 roM KH14C03 (2.5 I-'Ci/I-'mol) (65 I-'M CO2), 5 roM 

MgCI2, 1 roM RuBP and 600 nM S to assay the activation status. 

Reactions were quenched after 15 s by addition of an equal 

volume of 1 N HCI. 

-----------_._._-_._-------_._---- .. __ . 
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In a separate series of experiments with L it was 

observed that RuBP not only did not inhibit the rate of 

activation of Svnechococcus L but actually increased the 

level of activation by over two-fold (Fig 5.8). A possible 

explanation is that RuBP did not bind tightly to the 

decarbamylated form of L but did interact and stabilize the 

carbamylated form of L. This situation could lead to an 

increase in the level of activation via a mechanism similar 

to that seen with 6-phosphogluconate (6-P-G). 6-P-G causes 

increased the activation of spinach rubisco at sub

saturating levels of CO2 , in part, because it is able to 

bind to, and stabilize the carbamylated form of the 

catalytic site to a greater extent than the decarbamylated 

form (Jordan et al., 1983). 

Figure 5.9 demonstrates the effects of 6-phospho

gluconate on the activation of Synechococcus holo-enzyme and 

L without S. It can be seen that the response of activation 

at pH 8.4 to the concentration of 6-P-G was approximately 

the same for either the holoenzyme or L. This indicates 

that the rapid equilibrium binding interaction between the 

carbamylated catalytic site and sugar phosphates is not 

greatly perturbed by the absence of the small subunit. This 

also suggests that S does not affect the stabilization of 

the carbamylated form by 6-P-G relative to the 

decarbamylated form at this pH. 



Fig. 5.9. Activation of L and holoenzyme by 6-phospho

gluconate. L (e) or holoenzyme (0) were incubated for 30 

min with the given concentrations of 6-P-gluconate, at air 

levels of CO2 (10 J.£M), in a solution containing 50 roM 

Bicine-NaOH, pH 8.4, 20 roM MgCl2 and 0.1 mg/ml BSA. After 

the incubation, aliquots were diluted into a solution 

containing 50 roM Bicine-NaOH, pH 8.4, 3 roM KH 14C03 (10 

J.£Ci/J.£mol), 20 roM MgC12 , 1 roM RuBP and +/- 600 nM S, such 

that the final L concentration was 500 nM. Assays were 

quenched after 15 s by addition of an equal volume of 1 N 

HC!. 

--------_ .. _ ... _ .... -.-
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Synechococcus rubisco is not activated by spinach rubisco 

activase. Purified rubisco activase was tested for its 

ability to increase the rate of activation of Synechococcus 

rubisco holoenzyme under a variety of conditions. Despite 

the fact that RuBP inhibits the Synechococcus rubisco 

activation rate, the rate was not affected by the presence 

of activase (Fig. 5.7A). This same preparation of rubisco 

activase was capable of rapidly and fully activating spinach 

rubisco (Fig. 5.6). Typically experiments with spinach 

enzyme were done with 0.4 mg/ml rubisco and 50 ~g/ml 

activase. The experiments with Synechococcus were done with 

similar concentrations of rubisco but activase 

concentrations were varied from 25 to 250 ~g/ml with no 

affect on activation. 

Synechococcus rubisco was inhibited with 0.1 roM CA1P 

and assayed for an increase in the rate of activation by 

rubisco activase. The CA1P inhibited rubisco activated 

rapidly to about 80% of full activation in the presence of 4 

roM RuBP and no rubisco activase. The presence of rubisco 

activase at concentrations from 25-250 ~g/ml had no effect 

on the rate or extent of activation (data not shown). Both 

of these sets of results indicate that spinach activase is 

incapable of increasing the rate of activation of 

Synechococcus rubisco. 



lSl 

synechococcus La-pea S hybrid is not activated by spinach 

rubisco aotivase. since the activation rate of 

Synechococcus rubisco could not be altered by activase 

purified from spinach it was hypothesized that if the 

activase was working via interactions with the small subunit 

that it could be capable of altering the rate of activation 

of a holoenzyme with higher plant S heterologously 

hybridized to Synechococcus L. Fig. S.7B shows that 

activase does not alter the rate or extent of activation of 

the Synechococcus La-pea sa hybrid. 

------ .. - .. -.-~. - - --
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Discussion 

The mechanism for inhibitor tight binding to the 

catalytic site of rubisco involves two steps outlined in the 

following equation: 

kl ~ k3 * E I ~ EI >- EI + "' k2 ... k4 

Where E is the catalytic site, in either the carbamylated or 

decarbamylated state, I is the binding ligand and EI* is the 

tightly bound complex. The forward (k3) and reverse (k4) 

rate constants for the second step are both slow relative to 

k1 and k2 (Pierce et al., 1980; Jordan and Chollet, 1983; 

Seemann et al., 1985). In order for significant tight 

binding to occur, the reverse rate constant (k4) must be 

slower than the forward rate constant (k3). The overall 

equilibrium constant for this reaction, Kd , is the product 

of the two equilibrium constants k2/k1 and k4/k3. In this 

chapter the relative contribution of each of these constants 

to the overall equilibrium constant was determined for CA1P 

and XuBP binding to a prokaryotic and a eukaryotic rubisco. 

CA1P, like CABP, binds tightly only to the carbamylated form 

of the catalytic site. Recent evidence from our laboratory 

indicates that XuBP, like RuBP, may bind best to the 

----------- ..... -~-<.-.... 



decarbamylated form of spinach rubisco (Zhu and Jensen, 

personal communication). 
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The overall Kd for CA1P was at least one order of 

magnitude higher for Synechococcus rubisco (2 ~M) relative 

to that for spinach rubisco (0.2 ~M). The values for k2/k1 

were very similar for the two rubiscos, as determined by the 

competitive inhibition measurements (K f ), indicating that 

the majority of the difference in Kd for CA1P was due to a 

difference in k4/k3. 

The Kd reported here for the binding of CA1P to spinach 

rubisco (0.2 ~M) is almost one order of magnitude greater 

than that reported by Berry et al., 1987. The reason for 

this discrepancy is not apparent, but the purity of the CA1P 

preparation was rigorously insured as described in section 

2.0.5. and the methods used to calculate the Kd's were very 

similar. A significant difference between these two 

experiments was the method used to calculate the CA1P 

concentration. Here, the CA1P concentration was determined 

by assaying for Pi after hydrolysis of CA1P while Berry et 

al. 1987 determined the concentration using a curve fitting 

procedure similar to the one used here for calculating the 

Kd • 

Tight binding of XuBP to Synechococcus could pot be 

detected at concentrations up to two fold higher than the Kf 

(5.2 ~M) indicating that the overall Kd of XuBP for 

Synechococcus rubisco is the same as the Kf • The Kf of XuBP 
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for Synechococcus rubisco is one order of magnitude higher 

than the overall Kd for spinach rubisco (0.5 ~M). The Kf 

values of XuBP for the two rubiscos were 3-fold different. 

This does not account for the order of magnitude difference 

in Kd indicating that k~k3 is at least partially responsible 

for the divergence in overall Kd • The measurements of Kf 

reflect the kz/k, for the carbamylated form and may not 

accurately reflect differences in this parameter for the 

decarbamylated. These results do reaffirm the idea that the 

rapid equilibrium interactions are not significantly 

different between the two rubiscos. 

It has previously been reported that RuBP does not 

inhibit the rate of COz' Mgz+ activation of inactive B. 

rub rum rubisco (Jordan and Chollet, 1983) or Synechococcus 

rubisco (Andrews and Abel, 1981; Jordan and Ogren, 1983) to 

the same extent as the spinach enzyme. The results in this 

chapter extend that work by demonstrating that the 

affinities of CA1P and XuBP, which bind to the carbamylated 

and decarbamylated forms of spinach rubisco respectively, 

are considerably lower for Synechococcus rubisco. Since the 

k,/kz values are very similar for the two types of rubisco, 

the difference is primarily due ~o a higher k4/k3 for 

Synechococcus. 

When the binding of ligands to the catalytic site of 

rubisco is biphasic, as is seen for the inhibitors discussed 

here, the slow on and off rate constants for the second 

---------------
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step, k4/k3' have been attributed to an overall rate 

limiting conformational isomerization of the enzyme (Pierce 

et al., 1980; Jordan and Chollet, 1983). The similarity of 

the two enzymes with respect to the values of kz/k1 for the 

interactions of the two inhibitors indicates that the 

structures of the active sites are comparable in the absence 

of enzyme isomerization. The higher values for k~k3 found 

for the Synechococcus rubisco indicate that it is more 

difficult for this enzyme to establish a significant steady 

state level of the conformation required to maintain the EI* 

complex with these inhibitors. 

When fully carbamylated higher plant rubiscos are 

allowed to react with excess COz and RuBP, the reaction rate 

quickly begins to decrease until a new steady state rate is 

achieved (Andrews and Hatch, 1971; Sicher et al., 1981). In 

a recent paper it was shown that XuBP was produced as a by

product of the carboxylation reaction. The time dependent 

decrease in reaction rate was attributed, in part, to tight 

binding of this molecule to the active site (Edmondson et 

al., 1990). In prokaryotic organisms the decrease in 

reaction rate does not occur (Andrews and Ballment, 1984) 

and the authors suggest that the reason for this is that the 

cyanobacterial enzyme does not make a significant amount of 

XuBP. The results presented in this chapter indicate that 

another possible explanation for the difference is simply 

that the Synechococcus rubisco cannot bind XuBP, or other 

--------- ------ --.-. -.. -
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inhibitors, very tightly and therefore no inhibition would 

occur if XuBP were to accumulate. 

Rubisco activase from spinach did not influence the 

rate of activation of Synechococcus holoenzyme when 

inhibited by RuBP. Activase also had little effect on the 

activation of the Synechococcus ~-pea S hybrid enzyme, 

inhibited with either CA1P or RuBP. There are two possible 

explanations for these results: A) Because the activase was 

of higher plant origin, it was incapable of activating the 

rubisco from a cyanobacterial organism. B) The 

cyanobacterial enzyme is incapable of being activated by any 

rubisco activase. 

All of the results presented here indicate that there 

has been an evolutionary change in rubisco such that it can 

be regulated by the tight binding of inhibitors. It is 

questionable whether the weak binding of inhibitors that is 

observed for the Synechococcus rubisco could have a 

significant effect on the ability of this rubisco to be 

activated in vivo. In higher plants, tight binding of 

inhibitors is overcome by rubisco activase which promotes 

the release of inhibitors from the catalytic site by 

altering k4 • Given these results on the weak binding of 

inhibitors to the cyanobacterial enzyme, the presence of an 

activase in this organism would be superfluous. 

Immunological screening of cyanobacterial organisms for 

rubisco activase has not been reported (Salvucci et al., 

--------------------------_. 



157 

1987). It is probable that the tight binding of inhibitors 

to rubisco and the rubisco activase protein evolved 

simultaneously at some stage after divergence from the 

cyanobacteria and the during the evolution of land plant 

photosynthesis. 

The observation that L is activated by RuBP has some 

interesting implications with respect to the mechanism for 

rubisco activase. Rubisco activase causes the release of 

tightly bound inhibitors and decreases the Kact for CO2 

(Salvucci et al., 1986a). sugar phosphates such as 6-P-G 

can decrease the Kact for CO2 , by preferentially stabilizing 

the carbamylated form of the enzyme (McCurry et al., 1981; 

Jordan et al., 1983). A possible explanation for the 

decrease in Kact by rubisco activase is that the affinity of 

RuBP for the decarbamylated form is decreased to the extent 

that it could preferentially stabilize the carbamylated 

form. The ability of RuBP to stabilize the carbamylated 

form of the enzyme has not been demonstrated, probably 

because it has a greater affinity for the decarbamylated 

form of most rUbiscos,. The activation of L by RuBP is the 

first evidence that RuBP can indeed shift the equilibrium in 

favor of activation if it has a very low affinity for the 

decarbamylated form of rubisco. 

That Synechococcus L is not inhibited to any extent by 

RuBP l'lhile Synechococcus holoenzyme is, supports a role for 

S in the tight binding of RuBP to the decarbamylated 
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catalytic site. The rate of activation of a pea S

Synechococcus L8 hybrid enzyme in the presence of RuBP 

appears to be in between that of the higher plant and the 

cyanobacterial enzyme. This observation indicates that RuBP 

may bind more tightly to L assembled with a higher plant S 

than to an enzyme where the subunits are both of 

cyanobacterial origin. Both of these results and the data 

from chapter 4 strongly support the idea that S is involved 

in the regulation of tight binding of inhibitors. When 

comparing cyanobacterial and higher plant rubiscos, the 

identity between the L subunit deduced amino acid sequences 

is 80% with a significantly lower amino acid identity 

between S subunits of 40%. Considering the demonstrated 

role of S in inhibitor tight binding, it is tempting to 

suggest that evolution of S is responsible for the 

difference in tight binding properties between the two 

species. 



CHAPTER 6 

HPLC ANALYSIS OF SUGAR PHOSPHATES AND 

STUDIES ON CA1P METABOLISM 

-------------------- ----
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Abstraot 

An HPLC method for the separation and analysis of 

phosphorylated sugars is presented. Ion-exchange 

chromatography coupled to indirect ultraviolet detection has 

produced good resolution and sensitivity. Fructose 6-P, 

glucose 6-P, ribose 5-P, 3-phosphog1yceric acid, ribulose 

1,5-P2, fructose 1,6-P2 , and sedoheptulose 1,7-P2 can be 

separated at a sensitivity down to 10 nanomo1es. The system 

resolves 2-carboxy-D-arabinito1 1,5-P2 (CABP) from 2-

carboxy-D-ribito1 1,5-P2 (CRBP). The natural inhibitor of 

ribulose bisphosphate carboxylase, 2-carboxy-D-

arabinito1 1-P (CA1P), has been separated from its 5-P 

isomer and most other phosphorylated compounds. This method 

is applied to the identification of products obtained upon 

ion-exchange purification of synthetic CA1P. 

In a separate set of experiments the metabolism of CA1P 

in vivo was examined. In experiments with leaf discs from 

Phaseo1us vulgaris it was found that light would promote 

activation of rubisco in dark adapted leaf discs. If leaf 

discs were infiltrated with DCMU, DCPIP, or pyocyanin, all 

inhibitors of photosynthetic electron transport, the 

activation was blocked. DTT and.B-mercaptoethano1 were 

ineffective at promoting activation. It was concluded that 

reducing equivalents from photosystem I, in addition to 

other factors, were required for CA1P metabolism in Vivo • 
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The activation state of rubisco has been shown to be 

under the influence of the levels of various phosphorylated 

sugars in vitro (Hatch and Jensen, 1980; Jordan et al., 

1983, Seemann et al., 1985). In a critical set of 

experiments it was shown that changes in photosynthetic rate 

correlate with changes in rubisco activation state 

(Perchorowicz et al., 1981). Previous sections of this 

thesis have sought to point out aspects of rubisco structure 

that are important for the regulation of rubisco by 

phosphorylated sugars. These studies are only relevant to 

the extent that the various sugar phosphates can be shown to 

exist in vivo at concentrations that vary in the range of 

their dissociation constants for the rubisco active site and 

that correlate with rubisco activation state. For these 

reasons it was of interest to us to measure fluctuations of 

specific metabolites in vivo. 

Recently, variations in the level of one metabolite 

have been shown to be roughly correlated with changes in 

rubisco activation. It was shown that after a dark period 

the level of extractable rubisco activity from the leaves of 

Nicotian~ tabacum was 50 % of that found in extracts from 

leaves that had been adapted to light (servaites, 1985). 

This phenomenon has been demonstrated in a number of plant 

species (Servaites et al. 1986; Vu et al., 1984) and amounts 

to up to 90 % inhibition in Phaseolus vulgaris (Seemann et 

al., 1985). The low level of activity in the dark was 
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correlated with the presence of a sugar phosphate bound to 

the active site of rubisco after extraction, and partial 

purification, from dark adapted leaves from either H. 

tabacum or~. vulgaris (Servaites, 1985; Seemann, 1985). 

When rubisco was extracted from light adapted leaves, its 

activity was high relative to that found in the dark, and no 

sugar phosphate was found. The fact that rubisco could be 

partially purified while retaining this molecule bound to 

the active site indicated that it was an inhibitor of the 

tight binding class (Servaites, 1985; Seemann, 1985). This 

compound extracted from ~. vulgaris has since been 

identified as 2-carboxy-D-arabinitol I-phosphate (CAIP) 

(Berry et al., 1987) and is assumed to be the molecule 

responsible for nocturnal inhibition in most of the species 

that display this phenomenon. 

The experiments in this chapter are divided into two 

parts. The first part is concerned with the development of 

an HPLC system that could be used to monitor the levels of 

all of the phosphorylated intermediates that are relevant to 

the regulation of photosynthesis. Since CA1P has been shown 

to regulate rubisco activity and photosynthesis, the 

development of an HPLC system to separate and quantify this 

compound was a high priority. The results in this section 

of the thesis have been published (Smrcka and Jensen, 1988). 
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The second part of this chapter deals with experiments 

that were designed to elucidate the mechanism for the 

metabolism of this molecule in~. In this section, the 

various approaches that were used to try to follow CA1P 

degradation in cell free systems will be discussed as well 

as possible reasons why these experiments were unsuccessful. 
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Haterials and Hethods 

BPLC system. Polymer based anion-exchange columns (PRP

Xl00) were obtained from Hamilton Co. The pump and solvent 

delivery system was a Spectra Physics SP8700. Detection is 

accomplished with a Kratos 783 absorbance monitor set at 

260, 280 or 300 nm. Peaks were integrated with a Varian 

4270 integrator. 

Solvent system. All HPLC mobile phases were made with 

reagent grade chemicals and distilled, deionized water. 

Different solvent compositions were used for the analysis of 

different classes of compounds. The four classes of 

compounds studied were: 1. Monophosphorylated compounds 

including G6P, R5P, F6P, and PGA; 2. Monophosphorylated 

compounds containing carboxylate moieties such as PGA and 

CA1P; 3. Bisphosphates including RuBP, FBP, and SBP; 4. 

Bisphosphorylated carboxylate compounds including'CABP and 

CRBP. 

For monophosphates the eluent was 0.3 mM trimesic acid 

(1,3,5-benzenetricarboxylic acid, Aldrich Chem. Co., 

Milwaukee, WI), 10 mM borate, pH 8.7 with LioH. For 

monophosphorylated carboxylates the eluent was 0.5 mM 

trimesic acid and 10 mM borate, pH 9.7 with LioH. For the 

bisphosphates the eluent was 1.5 mM trimesic acid and 10 mM 

borate, pH 8.7 with LiOH. The bisphosphorylated 

--------- ------------- -... _-
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carboxylates were eluted with 3 roM trimesic acid and 10 mM 

borate, pH 9.7 with LioH. Flow rates were 1.0 ml per min. 

Preparation of mono and bisphosphates. The monophosphates 

and bisphosphates were optimally detected when applied in 

low ionic strength solutions to the HPLC column. Leaf 

extracts or mixtures of pure sugar phosphates were initially 

separated on a 0.4 ml silica based ion-exchange column 

(Sepralyte SAX from Analytichem International). 

Monophosphates were selectively eluted with 4 ml of 0.05 N 

HC1, bisphosphates were eluted with 4 ml of 0.15 N HC1, and 

bisphosphorylated carboxylates were eluted with 5 ml of 1 N 

HC1. Samples were evaporated to dryness under vacuum in a 

Savant SpeedVac concentrator and resuspended in a small 

volume of water, adjusted to pH 7 with NaOH, and applied to 

the column. 

Preparation of synthetic CA1P. CA1P and CA5P were prepared 

by limited alkaline phosphatase digestion of CABP. 

['4C]CABP was incubated with alkaline phosphatase in 50 mM 

glycine, pH 9.3, containing 1 mM Znso4 , and 10 mM MgC12 for 

15 min. The monophosphates were separated from unreacted 

CABP and enzyme by fractionation on a small silica anion

exchange pre-column as described above. The sample was 

evaporated to dryness, dissolved in 1 ml H20 and adjusted to 

pH 9.0 by addition of 25 ~l of 1 M glycine buffer, pH 9.0, 
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and small amounts of base. After 12 hours of incubation at 

this pH no lactones were detected in the solution. The 

sample was loaded on a 1.5 x 55 cm Dowex AG 1-X8(Cl") column 

and eluted with a 1-L linear gradient from 0-0.2 M Licl in 3 

mM HCl. Fifteen ml fractions were collected and assayed for 

radioactivity. The peak fractions were pooled, the total 

volume was reduced to approximately 10 ml with a rotating 

evaporator, the pH was adjusted to 8.2, and the sugar 

phosphates were precipitated at -20°C after addition of a 10 

fold molar excess of 1 M barium acetate and an equal volume 

of 95% ethanol. samples were redissolved using Dowex AG 

50W-X4(H+) and analyzed by HPLC. 



167 

BPLC Results 

Sugar bisphosphates. The resolution of the sugar 

bisphosphates (RUBP, FBP, and SBP) is shown in Fig. 6.1. 

Elution and separation of the arabinitol and ribitol isomers 

of 2-carboxypentitol 1,5-P2 required increasing the 

trimesate concentration and pH. These compounds were best 

resolved as the lactones (Fig. 6.2A), while they were 

inseparable as the free acids (Fig. 6.2B). When either 

compound alone was run as the lactone no peaks corresponding 

to the free acid were observed, indicating that no 

saponification of the lactones occurred during the course of 

the elution. Figure 6.2b shows the same sample as in Fig. 

6.3A after partial hydrolysis of the lactone at pH 9. After 

an overnight incubation at pH 9.0 the CABP and CRBP lactones 

were completely converted to the free acid form. From this 

kind of analysis we could be sure that the results of 

experiments using CABP would not have to interpreted with 

respect to lactone formation. 

Sugar monophosphates. The separation of the sugar 

monophosphates is shown in Fig. 6.3. These conditions were 

optimized for the resolution of G6P, F6P, R5P, and PGA. 



Fig. 6.1. Separation of bisphosphorylated sugars. 

Fifty nmol of each compound was injected. The mobile phase 

contained 1.5 mM trimesate and 10 mM borate, pH 8.7, with 

detection at 280 nm. 
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Fig. 6.2. separation of CABP and CRBP. The mobile 

phase contained 3 mM trimesate and 10 mM boric acid, pH 7.9, 

with detection at 300 nm. A), Separation of the lactones of 

CRBP and CABP. To form the lactones, the sample was 

evaporated to dryness at pH 2, desiccated overnight under 

vacuum, and resuspended in 200 ~l H20. Fifty ~l was 

injected. B), Separation of a mixture of free acids and 

lactones of CABP and CRBP. The mixture from (A) was 

partially hydrolyzed at pH 9 for 1 h. As lactones, CABP and 

CRBP separated into individual peaks; however, as free acids 

no resolution was possible. 
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Fig. 6.3. Separation of monophosphorylated sugars. 

Fifty nmol of each sample was injected. The mobile phase 

contained 0.3 roM trimesate and 10 roM boric acid, pH 8.7, 

with detection at 260 nm. 
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G6P, Pi, and DHAP coelute at the beginning of the elution 

profile and cannot pe determined. Quantitation of peaks 

within the first 3 to 5 min of the run is difficult because 

of interference due to the positive and negative system 

peaks that occur at this position due to the presence of 

excess ions. 

optimal quantitation of PGA and CA1P occurred by 

increasing the eluent strength and the pH. This separation 

is shown in Fig. 6.4. These same conditions can be used to 

resolve CAl.P and CA5P, the two isomers that are produced 

from limited alkaline phosphatase digestion of CABP. This 

separation is shown in Fig. 6.5. The identity of the CA1P 

was verified using inhibitor purified from dark-adapted bean 

leaves (Seemann et al. 1985). The identity of the CA5P peak 

was verified using CA5P synthesized by reacting Ru5P with 

KCN at pH 8.5. 

Samples with as little as 10 nmol of F6P were detectable 

by this system and the response was linear with increasing 

amount (Fig. 6.6). The sensitivity of other sugar phosphates 

was similar. 

synthetic CA1P. The profile of radioactivity that elutes 

from the preparative ion-exchange separation of the products 

of limited hydrolysis of [14C]CABP is shown in Fig. 6.7. 

Analysis by HPLC indicated that peak 1 was CA5P and peak 2 



Fig. 6.4. separation of monphosphorylated 

carboxylates. Conditions were specifically adjusted to 

resolve CA1P from PGA. Fifty nmol of each component was 

injected. The mobile phase contained 0.5 mM trimesate and 

10 mM borate, pH 9.7, with detection at 280 nm. 
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Fig. 6.5. Resolution of the 1- and s-p isomers of 2-

carboxy-D-arabinitol. Samples were incubated at pH 9.0 

prior to injection to form the free acid. The mobile phase 

contained 0.5 roM trimesate and 10 roM borate, pH 9.7 with 

detection at 280 nm. This analysis was used to develop the 

procedure described in Fig. 6.7. 

--------- ---------------
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Fig. 6.6. Linearity of indirect UV detection. 

Indirect UV detection following HPLC column separation of 

F6P is linear over the range shown. As little as 10 nmol of 

sugar phosphate can be detected. 

---------------------- - - - .. -- - .... 
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Fig. 6.7. Separation of CA1P from CA5P on Dowex AG 1-

X8(Cl"). The mixture was loaded on a 1.5 x 55 cm Dowex AG-1 

anion-exchange column and eluted with a linear gradient of 

0.0 to 0.2 M Licl in 3 roM HCl. compounds were detected by 

assaying for radioactivity and identified by HPLC analysis. 

---------------_._--_ .. -----_._----
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was CA1P. During the slow hydrolysis by alkaline 

phosphatase the formation of CA1P was favored over CA5P. 

Results on CA1P Metabolism 
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Metabolism in isolated chloroplasts. Chloroplasts were 

isolated, in the dark, from leaves of E. vulgaris that had 

been in the dark for 12 h, by either of two methods (Jensen 

and Bassham, 1966; Mills and Joy, 1980). The isolated 

chloroplasts, suspended in isotonic isolation media, were 

lysed and assayed for endogenous rubisco activity at 5 min 

intervals for 10 min before and 30 min during exposure to 

500 ~E of light. No activation of the endogenous rubisco 

occurred in the light relative to the dark control. 

Integrity of chloroplasts and chloroplast thylakoids was 

tested by monitoring the rate of 02 evolution of lysed 

chloroplasts by the method of Lilley et al., 1975. This 

procedure assays the rate of uncoupled light dependent 

electron transport of lysed and unlysed chloroplasts by 

following the rate of 02 evolution in the presence of 

ferricyanide. Data from these experiments indicated that 

the majority of the chloroplasts were broken and that the 

thylakoids were damaged during the isolation of the 

chloroplasts. The isolations were attempted a number of 

times using two different methods but the chloroplast 

preparations were unsuitable from either bean or tobacco. 
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Reconstituted chloroplasts. To circumvent problems with the 

chloroplasts we attempted to develop a cell free system for 

CA1P breakdown. Chloroplasts were isolated from bean by the 

procedure of Jensen and Bassham, 1966 and lysed in 50 mM 

Tricine-NaOH, pH 8.0, and the thylakoids were removed by 

centrifugation at 30,000 x g for 30 min. The stromal 

extracts were concentrated to about 1 mg/ml using 

diafiltration under N2 and frozen at -20. Since the 

thylakoids were damaged during isolation of bean 

chloroplasts, stromal extracts from bean were used in 

combination with thylakoids from spinach to try to 

reconstitute the system in vitro. The final extract 

contained the following components; 200 ~l concentrated 

stromal extract, 30 ~g spinach thylakoids, 3 mM KHC03 , 8 mM 

MgC1 2, 120 ~M NADP or NADPH, 0.6 mM RuBP, 100 ~M ADP, 3000 U 

Catalase and synthetic inhibitor at a concentration 

approximately equal to the concentration of endogenous 

rubisco active sites. In a procedure similar to that for 

isolated chloroplasts, endogenous rubisco activity was 

assayed at various times before and during a light 

treatment. Under these conditions no light activation of 

the endogenous rubisco was observed. 

Light activation of rubisco in leaf discs. Leaf discs (5 rom 

dia.), made in the dark, were vacuum infiltrated for 30 min 
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in the dark with H20 containing a variety of compounds 

designed as electron donors or acceptors for photosynthetic 

electron transport (PET) (Hauska, 1977; Izawa, 1977). After 

vacuum infiltration, leaf discs were exposed to light or 

incubated in the dark for 30 min. After the light or dark 

treatments, extracts were made and assayed for rubisco 

activity at saturating cO2 and Mg2+. When the leaf discs 

were infiltrated with water or buffer, rubisco activation in 

light treated discs was 6 to 10 fold higher than for those 

treated in the dark. 

OTT is known to stimulate enzymes that are activated by 

the thioredoxin system and it was thought that if the 

enzymes responsible for CA1P degradation were activated by 

this system, then either OTT or B-mercaptoethanol might 

stimulate CA1P degradation in the dark. The results of this 

experiment are shown in Fig. 6.8 and it can be seen that 

these compounds had no effect on rubisco activation in the 

dark. 

Electron acceptors that were tested were pyocyanin, 

OCMU, and oxidized OCPIP. Reduced OCPIP was tested as an 

electron donor (Fig. 6.9). Pyocyanin was the most effective 

at inhibiting rubisco activation by light followed by OCMU 

and oxidized OCPIP. Surprisingly, reduced OCPIP also 

blocked activation of rubisco in the light. For this reason 

the results showing that OCMU inhibited leaf discs could not 

be activated by addition of OCPIP are ambiguous. 



Fig. 6.8. Effects of reducing compounds on rubisco 

activation in leaf discs. Leaf discs were vacuum 

infiltrated in the dark with either H20, 10 roM B

mercaptoethanol, or 1 roM DTT. Leaf discs were exposed to 

light for 30 min or kept in the dark as controls after which 

they were ground in rubisco assay buffer (2.C.1.) and 

assayed for CO2, Mg2+ saturated rubisco activity and 

chlorophyll content. 

--------_ .. -._._._. __ ... ._-_._-----
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Fig. 6.9. Effects of photosynthetic electron transport 

on rubisco activation in leaf discs. Leaf discs were vacuum 

infiltrated in the dark with either H20, 0.1 roM Pyocyanin, 

0.01 roM DCMU, 0.1 roM DCPIP, 0.1 roM DCPIP plus 1 roM 

ascorbate, and 0.1 roM DCMU plus 0.1 roM DCPIP plus 1 roM 

ascorbate. Rubisco activation was measured as in Fig. 6.8. 
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Discussion 

Most modern liquid chromatography methods for 

separating phosphate esters have relied on ion-exchange 

techniques using gradient elution in high salt (Atkins and 

Canvin, 1971; Bessman et al. 1974; Giersch, 1979). Due to 

the low UV absorption of most sugar phosphates, detection 

requires either hydrolysis of the phosphate ester bond after 

elution followed by quantitation of the released pi by 

colorimetric methods (Bessman 1974; Bessman et al., 1974; 

Meek and Nicoletti, 1986) or radiometric detection of 

labelled compounds (Giersch, 1979). The method presented 

here utilizes conventional anion-exchange chromatography 

coupled to indirect UV detection (Small and Miller, 1982). 

For indirect or "vacancy" detection a compound that absorbs 

light in the UV region is used as the eluting anion. When a 

negatively charged sample ion elutes, there is a 

compensating decrease in the amount of UV absorbing eluent. 

It is this decrease or vacancy in the amount of UV absorbing 

eluent that is used to monitor the UV transparent sample ion 

eluting from the column. A low capacity ion-exchange column 

is best since separation can proceed at low concentrations 

of eluting anion where small changes, corresponding to 

elution of the sample, can easily be observed. 

The key parameters that can be manipulated are the nature 

and concentration of the eluting anion, the concentration of 

boric acid, and the pH. Increasing concentrations of boric 
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acid and eluting anion tend to have counterbalancing 

effects. Increased boric acid tends to cause compounds 

containing cis-diols to be retained. Increasing the eluent 

concentration decreases the retention of the phosphorylated 

sugars. In order to maintain optimum optical sensitivity 

the eluent concentration is best kept at a minimum (Small 

and Miller, 1982). 

A disadvantage of this technique is that anions, other 

than sugar phosphates, such as CI", CI04", HCOO" ,and S04= can 

interfere with detection. Monophosphate separation is most 

sensitive to interference. About 1 microequivalent of 

contaminating anion causes the system peak to overlap the 

first sample peak. For this reason considerable 

pretreatment and fractionation of the sample mixture may be 

required. For example G6P, Pi, and DHAP coelute in the 

beginning system peak region. These compounds can best be 

separated if a weaker eluting anion such as o-phthalate is 

used. Leaf tissue samples gave similar separations, but only 

if the content of interfering anions was low. 

There are a number of possible reasons why the 

experiments just described did not demonstrate light 

dependent degradation of CA1P in stromal extracts, while it 

has subsequently been shown that extracts from tobacco 

chloroplasts are capable of degrading CA1P (Salvucci et al., 

1988). These include experimental error or the exclusion of 

some critical factor that is required for degradation to 
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occur. Salvucci and others have shown that a chloroplast 

phosphatase dependent upon NADPH is responsible for the 

degradation of CA1P in concentrated chloroplast extracts 

(Salvucci and Holbrook, 1989; Holbrook et al., 1989). NADPH 

was included in the chloroplast lysates and activation of 

CA1P inhibited rubisco was not observed. 

An interesting observation has been published since 

these experiments that could explain the result. It was 

shown that rubisco activase could release CA1P from the 

active site of rubisco in vitro, resulting in an increase in 

rubisco activity (Robinson and Portis, 1988). Given this 

observation, a model for activation of CA1P-inhibited 

rubisco in vivo would require release of CA1P from the 

active site of rubisco before its degradation by the CA1P 

specific phosphatase. In the experiments described here, 

CA1P degradation was assayed by following the activation of 

endogenous rubisco in the extract. This is in contrast to 

the approach taken by Salvucci et ale (1988) where the 

endogenous rubisco was removed from the extract and the 

degradation of added CA1P assayed by looking at the ability 

of the extract to inhibit exogenously added rubisco. The 

system used in this chapter would have required a functional 

activase system to release the inhibitor from endogenous 

rubisco while the Salvucci system did not. ADP was included 

in the assay buffers which would have inhibited rubisco 

activase (Streusand and Portis, 1987) in the extract. It 
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could be that experiments described here were unsuccessful 

because the role of rubisco activase in the activation 

process was not accounted for. 

One of the reasons that the role of rubisco activase 

was not considered was the result from the leaf disc 

experiments which showed that pyocyanin inhibited light 

activation of rubisco in dark adapted leaf discs. Pyocyanin 

was routinely used as an electron acceptor in the 

reconstituted activase assay system (Portis et al., 1986) 

suggesting that the two systems were not related. Pyocyanin 

accepts electrons at the reducing end of photosystem I, 

preventing the reduction of ferredoxin and NADPH synthesis 

(Jagendorf and Margulies, 1960; Hauska et al.,1970). 

Oxidized DCPIP can also accept electrons at this point 

(Hauska, 1977) and it partially inhibits CA1P breakdown. 

These results indicated that reducing equivalents produced 

after photosystem I must be required for CA1P breakdown. 

Incubation with DCMU, which blocks PET just prior to 

the plastoquinone pool of photosystem I (Izawa, 1977), 

inhibited the activation of rubisco in darkened leaf discs 

by light (Fig. 6.9) in the presence and absence of reduced 

DCPIP. If the sole requirement for CA1P degradation was 

reductant produced by photosystem I, DCMU inhibited leaf 

discs should show light dependent rubisco activation when 

incubated with reduced DCPIP (a ten fold excess of ascorbate 

was added to maintain DCPIP in the reduced state) which adds 

--------- ---------
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electrons directly to P700 (Hauska, 1977). A possible 

explanation for this result would be that reducing 

equivalents were passed to ferredoxin but no ATP was made 

because the ATP synthesis site between photosystem II and I 

was bypassed and because the DCPIP concentration was high 

and strongly reduced, preventing cyclic electron flow around 

photosystem I (Gromet-Elhanan, 1967). Unexpectedly reduced 

DCPIP also inhibited light dependent CA1P breakdown in the 

absence of DCMU but this could be explained if DCPIP was a 

very efficient electron donor to photosystem I and caused 

over-reduction of the electron carriers preventing electron 

flow from photosystem II (Bose and Gest, 1963; Keister, 

1965). 

These results would support an activase involvement in 

CA1P degradation. Since ATP may not have been made by this 

system and reducing equivalents were probably being 

produced, it suggests that some ATP dependent factor was not 

activated. It has recently been shown that some factor 

other than ATP is required for the light activation of 

rubisco by rubisco activase (Campbell and Ogren, 1990) in 

lysed spinach chloroplasts. This factor is not dependent on 

reductant produced by photo system I and is not regulated by 

ATP levels but is dependent on electron flow after the site 

of DCMU inhibition. 'l'he site for activation of the factor 
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may have been bypassed by the DCMU, reduced DCPIP system and 

could be another reason for the lack of rubisco activation 

by this system. 
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CHAPTER 7 

FINAL DISCUSSION 
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Rubisco is at the interface between the organic and the 

inorganic world in that it fixes inorganic carbon from the 

atmosphere and incorporates it into organic matter. It is 

the primary enzyme that is responsible for fixing net carbon 

into carbohydrate. structurally, rubisco is quite similar 

to triose phosphate isomerase in that the core of the 

structure of the large subunits are based on an alpha beta 

barrel type structure (Schneider et al., 1986; Chapman et 

al.,1987; Andersson et al., 1989, Fersht, 1985). The 

initial phases of the reactions catalyzed by th.ese enzymes 

are also quite similar in that a proton is extracted by a 

catalytic base on the enzyme from a carbon in the alpha 

position relative to a keto group on the substrate to 

produce an ene-diol intermediate (Reider and Rose, 1959; 

Saver and Knowles, 1982; Sue and Knowles, 1982). In the 

case of triose phosphate isomerase the substrate is 

reprotonated at a different position to yield an aldose 

instead of a ketose or vice versa (Reider and Rose, 1959). 

In the case of rubisco this reactive intermediate is taken 

advantage of for its nucleophilicity and is attacked by the 

particularly electrophilic molecule, CO2 (Pierce et al., 

1986b). Since rubisco does not appear to bind CO2 directly 

(Pierce et al., 1986b) and enhance its reactivity toward the 

ene-diol, one would suspect that any molecule with oxidation 

properties similar to CO2 that could gain access to the 

catalytic site would react with the vulnerable ene-diol. 
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This is of course known to be the case for 02 and has been 

shown to be the case for H20 2 (Badger et al., 1980) and 

carbonyl sulfide (Lorimer and Pierce, 1989). In addition to 

the fact that rubisco is incapable of discriminating 

effectively for its substrate, it is a notoriously poor 

catalyst. This, in effect, leads to accumulation of enzyme 

protein to high levels in the cell (Andrews and Lorimer, 

1987). 

One of the goals of many researchers is improvement of 

the ability of this enzyme to discriminate CO2 from 02. As 

evidence that improvement is possible, we are presented with 

the fact that there is a natural variation in specificity 

factor with rubiscos from different organisms. One of the 

lowest specificity factors is found in the two subunit 

rubisco from the anaerobe Rhodospirillum rubrum (Jordan and 

Ogren, 1981). In this organism the specificity factor is of 

little consequence since B. rub rum does not photosynthesize 

in the presence of 02 and the low Srel may be why B. rub rum 

cannot live in the presence of 02. One could imagine, 

however, that in the neobiotic world some of the earliest 

organisms would have been photosynthetic. In this early 

world the atmosphere was devoid of 02 and a rubisco could 

evolve a mechanism for CO2 fixation without regard for the 

consequences of oxygenation. As photosynthetic organisms 

produced oxygen the level of oxygen in the atmosphere 

increased and given the nature of the carboxylation reaction 
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mechanism, oxygen with similar oxidation properties to CO2 

and of small enough size, could diffuse into the enzyme 

active site and fortuitously react with the susceptible ene

diol. Given that it took a certain amount of time for 

oxygen to reach a level that would be ultimately toxic to 

these photosynthetic organisms, the rubiscos in early 

organisms would have had time to evolve higher specificity 

factors out of necessity. Cyanobacterial rubiscos could be 

thought to represent another level on the evolutionary scale 

of specificity factors. The specificity factor for 

Synechococcus is about three times higher than that for B. 

rubrum yet is still lower than that found in higher plant 

species on land (Jordan and Ogren, 1981). Cyanobacteria 

circumvent the problems associated with their low 

specificity factor by concentrating CO2 within the cell with 

a bicarbonate pump (Badger, 1987). 

The work in this thesis has been concerned with 

studying the tight binding of inhibitors to the active site 

of rubisco and the influence of subunit structure and 

evolutionary differences on this parameter. This work was 

initiated using the transition state analog CABP to study 

the effects of the small subunit on the ability to bind this 

molecule. According to transition state theory, an enzyme 

will bind a transition state analog to a greater extent than 

in the enzyme substrate complex by a factor that is 

comparable to the rate enhancement that is achieved by the 
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enzyme over the uncatalyzed reaction and less so by the 

degree that the analog does not resemble the transition 

state. Transition state theory also states that the enzyme 

achieves a high catalytic efficiency by being highly 

complementary to the transition state (Fersht, 1985; 

Wolfenden, 1969). This leads to the idea that a potential 

mechanism for favoring the rate of carboxylation relative to 

oxygenation would be to increase the complementarity between 

the enzyme and the carboxylation transition state relative 

to the oxygenated transition state. Most enzymes can 

maintain specificity for a particular reaction by 

preferentially binding the substrates in the ground state 

such that only one type of substrate is bound. In the case 

of rubisco, in the two reactions that it catalyzes, the only 

substrate that binds to the active site in the ground state, 

RuBP, is identical in both reactions. The gaseous 

substrates do not interact with the enzyme until a 

transition state is reached. The only way for an enzyme to 

achieve a specificity for these types of substrates would be 

for it to be able to complement the subtle electronic 

differences between the two transition states. The 

transition states for the oxygenase and the carboxylase 

reactions are thought to be quite similar (Andrews and 

Lorimer, 1987; Pierce, 1989) (Fig. 7.1). If this is the 

case it would be quite difficult for the enzyme to evolve 

the capability to discriminate between the two reactions. 



Fig. 7.1. Models for the transition states of the 

carboxylation (a) and oxygenation (b) reactions catalyzed by 

rubisco. Taken from Andrews and Lorimer, 1987. 

----------------------------- --------- --- ---- -------- --------
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The reaction mechanisms for all rubiscos are very 

similar as judged by the fact that they all have the same 

conserved catalytic residues in the active site and the 

overall tertiary structures are quite similar (Schneider et 

al., 1986; Chapman et al., 1987; Andersson et al., 1989). 

Some subtle alterations in active site structure must have 

occurred to result in a change in specificity factor. A 

major difference in the quaternary structure of rubisco that 

can be correlated with an increased specificity factor is 

that rubiscos with high specificity factors are ~S8 instead 

of ~ as is observed for the rubisco for B. rubrum. As of 

yet there is no direct biochemical evidence that small 

subunit is involved in altering the specificity factor. 

None of the residues in the active site are from the small 

subunit (Knight et al., 1989). The changes that have 

occurred to produce changes in the specificity factor are 

probably subtle in that all of the catalytic residues known 

to be involved in the carboxylase reaction mechanism are 

highly conserved among all rubiscos (Andrews and Lorimer; 

1987). The influence of the small subunit on the active 

site structure is also likely to be subtle, so one cannot 

rule out the fact that S might be involved in altering the 

specificity factor solely because it does not contribute 

catalytic amino acids to the active site. 

From the research presented in Chapter 4 it is clear 

that the small subunit can greatly influence the binding of 
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CABP to the active site which presumably reflects a change 

in recognition of the transition state. This leads to the 

suggestion that the small subunit could have some influence 

on the partitioning between carboxylation and oxygenation if 

the mechanism for discrimination is through optimization of 

transition state complementarity. However, the fact that 

the activity is greatly reduced when S is removed indicates 

that complementarity to both transition states could be 

reduced equally and some other parameter controls CO2 and 02 

partitioning. 

According to a theory on the evolution of the 

optimization of enzyme catalysis developed by Albery and 

Knowles, 1976 there are essentially three types of mutations 

that occur during the evolution of an enzyme. The first and 

most probable change is a mutation that influences the 

binding of the substrate, the transition state and the 

products equally. The second type of change would be a 

change that affected the binding of the substrate relative 

to the product. The most discriminating type of change 

would be one that would be able to recognize the fine 

structural and electronic differences between a transition 

state and the ground states that flank it. While this is 

not the same as discriminating between carboxylation and 

oxygenation it is an analogous and essentially more 

difficult problem because the two transition states are 

quite similar. These authors suggested that evolution of 
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this last parameter would be the least likely to occur and 

would be the last event in the evolution of a catalyst. 

If evolution of transition state complementarity is 

responsible for increased specificity factors then one would 

expect that organisms that have higher specificity factors 

would bind transition state analogs more tightly. A 

difference in binding affinity for the cyanobacterial enzyme 

relative to the higher plant enzyme has not been reported 

but the affinity of CABP for these two enzymes is so high 

that it would be difficult to distinguish a 10 to 100 fold 

difference in binding affinity. 

Both the cyanobacterial and the higher plant enzymes 

tightly bind CABP, presumably because it closely resembles a 

reaction intermediate for the carboxylation reaction 

(Schloss, 1988). CA1P also resembles the transition state 

to a certain degree and for this reason is able to bind 

tightly to the spinach enzyme but, for some reason, does not 

bind very tightly to the Synechococcus enzyme even though 

both enzymes presumably use the same reaction pathway. In 

chapter five it was demonstrated that the reason for the 

decreased tight binding lies in the enzyme's poor ability to 

isomerize to the tight binding conformation. This is 

indicative of a decrease in complementarity in the 

transition state rather than in the ground state. RuBP even 

resembles a transition state to a certain degree but is 

normally turned over in the course of the reaction so it 
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does not normally inhibit the enzyme. When RuBP is not 

turned over as is the case with the inactivated enzyme, it 

is a potent inhibitor in higher plants but not in 

cyanobacteria or in photosynthetic bacteria. It was argued 

above that evolution of higher specificity factor might lead 

to an increased affinity for CABP. Evolution might also 

lead to increased tight binding of other molecules that 

resemble the transition state. If these molecules are 

present in the cell at sufficient concentrations to inhibit 

the reaction, catalytic blockage might have provided the 

impetus for the evolutionary selection of a system that 

would relieve the inhibition. As has been discussed, 

rubisco activase system catalyzes the release of inhibitors 

that block catalysis in higher plants. The results in this 

thesis also indicate that S could also play a critical role 

in this process. 

For this role of rubisco activase to be correct, a very 

specific mechanism for the activase reaction would have to 

exist. Activase could only react with rubisco long enough 

to cause transient changes in the conformation of rubisco to 

release the inhibitor. Once the inhibitor was released the 

enzyme would have to immediately revert back to its original 

conformation. If the enzyme remained in the loose binding 

conformation, then the complementarity to the transition 

state would be lost. Deactivation of activated rubisco is 

slow in the presence of CO2 and Mg2+ so that once the 
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inhibitor was released, the enzyme could catalyze a number 

of turnovers before the equilibrium was again shifted back 

towards inactivation by binding of inhibitors. The number 

of interactions of activase with rubisco would have to be 

limited so that a number of turnovers could occur before the 

enzyme was again changed to the loose binding conformation. 

All of these requirements are consistent with what is known 

about the activase reaction mechanism, but by no means have 

all of these requirements been rigorously shown to be true. 

Given this model, the tight binding of inhibitors would 

be considered to be the undesired side effect of 

optimization of carboxylation over oxygenation rather than a 

specific mechanism evolved for the regulation of rubisco 

activity. Both the cyanobacterial and higher plant enzymes 

exhibit some degree of tight binding of either inhibitors or 

substrate. The tight binding phenomenon in the 

cyanobacterial enzyme is so weak that it is hard to imagine 

that inhibitor tight binding plays any significant 

regulatory role in this organism yet some degree of tight 

binding does exist. since it probably does not play a 

physiological role in this organism, the tight binding 

phenomenon is probably a necessary consequence of the 

reaction mechanism, just as oxygenation is probably a 

necessary consequence of the reaction mechanism. 

The tight binding and release of RuBP and CA1P from the 

rubiscos of higher plants is often discussed as a mechanism 
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for regulating the activity of rubisco. My results indicate 

that these mechanisms probably cannot function in 

cyanobacteria. Clearly these mechanisms regulate the 

activity of the enzyme in higher plants but is this 

regulation a requirement for the unique adaptations of 

photosynthesis in land plants or is this regulation the 

result of need to remove inhibitors that are blocking 

catalysis? Some possible reasons have been suggested for 

the need to regulate rubisco by light, such as the need to 

balance enzyme activity to the rate of regeneration of 

substrate. The same reactions of the Calvin cycle are 

present in cyanobacteria as well as in higher plants yet the 

cyanobacterial enzyme clearly cannot be regulated in this 

same manner. To suggest that the activase system is 

important for the regulation of the Calvin cycle in higher 

plants implies that there is some difference in regulation 

that is required in land plants relative to cyanobacteria in 

this essentially fundamental process. One of the major 

differences between cyanobacteria and higher plants is the 

compartmentation of the pathways that serve as sinks for 

Calvin cycle metabolites. Similar pathways for carbohydrate 

synthesis must exist in algae but they would not be 

compartmentalized. These pathways are regulated in higher 

plants by feedback inhibition of the enzymes used for 

sucrose and starch synthesis and by the levels of pi without 

any influence on CO2 fixation rates under normal conditions 

----------.- -----



(Woodrow and Berry, 1988). However a role for rubisco in 

the regulation of these processes cannot be ruled out. 
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The removal of inhibitors from rubisco requires ATP 

(streusand and Portis, 1987; Robinson and Portis, 1989b) and 

it would make sense that ATP be used to activate the enzyme 

only to the extent that substrate is available to react. 

This would explain the need to regulate the release of 

tightly bound inhibitors by light. This proposition would 

only make sense if the amount of ATP used by the activase 

system in vivo was a significant proportion of the ATP 

present at a given light level. Experiments have shown that 

purified activase hydrolyzes ATP at a relatively rapid rate 

even in the absence of rubisco under optimal conditions 

(Robinson and Portis, 1989b). Experiments have shown that 

there is a significant quantity of activase present in the 

cell (Robinson et a1., 1988) but there are no estimates of 

the amount of ATP that is turned over by activase under 

various light levels under in vivo conditions. 

since rubisco is the enzyme which ultimately limits the 

rate of photosynthasis (Perchorowicz et a1., 1981), one 

would expect there to be strong selective pressure to 

optimize the rate of this reaction and to increase its 

specificity and yet the enzyme appears to resist such 

optimization. Instead of increasing the catalytic 

efficiency of this enzyme, C3 plants dedicate a large amount 

of the scarce resource N as rubisco at 50% of the cell 

--.--~-.----.-.. --- - -- -



200 

protein. competition of the carboxylation reaction by 02 

also limits the water use efficiency since lower levels of 

CO2 could be used to support photosynthesis in the absence 

of this competitive inhibition. Under these conditions 

smaller stomatal apertures could be used to limit the rate 

of water loss. As alternatives to allocating such a large 

portion of the cellular nitrogen to rubisco has been the 

development of the C4 pathway for CO2 fixation as a 

mechanism for concentrating the substrate C02 at the site of 

carboxylation by rubisco to out-compete the oxygenase 

reaction. Another mechanism for overcoming 02 inhibition is 

the HC03- concentrating mechanism found in aquatic algae 

(Badger, 1987). One could argue that plants have evolved 

optimally to their niche and that as such there is no 

further selective pressure for improvement of 

photosynthesis. Using this same reasoning, one could argue 

that at one time a lizard was optimally adapted to its 

environment yet despite this Homo sapiens has evolved with a 

highly complex brain. The key point to consider is 

competition for scarce resources. Obviously high 

photosynthetic rates offer a competitive advantage since 

organisms dedicate such high amounts of energy and resources 

to the photosynthetic apparatus. It is clear that there 

would be enormous selective pressure for the improvement of 

this enzyme or the development of another more efficient 

enzyme. Given these facts it is my view that there is some 
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fundamental limitation to the nature of any reaction that 

might fix CO2 into net carbohydrate that leads ultimately to 

rubisco and its notorious inefficiency. 

Given that photosynthetic organisms are among the 

oldest organisms on the planet and the time that rubisco has 

had to evolve, it is amazing that it is still such an 

inefficient catalyst. In much less time all of animal life 

and the human species have evolved but rubisco is still 

plodding along. 
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