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Abstract 

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) 

(EC4.1.1.39) is a holoenzyme composed of 8 large subunits (L) and 8 

small subunits (S) which are respectively derived from a single 

chloroplast-located RbcL gene and several nuclear-encoded RbcS 

genes in plants. Catalytic sites are generated entirely from L 

protein sequences. Though S does not directly contribute to active 

site residues, S physically bridges active sites and is essential to 

enzyme function. When S is removed from plant Rubisco, L is 

insoluble and inactive. Thus, in vitro replacement of S with foreign 

or mutagenized S is not possible. The in vivo replacement studies 

described here reveal some biochemical roles of S in higher plant 

Rubisco. 

A pea RbcS 3A cDNA expression cassette was introduced into 

Arabidopsis thaliana Landsberg by Agrobacterium tumefaciens 

mediated transformation. Analysis of RNA blots and 2-D gels 

indicate pea RbcS 3A is expressed and generates an S protein 

product that is transported into Arabidopsis chloroplasts, processed 

and finally assembled into a stable chimeric holoenzyme. Complete 

substitution of Arabidopsis S with pea S was not accomplished. 

However, the incorporation of one or two pea S per Arabidopsis 

Rubisco L8S8 was sufficient to allow some biochemical analyses. 
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Biochemical analyses determined that chimeric enzymes 

displayed lower carboxylase activity (Vc) than WT Arabidopsis 

Rubisco coincident and consistent with the amount of pea S present 

in holoenzymes. Lower Vc is likely the result of reduced 

carbamylation following activation at 25oC. Enhancement of Vc 

following temperature treatment at 42^0 is kinetic evidence of 

Increased activity of active sites. Unlike wild-type Rubisco, 

chimeric enzymes do not display the expected increase in 

carboxylase activity following activation at 42°C. This indicates S 

plays a role in allowing increased activity of neighboring L. Thus, 

both carbamylation and activity are disrupted by the interaction of 

pea S and Arabidopsis L. Kinetic data and formulae offered here 

support a structural model whereby S influences activity by 

allowing S-dependent interaction between L active sites. Support 

toward S and L interaction influencing catalytic site movement has 

been generated by crystallography analysis of spinach Rubisco 

(Knight et al., 1990; Schneider et al., 1990; Taylor and Andersson, 

1996). Also, high-temperature treated Rubisco shows a more 

pronounced fallover. This suggests that 42oC caused changes within 

Rubisco which either increase the synthesis of inhibitors or the 

response to inhibitors. 

To enhance the level of pea S relative to Arabidopsis S, several 

experiments were carried out. Pea S expressing plants were 

transformed with oligo-antisense cassettes targeting the 5'UTR and 

transit peptide of endogenous Arabidopsis RbcS transcripts. These 
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doubly transformed plants were grown on media with 3% sucrose to 

cause metabolite repression which can further reduce endogenous 

Arabidopsis RbcS expression. However, both antisense and 

metabolite repression reduce the amount of pea S relative to 

Arabidopsis S protein. In other experiments, genetic crosses 

between independently transformed plants expressing pea S suggest 

that expression of different amounts of pea S can be achieved. 

However, exceeding the amount of pea S expression in the singly 

transformed parental line used in these crosses has not been 

possible. 



CHAPTER 1 

INTRODUCTION: LITERATURE REVIEW 
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History and summary 

Carbon is an integral component of all life processes. 

Synthesis of organic compounds depends on carbon derived from 

atmospheric CO2. C02(aq) is assimilated via the dark reactions of 

all photosynthetic organisms (Alberts et al., 1994). Ribulose-1,5-

bisphosphate Carboxylase/Oxygenase (Rubisco) is the only enzyme 

known to assimilate inorganic carbon in the form of CO2 (aq) into 3-

phosphoglycerate (PGA) which is then converted into other sugar 

compounds. 

In 1947 Wildman and Bonner discovered that Rubisco is one of 

the most abundant proteins in plant leaves. They identified it as a 

fraction I protein and found that it constituted as much as 50% of 

the soluble leaf protein. Purification of the fraction I protein 

followed in 1956 when it was determined that fraction I protein 

uses ribulose-1,5-bisphosphate (RuBP) and CO2 to catalyze the 

synthesis of PGA. This function, termed the carboxylase reaction, 

uses a five carbon sugar, RuBP, and CO2 to produce two molecules of 

a three carbon sugar, PGA (Weissbach et al., 1956). PGA is further 

reduced in a series of enzymatic reactions that require ATP and 

NADPH to replace the RuBP. These dark reactions, also known as the 

Calvin-Benson cycle, create the building blocks for carbohydrates, 

starch and lipids while regenerating more RuBP to continue CO2 

assimilation (Servaites et al., 1991; Alberts et al., 1994). 
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This chapter discusses differences between bacterial and 

higher plant Rubisco expression, assembly and function. These 

differences emphasize the need to better understand the roles of S 

in higher plant Rubisco activity. Higher plant S, encoded by a nuclear 

gene family, allows centralized control over Rubisco expression and 

this control may provide versatility toward Rubisco function. 

Foreign or mutagenized S incompatible with L cause changes in 

kinetic characteristics of cyanobacterial Rubisco (Andrews and 

Lorimer, 1985; Voordouw et al., 1987; Bonggeun et al., 1991; Read 

and Tabita, 1994). Similar studies have not been possible with 

higher plant L because L is insoluble in the absence of the proper 

assembly proteins (Gatenby and Ellis, 1990; Guteridge and Gatenby, 

1987) or S (Andrews and Bailment, 1983; Gatenby, 1984; Gatenby et 

al., 1987). The kinetic characteristics of higher plant Rubisco 

distinguish it from prokaryotic Rubisco. Perhaps the result of 

evolutionary change, these differences include a need for Rubisco 

activase to be present at atmospheric levels of CO2 (Portis et al., 

1986), a capacity to enhance Vc via temperature treatments (Parry 

et al., 1987) and a sensitivity to inhibition resulting in fallover 

(Edmonson et a!., 1990a). I review these features and show them to 

be affected by S and L interaction. 

Gene expression 

Expression of RbcS has been studied extensively. Plants 

studied thus far possess from four, in Arabidopsis (Krebbers et al.. 
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1986), to twelve, in Lemna gibba (Silverthorne et al., 1990), nuclear 

encoded RbcS genes. In any given plant, several RbcS genes, if linked 

in tandem, typically share a high degree of identity; this constitutes 

a subfamily. Several subfamilies of RbcS genes may exist on 

different chromosomes. Many RbcS genes are up-regulated following 

exposure to light in the red spectrum (Tobin and Silverthorne, 1985) 

and in the blue spectrum (Gallagher and Ellis, 1982; Fluhr and Chua, 

1986). Transcriptional up-regulation under red light coordinated 

with transcriptional down-regulation following far red light are 

mediated by phytochrome (Berry-Lowe and Meagher, 1985; Tobin and 

Silverthorne, 1985; Dean et al., 1989). Phytochrome regulation is 

one method by which plants exert nuclear control over chloroplast 

enzyme expression (Kaufman et al., 1984; Leegood, 1985). An 

unidentified blue light photoreceptor is capable of increasing 

certain other RbcS transcript steady state levels (Hundrieser and 

Richter, 1982; Fluhr et al., 1986a). Post-transcriptional controls 

also regulate the half-life of different RbcS transcripts under 

different light conditions (Thompson and Meagher, 1990; Fritz et al., 

1991). 

Translational and post-translational controls further regulate 

Rubisco expression. Though RbcL transcript is present prior to 

chloroplast development (Mullet, 1988; Gruissem, 1989) in some 

nonphotosynthetic plastids (Deng and Gruissem, 1988) L translation 

does not occur until light exposure triggers chloroplast development 

(Inamine et al., 1985). This is because the translation of L requires 
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an abundance of S (Rodermel et al., 1996) and. likely, the import 

machinery prior to chioroplast development does not allow import of 

S (Dahlin and Cline, 1991). Although poorly defined, chioroplast 

feedback mechanisms may exert control over RbcS expression to 

regulate amounts of S (Rapp and Mullet, 1991). Thus, differential 

expression of RbcS genes determines the amount of S, which in turn 

allows control over the translation of L and this may direct 

expression from RbcS genes. This regulatory system permits both 

nuclear control of Rubisco expression and regulated ratios of 

different S. 

Transport and assembly 

Expression and assembly of Rubisco requires coordination 

between nuclear and chioroplast genomes. RbcS is transcribed in the 

nucleus and S precursors are translated in the cytosol before being 

transported across the chioroplast membrane to the stroma 

(Highfield and Ellis, 1978). Chioroplast transport requires that each 

precursor S has an N-terminal transit peptide (TP) (Keegstra et al., 

1989). Chioroplast TPs share some common features; these include 

a basic N-terminal region, a central hydrophobic region and a C-

terminal cleavage site (von Heijne et al., 1989). Proteins bearing 

TPs bind to a chloroplastic outer membrane protein and are 

transported by a complex of proteins which include hsc70, a 

homologue to the chaperone hsp70 (Keegstra et al., 1989). This 

explains why transport across the chioroplast membrane is an ATP 



requiring process. S precursors undergo maturation by a chloroplast 

protease which removes the TP, in a second ATP requiring step, such 

that mature S is released into the stroma (Chua and Schmidt, 1978; 

Smith and Ellis, 1979). 

RbcL is transcribed and translated in the chloroplast stroma 

where newly synthesized L is bound by chaperonin 60 (cpn60), also 

called large subunit binding protein. The cytosolically synthesized 

cpn60 acts as a chaperonin to maintain solubility and proper folding 

of L (Hemmingsen and Ellis, 1986). In an ATP dependent step cpn60 

releases L (Musgrove et al., 1987) In a dimeric form such that 8 is 

able to interact with L (Roy et al., 1988). The remaining steps 

result in a hexadecameric holoenzyme with eight L and eight S 

(L8S8) and are not clearly defined. However, mutations in S can 

influence assembly with higher plant L. Addition of a 16 amino acid 

(aa) assembly domain termed the hairpin loop (HPIN) to 

cyanobacterial S allows cyanobacterial S and pea L to assemble in 

chloroplasts (Reiss et al., 1987; Wasmann et al., 1989). Site-

directed mutagenesis of a single conserved aa, R64, within HPIN 

inhibits assembly (Flachmann and Bohnert, 1992). Another site-

directed mutation in HPIN at R53 of pea S displays reduced rate of 

assembly with pea L (Adams, 1995). These experiments indicate 

specific contact between 8 and L are critical for holoenzyme 

assembly. 



Rubisco function and inhibition 

Rubisco carries out the first and slowest step of the dark 

reactions, the carboxylase function: carboxylase activity (Vc) ranges 

from 1 to 6|imol CO2 (min. mg Rubisco)"'' (Andrews and Lorimer, 

1987). Vc, the primary activity of Rubisco, is one of four activities 

coordinated by this enzyme (Fig. 1.1). The second is oxygenase 

activity (Vo) which uses O2 and RuBP to produce one PGA and one 

phosphoglycolate (P-glycolate). Vo is not totally wasteful because 

P-glycolate is catabolized to inorganic phosphate and glycolate by 

phosphoglycolate phosphatase. In the subsequent photorespiratory 

reactions, glycolate is used to produce amino acids and PGA. 

Glycolate is transported out of the chloroplasts and into 

peroxisomes where it is oxidized to glyoxylate and H202- Glyoxylate 

is then transported into mitochondria where it becomes the 

substrate for the synthesis of the amino acids glycine and serine. 

Excess serine is transported back to the peroxisome, converted to 

glycerate and, when transported back to the chloroplast, is 

phosphorylated to become PGA (Husic et al., 1987; Canvin et al., 

1989). PGA then rejoins the dark reactions. 

Rubisco also generates products that do not contribute to 

known biochemical pathways but likely act as inhibitors of 

eukaryotic Rubisco. Rubisco catalyzes epimerization of RuBP into 

xyulose-1,5-bisphosphate (XuBP), a competitive inhibitor of Rubisco 

function (Fig. 1.1). Epimerization of RuBP has been termed "misfire" 
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Figure 1.1: Products of Rubisco Function 

Rublsco can act upon RuBP in four ways as a carboxylase, 
oxygenase, isomerase and epimerase to produce two PGA, one 
PGA and one p-glyclolate, XuBP, and KABP, respectively. 
Modified from Hartman and Harpel (1993) by Genhi Zhu 
(personal communication). 



because neither CO2 nor O2 is incorporated. Studies most often 

detect XuBP inhibition of Rubisco in time course assays used to 

observe a dramatic reduction in Vc as [XuBP] increases. This 

inhibition has been called "fallover" and to date this behavior is only 

observed for eukaryotic Rubisco (McCurry et al., 1977; Paech et al.. 

1978; Edmonson et al., 1990a and b; Zhu and Jensen, 1990). A fourth 

function of Rubisco. isomerization, produces 3-

ketoarabinitolbisphosphate (KABP). KABP is also thought to 

contribute to fallover as a result of competitive inhibition 

(Edmonson et al., 1990c). KABP is likely a more potent inhibitor of 

Rubisco, but it is produced in very low quantity and is not available 

for in vitro studies. Another inhibitor of Rubisco function is 2-

carboxy-D-arabinitol-1-phosphate (CA1P) (Seemann et al., 1990; 

Portis, 1992). The source of CA1P in chloroplasts is unknown and 

the amounts produced are so low in some plants (i.e. Arabidopsis, 

spinach and wheat) that it probably does not play a regulatory role in 

those plants (Portis, 1995). However, many plants possess CA1P in 

their cytosol and in the chloroplast (Moore et a!., 1992; Moore et al., 

1995). In some plants (eg. Phaseolus vulgaris L.) CA1P plays a 

significant role in modulating Rubisco activity under changing light 

conditions (Moore and Seemann, 1992; Sage et al., 1993). It should 

be noted that prokaryotic Rubisco is approximately two orders of 

magnitude less sensitive to these inhibitors. Therefore, it is likely 

these inhibitors do not play a significant role in eubacterial or 

cyanobacterial Rubisco regulation (personal communication Richard 



Jensen and Genhai Zhu). Thus, competitive inhibition is unique to 

eukaryotic Rubisco. 

Activation of Rubisco 

Rubisco requires a specific activation step to function 

catalytically. Typically, purification of Rubisco yields an inactive 

enzyme which must be incubated with CO2 and Mg2+ to be activated 

(Laing et al., 1975; Lorimer et al., 1976). Under these circumstances 

CO 2 is not used as substrate but instead as a co-factor which 

covalently modifies the e-amino group of lysine 201 in the catalytic 

site of higher plant Rubisco (Lorimer, 1979; Miziorko, 1979; Lorimer 

and Miziorko, 1980). CO2 that undergoes this reaction is termed 

activator CO2 (^COa) (Bainbridge et al., 1995). When this occurs a 

negatively charged carbamate is formed which in turn positions 

Mg2+ to generate the active site and complete the activation 

process. This thermodynamic process is defined by the formula in 

Figure 1.2. "E" represents uncarbamylated inactive Rubisco, "EC" 

represents carbamylated Rubisco and "ECM" represents catalytically 

competent Rubisco. The rate limiting step is the formation of EC, 

carbamyiation; ECM is generated rapidly in the presence of Mg2+ to 

complete activation (Lorimer and Miziorko, 1980). 

In vivo activation of Rubisco is an enzymatic process which is 

carried out by Rubisco activase, most likely for eukaryotic Rubiscos 

only (Portis, 1995). Rubisco activase is capable of activating 
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Activation 

E+ CO2 ^ ^ EC ^ ^ EC+Mg 2- ^ ^ ECM 

1 2 

carbamylation Mg 2+ bound 

Figure 1.2: Activation of Rubisco 

Activation of Rubisco occurs in two steps: 1) carbamylation 

and 2) Mg2+ binding. Carbamylation occurs when the unactivated 

Rubisco enzyme (E) is covalently bound by a co-factor CO2 (CO2), 

depicted as EC above. When the enzyme is carbamylated (EC) Mg2+ is 

bound rapidly. Mg2+ bound enzyme is shown as ECM. 



Rubisco at physiologic levels of CO2 (10^M) and RuBP (2-4mM) 

(Portis et al., 1986). As mentioned earlier, without Rubisco 

activase in vitro, Rubisco activity leads to gradual inhibition 

(fallover) of Rubisco function. When activase is added to an in vitro 

reaction, no inhibition is observed (Robinson and Portis, 1989) which 

indicates that Rubisco activase can prevent fallover of Rubisco. 

When inactive catalytic sites are bound by SPs, CO2 is denied access 

to lysine 201 (McCurry et al., 1981; Jordan et al., 1983). SPs which 

inactivate Rubisco and can be removed by Rubisco activase include 

ribulose-1,5-bisphosphate (RuBP) (Brooks and Portis, 1988; Cardon 

and Mott, 1989), xyulose-1,5-bisphosphate (XuBP) (McCurry et al., 

1977; Robinson and Portis, 1989) and 2-carboxy-D-arabinitol 1-

phosphate (CA1P) (Robinson and Portis, 1988; Seemann et al., 1990). 

These observations emphasize the role of Rubisco activase because 

these inhibitors are present in chloroplasts (Portis 1995). 3-

ketoarabinitolbisphosphate (KABP) may also cause inhibition 

(Edmonson et al., 1990c), but its release from the active site by 

Rubisco activase has not been tested. Rubisco activase binds to 

Rubisco and likely alters enzyme structure to allow the dissociation 

of sugar phosphates and carbamylation before releasing active 

Rubisco (Portis, 1995). The process is ATP dependent (Streusand 

and Portis, 1987; Wang and Portis, 1991) but the step at which ATP 

hydrolysis occurs is not clear. Hence, another unique characteristic 

of eukaryotic Rubisco is its dependency on Rubisco activase to 
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remove inhibitors from active or inactive catalytic sites and allow 

activation at physiologic levels of CO2. 

Vc is enhanced by temperature 

Partial purification of higher plant Rubisco generates an 

enzyme that can be completely activated (carbamylated), is capable 

of carboxylase activity (Vc), and yet is not competent to achieve 

maximum Vc (Parry et al., 1985). This may be due to disruption of 

intersubunit or intrasubunit interactions (Parry et al.. 1987). 

Temperature treatments, prior to activity assays, can be used to 

enhance the Vc of eukaryotic (Parry et al., 1987; Zhu and Spreitzer, 

1996) but not the Vc of prokaryotic Rubisco (Parry et al., 1987; 

Schmidt et al., 1984). Temperature treatments of approximately 

40°C increase Vc under optimal levels of CO2 without increases in 

carbamylation {^COz) (Parry et al., 1987). Increases in Vc without 

increases in (ACO2) have been proposed to indicate cooperative 

function between catalytic sites (Parry et al., 1985). 

Spectrophotometric absorbance profiles of Rubisco change following 

temperature mediated Vc enhancement (Schmidt et al., 1984). This 

suggests that structural changes take place in Rubisco to promote an 

enhanced Vc, (referred to as Vc2 in later chapters). In Chapter 3, I 

report kinetic studies that suggest significant changes occur at the 

S/L interface that cause temperature enhanced carboxylase activity. 

Thus, another unique characteristic of eukaryotic Rubisco is the 

ability to improve interaction between catalytic sites which is 
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likely dependent upon the S/L interface. Whether the initial lower 

Vc is an artifact of enrichment procedures or is an attribute of 

eukaryotic Rubisco, normally manipulated by Rubisco activase in 

vivo, is not clear. 

Structure and kinetics affected by S 

In higher plants Rubisco is an approximately 560 kD 

hexadecameric enzyme located in the chloroplast stroma. It is 

composed of eight 50-56 kD L and eight 12-18 kD S (Fig. 1.3) 

(Andrews and Lorimer, 1987). L are arranged as elongated dimers 

with extensive hydrophobic interfaces (Schneider et al., 1990). Four 

L2 dimers are positioned around a central axis and bound at each end 

by S monomers. There are two active sites on each L2 dimer such 

that each L contributes to both active sites (Roy, 1989; Schneider et 

al., 1990; Taylor and Andersson, 1996). Thus, each holoenzyme has 

eight catalytic sites. S do not contribute to active sites directly 

but are essential for activation (Knight et al., 1989; Schneider et al., 

1990). 

Two types of domains in the active site of Rubisco include 

eight a-helices that comprise the exterior surface of the active site 

and eight p-sheets that define the interior of the active site (Fig. 

1.4). The residues connecting each numbered a-helix to its 

identically numbered p-sheet are termed loop domains. Two domains 

of interest in the active site are a-helix 8 and loop 8. S contacts a-

helix 8, which is connected to loop 8. Loop 8 in turn contains 
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Figure 1.3: The structure of Rubisco 

The side view (panel A) and top down view (panel B) of 
Rubisco as determined using activated spinach Rubisco 
(Andersson et a!., 1996). Each L2 dimer is composed of one 
green L and one blue L S (yellow) are positioned at the top 
and bottom of each L2 dimer. Arrows indicate active sites. 
Each S contacts three L whose positions relative to S are 
identified as L-B, L-D and L-C in order of greatest to least 
contacts. Nomenclature used was from Knight et al. (1990). 
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residues in direct contact with one of the phosphates of the 

substrate (Schneider et al., 1990). Together these C-terminal 

subdomains characterize the active site as an a/p barrel (Schneider 

et al., 1990; Newman and Gutteridge, 1994). 

The S/L interface includes residues that potentially contact 

one another between S and L (Knight et al., 1989; Schneider et al., 

1990). Two regions of the S/L interface include 13 residues from S 

that contact 14 residues from neighboring L-D and L-B (Fig. 1.3A) in 

a-helices 7 and 8 (Fig. 1.4), respectively (Schneider et al.. 1990). a-

helix 8 interacts with the S positioned at the end of its L2 dimer 

while the N-terminal arm of the same S interacts with a-helix 7 of 

a neighboring L in a different L2 dimer (Schneider et al., 1990). 

Essentially, S bridges neighboring L2 dimers by interacting with a-

helix 7 and 8 of neighboring catalytic sites (Fig 1.3). 

The space filling model in Figure 1.3 is based on 

crystallography analysis by Taylor and Andersson (1996) who concur 

with prior structural analysis that movement of L at the catalytic 

site can be modulated by S (Knight et al., 1990; Schnieder et al., 

1990), By conveying movement from one active site to another, each 

S potentially coordinates activity of neighboring catalytic sites 

(Knight et al., 1990; Schneider et al., 1990; Taylor and Andersson. 

1996). As mentioned earlier fallover is an in vitro response to 

competitive inhibitors that bind catalytic sites and reduce 

carboxylase activity (Edmondson et al., 1990b; Edmondson et al.. 



Figure 1.4: Structure of Rubisco active site 

Eight a-helicies (1-8) (arrows) each followed by a p-
sheet characterize the structure of the spinach Rubisco 
active site as an a/ p barrel. CABP, an inhibitor, is shown 
oriented in the active site. S contacts L at positions in 
a-helix 7 and 8. This diagram was taken from Gutteridge 
et al. (1995). 
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1990c). Negative cooperativity occurs when an inhibitor binds to a 

catalytic site and reduces the affinity for substrate at neighboring 

active sites (Jensen and Zhu, 1992). S could contribute to either 

fallover or negative cooperativity. By restricting movement 

between the inhibitor bound site and the neighboring active site, S 

could alter affinity for substrate at the neighboring site. In chapter 

3, I explain enzyme kinetic studies that indicate S is involved in the 

essential roles of carbamylation and the interaction between active 

sites that allow enhanced carboxylase activity (Vc2). I also show 

that the 42°C temperature treatment, which allows S-dependent 

increases in activity, increases the Rubisco fallover. Though 

unclear, the mechanism by which this occurs could involve S 

restricting L active site interaction. 

It has been established that S is essential for solubility and 

thereby activation of L in higher plant Rubisco (Andrews and 

Lorimer, 1987; Gatenby et al., 1987). However, no experiments have 

identified residues at the S/L interface which interact to promote 

activation specifically. Although Vmax is often reduced following S 

replacement studies in bacterial L8S8, none have shown 

carbamylation-specific dependence on S. In fact, L from the 

cyanobacterium Anasystis nidulans when expressed in E. coli 

without S, shows very low levels of carboxylase activity (Vc) 

(Andrews and Bailment, 1984; Andrews, 1988). Because 

carbamylation is required for carboxylase activity, S likely does not 



34 

play a distinct role in carbamylation of bacterial L8S8. Perhaps this 

has led to the view that S is interchangeable with regard to this 

basic role in activation. The work presented here will argue that S 

plays a distinct role in carbamylation. 

Mutagenesis and replacement studies indicate that S is capable 

o f  a l t e r i n g  s o m e  b i o c h e m i c a l  a t t r i b u t e s  s u c h  a s  V m a x ( c o 2 ) .  

Km(RuBP). Km(C02) and Km{02) in cyanobacterial Rubiscos. Support 

for this hypothesis comes from experiments that use foreign and 

mutagenized S assembled with cyanobacterial L. with the aid of 

groES and groEL, in E. coli (Andrews and Lorimer, 1985; Goloubinoff 

et al., 1989a and b; Voordouw et al., 1987; Read and Tabita, 1992a 

and b). This expression and assembly system is responsible for 

many discoveries about the enzymatic consequences of mutagenesis 

in cyanobacterial L and S (Gutteridge and Gatenby, 1987; Parry et al., 

1992; Kane et al., 1994; Read and Tabita, 1994; Bainbridge et al., 

1995). No equivalent system exists for the expression and assembly 

of higher plant L and S. 

Manipulating Expression of S 

Expression of antisense can cause down-regulation of plant 

genes. Several theories have been presented to account for the 

consequence of antisense. Antisense RNA is thought to hybridize to 

complementary target mRNA forming double stranded RNA. This 

double stranded RNA may be targeted by RNAases which destabilize 

both antisense and target RNA (Yutaka et al., 1991; Nellen and 
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Lichtenstein, 1993). So, degradative processes destroy both 

antisense and target mRNA (Nellen and Lichtenstein, 1993). 

Antisense may also function by impairing nuclear RNA processing or 

blocking translation (izant and Weintraub, 1984; Lagunez-Otero, 

1993). 

Expression of S and L proteins in the chloroplast can be 

effectively manipulated by antisense targeting RbcS. Antisense 

targeting RbcS has been used to down-regulate RbcS transcript 

levels in both tobacco (Rodermel et al., 1988; Andrews et al., 1995) 

and Flaveria bidentis (Furbank et al., 1996). In each case full length 

cDNA in the antisense orientation effectively down-regulated both S 

and L levels. Down-regulation of L may result from protein turnover 

because unassembled S and L undergo rapid proteolysis (Schmidt and 

Mishkind, 1983). Also, S protein levels have been reported to 

regulate RbcL translation (Rodermel et al., 1996). Furthermore, 

antisense transcripts were not detectable suggesting both antisense 

and RbcS mRNA are destroyed as mentioned above. 

Expression of S and L can also be down-regulated by 

metabolites such as sucrose, glucose and acetate which can be 

introduced through tissue culture (Sheen, 1990; Cheng et al.,1992: 

Jang and Sheen, 1994; Sheen, 1994). Sheen's work suggests 

metabolic repression of photosynthetic genes overrides gene 

regulation by light, tissue type and development. Isolated Zea mays 

protoplasts were used for transient expression studies comparing 
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several promoters including the RbcS and the Cauliflower Mosaic 

Virus 35S (CaMV 35S) promoters. This comparison indicated that, 

while transcription of the CaMV 35S promoter was relatively 

unaffected by sucrose and glucose, transcription from RbcS 

promoters were reduced to 7% of normal (Sheen, 1990). The 

comparison of transcription from these two promoters is of 

particular significance for the work presented later. 

Evolutionary considerations 

It is generally accepted that chloroplasts have developed from 

an ancient cyanobacteria-like endosymbiont, a bacterium which was 

absorbed by a eukaryotic organism (Gray, 1983). Evolution of this 

symbiotic relationship resulted in a loss of nonessential bacterial 

genes and acquisition of some genes by the eukaryotic nucleus. 

Nuclear expression of RbcS required modifications to the RbcS gene 

in order to adapt it to expression in the nucleus. These must have 

included changes in codon usage, insertion of introns and 

incorporation of transit peptides (Alberts et a!., 1994b). L proteins 

of higher plants share high identity with L proteins of cyanobacteria 

and protists (Hudson et al., 1990) while S proteins have more 

divergent sequences. It is theoretically possible that modifications 

to S requisite for expression from the nucleus have promoted 

acquisition of new roles in Rubisco function such as activase 

dependent carbamylation, competitive inhibition, or S-dependent 

interaction between active sites that are not apparent for 
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prokaryotic Rubisco. Biochemical differences between eukaryotic 

and prokaryotic Rubisco may be a result of evolutionary adaptations 

to RbcS expression in the nucleus and Rubisco compartmentalization 

in chloroplasts. 

Table 1.1 lists some Rubisco characteristics that differ 

between evolutionary diverse organisms. Rhodospirillum rubrum 

produces a Rubisco with two L in a dimer and no S (Schneider et al., 

1990). By design, this L2 form of Rubisco must not require S for 

solubility or carbamylation (Whitman et al., 1979). Carboxylase 

activity (Vc) of R. rubrum L2 is neither enhanced by 40°C 

temperature treatments (Parry et al., 1987) nor reduced by 

synthesis of inhibitors over time (Lee et al., 1993). Cyanobacteria 

(e.g., Synechococcus sp. PCC6301) produce an L8S8 form of Rubisco 

structurally similar to higher plant holoenzyme (Newman and 

Gutteridge, 1993). However, cyanobacterial L are soluble and can be 

expressed in the absence of S in E. coli to form an L8 core (Andrews 

and Bailment, 1983) or isolated L8S8 can be stripped of S in vitro 

(Andrews and Bailment, 1983). Furthermore, cyanobacterial L 

generated by either method can undergo activation and demonstrate 

a low level of Vc in the absence of S (Andrews and Bailment, 1984). 

In vitro assembly of S with cyanobacterial L increases Vc (Andrews 

and Lorimer, 1985). There is no literature available that determines 

whether in vitro assembled or WT cyanobacterial L8S8 display 

enhanced Vc following temperature treatments. Cyanobacterial 

Rubisco is not known to display fallover (personal communication 
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Composition 

Solubility of L 
w/o S 2 

Carbamylation 
w/o S 3 

Vc enhancement 
by temperature 

Fallover ^ 

Photo-
synthetic Cyano- Eukaryotic Higher 
bacteria bacteria algae plants 

1-2 8̂̂ 8 '-8̂ 8 

yes yes ? no 

yes yes ? no 

no no yes yes 

no no yes/no yes 

Table 1.1: Evolutionary hallmarks that distinguish 
Rubiscos 

Rubiscos from diverse evolutionary taxa display some 
distinguishing characteristics. These include subunit 
composition^ Solubility of L in the absence of S^, carbamylation 
of L in the absence of S^, enhancement of Vc via temperature 
treatment at ~40°C'^ and inhibition of Vc as a result of XuBP and/or 
KABP synthesis (fallover)^. "Yes" indicates that a biochemical 
characteristic has been observed. "No" indicates that a 
biochemical characteristic is not displayed. "Yes/no" indicates 
that some organisms within the taxonomic category have Rubisco 
that display a biochemical characteristic and some organisms 
Rubiscos do not. "?" indicates that no literature is available to 
support a conclusion. Refer to text for details of specific 
organisms and references. 
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Genhai Zhu) during time course analyses likely because Ki(XuBP) 's 

high, 5.2uM (Smrka, 1990). 

Eukaryotic algae (eg. Chlamydomonas reinhardtii, Euglena 

gracilis, Cylindrotheca sp. N1, Olisthodiscus luteus , Porphyridium 

cruenteum) also have an L8S8 Rubisco structure (Tabita et al., 

1976). C. reinhardtii express S from two RbcS genes in the nucleus 

(Goldschmidt-Clermont and Rahire, 1986). E. gracilis expresses 

eight distinct S proteins which must be spliced from a single 

polypeptide precursor by a protease (Chan et al., 1990). Eight 

different nuclear genes produce these large polypeptide precursors, 

each with eight open reading frames arrayed in tandem (Tessier et 

al., 1995). Solubility of eukaryotic alga L in the absence of S has not 

been published, but this is unlikely. S from the eukaryotic algae 

Cylindrotheca sp. N1 and Olisthodiscus luteus have been cloned, 

expressed and assembled together with L of A. nidulans in E. coli 

(Read and Tabita, 1992b). Very likely Read and Tabita would have 

performed the complementary experiment with algae L if it were 

possible. It is equally unlikely that eukaryotic algae L can undergo 

carbamylation in the absence of S if L is insoluble without S, but 

this has not been published. C. reinhardtii Rubisco displays enhanced 

Vc due to temperature pretreatments (Zhu and Spreitzer, 1996). E. 

gracilis displays an increased Vc following temperature increases 

of up to 50°C during activity assays (Yokota et al., 1989). Eukaryotic 

alga Rubiscos do not exhibit fallover (Yokota et al., 1989; Read and 
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Tabita, 1994). E. gracilis Rubisco does not display fallover perhaps 

because Km(RuBP) for E. gracilis is 10.5|iM which is particularly low. 

The Km(RuBP) for cyanobacteria (70|iM) (Andrews and Lorimer, 1985) 

while that for higher plants is typically between 15 and 50^M (Yeoh 

et al., 1981). This low Km value for E. gracilis Rubisco may allow 

RuBP to compete better with XuBP for the active site (Yokota et al., 

1989). However, P. cruenteum and O. luteus Rubiscos, which do not 

respond to fallover, have a Km{RuBP) of 3.7|iM and 23.5|j.M, 

respectively (Read and Tabita, 1994). The reason for the fallover 

characteristic of some Rubiscos is not strictly due to Km(RuBP) but, 

instead, may be due to a relationship between Km{RuBP) and 

Ki(XuBP). 

As discussed earlier, higher plant Rubisco has an L8S8 

structure derived from a chloroplast expressed RbcL (Mullet, 1988) 

and nuclear expressed RbcS genes (Dean et al., 1989). L is insoluble 

in the absence of S. Insolubility of L without S was thought to 

explain the lack of carbamylation of unassembled L (Gatenby, 1984; 

Gatenby et al., 1987). Higher plant Rubisco displays enhanced Vc 

(Parry et al., 1985) and changes in structure (Schmidt et al., 1984) 

in response to temperature pretreatments. This suggests catalytic 

sites can be influenced by reestablishing intrasubunit or 

intersubunit interactions (Parry et al., 1985; Schmidt et al., 1984). 

As discussed earlier, higher plant Rubiscos display fallover 

(Edmondson et al., 1990a). Two reasons for fallover include the 

binding of competitive inhibitors (Edmondson et al., 1990b; 
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Edmondson et al., 1990c; Zhu and Jensen, 1991b) and negative 

cooperativity (Jensen and Zhu, 1992). 

Each of the characteristics discussed in this section and 

organized in Table 1.1 distinguish eukaryotic and prokaryotic 

Rubisco. Together they emphasize attributes that are perhaps 

adaptations to the demands of compartmentaiization of Rubisco in 

chloroplasts. These adaptations coincide with the evolutionary 

development of a nuclear expressed RbcS gene family. The work 

presented in Chapter 2 will show the development of a system which 

allows small subunit exchange with a higher plant Rubisco. In 

Chapter 3 analyses of chimeric Rubisco enzymes will emphasize the 

biochemical characteristics which distinguish higher plant Rubisco 

from prokaryotic Rubisco and indicate that S plays a role in each of 

these distinguishing features. 
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Specific Aims 

The purpose of this work was to determine if the small subunit 

(S) of higher plant ribulose-1,5-bisphosphate carboxylase/oxygenase 

(Rubisco) contributes to biochemical characteristics. The specific 

aims that follow were directed toward accomplishing this goal: 

1) Express the pea RbcS 3A cDNA in Arabidopsis thaliana and 

develop a reliable technique to determine how the foreign Pi sum 

sativum (pea) S can be distinguished from endogenous Arabidopsis S. 

2) Determine if pea S is assembled into Arabidopsis Rubisco such 

that a chimeric holoenzyme is produced. Characterize the relative 

stability of chimeric and wild-type Rubisco. 

3) Design biochemical assays that monitor the role S may play in 

higher plant Rubisco. Compare biochemical characteristics of wild-

type Arabidopsis Rubisco with chimeric Rubisco to determine If 

foreign S interferes with normal function of Rubisco. 

4) Overexpress pea S with the aim of generating a heterologous 

holoenzyme comprised of only pea S and Arabidopsis L Attempt this 

S protein substitution by targeting endogenous Arabidopsis RbcS 

genes with antisense. Determine if metabolite repression can be 

used to further down-regulate endogenous Arabidopsis S while 

maintaining pea S expression. 
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CHAPTER 2 

SMALL SUBUNIT COMPOSITION IN WILD-TYPE 

ARABIDOPSIS AND CHIMERIC RUBISCO CONTAINING A 

PEAS 
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Abstract 

The Pisum sativum (pea) RbcS 3A gene has been expressed 

under control of a modified CaMV 35S promoter in Arabidopsis 

thaiiana. The foreign RbcS transcript and S have been detected in 

transgenic plants. Arabidopsis and pea S can be distinguished from 

one another by both f\/IW and pi. Two-dimensional gel electrophoresis 

was sufficient to discriminate between the pea S and each of the 

Arabidopsis S. S-specific antibodies confirmed that each of the -15 

kD proteins associated with the Rubisco complex was S. Pea S 

expressed in Arabidopsis co-migrates with wild type pea Rubisco S 

on two-dimensional gels. The evidence presented in this chapter 

indicates that pea S has effectively undergone transport across the 

chloroplast envelope, has been processed from precursor to mature 

protein and that it has been assembled into the Arabidopsis Rubisco 

holoenzyme. This work demonstrates the first successful in vivo 

expression, assembly and detection of a foreign higher plant S in 

chimeric Rubisco of transgenic plants. 
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Introduction 

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) 

(EC4.1.1.39) carries out the first step of the dark reactions of 

photosynthesis. In higher plants the holoenzyme is composed of 

eight large subunits (L) and eight small subunits (S) (Gutteridge and 

Gatenby, 1987; Roy, 1989). L, derived from a single gene in the 

chloroplast, contain the active site. In higher plants, S are derived 

from gene families with varying numbers of genes often located on 

different chromosomes (Krebbers et al., 1988; Dean et al., 1989; 

Silverthorne et ai., 1990). Both subunits undergo protein maturation 

(Highfield and Ellis, 1978) by a specific protease (Keegstra et al., 

1989) prior to assembly in the chloroplast stroma. The assembly 

process is known to require large subunit binding protein (Roy, 

1989) as well as other helper proteins (chaperonins) (Gatenby and 

Ellis, 1990) prior to any interaction between L and S (Gutteridge and 

Gatenby, 1987). These helper proteins maintain the solubility of 

plant L prior to assembly with S. 

Grystallographic analysis of Spinacea oleracea (spinach) 

Rubisco indicated an extensive S/L interface where each S contacts 

two neighboring L and a third L dimerized to one of these neighbors 

(Knight et al., 1990). As many as 13 S residues interact, near active 

sites, at a-helix 7 of one L and a-helix 8 of its neighboring L 

(Schneider et al., 1990). Crystallography using spinach Rubisco 

suggests that movement in one L is transmitted through 8 to 

J 
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coordinate catalytic site movement of a neighboring L (Knight et al., 

1990; Schneider et al., 1990; Taylor and Andersson, 1996). The 

consequences of altering S sequences or introducing foreign S have 

not been explored in transgenic plants, but some work has been done 

in isolated plant chloroplasts (Wasmann et al., 1989; Flachmann and 

Bohnert, 1992; Adams, 1995). Foreign or mutagenized S must be 

assembled with higher plant L in transgenic plants to better 

understand higher plant L and S interactions because S in higher 

plant Rubisco may have adopted different functions to S in 

prokaryotic holoenzymes. 

Studies with cyanobacterial L8S8 have shown that foreign or 

mutagenized S can influence catalysis. Altered S have been replaced 

in cyanobacterial L by in vitro assembly (Goloubinoff et al., 1989a 

and b; Andrews and Lorimer, 1965; Smrcka, 1990; Read and Tabita, 

1992b). Removal of S from L8S8 or expression of cyanobacterial L 

in the absence of S generated soluble carbamylated L (Andrews and 

Bailment, 1984) capable of low carboxylase activity (Andrews, 

1988). However, altering S sequences or introducing new S to higher 

plant L have been impossible, because higher plant L or L8 cannot be 

manipulated in vitro without becoming denatured (Gatenby et al., 

1987). Higher plant L are not folded or assembled and display no 

activity when L are expressed with S (Gatenby et al., 1987) or 

without S in E. coli (Gatenby, 1984). Another problem is the 

difficulty in distinguishing the products of various RbcS genes. 

Antibodies (Eilenberg et al., 1991) and isoelectric points (Li et al.. 
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1983) have been used to distinguish between some S. but were 

inadequate to determine from which RbcS gene they were derived. 

To date little information is available about the structural or 

kinetic properties influenced by S in plant holoenzymes. 

Past work on RbcS expression in plants has largely focused on 

determining steady state levels of RbcS mRNAs in relation to 

various light regimens (Tobin, 1981; Fluhr and Chua, 1986: 

Silverthorne and Tobin, 1990; Silverthorne et al., 1990; Dedonder et 

al., 1993). However, it is still unknown whether specific S affect 

structure or kinetic parameters of the holoenzyme. Earlier work in 

this area utilized Nicotinia ecotypes which express distinguishable 

forms of S (Li et al., 1983). Crosses generated two combinations of 

S in progeny but yielded no biochemical changes in carboxylase 

activity, Km(RuBP). Km(C02) of Km(02)- However, work using fern 

gametophytes grown under different light conditions has identified 

two differentially expressed pools of S whose presence correlated 

with changes in holoenzyme carboxylase activity (Eilenberg et al., 

1991). Neither the number of S in each pool nor the RbcS genes from 

which they were derived was studied. No study yet has clearly 

identified any RbcS gene product which imparts distinguishing 

biochemical features upon holoenzyme function. 

Some advantages in working with Arabidopsis thaliana were 

derived from previous work elucidating the small size of its RbcS 

gene family and information about steady state expression of its 

RbcS transcripts. Arabidopsis encodes only four RbcS genes, RbcS 
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1A, RbcS 1B, RbcS 2B and RbcS 3B (Krebbers et al., 1988). All the 

RbcS genes produce transcripts (Dedonder et al., 1993). Arabidopsis 

RbcS mRNA expression has been explored under several light 

conditions including white, red, far-red and blue light for either 24 

hr or continuous exposure for 10 days (Dedonder et al., 1993). Under 

continuous white light the steady state level of expression of RbcS 

transcripts in descending order was RbcS 38 (29%), RbcS IB (28%), 

RbcS 2B (26%) and RbcS 1A (-17%). The predominant transcripts. 

RbcS 2B and 3B, are highly expressed under all light conditions. 

Together these two transcripts constitute greater than 60% of the 

total RbcS transcripts present under all light conditions tested. 

Transgene expression will have to be strong under any light 

conditions. 

Sequence data permitted me to perform calculations of 

expected molecular mass (MW) and isoelectric point (pi) of S protein 

products. Three of the genes constitute a subfamily, RbcS IB, 2B 

and 3B; they are arranged in tandem and share almost perfect protein 

sequence identity (Krebbers et al., 1988). The fourth, RbcS 1A, is 

unlinked and produces a mature protein which diverges in amino acid 

composition at eight positions, one of which is a deletion near the 

C-terminus (Krebbers et al., 1988). The calculated MW of the mature 

RbcS 1A gene product is 14.7 kD while the other RbcS gene products 

are 14.8 kD (Krebbers et al., 1988). Separation of the RbcS 1A S 

protein was possible with SDS/PAGE. These S proteins share 
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similar isoelectric points and likely cannot be separated by 

isoelectric focusing gel electrophoresis. 

The Pisam sativum (pea) RbcS 3A gene was introduced into 

Arabidopsis because it has been used in RNA expression studies in 

transgenic plants before (Fluhr and Chua, 1986). Also, the 

calculated pi of the pea RbcS 3A-encoded S should be sufficiently 

different fronn the pis of endogenous Arabidopsis S to allow its 

detection. As will be explained in the results, the pea RbcS 3A 

encodes an S (Fluhr et al., 1986b) that is 30% dissimilar from 

Arabidopsis S (Krebbers et al., 1988). Additionally, overexpression 

of a new S driven by the CaMV 35S promoter allows its light 

independent expression (Benfey et al., 1990a and b). 

This work identifies the steady state expression of endogenous 

Arabidopsis S proteins as well as expression of the introduced pea 

RbcS 3A-derived S. Arabidopsis and pea S can be distinguished by 

two-dimensional lEF/SDS/PAGE (2-D gel). Antibodies specific for S 

identify each of the -15 kD polypeptides from enriched Rubisco as S. 

Pea RbcS 3A-derived S remains part of the Rubisco complex 

following purification that discriminates by size and association 

with the Rubisco complex. Examination of the chimeric Rubisco in 

Arabidopsis indicates that the transgenic S shares identical MW and 

pi with one of two wild type pea S spots detected on 2-D gels. 
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Materials and Methods 

Agrobacterium and plant transformations 

The binary vector pBin19 (Bevan, 1984) was used for 

Agrobacterium-medlaiedi plant transformations (Zambryski, 1988). 

Agrobacterium tumefaciens LBA4404 (Ooms et al., 1982) was 

transformed by either triparental mating, using E. co//XL1 Blue as 

the donor strain and E. Coli RK2013 as the Hfr-strain, or by 

electroporating binary vectors directly into the host. A. thaliana 

(Landsberg erecta) roots were transformed according to Valvekens 

et al. (1988). Transformed plants were identified by kanamycin 

selection in the presence of 50 mg m|-i kanamycin. 

Plant growth conditions 

Plants were grown for five weeks under 24 hr cool white 

fluorescent light at 100 |iE m-2 sec*"'. Temperature was maintained 

between 19°C and 20oC. Blue light treatment occurred for 12 hr 

either under 200 |iE m-2sec-'' and 27°C or under 100 |iE m-2sec-i 

and 20OC. Results were consistent using either method. 

RNA isolation and analysis. 

RNA was generated from white and blue light treated plants 

that were harvested at the same time; leaves were frozen in liquid 

nitrogen and stored at -70oC. Extraction was performed by the RNA 

extraction method of Gustinich et al. (1991), with the modification 
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that LiCl precipitated RNA pellets were kept and resuspended in H2O. 

The RNA was separated on a 4% (v/v) formaldehyde, 20mM Mops (pH 

8), SmM Na acetate, ImM EDTA and 1.1% (w/v) agarose gel for four 

hours at 100V. The gel was blotted on Zetaprobe nnembrane 

(Zetaprobe). Prehybridization and hybridization (Berent et al., 1985) 

of an oligonucleotide probe (5'-GCACTTTACTCGGCCACCATTGCT-3') 

specific for the pea RbcS 3A transcript was performed. 

Rubisco enrichment 

A. thaliana leaves, frozen at -70oC, were ground in a glass 

homogenizer in the presence of extraction buffer (either lOOmM Tris 

(pH 6.8), lOOmM NaCI, and 20mM EDTA, or 50mM Bicine (pH 8.0), 

10mM EDTA, and ImM dithiothreotol (DTT). Leupeptin at ImM and 

PMSF at 0.8mM were used in both buffers. The homogenate was 

clarified at 10*^ g (10 min, Sorvall SS34). Supernatant was brought 

to 30% (w/v) ammonium sulfate and centrifuged at IC^ g. The 

supernatant was adjusted to 60% (w/v) ammonium sulfate and 

centrifuged again at IC'- g. Pellets were resuspended in 50mM 

Bicine (pH 8), 2mM EDTA, and 1mM DTT. Samples were either 

purified by FPLC or precipitated by addition of polyethylene glycol 

(PEG). FPLC purification utilized an anion exchange column 

(Productiv Column PSC10-QM; Bps Separations Ltd.). Rubisco eluted 

at 0.3M KCI and was collected and concentrated over an Amicon 

centricon-100 concentrator and the buffer was exchanged with 

50mM Bicine (pH 8), 2mM EDTA. ImM DTT and 20% (v/v) glycerol. 



Samples were stored in aliquots at -70oC. Eighteen percent (w/v) 

PEG precipitation and centrifugation at 10^ g followed ammonium 

sulfate cuts. Supernatants were collected and MgCIa added to 30mM. 

The pellet was resuspended and stored in 50mM Bicine (pH 8). 2mM 

EDTA, 1mM DTT, and 20% (v/v) glycerol at -70oC. 

Native gel purification of Rubisco 

Rubisco samples were treated as above except that following a 

60% (w/v) ammonium sulfate precipitation and resuspension. 

samples were separated by 6% (w/v) PAGE in 1X Laemmli buffer 

without SDS under constant cooling at lO^C for six to eight hours. A 

thin strip down the length of the gel was removed for Coomassie 

staining while the remaining portion of the gel was equilibrated in 

10mM Tris-HCI (pH 7.8), 0.5mM DTT, and 1mM EDTA. The 560 kD 

Rubisco band was excised and cut into small fragments. Rubisco 

was removed by electroelution (Electrophoretic Sample 

Concentrator, model 1750; ISCO, Inc.) into 50mM Bicine (pH 8), 2mr\/1 

EDTA, 1mM DTT and 20% (v/v) glycerol. 

Two-dimensional gel electrophoresis 

Isoelectric focusing (lEF) was performed by a modified method 

of O'Farrell et al. (1975) using wide range ampholines (pH 3 to 10) 

and narrow range ampholines (pH 5 to 7) (Serva Inc.). Proteins 

migrated from the anodic reservoir (0.5% (v/v) ethanolamine) to a 

cathodic reservoir (0.3% (w/v) citric acid). Ten to 15 mg of vacuum-
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dried, enriched Rubisco was resuspended in lEF buffer (9.5M urea, 

0.5% (w/v) 3-[{3 cholamidopropyl) dimethylammonio]-1-

propanesulfonate (CHAPS), 0.5% (w/v) dithioerythritol (DTE) and 2% 

(v/v) ampholines) and loaded on an electrofocusing tube gel (Hoefer 

Scientific; SE600-1.5 electrofocusing apparatus). lEF acrylamide 

tube gels were composed of 9.16M urea, 4% (w/v) acrylamide, 0.1% 

(w/v) bisacrylamide, 1% (w/v) CHAPS and 1.7% (v/v) ampholines. lEF 

gels were developed with an decreasing current and voltage ramp 

from 0.03 to 0.015 mA and from 50 to 400 V over 15 h. lEF gels 

were then equilibrated for 30 min. in 0.062M Tris base pH 6.8, 2.3% 

(w/v) SDS and 10% (v/v) glycerol. lEF gels were either stored at 

-70°C or used for separation on 15% (w/v) acrylamide SDS/PAGE. 

Antibody selection 

Polyclonal antibodies were generated against purified tobacco 

Rubisco in rabbits. Crude serum (0.5 ml) was used in 50 ml of IX 

Tris base and salt solution (TBS), 5% (w/v) low fat dry milk and 0.5% 

(v/v) polyoxyethylene-sorbitan monolaurate (Tween 20) against 

Rubisco S from pea, blotted on nitrocellulose membrane. Following 

incubation for 1 hr at room temperature, membranes were washed 3 

times in 1X TBS and 0.5% (v/v) Tween-20. Antibodies were removed 

from the membrane with 0.2M glycine (pH 2.2) and neutralized with 

1M Tris (pH 8.8). y-immunoglobulins (IgG) were either precipitated 

with 35% (w/v) ammonium sulfate or concentrated over Amicon 

centricon-10 concentrators in IX TBS. 
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Results 

Pea RbcS 3A construct 

A pea RbcS 3A cDNA construct (Fig. 2.1) in the binary vector 

pBiN19 was introduced into A. thaliana by Agrobacterium-mediated 

transformation (Valvekens et al., 1988). The pea RbcS 3A cDNA was 

expressed under control of the duplicated CaMVSSS promoter which 

is constitutively expressed in all plant tissues and highly expressed 

in many tissues (Benfey et al., 1990a and b). Thirty kanamycin-

resistant plants were regenerated and T3 generation plants were 

screened to determine relative levels of pea RbcS 3A transcript by 

RNA blots (data not shown). Two plant lines, T7.3 and T7.5. were 

selected for their relatively high expression of the pea RbcS 3A 

transcript. The steady-state transcript expression of T7.3 and T7.5 

were comparable with the amounts of RbcS transcripts found in pea 

plants (Fig. 2.2). 

Protein sequence comparisons 

Comparisons of sequences, MWs and predicted isoelectric 

points for each Arabidopsis S and the pea S suggested that it might 

be possible to discriminate between pea and Arabidopsis S using two 

dimensional lEF/SDS/PAGE (2-D gels). Figure 2.3 shows that both 

MW and predicted isoelectric points distinguish pea from 

Arabidopsis S, while the Arabidopsis S are difficult to discern from 

one another. Two Arabidopsis RbcS genes (RbcS 28 and RbcS 38) 
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Figure 2.1: Pea RbcS3A cDNA construct 

The gene construct above is composed of a duplicated 
Cauliflower Mosaic Virus 35S (CaMV 35S) promoter 
followed by the pea rbcS 3A transit peptide (TP) sequence 
and the pea rbcS 3A cDNA. This promoter/cDNA cassette 
was subcloned into the binary vector pBin19 and used to 
transform Arabidopsis thaUana Landsberg erecta. 



Figure 2.2: Pea RbcS 3A transcript in Arabidopsis 
thaliana 

mRNA expression of pea RbcS 3A was deternnined by 
RNA blot using an oligonucleotide probe specific for the 
pea RbcS 3A transcript. This oligonucleotide was 14 

nucleotiass in length and complementary to a pea rbcS 
3A-specific sequence in the 3' UTR. Lane 1 - pea RNA; 
lane 2 - wildtype Arabidopsis RNA; iane 3 - transgenic 

Arabidopsis (T7.3) RNA; lane 4 - transgenic Arabidopsis 
(T7.5) RNA. Ten ug of total RNA was loaded in each lane. 



generate identical protein products and thus cannot be distinguished 

from one another by either MW or pi. Similarly, the gene product 

from RbcS IB differs in sequence from those of RbcS 2B and 38 only 

in positions T22 and D125 which do not result in molecular mass or 

isoelectric point differences. Only the protein product from RbcS 1A 

should be discernible from other members of the family because it 

has a lower molecular mass (14.7 kD). Seven amino acids and one 

deletion at its C terminus distinguishes the RbcS 1A 8 protein from 

the other S proteins (Fig. 2.3). 

2-0 gel analysis 

Rubisco protein was enriched to approximately 85% purity 

from populations of T7.3, T7.5 and wild-type Arabidopsis (WT). 

Rubisco was then separated on 2-D gels in the lEF range from pH 5.5 

to 7 (Fig. 2.4). Silver-stained 2-D gels of Rubisco preparations from 

wild-type and transgenic Arabidopsis revealed Rubisco L at -56 kD 

and putative Rubisco S proteins at -15 kD. Rubisco L is distributed 

along the lEF gradient in four major spots of approximately equal 

MW, suggesting that four differentially modified L populations (e.g. 

Houtz et al., 1989) exist in Arabidopsis. Figure 2.4A shows two 

prominent protein spots of the expected mass (14.7 and 14.8 kD) for 

endogenous Arabidopsis S. RbcS IB, 2B and 3B gene products 

together, most likely, generate the spot with a higher molecular 

mass at 14.8 kD (Fig. 2.4A). The -15 kD proteins that differ by as 

little as 100 daltons can be distinguished from one another by 



PeaSA MQVWPPXGKK KFETIiSYIiPP IiTROQUiKEV EYLZiSKGWVP CI<EF&IiEKGF 
ARAIB MKVWPPXGKK KFETZiSYLPD IiTDVEIiAKEV DYUUUIKWXP CVEFEI.EHGF 
ARA2B MKVWPPXGKK KFETZiSYIiPD LSDVEIAKEV OYLLRNKWXP CVEFELEHGF 
ARA3B MKVWPPXGKK KFETLSYLPD LSDVEZiAKEV DYLI<RNKWXP CVEFEIiEHGF 
AJIAIA MQVWPPXGKK KFETIiSTLPD LTDSEIJVKEV DYLXRNKWXP CVEFELEBGF 

*** * * * * * ** * *** * * 

Pea3A VYREHNKSPR rTOGRYWTMW KLPMFGTTDA SQVLKELDEV VAAYPQAFVR 
ARAIB VYREHGNTPG YYDGRYWTMW KLPLFGCTDS AQVLKEVEEC KKEYPGAFXR 
ARA2B VYREHGNTPG YYDGRYWTMW KLPLFGCTDS AQVLKEVEEC KKEYPGAFXR 
ARA3B VYREHGNTPG YYDGRYWTMW KLPLFGCTDS AQVLKEVEEC KKEYPGAFXR 
ARAIA VYREHGNSPG YYDGRYWTMW KLPLFGCTDS AQVLKEVEEC KKEYPNAFXR 

* * ** * *•** #aa MW PPX API 
Pea3A XXGFDNVRQV QCXSFXAHTP ESY 123 14.6 8.1 6.8 
ARAIB XXGFDNTRQV QCXSFXAYKP PSFTDA 126 14.8 5.8 6.0 
ARA2B XXGFDNTRQV QCXSFXAYKP PSFTEA 126 
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Figure 2.3: Comparison of mature Arabidopsis and pea 
S protein sequences 

The five S sequences are arranged for maximum parsimony 
in order to indicate differences between the pea rbcS 3A-encoded 
S and the Arabidopsis S as well as the high similarity between 
the Arabidopsis S. An asterisk (*) above the protein sequence 
indicates differences between pea and Arabidopsis S. A minus 
{-) below the protein sequences indicates differences among 
Arabidopsis S. Also shown are the length of the proteins (aa), 
molecular mass (MW), predicted isoelectric point (PPI) and 
apparent isoelectric point (API). Protein sequences for pea S and 
Arabidopsis S were obtained from Fluhr et al. 1986b and 
Krebbers et al. 1988. 
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Figure 2.4: Separation of S proteins from enriciied Rubisco 

Silver-stained 2-D gels containing enriched Rubisco from 
white light grown plants (in left panels) and blue light treated 
plants (in right panels) are shown. L migrate near the top of each gel 
at aproximately 56 kD. L are resolved into four spots in close 
proximity along the lEF gradient. S are resolved as multiple spots at 
approximately 15 kD. In panels A and B WT Rubisco is shown. In 
panel B an open arrow indicates the putative blue light S spot. 
Panels C and D show T7.3 Rubisco which contains a new -14 kD 
(putative pea S) spot (solid arrow). Panels E and F present T7.5 
Rubisco containing both the putative pea S spot (solid arrow) and the 
putative blue light S spot (open arrow) under either light condition. 
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SDS/PAGE (Hames and Rickwood, 1986). Thus, only the RbcS 1A gene 

product can be distinguished from the other S by gel migration. This 

is consistent with transcription data since all Arabidopsis RbcS 

genes are expressed under white light conditions (Dedonder et al., 

1993) suggesting each gene contributes to the S pool. Yet, under 

blue light conditions a third putative Arabidopsis S spot appears 

(Fig. 2.4B). This suggests either up-regulation of some endogenous S 

that has not yet been identified or an S already present under white 

light has been modified to alter its pi. 

A new 15 kD protein present in transgenic Arabidopsis 

An additional protein spot, not present in Rubisco from wild-

type Arabidopsis, of mass -15 kD is observed in the transgenic plant 

lines T7.3 and T7.5 (Fig. 2.4C and 2.4E). This protein has been 

identified in four independently transformed lines by 2-D gel 

electrophoresis, using both a cDNA construct and a construct which 

introduced a genomic version of pea RbcS 3A (not shown). In all 

transgenic lines tested the introduced protein is consistently found 

at this position regardless of the gene construct used. The mass of 

this protein is consistent with the expected mass (14.6 kD) of the 

pea RbcS 3A gene product (Fig. 2.3). The predicted pi (5.8) and 

apparent pi (6.0) differ only slightly for all the Arabidopsis S. 

However, the pea RbcS 3A product has a more neutral pi (6.8) than 

predicted (8.1). 
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In one transgenic line, T7.3, a single new -15 kD protein spot 

appears (Fig. 2.4C). As expected, after blue light treatment, the 

endogenous Arabidopsis blue light spot appears (Fig. 2.4D) and the 

putative pea S persists. In several other independently transformed 

plant lines (represented here by T7.5) the putative blue-light 

Arabidopsis S appears under white light (Fig. 2.4E). In T7.5 blue 

light neither increases the relative amount of this putative blue-

light Arabidopsis S (Fig. 2.4F) nor produces a new putative blue-light 

S spot. Likely, the Arabidopsis blue light S occupies the same 

position, at pi 6.4, as the spot present in white light in T7.5. The 

putative blue light S spot in WT Arabidopsis is probably the same 

protein expressed or modified under white light in T7.5. 

Ail four 15 kD proteins are S 

Antibodies were used to determine whether all the -15kD 

proteins endogenous to WT Arabidopsis and T7.5 Rubisco 

preparations are S. Two-dimensional gels of enriched Rubisco 

protein (WT blue-light-treated and T7.5 grown in white light) were 

blotted and probed with S-specific antibodies. All putative 

Arabidopsis S (Fig. 2.5A) and the putative pea S (Fig. 2.5B) were 

recognized, identifying each of the -15kD proteins as S. With the 

exception of a few weak background spots, no other proteins were 

recognized. 
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WT-blue light T7.5-white light 
MW 

Figure 2.5: Antibody detection of Rubisco S in 2-D gels. 

S specific antibodies were used to probe protein blots 
of 2-D gels. Chemiluminescence was used to produce 
fluorographs displaying S positions. Panel A depicts antibody 
detection of S in wildtype Arabidopsis treated with blue light. 
Three S spots are apparent. Panel B depicts antibody 
detection of S in T7.5 under white light. A fourth S spot 
(arrow) is apparent. 
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Assembly of pea S in Arabidopsis holoenzyme 

To establish that the pea S is assembled within Arabidopsis 

Rubisco holoenzyme a stringent purification method (see M & M) was 

used with the chimeric holoenzyme (Fig. 2.6). Partially enriched 

Rubisco was separated on a 6% native acrylamide gel to remove 

proteins that were not associated with Rubisco. A longitudinal 

portion of the gel was removed and stained with Coomassie to 

identify the 560 kD Rubisco complex. A region of the remaining gel 

corresponding to the 560 kD protein band was excised, protein was 

eluted and an aliquot was separated on 2-D gels (Fig. 2.6). Each of 

the four S spots were present confirming that pea S is assembled in 

the chimeric holoenzyme. Furthermore, this indicated that transport 

into the chloroplast and pea S maturation must have occurred. 

Comparison of transgenic pea S with wild-type pea S 

Wild-type pea Rubisco and the chimeric Rubisco holoenzymes 

were compared (Fig. 2.7) to determine whether the new S in 

transgenic Arabidopsis was identical to a wild-type pea S. Two 

wild-type pea S spots occupy positions on 2-D gels close to the 

position that the pea RbcS 3A transgene product occupies in 

chimeric Rubiscos (Fig. 2.7A). Figure 2.7B displays S of T7.3 

Rubisco. When wild-type pea Rubisco is separated on the same 2-D 

gel with T7.3 Rubisco, one of the wild-type pea S overlaps the pea 

RbcS 3A transgene product. T7.5 Rubisco S are shown in 



Figure 2.6: Purified chimeric Rubisco contains 
pea S. 

A silver stained 2-D gel of T7.5 Rubisco which has been 
purified first by (NH4)2904 cuts and separation in a 6% 
acrylamide native gel. Rubisco for this 2-D gel was eluted 
from the native gel as a -550 kD band. All 15 kD S including 
the blue-light S (open arrow) and the pea RbcS 3A S (solid 
arrow) are present. 



Figure 2.7: Co-migration of pea S from T7.3 and T7.5 with 
S from wild-type pea 

Close-ups of S on silver stained 2-D gels containing enriched 
Rubisco run on identical isoelectric focusing gradients (pH5.5-pH7). 
Panel A contains two WT pea S spots (hatched triangles) which 
occupy positions along the lEF gradient close to the position that the 
pea RbcS 3A product (solid arrow) occupies in the following panels. 
Panel B displays the pea S generated by T7.3. Panel C contains WT 
pea Rubisco loaded together with T7.3 Rubisco on the same lEF gel 
which then was run on an SDS-PAGE. Panel D shows S from T7.5 
Rubisco including the blue-light S (open arrow) and the pea RbcS 3A 
product (solid arrow). Panel E contains WT pea Rubisco loaded 
together with T7.5 Rubisco on the same lEF gel which then was run 
on an SDS-PAGE. 
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Figure 2.7D. When wild-type pea Rubisco was loaded together with 

T7.5 Rubisco on the same 2-D gel each of the S from T7.5 and wild-

type pea Rubisco could be observed (Fig. 2.7E). In both T7.3 and T7.5 

Rubisco the pea transgene product has the same apparent pi and MW 

as one of the wild-type pea S (Fig. 2.7C and 2.7E). 

Discussion 

Transformation of Arabidopsis with the pea RbcS 3A construct 

allowed detection of the expressed RbcS 3A transcript. The new S, 

identified in transgenic plants using 2-D gels, is identical in MW and 

pi to an S endogenous to wild-type pea Rubisco. Furthermore, each 

of the -15 kD protein spots have been positively identified by S-

specific antibodies. All of the identified S proteins remain 

associated with the Rubisco complex following separation of the 

560 kD holoenzyme complex from lower MW proteins. 

All four A. thaliana RbcS genes produce transcripts (Dedonder 

et al., 1993) that form two spots on 2-D gels, assuming all 

transcripts are translated. The lower MW S spot (Fig. 2.4A) at 14.7 

kD is probably expressed from RbcS 1A (Fig. 2.3). This lower S spot 

represents approximately 50% of the S protein (Fig. 2.8A) in WT 

plants (Fig. 2.4A): yet, Dedonder et al. (1993) showed RbcS 1A 

produced only about 17% of the RbcS transcript under continuous 

white light. This can be explained by the presence of a translation 

enhancer in the 5'UTR of RbcS 1A (Wong et al., 1992). The higher MW 
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S Spot (Fig. 2.4A) at 14.8 kD must consist of three S proteins derived 

from RbcS 1B, 2B and 3B, because they share high sequence identity 

and their predicted MWs are identical (Fig. 2.3). Thus, the four A. 

thaliana S comprise only two spots that differ in size on 2-D gels. 

Agreement between the predicted and approximate pi and MW of 

these proteins and identification by S-specific antibodies supports 

the assertion that these proteins are S. 

Pea S represents about 15 to 18% of the S present in trangenic 

plants (Fig. 2.88 and C). Unlike the Arabidopsis S proteins, the pea S 

present in transgenic Arabidopsis shows a difference between its 

apparent pi (6.8) and predicted pi (8.1). Perhaps this pea S is 

modified similarly in both pea and Arabidopsis. Phosphorylation of S 

(Soli and Buchanan, 1983; Foyer, 1985) and L (Foyer, 1985) has been 

reported in spinach chloroplasts in response to light and dark 

treatments. Soil and Buchanan (1983) show that S is phosphorylated 

by a chloroplast outer membrane-bound protein kinase as precursor 

S is transported through the chloroplast envelope. The change in pi 

could be the result of other types of modifications, some of which 

have been reported for L (Houtz et al., 1989). In spinach, wheat, 

tobacco and muskmelon the L subunits are post-translationally 

processed at the amino terminus by removal of Ml and S2 and 

acetylation of P3. Also, in some plants (i.e. tobacco and muskmelon) 

L proteins undergo trimethylation of the e-amino group at K14 (Houtz 

et a!., 1989). Phosphorylation and acetylation could 
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Figure 2.8: NIHimage plots of S proteins 

Silver stained 2-D gels were scanned and images were 
used with NIHimage software to determine pixel intensity 
(y-axis) and area (x-axis) of S protein spots. Areas under 
each of the peaks were measured and numerical values 
assigned by NIHimage were positioned above each peak. The 
percent of measured endogenous S proteins in wild-type 
Arabidopsis (Panel A) and pea S protein in transgenic plants 
T7.3 (Panel B) and T7.5 (Panel C) is indicated in parentheses. 
The gels used to create the plots above are those shown 
in Figure 2.4 for white light generated Rubisco samples. 



cause a protein to have a more acidic pi while methylation could 

generate the more basic pi obsen/ed for the pea S. 

Considering the results of Krebbers et al. (1988) and Dedonder 

et al. (1993), there are likely only four Arabidopsis RbcS genes. It is 

unlikely that Arabidopsis contains a fifth, blue light induced, RbcS 

gene. The blue light S spot, apparent after a 12 hour blue light 

treatment, is probably due to modification(s) of one of the 

Arabidopsis S. It is unknown which S may be modified and what type 

of modification might occur. Preliminary experiments indicate that 

neither N-glycosylation nor phosphorylation are involved (not 

shown). Phosphorylation generates negative charges on a peptide 

and would therefore require a more acidic environment before all 

charges are neutralized. More phosphorylation of a peptide will 

lower its pi and removal of phosphates will raise its pi (Dunbar, 

1987). If S is phophorylated in several positions, removal of 

phosphates (i.e. phosphatase activity) could explain the increase in 

pi of the blue light S (Goday et al., 1988). Glycosylation Is not likely 

the cause of this blue light generated pi shift because glycosylation 

usually generates proteins with heterogeneous MWs and charges, 

which result in a diffuse band on SDS/PAGE or differently charged 

spots which show streaking along the MW scale on a 2-D gel (Dunbar, 

1987; Persson et al., 1989); this was not observed (Fig. 2.4B). 

Furthermore, a single hexose monomer would add about 180 daltons 

to the protein. Several sugar monomers would likely raise the MW of 



the S noticeably. With consideration to the MW of the blue light-S, 

only one sugar monomer could have been added. 

The S that appears in blue-light treated WT plants is present 

in several of the independently transformed Arabidopsis expressing 

pea S following either white or blue light. Expression of the blue-

light S may be constitutive in these transgenic plants. The presence 

of the "blue-light S" in transgenic plant lines under white light 

conditions is unlikely due to somaclonal variation because three 

other independently transformed plant lines also show a blue-light 

modified S in this position (not shown). Two of these independent 

transformants were derived from transformation with a genomic 

construct of pea RbcS 3A. These latter two generate much less pea 

S and coincidentally less blue-light S. It appears that the blue-light 

S modification occurs in response to and in proportion to some 

influence generated by the presence of the pea S. Pea S may cause a 

detrimental effect on the function of the chimeric Rubisco which, 

hypothetically, may be recognized by some protein modification 

mechanism. This protein modification normally occurs following 

blue-light treatment. Perhaps this blue-light S may be tagged for 

turnover in response to assembly of the foreign pea S. 

The absence of the blue-light S in T7.3 under white light is 

enigmatic. T7.3 is unique in this regard; it is the only pea S 

expressing line which does not generate the blue-light S 

constitutively. Thus, the possibility that T7.3 is a somaclonal 
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variant cannot be excluded. Because pea S is the only additional S 

present in T7.3, biochemical characteristics of this Rubisco could be 

compared to those of T7.5. This is an advantage in that it offers 

further verification of any biochemical consequence imparted on the 

holoenzyme specifically by pea S. By the same rationale, if there 

are biochemical differences between the chimeric Rubiscos T7.3 and 

T7.5 these could be attributed to the presence of the blue-light S. It 

is clear that the blue-light S spot can be generated in WT A. thaliana 

and is therefore not derived from the pea RbcS 3A gene product in 

transgenic plant lines. 

In transgenic Arabidopsis, the results show that pea S is 

transported into chloroplasts, undergoes maturation, and is 

assembled into the Arabidopsis Rubisco holoenzyme, producing a 

higher plant chimeric Rubisco. The system presented here is the 

first one designed such that a foreign or mutagenized S can be 

introduced into a higher plant Rubisco. This system has the 

potential to analyze biochemical roles that S may play in higher 

plant Rubisco. By using evolutionary divergent S, distal regions to 

the active site that influence Rubisco activity can be identified. 

This will rely on identifying incompatible interactions between pea 

S and Arabidopsis L that may be responsible for biochemical 

differences between WTand chimeric Rubiscos. 
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CHAPTER 3 

RUBISCO KINETIC STUDIES: PEA S INTERFERES WITH 

CARBAMYLATION OF AND CARBOXYLASE ACTIVITY-

DEPENDENT INTERACTION BETWEEN CATALYTIC SITES 

OF ARABIDOPSIS L 



Abstract 

Determination of biochemical differences between Arabidopsis 

thaliana Rubisco and the two chimeric Rubiscos presented in Chapter 

2 can identify functions of higher plant Rubisco in which S play a 

critical role. Denaturing effects of urea upon WT and chimeric 

Rubisco determined that chimeric L8S8 is structurally stable. 

Biochemical comparison of WT and chimeric Rubisco revealed S/L 

interactions that affect carbamylation of L. Reduced carbamylation 

in chimeric Rubiscos resulted in reduction of carboxylation activity. 

Chimeric Rubisco was less responsive than WT to high temperature 

treatment prior to carboxylation assays. This is a result of reduced 

cooperative interaction, the influence that one catalytic site exerts 

on a neighboring site. Cooperative interaction between catalytic 

sites is disrupted by the presence of pea S. A mathematical 

representation of a model comparing WT and chimeric Rubisco 

kinetics supports this conclusion. Comparison of Rubiscos during 

fallover also suggests that S contributes to cooperative interaction. 

WT, T7.3 and T7.5 Rubiscos, when pre-treated with high 

temperature, are more sensitive to the inhibitory conditions that 

lead to fallover. 
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Introduction 

Structural and kinetic analysis of Rubisco, as discussed in 

Chapter 1, indicate that only L contribute to residues of catalytic 

sites (Schneider et al., 1990). Much work has been done to determine 

if Rubisco can be altered or improved through modification. 

Analyses of bacterial L using site-directed mutagenesis on residues 

in the catalytic site have generated information about essential 

amino acid residues and their function (Kettleborough et al., 1991; 

Parry et al., 1992; Lee et al., 1993; Zhu and Spreitzer, 1996; 

Bainbridge et al., 1995). Though S do not contribute to the active 

site, their assimilation into L8S8 is essential for optimal 

carboxylase activity of eukaryotic (Voordouw et al., 1984; Spreitzer. 

1993) and cyanobacterial (Andrews and Bailment, 1983; Andrews, 

1988) Rubisco enzymes. Subtle protein sequence variations in S 

generated by RbcS gene families are not known to contribute to 

higher plant Rubisco function. However, structural analysis of 

cyanobacterial (Newman and Gutteridge, 1993) and higher plant L8S8 

(Knight et al., 1990; Schneider et al., 1990; Taylor and Andersson, 

1996), as well as kinetic analysis of cyanobacterial L8S8 with 

foreign (Andrews and Bailment, 1983; Andrews and Lorimer. 1985; 

Read and Tabita, 1992b) or mutagenized S (Voordouw et al., 1987; 

Bonggeun et al., 1991; Read and Tabita, 1992a), have suggested that 

S affects the function of the catalytic site. 



Studies using cyanobacterial L8S8 have determined that 

different S can cause different biochemical behavior in Rubisco. L 

from a cyanobacterium, Anacystis nidulans, has been expressed 

without S in E. coli and showed carboxylase activity (Andrews, 

1988). This indicated that cyanobacterial Rubisco does not require S 

for solubility or carbamylation which are required for carboxylase 

activity. A. nidulans L and S can be assembled into an L8S8 in 

Eschericia coli using groEL and groES (Goloubinoff et al., 1989a and 

b). In vitro replacement studies have been used successfully to 

assemble L from cyanobacteria and S from spinach. These assays 

determined that the Km(co2) was two-fold greater for the 

heterologous (cyanobacteria L and spinach S) enzyme than for the 

wild-type cyanobacterial Rubisco (Andrews and Lorimer, 1985). 

This indicated foreign S can • modify the catalytic site function. 

Studies with A. nidulans Rubisco expressed in E. coli concluded that 

a single amino acid substitution in S reduced the Vmax(co2) without 

altering Km(C02)- This suggested that altering S in an assembled 

L8S8 can affect the rate of CO2 assimilation without affecting the 

affinity for CO2 (Voordouw et al., 1987). Another analysis with A. 

nidulans Rubisco showed that different amino acid substitutions in S 

influenced K(co2). Km(RuBP). Km(02) and Vmax (Read and Tabita, 

1992a). Taken together, these studies support the conclusion that S 

plays a role during catalysis but, perhaps, not in carbamylation of 

bacterial L. Assembly of bacterial L and S has shown that, for 

bacterial Rubisco, biochemical characteristics can be altered by 
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different S. If a similar system for assembly of higher plant L and S 

were available, further information could be gained from 

mutagenesis and replacement studies with higher plant Rubisco. 

Replacement studies with higher plant L and S have not been 

possible because higher plant L are not soluble in the absence of S 

(Gatenby, 1984; Voordouw et al., 1984; Andrews and Lorimer, 1985). 

Expression of L from maize in E. coli resulted in an insoluble L with 

no detectable activity even in the presence of groEL (Gatenby. 1984). 

Higher plant L have a greater dependence on S for solubility than 

bacterial L. 

Some characteristics common to plant Rubiscos are not 

observed for bacterial Rubiscos. These include solubility of L 

(Gatenby, 1984), temperature enhanced carboxylation activity (Vc) 

(Parry et al., 1985; 1987) and fallover (i.e. the decrease in Rubisco 

activity over time due to the inhibitory effect of Rubisco products 

xylulose-1,5-bisphosphate and 3 ketoarabinitol-1,5-bisphosphate) 

(Edmonson et al., 1990b; Zhu and Jensen, 1991b) (See Table 1.1). 

Based on these differences between prokaryotic and higher plant 

L8S8, differences between L and S of these Rubiscos are possible. 

Thus, studies with cyanobacterial L assembled with either 

cyanobacterial or higher plant S may not offer a realistic 

understanding of how higher plant L behaves in response to different 

S. 



79 

In three studies, isolated plant chloroplasts have been used to 

assemble mutagenized S with higher plant L (Wasmann et al., 1989; 

Flachmann and Bohnert, 1992; Adams, 1995). These studies have 

shown that assembly of foreign S can take place in chloroplasts 

(Wasmann et al., 1989) and point mutations in the HPIN assembly 

domain of pea S, amino acids 49 to 64, can inhibit (Flachmann and 

Bohnert, 1992) or slow (Adams, 1995) assembly. Enzyme generated 

in this fashion will yield more WT Rubisco, which is already present 

in the chloroplast, than chimeric Rubisco, which is introduced 

following chloroplast isolation. 

I intended to analyze how S influences higher plant Rubisco 

function and determine if S plays a role in enzyme kinetics not 

observed for bacterial Rubisco. These kinetic studies include 

determining if S influences activation, cooperative interaction 

between catalytic sites and Rubisco sensitivity to inhibition. A 

system was developed, described in Chapter 2, that provided 

sufficient amounts of Rubisco to perform biochemical analyses. 

Toward this goal A. thaliana was used because it is easily 

transformed and has a small RbcS gene family whose protein 

products share high similarity. Pea S shares 70% similarity with 

the four Arabidopsis S. Several of the residues that differ are at the 

S/L interface and likely could promote ionic interactions between 8 

and L that are sufficient to disrupt kinetic function. 
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The work presented in this chapter addresses differences 

between the kinetic behavior of Arabidopsis L8S8 and chimeric L8S8 

containing one type of pea S. Because Arabidopsis Rubisco has not 

been studied biochemically, both biochemical characterizations of 

wild-type Arabidopsis (WT) Rubisco and two chimeric Rubiscos are 

reported. Chimeric Rubisco shows a decreased capacity for 

carbamylation and concomitantly reduced Vc relative to WT Rubisco. 

I interpret this result to indicate critical S interactions with L are 

necessary to establish carbamylation. I discuss potentially 

disruptive ionic interactions between pea S and Arabidopsis L later 

in this chapter. Chimeric Rubiscos also display a reduced response 

to temperature enhancement of Vc relative to WT. I propose that 

pre-treatment with high temperature can enhance Vc by promoting 

changes at the S/L interface. I present a mathematical 

representation in which two sets of four S coordinate cooperative 

interaction only between the four L linked at their catalytic sites by 

these S. I use the term "cooperative interaction" to explain 

coordination or modulation of movement from one site to a 

neighboring S-linked site. This model is based on kinetic data 

presented here and crystallography work that shows interaction 

between S and L (Knight et al., 1990; Schneider et al., 1990) and 

movement of catalytic site residues and S residues (Taylor and 

Andersson, 1996). If cooperative interaction between sites is 

influenced by interaction between S and L, which coordinate 

movements between catalytic sites, then 1 propose that negative 
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cooperativity could also be enhanced. Recall that negative 

cooperativity, which has been studied in Rubisco (Zhu and Jensen, 

1990), is the reduction of substrate binding at catalytic sites 

neighboring an inhibitor bound site. Temperature pre-treatment of 

both WT and chimeric Rubisco results in more rapid fallover perhaps 

due to negative cooperativity. It is feasible that the same S 

interactions with L which convey movement between two active 

sites restricts movement between an inhibitor bound site and an 

active site. Likely, the reason pea S cannot cause greater 

restrictive influence on the chimeric Rubisco is that catalytic sites 

linked to pea S already have reduced activity; one site is 

uncarbamylated while the neighboring L may be influenced by pea S-

interaction with the uncarbamylated L. Furthermore, fallover assays 

require that the enzyme cocktails being compared begin this assay 

with equivalent Vc rather than equivalent amounts of enzyme. 

Greater amounts of chimeric enzyme must be used because chimeric 

enzyme has lower Vc. By increasing the amount of chimeric Rubisco 

used in the assay, any effect pea S causes is abolished. Thus, only 

differences that occur following heat treatment can be detected. No 

difference in fallover between WT and chimeric Rubiscos is 

expected. 



Materials and Methods 

Integrity of Rubisco in urea 

Six and one-half micrograms of each Rubisco enriched as 

described in Chapter 3, were added to reaction cocktails containing 

50mM Bicine (pH 8), ImM DTT and different concentrations of urea 

(0, 3.0M, 3.2M, 3.4M, 3.6M. 3.8M and 4.0M). Following addition of 

Rubisco, cocktails were incubated at 37° C for 15 min. After 

incubation samples were diluted to 2M urea with 2X protein gel 

loading buffer and kept on ice. Samples were run on 6% acrylamide 

native gels with IX Laemmli buffer and stained with Coomassie. 

Stained gels were scanned and Ofoto images were analyzed using 

NIHimage software to determine the relative Intensities of soluble 

Rubisco complex in four lanes for each gel. 

Carbamylation of Rubisco 

One hundred micrograms of each Rubisco sample was activated 

in 50mM Bicine (pH 8), llmM MgCl2 , 1mM EDTA and 10mM Nahl'i'^COa 

(5|iCi/mMol) at either 25°C or 42^0 for 15 minutes. Samples were 

then saturated with CABP and kept on ice for 2 hours. Column 

purification of "•'^COa locked in by CABP bound to Rubisco was 

performed on BioRad Econo-Pac 10DG disposable desalting columns. 

All protein fractions were collected and ""^C label was quantified 

with a Beckman LS7000 scintillation counter. 
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Enzyme assays 

RuBP was synthesized by the method of Bahr et al. (1978). 

Enzyme concentration of enriched Rubisco from 4 independent 

samples of WT, T7.3 and T7.5 were determined using the extinction 

coefficient for tobacco Rubisco (0.7cm ml(mg)-i) (McCurry et al. 

1982). Rubisco samples were then run on SDS/PAGE, stained with 

Coomassie, scanned into a pict format and checked with NIHimage 

1.51 to determine purity of Rubisco. Verification of concentrations 

was done by CABP titration (Pierce et al., 1980). 

Carboxylase activity assays were performed after Rubisco 

activation in 50mM Bicine (pH 8), lOmM MgCIa and lOmM NaH^^^COs 

(2[j.Ci/|imol) for 20 minutes (Lorimer et al., 1976) at 25°C or at 42oC. 

Three independently enriched WT, T7.3 and T7.5 Rubisco samples 

were assayed at least 3 times such that each activity reported was 

the result of 9 assays. Samples treated at 42^0 were either 

equilibrated to 250C for 5 minutes or put on ice for up to 20 minutes 

and then equilibrated to 25°C before activity assays were performed. 

Activity assays were done in the same buffer at 25°C. Initiation of 

the reaction occurred upon addition of RuBP to a concentration of 

0.8mM for 1 minute. Reactions were stopped by the addition of IN 

HCI. Free '•'^002 is driven off by heating and evaporating the solution 

with HCI. labeled acid stable sugars (ie. PGA) are quantified by 

scintillation counting in a Beckman LS7000 scintillation counter. 
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Temperature dependence assays were done following 20 

minute temperature pretreatments from 5°C to 65°C during 

activation. All temperature-treated WT and chimeric Rubiscos were 

put on ice for up to 20 minutes and assayed for carboxylase activity 

at 25°C, as above. One enzyme sample of WT, T7.3 and T7.5 was 

assayed in 3 independent experiments such that each data point 

represents 3 carboxylase activity measurements. Standard 

deviations are less than 5% for samples treated at 45°C or less. 

Standard deviations were less than 15% for samples treated from 

50°C to 60°C. Samples treated at 65oC displayed no activity. One 

hundred percent Vc was defined for each Rubisco as Vc after 20 

minutes of activation at 25°C. 

Carbamylation assays were performed in the same manner as 

activation with the modification that lOmM NaH'''^C03 (5|iCi/|imoi) 

was used. CABP was then added to 0.6mM for 2 hours in order to 

lock in bound ""^COa (^C02) by a modified procedure of Pierce et al. 

(1980). Assays were repeated 3 times with WT, T7.3 and T7.5 at 

250c or 420C treatment. For each assay the same enriched Rubisco 

sample was used. Samples were washed through BioRad Econo-Pac 

10DG Disposable Desalting Columns and the '•^COa bound to Rubisco 

was quantified by scintillation counting in the Beckman LS7000 

scintillation counter. 

Fallover assays were performed under the same reaction 

conditions as carboxylase activity assays. Samples were removed 
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from the reaction cocktail at one minute time intervals and added to 

4N HCI to stop activity. Following treatment at 25°C or 42°C 

Rubisco activity was either measured immediately or samples were 

stored on ice without substrate for up to 20 minutes; this h = d no 

effect on carboxylase activity. 

Km(RuBP) was determined using a double reciprocal plot of 

1/Vc against 1/[RuBP]. Five concentrations of RuBP 2|iM, 3|iM, 4uM. 

8|iM and 12!iM were used to initiate activity for each Rubisco 

following 25°C or 42°C pre-incubation. Determination of Vc after 30 

seconds of activity was performed as done for Carboxylase assays 

(above). Each assay was repeated at least 3 times. Standard 

deviation was less than 5% for each data point. Cricket graph 

generated the formula for each line by linear regression. Each 

Km(RuBP) was determined as follows: 

sample / Temp. 

WT at 2500 

7.3 at 2500 

7.5 at 2500 

WT at 4200 

7.3 at 4200 

formula of line 

y = 2.08+21.26x 

y = 2.35+21.12x 

y = 2.06+17.42X 

y= 1.50+13.31 X 

y = 1.35+13.83X 

When y=0 x=0.098 

When y=0 x=0.111 

When y=0 x=0.118 

When y=0 x=0.113 

When y = 0 x=0.098 

Km(RuBP) 

1/X = 10.2^iM 

1/X = 9.0^M 

1/X = 8.5^iM 

1/X = 8.9nM 

1/X = 10.2^f\/l 
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7.5 at 42°C y = 1.34+13.73x When y = 0 x=0.098 1 /X = 10.2uM 

Average 9.5|iM 

Results 

Rubisco stability in urea 

Because S interacts with L through ionic charges, urea has 

been used to separate S from L, generating insoluble L in higher 

plants and soluble S (Andrews and Lorimer, 1985; Gatenby et al.. 

1987; Smrcka, 1990; Voordouw et al., 1984). Urea was used to 

determine potential differences in stability between WT and 

chimeric enzymes. Urea treated Rubiscos were run on 6% acrylamide 

nondenaturing gels and stained with Coomassie (Fig. 3.1). The 

Rubisco holoenzyme is apparent as a 560 kD band which is 

diminished with increasing urea concentration. No significant 

differences in stability were observed between WT (Fig. 1A) and 

T7.5 (Fig. 3.1 B) Rubisco. Both Rubiscos are about 90% denatured in 

3.6M urea (Fig. 3.1 A and 3.IB lanes 5) and completely denatured in 

3.8M urea (Fig. 3.1 A and 3.1 B lanes 6). 

Temperature profiles for WT and chimeric Rubiscos 

As explained in Chapter 1, temperature has an affect on the 

structure of Rubisco, detectable with circular dichroism assays 
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Figure 3.1: Structural integrity of Rubisco in urea 

Rubisco samples were pretreated with increasing 
concentrations of urea for 15 minutes at 37°C. Samples 
were run on 6% acrylamide gels and stained with Coomassie 
Panel A (WT Rubisco) and panel B (T7.5 Rubisco) show a 
560 kD holoenzyme band; as urea concentration increases 
the holoenzyme band is depleted. Samples in lanes 1-7 of 
both panels A and B were pretreated with OM, 3.0M, 3.2M, 
3.4M, 3.6M, 3.8M and 4.0M urea, respectively. At the base 
of each gel the percent Rubisco remaining, relative to the 
amount of Rubisco in lane 1 of each gel, as determined by 
NIHimage, is reported for the first four lanes. 
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(Schmidt et al., 1984), as well as Vc of higher plant Rubisco (Parry 

et al.. 1987). It is not clear whether intrasubunit or intersubunit 

changes are affected by temperature. Figure 3.2 shows percent Vc 

of WT and chimeric Rubiscos plotted against temperature 

pretreatments during activation. Following 20 minute temperature 

pretreatments from 5°C to 65°C all WT and chimeric Rubiscos were 

assayed for Vc at 25°C. No significant changes in activity were 

observed for activation between 5°C and 25°C. However, increases 

in Vc were detected for activation between 35°C and 55oC with an 

optimum at ~42°C. Chimeric Rubiscos T7.3 and T7.5 showed less 

dramatic increases in Vc than WT following 35°C to SS^C activation. 

Maximum enhancement of activity for all enzymes occurred at about 

42°C but, chimeric enzymes showed at most a 35% increase in 

activity relative to the 59% increase in activity for WT Rubisco. 

Both chimeric enzymes show lower %Vc relative to WT when 

challenged with 50^0 and 55^0 activation. Taken together, these 

results indicate chimeric enzymes do not respond as well as WT to 

the structural changes imparted by high temperature treatments. 

This suggests pea S does not interact productively with Arabidopsis 

L to allow these structural changes to occur. This indicates 

intersubunit interactions, which are further discussed later in this 

chapter, are critical to the structural changes that lead to 

temperature enhanced Vc. 
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Figure 3.2: Rubisco carboxylase activity profiles: 
Pre-treatment temperature affects 
activity 

Percent specific activity was plotted against temperature 
during activation for WT Arabidopsis (squares), T7.3 (triangles) 
and T7.5 (open circles). Carboxylase activity after 25°C 
activation for each Rubisco was designated as 100 percent 
specific activity and used to normalize all data points for that 
Rubisco. Pre-treatment temperature optimums are between 
40°C and 45°C. Each data point was determined three times 
with Rubisco from a single isolation. Standard deviation (SD) 
does not exceed 5% for data points taken at 45°C or less. SD 
does not exceed 15% for data points at 50°C or more. Lines 
connecting data points were drawn with Cricket graph by 
Cricket software. 

JL 
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Reduced carbamylation is partially responsible for lower 

Vc in chimeric Rubisco 

In an effort to determine a cause of reduced Vc in chimeric 

enzymes the degree of carbamylation was examined for Vcl 

(carboxylase activity following 25°C pre-treatment) and Vc2 

(carboxylase activity following 4-2°C pre-treatment). Chimeric 

Rubiscos consistently had a 12% and 15% reduction in Vcl relative 

to WT at 25°C (Table 3.1). This was determined in three sets of 

independently purified enzymes (see M&M). Reduced Vmax in T7.3 

and T7.5 relative to WT is coincident with the presence of pea S 

which is present at similar levels in both enzymes (Fig. 2.8). 

Further examination determined the presence of pea S in Arabidopsis 

Rubisco is also coincident with a reduced degree of ^002- Table 3.1 

shows the nmol ^^002 labeled sites present in equal amounts of WT. 

T7.3 and T7.5 Rubisco. While WT Rubisco showed 92 nmol 

carbamylated sites, equivalent amounts of T7.3 and T7.5 Rubiscos 

showed only 81 and 82 nmol carbamylated sites, respectively. This 

represents an approximately 12% decline in carbamylated sites 

((92nmol-81 nmol)/92nmol = 0.12) (see Table 3.1) for either 

chimeric enzyme compared to WT at 25°C. Figures 2.8A and 2.8B 

show that 15 and 18% of the S present in chimeric Rubisco is pea S. 

One S per L8S8 would be 12% (1S/8S = 0.12). If 91 nmol 

carbamylated sites are assumed equivalent to eight sites per WT 

Rubisco then a 12% decline in carbamylation for chimeric Rubisco 
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25°C 420C 

WT T7.3 T7.5 WT T7.3 T7.5 

Activity^ 1.71 ±0.12 1.44±0.14 1.51 ±0.16 2.70±0.17 1.94±0.21 2.04±0.22 

NA 15% 127c NA 287f 247f (Activity) 

#Activated'- o.92±O.Ol 0.82±0.01 0.81 ±0.01 0.91 ±0.01 0.82±0.01 0.80±0.01 
Sites 

% decrease'' 
(^O,) 

Ave. # of 
^CO; sites/ 

Rubisco*^ 

NA il^'c 12% NA 109c 12% 

Table 3.1: Carboxylase activity and carbamylation of 
Rubiscos 

Carboxylase activity and carbamylation for WT, T7.3 and T7.5 
Rubiscos are reported at both 25°C and 42°C. ^ Carboxylase activity 
is reported as umol C02(mg. Rubisco min.)"^ Percent decrease 
in activity is determined for chimeric Rubiscos relative to WT 
Rubisco. Activation of equimolar amounts of Rubiscos are 
reported above as nmol activator COg (^COg). Percent decrease 
in '^COg is reported as percent decrease in carbamylation. ®The 
average number of activated sites per Rubisco is determined by 
assuming 0.92nmol sites represents eight sites. A 12% reduction 
in represents a loss of one in eight activated sites per 
Rubisco. Activated sites are determined to the nearest integer. 
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indicates one site is not carbamylated in chimeric enzymes 

regardless of temperature treatment. This suggests assembly of one 

pea S has an adverse effect on carbamylation. which is required for 

activation, and thereby must be responsible for the reduced Vcl seen 

in chimeric enzymes. 

Differences in Vmax between WT and chimeric enzymes are 

doubled to 24 and 28%, for T7.5 and T7.3 respectively, when 42°C is 

used to enhance activity to Vc2. It was unexpected that no increase 

in carbamylation occurred following 42^0 pre-treatment. 

Furthermore, the increase from Vcl to Vc2 was approximately 59% 

in WT Rubisco ((2.7-1.7)/1.7 = 0.59) while both chimeric enzymes 

increased only 35% ((2.04-1.51 )/1.51 = 0.35). Because 

carbamylation in not changed by temperature this indicates that, 

unlike Vcl, reduced carbamylation of chimeric Rubisco can not 

account for the 24% lower than expected Vc2 (59%-35% = 24%). The 

enhanced activity at catalytic sites reflected by Vc2 is dramatically 

influenced by a single pea S in the Arabidopsis holoenzyme and is 

likely coincident with structural changes reported in Rubisco 

(Schmidt et al., 1984). Reduced carbamylation can only justify an 

approximately 12% decline in Vc2 of chimeric Rubisco (Table 3.1). 

Thus, S and L interaction must play a role other than the influence 

promoting carbamylation during the function of catalytic sites 

displaying the enhanced activity of Vc2. One explanation of this is 

that S conveys information between catalytic sites to promote 
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cooperative interaction of active sites and that pea S disrupts 

interaction between sites. 

Fallover of WT and chimeric Rubisco Vc 

Fallover is defined as the reduction in Rubisco carboxylase 

activity over time caused by inhibitor binding to catalytic sites. As 

explained in Chapter 1 inhibitors are synthesized by Rubiscos 

isomerase (misfire) and epimerase activity (Fig. 1.1). The two 

products which are reported to contribute to inhibition are xylulose-

1,5-bisphosphate (XuBP) (Edmonson et al., 1990b: Zhu and Jensen, 

1991b) and 3-ketoarabinitol-1,5-bisphosphate (KABP) (Edmonson et 

al., 1990a). Comparing fallover assays requires that equivalent 

carboxylase activity is used rather than equal amounts of enzyme. 

This is because synthesis of the inhibitors which cause fallover is 

dependent upon activity. Thus, 42°C pretreated samples require less 

enzyme in these assays due to their higher carboxylase activity. 

Figure 3.3 shows the fallover of WT and chimeric Rubiscos after 

25°C and 42°C pretreatments. 42°C pretreated Rubiscos show more 

inhibition leading to fallover than 25°C pretreated samples (Fig. 3.3). 

Three possible reasons for this include: 42°C treated Rubiscos are 

producing more inhibitor, 420C treated Rubiscos are more sensitive 

to the inhibitor produced, or 42oC treated Rubiscos resume a lower 

state of activity (Vc1) over time. Attempts were made to 

distinguish between these possibilities by detecting XuBP after 

fallover and synthesizing XuBP to allow inhibitor binding assays. 
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Figure 3.3: Fallover of WT vs. chimeric Rubisco 

WT, T7.3 and T7.5 were analyzed for carboxylase activity over time. Enzyme 
concentration was adjusted to normalize initial specific activity because enzymes 
display differences in carboxylase activity. While WT and T7.3 (panel A) display 
identical fallover profiles. T7.5 displays reduced activity over time relative to WT 
(panel B). Each time coarse above represents four independent experiments. Standard 
deviations for any time point do not exceed 4% deviance from that data point. 
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When these experiments were carried out, XuBP peaks detected using 

HPLC were not XuBP when analyzed by mass spectrometry. Also, 

attempts at synthesis of XuBP generated samples that were 

determined by mass spectrometry to be contaminants. 

Km(RuBP) is unaltered 

Km(RuBP) does not differ significantly between WT and 

chimeric enzymes. Figure 3.4 was used to determine Km(RuBP) 

values for each of the enzymes at both 25°C and 420C in a double 

reciprocal plot (1/V against 1/Km) of WT Arabidopsis Rubisco. The 

formula (see M&M) for each plot yields a lower than expected 

Km(RuBP) value (~10|iM). Most higher plant Rubiscos exhibit 

Km(RuBP) values between 15|iM and SOiiM (Yeoh et al., 1981). Pea S, 

at this level of expression, does not affect Km(RuBP) sufficiently to 

detect differences between chimeric and WT Rubisco. Determination 

of Km(RuBP) is a measure dependent on substrate binding to all 

functional catalytic sites and a single pea S in the holoenzyme can 

potentially influence only one or two sites. Likely, greater 

expression of pea S would be necessary before differences in Km 

could be identified. 

Discussion 

In this discussion I will address the biochemical effects of 

assembling pea S with Arabidopsis L. Comparison of the stability of 

chimeric and WT Rubisco using urea as a denaturant showed the 
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Figure 3.4: Km (r^bp) VVT and chimeric Rubisco 

1 A/max was plotted against 1/RuBP concentration 
to determine if KmjR^BP) 's constant. The data show 
a double reciprocal plot using five data points where 
different concentrations of RuBP were used to determine 
carboxylase activity for each Rubisco. Each data point 
represents three or four repeated experiments. The lines 
drawn from each data set intersect the X-axis at —0.1. 
This corresponds to a Km^RuBP) ~10|iM. A more accurate 
determination of the X-intercept which is determined from 
the formula of each line is presented in Materials and Methods. 
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Stability of Rubisco subunit interaction is unaltered by the addition 

of pea S (Fig 3.1). Analysis of carbamylation and carboxylase 

activity (Vcl) established that chimeric Rubisco had lower Vcl 

commensurate with reduced carbamylation relative to WT Rubisco. 

Furthermore, inspection of cooperative interaction between 

catalytic sites, using temperature enhanced Vc (Vc2). indicated in 

chimeric enzymes that pea S disrupts cooperative interaction. 

Analysis of fallover assays indicated the changes that occur to 

allow temperature enhanced Vc2 are coincident with changes that 

influence inhibitor binding, inhibitor synthesis or negative 

cooperativity (Fig. 3.3). Rubiscos treated at 42°C showed greater 

fallover than Rubiscos treated at 25°C. This work shows that two 

biochemical characteristics of higher plant Rubisco, carbamylation 

and cooperative interactions between active sites, are S-dependent. 

In this discussion I explain that ionic interactions between pea S 

and Arabidopsis L may be responsible for reduced carbamylation and 

reduced cooperative interaction observed in chimeric Rubisco. I also 

explain disruption of cooperative interaction by using some simple 

formulae to represent a kinetic model for S-dependent interaction 

between active sites. 

Stability of the T7.5 chimeric Rubisco under the denaturing 

conditions of urea is similar to WT Rubisco (Fig. 3.1). Only small 

subunits are removed at these concentrations of urea because urea 

destabilizes the ionic interactions between S and L (Voordouw et al., 
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1984). This causes the 560kD L8S8 to denature. Partial Rubisco 

bands (ie. L8, L6S6, L2 ect.) are not observed for higher plant 

Rubisco under these circumstances as they are for bacterial Rubisco 

(Goloubinoff et al., 1989a and b) because these structures are not 

soluble and precipitate before entering the gel. The dissociation of 

one S appeared to cause denaturation of the entire Rubisco complex 

as was observed by Voordouw et al. (1984). Because no partially 

denatured Rubisco bands were observed, the Rubisco remaining In 

each lane was native L8S8. Pea S represents about 15% of the S in 

T7.5 Rubisco (Fig. 2.8 panel C). If the pea S had dissociated more 

easily than Arabidopsis S then 15% less T7.5 L8S8 (Fig. 3.1 panel B) 

relative to WT L8S8 (Fig. 3.1 panel A) would have been expected 

following application of urea. The data indicate that Ionic 

Interactions between L and S In chimeric Rubisco maintain 

holoenzyme structure similarly to WT. 

Divergence between Arabidopsis and pea S primary sequences 

likely resulted in different residues interacting at the pea 

S/Arabidopsis L interface. Pea S differs from Arabidopsis S in 38 

positions along its 123 amino acid sequence. Table 3.2 identifies 

these amino acids and their positions in both Arabidopsis and pea S. 

Of the 38 substitutions, 14 involve exchanges between differently 

charged side chains. Only three of these are involved In the S/L 

interface based on interpretation of S and L residue positions in 

spinach Rubisco (Knight et al., 1990; Schneider et al., 1990; Shibata 

et al., 1996). Figure 3.5 is a ribbon structure based on Knights' 
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A.t. Pea A.t. Pea 
K,Q2 Q 2 S 80 A 80 
D 20 P 20 A 81 S 81 

T.S 22 T 22 V 87 L 87 
D 23 R 23 E 88 D 88 

V,S 24 D 24 C 90 V 90 
E 25 Q 25 K 91 V 91 
A 27 L 27 K 92 A 92 
D 31 E 31 E 93 A 93 
N 36 K 36 G,N 96 Q 96 
K 37 G 37 T 97 V 97 
1 39 V 39 1 99 V 99 
V 42 L 42 V,l 116 1 116 
H 48 K 48 Y 118 H 118 
G 56 N 56 K 119 T 119 
N 57 K 57 P 121 E 121 

T,S 58 S 58 F 123 Y 123 
G 60 R 60 T 124 ( ) 

L 74 M 74 E,D,{ )125 ( ) 

C 77 T 77 A.G 126 ( ) 

Table 3.2: Differences between pea and Arabidopsis 
S residues 

All amino acid residues that differ between pea RbcS 3A 
and any Arabidopsis S are reported. Residues that differ in 
charge are indicated in bold text. Conservative differences 
between residues are indicated by plain text. Arabidopsis S have 
two to three additional residues at the C terminus which are 
absent In the pea RbcS. 
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(1990) model of spinach S which also has 123 amino acids. The C-

termini of Arabidopsis S have two or three additional amino acids 

not present in pea or spinach S which are not included on the ribbon 

drawing. 

Thirteen S residues are reported to contact L in the a7 and a8 

helices; these positions have been proposed as candidates which 

could influence active sites in spinach Rubisco (Schneider et al., 

1990). Among these, one residue distinguishes pea S from 

Arabidopsis S, Q25, and another, Q2, is also present in one of the 

Arabidopsis S, the RbcS 1A product (Fig. 3.5 arrows). These contact 

amino acids W411 of a-helix 7 and E433 of a-helix 8, in neighboring 

spinach L, respectively (Schneider et al., 1990). Q2 and Q25 are 

conserved in spinach S (Knight et al., 1990) and pea S (Fluhr et al., 

1986b). W411 and E433 are conserved in spinach L (Knight et al., 

1990) and pea L (Zurawski et al., 1986). Conservation of these S and 

L residues allow ionic interaction in spinach (Schneider et al., 1990) 

and potentially in pea Rubisco. Residues K2 and E25 of Arabidopsis S 

will not allow ionic interaction with W411 and E433 which are 

conserved in Arabidopsis L (Zhu et al., 1997). Thus, two ionic 

interactions not normally present in Arabidopsis Rubisco may be 

possible between pea S and Arabidopsis L. It is feasible that extra 

ionic interactions at these positions disrupts the communication 

between catalytic sites necessary for cooperative function. 
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Figure 3.5: Positions of substitutions between pea 
and Arabidopsis S 

This ribbon structure was based on X-ray crystallography 
calculations done for spinach Rubisco by Knight et al. 1989. 
Arabidopsis S residues (yellow) were overlaid. Positions 
where pea residues differ in charge from Arabidopsis residues 
are marked In red. Positions where pea and Arabidopsis 
residue differences are conservative are marked In blue. 
Both amino and carboxy termini are marked by N and C 
respectively. The H pin loop is also identified. Arabidopsis 
S has two to three additional amino acids at Its C terminus 
than either pea or spinach S; these are not Identified. 
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The HPIN loop, residues 49 to 64 in S, has been determined 

necessary for assembly of S and L (Wasmann et al., 1989). As 

mentioned in the Introduction, assembly of cyanobacterial S with 

higher plant L requires the HPIN domain be added to cyanobacterial S 

(Wasmann et al., 1989). Two substitutions of the same residue in 

HPIN have been studied. Both R53G and R53E interfere with hydrogen 

bond formation between R53 of pea S and Y226 and G261 of pea L. 

R53G and R53E either slow (Adams, 1995) or inhibit (Flachmann and 

Bohnert, 1992) assembly, respectively. Other substitutions in S at 

positions 54, 55, 59, 63 and 66 had no effect on assembly 

(Flachmann and Bohnert, 1992). 

Crystallographic analysis of the spinach Rubisco indicated that 

different S are positioned in an ordered fashion in the holoenzyme 

(Shibata et al., 1996). Specifically, two equally represented forms 

of S are identified such that each is positioned in an alternating 

fashion around the top and bottom of the L8 core. This implies that 

different S have distinct structural roles which could explain why 

multiple RbcS genes are maintained in higher plants. Shibata et al. 

(1996) distinguish between these two S based on the presence or 

absence of an ionic interaction between positions 56, in the HPIN 

loop of S, and E259 of L. Though the pea S residue N56 can 

potentially form an ionic interaction with E259 of Arabidopsis L, the 

Arabidopsis S residue G56 cannot. 
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Four differences between Arabidopsis and pea S. G56N, N57K, 

T58S and G60R (Table 3.2), are located In HPIN (Fig. 3.5) which 

protrudes between two neighboring L in the central channel of the 

holoenzyme. Three of these substitutions in HPIN are not known to 

interact with L. These are N57K and T58S, conservative 

substitutions, and G60R which does not introduce a difference in 

charge. The remaining substitution, G56N, introduces a charge 

difference at the S/L interface. In fact, this is the position from 

which Shibatas' (1996) work distinguishes between the two orderly 

arranged S (above). Thus, pea S potentially introduces a third 

possibly incompatible ionic interaction with Arabidopsis L. The 

introduction of three new ionic interactions is compatible with the 

conclusion that the chimeric enzyme is structurally stable (Fig. 3.1). 

The positions mentioned here are promising candidates for future 

site directed mutagenesis experiments. 

Differences between pea and Arabidopsis S affect some 

biochemical characteristics of chimeric enzymes. From Chapter 2, 

it was determined that pea S represents between 15 and 18% of the 

S in chimeric Rubisco. The reduced level of carbamylation, 

approximately 11%, and lower carboxylase activity (Vcl), 11 to 12%, 

is similar to the amount of pea S, 15 to 18% (Fig. 2.8), in both 

chimeric enzymes (Table 3.1). However, upon temperature 

treatments at 42^0 the difference in activity between WT and 

chimeric Rubiscos can not be completely accounted for by reduced 

carbamylation (Table 3.1 and Fig. 3.2). It is possible that for WT 
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Rubisco, increases in temperature followed by cooling to assay 

conditions reorganizes subunits by establishing ionic interactions 

between S and L which favor cooperative interaction. The lack of 

increase in activity of chimeric Rubiscos following this 

"temperature shift" (Fig. 3.2) could be due to an inability to 

establish the ionic bonds necessary for interaction between pea S 

and Arabidopsis L. Alternatively, too many intersubunit ionic bonds 

are established between pea S and Arabidopsis L which disrupt 

cooperative interaction between active sites. Otherwise, one would 

expect a similar percent increase in activity for both WT and 

chimeric Rubiscos. Pea S may establish three new ionic interactions 

with Arabidopsis L, perhaps, in addition to the ionic interactions 

normally formed between Arabidopsis S and L. Extra ionic 

interactions between S and the L-B domain a-helix 7 and L-D domain 

a-helix 8 along with an additional ionic interaction between HPIN 

and L-B could restrict S from conveying movement between active 

sites. During carboxylase assays, the uncarbamylated catalytic site 

in chimeric Rubisco can be bound by RuBP (Garden and Mott, 1989) 

which acts as an inhibitor (Brooks and Portis, 1988), This 

potentially causes the L-B catalytic site to maintain a closed 

conformation in which inhibitor bound L-B and S residues have 

moved relative to L-D (Taylor and Andersson, 1996). This could 

feasibly disrupt interaction between L-B and L-D catalytic sites. 

Analysis of pre-treatment temperatures determined that WT 

Arabidopsis carboxylase activity can be enhanced by the effects of 
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temperature, as reported for other higher plant Rubiscos (Parry et 

a!., 1985). However, neither chimeric Rubisco responds as 

dramatically to temperature as WT (Fig. 3.2)(Table 3.1). Using data 

from Table 3.1, the percent increase in carboxylase activity ((Vc2-

\/c1)/Vc1) is 59% for WT Rubisco and 35% for chimeric Rubiscos. 

Temperature dependent increases in activity are not accompanied by 

increases in carbamylation in either WT Arabidopsis or chimeric 

Rubiscos (Table 3.1). This is in agreement with previous work 

(Parry et al.. 1985; 1987). 

The percent difference of Vc2 between WT and chimeric 

Rubiscos suggests that S can enhance activity by allowing 

cooperative interaction between activated sites; pea S appears 

incompetent in this role. As explained earlier (Chapter 1) S 

normally interacts directly with the a7 and a8 helices of active 

sites in neighboring L (Knight et al., 1990; Schneider et al., 1990). S 

is positioned such that it could modulate movement between active 

sites by linking a-helix 8 of each L with a-helix 7 of a neighboring L 

(Schneider et al., 1990; Taylor and Andersson, 1996). The kinetic 

model I propose postulates that Rubisco L function in two groups of 

four such that each of the four L is linked to a neighboring L by an S. 

Occurrence of Vc2 requires specific S and L interactions. These 

interactions, perhaps disrupted by enzyme isolation methods, may be 

reestablished by heating and cooling the enzyme. In the following 

discussion, formulae which support this kinetic model are presented. 
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As a starting point let us assume that Vcl represents a state 

of activity where L operate independently of one another and Vc2 

represents an enhanced active state where S has a positive influence 

upon cooperative interaction between neighboring active sites. 

Furthermore, in WT Rubisco it can be assumed that S interact 

properly with L. Refer to Table 1 for the values used in the 

following formulae. WT Vc1 can then be expressed as: 

equation #1 

(carboxylase activity/#of active sites) = activity per active site 

For WT Rubisco; (WT Vd/active site) = (1.71/8) = 0.214 

When pea S is assennbled in chimeric Rubisco approximately 7 sites 

are active so: 

For Chimeric Rubisco: (Chimeric Vcl/active site) = (1.51/7) = 0.216 

The similarity between WT and chimeric Rubiscos for 

(Vcl/active site) supports the assumption that L function without 

cooperative interaction at Vcl. If there is some S-dependent L to L 

interaction in either WT or chimeric enzymes this interaction must 

be identical for each. Dissimilar cooperative interaction between 

WT and chimeric Rubiscos at Vcl would not generate similar values 

for the different enzymes (Vcl/active site). 

Because in WT Rubisco S is assumed to function normally, Vc2 

per active site can be expressed using equation #1. 
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For WT Rubisco: (WT Vc2/active site) = (2.71/8) = 0.338. 

Vc2 for chimeric Rubiscos presents a quandary because pea S 

interferes with activation of one L and likely disrupts interaction 

with a neighboring L 

For chimeric Rubisco: (Vc2/active site) ^ (2.04/7) = 0.291 

This value does not match the value determined for WT (Vc2/active 

site), 0.338, suggesting pea S does not allow cooperative interaction 

to take place. 

By considering the kinetic model this can be corrected. Recall 

that Rubisco L function in two groups of four such that each L, in a 

group of four L, are bridged by S which link neighboring active sites. 

Representing this mathematically allows Vcl and Vc2 of WT Rubisco 

to be used to predict Vc2 of a chimeric Rubisco with one 

nonfunctional S. Such a chimeric Rubisco will have one inactive 

site, three unlinked (noninteractive sites) and four S-linked 

(interactive sites). This can be represented as: 

equation #2: 

chimeric Vc2 = 3(noninteractive sites) + 4(interactive sites) 
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chimeric Vc2 = 3(WT Vcl/active site) + 4(WT Vc2/active site) 

chimeric Vc2 = 3(0.214) + 4(0.338) = 1.99 

This value is very close to the values empirically determined for 

Vc2 of the chimeric Rubiscos T7.3 and T7.5 which are 1.94 and 2.04, 

respectively (Table 3.1). 

For comparison, another model can be represented 

mathematically. In this model four L2 dimers are linked by S which 

do not play a role in the interaction of L. L are interactive only with 

their counterpart of the L2 dimer rather than neighboring L. Thus, 

chimeric Rubisco would possess one inactive site, one active but 

noninteractlve site and six interactive sites. 

equation #3: 

chimeric Vc2 = 1 (WT Vcl/noninteractive site) + 

6(WT Vc2/interactive site) 

chimeric Vc2 = 1 (0.214) + 6(0.338) = 2.24 

This value differs by more than 10% with the empirically determined 

Vc2 of T7.3 and T7.5. Therefore, this model appears incorrect. 

RuBP epimerization (misfire) into XuBP (Edmonson et al., 

1990c; Zhu and Jensen, 1990) or isomerization into KABP (Zhu and 

Jensen, 1991b) (Fig. 1.1), results in the conversion of substrate into 
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inhibitor. It is possible that XuBP and KABP production may be a 

function of Vmax such that increased Vmax of Rubisco coincides 

with increased synthesis of inhibitors. Fallover is recognized as the 

inhibition of activity resulting from Rubisco synthesis of XuBP 

and/or KABP (Edmondson et al., 1990b: Edmondson et al., 1990c; Zhu 

and Jensen, 1991b). It has been determined that following fallover 

the addition of high levels of RuBP can restore activity (Edmondson 

et al. 1990b). This indicates fallover is not due to enzyme 

denaturation or decarbamylation (Edmondson et al. 1990a). Also, 

negative cooperativity, lowered affinity for substrate binding at 

sites not occupied by inhibitors, influences fallover (Jensen and Zhu, 

1992). These fallover characteristics may be part of a mechanism 

designed to allow self regulation such that Rubisco reduces its own 

activity (Portis, 1992). As mentioned in Chapter 1, this inhibition is 

controlled by Rubisco activase in vivo , which is able to remove 

these and other sugar phosphate inhibitors from the active site 

(Portis, 1992). 

Additional studies were done here to further support the 

theory that temperature alters S and L subunit interaction of higher 

plant Rubisco. These included a time course analysis of Rubisco 

activity (fallover) (Fig. 3.3) together with the determination of 

Km (RuBP) (Fig- 3.4). When equivalent specific activity of each 

Rubisco treated at 25°C and 42°C are compared over time 42°C 

treated Rubiscos are more sensitive to competitive inhibition which 

results in greater fallover. Reduction in activity occurs between 
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five and fifteen minutes after activity is initiated (Fig. 3.3). it is 

possible that temperature pre-treatment alters Rubisco such that 

either Km(RuBP). Ki(XuBP). Ki(KABP) or increased synthesis of XuBP or 

KABP occurs to cause more rapid failover. Difficulties in 

synthesizing XuBP made Ki(XuBP) studies impossible and no 

l i t e r a t u r e  i s  y e t  a v a i l a b l e  o n  t h e  s y n t h e s i s  o f  K A B P  f o r  K i ( K A B P )  

studies. However, examination of Km(RuBP) indicated no significant 

change occurred at catalytic sites upon temperature treatment. This 

suggests the structure of the substrate binding site is not altered by 

temperature pretreatments. So, it is possible that Ki for either 

inhibitor is unaffected by temperature pretreatments. If this is true 

then either inhibitor synthesis has increased with Vc2 or sensitivity 

to inhibition, as conveyed by negative cooperativity, has increased. 

Unfortunately, attempts at detecting XuBP and KABP were 

inconclusive. Thus, it is not clear if cooperative interaction 

between sites, observed for Vc2, either increases the synthesis of 

inhibitors or coincides with negative cooperativity during the 

inhibition observed for failover. It is possible that failover 

observed for Rubisco after 25C treatment is primarily due to 

inhibition of active sites. While failover observed for Rubisco after 

42C treatment could be due to both inhibition at active sites and S-

dependent negative cooperativity. 

Some additional biochemical differences discovered during 

these studies are noteworthy. Chimeric Rubisco T7.5 but not T7.3 

Rubisco shows increased sensitivity to failover relative to WT 
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Rubisco following either temperature treatment (Fig 3.3). This 

indicates that whatever is causing increased fallover after 25°C 

pre-treatment is additive with the effect caused by 42°C pre-

treatment. The only feature observed that distinguishes T7.5 from 

T7.3 Rubisco is the presence of the WT blue light generated S (Fig. 

2.4). The coincidence of more rapid fallover and the blue light 

generated S suggests that whatever modification of S that occurs 

under blue light effects parameters of the active site. It was 

mentioned in Chapter 2 that this modification may be marking the 

enzyme for turnover. If this is true perhaps increased sensitivity to 

fallover is indicative of some unknown degenerative process. 

Alternatively, any one of the parameters which could effect fallover 

(ie. XuBP/KABP synthesis, Ki(XuBP). Ki(KABP) c increased negative 

cooperativity) may be the cause of the greater fallover as seen with 

T7.5. A useful control to confirm the fallover results with T7.5 

would include Rubisco from WT plants exposed to blue light. 

Unfortunately blue light treated enzyme was not available. 

Summary 

All previous published studies in which the effects of foreign 

or modified S upon L have been observed used prokaryotic L. 

Reported here are the first studies in which the interaction of S 

with L has been altered in higher plant Rubisco. This indicated that, 

unlike cyanobacterial Rubisco, higher plant Rubisco 3 can effect 

carbamylation of the catalytic site. The amount of pea S present. 



between 15 and 18% of the S pool (Fig. 2.8), was similar to the level 

of reduction of carbamylation (-12%) in chimeric Rubiscos. This 

suggests pea S affects the structure of L such that carbamylation 

cannot take place if S/L interaction is disturbed by assembly of a 

foreign S. Chimeric Rubiscos show a reduced level of carbamylation 

coincident and consistent with the reduction of carboxylase activity 

(approximately 11%). High temperature pre-treatment (42°C) causes 

an increase in carboxylase activity only for higher plant Rubisco 

(Parry et al., 1987). Introducing pea S in chimeric Rubisco reduces 

this effect in Arabidopsis Rubisco suggesting S plays an additional 

role in coordinating catalytic site function through cooperative 

interaction between sites. This is consistent with the structural 

model in which each S links two catalytic sites in neighboring L 

(Schneider et al., 1990; Taylor and Andersson, 1996). Further 

support for the cooperative interaction of catalytic sites by S is 

generated when kinetic data are applied to formulae designed to 

represent this model. 

Following temperature treatment at 42°C, structural changes, 

detected by circular dichroism assays (Schmidt et al., 1984), cause 

Rubisco to become more sensitive to fallover. Increased sensitivity 

to fallover is possibly due to S-dependent interaction between sites 

which might improve negative cooperativity. Km{RuBP) data indicate 

that the substrate binding site is unaltered in WT and chimeric 

enzymes following 250C and 42^0 treatments. If this is indicative 

that inhibitor binding is also unaltered then plausible reasons for 
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temperature induced sensitized fallover include either increased 

synthesis of inhibitors or enhanced negative cooperativity. It is 

clear that contact between S and L influences the function of higher 

plant Rubisco, perhaps in ways that are not possible for 

cyanobacterial Rubisco. 

Though 38 residues differ between pea and Arabidopsis S, 

potentially only three additional ionic interactions distinguish the 

pea S/Arabidopsis L interface from the Arabidopsis S/L interface. 

The three pea S residues, Q2, Q25 and N56. which may be responsible 

for these new ionic interactions are located in domains critical to 

assembly and communication between catalytic sites. Q2 and Q25 

probably contact active site domains, a-helix 7 and a-helix 8, in 

separate neighboring L, L-D and L-B, respectively. This could have 

impeded cooperative interaction between L-B and L-D. N56, on HPIN, 

contacts L-B (Shibata et al., 1996). Perhaps the additional ionic 

interaction between the assembly domain and L-B affects 

carbamylation of L-B. It is also possible that ionic interactions 

formed by Q25 and N56 work together to lock S into L-B and restrict 

carbamylation of L-B. Lack of carbamylation in L-B would eliminate 

carboxylase activity and stop communication and cooperative 

interaction with the catalytic site in L-D. 
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CHAPTER 4 

ENHANCEMENT OF PEA S PROTEIN EXPRESSION 

IN TRANSGENIC ARABIDOPSIS 
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Abstract 

By increasing expression of pea S relative to Arabidopsis S, 

subsequent biochemical studies may support evidence of S-

dependent carbamylation and carboxylase activity (Vc). Further 

discovery of S influences on biochemical behavior may require an 

increase of pea S in the holoenzyme or complete substitution of S in 

chimeric Rubisco. Increasing levels of pea S relative to Arabidopsis 

S has been attempted though the use of antisense, sucrose-mediated 

metabolite repression and crossing independently transformed pea S 

expressing plants. These techniques were intended to down-regulate 

the endogenous Arabidopsis RbcS gene family without down-

regulating pea RbcS 3A. Three oligo-antisense cassettes targeting 

the 5'UTR and transit peptide of Arabidopsis RbcS were used to 

transform transgenic Arabidopsis expressing pea S. Three percent 

sucrose in sterile culture media was used as a metabolite repressor 

of RbcS on plants transformed with both pea RbcS 3A and antisense 

constructs. Though both 5'UTR antisense and metabolite repression 

were successful in down-regulation of endogenous Arabidopsis S, 

these methods also affected pea S expression. Some success was 

achieved when plants were allowed to age in sterile culture such 

that evaporative loss of water from media likely resulted in water 

deficit. However, insufficient tissue is produced from these plants 

to allow enzymatic analysis. SDS/PAGE analysis showed that 
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crosses between independently transformed pea S expressing plants 

can generate progeny with increased levels of the pea S protein band. 

Introduction 

Previous chapters have identified the pea RbcS 3A gene 

product and determined specific differences in chimeric relative to 

wild-type (WT) Rubisco function. The greatest weakness of the 

system designed in Chapter 2 and investigated in Chapter 3 is that 

no distinctively higher level of pea S has been obtained in chimeric 

Rubiscos. The presence of one foreign S per chimeric Rubisco made 

biochemical differences difficult to identify because only one or 

two catalytic sites were affected. For further kinetic studies, a 

greater number of catalytic sites must be affected to cause greater 

differences between chimeric and WT Rubisco. Also, repeating 

experiments in Chapter 3 with Rubisco containing higher levels of 

pea S will generate additional data for further support of the 

proposed S functions. 

Work published by other groups has identified methods which 

have been successfully exploited to modify both mRNA expression 

and protein level of RbcS and RbcL. The use of antisense to down-

regulate endogenous RbcS transcripts and S protein in tobacco 

(Rodermel et al., 1988; Andrews et al., 1995) coordinately reduced 

expression of RbcL (Rodermel et al., 1996) and L protein (Rodermel 

et al., 1988). So, detection of L can be used to determine the 

effectiveness of antisense. Furthermore, increasing gene dosage of 
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antisense lowers Rubisco levels to as little as 5% of the level 

observed in wild-type tobacco plants (Rodermel et a!., 1988) which 

resulted in lower starch and free hexose in leaves (Quick et al.. 

1991). This was because less CO2 assimilation occurred in 

antisense plants. Reduced levels of Rubisco did not affect 

chlorophyll content (Jiang and Rodermel, 1995). There did not 

appear to be a mechanism coordinating chlorophyll and Rubisco 

content. Limiting Rubisco led to increased leaf nitrate 

concentration (Quick et al., 1991) likely because Rubisco serves as a 

NO3 storage protein. When NH4NO3 in the growth medium was 

lowered (O.ImM) and plants were grown under low light (100|imol m* 

2 s*""), plants with lower Rubisco content displayed increased levels 

of chlorophyll relative to wild-type plants (Quick et al., 1992). 

Chlorophyll content could be limited by the level of Rubisco under 

some growth conditions. This led to the proposal that plants with 

genetically lowered levels of Rubisco may have an advantage under 

some growth conditions (Quick et al., 1992). Limiting Rubisco 

content in plants can allow experiments toward answering questions 

about the role Rubisco plays in plants (for a review see Stitt and 

Schuize, 1994). By changing Rubisco biochemical features in vivo 

(ie. carbamylation, cooperative interaction of catalytic sites, and 

negative cooperativity) one could further answer physiological 

questions about why Rubisco represents as much as 50% (Andrews 

and Lorimer, 1987) of plant soluble protein and why Rubisco 
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produces inhibitors to suppress its own function (refer to Chapter 1) 

in chloroplasts. 

Metabolite repression by sugars assumes there is a feedback 

mechanism in protoplasts and plants which down-regulated RbcS 

promoter activity (Sheen, 1990; Jang and Sheen, 1994). Down-

regulation of photosynthetic genes has also been observed in plants 

growing on sterile culture medium (Cheng et a!., 1992). One element 

of tissue culture contributing to this effect is likely sucrose which 

acted by an undetermined feedback mechanism to reduce RbcS 

promoter activity without reducing CaMV 35S promoter activity 

(Sheen, 1994). RbcS steady state transcript levels are known to 

decline in Arabidopsis in response to 2% sucrose (Cheng et al., 

1992). A hexokinase protein (HXK) has been identified in Arabidopsis 

(Dai et al., 1995) that was responsible for sensing free sugars, and 

which plays a role in feedback for gene regulation (Jang et al., 

1997). This was studied by overexpressing and antisensing HXK in 

transgenic plants. Jang et al. (1997) observed expression of three 

sugar responsive genes including RbcS. On medium with 6% glucose 

plants with increased HXK gene dosage displayed little or no RbcS 

expression while plants with antisense HXK displayed higher RbcS 

expression than wild-type plants (Jang et al., 1997). It is not known 

if metabolite repression triggers post-transcriptional controls 

which might further influence S and L expression. To date, these 

methods have been used only for endogenous RbcS down-regulation 

rather than substitution of endogenous with exogenous RbcS gene 
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products. Thus, maintaining pea S expression while down-regulating 

Arabidopsis S expression may be difficult using these methods. 

In this chapter down-regulation of Arabidopsis S proteins 

using antisense and metabolite repression is reported. Antisense 

oligonucleotide constructs have been designed that target both the 

5'UTR and transit peptide sequences of endogenous Arabidopsis RbcS 

transcripts potentially without targeting the introduced pea RbcS 

transcript. Transgenic plants which already expressed pea RbcS 

were transformed with antisense constructs and doubly transformed 

plants were screened for reduced expression of S and L. Selected 

doubly transformed plants were grown on 3% sucrose supplemented 

Gamborg medium in sterile culture to further down-regulate 

Arabidopsis RbcS. Extended growth in sterile culture enhanced the 

level of pea S relative to Arabidopsis S but this technique reduced 

tissue yield and was inadequate to generate sufficient Rubisco for 

biochemical analysis. In addition to these molecular biological and 

physiological methods, a traditional genetic approach that involved 

crossing independently transformed plants which express pea S was 

performed. 

Materials and Methods 

Antisense 

The anti-5'UTR sequence was generated by polymerase chain 

reaction (PGR) amplification of two oligonucleotides, 5'-
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AAGCTTACTTCTTCTTCTTGTTTCTCTTCTTCTTTTGGI I I I I CTCTTACTTA 

CTTGCGCGGGATCC-3' and 5'-GGAT CCCAAACAAGTAAG-3'. The anti-

TP sequence was generated from a cloned ATS2B gene (accession 

number X14565 EMBL) received from Enno Krebbers (PGS, Ghent). 

PGR amplification of the anti-TP from ATS2B required two primer 

sequences, 5'-AAGCTTACCTCCCCGGCTCAAGCCACC-3' and 5'-GGA 

TCCGACCGGGAAAGAAGCGG-3'. 

The antisense cassette was assembled with the duplicated 

CaMV 35S promoter from pJIT117 (Guerineau et al., 1988) and the 

nopaline synthase (Nos) 3'UTR from plasmid #131 (Bohnert, 

unpublished) derived from the published Nos sequence (Depicker et 

al., 1982). Antisense cassettes were place in the binary vectors 

pGPTV-DHFR or pGPTV-HPT (Becker et al., 1992). 

Plant growth conditions 

Plants were grown either in soil at 20°C under lOOiiE (m2sec)-^ 

white light or in sterile culture at 21 oC 80{iE (m2sec)-i in Gamborg 

medium (Gamborg and Shyluk, 1981) with 3% sucrose. 

Detection of down-regulated Rubisco 

Plant leaf tissue from soil grown or sterile culture grown 

Arabidopsis was collected and stored at -70°C. Thawed samples 

were weighed and extraction buffer (described in Chapter 2 M&M) 

was added in a 1:1 ratio (mg tissuerjil buffer). Samples were ground 

and insoluble material removed by centrifugation. 20^1 of soil 
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grown and 60jii of sterile culture grown plant extracts were loaded 

on gels. Coomassie stained gels were scanned and stored as Ofoto 

images. NIHimage software was used to compare the amount of L 

protein in gel lanes. It was necessary to correct for the potential of 

unequally loaded samples and differences between samples due to 

dissimilar water content. To accomplish this, background proteins 

were also quantified and used together with L protein band 

intensities in the ratio shown below. Using the formula below a 

percentage value of the amount of L in each lane relative to the 

amount of L in WT plants grown under the same conditions was 

determined. 

[(L protein)/(background protein)] / [(WT L protein)/(WT background 

protein)] 

Reverse transcription PCR 

mRNA was isolated with the PolyATtract mRNA Isolation 

System IV by Promega. Reverse transcription was done with 

superscript RNase H* by Life Technologies GIBCOBRL. PCR was 

performed with a modified version of the method by Innis and 

Gelfand (1990) such that one Arabidopsis RbcS specific primer, 5'-

GGCTCAIGCCACIATGG-3', one pea RbcS specific primer, 5'-

CCAGTTAAGAAGGTCAACACTG-3' and one primer specific to both pea 

and Arabidopsis RbcS, 5'-GGCAAIGAAACTGATGC-3' were used. Refer 

to text for melting temperatures determined by the formula Tm = 

(2o(A+T) + 4o(G+C)) and percent identities between target sequences. 



Digoxygenin-16-dATP incorporated into the PGR products allowed 

detection by luminescence using Genius 7 by Boehringer Mannheim. 

Genomic DNA blot 

Genomic DNA was isolated by the method of Gustinich et al. 

(1991) and restricted with Hind III and BamH I. Restricted DNA was 

resolved on a 0.8% agarose gel for 14 hr at 40 Volts and blotted on 

Duralon-UV by Stratagene. A P-32 labeled nick translated 

duplicated CaMV 35S promoter was used to probe the blot. 

Results 

Antisense constructs 

Antisense constructs were designed to target the 5'UTR and 

the transit peptide of Arabidopsis RbcS transcripts (Fig. 4.1 and Fig. 

4.2). The reason for this choice was that the Arabidopsis RbcS 

transcripts share greater identity between one another in these 

regions than with the pea RbcS 3A transcript. Figure 4.1 shows 

sequences of the Arabidopsis (Krebbers et al., 1988) and pea (Fluhr 

et al., 1986b) 5'UTRs and shows the complementary 5'UTR antisense 

(AntiA) sequence. The 55 nucleotide (nts.) AntiA sequence 

complements each of the RbcS transcripts at 26 nts. (ATS1A), 30 

nts. (ATS1B), 55 nts. (ATS2B), 47 nts. (ATS3B) and 11 nts. (pea RbcS 

3 A ) .  T h e  A r a b i d o p s i s  A T S 2 B  t r a n s c r i p t  w a s  u s e d  a s  a n  R b c S  
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ATSIA—CAAAC CUC AS. C ACACAAAG ̂ UM A £MG AAC 

ATSIB— AAACAA £ UAAG CAAA AGAAGAAGA AGAAGAAGU 

ATS2B--CAAACAAGUA AGUAAGAGAA AAAC CAAA-AGAAGAAGA GAAACAACAAGAAGAAGU 

ATS 3 B--AAAACAAGUC AGUAAGUAAAC G^G CAAAAGAAGAAGA GAAACAACAAGAAGUAGU 

pea3A-- CAGAAGU GA GAAAA 

AnciA—GUUUGUUCAU UCAUUCUCUU UUUG GUUUUCUUCUUCU CUUUGUUGUUCUUCUUCA 

Figure 4.1: Arabidopsis and pea UTRs compared for 
antisense design 

Complete 5' UTRs of Arabidopsis and pea RbcS transcripts are 
shown. Arabidopsis RbcS UTRs (ATS1A, ATS1B, ATS2B and ATS3B) 
are identified with nomenclature adopted from Krebbers et al. 
(1986). Complete Arabidopsis RbcS 5'UTRs and pea RbcS 3A 5'UTR 
(pea 3A) are aligned for maximum parsimony. Underlined sequences 
indicate regions complemented by antisense (AntiA). The 55 
nucleotide AntiA sequence complements between 26 and 55 
nucleotides in different Arabidopsis RbcS 5'UTRs. AntiA complements 
11 out of 14 nucleotides in the pea 3A RbcS 5'UTR. Sequences were 
obtained from Krebbers et al. (1986) and Fluhr et al. (1986). 
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ATS1A--UGCCUCUCCGGCUCA GCCACUAUGGUCGCUCCUUUC 

ATSIB—UACCUCCCCGGCUCAAGCCACCAUGGUCGCUCCAUUC 

ATS2B--UACCUCCCCGGCUCAAGCCACCAUGGUCGCUCCAUUC 

AT S 3 B --UACAUCCCCGGCUCAGGCCACCAUGGUCGCUCCAUUC 

PEA3A--AGCCGUGCUU CU ACGGUGCAAUCG G CCG 

An t iB —AUGGAGGGGCCGAGUUCGGUGGUACCAGCGAGGUAAG 

ATS1A--AACGG ACUUAAGUCCUCCGCUGCCU UCCCAGCC 

ATS1B--ACUGG UUUGAAGUCAUCCGCUUCUU UCCCGGUU 

ATS2B--ACCGG CUUGAAGUCAUCCGCUUCUU UCCCGGUC 

ATS3B--ACCGG CUUGAAGUCAUCCGCUGCAU UCCCGGUC 

PEA3A-- CGGUGGCUCC AUUCGGCGGCCUCAAAUCCAUG 

AntiB--UGGCC GAACUUCAGUAGGCGAAGAA AGGGCCAG 

Figure 4.2: Arabidopsis and pea transit peptide 
encoding sequences compared for 
antisense targeting 

A region of the Arabidopsis RbcS transit peptide 
encoding sequence from +91 to +161 relative to tfie 
ATS2B and ATS3B transcription start is shown. 
Alignnnent of sequences was done to allow maximum 
parsimony. Underlined sequences are those complemented 
by antisense (AntiB). The 70 nucleotide AntiB sequence 
complements between 56 and 70 nucleotides in different 
Arabidopsis RbcS 5'UTRs. Anti B complements 29 
nucleotides in the pea RbcS 3A transit peptide encoding 
sequence. Sequences were obtained from Krebbers et al. 
(1986) and Fluhr et al. (1986). 



consensus sequence both for designing the AntiA sequence and 

determining percent identities, 47% (ATS1A), 55% (ATS1B), 100% 

(ATS2B), 85% (ATS3B) and 20% (pea RbcS 3A), for transcripts. 

Figure 4.2 shows a 70 nt. portion of the 166nt transit peptide (TP) 

encoding region of Arabidopsis (Krebbers et al., 1988) and pea (Fluhr 

et al., 1986b) RbcS transcripts as well as the complementary TP 

antisense (AntiB). The 70 nt. AntiB sequence complements the RbcS 

transcripts at 56 nts. (ATSIA), 67 nts. (ATS1B), 70 nts. (ATS2B), 66 

nts. (ATS3B) and 29 nts. (pea RbcS 3A), respectively. The 

Arabidopsis ATS2B transcript was again used as an RbcS consensus 

sequence both for designing the AntiB sequence and determining 

percent identities, 80% (ATSIA), 96% (ATS1B), 100% (ATS2B), 94% 

(ATS3B) and 41% (pea RbcS 3A), for transcripts. In this region 

sequence identity between Arabidopsis transcripts is high (>80%). 

The pea RbcS 3A sequence has a comparatively low identity with the 

endogenous Arabidopsis transcripts (41%). Also, the greatest 

number of consecutive nucleotides in the pea sequence that is 

complemented by AntiA is three. 

Transgenic A. thaliana (line T7.5) expressing pea S (Fig. 1.4) 

was transformed with either of three antisense cassettes (Fig. 4.3). 

In each, antisense is preceded by the duplicated Cauliflower Mosaic 

Virus 35S (CaMV 35S) promoter introduced earlier (Fig. 1.1) and 

followed by the nopaline synthase (Nos) 3'UTR. These cassettes 

were inserted into either the pGPTV-DHFR or pGPTV-HYG binary 
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Hind III BamH I 

Ca^ 35S 
f r r / r I f 

^Anti 5'UTR^ Nos 3'UTR 

B 
A A. <N. A A 
CaMV 3 5S Anci TP Nos 3•UTR : 

Hind III BamH I 

Figure 4.3: RbcS antlsense cassettes 

Antlsense cassettes were designed with 5' CaMV 35S 
promoters and Nos 3' UTRs. Cassettes were designed 
with antlsense targeting sequences of RbcS transcripts 
in the 5'UTR, AntlA, (A) and the transit peptide (TP) 
encoding region, AntIB, (B). Hind III and BamH I restriction 
sites are located 5' and 3', respectively, of the antlsense 
in both cassettes. 

JL 
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vectors methotrexate or hygromycin resistance markers, 

respectively (Becker et al., 1992). Binary vectors with these 

resistance markers were chosen to allow selection in plants that 

were already kanamycin resistant. Thus, doubly transformed plants 

were selected for kanamycin resistance, linked to pea RbcS 3A, and 

methotrexate or hygromycin resistance, linked to the antisense 

cassettes. Sixty doubly transformed plants were allowed to self-

pollinate and produce T1 generation seeds. Assuming single site T-

DNA insertion, T1 generation plants should have followed the 

Mendelian ratio of 1:2:1 for homozygous antisense : heterozygous 

antisense : homozygous wild-type at the T-DNA insertion locus. T1 

generation plants were again selected on methotrexate or 

hygromycin and surviving plants allowed to self pollinate to produce 

T2 generation seeds. This process was repeated with T2 generation 

plants to produce T3 generation seeds. Between 100 and 150 T3 

seeds were plated on selective media to determine which of the T2 

progenitors were homozygous for T-DNA. Homozygous T3 generation 

seed pools were selected on the basis that all the plants of a pool 

displayed resistance to hygromycin or methotrexate. These were 

used for further experimentation because they should have two 

copies of an antisense allele at the T-DNA insertion locus. 

Antisense selection schemes 

In order to screen plants for antisense effect, total soluble 

protein of 60 independently and doubly transformed (pea RbcS and 



antisense cassettes) plants were run on SDS/PAGE. Other work has 

shown antisense targeting RbcS lowered both S and L content 

(Rodermel et al., 1988). Four plants were selected for further study 

(Fig. 4.4A) because they showed slightly lower levels of S and L on 

Coomassie stained SDS/PAGE. Because the reduction of Rubisco was 

slight relative to WT plants, sterile culture was used to further 

down-regulate Arabidopsis S and L (Fig. 4.4B). Relative levels of 

Rubisco L (upper arrow) and S (lower arrow) can be compared by 

Coomassie stained SDS/PAGE of total soluble protein. To normalize 

the amount of protein loaded in different lanes, leaf tissue from 

each sample was weighed in a microcentrifuge tube, and for each mg 

of tissue one [il of extraction buffer was added before grinding 

tissue. Equal volumes of supernatant from extracts were loaded in 

gel lanes. Arabidopsis grown in sterile culture with 3% sucrose 

(panel B) express Rubisco L and S at lower levels per gram fresh 

weight than siblings grown in soil (panel A). Therefore, it was 

necessary to load 20 |j.l of soil grown plant extracts (Fig 4.4A) and 

60 ^ I of tissue culture grown plant extracts (Fig 4.4B). 

Grinding plant tissue in this fashion is prone to error because 

it is difficult to grind each sample equally well. Therefore it is 

necessary to compare levels of Rubisco in each lane relative to 

background protein. Using NIHimage software scanned Coomassie 

stained gels were used to measure the density of L and background 

proteins in each lane. The numbers at the bottom of each lane 

indicate, in a percent value, the amount of L divided by background 
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Figure 4.4: Down regulation of Rubisco in Arabidopsis 

Total soluble protein was extracted from plants grown in 
in soil (panel A) and tissue culture with 3% sucrose (panel B). 
Lanes 1-6 in both panels are WT Arabidopsis, T7.5, IDA A, 
7D4.5. 7H4.1, 7H4.12 respectively. Numbers at the bottom 
of each lane indicate a percent of WT Arabidopsis L (arrow) 
remaining in antisensed plants following growth in soil or tissue 
culture. See M and M for formula. 
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proteins (bracketed area Fig. 4.4) relative to WT divided by its 

background proteins. It is possible that background protein 

expression varies or that breakdown products of Rubisco L 

contribute differently to samples. So, measurements made with 

NIHimage could also be prone to error. Also, the relative amount of 

pea S expression is not determined by this selection scheme. Other 

assays which discern between pea and Arabidopsis RbcS products 

are necessary. 

Detection of antisense action is complicated by the desired 

expression of the foreign pea RbcS 3A gene. Initially, attempts were 

made to determine relative amounts of Arabidopsis RbcS and pea 

RbcS mRNA. Comparison was attempted using quantitative PGR. 

Though this technique was not developed sufficiently here to 

accurately quantify steady state levels of transcripts, qualitative 

comparison was possible. Two PGR products are required to 

distinguish between the pool of Arabidopsis RbcS transcripts and 

the pea RbcS 3A transcripts. The method employed here used only 

three oligo primers to generate two distinct products (Fig. 4.5). 

Primer A targets a conserved region with 94% identity between 

Arabidopsis and pea RbcS. The 17 nt primer A was designed with an 

inosine (refer to M&M) at the single position where a residue differs 

between RbcS transcripts. So, it should have annealed equally well, 

with a melting temperature,Tm, of SQOG for all RbcS sense (+) 

sequences. Primers B (Tm = 66oG) and G (Tm = 64oG) were designed 
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Arabidopsis pea 
B RbcS Q RbcS 

• 
+ 

• 

temolate + template 

A A 

+ 

(75bp) (50bp) 

Figure 4.5: Reverse transcription PGR scheme 

Arabidopsis and pea RbcS mRNA (template) can be amplified by 
PGR using three primers (A,B and G) such that two different sized 
products (75bp and 50bp) can be produced. Primer A anneals at 
the same position on either Arabidopsis or pea sense (+) 
sequences. Primers B and G anneal at different positions on 
Arabidopsis and pea antisense (-) sequences, respectively. 



to anneal with Arabidopsis and pea RbcS antisense (-) sequences, 

respectively. The 17 nt primer B. designed with two inosines, 

shared 100% identity with a region in each Arabidopsis RbcS 

transcript and 37% identity with the pea RbcS sequence. The 22 nt 

p r i m e r  C  s h a r e d  1 0 0 %  i d e n t i t y  w i t h  a  r e g i o n  o f  t h e  p e a  R b c S  

transcript and less than 29% identity with each of the Arabidopsis 

RbcS transcripts. Because primers B and C annealed at different 

positions relative to primer A different length PGR products (75 bp 

and 50 bp) are generated from the Arabidopsis and pea templates. 

One of several concerns of this assay was that reverse 

transcription represent all RbcS transcripts without bias. Primer A 

was used for reverse transcription because it anneals to each of the 

transcripts equally well. A concern with the PGR reaction required 

assurance that primers did not become limiting during the reaction. 

Addition of excess primer could have led to artifactual bands. 

Limiting primer B or G could have restricted synthesis of either PGR 

product resulting in underrepresented bands. For this reason, primer 

A was added to the reaction cocktail at the same concentration 

(1|j,M) as primers B and G. The shared primer, A, would have limited 

both reaction products coordinately before either could be limited 

independently of the other. Theoretically, these reactions could 

have been driven to completion (using all available primer A) and 

still generate useful data. Another concern was that different 

melting temperatures of primers should not have generated an 

advantage for either of the PGR products. For this reason, primers B 



and C were designed with similar Tms (above). Primer A, which does 

not favor either product, had a lower Tm so that it could be used at 

the lower temperature required for reverse transcriptase 

polymerization. This technique has been termed multiplex PCR 

(Kotze et al., 1995). I have explained details of my design of this 

technique because I was not aware of publications using this 

technique when I performed these experiments. 

When PCR amplified products were compared, two bands of the 

expected sizes were generated (Fig. 4.6). Template mRNA isolated 

from WT Arabidopsis (lane 7) and WT pea (lane 8) generated only the 

upper or lower band respectively. mRNA from transgenic 

Arabidopsis, T7.5 (lane 9), containing the pea RbcS cassette 

generated both bands. Of twenty T7.5 Arabidopsis independently 

transformed with AntiA and AntiB constructs, all generated two PCR 

products. Plants containing AntiA, lanes 1-6, showed these PCR 

generated bands and were represented here because they were the 

same plants which showed reduced levels of Rubisco (Fig. 4.4). The 

presence of these bands suggested that the steady state level of 

Arabidopsis RbcS transcript was not affected by AntiA or AntiB. 

Some plants, represented by lanes 1, 3 and 6, and showing the lower 

band representing pea RbcS transcript, may be down-regulated 

relative to the controls T7.5 (lane 9) and CI (lane 10). CI was a 

7H4.12 (lane 6) that had lost its hygromycin resistance and was 

rescued. Because this assay was designed as a screen rather than as 

a means to quantify transcript levels more data must be provided 



134 

CO Tj- in 
CM 

X Q Q Q Q X 
fs. rs. is> O 

Figure 4.6: Reverse transcription followed by PGR 
amplification of RbcS mRNA 

PGR amplified bands representing RbcS transcripts 
from Arabidopsis (upper arrow) and pea (lower arrow) were 
generated from mRNA isolated from leaves of transgenic 
Arabidopsis grown in sterile culture. Lanes 1-6 are 
independently transformed antisense lines derived from the 
pea RbcS expressing T7.5 (lane 9). Wild-type Arabidopsis, 
pea, T7.5 and CI are controls in lanes 7-10 respectively. 
Lane 10 (CI) shows a T3 generation 7H4.12 hygromycin 
sensitive plant which has likely lost its antisense cassette. 
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before one can draw any conclusion about antisensed plants with 

reduced levels of Rubisco. 

Southern blot of selected doubly transformed plants 

To determine if selected plants were stably transformed with 

antisense and pea RbcS constructs, genomic DNA was cut with 

restriction enzymes Hind ill and BamH I, blotted and probed with a 

full length 32p labeled CaMV 35S promoter sequence (Fig. 4.7). Hind 

III and BamH I cut 5' and 3' of the antisense sequence, so that the 

CaMV 35S promoter was separated from the construct and still 

associated with the left border of the T-DNA. Cutting at these sites 

was expected to generate different sized restriction fragments 

determined by T-DNA positioning in the genome. Hind III and BamH I 

cut 3' and 5', respectively, of the CaMV 35S promoter in the RbcS 

construct so that the promoter is removed from the TDNA as a 750 

bp band. As expected T7.5 generated only one CaMV 35S band of 750 

bp and WT Arabidopsis generated no bands. The doubly transformed 

7D4.1, 7D4.5, 7D4.9, 7H4.1 and 7H4.12 show one or two bands in 

addition to the band generated by their progenitor T7.5. The 

presence of two additional bands indicated insertion of TDNA 

containing antisense cassettes at two distinct loci. Identical band 

patterns observed in 7D4.1 and 7D4.5 indicate that these plants are 

likely not independent transformants. 
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Figure 4.7: Antisense and pea RbcS cassettes in 
transgenic plants 

A genomic southern blot was used to determine if antisense 
cassettes were present in plants which showed down regulation 
of Rublsco. Genomic DNA from the plants indicated in the lanes 
above was cut with Hind III and Bam HI. The blot was probed with 
a P-32 labled CaMV 35S promoter. The pea RbcS CaMV promoter 
generates a band at 750 bp (arrow). 



2-D gels of Antisensed Arabidopsis 

Relative amounts of pea S and Arabidopsis S can be observed 

by 2-D gel. Figure 4.8 shows S protein from transgenic Arabidopsis 

transformed with pea RbcS alone (Fig. 4.8A) and pea RbcS with 

antisense cassettes (Fig. 4.8B-E). 7D4.5, 7H4.1 and 7H4.12 were 

selected based on their reduced level of Rubisco expression (Fig. 4.4) 

and Southern blot information indicating they were independently 

transformed (Fig. 4.6). Protein samples for each gel were generated 

from three plants in the designated plant line. These 2-D gels were 

produced only once. Though proteins in silver-stained gels are not 

precisely quantifiable, relative intensities of S protein spots have 

been measured via NIHimage software. Using this method, large 

changes in the percent pea S (eg. 10%) showed a significant 

qualitative difference in the relative amount of pea S expressed. 

Values for the percent pea S in the total pool of S were assigned to 

the right of each panel. No change in pea S expression has occurred 

between T7.5 (panel A) and 7D4.5 (panel B) while a reduction in the 

relative amount of pea S expression was indicated in 7H4.1 (panel C) 

and 7H4.12 (panel D). The plants used to generate Rubisco for panel 

E were grown in sterile culture for 80 days and experienced water 

deficit due to dehydration of the sterile culture medium. The 

relative expression of pea S in panel E was greater than two fold 

that of siblings grown to maturity in 30 days (Fig. 4.8 panel B) or the 

singly transformed progenitor expressing pea RbcS (Fig. 4.8 panel A). 
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Figure 4.8: S protein content in Arabidopsis plants 
containing antisense cassettes. 

Silver-stained 2-D gels of enriched Rubisco were made from 
the antisense progenitor, T7.5 (panel A), and plants containing pea 
RbcS 3A and antisense cassettes which showed down-regulation of 
Rubisco following growth in sterile culture (panels B-E). Plant 
lines are listed to the left of panels. Relative pea S protein 
(arrows) content (determined with NIHimage) are indicated to the 
right of panels. 
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Perhaps water deficit or aging of the plants down-regulated 

Arabidopsis RbcS transcripts sufficiently to advantage pea S 

expression. Unfortunately, the amount of Rubisco that could be 

generated from these plants was insufficient to perform enzyme 

assays. 

Crossing independently transformed pea S over-expressing 

lines 

Another approach toward increasing the relative amount of pea 

S in transgenic lines involved crossing independently transformed 

pea RbcS expressing lines. T7.3 and T7.5, characterized in Chapters 

2 and 3, were crossed and C1 generation plants were selfed. If the 

cross was successful C1 generation plants should have been 

heterozygous at each of the two pea RbcS loci. Then the C2 

generation would have been a heterogeneous population of plants 

with 0, 1, 2, 3 and 4 pea alleles in the expected ratio of 1 to 4 to 6 

to 4 to 1, respectively. 

SDS/PAGE of Arabidopsis total protein showed S proteins were 

distributed in two distinct bands (14.7 kD and 14.8 kD) (Refer to Fig. 

2.3) of similar intensity. Total soluble protein from individuals in 

six C2 populations were examined by SDS/PAGE to determine if pea 

S was expressed at different levels in individuals. Because pea S 

contributed to the lower band, high expression of pea S was expected 

to yield a darker lower band relative to the upper band. Two S bands 
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Figure 4.9: Screen for Arabidopsis with multiple 
pea RbcS 3A alleles 

Coomassie stained SDS/PAGE of second generation 
progeny resulting from a cross between T7.3 and T7.5. 
Numbers at the bottom of each lane are values for the 
ratio of intensity (determined with NIHimage) of 
lower S band/upper S band. Individuals from one family 
showed differences in the ratio of the lower S/upper S 
band (panel A). Individuals from another family from the 
same cross show greater consistency in the level of lower 
relative to upper S band (panel B). 
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were produced in a heterogeneous C2 population of plants (Fig 4.9 

panel A). There were differences between lanes in the relative 

intensity of the two S bands. This suggested that some individuals 

had greater pea S expression than others. Two lanes (arrows) 

display the greatest ratio of upper/lower band intensity. The ratios 

observed for C2 plants did not exceed ratios for the progenitors T7.3 

and T7.5. This was determined by scanning the gels and determining 

pixel density and area with NIHimage software. For comparison 

another sibling population which did not indicate variation in band 

intensity is shown (Fig. 4.9 panel B). This population likely resulted 

from self-pollination of the female progenitor, T7.5, rather than a 

cross between T7.3 and T7.5. 

Discussion 

Three antisense cassettes were used to transform Arabidopsis. 

Screening of antisensed plants based on the amount of L protein 

present in total soluble protein extracts led to the selection of four 

doubly transformed plant lines, 7D4.1, 7D4.5, 7H4.1 and 7H4.12 (Fig. 

4.4A). All four were transformed with the anti-5'UTR (Fig. 4.3A). 

Thus, it appears that the most effective of the two constructs 

contains the anti-5'UTR. Though this antisense construct appeared 

insufficient to markedly reduce Rubisco levels when plants were 

grown in soil, the effect was enhanced by growing plants in sterile 

culture (Fig. 4.4B). 
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These plants were analyzed by genomic Southern blot to 

determine both if they were independent transformants and how 

many antisense loci were present. When cut with the restriction 

enzymes BamH I and Hind III T7.5 and WT genomic DNA showed the 

presence and absence, respectively, of the pea RbcS cassette as 

expected. Two additional bands in 7D4.1, 7D4.5 and 7H4.1 Indicate 

the antisense cassette is present in two distinct loci. The selection 

scheme (Fig 4.4) appears to have promoted the selection of 

individuals with more than one antisense locus. In addition to the 

three examples shown in Figure 4.7, two other plant lines both with 

two antisense loci (not shown) were identified. 

There was no indication that the plants showed increased 

amounts of pea relative to Arabidopsis RbcS transcripts. In fact, it 

appeared that pea RbcS transcript levels were reduced relative to 

Arabidopsis RbcS in the four selected plant lines when compared to 

controls (Fig. 4.6). Further examination of these plants by 2-D gel 

indicated the level of pea 8 protein was reduced relative to 

Arabidopsis S proteins in five antisense lines tested, two of which 

are shown (Fig. 4.8). Results from the 2-D gels in Figure 4.8 

corroborated the PGR results from Figure 4.6 which, though not 

quantitative, indicated that pea RbcS might be down-regulated 

transcriptionally or post-transcriptionally. 7D4.5 showed similar 

levels of pea S relative to Arabidopsis S when grown for 30 days 

(Fig. 4.8B) in sterile culture and enhanced levels of pea S when 

grown in sterile culture for 80 days (Fig. 4.8E). Extraction of 
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Rubisco from plants grown for 80 days in sterile culture proved 

prohibitive toward generating sufficient enzyme for biochemical 

assays. Also, it was possible that modifications to Rubisco 

occurred in response to aging and water deficit. In Figure 4.8E the 

chimeric Rubisco S pool was predominantly pea S and blue light S. It 

is not clear if the blue-light S modification is up-regulated in 

response to the relative increase of pea S, water deficit or aging. 

This again raises the question of whether this modification to S is 

indicative of impending turnover. 

AntiA was designed such that it complemented different RbcS 

sequences unequally. ATS1B, ATS2B and ATS3B are complemented by 

30 nts, 55 nts and 47 nts, respectively (Fig. 4.1). As discussed in 

Chapter 2 (Fig. 2.4A) the protein products of these three genes 

contributed to the upper left S spot. This S spot showed greater 

reduction in intensity than the others (Fig. 4.BE) following 

transformation with AntiA, water deficit and aging. Also, ATS1B 

showed very low levels of mRNA expression under all light 

conditions (Dedonder et al., 1993). Unless translation efficiency of 

ATS1B was higher than other RbcS transcripts it likely could not 

have generated much S protein. ATS1A was complemented by only 

26 nts of AntiA and lacked consecutive complementary bases to 

AntiA in two regions of its 5'UTR; these were 10 nts in length each. 

The lower left S spot generated by ATS1A showed greater intensity 

than the upper left S spot. The selective reduction of particular S 
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proteins supports the conclusion that AntiA did down-regulate 

Arabidopsis RbcS expression modestly. 

That many transformants showed reduced levels of pea S while 

some did not suggested either antisense had a down-regulatory 

effect on pea RbcS or other gene silencing effects may be, in part, 

responsible for down-regulation of pea S. The 5'UTR antisense 

complements only 11 nucleotides in the pea RbcS transcript while it 

complements between 26 and 55 nucleotides in the Arabidopsis RbcS 

transcripts. Several mechanisms of gene silencing due to 

homologous promoter and gene sequences in sequentially 

transformed plants have been observed (Matzke and Matzke, 1995; 

Neuhuber et al., 1994). The effects seen here are likely due to 

homologous promoter sequences shared by pea RbcS and antisense 

cassettes silencing one another (Park et al., 1996). In both 

constructs the CaMV 35S promoter was used to drive pea RbcS and 

antisense. Also, the nopaline synthase (Nos) promoter drives 

antibiotic resistance markers in both constructs. The CaMV 35S and 

Nos promoters were reported to be sensitive to down-regulation by 

either cis or trans-silencing (Matzke et al., 1989; Park et al., 1996). 

When grown in sterile culture with antibiotics, many of these 

sequentially transformed plant lines presented a yellow phenotype 

for 5 to 15% of each population (Fig. 4.10). This can be explained by 

gene silencing effects on resistance marker promoters (Neuhuber et 

al., 1994). Yellow plants underwent greening when the plants were 

transferred to antibiotic medium which contained 3% sucrose (Fig. 



Fig. 4.10: Plants with diminished antibiotic resistance 

in the antisensed lines 7H4.1 (panel A and B) and 7D4.5 
(panel C and D) 1 5 of 100 plants and 10 of 100 plants, 
respectively, display diminished resistance to antibiotics by 
turning yellow and eventually dying. Yellow plants can be 
transferred to Gamborgs medium containing 3% sucrose and 
the appropriate antibiotic; either hygromycin (panel A) or 
methotrexate (panel C). Following two weeks growth on 
medium with 3% sucrose and antibiotics these plants recover. 
A wild-type plant (arrow) shows signs of stress on media 
with methotrexate and 3% sucrose. 
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4.10). When progeny were generated from either green or yellow 

plants they were antibiotic resistant and displayed a similar ratio 

of yellow to green plants. The yellowing effect may have indicated 

reversible gene silencing of antibiotic resistance markers (Neuhuber 

et al., 1994) which was perhaps counteracted by some unknown 

mechanism in response to increasing levels of sucrose. 

Crossing independent transformants expressing pea RbcS may 

not have been more effective toward enhancing pea S over-

expression. Screening C2 generation plants by Coomassie staining 

SDS/PAGE (Fig. 4.9) showed that different ratios of the S protein 

band intensities were present. Since Pea S contributed to the lower 

S band, the greater the ratio of lower band/upper band the greater 

the potential contribution from pea S. C2 generation protein ratios 

of band intensities, as measured by NIHimage, did not markedly 

exceed the ratios observed for the progenitor plants, T7.3 and T7.5. 

Several conditions could have yielded these results. Possibly, 

the blue light S protein which contributes to the upper band 

increased with the level of pea S expression. This link between 

expression levels of the pea 8 and the blue light S was discussed in 

Chapter 2 and has been observed in many 2-D gels (Fig. 2.4 and Fig. 

4.8). Additionally, if the blue light modification is indicative of 

marking the S for turnover and linked to the presence of pea S then 

chimeric enzymes may undergo turnover as rapidly as they are 

assembled. Alternatively, it may not have been possible to exceed 
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some level of pea S expression due to deleterious effects caused by 

the expression of the non functional pea S. There was a 24 to 28% 

reduction in Vc2 caused by one pea S (Table 3.1) during cooperative 

function of Rubisco. It is feasible that a second pea S might 

critically impair Rubisco cooperative function in chloroplasts. It 

was not evident whether gene silencing alters pea RbcS expression 

in individuals with multiple pea RbcS loci. No yellow phenotype or 

kanamycin sensitivity was observed in plants that do not have 

antisense. Progeny from the individuals shown in Figure 4.9 have 

been grown and tissue collected. However, 2-D gels of these plants 

have not been done to prove the effectiveness of either the cross or 

this selection scheme. 



CHAPTER 5 

FINAL DISCUSSION 
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Considerable wortc has been done toward understanding both 

the function of Rubisco and the relationship between S and L using 

bacterial Rubisco models (Andrews and Lorimer, 1985; Voordouw et 

al., 1987; Read and Tabita, 1992a and b). R. rubrum and 

cyanobacteria co-transcribe RbcL and RbcS from an operon 

(Nierzwicki-Bauer et al., 1984). To date, only photosynthetic 

eukaryotic organisms employ an RbcS gene family (Chan et al., 1990: 

Dean et al., 1989). Different S expressed under different conditions 

may offer some versatility to higher plant Rubisco function which is 

not possible in cyanobacterial L8S8. This could be analyzed by 

determining if higher plant S had adopted functional roles in the 

holoenzyme which distinguish higher plant from prokaryotic Rubisco. 

Toward this hypothesis, foreign S assembled with higher plant L in a 

chimeric holoenzyme was analyzed to determine biochemical 

differences between chimeric and wild-type enzyme. To study this I 

have investigated biochemical characteristics that differ between 

higher plant and cyanobacterial Rubisco using Arabidopsis Rubisco 

with one pea S. Biochemical functions of plant Rubiscos which can 

be disrupted by assembly of a foreign plant S likely indicate 

evolutionarily significant characteristics of higher plant Rubisco 

dependent upon S and L interactions. 

Higher plant L8S8 exhibit biochemical differences from 

cyanobacterial L8S8 in that they require Rubisco activase to 

promote carbamylation in vivo (Lilley and Portis, 1990), they exhibit 
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increased Vc following heat treatment in vitro (Parry et al., 1985; 

1987), and they exhibit inhibition of Vc (faliover) following 

synthesis of XuBP in vitro (Edmonson et al., 1990b: Zhu and Jensen, 

1991b). Rubisco activase plays an important role in removing RuBP 

(Wang and Portis, 1992) when bound to inactive Rubisco (Brooks and 

Portis, 1988; Cardon and Mott, 1989). Activase also releases sugar 

phosphates such as XuBP (Robinson and Portis, 1989; Portis, 1995) 

from the decarbamylated holoenzyme in vivo (Robinson and Portis. 

1988). To do this Rubisco activase must alter binding affinity at the 

catalytic site. This would require structural changes in the 

catalytic site which must involve intersubunit or intrasubunit 

changes. However, it has not yet been determined whether Rubisco 

activase acts upon S and L or simply L as an individual subunit. So, 

it is unknown whether the structural changes caused by Rubisco 

activase are due to intersubunit changes, perhaps, by altering the 

S/L interface or intrasubunit changes in L alone. 

In order to determine whether S plays a role in higher plant 

Rubisco activity, the pea RbcS 3A cDNA was expressed in A. thaliana. 

Pea S detected in transgenic Arabidopsis was determined to be 

assembled into Arabidopsis Rubisco holoenzyme. The amount of pea 

S present in chimeric Rubisco was approximately 15 to 18% (-1 in 8) 

of the total amount of S. This coincided with a 11% reduction in 

carbamylation and 12% reduction in Vc for chimeric enzymes. 

Interpretation of biochemical data together with information about 

S/L interaction suggested disruption of carbamylation could be 
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caused by ionic interactions between pea S and Arabidopsis L. In 

chimeric Rubisco, reduced carbamylation is coincident and 

commensurate with reduced Vc following 25°C activation (Vcl) but 

not following 42^0 activation (Vc2). High temperature treatments 

preceding activity assays are known to cause conformational 

changes in higher plant Rubisco (Schmidt et al., 1984). High 

temperature treatments could alter L to cause increases in Vc 

(Parry et al., 1985; 1987). Because pea S interferes with promoting 

increased activity following temperature treatment, S probably 

plays a second role in the cooperative interaction between catalytic 

sites that promotes Vc2. 

Sequence divergence between pea and Arabidopsis S likely 

generated aberrant interactions at the pea S/Arabidopsis L 

interface. This can be tested conclusively by mutagenesis of 

Arabidopsis S residues and expression of this mutagenized S in 

Arabidopsis. Only 5 of 38 differences between pea and Arabidopsis 

S, shown in Figure 3.6, are positioned at the S/L interface. These 

include Q2, Q25, N56, S58 and R60 (Knight et al., 1990; Schneider et 

a!., 1990; Shibata et al., 1996). Each of these is a candidate for 

future site-directed mutagenesis which could further elucidate 

evolutionary development at the S/L interface in higher plant 

Rubisco. 

Three of these pea S residues, Q2 , Q25 and N56, are positioned 

in distinct domains of S which could have promoted aberrant ionic 
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interaction with L in positions W411, E433 and E259, respectively. 

The N-terminal Q2 (Fig 3.7) extends into neighboring L-D (Fig 1.2), to 

contact a-helix 7 of the active site at W411 (Schneider et al.. 1990) 

(Fig 1.3). Q25 is positioned at the base of two loop structures (Fig. 

3.6) and contacts a-helix 8 of L-B at E433 (Schneider et a!., 1990). 

N56 is positioned within the HPIN loop which projects between L-B 

and L-C; it contacts L-B at E259 (Shibata et al., 1996). These pea S 

residues not only differ in charge from Arabidopsis S residues 

occupying these positions, but are possibly positioned at the S/L 

interface to interact with oppositely charged L residues (Schneider 

et al., 1990; Shibata et a!., 1996); they potentially allow aberrant 

ionic interactions between pea S and Arabidopsis L. 

Crystallography analysis by Shibata et al. (1996) indicated 

that spinach S are positioned in an ordered fashion. The spinach 

holoenzyme can be represented as L8Si4S24. Si and Sa share a 1:1 

stoichiometry and can be distinguished by an ionic interaction 

between N56 of Si and E259 of L-B in spinach. Ordered placement 

required that Si nearest S neighbors are Sa in a top down view (Fig. 

1.2B). Ordered arrangement of different S implies that S are 

assigned different structural roles in the L8Si4S24 holoenzyme. 

Though Arabidopsis Rubisco cannot form this particular ionic 

interaction between position 56 of S and 259 of L-B, pea S does 

potentially introduce this interaction in chimeric Rubisco. 

Arabidopsis Rubisco may rely on alternative ionic interactions at 
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the S/L interface for proper assembly and perhaps optimal enzyme 

function. 

Arabidopsis Rubisco could have ordered placement of S based 

on an ionic interaction between Q2 of S and W411 of L. Residue Q2 

is present in S generated from RbcS 1A which represents -50% of 

the wild-type Arabidopsis S proteins when measured by NIHimage 

scanning of 2-D gels. So, half of the endogenous Arabidopsis S allow 

an ionic interaction between Q2 and W411 and the other S, which 

have K at position 2. do not. Since the pea S also has Q at position 2 

it is possible pea S disrupts ordered disposition by increasing the 

number of S that interact with L at this position. It is unclear what 

purpose ordered positioning of S may serve but one possible role 

might involve cooperative interaction between catalytic sites. 

Crystallographic analysis suggests that S is involved in conveying 

movement between catalytic sites of neighboring L-B and L-D by 

contacting a-helix 8 and a-helix 7, respectively (Schneider et 

al.,1990; Taylor and Andersson 1996). Such movement could indicate 

that S is involved in coordinating activity between neighboring 

catalytic sites. Kinetic analysis of increased Vc which may be due 

to structural changes following temperature treatments (Chapter 3) 

also supports the conclusion that 8 could play a role in cooperative 

Interaction of catalytic sites. Vc2 of chimeric Rubiscos was 24% 

lower than expected showing that pea S interferes with the changes 

in Rubisco that occur following treatment at 42^0. 
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The potential introduction of new ionic interactions by pea S 

residues, Q2, Q25 and N56, with Arabidopsis L-D residue W411 and 

L-B residues E433 and E259, respectively, might affect coordination 

between neighboring active sites and carbamyiation. It is possible 

that increasing ionic interactions between S and a-helix 7 of L-D 

and/or a-helix 8 of L-B of the catalytic sites makes the S/L 

interface more rigid thereby interfering with carbamyiation of K201 

in either L-B or L-D and coordination of movement between L-B and 

L-D. Crystallography data indicates these S and L residues do 

contact one another in spinach Rubisco (Schneider et al.,1990). From 

sequence data on pea S (Fluhr et al., 1986b) and pea L (Zurawski et 

al., 1986) ionic interaction between S at N56 of the HPIN loop and L 

at E259 could occur. By comparing the sequence data for 

Arabidopsis S (Krebbers et a!., 1988) and L (Zhu et al., 1997) and 

assuming that the structure of Arabidopsis S and L are similar to 

that of spinach the ionic interactions between Q25 of S and E433 of 

L-B as well as N56 of S and E259 of L-B are not possible in 

Arabidopsis Rubisco. Since these L residues are conserved in 

Arabidopsis the introduction of pea S potentially promotes ionic 

interaction at these positions. The HPIN loop has been determined 

essential toward allowing assembly (Wasmann et al., 1989; 

Flachmann and Bohnert, 1992; Adams, 1995). If movement between 

active sites is conveyed by S, additional ionic interactions in the 

HPIN loop could restrict the movement of S. It is unlikely the 

additional ionic interaction between N56 of S and E259 of L-B 



155 

directly affected the tertiary position of K201. These are separated 

by 58 residues which contribute to three subdomains: a-helix 3 

(residue 247-260). (3 sheet 3 (residues 237-241), and a-helix2 

(residues 214-232) (Knight et al., 1990). 

Increasing the expression of pea S is important to these 

studies because a chimeric enzyme with higher numbers of pea S 

could generate another data set and a more dramatic biochemical 

effect. If one pea S reduces carbamylation, Vcl and Vc2 then more 

pea S per holoenzyme could further reduce the values obtained with 

these biochemical assays. Experiments in Chapter 4 were designed 

to accomplish this, but resulted in limited success. The cause of 

reduced pea S protein amounts was likely gene silencing of the CaMV 

35S promoter which drives pea RbcS 3A expression. Silencing could 

have been caused by the second site transformation which 

incorporated antisense cassettes into pea S expressing plants. This 

was partially overcome by growing plants in sterile culture for 80 

days which probably resulted in water deficit due to water 

evaporation from medium. Treatment by water deficit could be a 

useful tool towards producing higher amounts of pea S in chimeric 

Rubisco. However, inadequate amounts of green tissue containing 

Rubisco is generated in sterile culture grown older plants. It may be 

possible to water stress plants by growing them hydroponically in 

the presence of polyethylene glycol (Hurkman and Tanaka, 1988). 

This could allow the growth of more plant tissue, but it is unclear 

how long plants would need to grow before sufficient turnover of 
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Arabidopsis Rubisco would allow increased amounts of pea S to 

accumulate in chimeric Rubisco. 

Future studies for chimeric higher plant Rubisco 

Analysis of chimeric Rubisco could also generate information 

about interaction between Rubisco and Rubisco activase. In vivo 

Rubisco activase acts upon Rubisco to release sugar phosphates 

(McCurry et al., 1977; Brooks and Portis, 1988; Cardon and Mott, 

1989; Edmonson et al., 1990c; Seemann et al., 1990; Wang and 

Portis, 1992) and promote activation of catalytic sites (Portis et 

al., 1986). The ability of specific Rubisco activases to activate 

different Rubisco enzymes has been reported (Wang et al., 1992). If 

Rubisco activase interacted with S, chimeric L8S8 would be 

expected to have fewer activated catalytic sites than wild-type 

enzyme. Because pea S already reduces activation of Arabidopsis L, 

the chimeric enzyme produced here would not be a good candidate for 

this experiment unless pea S was modified by site-directed 

mutagenesis to allow carbamylation to occur. Sequence divergence 

between mutagenized pea and Arabidopsis S would preferably exist 

only at the solute surface of the chimeric enzyme. If Arabidopsis 

Rubisco activase was less capable of performing its functions on 

chimeric L8S8 relative to Arabidopsis L8S8 then, perhaps, activase 

acts upon S. Site directed mutagenesis would have to be performed 

on the foreign S to confirm these conclusions. Comparison of solute 

surface residue differences between pea and Arabidopsis S would 



allow identification of potential residues for further site directed 

mutagenesis. Analysis of mutations in S and Rubisco activase that 

promote activation would improve understanding of the relationship 

between Rubisco activase and Rubisco. Understanding this 

relationship could elucidate why higher plants use Rubisco activase 

and what physiological role inhibitors play in limiting Rubisco 

activity. 

Studies could be done to determine if Rubisco activase was 

involved in promoting cooperative interaction between active sites. 

Comparison of carboxylase activity, Vc1 and Vc2, generated from 

250c and 420C treated Rubisco and activase treated Rubisco should 

determine if activase contributes to establishing Vc1 or \Jc2. If 

activase-treated Rubisco generated Vc equivalent to 25°C treated 

Rubisco the only function implicated is activation. However, if 

activase treated Rubisco generated Vc equivalent to 42°C treated 

Rubisco the additional function of establishing cooperative 

interaction between sites would be implicated. If Rubisco activase 

could promote Vc2 for WT Rubisco, then one would expect Rubisco 

activase to promote a lower \/c2 for chimeric Rubisco, equivalent to 

the Vc2 observed following 42^0 treatment. This would suggest that 

Rubisco activase causes changes at the S/L interface in order to 

affect activity. If instead, the activase-treated chimeric enzyme 

displayed wild-type 42oC-treated Vc2 per site, then activase would 

effect a higher Vc by influencing L alone. 



Evolutionary considerations 

As discussed in Chapter 1 (Table 1.1), biochemical differences 

between higher plant and prokaryotic Rubisco likely have evolved as 

adaptations to Rubisco function in chloroplasts. These adaptations 

have not led to increasing the rate of Vc or increasing Vc relative to 

Vo (Andrews and Lorimer, 1987). Production of P-glycolate by Vo 

(pp 21) has been considered wasteful because the steps required to 

recover P-glycolate, the salvage pathway, are energy consuming 

(Husic et al., 1987). Why has evolution of Rubisco in chloroplast not 

increased the rate of Vc or the ratio of Vc to Vo (specificity)? 

One possibility is that higher plants produce an abundance of 

Rubisco to compensate for low Vc. Analysis of antisense which 

targeted RbcS (Rodermel et al., 1988) indicated that plants did not 

exhibit detectable physiological stress until Rubisco levels declined 

to less than 50% that of wild-type (Quick et al., 1991; Quick et al., 

1992; Stitt and Schuize, 1994). Even after reducing the relative 

amount of Rubisco, environmental conditions such as low nitrogen or 

low light had to be applied before detectable differences in starch 

synthesis, free hexose (Quick et a!., 1991), free nitrogen and 

chlorophyll content (Quick et al., 1992) could be observed. So, plants 

invest energy towards the synthesis of apparently superfluous 

Rubisco. Possibly, plants produce sufficient energy such that excess 

Rubisco synthesis supersedes evolutionary selection toward 

improving Rubisco carboxylase activity. 
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A hypothesis presented by Spreitzer (1993) which explains 

why evolution of Rubisco might be slowed suggests that further 

advantageous modifications would require mutations in L and S 

proteins simultaneously. Spreitzer (1993) suggests that producing 

single amino acid substitutions will not lead to improvements in 

Rubisco function. The protist Chlamydomonas reinhardtii was used 

as the model system to develop this hypothesis. C. reinhardtii can 

be grown heterotrophically, thus allowing selection of Rubisco 

mutations that are detrimental to structure or function. Selection 

of single amino acid substitutions requires about 1 x 108 cells. 

Secondary site suppresser mutations can be derived from these 

mutants. The occurrence of two independent mutations that are 

advantageous only when occurring simultaneously would therefore 

require at least 10"" 6 cells be subjected to selection (Spreitzer, 

1993). Thus, even on an evolutionary scale this is an unlikely event 

in C. reinhardtii or any organism. 

The existence of an RbcS gene family in higher plants must 

have offered some advantage in order for it to have evolved. Gene 

fusions and duplications likely generated gene families of varying 

sizes. Perhaps variations in RbcS promoters allowed differential 

expression in different tissue types and changing environmental and 

developmental conditions in order to accommodate transcription 

factors and cell signaling systems that already existed. Perhaps 

expression of different S from the nucleus offers greater regulatory 

control of L translation (Rodermel et al., 1996) and thereby fine-
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tunes the amount of Rubisco present in the chloroplast. Since, in 

higher plants, foreign S are not universally accepted by L (Wasmann 

et al., 1989; Flachmann and Bohnert, 1992; Adams, 1995; this work) 

and ordered disposition of S exists within a holoenzyme (Shibata et 

al., 1996), S sequence divergence is arguably relevant to holoenzyme 

function. Perhaps S sequence divergence observed in gene families 

offers some evolutionary plasticity which has provided higher plant 

Rubisco with functional versatility. This may be reflected in the 

biochemical differences between higher plant and bacterial L8S8. 

Summary 

This work has provided the first evidence that in higher plant 

Rubisco specific S interaction with L is necessary for carbamylation 

at the active site. The presence of 15 to 18% pea S in chimeric 

Rubiscos coincided with an -12% decline in both carbamylation and 

carboxylase activity (Vcl). Studies with 42°C enhancement of Vc 

using chimeric higher plant Rubisco offers the first kinetic evidence 

implicating S involvement in cooperative interaction between active 

sites. Chimeric Rubisco enzymes with only one foreign S show at 

least a 24% reduction in carboxylase activity (Vc2) relative to wild-

type enzyme. I present a kinetic model which suggests that, in 

higher plant Rubisco, two groups of four L interact through S-

linkages in a fashion to coordinate activity at neighboring L 

catalytic sites. Also, 420C treated Rubisco is more sensitive to 

inhibition exhibited during fallover. It is possible that changes at 
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the S/L interface that occur during 42°C treatment which probably 

affect cooperative interaction of catalytic sites also affect either 

the synthesis of inhibitors or the effectiveness of inhibition at 

catalytic sites through negative cooperativity. Potentially three 

ionic interactions introduced at the pea S/Arabidopsis L interface 

are responsible for impairment of chimeric Rubisco function. 

Inability to increase pea S content in Arabidopsis Rubisco through 

antisense of Arabidopsis RbcS, sucrose repression of RbcS, or pea 

RbcS 3A gene amplification may be due to turnover of the impaired 

chimeric Rubisco. Other work has shown S is positioned in an 

ordered fashion in higher plant Rubisco implying proper function of 

L8S8 requires at least two different forms of S (Shibata et al., 

1996). Introduction of pea S in chimeric Rubisco could have 

potentially interfered with ordered placement of S which could be a 

signal triggering turnover. Future studies with chimeric L8S8 could 

indicate S interacts with Rubisco activase or that Rubisco activase 

acts upon the S/L interface. Likely, redundancy of S genes has 

allowed some versatility in the roles that S have adopted in higher 

plant Rubisco. These include carbamyiation, cooperative interaction 

between catalytic sites, and perhaps sensitizing Rubisco to 

inhibitory conditions. 
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