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ABSTRACT

EXPRESSION OF THE SUBUNITS OF RIBULOSE 1,5-BISPHOSPHATE

CARBOXYLASE/OXYGENASE IN Egghgzighig ggli, AND

MUTATIONAL ANALYSIS OF THE SMALL SUBUNIT

m

John Fitchen

Ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) from

plants, cyanobacteria, and most other photosynthetic organisms is

composed of eight identical ”large subunits" (£355 kDa) and eight

identical "small subunits" (0'15 kDa). The large subunits

contribute all residues directly participating in the catalytic

mechanism. The function of the small subunits is unclear.

Plasmids were constructed to direct the expression of RuBisCO

subunits in Escherichia 9911 using the genes encoding the large and

small subunits (rth and IDES). from 2g; may; and from the

cyanobacterium Anghagng so. PCC 7120. Both of the subunits

accumulated to high levels in E. coli carrying the expression

plasmids. Only in those combinations in which the large subunits

were from the cyanobacterial rbgL did the subunits assemble into a

functional holoenzyme.

The simultaneous expression of both cyanobacterial subunits in

E. 9911 was used to investigate the role of conserved residues in

the small subunit. Twenty-two directed mutations were made in the



three regions of broadest sequence conservation. The extent to

which the mutant small subunit proteins were associated with large

subunits was assessed, and the carboxylase activity of the mutant

enzymes was assayed. At least one mutation in each of the three

conserved regions was found to completely prevent holoenzyme

assembly. Other mutations were found to result in decreased levels

of assembly. None of the mutations prevented catalysis except by

interfering with holoenzyme assembly.

Examination of homologous residues in a model for the

three-dimensional structure of spinach RuBisCO suggested that some

of the mutants did not assemble because of mis-pairing or

non-pairing of charged residues on the interfacing surfaces of the

large and small subunits. In others, the failure to assemble

correctly may have resulted from disruption of intersubunit

hydrophobic pockets. The molecular interactions impaired by the

substitutions that reduced but did not prevent assembly appeared to

be similar to those disrupted in the mutants in which assembly was

completely blocked.
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Chapter 1 GENERAL INTRODUCTION

LITERATURE REVIEN

RuBisCO (Ribulose 1,5-bisphosphate carboxylase/oxygenase,

E. C. 4.1.1.39) catalyzes both the oxygenation and the carboxylation

of ribulosebisphosphate (RbuPZ). The reaction of RbuPZ with C02 to

form a six carbon intermediate which is then hydrated and cleaved to

form two molecules of 3-P-glycerate represents the first committed

step of the reductive photosynthetic carbon cycle (C-3 photosynthetic

pathway). The reaction of RbuPZ with 02 to form 2-P-glycollate and

3-P-glycerate represents the first committed step of the oxidative

photosynthetic carbon cycle (photorespiration). Because of this

central, decisive role in partitioning between photosynthesis and

photorespiration RuBisCO and its two competing activities are

important not only in determining plant growth, but also in

modulating global biomass production and atmospheric C02 levels.

W

The protein now known to be RuBisCO was initially identified in

l



spinach leaf extracts on the basis of its abundance and

electrophoretic mobility (1). Subsequently isolated from scores, if

not hundreds, of organisms, the enzyme has been extensively

characterized.

The simplest form of RuBisCO, designated form 11, is a homodimer

of 57 kDa subunits (2,3). This form is found in purple, non-sulfur,

photosynthetic bacteria (3,4,5). The primary sequence of the enzyme

from Baaaa;alylllam yaayam was determined by protein sequencing (6).

Genes for the form II enzymes of 3. yahmam and Baaaaaaalay

;ahaayalaa; have been cloned and the B. yaayam gene has been

sequenced (7,8). The crystal structure of the B. raayam enzyme has

been determined to 2.9 A resolution (9).

The subunit structure of RuBisCO present in plants,

cyanobacteria, and some other photosynthetic bacteria is more

complex and is referred to as form I RuBisCO. The enzyme from these

organisms is composed of eight identical subunits of molecular weight

50-55 kDa and eight identical subunits of molecular weight 12-18 kDa

(10,11). Genes from many organisms encoding both types of subunits

have been cloned and sequenced (for examples 12,13). Partial amino

acid sequences have been determined by protein sequencing of subunits

isolated from several organisms and at least one complete sequence

for each type of subunit has been determined chemically (14,15). The

crystal structures of the enzyme from tobacco and spinach have been

determined to 2.6 A and 2.8 A resolution, respectively (16,17,18,19).

The 50-55 kDa subunit of the heteromultimeric form I enzyme is

referred to as the large subunit (L). The deduced amino acid

sequences of the large subunits are highly conserved between most



organisms. (For example the deduced amino acid sequences of spinach

(20) and Aaaaaaaa (21), a cyanobacterium, are 85 % identical although

a few known sequences, such as the one deduced for Algallgaaa;

aalyaaha; (22), a hydrogen bacterium, are more divergent.) The

three-dimensional structure of the large subunits from spinach and

tobacco are very similar to the three-dimensional structure of the

form 11 B. raayam subunit (16,18) and the arrangement of the 55 kDa

subunits in the plant enzyme crystal structures is a pattern of four

dimers (essentially a tetramer of form 11 enzymes) with the 15 kDa

subunits attached peripherally (16,19). The sequences of the typical

large subunits, although only about 25 to 40 % identical overall to

the sequences of the 57 kDa subunits of the form II enzyme (6,7),

contain short regions of almost complete identity to the form II

sequence near residues of defined function (6,7). These aspects of

similarity in both structure and sequence are strong enough to

suggest a common origin (7).

The amino acid sequences of the 12-18 kDa subunits, referred to

as the small subunits (S), are much more divergent between organisms.

Hithin higher plants there is at least 55% identity between known

sequences (23), but the sequences of S from two cyanobacteria are

only about 40% identical to representative plant sequences (21,24).

The amino acid sequence of the eukaryotic alga Chlamydomana;

malaaayall is about 50% identical to the higher plant S sequences

(25). The deduced amino acid sequences reported for the eukaryotic

alga Qll;laaal;aa; lalaa; and the prokaryote Algaligena; aatraahas

are 57% identical to each other but are only roughly 25% identical to

higher plant sequences (R. A. Cattolico, personal communication; 22).



As with comparisons between form I large subunit and the form 11

subunit, conservation in some regions of S is much more striking than

indicated by figures for overall identity (23).

W351i

The gene encoding the large subunit lyaaL) is part of the

chloroplast genome (26,27), and transcription and translation of the

large subunits is effected by chloroplast RNA polymerase and

chloroplast ribosomes (28,29). The expression of yaaL la ylya is

under environmental (e. 9. light) and developmental control in plants

(30,31). At some time after synthesis the large subunits are post-

translationally processed (32,33). The two amino-terminal amino

acids are removed; the next residue, a proline, is acetylated (33);

and, at least in some species, one or more lysine residues are

tri-methylated (34). It is not known whether these modifications are

made before or after assembly with small subunits.

The gene for the small subunit (yaa5) is located in the nuclear

genome (35). Its expression is also under environmental (e. 9.

light) and developmental control (30,36), although, in cyanobacteria,

expression does not appear to be regulated by light (24). The

protein is encoded in precursor form with an amino-terminal (transit

peptide) extension of about 45 residues (35,37). The precursor is

translated on free ribosomes in the cytosol (38,39), recognizes a

protein on the surface of the chloroplast (40,41), is transported

through the double-membrane chloroplast envelope (35), and is

processed to its mature form (35). The processing probably occurs in

two steps (42) with at least the final step being catalyzed by a



soluble stromal enzyme (35). Individual residues and groups of

residues in the transit peptide, at the site of proteolytic cleavage

between the transit peptide and the mature protein, and within the

mature small subunit have been implicated in various aspects of

uptake into chloroplasts, processing, and assembly into holoenzyme in

studies utilizing directed mutagenesis and uptake of mutant small

subunit precursors with isolated chloroplasts la yllya

(43,44,45,46,47).

Current evidence suggests that individual subunits, however, do

not spontaneously assemble to form the holoenzyme, but rather require

the action of yet another protein (for review, see 48). This

protein, comprised of two nuclear-encoded subunits, is observed to

associate with newly synthesized large subunits and has been named

the RuBisCO subunit binding protein (49,50). Antibodies directed

against this protein can inhibit la_yllya RuBisCO assembly in ‘

chloroplast extracts (51). The gene encoding one of the subunits has

been cloned from wheat and castor bean (52). Comparison of their

sequences with other known sequences suggests that the RuBisCO

subunit binding protein is a member of a class of proteins called

chaperonins which are believed to function in macromolecular assembly

in bacteria, chloroplasts, and mitochondria (reviewed in 53). It has

been postulated that the stage of RuBisCO assembly for which the

binding protein is required is the formation of L subunit dimers or

octomers (54).

The biosynthesis of RuBisCO in cyanobacteria is considerably

less complicated because both subunits are encoded in the bacterial

chromosome (55) and because the lack of internal compartmentation



obviates the need for either subunit to be transported across a

membrane. The presence of a chaperonin in cyanobacteria has not been

demonstrated (56) but assembly of cyanobacterial rubisco subunits

expressed in a heterologous system has been shown to be dependent on

the endogenous chaperonin (57). Whether the large subunit, or even

the small subunit, undergo post-translational processing in

cyanobacteria has not been addressed.

W

The activation of the enzyme by C02 and Mg++ and the catalytic

mechanism of the carboxylase reaction have been studied in extensive

detail. The oxygenase reaction is less well understood, but shares

many of the features (e.g. activation and RbuPz binding) of the

carboxylase reaction. Both are extensively covered in a recent

review (58).

Large subunit residues

Affinity labels, side-chain-specific modifying reagents, and,

more recently, site-directed mutagenesis have been used to identify

individual residues of the protein participating in each of the

binding steps and partial reactions of catalysis. The B. raayam

enzyme was used for most of the studies because of its simpler

structure.

The lysine which is carbamylated in the activation of the enzyme

was localized to the large subunit by carboxymethylation with

3H-diazomethane (59) and identified to be lysine 191 of the R. [aamam

enzyme by sequencing of the labeled peptide (60). This residue was



replaced with a glutamate by la yllya mutagenesis by Estelle al al.

(61) creating an enzyme incapable of catalysis, and confirming the

essential role of this residue.

Methionine 330 was identified as a target of affinity labels

that inactivated the enzyme (62). Mutagenesis of the Met codon to a

Leu codon resulted in an enzyme with a much higher Km for all

substrates (63). The reversibility of binding of 2-carboxyribitol

1,5-bisphosphate (a transition state analog which binds the wild-type

enzyme irreversibly) by the mutant enzyme suggested that Met 330 is

important for binding or stability of the ene-diol intermediate

formed prior to attack by C02 or 02 (63).

A region near the amino terminus of the protein is thought to be

part of the active site because several residues in the region can be

crosslinked to known active-site residues (64). Glutamate 48 of the

B. [aayam enzyme is the only absolutely conserved residue in the

region (64). Creation of a glutamine-48 mutant of the B. [aayam

enzyme, and demonstration that it was catalytically inactive,

established that glutamate 48 is an essential residue, but a function

has not been assigned (64).

Affinity labeling and comparitive sequence analysis placed Lys

at or near the active site (65). Because the epsilon-amino group of

the residue has an unusually low pKa (7.9) it was proposed that this

residue could be the nucleophile which removes the C-3 proton from

RbuP2 (65). The properties of a series of mutant enzymes in which

Lys 166 was replaced by other amino acids are consistant with this

role (66).



Several of the tentative functional assignments made to

individual residues on the basis of biochemical evidence, however,

have not withstood the genetic test made possible by la yllya

mutagenesis. It was originally proposed that aspartate 188, because

of its proximity to lysine 191, could be one of the acidic residues

coordinating the Mg++ (67). Mutagenesis of the aspartate codon to a

Glu codon, and characterization of the substituted enzymeoshowed that

this residue is not required for activation (67). The residues

responsible for coordination of Mg++ have not been identified, but

should be discernable from the three dimensional structure of the

enzyme. Histidine 291 was also proposed to be the base responsible

for proton extraction from the C-3 of RbuP2 (68). The evidence

supporting this assignment came from studies demonstrating that

RuBisCO activity is sensitive to derivatization with histidine-

specific modifying agents such as diethylpyrocarbonate (69).

Protection against inactivation, which can be effected by competitive

inhibitors which resemble RbuPZ, also prevents reaction of

diethylpyrocarbonate with histidine 291 (68), implying that the

residue is located in the active site near the RbuPz binding pocket.

Any essential role for this residue, however, was disproven by

substituting an alanine residue at this position by la yllya

mutagenesis and demonstrating that catalysis was not impaired (70).

A missense mutation of residue Gly 171 to Asp identified this

residue as essential for activity (71). Hhether the residue

functions in catalysis or is merely important for folding or

structure is not known. Interestingly, mutations of Leu 290 and Thr

342, recovered as a temperature sensitive mutant and its intragenic



suppressor, have been reported to have altered substrate specificity

(72,73).

Small subunits.

The function of the small subunits in the form I enzyme has been

the subject of much discussion. Reports as early as 1970 suggested

that the large subunits contained most or all of the residues

associated with catalytic activity (11,74,75). Later, demonstration

that the form II enzyme functions with only subunits similar to the

large subunits of the form I enzyme suggested that the small subunits

of the form I enzyme might play only a minor role. The complications

the nuclear encoded small subunits introduce into RuBisCO

biosynthesis, however, seemed, teleologically, to be justifiable only

if they had, or conferred, a function which could not be accomplished

by large subunits alone (58).

Early experiments to assign functions to individual subunits

were hindered by problems with insolubility of dissociated subunits

(75). Progress resumed when Andrews and Abel (76) found that they

could reassociate dissociated small subunits with large subunit-

core-complexes derived from some cyanobacterial RuBisCOs to reform

holoenzyme. Andrews and Lorimer (77) used la yllya reassociation and

subunits from various organisms to demonstrate that the relative

substrate specificities (for C02 and 02), which vary significantly

between organisms, are determined solely by the large subunits.

In 1988 Andrews showed that large subunits do have detectable

catalytic activity in the complete absence of small subunits (78).

Although this confirmed that the small subunit is not directly
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required in the catalytic mechanism, the level of activity in the

large subunit cores was very low, namely less than 1% of the activity

of holoenzymes (78). The restoration of full activity by la yllya

addition of small subunits, however, also verified the claim that the

small subunits do have an important role in RuBisCO activity (78).

The mechanism by which the small subunits perform this role has not

been demonstrated, but a likely explanation is that they cause a

conformational shift in the large subunits, altering the arrangement

of large subunit residues in the active site in such a way as to

favorably affect catalysis (78).

la yllya mutagenesis and la yllya gene reconstruction, to make

enzymes with single-residue-substituted or hybrid small subunits,

have been used in attempts to identify individual residues or regions

of the small subunit protein that are essential for enzyme function.

Because of the lack of biochemical and, until recently, structural

(three-dimensional) information on which to base hypotheses about

function of individual residues, experiments have targeted conserved

regions.

Nasmann a; al. studied a conserved region near the middle of the

small subunit sequence (79). They found that the region, which

encompasses residues 49 to 54, confers the ability to assemble with

pea large subunits in isolated pea chloroplasts (79). This region is

not present in small subunits from cyanobacteria and represents the

most striking divergence between cyanobacterial and higher-plant

small subunits.

Voordouw at al. (80) mutated the codons for Trp 67 and Trp 70 in

the yaa§ gene of Aaa;y;ll; alaalaa; and expressed the mutant genes
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concommitantly with wild-type large subunits in E;;aaylahla gall.

According to most criteria, the substituted enzymes were

indistinguishable from native RuBisCO, except that the VmaxCO2 was

reduced 2.5-fold (80). McFadden and Small (81) have reported on work

in progress using a similar system. Preliminary analysis indicated

that mutations in the conserved region of the small subunit between

residues 12 and 22 were ”deleterious to RuBisCo function and lead to

a 39-94% reduction in Vmax', although the specific cause of this drop

in activity was not determined (81). Neither of these experiments

allowed the assignment of specific function to individual small

subunit residues.

In general, the experiments to investigate structure-function

relationships in the small subunit have been rather inconclusive.

The absence, until recently, of a three-dimensional structure, and

lack of data on the function of individual residues, have prevented

the formulation of detailed hypotheses for experimental testing.

INTRODUCTION TO THE THESIS

As described above, the small subunit of type I RuBisCO, at

least in some cases, is not absolutely required for enzymatic

activity (77). Catalysis by large subunit octamers without small

subunits, however, is very slow (77). This suggests that the small

subunits in some way alter the conformation of the large subunits and
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indirectly change the position of large subunit residues in the

active site in a manner favorable for catalysis (77). The goal of

the experiments described in this thesis was to better understand the

nature and mechanism of this (and other possible) contribution(s) of

the small subunit to RuBisCO function. Specifically, I postulated

that there must be at least two requirements for the small subunit:

to assemble with, and bind to, the large subunit, and to alter large

subunit conformation in such a way as to effect catalysis. I wanted

to identify individual residues in the small subunit which were

important for one or the other (or both) of these properties and to

understand on a structural level how these residues were functioning

in the holoenzyme. I also hoped that if there were other

requirements for the residues of the small subunit (e. g. a more

direct role in catalysis) that they might be discovered if they could

be disrupted by mutation.

My choice of experimental system reflected the realization that

directed mutants can only (realistically) be produced la yllya and

that transformation of organisms with mutant genes is of limited

usefulness if a background of wild-type gene-product obscures the

product of the introduced gene. Because gene replacement, which

could theoretically be used to overcome this problem, is extremely

inefficient in plants and because no eukaryotic mutants lacking

RuBisCO small subunits have been isolated (probably due to multiple

genes and/or conditional lethality of potential mutants) it was not

possible to conduct the experiments in plants. Because none of the

readily transformable cyanobacteria, in which gene replacement is

efficient, have been shown to be able to grow without carboxylase
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activity, effectively limiting the study of mutant RuBisCO in these

organisms to mutants in which at least some activity remains,

cyanobacteria were also deemed unsuitable for these experiments. The

system eventually chosen and used in the experiments which are the

culmination of this thesis, the expression of cyanobacterial RuBisCO

genes in E. gall, proved advantageous in that the small subunit gene

could be readily manipulated and the products studied without

interference from an endogenous RuBisCO.

My initial experiments were directed toward expression of Zaa

may; RuBisCO large and small subunits, individually, in El gall and

partial characterization of the expression products. These

experiments are presented in chapter two. In the experiments

described in chapter three, E. gall were made to express both 1. may;

subunits, simultaneously, and in combination with large and small

subunits of the cyanobacterium Aaaaaaaa PCC 7120. Chapters four and

five describe the creation of a collection of directed mutations in

the Aaaaaaaa mag; gene and analysis of the resulting altered small

subunits when the mutant genes were expressed with wild-type Anabaena

large subunits in E. gali.
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Chapter 2

EXPRESSION 0F 1; may; RuBisCO SUBUNITS IN E; gali

INTRODUCTION

Foreign proteins expressed in E. gall have included proteins of

prokaryotic and eukaryotic (both nuclear and organellar) origin.

They have ranged from proteins consisting of a single, low molecular

weight subunit (1), to large proteins containing multiple,

heterogeneous subunits (2). Levels of expression of the foreign

proteins have ranged from barely detectable to about 50% of the total

bacterial protein (3).

Several general characteristics are required for plasmids to be

useful for expression of foreign gene products in E. gall. An

expression plasmid must have a promoter recognized by E. gall RNA

polymerase in the correct orientation for transcription of the coding

sequence of the foreign gene. If high levels of expression are

desired, it is necessary to use a strong promotor. It may also be

helpful if expression from.the promotor can be experimentally

manipulated, as constitutive high levels of expression of foreign

gene products may be deleterious (4). The plasmid must also contain

a recognition site for ribosome binding and translation initiation at

20
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the 5’ end of the protein coding region of the message. This

ribosome binding site should include a Shine-Dalgarno sequence (5)

complementary to the 16s RNA of the ribosome and should be located 5

bp to 9 bp upstream of the AUG initiation codon (6). Additionally,

the coding region used for the plasmid must be uninterrupted. This

necessitates the use of a synthetic gene or cDNA if the original

foreign gene contained introns.

As an initial step in establishing a system for genetic analysis

of RuBisCO, I constructed plasmids directing the expression of the

subunits of Zaa may; RuBisCO in E. gall, This chapter contains the

details of the construction of these plasmids and the results of

preliminary characterization of the expression products. The

conclusions from my experiments are essentially similar to those

from other, published work and will be discussed in this context.

MATERIALS AND METHODS

Bacterial Strains and Plasmids.

The E. gall strains used in the experiments described in this

chapter were H8101 (F- aya laa lal lagl a;a3 aaaA,yagA ya;l aya galM

x11 mtl miss) and JM83 IF (lag-12m) are ml. was].

Plasmids pUC9, pUC19, pBR322, pCQVZ, and pch37 have been described

(7, 8, 9, 10, 11). Plasmid pBT76-2 was a gift from N. Taylor

(CSIRO, Canberra). Plasmids p71a, pBC12, p855, and p77 are described

under ”results”.
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Antisera

Rabbit antiserum raised against tomato RuBisCO holoenzyme was a

gift from Barbara Hilson (Biochemistry Department, MSU). Rabbit

antiserum raised against Zaa may; small subunit was a gift from Erin

Bell (MSU-DOE-PRL, MSU)

DNA Manipulation and Analysis

Plasmid DNA preparations, restriction digests, electrophoretic

separations, ligations, transformations, and other DNA manipulations

were performed according to standard procedures (12). DNA sequence

analysis was carried out using the chemical cleavage method of Maxam

and Gilbert (13).

Electron Microscopy

Fixation, embedding, and electron microscopy of bacteria

carrying expression plasmids was according to standard protocols (14,

15). Embedding, sectioning, and photographing of images was

performed by Jon Kemp (Cornell University).

Gel Electrophoresis

Proteins were resolved in 10% - 17.5% acrylamide gradient

SDS-polyacrylamide gels using the buffer system described by Laemmli

(16). Samples were suspended in SOS-sample buffer to give final

concentrations of 10% glycerol, 2% SDS, 2%fl-mercaptoethanol, and

62mM Tris-HCl pH 6.8, with bromophenol blue included as a tracking

dye. Samples were boiled for two minutes prior to loading.
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Hestern Blotting

Transfer of proteins from SOS-PAGE gels to nitrocellulose

filters was as described (17). Immunodetection with antiserum and

protein A-alkaline phosphatase was performed according to standard

procedures (18).

Preparation of Bacterial Extracts

Cultures of E. gall expressing RuBisCO subunits were usually

grown to stationary phase at 37’C in L-broth (19) without glucose

with vigorous aeration and harvested by centrifugation. In the case

of cultures bearing plasmids with the temperature sensitive C1857

allele (10), growth was at 30'C to mid-log phase and induction was at

42'C. Pelleted bacteria were resuspended in assay buffer (20)

(typically about twice the volume of the pellet) and disrupted by

ultrasonic treatment as described (20). The lysate was centrifuged

at 30,000 x g for 15 minutes. Nhen the pellet fraction was to be

analyzed, it was resuspended in a volume of assay buffer equal to the

volume of the supernatant fraction. When the soluble fraction was to

be assayed for carboxylase activity, it was dialyzed against 500

volumes of assay buffer for twelve hours, beforehand.

Carboxylase Assay

The assay used measured RbupZ-dependent incorporation of

radioactivity from 14C02 into acid-stable forms (20 based on 21).

Purification of Protein Granules

Cultures of cells expressing high levels of large or small

subunit protein were grown to late stationary phase , harvested by
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centrifugation, and resuspended in half the original volume of 1/2X

STET (1X STET is 8% sucrose, 5% Triton X-100, 50 mM EDTA, 50 mM

Tris-HCl pH 8). Lysozyme was added to a concentration of 300 ug/ml

and the mixture was incubated at 37 C for 15 minutes. Granules were

pelleted by centrifugation at 650 x g for three minutes, washed once

with 1/4 original volume of 1/2X STET and washed several times with

10 mM Tris-HCl pH 8.0.

Isolation of RuBisCO from Zaa may;

RuBisCO was isolated from 1. may; seedlings using the procedure

of Hall and Tolbert (22).

RESULTS

Plasmids Directing Expression of Large Subunits

The Zaa may; gene lyagL) for the large subunit of RuBisCO was

obtained from the plasmid pch37 which contains BamHI fragment 9 of

the Zaa may; chloroplast genome (11, 23), encompassing the entire

gene for the large subunit (yth) as well as the genes for the l and

6 subunits of coupling factor F . A plasmid (p71a) in which the lag

promotor is upstream of the rbcL coding sequence was made by

subcloning a HincII-BamHI fragment from pch37 into pUC9. The

HincII-BamHI fragment includes about 300 bp upstream of the yagL

coding sequence and about 1.2 kbp between the 3’ end of the coding

region and the BamHI recognition site. Because the lag promotor and

the yagl coding region were in an orientation and arrangement which
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could theoretically give lag promoted transcription, I tried to

detect expression of the large subunit by comparing the protein

profiles of transformed and control cells and by assaying for

catalytic activity. No prominent band corresponding to the large

subunit was observed when proteins in extracts prepared from E. gall

(strain JM83) harboring this clone were resolved by SOS-PAGE, stained

with coomassie blue, and compared to similarly resolved proteins from

control cultures. Additionally, no RbuP2 carboxylase activity could

be detected in the extracts.

It was hypothesized that some feature of the sequence between

the lag promotor and the yth coding region could be interfering with

transcription or translation, so a series of clones were made in

which various portions of this region had been deleted. The plasmid

p7la was linearized by cleavage with the restriction enzyme Mlagll,

for which the only recognition site is between the lag promotor and

the yagl structural gene. Bidirectional deletions of varying length

were made by limited digestion of the linearized plasmid with the

double-strand-specific exonuclease Bal;31. Aliquots of the

exonuclease digestion were removed and digestion terminated at

various times to ensure a range of deletion sizes. The aliquots were

pooled and ligated without any additional treatment to increase the

proportion of blunt ends.

Randomly selected ampicillin-resistant colonies from the

transformation of this mixture of deletion plasmids were streaked in

individual patches and allowed to grow into confluent masses of

colonies. A sample of cells from each patch was resuspended in

SDS-PAGE sample buffer and lysed by boiling for 2 min. Proteins in
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the lysate were resolved by SOS-PAGE and the resulting gels were

inspected visually after Coomassie-blue staining. Lysates from

several clones were found to contain an abundant 55 kDa protein. An

example of an SDS-PAGE gel used for the initial screen showing

several clones with elevated levels of 55 kilodalton protein is shown

in Figure 1.

0f the clones screened, the one with the highest levels of

expression of 55 kilodalton protein was designated pBC12.' The

sequence of the region between the lag promotor and the beginning of

the yagl coding region was determined and is shown in Figure 2 with

a reconstruction of the extent of the 53131 digestion that created

the deletion. Analysis of the sequence of pBC12 showed that the

fusion of lag and yagL after exonuclease treatment occurred in such a

way as to create a near perfect consensus Shine-Dalgarno (5)

sequence. This fortuitous arrangement assured that large subunit

translation would begin at the appropriate methionine and that the

resulting product would not be a fusion protein.

Extracts prepared by ultrasonic treatment of bacteria carrying

pBC12 were assayed for RbuP2 carboxylase activity. The assay used

measured RbuP2-dependent incorporation of radioactivity from 14C02

into acid insoluble material and had a minimal level of detection of

about 5 pmol C02 fixed/min/mg total protein. No activity could be

detected in any fractions (crude, 30,000 x g supernatant, or 30,000 x

g pellet) of the bacterial extracts (data not shown).

Because no activity could be detected, two other lines of

evidence were developed to establish that the abundant 55 kilodalton

protein in the E. gall extracts was large subunit protein.
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Figure 1. Example of Coomassie-stained SDS-PAGE gel used for

screening clones for expression of large subunit. The

sample in the leftmost lane (R) was maize RuBisCO. Lane 1

was loaded with extract from control cells bearing pUC9.

Lane 2 was loaded with extracts from cells bearing pBC12.

Lanes 3 - 15 were loaded with extracts from selected

clones from the initial screen.
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SDMCISDLS Fusion

loc
WV Mei Set

A AT T GT GAGCGATAACAATTTCACACAGGAGGGACTTATGTCA

Figure 2.

GCLA

\/\/*

SD,“ lAGGAI

SDLJ lcccAcccl

LS

 
Pail

BglII

  
BoniHI

Expression plasmid pBC12. This construction,

made as described in the text, resulted in a

hybrid Shine-Dalgarno sequence for translation

initiation. The fusion site is at one of the

three bases indicated, but cannot be

distinguished because they are identical in both

the bacterial and plant sequences. (Figure

modified from reference 24)
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Immunological identity was shown after resolution by SDS-PAGE and

transfer to nitrocellulose, using rabbit antiserum containing

antibodies raised against purified tomato RuBisCO. The immunoblot

from this experiment is shown in Figure 3. Hith extended color

development, many bands became visible, but by far the most intense

reaction corresponded to the 55 kilodalton protein. Direct proof

that the abundant 55 kilodalton protein, rather than a minor

comigrating species, was the large subunit was provided by the

observation that the apparent molecular weight of the abundant band

decreased when part of the yagL coding region was deleted. The

deletion was made by removing a 597 bp PstI fragment from the yagL

coding region, maintaining the original reading frame. The predicted

Mr of the product of the remaining coding region is 32.5 kilodaltons.

The observed Mr of the new abundant band in the gel which is shown in

Figure 4 is 34 kDa. The difference between these two values is well

within the observed deviation from linearity for migration of

proteins in SDS-PAGE (25).

Because the large subunit protein synthesized in E. gall lacked

catalytic activity, the RuBisCO properties which could be studied

with the system were limited to characterization of the structure of

the bacterially produced protein and comparison with the protein from

higher plants. E. gall (strain JM83, constitutive for lag

expression) bearing pBC12 were disrupted by ultrasonic treatment.

Lysates were fractionated into ”supernatant" and "pellet" fractions

after centrifugation at 30,000 x g for 10 min. Fractions were

resolved by SOS-PAGE. The bulk of the 55 kDa protein was in an

insoluble or rapidly sedimenting fraction (Figure 5). This
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Figure 3. Expression of large subunit by cultures bearing

expression plasmid pBC12. (A) A Coomassie-

stained gel. Lanes were loaded as follows: R,

maize RuBisCO; S, molecular weight standards;

1, extract of cells bearing pBC12; 2, extract of

control cells bearing pUCl8. (B) A western blot

of a gel identical to (A) developed with antibodies

against RuBisCO.
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Figure 4. Coomassie-stained SDS-PAGE gel showing

lower molecular weight of prominant band in

cultures bearing expression plasmid with in-frame

deletion. Lanes were loaded with: R, maize

RuBisCo; S, molecular weight standards; 1,

extract of cells bearing pBC12; 2, extract of

cells bearing the expression plasmid with the

in-frame deletion; 3, extract of control cells

bearing the vector pUClB.



Figure 5.
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Fractionation of extracts of cells expressing large

subunits. (A) A coomassie stained gel. The lanes were

loaded with samples as follows: R, Maize RuBisCo; S,

molecular weight standards; 1, supernatant fraction

after centrifugation of cell lysates from cultures

bearing expression plasmid pBC12; 2, pellet fraction

from above centrifugation; 3, supernatant fraction from

control lysates; 4, pellet fraction from control

lysates. (B) A western blot of a gel identical to the

one shown in (A). The blot was developed with antibody

to tomato RuBisCO.
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localization was consistent in extracts of bacteria transformed with

the plasmids directing lower levels of expression (only partially

characterized, these plasmids were identified in the screen described

above).

Electron microscopy of thin sections prepared from pBC12-bearing

cells provided further information on the nature of the large subunit

protein as synthesized in E. gall. Large (about 1 um diameter)

electron dense granules were observed in many cells. These granules

were located terminally (Figure 6) and were not present in

non-transformed E. gall. These granules could be isolated by

treating the bacteria with lysozyme and 0.1% Triton X-100 to degrade

cell walls and membranes, and centrifugation to remove the granules

from the lysate. The granules could then be dissolved by bringing

the suspension to 8 molar urea, or by boiling in a buffer containing

2% SDS. Considering that this preparation may have contained wall

debris or other subcellular structures, the purity of the resulting

fraction (shown in Figure 7) suggests that the predominant, or

perhaps even the sole, component of these granules is the large

subunit.

The Mr of the large subunit protein was compared to the Mr of

authentic large subunit isolated from 1. may; seedlings to see if I

could detect a difference in molecular weight which could result from

la ylya processing of the large subunit in plants. No difference in

mobility could be detected when large subunit protein purified as

above was electrophoresed in lanes adjacent to, or mixed with, Z.

may; RuBisCO. A large-format SDS-PAGE gel showing such a comparison

is shown in Figure 8.
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Figure 6. Electron micrograph of RuBisCO granule in cells of E.

cali bearing expression plasmid pBC12. (Figure

reprinted from reference 26)
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Figure 7. Coomassie-stained SDS-PAGE gel showing purity of protein

in RuBisCO granules. Proteins were resolved by SDS-PAGE

and detected by staining with coomassie blue. Lanes are:

R, maize RuBisCO; 1, total protein extracted from cells

bearing expression plasmid pBC12; 2, 3 and 4 , partially

purified granules; S, molecular weight markers.
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Figure 8. Comparison of gel-mobilities of authentic RuBisCO large

subunit and the large subunit protein synthesized in E.

Lanes are: l, maize RuBisCo; 2, equimolar

mixture of authentic and bacterially-synthesized large

subunits; 3, bacterially synthesized large subunits; S,

m?lecular weight markers. Gel was stained with Coomassie

b ue.
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Plasmids Directing Expression of Small Subunits

ma n . A cDNA clone

(pBT76-2) corresponding to one of the 1. may; genes for the small

subunit of RuBisCO was obtained from Dr. H. Taylor (CSIRO, Canberra).

The sequence of the cDNA insert was determined by the method of Maxam

and Gilbert (13). The sequence is shown with the deduced amino acid

sequence in Figure 9. The clone did not include the region

corresponding to the 5’ end of the message, encoding part of the

transit peptide, but the region encoding the entire mature protein

was represented in the clone. The deduced sequence of the part of

the protein represented in the clone was found to be identical to the

deduced sequence from a 1. may; cDNA sequence reported by Lebrun al

al. (27), except for a leucine residue which, on the basis of

comparison with other known small subunit sequences, was probably

overlooked in their sequencing.

Pl m n x r i ro i nti a m re

layaga;;aal_;mall_;aaaall. A recognition site for the restriction

endonuclease SphI was found at precisely the location in the yag§

gene corresponding to the site in the polypeptide at which

proteolytic processing occurs to generate the mature small subunit

(see Figure 9). Cleavage at this restriction site allowed isolation

of a fragment containing only sequence coding for the amino acids of

the mature small subunit. This fragment was subcloned into the

expression vector pCQV2, as shown in Figure 10a. The spacing between

the AsPR promotor and ribosome binding site of the vector and the
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The sequence of the cDNA insert of clone pBT76-2.

twelve G residues at the 5’ end are the result of

oligo-dG tailing of the cDNA in the cloning procedure

and are not derived from the mRNA.

corresponding to the final proteolytic cleavage is

indicated ( v ). The SphI restriction enzyme

The site
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recognition site used for construction of expression

plasmids is underlined.
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1 T4 Ligase

Mel gin val lrp

855 ACIAGGAGGTTGTATGCAGGTGTGG

P TGATCCTCCAACATACGICCACACC

agile oi proteolytic processing to yield mature polypeptide

Figure 10. Construction of expression plasmid p855. The details

of the construction are given in the text. (A)

diagrams the subcloning of a fragment of the small

subunit gene encoding only the residues of the mature

protein into an expression vector. (B) shows how the

nucleotide spacing immediately upstream of the rch

coding sequence was optimized for expression.
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yagS coding sequence was manipulated by cleavage with BamHI and SphI

and treatment with single-strand-specific nuclease as shown in Figure

10b. In the resulting plasmid, p855, the spacing was such that

translation must initiate at the AUG codon for the amino-terminal

methionine of authentic mature small subunit. Transcription could be

controlled experimentally because the plasmid also encodes the

temperature sensitive C1857 allele of the lambda repressor C1 (10).

Extracts of E. gall bearing p855 were analyzed by SDS-PAGE. No

differences in patterns of coomassie staining of resolved proteins

from p855-bearing and control extracts could be detected (Figure

11a). Immunodetection of nitrocellulose replicas of the gels using

an antiserum raised against 1. may; small subunit, gave a'weak

reaction at the predicted molecular weight (13 kDa )(Figure 11b).

This reaction was detected in lanes derived from the pellet fraction

after centrifugation of extracts at 30,000 x g for 15 min. No

reaction was detected in lanes derived from the supernatant fraction.

'11 c I - l' l' "0 ° 0‘ i ._ _ 0‘ i i - ll ._ o if

;mall_;aaaall. The level of small subunit protein synthesized in

cells bearing p855 was lower than I had expected and it was not clear

whether they would be sufficient for the experiments planned.

Because of my earlier success with expression of the large subunit

from the lac promotor, I designed and constructed an yaga-expressing

plasmid in which transcriptional control and translation initiation

would use lag rather than bacteriophage lambda signals. A derivative

of pUC19 was made by linearizing pUC19 with HindIII and removing the

resulting four unpaired bases at each end with exonuclease SI, and
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Figure 11. Expression of small subunit by cultures bearing p855.

(A) A coomassie-stained SDS-PAGE gel comparing extracts

of p855-bearing and control cells. The lanes were

loaded with: R, maize RuBisCo; S, molecular weight

standards; 1, total cellular protein extracted from

control cultures bearing the vector pUC18; 2, total

cellular protein extracted from cultures bearing p855.

(B) A western blot of a gel similar to the one shown in

(A), developed with antiserum recognizing maize small

subunit.
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religation, thereby bringing the SphI site in the "multiple cloning

site” into the same translational reading frame as the SphI site in

the yag§ sequence. The yagS coding region and part of the 3’

untranslated region were isolated as an SphI PvuII fragment of

pBT76-2 and subcloned into the modified vector. The predicted

protein product of this plasmid would contain seven amino acids

derived from lagz appended to the amino terminus of the mature small

subunit.

Cells bearing this lag-based expression plasmid, p77, contained

much higher levels of small subunit protein than cells bearing the

lambda-based expression plasmid p857 described above. A

Coomassie-blue stained SOS-PAGE gel of extracts form E. gall H8101 is

shown in Figure 12. An intensely stained band at 13.5 kilodaltons is

present in extracts of p77 but not control extracts. Fractionation

into supernatant and pellet fractions after centrifugation of

ultrasonically disrupted cells at 30,000 x g for 15 min showed that

the abundant protein was localized in the rapidly sedimenting

fraction (Figure 13). The band was shown to be small subunit

protein, as expected, by western blotting and immunodetection with

small-subunit-specific polyclonal antiserum. An immunoreactive band

detected at 18 kDa is probably due to read through of the stop codon

at the end of yagS, as the E. gall strain used in this experiment

(HBIOI) carries the suppressor mutation SaaE.

The rapidly-sedimenting nature of the small subunit fusion

protein produced by cells bearing p77 suggested that by dissolving

walls and membranes and centrifugation at low speed, as was described

earlier for partial purification of the large subunit produced from
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Expression of small subunit protein in cells bearing

p77. Proteins were resolved on an SDS-PAGE gel and

stained with coomassie blue. Lane 1 was loaded with total

cellular protein from a control culture. Lane 2 was

loaded with total cellular protein from cells of a culture

bearing p77. Lane R was loaded with maize RuBisCO.

Molecular weight standards were loaded in S.
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Figure 13. Fractionation of lysates prepared from cultures bearing

p77. (A) A coomassie stained SDS-PAGE gel of the

different fractions. The lanes are: R, maize RuBisCO; S,

molecular weight standards; 1, supernatant fraction

after centrifugation of cell lysate; 2, pellet fraction

after centrifugation; 3 and 4, supernatant and pellet

fractions of lysates from a control culture bearing

pUC18. (B) A western blot of a gel identical th the

one shown in (A). The blot was developed with

antibodies raised against maize RuBisCO small subunit.

The higher molecular weight reacting material in lane R

is probably small subunit still associated with large

subunit. The unexpected bands in lane 2 are discussed

in the text.
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pBC12, could provide an easy procedure for partial purification. An

SOS-PAGE gel of the initial extract and the end product of this

simple purification is shown in Figure 14.

DISCUSSION

The plasmids described in this chapter were designed to direct

the expression of individual subunits of Zaa may; RuBisCO in E. gall.

The level of RuBisCO subunit was analyzed in cultures carrying each

of the plasmids to evaluate their efficacy as expression plasmids.

Extracts of large subunit-expressing and small subunit-expressing

cultures were prepared to allow rudimentary characterization of the

expression products.

Large subunit protein accounted for 20-30% of the total cellular

protein in E. gall carrying pBC12. This high level may have been due

to the construction of a consensus Shine-Dalgarno sequence (5) and

its perfect spacing with respect to the initiation codon of yagL (6).

Other nucleotides surrounding the translational start are also

characteristic of those found in highly expressed genes (28).

Additionally, the accumulation of the high levels of large subunit

found in the bacteria may have been due, in part, to its observed

insolubility. Aggregation into granules would be expected to

minimize interference with cellular processes, and could cause the

protein to be inaccessible to intracellular proteases. Other

plasmids expressing large subunits of Zaa may; and wheat RuBisCO have

been reported by Gatenby al al. (29, 30). These plasmids are capable

of directing synthesis of large subunit protein at levels up to 2% of
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Figure 14. Coomassie blue-stained SOS-PAGE gel showing the

purity of small subunit-fusion protein in granules

isolated from E. gall bearing expression plasmid p77.

The lanes were loaded with: R, maize RuBisCO; 1, total

protein extracted from cells bearing p77; 2, 3 and 4,

partially purified granules from culture used for lane

1; 5, molecular weight standards.
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the total bacterial protein (31).

The levels of expression in cultures carrying the fusion-small

subunit-expressing plasmid were much higher than levels in cultures

carrying the non-fusion small subunit-expressing plasmid. The reason

for the higher level of expression from the fusion-small subunit

expression plasmid is not clear from my experiments because there

were several differences between it and the non-fusion-small subunit

expression plasmid. That the promotor in p77 was E. gall lag while

the promotor in p855 was A» PR, was probably not responsible for the

difference, as both promotors are capable of directing high levels of

transcription. It is unlikely that lower levels in cells.bearing

p855 were a result of the higher temperature at which the cells were

grown (to fully induce PR) because no more small subunit was detected

in extracts from cells grown at 37’C, a temperature at which

substantial transcription of PR occurs in C1857 backgrounds. A more

likely explanation for the difference in levels of expression is the

that only one of the proteins is synthesized as a fusion protein.

Examples have been reported of fusion proteins accumulating to higher

levels than non-fusion proteins, when expressed in E. gall, including

cases in which the fusion represents the addition of only a few amino

acids (32) as is the case here. A plasmid directing expression of a

fusion protein consisting primarily of wheat small subunit sequence

has been described (33). The fusion protein product has ten amino

acids derived from B-galactosidase at the amino terminus.

Accumulation was reported to be up to 2% of the total bacterial

protein (31).

The insolubility of the expression products of these plasmids
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appears to be a common phenomenon for foreign proteins synthesized in

E. gall. Many proteins, some of them quite soluble in the tissue in

which they are normally found, accumulate in large granules similar

to the ones observed for the large subunit when expressed at high

levels in E. gall (34, 35). These granules often contain almost

exclusively the foreign protein (36) as was observed for granules

from large subunit-expressing and fusion-small subunit-expressing

cells. Specifically, the insolubility of RuBisCO subunits expressed

in E. gall which we observed is in agreement with the results of

Gatenby for large subunits of 1. may; (29) and wheat (30) expressed

in E. gall,

He assayed extracts containing large subunits for activity

because there were conflicting reports in the literature about

whether the large subunit alone was capable of catalysis (37, 38),

and because it could not be determined in those cases where no

activity was detected in isolated large subunits, whether the lack of

activity could have been a result of the harsh conditions used to

separate the subunits of the holoenzyme. Our failure to detect

activity was duplicated by other investigators studying expression of

higher plant large subunits in E. gall (29, 30). More recently, it

has been shown that cyanobacterial large subunits expressed in E.

gall do have catalytic activity, but the level of activity is less

than 1% of the activity of the holoenzyme (39).

The amino terminus of the large subunit is blocked to Edman

degradation, preventing direct sequencing (40), and it had been

reported that the large subunit was made in the form of a precursor

10-20 amino acids larger than the mature size (41). The

electrophoretic mobility of large subunit protein produced in E. gall
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was compared to the mobility of large subunits isolated from laa may;

seedlings. I was unable to detect a difference in electrophoretic

mobility in the gel system employed. Gatenby (30) reported that in

the gels used in his experiments, E. gall-synthesized large subunits

migrated as a protein one kilodalton larger than the plant large

subunits. Subsequent studies have determined the structure of the

amino terminus in plants, and shown that proteolytic cleavage is only

one of several post-translational modifications that occur (40).

Only two amino acids are removed, representing a loss of about 0.2

kilodaltons.

In conclusion, my results show that either subunit, when

synthesized at high concentration in E. gall, accumulates in a

rapidly sedimenting fraction. The large subunit, expressed alone,

was not catalytically active, suggesting that simultaneous expression

of both subunits would be required for enzymatic activity.
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Chapter 3

CONCURRENT EXPRESSION 0F 1. may; RuBisCO LARGE AND SMALL

SUBUNITS IN E. gall, AND EXPRESSION IN COMBINATION WITH

5maaaena 7120 RuBisCO SUBUNITS.

INTRODUCTION

In the previous chapter the construction of plasmids directing

the expression of the large subunit of Z. may; RuBisCO and two

slightly different forms of the small subunit were described, and the

results of experiments to characterize the expression products were

presented. The large subunit, which bears the active sites (1,2,3),

was found to be in an insoluble form and was not catalytically

active. The next experiment was to combine the expression systems so

that both large and small subunits would be produced simultaneously

in the same bacterium. It was hypothesized that if the small subunit

were required for solubility and activity, then, by co-expressing the

two subunits, it might be possible to obtain an active form I RuBisCO

in E. gall. The experiments described in this chapter were designed

to explore this hypothesis.

While these experiments were being performed, preliminary

results became available from experiments being performed by Michael

Gurevitz that suggested that transcription of a cyanobacterial yag

56



57

operon (including both yth and yag5) in E. gall, under the control

of the E. gall lag promotor, resulted in the synthesis of both

RuBisCO subunits and assembly of active holoenzyme (reported in 4).

Similar results were also reported by other groups (5,6,7). In light

of the new results, I designed and conducted additional experiments

to investigate how the co-expression of 1. may; RuBisCO subunits

compared and contrasted with the co-expression of cyanobacterial

RuBisCO subunits.

As in chapter two, many of the experiments described here are

similar to experiments performed simultaneously or subsequently in

other laboratories. The results of my experiments will be discussed

in the context of the results of others.

MATERIALS AND METHODS

Antisera, molecular weight standards, and other specialty

reagents were as described in chapter two. Purified spinach RuBisCO

was a gift from Dr. S. Somerville.

Plasmids pBC12 and p77 were described in chapter two. Plasmid

pZSl3, directing the expression of a fusion protein similar to the

precursor form of the 1. may; small subunit, was constructed by Erin

Bell for experiments unrelated to this thesis. Its construction and

characterization are described in an appendix to her thesis (8).

Plasmid pANX105 was from Gurevitz al al. (4). Cosmid cloning vector

pWH4 (9) was a gift from Dr. C. Peter Wolk.

DNA manipulation and analysis, SOS-PAGE, and western blotting

were as described in chapter two.
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Dual transformation of E. gall was performed serially. Cells

containing a large subunit expression plasmid were made competent and

transformed with a small subunit expression plasmid by standard

procedures (10).

Growth of bacterial cultures, harvesting of cells, preparation of

bacterial extracts, and carboxylase activity assays were as described

in chapter two.

Sucrose density gradient centrifugation was performed as

described (4).

RESULTS

WW5.

18299251191111! seasideraticns.

Two plasmids utilizing the same mechanism for control of

replication and control of plasmid copy number are said to belong to

the same incompatibility group (for review see 11). Only one

representative of any incompatibility group can be stably maintained

in a given cell and its progeny. To allow stable maintenance of

large subunit expression plasmids with small subunit expression

plasmids, all of the small subunit plasmids were of one

incompatibility group (colEl) and both of the large subunit

expression plasmids were constructed in a vector of a second

incompatibility group (lambda).
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The Z. may; yagL coding sequence, intact with the upstream lag

promotor as constructed in the experiments described in the previous

chapter, was isolated as a PvuII fragment from pBC12. Sal I linkers

were used to create suitable 'ends' and the fragment was ligated into

the Sal 1 site of the cosmid vector pWH4 (9) to create pL53.

Compatibility of this bacteriophage lambda replicon plasmid with the

colEI replicon small subunit expression plasmid p77 was demonstrated

by scoring for both plasmid-encoded drug resistance markers and re-

isolation of both plasmids from dually transformed cells (results not

shown).

a. _ I] i ._ i .111 i o.‘ o - ‘ I o ‘0 0‘ 0 0‘1)“

pL56, a plasmid to direct the expression of 5aaaaaaa 7120 large

subunit in E. gall, was constructed using the engineered arrangement

of lag promotor and yth made by Gurevitz al al. (4). A Pvu II - Sca

I fragment including the lag promotor and yth coding sequence of

pANX105 (4) was isolated and subcloned with the aid of Sal I linkers

into the Sal I site of pWH4 (9). As with pL53, pL56 could be stably

maintained with colEl replicons (data not shown).

01 g 0‘ o .01“. o a ' 1' '.9 ' an of A‘.a.“.

sm i

pSewt, a plasmid to direct the expression of 5aaaaaaa 7120 small

subunit was made in two stages. A 0.5 kb ScaI-DraI fragment
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Figure 3.1. Analysis of extracts prepared from E. coli expressing

;. mays RuBisCO large subunits and 1. mays RuBisCO small subunits.

A, coomassie-stained SDS-PAGE gel. The lanes were loaded with: R,

spinach RuBisCO; S, molecular weight standards; 1, pellet fraction

after centrifugation of lysate from cells carrying expression

plasmids pL53 and p77, centrifugation was for 10 min at 10,000 x g;

2, supernatant fraction from lysate and centrifugation used to

prepare sample for lane 1; 3, pellet fraction after centrifugation of

lysate from control culture at 10,000 x g for 10 min; 4, supernatant

fraction after centrifugation of lysate from control culture at

10,000 x g for 10 min. B, western blot of SDS-PAGE gel identical to

the one shown in A. The blot was developed with a mixture of

antisera containing antibodies against tomato RuBisCO holoenzyme and

;. mays RuBisCO small subunit.
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containing the yhg5 protein coding region was isolated from pANX105

(4) and subcloned into pGCI (12) which had been cleaved with BamHI

and treated with S1 nuclease to create appropriate ends for ligation.

The yag5 region was then isolated from this intermediate plasmid as

an XbaI-EcoRI fragment and cloned into the XbaI and EcoRI sites of

pUC19 (13). The yag5 coding region is not in the reading frame of

the lagz fragment of the vector and translation of yag5 message must

begin at the initial methionine of the authentic small subunit.

Further characterization of this plasmid and its expression products

is described in chapter four.

Wflwmmi- 9.911.

Co-expression of 1. may; large and mature small subunits.

Analysis of extracts of E. gall carrying both pL53 and p77,

directing the expression of 1. may; RuBisCO large subunits and 1.

may; RuBisCO small subunits, respectively, clearly showed that both

subunits were accumulating to high levels in the bacteria. (A

coomassie-stained SDS-PAGE gel and a western blot of an identical gel

are shown in Figure 3.1 ). Fractionation of extracts by

centrifugation at 10,000 x g for 10 min showed that the vast majority

of both subunits was in a rapidly sedimenting fraction. Very low

levels of both subunits were detected in the supernatant fraction in

one experiment, but no soluble subunits observed in subsequent trials

of the experiment (data not shown).
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Several proteins of molecular weights different from both the

large and small subunits were also observed to vary in abundance

between the extracts of RuBisCO-expressing cells and extracts of

control cells. The 28 kDa and the 33 kDa abundant proteins in the

pellet fraction of the RuBisCO-expressing cells, not observed in the

pellet fraction of the control cells, reacted with anti-RuBisCO

antibodies and were probably products of discrete premature

translational termination or site-specific proteolysis. The general

background “smear" of antibody-cross-reactive material is probably

due to products of random premature termination and non-specific

degradation. The 43 kDa protein in the pellet fraction of the

control cells that appears to be absent in the RuBisCO-expressing

cells was probably encoded by the plasmid (uncharacterized, but not

containing yth or yag5 coding sequence) carried by the control

cells.

Carboxylase assays were performed on extracts from cultures

bearing both expression plasmids as described (4, modified from 14).

No carboxylase activity could be detected in either total lysate or

pellet or supernatant fractions (data not shown).

Co-expression of the 1. may; large subunit and the precursor form of

the 1. may; small subunit.

Plasmid pZS13 was constructed by Erin Bell for experiments in

her thesis (8). It was shown to direct the synthesis in E. gall of

high levels of a fusion protein consisting of seven residues of E.

gall B-galactisidase fused to the amino terminus of the precursor

form of the 1. may; small subunit (8). This product was localized
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almost exclusively to an insoluble or rapidly sedimenting fraction

(8).

An SDS-PAGE gel showing the analysis of extracts from Elgall

carrying plasmids pL53 and pZSl3 is presented in Figure 3.2. Both

the Zlmay; large subunit of RuBisCO and this precursor form of the 1.

may; small subunit were very abundant in the insoluble fraction, with

the small subunit precursor present in greater than equimolar amounts

when compared to the large subunit. No evidence of soluble enzyme

was detected with the SOS-PAGE gels and no catalytic activity could

be detected in either the soluble or the insoluble fraction (data not

shown).

Co-expression of Anaaaena 7120 large and small subunits.

An SOS-PAGE gel and a western blot showing the analysis of

extracts of E. gall bearing plasmids pL56 and pSewt are presented in

Figure 3.3. Large subunit protein could be readily detected in the

coomassie-stained SOS-PAGE gel, and probably represented 1-2% of the

total bacterial protein. Only a small proportion of the large

subunit protein was soluble, as was most clearly demonstrated by the

relative intensities of the bands on the western blot. Small subunit

protein could not be detected above the background of other proteins

in the SDS-PAGE gel and was probably present in substoichiometric

amounts. The 5aaaaaaa small subunit was not recognized by the

antibody raised against tomato holoenzyme.

Both the soluble fraction and the insoluble fraction of the

extract were analyzed for carboxylase activity. The soluble fraction

was found to have a specific activity of 45 nmol CO2 fixed/min/mg
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Figure 3.2. Analysis of extracts prepared from E. coli expressing

;. mays RuBisCO large subunits and the precursor form of 1. mays

RuBisCO small subunits. The SDS-PAGE gel shown here was stained

with coomassie blue. The lanes were loaded with: R, spinach RuBisCO;

S, molecular weight standards; 1, supernatant fraction after

centrifugation at 30,000 x g for 10 min of lysate from cells

expressing l. mays large and mature small subunits; 2, pellet

fraction from the lysate and centrifugation used for lane 1; 3,

supernatant fraction, after centrifugation at 30,000 x g of lysate

from cells carrying plasmids pL53 and pZSl3; 4, pellet from lysate

and centrifugation used in preparation of sample for lane 3.
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Figure 3.3. Analysis of extracts prepared from E. coli expressing

Anabaena RuBisCO large subunits and Anabaena RuBisCO small subunits.

A, coomassie-stained SDS-PAGE gel. The lanes were loaded with: R,

spinach RuBisCo; S, molecular weight standards; I, pellet fraction

after centrifugation of lysate from cells expressing both Anabaena

RuBisCO subunits (centrifugation was at 10,000 x g for 10 min); 2,

supernatant fraction after centrifugation of lysate from cells

expressing both Anabaena RuBisCO subunits (centrifugation was the

same as for lane 1); 3, pellet fraction after centrifugation of

lysate from control culture at 10,000 x g for 10 min; 4, supernatant

fraction after centrifugation of lysate from control culture at

10,000 x g for 10 min. 8, western blot of SDS-PAGE gel identical to

the one shown in A. The blot was developed with a mixture of

antisera containing antibodies against tomato RuBisCo holoenzyme and

;. mays RuBisCO small subunit.
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total protein. No activity could be detected in the insoluble

fraction.

Co-expression of 1. may; large subunits with Anabaena small subunits.

An SOS-PAGE gel and a western blot showing the analysis of

extracts of E. gall carrying plasmids pL53 and pSewt are presented in

Figure 3.4. Large subunit protein was very abundant but was detected

only in the insoluble fraction. Small subunit protein was not

detected in either the coomassie-stained gel or the western blot, but

a substantial amount would have been required for detection above the

background of other proteins in the stained gel, and the antibody

used for the western blot did not recognize 5aaaaaaa small subunit.

No carboxylase activity could be detected in any fraction of extracts

from these cells (data not shown).

Co-expression of 5aaaaaaa large subunits with 1. may; mature small

subunits.

An SOS-PAGE gel and a western blot used for the analysis of

extracts prepared from E. gall carrying plasmids pL56 and p77 are

shown in Figure 3.5. Large subunit protein could be detected by

coomassie-staining of proteins and with the antibody in the insoluble

fraction but could not be detected by either method in the soluble

fraction. The small subunit was much more abundant than the large

subunit.~ Additionally, the titer of small subunit antibodies used

for the immunodetection was much higher than the titer of the large

subunit antibodies. Some small subunit could be detected in the

soluble fraction on the western blot, but the vast majority of
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Figure 3.4. Analysis of extracts prepared from E. coli expressing

E. mays RuBisCO large subunits and Anabaena RuBisCO small subunits.

A, coomassie-stained SDS-PAGE gel. The lanes were loaded with: R,

spinach RuBisCO; S, molecular weight standards; I, pellet fraction

after centrifugation of lysate from cells carrying expression

plasmids pL53 and pSewt (directing the expression of E. mays large

subunits and Anabaena small subunits, respectively), centrifugation

was for 10 min at 10,000 x g; 2, supernatant fraction after

centrifugation of lysate for lane 1; 3, pellet fraction after

centrifugation of lysate from control culture at 10,000 x g for 10

min; 4, supernatant fraction after centrifugation of lysate from

control culture at 10,000 x g for 10 min. B, western blot of

SDS-PAGE gel identical to the one shown in A. The blot was developed

with a mixture of antisera containing antibodies against tomato

RuBisCo holoenzyme and ;. mays RuBisCo small subunit.
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Figure 3.5. Analysis of extracts prepared from E. coli expressing

Anabaena RuBisCO large subunits and ;. mays RuBisCO small subunits.

A, coomassie-stained SOS-PAGE gel. The lanes were loaded.with: R,

spinach RuBisCO; S, molecular weight standards; I, pellet fraction

after centrifugation for 10 min at 10,000 x g of lysates from E. coli

transformed with pL56 and p77; 2, supernatant fraction from lysate

and centrifugation used for preparation of sample for lane 1; 3,

pellet fraction after centrifugation of lysate from control culture

at 10,000 x g for 10 min; 4, supernatant fraction after

centrifugation of lysate from control culture at 10,000 x g for 10

min. 8, western blot of SDS-PAGE gel identical to the one shown in

A. The blot was developed with a mixture of antisera containing

antibodies against tomato RuBisCO holoenzyme and E. mays RuBisCO

small subunit.
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the small subunit protein was in the insoluble fraction.

Both the insoluble fraction and the soluble fraction were

assayed for carboxylase activity. The soluble fraction was found to

have a specific activity of 11 nmol C02 fixed/min/mg total bacterial

protein. No activity could be detected in the insoluble fraction.

An aliquot of the soluble fraction was loaded on a sucrose

density gradient as described (4). Assay of the fractions after

centrifugation, and comparison to the activity profile from an

identical gradient loaded with purified spinach RuBisCO showed that

the activity in this hybrid-expression system had sedimentation

properties of assembled holoenzyme. The activity profiles of the

gradients loaded with bacterially synthesized hybrid enzyme and

spinach RuBisCO are shown in Figure 3.6.

DISCUSSION

The experiments described in this chapter were a logical

continuation of the experiments described in chapter two. In those

experiments, 1. may; large and small subunits were expressed

individually in E. gall. The large subunits, which bear the active

sites, were not active, and were localized to an insoluble or rapidly

sedimenting fraction. The experiments in this chapter were all based

on the hypothesis that simultaneous expression of large and small

subunits would be required and sufficient for the assembly of a

soluble and active enzyme in E. gall. Expression of 1. may; and

5maaaaaa RuBisCO large and small subunits, simultaneously, in
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Figure 3.6. Sedimentation profiles of hybrid and native RuBisCO

activities in sucrose density gradients. Lysate from cells

expressing Anaaaana large subunits and ;. mays small subunits was

loaded onto a sucrose density gradient and centrifuged as described

(4). An identical gradient was loaded with purified spinach RuBisCO

and centrifuged opposite the bacterial lysate. Fractions.were

"dripped" from the bottom and were assayed for carboxylase activity

as described (4). Consecutive fractions of the gradient are arrayed

along the abscissa. 4The ordinate represents incorporation of

radioactivity from CD into acid stable forms and was not

Tuarmalized for protein Eoncentration in the fractions. The protein

profile of a similar gradient is shown in Gurevitz al al. (4).
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homologous and heterologous combinations, was used as an experimental

system to test the hypothesis, and showed that the situation was more

complicated than anticipated. In some subunit combinations the

hypothesis correctly predicted the results, while in others it was

not consistent with what was observed. The results of the various

combinations are summarized in Figure 3.7.

The results from cells expressing both 1. may; subunits were

similar to results subsequently reported by Gatenby al al. (15) and

Bradley al al (16). Both of these reports also describe the

construction of plasmids to direct the simultaneous expression of

higher plant RuBisCO large and small subunits in E. gall. No

carboxylase activity was detected in either case. Bradley al al.

were able to detect both subunits in the soluble fraction, but

analysis showed that the subunits had not assembled properly to form

holoenzyme.

There were several differences, however, between the experiments

described in this chapter and the experiments from the other

laboratories, but in each case assembly and activity would have been

predicted to be more likely in the experiments in this thesis for the

following reasons. Most importantly, The experiments in Gatenby al

(al_(15) used 1. may; ngL and wheat yag5, while my experiments used

‘1. may; genes for both subunits. Also of possible importance was the

fact that Gatenby al al. used a temperature-inducible PL promotor

system, and therefore studied expression and assembly at 41-42°C,

whereas my cultures were grown continuously at 37‘C. This is

important because studies with other foreign proteins expressed in E.

calj have shown that the tendency of foreign proteins to form
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Large Subunits Synthesized From:

Anabaena rbcL Zea mays rbcL

 

CATALYTICALLY ACTIVE NOT CATALYTICALLY ACTIVE

Anabaena rch

 

Small SUbUI'llIS Soluble ‘15! "33.5331" Insoluble aggregate LISTY

 

Synthesized From: CATALYTICALLY ACTIVE NOT CATALYTICALLY ACTIVE

Zea mays rch

  
Insoluble

30M“o Lass aggregate LXSY  Insoluble aggregate Lxsv  
 

Figure 3.7. Summary of results of co-expression of combinations

of 1. may; and Anabaena 7120 RuBisCO large and small subunits in E.

coli. Data supporting the presence of Anabaena small subunit in the

insoluble fraction when co-expressed with E. mays large subunits is

from western blots (not shown) using antiserum (described in chapter

four) specific for the Anaaaena small subunit.
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insoluble aggregates was greater at higher temperatures (17). A

third difference was that the amino terminus of the products

expressed from the engineered yag5 genes in the experiments of

Bradley al al. and Gatenby al al. was different from the amino

terminus of the product of p77 described here. The structure of the

protein expressed in their systems was missing the first four amino

acids of the mature small subunit and had twelve residues from the E.

gall p-galactosidase fused to the amino terminus of the small subunit

sequence. The protein expressed by p77 contained all of the residues

of the mature small subunit and had only seven extra residues fused

to the amino terminus. The levels of expression of both subunits

directed by pL56 and p77 were significantly higher than in either of

the other two systems.

As an alternative to co-expression of the mature Z. mays small

subunit with the 1. may; large subunit, 1 also co-transformed cells

with the large subunit expression plasmid in combination with a

plasmid directing the expression of the precursor form of the 1. may;

small subunit. The rationale behind this experiment was that the

transit peptide, which is cleaved off sometime during or after

transport into the chloroplast, might be required for recognition of,

or initial association with, the large subunits. The results were

essentially the same as in the experiment with the mature small

subunit. The subsequent demonstration of successful la yllya

reconstitution of spinach mature small subunits with large subunit

cores from RuBisCO from the cyanobacterium 5yaagaagagga; 6301, by»

Andrews and Lorimer (18), established that the transit peptide is not

required for holoenzyme assembly.
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The experiment in which Anaaaaaa large and small subunits were

expressed simultaneously differed only slightly from the experiments

of Gurevitz al al. (4) and others (5,6,7). The principal difference

was that the two subunits were expressed from two promotors and on

two plasmids, rather than being in an operon. My results clearly

showed that the operon structure, found in all cyanobacteria examined

to date (19,20), and in aayamallam ylaa;am (21) and Alaallgaaa;

£fll£02hfl§.(22). was not a requirement for expression or assembly in

E. gall. Levels of carboxylase activity in extracts from the two

plasmid system were about two-fold higher than levels reported by

Gurevitz al al. (4) for the one plasmid, one operon system, but the

arrangement of the promotors relative to the small subunit coding

sequence was different in the two experiments, and differences in the

levels of expression of small subunit protein in the two systems

could have accounted for the differences in levels of assembly and

catalytic activity.

The results of the experiment in which Z. may; large subunits

were co-expressed with cyanobacterial small subunits were not very

informative when considered in isolation , as no activity could be

detected and most or all of both subunits were found in the insoluble

fraction. When considered in light of the results from the

experiments expressing both 5aaaaaaa subunits and both Z. may;

subunits, however, these results were more meaningful. They

suggested that the problem preventing holoenzyme assembly in the case

of co-expression of both Z. may; subunits was, at least in part, due

to problems related to assembly of the large subunits. (This

hypothesis was supported by the results of the other heterologous
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combination and by results from other laboratories and will be

discussed further.)

The experiment in which 5aaaaaaa large subunits were

co-synthesized with Z. may; small subunits was similar to an

experiment subsequently reported by van der Vies al al.(23), with

similar results. In both experiments, subunits assembled an active

holoenzyme with sedimentation velocity similar to that of authentic

RuBisCO. Comparison of the levels of activity measured by van der

Vies al al. (23) in soluble extracts from E. gall expressing

5yaaghagagga; PCC 6301 large subunits and wheat small subunits

suggested that the hybrid enzyme had only 10% of the activity of the

homologous 5yaagaagagga; enzyme. In my experiments, less activity

was also observed in crude extracts from cultures expressing

heterologous subunits, but because the hybrid enzyme was not purified

(the enzyme was also not purified in the experiments of van der Vies

al al.) the activities of the natural and hybrid enzymes could not be

menaningfully compared. Careful kinetic characterization of a hybrid

enzyme with cyanobacterial large subunits and spinach small subunits,

made by la yllya reconstitution by Andrews and Lorimer (18), showed

that this related hybrid enzyme had a specific activity about half

that of the non-hybrid cyanobacterial enzyme.

Additionally the results from this combination served as a

positive control for the experiment in which both Z. may; subunits

were co-expressed. The activity in extracts from cells bearing pL56

and p77 demonstrated that small subunits synthesized from p77 could

support catalytic activity, and thus that the extra residues at the

amino terminus did not interfere with assembly or catalysis.
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CONCLUSIONS

Comparing the data from the subunits co-synthesized in all of

the combinations, I initially drew the conclusion that only

cyanobacterial large subunits could assemble into holoenzyme in E.

gall, and that both higher plant and cyanobacterial small subunits

could assemble with the cyanobacterial large subunits. I was unable

to determine why the Z. may; large subunits could not assemble and

was left with several possible explanations for the results. Among

the possible problems with expression of the Z. may; large subunits

in E. gall could have been the formation of inappropriate disulfide

bonds. The Z. may; large subunit contains 11 cysteine residues (24)

and disulfide bridges not present in authentic RuBisCO could have

formed as a result of a difference in reductive status between

chloroplasts and bacteria. That inappropriate bonds did not form in

the cyanobacterial large subunit, or that they did not interfere with

assembly or activity, could have indicated either that the

intracellular environment of E. gall is more similar to cyanobacteria

than to chloroplasts, or that the chloroplast RuBisCO had evolved to

a point where it was no longer able to fold correctly under as broad

a range of conditions. A second possibility was that the Z. mays

large subunits were aggregating so rapidly after synthesis that none

were available for holoenzyme assembly. Supporting this possibility

was the observation that when higher plant RuBisCO is stripped of its

small subunits the large subunits aggregate and cannot be

redissolved, whereas cyanobacterial large subunits can be redissolved

quite readily (18). A third possibility was that there was some
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additional factor needed for assembly of higher plant RuBisCO.

Indeed, a protein had been identified that associated with newly

synthesized large subunits la ylya, and antibodies to the protein had

been shown to inhibit RuBisCO assembly in chloroplast extracts

(25,26).

More recent results from other laboratories strongly support the

third possibility listed above. The protein found associated with

newly synthesized large subunits has been purified and shown to be

comprised of heterogeneous subunits and the genes for the subunits

have been cloned (27,28 and R. J. Ellis personal communication) A

veritable breakthrough occurred when sequence analysis of one of the

genes revealed substantial similarity to the E. gall gyaEL gene, also

implicated in macromolecular assembly (28). This led to the

description of a new class of proteins from bacteria, chloroplasts,

and mitochondria, which are all involved in assembly of

macromolecular complexes (for review, see 29). These proteins have

been designated ”chaperonins”.

The role of chaperonin in RuBisCO assembly was further

demonstrated, and a more straightforward explanation for the results

of my experiments was provided, by the results of a recent experiment

by Goloubinoff al al. (30). Using E. gall mutants deficient in the

E. gall chaperonin subunits layaEL and fiyaE5) and a plasmid directing

the synthesis of both 5yaagaagagga; 6301 RuBisCO subunits, they were

able to show that endogenous chaperonin was required for assembly of

the cyanobacterial RuBisCO in E. gall, Further, they showed that if

they co-transformed E. gall with a plasmid directing the

overexpression of the chaperonin subunits, in addition to the plasmid
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directing the expression of the cyanobacterial RuBisCO subunits, more

of the RuBisCO subunits were found to assemble into holoenzyme. In

the absence of small subunits, assembly of RuBisCO large subunits

into an octameric core was found to be dependent on the E. gall

chaperonin (30).

These more recent findings strongly suggest that the specificity

of the endogenous E. gall chaperonin was responsible for the

differences in the results of the different subunit combinations.

The most reasonable hypothesis is that the E, gall chaperonin was

able to function with the cyanobacterial large subunits, forming a

large subunit core with which the small subunits then associated,

but, for some reason, possibly because of greater evolutionary

divergence from some primordial chaperonin recognition signal, the E.

gall chaperonin could not function with higher plant large subunits.

As a result, octameric large subunit cores were not formed in the

combinations where the large subunits were synthesized from Z. may;

yagl, and there was no structure available with which the small

subunits could associate.

This explanation of my results is consistent with the data in

that the specificity determining whether an active enzyme was

assembled resided in the large subunit and chaperonin has been shown

to bind the large subunit (25). The identity of the small subunits

was not important for assembly, and chaperonin has not been shown to

have a specific interaction with the small subunit (31).

Additionally, if chaperonin activity was limiting in the assembly of

RuBisCO subunits in E. gall in my experiments (as was the case in the

experiments of Goloubinoff al al. (30)) then the result that most of



83

both the large and small subunit proteins was found in the insoluble

fraction, in the combination of 5aaaaaaa large subunits and Z. may;

small subunits in which assembly was possible, would also be

explained. f

Following from this hypothesis is a clear and testable

prediction. 1f the higher plant subunits cannot assemble in E. gall

because of the lack of a suitable chaperonin, then co-expression with

a functional, higher plant chaperonin should result in assembly.

This experiment is almost certainly in progress, although no results

have been reported. If successful, it would conclusively disprove

the original working hypothesis of this chapter: that co-expression

of the two Z. may; RuBisCO subunits in E. gall would be necessary and

sufficient for assembly of an active enzyme.
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Chapter 4

RESIDUES IN THREE CONSERVED REGIONS OF THE SMALL

SUBUNIT OF RuBisCO ARE REQUIRED FOR QUATERNARY STRUCTURE*

ABSTRACT The function of the small subunit of Ribulose

1,5-bisphosphate carboxylase/oxygenase (RuBisCO, E.C. 4.1.1.39) is

unknown. In order to explore the role of individual residues, small

subunits with single amino acid substitutions in three regions of

relative sequence conservation were produced by directed mutagenesis

of the yag5 gene from 5aaaaaaa 7120. These altered small subunits

were co-synthesized with large subunits (from an expressed 5aaaaaaa

yagl gene) in El gall. Mutants were analyzed for effects on

quaternary structure and catalytic activity. Changing Glu 13$

(numbering used is that of spinach RuBisCO) to Val, Trp 675 to Arg,

Pro 73S to His, or Tyr 98S to Asn all prevented accumulation of

stable holoenzyme. Interpretation of these results using a model for

the three-dimensional structure of spinach RuBisCO based on X-ray

crystallographic data (Andersson al al. 1989 Malaya 337, 229-234 and

Knight al al. 1989 5glaaga 244, 702-705) suggests that our small

subunit mutants containing substitutions at positions 13S and

* manuscript submitted for publication
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675 probably do not assemble because of mis-pairing or non-pairing of

charged residues on the interfacing surfaces of the large and small

subunits. The failure of small subunits substituted at positions 735

or 988 to assemble correctly may result from disruption of

intersubunit or intrasubunit hydrophobic pockets, respectively.

INTRODUCTION Ribulose 1,5-bisphosphate carboxylase/oxygenase

(RuBisCO, E.C.4.1.1.39) catalyzes the first committed step of both

the reductive and oxidative photosynthetic carbon cycles (for review,

see 1). The holoenzyme in cyanobacteria and plants is composed of

eight large subunits (L) and eight small subunits (S). The large

subunits form the catalytic sites of the enzyme and provide all

catalytically essential residues (2). The contribution of the small

subunits to the function of the holoenzyme is unresolved.

The importance of the small subunits to the catalytic activity

of the enzyme is demonstrated by a ZOO-fold drop in the Vmax when the

small subunits are removed (2).. Activity can be restored by

reconstitution of the resulting L octamer with isolated small

subunits (2), but the structural requirements for this restoration

and the mechanism by which activity is effected are not understood.

Several systems have been described which allow the use of

site-directed mutagenesis to study the role of individual residues in

the small subunit. These systems are based on the observation that a

normal holoenzyme is assembled when cyanobacterial yagL and yag5

genes, encoding the large and small subunits, respectively, are

expressed in El gall (3,4, 5,6). Some of the mutant enzymes

produced have shown reduced activity (7,8); however, the causes of
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the reductions in activity have not been determined and specific

functions have not been assigned to individual 5 residues.

We have used directed mutagenesis of yag5 from the

cyanobacterium 5aaaaaaa 7120 and co-expression with 5aaaaaaa yagL in

E. gall to investigate the function of individual residues in three

conserved regions of the small subunit. In this paper we present

data from four single amino acid substitutions, representing the

three regions of broadest sequence conservation, which were analyzed

for their effect on catalytic function and holoenzyme formation. In

order to better understand the function of these residues in the

native holoenzyme, these amino acids have been examined in the

context of a model for the three-dimensional structure of spinach

RuBisCO (9). For each of the four mutations, we discuss the

structural implications of the substitution made and propose

structural explanations for the results observed.

MATERIALS AND METHODS

CONSTRUCTION OF PLASMIDS. DNA manipulations were according to

standard protocols (10).

pL56, a plasmid to direct the expressibn of 5aaaaaaa RuBisCO L

subunits in El gall, was constructed by excising a PvuII-ScaI

fragment including the lag promotor and 5aaaaaaa yagl coding sequence

from pANX105 (6) and subcloning it, with the aid of SalI linkers,

into the SalI site of the cosmid vector pWH4 (11).

p205-3, a 'phagemid” plasmid for production of single stranded

template DNA for mutagenesis, was made by subcloning a 0.5kb

ScaI-DraI fragment containing the 5aaaaaaa 7120 yag5 protein coding
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region into pGCI (12), which had been cleaved with BamHI and treated

with SI nuclease to create appropriate ends for ligation. A plasmid

with theorientation placing the 5’ end of yag5 adjacent to the XbaI

site of the vector was designated p205-3.

pSewt, pSel3, pSe67, pSe73 and pSe98, plasmids to direct the

expression of authentic or substituted Anabaena RuBisCO S in E. gall,

were made by subcloning XbaI-EcoRI fragments from p205-3 and its

mutant derivatives into the XbaI and EcoRI sites of pUC19 (13). The

yag5 coding region is not in the reading frame of the lagZ fragment

of the vector and translation of yag5 message must begin at Met IS.

MUTAGENESIS. Single-stranded DNA templates of p205-3 were

generated by superinfection with MI3K07 as described (14).

Oligonucleotides for each conserved region were synthesized as

mixtures of Oligonucleotides without and with one, two, or more

differences from the wild-type sequence. Mutagenesis was performed

as described (15). Mutants were identified by sequencing the

appropriate region of randomly selected progeny plasmids from the

mutagenesis protocol using the dideoxy chain termination method (16).

The entire yag5 cassette was sequenced in putative single mutants to

exclude the possibility of additional, spurious, mutations.

GROHTH 0F CELLS. Cells were grown in LB medium (10). Antibiotics

were added when appropriate at the following concentrations:

ampicillin, 50 mg/l; kanamycin, 30 mg/l. Three-hundred ml cultures

for analysis of mutant or wild-type proteins were started with a 1 ml

inoculum and grown for 24 hr at 37°C with vigorous aeration.

PREPARATION OF BACTERIAL EXTRACTS AND ASSAY OF CARBOXYLASE ACTIVITY

Cells were harvested by centrifugation, resuspended in assay buffer
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(50 mM Tricine, pH 8.0/10 mM MgClz/IO mM 2-mercaptoethanol/1 mM

phenylmethylsulfonyl fluoride), and disrupted by ultrasonic treatment

(6). The cell extract was centrifuged at 100,000 x g for l H.

Unwashed pelleted material was resuspended in SOS-PAGE sample buffer

(17) and boiled for 2 min. Saturated ammonium sulfate solution was

added to a portion of the 100,000 x g supernatant fraction to a final

concentration of 40% (w/v) ammonium sulfate. Aggregated proteins

were collected by centrifugation at 10,000 x g for 15 min,

resuspended in assay buffer and dialyzed against assay buffer. The

carboxylase activity of this preparation was determined as

RbuP2-dependent incorporation of radioactivity from 1‘CO2 into

acid-stable forms (6). Protein was quantified by a modified Lowry

procedure (18).

ASSAY FOR HOLDENZYME FORMATION. A 2.5 mg sample of the crude

100,000 x g supernatant fraction was loaded on a 5.2 ml sucrose

gradient (0.2-0.8 M sucrose in 50 mM Tris, pH 8.0 /0.1 mM EDTA/I mM

2-mercaptoethanol/50 mM NaHC03/10 mM MgC12)(19) and centrifuged at

50,000 rpm in a Beckman VT165 rotor (239,000 x g) for 70 min at 4°C.

Three 300 pl fractions centered around the position of 18S particles

(as estimated by sedimentation of purified spinach RuBisCO, a gift

from S. C. Somerville, in equivalent gradients) were pooled and

proteins in an 80 ul sample were resolved by SOS-PAGE (20 as modified

in 17) and electrophoretically transferred to nitrocellulose membrane

(17). S was detected using S-specific polyclonal antibodies and

protein-A-linked alkaline phosphatase according to standard

immunodetection protocols (21).
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STRUCTURAL INTERPRETATION OF MUTANTS. The model of the spinach

L8S8 RuBisCO holoenzyme was derived from an isomorphous electron

density map with phase angles refined by fourfold averaging. The

structures of both the large and the small subunits have been briefly

described (22, 9). The model was examined on a graphics display

using FRODO (23) and the steric effects of mutations were examined by

substituting appropriate side chains. Accessibility calculations

were made using the program of Lee and Richards (24). Secondary

structures in wild-type and substituted 5 were predicted with the

algorithm of Chou and Fasman (25).

RESULTS AND DISCUSSION

SYNTHESIS AND ANALYSIS OF AUTHENTIC AND SUBSTITUTED PROTEINS

Eaaaylmaalal 5y;lam. Transformation of El gall with the yagL and

yag5 expression plasmids pL56 and pSewt results in the synthesis of

functional heteromultimeric RuBisCO (Figure 1, row I). This result

is similar to that observed with RuBisCO genes from other

cyanobacteria expressed in El gall (3,4,5) and with both 5aaaaaaa

7120 genes expressed as an operon on a single plasmid (6). The

RuBisCO produced from such systems is apparently identical to the

native enzyme, although post-translational processing and

modification of L, known to occur in higher plants (26), has not been

investigated.

Malagaaa;l;. Oligonucleotide mixtures were used to generate a

collection of mutations in each of three relatively conserved regions

of the small subunit. The mutations presented in this paper result

in the following substitutions: Glu 13S-H'Val, Trp 67S->Arg, Pro 735*
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Substitution Activity 1 BS Pellet

None (wt) 51 :17 .._. 7Q;

Glu 133 —> Val 0.0 5:11:31

Trp 678 —> Arg 0.0 L“

Pro 738 —> His 0.0

Tyr988 —» Asn 0.0 :

Figure 1. Loss of carboxylase activity and absence of holoenzyme

resulting from substitutions in the small subunit. Residue numbering

is that of spinach. Activity is expressed as nmol C0 fixed/min/mg

protein and was assayed on a crude RuBisCO preparatiofi from dually

transformed (expressing L and native or substituted S) E. gali. The

last two columns are sections of "western” blots of SOS-PAGE gels

after immunodetection of S. The samples for the lanes in the 18S

column were taken from sucrose gradients used to separate holoenzyme

from unassembled subunits and included the region where assembled

unsubstituted holoenzyme migrates. The samples for the pellet column

were from unwashed 10,000 x g pellets of the ultrasonically disrupted

cells and were prepared by partial solubilization in boiling 3% SDS

PAGE sample buffer (20).
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His, and Tyr 985-«rAsn (Figure 1).

55aly;l; af Enzyma 5gllylly. Cultures of El gall containing pL56

and either pSewt or one of the mutant yag5 plasmids were grown and

extracts were prepared for analysis. Relatively crude preparations

were used for analysis to avoid the possible loss of an aberrant but

still active or assembled enzyme. A very low level of activity (less

than 18 pmol C02 fixed/min/mg total protein) was detected in control

preparations from cells with pL56 but lacking an S-expressing

plasmid. This activity is most likely the residual activity from L

octamers (2) and sets the lower limit of detectable activity by

mutant enzymes at about 0.2% of wild type activity. Oxygenase

activity was not measured since partitioning between carboxylation

and oxygenation appears to be a property determined solely by the

large subunits (27). All four of the mutants were found to lack

detectable carboxylase activity (Figure 1).

5aaly;l; af Uaalayaayy 5lyaglaya. To explore a possible reason for

the lack of activity in these mutants, extracts were analyzed by

sedimentation through sucrose density gradients to separate assembled

holoenzyme from unassembled subunits. After centrifugation, no S was

detectable for any of the mutants at the position in the gradient

where 18S holoenzyme is normally found (Figure 1). The sensitivity

of our detection was such that levels of S greater than 2% of those

in the non-substituted case would have been detected (data not

shown). 'Low levels of S were sometimes detected at the top of the

gradients (data not shown), and were reliably detected in crude

pellets (Figure 1) indicating mutant 5 was being synthesized as

expected.
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CORRELATION OF MUTANTS WITH THE THREE DIMENSIONAL STRUCTURE.

To gain insight into the structural roles of the substituted

residues and to try to understand how the substitutions made would

interfere with formation or stability of the correct quaternary

structure, we examined residues 135, 675, 73S, and 98S and residues

in their vicinities in a model for the three dimensional structure of

spinach RuBisCO. The amino acid sequences of the small subunits from

5aaaaaaa and spinach are 41% identical overall, but are more similar

in the regions of our substitutions (Figure 2).

El! 155-—eiyal. Glu 13S is in the interface region between the large

and small subunits and is accessible to solvent in the free 5 but is

buried in the L8S8 complex (Table 1). It is conserved in small

subunits of known sequence (1,7,31) except those of the hydrogen

bacterium 5|galjgana; aalyaaaa; (31) and the eukaryotic alga

Ull;laaal;ga; lalaa; (R. A. Cattolico, personal communication) which

are quite different in this region of S. Glu 138 is close to Lys

164L (see Figure 3.c) and there is an intersubunit salt bridge

between them. The surrounding region is highly charged (Figure 3.c).

There are two nearby internal salt bridges in L, Glu 234L- Arg 421L

and Asp 198L- Arg 167L. These four L residues are conserved in all L

subunits including those of the Raaaa;airillam yaayam enzyme (32), in

which there are no small subunits. In B. yaayam the residue

corresponding to I64L is an Arg.

Removal of the negative charge on Glu 13S in the mutant by

replacement with Val could decrease the attraction between L and S,

and, were they to assemble correctly, would result in an unpaired

positive charge of Lys 164L buried in the interface between them. In
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10 20 3o 40 50 60

55F).MQVHPPLGLKKFETLSYLPPLTTEQLLAEVNYLLVKGHIPCLEFEVKDGFVYREHOKSPG

IX. MQTLPKERRYETLSYLPPLTDVQIEKQVQYILSQGYIPAVEFNEVSEPT ---------

100 110 120

YYDGRYHTMHKLPMFGCTOBPAQVVNEVEEVKKAYPDAFVRFIGFONKREVQCISFIAYKPAGY

---ELYWTLNKLPLFGAKTSREVLAEVQSCRSQYPGHYIRVVGFDNIKQCQILSFIVHKPSRY

* 'k *

Figure 2. Comparison of spinach (Sp.)(28, corrected in 29 and 9) and

Anabaena 7120 (A.)(30) RuBisCO S subunit sequences. The positioning

of the gap in the Anabaena sequence is based upon the three

dimensional structure of the spinach protein in which residues 525 to

635 form a loop. Similar (-) and identical (a) residues in the two

sequences are indicated. Residues which were mutated are marked with

an asterisk.
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Figure 3. Drawings from model for three dimensional structure of

spinach RuBisCO. A. S (bold lines) shown in relation to four L

subunits. The intact holoenzyme is cube-shaped with the main body of

the cube formed by four L dimers (two dimers are shown here). The S

subunits are wedged between the ends of the dimers forming clusters

of four each on the top and the bottom of the cube. The L subunit

dimer shown on the left is formed by L subunits C and D and the dimer

shown on the right is formed by L subunits A and B. B. S in roughly

the same orientation as in A showing the location of residues 135,

675, 735, and 98S. All non-hydrogen atoms are shown for these

residues. Serial¢i-carbons are shown and connected for all other

residues. C-F. Stereo drawings of residues in the vicinities of

residues 13S(C.), 67S(D.), 73$(E.), and 98$(F.).
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Table 1. Solvent accessibility of selected residues in model for

three dimensional structure of spinach RuBisCO. Accessible surface

area was calculated for individual residues in the model for the

three dimensional structure of spinach RuBisCO and in the context of

the appropriate S or L monomer alone, using the program of Lee and

Richards (24) and is expressed as a percent of the accessible surface

area of a tripeptide containing the amino acid found at that

position.

% accessible % accessible decrease due to

residue in monomer in holoenzyme intersubunit

in isolation contact

Phe 12S 16.1 4.6 11.5

Glu 135 62.3 19.1 43.2

Glu 435 14.8 3.3 11.5

Phe 50S 33.9 21.1 12.8

Trp 675 11.2 4.6 6.6

Met 69$ 40.2 10.8 29.4

Leu 72S 69.4 24.4 45.0

Pro 73S 20.3 4.2 16.1

Phe 75S 80.3 54.1 26.2

Phe 985 1.8 1.8 0.0

Phe 104$ 23.9 4.1 19.8

Lys 1195 33.6 33.6 0.0

Pro 120$ 23.8 23.8 0.0

Tyr 123$ 49.8 49.8 0.0

Leu 74L 58 3 8 9 49.4
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addition to decreased stability of the assembled enzyme, this

unpaired charge might interfere with proper alignment of the other

charges in this region. Assembly and activity are probably both

quite sensitive to small disruptions in this region since it is at

the junction of the C and N domains of the L subunit (22).

lya 515,-v'5yg. The conserved Trp 675 is in a quite polar

environment near the interface between S and the two L subunits B and

0 (see Figure 3.a for designation of L subunits). In this region,

Glu 13S interacts with subunit 8 as discussed for the previous

mutant, and Glu 435 forms a salt bridge to Arg 187L of subunit 0

(Figure 3.d) which is conserved except in 3. yaayam (32). This

location of Glu 435 on the surface of S which is in contact with L in

the holoenzyme is reflected in the residue being less accessible in

the holoenzyme than in free 5 (table 1). Arg 100$ is situated

between Trp 67S and Glu 435 with the plane of the guanidinium group

roughly parallel to the indole ring.

In the mutant, positive charge on the introduced Arg would repel

Arg 1005, possibly forcing it closer to Glu 43S. This might result

in a novel intrasubunit salt bridge between the two residues. At the

very least, the negative charge in the immediate environment of Glu

435 on the interfacing surface of S would be diminished and the

intersubunit attraction leading to a salt bridge between Glu 43S and

Arg 187L in the wild-type enzyme would be reduced. Alternatively,

the presence of two positively charged arginines close together could

cause one of them to form a salt bridge with Glu 13S, preventing this

residue from bridging to Lys 164L of large subunit B. In either

case, assembly would be negatively affected. Additionally, the
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substitution by an Arg side chain for the bulky Trp which is almost

completely buried (Table 1) would leave an internal cavity in the

small subunit which could destabilize local structure.

Eya Z55-—9:Ml;. The conserved residue Pro 735 is situated in a

hydrophobic patch on the surface of S, which also includes conserved

residues Leu 725, Phe 755 and Phe 1045 and Met 69S (Leu in Aaaaaaaa)

(Figure 3.e). This patch forms an area of hydrophobic interaction

with L subunit C involving Leu 74L. This Leu residue is conserved in

all L subunits except L from 3. yaayam (32). Consistent with their

forming an intersubunit hydrophobic pocket, the accessibility of all

of these residues to solvent decreases upon association of S and L

(Table 1).

Replacement of the Pro side group by a polar His side chain

would alter this pocket and make a more polar environment unsuitable

for interaction with Leu 74L from the large subunit. It is also

possible that the Pro residue is important for determining the local

conformation of this region of the polypeptide chain. A search

through a database of refined structures (23) showed that the

majority of protein segments with similar conformation had a Pro

residue either at, or adjacent to, this position.

lyy 585 -5;n. Residue 985 is a Phe in spinach and is in the middle

of an internal hydrophobic core in S and does not interact directly

with any L residue (Figure 3.f). In addition to residue 98$ this

core is comprised of Phe 12S (Tyr in 5aaaaaaa), Pro 1205, Tyr 123$

and the a and Icarbons of Lys 119$.

Phe 125 and the nearby residue Phe 50$ contribute to

interactions with L subunit B. The main chain atoms of Phe 12S and
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the Cfiand CYatoms of Phe 50S are near (within 5 A) the main chain

atoms of residues 232L to 234L (Figure 3.f). Accordingly, the

accessibility of residues 125 and 50S decreases upon association of

subunits (Table 1). Introduction of an Asn at position 985 would

increase the polarity of the region and could alter the core such

that the subunit interactions involving reSidues 12S and 50S are

adversely affected.

In S from 5llaaa ayalaa;l;, residues 98S and 505 are histidines

(33) and therefore have polar side chains in this core. Compared to

other organisms, however, the polypeptide chain of S from this

organism is shorter, and residue 1235 is absent. The effect of this

evolutionary change, as modeled by removal of Tyr 1235 in the spinach

structure, would be to open up the core and make it accessible to

solvent. It is therefore logical that, in concert with the shorter

chain, some of the hydrophobic residues in this region would have

evolved into more polar residues in this organism.

CONFORMATION AND ASSEMBLY

The preceding discussions have as a premise the near-normal folding

of the mutant small subunits. In the experimental system used, it

could not be determined whether the substituted proteins differed in

overall structure or stability or, if there were a difference,

whether it was a cause or a consequence of the observed failure to

assemble into holoenzyme. To address the possibility that one or

more of the substitutions might cause mis-folding of the protein

resulting in a structure grossly different from the wild-type small

subunit, the algorithm of Chou and Fasman (25) was used to predict

secondary structures in the wild-type protein and in each of the
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substituted proteins. The predictions for the substituted proteins

were not significantly different from the predictions for the

wild-type protein, and the structures predicted corresponded well to

the structures observed in the spinach protein (results not shown).

This analysis suggests that the observed lack of assembly was due to

disruption of specific interactions rather than gross conformational

changes.

It has recently been shown that assembly of cyanobacterial

RuBisCO in E. gall requires the E. gall gyaEL and ayaE5 gene products

(34). GroEL protein shows extensive sequence similarity to the

RuBisCO binding protein which is found in plant chloroplasts and

which is probably involved in assembly of RuBisCO in green plants

(35). Although it is possible that the substitutions described in

this work prevent holoenzyme assembly by interfering with a necessary

(but undemonstrated) interaction of the E. gall groEL or groES with

the S subunit, we consider this interpretation to be unlikely in

light of the ability of isolated S to assemble la yllya with

pre-assembled L octamers.

Recent experiments have identified a region of higher plant S

which is important for assembly in higher plant RuBisCO (36). This

region, which includes residues 49S to 54$ of the spinach protein, is

missing in S from cyanobacteria.

OTHER MUTATIONS

Other previously reported S mutants have all been shown to have

catalytic activity, and, by implication, to form a stable holoenzyme.

A Trp 67S-‘Phe substitution in 5aagy;ll; aiaalan; yag5 (7, referred

to as Trp 54) was shown to reduce Vmax 2.5-fold without altering
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either the KIn or the partition coefficient (relative substrate

specificity for CO2 and 02) of the enzyme. This result is in

contrast to our result for an Arg substitution at position 675, but

fits well with our explanation that it is the additional positive

charge introduced by the Arg substitution, rather than the removal of

the Trp, pay ;a, which prevented assembly. Altered interaction with

the large subunit, despite ability to assemble on a gross level,

could lead to the reduction in Vmax seen in the Phe substituted

enzyme. Tryptophan 70S was also changed to Phe (7, referred to as

Trp 57) with results very similar to those found for Trp 67S—vPhe.

Mutations resulting in pairs of substitutions in amino acids 10S,

11S, 14S, 165, 19s, and 20S were shown to lead to reduced activity in

crude preparations (8) but the amount of holoenzyme was not

quantified. It is possible then, that these mutations result in an

enzyme of reduced activity which, as with Trp70S-ePhe and Trp67S-*

Phe, could be due to deleteriously altered L-S interactions.

In the work presented here, we have identified specific

residues widely separated in the primary sequence which play

structurally important roles in the small subunit and its

interaction with the large subunits. Disruption of the intrasubunit

and intersubunit interactions of these and neighboring residues by

amino acid substitutions can completely prevent formation of stable

holoenzyme. In order to further understand assembly as well as

stability of the holoenzyme, similar analyses of a larger number of

mutations are underway.
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Chapter 5

A CLASS OF MUTANTS IN THE SMALL SUBUNIT OF RIBULOSE

BISPHOSPHATE CARBOXYLASE/OXYGENASE WHICH CAUSE

PARTIAL REDUCTION IN HOLDENZYME ASSEMBLY*

ABSTRACT A collection of directed mutations was made in the yag5

gene encoding the small subunit of RbuP2 carboxylase/oxygenase (E.C.

4.1.1.39) from the cyanobacterium 5aaaaaaa 7120. The mutant yag5

genes were expressed concommitantly with wild type 5aaaaaaa 7120 yagl

(encoding the large subunits) in E;gaaylgala gall, and the altered

small subunits produced were examined for their ability to assemble

to form stable holoenzyme and for their ability to support catalysis.

In addition to mutants in which assembly of stable holoenzyme was

completely blocked, and mutants which exhibited normal assembly and

activity, the collection also included many mutants in which activity

was reduced but not abolished. In these mutants with reduced

activity, the amount of small subunit assembled into holoenzyme was

also reduced and there was an apparent correlation between the two

parameters. The residues substituted in this intermediate class are

not localized to a single region, either in the primary sequence, or

in the three dimensional structure of the protein. Examination of

* manuscript to be submitted
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these and other nearby residues in a model for the crystal structure

of spinach RbuP2 carboxylase/oxygenase suggests that the molecular

interactions impaired by these substitutions are similar to those

disrupted in the mutants in which assembly is completely blocked.

INTRODUCTION

Ribulose 1,5-bisphosphate carboxylase/oxygenase (E.C. 4.1.1.39)

catalyzes both the carboxylation and the oxygenation of RbuP2 in the

competing reactions of the first committed steps of the reductive and

oxidative, respectively, photosynthetic carbon cycles (for review,

see Andrews and Lorimer, 1987). The native enzyme in most

photosynthetic organisms, including all plants and cyanobacteria, is

composed of eight large subunits (L) of molecular weight

approximately 55,000 each, and eight small subunits (S) each of

molecular weight approximately 15,000. The large subunits provide

all of the residues which participate directly in substrate binding

and catalysis (Andrews, 1988). The small subunits are believed to

force a conformational shift in the large subunits which in some way

alters the positioning of active site residues of the large subunits

to effect catalytic competence (Andrews, 1988). The residues and the

inter-subunit interactions which are required to bring about this

conformational shift, however, and their relationship to the residues

and interactions required for subunit assembly, have not been

identified.

When the gene encoding the small subunits of cyanobacterial

RbuP2 carboxylase/oxygenase (rch) is expressed concurrently with the
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gene encoding the large subunits lyth) in E. gall, a functional

holoenzyme is assembled in the bacteria (Gatenby al al., 1985; Tabita

and Small, 1985; Gurevitz al al., 1985; Christeller al al.,

1985). This heterologous expression provides a convenient system for

site-directed mutagenesis to allow identification and analysis of

small subunit residues essential for association with large subunits

or catalysis. In a demonstration of such a system using the yag5 and

yagL genes from the cyanobacterium Anagy;ll; aldulaa;, two

evolutionarily conserved residues were replaced, resulting in enzymes

with reduced Vmax (Voordouw al al., 1987). In a similar system

preliminary results from a collection of double mutants substituting

residues near the amino terminus of the 5. algalaa; small subunit

suggest that this region of the protein is important for activity

(McFadden and Small, 1988). Structural requirements of higher-plant

small subunits for assembly into holoenzyme have been studied la

yllya with isolated chloroplasts. A putative assembly domain has

been identified (Hasmann al al., 1989) but the importance of

individual residues has not been assessed.

We have used site-directed mutagenesis of yag5 from the

cyanobacterium 5aaaaaaa 7120 and expression in E. gall to search for

small subunit residues which are important for assembly or catalytic

function. Four of the mutants were found to prevent the assembly of

stable holoenzyme and have been described previously (Fitchen al al.,

submitted). In the experiments reported in this paper, we

investigated assembly and catalysis in eighteen additional mutants,

and describe a new class in which the ability of mutant S to assemble

into holoenzyme is intermediate between the four initially described
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mutants and wild-type S. Residues homologous to those changed in the

mutants were studied in a model for the three dimensional structure

of spinach RbuP2 carboxylase/oxygenase (Andersson al al., 1989;

Knight al al., 1989) to identify structural interactions of these

residues and neighboring residues which would have been disrupted by

the substitutions made.

MATERIALS AND METHODS

Materials.

DNA polymerases, restriction and modifying enzymes were from New

England Biolabs (Beverly, MA) or Bethesda Research Laboratories

(Gaithersburg, MD). RbuP2 and protein A-alkaline phosphatase were

from Sigma (St. Louis, MO). 14C-Sodium bicarbonate (58 Ci/mole) was

from ICN (Irvine, CA). Protein molecular weight standards were from

BioRad (Richmond, CA) and prestained protein molecular weight

standards, used in conjunction with western transfers, were from

Diversified Biotech (Newton Centre, MA) Nitrocellulose membrane was

from Schleicher and Schuell (Keene, NH). Purified spinach RbuP
2

carboxylase/oxygenase was a gift from Dr. S. C. Somerville.

Antiserum.

A recombinant protein including residues 33S-99S2 of the small

subunit of RbuP2 carboxylase/oxygenase Anabaena 7120 subunit was used

as antigen for raising polyclonal antiserum in rabbits as described

(Harlow and Lane, 1988).
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Bacterial strains.

a. gm strain TGI [K12, A(lac-pro) supE thi hsdDS r' (traD36 prOAi§+

lacIg lacZAM15)] (from Amersham) was used for preparation of single

stranded DNA template for mutagenesis and sequencing. HBIOI laya laa

thihslhsdflendArssAmsngalexlmflsums) was used in all

other experiments. Transformation of bacteria with multiple plasmids

was performed serially.

Growth of bacteria.

Bacteria were grown in L-broth (Lennox, 1955) without glucose.

Antibiotics were added at the following concentrations when

appropriate: ampicillin, 50 mg/l; kanamycin, 30 mg/l. For analysis

of the mutants, 300 ml cultures of HBIOI carrying the large subunit

expression plasmid (pL56) and a mutant-small subunit expression

plasmid were inoculated with 1 ml of a fresh overnight culture and

grown for 24 hr at 37'C with vigorous aeration.

DNA manipulations and DNA sequencing.

Subcloning of DNA fragments and analysis of DNA was according to

standard protocols (Maniatis al al., 1982). DNA restriction and

modifying enzymes were used according to the manufacturers

instructions. DNA sequence was determined by the dideoxy chain

termination method (Sanger al al., 1977).

Site-directed mutagenesis.

Qllgaaaglaallaa;. Four Oligonucleotide mixtures were synthesized by

the solid-state phosphorimidate method with an Applied Biosystems
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model 380A DNA synthesizer. At several positions in each oligomer,

nucleotide-reagent mixtures were used for the synthesis to provide a

fraction of the oligonucleotides which would differ from the

wild-type sequence at that position. The sequences of the

oligonucleotides are shown in Figure 1. The proportion of mutagenic

base reagent included in the synthesis at each position was 11% for

oligonucleotide mixtures SSmI and S$m2 and 15% for mixtures SSm3 and

SSm4, in order to maximize the yield of oligonucleotides with one and

only one difference from the wildtype sequence. Mixtures were

designed so that all mutants would result either in the loss or gain

of an Adenine in the sequence, allowing screening by sequencing with

only the dideoxy-A terminated reaction. The C at position 18 of SSm4

is a T in the wild-type sequence. This silent mutation allowed us to

monitor the efficiency of mutagenesis.

DNA template for malagaaa;l;. Plasmid p205-3 includes the 5aaaaaaa

7120 yag5 coding region and the ayl region of bacteriophage M13 and

has been described (Fitchen al al., submitted). E. gall (strain TGI)

containing this plasmid were superinfected with bacteriophage M13K07

and the single stranded form of the plasmid was purified as described

(Vieira and Messing, 1987).

la;yllya malagaaa;l;. laayllya mutagenesis of single stranded p205-3

was performed by the phosphorothioate-enrichment method as described

(Nakamaye and Eckstein, 1986). The four mutagenic oligonucleotide

mixtures were used separately.
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, A C T T A c ' c T
SSml TACGTAAACCATTCATAACTTTCACCACCACACC

7 1% Fr (3 “I 'r 73 'T C: 'T
SSnL. CTIITIAGGAAACAGAGGTAGCAACAIIIGTATGGT

/\ 7% C: I‘ 'T IA 13

A T A A c T
SSm4 ATTATGCAGAGCCTAATCCTGTGCTTAAACGTTC

Fig. 1. Sequences of the oligonucleotide mixtures synthesized for

mutagenesis of the small subunit. At positions where two bases are

shown, the upper base is the base found in the wild type sequence and

was included at that position in the majority of the

oligonucleotides.
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5gyaanlng. Mutants were identified by sequencing of randomly

selected progeny plasmids from the mutagenesis protocol. Initial

screening was by sequencing the appropriate region using only the

dideoxy-A-terminated reaction. The entire yag5 cassette was

sequenced (using all four termination reactions) in putative single

mutants to exclude the possibility of additional, spurious mutations.

Prediction of secondary structures.

Secondary structures in wild-type and mutant small subunits were

predicted using the algorithm of Chou and Fasman (Chou and Fasman,

1978).

Plasmids directing expression of RbuP2 carboxylase/oxygenase

subunits.

The construction of the plasmids expressing non-mutant subunits has

been described previously (Fitchen al al., submitted). XpaI-EcoRI

restriction fragments from p205-3 and its mutant derivatives were

subcloned into pUC19 (Yanisch-Perron al al., 1985) such that

expression of yag5 was under the transcriptional control of the E.

gall lag promotor. In the resulting plasmids , the yag5 coding

region is not in the reading frame of the lagZ fragment of the vector

and translation of yag5 message begins at the initial methionine of

authentic small subunit. Plasmid pL56, from which expression of

5aaaaaaa 7120 yagl is under lag control, uses the bacteriophage

lambda origin of replication and can be stably co-maintained with the

pUC19-derived small subunit expression plasmids.
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Analysis of activity.

The measurement of carboxylase activity in extracts of E. gall

expressing large subunits and mutant small subunits was as described

(Fitchen al al., submitted; Pierce al al., 1982). Activity was

assayed in crude fractions consisting of protein precipitating at 40%

(w/v) ammonium sulfate in a 100,000 x g supernatant of ultrasonically

disrupted cells. Protein was quantified as described (Lowry al al.,

1951 as modified in Larson al al., 1986).

Analysis of assembly.

The extent of assembly of mutant small subunits into holoenzyme was

determined as described for the initial four mutants in this

collection (Fitchen al al., submitted). Unassembled small subunits

were separated from holoenzyme by sedimentation in sucrose gradients

(Fitchen al al., submitted, modified from Berhow al al., 1982).

Proteins sedimenting at or near‘the position in the gradient where

wild type holoenzyme sedimented (as estimated by sedimentation of

spinach RbuP2 carboxylase/oxygenase in equivalent gradients) were

resolved by SOS-PAGE (buffer system of Laemmli, 1970 using a 5%

(wt/vol) stacking gel and a 10-17.5%.(wt/vol) polyacrylamide gradient

resolving gel) and transferred to nitrocellulose filters (Towbin al

al., 1979). These western blots were incubated with polyclonal

antibodies specific to the small subunit. Visualization of bound

antibody after decoration with protein A-alkaline phosphatase was as

described (Blake al al., 1984).
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Structural interpretation of mutants.

Possible structural effects of the mutations were investigated by

inspection of a model for the three- dimensional structure of spinach

RbuP2 carboxylase/oxygenase. The model was derived from 5n

isomorphous electron density map with phase angles revised by

four-fold averaging and has been briefly described (Andersson al al.,

1989; Knight al al., 1989). Residues subjected to mutagenesis, other

residues in their vicinities, and the location of the substituted

residues in the context of the holoenzyme were examined on a graphics

display using FRODO (Jones, 1985). Mutants were modeled by

substitution of appropriate side chains.

RESULTS

Comparison of sequences of the small subunit of RbuP2

carboxylase/oxygenase from many organisms reveals several regions of

evolutionary sequence conservation (Andrews and Lorimer, 1987).

Residues in each of three of the largest regions were targeted for

mutagenesis. The mutations were designed so that the resulting

collection of mutant proteins would include substitutions of

dissimilar amino acids as well as conservative changes. Twenty-two

mutants were recovered, resulting in substitutions at 23 of the 109

residues in the 5aaaaaaa small subunit. Four of the mutations have

been described in a previous report (Fitchen al al., submitted); the

locations of the eighteen mutants described in this paper, and the

sequence of S, are shown in Figure 2.
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Fig. 2. Location of substituted residues in the primary sequence.

The substitutions resulting from the mutants described in this paper

are shown above the deduced amino acid sequence of the wild-type

small subunit of RbuP carboxylase/oxygenase from Anabaena 7120

(Nierzwicki-Bauer al 51., I984). Pairs of residues substituted in

double mutants are connected by solid lines. The amino acid sequence

of the small subunit of the enzyme from spinach (Martin, 1979,

corrected in Takruri al al., 1981 and Knight al al., 1989) is shown

below the Anabaena sequence. Identical residues in the two sequences

are indicated by -; similar residues are indicated by'. Other

residues occurring at each position in a collection of 16 other

higher plants and one other cyanobacterium for which deduced small

subunit sequences have been reported are shown below the spinach

sequence. Sequences are from Adams al al., 1987; Baszczynski al al.,

1988; Bedbrook al al., 1980; Berry-Lowe al al., 1982; Broglie al al.,

1983; Greenland al al., 1987; Lebrun al al., 1987; Mazur and Chui,

1985; McKnight al al., 1986; Shinozaki and Sugiura, 1983; Smeekens

al., 1986; Smith al al., 1983; Steikema al al., 1983;Tumer al al.,

1586; Waksman and Freyssinet, 1987; Xie and Wu, 1988; and Yamamoto

a_., 1988.
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Possible effects of the substitutions on the folding of the

mutant proteins were predicted using the algorithm of Chou and Fasman

(Chou and Fasman, 1978) to predict secondary structures in the

wild-type small subunit and in each mutant small subunit (results not

shown). The predictions for the wild-type Anabaena small subunit

agreed well with the structures observed in the spinach small

subunit, predicting all four beta-strands and one out of two

alpha-helices. Proteins with substitutions of Pro 19Sz-’>His,

Trp 70$ 4Arg, Phe 75$ ”Tyr, or Phe 104$ —»Cys and Asn 106$ -—-rTyr

were predicted to have structures differing from wild-type in the

vicinities of the substitutions. Proteins with substitutions of

Thr 145 *Asn, Leu 155 whis, Ile 99S—9Phe and Phe 104$ ——>Ile, or

Ile 99S +Asn and Arg 100$ —u6er, were predicted to have slight

changes in the length of one or two structures in each case.

The effects of the substitutions on activity and assembly were

studied using expression of L and mutant S in E. 5911. The plasmids

directing expression of wild-type Anabaena 7120 RbuP2

carboxylase/oxygenase L and S subunits have been previously

described, as has the demonstration of functional enzyme in extracts

of E, $911 transformed with these plasmids (Fitchen 31 al.,

submitted). DNA fragments containing the mutant rbgfi coding regions

were subcloned into pUC19 to create plasmids analogous to the

wild-type S-expressing plasmid and the effect of the mutations on

activity and assembly, when expressed in E. coli in conjunction with

the large subunit, was determined.

Catalytic activity was measured as RbuP2 dependent incorporation

of radioactivity from l4C-bicarbonate into acid-stable forms (see



120

Methods). Oxygenase activity was not measured because the relative

substrate specificity for 02 and C02 is a property determined solely

by the large subunits (Andrews and Lorimer, 1985). Because our

earlier studies suggested that assembly was likely to be impaired in

some mutants (Fitchen g1 al., submitted), activity was measured on

relatively crude preparations to avoid the possible loss of an

aberrant, but still partially assembled, enzyme. A very low level of

activity (up to 40 pmol CO2 fixed/min/mg protein) was detected in

extracts from control E. coli not expressing small subunits. This

was probably due to residual activity of L octamers (Andrews, 1988)

and set the lower limit of detectable activity in our system at 0.2%

of the activity in wild-type extracts. The levels of carboxylase

activity in extracts with the mutant small subunits are shown and

compared to the level in wild-type extract in Figure 3. A complete

range of activities was found for the different mutants, extending

from several which did not have any detectable activity, to three in

which activity was higher than wild-type.

Assembly of the mutant small subunits into holoenzyme was

investigated by separation of assembled holoenzyme from unassembled

small subunit on sucrose density gradients. Small subunit protein

sedimenting at or near the position of wild-type holoenzyme was

resolved by SDS-PAGE and detected by western blotting. The

sensitivity of our detection was such that S could be detected at

levels less than 2% of those found with wild-type S (data not shown).

The relevant regions of the western blots are shown in Figure 3.

Many of the mutant extracts were found to contain reduced or

non-existant levels of S assembled into holoenzyme. Inspection of
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Fig. 3. Carboxylase activity and extent of assembly of holoenzyme

in extracts containing mutant small subunits. Activity is expressed

as nmol C0 fixed/min/mg protein and was assayed on a crude extract

of dually Eransformed (expressing the large subunit and native or

substituted small subunits of RbuP2 carboxylase/oxygenase) E. coli.

The activities are the mean (+/- S. D.) calculated from three

separate experiments. The activities are also expressed as a percent

of the activity measured in wild-type extracts. The last two columns

are sections of western blots of SDS-PAGE gels after immunodetection

of small subunits. The samples for the lanes in the 185 column were

taken from sucrose gradients used to separate holoenzyme from

unassembled small subunits and contained equal volumes of gradients

which had been loaded with equal amounts of protein. The pellet

samples were from unwashed 10,000 x g pellets of the ultrasonically

disrupted cells and were prepared by partial solubilization in

boiling SDS-PAGE sample buffer (Laemmli, 1970).
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Phe 1 158 —> Leu      

Figure 3

 



123

the results shows an apparent correlation between activity and

assembly. That the reduced levels of activity and assembled S are

not due to failure of the expression system can be seen from the last

column of Figure 3 which shows the presence of mutant 5 in unwashed

pelleted material from crude extracts of the mutant cultures.

DISCUSSION

Several previously reported examples prove that the correlation,

observed for the mutants made here, between extent of assembly and

level of activity is not absolute. Mutations resulting in Trp to Phe

substitutions at residues 6752 and 705 [Voordouw gt al., 1987

(designated therein as residues 54 and 57)] of the small subunit from

the cyanobacterium Agacystjs nigglans were made and the mutant

protein was expressed with A. nidulans large subunits in E. 9911.

The Vmax of RbuP2 carboxylase/oxygenase containing these substituted

small subunits were found to be 44%.and 37% (respectively) of wild

type. A hybrid enzyme, assembled in 111:9 from Synggngggggus large

subunits and spinach small subunits, which is similar to introducing

about 65 mutations simultaneously into the cyanobacterial small

subunit sequence3 , was found to have a vmax about half that of the

non-hybrid reconstituted Syngghgggggus enzyme (Andrews and Lorimer,

1985). Preliminary data for additional mutations in LQQ§ of A.

njdulans which result in decreased levels of activity in crude

extracts have been reported (McFadden and Small, 1988). Each of the

mutants was found to have at least a low level of catalytic activity,
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but the impact of these mutations on assembly has not been assessed.

That there are no demonstrated examples of small subunit mutants

which completely block activity without concommittantly blocking

assembly, however, suggests that many of the amino acid residues and

intersubunit interactions required to bring about the conformational

shift in the large subunits leading to full activity are the same as

those required for subunit association.

It is possible that the mutant small subunits were incorrectly

folded and thus unable to associate with the large subunits for gross

structural reasons. Additionally, and possibly as a result of

incorrect folding, some of the mutant small subunits may have been

more succeptible to proteolytic degradation by intracellular E. ggli

proteases. He addressed the question of incorrect folding,

indirectly, by comparing predicted secondary structures in wild-type

and mutant small subunits. Markedly altered secondary structures,

which could lead to aberrant folding, were predicted for only four of

the mutant proteins, only one of which was a mutant lacking activity.

Demonstration of intact small subunit protein in crude extracts

showed that even if proteolysis was accelerated in some cases, it was

not complete in any mutant. I

To explore the possibility that the different classes of mutants

could be due to the mutations being in different domains of the

protein, we examined a model for the three dimensional structure of

spinach RbuP2 carboxylase/oxygenase. The model is based on x-ray

crystallographic data from the spinach enzyme and has been described

(Andersson g1 31., 1989; Knight g1 31., 1989). Although the

sequences of small subunits from Anabaena and spinach are only 41
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percent identical, the residues in the regions which we targeted for

mutagenesis are more highly conserved (see Figure 2), and the

secondary and tertiary structures of the small subunit are expected

to be highly conserved. The three dimensional location of the

residues mutated to produce each of the three classes of mutants is

shown in the context of the structure of the small subunit in Figure

4. The different classes do not appear to be segregated to different

regions of the protein. The lack of clustering of the mutants

blocked or impaired in assembly to any one area of the small subunit

suggests that determinants of association are not restricted to an

“assembly domain" in the cyanobacterial small subunit, although some

caution must be exercised in drawing conclusions as only limited

regions of the protein were subjected to mutational analysis. This

distribution contrasts with results recently reported (Nassman gt

al., 1989) suggesting that a region near the middle of the primary

sequence of the higher plant small subunit constitutes an "assembly

domain”. Interestingly, the region identified in their experiments

represents the most extensive sequence divergence between

cyanobacterial and plant RbuP2 carboxylase/oxygenases, and is not

present in the cyanobacterial protein (see Figure 2).

In examining the three-dimensional structure in more detail to

try to understand how the substitutions resulting in the intermediate

class of mutants could interfere with assembly without entirely

preventing it, we looked for two things: first, we wanted to

identify what interactions with other residues would be disrupted by

the substitution; second, we tried to roughly evaluate the

importance of these disrupted interactions to L-S association in
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Fig. 4. Location of mutants belonging to each of three classes in

a model for the three-dimensional structure of the small subunit.

The model was derived from x-ray crystallographic data for the

spinach enzyme. A, The small subunit (bold lines) shown in relation

to two dimers of large subunits. In the complete holoenzyme two more

dimers are located directly behind the two shown here. The small

subunits are situated in the crevices between large subunit dimers,

with four clustered at the top and four clustered at the bottom. 8,

Stereo-drawing showing the position of residues which, when

substituted, blocked carboxylase activity and prevented the assembly

of holoenzyme (or reduced it to below 2% of wild-type which was the

limit of detection in our system). Filled circles are positions of

substituted residues in single mutants (135, 155, 215, 675, 708, 735,

985, and 1058). Open circles are substituted residues in double

mutants (995, 1005, and 1045). C, Stereo drawing showing the

position of residues which, when substituted, resulted in holoenzyme

and activity levels between 2% and 70% of wild-type. Filled circles

(residues substituted in single mutants) identify positions 145, 193,

205, 755, 104$, 1095, and 1105. Open circles (residues substituted

only in double mutants) identify positions 106$, 1155, and 1165. 0,

Stereo drawing as in B and C showing location of those residues

which, when substituted, did not have a deleterious effect on

assembly or activity (163, 665 and 1025).
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order to understand the observed difference between these mutants and

mutants in which formation of stable holoenzyme was completely

blocked. Two mutations for which these two criteria are particularly

well met are the mutations resulting in Phe 755 to Tyr and Phe 1045

to Leu which reduced assembly by approximately 80% and 40%

respectively. In the wild type, both of these evolutionarily

conserved hydrophobic residues contribute to the same hydrophobic

patch on the surface of the small subunit as shown in Figure 5a.

This patch makes an important hydrophobic interaction with the large

subunit (especially leucine 74L) and its disruption by substitution

of His for Pro 735 completely prevented assembly of stable holoenzyme

(Fitchen g1 al., submitted). In the case of Phe 758-5Tyr the

addition of a hydroxyl group at the C(zeta) position of the existing

phenylalanine would increase the polarity of the region, making it

less suitable for interaction with the hydrophobic Leu 74L.

Alternatively, the location of the residue near the solvent-exposed

surface of the protein in the holoenzyme would allow the side chain

to rotate around the Ca-Cb bond, effectively removing the residue

from the hydrophobic patch as represented in the model in Figure 5b.

This rotation would, however, decrease the hydrophobic surface

available for interaction with Leu 74L. In the case of Phe 104$

Leu, the substitution does not require repositioning of the side

chain, but the smaller size of the Leu side chain reduces the area of

the ”hydrophobic target” presented to Leu 74L and would be predicted

to decrease the strength of the hydrophobic interaction. Neither of

these two substitutions, however, would be predicted to have as much

of an effect on the hydrophobicity of this microenvironment as would
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Fig. 5. Drawings from model for the three-dimensional structure of

RbuP carboxylase/ oxygenase. A, stereo drawing showing the

inteEsubunit hydrophobic pocket in which residues Phe 755 and Phe

1045 are situated. All atoms shown in the upper-left belong to the

large subunit; the residues in the lower-right are from the small

subunit. 8, Possible structural effect of a Phe (dotted lines) to

Tyr (bold lines) substitution at position 755. The orientation of

the Tyr side-chain shown here is arbitrary. C, Structural

representation of Phe (bold and dotted lines) to Leu (bold lines)

substitution at position 1045. Local rearrangements of neighboring

residues which might occur in response to the substitution are not

shown.



mmesmwu

 
om?



131

the Pro 735 ->His substitution. Their less drastic impact on the

suitability for interaction with Leu 74L could be responsible for the

intermediate phenotype of these mutants. Of the two, the Phe 755-v'

Tyr substitution would be predicted to have the greater effect on

hydrophobicity, and the reduction in assembly caused by this mutation

is observed to be greater than the reduction for Phe 104$ Leu.

In addition to demonstrating that many of the residues of the

small subunit are important for assembly of RbuP2

carboxylase/oxygenase, the results of the mutants in this collection

are significant in that they reflect the pathway of holoenzyme

assembly. In higher-plant chloroplasts, assembly of RbuP2

carboxylase/oxygenase is mediated by the binding of a nucleus-encoded

protein to the large subunits (Barraclough and Ellis, 1980; Cannon gt

al., 1986; Ellis and van der Vies, 1988) This protein is a member of

a recently described class of proteins involved in macromolecular

assembly called chaperonins (Hemmingsen gt 31., 1988). The presence

of a chaperonin in cyanobacteria has not been demonstrated (Mcfadden

and Torres-Ruiz, 1988), but a recent experiment showed that the E.

g911_chaperonin (comprised of the firgES and firgEL gene products and

homologous to the.chloroplastic chaperonin) is required for assembly

of RbuP2 carboxylase/oxygenase subunits from cyanobacterial gbgt and

ngfi genes expressed in E ggli (Goloubinoff gt 31., 1989). Our

explanations for how the Phe 755 to Tyr and Phe 1045 to Leu

substitutions could interfere with assembly, and consequently

catalysis, have as their basis the disruption of association of the

small subunit with the large subunit. Inspection of several of the

other mutations presented here suggested that they too may result in
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reduced assembly through interfering with docking of the small

subunit (structures not shown). Additionally, contact site analysis

provided plausible explanations for the failure to assemble of the

Glu 13S +Val, Trp 67S ->Arg, Pro 73$+His, and Tyr 98$—>Asn mutants

from this collection which were analyzed previously (Fitchen gt al.,

submitted). Further, we were not able to identify a group of

mutations whose position on the small subunit would suggest a binding

site or interface for interaction with another protein. Together

these results suggest that the determinants of incorporation of the

small subunits into holoenzyme are resticted to the small and large

subunits, and the structural interactions between them. This

conclusion is consistent with the ability of isolated small subunits

to reassociate with large subunit octamers in vivo without

involvement of other proteins (Andrews and Abel, 1981), and supports

the involvement of chaperonin being limited to the assembly of large

subunit octamers in chaperonin-assisted assembly of RbuP2

carboxylase/oxygenase.
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FOOTNOTES

footnote 1

The abbreviations used are: RbuP2, ribulose

1,5-bisphosphate; S, small subunit of RbuP2

carboxylase/oxygenase; ragg, gene encoding S; L, large

subunit of RbuP2 carboxylase/oxygenase; 525;, gene encoding

L; SOS-PAGE, sodium dodecyl sulfate-polyacrylamide gel

electrophoresis.

footnote 2

Residue numbering used throughout this paper is that of the

spinach enzyme. Large subunit residue numbers are followed

by an L; small subunit residue numbers are followed by an S.

footnote 3

The sequence of the small subunit from ExagQNQggggag

ACMM323, used to make the hybrid enzyme is not known. The

deduced amino acid sequence of the small subunit from

Exaggnggggggg PCC6301 (Shinozaki and Sugiura, 1983) was used

for comparison with the spinach sequence (Martin, 1979 as

corrected in Takruri gt al., 1981

and Knight gt al., 1989). '



Chapter 6

CONCLUDING REMARKS

INTRODUCTION

In this dissertation I have described the development of plasmid

systems for expression of RuBisCO subunits in E. gall, and have

presented the results of experiments making use of one of these

systems to study the function of individual residues in the small

subunit. In this chapter, the major conclusions from my experiments

are listed and the utility of these, and similar, systems is

reviewed. Directions in which future investigation of the function

of the small subunit and its individual residues could progress

beyond the experiments reported in the previous two chapters are

discussed.

RESULTS FROM EXPERIMENTS HITH RuBisCO EXPRESED IN E. gall.

System expressing Z. mayg large subunit.

- Analysis of extracts of cells bearing a Z. mayg RuBisCO

large subunit expression plasmid showed that large subunit

protein could be correctly synthesized and accumulate to

high levels in E. gall.

138
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- Results obtained with this expression system suggested

that, if the large subunit were proteolytically processed

in ylya the size of the removed peptide was less than

previously hypothesized (1). Subsequent studies have

confirmed this by demonstrating that the mature protein

sequence begins at the third encoded residue (2).

- Analysis of the solubility of the large subunit produced,

showed that the majority of the protein was in a rapidly

sedimenting fraction of the bacterial extracts. This was

true for several clones, expressing varying levels of large

subunit protein. The observed insolubility was consistant

with earlier biochemical results obtained by dissociation

of the enzyme (3), and showed that the previous results had

not been a consequence of the denaturing conditions used to

dissociate the subunits.

System expressing 1. maxg small subunit.

- A fusion protein consisting of seven amino acids of

B-galactosidase fused to the amino terminus of the mature

Z. mayg small subunit was shown to accumulate to high

levels in cultures bearing appropriate eXpression plasmids.

- The small subunit fusion protein was almost completely

sequestered into a rapidly sedimenting fraction of the

bacterial extracts.

System expressing Z. mayg and Anagagna PCC 7120 large and small

subunits in homologous and heterologous combinations.

- Co-expression of both 1. mayg RuBisCO subunits in E. gali

did not result in holoenzyme assembly or catalytic
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activity.

- Co-expression of z. mayg large subunits with the precursor

form of the Z. mayg small subunit, also did not result in

either holoenzyme assembly or catalytic activity.

- Co-expression of both Aaaaagaa subunits resulted in

assembly of normal RuBisCO holoenzyme, even if the genes

for the two subunits were on separate plasmids.

- Co-expression of Aaaaagaa large subunits with z: mayg small

subunits resulted in an active enzyme with sedimentation

properties similar to wild-type holoenzyme.

- Co-expression of Z. mayg large subunits with Aaaaagaa small

subunits did not result in holoenzyme assembly or activity.

- The results of these combinations are consistent with there

being a factor necessary for assembly, with specificity for

Aaaaagaa large subunits, and without specificity for one or

the other small subunits. In light of subsequent results

from other laboratories on the role of chaperonin in

RuBisCO assembly (4), and the demonstration that the

endogenous E. gall chaperonin participates in assembly of

cyanobacterial RuBisCO in E. gall (5), it is likely that

the E. gall chaperonin (GroES and GroEL gene products)

confers this specificity.

Mutational analysis of the Aaaaagaa small subunit

- Residues in all three evolutionarily-conserved regions of

the small subunit are important for association of the

small subunit with the large subunit.

- Both hydrophobic and electrostatic interactions are
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important for association of small subunits with large

subunits.

- Many mutations in [aa5 (the gene for the small subunit)

resulted in reduced levels of assembled holoenzyme. The

residues substituted in these mutants were not localized to

a single cluster, either in the primary sequence or in the

three-dimensional structure of the enzyme. At least in

some cases, the molecular interactions which inspection of

the three-dimensional structure suggested were interrupted

by the substitutions were of the same nature as those

disrupted in mutations in which assembly was completely

blocked.

- No mutations were recovered with a significant reduction in

activity in bacterial extracts without a parallel reduction

in the amount of assembled holoenzyme. Hith more than a

fifth of the residues of the small subunit represented in

the sample (including most of the conserved residues), this

suggests that the small subunit residues essential for

full catalytic activity are the same as, or substantially

overlap, the residues required for association of the small

subunits with the large subunit core.

- No cluster of residues identifiable by substitution and

suggestive of a site on the small subunit for interaction

with chaperonin could be discerned from our collection of

mutants.
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ADVANTAGES OF SYSTEMS EXPRESSING RuBisCO IN E. gall

Most of the results described above could not have been achieved

with RuBisCO isolated from plants, and could only have been derived

from a expression of RuBisCO subunits in an organism amenable to the

tools of molecular genetics. In the case of the systems for

expression of individual subunits described in chapter two, the

systems developed provided a source for each of the subunits without

possibility of contamination by the other and without the need for

denaturing conditions. In the case of the combinations of subunits

described in chapter three, the two that resulted in activity

(cyanobacterial large subunits and either cyanobacterial or higher

plant small subunits) could be assembled la yltra, but the other two

combinations, although not able to be assembled in E. gall either,

could not even be attempted la 111:9 because higher plant large

subunit cores proved impossible to isolate (6). Most importantly,

many of the mutants reported in chapters four and five could not have

been studied in plants because of the background of wild-type small

subunit, as discussed in chapter one. They would also have been

impossible to study in, for example, cyanobacteria because there are

no established procedures for the growth of the readily transformable

cyanobacteria without RuBisCO activity. (This may change in the near

future, and should be entertained as a possible alternative to E.

gall expression systems as it would add the possibility of genetic

selections on the basis of RuBisCO activity.) At least at the time

of these experiments, the ease with which mutant genes could be

introduced, and the altered proteins isolated, was unique to systems

based on expression in E. gall and was essential for analysis of any
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sizable collection of directed mutants.

The RuBisCO expression systems described in this thesis are not

unlike others developed concurrently in other laboratories (reviewed

in 7). The experimental uses to which the other systems have been

put further demonstrate the utility of such systems in general. An

important example is the demonstration by Andrews (8) of RuBisCO

activity in cyanobacterial large subunits in the absence of small

subunits. Because this activity is very low compared to holoenzyme

activity, and because small subunits are difficult to detect with

sufficient sensitivity, it was not possible, previously, to exclude

the possibility that the levels of activity detected in

small-subunit-depleted preparations of large subunits were the result

contamination by traces of un-dissociated small subunits. The use of

an E. gall expression system provided a source of large subunits in

the complete absence of small subunits, and made the experiment

conclusive. Similarly, the demonstration by Goloubinoff gt al. (5)

of the requirement for chaperonin for holoenzyme assembly was only

feasible using RuBisCO expressed in E. gall. It depended on being

able to regulate RuBisCO biosynthesis experimentally, and made use of

characterized chaperonin mutants available in E. gall. Neither the

easily manipulable RuBisCO genes, nor the necessary mutants were

available in any photosynthetic organism.

REMAINING QUESTIONS AND FUTURE APPROACHES

The question "how does the small subunit effect catalytic

competence in the large subunits?" remains unanswered. The

demonstration by Andrews (8) that large subunits have all the
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residues mechanistically required for catalysis, and the results from

X-ray crystallography (9,10,11,12) showing that the small subunits

are at the poles of the enzyme, distant fron the active sites, merely

show that its mode of action must be indirect. The results of my

experiments (and similar results from the experiments of others) have

increased our understanding of the function of individual residues,

but did not resolve the question of how the small subunit has such a

substantial effect on catalysis.

Future experiments will have the pronounced advantage of having

been planned using insight gleaned from the three-dimensional

structures of form I and form II RuBisCOs. From detailed comparisons

of the arrangement of homologous residues in the form 11 enzyme and

in the large subunits of the form I enzyme it may be possible to

discover a structural difference, such as the orientation or position

of a beta-strand or alpha-helix, which could be attributed to the

presence and absence of the small subunit. For example, if, in the

spinach or tobacco structures an -helix were part of the -barrel

which forms the active site at one end, and near the binding site for

the small subunit at the other end, but were shifted in position at

the small subunit end relative to the position of the same strand in

the E. [aagam structure, it would be reasonable to propose that

interaction of these residues with small subunit residues might be

responsible for the shift in position and that this shift could be

transmitted to the active site. Such a proposal might be

experimentally tested in a system similar to the E. gall expression

system used in chapters four and five of this thesis by substituting

small subunit residues, selectively, to perturb but not completely
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disrupt, the critical interactions.

Alternatively, ragL could be modified and expressed in the

absence of small subunits. Although restoration to full activity by

mutation would probably be impossible, several concerted changes,

designed to mimic the presence of small subunits in the crucial

interaction area, might increase the residual activity of

small-subunit-free large subunit octamers. Such a mutant could

provide strong support for the hypotheses upderlying its design, and

might provide an understanding of the inherent limitations of the

dimeric architecture of the form 11 enzyme. In any case, a better

understanding of hay the small subunit functions would suggest

reasons for an! the more complex form 1 enzyme is so widely

distributed.

A second major unfinished research question involves the role of

chaperonin in RuBisCO assembly. Expression of RuBisCO subunits in E.

gall is well suited to experiments in this area as was demonstrated

by Goloubinoff at al. (5). Now that the higher plant chaperonin

genes are being/ have been cloned (13; R. J. Ellis, personal

communication), the obvious experiment is to determine if their

expression in E. gall, concurrently with both higher plant RuBisCO

subunits, results in assembly of higher plant holoenzyme in the

bacteria. Current models suggest that it would.

One aspect of this question is the determination of which

stage(s) of RuBisCO assembly require chaperonin. The antibody

inhibition data of Cannon at al. (14) suggest that chaperonin is

required, at least, for oligomerization of large subunits. la yltga

reassembly of isolated small subunits with cyanobacterial large
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subunit cores (6), without any requirement for chaperonin, suggests

that, for cyanobacterial RuBisCO assembly, the chaperonin requirement

is limited to assembly of large subunit cores, but the equivalent

experiment using higher plant large subunit cores cannot be performed

due to problems with insolubility (6). Indeed,there is evidence to

suggest that in higher plant chloroplasts, there is an association

between chaperonin and the small subunits (4). A system for

expression of higher plant RuBisCO in E. gall would allow one to look

for mutations in the small subunit gene that blocked assembly through

interference with the association of small subunit with chaperonin,

demonstrating the essential nature of the small subunit-chaperonin

interactions. Further, using temperature sensitive alleles of

chaperonin and temperature regulated promotors for expression of

individual subunits, or by construction of hybrid enzymes (plant

large subunits and cyanobacterial small subunits) not currently

obtainable, and exchange of small subunits it may be possible to

further clarify the stages of RuBisCO assembly in which chaperonin is

involved.

Even if comparison of form I and form 11 crystal structures does

not reveal differences suggestive of a possible mechanism for small

subunit action, and even if the expression of higher plant chaperonin

in E. gall concurrently with higher plant RuBisCO subunits does not

result in assembled holoenzyme, much further research on RuBisCO is

certainly justified. Gene expression studies on RuBisCO small

subunit genes (gagE) provided the first documented plant examples of

enhancers and biochemically-identified trans-acting factors. Studies

of transport of mutant RuBisCO small subunits and derivatives into
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chloroplasts have provided most of our current knowledge of the

requirements for transport and processing of nucleus-encoded

chloroplast proteins, and putative identification of a chloroplast

membrane import receptor (15). Studies of RuBisCO biosynthesis

contributed significantly to the discovery and understanding of

chaperonins and the recognition of their widespread importance.

Analysis of a mutant unable to activate RuBisCO la ylya led to the

surprising discovery of RuBisCO activase. There is no reason to

believe that there are not more discoveries yet to be made.
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