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ABSTRACT

Phosphoribiilokinase (PRK) is a key light-regulated Calvin cycle enzyme which

is deactivated by the formation of a disulfide bond between sulfhydiyl groups. To be

able to examine the enzyme's catalytic and regulatory mechanisms with the technique of

site-directed mutagenesis, an expression/mutagenesis system was developed. A Xgtll

Ubrary was constructed from spinach leaf poly A"*" RNA. Qones containing the entire

mature-length enzyme were identified using rabbit polyclonal antibody raised against

spinach PRK The DNA sequence encoding mature-length PRK was determined: it

encodes 351 amino acids with a calculated mass of 39,232 daltons and has a pi of 5.92.

A PRK clone was modified so the mature-length protein would be oqiressed from the

prk gene when inserted into an expression/mutagenesis vector. The resulting phagmid,

pSMlOO, was introduced into Escherichia coli MV1190 and PRK indistinguishable in

activity and mobility on SDS-polyaciylamide gels from the native enzyme was detected

in crude extracts of these transformed cells.

The initial issue addressed using site-directed mutagenesis was whether any of

the four PRK cysteinyl residues, particularly those involved in light-regulation, have a

role in catalysis. Thus, all four cysteinyl residues were replaced (individually) by either

serine or alanine. The activities of the eight mutant kinases were determined in crude

cell-free ̂ tracts. Extracts of position 16 and 55 mutants were purified partially and the

Kjjj values for the PRK substrates ATP and ribulose-5-phosphate (Ru5P) were

measured. Results using both crude and partially purified extracts indicate that the

sulfhydiyl groups of Q^16, Cys244, and Cys250 are non-essential for structure or

catalysis. PRK substituted at position 55 with either serine or alanine, however, had ten

fold lower kjjgj and 4 to 8-fold higher for Ru5P than wild-type enzyme. This
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indicates C^5 has a facilitative role in catalysis and may be part of the sugar substrate

binding domain of PRK

The Serl6 and SerSS mutant proteins were also examined for their reactivity with

the sulfhydryl reagent Af-ethylmaleimide. The refractiveness of the C^16 mutant protein

and sensitivity of the wild-type and Cys55 mutant proteins to inactivation by NEM

indicates Cysl6 was the modified residue. The hyper-reactivity of Cysl6 to NEM and

a number of other reagents suggests that it is ako the initial target for attack by the in

vivo oxidant (oxidized thioredoxin) which causes raddative deactivation of the enzyme.
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ABBREVIATIONS
Amino acid(s) =

Ala or A, alanine Leu or L, leucine
Arg or R, arginine Lys or K, lysine
Asn or N, asparagine Met or M, methionine
Asp or D, aspartic acid Phe or F, phenylalanine
Qrs or C, cysteine Pro or P, proline
Gin or Q, glutamine Ser or S, serine
Glu or E, glutamic acid Thr or T, threonine
Gly or G, glycine Trp or W, tryptophan
His or H, histidine Tyr ot Y, tyrosine
lie or I, isoleucine Val or V, valine

ATP = adenosine 5'-triphosphate

Ap = ampicillin

Bluo-gal = halogenated indolyl-fi-galactoside

Bicine = N,A/''-bis(2-hydroxyethyl)glycine

bp = base pair(s)

cDNA = DNA complementary to RNA

Cm = chloramphenicol

cpm = coimts per minute

DCC = dicyclohexylcarbodiimide

DNA = deonyribonucleic acid

dN IPs = deo?^ucleotide triphosphates

DTT = dithiothreitol

E. coli = Escherichia coU

EDTA = ethylenediaminetetraacetic acid

IPTG = isopropyl-B-D-thiogalactopyranoside

kb = kilobase(s), or 1000 bp

kDa = kilodaltons, or 1000 daltons
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= Michaelis-Menten constant

LB = Luria-Bertani medium

= relative molecular mass

mRNA = messenger RNA

NaOAc = sodium acetate

NEM = A/'-ethylmaleimide

ORF = open reading frame

PAGE = polyacrylamide-gel electrophoresis

pfu = plaque forming unit(s)

Pollk = Klenow (large) fragment of E. coU DNA polymerase I

PRK = phosphoribulokinase

R. rubrum = RhodospiriUum rubrum

ribulose-P2 carboxylase = ribulose bisphosphate carboxylase/oxygenase

rbc gene = gene coding for ribulose-Pj carboxylase

rbs = ribosome binding site

RF = replicative form

Ru5P = D-ribulose-S-phosphate

Rubisco = ribulose bisphosphate carboxylase/cnqrgenase

SDS = sodium dodec^ sulfate

ss = single-stranded

tac = trp-lac hybrid promoter

Tris = Tri5(hydro;^ethyl)aniinomethane

Vmsa ~ maximum velocity

[] = designates plasmid-carrier state



CHAFTERI

INTRODUCnON

(a) Thesis Objectives

Phosphoribulokinase (EC 2.7.1.19) (PRK) is one of two enzymes unique to the

reductive pentose phosphate (Calvin) cycle, which is the primary pathway for CO2

assimilation. PRK catalyzes the synthesis of the substrate for COj fixation, ribulose-1,5-

bisphosphate from ribulose-5-phosphate and ATP, requiring Mg"*"*" as a cofactor. The

means by which PRK activity is regulated in autotrophs has been explored at length

(sections (b)-l,4 of this chapter). Higher plant PRKs are light-regulated by the

reversible oxidation/reduction of sulfhydryls/disulfides (12-15,22,132). In the case of

spinach, the two regulatory sulfhydryls (98) are located in the ATP-binding domain of

the active site (61,97,98,100,101). The means by which disulfide formation causes plant

PRK to be inactivated is not known.

To complement and extend information obtained by protein chemistry techniques

about PRK structure and function, a system for utilizing the technique of site-directed

mutagenesis was developed. Thus the roles of the two regulatory spinach PRK

cysteines, as well as that of any other desired residues (e.g. Cys244 and Cys250) could

be probed by substitution at the desired positions. In order to utilize site-directed

mutagenesis it was necessary to:



1. Create a spinach cDNA library in the bacteriophage A.gtl 1 using polyA"*" RNA

isolated &om spinach leaves;

2. Isolate a cDNA clone containing the entire coding sequence for mature-length

PRK firom the Xgtll library, using polyclonal rabbit anti-PRK antibody

(prepared using purified spinach PRK);

3. Determine the DNA sequence of the PRK cDNA by the dideoxy chain-

termination method;

4. Move the DNA fragment encoding PRK into the expression/mutagenesis

vector (pFL220, (68)), correctly positioned for the production of mature-

length PRK using the vector's promoter, and

5. Express the recombinant PRK vaEscherichia coU and ascertain (biochemically)

that wild-type PRK was being produced.

At the coimnencement of this thesis project (198S), there were no published

reports of a complete PRK sequence, or of the expression of a prk gene in E. coli. The

cysteinyl residues which form the regulatory disulfide in spinach PRK had not been

identified, and their roles in catalysis had not been assessed. The two regulatory

cysteinyl residues have recently been identified by comparing the 5-carbo}qrmethylation

patterns of reduced vs oxidized PRK (98). Derivatization (and en^rme inactivation) of

each of these two cysteines by several reagents was retarded by ATP, suggesting both

are located at the active site of spinach PRK (62,97-101). A lysyl residue has also been

located in the active site by protein chemistry techniques (84). The first reported

primary structure of PRK was that for spinach (Chapter IT, 109). Since then other PRK

sequences have been reported, including that of wheat (105), Chlamydomonas reinhardtu



(110), and several prokaryotic sources (38,60,78). Some of the prokaryotic PRK genes

have also been expressed in E. coU (59,42). A detaded account of the cloning,

sequencing, mq)ression in E. coU, and site-directed metagenesis of spinach PRK is

presented in Chapters II-IV. The remainder of this chapter is devoted to an overview

of the properties of prokaryotic and eukaryotic PRK, with emphasis on the latter.

(b) Propnties of Piokaiyotic and Eukaryotic PhnKphfirihnlftlrinaiK*

1. Bacterial phosphoribuloldnase

Many different tjq)es of bacteria are able to exist autotrophically by using CO2

as their sole source of carbon. The majority of these assimilate COj via the Calvin

reductive pentose phosphate pathway. Bacteria not utilizing this pathway include the

acetogens, the methanogens, and green photosynthetic bacteria (126), and will not be

considered further. PRK, located in the cytoplasm in these organisms (77), has been

characterized from a number of bacterial strains; a partial listing of these is presented

in Table Comparison of the PRK primary structures from A. eutrophus, R

sphaeroides, and X. flavus shows a high degree of homology among these bacterial

proteins (>60%) (38,60,78) (see Fig. I-l). The bacterial PRKs are either hexamers or

octamers of subumts of 32,000 - 40,000 daltons, having specific activities ranging from

about 30 to 140 units/mg PRK (1 unit of PRK converts one pmol Ru5P into

RuBP/minute). The exception is PRK from ThiobadUus neapolitanus, which has a

reported specific activity of 450 units/mg PRK (73). For the PRKs examined

^All tables are in Appendix A; all Ggures are located in Appendix B.
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(AlcaUgenes eutrophus, Chromatiwn sp. strain D, R. acidophUa), the Ru5P and ATP

saturation curves were sigmoidal, showing weak positive cooperativity for substrate

binding (2,45,107,117). Many bacterial PRKs show varying degrees of allosteric

activation by NADH (126) and are inhibited by AMP and phosphoenol pyruvate (PEP)

(see Hgure I-l). CO2 fixation is thus regulated by the availability of reducing power and

energy charge in anoxygenic bacteria. PRK from the oxygen-evolving cyanobacteria is

not subject to activation by NADH, and is instead regulated by light, as are the PRKs

of green algae and higher plants (76,21) (see section (b)-4 of this chapter).

Depending on the nutrients available in their environment, bacteria can adopt

a variety of distinct modes of growth. The levels and activities of Calvin cycle enzymes

are accordingly modulated, being highest during autotrophic growth (7,42,126). The

synthesis of PRK and of ribulose bisphosphate carlxn^lase/oxygenase (Rubisco), the two

enzymes unique to this pathway, are often coordinately regulated (see ref. 126 for

review). Recent studies with the chemolithotrophic bacterium A eutrophus (50) and the

phototrophic bacterium Rhodobacter sphaeroides (43,36-38) have shown that genes for

PRK and Rubisco are linked. Both strains of bacteria have two copies of the PRK gene

and the DNA sequences of these genes have been determined (60,91). A. eutrophus has

one copy of PRK on an endogenous megaplasmid (pHGl) and a second, nearly identical

copy (96% amino acid homology) of the gene, in its chromosomal DNA (50,58-60). In

both locations, the gene for PRK is about 3.8 kb downstream firom the gene encoding

Rubisco (50). TTie two PRK genes in R sphaeroides are slightly less homologous (89%

amino acid homology), and are located in separate, distinctly arranged chromosomal

clusters, A and B (37,38,43), with the following structures:



A cluster: -~fbpA--prkA~cfeA—rbcL—rbcS--

B cluster: —fbpB—prkB tklB gapB-cfitB—rbpI^-

(fbp, fructose bisphosphatase; cjx, unknown function; rbcl^S and rbpl^ two types of

Rubisco; tkl, transketolase; gap, glyceraldehyde-3-phosphate dehydrogenase).

It is not known why two PRKs exist in these species, though it may be related to their

great nutritional versatility (126). It is unclear whether prk gene duplication is a

common feature of prokaryotes.

PRK may also be coordinately regulated and expressed with the Calvin cycle

enzyme fructose-l,6-bisphosphatase (FBP), In R. sphaeroides, fbp and prk from both

cluster A and cluster B are co-transcribed as part of an operon with other Calvin cycle

genes (37,38). A complex of PRK and FBP has been isolated from Rhodospirillum

rubrum (53), and it has been suggested that these two enzymes form a macromolecular

complex after protein synthesis in autotrophic bacteria (38). The genes for FBP and

PRK are also linked in the prokaiyote Xanthobacterflavus H4-14, as shown by sequence

analysis of a genomic DNA fragment encoding both enzymes (78).

2. Physical properties and genetic organization of algal and higher plant

phosphoribuloldnase

In higher plants and algae, the active form of PRK is a dimer of subunits of

about 40 kDa, in contrast to the prokaiyotic kinases, which are hexamers or octamers

of somewhat smaller subunits (see Table I-l). Higher aggregates containing PRK

have been isolated from darkened chloroplasts (section (b)-4 of this chapter). PRK is



maximally active at pH 7.9 (3,124,49), which is the pH of illuminated chloroplasts. The

temperature optimum for catalysis has not been rigorously established, though the

temperature-dependent fluorescence emission profile of reduced PRK shows a sharp

transition above 30°C (Dr. F.C. Hartman, personal comm.), indicating PRK is unfolding.

The enzyme is located in the chloroplast stroma, though some of it may be loosely

associated with chloroplast membranes (12^0).

PRK is encoded by a nuclear gene and is synthesized on cytoplasmic ribosomes

(5,27,29,54,114) with an amino-terminal transit peptide which is cleaved during or after

its entry into the chloroplast (105,109,110,Chapter II). Analysis of Southern blots of

wheat (19) and C reinharddi (110) DNA indicates that the pik gene is present in a

single copy (per haploid genome). The prk gene does not seem to be linked to the

genes of other Calvin cycle enzymes, based on evidence that in wheat, Calvin cycle genes

are scattered over a number of chromosomes (19), with prk located on the long arms of

the group 6 chromosomes.

PRK has been isolated and kinetically characterized from the green algae

Chlamydomonas reinhardtU (110) and Scenedesmus obliquus (71,89), and from a number

of plants including maize (6), tobacco (54), wheat (124), pea (3), and spinach

(49,61,70,96). These PRKs have similar specific activities and affinities (K^ values) for

their substrates, ATP and Ru5P, and the substrate saturation curves follow Michaelis-

Menten kinetics, unlike those of prokaryotic PRKs (see section (b)-l of this chapter).

The K^(ATP) is in the range of 63 - 100 /iM (34,49,67,73,99,110,124,Chapter IV)

(though values from 30 to 710 fiM have been reported for spinach PRK (67,73)).

Published values for the K^(Ru5P) range from 25 - 250 pM

(33,34,49,53,99,110,124,Chapter IV). The specific activities of most of these kinases are



about 400 units/mg, somewhat higher than that of prokaryotic PRKs (see Table I-l).

3. The primary structure of eukaryotic PRKs

The primary structure of spinach (Chapter 11,109), wheat (105) and C. reinhardtii

(110) PRK has been determined by sequencing their cDNAs. The mature subunits of

spinach and of wheat PRK subunits are very closely related: they both contain 351

amino acids (39.2 kDa), and have identical residues in 86% of the positions (105). Their

transit peptides are also of similar size: 51 amino acids in spinach PRK, and 53 amino

acids long in wheat PRK though they have only 46% identity (105). PRK from the

green alga C. reinhardtii is also similar in size (344 amino acids, 38.5 kDa) and structure

(75% amino acid identity) with a calculated pi of 5.75, compared to that of spinach

(pl=5.92) (110). Its transit peptide, however, is 20 amino acids shorter (31 amino acids)

and shows little homology to that of spinach or wheat PRK

Despite the difference in their primary structures, the transit peptides from

wheat, C. reinhardtii, and spinach, they share some common amino acid motifs. These

motifs are part of a consensus derived from an mctensive analysis of transit peptide

sequences (57). Thus, all three transit peptide sequences are rich in the hydroxylated

residues (serine, threonine) and in the small hydrophobic residues (valine, alanine), while

they have few or no acidic residues.

A comparison of available primary structures of prokaryotic and eukaryotic

mature-length PRKs (Figure I-l) shows that there is very little homology (about 15%)

between the two groups, unlike the high conservation seen among the members within

each group ( > 60% for prokaryotes, >70% for eukaryotes). This diversity is

instructive, however, as conserved regions may represent functionally important parts of



the molecule. There is a conserved region at the N-terminal of all PRKs (residues 14-

20; numbering based on aligned PRK sequences) which is homologous to a consensus

ATP-binding sequence (G-X-X-G-X-GSK)(46), as noted by Porter (97) in the native

spinach kinase (see Figure 1-2). The cysteinyl residue within this region was

demonstrated to be in the ATP-binding domain of the (spinach PRK) active site by

chemical modification studies (see sections I(b)-4,5). Another, somewhat less conserved

segment encompasses amino acids 54-70. Two residues in this region (CysSS and Lys68)

have also been assigned to the ATP-binding domain of the active site (84,100,101).

Other regions suggested as conserved span amino acids 146-149, 178-193, and 199-213

(60).

4. Regulation of PRK activity in oiqrgenic autotrophs

PRK is a key control point for the flow of carbon in the Calvin cycle: it catalyzes

an essentially irreversible reaction and its activity in chloroplasts is comparable to the

rate of photosynthesis (31,34,67). Due to its pivotal role, the activity of PRK is highly

regulated. Studies with reconstituted systems attempting to mimic in vivo chloroplast

conditions indicate that in vivo, PRK is active in the light and inactive in the dark

(30,3134,67,69,130).

Light activates PRK by reducing a disulfide group (98) via the

ferredoxin/thioredoxin system (12-15,22,132); DTT or reduced thioredoxin mimic the

effect of light in vitro (30,69,132). Studies with PRK isolated from spinach identified the

two intrasubunit cysteines comprising the regulatory disulfide as Cysl6 and Q«55 (98);

the two cysteines have been located in the nucleotide-binding domain of the PRK active

site (61,97,98,100,101). The in vivo oxidant has not been conclusively identified, though



oxidized thioredoxin seems a logical choice (98,101,Chapter IV). The means by which

oxidation (disulfide bond formation) causes PRK inactivation is not presently

understood. Oxidation is not necessarily accompanied by gross conformational changes,

since (a) the regulatory cysteines are both located in the ATP-binding domain of the

active site and are presumably spatially proximal to each other (100), (b) the oxidized

enzyme can still bind its substrates (6,99) (Kj^ (ATP) is about 20-fold higher for oxidized

than for reduced PRK; (Ru5P) for oxidized PRK has not been determined), and (c)

significant differences between the oxidized and reduced enzyme have not been detected

by fluorescence studies (35). Chemical modification studies (100,101) and site-directed

mutagenesis (Chapter IV) indicate that a combination of steric effects, minor

conformational changes, and removal of a catalytically facilitative cysteine (by its

participation in a disulfide bond) account for PRK deactivation (Chapter IV).

A number of stromal metabolites and ions also regulate PRK activity. Some of

the effectors are competitive inhibitors for the substrate ribulose-5-phosphate, including

6-phosphogluconate, ribulose-l,5-bisphosphate, 3-phosphoglycerate, fructose-1,6-

bisphosphate, and P^^ (33,34). PRK activity is also regulated by the relative

concentrations of ATP and ADP (67,70), ADP being a strong competitive inhibitor of

ATP (34). The pH and concentration of Mg"^"*" also have an effect on PRK activity

(13,48,67). Much of the pH effect is due to its influence in determining the ionic forms

of the metabolites which modulate PRK activity (eccept for ribulose bisphosphate and

ADP) (33,34). Thus, the ionic forms which predominate at pH 7 in darkened

chloroplasts (3-phosphoglycerate^, fructose-l,6-P2^, 6-phosphogluconate^) are

the potent inhibitors of activity. Since the pH of illuminated chloroplasts is about 8, this

provides another means to indirectly link PRK activity to environmental (light/dark)



conditions.

The level of ions and metabolites in the chloroplast stroma is ako involved in

promoting the dark-induced inactivation of the Idnase: CO2 fixation was observed to

cease much more quickly (15 s) than PRK oxidation (100 s) in intact chloroplasts when

shifted to the dark (66). Though the relative contribution of PRK oxidation/reduction

vs metabolite regulation has not been defined, the importance of light-dependent

oxidation/reduction in the regulation of PRK activity has been underscored by a study

in which 40-fold more PRK activity was extracted from illuminated than firom dark-

harvested leaves (130). The combination of PRK oxidation and changes in stromal

metabolites and ions have been proposed to account for the complete loss of PRK

activity in the dark (31,34,130).

Several investigators have suggested that light also activates PRK in vivo by

causing the dissociation of a high Afj. form of PRK (which predominates in the dark) to

an active low (dimeric) form of the enzyme, found in the light (8,129,132). The

ability of PRK to aggregate solely with itself has not been conclusively shown (102,132).

PRK has been isolated as a non-covalent aggregate with other Calvin cycle enzymes

including one or more of the following: ribulose bisphosphate carboi^lase/oi^genase

(Rubisco), ribose-phosphate isomerase, phosphoglycerate Idnase, and glyceraldehyde

phosphate dehydrogenase (4,40,53,88,89,102,112,113). The proposed role in regulation

has not been proven, due in part by difficulties in reproducing in vivo conditions

experimentally. (8,71,89,129,132). Other possible functions for aggregate formation

include channeling of reaction intermediates (in vitro studies with multi-enzyme

complexes shows a higher-than-expected steady-state velocity of product appearance)

(4,40), and a function in protecting against damaging forces such as heat and proteolysis

10



(102) have been proposed.

Light has been implicated in the regulation of a number of Calvin cycle enzymes

besides PRK, including Rubisco, NADP malate dehydrogenase, fructose-1,6-

bisphosphatase, seduheptulose-l,7-bisphosphatase, and NADP-glyceraldehyde-3-

phosphate dehydrogenase (13,22,130). With the exception of Rubisco, all are regulated

via the ferredoxin/thioredoxin system (13,22). The synthesis of these light-sensitive

Calvin cycle enzymes is thought to be sjmchronized at the level of gene expression.

These genes have similar (cir-acting) controlling elements which interact with common

(trans-acting) protein transcription factors (63,105). The genetic controlling elements

have not been identified for PRK, though they are likely similar to those described for

the Rubisco smaU subunit gene, which is also light-regulated. The rbcS regulatory region

contains positive and negative regulatory elements (causing down-regulation in the dark),

regions required for light-responsiveness, and those needed for developmental regulation

(see reference 86 for a review).

5. The PRK active site

Early studies recognized the sensitivity of PRK to the sulfhydiyl-specific reagent

A^ethylmaleimide (NEM) (103) and subsequent reports have confirmed this finding

(6,93, Chapter IV). It has also been shown that the enzyme is sensitive to N-

bromoacetylethanolamine phosphate (BrAcNHEtOP) (93,97), 5,5'-dithiobis(2-

nitrobenzoic acid) (DTNB) (98), the ATP analog 5'-j;-fluorosulfonylbenzoyladenosine

(FSBA) (61,62), and iodoacetate (lAA) (62,63,97). DTNB stoichiometricaUy oxidizes

(and inactivates) PRK by causing disulfide formation between Cysl6 and CysSS (98),

while BrAcNHEtOP, NEM, and FSBA derivatize Cysl6 in spinach PRK (62,97,Chapter

11



IV). ATP provides protection against inactivation by all of these reagents, indicating

Cysl6 is located at/near the active site (61,93,97,Chapter IV). The other cysteinyl

residue comprising the regulatory disulfide (Cys55) is also located at/near the active site,

based on ATP protection against modification of this residue with BrAcNHEtOP (100)

and 2-nitro-S-thio(7anobenzoate (NTCB) (101) (PRK was methylated at the much more

reactive Cysl6 prior to modification of C^5).

Despite the active-site location of Cysl6, it has been shown to be catalytically

non-essentiaL When Cysl6 is quantitatively methylated (with methyl-4-

nitrobenzenesulfonate), PRK retains 50% of its activity (99); amino acid replacement

of 0^16 with a seryl residue has virtually no effect on catalysis (Chapter IV).

Presumably NEM, BrAcNHEtOP, and FSBA inactivate PRK due to the bulk of the

adduct introduced into the active site.

The hyper-reactivity of Cysl6 suggests that this residue may have a critical role

in PRK regulation in vivo, as the initial target for oxidative inactivation by oxidized

thioredoxin (98,101,Chapter IV). Cys55, though not absolutely required, facilitates

catalysis and may have a role in the binding of the sugar substrate since there is about

a ten-fold decrease in and a 4 to 8-fold increase in the for Ru5P when this

residue is substitutied with a seryl or alanyl residue (Chapter IV).

The location of the regulatory sulfhydryls in the active site might be expected to

lead to the direct involvement of the individual residues in catalysis. The fact that the

data do not support this conclusion, however, is not totally unexpected. The regulatory

site has been shown to be separate from the active site in other light-regulated Calvin

cycle enzymes (22,24,75,104). Catalysis and light-activation have been shown to be

mechanistically distinct processes by analysis of a mutant PRK from C. reinhardtii, which
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has a 20-fold reduction in the kinase activity, yet is still activated by light (114), The

abiUty of oxidized PRK to bind ATP (6,99) (and possibly RuMP (6)), albeit less

efficiently, is also consistent with the regulatoiy site only partially overlapping the

catalytic site. Simultaneously replacing both (^teinyl residues might be thought to be

more similar to oxidation in vivo and thus have a much greater inhibitory effect on

catalysis. Prehminaiy data (RJ. Mural laboratory) do not support this assertion since

PRK substituted at both Cysl6 and Cys55 with serine still retains about 3% wild-type

activity, which is not significantly higher than the activity of the C55S mutant PRK (6

± 2%; see Table IV-2).

A third residue, Lys68, has been located at the active site by derivatization of

spinach PRK with the ATP analog adenosine triphosphopyridoxal and is proposed to

have a role in interacting with the phosphoryls of ATP (84). This lysine is conserved

among most PRKs (see Figure I-l).

The roles of the other two cysteinyl residues in spinach PRK, C^244 and

Cys250, have been examined by site-directed mutagenesis: they are non-essential for

structure or function (Chapter IV).

Though little is known about the tertiary structure of the active site, a structural

motif has been identified at the AT-terminus of PRK which is a consensus nucleotide-

binding region (Figure 1-2) (47). The consensus ATP-binding region has also been

identified in adenylate kinase as part of an AT-terminal region (aa 15-27) which forms a

flexible loop (32). This loop is positioned in the middle of a cleft containing bound Mg-

ATP and is proposed to have a function in controlling access to the ATP-binding site

by altering its conformation. With the exception of Lys21, this loop is not directly

involved in binding Mg-ATP (32). Though it is not known how similar the PRK active
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site is to that of adenylate kinase, the lack of a role for Cysl6 in ATP binding and

catalysis, and the inactivation seen upon derivatization of Cysl6 with large side-chains

at this position (possibly analogous to the binding of Cys55 and its neighbors to Cysl6

upon oxidation) is consistent with this AT-terminal region having a similar role in PRK

Determination of the structure of the PRK active site is still in its infancy, and

efforts are underway to identify other residues located at the active site. Techniques

such as site-directed mutagenesis, use of bifunctional chemical crosslinking reagents, and

X-ray crystallography will undoubtedly elucidate the mechanism of PRK catalysis in the

future.
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CHAPTER n

CLONING AND SEQUENCING OF cDNA ENCODING THE MATURE FORM

OF PHOSPHORIBULOKINASE FROM SPINACH

(a) Summaiy

Phosphoribulokinase (PRK) is a key enzyme in the Calvin cycle of autotrophic

organisms. A spinach leaf cDNA library has been constructed in the phage expression

vector A.gtll, and rabbit polyclonal antibody raised against spinach PRK was used to

identify PRK clones. Analyses of the nucleotide sequences of two antibody-positive

clones, 1.47 and 1.35 kb in length, showed that th^ encode a protein which contains the

Af-terminal amino acid sequence (95) of mature spinach phosphoribulokinase. The

codon for the N-terminal serine of the mature protein occurs 170 bp from the 5' end of

the open reading frame (ORF), suggesting that PRK is synthesized with a rather long

transit peptide which is removed from the mature enzyme. The ORF, ending with an

amber (TAG) codon at position 1054, predicts a mature enzyme of 351 amino acids with

a calculated of 39232 daltons.
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(b) Introductkm

An essential light-activated enzyme in all aerobic autotrophs, PRK (EC 2.7.1.19)

catalyzes the ATP-dependent phosphoiylation of D-ribulose-5-phosphate to form

D-ribulose-l,5-bisphosphate, the primary COj acceptor for photosynthetic carbon

fixation. Although PRK is found in the chloroplast stroma of photosynthetic eukaryotes,

several lines of evidence show that it is encoded in the nucleus (5,27,29,54,114).

Light activation of PRK in higher plants is achieved through the

thioredoxin-mediated reduction of disulfide groups (132). The two half-cystines of this

intrasubunit disulfide have been identified as residues number 16 and 55 of the mature

protein (98). An active-site location for the cysteine at position 16 has been suggested

by studies correlating enzyme inactivation with derivatization of this residue with

Ar-(bromoacetyl)ethanolamine phosphate (97) and the ATP-analog 5'-/7-£luorosufonyl-

benzoyladenosine (62). It has also been observed (98) that Cys-16 is in a sequence

similar to part of the ATP-binding site found in a number of diverse ATP-binding

proteins (47).

The iV-terminal region and several internal peptides of spinach PRK were

previously isolated as tryptic fragments and their amino acid sequences determined

(62,96,97). To complete the amino acid sequence of PRK, and study the regulation of

the prk gene, two cDNA copies of the spinach PRK mRNA were cloned and their

nucleotide sequences were determined. Each of these clones contains a long ORE

including 1053 nucleotides which encode the mature form of spinach PRK. The amino

acid sequence of spinach PRK, as deduced from the PRK cDNA sequence, is presented.
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(c) Materials and Methods

1. Chemicals, enzymes and isotopes

Restriction endonucleases, T4 DNA ligase, K coU DNA polymerase I Klenow

fragment, oligo (dT) cellulose, Bluo-gal, isopropyl-fi-D-thiogalactoside (IPTG), goat

anti-rabbit antibody conjugated with horseradish peroxidase, Hgtll dephosphorylated

"arms", X packaging extracts, and the M13 universal sequencing primer were obtained

from Bethesda Research Laboratories (BRL) and were used in accordance with the

manufacturer's recommendations. [^^S]-methionine (400-500 Ci/mmole), [a-^^S]dATP

(1000 Ci/mmole), and [a^^PjdCTP (3000 Ci/mmole) were purchased from Amersham.

[a-^^P]dTTP (3000 Ci/mmole) was obtained from New England Nuclear.

The rabbit reticulocyte lysate cell-free translation system and EcoRI methylase

were purchased from Promega Biotec; nitrocellulose Glters were from Schleicher and

Schuell; and Sephaciyl 200 and protein A Sepharose were from Pharmacia. EcoRI

linkers (pGGAATTCC) were from New England Biolabs, and 3,3'-diaminobenzidine was

from Sigma Chemical Co.

Reagents for oligonucleotide synthesis were obtained firom American Bionetics.

Z Bacterial and phage strains

Xgtll {lac5 A(shutdI[lX2-3) srlX3° cI857 srIX4° ninS srlXS^ S amlOO) was used

as the cloning vector (137). Host strains for the lambda library were E. coU Y1088

(AlflcU169 supE supF hsdlC hsdAf*' metB trpR tonAll pf©C::Tn5 [pMC9]), pMC9 =

pBR322r/flci', and E. coU Y1090 (A/<zcU169 proA^ Alan araD\39 strA supF

j>pC22;:TnlO [pMC9]) (138). The host for M13 vectors was K coU JM107 (Alac-pro
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endAl gyrA96 thi-1 hsdR17 supE44 kIA1[F traD36proAB'*', lacJ^ZAMlS]) (133).

3. RNA Preparation and characterization

Total RNA was extracted from 5 week old spinach (Spinacea oleracea L., cv.

Melody hybrid) essentially by the method of Dean et al. (23). Polyadenylated RNA was

selected by passage of the total RNA over an oligo(dT) cellulose column.

Before the poly(A)^ RNA pool was used for cDNA synthesis, it was tested for

the presence of the phosphoribuloidnase mRNA by cell-free translation and subsequent

immunoprecipitation (see Fig. II-l).

4. Construction of the cDNA expression libraiy

cDNA was synthesized from the poly(A)"'" RNA pool using a cDNA synthesis

kit from Amersham, which is based on the method of Gubler and Hoffman (41). Prior

to its insertion into the unique £coRI site of Agtll DNA, the cDNA was methylated

with £coRI methylase and 5'phosphorylated EcoBl linkers were added by blunt-end

ligation. Following its digestion with £coRI endonuclease, this material was passed over

two successive Sephacryl-200 spun columns (74) to remove excess linkers and very small

cDNAs (i.e. <300 bp). This cDNA was then ligated to Xgtll dephosphotylated "arms"

(Xgtll ligated at the cos sites and cut with £coRI) in a molar ratio of arms:inserts of

approximately 1:3. The ligated DNA was packaged into phage heads and plated on E.

coli Y1088, in the presence of IPTG (0.5 mM) and Bluo-gal (40 /ig/ml). Since the

plaques of recombinant phage are white, the quality of the library was judged by the

ratio of blue to white plaques.
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5. Immunoscreening and analysis of cDNA clones

The cDNA library was screened for clones which express PRK-related antigens

using the Qontech A,gtll Immunoscreening Kit, following the provided protocol.

Approximately l/50th (10^ pfu) of the cDNA library was plated per 82-mm plate on E.

coU Y1090 at 37°C. Phage plaques were adsorbed onto IPTG-saturated nitrocellulose

Glters and incubated an additional 3 hours before being lifted. After washing and

blocking, the filters were exposed to rabbit anti-PRK serum. In order to decrease its

background reactivity with bacterial and phage components, this serum had been

incubated with a nitrocellulose filter covered with E. coU Y1088 infected with Xgtll.

Goat anti-rabbit antibody conjugated with horseradish peroxidase was then bound as

secondary antibody, and positive clones were visualized by detecting the horseradish

peroxidase with ̂ 2^2 3,3'-diaminobenzidine. Positive clones produced colored

spots on the filters.

Antigen-positive Agtll plaques were purified, and their DNA was prepared using

a plate lysate method (74). £coRI and Clal digestions of the DNA followed by gel

electrophoresis were used to confirm the presence of inserts into the lambda phage

DNA.

The EcoRl inserts were subcloned into the EcoRl site of the coliphages

M13mpl8 or M13mpl9 and single-stranded DNA was used as a template for sequencing

by the dideojqr chain-termination method (115) with [a-^^P] dTTP. Some of the

sequence was determined using [a-^^S]dATP and the "Sequenase" Kit (U.S. Biochemical

Corp.). Both ends of the antibody-positive clones were sequencer!, using the M13

universal primer (BRL). Clones derived from PRK cDNA were identified as those

whose nucleotide sequence encoded any of the PRK peptides whose aminn acid
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sequences have been published (62,%).

6. Sequence analysis by computer

Computer assisted analysis of sequence data utilized a set of programs developed

by Stephens (1985), the IBI-Pustell Sequence Analysis Programs (International

Biotechnologies, Inc.), and the National Biomedical Research Foundation (NBRF)

Protein Identification Resource Data Base software.

(d) Results and Discussion

1. Construction and characterization of the cDNA expression library

Translation of spinach poly(A)''' RNA with a rabbit reticulocyte lysate system

resulted in the synthesis of proteins with a wide range of sizes (from about 10 to 100

kDa), including several in the size range of PRK, about 45 kDa (61,70,%) (results not

shown).

Immunoprecipitation of the products of in vitro translation with rabbit anti-PRK

yielded two polypeptides with slightly slower mobility on SDS-PAGE than mature PRK

(Fig. n-1). The ability to detect polypeptides which cross-react with antibody against

PRK led us to conclude that the message for PRK was present in the mRNA pool. The

slightly larger size of these polypeptides suggests that they are unprocessed precursors

of mature spinach PRK.

The cDNA made from this mRNA pool ranged in size from about 0.1 to greater

than 4 kbp, the majority being 0.5 to 2 kbp long. Following the addition of linkers this
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cDNA was ligated into the £coRI site of Xgtll, creating an expression library. A

portion of the library was plated with IPTG and Bluo-gal on Exoti Y1088. The library

contained about 6x10'^ plaque forming units, 98% of which contained inserts (i.e. 98%

white plaques).

2. Identification of PRK clones

i^proximately 10,000 plaques were screened with rabbit anti-PRK (see section

(c)-5 of this chapter), and six antibody-positive plaques were identified. The of the

cDNA inserts ranged from 0.5 to 1.5 kb.

By comparing the amino acid sequence, deduced from the DNA sequence of the

ends of the antibody positive clones, with the published ̂ -terminal portion of mature

PRK (97), two of the clones were established to contain at least a part of the PRK

codmg sequence. TTie size of the cDNA in one of the clones was estimated by agarose

gels to be about 1.47 kb (clone 1) and in the other about 1.35 kb (clone 3). Since each

of these clones encoded the iV-terminal protein sequence near its 5' end, both were

potentially long enough to specify a protein at least the size of that estimated for mature

spinach PRK (about 45,000 kDa) (61,70,96). The identity of the other four

antibody-positive clones was not established, and their analysis has not been pursued.

3. Sequence analysis of PRK DNA

TTie strategy for sequencing the two PRK clones is shown in Figure II-ZA. Both

strands of clone 3 were independently sequenced, while the sequence of clone 1 was

assembled from overlapping sequences of both strands. The two clones are identical

except for their termini, where the larger one (clone 1) is about 100 bp longer on the
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5' end and 10 bp shorter on the 3' end. Their common region contains the entire coding

sequence of mature PRK. Rg. 11-3 shows a composite of the DNA sequences of the

two clones which is numbered from the first base of the codon for the amino-terminal

serine of the mature protein.

The sequence includes 1411 nucleotides of spinach cDNA with an ORF of 1223

nucleotides followed by 188 nucleotides of 3' untranslated sequence. This ORF encodes

a polypeptide whose predicted sequence matches the first 64 amino acids from the

N^terminus of mature spinach PRK (98). Preceding the protein's ̂ -terminal serine

codon is a region of DNA potentially encoding 56 amino acids, which is presumably part

of a leader peptide which is removed during the maturation of PRK The length of the

spinach PRK leader peptide has been recently determined to be 51 amino acids (RJ.

Mural, personal communication; 109). 45 of the 51 amino acids are encoded by Clone

1, the DNA encoding the 11 non-PRK amino acids at the very 5' end of this clone was

presumably randomly incorporated during cDNA synthesis. Following the termination

codon for the mature protein at nucleotide 1054, all of the reading frames are blocked

by stop codons from 2 to 6 times (Fig. II-2B) in the remaining 188 base pairs of the 3'

untranslated region of the cDNA

In addition, the sequence of two internal peptides (aa residues 226-256 and

298-308) are encoded in this reading frame. The only discrepancy in these 106

assignments was at amino acid position 301 of the mature polypeptide where the

sequence published for the tryptic peptide indicates alanine (62) and the DNA sequence

of both clones encodes glutamic acid. Though we currently have no explanation for this

difference, it should be noted that the reported sequence (62) was of an impure peptide.

It is also possible that a different strain of spinach was used to isolate the PRK used in
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this study so that the difference represents a natural polymorphism at residue 301.

From the analysis of two independently isolated cDNA clones it can be

concluded that mature spinach PRK contains 351 amino acids, has a calculated pi of

5.92, and an of about 39,232 daltons. This represents about a 10% difference from

the published apparent molecular weight of about 45,000 (61,70,96), as estimated by

SDS-PAGR PRK is perhaps post-translationally modified and/or it behaves anomalously

on SDS-PAGE (91). The amino acid composition, as deduced firom the DNA sequence,

reflects the previously reported amino acid composition for this protein (97). The

presence of only two tryptophans and four cysteines is confirmed. In addition to the two

regulatory cysteines near the iV-terminal, there are two other cysteines at amino acid

positions 244 and 250.

4. The PRK precursor

The prk reading frame extends 170 bp 5' of the codon for the iV-terminal serine

of the mature enzyme. Several nuclear-encoded chloroplast proteins of higher plants

are synthesized as larger precursors with an additional 37-66 amino acids at their

AT-terminus. These amino acids constitute a transit sequence which is cleaved after the

entry of the protein into the chloroplast (for example see 56,83,121). There are several

lines of evidence supporting the conclusion that PRK is a nuclear-encoded protein.

PRK continues to be synthesized in plant cells in which chloroplast protein synthesis has

been inhibited by either heat (29) or antibiotics (5,27). There is direct genetic evidence

(114) from a PRK mutant of the green alga Chlamydomonas reinhardtii for a nuclear

location for the gene for PRK Thxis, one might expect that the 56 amino acids coded

by the DNA 5' to the coding sequence of the mature protein represents part of the PRK
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transit peptide. The length of the putative transit sequence cannot be determined from

the two sequenced PRK clones since neither contains the initiation AUG. A cDNA

clone containing the entire spinach PRK transit peptide has been recently isolated (R J.

Mural, personal communication); its sequence corresponds to that published by another

group (109). Since chloroplast transit peptides are not conserved, a comparison to other

transit peptides of nuclear-encoded chloroplast proteins reveals few identities.

S. Structural motifs of PRK and other ATP-binding proteins

A computer search for similarities between the deduced amino acid sequence of

PRK and the protein sequences contained in the NBRF Protein Identification Resource

Data Base reveals regions of PRK which resemble sequences found in a group of diverse

ATP-binding proteins. PRK has a region which is similar to the "type A" ATP-binding

segment found in a large number of ATP-binding proteins (26,47) (see Figure 1-2,

Chapter I (b)-5), as noted previously (42,98). The data base search, in addition to

reiterating this finding, identified a second region of PRK which is similar to a domain

characteristic of the o-subunit of F^-ATPases (Fig. 1-3) (116,134). The conserved

glutamic acid in this region has been determined to be catalytically essential in E. coli

Fj-ATPase: replacement of this residue (GlulSl) with glutamine greatly impaired

catalytic activity (2). ATPase inactivation is also caused by derivatization of the

homologous glutamic acid of the thermophilic bacterium PS3 with

dicycloheiqrlcarbodiimide (DCC) (134). DCC targets a different glutamic acid (11

residues towards the C-terminus) in the Fj-ATPase a subunit firom bovine mitochondria

(28) and E. coli (135) (corresponding to Thr45 in spinach PRK), also inactivating the

enzyme. The reason for the different reactivities of the two glutamic acid residues with
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DCC is not known, though they are speculated to be involved in the binding of Mg^"*"

of Fj-ATPase (136). PRK also requires Mg^"*" as a cofactor (48), though the lack of

conservation with other PRKs at Glu34 (see Figure I-l) does not support an analogous

function (in Mg+2 binding) in PRK The function of Glu34 in PRK and the reason for

the homology of this region with the ATPases, remains to be determined.

6. Conclusions

There have been two recent reports (36,42) of the cloning of the genes for two

different PRKs from the prokaiyote Rhodobacter sphaeroides, and the DNA sequence

for one of these genes has been completed (P. L. Hallenbeck, personal communication).

Comparing the deduced amino acid sequence of PRK from R sphaeroides with that

determined for spinach reveals a striking lack of similarity. With the exception of some

conservation previously reported around the ATP-binding site (42,98), there are very few

identities throughout the remainder of the two sequences. Though this disparity may

reflect the known differences between the two enzymes in both their regulatory and

kinetic parameters (36,42,96,107), it precludes identifying conserved regions that might

indicate functional domains of the protein. As PRK sequences from other organisms

become available, a pattern of conserved primary structure will likely emerge, identifying

functionally critical residues of the enzyme.

The availablity of the DNA and corresponding amino acid sequence of the entire

PRK protein will facilitate further eqjeriments to explore the properties of this key

photosynthetic enzyme. The PRK clones are currently being modified so that they can

be expressed in E. coU and used for studies involving site-directed mutagenesis. In this

way the precise role of various amino acids implicated as essential for the regulation or
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cataljrtic function of PRK can be studied. In addition these clones will be used to study

the localization of this enzyme to the chloroplast, and to isolate the gene for

phosphoribulokinase and study its regulation.

26



CHAPTER in

EXPRESSION OF SPINACH PHOSPHORmULOKINASE IN Escheridm coU

(a) Summaiy

In order to study the function and regulation of the Calvin Cycle enzyme

phosphoribulokinase (PRK) by site-directed mutagenesis, the gene for the spinach

enzyme has been expressed in E. coli. A Agtll cDNA clone encoding mature spinach

PRK (79) was modified so that a transcriptional fusion could be made with the tac

promoter and ribosome binding site of the high-expression vector pFL220 (68). When

the resulting plasmid, pSMlOO, was introduced into E. coli MV1190 and induced with

IPTG, PRK activity was detected in crude cell extracts. The extracts contained a protein

which comigrated with authentic spinach PRK on SDS-polyacrylamide gels and cross-

reacted with polyclonal anti-PRK IgG on Western blots. PRK accounted for <0.1% of

the total soluble cellular protein in these extracts, and Western blot analysis revealed

substantial degradation of PRK was occurring. An expression regimen was developed

which minimized degradation and increased the yield of PRK to 0.7% of the total

soluble protein. High levels of active PRK have been fotmd to be deleterious to E. coli,

which may explain some of the difHculties encoimtered in attempts to express high levels

of PRK.
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(b) Introduction

An enzyme unique to the reductive pentose phosphate cycle,

phosphoribuloldnase (PRK, EC 2.7.1.19) catalyzes the ATP-dependent phosphorylation

of D-ribtilose-5-phosphate to form D-ribulose-l,5-bisphosphate, the primary COj acceptor

in photosynthesis. Affinity labeling studies have identified several amino acids located

in the active site of spinach PRK, including Cysl6 (62,97), Cys 55 (100) and Lys-68 (84).

PRK is activated indirectly by light in all aerobic autotrophs via the

ferredoxin/thioredoxin-mediated reduction of a disulfide bond (13,22,98). The PRK of

non-aerobic autotrophs is not regulated in this manner, and activity in some cases is

dependent on NADH (see 126 for a review). A comparison of the primary structures

of PRK determined fiom a number of both prokaiyotic and eukaryotic sources shows

that there is a high degree of sequence conservation among the members within each

group (^ 65%), though the percent identity between the two groups is low (< 15 %)

(38,60,79,105,109,110). This perhaps reflects the differences of the corresponding

kinases in their quartenary structure, regulation, and kinetic parameters (126).

A technique widely used to address questions of en^me structure/function is

site-directed mutagenesis. This method enables the systematic examination of the roles

of selected amino acids, such as those in evolutionarily conserved regions of the

molecule and those implicated as essential by chemical methods, in enzyme regulation

and catalysis. As a prerequisite to mutagenesis, the prk gene has been subcloned into

the high-expression phagmid vector pFL220 (68). TTiis vector has the advantage of

directly producing single-stranded template for primer-extension mutagenesis and DNA

sequencing. A description of the PRK phagmid, a characterization of the cloned
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protein, and the effect of PRK production on E. coli growth are presented.

(c) Materials and Methods

1. Chemicals, enemies and isotopes

Restriction endonucleases, PolDc, T4 DNA Ugase, IPTG, Bluo-gal, prestained

molecular weight standards, goat anti-rabbit antibody conjugated with horseradish

peroxidase, M13 "universal" primer, and low-melting point (LMP)-agarose were obtained

from Bethesda Research Laboratories, and were used in accordance with the

manufacturer's recommendations. 5' phosphorylated BamHl linkers were from New

England Biolabs. Reagents for the sjmthesis of 5'-phosphorylated oligodeoxynucleotides

were obtained from American Bionetics, Glen Chemicals, and Sigma Chemical Co.

L(-»-)arabinose, Ap, Cm, leupeptin, radiometric and spectrophotometric assay reagents,

Reactive Red 120 agarose-CL, and 3,3'-diaminobenzidine were from Sigma Chemical Co.

DTT and Bicine were from Research Organics Inc.. Other commonly used reagents were

obtained at the highest level of purity readily available. Isotopes were purchased from

Amersham Corp.: 5'-[a-^^S]dATP (1000 Ci/mmol) and NaH^^COj (60 Ci/mmol).

Phosphoribulokinase (E.C. 2.7.1.19) was purified from spinach leaves as

previously described (96). Spinach ribulose-Pj carboxylase (E.C. 4.1.1.39) purified to

apparent homogeneity and rabbit polyclonal anti-PRKIgG (102) were the generous gifts

of Dr. Fred C. Hartman.
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2. Plasmids, phage, and bacterial strains

The host for M13mpl8 containing PRK was E. coU JM107 A(lac-pro) eruUl

gyrA96 tfu-l hsdRll supEU relA\\FtraD26proAB* lacPZLU\5\ (133). E. coli strain

MV1190 A(lac-proAB) thi supE A(srl-recA) 306::Tnl0(te^) [F'JraD36 proAB'*',

lacflZuMlS] (Bio-Rad) was used as the host for the prk gene cloned into pBR325 and

the PRK expression phagmid (pSMlOO, see Fig. m-1). E. coU strain CJ236 dut ung thi

relA [pCJlOS Cm^\ was used to make dU-substituted template for site-directed

mutagenesis (65). Phagmid PFL220 is an Ap-resistant ColEl-based plasmid containing

the tac promoter and the phage fl intergenic (IG) region; pFL200 is PFL220 containing

the R. rubrum rbc gene in the BaniHl restriction site (68).

3. Bacterial transformation and media

E. coU JM107, MV1190, and CJ236 were made competent for transformation or

transfection by the method of Hanahan (44). JM107 cells (transfected with M13) were

plated on B agar (10 g tryptone, 8 g NaQ, and 15 g agar/liter) with Bluo-gal (40 pg/ml)

and IPTG (0.5 Mm), and RF DNA made from colorless plaques was screened for the

PRKFcoRI fragment MV1190 (transformed with PBR325 or PSMlOO) was plated on

LB (74) containing 50 pg/ml Ap. CJ236 transfected with M13-PRK was plated on LB-

Cm; when transformed with PSMlOO was plated on LB-Ap,Cm. Liquid cultures of the

same cells were grown in the same medium (lacking agar), except JM107 was grown in

LB without antibiotics. 1% glycerol was added for growth of large-scale cultures (^500

ml). Other additions to the media were made while optimizing PRK yields (see

Results).
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4. DNA preparation

Double-stranded DNA was isolated from cells by the alkaline lysis procedure

(74). pBR325-PRK plasmid DNA was additionally purified by CsQ-ethidium bromide

equilibrium density gradient centrifugation (74). DNA from diagnostic restriction digests

was separated electrophoretically in (0.7 - 1.2%) agarose gels in 90 mM Tris, 90 mM

borate, 2 mM EDTA, pH 83 buffer. DNA was visualized after staining with ethidium

bromide (0.5 /ig/ml in HjO). Preparative gels were made from (1%) LMP-agarose in

the same buffer; DNA was extracted from gel slices by agarase (Calbiochem) digestion

(16).

5. DNA sequencing and mutagenesis

Single-stranded pSMlOO was prepared utilizing the helper phage M13K07 (128).

DNA was sequenced across regions of interest by the dideoxy chain-termination method
>  35using 5'-[a- SJdATP, with the aid of the Sequenase DNA sequencing kit (United States

Biochemical Corp). The M13 "universal" primer (GAATTGTTATTC) was used to

sequence the M13 PRK template, while single-stranded pSMlOO was sequenced (across

the tflc-PRK junction) using an oligodeoxynucleotide primer

(CAAGci 1ACTCCCCAT), which was synthesized by phosphoramidite chemistry (119)

with a Microsyn model 1450 DNA synthesizer (Systec). Hie presence of the ATG and

the Ndel site in the resulting phagmid, pSMlOO, was conOrmed by Ndel digestion and

DNA sequencing.

Mutagenesis was performed by the method of Kunkel (65) using dU-substituted

(PRK) template and a Muta-Gene" kit (Bio-Rad). Primers made for mutagenesis were

phosphorylated on the 5'-hydroxyl while still attached to the synthesizer (127).
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6. Preparation and characterization of PRK extracts

Cells were harvested by centrifugation, washed (50 mM Bicine, 0.1 Mm EDTA,

5 mM DTP, pH 8.0), frozen in liquid nitrogen, and stored at -70°C until use. To

prepare cell extract, the pellets were resuspended in 2 volumes of buffer (50 mM Bicine,

1 mM EDTA, 10 /^M leupeptin, pH 8.0) and disrupted by three passages through a

French pressure cell (Aminco) at 4°C Centrifugation at 100,000 x g for 45 minutes

removed particulates; the supernatant (cell-free extract) was brought to 20% glycerol

and stored at -70°C.

PRK activity in crude extracts was measured by a modified (80) ribulose-P2

carboxylase-coupled ^'^C02-fixation filter disc assay (90,102). Total protein

concentrations of the samples were determined using the Coomassie Blue dye-binding

method (9), with a reagent from Pierce.

(d) Results and DKCussion

1. Construction of the pHc expression phagmid (pSMlOO)

An EcoRI fragment encoding mature spinach PRK, a portion of the PRK transit

(leader) peptide and a 3' untranslated region (79) was used as the source of the PRK

gene for expression phagmid construction. After a number of manipulations (Fig. m-l)

a BamHl fragment containing the coding sequence for mature PRK and an initiator

ATG was ligated into the BaniHl cloning site of the expression vector pFL220 (68),

making a transcriptional fusion with its tac promoter and ribosome binding site. DNA

sequencing across the tec-PRK junction confirmed the intended sequence was made.
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2. Optimization of prk expression in E. coli

Initially, the pHc gene was expressed in K coli MV1190 (pSMlOO) imder

conditions used for the expression of the Rhodospirillwn rubnim rbc gene from the same

vector (85,90). Briefly, a fresh overnight culture of phagmid-bearing cells (grown at 37°C

in LB-Ap and 1% glycerol) was diluted 1:100 into the same media, and grown to

= 0.Z PRK synthesis was then induced by addition of 0.1 mM IPTG, and the cells were

incubated an additional 2.5 hours before harvesting. In extracts prepared using this

protocol, PRK represented < 0.1% of the total soluble cell protein (based on activity

measurements of extracts and assuming that pure PRK has a specific activity of 400

units/mg PRK). In contrast, the R. nibmm Rubisco accounted for 5.4% of the total

protein when expressed under similar conditions (68). Additionally, Western blots of

extracts of cells expressing pSMlOO (Fig. in-2A) revealed substantial levels of smaller

immunoreactive (PRK degradation) products. To increase PRK yields (and to minimiVfi

its proteolysis), the growth conditions of cells bearing pSMlOO were varied. Among the

parameters varied were the length of the pre- and post-induction periods, the growth

temperature (20°C, 30°C, srC), pH (7.0, 7.5, 8.0), NaQ concentration (82 mM, 200

mM), and supplemental carbon source (glucose, glycerol, arabinose).

Two factors proved critical to improving the yield of PRK : temperature and

supplemental carbon source. Lowering the growth temperature from 37°C to 30°C

increased the yield ̂  5-fold. This may be ocplained by evidence suggesting that at 37°C

spinach PRK is mostly unfolded in vitro, while at 30^C it is in its native conformation

(F.C. Hartman, personal comm.). Unfolded proteins have been shown to be more

susceptible to intracellular proteolysis (94). Additionally, accumulation of denatured

proteins can induce the heat shock response in R coli (82,87), which has been shown
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to cause low levels of (cloned) protein yield (39). Perhaps certain cellular proteases are

less active at 30°C than at 37°C The heat-shock-inducible protease La (20) may be

included in this group, though lowering its activity does not likely play a significant role,

since moving pSMlOO into the km' strain Y1090 (138) did not improve PRK yields at

37°C (not shown).

The addition of arabinose eliminated most of the smaller (PRK degradation)

products still seen on immunoblots of extracts prepared from cells grown at 30°C (Fig.

m-2A) and nearly doubled the yield of active PRK. The basis for this phenomenon is

unclear, though we speculate that arabinose could exert its effect after being converted

by the cells into ribulose-5-phosphate (Ru5P), as E. coU are able to import arabinose

and contain enemies to convert it into Ru5P. Enzymes are often protected by their

substrates from proteolysis (82), and binding RuMP may similarly protect PRK. The

imported arabinose could also be serving to supplement the E coU pentose phosphate

pool, which PRK might be depleting (see section (d)-3 of this chapter).

The optimized protocol for the production of PRK firom pSMlOO is as follows:

a fresh overnight culture (grown at 30°C in LB-Ap) is diluted 1:1000 into LB-Ap

supplemented with 1% glycerol and 0.2% arabinose. After 12 hours of growth at 30°C

(at which point the cells are in late- logarithmic growth), PRK production is induced by

addition of IPTG to 0.1 mM, and growth is continued for an additional hour (at 30°C)

before harvesting. Under these growth conditions PRK represents about 0.7% of the

total soluble protein and the majority of the degradation products seen on Western blots

are ehminated (Fig. in-2A). Uninduced cells grown imder the same conditions produce

20 - 40% as much PRK, which is comparable to uninduced levels of Rubisco from the

same vector harboring the rbc gene (pFL200) (F.W. Larimer, personal communication).
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This may be due to titration of the lac represser with this high-copy phagmid or to

incomplete repression of the tac promoter due to its operator structure (92).

The maximal PRK yield achieved is still 8 to 10-fold lower than the yield otR

rubrum carboxylase (5.4%) expressed from same vector (pFL200; (68)). The difference

in protein 3delds obtained from pSMlOG and pFX.200 seems to be specific to the cloned

proteins and their interaction with the cells. Others have observed similar disparities in

the levels of expression of different cloned proteins which are under control of identical

transcription and translation signals (18).

3. Cytotoxic effect of PRK

The relatively low 3aelds of PRK in E. coU prompted the examination of the

effect of high levels of pSMlOO expression on cell growth. First, the effect of growing

E. coli MV1190 [pSMlOO] in the presence or absence of inducer (IPTG) on LB-Ap agar

plates was assessed. In a second experiment, a comparison was made of the efficiencies

of pSMlOO vs control DNA (pFL220 containing PRK in the wrong orientation) in

transforming two strains of E. coU, CJ236 and MV1190. Among other traits, these

strains differ in their content of Lac repressor : CJ236 contains the wild-type represser

gene, lad, while MV1190 has the gene which overexpresses Lac repressor, lacfl. One

can speculate that CJ236 will therefore contain a lower amount of Lac repressor and

higher uninduced PRK levels than MV1190, and if PRK is toxic, fewer transformants

should be found (relative to using control DNA) in CJ236.

Results of the +. IPTG plating experiment (Table m-l) show that > 10^-fold

fewer colonies grew on plates containing IPTG than when the same number of colonies

was plated without IPTG. Plasmid DNA was prepared from a number of the -f- IPTG
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survivors, and restriction analysis showed that > 80% of these colonies had rearranged

DNA- Extracts prepared from cells with altered pSMlOO had no detectable PRK

activity, and Western blots indicated no PRK was being made (Hg. in-2B). Qones

which appeared normal by restriction analysis produced > 10-fold less PRK, as

determined by activity measurements and Western blots of cell-free extracts (Fig. III-

2A). When the BaniHl PRK fragment isolated from low-activity clones was subcloned

into (wild-type) pFL220, the resulting constructs were fully active. TTiis indicates that

the vector, and not PRK, was being altered. DNA sequencing across the tac promoter

region of the low-activity clones showed that in some instances the -35 region of the

promoter was mutated (not shown).

Results linking high levels of PRK expression with lowered cell viability cell

survival were also obtained from the transformation experiment (Table IQ-l). For

CJ236, ̂  30-fold fewer transformants resulted when using pSMlOO vs control DNA,

while MV1190 survival was the same using either DNA. pSMlOO DNA from the rare

CJ236 transformants was usually rearranged, as determined by restriction analysis.

Taken together, these results suggest that high levels of PRK are toxic to E. coli, while

low levels seem to be tolerated (e.g. as in uninduced MV1190).

When the transformation and ± IPTG plating experiments were performed using

pSMlOO in which PRK had been altered by site-directed mutagenesis (see Table ni-l),

pSMlOO containing the low-activity (position 55) mutant PRKs had no effect on E. coli

CJ236 or MV1190 survival (and their DNA was not altered), while pSMlOO with the

more active mutants had essentially the same effect as wild-type pSMlOO. This further

indicates that synthesis of PRKperse is not lethal, rather, high levels of PRK activity are

detrimental to cell growth. The nature of the injury by PRK is presently imknown,
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though the requirement for active protein indicates unfavorable codon usage (10,108),

induction of the heat shock response (39), and toxicity of the gene product (itself)

(11,25) are not totally responsible for the observed differential in cell survival. We

cannot rule out, however, that these factors have some effect on the overall PRK yield.

One possfljle explanation for the difference in survival of £1 coti in which prk is

fully induced ws K coU in which prk expression is repressed is based on the putative

interaction of (active) PRK and the endogenous pool of Ru5P. Active PRK may be

converting the Ru5P into ribulose-l,5-bisphosphate, using cellular ATP. Depleting the

Ru5P could in turn deplete xylulose-5-phosphate, which is central to the metabolism of

pentoses and other sugars. Lowering the level of ribose-5-phosphate (normally derived

from Ru5P by phosphoriboisomerase), in particular, may be detrimental to cell survival:

£ coli mutants lacking phosphoriboisomerase are ribose auxotrophs (119). Interfering

with the £ coli pentose metabolism or depleting the intracellular ATP pool could

accoimt for the observed inhibition in growth associated with prk expression.

4. Characterization of PRK expressed from pSMlOO

Qoned PRK appears to be indistinguishable from the native spinach enzyme.

The size of cloned and native PRK is the same on SDS-polyacrylamide gels (see Fig. TTT-

2). The PRK content of samples on Western immunoblots, as estimated using purified

spinach PRK standards and densitometiy (not shown), correlates quite well with

estimates of PRK concentration from activity measurements. ITus indicates that the

specific activity of the cloned protein is the same as that of native PRK The kinetic

characterization of PRK from enriched (10-fold) extracts has been recently reported

(81); the values obtained for the and for both PRK substrates were nearly
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identical to that determined for the native en^rme (96,99).

5. Conclusions

The availability of the expression phagmid pSMlOO fulfills the prerequisite for

study of PRK functionality vdth the powerful technique of site-directed mutagenesis.

pSMlOO expresses mature-length enzyme indistinguishable from authentic spinach PRK

in sufficiently high yields for biochemical characterization.

This is the first report of the development of an expression system for a higher

plant PRK; thus far, only PRKs from the prokaryotes K sphaemides (36,37,42) and A.

eutrophus (50,59) have been expressed in E. coli. Although the yields of these

prokaryotic PRKs were (2 to 16-fold) greater than those of spinach PRK, their specific

activities are lower than that of spinach PRK, so that the total amount of PRK activity

(units) in the cells was in all cases less than that obtained by expressing pSMlOO. The

toxicity to £". coli by the prokaryotic PRKs was not examined. Interestingly, when the

A. eutrophus prk gene was expressed (PRK represented 11.4% of the total soluble

protein), the specific activity of the cloned PRK was reduced 10-fold from that of the

native enzyme (which has a specific activity of about 40 units/mg PRK) for unknown

reasons (50). This suggests £. coli cannot tolerate high levels of PRK activity,

irrespective of the source of PRK

pSMlOO has proven useful for efficient site-directed mutagenesis-eight PRK

mutants have been made with this host-vector system and characterized (81). Using this

techmque makes possible an independent assessment of the structure-function

relationships of residues previously targeted by affinity labeling, in some cases making

more subtle changes and modifying sites inaccessible to chemical reagents. A
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comparison of PRK primary sequences which have recently become available for both

prokaryotic and eukaryotic kinases has located several conserved regions, providing

additional guidance for selection of potentially critical residues to be targeted for amino

acid replacement
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CHAPTER IV

ROLES OF CYSTEINYL RESIDUES OF PHOSPHORIBULOKINASE AS

EXAMINED BY STTE-DIRECrED MUTAGENESIS

(a) Summaiy

The Calvin Cycle enzyme phosphoribulokinase is activated in higher plants by

the reversible reduction of a disulfide bond, which is located at the active site. To

determine the possible contribution of the two regulatory residues (C^16 and Cys55)

to catalysis, site-directed mutagenesis has been used to replace each of them in the

spinach enzyme with serine or alanine. The only other cysteinyl residues of the Idnase,

Cys244 and Cys250, were also replaced individually by serine or alanine. A comparison

of specific activities of native and mutant en^rmes reveals that substitutions at positions

244 or 250 are inconsequential. The position 16 mutants retain 45-90% of the wild-type

activity and display normal values for both ATP and ribulose-5-phosphate. In

contrast, substitution at position 55 results in 85-95% loss of wild-type activity, with less

than a 2-fold increase in the for ATP and a 4- to 8-fold increase in the for

ribulose-5-phosphate. These results are consistent with moderate facilitation of catalysis

by Cys55 and demonstrate that the other three cysteinyl residues do not contribute

significantly either to structure or catalysis. The enhanced stability, relative to wild-type

enzyme, of the Serl6 mutant protein to a sulfhydiyl reagent supports earlier suggestions
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that 0^16 is the initial target of the oxidative deactivation process.

(b) latioduction

Phosphoribulokinase (EC 2.7.1.19), an enzyme unique to the reductive pentose

phosphate cycle, catalyzes the ATP-dependent phosphorylation of D-ribulose-5-

phosphate to form D-ribulose-l,5-bisphosphate, the requisite CO2 acceptor in

photosynthetic organisms. The light-coupled regulation of PRK activity in higher plants

via the thioredoxin-mediated reversible oxidation/reduction of sulfhydryls/disulfides is

well established (13,22). Among several chloroplast enzymes which respond to the

thioredoxin system, PRK is unusual in that the site for modulation of activity constitutes

a part of the catalytic site (97). Chemical modification studies of the homodimeric

enzyme from spinach have shown that both participants of the regulatory intrasubunit

disulfide, Cysl6 and Cys55, are located at or near the nucleotide-binding domain of the

active site (62,63,97,99,100,101).

The loss of Idnase activity concomitant with disulfide bond formation could be

due to oxidation of a sulfhydryl group that facilitates catalysis, to steric blockage of the

active site, or to conformational changes that accompany the oxidation. Major

conformational changes would appear unlikely given the proximity of Cysl6 and Cys55

as predicted from their common domain location. Furthermore, the demonstrated

binding of ATP by the oxidized form of PRK suggests that steric effects are not the sole

basis of catalytic incompetence (6,99). In this study, attention is focused on the possible

contributions, direct or indirect, of C^16 and Cys55 to catalysis.
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The cysteinyl-16 sulfhydiyi group of PRK appears catalytically passive, as its

selective methylation reduces only 2-fold (99). The hyperreactivity of Cysl6

complicates the evaluation of the role of Cys55 through chemical modification.

Preferential cyanylation of Cys55, after methylation of Cysl6, has been achieved

resulting in >95% loss of kinase activity inherent to the methylated enzyme (101).

Whether PRK derivatized solely at Cys55 would exhibit one-half of wild-type activity or

would be inactive is not clear. To address this issue directly, we have applied site-

directed metagenesis to a cDNA clone (79) encoding spinach PRK The study is

extended to include single amino acid substitutions for each of the four cysteinyl residues

of PRK Mutant proteins are analyzed with respect to kinetic parameters and, in some

cases, sensitivity to NEM.

(c) Expoimental Procedures

1. Chemicals and biologicals

Commonly used reagents were purchased at the highest level of purity readily

available. Additional supplies and vendors were as follows: reagents for the synthesis

of 5'-phosphoiylated oligodeoxynucleotides, American Bionetics, Glen Chemicals, and

Sigma Chemical Co.; prestained molecular weight standards, IPTG, and restriction

endonucleases, Bethesda Research Laboratories; ribose 5-phosphate, ribose 5-phosphate

isomerase, reagents for the spectrophotometric assay for PRK, ampicillin, leupeptin.

Reactive Red 120 agarose-CL, and 3,3'-diaminobenzidine, Sigma Chemical Co.; DTT and

Bicine, Research Organics Inc.; NEM, Aldrich Chemicals; 5'-[o-^^S]dATP (1000
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Ci/mmol) and NaH^^CO^ (60 Ci/mmol), Amersham Coq).

Ribulose-bisphosphate carboxylase/o}grgenase and PRK were purified from

spinach and stored at -80"C according to published procedures (96,131). One unit of

PRK activity represents phosphoryiation of 1 ̂ mol of Ru5P; the purified spinach PRK,

used as a standard, had a spec, act of 400 units/mg in both the spectrophotometric assay

and the ̂ ^C-foation assay.

2. Strains, plasmids, and phage

Escherichia coli strain MV1190 ^(lac-pmAB) thi supE ^(sd-recA)

306::Tnl0(tef) [F':traD36 praAB*lacfiZA}Al5] (Bio-Rad) was used as the host for

expression of wild-type and mutant prk genes. The wild-type vector, pSMlOO, was

derived from the high-expression phagmid pFT.220 (68) by insertion of the prk gene into

the BarriHl restriction site (79,80). Single-stranded sequencing template was prepared

from pSMlOO by use of M13K07 helper phage (128). K coU strain 0236 dut img thi

relA (pCJlOS Cm*^) was used to make dU-substituted template for oligonucleotide-

directed mutagenesis (65).

3. Synthesis of oligonucleotides

Oligodeoxynucleotide primers were synthesized by phosphoramidite chemistry

(119) on a Microsyn Model 1450 DNA synthesizer from Systec. The polymers were

phosphoiylated on the 5'-hydroxyl while attached to the matrix (127).
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4. Mutagenesis of the prk gene

All mutations were introduced into dU-substituted template as described by

Kunkel (65) with the aid of a "Muta-Gene" kit obtained from Bio-Rad. The primers

(see Table IV-1) were designed to change the targeted cysteine codon (TGT) to codons

for either serine (TCT) or alanine (GCT). Following mutagenesis, phagmids were used

to transform E. coU MV1190 (44). Cells from ampicillin resistant colonies were infected

with M13K07 helper phage, and single-stranded templates of the candidate mutants

were isolated and sequenced across the region of interest by the dideoxy chain-

terminator method (115). Two different primers for sequencing were used:

CAAGCTTACTCCCCAT for the region encompassing the codons for Cysl6 and Cys55

and GAATCCAGAAAGCC for the region encompassing the codons for Cys244 and

Cys250. Typically, 25-100% of the transformants contained the desired mutation.

5. Expression of phosphoribulokinase in E. coU

All transformed E. coli cultures were maintained at 30 »C, as this temperature

was optimal for both PRK production and stability (80). To prepare large-scale cultures,

500 ml of medium (L-broth supplemented with 50 /ig/ml ampicillin, 1% glycerol, and

0.2% arabinose) was inoculated with 0.5 ml of an overnight culture (grown in the same

medium but lacking arabinose and glycerol) of E. coli MV1190 transformed with the

phagmid harboring the appropriate prk gene. After a growth period of 12 h, PRK

biosynthesis was induced by the addition of IPTG to 0.1 mM. After an additional hour,

cells were harvested by centrifugation, washed (50 mM Bicine-KOH, 0.1 mM EDTA, 5

mM DTT, pH 8.0), frozen in liquid nitrogen, and stored at -80'»C.

For small-scale cultures (3-ml), the protocol was modified as follows: the same
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medium that was used for large-scale cultures was inoculated with cells from a freshly

plated colony. After 16 h of growth, cells were induced with 0.5 mM IPTG; one hour

later, extract was prepared from the collected cell pellet Such extracts were used for

electrophoretic analyses and for specific activity determinations of wild-type and mutant

PRKs.

6. Preparation of extracts of E. coU

Pelleted cells from large-scale cultures were resuspended in 2 volumes of pH-8.0

buffer (50 mM Bicine-KOH, 1 mM EDTA, 10 mM DTT, 10 ,iM leupeptin) and lysed

by three passages through a French pressure cell (Aminco) at 4°C. Particulate matter

was removed by centrifugation at 100,000 x g for 45 minutes. The supernatant (crude

extract) was brought to 20% glycerol and stored at -80»C.

Cells from small-scale cultures were lysed by treatment with lysozyme. Freshly-

harvested, pelleted cells were fi-ozen at -80«C for 10 minutes and thawed by

resuspension in 50 fA of pH-8.0 buffer consisting of lysozyme (0.6 mg/ml), 10 mM

EDTA, 25 mM Tris-HCl, 50 mM glucose, and 20 fM leupeptin. After 15 min at room

temperature, 50 ̂ l of a pH-8.0 buffer (100 mM Bicine-KOH, 30 mM MgCy that

contained DNAase I (25 ;ig/ml) was added. Within 5-10 min, the apparent viscosity was

greatly reduced, and the lysate was centrifuged for 6 min in a microfuge. The collected

supernatant was assayed immediately for PRK activity. Based on protein concentration

and PRK activity of wild-type samples, this procedure was as efficient as the French

pressure cell in achieving lysis.
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7. Partial purification of PRK

Reactive Red agarose (a hydrophobic afOnity matrix) was used to purify partially

PRK firomE. coU extracts; the protocol was adapted from one applied to the purification

of the native spinach enzyme (96). Crude extract (from a 500- or 1000-ml culture) was

prepared as described above, except the lysis buffer was adjusted with KOH to pH 6.4.

After centrifrigation, the extract (6-12 ml) was diluted 2-fold with equilibration buffer

(10 mM Bicine-KOH, 10 mM DTT, pH 6.5) and applied immediately to the agarose

column (1x15 cm). After extensive washing of the column with equilibration buffer

followed by -250 ml of 10 mM potassium phosphate (pH 6.8) containing 10 mM DTT,

PRK was eluted with a pH-7.2 buffer containing 1 mM ATP, 10 mM K-phosphate, and

10 mM DTT. The peak fractions were pooled (—30 ml) and first dialyzed against a

buffer of 50 mM Bicine-KOH (pH 8.0), 10 mM K2HPO4, 1 mM EDTA, and 10 mM

DTT to remove ATP; dialysis was then continued against the same buffer saturated with

(^114)2804 to precipitate protein. The precipitated protein was pelleted, resuspended

in a minimal volume ( < 1 ml) of 40 mM Bicine-KOH (pH 8.0), 0.8 mM EDTA, 10 mM

DTT, and 20% glycerol, and dialyzed against the same buffer prior to storage at -80»C.

8. Protein and enzyme assays

Protein concentrations were determined by the Coomassie Blue dye-binding

method (9); the necessaiy reagent was obtained from Pierce. The concentration of PRK

in crude extracts or partially purified preparations was estimated from Western

immunoblots (see below).

Crude extracts and processed samples were assayed for kinase activity as

described by Porter (102), in which the phosphorylation of Ru5P is coupled to the
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^^C02-fixation filter disc assay for ribuiose-bisphosphate carboxyiase/oxygenase (90),
Reactions were initiated by the simultaneous addition of ATP plus NaH^'^COj or Ru5P

plus NaH^^COj, The carboxylase from spinach (300 /ig/assay) was substituted for the

Rhodospmllum rubrum enzyme. In some cases, the activity of partially purified PRK

preparations was measured using a modification of (96) the enzyme-coupled

spectrophotometric assay of Racker (103). Although the two assays gave comparable

results with partially purified samples, the spectrophotometric assay could not be used

with crude extracts because of unacceptable background levels.

The concentration of the Ru5P, formed by the action of ribose 5-phosphate

isomerase on its aldehyde substrate, was calculated from the reported equilibrium

constant (95).

9. Electrophoresis and immunoblotting

Crude extracts and partially purified samples of PRK were examined by vertical

SDS-PAGE (15% polyacrylamide, 0.5% bisacrylamide) on minigels (100 mm wide x 90

mm high x 0.5 mm thick) using the buffer sj^tem of Laemmli (66) and an apparatus from

Idea Scientific, Corvalis, OR. To visualize protein, gels were stained with Coomassie

Brilliant Blue (0.1%) in methanohacetic acid.-water (5:1:5). PRK was detected by a

Western immunoblotting procedure (51,52), as detailed previously (102). Proteins from

the minigels were transferred (17) to nitrocellulose sheets (Schleicher and Schuell) using

the GENIE electroblotter (Idea Scientific, Corvalis, OR). The nitrocellulose membrane

was impregnated with rabbit polyclonal anti-PRK IgG (101) and an £. coli extract

lacking PRK (to minimize cross-reactivity to bacterial proteins). Following exposure of

the membrane to secondary antibody (goat anti-rabbit IgG conjugated with horseradish
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peroxidase, Bio-Rad) and thorough ̂vashing, the immunoreactive proteins were detected

by the color produced upon reaction of the horseradish peroxidase with HjOj and 3,3'-

diaminobenzidine in 50 mM Tris-HQ (pH 7.2).

As quantified by scans of photographic negatives of the nitrocellulose membranes

with an LKB model 2202 laser densitometer, the band density was proportional to the

amoimt of purified spinach PRK applied to the aoylamide gel over the range of 5-60

ng. In all cases, the concentration of PRK in E. coU-dctived samples was based on

comparison with the signal given by a known quantity of spinach PRK applied to the

same gel. Coomassie-stained gels of partially piuified preparations of PRK, in which the

kinase bands were clearly resolved from contaminants, could be scanned directly with the

laser densitometer. The two methods gave comparable results.

10. NEM treatment of PRK

Samples of PRK (both wild-type and mutant proteins) were freed of DTT (which

otherwise would quench NEM) by passage over 1-ml columns (tuberculin syringes) of

Sephadex G-50 equihbrated with a pH-8.0 buffer consisting of 50 mM Bicine-KOH, 5

mM MgQj, 0.5 mM EDTA, and 10% glycerol. TTie proteins were then treated with

NEM at 4»C; aliquots of the reaction mixtures were assayed periodically for kinase

activity. Stock solutions of NEM were prepared in acetonitrile and diluted at least 1000-

fold with reaction buffer prior to combining with the protein solutions. Final reactant

concentrations are provided in the pertinent figure legend.
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(d) Results

1. Concentration and activity of PRK in crude extracts

WUd-type PRK represented about 0.5% of the total protein in crude mini-

extracts based on measured kinase activity and a specific activity of400 units/mg for pure

spinach PRK Because of this relatively low level of expression and the presence of JE!.

coli proteins similar in size to the PRK subunit, the latter was difficult to detect on

Coomassie-stained SDS-PAGE minigels (Rg. IV-IA). However, Western blots of gels

developed with rabbit polyclonal antibody raised against spinach PRK showed that all

eight mutant proteins and the cloned wild-type enzyme comigrated with pure PRK

isolated from spinach (Rg. IV-IB). Generally, the C16A and C55A proteins^ were

present in the respective extracts at levels 2- to 4-fold lower than the other kinases

examined. These lower levels of full-length translation products were often accompanied

by immunodetectable, smaller polypeptides, perhaps reflective of enhanced susceptibility

to proteolysis.

The eight mutant proteins retained varying levels of kinase activity relative to

wild-type enzyme (Table IV-2). Replacement of Cys244 or Cys250 with either serine

or alanine had negligible effects on activity, and hence no further analyses were

performed on these proteins. Substitution of Cysl6 had only modest effects, with C16S

retaining 90% and C16A 45% of wild-type activity. Cys55 mutant proteins were more

impaired, retaining only 5-15% of wild-type activity.

^e single-letter code for amino acids is used to describe mutant proteins. The first
letter denotes the amino acid present in the wild-type enzyme at the numbered position.
The final letter denotes the amino acid present at the corresponding position in the
mutant protein.
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The lowest level of kinase activity which could be measured in any crude extract

with the radiometric assay was 0.5% of that observed in extracts containing the wild-type

enzyme. The sensitivity of this assay was partially limited by the lack of direct

proportionality between kinase activity and amount of extract added if the total protein

exceeded about 30 pg (10 lA of extract).

2. Partial purification and kinetic parameters of mutant proteins

Chromatography on Reactive Red agarose as the initial step in partial

purification of PRK from crude extracts of E. coU was similar to its effectiveness as the

last step in obtaining pure PRK from spinach (96); in both cases, recoveries approached

50%. Affinities of the four mutant proteins (C16S, C16A, C55S, and C55A) for the

affinity matrix appeared comparable to that of wild-type PRK expressed in £1 coli from

the cloned gene based on similar recoveries and similar degrees of enrichment (-10-

fold).

The preparations, obtained by elution of the affinity column with ATP (see

section (c)-7 of this chapter), were sufficiently enriched with respect to PRK that it

could be discerned on SDS-polyacrylamide gels with Coomassie blue (Fig. IV-IA).

Densitometry of Western immimoblots (Fig. IV-2) provided an estimation of purity

(2-5%), which in conjunction with kinase assays, enabled calculations for specific activity

of pure proteins.

Kinetic parameters of the partially purified kinases, as derived from Lineweaver-

Burk and Eadie-Hofrtee analyses, are presented in Table IV-3. The cloned, impure

wild-type PRK and the purified spinach PRK were indistinguishable; the correspondence

of their values validates densitometry of immunoblots as a measure of purity.
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Furthermore, the relative values of the four mutant proteins were in close

agreement with the activity measurements carried out with crude extracts (Table IV-2).

Among the mutant and wild-type proteins, the values for ATP differed by only 2-

fold. The position 55 mutant proteins did exhibit significantly elevated Kj^ values for

Ru5P, some 4-fold higher than wild-type in the case of the setyl substitution and 8-fold

higher with the alanyl substitution.

3. Sensitivity of wild-type and mutant PRKs to NEM

Wild-type cloned kinase was extremely susceptible to inactivation by NEM as

reported previously for PRK from spinach (93). This sensitivity extended to the C55S

protein, which like wild-type, was almost completely inactivated by incubation with 10

NEM for only 2.5 min (Fig. IV-3). ATP afforded substantial protection to both

proteins. In contrast, the C16S protein was quite resistant to NEM-induced inactivation,

losing only one-third of its activity during a 20-min treatment with 100 pM reagent.

(e) Discussion

Oxidative deactivation of PRK entails intrasubunit disulfide bridging of Cys55

with Cysl6 (98). The major purpose of this study was to evaluate the contribution of

Cys55 of PRK to catalysis, as this regulatoiy residue is located at the active site (101)

and specific targeting of Cys55 in the fully-reduced, active kinase by chemical

modification has not been possible due to the hyperreactivity of Cysl6. However, the

recent cloning and sequencing of the spinach prk gene (79) provided the opportunity to
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probe Cys5S directly by site-directed mutagenesis. Serine was chosen as one

replacement residue, because it is the closest analogue, both sterically and chemically,

of cysteine among amino acids that occur in proteins. If the nucleophilicity or hydrogen-

bonding potential of Cys55 were important, the seryl side chain might prove to be a

functional substitution. In the case of alanine, the net effect is replacement of a

cysteinyl sulfhydiyl with a hydrogen atom, thereby generating a chemically inert side

chain.

Replacement of Cys55 by either serine or alanine results in an approximate 10-

fold reduction in the of the kinase. A substantial effect by the most conservative

substitution possible illustrates the stringency for a cysteinyl residue at this position for

optimal activity. Equivalence of a seryl or an alanyl residue at position 55 in supporting

kinase activity indicates that the seryl side chain does not effectively fulfill the role of

Cys55; thus, the maximal contribution of Cys55 to the overall rate enhancement of the

kinase is a factor of ten. The for ATP is insensitive to structural alteration at

position 55, but the 8-fold increase in the for Ru5P that occurs upon loss of H-

bonding potential (cysteinyl -» alanyl) at this position could reflect a role of the

sulfhydryl group in the binding of the sugar substrate.

As predicted by an earlier chemical modification study in which selective

methylation of C^16 by methyl nitrobenzenesulfonate was accompanied by only partial

inactivation (99), the kinase activity is not particularly sensitive to amino acid substitution

at position 16. The for the C16S protein is within 10% that of the wild-type kinase,

and the k^<^ for the C16A protein is only 2-fold less than the wild-type value.

Interestingly, the catalytic consequences of methylation of Cysl6 and its replacement by

an alanyl residue are virtually identical. This may reflect the hydrophobic nature of the
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change in each case, because Cysi6 is located within a hydrophilic environment and is

freely accessible to solvent as judged by reactivity toward several charged reagents

(63,97,98). Substitution of C^16 with serine or alanine results in little change in the

for either ATP or Ru5P, while its methylation results in a 5-fold increase in the of

ATP (99). This difference may be explained by the increased bulk of the methylated

cysteine.

Based on lack of perturbation of by amino acid substitutions, the only other

cysteinyl residues of PRK (Qrs244 and Cys250) are not involved in catalysis nor are they

required for conformational integrity. This finding is consistent with reports of chemical

modification of Cys244 without catalytically detrimental effects (62,63,101); modifications

of Cys250 have not been described previously.

The in vitro oxidation of PRK by stoichiometric amounts of 5,5'-dithiobis-(2-

nitrobenzoic acid) completely inactivates the en^me by virtue of intrasubunit disulflde

bond formation between Cysl6 and Cys55; the fully reversible chemistry is exceptionally

selective, as no other modiGcations can be detected (97). Inasmuch as the in vitro

oxidation is a faithful mimic of the in vivo process, regulatory oxidation within the

chloroplast gives rise to a catalytically incompetent kinase. The 90%-diminution of wild-

type activity by the conservative replacement of Cys55 by serine indicates that oxidative

deactivation, to a large extent, is a direct consequence of the loss of an active-site

sulfhydiyl group. Steric effects of disulGde bond formation in conjunction with induced

conformational changes or slight reorientation of catalytic groups could explain the

absence of activity associated with the oxidized protein in contrast to the 10% residual

activity displayed by the C55S kinase.

The extreme sensitivity of reduced, fully-active PRK to sulfhydryl reagents
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(6,63,93,98) is retained by the CSSS protein, whereas the C16S protein ochibits only

sluggish reactivity toward NEM. These observations are instructive in several ways: the

sulfhydiyl group of C^16 is verified as the prime target for modification by exogenous

reagents; the possibility that the proximal sulfhydiyl at position 55 in the wild-type

enzyme significantly influences the chemical reactivity of the sulfhydiyl at position 16 is

discounted; similar reactivity of Cysl6 in both the wild-type and C55S proteins argues

against substantial conformational disruptions being caused by the replacement of Cys55

with serine. Inactivation by derivatization of the Cysl6 sulfhydiyl with bulky reagents

(62,97) appears to be due to direct steric effects or to induced conformational changes,

as this sulfhydiyl can be removed by metagenesis or methylated without substantial loss

of kinase activity. Given the enhanced reactivity of Q«16 relative to Cys55 as confirmed

with pertinent mutant proteins, Cysl6 would appear the likely target of the in vivo

sulfhydiyl-disulfide exchange between the reduced kinase and the oxidized form of

thioredoxin (13,22,98).

In summary, none of the four sulfhydiyl groups of PRK are required for catalysis.

Cys244 and Qrs250 are clearly without effect on structure or function, as their

replacements do not alter catalytic parameters. Likewise, as the Cysl6 mutant retains

essentially wild-type activity level, Cysl6 contributes only marginally, if at all, to catalysis.

However, the accessibility and reactivity of this residue are obligatoiy to regulation of

PRK activity in vivo; Cysl6 presumably provides the "handle" for engagement of PRK

by oxidized thioredoxin, thereby forming a mixed disulfide. Intramolecular attack by

Cys55 on the mixed disulfide would then yield the inactive, oxidized form of PRK To

a considerable extent, inactivation reflects the loss of an active-site sulfhydiyl (Cys55)

which facilitates catalysis, as demonstrated by the detrimental effects of its substitution
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by mutagenesis. The concomitant loss of the active site sulfhydryl at position 16 via

oxidation probably does not contribute directly to the inactivation process, but

thioredoxin could not serve as a physiological modulator of PRK were it not for this

sulfhydryl providing the avenue for oxidation. This assertion is reinforced by the

observed resistance of position 16 mutants to sulfhydryl reagents. Specific chemical

modification of Q«16 by bulky reagents does result in virtually complete loss of Idnase

activity (97,62), but in conjunction with the present mutagenesis studies, this inactivation

can only be explained by invoking steric and/or conformational effects. Inasmuch as

pairing of Cysl6 with Cys55 to form a disulfide mimics modification with bull^ reagents,

indirect effects would also appear to contribute to oxidative inactivation of PRK.
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CHAPTERV

CONCXUSIONS

The prerequisite steps to attain the goal of developing an expression/mutagenesis

system for spinach PRK have been fulfilled:

• A spinach cDNA A.gtll library was created, from which a PRK-containing

clone was isolated,

• The primary sequence of PRK was determined,

• An expression/mutagenesis phagmid, pSMlOO, was constructed and PRK

indistinguishable from the native enzyme was produced from it in£l coU,.

The roles of the four PRK cysteine residues have been examined using a facile

and efficient PRK expression/mutagenesis vector systenL The effect of substituting

Cysl6 and Cys55 (with Ser or Ala) on PRK function is consistent with and extends

previous data from chemical modification studies. The role of Cys55 was previously

difficult to assess due to the presence of its very reactive neighbor, Cysl6. By preparing

and characterizing the appropriate PRK mutant proteins (C55S and C55A), Cys55 was

determined to have a role in facilitating catalysis and may represent the first residue to

be located at the PRK sugar substrate-binding domain.

The potent combination of protein chemistry approaches and site-directed

mutagenesis will undoubtedly locate other residues comprising the PRK active site and

determine their roles. When the 3-D structure of PRK is determined (using X-ray

crystallography) site-directed mutagenesis and protein chemistry techniques can be used
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to help establish the function of selected residues

Knowledge of the mechanism of oxidative deactivation of PRK is presently

incomplete. Studies presented here, as well as early chemical modification studies,

suggest that a combination of conformational changes and removal of a catalytically

facilitative residue are involved in this regulation. Crystal structures of oxidized and

reduced PRK, as well as the mixed disulfide intermediate (between PRK and

thioredoxin) will be particularly instructive in elucidating the mechanism of oxidative

deactivation in vivo. PRK might thus provide a model for studying the regulation of

other enzjmies which are regulated via the ferredoxin/thioredoxin system.
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Table HI-l

Conciation between intracellular PRK activity kveb and cell siuvival

Qoned

pHc gene
Relative®
activitv

MV1190 [pSMlOO]
PLATED COLONIES*'
-IPTG -l-IPTG

TRANSFORMANTS'
CJ236 MV1190

wild-type 100% 1800 < 10 < 5 12,000

Wrong pnk
orientation

(0) 2600 3100 200 7,000

(none) - 3400 3100 — —

Cys 16
mutants

(Ser,Ala)
45-90% 3300 <10 <5 7,000

Cys 55
mutants

(Ser,Ala)
5-15% 2600 1800 150 6,000

Cys 244,
Q«250
mutants

(Ser,Ala)

80-100% 2700 <10 <5 10,000

®Single-site mutations were introduced into PRK by site-directed mutagenesis of
pSMlOO. Previously determined specific activities of the mutant proteins relative to
wild-type enzyme are shown (81).

^10"^ ml of an overnight culture of MV1190 harboring either mutant or wild-type
pSMlOO were spread on LB-Ap agar plates in the absence or presence of 0.1 mM IPTG.
Control samples were similarly plated (MV1190 containing pFL220 with PRK in the
wrong orientation, and MV1190 lacking plasmid DNA). The number of colonies was
determined after 16 hours of growth at 30°C

"About 30 ng pSMlOO mutant, wild-type, or control (pFL220 with PRK in the wrong
orientation) DNA was used to transform E. coti CJ236 (lad gene) and MV1190 (lacfl
gene). The transformants were grown 18-24 hours at 30°C with selection on LB-Ap
(MV1190) or LB-i^,Cm (CJ236) agar plates.
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Table IV-l

Primers used for mutagenesis of ib&pric ̂ ne'

Desired

Replacement Primer Sequence

C16S pGATTCAGGTTCTGGTAAG

C16A pGATTCAGGTGCTGGTAAGAG

C55S pCTGTTATCTCTTTGGATG

C55A pACTGTTATCGCITTGGATG

C244S pGGATTCCATCTGGTAGAA

C244A pTGGATTCCAGCrGGTAGAAA

C250S pAATTAACATCTTCTTACC

C250A pAAATTAACAGOTCTTACCC

^The underlined bases have been introduced by site-directed mutagenesis to

replace the cysteine codons (TGT) with codons for either serine or alanine (bold).
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Table IV-2

Kinase activities of cnide extracts of transformed £. coU

Protein Specific Activity^
(units/mg total protein) (% wild-type)

wild-type Z1 ± 0.4 100 ± 18

C16S 1.9 ± 0.4 90 ±21
C16A 1.0 ± 0.2 47± 11

C55S 0.13 ± 0.05 6 ± 2
C55A 0.19 ± 0.03 9 ± 2

C244S Z1 ± 0.4 100 ± 18
C244A 1.7 ± 0.5 81 ± 22

C250S 1.9 ± 0.7 90 ±34
C250A 1.9 ± 0.4 90 ±20

®Each value is the average (± standard deviation) of four determinations.

Western blots were used to normalize concentrations of PRK to that of wild-type

enzyme.
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Table IV-3

Catalytic parameters of partially purified PRKs

Protein K^iATPf
(a/M)

K„(Ru5P)''
(/iM)

V
max

(units/mg PRK) |[% w-t)

Pure enzyme ND"= ND"= 400 100
(from spinach)

Wild-type 63 ± 17 95 ± 7 426"' ± 50 100

C16S 94 ± 14 165 ±5 371"' ± 38 87
C16A 70 ± 19 96±3 173"' ± 19 41

C55S 42 ± 5 381 ± 31 45"* ± 12 11
C55A 90±5 754 ± 78 67"' ± 10 16

®The concentration of ATP was varied from 20 to 500 /iM at a fixed RuSP

concentration of 1.2 mM or 4.0 mM with the position 55 mutant proteins.

'Tlte concentration of Ru5P was varied from 30 to 4000 pM at a fixed ATP

concentration of 2.0 mM in the spectrophotometric assay and 6.0 mM in the radiometric assay.

(ATP) and (Ru5P) were not determined for PRK purified from spinach.

Tb® (ATP) for native spinach PRK has been reported as 59 ± 12 /iM and the (Ru5P)

as 150 ̂ M (99). The specific activity of native spinach PRK has been reported to be 410 (96).

"'The concentration of PRK in the impure sample was estimated from densitometer

scans of Western immunoblots so that the stated represents that of pure enzyme.
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APPENDIX B.

FIGURES AND FIGURE LEGENDS
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Figuie I-l. Sequence alignment of phosphoribulokinases from prokaiyotic and
eukaiyotic sources. Richard J. Mural,perso/ia/commuwKwribn (1991). Asterisks
have been placed above residues which are identical in at least 7 of the 8 organisms.
Regions showing homology among all species are underlined.

Eukaryotic PRKs:
PsmlOO = spinach PRK
Whprk = wheat PRK
Crprk = Chlamydomonas reinhardtii

Prokaryotic PRKs:
Synprk = Synechocystis 6803 (cyanobacterium)
Prka = Rhodobacter sphaeroides form I (or A)
Prkb = Rhodobacter sphaeroides form n (or B)
Aeprkc = Alcaligenes eutrophus chromosomal
Aeprkp = Alcatigenes eutrophus plasmid
Xfprk = Xdnthobacter flavus
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1  so
* *** * * * * * *

PMlOO SQQQTXVICL AADSGOGKST PNRRLTSVFG GAAEPPKGGN PDSNTLISDT TTVICLDOPH SLDRNGRKVB
Wtiprk AVEQPIVIGL AADSGCGKST FMRRLTSVPG GAAEPPKGGN PDSNTUSOT TTVICLDDYH SLORTGRKEK
crprk DKOKTWIGL AADSGCGKST FHRRMTSIPG GVPKPPAGGN POSNTLISDM TTVICLDDYH C1J)RNGRKVK
Synprk QLDRWLIGV A6DSGCGKST PLRRLTDLFG EBP MTVICLDDYH SLDRQGRKAA
Prk« M8KKHPIISV TGSSGAGTST VKHTPDQIFR RECV K AVSIE6DAFH RPNRADRKAB
Prkb VSKKYPIISV VGSSGAGTST VKifTPEQIPR REGV K SVSIEGDAFH RPNRADMKAE

A*prkc M8BRYPIIAI TGSSGAGTTS VTRTPEHIPR RECV K 8WIBGDSRH RYDRAEMKVK
Aoprkp NSBRYPIIAI TGSSGAGTTS VTRTPENIPC RBGV K SWIB6D8PH RYDRAEMKVK
Xfprk MSIKHPIIW TCSSGACTTS VKRTPBQIFY RBKV K AAFVBCPSrH RYPRYRMPEI.

71

PralOO

Whprk
Crprk

Synprk
Prka

Prkb

Aaprko
Aaprkp
Xfprk

XVTALDPKAM

GVTALDPKAN

GVTALAPBAQ
GVTALDPRAN

LDRRYAAGOA

LERRYAAGDA

NABAERTGNM

MAEAERTGHM

MAAEAAKGNK

120
*  *

DPDliCYBQVK ALXBGKAVDK PIYIIHV8G L LDPPELIQPP
DPDLMYEQVK AIKEGKAIEK PIYNHVTG L LDPAELIQPP
NPDUIYNQVK ALXEGK8VDK PIYNHV8G L IDAPELIBSP
NPDLNYEQIK TUCSGQSIHK PIYNHBTG L LDPPEKVEPN
TPSHPSYEAN ELKELERVPR EYGBTGQGRT RTYVHDDABA ART6VAPGNP TOWRDPDSDS
TFSHPSYEAH ELKELERVPR EYGETGRGRT RTYVHDDABA ARTGVAPGNP TQWAPFEDNS
NPSHPGEBNN LPGELBNLPR 8YAETGTGMH RHYLH8PBSA APPGQEPGTP TQHBPLPADT
NPSHPGAENH LPGDLBSLPR 8YABSGTGMR RRYLHSTEBA APPGQQPGTP TAHEPLPADT
HP8HP8PETN RLDOLAQLPK DYGATCSGRP RHYVHDAGEA KLYNTEPGRF TDHEOLEQGT

Praloo

Nhprk
Crprk
Synprk
Prka

Prkb

Aaprko
Aaprkp
Xfprk

141
**•*

KILVIB6LHP

KirVIEGLHP

PILVIBCLHP

KVWIECLHP

HLLPYEGLHG

OLLPYEGLHG

DLLPYBGLHG
OLLPYEGLHG

DILPYBGLHC

190
**

MYDARVRELL DPSIYLD18N EVXPAHKIQ. ..RDMKBRGH SLBSIKA8IB 8RKP0PDAYI
MYDBRVRBLL DPSIYLDISN EVXPAHKIQ. ..RDNABRGH SLESIKASIB ARKPDPDAPI
PYDKRVABLL DPKIYLDISD DIKPAHLIQ. ..RDNABRGH SLBSIKS81A ARKPDPDAYI
LYDERVRELV DPGVYLDISB EVXIHHKIQ. ..RDNABRGH TYBDILASIN ARKPDFTAYl
AWNSBVNIA GLADLKIGW PVIMLBQIQK IKRDRATR6Y TTBAVTDVIL RRMHAYVHCI
CWNDBVNLV RHADLKLCVA PVIMLEHIQK IHRDRATRGY TTBAVTDVIL RRNYAYVHCI
GWTDSVNVA QYPNLLIOW PVINLBMIQK LHRDKXQRGY STBAVTDTIL RRNPDYVNYI
GWTDBVNVA QYPNLLICW PVINLEHIOK LHRDKXQROY STBAVTOTIL RRNPDYVNYI
AWTDRLNLA QHADLKIGW PVIMLRHIQK IHRniCATBCY TTBDVTPTIM RRMPOYVRYT

211 2«0
** * * * * *

pSNlOO DPQKQHADW IIVLPTRLIP DDDB6KVLRV RMIQKBOVKP PNPVYLPDBG ..STI8VIPC
Hhprk DPQKQYAOAV lEVLFTQUP DDHEGKVUtV XLIMXEQIXF PNPVYLFDBC ..STINWIPC
Crprk OPQKXDAOMI IQVLPTQLVP DDK.GQYUtV RLIMXEGSXM FOPVYLFDIG ..STISHIPC

Synprk EPQKQYAOW tQVLPTIII.1. EDKESKLLRV RLVQICECSKr PEPAYLTDBa ..STIOHIPC
Prka VPQFSQTOIN FQRVPWDTS NPFIARHIPT ADESVWIRF RMPRGIDFPY LTSNIHGSNII
Prkb VPQFSETDIN FQRVPWDTS HPFIARHIPT PDESIIVIRF KHPRCIOCPY LTSMIAGSNM

Aaprkc CPQFSRTHVN FQRVPCVDTS NPFISRSIPA PDESMWIRF ANPKGIOFQY tXSHlHDSFM
Aaprkp CPQFSRTHVN FQRVPCVDTS NPFISRBIPA PDESHWIRF ANPKGIDFQY LLSHIHOSFM
Xtprk CEQFTETDIN FQRVPTVDTS NPFVARHIPT PDESMWIRF ROPHGIDFPY LLSHIHMSFM

GRXLTCSYPG

GRKLTCSYPG

GRKLTCSFPG

GRKLTCTYPG

SRANSIWPG

SRANSIWPG

SRANTIWPG

SRANTIWPG

SRAMSIVIPG

211 310

PanlOO IKFSYGPDTF YGNEVTWEM DGMFDRLDEL lYVBSHLSNL ST1CFYCEVTQ QMLXHQHFPG SNNGTGFFQT
Hhprk IKFSYGPOTY FGQEVSVLEM DGQFDRLOEI. 1YVE8HLSML STXFYGEVTQ QHLKMADFPG SNHGTGLFQT
Crprk IKMFYGPDTH YGQEVSVLEH DGQFDKLEEL IWESHLSNT SAKFYGEITQ QHLKMSGFPG SNNGTGLFQT

Synprk IKMYYGPDHF MGNEVSLLEV DGRFENLEEH VWENHLSKT GTKYYGEHTE LLUCHKOYPG TDNGTGLFQV
Pf"* HK LOLAMQLILT
Prkb NK QOLAMQULT

Aaprkc GX MELAHQLIPT
Aaprkp GX MELAHQLIFT
Xfprk NK QOLAHQLLLT

351 377

PanlOO IIGLXIRDLF BQLVASRSTA TATAAXA
Hhprk IVGLXIRDLY EQIIAERAGV PAEAAKV
Crprk IVGIKVREVY ERIVK.XDW PV

Synprk LVGLKMREW EQLTAE.AKV PAS
Prka PLIDRWRES KVA
Prkb PLIERMVREA R

Aaprkc PFVLRMMERR XRAAQ
Aaprkp PFVLRMMERR XRAAL
Xfprk PLIMXLMORX RRAG

Figure I-l.
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Hguie I-Z ̂ uenoe similarities of phosphoribulokiiiase and ATP-binding proteins of
diverse origins. Homologous sequences are boxed in. The abbreviations used are: PRK,
phosphoribulokinase; Mai k, maltose transport protein; Pst B, phosphate transport
protein; Opp D, oligopeptide transport protein; His P, histidine transport protein.
Source: Porter, M.A, Stringer, C.D. and Hartman, F.C.: Characterization of the
regulatory thioredoxin site of phosphoribulokinase. J. Biol. Chem. 263 (1988) 123-129.
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EBflUElH Source Sequence Position

PRK Spinach A A D S G C G K S T F  11-23

PRK L 5PHER9JPP5 T G S s g0g{t]s T V K H 11-23

Hal K L. COLI V G P S G C G K S T L L "r 15-27

PST B L. COLI I G P S G C G K S T L L R 41-53

Opp 0 L. COLI V G E S GIG K s[^S L R 53-65

His P S. TYPHIMURIUM I G S S G S G K S T L L 38-50

Adenylate kinase Rabbit V G G PjG S G K a C E 14-26

Hyosin Rabbit G E S G A G K T V N T K 179-190

Figure 1-2.
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Figure 1-3. Similarities between PRK and Fj-ATPase subununits. The amino acid
sequences used in this figure are from the following Sources: PRK, this study;

^ sequence of the b subunit of the chloroplast ATPase from tobacco, spinach and maize
is firom Shinozaki, K-, Deno, H., Kato, A and Sugiura, M.: Overlap and cotranscription
of the genes for the beta and epsilon subunits of tobacco chloroplast ATPase. Gene 24
^1983) 147-155;
Shinozaki, K., Deno, H., Kato, A and Sugiura, M.: Overlap and cotranscription of the

genes for the beta and epsilon subunits of tobacco chloroplast ATPase. Gtene 24 (1983)
147-155;
^ Yoshida, M., Poser, J. W., Allison, W. S. and Esch, F. S.: Identification of an essential
glutamic acid residue in the b subimit of the adenosine triphosphatase from the
thermophilic bacterium PS3. J. Biol. Chem. 256 (1981) 148-153.

° Corresponds to an essential glutamic acid residue in the B subunit of the ATPase
from the thermophlic bacterium PS3 as identified by its derivatization with DCC (134).
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PPPT^IW ifiUB££ Sequence Position

PRK

Fi-ATPase
0 SUBUNIT

SPINACH

CHLOROPLAST^ V

£. COLI°

Thermophilic
BACTERIUM PSS^

S V F G G

S V F G G

svfJ^g

AAEPPKGGNP 26-41

V G

V G

A G V G E?R

R T R E

R T R E

G N

G N

196-211

174-189

Figure 1-3.
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Figure II-l. Western immunoblot of unmunopiedpitates from oell-fiee translation
products of poty(A)"'" RNA from spinach leaves. Cell-free translation was carried out
using the rabbit reticulocyte lysate system (Promega Biotec) with [^^S]-methionme added
to monitor protein synthesis. Rabbit polyclonal anti-PRK IgG (kindly provided by Dr.
F.C Hartman) and protein A Sepharose beads were used to immunoprecipitate PRK
from the translation products (55). The translation products were analyzed on
SDS-PAGE (15% polyacrylamide) minigels using the buffer system of Laemmli (66) and
PRK-related products were detected by Western immunoblots (17). Lane A contains
the pre-precipitate (using pre-immune rabbit serum) of the translation products, lane B
shows the products (indicated by the two arrows on the left) precipitated by rabbit
anti-PRK, which have apparent of 45 and 48 kDa. Lane C contains purified mature
spinach PRK (arrow on the right) with an apparent of 44 kDa.
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Figure 11-2. Pli]^sical maps of PRK cDNA. (A) Strategy for sequencing the cDNA for
spinach PRK. Clones derived from PRK cDNA were identified as those whose
nucleotide sequence encoded any of the published partial amino acid sequences of PRK.
The sequencing of both strands of the clones, identified as coding for PRK, was
accomplished using a strategy in which oligodeoxynucleotide primers were synthesized
based on newly acquired DNA sequence. The primers, 15 to 17-mers, were prepared
by using phosphoramidite chemistry (46,119) on a Systec Model 1450 DNA synthesizer.
Using these primers we were able to obtain most of the sequence of both strands. A
deletion was made from the Sphl site in the PRK cDNA to the Sphl site in the
poly-linker of M13mpl8 and single stranded DNA from this construction was used as
a template to complete the sequence. The top line represents the total amount of
cDNA which was sequenced. The position of the coding sequence for mature PRK
protein is within the boxed-in region. Several unique restriction enzyme cleavage sites
are included as reference points. Cross-hatching shows regions which code for parts of
the mature protein whose amino acid sequences have been previously determined
(62,96,98). These include nucleotides 1 to 192 which encode the N-terminus of the
mature protein, nucleotides 676 to 768 which encode the amino acid sequence of two
tiyptic fragments of PRK (62,98), and a peptide of 11 amino acids (62) encoded by
nucleotides 892 to 924. Below this composite are the relative positions of the two clones
used to construct it and the strategy u^ to sequence them. The arrows indicate the
regions of each clone sequenced with a particular primer. Arrows beginning with a
circle represent areas which were sequenced using the M13 universal primer
(GAAATTGTTATCC; BRL). Regions sequenced using newly synthesized primers are
represented by arrows beginning with boxes. The primers were synthesized to prime at
the following sequences: l,AACAAGTGTnTCGG; 2, GAATCCAGAAAGCCA; 3,
AGCTCGTTGCTAGCA; 4, TGAACAAGTTAAGGC; 5, GTTCTTACCCTGGTA; 6,
GGATGArnrCATTCCC; 7, AGCAACTGCAACAGC; 8, TCCrAAGATCTTGGT;
9,GTAGrAGATGGATGGA; 10, ACAAGACCATCCTATG. (B) Position of
termination codons in each of the three possible reading frames of the PRK cDNA
sequence. Frame 1 can be seen as the only ORF in the region of interest It extends
from the 5' end of the composite sequence at position -170 to the TAG terminator at
position 1054.
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Figure 11-3. Composite nudeotide sequence of the cDNA for spinach PRK with a
translation of the oodmg region for mature spinach PRK. Several imique restriction
enzyme cleavage sites are indicated in italics. The nucleotides are numbered above the
DNA sequence, with an asterisk marking every tenth base, from the Grst base of the
codon for the A/-terminal serine of mature PRK. Corresponding amino acid residues are
indicated beneath the DNA and are numbered on the right margin for each line of
amino acids. The coding region of the mature protein ends 1053 nucleotides after the
beginning of the N-terminal serine codon with a terminator, TAG (—), starting at
nudeotide position 1054. This 1053 bp region encodes a protein of 351 amino acids
with a calculated molecular mass of 39,232 daltons and a predicted amino acid
composition closely matching that published for spinach PRK (96). The EcoiRl linkers
ligated on the ends of the cDNA clones are in lower-case letters.
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Figure m-l. Construction of the PRK expression phagmid, pSM 100. (A) The original
sequence in the EcdSl fragment around the codon for the iV-tenninal amino acid
(serine, underlined) of mature-length PRK in M13mpl8 (79). Following
oligonucleotide-directed mutagenesis with the primer
pGTAATAACATATGTCACAACAACA, the DNA (B) contained an ATG start codon
(bold) at the 5' end of the coding sequence for mature-length PRK and a second Nde\
restriction site (there is a naturally occurring site just distal to the 3' end of the PRK
translated sequence) nested inside the EcdBl fragment Because digestion of RF M13-
PRK DNA with Nde\ yielded another fragment the same size as oqiected for PRK, the
PRK £coRI fragment was gel-isolated and subcloned into the EcdSl site of pBR325
(interrupting the chloramphenicol acyltransferase gene). PRK-containing pBR325 DNA
was digested with Ndel, the 5' overhanging ends were filled (using Pollk and all four
dNTPs), and phosphorylated BumHI linkers were ligated to the blimt-ended fragments.
The 1.1 kbp PRK BamYQ. fragment (C) was ligated into the BamHL site of the phagmid
expression vector, pFL220 (68) (D), creating the PRK expression phagmid pSMlOO (E),
which was used to transform E. coU MV1190.
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Figure m-Z Western immunoblots of crude oell-fiee extracts containing PRK. 10 pg
total protein from crude {K coU MV1190) extracts were electrophoretically separated
by vertical SDS-PAGE (15% acrylamide, 0 J% bisacrylamide) gels (ICQ mm wide, 90 mm
high, 0.5 mm thick) using the buffer system of Laemmli (66). Proteins were transferred
to nitroceUulose (17) and PRK was detected by inmnmoblotting as previously Hp.tai'lpd
(51,52,81) using rabbit polyclonal anti-PRK IgG (102) and goat anti-rabbit IgG
conjugated with horseradish peroxidase, and the colorimetric reagent 3,3'
diaminobenzidine. (A) Lane 1: extract from cells grown at 37°C without arabinose;
Lane 2: extract from cells grown under optimized conditions (at 30°C with arabinose);
^ne 3: extract prepared from MV1190[pSM100] colonies grown on LB-Ap agar plates
in the presence of IPTG, and which had normal pSMlOO DNA (as determined by
restriction analysis). (B) Lanes 1-5: cell-free extracts from K coU MV1190 colonies
grown in the presence of inducer (0.1 mM IPTG) and had rearranged pSMlOO DNA;
Lane 6:5 ng purified spinach leaf PRK; Lane 7: prestained molecular weight standards
having apparent molecular weights as provided by the manufacturer are as follows:
bovine serum albumin (69.3 kDa), ovalbumin (45.8 kDa), carbonic anhydrase (28.7 kDa),
fi-lactoglobulin (18.4 ld)a) and lysozyme (15.4 kDa).
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Hgure IV-Z Western unmunoblot of an SDS-polyaciylaniide gel of extracts f nrirhfyj
for PRK by duomatograpby on the Reactive Red affinity matrix. Lane 1; Wild-type
PRK; Lane 2: C55A PRK; Lane 3: C55S PRK; Lane 4: C16A PRK; Lane 5: C16S PRK;
Lane 6: purified spinach leaf PRK; Lane 7: extract lacking PRK
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RgiireIV-3. Inactivationofwfld-type and mutant phosphoribulokinase by NEM. PRK
(0.02 - 0.08 units) in 50 mM Bicine, 5 mM Mga2,0.5 mM EDTA and 10% glycerol was
treated at 4»C with either 10 (C55S, □; wild-type, Q) or 100 pM (C16S, A) NEM.
Separate reaction mixtures of wild-type, C16S, and C55S PRK included 2 mM ATP (•).
Controls of C16S (0), C55S (0), and wild-type PRK (♦) lacked NEM. Reactions were
initiated by mixing 20 ^1 each of pre-chilled PRK (± 4 mM ATP) and NEM; aliquots
(5 - 30 /il) were periodically assayed for kinase activity.
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