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Fifieen mutants of Sin~rhizobium (Rhizobium) meliioti unable to utilize acetate as a d e  

carbon source (Am were characterized in this study. Merodiploid complementation teas 

show& that nine of these mutations were in loci distinct fkom previously descnbed 

gluwneogenic loci. The chromosomal locations of the mutations were detennined, and 

complementing clones were isolated fiom the cosmid library of S. rneliloti genomic 

D N A  nie  mutants were placed into four gmups (1-IV) b d  on genetic linkage in phage 

CO-transduction. None of the mutations were in glyoxylate shunt enzyme-encoding genes. 

Nucleotide sequence anaiysis of ace mutants f?om Groups III and IV showed mutations 

in genes encoding acetyl-CoA synthetase ( a d )  and anaerobic coproporphyrinogen III 

oxidase (hemN) respectively. Ce11 extracts of the hemN mutant exhibited double the 

isocitrate lyase levels of the wild type. The a c d  mutant lacked acetyl-CoA synthetase 

activity and had an interesthg growth phenotype; it was able to grow on iow 

concentrations of acetate only. Previous DNA sequence analysis in Our iaboratory had 

determined that Group II mutants had mutatioxk located within the pod gene, encoding 

the enzyme pyruvate orthophosphate dikinase. The Acé phenotype contrasts with the 

 ce' phenotype of apod mutant isolated by 0steds et al. (Microbiology. 143:1639-1648, 

1997). The pod gene was reponed to be required for the suppression of the 

succinate utilization phenotype of a pckA mutant. In the present study, we have 

demonstrated that spk, the second site suppressor ofpck4, is tightly linked to pod, but is 

in fact a distinct locus. Expression analysis of a pod::I~cZ gene fusion indicated that the 

expression of the@ gene does not depend on growth phase or carbon source. The wild- 

type pod cosmid clone is able to suppress the succinate phenotype of the pckA mutant. 

The role ofpod in pckA suppression is yet to be determined. This study identified three 

genes involved in acetate metabolism and indicates that the mechanisms used to 

metabolire acetate in S. meliloti are probably different nom that used by enterics. 



Quinze mutants de Sinorhizobium (Rhizobium) meliIoti incapables d'utiliser l'acétate 

comme unique saurce de carbone ( A d )  ont été characterisé dans cette étude. Des tests 

de complémentation mérodiploide ont démontré que neuf de ces mutations étaient 

localisés dans des loci distincts de ceux préalablement décrits; les loci gluconéogéniques. 

Les mutations ont été cartographié au chromosome et des clones permettant un 

complémentation ont été isolés à panir de la banque de cosmides #ADN génomique de S. 

meliloti. Les mutants ont été répartis dans quatre groupes (1-IV) basés sur la proximité 

génétique lors de la CO-transduction par les phages. Aucune des mutations n'affectait les 

gènes codant pour ces enzymes du cycle du glyoxylate. L'analyse de la séquence 

nucléotique des mutants ace des groupes III a IV a montré des mutations dans des gènes 

codant pour 1' acetyl-CoA synthetase (acsB) et l'oxidase anairobique 

coproporphyrinogène III (homN) respectivement. Des extraits cellulaire des mutants 

hemN ont démontré des taux d'isoctrate lyase doubles par rapport à la sorte sauvage. Le 

mutant acsB était dépourvu d'activité de 1' 'acetyl-CoA synthétase et présentait un 

phénotype de croissance intéressante - il était capable de croître sur des concentrations 

très basses d'acétate seulement. Des analyses antérieures de séquence d'ADN effectuées 

dans notre laboratoire ont démontré que le groupe II avait des mutations Iocalisées à 

l'intérieur du gène pod, codant par la pyruvate orthophosphate dikinase. Le phénotype 

Acë contraste avec le phénotype A=+ d'un mutant pod isolé par 0steris et al. 

(Microbiology. 143:1639-1648, 1997). Ce gène pod a été rapporté comme étant 

nécessaire pour la suppression du phénotype d'utilisation du succinate chez un mutant 

pcM. Dans la présente étude, nous avons démontré que le gène pod est étroitment relié à 

l'allele supprimante mais dans un locus différent. Ceci peut expliquer les différents 

phénotypes observés dans les deux études. L'analyse de l'expression du gène fusion 

po<l:IacZ indique que celle du gène pod ne dépend pas de la phase de croissance ni de la 

source de carbone. Noue clone cosmide de type sauvage pod est capable de supprimer le 

phénotype de succinate du mutant pck4. Le rale de pod dans la suppression de pck4 reste 

cependant à déterminer. Cette étude a demontré qu'il existe trois gènes impliqués en 



métabolisant l'acétate a que les mécanismes employés par meliloti pour métaboliser 

l'acétate sont probablement différents de cela employé par entencs- 
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CBAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 



Legumes commonly form symbioses with species of the bacterial f d y  

Rhizobiaceae, which can result in an efficient biological nitrogen fixation. Such an 

association is useful to  the host plant in nitrogen-limiting conditions. It is also 

advantageous to the bacteria The nodules house them, and they also receive a steady 

supply of nutrients nom the plant. Today, nitrogen-fixing crops rate thid, behind cereals 

and root crops, in global food production fiom the land. Their importance is increasing as 

people move more seriously towards sustainable agriculture. There is a need for better 

agricultural systems with plants, technologies and microorganisms that are adapted to 

modem agricuhral needs. 

In order to enhance the performance of rhizobia, we need to have a good 

understanding of the association between the host plant and the bacterium. Major 

advances have recently been made towards understanding the metabolic pathways 

important for the bacterhm (in the f?ee-living and symbiotic state). Acetate, a two-carbon 

substrate, has been found in sigrifkant quantities in nodules, and may be used as a 

carbon and energy source by rhizobia in the fi-ee-living state. Acetyl-coenqme A, a 

cornmon metabolic form of acetate, is an intemediate in various anabolic and catabolic 

pathways. A study of acetate metabolism may therefore provide insights into the 

replation of fluxes of carbon molecules into di£Ferent metaboIic pathways. This thesis is 

an effon to understand the metabolism of two-carbon compounds such as acetate in 

Sinorhizobium (Rhirobium) meliloti, a soi1 bact erium t hat forms nitrogen-Mg 

symbiosis with aifalfa and other medics that are important forage crops This organism 

has been the focus of much research because of its well-developed genetic system. 



Rhizobia 

Rhizobia are Gram negative, rod-shaped bacteria that form nitrogen-5xhg 

symbioses with legurninous plants. These bacteria include the genera Rhizobium, 

Bracjlrhizo bium, Mesorhizo bium, Sinorhizobium and Azorhizobium. Most rhizo bial 

species ody nodulate specifk hosts. For example Sinorhmbium meliloti, also called 

Rhizobium meliioti, forms symbioses with alfalfa, while Bradjrhizobium japonicum 

nodulates soybean. Rhizobia cm also be metabolically divided into two classes - slow 

growers and fast growers. Fast growers (S. meliloti, R legz~minosarurn, R 

leguminosarum bv. &iiftoZiz] have a mean generation time of 2- 4 hours. Slow growers (B. 

juponicinn, R lupini) have a mean generation t h e  of 6-8 hours (102). 

Signal Attachment Root hair Infection thread 
exchange curling development 

Figure 1.1. Early stages of root infection by Rhizobia (adapted from (88)). 

Free-living rhizobia are generally unable to fix NÎ. They can cany out this task 

only &er colonizing the host plant. Plants secrete flavonoids into the rhizosphere (Figure 

1.1). When the bactena encounter the appropnate flavonoid, they respond by 

synthesizing and excreting Nod factors. This exchange of signals occurs as the bacteria 



bind to specifk sites on the root hairs. This stimulates the formation of an infection 

thread through which the bactena are able to invade the plant. CeU division and cefl 

growth in the plant root cortex leads to the formation of a root nodule in which bacteria 

infect host cells and differentiate into bacteroids that fïx N2. 

Carbon and Nitrogen Metabolism 

Bacteria supply their host with a nitrogen source, and the plant supplies the 

bacteria with a supply of carbon and energy- Even though ammonia has been thought to 

be the major N2-containing compound supplied to hosts, there is recent evidence 

suggesting that the nitrogen source for soybean is likely alanine (1 15). N2-fixation in this 

symbiotic association is an energy intensive process. The nitrogenase enzyme that 

catalyzes the reduction of Nz requires at least 16 ATP and 8 reducing equivalents per 

mole of ammonia produced (51). Nitrogenase is readiIy and irreversibly inactivated by 

02- In the nodule, the oxygen concentration is regulated by leghaemoglobin synthesized 

by the host plant. Leghaemoglobin facilitates oxygen diffusion (for respiration) and 

maintains a low level of free oxygen in the bacteroid, so that nitrogenase is not 

inactivated (9 1). 

The N2-fïxing capacity of the Rhizobium-legume symbiosis is infiuenced by the 

amount of photosynthate available to the bacteroid. C4-dicatboxylic acids such as 

succinate, fumarate and malate are the pnmary energy source supplied by the plants to 

the bacteroid dunng Nz-fixation. Studies have s h o w  that C4-dicarboxylic acids are found 

in significant quantities in the nodule cytosol (113) and stimulate nitrogenzse activity in 

isolated bacteroids(l02). Mutants defectve in dicarboxylic acid transport (Dct- 

phenotype) are incapable of fixing N2 (4,3 6, 4 1, 92, 122). 

When S. meliloti invades the nodule and dflerentiates from a fiee-living to a 

symbiotic state, it has to make extensive adjustments to its carbon and nitrogen 

metabolism. G-dicarboxylic acids appear to  be metabolized via the trïcarbo@ic acid 

(TCA) cycle (Figure 1.2). The acids enter the TCA cycle as acetyl-Coq which is 

synthesized Born malate via the NAD'-dependent malic enzyme and pymvate 

dehydrogenase. The metaboiism of the TCA cycle intexmediates in rhizobia was recently 



reviewed by Dunn (34). A fiinctional TCA cycle is important for Rhizobium since strains 

that are defective in succinate dehydrogenase and a-ketoglutarate dehydrogenase form 

ineffective nodules, Mutants that are defective in the uptake of Cg-dicarboxylic acids are 

capable of forming an infection thread and invading the plant, indicating that Cq- 

dicarboxylic acids are not the likely source of carbon and energy for the invading 

bacteria. 

Oxaloacetate 

Acetyl sAcet7'= Acetoacetate 
I 

Phosphate 1 & 
"tf 

v 

/ Acetoacetyl -CoA 
Acetyl -CoA 

y -  , Isocitrate 

/" 1 suecinate u Succin yl-CoA 

Figure 1.2. Tricarboxylic acid cycle and the giyoxylate bypass 

Acetyl-CoA is the central metabolite found at the junction of various anabolic ana 

catabolic pathways. Several pathways can be used to produce acetyl-CoA for entry into 

the TCA cycle. In S. meliloti, glucose is metabolized via the Entner Dourdoroff pathway, 

yielding two molecules of pymvate -- one is converted to acetyl-CoA by pyruvate 

dehydrogenase and the other is converted to OAA by pyruvate carboxylase. Acetyl-CoA 



may also be derived from poly-3-hydroxybutyrate (PHB). PHB is a bacterial storage 

compound that accumulates in the cell when growth is lknited but when there is excess 

carbon. It can represent more than 50% of the ceii dry weight in S. meliloti (1 10). It acts 

as a carbon and energy si& and aliows bacterial cells to respond better to starvation and 

other stress conditions. P H '  granules have been observed in the invading fiee-Living S. 

rneliloti but not in the bacteroid form (87). Therefore it is possible that PHB plays a role 

in S. meliloti infections. When PHI3 is degraded, it is depolymerized and oxidized to 

acetoacetate. Acetoacetate is converted to acetyi-CoA in two steps. Acetyl-CoA cm also 

be synthesized fiom acetate and this is described later in the review. 

Acetate Metabolism 

Even though C4-dicarboxylic acids are important energy-yielding compounds 

supplied by the host, the host may also supply organic acids and amino acids (77, 103). 

An organic acid that is found in large cpantities in B. jqoniczm nodules is acetate (59). 

Several lines of evidence suggest that acetate may be used by B. japunicum bacteroids. 

Firstly, acetate readily difises across the penbacteroid membrane (1 12). Secondly, 

mature B. japoninrm bacteroids have increased acetate uptake levels and high activities 

of acetate metabolism-related enzymes (99). When the genetics of acetate metabolism 

was studied in Saccharomyces cerevisiae, there were 3 major mutant groups. The mutants 

had defects in the glyoxylate shunt, TCA cycle, or gluconeogenesis (76). 

Gluconeogenesis is the pathway that converts TCA cycle intermediates, such as succinate 

and malate, to glucose. The glyoxylate shunt is a bypass of the K A  cycle, which 

converts isocitrate and acetyi-CoA to succinate and malate. Two other minor groups were 

also observed. One group included regdatory mutants and mutants wirh elevated levels 

of metabolic enzymes, and the other contained mutants with unknown defects. Studies 

have also indicated that inability of Escherichia coli and Salmonella typhimMiMn strains 

to utilize acetate as a sole carbon source may be caused by defects in the TCA cycle, 

gluconeogenesis and glyoxylate shunt (2 1, 24). 



Acetate Auxo trophy 

Acetohydroq acid synîhase (AHAS) is an essential enzyme for isoleucïne and 

valine biosynthesis when E. coli K-12 and S. tvphimurium strains are grown on either 

acetate or oleate as a carbon source (26, 27). E. coli has two AHAS enzymes, AHAS 1 

and AHAS III, and these isozymes catalyze the synthesis of a-aceto-hydroxybutyrate and 

a-acetolactate. If E. coli is deficient in one of the AHAS, it can stiil make sufficient ' 

isoleucine and valine for growth on minimal media supplemented with carbon sources 

such as glucose and succinate (29). However it was found that AHAS 1 mutants do not 

make isoleucine and vaiine when they are grown on acetate and oleate (26)- The authors 

suggest that the rnetabolic conditions that arise during growth on acetate (Le. decrease in 

the intracellular concentration of pyxuvate; increase in the level of glyoxylate) may 

decrease the activity of A H A S  III below the level required for growth- 

Acetate Utilization 

The metabolic utilization of acetate, whether for lipid synthesis, amino acid 

synthesis or for oxidation via the TCA cycle, requires that it first be activated to acetyl- 

C o k  Two main pathways exist to bnng about this conversion. In one mechanism, acetyl- 

CoA synthetase catalyzes the acetylation of CoA with the cleavage of ATP to give AMP 

and an inorganic pyrop hosphate. In the second mechanism, two enzymes are involved. 

acetate kinase 

acetate + ATP -+ acetyl-phosphate + ADP 

phosphotransacetylase 

acetyl-phosphate + CoA ,-+ acetyl-CoA +Pi 

ack and pu encode acetate kinase and phosphotransacetylase respectively. The 

two genes have been mapped in both S. typhimurium and E. coli near purF (69). These 



two enzymes are not induced by acetate or çubject to catabolite repression by glucose 

(12). In addition, these enzymes are active and operative under aerobic and anaerobic 

conditions. Acetyl-CoA çynthetase in E. col& on the other hand, is induced by acetate and 

subject to catabolite repression. The uptake of acetate occurs at a higher afiïnity but much 

Iower V,, (12)- According to Kumari, uck and ptu mutants grow only on low 

concentrations of acetate (110 mM) (65). llcr mutants, however, grow poorly at these 

concentrations (65). 

Some organisms use only one of these pathways, whiie others use both. E- coli 

requires both pathways for optimal growth over a wide range of acetate concentrations 

(65). In S. meliloti, it is Iikely that both pathways are used since mutations in either acs or 

ack do not affect growth on acetate (15, 106). Sequence analysis indicates that the 

rneliloti acsA gene encodes a putative protein of 7 1 EcDa, with a structure sirnilar to that of 

E. coli Acs (16). The S. meliloti ack and pta genes are located within an operon that aIso 

includes an unidentified O W  and another ORF that is likely fab1 , and acM and ackA-pta 

double mutants are not aEected in nodulation or nitrogen fixation (105). 

Glyoxylate Shunt 

The TCA cycle is the only pathway for the complete oxidation of acetate. In 

addition to being a terminal pathway in respiration, the TCA cycle is also a source of 

important intermediates. For instance, oxaloacetate supplies the carbon skeleton for the 

synthesis of aspartate. which is the source of Ntrogen for the amino acids methionine, 

lysine, threonine and isoleucine and the pyrimidine nucleic acids (64). With each tum of 

the TCA cycle, two carbon atoms are lost as COz, and therefore there is no net 

assimilation of carbon by acetyl-CoA when two-carbon compounds are the sole carbon 

source. Microorganisrns have anaplerotic pathways that replenish cycle intermediates so 

that the TCA cycle can function when active biosynthesis is taking place. The glyoxylate 

shunt bypasses the two COrevolving steps, and allows the synthesis and net 

accumulation of four-carbon compounds during growth on two-carbon substrates such as 

acetate, or acetyl-CoA from fatty acids. There are two oxidative steps involved in the 



glyoxylate shunt - one during the conversion of pyruvate to acetyl-CoA (pyruvate 

dehydrogenase) and the other step when malate is converted to oxaloacetate (malate 

dehydrogenase). The glyoxylate shunt is able to provide some energy because at these 

oxidative steps, most of the ceii energy is obtained fiom the simultaneous oxidation of 

other acetate molecules via the TCA cycle. Most of Our current knowledge of the 

glyoxylate shunt cornes from studies with E. coli (64, 74). The shunt is subject to 

catabolite repression, and therefore, whenever an easiiy metaboiizeable carbon source 

like glucose or  succinate becomes available, the bypass is turned off (94). Since the 

glyoxylate shunt is the most important pathway in acetate metabolism, the enzymes 

involved and its regulation will be discussed bnefly. 

Enzymes of the Glyoxylate Shunt 

MaZate gmthase and isociirate lyase 

The two enzymes of the glyoxylate shunt are isocitrate lyase and malate synthase, 

encoded by the aceA and aceB genes respectivel~. The two enzymes catalyze the 

following reactions: 

isocitrate lyase 

isocitrate .-, succinate+glyoxylate 

maiate synthase 

glyoxylate + acetyl-CoA . malate + CoA 

The two enzymes were discovered in E. coli in the 1950's (64). Isocitrate lyase 

has molecular weight of 47,000 and malate synthase a molecular weight of 61,000 (20). 

Their structures have not been determined but it is known that isocitrate lyase is a 

homotetramer (3 0). 

A second malate synthase, malate synthase G (G since it is induced by glycolate) 

is aiso found in E. coli This is encoded by gZcB, and allows growth on glycolate or 

glyoxylate as a sole carbon source (21). The two malate synthases are regulated by 

distinct mechanisms and have different stabilities and inhibitory patterns (24). 



lsocifrale del@ogenase 

Isocitrate dehydrogenase (DH) is an e q m e  of the TCA cycle that catalyzes the 

oxidative decarboxylation of isocitrate to a-ketoglutarate. IDH activity is regulated post- 

transcriptiondy by phosphorylation, and this determines the flow of isocitrate either 

through the glyoxylate shunt or TCA cycle (44). Most bacteria have an ~ADP'-luiked 

IDH. Bacteria that have NAD'-linked IDHs cannot grow on acetate, and lack either a 

respiratory chah or a complete TCA cycle (24)- For bacteria capable of growing on 

acetate, the main source of NADPH required for biosynthesis (ca. 90%) cornes fiom 

NADP+-dependent enzymes (24). The meliloti NADP-IDH is a monomeric enzyme 

(78). The E. coli IDH is made up of two identical subunits, with a total molecular weight 

of 46,000 Da (109). Glyoxylate and oxaloacetate competitively inhibit the enzyme. It has 

been observed that the specific aaivity of IDH decreases as Ntrogenase activity increases 

during B. japonicum symbiosis (47). This may be because under low oxygen conditions, 

the TCA cycle enzymes do not fùnction very weli. 

A bifunctional enzyme IDH kinaselp hosphatase catdyzes the phosphorylation and 

dephosphorylation of IDH, This regdatory enzyme is encoded by aceK (66). IDH 

kinase/phosphatase is a 67,000 Da homodimeric protein (22). The activity of this enzyme 

controls the carbon flux between the TCA cycle and the glyoqdate bypass. The 

reversible phosphorylation of IDH, a response to the extemal environment, also allows 

the bacteria to adapt to different intracellular conditions. In addition to kinase and 

phosphatase activities, the enzyme in E. coli also has ATPase activity (104). It has been 

established that one active site catalyzes the kinase/phosphatase reaction (55). 

K, and V,, Values at the Branch Point 

A combination of in vivo and in vitro studies were used to characterize the branch 

point between the TCA cycle and glyoxylate shunt in E. coli (1 14). This study monitored 

the net flow of carbon through the major steps in acetate metabolism. The rates were 
13 determined b y C nuclear magnetic resonance spectroscopy, which looked at 

intracellula glutamate and measured rates of substrate incorporation into end-products. A 

senes of conservation equations that described flux relationships of the system at a steady 

state were used to interpet the results. The results correlated well with kinetic studies, 



substrate concentration and enzyme assays. At the branch point, isocitrate lyase and IDH 

compete for isocitrate. The rate at which radioactive acetate was incorporated through 

IDH was 2.6 times the rate through isocitrate lyase (V I D H / V ~ = ~ . ~ ) .  Another study 

showed that IDH has a much higher f i t y  for isocitrate than isocitrate lyase (Ji& value 

of 8 mM compared to 600 mM) (68). in B. japonicurn the isocitrate lyase and IDH K, 

d f i r  by only four-fold (62 pm and 16 respectively) (47) and this may aiiow enough 

isocitrate to pass through the glyoxylate shunt even if the XDH is not inhibited. 

The Acetate Operon 

It is now confirmed that in E. coli, the t h e  genes coding for isocitrate Iyase 

(aceA), malate synthase (oceB) and IDH kinasdphosphatase (aceK) are organized in an 

operon in the order aceB-uceA-aceK (Figure 1.3) (20). The order of genes was 

determined by deletion mapping. Precise mapping has placed the operon at 90.85 min. on 

the E. coli K-12 linkage map. The direction of transcription is fiom aceB to aceA (74). 

aceA::TnlO insertions eliminated only isocitrate lyase expression but aceB::TnlO 

eliminated expression of both enzymes. 

S1 nudease and deletion analysis indicates that a single promoter expresses the 

glyoxylate shunt when grown on acetate (20) (F. The promoter is found upstream fiom 

aceB. Although the genes of the aceBAK operon are expressed from a single promoter, 

the three enzymes are expressed at different rates (0.3: 1: 0.003). This may reflect the fact 

that the enzymes produceci play different roles in the fùnctioning of the glyoxylate bypass 

(25). How is differential expression achieved? DEerent codon usage, repetitive 

extragenic paiïndromic (REP) elements found in the intergenic regions between aceA and 

aceK, rapid degradation of the mRNA downstrearn region by 3 ' exonucleases, and 

premature transcriptional termination within the aceK are some of the reasons that have 

been suggested. This polarity has been observed in other operons too. The sequences 

responsible for inefficient expression of aceK are located in its ribosome binding site 

(20) - 



Figure 1.3. Organization of the aceBAK operon and the regulatory elements (not drawn to scale). The arrows show the direction of 

transcription of the genes. + I pis the site of initiation of transcription. Negative and positive numbers denote the regions upstream or 

downstream from the initiation site respectively. yjaC separates iclR and aceK and may interfere with glyoxylate shunt enzyme activi- 

ties. üP or upstream module is a promoter of uceBAK, The + or - signs sugpst the type of regulation exerted on operon expression. 

FadR represses the aceBAK operon expression by stimulating (+) the expression of iclR (24). Numbers indicate the location and 

length of the various genes and elements in base pairs (from (24)). 



Regulation of the Glyoxylate Shunt 

The expression of the glyoxylate shunt enzymes in E. coli is induced during growth on 

acetate or fatty acids and repressed on a carbon source like glucose, pymvate or glycerol 

(64). Isocitrate lyase in B. japonicum and S. meliloti is induced by acetate and oleate (60). 

IclR, FadR, integraion host factor @HF) and IDH (Figure 1.3) regulate the gIyoxylate 

shunt at the level of transcription during growth on acetate. The dinerent factors 

(Upstream module UP, EE, FruR) that s thdate aceBAK induce conformational changes 

in DNA that show that the funaionhg of this operon strongly depends on the structural 

organization of the DNA matrix. 

Effect of MetaboIites and Growth Conditions on the Expression of the ace Operon 

The glyoltylate shunt enzymes are not directly induced by acetate or acetyl-CoA 

(72). The ace operon is repressed, even in the presence of acetate, if a preferred carbon 

source like pyruvate or glucose is present (63). However, the rate of conversion of acetate 

to acetyl-CoA in these cases is the same. So what is the real inducer of ace operon 

transcription? One metabolite suggested is phosphoenolpyruvate (PEP). The complex that 

is fomed between IclR and the operator/promoter region of aceBAK is insensitive to 

acetate, acetyl-Co4 acetyl phosphate, pyruvate, and oxaloacetate, but is cntically 

impaired by PEP (23). 

Other metabolites suggested are fnictose- 1 -phosphate or mictose- l,6- 

bisphosphate (89, 90). When studying the binding capacity of FruR to various operons, 

these two molecules have been shown to displace the protein fkorn the DNA even at low 

concentrations. Thus, in the presence of one of these molecules, operons Iike aceBAK that 

are under positive FmR control are not activated. 

The glyoxylate shunt is repressed under anaerobic conditions. This repression is 

caused by the products of mcA and arcB (58), which also exert their activity over many 

other enzymes of aerobic pathways. Genetic analysis suggests that the genes compose a 

two-component regdatory system where arcB regulates mcA by phosphorylation (57). 



mcA exhibits a 40% sirnilanty to the ompR gene and has therefore been suggested to 

encode a DNA binding protein 

Expression of isocitrate lyase of E. coli is the same with glucose, pynwate or 

glycerol as sole carbon source suggesting that the glyoxylate shunt operon is not subject 

to catabolite repression (107). 

Glyoxylate Shunt Studies in Other Microorganisms 

The organization and regulation of the glyoxylate bypass operon in other 

microorganisms has shown similadies, and some interesting merences, when cornpared 

with E. co6. In S. typhimurium LT2, the aceBA operon is induced by acetate to a levei 

four times higher than in E. coli (1 18). As in E- coli, two malate synthase activities have 

been observed in Rhiropus nigricm (116). Two forms of isocitrate lyase have been 

observed in Chiorella vulgmis (50) and Neurospoa crassa (98), but ody one form is 

induced during growth on acetate. In Yersinia peslis, two foms of isocitrate lyase are 

seen during growth on acetate (52). One form, 4 was present during growth on acetate 

but absent on carbon sources iike glucose. The second form, B, was not constitutive but 

was found during growth on acetate and other carbon sources. In Melhylobacterium 

extorqueas, another bacterium with no isocitrate lyase, it is known that the genes adhA 

(alcohol dehydrogenase gene) and me& (COB 12-dependent mutase gene) are involved in 

an altemate pathway to the giyoxylate cycle (19). In an article by Han and Reynolds (49) 

three pathways for the oxidation of acetyl-CoA to glyoxylate have been proposed. There 

is no data, however, to suggest that any of these pathways actually occur. The IDH 

proteins in Corynebacterium glu famiinmi (3 5 )  and Rhodomicrobium vannielii (70) are 

monomenc. Vibrio sp. strain ABE-1 contains both a homodimeric and monomeric IDH 

(56). 

There has been a report of E. coZi aceK mutants capable of growing on acetate due 

to second-site mutations (67). Interestingly, these mutations did not map to any of the 

genes that encode glyoxyiate shunt enzymes. This suggests that an alternative pathway 

may be present. Holms (54) suggested that glyoxylate could be oxidized in a cyclical 

manner, involving malate synthase, malic enzyme and ppva t e  dehydrogenase. 



Acetate Metabolism in S. meliloti 

Acetate metabolism has been poorly addressed in S. 

gluconeogenesis and TCA cycle intermediates like succinate 

studied. In gluconeogenesis, glyceraldehyde-3-phosphate 

meliloti, even though 

have been extensively 

is synthesized fiom 

oxaloacetate via the enzymes phosphoenolppvate carboxykinase, enolase, 

phosp hoglycerate kinase, and glyceraldehyde-3 -phosp hate dehydrogenase (40). 

Mutations in the genes encoding any of the above enzymes do not allow growth on either 

acetate or  succinate. The pckl gene, encoding phosphoenolpyruvate carboxykinase, has 

been well characterized in S. meliloti. Expression of pckl is induced by gluconeogenic 

substrates (succinate, arabinose) but repressed by glucose (84). 

Some TCA cycle enzymes such as citrate synthase, succinate dehydrogenase, a- 

ketoglut arate dehydrogenase, and isocitrate dehydrogenase have been studied in S. 

meliloti (3 3 ,  43, 6 1, 78). Malate dehydrogenase mutants are currently being investigated. 

Expression levels of TCA cycle enzymes depend on oxygen levels and carbon source in 

E. coli (25). Even though these two factors probably limit the ftnctioning of this pathway 

in the bacteroids, various studies support the importance of a complete TCA cycle in both 

fiee-living and bacteroid forms. AU of the TCA cycle mutants studied so far f o m  

ineEective nodules (34). Knowing the growth phenotype of mutants on vanous carbon 

sources can help in their characterization. Mutants defective in succinate dehydrogenase 

are unable to grow on acetate or succinate but grow weli on malate or fimarate (43). 

Mutants defective in a-ketoglutarate dehydrogenase exhibit no growth on acetate, 

pyruvate and arabinose as sole carbon sources (33). Citrate synthase mutants are 

glutamate auxotrophs (3 4). 

A study of two-carbon metabolism was initiated in our laboratory (108). Using 

Tn5 mutagenesis, fifteen mutants of meMofi unable to utilize acetate as a sole source 

of carbon (Ace-) were isolated. Complementing clones were isolated from the cosmid 

library of S. rneliloti for six mutants. One acetate mutation (acel3) was found to be in the 

gene encoding pyruvate orthophosphate dikinase (PPDK). The PPDK protein catalyzes 

the reversibie reaction 



pynivate + ATP + Pi t, PEP + AMP + PPi 
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The formation of PEP is an important step in the gluconeogenic pathway in which 

TCA cycle intermediates c m  be converted to hexose sugars. The combined activities of 

malic enzyme and PPDK constitùte a gluconeogenic pathway independent of PCK. 

Interestingly, the isolation of a pod mutant with an  ce' phenotype has been reported 

(82). The role of this enzyme may be in mediating PEP concentration, and this may be 

implicated in the PEP-dependent regulation of the ace operon by IcR 

This Work 

Nodules and bacteria extracted fiom nodules usually contain relatively large 

amounts of short chah fatty acids, which can be metabolized through acetyl-CoA (2). In 

addition, Our laboratory lias been studying the degradation of poly-3-hydroxybutyrate 

(PB) (17). Degradation of this polymer yields acetyl-CoA. The acetyl-CoA from PHi3 

degradation would be expected to be converted to C4-dicarboxylic acids via the 

glyoxylate shunt, but this has not been shown. We feel that a study of two-carbon 

metabolisni will improve Our knowledge of intennediary metaboiisrn, and help us to 

better understand the various reactions that take place in the bactenum. 



The objective of this project was to characterize the S. meliloti acetate utilization 

mutants isolated in our laboratoxy. A great deal of study has been done with S. meliloti 

because it has a weii-developed genetic system. We also hoped to identi@ loci distinct to 

ones previously shown to be involved in acetate metabolism. Genes encoding glyoxylate 

shunt enzymes were of prirnary interest to us. The strategy was to: 

Isolate complementing clones for the remaining acetate mutants 

a Map the uce mutations to the genome 

Obtain nucleotide sequences and thereby idente these genes 

Confirm the phenotype of mutants by biochemical analysis. 

Study the phenotype of the two pod mutants previously isolated. 



CHAPTkR 2 

MATERLALS AND METaODS 



MATERULS AND METHODS 

Bacterial Strains, Plasmids and Transposons 

Bacterial strains, pIasmids, transposons and phage used in this study are shown in 

Table 2.1- Al1 strains used were fiom the laboratoxy collection. Bacterial strains were 

stored as fiozen stocks at -70°C in LB containhg 7% diethylsulfoxïde (DMS0)- This 

minirnized any spontaneous genetic alterations that would occur during long t e m  

storage. 

Media, Antibiotics and Growth Conditions 

AU media used for growth of bacterial cultures was sterilized by autoclaving at 15 

poundsfmchz at 121°C for 15 min. Bacterial strains were grown in either Tryptone Yeast 

(TY) (9) or Luria-Bertani (LB) (5) media. TY broth contained (g/l): Tryptone, 5; Yeast 

extract, 3; CaC12.2fi0, 4. LB broth contained (g/l): Tryptone, 10; Yeast extract, 5; NaCl, 

10. Media was solidifïed with 1.5% Bacto-agar (Difco Laboratories, Detroit MI) in 

plastic petri dishes (95 x 15 mm, Fisher Scientific CO., Ottawa, Ont.). The minimal 

medium used was M9 salts (80). A 20 X M9 stock solution contained (g/'): Na2HP04, 

5.8; Kapo4,  3; NaCI, 0.05 and NfiCI, 1.0. This medium was supplemented with 0.25 

mM CaC12, 1 mM MgS04 , 0.3 mg of biotid and the appropriate carbon source after 

autoclaving. The carbon source was usually used at a 15 m M  concentration unless 

othenvise indicated. The amino acids isoleucine and valine (used in one growth 

expenment) were added at concentrations of 20 and 17 pg/ml respectively. Transductants 

were selected on LBM9 media (with neornycin or gentamich-spectinomycin selection) to 

reduce phage nibbling. Antibiotics were used at the foilowing concentrations (pghl): 

Neomycin (Nm), 200; Streptomycin (Sm), 200; Gentamich (Gm), 20 (5 for E. colz); 

S pectinomycin (S p), 1 00; Rifampicin (Rf), 5 0, Kanarny cin (Km), 20; Tetracycline (Tc), 

10; Chlorarnphenicol (Cm), 25; Ampicillin (Ap), 100. Antibiotics and amino acids were 

sterilized by filtering through a 0.45 pm syringe filter (Acrodisc, Gelrnan Sciences). 



Indicator plates for P-galactosidase expression coatained X-gd (S-bromo-4-chloro-3- 

indolyl-P-D-gdactoside) at a concentration of 40 p g / d  When working with strains 

harbouring plasmids, the appropriate antibiotics were added to ensure plasrnid 

maintenance. If such a culture was used in conjugation, it was always centritiiged and 

resuspended in saline (0.85% NaCl) first. S. meliloti and Agrobacterium strains were 

grown at 30°C. E. coli was grown at 3 P C .  Small volume ovemight cultures for 

experiments were grown in 16 x 150 mm tubes in a Rollordmm (New Brunswick 

Scientific Co., Edison N. J.) or in a shaker (200 rpm). 

Conjugation 

Conjugation involves the direct transfer of DNA tiom one ce11 to another upon 

contact. ln the following experhents, conjugation was mostly performed to transfer a 

plasmid fiom one strain to another. Usually the plasrnid had an ORT (this is the site 

nicked to initiate rolling ceIl replication and DNA transfer) but no tra genes, which are 

needed for the actual transfer process. In this case a mobilizer strain MT6 16, providing 

the Pa fùnctions in frm~s, was used in a triparentai mating. Equal volumes of donor, 

recipient and mobilizer (if needed) were spotted on LB medium and incubated ovemight. 

The mating spots were then suspended in saline and plated on appropriate selective 

media. 

Preparation of @ML2 Transducing Lysates 

0.01 ml of a @Ml2 phage stock was added to 5 ml of S. meliloti culture. This was 

then incubated at 30°C with shaking for about 8 hours or until there was clearing of the 

culture (due to lyssis of cells). 0.04 mI of chtoroform was added to kill any viable cells 

that remained. Tubes were incubated at room temperature for an hour, transferred to 

plastic screw-cap tubes and stored at 4°C. 



QMI2-Mediated Transduction 

In generalized transduction, relatively large segments of a bacterial cell's genome 

are transferred to another cell by bactenophage particles that have acquired cellular DNA 

segments. Lysates were prepared as descnbed (38). Equal volumes of diluted lysate 

(150) and recipient were xnixed. The mixture was diowed to stand in a centrifuge tube 

for 20 min. at room temperature to allow adsorption of phage particIes to the bactend 

ce11 surtàce. The tubes were subsequently centrifbged at 6K rpm (SM-24 rotor, Sorvall 

RC-SB Superspeed Centrifuge, DuPont Instruments) for 5 min. The pellet was washed in 

saline and spread on LBM9 plates with the antibiotics for selection. Cotransduction 

fiequencies were converted to distance in kb using Wu's formula (1 19). 

Isolation of Complementing Clones 

In bactenal genetics, genes are often cloned by phenotypic complementation. A 

previously prepared Rrn1021 p ~ A k R l  (Tc3 cosmid library (42) was introduced into the 

mutant and selected for the wild-type phenotype. The plasmid DNA was then fùrther 

analyzed and characterized. pLAFRl is approximately 22 kb, confers Tcr and contains a 

unique EcoRl site. The clone bank of S. rneliloti was constructed using a partial EcoRl 

digest of Rm 102 1 genomic DNA (42). Recombinant plasmids that complemented acetate 

mutations were identified by introducing the library into the mutant by conjugation 

foiiowed by selection on M9 acetate. To prove that the isolated plasmids do in fact 

complement the mutant phenotype, the plasrnid was first transferred to E. colt MT607 

and then back to the S. rneliloii mutant. Both transfers were done by conjugation. 



Transposon Repiacements 

It is usefiil to exchange a Tn5 insertion for a Tn5 derivative since sometimes a 

strain that is used in the expenment with the mutant could confer the same antibiotic 

resistance. We replaced the Tn5 insertion by Thfi-233 (which confers G d  Sp3 using 

previously described procedures (46). The method is based on the homoIogous 

recombination between the IS50 elements, which is common to both transposons. 

pRK607 was mated fkom E. coli into the meliloti recipient (carrying the TnS insertion). 

M e r  selecting for Gm' Spr transconjugants, colonies that had undergone true 

replacements were identified by screening for loss of Nm resistance. 

Genetic Mapping 

Mutations were mapped ont0 the chromosome in a way similar to Hn mapping in 

E. coli (40). There are seven mapping strains, each having a Tn5-mob in a different 

position or orientation in the chromosome (62). The mutations were transduced into each 

of the seven mapping strains and then rnobiiïzed out of each strain into RmSOOO in a 

triparental mating. The fiequency with which the mutation was transferred from each 

TnS-mob insertion was then detennined. The position of the mutation was between 

insertions corn which it was transferred at the highest frequency. 

Transposon Mutagenesis of Plasmids 

The plasmid to be mutagenized (in this study the plasmids were the 

complementing clones) was first transferred to the E. coZi strain MT614 by conjugation. 

This strain has a chromosomal Tn5 insert. Transfehg the plasmid into the original 

mutant (ace::TnS-233, Gmr Sp? and selecting for the Tn5 insertion identified 

transposition of the Tn5 ont0 the plasmid. Plasmids that were unable to complement the 

original mutant were then chosen. Position of the Tn5 insertion on the plasmid was 

determined by restriction analysis of the plasmid DNA using the enzymes EcoRI, HindIII 



and BamHI. A few complementing clones were mutagenized with TnS-B20, a Tn5 

derivative that has a promotedess reporter gene, lacZ. This would be useful for study of 

expression of these genes later on. The method was the same except that the transposon 

donor was G3 12, h a r b o u ~ g  a chromosomal Tn5-B20 insert. In addition to the antibiotics 

for selection, the plates also contained X-gai. Plasmids that were unable to complement 

and gave blue colonies on X-gal plates were chosen for fixther study. 

Homogenotization 

Tn5 insertions in the complementing clones were recombined into the 

homologous region of the S. meliloti genome (93) by introducing an incompatible 

plasmid. The recombinant pLAFRl plasrnid carrying the Tn5 insertion in meZzZoti 

DNA was introduced into Rn11021 by conjugation. Then the incompatible plasmid 

pPH1Jl was introduced into Rm1021 carrying the Tn5 insertion plasmid, with selection 

for the transposon (Nm9 and the incornhg plasmid pPHln (Grn?. Both pLAFRl and 

pPHlJT belong to the IncP grpup of plasrnids. Since onIy one plasmid of an 

iocompatibility group can be stably maintained in a cell, Gmr Nmr transconjugants that 

arise will have lost the pLAFRl (loss of Tc? but will have retained the transposon (Nm3. 

fbGalactosidase Assays 

The P-galactosidase act ive of S. mefiloti was measured using O-nitrophenyl j3-D- 

galactopyranoside (ONPG) as substrate, as described by Miller and modified by Stachel 

(80, 100). For kinetic analysis, 300 ml defined media in a 1 1 Erlenmeyer Flask was 

inoculated with 1.5 ml of an ovemight TY culture. The cultures were incubated with 

shaking, and samples (1.5 ml) were removed every 4 hours and promptly fiozen. For the 

assay, the samples were thawed on ice. Culture sample was diluted with an equal volume 

of Z buffer (2 buffer contained per liter: 16.1 g Na&PO4.7&0, 5.5 g N~H~POI-H~O, 0.75 

g KC1, 0.246 g MgS04.7H20, 2.7 g P-mercaptoethanol). OD60o was measured. To 0.6 ml 

of diluted sample, 40 pi of 0.1% SDS and 40 jd chiorofonn was added to permeabilire 



the ceils. A brief vortex (10 seconds) and a IO-minute equilibration at room temperature 

followed this. 100 pl ONPG (4 mg/d  in Z buffer) was then added to start the reaction. 

The reaction was stopped with 1M Na~C03 when a Iight yellow colour developed in the 

samples. Cells were pelleted and A420 of supernatant was measured. m e r  units were 

calculated by using the formula 

1 Miller Unit (U) = (1000 * &20)/ (t *V *ODsoo) 

Where t = time of incubation and v = volume of culture used in assay 

A WMsib le  spectrophotometer (Ultrospec 2000, Pharmacia Biotech) was used 

for the rneasurements of optical density. 

Preparation of CelI-Free Extracts 

250 ml of desired media was inoculated with an ovemight cell culture. The starter 

culture was washed with saline before inoculation if the second medium was a minimal 

medium. The cultures were incubated with shaking (200 rpm) in a 30°C incubator until 

the cells reached late log phase/early stationary phase. Cultures were checked for purity 

by streaking on TY plates. The cultures were transferred to 250 ml centrifuge bottles and 

centnhged (GSA rotor, SIC, 20 min.). The cells were washed twice in a washing buEer 

(20 mM Tris-CI, pH 7.8, 1 mM MgCl*). The wei weight was determined and the pellets 

were stored at -20°C. The cells were resuspended in freshly prepared sonication buffer 

(20 m .  Tris-Cl, pH 7.8, 1 mM MgCh, 10% glycerol, 10 mM P-mercaptoethanol) to 

reach a final concentration of 4 ml buf3er/ g cells wet weight. Cells were disrupted by 

sonication (Ultrasonics Sonifier Cell Disruptor Mode1 W 185-D). Cells were sonicated in 

a plastic beaker on ice for 15-second pulses with periods of cooling in between. The 

microtip (sonicator probe) had a power output level of 7. Total sonication time wu about 

5 min. Weli-sonicated extracts are usually clear and viscous. The extracts were tben put 

into 15 ml plastic tubes and centrifbged (SS34 rotor, 10K, 30 min.). Supernatant was 



transferred to a sterile cenaifuge tube and 1 mi aliquots were transferred to eppendorf 

tubes. The tubes were stored at -70°C. 

Protein concentration was determined by the Bradford method (II)  using the 

BioRad protein assay dye (Coomassie blue). Bovine senim albumin was used as a 

standard. 

Enzyme Assays 

Isocitrate Lyase Activity 

Isocitrate lyase activity was assayed according to the method descnbed by Dixon 

and Kornberg (3 1). Strains were grown in TY medium supplemented with 10 mM 

glucose, and ce11 extracts were prepared as described. 50 pi ceil fiee extract was added to 

a reaction mixture containing 0.1 M potassium phosphate, 1 M MgC12, 10 mM 

phenylhydrazine-HCI, 50 mM cysteine and 25 mM isocitrate in a total volume of 1.5 ml. 

Negative control was a mixture %th no substrate (isocitrate). Isocitrate lyase catalyzes 

the reaction 

isocitrate - succinate + glyoxylate 

The rate of increase OD324 due to the formation of glyoxylic acid 

phenylhydrazone was measured. €324 for glyoxyli~ acid phenylhydrazone = 1.7 x lo4. 

Values presented are the mean of three assays. 

Malate S ynthase Activity 

Malate synthase was aiso assayed according to Dixon and Komberg (3 1). Strains 

were grown in TY medium supplemented with 10 mM glucose and ce11 extracts were 

prepared as descnbed. 50 pl of ceU fkee extract was added to a reaction mixture 

containing 0.1 M Tris-HCL (pH 7.4), 1 M MgCh, acetyl-CoA (5 mg/ml) and 0.02 M 

glyoxylic acid in a total volume of 1.5 mi. Negative control had no substrate (acetyl- 

Co A). Malate synthase catalyzes the reaction 



The principle of this assay depends on measurement of rate of decrease of OD232 

due to the breakage of the thio-ester bond of acetyl-CoA in the presence of glyoxylate. 

E~~~ for the cleavage of thio-ester bond of acetyl-CoA = 4.5 x 103 (1 0 1). 

Acetyl-CoA Synthetase Activity 

A coupled assay was used to detect the activity of acetyl-CoA synthetase (ACS) 

(12). Strains were grown to late log phase in 15 mM M9 minimal glucose and ce11 

extracts were prepared as described. In S. meliloti, the highest activity of ACS has been 

observed in glucose medium (13). 20 pl of ce11 fiee extract was added to the assay 

mixture containing 100 mM Tris-HCI (pH &O), 5 mM MgC12, 5 rnM NAD', 0.1 mM 

CoA, 5 rnM L-malate, 10 mM potassium acetate, 12.5 pghi mdate dehydrogenase and 

25 &mi citrate synthase. The absorbance was measured for about one minute to  

determine the background activity (ATP-independent NADH reaction). The reaction was 

then initiated by the addition of 10 m .  AW. The reactions that occur in the assay tubes: 

acetate + ATP + CoA - acetyi-CoA + AMP + PPi 

malate + NAD+- oxaloacetate + NADH 

acetyl-CoA + oxaloacetate ------)citrate + CoA 

The rate of NADH formation was monitored as an increase in absorbance at 340 

nm. The background rate of NADH production present without ATP was subtracted from 

the rate measured in the assay to calculate enzyme activity. ~ 3 a  for NADH = 6.22 x lo3 

M-' cm-'. 



Acetoacetyl-Coenzyme A S ynthetase Activity 

The acetoacetyl-CoA synthetase assay was carried out the same way as the acetyl- 

CoA synthetase assay except that 10 mM potassium acetoacetate was used instead of 10 

m .  potassium acetate. In addition, the reaction mixture contained 50 mM KCl. The rate 

of NADH formation was once again monitored. 

Growth Experiments 

Overnight cultures of S. rneliloti were grown to Iate log phase, washed once in 

saline and 0.1 mi subcultured into 5 ml Mg, supplemented with the appropriate carbon 

source in a 16 mm X 150 mm culture tube, and placed in a shaker (200 rpm) or 

RolIordmm at 30°C. Growth was followed by measuring absorbance at 600 nm 

(Spectronic 20D+ Bausch and Lomb). The mean growth rate constant (k) is the rate of 

growth in a culture, and the reciprocal of k gives the mean generation tirne or doubling 

time (g) (8 8). 

k = log(A2)-log(Ai)/(.30 1 )(t) and g = l/k 

where k = mean growth constant (generationdhr) 

g = mean generation time (hd generation) 

AI = initial absorbance at tirne tl 

A2 = absorbance at time t2 

At the end of the experiment, cultures were checked for purity by streaking on TY 

agar. 

Growth Corn petition Assays 

Overnight cultures of the two strains to be tested were diluted to an O D ~ O O  of 1-0 

and 50 pl of each were inoculated into Sm1 IS rnM M9 glucose. This ensured that the 

wild-type and mutant cultures were mked in a ratio of 1 : 1 .  Tubes were placed in a shaker 

at 30°C for 5 min. 0.1 ml of the culture was removed for titration and the tubes were put 



back at 30°C with shaking for 24 hours. 0.1 ml was removed for cfi titration and another 

0.1 ml used to wbculture 5 ml of 2.5 m M  M9 glucose. The tubes were incubated for 24 

hours at 3 O0 C with shaking. Subcultures were repeated altemating between carbon-rich 

(15 mM M9 glucose) and carbon-poor (2.5 m .  M9 glucose) media, dohg a cfu titration 

at each subculture. The phenotype of the representative colonies that arose on ch plates 

was scored. The two strains alone were used as controls. 

DNA Manipulations 

Standard protocols were used for the manipulation of DNA (6, 95). Restriction 

enzymes and T4 DNA ligase (Boehringer Manheim or GIBCO/BRL) were used as 

recornmended using the supplied buEers. Agarose gel electrophoresis was carried out in a 

horizontal gel apparatus. 0.8% agarose (BioShop Canada) with 1X TAE buffer (0.04 M 

Tris-acetate and 0.002 M EDTA, pH 8.0) was used in the preparation of gels. DNA was 

visualized by staining the gel with ethidium bromide (10 mg/ml). The size of DNA 

fragments was estimated using standard markers - Lambda DNA cut with Hindm 

(GIBCOE3RL). Gel was placed on an UV illuminator and photographed with a Poiaroid 

camera. 

Plasmid Minipreps 

Two methods were used to isolate plasmid DNA on a small scde fbm E. d i .  

For routine isolations, 1.5 ml of an overnight E. coli culture (LB medium plus any 

antibiotics required) was centaged for one minute in an Eppendorf tube. The pellet was 

suspended in 0.1 ml TEG buffer (50 m .  Tris-CI, 20 mM EDTA 1% glucose, pH 8.0) 

containhg ribonuclease (200 Cig/rnl). 0.2 ml alkaline Iysing solution (ALS; 0.2 M NaOH, 

1% SDS) and 0.15 ml sodium acetate (pH 4.8) were then added and the tubes were 

cooled on ice for 2 Mn. The samples were then centrifiged for 5 min. To the supematant, 

0.9 ml of 95% ethanol was added. This step precipitates the DNA. A final ethanol wash 

(70% ethanol) solubilied the salts in the pellet. The pellet was then dlowed to dry 



completely before suspending it in TE buffer (10 mM Tris-Cl 1 mM EDTA, pH 8.0). 

The buffer volume usuaily depended on whether the plasmid being isolated was a low- 

copy or high-copy number vector. The samples were then incubated at 65OC for 15 min. 

to dissolve DNA and stored at -20°C. 

The second rnethod was used for the purpose of sequencing and gave cleaner 

DNA A 5 ml culture was grown to late log phase. Cells were pelieted out. 0.1 ml TEG 

buffer with ribonuclease and 0.2 ml ALS were added and the tubes were mixed well. 

M e r  the addition of 0.15 ml 7.5 M ammonium acetate, the tubes were centrifùged for 10 

min- in a bench top centrifiige (IEC Micromax). Supernatant was transferred to a fkesh 

microfùge tube. 0.3 mi isopropanol was added to precipitate the DNA and the samples 

were centrifùged for 10 min. To the pellet, 0.075 ml 7.5 M ammonium acetate and 0.2 ml 

TE buffer were added. After a brief vortex, samples were kept on ice for 15 min. before 

centrifuging for 10 min. To the supernatant, 0.275 ml isopropanol was added and DNA 

was collected by centnfiigation for 15 min. The pellet was washed in 70% ethanol and 

dned completely. DNA was resuspended in TE buffer. 

Subcloning and E. coli Transformation 

Vector and fragment to be subcloned were prepared by digesting with restriction 

enzymes. Heating the samples at 65°C for 5 min. inactivated the restriction enzymes. 

Linearized vector plasmid DNA and a three to ten-fold molar excess of the fiagment to 

be subcloned were mixed together. Total volume for ligation was usudy 20 pl. Ligation 

was usually camied out at room temperature for 30 min. or at lS°C in a thermocycler 

(PTC-100 Programmable Themal Controller, MJ- Research, Inc.) overnight. This DNA 

was used to transform competent E. colz DHSa cells. Cells were made competent 

according to the calcium-glycerol method (7). To the ligation mixture, 0.1 ml competent 

cells and ice-cold 100 mM CaCh were added, mixed very carefully with pipette tip and 

kept on ice for 30 min. Tubes were incubated for 90 seconds at 42°C (heat shock) then 

imediately transferred to ice for 2 min. 0.5 ml LE3 was added to the mixture and tubes 

were incubated at 37°C for 30 min. This step allowed the expression of plasmid encoded 



antibiotic resistance. The cells were then pelleteci, resuspended in 120 pl LB, and 100 pl, 

10 pl and 1 pi aiiquots were removed and plated on LB with the appropriate antibiotics. 

DNA Sequencing and Analysis 

DNA waç sequenced using automated sequencing (MOBIX Facility, McMaster 

University). The primer used in gene sequencing was specific to the IS50 element. The 

oligonucleotide primer sequence is 5'-GCC CAG TCG GCC GCA CGA TGA AGA 

GCA-3' (18). Tn5-B20 has only one intact IS50 site. The other site is partly deleted and 

disrupted by the lac2 gene. Therefore the Tn5-B20 mutagenized clones could be 

sequenced directly. Since these plasmids were relatively large (ca. 40 kb), the region 

flanking ace::Tn5-BZO was subcloned fiom the transposon mutagenized plasmid as a 

Kmr EcoRI fi-agment. Nucleotide and amino acid sequences were compared to GenBank 

using BLAST software (1, 45). 



Table 2.1. Bacterial strains, plasmids and phage used in this study. 

Strain; plasmid, Source, reference or 
transposon or Relevant characteristics construction 
phage 

SU47 srr-21 
SU47 nF5 
R d 0 2  1, pcM1::TnV 
Rm1021, Lac' 
h l 0 2  1, ace1::TnS (group 1) 
Rm102 1, ace2::TnJ 
Rm 102 1, acsA 7::Tn5 
Rn1102 1, ace3::TnS 
Rm102 1, ace4::Tn5 (group I) 
Rm 102 1, ace l0::Tm- 
Rm 102 1, ace l3::Tn5 (group II; pod) 
h l 0 2  1, aceld::Tn5 
Rm 1 02 1 ace l ::TnS-23 3 (group I) 

Rm102 1, ace2::TnS-233 

Rn1102 1, ace3::~G-233 

Rm 102 1, acekTn5-233 (group 1) 

Rm1021, ace10::TnS-233 

Rm1021, aceI3::TnS-233 (group ïI; pod) 

Rm 102 1, acel &:Tm--233 

Rm 1 02 1, podl4::TnJ 
Rm 1 02 1, pod::Tn5, Ace- 
Rm 102 1, podxTn5, Acë 
Rm1021, pod:TnS,  ce" 
Rm 102 1, pod::Tn5, Ac& 
Rm850 1, podI5::TnS-B20 
Rm 102 1, acsA7::TnA acel5::Td-23 3 
Rm 1021, ace5::Tn5 (group IV; hemN) 
Rm1021, ace6::Td (group W) 
Rm 1 02 1, ace 7::Tn5 (group m) 
Rm 1 02 1, ace8::Tm- (group N) 
Rn1102 1, ace9::Tm- 

(79) 
(3 8) 
(40) 
(46) 
Lab Collection 
Lab Collection 
(14) 
Lab Collection 
Lab Collection 

(108) 
(108) 
(108) 
Tme-23 3 replacement of 
Rm11106 
Tn5-233 replacement of 
Rd1132 
TnS-233 replacement of 
h l  1137 
TnS23 3 replacement of 
Rm11141 
TnS-23 3 replacement of 
R d  1199 
Tn5-23 3 replacement of 
Rm11200 
TnS-23 3 replacement of 
RmlI201 
Homogenote of pZTl4 
ORmG274 - > Rrn1021 
ORmG274 - > h l 0 2  t 
(ORmG274 - > h l 0 2 1  
ORmG274 - > h l 0 2 1  
This study 
ORm11134 - > h l 1 3 8 8  
Lab Collection 
Lab Collection 
Lab Collection 
Lab Collection 
Lab Collection 



- 

h l 1 3 7 9  Rrn102lZ acet I::Tn5 Lab Collection 
Rm1021, acet2::Tn5 
Rm 102 1, ace l4::TnS (group IV) 
Rn1102 1, ace 15::TnS (group III; acsB) 
Rrn 102 1, ace5::Tn5-233 (group IV; 
h e m  
Rm 1 02 1, ace8::TnS-23 3 (group IV) 

h l 0 2  1, acei 4::Tn5-23 3 (group IV) 

Rrn 102 1, ace15::TnJ-233 (group III; 
acsB) 
Rm 102 1, pod-5::Tn5 
Rm 102 1 - pod-l 
R60 1 ::TnS-mob ( 0 )  

R602::TnJ-mo b (+) 

R6 1 1 ::TnS-mob (+) 
R6 1 2::TnS-mob (-) 

S26 14::TnS-mob (+) 
R615::Tn5-mob (-) 

R63 7::Tnj"mob (+) 

Lab Collection 
Lab Collection 
Lab CoUection 
Tn5-233 replacement of 
h l  1374 
Tn5-233 replacement of 
h l 1 3 7 7  
TnS-23 3 replacement of 
h l 1 3 7 8  
Tn5-233 replacement of 
Rm11379 
Tn5-233 replacement of 
R.11381 
Tn5-233 replacement of 
Rd1382  
(82) 
(82) 
(37,621 
(37,621 
(37' 62) 
(37362) 
(37,621 
(37962) 
(37, 62) 

Escherichia coli 
derivaîives 
DHSa F end4 1 hsdRl7 (rk-, mk-) supE44 thi-l GIBCO BRL 

recAl gyrA96 relA I A(argF-lacZYA)U 1 69 
@8OdZacZ âM15? k- 

G3 12 MT607S25::Tn5-B20 (32) 
MT607 pro-82, rhi-I, e n d ,  hsdRi 7 supE43, (3 9) 

recA56 
MT6 14 MT607RTru' (122) 
MT6 16 MT607(pR.K600); mobiIizer (39) 

PIasmids 
PGQ~OS pSP329 carrying the S. meMoti acsA gene G. -Q. Cai 

on a 4.0 kb KpnI fragment 
P ~ O  pLAFR1, complements enolase mutants 
pPGWGAP pLAFR1, complements 3- 

phosphoglycerate kinase and 
glyceraldehyde-3-phosphate 
dehydrogenase mutants 



pLAFR1, complements 
phosphoenolpyruvate carboxykinase 
mutants 
Gm', Sp: Cmr LncP pIasrnid 
IncP cosmid clonkg vector, Tcr 
ColE l cloning vector, Apr 
pRK20 13 ::TnS-23 3; Nm-Krni Gmr* Spr 
pRK20 13 npr::Tn9 Cmr 
ColEl cloning vector, Gd 
pLAFRl clone, complernents Rm l L 1 O6 
(group I mutant) 
pLAFRl clone, complements R d 1  106 
(group 1 mutant) 
pLAFRl clone, complements R m l l l 3  2 
pLAFRl clone, cornpiements Rn11113 2 
pLAFKl clone, complernents h l 1  L 37 
pLAFR 1 clone, complements Ibn 1 1 1 3 7 
pLAFRl clone, complements Rm 1 1 13 7 
pLAFRl clone, complements R d 1  14 1 
(group 1 mutant) 
pLAFRl clone, complements R d 1 2 0 0  
(pod mutant) 
pLAFR1 clone, complements &ni  1200 
@od mutant) 
pLAFRl clone, complements Rm11200 
@od mutant) 
pLAFRl clone, complements Rrn 1 120 1 
p LAFR 1 clone: complements Rm 1 1 20 1 
pZT9C2TnS, Nmr 
pTC 197 c a m g  a KdBamHI m e n t  
of pZT9QTn5 
pTC 197 carrying Km'BumHI fiagrnent of 
pZT9S2Td 
pLAFRl clone, complements Rm 1 1376 
(group III mutant) 
pLAFRl clone, complements Rm 1 1 3 79 
pLAFRl clone, complements R d 1 3 7 9  
pLAFRl clone, complements Rrn113 79 
pLAFRl clone, complements Rm 1 13 79 
pLAFR1 clone, complements Rm11380 
pLAFRl clone, complements Rrn11380 
pLAFR1 clone, complements Rm IL3 8 1 
(group N mutant) 
pLAFRl clone, complements Rm 1 1 3 8 1 
(group lV mutant) 
pLAFRI clone: complements R d 1 3  82 



pLAFRl clone, complements Rm 1 13 82 This study 
(acsB mutant) 
pLAFR1 clone, complements Rm 1 13 82 
(acsB mutant) 
pLAFRl clone, complements Rm11374 
( h e d  mutant) 
pLAFRl clone, compIements Rd13 74 
(hemN mutant) 
pLAFRl clone, complements Rm 1 1 3 74 
(hemN mutant) 
pLAFRl clone, complernents Rm 1 13 75 
(group N mutant) 
pLAFRl clone, complements Rrn 1 1 3 76 
(proup N mutant) 
pLAFRl clone, complements Rrn 1 
(group N mutant) 
pLAFRI clone, complements Rrn 1 
(group N mutant) 
pLAFRl clone? complements Rml 
(group N mutant) 
p ~ ~ ~ ~ l  clone. complements Rm 1 13 77 
(group iV mutant) 
pUC 18 canying Kmr EcoRl fragment 
fiom pZT42 
pUC 18 farrying Kmr EcoR1 f;agment 
fiom pZT47 
pZT9nTn5-B20, Nmr 
pZT3 1RTn5-B20, Nmr 
pZT3 1RTn5-B20, Nmr 
pZT24QTnSB20, Nrnr 
pZT24nTnSB20, Nmr 
pZT24l2Tm--B20, Nmr 
pZT26ClTx15-B20, Nmr 
pZT26RTn5-820, Nmr 
pUC 1 8 carrying Km' EcoRI fragment 
fiom pZT45 

Tn5 denvative generating lac2 
transcriptional fision, Nmr 
oriT of pRK2 cloned into Tn5-233, 
Gd-Spr (pTFM 1) 

S. meliloti ~ransducing phage 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
This study 
This study 
This sîudy 
This study 
This study 
This m d y  
This study 
This study 

(8) 
(28) 
(97) 

(39) 



CHAPTER 3 

RESULTS 



RESULTS 

The objective of this study was to characterize acetate mutations in loci not 

previously described. Since the operation of the glyoxylate shunt is required by many 

organisms for the metabolism of acetate, we expected to find mutations in the genes 

encoding isocitrate lyase and malate synthase. Mutations that affect gluconeogenesis (40) 

and TCA cycle erilymes like a-ketoglutarate dehydrogenase and succinate 

dehydrogenase (3 3, 43) have also been show to cause an acetate minus phenorne in S. 

meMofi. However, examirring the growth phenotype of mutants on various carbon 

sources can allow identification of these mutations. Fifteen catabolic mutants that were 

defective in acetate metabolism were i d e n ~ e d  previously in Our lab (108). The mutants 

were termed Ace for " Acetate utilization" - These mutants had been screened for their 

inability to grow on acetate minimal medium, while retaining the ability to grow on 

glucose minimal medium. Cotransduction experiments confirmed that the phenotypes 

were due to the TnS insertion in each case. 

Identification of Mutants in Previously Studied Genes 

The first step was to identifi mutants with defects in known fùnctions. The 

mutants were grown on dEerent carbon sources and checked for complementation by 

gluconeogenic clones (Tables 3.1 and 3 -2). These clones had been isolated in a previous 

study (40). Strains having mutations in the genes encoding gluconeogenesis or  TCA 

cycle enzymes have an Ace phenotype. Gluconeogenic mutants also do not grow on 

succinate (40). Mutations in genes encoding the TCA cycle enzymes succinate 

dehydrogenase and a-ketoglutarate dehydrogenase will not allow growth on arabinose 

(33). Seven Ace mutants were affecteci in growth on succinate and arabinose (Table 3.1). 



Table 3.1. Growtha of S. meliloti acetate utilkation mutants on minimal medium 

containing different carbon sources 

r-7 
GLU ACE 

Carbon source* 

ARA 

Z, Acetate; 

SUCC, Succinate; ARq Arabinose; Acetoacetate; 3-HB, 3-hydroxybutyrate. 

'Symbols: +, Growth as well as the wild type; + Less growth than the wild type; +/-, 
Le- growth; -, No growth. 

Since gluconeogenic mutants have aiready been described (40), and 

corresponding complementing clones were available, we decided to determine whether 

the succinate and arabuiose utiiization mutants were indeed deficient in gluconeogenic 

enzymes. We could then put them aside, and continue characterization of the rest. The 

gluconeogenic clones encoded the enzymes phosphoenolpyruvate carboxykinase (Pck), 



3-phosphoglycerate kinase (Pgk), glyceraldehyde-3-phosphate dehydrogenase (Gap) and 

enolase (Eno) (40). The gluconeogenic clones were transferred to the mutants and 

checked for phenotypic complementation (Table 3 -2). Six mutants were thus identified as 

gluconeogenic mutants wMst the ace6 mutant was not complemented by the 

gfuconeogenic clones. 

Table 3.2. Complementation with gluconeogenic clones for growth on acetate minimal 

media 

Allele 

acel 

ace2 

ace3 

ace4 

ace5 

ace 6 

ace 7 

me8 

me9 

acelO 

acell 

a m i 2  

acel3 

acel l  

aceiS 

Plasmid* 

phosphoglycerate kinase (PGK), giyceraldehyde-3-phosphate dehydrogenase (GAP) and 

enolase (ENO). The gluconeogenic clones were transferred to the mutants by conjugation 

and checked for phenotypic complementation on acetate. '+' indicates complementation 

by clones; '-'indicates no complementation. 



Mutant Groups 

The nine remaining mutants with no defects in known gluconeogenic enzymes 

were next put into groups by merodiploid cornplementation analysis and transductional 

linkage anaiysis. Recombinant plasmids which complemented the individual mutations, 

were previously isolated for six of the mutants and were avaiiable in our laboratory 

collection (108). Complementing clones for the other mutants were isolated in this study. 

Approximat ely six complementing clones were isolated for each mutant. One 

representative clone for each was chosen for further study. The complementing plasmid 

f?om each mutant was introduced into each of the other mutants and checked for 

phenotypic complementation (see Table 3 -3). 

Table 3.3. Complementation of ace mutants with cornplementing clones from other 

mutants 

Mutant and recombinant plasmid* 

(pZT2) 

acel 

(pZT32) 

ace 6 

(pZT17) 

ace 7 

ace f 

ace4 

acej 

ace6 

ace 7 

ace8 

xce 13 

~ e 1 4  

zcelS 

for phenotypic complementation on acetate minimal media. '+' 
compiementation by complementing clone; '-' indicates no complementation. 

indicat es 



Cotransduction experiments were performed between insertions to detemiine if 

they were linked (see Table 3.4). For example, in order to determine the linkage between 

ace5 and ace8, a lysate of Rn111374 was used to transduce the insertion into strain 

Rm 1 13 84 (ace8ClTnS-233). The transductants were screened for G d  Spr to see if the 

Tn5 was cotransducible with Tn.5-233. There is a relationship between cotransduction 

fiequency and distance (1 19). If two insertions are 100% Iuiked, they are at the same 

position or vev close to each other. acel and ace4 were 80% linked. ace7 and ocel5 

were 1 00% linked. acel3 was not linked to any of them. ace5, ace6, ace8 and acell were 

tightly linked (me5 was 100% S i e d  to uce8 and 93% iïnked to aceI4; ace6 was 100% 

linked to ace8; ace8 was 100% linked to acel4). Based on these data, the mutations were 

placed into four groups: 

Group 1 - acel, acel 

Group II - acel3 

Group III - ace 7, ace l 5  

Group N - ace5, ace6, ace8, ace1.f 

Table 3.4. Cotransduction linkage analysis of ace mutations (%) 

1 Donor (ace mutant) 1 

-- 

* Donor and recipient insertion sites are identical. 

- Not detennined 



TnS-B20 Mutagenesis of Plasmids 

Td-B2O insertions on pZT26 and pZT3 t were identified by triparental mating of 

the plasrnids fiom the donor E. coli strains into strains R d  13 82 and Rd13 74 recipients 

r r respectively using E. coli MT616 as rnobiiîzer. The srnr~rn Tc transconjugants obtained 

were screened for ability to grow on minimal medium with acetate as a sole carbon 

source, and five insertÏons that disrupted the complementing abiiity of pZT26 and pZT3 1 

were retained. These Tn5-B20 insertions were then tested for lac2 expression in the Lac 

strain Rn18501 and Lac* strains were chosen. The precise locations of these insertions 

were detennined by sequence anaiysis using the IS50 primer. 

DNA Sequence Analysis 

Comparison of the restriction analysis of the original and transposon-mutagenized 

complementing clone (data not 'shown) identified the particular fiagrnent actually 

responsible for phenotypic complementation. The region flanking ace::Tn5-B2O was 

subcloned nom the transposon-mutagenized plasmid as a Kmr EcoN fiagrnent into 

pUC18. Each of the subclones was partidy sequenced using the ISSO-specific primer, 

yielding sequence directiy in the flanking chromosomaI DNA (Table 3 -5). The pod 

sequence (determined previously in our laboratory) was from a T ~ ,  and not a Tu-B20 

insertion. Nucleotide and deduced amino acid sequences are show in Figures 3.1 and 

Translated sequences fiom ace5::Tfi-B20 (group IV) exhibited strong homology 

to anaerobic coproporphyrinogen III oxidase (hemN). Comparison of the query sequence 

(150 amino acids) with GenBank revealed sequences homologous to the 

coproporphyrinogen Lü oxidase enzyxne fiom B. jqonicum (CienBank accession number 

AJ0025 17), which contributed to a sequence identity of 45% (64% similarity). 

Translated sequences from acelS::Tn5-B2O (group m) exhibited strong 

homology to acetyl-CoA synthetase. The query sequence (217 amino acids) showed a 



sequence idenaty of c a  65% (79% similarity) to the acetyl-CoA synthetase enzyme fkom 

E. coli (CienBank accession nurnber AAC77039). An acs designation has already been 

used to describe the gene encoding acetoacetyl-CoA synthetase in S. meliloti (16). For 

this reason the acetoacetyl-CoA synthetase was termed acsA and the acetyl-CoA 

synthetase was termed acsB. Aliment  of the deduced amino acid sequences of AcsB 

with the S. meliloti AcsA proteln (GenBank accession number AF080217) revealed they 

were significantly similar. 

GenBank searches with sequences nom ace13::TnS (group 11) in pZT14 revealed 

a reading frame wïth strong homology to the pyruvate orthophosphate dikinase (PPDK) 

protein, encoded by the pod gene, from other organisms (108). Comparison of the query 

sequence (261 amino acids) with that of hi& score database sequences revealed long 

stretches of homologous sequences to the pyruvate onhophosphate dikinase enzyme from 

Bacteroides symbio.szim (GenBank accession number AAA229 17), which contributed 

an overail sequence identity of about 59% (80% similarity). 

Unfortunately no sequences were obtained fiom acel due to difficulty 

obtaining satisfactory transposon mutagenized clones for sequencing, and sequencing 

nce4 was not attempted. 

Genetic Mapping 

One representative from each mutant group was used to map the acetate mutations 

on the chromosome. TnS-mob donor strains were crossed with one mutant fiom each 

group. Transconjugants arising d e r  selection for RP Grnr Spr were scored, and divided 

by the number of Rf recipient ceUs to determine conjugation fkequency (Table 3.6). The 

chromosomal location of the mutation was estimated to be close to the insertions fiom 

which it is transferred at the highest fkequency. Figure 3.3 shows the positions of the 

acetate mutations on the chromosome. The acsB: :TnS-23 3 insertion mapped to the 

chromosome. The a c d  gene was previously shown to map to the chromosome as well 

(17)- 





Table 306.Conjugaf mapping of acetate mutations in S. melilori 

strain was Rrn5000. Recombinants were selected for R.î  Gmr Sp: 

Strain number identifies mapping strains; for example, H3 47 is RmH347. 

See Figure 3.3 for position of acetate mutations on the chromosome. 

Allele Reievant 
characteristics 

Growth Experiments 

Conjugal matings were perforrned as described in Materials and Methods. The recipient 

Number of transconjugants per 10' recipient cells 

acel  

ace5 

me13 

acel5 

Growth tests were canied out for representative mutants in liquid culture to 

confirm the growth phenotypes observed on agar-solidified media. Mutants were grown 

in different carbon sources (see Figure 3.4). Growth of aU mutants on glucose, succinate, 

glycerol and lactate was similar to that of the wild-type control. Al1 the ace mutants 

showed little or no growth on acetate, acetoacetate and 3-hydroxybutyrate with the 

exception of acel5::TnJ (acsi?) which grew to the sarne extent as the wild type on 

acetoacetate and 3-hydroxybutyrate. The growth rate of the acsB mutant strain on acetate 

was reduced compared to wild type but eventually reached the same ce11 density (mean 

generation tirnes of 39 and 10 hours respectively). 

To ttrther characterize the phenotype of ace mutants, they were grown in 

minimal media supplemented with a range of acetate concentrations (see Figure 3.5). E. 

coli acs mutants grow poorly on low concentrations of acetate (a10 mM) whereas ack 

and pta mutants are not afTected for growth on acetate at these concentrations (65). AU 

the acetate mutants characterized in this study grew as well as the wild type on glucose 

medium alone and on glucose with acetate. This suggested that none of the mutants were 

inhibited for growth by the presence of acetate. AU the mutants, with the exception of 

acelS::Tn5 (acsB), showed little or no growth at the various acetate concentrations. 
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acel5::TnJ (acsB) was able to grow at very low concentrations of acetate (2.5 m . - 1 0  

mM) but not at higher acetate concentrations (30 mM-50 mM). When acel5::Td (acsB) 

was grown on 2.5 mM acetate, it had a shorter lag penod than when it was grown on 10 

mM acetate, as weli as a shorter generation time (ca. 28 and 45 hours respectively). 

E. coli mutants that were unable to grow on either acetate or oleate as a sole 

carbon source due to a defect in isoleucine-valine biosynthesis have been descnbed (26). 

Such mutants were acetate auxotrophs rather than acetate utilization mutants. We tested 

whether an arnino acid combination of isoleucine and valine stirnulated the growth of the 

ace mutants on acetate, and found that when isoleucine and valine were supplemented 

into acetate minimal medium (see Table 3.7 and ~ i ~ u r e 3 . 6 ) ~  there was no irnprovernent 

in the growth of any of the mutants. Interestingly, all of the mutants except for 

acelPTn5 (acsB) showed a siight improvement in growth when acetate was 

supplemented with succinate. If mutants are defective in the expression of one or more 

enzymes of the glyoxylate shunt, they should be able to grow on acetate supplernented 

with any of the several end products of the glyoxylate shunt, such as succinate (26). This 

suggests that the phenotype of these mutants might, in some way, be related to the 

glyoxylate shunt. 

Table 3.7. Growth rates of mutant and wild-type strains 

Generation time (h) at 3 0°C 

S t rain Glu Ace Ace + ILV Ace + Succ Ace + Succ 

+ E V  

Rm1021 wildtype 12.8 13 -2 12.7 16.9 17 

Rm11106 acel 11.8 80.5 65.4 20.3 20.3 

Rm11374 hemN 13.5 94.3 152.4 27.6 3 2.5 

Rm11200 pod 12.8 112.7 152.3 25 -8 22.9 

Rn111382 acsB 14.1 32-7 25 -4 33 -8 33.8 

Glu, glucose; Ace, acetate; Suc, succinate; ILV, isoleucine and valine. 

Glucose and acetate were used at a concentration of 15 mM. 

Succinate was added as a supplement at a concentration of 0.02%. 

Isoleucine and valine were added at concentrations of 20 and 17 p&d respectively. 



Growth Cornpetition Tests 

The ability of S. meliloti to N M V ~  the varying nutrient supply in the rhizosphere, 

and compete against other strains for nodule occupancy, are important detemiinants for 

the establishment of a successfid symbiosis. Other carbon metabolism mutants have been 

shown to be affected in growth competition andor symbiotic competition (3, 8 1, 1 17). To 

check the competitiveness of ace mutants with the wild type under conditions of 

fiuctuating carbon availability, they were grown with the wild type (in a 1 :1 ratio) in low 

and high carbon (glucose) and changes in proportion were foliowed over a penod of four 

cycles (Figure 3.7a). The acel mutant did show a 20% reduction over the four cycles. 

acel3 showed a 20% reduction and acel5 2 17% reduction over the four cycles. If we 

examine growth of the strains alone in monoculture, the wild type and mutants al1 seem 

to decrease in number over the course of the experiment (Figures 3.7b and 3.7~). 

Assay for hocitrate Lyase and Malate Synthase Activity 

Since no glyoxylate shunt mutations have been characterized in S. rnelilori, the 

ace mutants were assayed for isocitrate lyase and malate synthase activities. Similar 

mutants in S. typhimurium were found to have defects in the glyoxylate shunt (1 18). The 

formation of isocitrate lyase in many organisms is known to be greatly influenced by the 

nature of the carbon source utilized for growth. In S. meli(ori isocitrate lyase is induced 

dunng growth on acetate (75). The ceiis for the enzyme assay were grown in TY medium 

supplemented with 10 m .  giucose. Al1 the strains did show isocitrate lyase activity 

(Figure 3 -8). The acel and pod mutants had activity similar to the wild type while the 

other strains had aaivity significantiy higher than the wild type. In the hemN mutant, the 

activity was much higher, perhaps refiecting compensation for its mutation. Aithough 

ace8 and acell mutations were placed in group IV with hemN::Tn5, they did not show 

sirnilar increases in isocitrate lyase acfvity. 



The Acetate Utilization Phenotypt of the pod Mutant 

The isolation of a S. meliloti pod mutant in the study by 0steri.s and colleagues 

(82) is illustrateci in Figure 3.9. This pod mutant was reported to be  ce (82); during 

studies with pcM, a mutant was isolated which grew normdy on succinate rninimd 

medium because of a second-site suppressor mutation spk Tn5 insertions that abolished 

the suppressor phenotype were found within the pod gene, suggesting at that thne that the 

suppressor mutation was within pod. The phenotype of this pod mutant contrasted with 

the Ace- phenotype of the pod mutant isolated prevïously in Our laboratory. The 

sequences from the two mutants, aligned with the pod gene of B. symbiosum, indicate the 

position of TnS in the gene (Figure 3.10). 

Figure 3.10. Sequence aiignment of Bacteraides syrnbiosurn pod gene (86)  with query 

sequences from S. meliloti. The bars show the alignment of DNA sequences fiom S. 

meZiZoti pod with the pod gene f?om B. symbiosum. The arrows show the location of Tn5 

insertions within the pod gene. pot# sequence was nom a previous study (82). podl4 

sequence was isolated in our laboratory. 

Before resolving the ciifTering phenotypes of the two pod mutants, it had to be 

confimied that the Tn5 insertion in pZT14 was near the site of the original gene insertion. 

Tn5 mutagenesis of pZT9 (complementing clone of acei3::Tn5 0) gave rise to 

pZT 14 that was unable to complement acel3::Td @od). Sequences, with homology to 

pod, were obtained fkom the region flanking the insertion in pZT14. These sequences are 



indicated as p d 4  in Figure 3.10. The insertion frorn the pZT 14 was recombined into the 

S. meliloti chromosome. The resulting homogenote R d 1 3  14 exhibited an Ace' 

phenotype. The insertion in R d 1 3  14 was transduced into Rm11244 (ace13::Td-233) 

and the two insertions were 100% linked. This indicated that TnS in pZT14 was located 

very close to the site of the original insertion. 

It could be hypothesized that the pod mutant isolated by asteris et al. still 

contained the suppressor mutation. It mïght be possible that the spk mutation was in fact 

closely linked to pod but not actually in pod, and that pckA suppression requires pod 

Therefore i f p a i  is knocked out, pckA would not be suppressed. In addition, the spk 

mutation somehow requires pod for phenotypic expression. 

The pod mutant RmG274 @odS::Tn5), which was believed to carry the 

suppressor, was obtained. The p d : : T n 5  mutation was transduced into wild-type 

Rm1021, selecting for Nmr. 4 out of 170 transductants screened were Acé. This meant 

that the suppressor was so tightly linked that 98% of the time, it was contransduced with 

the Tn5. Growth of two Ace- transductants (Rm11327, Rm11328) and IWO Ace* 

transductants @ml133 8, R d 1 3 3  9) fiom this eqerirnent are shown in Figure 3.1 1. 

Strain RmG139 canying only the suppressor mutation q k  was also obtained. Tn5 

in acel3 was transduced into RmG139. Al1 375 transductants screened were Ace- (100% 

linked). 

Studies had also suggested that pod plays a role in the suppression of the pckA 

phenotype. When the wiid-type pod cosmid clone @ZT9) was transferred into the pckA 

mutant Rm5439, it was able to grow on succinate minimal medium. To confim the 

growth phenotypes, growth tests were performed in liquid culture. Figure 3-12 shows 

growth of the RmG274 (the pod mutant isolated previously), Rrn11200 @od mutant in 

this study), RmG139 (strain carrying the suppressor mutation spk), Rm5439 @ck4 

mutant), and Rn15439 carryùig the pod cosmid clone pZT9. If a strain is able to grow on 

pynivate, it is generally able to grow on lactate as well. ThepckA strain shows very poor 

gowth on pymvate and lactate (82). The pckA mutant carrying the clone complementing 

the Ace- phenotype of Rml1200 grew with a slightly longer generation time on succinate 

than the wild type (5.4 hours compared to 4.3 hours for the wild type). 



Tn5-B20 mutagenesis of pZT9 generated clones that failed to complement the 

Ace-phenotype of Rd1200  and fomed blue colonies on LB X-gai medium. The 

insertion in the resulting plasrnid, pZT40, was then recombined into the S. meliloti 

genome (Rrn850 1, Lac- background). The recombinant arain, Rrn 1 13 58, was unable to 

utilize acetate. To see if the expression ofpod depended upon the carbon source and/or 

growth phase, P-galactosidase activity was measured over the complete growth cycle of 

h l 1 3  58 with pZT9 growing in M9 glucose, M9 succinate and M9 acetate. Rm8SO 1 

carrying pZT9 was the strain used as a control for background activity. pZT9 had to be 

present because otherwise Rrn11358 would not grow on acetate minimal media. To 

ensure plasmid maintenance in test strains, Tc was used at a low concentration of 2 

pg/ml. In all carbon sources, induction was observed very early and increased steadily 

during the log phase (Figure 3.13); no fiirther increase in expression was observed in the 

stationary phase. The expression ofpod was similar in d l  three carbon sources. 

Phenotypic Analysis of the acsB Mutant : 

The mutation in R d 1 3  82 (ace 15: :Tn5) was found to be within the gene encoding 

acetyl-CoA synthetase (ucs). Another S. rneZiZoti acs gene encoding acetoacetyl-CoA 

synthetase had been isolated in our laboratory and designated acsA (14). The new gene 

was thus designated acsB. The complete nucleotide sequence is available for the acsA 

gene (16). Sequence alignrnent of a portion of the Acs proteins fiom S. meMori and E. 

coli is shown in Figure 3.14. Transduction tests showed that the two S. melihti acs genes 

were not linked (data not shown). The phenotypes of the two mutants were distinct. A 

double mutant with mutations in both acs genes was constructed (Rm11364) and growth 

tests were performed (Figure 3.15). The growth of the acsA mutant, acsB mutant and the 

double mutant on glucose was comparable to that of the wild type. The acsA mutant 

-1 1 134) did not grow on acetoacetate and 3-hydroxyb~~tyrate. However, it grew as 

well as the wild type on acetate. The acsB mutant, as seen in the previous growth 

experiments, grew on acetoacetate and 3-hydrovbutyrate as weii as the wild type and on 

acetate with a longer generation time. The double mutant shared the phenotypes of both 



individual strains. It did grow very slowly on acetate and not at all on acetoacetate and 3- 

hydroxybutyrate- 

Figure 3.14. Alignent  of part of the AcsB protein (210 aa) with the AcsA protein (650 

aa) of S. meliloti and Acs protein (651 aa) of E. coli (E. c in the fi-we). Aiignment was 

performed using the ClustalW program. Amino acids that are identical between the 

aligned sequences are shaded dark grey. Light grey shading represents amino acids with 

s i d a r  funchonal groups. The non-shaded areas indicate dissimilx amino acids. The 

partial sequence of AcsB was 65% identical to the E. coli Acs polypeptide and 34% 

identical to the S. meliloti AcsA polypeptide. 

Biochemical Characterization of the acs Mutants 

The levels of ACS and AACS were determined in ceil extracts of acsA, acsB and 

acsA acsB mutants (Figures 3.16 and 3.1 7). The three mutant strains had lower ACS and 

AACS activities than the wild type. The single mutations seem to affect both ACS and 

AACS activities. However, the acsA mutant had 60% more ACS activity than the acsB 

mutant and the acsB mutant had 50% more AACS activity than the acsA mutant. 



Figure 3.1. Nucleotide and deduced amino acid sequence of the 465 bp fiagrnent 

flanking the Tn5-BZO from pZT38.  enB Ba& searches with these sequences revealed 

reading frames with strong homology to the anaerobic coproporphyrinogen III oxidase 

Erom other organisms. 



60 70 80 90 100 
AAAGGTTCCGTTCAGGACGCTACTTGTGTATAAAANTCAGGTGCAGAACG 

K V P F R T L L V Y K X Q V Q N >  

110 120 130 14 O 150 
AGGTGCCGCCGGGCCTCTACGCCCAACACATAGCCTCGGGTCGGCTTGCA 
E V P P G L Y A Q H I A S G R L J D  

160 170 180 190 200 
ACGGTGAAAGGCTACCGGATGACGCCCGAGGATAGACTGCGGGCAGGCAT 
T V K G Y R M T P E D R L R A G I >  

210 220 230 240 250 
CATCGAGCGGCTGATGTGCGACTTCGGCGTCGATGTTCCCGCCCTTGCCA 

I E R L M C D F G V D V P A L -  

260 270 280 290 300 
CCGCGCACGGGTTCGATCCGGAGATGCTGCTCCGCGGCAACACCAGGCTC 
T A H G F D P E M L L R G N T R L >  

310 320 330 340 350 
GCTATGCTGGAAAGTGATGGCATCCTTGATATCGCTGACGGCGTCATACG 
A M L E S D G I L Q I A D G V I D  

360 370 380 390 400 
GCTGCGCGAGGGGCGACNCTTCCTTNTCCGCGCCGCCGCTGCAGCCTTCG 

L R E G R X F L X R A A A A A D  

410 420 430 440 450 
ACGCCTATATCGAACAATCGGGACGGACGCATAGCAAGGCGGCGTTGAAA 
D A Y I E Q S G R T H S K A A L K >  

4 60 
GCCGCATCAAGCTGA 
A A S S * >  



Figure 3.2. Nucleotide and deduced amino acid sequence of the 631 bp fragment 

flanking the Tm--B20 from pZT39. GenBank searchcs with these sequences revealed 

reading frames with strong homology to the acetyl-CoA synthetase enzyme fiom other 

organisms. 



10 20 30 40 50 
AGTCAGGTTCGAGCCCTATACCAAGGTCMGRACACGTCCTTCGAGGGCG 
S Q V R A L Y Q G Q E H V L R G R >  

60 70 80 90 100 
ATGTCTCGATCMGTGGTTCGAANACGGACTGACCAACGTCTCCTACAAT 

C L D Q V V R X R T D Q R L L Q >  

110 120 130 140 150 
TGCATCGACCGCCACCTGAAGACGCACGGCGAAAAGACGGCGATCATCTG 
L H R P P P E D A R R K D G D H L >  

160 170 180 190 200 
GGAGGGAGACAATCCCTATCTCGACAAGAAGATCACCTATAACGAGCTCT 
G G R Q S L S R Q E D H L * R A L >  

210 220 230 240 250 
ACGACAAGGTTTGCCGTCTTGCCAACGTCTTGAAGGAGCAGGGCGTAAAG 

R Q G L P S C Q R L E G A G R K >  

260 270 280 290 300 
AAGGGGGACCGCGTCACCATCTACATGCCGATGATCCCGGMGCAGCCTA 
E G G P R H H L H A D D P G S S L >  

310 320 330 340 350 
TGCGATGCTCGCCTGTGCCCGCATCGGCGCGATCCATTCGGTCGTTTTCG 
C O A R L C P H . R R D P F G R F R >  

360 370 380 390 400 
GCGGCTTTTCGCCCGAGGCGCTCGCCGGCCGCATCGTCGATTGCGAGTCC 

R L F A R G A R R P H R R L R V >  

410 420 430 440 450 
ACCTTCCTGATCACCTGCGACAAAGGCGTTGCGCGGCGGCNMCCGGTTG 
H L P D H L R Q R R C A A A N R L >  

460 470 480 490 500 
CGCTCCAGGANAACACCGATACCCGCGATCGACATCGCTGCCCAGANAGC 
R S R X T P I P A I D I A A Q X A >  

510 520 530 540 550 
ACGTCNCGGTCAGCAANGGTCCTCGTCNTGCGCCNCACCGGCGGNAANGT 

R X G Q Q X S S S C A X P A X X >  

560 570 580 590 600 
CNGNTGGGGCCCCCGGGCCNCAATCTCTGGTNTCACCAGAAAAACCGCGG 
S X G A P G P Q S L V S P E K P R >  

610 620 630 
CGGCAAAACCNCNTGNCCCCGGAAAAAATCC 
R Q N X X X P E K I X >  



Figure 3.3. Chromosomai map of S. meliloti showing locations of Tn5-mob insertions 

and the relative positions of the ace mutations. The seven Tn5-mob strains are Hfi-like 

strains, which are Nmr and carry the ongin of transfer (oriT) of piasmid RP4 in different 

positions and/or orientations. The arrows show the origin and direction of transfer. The 

location of some other genes are dso shown for reference. acel3::Tn5 was within 

p yruvate orthophosphate dikinase and ace l5 : :Td  was within acetyl-Co A synthet ase. The 

location of ace5 was not determined. However acel4 (location determined) was 93% 

Linked to meS. acel  was not sequenced. 





Figure 3.4. Cornparison of  the growth kinetics of  the wild-type strain and representative 

mutants o n  different carbon sources. Strains k e d  were Rm1021 (wild type), Rm11106 

(acel::Tn5), Rm113 74 (hemN::TnS), Rm11200 (acel3::TruT and R d 1 3 8 2  (acsB::TnS). 

Carbon sources were used at the foiIowing concentrations (rnM): Glucose, 10; Succinate, 

15; Acetate, 30; Acetoacetate, 15; 3=Hydroqbutyrate, 15; Glycerol, 20; Lactate, 20. The 

growth of each culture was followed for 190 hours or until stationary phase was reached. 

+, wild type; x, acel; m, hemN; a, acelS;A, acsB. 
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Figure 3.5.Comparison o f  the growth kuietics of the wild-type strain and representative 

mutants on different concentrations of acetate. Strains used were Rm102 1 (wild type), 

Rm11106 (acel::Tn5), Rm11374 (hemN::Tn5), RmllZOO (acel3::Tn5) and Rm11382 

(acsB::Tn5). M9 minimal medium was supplemented with the indicated concentration of 

glucose andior acetate. The growth of each culture was followed for 160 hours or until 

stationary phase was reached. +, wild type; m, acel; *, hemN; x, acel3; O, acsB. 
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Figure 3.6. Comparison of  the growth kinetics of the wild-type strain and representative 

mutants on acetate medium supplemented wi& amino acids ancilor succinate. Strains used 

were Rm102 1 (wild type), Rm11106 (acel::Tnfi), Rm11374 (hemN::Tn5), Rrn11200 

(acei3::TnS) and Rm11382 (acsB::Tn5). Glucose and Acetate was used at a 

concentration of 15 rnM. Isoleucine and vdine were added at concentrations o f  20 and 17 

@ni respectively. Succinate was added as a supplement at a concentration of 0.02%. e, 

wild type; m, acel; *, h e m  x, acel3; e, acsB. 
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Figure 3.7. Growth cornpetition assays of S. meMofi mutants CO-inoculated (approx. 1 : 1) 

with the wild type. The cultures were subjected to growth in altemating carbon-rich (1 5 

m M  glucose) and carbon-poor (2.5 mM glucose) media. A 0.1 ml aliquot was withdrawn 

every 24 h and inoculated into 5 ml of Mg-minimal medium supplemented with either 15 

m .  or 2.5 mM glucose as a sole carbon source. Another aliquot was withdrawn to 

determine total cWml. Figure 3.7(b) shows the cWml of the culture rnix. Figure 3 -7 (c) 

shows the cWmi of the individual strains over the course of the experiment. The fiaction 

of the total population represented by the mutant strain (Figure 3.7(a)) was scored by 

screening 150 colonies for Nm'. Culture mixes used were RmlO21: Rm11106 (Wild type: 

acel::Tn5), Rm102 1 :Rd 1200 (Wild type: acel3::Tn5) and Rml02 1 :Rn11382 (Wild- 

type: acsB::Tn5). Each data point represents an average of three independent mixed 

cultures. 
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Figure 3.8. Isocitrate lyase activities in cells of wild type and ace mutants grown on TY 

plus 10 m .  glucose. Values represent average specific activity in cmde extracts t SE of 

tnplicate assays. Strains used were Rm1021 (wild type), R.11106 (acel::Tn5), 

Rm11141 (aceQ::TnS), Rrn11374 (aceS::TnS), Rn111377 (ace8::Tn5), Rrn11200 

(acel3::TnS), Rml1381 (acel4::TnS) and Rml1382 (acel5::TnS). 





Figure 3.9. Isolation of the pod mutant in previous study (82). The phenotype of the 

strain at each step is shown. 
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Figure 3.11. Growth of RmG274 @d::Tn5), h l 1 2 0 0  (acel3::TnS), h l 1 3 2 7  

@od::Tn5), Rm11328 @od::Tn5), Rm11336 =@od::~n5), and Rrn11337 @od::TnS) on 

acetate as the sole carbon source. The latter four strains were the result of the 

transduction of  the Tn5 insertion fiom RmG274 into wild-type Rm1021. 4 of the 170 

transductants screened were Ace-. Rm11327 and Rrn11328 were Ace-. Rm11338 and 

Rm 1 1 3 3 9 were  ce+. The strains were streaked on TY plates as a control. 





Figure 3.12. Cornpanson of the growth betics of the wild-type strain and representative 

mutants on dinerent carbon sources. Strains- used were Rrn102 1 (wild type), RmG274 

@od5::TnS), RmG139 (spk-l), Rm11200 (acel3::TnS), Rm5439 @ckAl::TnY) with and 

without pZT9, and the complementing clone of Rm11200. Ail carbon sources were used 

at a concentration of 15 mM. The growth of each culture was followed for 72 hours or 

until stationaiy phase was reached. +, wild type; R, acel3; A, p c M I  (pZT9); x, pckAl; 

*,PO&; a, spk-1. 
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Figure 3.13. Relation between growth and pod::lacZ fusion expression in dinerent 

media. Growth (shaded symbols) and P-galactosidase activity (open symbols) was 

measured for Rm11358 (pd5::Tn5-B20) carrying the pZT9 plasmid when grown on 

M9 acetate, M9 succinate and M9 glucose- Tetracycline was added at a concentration of 

2 pg/d to ail M9 minimal carbon sources to maintain the plasrnid in the test strain. 
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Figure 3.15. Cornparison of growth kinetics of the wild-type strain and representative 

mutants on different carbon sources. Strains used were Rm1021 (wild type), R d  1 134 

(acsA 7::TnS), Rm 1 13 82 (acsB::TnS) and Rm 1 13 64 (acsA 7: : Tn5, acsB::TnS-23 3). 

Carbon sources were used at the followïng concentrations (mM): Glucose, 10; Acetate, 

30; Acetoacetate, 15; 3-Hydroxybutyrate, 15. The growth of each c u h r e  was followed 

for 170 hours or until stationary phase was reached. +, wild type; m, acsA; A, ocsB; x,  

acsA acsB. 
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Figure 3.16. Acetyl-CoA synthetase (ACS) and acetoacetyl-CoA synthetase (AACS) 

activities in cells of wild type and representative mutants grown on 15 mM M9 glucose. 

Values represent average specific activity in cmde extracts _t SE of triplkate assays. ACS 

and AACS were assayed usuig standard methods as descnbed in Materials and Methods. 

Strains used were Rm102 1 (wild type), Eùnlll34 (acsA7::Tn5), h l 1 3  82 (acsB::TnS) 

and Rd13 64 (acsA 7: : Tn5, acsB: :Td-23 3). 





CHAPTER 4 

DISCUSSION AND CONCLUSION 



DISCUSSION 

This investigation has identified at least three genes involved in acetate 

rnetabolism- Metabolism of acetate has been reviewed in E. coli, S. typhimwimn and S. 

cerevisae- lii aIl cases, growth on acetate required the induction of the aceBAK operon. 

This operon encodes the metabolic and regulatory enzymes of the glyoxylate shunt. 

While the glyoqlate shunt enzymes are present in S. rneliloti, the importance of the 

bypass in this organism is not very clear at this stage. Some acetate utilization mutants 

described in this study did cany lesions in genes encoduig enzymes of the TCA cycle and 

gluconeogenesis. We also expected to find mutations in genes encoding enzymes of the 

glyoxylate shunt, but did not. There may be altemate routes in this organism that perform 

a s i d a r  fùnction. The pod and h e d  genes have not previously been shown to be 

involved in acetate rnetabolism. There is stilt not enough data to provide an interpretation 

as to why these pod and hemN mutations give an Ace- phenotype. It is possible that these 

mutations are polar on downstream genes and-these may be respoasible for the observed 

phenotype. 

Al1 the mutants without defects in gluconeogenesis were true acetate utilization 

mutants, and were not impaired in their capacity to compete with the wild type for growth 

under conditions of fluctuating carbon availability. It should be noted that the growth 

characteristics of mutants within group IV were not the sarne (see Table 3.1). 

Complementation tests (Table 3.3) were not consistent either. Nonetheless, the genes in 

this group are linked and may be related somehow. This is an interesting group to foiiow 

up. Cell free extracts from one mutant in this group had double the isocitrate lyase 

activity of the wild type. 

If the glyoxylate bypass is the most important pathway in acetate metabolism, 

why were no glyoxylate shunt mutants obtained? In fkee-living S. rneliloti, malate 

synthase is constitutively expressed and isocitrate lyase is inducible in acetate-grown 

cells ( 7 9 ,  while S. meliloti bacteroids have low levels of maiate synthase activity and 

insignificant levels of isocitrate lyase (34). It is possible that S. me2iZoti has dtemate 

pathways that could potentially assimilate acetate, and the glyoxylate shunt is not as 



essential as it is in E. coli for growth on acetate. The presence of altemate pathways to 

catabolize acetate in organisms that lack glyoviate shunt enzymes has been suggested 

(49, 54, 67) but there is stiii insufficient data to support this. There could aiso be more 

than one copy of the genes encoding isocitrate Iyase and malate synthase. There are 

organisms that possess multiple copies of isocitrate lyase or malate synthase (50, 52, 98, 

116) but in dl cases oniy one f o m  is induced on acetate. On the other hand, the 

glyoxylate shunt rnay be so important that any mutations are lethal. 

Sequence alignment of the two acs genes show how similar the aligned regions 

are to each other- However, the growth phenotype and enzyme activities (ACS and 

AACS) of the two acs mutants were not the sarne. The ACS and AACS also dser  in 

their substrate specificities. The presence of two distinct Acs enzymes, with different 

substrate specificities, irnmunological and regdatory properties, has been reported in the 

organisms Pyrococ~~~firriosus and S. cerevinae (7 1,96). 

The growth patterns of the acsB mutant (its growth on low concentrations of 

acetate only) are consistent with the results of E. CO& and BaciIZus subtilis, two organisms 

that utilize both the ACS and Ack-Pta pathway for acetate activation (48, 65). It has been 

suggested that ACS cannot convert acetate at a rate that is s a c i e n t  to reduce the toxicity 

associated with high concentrations of acetate. It is possible that the ACS pathway is the 

central pathway used for acetate utilization in S. meliloti and the Ack-Pta pathway acts in 

both acetate activation as welI as acetate excretion, The fact that this mutant is able to 

grow on acetoacetate and 3-hydroxybutyrate indicates that these four-carbon compounds 

are not metabolized via the ACS pathway. Also observed in Figure 3.5 is that the lower 

the concentration of acetate, the less time it takes for the cells to adapt to the medium 

(shorter lag period). The ability of S. meliloii 1 O4Al4, another wild-type strain, to grow 

on organic acids depended on the pH of the medium, acid species and organic acid 

concentration (85). These factors aected the intemal pH of the cells, and growth was 

found to be inhibited if the intemal pH dropped below 7.0. It may therefore be 

advantageous for the cells to possess both acetate activation pathways so that the celis 

rnay grow across a wider range of acetate concentrations. 

Since acetate c m  also be activated via the Ack-Pta pathway, the activity of these 

two enzymes might have interfered with the ACS assay. Why does the double mutant 



( a c d  acsB), have a higher ACS activity than the two sinde mutants? There are two 

possibilities: 

E there is a third pathway for acetate activation when the two known pathways for 

acetate activation are non-fiinctional, then perhaps AACS is needed to activate the Ack- 

Pta pathway. In wild-type ceUs both pathways wouid be operational. In the single 

mutants, only one pathway operates. From the resuits, it seems that ACS has a higher 

afhity for acetate than the other two enzymes. M e n  there is no Ack-Pta and ACS 

activity (as in the double mutant), there might be another as yet unknown pathway for 

acetate activation. This would enable the double mutant to grow on acetate although with 

a longer lag penod. The growth phenotype of a triple mutant (acd acsB ack) on acetate 

may help ve* this. 

In the second case, ACS and AACS might be weak repressors of the Ack-Ra 

pathway. AACS may have an additional rofe of enhancing ACS activity. In the AcsA 

mutant, only the Ack-Pta would then be operational. In the AcsB mutant, there is no ACS 

activity and the Ack-Pta pathway is negatively regulated by AACS. In the double mutant, 

the Ack-Pta pathway dominates, as the two repressors may be absent. Growth of the 

double mutant on a range of acetate concentrations might be instructive. 

Assaying the extracts of these strains for Ack and Pta activity might give us a 

better understanding of how the acetate is activated in the acsA acsB mutant. On the other 

hand, the problem may not be high activiies in mutants, rather, low activities in the wild 

type. Previous enzyme studies in Our lab did show higher ACS activity on glucose than 

on acetate, acetoacetate and 3-hydroqbutyrate medium (13). Perhaps higher activities 

would have been observed if a mixed carbon source, which included acetate, was used as 

growth substrate. 

A mutant in group IV had mutations in the hemN gene, which encodes the 

anaerobic coproporphyrinogen III oxidase. Herne and modified denvatives are cofactors 

for a number of important enzymes. Herne synthesis occurs in 10 steps starting fiom 

gluramate. Coproporphyrinogen synthesis is a Iate step in the heme biosynthesis pathway 

(53). Coproporphyrinogen oxidation involves the conversion of the propionyl groups on 

the coproporphyrinogen Ill into vinyl groups. The reaction is an oxidative 

decarboxylation and requires an electron acceptor. Coproporphyrinogen III oxidases in 



eukaryotes have an absolute requirement for oxygen. In bacteria there are two types of 

coproporphyrinogen III oxidases that can work aerobicaily and anaerobically. In E coli 

the aerobic coproporphyrinogen oxidase is encoded by hemF, and the anaerobic 

coproporphyrinogen oxidase by hemN (1 11). In tphimwium the hemN can fùnction 

both aerobicaLIy and anaerobicaliy (120). There are a number of possibilities for the Ace- 

phenotype of the hemN mutant. The insertion could be producing a polar mutation on a 

downstream gene. Altematively, the produa of the hemN gene could act as a cofactor 

specincally for a component of an acetate utilization pathway. Another explmation 

would be that a herne protein substitute is not expressed on acetate. Since hemN encodes 

an oxidase, perhaps ceils that are defective in this enzyme have high NADEUNAD' 

ratios, which in turn inhibit enzymes Wre citrate synthase and malate dehydrogenase, 

shared by the TCA cycle and the glyoxylate shunt. Enzyme assays of this strain may help 

clear up this ambiguity. 

Even though mutations in acel and ace4 are 80% linked by transduction (about 9 kb 

apart), complementation studies indicate that the mutations are probably not dlelic but in 

distinct loci. The complementing fiagrnent in pZT2 most likely carries both genes and the 

complementing fiagrnent in pZT8 may only bear the region that complements the ace l  

mutation. While not likely in the isocitrase lyase gene, we have not eliminated malate 

synthase as a possibility for either. 

RmG274 kas both the pod and the suppressor mutation q k .  Rm11200 (ace13: :Tn5) 

isolated in Our laboratoxy has a mutation in the pod gene. Transduction experirnents 

indicated that the spk mutation in RrnG274 is somehow suppressing the Acè phenotype 

of the pod mutant. This explained the dserent acetate phenotypes of these two strains. 

The growth curve experiments with RmG274, RmG139, Rm11200 and pckA mutants 

suggested that the pod gene plays a role in the suppression of the succinate phenotype in 

apckA mutant. Does the pckA gene play a role in the suppression of the Ace phenotype in 

the pod mutant? If it does, could Pck be the suppressor? We could txy to isolate 

suppressors of thepod mutant by selecting for spontaneous mutations that rescue the Ace- 

phenotype of the pod mutant on M9 acetate, and then check if these second-site 

mutations map nearpckA. 



The expression of genes involved in carbon source utilization is often regulated in a 

manner that reflects the availability of substrate- The expression ofpck4 was induced on 

gluconeogenic substrates such as succinate and arabinose (83). The expression ofpod did 

not appear to depend on growth phase or the carbon source used for growth, The sudden 

drop at ODsoo on M9 succinate at the onset of the log phase (Figure 3.13) suggests an 

experimental error. This drop may have affecteci the P-galactosidase activity since the 

ceil density is taken into consideration when calculating the P-galactosidase activity 

(expressed in Miller Units). However, the error may not be s&icient to account for the 

magnitude (Le four-fold) of the increase. The expression level of the pck4 gene on 

acetate as a sole carbon source has not been detennined, and therefore it is not known 

whetherpck4 expression is reduced on acetate. It is possible that the balance of pyruvate 

t, PEP is more cntical during growth on acetate, and PPDK plays a role in achieving and 

maintaining this balance. 



CONCLUSION 

This study was originally pursued with the goal of characterizing genes encoding 

enzymes of the glyoxylate shunt. However, the results do indicate a possibility that S. 

meliloti has alternate pathways that could potentially catabolize acetate. It also tells us 

that there is stiu much to l em about the pathways this organism can use for intermediary 

carbon metabolism. 

For a better understanding of acetate metabolism in S. meMori, more mutants will 

have to be characterized. We need to study genes that are required for growth on acetate 

and also genes that are induced dunng growth on acetate. Each mutant in group IV may 

need to be characterized and this group may need reclassincation. Since we were 

particularly interested in characterizing the genes that encode the enzymes of the 

glyoxylate shunt and determinhg their regdation, one approach to characterize 

glyoxylate shunt mutations would be to constmct mutants using the DNA sequence 

information available for isocitrate lyase and -malate synthase fiom other organisms. If 

glyoxylate shunt mutations are lethal, one way to isolate them would be to perform 

mutagenesis with the conditional mutation generating transposon, Tn5-tac (73). 

This study indicates that the rnechanisms used to metaboIize two-carbon 

compounds such as acetate in S. meliIoti are probably different nom that used by entencs. 

We are just beginnllig to understand the potential impact of acetate use on carbon 

metabolism. However, much remains to be tearned about the role and fùnction of acetate 

in rhizobia. 
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