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Abstract

       Purple bacteria metabolize aromatic compounds either by light

dependent degradation of benzene ring, supporting growth by providing

carbon source/electron donors or through transformations when they

cannot cleave the benzene ring. Rhodobacter sphaeroides OU5, a purple

non-sulfur bacterium lacks the capability to degrade aromatic compounds

but has the ability to transform some of the aromatic compounds. The

present thesis work extends an in-depth study on the metabolic

potential of Rhodobacter sphaeroides OU5 in utilization of few aromatic

compounds, though not as growth substrates.

       Utilization of aromatic compounds as sole source of carbon or as

electron donors by Rba. sphaeroides OU5 could not be demonstrated.

However, assimilation of trans-cinnamate, 4-hydroxycinnamate, 3, 4-

dihydroxycinnamate and 4-hydroxybenzoate was observed in Rba.

sphaeroides OU5.

           Inhibition in growth of Rba. sphaeroides OU5 and on the activity

of 3-deoxy D-arabino-heptulosanate 7-phosphate (DAHP) synthase, (key

enzyme in the shikimate pathway that leads to the biosynthesis of

aromatic amino acids) in presence of aromatic compounds like trans-

cinnamate and hydroxycinnamate was demonstrated.

          trans-Cinnamate assimilation was light dependent and was

observed by both growing and resting cells of Rba. sphaeroides OU5.

Studies with whole cells and cell free extracts of Rba. sphaeroides OU5



indicate the transformation of trans-cinnamate to L-phenylalanine and L-

tryptophan with intermediate phenylpyruvate. Involvement of the

enzyme phenylalanine ammonia lyase (PAL) in the conversion of trans-

cinnamate to L-phenylalanine could not be demonstrated in Rba.

sphaeroides OU5. A ~ 43kD protein catalyzing this irreversible reaction

was purified to electrophoretic homogeneity and was characterized from

trans-cinnamate induced culture of Rba. sphaeroides OU5.

           In addition to trans-cinnamate, Rba. sphaeroides OU5 assimilated

hydroxycinnamates like 4-hydroxycinnamate, 3, 4-dihydroxycinnamate

which are transformed to L-tyrosine and 3, 4-dihydroxyphenylalanine

(DOPA), respectively. Among benzoates tested, 4-hydroxybenzoate was

assimilated by Rba. sphaeroides OU5.

           In conclusion, a novel metabolism of aromatic compound

assimilation, with few biochemical modifications to an aromatic amino

acid was suggested in Rba. sphaeroides OU5.



Introduction
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General Introduction

1.1 Aromatic compounds and their release into the environment

             Aromatic compounds are abundant in the biosphere as naturally occurring and

man-made environmental pollutants. Pollutants include various kinds of pesticides,

herbicides, insecticides, detergents and halogenated aromatic compounds, many of

which are toxic, recalcitrant and accumulate in sediments. These compounds are mostly

phenolic derivatives of a general phenylpropane or benzyl structure (Sleat and

Robinson, 1984; Berry et al., 1987). Naturally occurring aromatic compounds are

products of secondary metabolism of plants (Gross, 1985), derived from bioconversion

of aromatic amino acids (Balba and Evans, 1980) and as by-products of biological and

chemical cleavage of lignin (Higuchi, 1985; Kirk and Farrell, 1987).

             Lignin is the second most abundant carbon compound on the Earth and is an

aromatic polymer of phenyl propanoid units connected by different C-C and C-O-C

linkages, resulting in a complex structure. It contains guaiacyl, syringyl, p-

hydroxyphenyl and biphenyl moieties. Many filamentous fungi degrade plant lignin by

employing non-specific and extracellular enzymes. Fungal oxidases and peroxidases

play a vital role in lignin degradation that releases several simple aromatic monomers

(Orth et al., 1991). These monomers are mostly benzoates and phenylpropanoids like

cinnamates, hydroxycinnamates, ferulate and sinapate suitable for further microbial

mineralization.

   1.2 Bacterial utilization of aromatic compounds

Aromatic compounds being abundant in nature, serve as important growth

substrates for many microorganisms. By expressing different catabolic (biodegradative)
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pathways, bacteria use a wide array of aromatic compounds as sole carbon, energy

(Haryama and Timmis, 1992), electron (Lovley et al., 1999) and as nitrogen sources

(Esteve-Nunez et al., 2001). Aromatic compounds participate in energy metabolism by

serving as electron acceptors as such (Mouttaki et al., 2008) or with modifications as

aromatic ring substituents [the use of chlorinated aromatic compounds as electron

acceptors in dehalorespiration] (Fetzner, 1998). Aromatic compounds like humic

substances also serve as electron shuttles and are reduced by a number of facultative

anaerobic bacteria such as Paracoccus denitrificans under anaerobic conditions (Lovley

et al., 1999). Reductive dehalogenation of aromatic and aliphatic compounds of haloaryl

and haloalkyls serve as electron acceptors for the process of dehalorespiration in bacteria

(Holliger et al., 1999). Schematic representation of the utilization of aromatic

compounds by bacteria is shown in Fig 1.

                   Fig 1: Bacterial utilization of aromatic compounds (Diaz, 2004)
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      1.3 Degradation of aromatic compounds

In the microbial catabolism of aromatic compounds, degradation of the benzene

ring is an important step. The biochemistry of aromatic compound degradation can be

aerobic, anaerobic or chimeric based on the use of oxygen.

1.3.1 Aerobic degradation of aromatic compounds

Aerobic degradation of aromatic compounds involves oxygen as terminal

electron acceptor and for hydroxylation of the benzene ring. Oxygenases add hydroxyl

substituents to the aromatic nucleus thus destabilizing the benzene ring for further

degradation (Harayama et al., 1992). Benzene nucleus of the aromatic metabolite is

cleaved by the incorporation of both atoms of oxygen into the substrate under the

influence of dioxygenase enzyme, which catalyze the cleavage of the hydroxylated

benzene ring to aliphatic and more assimilable compounds (van der Meer et al., 1992;

Harayama and Timmis, 1992).

The oxygenase dependent biodegradation of aromatic compounds is channeled

through the central aromatic metabolic intermediates like catechol, protocatechuate or

gentisate. These intermediate compounds are the substrates of ring cleavage enzymes

that use molecular oxygen to open the aromatic ring between two hydroxyl groups (ortho

cleavage, catalyzed by intradiol dioxygenases) or proximal to one of the two hydroxyl

groups (meta cleavage, catalyzed by extradiol dioxygenases) (Harayama and Timmis,

1992) (Fig 2A). Pseudomonas species and closely related organisms have been the most

extensively studied owing to their metabolic versatality to aerobically degrade different

aromatic compounds (Wackett, 2003).



Usha Kiran Ph.D Thesis

Introduction 4

      1.3.2 Anaerobic degradation of aromatic compounds

Evans, was the first to establish that bacteria even under anoxic conditions

metabolize aromatic compounds and attack the aromatic ring by reductive steps

(reviewed in Evans, 1977; Evans and Fuchs, 1988). Anaerobic attack on the extremely

stable structure of the benzene ring proceeds by a ring reduction mechanism, a

biochemical process that is radically different from the oxygen requiring strategies

(Harayama and Neidle, 1992). Oxygen was shown to influence the expression of

anaerobic catabolic clusters (Carmona et al., 2009). In anaerobic environments, bacteria

degrade aromatic compounds using alternative electron acceptors, such as nitrate

(denitrifying bacteria), sulfate (sulfate reducers), ferric ions (ferric ion reducers), CO2

(methanogens), other (chlorate, Mn, Cr etc) acceptors (Gibson and Harwood, 2002). In

anaerobic pathways, monoaromatic compounds such as phenolic compounds,

methylbenzenes and amino benzenes are metabolized via aromatic acids such as

nitrobenzoates, hydroxybenzoates, or phenylacetate and then transformed to benzoate

(Fuchs et al., 1994). One important but common step of these pathways is the addition of

a coenzyme A (CoA) moiety to the carboxylic group of the aromatic acids by specific

CoA ligases (Harwood et al., 1999). Key intermediates in the anaerobic aromatic

metabolism are benzoyl-CoA and compounds with at least two meta-positioned

hydroxyl groups like resorcinol, phloroglucinol and hydroxyhydroquinone. Benzoyl-

CoA, an esterified compound is the major metabolic intermediate in almost all of the

pathways proposed (Harwood and Gibson, 1997; Villemur, 1995). Benzoyl-CoA is

further metabolized by benzoyl-CoA reductase, a key enzyme of anaerobic benzoate
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Fig 2: (A) The catabolic funnel for the aerobic degradation of aromatic compounds

           (B) Anaerobic degradation of benzoate (Diaz, 2004)
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degradation, which dearomatizes benzoyl-CoA via an ATP driven 2-electron reduction,

yielding cyclohex-1, 5-diene-1-carbonyl-CoA. Further degradation involves hydrolytic

ring cleavage, followed by conventional β-oxidation to acetyl-CoA (Fig 2B).

 Pathways of anaerobic degradation of monoaromatic compounds have been

mostly characterized in denitrifying bacteria Thaeura aromatica, Azoarcus evansii and

in purple non-sulfur phototrophic bacterium Rhodopseudomonas palustris and also by

some anaerobic microorganisms (Elder and Kelly, 1994; Londry and Fedorak, 1992).

Another most studied anaerobic degradative mechanism in denitrifying bacteria is the

addition of fumarate to hydrocarbons. This unique reaction catalyzing the initial step of

anaerobic toluene metabolism is the addition of cosubstrate fumarate to the methyl group

of toluene to yield the first intermediate benzylsuccinate, catalyzed by the enzyme

benzyl succinate synthase (Leuthner et al., 1998; Krieger et al., 2001) and encoded by

genes bssDCABE. This enzyme was well studied in toluene degrading sulfate reducers

(Beller and Spomann, 1997), phototrophic bacteria (Zengler et al., 1999) and

methanogenic consortia (Beller and Edwards, 2000).

1.3.3 Chimeric metabolism of aromatic compounds

 Combining the features of both aerobic and anaerobic pathways, there exists

chimeric pathway, as reported in Pseudomonas sp. (Altenschmidt and Fuchs, 1992).

Similar to anaerobic degradation this pathway proceeds via CoA thioester formation and

the aromatic ring reduction is coupled with simultaneous oxygen dependent

hydroxylation of the benzene ring. This chimeric pathway was also observed in the

degradation of phenylacetic acid, where combinations of anaerobic features (initial
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formation of CoA derivatives) with typical aerobic reactions such as aromatic ring

oxygenation (Fig 3) (Luengo et al., 2001) were reported.

Fig 3: Chimeric pathway of phenylacetate catabolism (Diaz, 2004)

1.4 Bacterial attacks on aromatic ring substituents

Some microorganisms utilize aromatic ring substituents to their advantage while

leaving the benzene ring untouched (Fig 4). The substituents attached to more complex

aromatics may serve as carbon and energy, or even as nitrogen sources, for

microorganisms that are unable to attack the benzene ring. Such modifications include:

(a) Acyl side chain removal: The side chains of phenylalkanoates, such as cinnamate are

degraded by β-oxidation, yielding acetyl groups for biosynthesis or for energy e.g.,

Rhodopseudomonas palustris (Elder et al., 1992a).
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(b) Aromatic ester hydrolysis: Bacteria hydrolyze aromatic esters and the ester group

was further utilized. The mammalian urine constituent hippurate (benzoylglycine) was

metabolized anaerobically by photosynthetic bacteria like Rhodobacter capsulatus, which

uses glycine moiety after hydrolysis of benzoylglycine by the enzyme hippuricase

(Madigan et al., 2001).

(c) Demethylation: Methoxylated aromatic molecules are major components of lignins.

A number of acetogenic and other bacteria use the methyl group of phenyl methyl ethers

for synthesis of acetic acid. The -CH3 moiety was removed by reactions involving

corrinoid and tetrahydrofolate cofactors, but the phenolic derivative was not used (Kreft

and Schink, 1993). Some of the gram-positive bacteria like Acetobacterium, Clostridium

and Sporomusa sp. use o-methyl groups as growth substrate. In addition, a thermophilic

bacterium like Desulfotomaculum thermobenzoicum, utilize various methoxylated

benzoate derivatives for growth by oxidizing the methoxy groups to CO2 in the presence

of sulfate as electron acceptor (Tasaki et al., 1992).

Fig 4: Commonly encountered attacks on aromatic ring substituents (Gibson and

Harwood, 2002)
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(d) Aromatic compounds as sulphur and nitrogen sources: Sulfonate moiety from the

organosulfates was used as a sulfur source for growth by members of the genus

Clostridium (Denger et al., 1996). Nitrogen containing substituents of aromatic

compounds may also be utilized as nitrogen source by anaerobic bacteria. This had been

observed for trinitrotoluene, which serves as nitrogen source for a Desulfovibrio sp. after

amino reduction to triaminotoluene and further subjected to reductive deamination

(Boopathy and Kulpa, 1992; Esteve-Nunez et al., 2001).

   1.5 Bacterial transformation of aromatic compounds

 Many anaerobic bacteria cannot degrade benzene ring nor utilize the ring

substituents of aromatic compounds, but carry out oxygen independent biotransformations.

Biotransformation is a metabolic conversion process, which alters the structure of an

original molecule. Such biotransformations by anaerobic bacteria involve specific

substitutions on the aromatic ring through different strategies like (a) Oxidation (b)

reductive transformation and (c) decarboxylation.

(i) Oxidation reactions: are involved in the conversion of aromatic amino acids to aryl

acetates via aryl pyruvate. This type of biotransformation was reported in Clostridium

sticklandii and Clostridium bifermentans (Baker, 1981). Aromatic amino acids with

aliphatic side chains of three or more carbon atoms are oxidized to benzoyl CoA and

phenyl acetyl-CoA, by β-oxidation in fatty acid degrading organisms (Elder and Kelly,

1994).
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(ii) Reductive transformations: The purpose of reductive anaerobic transformations is

to dispose off redox equivalents generated in oxidative reactions. These reactions are

either involved in anaerobic respiratory chains or are part of fermentative pathways.

Reductive dehalogenation of halo aromatics has been observed in pure cultures of

thiosulfate and sulfite- reducing bacteria eg: Desulfomonile tiedjei and several species of

the genus Desulfitobacterium (Mohn and Tiedje, 1992). Acetogenic bacteria such as

Acetobacterium woodii and Peptostreptococcus productus, convert aryl acrylates like

ferurate, caffeate stoichiometrically to reduced compounds like hydroferulate and

hydrocaffeate (Misoph et al., 1996; Tschech and Pfennig 1984). Clostridium

sporogenesis was able to transform all three aromatic amino acids to the corresponding

aryl propionate derivatives (Baker, 1981). Nitro and azo groups are reduced to amino

groups under anaerobic conditions (Sikkema and de Bont, 1994) by anaerobic and

facultative bacteria like Clostridium, Eubacterium and Veillonella species. Pseudomonas

vesicularis also transforms azo groups to amino groups (Haug et al., 1991).

 (iii) Decarboxylation: Decarboxylation reactions of phenylacetate to toluene and

hydroxyphenylacetate to p-cresol were catalyzed by amino acid fermenting gram-positive

bacteria like Clostridium sp. (Barker 1981; Ward et al., 1987). 4-Hydroxybenzoate to

phenol and 3, 4-dihydroxybenzoate to catechol are reported transformations from

Clostridium hydroxybenzoicum (Zhang and Wiegel, 1994). Some of the

Enterobacteriaceae species and Streptococcus gallolyticus were capable of

decarboxylating gallic acid to pyrogallol (Osawa et al., 1995). The physiological

significance of these decarboxylations is to prevent acid accumulation in the medium and

might probably to conserve energy (as membrane potential) from the reaction.
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   1.6 Genes involved in aromatic ring catabolism

Various studies on genes involved in aromatic ring degradation were shown to be

clustered together (Brinkrolf et al., 2006; Dal et al., 2005). Regulation of these metabolic

gene clusters is still under investigation. It was estimated that these regulatory

mechanisms and their targets evolved independently and restricted to those bacteria,

which are actively involved in catabolic pathways (Cases and de Lorenzo, 2001; de

Lorenzo and Pe´rez-Martin, 1996). These regulators are divided into different families

based on their target genes (Tropel and van der Meer, 2004).

Recent advances in bacterial genomics resulted in building the metabolic models

integrating genomic data with available experimental data. Such kind of studies, known

as, "metabolic reconstruction" were carried out in many bacteria for which genome

information is available (Thiele et al., 2005; Feist et al., 2007; Oh et al., 2007). Metabolic

reconstructions led to identification of all possible main ring-cleavage catabolic pathways

for aromatic compounds in Cupriavidus necator JMP134 (Pérez-Pantoja et al., 2008).

These reconstructions may help in deciphering the regulation of those enzymes that are

involved in catabolism thus may help in genetic manipulation of catabolic pathways.

1.7 Assimilatory metabolism

Assimilatory processes include the various biochemical reactions that

incorporate elements into biomass. By definition, assimilation includes primary and

secondary production of organic matter and the formation of associated inorganic

structural components. Since assimilation requires a source of energy to acquire,

accumulate and metabolize nutrients, the availability of biochemically useful energy is a
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major structuring agent for interactions between assimilatory processes and

biogeochemical dynamics.

Inorganic compounds such as NO3
-, SO4

2-, and CO2 are reduced by many

organisms as sources of cellular nitrogen, sulfur and carbon, respectively. When an

inorganic compound is reduced for use as a nutrient source, it is assimilated and the

process is called assimilative metabolism. Table (1) summarizes some of features of the

assimilatory and dissimilatory mechanisms. Simple aliphatic molecules such as organic

acids, propane, glycerol and sugars are assimilated by bacteria which can easily be

transported into the cell (George and Perry, 1984; Beam and Perry, 1974; Lueking et al.,

1973). Lactic acid bacteria isolated from human gut assimilate cholesterol (Dora et al.,

2002). Similarly, aliphatic amino acids were assimilated into protein and incorporation of

exogenously supplemented aromatic amino acid, L-phenylalanine directly into proteins

by Escherichia coli was reported (Miseta et al., 1996). Rhodotorula glutinis assimilates

aromatic acids and dihydroxyphenols (Kocwa-Haluch and Lemek, 1995; Kocwa-Haluch,

1995).

    1.8 Microbial metabolism of cinnamate

Cinnamic acid, formed from phenylalanine by the action of phenylalanine

ammonia lyase (PAL) is a precursor for lignin biosynthesis. A series of enzymatic

hydroxylations and methoxylations of cinnamic acid leads to coumaric acid (4-

hydroxycinnamate), ferulic acid (4-hydroxy-3-methoxycinnamate) and sinapic acid (4-

hydroxy-3, 5-dimethoxycinnamic acid). These aromatic monomers subsequently enter

anaerobic environments by depolymerization of lignin and are subject to biodegradations

or biotransformations. Cinnamic acid is used as a flavouring agent in baked foods,
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      Table 1: Characters of assimilative and dissimilative processes

sweets, ice cream, beverages and chewing gum (Roller and Seedhar, 2002). It inhibits

the growth of several bacteria (Burt et al., 2004) and is an active compound in medicinal

 plants with anti Helicobacter pylori (Bae et al., 1998) and antituberculotic activity

(Barnes et al., 2003).  It also enhances the activity of drugs like isoniazid or rifampin

against Mycobacterium tuberculosis (Rastogi et al., 1998).

Assimilative process Dissimilative process

Limited amount of the
compounds are reduced to
satisfy the needs of cell growth

Reduction of nitrate to
ammonium by nitrate
reductase is assimilative
process

Assimilatory nitrate reduction
observed in cyanobacteria
(Flores et al., 1983) Klebsiella
pneumonia (Lin et al., 1993),
and Bacillus subtilis (Ogawa et
al., 1995).

Reduction of sulfate to sulfide
is assimilative sulfate
reduction and observed in
Beggiota, Thiobacillus and
Sulfolobus.

Large amount of electron acceptor is
reduced

Conversion of nitrate to dinitrogen is a
dissimilative process

Dissimilative nitrate reduction is
observed in few microorganisms that
include Enterobacter amnigenus
(Fazzolari et al., 1990).

Dissimilative sulfate reduction
observed in Deulfovibrio and
Desulfotomaculum (Hamilton 1998a;
Hamilton 1998b) where sulfate is the
terminal electron acceptor.
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1.8.1 Cinnamic acid degradation: Under anaerobic conditions degradation of cinnamic

acid by methanogenic consortia was initiated by the conventional β-oxidation of the C3-

side chain, yielding a C2-unit plus benzoate or benzoyl-CoA (Balba and Evans, 1979;

Healy et al., 1980; Evans and Fuchs, 1988). Rhodopseudomonas palustris, phototrophic

bacteria degrade trans-cinnamate following benzoyl-CoA pathway [Fig 5(I)] (Harwood

and Gibson, 1988). A syntropic co-culture of Syntrophus buswelli strain GA and

Desulfovibrio vulgaris degrades cinnamic acid to produce acetate and H2S without

accumulation of benzoic acid (Aurburger and Winter, 1995).

1.8.2 Biotransformations of cinnamic acid: Papillibacter cinnamivorans (Defnoun et

al., 2000) a strictly anaerobic bacterium transforms cinnamic acid to acetic and benzoic

acids, which accumulate without further degradation. Reductive transformation of

trans-cinnamate to hydro-cinnamate involving reduction of the double bond in the side

chain of some cinnamic acid derivatives was reported in methanogenic consortia (Nali

et al., 1985; de la Torre and Gomez-Alarcon, 1991; Grbic-Galic and Young 1985),

Pseudomonas cepacia (Andreoni et al., 1984), Pseudomonas putida (Andreoni and

Bestetti, 1986), Wolinella succinogenes (Ohmiya et al., 1986), Clostridium

aerotolerans DSM 5434, Clostridium xylanolyticum (Chamkha et al., 2001) and

Corynebacterium glutamicum ( Labuda et al.,1993).

Pichia carsonii and yeast Cryptococcus elinovii converted cinnamic acid to

styrene by non-oxidative decarboxylation (Shimada et al., 1992; Middelhoven, 1995)

and involved enzyme cinnamyl-alcohol dehydrogenase (Zeyen et al., 1995).

Transformation of cinnamic acids to their corresponding 4-vinyl derivatives by

oxidative decarboxylation was reported in fungi, yeast and bacteria through oxidative
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decarboxylation of the side chain (Cavin et al., 1997b; Edlin et al., 1998). Cinnamic

acid was converted to aromatic amino acid L-phenylalanine by the reverse action of

Phenylalanine Ammonia Lyase (PAL) (Yamada et al., 1981; Evans et al., 1987a).

Biotransformations of trans-cinnamate shown in Fig 5 (II).

1.9 Metabolism of 4-hydroxycinnamate: Phenolic acids occur in plants as

hydroxycinnamic acids ester-linked to polysaccharides and are present as large amounts

of simple phenolic acids, like p-coumaric, caffeic acid, ferulic and syringic acids. These

are released during the aerobic catabolism of lignin (Kuwahara et al., 1980). p-

Coumaric acid (4-hydroxybenzoic acid) was the central intermediate in the biosynthesis

of many plant phenols and was present in esterified or free acid forms in many fruits,

vegetables and graminaceous plants (Clifford, 1999). Utilization of diverse

hydroxycinnamates as sources of carbon and energy was widely distributed among

different microbial groups (Delneri et al., 1995)

The aerobic catabolism of these compounds has been well studied while

anaerobic microbial conversions of hydroxycinnamates were reported from anaerobic

sewage sludge and anaerobic microphyte present in marshy sediments (Nali et al.,

1985; de la Torre and Gomez-Alarcon, 1991). Bacteria such as Streptomyces griseus

and filamentous fungi such as Gliocladium deliquescens convert 4-hydroxycinnamate

to caffeic acid and related compounds (Torres et al., 2001).

Pycnoporus cinnabarinus, a fungus transformed 4-hydroxycinnamate into caffeic acid

and also to p-hydroxybenzaldehyde (Alvarado et al., 2003; Alvarado et al., 2001).

Lactobacillus plantarum, Bacillus pumilis, Pseudomonas fluorescens transformed 4-
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Fig 5: (I) Proposed mechanism for the anaerobic degradation of trans-cinnamic
acid by Rhodopseudomonas palustris (Elder et al., 1992a).  (II) Biotransformation
of trans-cinnamic acid to: (A) Styrene by Cryptococcus elinovii (Middlehoven, 1995)
(B) Hydrocinnamic acid by Corynebacterium glutamicum (Labuda et al., 1993)
(C) L-phenylalanine by Corynebacterium equii (Evans, 1987a)
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hydroxycinnamate to 4-vinyl derivatives that were further reduced to 4-ethyl derivatives

(Cavin et al., 1997a; Degrassi et al., 1995; Huang et al., 1994).

These volatile phenols are potential contributors to the aroma of wine and other

fermented foods (Potter and Fagerson, 1992). 4-Hydroxycinnamic acid was found to

be the chromophore of photosensory protein PYP (photoactive yellow protein), which

binds to the cysteine residue via a thioester bond (Hoff et al., 1994). This PYP is a

photoreceptor protein, found in the cytosol of Ectothiorhodospira halophila (Dux et

al., 1998), in several purple bacteria (Kort et al., 1998) and in Rhodobacter

sphaeroides (Haker et al., 2000).

1.10 Metabolism of Ferulic acid: Ferulic acid is an abundant hydroxycinnamic acid in

the plant world, capable of being microbially transformed in to valuable aroma

compounds (Rosazza et al., 1995a). It occurs in plants in its free form and is covalently

linked to lignin and other polymers in the cell wall. It is also one of the widely reported

antioxidant compounds (Vieira et al., 1998). Ferulic acid is converted to vanillin (3-

methoxy-4-hydroxy benzaldehyde) (Rosazza et al., 1995a) the most important and

widely used flavour in the food industry and is responsible for the characteristic aroma

of vanilla bean extracts. It is also a precursor for 4-vinyl guaiacol (3-methoxy 4-

hydroxystyrene), the transformation being catalyzed by the enzyme ferulic acid

decarboxylase (Donaghy et al., 1999). It is also converted to caffeic acid, a more potent

antioxidant compound (Vieira et al., 1998) by Penicillium rubrum (Tillet and Walker,

1990) and Pseudomonas sp. under anaerobic conditions (Taylor, 1983).
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1.11 Microbial metabolism of hydroxybenzoates

Benzoates and hydroxybenzoates occur as natural components in plants (e.g.,

salicylic acid, gallic acid) or generated as intermediate metabolites in the microbial

degradative pathways of various aromatic hydrocarbons, aromatic dicarboxylic acids

and phenolic compounds. In bacteria, all three isomers (o-, m-, p-) of

monohydroxylated benzoates are channeled into anaerobic metabolism by converting to

benzoyl CoA (Goetz and Harmuth, 1992; Grund et al., 1990; Karegoudar et al., 1999).

The carboxyl group was first activated to coenzyme A thioester and the product was

then reductively dehydroxylated (Bonting et al., 1995, Brachmann et al., 1993). 4-

Hydroxybenzoate was an intermediate in the anaerobic degradation of phenol or p-

cresol by the denitrifying bacterium Thaeura aromatica, photosynthetic species

Rhodopseudomonas palustris (Diageri et al., 1993), while under aerobic conditions 3-

hydroxybenzoic acid and 4-hydroxybenzoic acid was catabolized by the gentisate

pathway (Jones and Cooper, 1990) or through protocatechuate (Karegoudar et al.,

1999). 4-Hydroxybenzoate was the key intermediate in ubiquinone biosynthesis

(Pennock and Threlfall, 1983).

        1.12 DEFINITION OF THE PROBLEM

 Among the anoxygenic phototrophic bacteria, purple non-sulfur bacteria degrade

a wide range low molecular weight compounds including C-1 compounds, organic

acids, amino acids, fatty acids, alcohols and carbohydrates (Berry et al., 1987; Harwood

and Gibson, 1988; Sasikala and Ramana, 1998). In addition to degradation, light

dependent transformation of aromatic hydrocarbons was observed by
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Rhodopseudomonas palustris (Noh et al., 2002), Rubrivivax gelatinosus (Willems et

al., 1991), Rhodobacter capsulatus (Blasco and Castillo, 1992), Rhodobacter blasticus

(Ahmed and Mohamed, 1994) and Rhodobacter sphaeroides (Rajasekhar et al., 1998).

Rhodobacter sphaeroides OU5, which occurs abundantly in paddy soil and

waste waters (Sasikala and Ramana, 1998), lacks the ability to completely mineralize

aromatic compounds for its growth, but can photobiotransform some of the aromatic

compounds. Rhodobacter sphaeroides OU5 transforms 2-aminobenzoate to indole in

the presence of fumarate (Nanda et al., 2000 and Sunayana et al., 2005) and aniline to

indole derivatives (Vijay et al., 2006). It could also transform aromatic amino acids like

phenylalanine to phenolic derivatives (Ranjith et al., 2007). An attempt was made to

extend the study on exploring the metabolic capability of Rhodobacter sphaeroides

OU5 in utilizing benzoates and phenyl propionates, which can meet some of its cellular

demands though they cannot support growth. Hence, a detailed study on this topic was

taken for Ph.D thesis with the following objectives.

OBJECTIVES

1. To study the capability of Rhodobacter sphaeroides OU5 in utilizing
aromatic compounds

2. To study the assimilation of trans-cinnamate by Rhodobacter sphaeroides
OU5

3. To study the hydroxycinnamate and 4-hydroxybenzoate assimilation by
Rhodobacter sphaeroides OU5



Materials and Methods
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2.1 Glassware: All the glassware used in the present experiments including test tubes,

pipettes, measuring cylinders, culturing flasks, reagent bottles, petriplates and screw cap test

tubes were of Borosil and Duran brand.

2.2 Cleaning: The glassware used in the experiments were initially soaked in dilute H2SO4

(20 % v/v) for 24 h and cleaned with tap water and teepol, a detergent. After removing all

the traces of the detergent, the glassware was rinsed with single distilled water and kept in

oven for drying at 100 C.

2.3 Water: Single and double distilled water obtained from Milli-Q plant stored in white

carboys was used for rinsing of glassware and for preparation of media, stock solutions and

chemical analysis. Milli-Q water was used for HPLC analysis.

2.4 Chemicals: The chemicals used in this study were of analytical grade from Sigma-

Aldrich, Lancaster, Ranbaxy, Merck, Qualigens, e-Merck and Himedia.

2.5 Determination of pH: pH was determined using a digital pH meter (Digisun

electronics, India, model DI-707).

2.6 Sterilization: Sterilization of the culture media and glassware was done by autoclaving

at 15 lbs for 15 min.

2.7 Organism and growth conditions: The purple non sulphur bacterium, Rhodobacter

sphaeroides OU5 [ATCC-49885; DSM-7066] was obtained from the Bacterial Discovery

Laboratory, Center for Environment, IST, JNTU, Hyderabad. The organism was grown

photoheterotrophically (2,400 lux) on mineral medium (Table 2) with malate (22 mM) and

ammonium chloride (7 mM) as carbon and nitrogen sources respectively, in fully filled

(10x100 mm) screw cap test tubes or in reagent bottles (250/1000 ml) at 30±2 C.
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2.8 Maintenance of stock culture: Stock cultures of Rba. sphaeroides OU5 was maintained

as agar stabs. Stabs were prepared by using 2 % (w/v) agar solidified heterotrophic medium,

filled to ¾ volume of 5 ml capacity screw cap test tubes. The culture taken onto a sterile

needle was stabbed into the agar and the culture tubes were illuminated (2,400 lux) and

incubated at 30±2 C. After 2-3 days of growth, the stab cultures were preserved under

refrigeration at 4 C until further use. The stabs were sub cultured every 90 days and

contamination from other bacteria was checked periodically by streaking onto nutrient agar

plates.

2.9 Purity of the cultures: Culture was checked for its purity before and after assay by

streaking on nutrient agar plates (g.l-1: peptone-5, beef extract-3 and agar-15 (Difco manual,

1998) and incubating aerobically under light (2400, lux) at 30±2 C.

2.10 ASSAYS

2.10.1 Assay with growing cells: The logarithmically (24 h) growing culture of Rba.

sphaeroides OU5 (0.48 O.D 660 nm) was transferred into screw cap test tubes (10x100 mm)

containing photoheterotrophic medium and 0.5 mM of aromatic compound (trans-

cinnamate/hydroxycinnamate/hydroxybenzoate) from the sterilized stock solution (100 mM)

was added and incubated for 48 h under anaerobic/light (2, 400 lux) at 30±22 °°C. After

incubation the culture was harvested for analysis.

2.10.2 Assay with resting cells: The logarithmically growing culture (24 h) of Rba.

sphaeroides OU5 (0.48 O.D 660 nm) was harvested by centrifugation (16,000 x g) and cell

pellet was washed twice with saline before suspending into the basal medium containing

aromatic compound. The culture was then dispensed into screw cap test tubes and incubated

anaerobic/light (2, 400 lux) at 30±22 C
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Ingredients                                           g. l-1

KH2PO4                                              0.5

MgSO4.7 H2O                                       0.2

NaCl                                                      0.4

NH4Cl                                                   0.04

CaCl2.2 H2O                                         0.05

Organic carbon source/electron

 donor             3.0

Yeast extract                                         0.12

Ferric citrate (0.1 % w/v)                     5 ml

Trace elements SL7                              1 ml

Mineral medium used for the growth of purple non-sulphur bacteria (after Biebl and

Pfennig, 1981).

SL7 (mg.ml-1): HCl (25% v/v)-1ml; ZnCl2-7; MnCl2.4H2O-100; H3BO3-60; CoCl2.6H2O-200; CuCl2.H2O-

20; NiCl2.6H2O-20; NaMoO4.6H2O-40

Table 2: The composition of Biebl and Pfennig’s medium (Biebl and Pfennig, 1981)
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2.10.3 Assay with cell free extracts: Rba. sphaeroides OU5 culture grown in the presence

of aromatic compound (0.5 mM) was harvested by centrifugation (16,000 x g) and cell pellet

was suspended in Tris buffer (50 mM, pH 7.8) and sonicated [6x2 min, 8 cycles, probe MS

72 in Bandelin Sonoplus Sonicator]. This extract was centrifuged and supernatant collected

was used as a source of enzyme for enzyme assays, while unsonicated cell debris was

discarded.

2.11 ANALYTICAL METHODS

2.11.1 Growth and biomass: Growth was measured turbidometrically, in terms of optical

density (O.D) using a Systronic colorimeter (mode 112) at 660 nm (filter 8) using

uninoculated medium as blank. OD versus dry wt graph was plotted and the dry wt. was

calculated by the empirical formula drawn from the graph

OD660 of 0.1 = 0 .15 mg dry wt.ml-1

2.11.2 Determination of 50 % inhibitory concentration (IC50) of aromatic compounds

on growth of Rba. sphaeroides OU5

Fifty percent growth inhibitory concentration (IC50) of aromatic compounds on

growth/biomass of Rhodobacter sphaeroides OU5 was studied in the photoheterotrophic

growth medium with malate (22 mM) as carbon and NH4Cl (7 mM) as nitrogen source,

along with aromatic compounds at various concentrations in fully filled screw cap test tubes

(10x100 mm) incubated phototrophically (2,400 lux) at 30±2 C.

2.11.3 Estimation of metabolites by colorimetric analysis

2.11.3.1 Estimation of indoles: Indole was estimated colorimetrically either by Salper’s

reagent (Gordon and Paleg, 1957) or by p-dimethylaminobenzaldehyde (PDAB) reagent

(Kupfer and Atkinson, 1964).
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(i) Salpers method: To 1 ml culture supernatant in ethylacetate, 2 ml of freshly prepared

Salper’s reagent [1 ml of 0.5 M FeCl3 in 50 ml of 35 % (v/v) perchloric acid] was added and

the absorbance was read at 535 nm against reagent blank.

(ii) PDAB method: To 1 ml culture supernatant made up to 5 ml with water, 1 ml of freshly

prepared PDAB reagent [60 mg of p-dimethylaminobenzaldehyde in 1 ml of 3N H2SO4] was

added and absorbance was read at 550 nm against reagent blank.

2.11.3.2 Estimation of ammonia: (Solorzano, 1969) Ammonia was estimated using NH4Cl

as standard. To 5 ml of the sample 0.2 ml of phenol alcohol (10 % w/v in 95 % ethanol), 0.2

ml of sodium nitroprusside (0.5  % w/v), 0.5 ml of oxidizing solution (20 % w/v trisodium

citrate + 1% w/v NaOH + 25 ml 1.5 N NaOCl) was added. The colour intensity was read at

640 nm.

2.11.3.3 Estimation of tryptophan: To 1 ml of the aqueous extract made upto 5 ml with

distilled water, 1 ml of freshly prepared PDAB (60 mg in 1ml of 3N H2SO4), 3 ml of chilled

30 N H2SO4, 0.1 ml of NaNO2 (0.1% w/v) were added and after 15 min of incubation the

absorption was read at 580 nm against reagent blank.

2.11.3.4 Estimation of tyrosine: (Ottaway, 1957) To 2 ml of solution containing 10-200 µg

of tyrosine 0.1 ml of (0.3 % of 1-nitroso-2-naphthol in acetone) was added and kept in a

water bath at 60 oC for 5 min. After removing from water bath, 4 drops of conc. HNO3 was

added, cooled in water bath for a minute and 6 ml of stabilizing reagent (0.12 M NaCl in 25

% acetone) was added. The colour intensity was read at 450 nm within 45 min.

2.11.3.5 Estimation of amino acids: Amino acids were estimated colorimetrically by

adding 4 ml of ninhydrin (0.2 % w/v in acetone) to 1 ml of culture supernatant and the
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mixture was kept in water bath at 60 oC for 15 min after which volume made up with

acetone and the colour was read at 570 nm against reagent blank.

2.11.3.6 Estimation of reducing sugars by DNS method: Glucose consumption was

determined as described by Miller 1958 using dinitrosalicylic acid as a chromogenic reagent.

2.11.3.7 Estimation of 3, 4-dihydroxy phenyl pyruvate: (Briggs method, 1922) One ml of

assay mixture was deprotenized by the addition of 200 µl 40 % TCA and centrifuged. One

ml of the supernatant was added to 500 µl of a mixture of equal volumes of 2.5 %

ammonium molybdate in 5 N HCl and 3 % KH2PO4 and the colour complex so formed was

read at 700 nm after 20 min.

2.11.3.8 Estimation of proteins: Proteins were estimated using Bradford’s method

(Bradford, 1976).

2.11.4 Detection and estimation of metabolites by HPLC analysis

Aromatic compounds were analyzed in HPLC performed at room temperature using a

Shimadzu SPD-10AVP and LC-20AVT system, with a capcell pak Luna 5 μ C18 (2) 100A

column (250 x 4.6 mm). The injection volume was 20 μl. Solvents like methanol, water

(1:1) and methanol, Tris buffer (50 mM pH 7.8) in the ratio of 3:7 were used at a flow rate

of 1.0 ml.min-1 and the compounds were detected using UV-VIS and PDA detectors. The

metabolites were identified based on their retention time and by comparing with the

standards.

The compounds like trans-cinnamate (270 nm), 4-hydroxycinnamate (300 nm) and indole

(280 nm) were detected in methanol water solvent system (1:1) at retention time of 2.4, 3.0

and 4.5 min respectively.
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Compounds like phenylalanine, phenylpyruvate, tyrosine, 3, 4-dihydroxycinnamate, 3, 4-

dihydroxyphenylalanine, 4-hydroxybnezoate and fumarate were detected in methanol buffer

(3:7) solvent system at retention time of 4.7, 7.8, 3.0, 2.9, 2.4, 2.85 and 2.0 min respectively.

2.11.5 Identification of metabolites by LC-MS analysis

Liquid chromatography (LC)-mass spectrometry (MS) analysis was performed with

Shimadzu LC-1020A, equipped with an automatic injector. MS was performed using MS-

ESI ion source (Nitrogen flow rate 0.5/h) using, both negative and positive ion mode.

Analysis was performed at 40 oC (LC column oven) and 85 oC (MS ionization chamber).

Methanol and water (1:1) was used as solvent at 0.2 ml.min-1 using a Luna 5μ C18  (2) 100A

column (250 x 4.6 mm) and the compounds were detected (by way of LC) at 254 nm. The

column effluent from the LC was nebulized into an atmospheric pressure chemical

ionization region under nitrogen gas for generating molecular masses.

2.12 ENZYME ASSAYS

2.12.1 Cinnamoyl Coenzyme A Synthetase activity: (Elder et. al., 1992)

The activation of aromatic acids to their respective CoA thioesters was measured

spectrophotometrically at 30 oC by directly monitoring the formation of product at 311 nm

(Cinnamoyl CoA). The reaction mixture (1 ml) contained 100 mM Tris-HCl buffer pH 8.5, 2

mM MgCl2, 2 mM ATP, 0.25 mM trans-cinnamate and cell extract. Reaction was initiated

by the addition of CoA (0.8 mM) to the sample cuvette.

2.12.2 DAHP Synthase activity: Enzyme activity was assayed by measuring the levels of

erythrose 4-phosphate in the HPLC. The solvent system used was 0.002 N H2SO4 in HPLC

grade water at a flow rate of 1 ml.min-1 and was detected at 200 nm in the UV-Visible

detector.
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2.12.3 Phenylalanine ammonia-lyase (PAL) and tyrosine ammonia-lyase (TAL)

activities (Kyndt et al., 2002)

The activities of the enzymes were determined by measuring the formation of trans-

cinnamate or 4-hydroxycinnamate from L-phenylalanine or L-tyrosine, respectively, using

HPLC. The reaction mixture contained, in a final volume of 1 ml (Tris-HCl buffer 10 mM,

pH 7.8), 100 µmol L-phenylalanine or L-tyrosine and an appropriate amount of cell free

extract. The reaction was carried out in eppendorf test tubes (1.5 ml), incubated at 30 ºC for

20 min, activity was stopped by acidification with 1N HCl and analyzed by injecting 20 µl

of clear supernatants in HPLC.

2.13 Isolation and electrophoresis of proteins:

Wet packed cells of Rhodobacter  sphaeroides OU5 suspended in 75 ml of Tris

buffer (50 mM pH 7.8) with 10 % glycerol were subjected to sonication to complete

cell lysis by MS-72 probe (Bandelin, Germany make, model-UW 2070) for 8-9

cycles. Cell debris was removed by centrifugation at 10,000 rpm for 20 min at 4 oC

and the supernatant was used for ammonium sulfate saturation.

To the supernatant (75 ml) solid ammonium sulfate was added until 30 % saturation

is reached and the mixture was stirred for 1 hr. The suspension was centrifuged at 0

oC (10,000 rpm) for 20 min. To the supernatant ammonium sulfate was added to 60

% saturation and the suspension was treated as above. Finally to the supernatant

obtained ammonium sulfate was added until 90 % saturation is reached. After

stirring for 4 hrs the suspension was centrifuged at (10,000 rpm) for 20 min. The

resulting precipitate was collected and dissolved in 10 ml of Tris buffer. The protein

solution was dialyzed overnight in the 50 mM Tris buffer.
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The enzyme solution (9 mg protein) was loaded on to a DEAE-Cellulose column of

20 ml bed volume (4.2x2.5 cm) equilibrated with Tris buffer (50 mM pH 7.8) and

different protein fractions were eluted using a gradient of 0-1 M NaCl.

PAGE analysis: The presence of the enzyme in the induced culture was checked by

comparing the protein pattern of the crude extracts from induced and uninduced

cultures grown in the same medium with and without trans-cinnamate. The

electrophoresis of the proteins was done on 8, 10 and 12 % SDS-PAGE, Native-

PAGE and stained with coomassie blue or silver stain (Laemmeli, 1970).

Native molecular weight of the protein was determined by FPLC (Bio-Rad model).

The molecular masses of the enzyme polypeptides were determined by comparision

with the mobilities of standard proteins of known molecular mass (Bio-Rad).



Results
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3.1 Assimilation of aromatic compounds by Rhodobacter  sphaeroides OU5

             Growth of Rhodobacter sphaeroides OU5 could not be demonstrated on aromatic

compounds as sole source of carbon or as electron donors, replacing malate in the Biebl and

Pfennig’s medium. Among the various compounds tested, assimilation (utilization) of trans-

cinnamate, 4-hydroxycinnamate, 3, 4-dihydroxycinnamate, 4-hydroxybenzoate,

phenylpyruvate and L-phenylalanine from the culture supernatant was observed after 48 h of

phototrophic incubation when added as supplement at a concentration of 0.5 mM (Table 3).

The loss of compound in the supernatant could not support growth of Rba. sphaeroides

OU5, since increase in the biomass (compared to control culture) could not be demonstrated.

Other compounds like benzoate, 2-hydroxybenzoate, 2-aminobenzoate, 4-aminobenzoate,

toluene and cresol levels in the supernatant remained same as the initial concentration (0.5

mM) and their loss by Rba. sphaeroides OU5 could not be demonstrated. Uninnoculated

medium was used as control to check for possible photochemical reactions. However, no

loss of compound was observed, which indicates loss is only due to biochemical reaction.

            The toxicity of aromatic compounds on growth of Rba. sphaeroides OU5 was

evaluated in terms of 50 % inhibitory concentration, IC50 (Table 3). The IC50 values of trans-

cinnamate, 4-hydroxycinnamate and 3, 4-dihydroxycinnamate were 4.5, 3.0 and 2.5 mM,

respectively. The IC50 values of benzoate, 4-hydroxybenzoate, 2-hydroxybenzoate, 4-

aminobenzoate and 2-aminobenzoate were 9.5, 10, 2.0, 8.0 and 4.0 mM, respectively.

Assimilation of trans-cinnamate, hydroxycinnamates and 4-hydroxybenzoate was taken up

for detailed study.
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Table 3: IC50 and photo assimilation of aromatic compounds by the whole cells of
Rhodobacter  sphaeroides OU5 [NT = Not tested;   + = assimilated; - = Not assimilated]

*   [for trans-cinnamate assimilation- glucose (0.3 % w/v) and for 4-hydroxybenzoate assimilation- fumarate
(0.3 % w/v) were used as carbon sources]

Rhodobacter sphaeroides OU5 culture was grown photoheterotrophically in Biebl and

Pfennig’s medium (1981) with malate (22 mM) as sole carbon source and NH4Cl (7 mM) as

nitrogen source supplemented with aromatic hydrocarbons (0.5 mM) listed in the table for

48 h and assayed for assimilation. IC50 values were calculated as mentioned in methodology.

Aromat ic  compound
(0 .5  mM)

IC50 (mM) Assimilation

* trans-Cinnamate 4.5 +

4-Hydroxycinnamate 3.0 +

3, 4-Dihydroxycinnamate 2.5 +

* 4-Hydroxybenzoate 10.0 +

Phenylpyruvate NT +

L-Phenylalanine NT +

Benzoate 9.5 -

2-Hydroxybenzoate 2.0 -

3, 4-Dihydroxybenzoate NT -

4-Aminobenzoate 8.0 -

2-Aminobenzoate 4.0 -

Toluene NT -

Cresol NT -
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3.2 Assimilation of trans-cinnamate by Rba. sphaeroides OU5 (work with whole cells)

3.2.1 Effect of trans-cinnamate on growth of Rba. sphaeroides OU5

Effect of different concentrations of trans-cinnamate (0.5-7.0 mM) on photoheterotrophic

growth of Rba. sphaeroides OU5 was studied. Presence of trans-cinnamate did not alter the

growth yield and biomass of Rba. sphaeroides OU5 upto 2.5 mM (compared to control) and

beyond 2.5 mM gradual decrease in growth was observed (Fig 6). Growth of Rba.

sphaeroides OU5 was inhibited at 7 mM. The 50 % inhibitory concentration (IC50) of trans-

cinnamate on photoheterotrophic growth of Rba. sphaeroides OU5 was approximately 4.5

mM.

3.2.2 Influence of organic substrates on growth of Rba. sphaeroides OU5 at IC50 of

trans-cinnamate.

The influence of different organic substrates on the growth of Rba. sphaeroides OU5 in the

presence of 4.5 mM of trans-cinnamate was studied (Fig 7). Growth of Rba. sphaeroides

OU5 was increased by 30 and 10 % (compared to control) in presence of oxaloacetate and

glucose respectively, while other substrates like fumarate, succinate, pyruvate and α-

ketoglutarate have inhibited the growth.

3.2.3 Influence of amino acids on the growth of Rba. sphaeroides OU5 at IC50 of trans-

cinnamate.

Growth of Rba. sphaeroides OU5 in the presence of trans-cinnamate at IC50 concentration

(4.5 mM) with different amino acids supplemented to the photoheterotrophic medium at a

concentration of 1mM was studied. Growth increase over control (with out amino acid) was

~ 8 % with L-glutamate and L-glutamine supplementation, while serine and aromatic amino

acids added individually had rather inhibited the growth of Rba. sphaeroides OU5. On

supplementing, mixture of aromatic amino acids like L-phenylalanine, L-tyrosine and L-
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tryptophan together at 1 mM, a 15 % increase in growth yield of Rba. sphaeroides OU5 over

the control was demonstrated (Fig  8).
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 Fig 6: Minimum inhibitory concentration of trans-cinnamate on the

photoheterotrophic growth of Rba. sphaeroides OU5

Assay was done with the growing cells of Rba. sphaeroides OU5 in photoheterotrophic

medium with malate (22 mM) as sole carbon source and NH4Cl (7 mM) as sole nitrogen

source in the presence of various concentrations of trans-cinnamate. The culture was

incubated for 48 h anaerobically under light (2,400 lux) at 30±2 ºC in fully filled screw cap

test tubes and growth was measured turbidometrically.
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Fig 7: Influence of organic substrates on growth of Rba. sphaeroides OU5 at IC50 of

trans-cinnamate

Actively growing cells of Rba. sphaeroides OU5 inoculated into photoheterotrophic medium

containing respective organic substrate (0.3 % w/v) as carbon and ammonium chloride (7

mM) as nitrogen source supplemented with trans-cinnamate at 4.5 mM. Incubation

conditions are same as in fig 6.



    Usha Kiran Ph.D Thesis

Results 34

Fig 8: Influence of L-amino acids on growth of Rba. sphaeroides OU5 at IC50 of trans-
cinnamate

            (Amino acid cocktail = mixture of phenylalanine, tyrosine, tryptophan together at 1
mM)

 Actively growing cells of Rba. sphaeroides OU5 inoculated into photoheterotrophic

medium with malate (0.3 % w/v) as carbon and ammonium chloride (7 mM) as nitrogen

source supplemented with trans-cinnamate (4.5 mM) and respective L-aminoacids at 1 mM.

Growth was measured with respect to control (without amino acid). Incubation conditions

are same as in fig 6.

.

0

10

20

30

40

50

60

70

80

with
ou

t a
mino

ac
id

Glut
am

ate

Glut
am

ine

Seri
ne

Phe
ny

l a
lan

ine

Tyr
os

ine

Try
pto

ph
an

Amino
 ac

id 
co

ck
tai

l

G
ro

w
th

 y
ie

ld
 (

%
)



    Usha Kiran Ph.D Thesis

Results 35

3.2.4 trans-Cinnamate assimilation by growing and resting cells of Rba. sphaeroides

OU5

3.2.4.1 Light dependent assimilation of trans-cinnamate by Rba. sphaeroides OU5

          Assimilation of trans-cinnamate was observed only under light, anaerobic incubation

by both growing and resting cells of Rba. sphaeroides OU5 (Table 4). Assimilation of

trans-cinnamate (0.5 mM) could not be demonstrated when the culture of Rba. sphaeroides

OU5 was incubated under dark anaerobic conditions even after 48 h of incubation.

3.2.4.2 Assimilation of trans-cinnamate at various concentrations by resting cells of

Rba. sphaeroides OU5

            Assimilation of trans-cinnamate at various concentrations was studied using resting

cells of Rba. sphaeroides OU5. Assimilation was optimum at 0.5 mM concentration of

trans-cinnamate and above 0.5 mM, assimilation decreased. However, the biomass of the

culture remained constant at all concentrations of trans-cinnamate tested (Fig 9). 0.5 mM of

trans-cinnamate was used for further studies.

3.2.4.3 Assimilation of trans-cinnamate with time by resting cells of Rba. sphaeroides

OU5

            Resting cell suspensions of Rba. sphaeroides OU5 were assayed with time for trans-

cinnamate assimilation in basal medium with out any carbon or nitrogen source but with

trans-cinnamate (0.5 mM) as a supplement. Assimilation of trans-cinnamate started with a

lag period of 24 h and complete trans-cinnamate loss (0.5 mM) was observed at the end of

48 h of incubation, while the biomass of Rba. sphaeroides OU5 remained constant, (Fig 10).
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3.2.4.4 Effect of chloramphenicol on the assimilation of trans-cinnamate

Assimilation of trans-cinnamate by the resting cells of Rba. sphaeroides OU5 in the

presence of chloramphenicol was studied. In order to detect the metabolites released during

trans-cinnamate assimilation, chloramphenicol a protein synthesis inhibitor was added to

resting suspensions of Rba. sphaeroides OU5. 50 % loss of trans-cinnamate (0.25 mM) was

observed after 48 h incubation and in the HPLC analysis, two new peaks were detected

along with trans-cinnamate in the supernatant, in which one peak matched with standard L-

phenylalanine and the other with phenylpyruvate whose concentrations were 90 and 160

µM, respectively (Fig 11).

Table 4: Light dependent assimilation of trans-cinnamate by resting and

growing cells of Rba. sphaeroides OU5

Resting and growing cells of Rba. sphaeroides OU5 incubated under light and dark

for 48 h in presence of trans-cinnamate (0.5 mM) as supplement and the

consumption of trans-cinnamate was estimated using HPLC.

Biomass yield
(mg drywt.ml-1)

trans-cinnamate consumption
(mM)Growth phase of cells

Light Dark Light Dark

Resting 0.48 0.48 0.5 0

Growing 0.27 0.05 0.4 0
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Fig 9: Assimilation of trans-cinnamate at different concentrations by resting cells of

           Rba. sphaeroides OU5

Experiment was done with resting cells of Rba. sphaeroides OU5 at different concentrations

of trans-cinnamate (X-axis) and assay conditions are same as in fig 6. Biomass yield and

trans-cinnamate consumption are shown on primary and secondary Y-axis respectively.
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Fig 10: Photoassimilation of trans-cinnamate with time by resting cells of Rba.

sphaeroides OU5

The basal medium supplemented with 0.5 mM trans-cinnamate was inoculated with resting

cells of Rba. sphaeroides OU5 and incubated anaerobically for 48 h. At different time

intervals trans-cinnamate levels in the supernatant were quantified using HPLC.
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Fig 11: HPLC chromatogram showing trans-cinnamate assimilation by resting cells of

Rba. sphaeroides OU5 treated with chloramphenicol

HPLC chromatogram (at 200 nm wavelength) showing trans-cinnamate assimilation by

resting cells of Rba. sphaeroides OU5 when treated with chloramphenicol (20 µg.10 ml-1 of

basal medium). Initial (chromatogram in pink colour) and final levels (chromatogram in

dark green) of trans-cinnamate are shown.
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3.2.4.5 Effect of carbon substrates on trans-cinnamate assimilation by growing cells of

Rhodobacter sphaeroides OU5

            trans-Cinnamate assimilation was not observed during growth of Rba. sphaeroides

OU5 in photoheterotrophic medium with malate as carbon source/electron donor, hence

assimilation was studied with other organic substrates (Table 5). Growth of Rba.

sphaeroides OU5 was observed on all the substrates tested. However, assimilation of trans-

cinnamate varied and was dependent on the growth substrate used. Among the substrates

tested (Table 5), maximum assimilation of trans-cinnamate was observed with glucose as

carbon source. Pyruvate and α-ketoglutarate also promoted assimilation however, acetate,

malate, succinate and fumarate inhibited trans-cinnamate assimilation. In addition to loss of

substrate, metabolites like phenylalanine, tryptophan, tyrosine and indole were detected in

the trans-cinnamate induced culture supernatant (Table 5).

3.2.4.6 trans-Cinnamate assimilation with glucose as carbon source by growing cells of

Rhodobacter sphaeroides OU5

            Growth and trans-cinnamate assimilation was studied with growing cells of

Rhodobacter sphaeroides OU5 with glucose as carbon source. The assimilation started with

a lag period of 18 h and was maximum during the logarithmic phase of growth (Fig 12A).

By the end of 42 h, complete (0.5 mM) assimilation of trans-cinnamate was observed.

Simultaneous presence of glucose and trans-cinnamate in the mineral medium reduced the

rate of glucose consumption and its levels were almost same as the initial concentration

(rather a slight increase of 7 % was observed), when compared with Rba. sphaeroides OU5

grown in mineral medium containing the same concentration of glucose alone (control) (Fig

12B).
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3.2.4.7 Influence of nitrogen substrates on trans-cinnamate assimilation

 Growth of Rba. sphaeroides OU5 was demonstrated on all the nitrogen substrates tested

(biomass yield of 0.35 mg drywt.ml-1). However, consumption of trans-cinnamate varied

and was observed maximum with ammonia, followed by ammonium chloride, glutamate and

glutamine (Table 6). While amino acids like serine, phenylalanine, tyrosine and tryptophan

have rather inhibited trans-cinnamate assimilation. Metabolites like phenylalanine and

indole were detected in the induced culture supernatant of Rba. sphaeroides OU5.

3.2.4.8 Metabolite profiling of Rba. sphaeroides OU5 grown on trans-cinnamate

 In order to detect the metabolites produced in the presence of trans-cinnamate by Rba.

sphaeroides OU5, the culture supernatant grown with and without trans-cinnamate was

concentrated, extracted into methanol and was analyzed using LC-MS. The metabolites of

masses (m/z) 161, 171, 376 were detected in the presence of trans-cinnamate while they

were absent in the culture supernatant of Rba. sphaeroides OU5, grown without trans-

cinnamate (control) (Fig 13).
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Table 5: Assimilation of trans-cinnamate by growing cells of Rba. sphaeroides OU5 in

presence of various organic substrates [control = without organic substrate; Phe

= phenylalanine; Tyr = tyrosine; Trp = tryptophan]

Consumption of trans-cinnamate was studied with growing cells of Rba. sphaeroides OU5

grown on mineral medium with respective organic substrates (0.3 % w/v) as sole carbon

source and NH4Cl (7 mM) as sole nitrogen source, supplemented with trans-cinnamate (0.5

mM). Levels of trans-cinnamate and metabolites in the supernatant were measured using

HPLC, after 48 h of phototrophic incubation.

Biomass yield
(mg drywt.ml-1)

Metabolites
(mM)Organic

substrate
(0.3 %)

Without
trans-

cinnamate

With
trans-

cinnamate

trans-
cinnamate

consumption
(mM) Phe Tyr Trp Indole

Control 0.05 0.03 0.15 - - - -
Malate 0.52 0.50 - - - - -
Fumarate 0.60 0.56 - - - - -
Succinate 0.53 0.54 - - - - -
α-
ketoglutarate

0.44 0.14 0.27 - - - -

Oxaloacetate 0.48 0.50 - - - - -
Pyruvate 0.63 0.60 0.25 0.06 0.01 0.02 0.01
Glucose 0.35 0.34 0.45 0.1 - - 0.08
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Fig 12: Time course of photoassimilation of trans-cinnamate by growing cells of Rba.

sphaeroides OU5

Mineral medium containing glucose (17 mM) as sole carbon source and ammonium chloride

(7 mM) as sole nitrogen source supplemented with 0.5 mM trans-cinnamate was inoculated

with growing cells of Rba. sphaeroides OU5 culture and incubated anaerobically for 48 h.

At different time intervals trans-cinnamate levels in the supernatant were quantified by

HPLC as shown in fig (A).

Fig (B) shows the levels of glucose in the trans-cinnamate induced and control (without

trans-cinnamate) culture supernatant of Rba. sphaeroides OU5.
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Table 6: Assimilation of trans-cinnamate by growing cells of Rba. sphaeroides OU5 in

the presence of different nitrogen substrates [Control = without nitrogen

substrate]

Cells of Rba. sphaeroides OU5 grown on mineral medium with glucose (0.3 % w/v) as sole

carbon source in presence of respective nitrogen source (1 mM) supplemented with trans-

cinnamate (0.5 mM). Levels of trans-cinnamate and metabolites released in the supernatant

were measured by HPLC, after 48 h of phototrophic incubation (2,400 lux) at 30±2 C.

Metabolites
(mM)Nitrogen

substrates
(1mM)

trans-cinnamate
consumption

(mM) Phenylalanine Indole

NH4Cl 0.40 0.08 0.09

NH4OH 0.42 0.10 0.09

Glutamate 0.10 - 0.07

Glutamine 0.12 - 0.06

Serine - - 0.06

Phenylalanine - - -

Tyrosine - - -

Tryptophan - - 0.20

Control - - -
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Fig 13: LC-MS metabolite profiling of control (uninduced) and trans-cinnamate

induced culture supernatant of Rba. sphaeroides OU5

trans-Cinnamate induced and control (uninduced) culture supernatants of Rba. sphaeroides

OU5 were concentrated and extracted with methanol. The methanol extract was

concentrated and analyzed using LC-MS. Both mass spectra were recorded in negative

mode. Metabolites encircled (with an estimated mass of 161, 171 and 376 respectively) are

unique to trans-cinnamate induced culture and are absent in uninduced culture.
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3.3 Biochemical mechanism involved in trans-cinnamate assimilation by Rhodobacter

sphaeroides OU5

Assimilation of trans-cinnamate was observed by whole cells of Rba. sphaeroides

OU5 (Table 3). The biochemical mechanism involved in this assimilation was studied with

cell free extracts and purified enzyme preparations of Rba. sphaeroides OU5. Studies with

whole cells of Rba. sphaeroides OU5 indicated consumption of trans-cinnamate and release

of metabolites like indole, tryptophan, phenylalanine and tyrosine into trans-cinnamate

induced culture supernatant (Table 5 and 6) and the same was studied using  cell free

extracts of Rba. sphaeroides OU5.

3.3.1 Effect of trans-cinnamate on DAHP synthase activity

Presence of trans-cinnamate in the medium reduced the consumption of glucose in

contrast to the control (without trans-cinnamate) in which total glucose was consumed by 48

h (Fig 12 B). This indicates the possible effect of trans-cinnamate in preventing the entry of

glucose into the shikimate pathway of aromatic amino acid biosynthesis by inhibition of

some of the enzymes. Hence influence of trans-cinnamate on the first enzyme of this

pathway was studied. trans-Cinnamate completely (100 %) inhibited the DAHP synthase

activity i.e. condensation of erythrose 4-phosphate and phosphoenol pyruvate to 2-keto-3

deoxy arabino heptulosanate-7-phosphate (Table 7), which is committed toward synthesis of

aromatic amino acids. DAHP synthase activity was also inhibited in the presence of 4-

hydroxycinnamate, 3, 4-dihydroxycinnamate and 4-hydroxybenzoate and percentage

inhibition was 40, 46 and 16 % respectively in comparison to control.
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3.3.2 trans-Cinnamate consumption with cell free extracts of Rhodobacter sphaeroides

OU5

Consumption of trans-cinnamate was studied using cell free extracts of Rba.

sphaeroides OU5. trans-Cinnamate consumption was observed by both induced and

uninduced cell free extracts of Rba. sphaeroides OU5. However, maximum consumption

was observed with the trans-cinnamate induced cell free extracts (Table 8). Requirement of

coenzymes and cofactors for trans-cinnamate consumption was studied. Among different

coenzymes added, trans-cinnamate consumption was maximum with NADH while addition

of ATP, NADPH had inhibited the consumption (Table 9). Specific metal cofactor

requirement for trans-cinnamate consumption by the cell free extracts of Rba. sphaeroides

OU5 could not be demonstrated.

3.3.3 Amino donor and coenzyme requirement for trans-cinnamate transformation

Amino donor was required for transformation of trans-cinnamate to phenylalanine.

Hence, different amino donors like ammonia, ammonium chloride, glutamine, glutamate and

serine with pyridoxal phosphate were added to the assay sample. Among them maximum

trans-cinnamate consumption and transformation was observed with addition of ammonia,

followed by ammonium chloride (Table 9).
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Table 7: Effect of trans-cinnamate on 3-keto 2-deoxy-arabino heptulosanate 7-

phosphate (DAHP) synthase activity

               (The DAHP synthase activity in control was 26 μmoles.mg protein-1)

The assay mixture (1 ml) contained 10 mM Tris HCl buffer (pH 7.8) with erythrose 4-

phosphate at 100 μmoles, 50 μmoles of phosphoenolpyruvate along with trans-cinnamate at

50 μmoles with the cell free extract (350 µg) of protein and incubated for 20 min at 37 C.

After incubation the consumption of erythrose 4-phosphate was quantified using HPLC. Cell

free extracts were obtained from Rba. sphaeroides OU5 grown with glucose (17 mM) as

carbon source and NH4Cl (7 mM) as nitrogen source with 0.5 mM trans-cinnamate as

supplement.

Table 8: trans-cinnamate consumption activity by Rba. sphaeroides OU5

Results expressed are an average of data done in triplicates.

Compound
DAHP synthase

activity
(% Inhibition)

Control
(without trans-cinnamate)

0

trans-cinnamate 100

Cell free extract
trans-cinnamate

consumption
(μmoles.mg protein-1)

Control
30

Induced 100
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Table 9: Consumption of trans-cinnamate with cell free extracts of Rba. sphaeroides
OU5

(NADH = reduced nicotinamide adenine dinucleotide; NADPH = reduced
nicotinamide adenine dinucleotide phosphate; ATP = adenosine triphosphate; PLP
= pyridoxal phosphate; ND = not detected)

The assay mixture contained (1 ml) of 10 mM Tris HCl buffer (pH 7.8) with 100 μmoles of

trans-cinnamate, along with respective components like 25 μmoles of NADH, NADPH,

ATP and 0.1 ml of 10 % NH4OH, 0.1ml of 10 % NH4Cl, L-glutamate, L-glutamine of 100

μmoles, PLP- 20 μg with 280 µg of protein. The assay mixture was incubated for 30 min at

room temperature. The reaction was stopped by acidifying with 1N HCl, filtered by 0.22 µm

membrane filter and analysed in HPLC for the quantification of trans-cinnamate. Details of

enzyme source were same as in table 7.

Supplements trans-cinnamate
consumption

(μmoles.mg protein-1)
Coenzymes

Control (without
coenzyme and
aminodonor)

ND

 NADH 100

NADPH 0

ATP 0

Amino donors

Ammonia (NH4OH) 200

Ammonium chloride 150

L-glutamate + PLP 130

L-glutamine  + PLP 70
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3.3.4 Transformation of trans-cinnamate to phenylalanine with cell free extracts of

Rhodobacter sphaeroides OU5

Though there are reports of transformation of phenylalanine to trans-cinnamate and

vice-versa, catalyzed by enzyme phenylalanine ammonia lyase (PAL). Activity of PAL

could not be demonstrated with cell free extracts of Rba. sphaeroides OU5. This indicates

that PAL may not be involved in the transformation of trans-cinnamate to phenylalanine in

Rba. sphaeroides OU5. However, non-stoichiometric yield of phenylalanine was observed

when cell free extract of Rba. sphaeroides OU5 was supplemented with ammonia (0.1ml of

10 % ammonia solution) and NADH (Table 10). trans-Cinnamate to phenylalanine

transformation activity was studied with other amino donors like ammonium hydroxide,

ammonium chloride, glutamate and glutamine with and without NADH. The highest yield of

phenylalanine from trans-cinnamate requires a reducing agent NADH (25 μmoles.ml-1 of

assay mixture) (Table 10). The reverse conversion of phenylalanine to trans-cinnamate was

not observed with cell free extracts of Rba. sphaeroides OU5. Transformation of

phenylalanine from phenylpyruvate was also demonstrated using cell free extracts of Rba.

sphaeroides OU5 (Table 11). Phenylpyruvate was the intermediate involved in the

transformation of trans-cinnamate to phenylalanine as observed in the assay with intact cells

of Rba. sphaeroides OU5 (Fig 11).

3.3.5 Kinetics of trans-cinnamate consumption with cell free extracts of Rba.

sphaeroides OU5

Time course of trans-cinnamate consumption was studied with trans-cinnamate induced

cell free extracts of Rba. sphaeroides OU5. In the assay mixture with trans-cinnamate,

NADH and ammonia, trans-cinnamate consumption started after 5 min and completed
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by 20 min of incubation. While phenylalanine formation started after 15 min and reached a

maximum of 20 μmoles at the end of 30 min of incubation (Fig 14).

Table 10: Transformation of trans-cinnamate to L-phenylalanine by cell free extracts

of Rba. sphaeroides OU5 (NADH = reduced nicotinamide adenine dinucleotide;

PLP = pyridoxal phosphate; ND = not detected)

The assay mixture contained (1ml) of 10 mM Tris HCl buffer (pH 7.8) with 100 μmoles of

trans-cinnamate, along with respective components like 25 μmoles of NADH, 0.1ml of 10

% NH4OH, 0.1ml of 10 % NH4Cl, L-glutamate, L-glutamine at 100 μmoles, pyridoxal

phosphate (PLP)-20 μg with 280 µg of protein and incubated for 30 min at room

temperature. The assay was stopped by acidifying with 1N HCl, filtered and analyzed in

HPLC, for quantification of L-phenylalanine and trans-cinnamate. The source of cell free

extract is Rba. sphaeroides OU5 grown with glucose (17 mM) and NH4Cl (7 mM) induced

with trans-cinnamate (0.5 mM).

Assay components
trans-cinnamate

consumption
(μmoles.mg protein-1)

L-phenylalanine
formation

(μmoles.mg
protein-1)

Control ND ND

Ammonia 70 ND

Ammonia + NADH 100 70

Ammonium chloride +
NADH

200 20

L-glutamate + PLP 300 50

L-glutamine + PLP 50 10
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Table 11: Conversion of phenylpyruvate to L-phenylalanine by cell free extracts of

Rba. sphaeroides OU5 ( ND = not detected)

One ml of assay sample contained10 mM Tris-HCl buffer (pH 7.8), 280 µg of cell free

extract, 100 μmoles of phenylpyruvate with respective components like 25 μmoles of

NADH, 0.1 ml of 10 % NH4OH, L-glutamate-100 μmoles, pyridoxal phosphate (PLP)-20 µg

and incubated at room temperature. The reaction was stopped by acidifying with 1N HCl,

filtered and analyzed in HPLC.

Assay
components

Phenylpyruvate
consumption

(μmoles.mg protein-1)

L-phenylalanine
formation

(μmoles.mg protein-1)

Control ND ND

Ammonia 700 ND

Ammonia
+NADH

1000 700

L-Glutamate +
PLP

300 50
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Fig 14: Consumption of trans-cinnamate with time by cell free extracts of Rba.

sphaeroides OU5  [Cin = trans-cinnamate; PA = L-phenylalanine]

Assay sample of 1 ml contained 10 mM Tris-HCl buffer (pH 7.8), 100 μmoles of trans-

cinnamate, 25 μmoles of NADH, 0.1 ml of 10 % ammonia solution (NH4OH), to which 280

µg of protein (cell free extract) was added and incubated at room temperature. At regular

intervals of time aliquots were taken from the assay mixture and reaction was stopped by

acidifying with 1N HCl, membrane filtered (0.22 µm) and analyzed using HPLC.
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3.3.6 Isolation and purification of the proteins involved in trans-cinnamate to

phenylalanine transformation

The protein involved in transformation of trans-cinnamate to phenylalanine by Rba.

sphaeroides OU5 was isolated according to extraction procedure given in the Flow chart 1.

The crude extract of trans-cinnamate induced culture of Rba. sphaeroides OU5 when

subjected to ammonium sulfate fractionation resulted in an active trans-cinnamate

consuming fraction between 60-90 % saturation. This fraction was further purified by

DEAE-Cellulose chromatography using step gradient of 0-1 M NaCl, active fractions were

eluted in 0.6 M NaCl  (Fig 15).

 Active fractions (fraction 20 and 21) with trans-cinnamate consumption and phenylalanine

formation were used for further characterization. Native and SDS-PAGE analysis (Fig 16A

and 16B) of this fraction was detected by silver staining which showed a single protein band

of ~ 42 kD. HPLC analysis indicated the purity of the protein (Fig 16C).

Native molecular weight of purified protein was determined using gel exclusion

chromatography (Sephacryl G-100) by Fast Protein Liquid Chromatography (FPLC). Void

volume of the column was determined using Blue Dextran and calibrated using standard

protein markers; catalase (240 kD), glucose oxidase (90 kD), bovine serum albumin (67 kD)

and peroxidase (40 kD) (Fig 16D). Based on the elution volume of protein with standard

protein markers, molecular weight of the protein was found to be ~43 kD. Summary of the

protein yield from the major purification steps is given in Table 12.
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3.3.6.1 trans-Cinnamate to phenylalanine transformation by the purified protein

Reductive amination of trans-cinnamate to phenylalanine through phenylpyruvate

was observed in presence of NADH, ammonia and the transformed product phenylalanine

was detected as appearance of peak (tR =3.2 min) in HPLC (Fig 17). Transformation of

phenylpyruvate to L-phenylalanine was also observed in stoichiometric yields of L-

phenylalanine (Fig 18) where as the reverse conversion of L-phenylalanine to

phenylpyruvate could not be demonstrated with the purified protein. This enzyme required

no metal cofactor and reaction was competitively inhibited in presence of fumarate.

3.3.6.2 Characterization of protein

3.3.6.2.1 Enzyme kinetics: trans-Cinnamate consumption activity was studied with time.

Activity was optimum at 5-10 min and then decreased beyond 10 min of incubation (19C).

 3.3.6.2.2 Calculation of Km and Vmax : trans-Cinnamate consumption activity of protein

was checked at varying concentrations (0.005-0.1 mmoles) of trans-cinnamate and was

maximum at 0.02 mmoles (Fig 19A). The Michaelis constant for trans-cinnamate,

calculated from lineweaver burk analysis was 0.027 mM and Vmax 93.4 (Fig 19E).

3.3.6.2.3 Substrate specificity of enzyme: The enzyme was specific towards analogues like

4-hydroxycinnamate and  3, 4-dihydroxycinnamate however, the activity was not observed

with benzoate, 4-hydroxybenzoate, 2-hydroxybenzoate (Table 13). Activity was checked

with addition of different coenzymes and was observed only with addition of NADH,

however there was no activity in presence of coenzymes like NADPH, PLP, TPP, ATP, Co-

enzyme A and lipoic acid.
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3.3.6.2.4 Activity at different pH: trans-Cinnamate consumption activity of the enzyme

was studied at different pH (2-11). The enzyme had optimum activity at pH 9.0 (Fig 19D).

3.3.6.2.5 Activity at different temperatures: The activity of the enzyme at different

temperatures from 0-60 oC was studied and trans-cinnamate consumption was maximum 28-

30 oC (Fig 19B).

Flow chart 1: Steps involved in isolation and purification of protein

trans-Cinnamate induced culture of Rba. sphaeroides OU5 was harvested after 48 h of

phototrophic incubation and cell pellet after sonication was subjected to further purification.
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Fig 15: DEAE-Cellulose elution profile of protein

trans-cinnamate consumption activity was measured for all the fractions eluted with a linear

gradient of 0-1.0 M NaCl and the active protein fractions eluted from DEAE column in 0.6

M NaCl were analyzed for trans-cinnamate consumption and the same were plotted on X-

axis. Protein absorption and activity (in terms of trans-cinnamate consumption) were plotted

on primary and secondary Y-axis respectively.
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Fig 16(A): Purified protein in 8 % Native PAGE
Lane 1 = Catalase, 240 kD (native marker);  Lane 2 = Bovine Serum Albumin, 67 kD
(native marker);
Lane 3 = DEAE-Cellulose protein fraction
(B): Silver stained gel of purified protein in 8 % SDS-PAGE
Lane 1 = Purified protein; Lane 2 = Marker
(C): HPLC chromatogram showing the purity of the protein
(D): The molecular weight analysis of the protein using FPLC
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Fig 17: HPLC chromatogram showing the transformation of trans-cinnamate to

phenylalanine by the purified protein

The assay was done with the purified protein of Rba. sphaeroides OU5. The chromatogram

showing assay sample at 0 min (solid line), sample after 10 min (dashed chromatogram) and

the formation of phenylalanine at 30 min (dash-dot-dot) were recorded at 220 nm.

3
2
1
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Fig 18: HPLC chromatogram showing the conversion of phenylpyruvate to

phenylalanine by the purified protein

 The chromatogram showing compounds in the assay sample at 0 min (blue coloured) and

30 min (pink coloured) were registered at 220 nm.
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Fig 19: Characterization of enzyme catalyzing trans-cinnamate to phenylalanine

              (Cin = trans-cinnamate)
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Table 12: Summary of the protein yield from the major purification steps

Table 13: Substrate specificity of the enzyme and its activity with coenzymes

NADH = Reduced nicotinamide adenine dinucleotide; NADPH = Reduced nicotinamide

adenine dinucleotide phosphate; PLP = Pyridoxal phosphate.

Step
Volume
(ml)

Total
protein
(mg)

Specific
activity
(Umg-1)

Yield
 (%)

Fold
purification

Crude extract 70 245 0.6 100 1.0
60-90 %
(NH4)2SO4 fraction 6 0.17 2.4 56 4
DEAE-Cellulose
fraction 4 0.03 8.8 8.5 14

Substrates Activity (%)

trans-Cinnamate 100
4-Hydroxycinnamate 40
3, 4-Dihydroxycinnamate 40
Coenzymes
NADH 85
NADPH -
PLP -
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3.3.7 Transformation of trans-cinnamate to L-tryptophan by cell free extracts of

Rhodobacter sphaeroides OU5

Metabolites like indole and tryptophan are released into trans-cinnamate induced

culture supernatant of Rba. sphaeroides OU5 (Table 5 and 6 in chapter 2). Using cell free

extracts of Rba. sphaeroides OU5 transformation of trans-cinnamate to indole and L-

tryptophan was studied, that could involve few intermediates like phenylpyruvate, phenyl

acetaldehyde and benzoacetonitrile.

When the reaction mixture was supplemented with ammonia, trans-cinnamate

consumption was detected. On supplementation of serine, pyridoxal phosphate to the assay

mixture, tryptophan could be demonstrated (Table 14). With addition of hydroxylamine, an

inhibitor of tryptophan biosynthesis, indole (immediate precursor of tryptophan

biosynthesis) was demonstrated (Table 14). The intermediates involved in this conversion

were identified based on the HPLC and LC-MS analysis of the enzyme assayed fraction.

Indole was demonstrated in the presence of hydroxylamine in HPLC analysis (Fig 20). The

assayed sample was lyophilized and the metabolites were extracted into methanol, analyzed

in LC-MS (Fig 21). Mass (m/z) 122 (mH-2) corresponding to phenyl acetaldehyde and 115

(mH+2), 163 (mH+2) corresponding to compounds, indole and phenylpyruvate respectively

were detected and they were absent in the control assay mixture (without trans-cinnamate).
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Table 14: Conversion of trans-cinnamate to L-tryptophan with cell free extracts of

                 Rba. sphaeroides OU5 (HA =  hydroxylamine; PLP =  pyridoxal phosphate;

                  ND = not detected)

The assay mixture contained 1ml of 10 mM Tris HCl buffer (pH 7.8) with 100 μmoles of

trans-cinnamate, along with assay components like 0.1ml of 10 % NH4OH (ammonia

solution), L-serine at 100 μmoles, pyridoxal phosphate 20 μg with 280 µg of protein and

incubated for 45 min at room temperature. Hydroxylamine was added at a concentration of

50 μmoles to 1 ml of reaction mixture. The reaction was stopped by acidifying with 1N HCl,

filtered and analyzed in HPLC. The source of cell extract was same as given in Table 7.

Products formed
(μmoles.mg protein-1)

Assay
components

trans-cinnamate
consumption
(μmoles.mg

protein-1) Indole L-tryptophan

Control ND ND ND

Ammonia 180 ND ND

Ammonia
 +HA

140 50 ND

Ammonia
+ serine + PLP

130 ND 100
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Fig 20: HPLC chromatogram of the enzyme assayed fraction showing trans-cinnamate

and indole

The chromatogram was recorded at 280 nm with the assay sample at 0 min (the one in dash

blue line) and after 30 min (black solid line). The assay sample contained 1 ml of 10 mM

Tris HCl buffer (pH 7.8) with 100 μmoles of trans-cinnamate, along with 0.1 ml of 10 %

NH4OH, 50 μmoles of hydroxylamine with 280 µg of cell free extract and incubated for 45

min at room temperature.
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Fig 21: LC-MS metabolome profiling of the enzyme-assayed sample showing

intermediates of trans-cinnamate to tryptophan transformation

Assay sample was lyophilized and extracted with methanol. The methanol extract was

analyzed using LC-MS Shimadzu 2010. The mass spectrum ‘A’ taken in the negative mode

shows the mass (m/z) 122 corresponding to phenyl acetaldehyde and ‘B’ taken in the

positive mode shows masses (m/z) 115 and 163 corresponding to compounds indole and

phenylpyruvate respectively.
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3.4 Assimilation of hydroxycinnamates by Rhodobacter sphaeroides OU5

In addition to trans-cinnamate, its hydroxy derivatives like 4-hydroxycinnamate and 3, 4-

dihydroxycinnamate were assimilated by Rba. sphaeroides OU5 (Table 1).

3.4.1 Assimilation of 4-hydroxycinnamate

Assimilation of 4-hydroxycinnamate (0.5 mM) was demonstrated with both resting and

growing cells of Rba. sphaeroides OU5 under light anaerobic incubation (Table 15).

3.4.1.1 Effect of 4-hydroxycinnamate on growth of Rba. sphaeroides OU5

Effect of different concentrations of 4-hydroxycinnamate (1-8 mM) on photoheterotrophic

growth of Rba. sphaeroides OU5 was studied. Growth of Rba. sphaeroides OU5 was

inhibited completely at 8 mM. The 50 % inhibitory concentration (IC50) of 4-

hydroxycinnamate on photoheterotrophic growth of Rba. sphaeroides OU5 was around 3

mM (Fig 22).

3.4.1.2 Assimilation of 4-hydroxycinnamate at various concentrations

Assimilation of 4-hydroxycinnamate at various concentrations from 0-3 mM was studied

using growing cells of Rba. sphaeroides OU5. Assimilation was optimum at 0.5 mM and

observed upto 2.0 mM and of 4-hydroxycinnamate (Fig 23). The biomass of Rba.

sphaeroides OU5 decreased beyond 2.5 mM of 4-hydroxycinnamate.

3.4.1.3 Effect of organic substrates on 4-hydroxycinnamate assimilation by

Rhodobacter sphaeroides OU5

Assimilation of 4-hydroxycinnamate by Rba. sphaeroides OU5 in photoheterotrophic

medium with malate as carbon source was low, hence influence of other organic substrates

on 4-hydroxycinnamate assimilation was studied. Growth and consumption of 4-
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hydroxycinnamate was observed with all the substrates tested. However, consumption of 4-

hydroxycinnamate varied and was influenced by the carbon substrate used. Among the

substrates tested (Table 16) glucose and pyruvate promoted maximum assimilation of 4-

hydroxycinnamate followed by other substrates like fumarate, oxaloacetate, α-ketoglutarate

and malate.

3.4.1.4 Assimilation of 4-hydroxycinnamate with time

Growth and 4-hydroxycinnamate assimilation at 0.5 mM was studied with time by growing

cells of Rba. sphaeroides OU5. Assimilation started with a lag period of 12 h. 75 % of 4-

hydroxycinnamate (0.5 mM) was assimilated by end of 48 h incubation and remained

constant on further incubation (Fig 24). With resting cell suspensions, assimilation of 4-

hydroxycinnamate followed a similar pattern with time while biomass yield remained

constant (0.40 mg drywt.ml-1) (data not shown).

3.3.1.5 Transformation of 4-hydroxycinnamate to L-tyrosine by cell free extracts of

Rhodobacter sphaeroides OU5

Consumption of 4-hydroxycinnamate and formation of L-tyrosine was studied with cell free

extract of the 4-hydroxycinnamate induced culture of Rba. sphaeroides OU5. Tyrosine

ammonia lyase, TAL activity (involved in conversion of tyrosine to 4-hydroxycinnamate

and vice versa) could not be demonstrated with 4-hydroxycinnamate induced culture of Rba.

sphaeroides OU5. Amino donor is required for transformation of 4-hydroxycinnamate to

tyrosine and among different amino donors tested, maximum consumption of 4-

hydroxycinnamate and irreversible conversion to L-tyrosine was observed in the presence of

ammonia and NADH in the assay mixture (Table 17). The fig 25 shows the HPLC

chromatogram of enzyme assayed sample using cell free extracts of Rba. sphaeroides OU5.
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Table 15: Assimilation of 4-hydroxycinnamate and 3, 4-dihydroxycinnamate by

resting and growing cells of Rba. sphaeroides OU5

Resting and growing cells of Rba. sphaeroides OU5 incubated for 48 h in presence

of 4-hydroxycinnamate and 3, 4-dihydroxycinnamate (0.5 mM) as supplement and

their consumption was estimated by HPLC.

Growth

Biomass yield
(mg drywt.ml-1)

4-hydroxycinnamate
consumption (mM)

3, 4-dihydroxy-
cinnamate

consumption
(mM)

Resting
cells

0.45 0.33
0.45

Growing
cells

0.37 0.35
0.44
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Fig 22: Minimum inhibitory concentration of 4-hydroxycinnamate on the

photoheterotrophic growth of Rba. sphaeroides OU5

Assay was done with the growing cells of Rba. sphaeroides OU5 in photoheterotrophic

medium with malate (22 mM) as sole carbon source and NH4Cl (7 mM) as sole nitrogen

source in the presence of various concentrations of 4-hydroxycinnamate. The culture was

incubated anaerobically for 48 h under light (2,400 lux) at 30±2 C in fully filled screw cap

test tubes and growth was measured turbidometrically.
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Fig 23: Assimilation at different concentrations of 4-hydroxycinnamate by growing

cells of Rba. sphaeroides OU5

Experiment was done with logarithmically grown cells of Rba. sphaeroides OU5 inoculated

into photoheterotrophic medium with glucose (17 mM) as carbon and ammonium chloride

(7 mM) as nitrogen source supplemented with different concentrations of

4-hydroxycinnamate and assayed after 48 h incubation.
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Table 16: Assimilation of 4-hydroxycinnamate by growing cells of Rba. sphaeroides

OU5 in the presence of different organic substrates

Assay was done in triplicates with growing cells of Rba. sphaeroides OU5 after 48 h of

phototrophic incubation (2,400 lux) at 30+2 oC, in the presence of respective organic

substrates (0.3 % w/v) as carbon sources and NH4Cl (7 mM) as nitrogen source in the

medium supplemented with 4-hydroxycinnamate (0.5 mM). 4-Hydroxycinnamate levels in

the supernatant were quantified using HPLC.

Biomass yield (mg
drywt.ml-1)Organic substrate

(0.3 % w/v)  Without
4hydroxyci
-nnamate

With 4-
hydroxy
cinnamate

4-hydroxycinnamate
consumption

(mM)

Control
(With out organic
substrate)

0.06 0.05 0.2

Glucose 0.45 0.42 0.45

Pyruvate 0.75 0.65 0.37

Acetate 0.4 0.30 0.2

Oxaloacetate 0.42 0.35 0.3
α-keto glutarate 0.44 0.30 0.3
Succinate 0.35 0.25 0.2

Fumarate 0.6 0.54 0.3

Malate 0.5 0.36 0.1
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Fig 24: Assimilation and growth of 4-hydroxycinnamate by growing cells of Rba.

sphaeroides OU5 with time

Experiment was done with logarithmically grown cells of Rba. sphaeroides OU5 inoculated

into photoheterotrophic medium with glucose (17 mM) as carbon and ammonium chloride

(7 mM) as nitrogen source supplemented with 4-hydroxycinnamate (0.5 mM). After 48 h

phototrophic incubation samples were collected at specific intervals of time and estimated

for 4-hydroxycinnamate consumption.
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Table 17: Transformation of 4-hydroxycinnamate by cell free extracts of Rba.

sphaeroides OU5

The assay mixture contained 1ml of 10 mM Tris HCl buffer (pH 7.8) with 100 μmoles of 4-

hydroxycinnamate, along with 25 μmoles of NADH, 0.1ml of 10 % NH4OH with cell free

extract (300 μg protein) and incubated for 30 min at room temperature. After incubation the

consumption of 4-hydroxycinnamate and L-tyrosine formation was analyzed in HPLC. The

source of cell free extract was 4-hydroxycinnamate induced culture of Rba. sphaeroides

OU5.

Assay components 4-hydroxycinnamate
consumption

(μmoles.mg protein-1)

L-tyrosine formation
(μmoles.mg protein-1)

Control (without
Ammonia, NADH) 0 0

Ammonia +
NADH 700 100
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Fig 25: HPLC chromatogram showing the transformation of 4-hydroxycinnamate by

cell free extracts of Rba. sphaeroides OU5

The assay was done with the cell free extract of Rba. sphaeroides OU5. The consumption of

4-hydroxycinnamate (tR = 2.4 min) and formation of tyrosine (tR = 3.3 min) was detected in

HPLC, by injecting respective standards. The chromatograms were registered at 220 nm

with the assay sample at 0 min (chromatogram in green colour) and after 30 min

(chromatogram in red colour).
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3.4.2 Assimilation of 3, 4-dihydroxycinnamate by Rhodobacter sphaeroides OU5

Assimilation of 3, 4-dihydroxycinnamate was demonstrated with both resting and growing

cells of Rba. sphaeroides OU5 under light anaerobic incubation (Table 15 in section 3.4.1).

3.4.2.1 Assimilation at various concentrations of 3, 4-dihydroxycinnamate

3, 4-Dihydroxycinnamate assimilation was studied at various concentrations, using growing

cells of Rba. sphaeroides OU5. Assimilation of 3, 4-dihydroxy cinnamate was observed

upto a concentration of 2.5 mM (Fig 26). Both assimilation of 3, 4-dihydroxy cinnamate and

biomass of Rba. sphaeroides OU5 decreased beyond 2.5 mM of 3, 4-dihydroxycinnamate.

3.4.2.2 Effect of organic substrates on 3, 4-dihydroxycinnamate assimilation

Assimilation of 3, 4-dihydroxycinnamate by Rhodobacter sphaeroides OU5 was studied

with various organic substrates. Among the organic substrates tested, all substrates promoted

assimilation of 3, 4-dihydroxycinnamate and maximum was with malate (Table 18).

However, with malate and pyruvate as carbon substrates, 3, 4-dihydroxyphenylalanine

(DOPA) was detected in the induced (3, 4-dihydroxycinnamate) culture supernatant of Rba.

sphaeroides OU5. DOPA production could not be demonstrated in presence of other organic

substrates.

3.4.2.3 3, 4-Dihydroxycinnamate assimilation and DOPA production with time

Assimilation of 3, 4-Dihydroxycinnamate by Rhodobacter sphaeroides OU5 was studied

with malate as carbon source and ammonium chloride as nitrogen source. Consumption

started with a lag period of 12 h and was completed by the end of 48 h of incubation (Fig

27). However 3, 4-dihydroxyphenylalanine (DOPA) production started after 24 hrs of

incubation (Fig 27). HPLC chromatogram of the induced 3, 4-dihydroxycinnamate culture

supernatant showed the consumption of malate, 3, 4-dihydroxycinnamate and production of
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3, 4-dihydroxyphenylalanine (Fig 28). Assimilation of 3, 4-dihydroxycinnamate was also

demonstrated with resting cell suspensions of Rhodobacter sphaeroides OU5 but DOPA

production could not be observed.

Fig 26: Assimilation at different concentrations of 3, 4-dihydroxycinnamate by

            Rba. sphaeroides OU5

Experiment was done with logarithmically grown cells of Rba. sphaeroides OU5 inoculated

into photoheterotrophic medium containing malate (22 mM) as carbon, ammonium chloride

(7 mM) as nitrogen source supplemented with different concentrations of 3, 4-

dihydroxycinnamate and assayed after 48 h light anaerobic incubation.
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Table 18: Assimilation of 3, 4-dihydroxycinnamate by growing cells of Rba. sphaeroides

OU5 in the presence of different organic substrates

                  (ND = Not detected; control = without 3, 4-dihydroxycinnamate)

Growing cells of Rhodobacter sphaeroides OU5 in the presence of different organic

substrates (0.3 % w/v) as carbon and NH4Cl (7 mM) as nitrogen source and 3, 4-

dihydroxycinnamate (0.5 mM) as supplement were assayed after 48 h of phototrophic

incubation. The levels of 3, 4-dihydroxycinnamate and 3, 4-dihydroxyphenylalanine

(DOPA) were estimated by HPLC.

Biomass yield (mg
drywt.ml-1)

Organic
Substrate
(0.3 % w/v) Control 3, 4-

dihydroxy
cinnamate

3, 4-dihydroxy
cinnamate

consumption
(mM)

3, 4-dihydroxy
phenylalanine

production
(mM)

Control
(without organic
substrate)

0.06 0.02 0.3 ND

Glucose 0.44 0.60 0.1 ND
Pyruvate 0.75 0.75 0.47 0.16
Acetate 0.4 0.4 0.44 ND
Oxaloacetate 0.42 0.44 0.5 ND
α-keto
glutarate

0.44 0.45 0.5 ND

Succinate 0.35 0.35 0.3 ND
Fumarate 0.57 0.55 0.36 ND
Malate 0.51 0.5 0.5 0.2
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Fig 27: Photoassimilation of 3, 4-dihydroxycinnamate and production of DOPA by

growing cells of Rba. sphaeroides OU5 with time

            (DOPA = 3, 4-dihydroxyphenylalanine)

Experiment was done with logarithmically grown cells of Rba. sphaeroides OU5 inoculated

into photoheterotrophic medium containing malate (22 mM) as carbon, ammonium chloride

(7 mM) as nitrogen source and 3, 4-dihydroxycinnamate (0.5 mM) as supplement and was

assayed at different time intervals.
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Fig 28: HPLC chromatogram showing the transformation of 3, 4-dihydroxycinnamate

to 3, 4-dihydroxyphenylalanine by growing cells of Rba. sphaeroides OU5

Culture supernatant of zero hour sample (chromatogram in green color) and 48 h light

incubated sample (chromatogram in red color) were membrane filtered and analyzed using

HPLC. The levels of 3, 4-dihydroxycinnamate and DOPA were estimated.
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3.5 Assimilation of 4-hydroxybenzoate by Rhodobacter sphaeroides OU5

Rba. sphaeroides OU5 was tested for its capability to assimilate different benzoates

like 2-hydroxybenzoate, 3, 4-dihydroxybenzoate, 4-hydroxybenzoate, 2-aminobenzoate and

4-aminobenzoate. Among them, only 4-hydroxybenzoate was assimilated by Rba.

sphaeroides OU5 (Table 3 in chapter 1). Hence, its assimilation was studied by both

growing and resting cells of Rba. sphaeroides OU5. 4-Hydroxybenzoate assimilation was

demonstrated only with growing cells but not with resting cells of Rba. sphaeroides OU5.

3.5.1 Effect of 4-hydroxybenzoate on growth of Rba. sphaeroides OU5

Effect of different concentrations of 4-hydroxybenzoate (2-20 mM) on

photoheterotrophic growth of Rba. sphaeroides OU5 was studied. Growth of Rba.

sphaeroides OU5 was completely inhibited at 20 mM. The 50 % inhibitory concentration

(IC50) of trans-cinnamate on photoheterotrophic growth of Rba. sphaeroides OU5 was

approximately 10 mM (Fig 29).

3.5.2 Assimilation at different concentrations of 4-hydroxybenzoate

Assimilation of 4-hydroxybenzoate was studied at different concentrations (0.5-2.5

mM) using growing cells of Rba. sphaeroides OU5 with fumarate as carbon source,

ammonium chloride as nitrogen source and 4-hydroxybenzoate as a supplement.

Assimilation was observed upto 1.5 mM and the biomass of Rba. sphaeroides OU5

remained constant irrespective of the concentration of 4-hydroxybenzoate used (Fig 30).

3.5.3 Effect of organic substrates on 4-hydroxybenzoate assimilation by growing cells

of Rhodobacter sphaeroides OU5

Influence of organic substrates on 4-hydroxybenzoate assimilation was studied.

Assimilation of 4-hydroxybenzoate by Rba. sphaeroides OU5 in photoheterotrophic
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medium with either glucose or malate as carbon source/electron donor could not be

demonstrated hence other organic substrates were screened (Table 19). Among the

substrates tested, assimilation was observed with fumarate and pyruvate as carbon sources

(Table 19) however, acetate, malate, succinate and glucose inhibited 4-hydroxybenzoate

assimilation.

3.5.4 Assimilation of 4-hydroxybenzoate with time by growing cells of Rhodobacter

sphaeroides OU5

Assimilation of 4-hydroxybenzoate by Rba. sphaeroides OU5 was studied with

fumarate as sole carbon source. In the time course experiment (Fig 31) 50 % of 4-

hydroxybenzoate (0.25 mM) was assimilated at 30 h of incubation and on further incubation

remained constant upto 48 h. This assimilation in HPLC (Fig 32) was observed during

logarithmic growth phase of Rba. sphaeroides OU5.

3.5.5 4-Hydroxybenzoate consumption by cell free extracts of Rhodobacter sphaeroides

OU5

Consumption of 4-Hydroxybenzoate was studied using cell free extracts of 4-

hydroxybenzoate induced culture of Rba. sphaeroides OU5. As observed with whole cells,

4-hydroxybenzoate consumption could not be demonstrated when fumarate was added to the

assay mixture (in Tris buffer), but was observed with pyruvate. For unknown reasons

addition of ammonia both with and without NADH had increased the consumption of 4-

hydroxybenzoate (Table 20). However, the transformed metabolites could not be identified.

The Fig 33 shows the HPLC chromatogram of the enzyme assay fraction showing 4-

hydroxybenzoate consumption by cell free extracts of Rhodobacter sphaeroides OU5.
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Fig 29: Minimum inhibitory concentration of 4-hydroxybenzoate on the

photoheterotrophic growth of Rba. sphaeroides OU5

Assay was done with the growing cells of Rba. sphaeroides OU5 in photoheterotrophic

medium with malate (22 mM) as sole carbon source and NH4Cl (7 mM) as sole nitrogen

source in the presence of various concentrations of 4-hydroxybenzoate. The culture was

incubated anaerobically under light (2,400 lux) at 30±2 C in fully filled screw cap test tubes

and growth was measured turbidometrically.
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Fig 30: Assimilation at different concentrations of 4-hydroxybenzoate by growing cells

of Rba. sphaeroides OU5

Experiment was done with logarithmically grown cells of Rba. sphaeroides OU5 inoculated

into photoheterotrophic medium with fumarate (22 mM) as carbon and ammonium chloride

(7 mM) as nitrogen source with different concentrations of 4-hydroxybenzoate (0-0.25 mM)

and assayed for its consumption.
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Table 19: Assimilation of 4-hydroxybenzoate by growing cells of Rba. sphaeroides OU5

in the presence of different organic substrates

(Control = without   4-hydroxybenzoate; ND = not detected)

Cells of Rhodobacter sphaeroides OU5 were allowed to grow phototrophically for 48 h in

mineral medium in the presence of organic substrates (0.3 % w/v) supplemented with 4-

hydroxybenzoate (0.5 mM) and assayed after incubation. The level of 4-hydroxy benzoate

was estimated using HPLC.

Biomass Yield
(mg drywt.ml-1)Organic substrate

(0.3 %) Control    4-hydroxybenzoate

4-hydroxybenzoate
consumption

 (mM)

Control
(With out carbon)

0.06 0.07 0

Glucose 0.45 0.45 0

Pyruvate 0.75 0.7 0.2

Acetate 0.4 0.35 0

Oxaloacetate 0.42 0.5 0

α-keto glutarate 0.44 0.4 0

Succinate 0.35 0.4 0

Fumarate 0.6 0.56 0.25

Malate 0.5 0.50 0



Usha Kiran Ph.D Thesis

Results 86

Fig 31: Photoassimilation of 4-hydroxybenzoate by growing cells of Rba.

sphaeroides OU5 with time

Experiment was done with logarithmically grown cells of Rba. sphaeroides OU5 inoculated

into photoheterotrophic medium with fumarate (22 mM) as carbon and ammonium chloride

(7 mM) as nitrogen source along with 4-hydroxybenzoate (0.5 mM) as supplement and was

assayed at different time intervals.
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Fig 32: HPLC chromatogram showing 4-hydroxybenzoate assimilation by whole cells

of Rba. sphaeroides OU5

HPLC chromatogram (at 220 nm wavelength) showing 4-hydroxybenzoate assimilation by

growing cells of Rba. sphaeroides OU5.  Initial (chromatogram in blue colour) and final

levels (chromatogram in dark green) of 4-hydroxybenzoate in supernatant were quantified

using HPLC.
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Table 20: 4-Hydroxybenzoate consumption by cell free extracts of Rba. sphaeroides

OU5 (ND = not detected)

The assay mixture (1ml) contained 10 mM Tris-buffer (pH 7.8) with 100 μmoles of 4-

hydroxybenzoate, along with the assay components like 25 μmoles of NADH, 0.1ml of 10

% NH4OH (buffered ammonia), pyruvate 200 μmoles and 375 µg of protein (cell free

extract) incubated for 30 min at room temperature. After incubation the consumption of 4-

hydroxybenzoate was estimated using HPLC.

Assay components
4-hydroxybenzoate

consumption
(μmoles.mg protein-1)

None ND

Fumarate ND

Pyruvate 100

Pyruvate + Ammonia 50

Pyruvate + Ammonia
+NADH

70
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Fig 33: HPLC chromatogram showing the consumption of 4-hydroxybenzoate by cell

free extracts of Rba. sphaeroides OU5

The assay was done with the cell free extract of Rba. sphaeroides OU5. The consumption of

4-hydroxybenzoate (tR= 2.8 min) was detected in HPLC. The chromatograms were recorded

at 220 nm with the assay sample at 0 min (the one in green colour) and at 30 min (in red

colour).



Discussion
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4.1 Background Introduction

Aromatic compounds formed by microbial depolymerization of proteins and lignins

are the second most abundant class of organic compounds in nature (next to carbohydrates)

(Harwood and Parales, 1996; Boll et al., 2002). The biodegradation of monoaromatic

compounds in particular phenyl propanoid side chain, is important for the global carbon

cycle from an environmental point of view because these compounds are released from plant

waste as breakdown products of lignin (Peng et al., 2003). Ubiquity and abundance of these

aromatic compounds highlight the significance of their degradation for the maintenance of

biogeochemical carbon cycle and in the sustainable development of the biosphere (Evans,

1977; Gibson and Harwood 2002). Aromatic compound degradation accomplished mainly

by microorganisms indicate the growth-linked utilization of aromatic compounds as sole

source of carbon or energy involving benzene ring cleavage and assimilation of the resulting

aliphatic molecules (Harayama and Timmis, 1992). By definition assimilation means uptake

of inorganic/organic elements into biomass and differs from dissimilatory process, which is

discussed in the introduction (page 11-13).

Among the purple non-sulfur bacteria, Rhodobacter sphaeroides and

Rhodopseudomonas palustris are the most widely distributed species among different

habitats (Madigan, 1988). Rps. palustris utilizes aromatic compounds as growth substrates

by aromatic ring cleavage (Harwood and Gibson, 1988), while Rba. sphaeroides OU5 lacks

this capability. However, strain OU5 could utilize heterocyclic aromatic hydrocarbons like

4-dimethylaminopyridine, pyrazine, 2-aminopyrazine for growth (Rajashekar et al., 2000),

indeed, the degradative pathways are not yet established in this strain. The present study

deals with the assimilatory utilization of a few homocyclic aromatic compounds (including
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trans-cinnamate and its hydroxy derivatives) by Rba. sphaeroides OU5 together with

metabolic pathways and enzymes involved in the process.

4.2 Toxicity of aromatic compounds

Aromatic compounds like mineral oils (Singh and Kumar, 1991), polycyclic

aromatic hydrocarbons, industrial solvents (Playne and Smith, 1983; Kilroy and Grey,

1992), agrochemicals (Perona et al., 1991; Cserhatieti et al., 1992), and surface-active

compounds (Tubbing and Admiraal, 1991) are toxic to microbial cells, resulting from

biochemical disturbances caused by these compounds in one or more metabolic pathways

(Sikkema et al., 1995). Functions that were affected due to the toxic effect of aromatics in

microbial cells include; growth, transport systems, CO2 fixation (cyanobacterial) and gas

production (by anaerobic bacteria) (Playne and Smith, 1983; Sierra-Alvarez and Lettinga,

1991). Inhibition in growth and leakage of macromolecules, altered ultra structure of the

cells impaired membrane functions by pH dissipation across cytoplasmic membrane

(Salmond et al., 1984) by lactic acid, benzoic acids (Warth, 1991) and other lipophilic

compounds were also reported.

Toxicity of aromatic compounds on growth of Rhodobacter sphaeroides OU5 was

analyzed in terms of IC50 (Table 3), which varied depending on structure and position of

functional groups. Among the compounds analyzed (Table 3), hydroxy and aminobenzoates

were inhibitory to the growth of strain OU5. Mono and dihydroxylated cinnamates were

more toxic than cinnamic acid in Rhodobacter sphaeroides OU5 (Table 3) as observed

earlier (Middelhoven and Gelpke, 1995; Hoskins, 1984) on the growth of several

microorganisms (Hoskins, 1984; Tawata, et al., 1996; Burt, 2004). The toxicity could be due

to the inhibition of cytoskeleton development of the cell, which was affected by the calcium
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gradient due to the presence of trans-cinnamate and its derivatives (Said et al., 2004; Neves

et al., 2005). On the other hand, growth inhibition in Rba. sphaeroides OU5 could also be

due to the inhibition of denovo synthesis of aromatic amino acids, since DAHP synthase

activity (Table 7) was inhibited completely by trans-cinnamate in the assay with cell free

extracts in contrast to partial inhibition with hydroxycinnamates. 3-Deoxy-D-arabino-

heptulosonate 7-phosphate (DAHP) synthase (EC 2.5.1.54), a key enzyme in the shikimate

pathway of aromatic amino acid biosynthesis that catalyzes the condensation of

phosphoenolpyruvate (PEP) and erythrose 4-phosphate (E-4-P) (Bentley, 1990; Gosset et

al., 2001). Though there are no reports of trans-cinnamate inhibiting aromatic amino acid

biosynthesis, glyphosate a non-selective herbicide inhibits EPSP synthase, an enzyme of

shikimate pathway of aromatic amino acid biosynthesis. EPSP synthase EC 2.5.1.19 (5-

enolpyruvylshikimate-3-phosphate synthase) catalyzes the condensation of shikimic acid

and phosphoenolpyruvate (Steinrucken and Amrhein, 1980).

Cells of Rba. sphaeroides OU5 grown in the presence of trans-cinnamate or other

aromatic compounds were viable on nutrient agar (data not presented in results chapter),

which only indicated that these compounds are growth retardants and not lethal. Growth

inhibition of trans-cinnamate on Rba. sphaeroides OU5 could either be reduced or enhanced

due to the presence of organic molecules (Fig 7, Fig 8), which aid in reducing the toxicity

and growth inhibition of xenobiotics on cells there by increasing the transformation rates of

xenobiotics (Fakhruddin and Quilty, 2005). Glucose and oxaloacetate promoted growth,

while presence of α-ketoglutarate, succinate and pyruvate increased the toxicity of trans-

cinnamate (Fig 7). Amino acids like L-glutamate, glutamine and a mixture of aromatic

amino acids promoted growth of Rba. sphaeroides OU5 (Fig 8), while a few (serine,
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phenylalanine, tyrosine and tryptophan) had no effect. These carbon sources might act as an

inducing agent for biodegradation/biotransformation enzymes or provide reducing power for

degradation (Fakhruddin and Quilty, 2005; Chaudhuri and Wiesmann, 1995; Perkins et al.,

1994).

4.3 Assimilation of aromatic compounds by whole cells of Rba. sphaeroides OU5

Cinnamate and hydroxycinnamates were utilized for growth by many bacteria, yeast

and fungi, despite their toxic nature (Edlin et al., 1994). trans-Cinnamate was utilized as a

sole source of carbon by a phototrophic bacterium Rhodopseudomonas palustris (Elder et

al., 1992a) and the presence of this compound aided in the species selective enrichments

(Madigan and Gest, 1988). Though growth of Rba. sphaeroides OU5 with trans-cinnamate

as carbon/e- donor could not be demonstrated, the light dependent utilization (Table 4)

indicated the assimilatory process by both growing (Fig 12A) and resting cells  (Fig 10)

(Usha et al., 2007).

Among the aromatic compounds screened (Table 3), Rba. sphaeroides OU5

assimilated hydroxycinnamates, 4-hydroxybenzoate, phenylpyruvate and phenylalanine.

Though assimilation of aromatic (phenylalanine; Miseta et al., 1996) and aliphatic amino

acids (Gale and Folkes, 1962) was documented, the present study indicated the possibility of

assimilation of other aromatic compounds by Rba. sphaeroides OU5. This process may be

restricted only to a few aromatic compounds (cinnamates), since many others (toluene,

cresol, amino and hydroxybenzoates) were not assimilated and one of the major reasons

could be due to the lack of specific permeases or diffusional barriers across the cytoplasmic

membrane limiting their entry into the cell.
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4.4 Influence of carbon substrates on assimilation of aromatic compounds

Presence of glucose (Table 5, 16 and 18) along with ammonia (Table 6) promoted

complete assimilation of trans-cinnamate and 4-hydroxycinnamate by whole cells of Rba.

sphaeroides OU5. The reasons for acceralated assimilation in trans-cinnamate (Chamkha et

al., 2001) and its derivatives (Oddou et al., 1999; Sachan et al., 2006) in the presence of

glucose could not be predicted even from the present study. However, ammonia played a

key role as an amino donor in the transformation of trans-cinnamate to phenylalanine (Table

7). Though glucose utilization was observed in control (without trans-cinnamate), its levels

remained constant as initial in trans-cinnamate induced culture (Fig 12B) that indicates the

prevention of supply of glucose to synthesize aromatic molecules. The inhibition of trans-

cinnamate assimilation in Rba. sphaeroides OU5 in the presence of malate, fumarate,

succinate and oxaloacetate (Table 5) is similar to those observed with Pseudomonas spp.

(Basu et al., 2006) and are in contrary to the assimilation of 3, 4-dihydroxycinnamate (Table

18) and 4-hydroxybenzoate (Table 19). The summary of the substrates, which promoted and

inhibited assimilation of aromatic compounds in Rba. sphaeroides OU5 is presented in Fig

34.

4.5 Cinnamates and its hydroxy derivatives are photobiotransformed to aromatic

amino acids by Rba. sphaeroides OU5

Bacterial catabolism of cinnamates and hydroxycinnamates follows a β-oxidation

pathway (Elder et al., 1992a). Most often they are also metabolized by different

microorganisms into reduced products, whose mechanism involves reduction of the double
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Fig 34: Influence of carbon substrates on the assimilation of aromatic compounds by

Rba. sphaeroides OU5    ( ▲ = promoted assimilation;  ▼ =  inhibited assimilation)

bond in the C3 aliphatic side chain (Nali et al., 1985; de la Torre and Gomez-Alarcon, 1991;

Grbic-Galic and Young, 1985; Andreoni et al., 1984; Labuda et al., 1993). Decarboxylation

of the propane side chain of cinnamic acids are the other metabolic patterns found in some

microorganisms (Cavin et al., 1997a; Edlin et al., 1998). These are efficiently

biotransformed to L-phenylalanine catalyzed by an enzyme phenylalanine ammonia lyase,

also called in short as PAL (Yamada et al., 1981; Evans et al., 1987a; Evans et al., 1987b).

Rba. sphaeroides OU5 metabolized trans-cinnamate (Fig 11) and

hydroxycinnamates (Fig 23) as  evidenced by their loss from the culture supernatant. The

transformed products of these compounds were identified using HPLC (Fig 11, 25) as

aromatic amino acids and intermediates of the biosynthetic pathway. The pathway

metabolites could be enhanced in the presence of chloramphenicol (Fig 13). Tyrosine, indole

tryptophan and phenylalanine were the major metabolites identified (Table 5) from the
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culture supernatant of trans-cinnamate induced Rba. sphaeroides OU5 after 48 hours of

phototrophic assay. However, LC-MS analysis (Fig 13) indicated that there are many more

metabolites than the HPLC identified ones from the trans-cinnamate induced cultures of

Rba. sphaeroides OU5. These had the molecular masses (m/z) of 161, 171, 376 and do not

match with the aromatic amino acids. The identification of these could not be confirmed in

this study.

Using cell free extracts of Rba. sphaeroides OU5, transformation of 4-

hydroxycinnamate to tyrosine (Table 16, 17 and Fig 25) and 3, 4-dihydroxycinnamate to L-

DOPA (3, 4-dihydroxyphenylalanine; Table 19 and Fig 27) by whole cells of Rba.

sphaeroides OU5 could be demonstrated. L-DOPA is a drug of choice for neurological

injury and Parkinson’s disease (Lee et al., 1996) and is mainly produced by plants (Haq et

al., 2000). DOPA is also produced from L-tyrosine by the action of enzyme tyrosinase

reported mainly in fungi (Rossaza et al., 1995; Ali and Haq, 2001) and its production by

Rba. sphaeroides OU5 was demonstrated recently (Ranjith et al., 2007a).  The downstream

of DOPA in Rba. sphaeroides OU5 is catalyzed by at least 3 enzymes (Ranjith, 2008). (1)

DOPA-reductive deaminase (EC 4.3.1.22) is a NADH dependent 234 kD heterotetramer

(110, 82, 43 and 39 kD) catalyzed the formation of 3,4-dihydroxyphenylpropanoate (Ranjith

et al., 2007a); (2) The 2-oxoglutarate dependent DOPA-transaminase (EC 2.6.1.49)

catalyzed the formation of 3,4-dihydroxyphenylpyruvate and is PLP dependent (Ranjith et

al., 2007a) and (3) An oxygen dependent DOPA-oxidative deaminase (EC 1.13.12.15) of

190 kD pentameric (54, 42, 34, 25 and 23 kD) enzyme catalyzed the formation of 3, 4-

dihydroxyphenylpyruvate and ammonia from DOPA (Ranjith et al., 2008).
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4.6 Phenylalanine ammonia lyase (EC 4.3.1.5) is absent in Rba. sphaeroides OU5

Phenylalanine ammonia lyase (PAL) is an ubiquitous enzyme in higher plants,

catalyzing the non-oxidative deamination of L-phenylalanine to trans-cinnamic acid,

ammonium ions and vice-versa (Ritter, 2004). Some PAL enzymes, in addition to

phenylalanine, are also specific to tyrosine as substrate and are therefore called

phenylalanine/tyrosine ammonia lyase (PAL/TAL) or TAL, depending on the relative

activity towards these substrates (Xue et al., 2007). PALs were also identified in bacteria

like Streptomyces maritimus (Xiang and Moore, 2005), Photorhabdus luminescens

(Williams et al., 2005), Sorangium cellulosum (Hill et al., 2003) and Streptomyces

verticillatus (Emes and Vining, 1970). In these bacteria, the PAL product cinnamic acid

serves as an intermediate in the biosynthesis of antibiotic or antifungal compounds

(enterosin, 3, 5-dihydroxy-4-isopropyl-stilbene, soraphan A and cinnamamide). PALs were

also identified in cyanobacteria like Anabaena veriabilis and Nostoc punctiforme, although

the ultimate fate of cinnamic acid in these cyanobacteria is unknown (Moffitt et al., 2007).

PAL is abundantly present in yeast, especially in red yeast, Rhodotorula glutinis that has

several commercial applications (D’Cunha et al., 1994). Rodotorula PAL is effective in the

treatment of certain mouse neoplasms and is used to quantitatively analyze serum L-

phenylalanine to monitor patients with phenylketonuria (Watanabe et al., 1992) and to

prepare low phenylalanine diets (Yamada et al., 1981). Whole cells of Rhodotorula

containing PAL have been used to synthesize L-phenylalanine (Yamada et al., 1981; Evans

et al., 1987a; Evans et al., 1987b; Takac et al., 1995) and its methyl ester (D’ Cunha et al.,

1994) by reversing the physiological reaction.



Usha Kiran Ph.D Thesis

Discussion 98

Deamination of tyrosine catalyzed by enzyme TAL produces 4-hydroxycinnamate

(also known as p-coumaric acid). The only confirmed bacterial sources of TAL are several

species of purple phototrophic bacteria (Rhodobacter capsulatus, Rhodobacter sphaeroides

and Halorhodospira halophila) in which p-hydroxycinnamate is a precursor of the

chromophore of photoactive yellow protein (PYP) (Kyndt et al., 2002; Watts et al., 2004)

and the actinomycete Saccharothrix espanaensis where 4-hydroxycinnamate is used for

saccharomycin antibiotic biosynthesis (Berner et al., 2006).  The total genomic analysis of

Rba. sphaeroides strains 2.4.1, ATCC 17025, ATCC 17029 (Choudhary et al., 2007)

indicated the existence of TAL but not PAL  (Xue et al., 2007) however, either TAL or PAL

activity could not be demonstrated in Rba. sphaeroides OU5 in this study.

4.7 A novel enzyme involved in the transformation of trans-cinnamate to phenylalanine

in Rba. sphaeroides OU5

Phenylpyruvate was identified as a stable intermediate in the transformation of trans-

cinnamates in Rba. sphaeroides OU5 (Fig 17) and Corynebacterium equii (Evans et al.,

1987a), however the enzyme catalyzing this reaction was not isolated. This enzyme differs

from the PAL, in which phenylpyruvate was not the intermediate, suggesting the presence of

an alternative enzyme in the synthesis of phenylalanine from trans-cinnamate in Rba.

sphaeroides OU5. HPLC analysis (Fig 17, 18) using the cell free extracts confirmed the

presence of an enzyme, which catalyzes the formation of phenylalanine from trans-

cinnamate/phenylpyruvate (Table 10, 11 and Fig 14). The enzyme was purified (Flow chart

1) to near homogeneity and at every step the activity was confirmed by the conversion of

trans-cinnamate to phenylalanine. The purified enzyme is a monomer of ~ 43 kD protein

(Fig 16 A, B, C, D) which catalyzed the reductive amination of trans-cinnamate to

phenylalanine (Fig 17, 18).  This enzyme is partially characterized (Fig 19) and differs from
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PAL, whose molecular weight ranges from 270-300 kD with 4 subunits (MacDonald and

D’Cunha, 2007) and catalyzes a reversible reaction.  The novel enzyme is named as

cinnamyl amino reductase owing to its specificity for trans-cinnamate (Table 13) and

catalyzing the reductive (NADH dependent) amination of trans-cinnamate. The novel

enzyme also differs from phenylalanine dehydrogenase (EC 1.4.1.-; catalyzes the conversion

of phenylpyruvate to phenylalanine and vice-versa) and the differentiating characters are

summarized in table 21. A putative pathway of the trans-cinnamate transformation to

phenylalanine is proposed in Rba. sphaeroides OU5 (Fig. 35) based on the metabolites

identified. Incorporation of transformed products of assimilated trans-cinnamate (L-

phenylalanine) into protein synthesis in terms of increased protein content could not be

demonstrated in Rba. sphaeroides OU5. However, incorporation of exogenously

supplemented L-phenylalanine directly into protein in Escherichia coli was reported earlier

(Miseta et al., 1996).

Fig 35: Hypothetical pathway of trans-cinnamate transformation to L-phenylalanine in

Rba. sphaeroides OU5 (compound in parenthesis is the hypothetical  compound)
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Table 21: Differentiating characters of enzymes

4.7 Is trans-cinnamate to L-tryptophan transformation possible in Rba. sphaeroides

OU5?

             Based on the observation of increased indole and tryptophan levels in the

supernatant of Rba. sphaeroides OU5 grown in presence of trans-cinnamate (Table 5, 6 and

14), possible transformation  of trans-cinnamate to tryptophan was predicted and a putative

pathway was proposed (Fig 36). Some of the molecular masses in the LC-MS spectrum (Fig

21) of the enzymatic analysis (of the cell free extract) matched with the predicted metabolite

masses of the proposed pathway. Though there are reports on the supplementation of

tryptophan inducing PAL in Ustilago maydis (Kim et al., 2001) no reports on transformation

of trans-cinnamate to tryptophan are available. Bioproduction of styrene from phenylalanine

by Penicillium camemberti involved catabolism of phenylalanine to a wide range of

hydrophobic compounds (Pagot et al., 2006) which include some of the intermediates of the

above proposed pathway.

Enzymes
Action Coenzymes/

Cofactors
Km

(mM)
M.wt
(kD)

Sub-
units

References

Phenylalanine
ammonia lyase
(PAL)
(EC 1.4.3.1.5)

reversible
nil ~ 0.2-

0.3
270-330 4 MacDonald and

D’Cunha, 2007

Phenylalanine
dehydrogenase
(EC 1.4.1-)

reversible
NAD+/
NADH

0.1-0.2

3.8

300-340

70

8

2

Asano et al.,
1987
Misono et al.,
1989

Cinnamyl
amino
reductase

unidirection
al

NADH 0.27 43 - Present study
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4.8 4-Hydroxybenzoate assimilation

            Though 4-hydroxybenzoate was assimilated by both whole cells (Table 19 and Fig

32)  of Rba. sphaeroides OU5 and  with cell free extracts (Table 20 and Fig 33), transformed

product could not be identified and the work could not be extended in detail. The possible

reason for assimilation of 4-hydroxybenzoate could be due to its role in ubiquinone

biosynthesis (Pennock and Threlfall, 1983).

Fig 36: Hypothetical pathway of trans-cinnamate transformation to tryptophan in Rba.

sphaeroides OU5 (compound in the parenthesis is the hypothetical compound)
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4.9 Status of aromatic compound metabolism by Rba. sphaeroides OU5

Strain OU5 is a purple non-sulfur bacterium isolated by Sasikala (1990) and

extensive work on the metabolic potential of this strain was done earlier (Nanda, 2003;

Sunayana, 2007; Ranjith, 2008). The strain was characterized based only on the phenotypic

characters and its molecular characterization needs to be established. On the basis of

phenotypic characters strain OU5 belong to Rhodobacter closely related to Rba. sphaeroides

OU5. The unique capability of the strain is its ability to transform aromatic molecules

(Sunayana et al., 2005a; Vijay et al., 2006; Ranjith et al., 2007a) leading to the discovery of

novel terpenoids, which are potent phytohormones (rhodestrin, rhodethrin), cytotoxic and

COX-1 inhibitors (Ranjith et al., 2009) involving both basic and applied research (Sunayana

et al., 2005b; Ranjith et al., 2007b).

The present study adds to the knowledge of this strain to assimilate aromatic

molecules without ring cleavage. Metabolism and toxicity of aromatic compounds studied

with reference to trans-cinnamate and hydroxycinnamates whose mode of action is through

the inhibition of DAHP synthase and are transformed to aromatic amino acids like

phenylalanine, tyrosine and tryptophan. The study also suggested the involvement of a novel

enzyme catalyzing reductive amination of trans-cinnamate to L-phenylalanine.



Conclusions
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      Conclusions

 Growth independent utilization of aromatic compounds like trans-cinnamate, 4-

hydroxycinnamate, 3, 4-dihydroxycinnamate, 4-hydroxybenzoate, L-phenylalanine

and phenylpyruvate (Table 3) was demonstrated in Rba. Sphaeroides OU5.

 Toxicity of aromatic compounds on growth of Rba. sphaeroides OU5 analyzed as

IC50 varied depending on structure and position of functional groups on the aromatic

ring.

 Inhibition of the DAHP synthase by trans-cinnamate and hydroxycinnamates

indicated the possible mode of action of these compounds in inhibiting aromatic

amino acid biosynthesis in Rba. sphaeroides OU5.

 Presence of organic molecules enhanced / suppressed growth inhibition in presence

of trans-cinnamate.

 Light dependent assimilation of trans-cinnamate was demonstrated by both growing

and resting cells of Rba. sphaeroides OU5 (Table 4).

 The process of assimilation is influenced in presence of organic molecules (Fig 34).

 In the process of assimilation, transformed products of trans-cinnamate and

hydroxycinnamates were identified as phenylalanine, tryptophan, tyrosine and

DOPA.

 Neither PAL nor TAL activity could be demonstrated in strain OU5.

 The enzyme catalyzing the transformation of trans-cinnamate to L-phenylalanine

with intermediate phenylpyruvate was purified and characterized. This enzyme

requires NADH as reducing power and ammonia as amino donor (Fig 16).

 The purified enzyme is a monomer of ~43 kD and was named as cinnamyl amino

reductase.
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 Transformation of trans-Cinnamate to L-tryptophan could be demonstrated in Rba.

sphaeroides OU5 and a putative pathway for this transformation was proposed (Fig

35).

 4-Hydroxybenzoate assimilation could be demonstrated in fumarate and pyruvate

presence in Rba.  sphaeroides OU5.

 The work on Rhodobacter sphaeroides OU5 is an update of the existing information

on metabolism of aromatic compounds by this strain.

In Summary Major Findings

trans-Cinnamate inhibits the enzyme DAHP synthase altering the denovo synthesis

of aromatic amino acids.

A novel protein of ~ 43 kDa catalyzing transformation of trans-cinnamate to L-

phenylalanine was isolated and characterized.

       Future Scope

Isolated novel protein needs to be fully characterized.

The genes involved in the transformation of trans-cinnamate to L-phenylalanine

needs to be identified.

Channeling of the trans-cinnamate into the protein synthesis needs to be established.

Biosynthetic route of trans-cinnamate to L-tryptophan needs to be established in this

strain.

Work on 4-hydroxybenzoate needs a detail investigation.

Paper Published

Usha P., Sasikala, Ch. and Ramana, Ch.V. (2007). Light dependent assimilation of

trans-cinnamate by Rhodobacter sphaeroides OU5. Current Microbiology 54: 410-413.
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Abstract. We present a novel light-dependent metabolism of an aromatic compound (trans-cinnamate)
that is assimilatory rather than dissimilatory. Light-dependent assimilation of trans-cinnamate was
observed by both growing and resting cells of Rhodobacter sphaeroides OU5. Trans-cinnamate
assimilation could be correlated with simultaneous formation of both phenylalanine and tyrosine at near-
stoichiometric ratios. Trans-cinnamate assimilation was promoted by carbon source and electron donors,
such as glucose, pyruvate, or a-ketoglutarate, whereas malate, succinate, fumarate, and acetate were
inhibitory.

Metabolism of aromatic compounds is well recognized
in a few purple bacteria [6]. The current understanding
of aromatic compound metabolism by purple bacteria is
that it occurs either through light-dependent degradation
of benzene ring, supporting growth by providing carbon
source/e) donors, or through transformations [6], in
which the aromatic compound do not support growth.
However, we report here that these bacteria have a third
type of aromatic compound metabolism, i.e., assimila-
tory metabolism, in which the aromatic compound
(trans-cinnamate) is assimilated with few biochemical
modifications (L-phenylalanine, L-tyrosine) and proba-
bly incorporated directly into proteins.

Materials and Methods

Organism and growth conditions. Rhodobacter sphaeroides OU5
(American Type Culture Collection [ATCC] 49885; DSM 7066) was
grown photoheterotrophically (anaerobic/light) (2,400 lux) in fully
filled screw-cap test tubes (10 x 100 mm) or in reagent bottles (60 ml)
on Biebl and Pfennig�s [1] mineral medium with malate (22 mM) and
ammonium chloride (7 mM) as carbon and nitrogen sources,
respectively, at 30 € 2�C. For chemoheterotrophic (aerobic/dark)
growth, the organism was allowed to grow in 50 ml medium in a

250-ml conical flask and incubated in dark at 30�C under continuous
agitation.

Utilization of trans-cinnamate by growing cells. Logarithmic
cultures of Rba. sphaeroides OU5 were inoculated (1% v/v) into
basal medium containing trans-cinnamate (500 lM) along with other
carbon sources/e– donors (Table 1), with ammonium chloride as
nitrogen source. Assay was done in fully filled screw-cap test tubes (10
x 100 mm; anaerobic) or 50 ml assay mixture in a 250-ml conical flask
(aerobic), incubated for 48 hours at 30 € 2�C, harvested by
centrifugation (16,000 x g for 20 minutes). The supernatant was used
for measuring trans-cinnamate using high-performance liquid
chromatography (HPLC).

Preparation of resting cell suspensions and assay. Cells of Rba.
sphaeroides OU5 grown photoheterotrophically with malate (22
mM) and ammonium chloride (7 mM) until mid–log phase (30
hours) were harvested by centrifugation (16,000 x g for 20 minutes).
The pellet was washed twice and resuspended in basal salts medium
[1] containing trans-cinnamate (0.5 mM). This suspension was then
distributed into screw-cap test tubes (10 x 100 mm) to fill them fully
(anaerobic) or into 50 ml assay mixture in a 250-ml conical flask
(aerobic) and incubated under light (2,400 lux) or dark conditions at
30 € 2�C.

Cell-free extracts. Resting cells of Rba. sphaeroides OU5 used for
trans-cinnamate assay were harvested by centrifugation (16,000 x g for
10 minutes), and the pellet was washed (twice) with 0.05 M potassium
phosphate buffer (pH 7.8) and resuspended in 10 ml of the same buffer.
Cells were sonicated with an MS-72 probe (model-UW 2070;
Bandelin, Germany) to complete cell lysis after 8 to 9 cycles. The
sonicated sample was centrifuged (16,000 x g for 20 minutes), and the
supernatant was used for further assays.
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Phenylalanine ammonia-lyase (PAL) and tyrosine ammonia-
lyase (TAL) activities were determined by measuring the formation of
trans-cinnamate or 4-hydroxycinnamate from L-phenylalanine or L-
tyrosine, respectively, using HPLC. The reaction mixture contained a
final volume of 1 ml (Tris-HCl buffer; 5 mM; pH 8.8), 100 lmol L-
phenylalanine or L-tyrosine, and an appropriate amount of cell extract.
The reaction was carried out in Eppendorf test tubes (1.5 ml) and
incubated at 30�C for 20 minutes (unless other wise mentioned);
proteins were eliminated by acidification with 10% (w/v; 100 mg.ml-1)
TCA, centrifuged (12000 x g for 5 minutes), and analyzed by injecting
20 ll clear supernatants in HPLC.

Analytic determinations. Growth was measured turbidometrically as
optical density (OD) at 660 nm. Biomass yield was estimated using
an OD-versus-dry weight graph (0.1 OD at 660 nm = 0.15 mg dry
wt.ml–1). HPLC analysis of substrates and products was performed at
room temperature using a Shimadzu SPD-10AVP isocratic system.
Methanol and water (1:1) was used as solvent at 2.0 ml.min–1 using a
Luna 5-lC18 (2) 100A column (250 x 4.6mm), and the compoundswere
detected using an ultraviolet light–visible light detector at 300 nm for 4-
hydroxycinnamate and at 200 nm for trans-cinnamate, L-phenylalanine,
L-tyrosine, phenylpyruvate, and 4-hydroxyphenylpyruvate. The
metabolites were identified based on their retention time and by
comparing them with the standards. Identification of the metabolites
was also based on their molecular masses determined through liquid
chromatography–mass spectrometry (LC-MS) analysis. This was
carried out on Shimadzu LC-MS (LCMS-2010A). Analysis was
performed at 40�C (LC column oven) and 85�C (MS ionization
chamber). Methanol and water (1:1) was used as solvent at 0.2 ml.min–1

using a Luna 5 l C18 (2) 100A column (250 x 4.6 mm), and the
compounds were detected (by way of LC) at 254 nm. The column
effluent from the LC was nebulized into an atmospheric pressure
chemical ionization region under nitrogen gas for generating molecular
masses.

Results and Discussion

Growth on trans-cinnamate. Photoheterotrophic or
chemoheterotrophic growth of Rba. sphaeroides OU5
was not observed when trans-cinnamate was used as
sole source of carbon/e– donor. The 50% inhibition
concentration of trans-cinnamate on photoheterotrophic
(malate as carbon source/e–donor) growth of Rba.

sphaeroides OU5 was approximately 4.5 mM (data not
shown).

Use of trans-cinnamate by resting cells. Growing cells
of Rba. sphaeroides OU5 could not use trans-cinnamate
when it was supplemented to the photoheterotrophic
medium with malate (carbon source/e– donor) and
ammonium chloride (nitrogen source). Therefore,
resting cell suspensions were assayed for its use in a
basal medium with out any supplements (carbon or
nitrogen). Although the biomass remained constant, use
of trans-cinnamate was observed after a lag period of
approximately 24 hours, and the substrate (0.5 mM) was
completely used with in another 24 hours (Fig. 1).
Because the substrate did not support growth of Rba.
sphaeroides OU5 as carbon source or e– donor, which
occurs through a dissimilatory (degradation) process, we
consider the use of trans-cinnamate to be assimilatory in
nature. Under the assay conditions, complete (100%) use of
trans-cinnamate was observed until 0.5mM, at which point
use gradually decreased to 10% at 4.5 mM. In addition to
trans-cinnamate, assimilation was also observed with 4-
hydroxycinnamate,whereas benzoate and its derivatives (2-
hydroxybenzoate, 4-hydroxybenzoate, 2-carboxybenzoate,
2-aminobenzoate), L-phenylalanine, and phenylpyruvate
were not assimilated by Rba. sphaeroides OU5 under the
assay conditions used. Although we do not have any
experimental evidence from our work or from that of
others, this can be plausibly explained as being caused by
diffusional barriers. In addition, trans-cinnamate
assimilation was inhibited by the presence of organic
substrates (substrates tested are listed in Table 1). Trans-
cinnamate assimilation, however, could not be
demonstrated under aerobic dark conditions.

Expected products of assimilation of trans-cinna-
mate by Rba. sphaeroides OU5, such as phenylalanine
or tyrosine, could not be detected in the resting cell

Table 1. Biomass yield, utilization of trans-cinnamate, and product formation by growing cells of Rba. sphaeroides OU5 in the presence of
different carbon substratesa

Trans-cinnamate + other substrate
(0.3% w/v)

Biomass yield
(mg dry wt.ml–1)

Trans-cinnamate
consumed (lM)

Products (lM)

Phenylalanine Tyrosine Total Recovery (%)

Control (with out other substrates) 0.1 150 115 33 148 99
Malate 2.2 0 0 0 0 NA
Succinate 1.6 0 0 0 0 NA
Fumarate 2.3 0 0 0 0 NA
a-ketoglutarate 0.3 270 270 0 270 100
Pyruvate 1.8 250 164 83 247 99
Acetate 1.6 0 0 0 0 NA
Glucose 0.6 500 351 0 351 70

a Cells of Rba. sphaeroides OU5 were allowed to grow phototrophically for 48 hours in the presence of the substrates and assayed. NA = Not
applicable.
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assay supernatants. Therefore, another set of assays was
conducted, with chloramphenicol included, and both
phenylpyruvate and phenylalanine were detected in the
assay supernatant (Fig. 2) in stoichiometry to the trans-
cinnamate consumed. These results indicate that the
product of trans-cinnamate, i.e., phenylalanine, may be
incorporated directly into the proteins and thus support
the assimilatory metabolism of trans-cinnamate in Rba.
sphaeroides OU5.

Use of trans-cinnamate by growing cells. Because
trans-cinnamate assimilation was not observed during
growth of Rba. sphaeroides OU5 in photoheterotrophic
medium with malate as carbon source/e– donor, a
number of other substrates were screened (Table 1).
Growth of Rba. sphaeroides occurred on all the
substrates tested. However, assimilation of trans-
cinnamate varied and was dependent on the growth
substrate used. The extent of assimilation was
independent of the biomass yields obtained with the
substrates tested. Among the substrates tested (Table 1),
i.e., acetate, malate, succinate, and fumarate inhibited
trans-cinnamate assimilation by Rba. sphaeroides OU5,
whereas glucose, pyruvate, and a-ketoglutarate
promoted such assimilation.

In the absence of trans-cinnamate, extracellular
production of phenylalanine or tyrosine was not ob-
served in the culture supernatants with respect to various
substrates tested (data not shown; substrates tested are
listed in Table 1). However, in the presence of trans-
cinnamate, both phenylalanine and/or tyrosine were
observed in the culture supernatants with various sub-
strates in near stoichiometric ratios (Table 1). Compared
with the resting cells, in which detection of phenylala-
nine and tyrosine was dependent on the presence of

chloramphenicol, phenylalanine and tyrosine were ob-
served in the culture supernatants of growing cells
without addition of chloramphenicol (Table 1). Under
normal growth conditions, in the absence of trans-cin-
namate, Rba. sphaeroides OU5 cells do not overproduce
phenylalanine or tyrosine, although in the presence of
trans-cinnamate, the cells overaccumulate these com-
pounds. We also demonstrated the products of trans-
cinnamate metabolism using cell-free extracts of Rba.
sphaeroides OU5 (Fig. 3). The 10-minute analysis
shown in Fig. 3 resulted in nonstoichiomethic yields of
phenylalanine and tyrosine compared with the complete
loss of such in trans-cinnamate. The nonstoichimetric
yields of products of trans-cinnamate could be explained
as being caused by the accumulation of intermediates,
i.e., phenylpyruvate and 4-hydroxyphenyl pyruvate,
which were detected in the LC-MS chromatogram.

Enzymes involved in trans-cinnamate assimi-
lation. Production of either trans-cinnamate or 4-
hydroxycinnamate, from phenylalanine or tyrosine by
the action of PAL or TAL, respectively, was not
observed in Rba. sphaeroides OU5. These results
indicated that neither of these enzymes may be
involved in the assimilation of trans-cinnamate by
Rba. sphaeroides OU5. Trans-cinnamate assimilation
proceeds probably first through oxidation followed by
transamination, resulting in the synthesis of
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Fig. 1. Photoassimilation of trans-cinnamate by resting cells of Rba.
sphaeroides OU5.

1.0 2.0

0.8

mV

0

Time (min)

Without 
chloramphenicol

With 
chloramphenicol

Phenylalanine

Phenylpyruvate

Trans-cinnamate

Fig. 2. HPLC chromatogram (at 200 nm) showing the products of
trans-cinnamate by resting cells of Rba. sphaeroides OU5 when treated
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assay done after 48 hours, at which time phenylpyruvate and phenyl-
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loss of trans-cinnamate (250 lM).

412 CURRENT MICROBIOLOGY Vol. 54 (2007)



phenylalanine or tyrosine. Although TAL activity was
reported earlier in a closely related species, Rba.
capsulatus [3], so far there have been no reports of
PAL among anoxygenic phototrophs, although the same
was recently reported from a number of other bacterial
species [8].

Conclusion

Trans-cinnamate use as sole carbon/e– source by Rba.
palustris has been previously reported [2, 7] and the
compound has also been used for the selective enrich-
ment of this bacterium [4]. Our study, for the first time
(to the best of our knowledge), clearly indicated that
aromatic molecules, such as trans-cinnamate, can be
assimilated by Rba. sphaeroides OU5 directly into
proteins rather than using the substrate as sole source of
carbon/e–. Incorporation of exogenously supplemented
L-phenylalanine directly into proteins by Escherichia

coli [5] (not observed in our study) can strongly support
our study of trans-cinnamate being used for protein
synthesis. Furthermore, trans-cinnamate could be a po-
tential inhibitor of ‘‘de novo’’ synthesis of aromatic
amino acids because the molecule is an analogue of
phenylalanine and tyrosine. Thus, under the present as-
say conditions, trans-cinnamate is involved in the syn-
thesis of phenylalanine and tyrosine. Our study widens
the scope of investigation into diversified aromatic
molecules supporting assimilatory aromatic metabolism,
although thus far, investigations on aromatic hydrocar-
bon microbial metabolism have focused mainly on dis-
similatory (degradation) metabolism.
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