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ABSTRACT }

Globdly plagic waste accumulates in the environment a the rate of about 30
million tonnes per year. Problems associaed with globd environment and solid wedte
management have generated interest in the development of nove plagics. These, while
retaining the desred propertties of conventiond synthetic plagticss must dso be
biodegradable.  Among the various biodegradable plagics avalable, there is growing
interest in the group of polymers known as polyhydroxyadkanoaies (PHAS). PHAs are
polyesers of various hydroxyakanoste monomers which accumulae as granular
indusons in the cytoplasm of vaious becterid cdls Of dl the PHAs poly(3-
hydroxybutyrate) (PHB) has attracted condderable interet as a candidate for
biodegradade and biocompatible plasics PHAs have immense gpplications as
packaging films disposable items, bone replacements; blood vessd  replacements,
scaffold materid in tissue engineering of heart valves etc.

PHB biosynthetic pathway involves sequentid action of three genes phaA
encoding for b - ketothiolase, phaB encoding for NADPH dependent acetoacetyl CoA-
reductase and phaC encoding for PHA synthase.

Sreptomyces  gpecies are  Gram-podtive soil  bacteria Sreptomyces DNA  is
remarkable for its high G+C cotent of more than 70%, probably the highest of dl
eubacteria They disdlay a complex life cyde, which culminaies in spore formation and
involves the production of a large number of secondary metabolites such as enzyme
inhibitors,  herbicides and over 70% of naurdly occurring anttibiotics  These
characterigtics make this genus an attractive research subject from both academic and
gpplication point of view.

In our laboratory, a the Nationa Chemicd Laboratory, Pune India reseerch on
PHB synthess by Streptomyces aureofaciens NRRL 2209 was initiated. Streptomyces
aureofaciens patid Sau3A | genomic librasy was congdructed in pGEM-3Z plasmid
vector. The main features of the present thesisare:

1. Isolaion and doning of the PHA syntheszing genes from Streptomyces

aureofaciens NRRL 2209
2. Sequencing and sequence analysis of a ~5.0 kb genomic DNA fragment of
Streptomyces aureofaciens harboring the PHB biosynthetic genes



3. PHB synthesizing genes from Streptomyces aureofaciens NRRL 2209:
Heterologous expression in Escherichia coli

1. Isolation and cloning of the PHA syntheszing genes from Streptomyces
aureofaciens NRRL 2209
Cultural studieswith Sreptomyces aureofaciens NRRL 2209 for accumulation of PHB
S aureofaciens cdls grown in Kannan — Rehacek medium were stained with
Nile blue-A and obsarved under fluorescence microscope. The cdls  showed
characterisic  orange fluorescence indicating  intracellular  accumulation  of  PHA
granules. Freeze-dried cdls of S aureofaciens when andyzed by gas chromatography
reveded the accumulated PHA to be poly(3-hydroxybutyrate). Maximum accumulation
of 24% PHB of cell dry weight was achieved in 16h of culture.

Isolation of PHB synthesizing genes from S. aureofaciens NRRL 2209

Sreptomyces aureofaciens Sau3A | patid genomic library in Escherichia coli
was screened for the presence of phaC (PHA synthese) gene by colony hybridization
usng 3 region of the phaCs gene of Ralstonia eutropha as the hybridization probe.
Pasnid DNA was isolatled from 12 podtive cdones and was further subjected to
Southern  hybridizetion usng the 3'region of the phaCse gene of Ralstonia eutropha.
Based on sgnd intendty three clones were sdected and the Escherichia coli cdls
harboring putative phaCs, clones were checked for PHA accumulation by fluorescence
microscopy and gas chromatography. Recombinant E. coli cels harboring pSa240 clone
showed characteridic orange fluorescence when dained with Nile blue-A. GC andyss
reveded a pesk corresponding to the propyl eter of sandard PHB. Thus, Plasmid
pSa240 which contans an goproximate 5.0 kb Sau3A | genomic DNA fragment from S
aureofaciens NRRL 2209, agpparently caries dl the necessxy genetic information to
order and direct poly(3-hydroxybutyrate) synthess in recombinant Escerichia coli
harboring it.

2. Sequencing and sequence analysis of a ~5.0 kb genomic DNA fragment of
Streptomyces aureofaciens har boring the PHB biosynthetic genes
pSa240 plasmid DNA was redricion digested with vaious redriction
endonucleases singly and in combinations. A restriction endonuclease mgp of the insart
was generated. To get the complete nucleotide sequence of the ~ 5.0 kb DNA insart nine



overlgpping subclones were generated. Attempts were made to sequence these. But due
to high G+C cotent of S. aureofaciens, nine subcdones proved insuffident to get
complete sequence data Theefore TnS trangposon insertion system was used to
generate frequent and overlgpping DNA sequences. These were sequenced to derive a
sequence of 4826 bp. This sequence has 746% G+C content. The redriction
endonuclease mep of this sequence matches the one generated earlier. The sequence was
andyzed usng Frameplot method for predicting protein coding region of bacterid DNA
with high G+C content. Sx ORFs with GTG as the dat codon and four ORFs with
ATG as dat codon were obtained. None of these showed sequence Smilarity with any
of the reported sequences a amino acid leve. ORF 3, however, did show presence of a
lipase box matif found in dl the polyhydroxydkanoate synthase (phaC) genes reported
tilldate. ORF 3 d0 has two hidtidine residues present as Gly*?-His™ and AgF®-His™
dyads, probably forming a pat of the cadytic triad, needed for synthase function. This
ORF hes dl the atributes of a putative phaCs, gene. ORF 5 shows the presence of
NADP binding ste & its 5 end indicaing it to be putaive NADPH dependent
acetoacetyl-CoA reductase (phaBs) gene Putative promoter regions, ribosome binding
gtes and transcription termination Site have been identified for ORF 3 and ORF 5. ORF
4 shows dgnificant homology with the hypotheticd regulatory protein of Streptomyces
coelicolor. No ORF wasfound towhich b - ketothiolase function could be assigned.

b-ketothiolase and NADPH dependent acetoacetyl Co-A  reductase activities
were determined in crude cdlular extracts of untransformed and recombinant E. coli. b-
ketothiolase levels were dmilar in untrandformed and recombinant E. coli  while
NADPH dependant acetoacetyl-CoA reductase activity was detected only in the
recombinant E. coli.

Trangposon insartion clones with one or more of the ORFs disupted were
andyzed for PHB accumulation and NADPH dependent acetoacetyl-CoA reductase.
Based on results obtained, it was concluded that ORF 3 (or 8) and ORF 5 codes for PHA
gsynthase and NADPH dependent acetoacetyl-CoA reductase respectively. The pSa240
DNA fragment from S aureofaciens probably does not carry the phaA gene and the host
E. coli provides this function. In the eventudity of the E. coli catabolic b-ketothiolase
not participating in PHB synthess, intermediates of fetty acid b-oxidation or fetty acid
synthesis might be channdlized to PHB biosynthesis in recombinant E. coli.



3. PHB synthesizing genes from Streptomyces aureofaciens NRRL 2209:

Heter ologous expression in Escherichia coli

The wdl-defined physologicd environment, biochemistry and gendlics  of
Escherichia coli make it a perfect host for heterologous expression of foreign proteins.

PHB accumulation in recombinant E. coli harboring pSs240 cdone from S
aureofaciens was dudied in complex medium supplemented with different ‘C’ sources
(such as glyceral, glucose, molasses, pam ail, sucrose and ethanol) and nitrogen sources
(as yeast extract, peptone and corn deep liquor). Glycerol and yeast extract-peptone
were found to support meximum PHB accumulaion in recombinant E. coli. PHB
accumulaion in recombinant E. coli was dudied in defined media supplemented with
different amino acids. The results were analyzed using 2 factorid analysis

PHB was extracted from the recombinant E. coli usng chloroform, sodium
hypochlorite disperson followed by nonsolvent precipitation. The PHB was further
characterized by, (i) NMR spectroscopy, (i) Gel permestion chromatogrgphy and (i)
Scanning € ectron microscopy.

The identity of PHB was confirmed by NMR andyss of polymer extracted from
recombinant phas,’ E. coli. Gd permedion chromaography sudies of  polymer
extracted from recombinant phas,” E. coli reveded weight average molecular weight
(Mw), number average molecular weght (Mn) and polydispersty index (P1) of the
polymer to be 285 x 10°, 1065 x 10° and 264 respectivdy. The PHB granules
extracted from recombinant phas, E. coli were sphericd in shape as observed by SEM.
The sze didribution of PHB granules ranged from 0.11 to 0.35 nm with the meen vaue
of 023 £0.06 mm.



CHAPTER 1

GENERAL INTRODUCTION




As a rule, synthetic polymers are reatively inexpensve materids developed for
durability, rigidity, permesbility and transparency. These conveniences enhance the
qudity and comfort of life in modern society. The intringc qudities of durability and
resstance to degradation have over the last two decades been increasingly regarded as a
source of environmentd and waste management problem emanating from plagic
materids (Poirier et al. 1995). The fact that a mgor portion of domedic wade
comprises of non-biodegradable plagics a great ded of interest has developed in
recyding plagics and in producing plagic materids that can be safdy and eedly
digposed off in the environment. One option is to produce truly biodegradable polymers,
which may be used in the same gpplications as the exiging synthetic polymers. These
materids, however, must be processble, impervious to water and retan ther integrity
during normd use but readily degrade in a biologicdly rich enwvironment. Severd
different types of degradaions occur in the environment. These include biodegradation,
photodegradation, oxidation, and hydrdyss However, a fully biodegradeble polymer is
defined as a polymer tha is enzymaicdly and completdy conveted by living
organiams, usudly microorganiams, to cabon dioxide, waer and humic materid (in
cax of anaerobic biodegradation, to carbon dioxide, methane and humic materid).
Biodegradable materids under development incdude polylactides, polyglycolic  adids
polyhydroxyakanoates (PHAS), diphatic polyeters, polysaccharides and ther co-
polymers and/or blends (Steinbliche, 1991).

1.1  Polyhydroxyalkanoates (PHAS)

PHAs ae polyesters of various hydroxyakanoate monomers (Fig. 1.1). The firg
PHA, the homopolymer poly(3hydroxybutyrate) (PHB) was discovered by Maurice
Lemoigne in 1925 (Jackson and Sienc 1994). Approximady 150 different
hydroxyalkanoic acids are a present known as condituents of these bacterid dtorage
polyesters (Steinbiiche and Vdentin 1995). PHAs syntheszed by many Gram postive
and Gram negative bacteria as sorage compounds are deposited as insoluble incusions
in the cytoplaam (Senbichd 1991). These water inluble PHAs exhibit rather high
molecular weights, thermoplastic and/or dastomeric festures and some other interesting
physcd and materid properties The man hindrance in use of PHAS as replacement for
exiging petroleum based plagtics is their higher cost of production. Inputs in the aress
such as isoldion of new PHA accumulating wild type dgrains isolaions of genes
directing PHA synthess, molecular characterization of PHA synthesizing genes, in



vivo/in vitro metabolic engineering for PHA production would ad in efficent and cost
effective production of PHAS.

12  Propertiesof PHAS

PHAs ae a family of opticdly active biologicd polyesters containing (R)-3HA
monomer units (Anderson and Dawes 1990). The 3-hydroxyakanoic acids are dl in the
R configuration due to the dtereospecificity of the polymerizing enzyme, PHA synthase.
In one rare case a smdl portion of the S monomers were aso detected (Haywood et al.
1991). At the G3 or b padtion, an dkyl group, which can vary from methyl to tridecyl
is podtioned. This dkyl chan can be saurated, aromdic, unsaturated, haogenaed,
gpoxidized or with branched monomers (Abe et al. 1990, Doi and Abe 1990, Fritzsche
et a. 1990a b ¢, Kim et al. 1991, Kim et al. 1992b, Choi and Yoon 1994, Hazer et al.
1994, Culey et al. 1996, Song and Yoon 1996, Garda et al. 1999, Arkin et al. 2000).
Along with the variaion in the dkyl subdtituent, the postion of the hydroxyl group is
vaidble and 4-, 5 and 6 hydroxyacids have been incorporated. Side chains can be
modified further to get different PHAs (de Koning et al. 1994, Gagnon et al. 19944 b).
Such a vast aray of variations forms the bass for diversty of the PHA polymer family.
PHAs are insoluble in water and exhibit a rather high degree of polymerization ranging
from 10° to dmost 10’ Da They are nontoxic and biocompetible,

PHASs are classfied as ssc — PHAs, msc — PHAs and Isc — PHAS based on short,
medium and long chan length, respectivdy, of hydroxyadkanoic add monomers
(Steinbiichd et al. 1992). ssc — PHAs are composed of G to G 3-hydroxy/4-hydroxy
faty acids. Poly(3hydroxybutyrate) (PHB), the fird of the PHAs to be sudied
extensvely fdls in this group of PHAs msc — PHAs ae composed of Cs to Cis 3-
hydroxy faty adds This group incdudes polymers such as poly(3-hydroxyhexanosae)
P(3HHX), poly(3-hydroxyheptanoate) P(3HHp),  poly(3-hydroxyoctanoate)  P(3HO),
poly(3-hydroxydodecanoate) (3HDD), etc. The term Isc — PHAs is reserved for the
PHAs composed of more than Cig 3-hydroxy faity acids. These classes are d<0 referred
to as scl-, md- and IckPHAS.

PHB, the most wel known member of the PHAS, is an isotactic polymer. It
exigs in a fluid amorphous date within the cdl (Ellar et al. 1968, Duriop and Robards
1973, Banad ad Sanders 1989, Dol 1990, Lauwzier et al. 1992). However, freeze-
drying/organic  solvent trestment during its extraction irreversbly converts it to a



cyddline sae (Hahn et al. 1995). In this cryddline dae PHB is 4iff but brittle
materid. The glass trangtion temperature and meting temperature for PHB are 4°C and
180°C respectively (Sudesh et al. 2000). The specdific density is 1.25 g /enT (Ramsay et
a. 1993). It is moidure resgant, shows piezodectric effect and above dl is truly and
completdy biodegradable (Barham et al. 1984, Dol 1990, Steinbiiche 1991).

The properties of some PHAs and synthetic polymers are shown in Table 1.1 for
comparison (Lee 19963, Poirier et al. 1995, Chen et al. 2000, Sudesh et al. 2000).

13  Usesand applications of PHAsS

PHAs ae naurd themoplagic polyesters, which can be replacements for
petrochemical polymers currently in use for packaging and coating gpplications. They
can be usad for consumer packaging items such as bottles, cosmetic containers, pens and
gof-tees. They have been used as hot-mdt adhesves (Madison and Huismen 1999).
Thee can be used for manufacture of digposable items such as razors, utensils, digpers
or different persond hygiene products (Lee 1996a). PHAs have been processed into
fibers, which then were used to condruct materids such as nonwoven fabrics (Sted and
Norton-Berry 1986). They can be used in the manufacture of latex paints (Steinblche
2001). PHAs dso promise to be a new source of smdl molecules, some of which have
potentid  gpplications as biodegradable solvents. Thee indude b-hydroxy acids 2-
dkenoic adds, b-hydroxydkanols b-acyllectones, b-amino acids, and  b-hydroxyacid
esers (Williams and Peoples 1996). Synthesis of PHAS in plants can be used as a new
tool to sudy the qudity and rdaive quantity of the carbon flow through beta-oxidation
as wel as to andyze the degradation pathway of unusud faty acids (Mittendorf et al.
1999). Trangyenic Arabidopsis expressng the pha synthase from Pseudomonas
aeruginosa in peroxisomes has been usad to andyze how faty acids having a double
bond & an even numbered carbon are degraded (Allenbach and Poirier 2000).

PHAs being biodegradeble and biocompatible have gpplications in  medicad
thergpeutics. PHAs can be used to fabricate three-dimensond, porous, biodegradable
heart vave scaffold (Sodian et al. 2000a, b, c), in bone fracture fixation (Gaego et al.
2000), in manufacture of surgicd pins, sutures, dgples, swebs fixation rods and
cadiovascular stents (Scholz 2000). PHAS can be used as cariers for long term dow
rdease of drugs, insecticides herbicides and fertilizers and in wound dressng (Lee
1996a). The biomedicd fidd is in need of tissue adhesves and tissue sedlants,
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Fig 1.1 Chemicd gructure of PHAs m = 1,23, yet m = 1 iscommon,
‘n’ can range from 100 to severd thousands. ‘R’ isvariable.
Whenm =1, R = CHz, the monomer dructure is 3-hydroxybutyrate.
Whilem =1, R = C3Hy, it is a 3-hydroxyhexanoate monomer.

Tablel.1 Properties of some PHASs and synthetic polymers (Lee 19963,
Poirier et al. 1995, Chen et al. 2000, Sudesh et al. 2000)

Polymer Méting Glass-transition Young's Elongation Tensle
Temperature temperature modulus tobreak  drength
°C °C GPA % MPa
P(3HB) 180 4 35 5 40
P(3HB-co- 145 -1 - - 32
3HV)*
P(4HB) 53 -48 149 1000 104
PHAM 45-54 -25t0— 40 - - -
Polypropylene 176 -10 17 400 345
Polysyrene 240 100 31 - 50

* P(HB-HV) copolymer containing 20 mol% C5 and 80 mol% C4 monomers

sft tisue filles to replace collagenand tissue adheson preventives for the
treatment of severe burns to mention just a few of the current chdlenges. PHAs and
modified PHAs will be conddered in the future as candidaies for an incressng
variety of biomedicd chdlenges



14  Physiology of PHA metabolism

Bacteria that are used for the production of PHAs can be divided into two groups
based on the culture conditions required for PHA synthesis. The firgt group that includes
Ralstonia eutropha, methylotrophs, and pseudomonads, require the limitation of an
essentid nutrient dement in the presence of an excess carbon source for efficient
gynthess of PHAs The second group which includes Alcaligenes latus, Azotobacter
vindandii and recombinant Escherichia coli, does not require nutrient limitation for
PHA synthess and can accumulae PHA during growth (Wang and Lee 1997).
However, even in Alcaligenes latus PHB synthess is enhanced by nitrogen limitation
suggesting thet this growth during PHA accumulation is not an efficient process.

PHAs ae dored as intracdlular cytoplasmic incdusons Intracdlular depogtion of
metabolites as a reduced polymer provides the advantage that they become unavalable
as a cabon source for the competing organisms, and that they are osmoticdly inert and
do not therefore affect the osmotic pressure of the cdls (Steinbichd 1991). The
presence of PHB in a cdl frequently, but not universdly, retards the degradaion of
cdlular components such as RNA and proteins during nutrient Sarvation. PHB
enhances survival of some, but not al, of the bacteria and serves as a carbon and energy
source for gpore formation in Bacillus sp. (Anderson and Dawes 1990). Smilarly, PHB
acts as a carbon and energy source for the encystment of azotobacters.

Senior and Dawes (1971) proposed that PHAs serve as a sink for reducing power
and could therefore be regarded as a redox regulator within the cdl. 1t was found that for
the members of the Azotobacteriacese, the reductive step of PHA synthesis appeared to
serve as an dectron sink for the reducing power, which accumulaied when dectron flow
through the dectron transfer chain was affected as a consequence of oxygen limitation
(Senior and Dawes 1973).

In Ralstonia eutropha and Rhodospirillum rubrum the PHA biosynthess
indudes pyridine nudeotide dependent reduction of acetoacetyl-CoA. Thus, PHB is a
gnk for reducing eguivaents and the can be conddered to be a fermentation product. By
contrast, in Pseudomonas oleovorans and P. aeruginosa, oxygen deficency exets a
negative effect on the accumulation of PHA, because in these organiams either reducing
equivaents are formed or energy in the form of ATP is consumed (Steinbiichel 1991).

In Rhizobium and Bradyrhizobium japonicum, a the becteroid Sage, the
nitrogen fixation apparaus competes with PHB formation for reducing equivdents
(Povolo et al. 1994). Rhizobium gppaently evolved mechanisms to mantan a



functiond TCA cyde under anaerobic or microaerobic conditions. In the bacteroids, the
TCA cyde may be limited by the redox state of NADH/NAD® a the 2-ketoglurate-
dehydrogenase complex, and a number of pathways may be involved in bypassng this
block. These pathways include PHB synthess glutamate synthess, glycogen synthess,
GABA shunt and glutamine cyding (Poole and Allaway 2000).

The lipidic poymer PHB found in the plasma membranes of Escherichia coli
complexed to cadcum polyphosphate reportedly functions as cdcdum channds and ae
probably evolutionary antecedents of protein Ca?* channds (Reusch and Sedoff 1988,
Reusch et al. 1995). The Sreptomyces lividans KcsA potassum channd was found to
contain  paly-(R)-3-hydroxybutyrate. KcsA protein crestes an  environment such that
discrimination between K(+) and Na(+) is accomplished by adjugting the ligand
geomelry in caion binding cavities formed by PHB and polyP (Reusch 1999). PHB and
polyP have dso been found in human erythrocyte Ca?*-ATPase pump, indicaing that
these probably ae supramolecular dructures in which protens polyP and PHB
cooperate in forming wel-regulated and spedfic cation trandfer systems (Reusch 2000).
PHB has ds0 been found to be a condituent of the membranes and the cytoplasms of
geneticdly competent Azotobacter vinelandii, Bacillus subtilis, Haemophilus influenzae
and Escherichia coli, and is thought to play an important role in transmembrane
trangport of DNA (Reusch and Sadoff 1983, Reusch et al. 1986).

It is increesingly convincing that PHA, especidly PHB, is not jus an inat dorage
polymer confined to certan bacteria, but is indead a ubiquitous, interactive, solvating
biopolymer involved in important physologicd functions This low molecular weight
non-storage PHA referred to as cP(3HB) (c-complexed) is asxociaged to  other
mecromolecules and is widdy digributed in  bidogicd cdls beng found in
representative organisms of nearly dl phyla (Reusch 1995, Huang and Reusch 1996).

1.5 PHA biosynthesis
Naure has evolved severd different pathways for PHA formation, each
optimized for the ecologicd niche of the PHA producing microorganiams These
include:
PHA biosynthesis represented by Ralstonia eutropha,
PHA synthesiswith an enoyl-CoA hydratase,
Methylmaonyl-CoA pathway for P(3HB-3HV) synthesis from sugars,
msc-PHAS biosynthesis from fatty acids represented by the pseudomonads,



msc-PHAs biosynthesis from carbohydrates represented by the pseudomonads

1.5.1 PHA biosynthesisrepresented by Ralstonia eutropha

The PHA-biosynthetic pathway in Ralstonia eutropha is most extensvey
dudied. In this bacterium, PHB is syntheszed from acetyl-CoA by sequentid action of
three enzymes (Fig. 1.2). Biosynthetic ketothiolase (EC 2.3.1.9) catdyses the formation
of a cabon-cabon bond by a biologicd Clasen condenstion of two acetyl-CoA
moieties (Masamune et al. 1989a b). NADPH dependent acetoacetyl-CoA reductase
(EC 1.1.1.36) catalyses the stereosdective reduction of acetoacetyl-CoA formed in the
fird reection to R-(-)-3-hydroxybutyryl CoA. The third reection of this pahway is
cadyzed by the enzyme PHA synthase that cadyzes the polymerization of R-(-)-3
hydroxybutyryl-CoA to form PHB. The EC number is yet to be assigned to PHA
gynthase (Steinbiiche and Schlegd 1991, Bdova et al. 1997).

The nature of the polyester depends on the specific bacterium, the biosynthetic
enzyme, the genetic background, the subdrate(s) and the growth conditions. Various
cabon sources can be utilized by R eutropha for growth and/or PHA production.
Addition of propionic add or vdeic add to the growth medium contaning glucose
leeds to the production of a random copolymer composed of 3-hydroxybutyrate and 3
hydroxyvderate (Fig. 1.2). Successful utilization of lactic acid and plant oils for PHB
production has dso been reported (Linko and Vaheri 1993, Fukui and Doi 1998). Under
autotrophic conditions R. eutropha can dso utilize carbon dioxide for the production of
P(3HB) (Taga et al. 1997). R eutropha is ds0 capable of accumulating PHA from
specidized cabon sources such as  4-hydroxybutyric acid, gbutyrolactone and 14
butanediol which give rise to the incorporaion of 4HB monomes dong with 3HB
(Sudesh et al. 2000).

Two b-ketothiolases are reported from R. eutropha, which together accept C4 to
a leet Cl0 b-ketoacyl-CoAs (Haywood et al. 19883). The NADPH dependent

acetoacetyl-CoA reductase, however, has been shown to be active with C4 to C6 b-
ketoacyl-CoAs to generate D (-)-3-3hydroxyacyl-CoAs (Haywood et al. 1988b). In R
eutropha, the PHAs formed generdly contans monomes having only 35 carbon
aoms Thishasled to the concdlusonthet in R. eutropha, the PHA synthase enzymeis
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only active towards sc-HA. However, the podtion of the oxidized cabon in the
monomer doesn't seem to be a crudd factor, which explains the incorporation of 4-HA
besdes the more common 3-HA (Doi et al. 1990, Seinbichd et al. 1994). Recent
findings, however, indicate that the polymerizing enzyme of R. eutropha may actudly
have a broader range of subdrate specificity. This was evident when the PHA synthase
gene of R. eutropha was expressed in a heterologous environment which can provide for
a wider range of HA monomers. At presant it has been shown that R. eutropha PHA
synthase can incorporate 3HO and 3HDD units (Antonio et al. 2000, Clemente et al.

2000).

1.5.2 PHA synthesiswith an enoyl-CoA hydratase

In Rhodospirillum rubrum Maoskowitz and Merrick (1969) proposed a pathway
that included two hydratases, one specific for the R enantiomer and the other specific for
the S enantiomer (Fig. 1.3). In Aeromonas caviae the PHA biosynthetic pathway
proceeds from enoyl-CoA derivaives of the fatty acid oxidation pathway (Fig. 1.4).
Phal converts crotonyl-CoA, pentenoyl-CoA and hexenoyFCoA to PHA precursors but
it does not convet octenoyl-CoA (Fukui and Do 1997, Fukui et al. 1998).
Methylobacterium rhodesenium again, uses two hydratases for PHB synthess (Mothes
and Babd 1995). Along with two hydratases this bacterium has two conditutive
acetoacetyl-CoA reductases, one NADH dependent and the other NADPH dependent
(Mothes and Babd 1994). These four enzymes work in combination under different
conditions to synthesize 3-hydroxybutyry CoA needed for PHB formation.

153 Mehylmadonyl-CoA pathway for P(BHB-3HV) synthesis from sugars

In Rhodococcus ruber and Nocardia corallina, during P(3HB-3HV) syntheds
monomers are derived from both the fatty acid degradation pathway and the traditiond
R. eutropha PHB biosynthetic pathway. In this pathway referred to as methylmaonyl-
CoA pahway, succinyl-CoA is conveted to mehylmdonyl-CoA, which is
decarboxylated to propionyl-CoA tha is incorporated in P(3HB-3HV) (Fig. 15)
(Williams et al. 1994, Vdentin and Dennis 1996).
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1.5.4 msc-PHAsbiosynthesis from fatty acidsrepresented by the pseudomonads

msc-PHAs were firg discovered in Pseudomonas oleovorans grown on octane
(DeSmet et al. 1983). The indusons formed were detemined to be made of a
copolyeter  condging of 8%  (R)-3-hydroxyoctancate and 11% (R-3
hydroxyhexanoate (Lageveen et al. 1988). PHAS formed by pseudomonads of the rRNA
homology group | were directly rdaed to the dructure of the dkane, dkene or faity
acid carbon source (Lagaveen et al. 1988, Brandl et al. 1988, Huisman et al. 1989). The
compogtion of the polymers depends on the length of the cabon backbone of the
subdtrate used. For C-even subdrates, only C-even monomers were found, the smdlest
was 3HHx. For C-odd subgrates only C-odd monomers were found, with 3HHp being
the smallest monomer.

In pseudomonads, the intermediaies of faty acdid oxiddion ae used as
precursors for PHA biosynthess (Fig. 1.6). In this pathway, faity acids are degraded by
the removd of C, units as acetyFCoA. The acyl-CoA thus formed is oxidized to 3-
ketoacyl-CoA  via 3-hydroxyacyl-CoA intermediates (Lageveen et al. 1988). The
subgrate  specificity of this msc-PHA  synthase ranges from C6 to Cl4 (R-3
hydroxyakanoyl-CoAs, with preference for the C8, C9 and C10 monomers (Huisman et
al. 1989). However, the intermediate of b-oxidation pathway is (S-hydroxyacylCoA.
For PHA biogynthess (§ form needs to be converted to (R)-hydroxyacylCoA.
Whether this PHA precursor is the product of a reaction catdyzed by a hydratase, by the
epimerase  activity of the b-oxidation complex, or by a spedfic 3-ketoacyl-CoA
reductase is unknown.

155 mscPHAs biosynthess from carbohydrates represented by the

pseudomonads

Mog of the rRNA homology group | pseudomonads except P. oleovorans can
dsn synthesze PHA containing msc/md monomers from unrdaed carbon sources such
as cabohydrates gluconate, fructose, acetate, glycerol and lactate. PHA accumulated
contains 3-hydroxydecanoate as the predominant monomer (Anderson and Dawes
1990). Psudomonads that have shown to possess this pathway ae P. aeruginosa, P.
aureofaciens, P. citrondlolis, P. mendocina, P. putida, P. chlororaphis, P. marginalis
and Pseudomonas sp. dran DSM 1650 (Haywood et al. 1990, Timm and Seinbiichd
1990, Steinbiichel 1991). In this pathway, the 3-hydroxyacyl monomersare derived
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from the de novo faty acid biosynthess pathway (Fig. 1.7) (Huijberts et al. 1992). The
intermediates of de novo faty acid biosynthess pathway ae in the form of (R-3
hydroxyacyl-ACP tha need to be conveted to (R)-3hydroxyacy-CoA form for
incorporation in PHA. The 3-hydroxyacyl-CoA-ACP tranderase encoded by phaG gene
has been shown to be capable of channding the intermediates of the de novo fatty acid
biosynthess pathway to PHA biosynthesis (Rehm et al. 1998).

16  Molecular organization of PHA-biosynthetic genes

Given the diversty of P(3HB) biosynthetic pathway discussed above, it is not
surprisng that the pha loc have diverged condderably. Based on the molecular data
avalable till-date, seven types of arangements have been observed for PHA
synthesizing genes (Fig. 1.8) (Madison and Huisman 1999, McCool and Cannon 2001).

Genes encoding for proteins involved in the biosynthess of PHA are referred in
aphabeticadl order as phaA (b-ketothiolase), phaB (acetoacetyl-CoA reductase), phaC
(PHA gynthase), phaG (3-hydroxyecyl-acylcarier protein-coenzyme A transferase),
phaJ (enoyl-CoA hydratase) etc., whereas the genes required for the degradation are
referred in reverse dphabeticd order such as phaZ for PHA depolymerases, phay, phaX,
phaW, etc. The genes for phasins are referred to as phaP. The gene product i.e protein is
indicated with firgt letter in upper case eg b-ketothiolase is written as PhaA. The origin
of a gene or a protein is indicated by the firg letter of the genus and the species and
added as a subscript (Rehm and Steinblichd 1999).

In Acinetobacter sp., Burkholderia sp., Alcaligenes latus, Pseudomonas
acidophila and Ralstonia eutropha, the phaC, phaA and phaB genes are arranged in
tandem on the chromosome adthough not necessaily in the same order (Schembri et al.
1995, Peoples and Sinskey 1989, Peoples and Sinskey 198%, Umeda et al. 1998,
Madison and Huisman 1999, Rodrigues et al. 2000). However, in Paracoccus
denitrificans, Rhizobium meliloti and Zoogloea ramigera the phaAB and phaC loc are
unlinked (Peoples and Sinskey 1989c, Tombolini et al. 1995, Yabuteni et al. 1995, Lee
et al. 1996, Uedaet al. 1996).

PHA polymerase in  Allochromatium vinosum (formely caled Chromatium
vinosum), Thiocystis violacea, Thiocapsa pfennigii and Synechocystis is unique in that it
is a two -subunit enzyme encoded by the phaE and phaC genes (Liebergesdl and
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Senblichd 1992, Liebergesdl and Steinbiichd 1993, Hein et al. 1998, Liu ad
Seinblichd 2000). But arangement of PHA syntheszing genes is different amongst
these organisms. In A. vinosum and T. violacea, phaAB and phaEC are in one locus but
divergently oriented (Liebergesdl and Seinbiichd 1992, Liebergesdl and Steinbiiche
1993). Synechocystis pha genes are locdized in different sections of the genome with
arangement dmilar to thet in Z. ramigera (Taroncher-oldenburg 2000). The pha lod in
A. vinosum, P. acidophila, R. eutropha, R. mdliloti and T. violacea have an additiond
gene, phaF, of a hitherto unknown function in PHA metabolism (Madison and Huisman
1999).

In  Methylobacterium extorquens, Nocardia corallina, Rhizobium etli,
Rhodococcus ruber and Rhodobacter sphaeroides, only the PHA synthase gene has
been identified thus far (Pieper and Steinbiichd 1992, Hustede and Steinbiichel 1993,
Vdentin and Steinblichd 1993, Cevdlos et al. 1996, JHoe and Lee 1997, Hdl et al.
1998). In Chromobacterium violaceum and Comamonas acidovorans phaC and phaA
are aranged in an operon (Sudesh et al. 1998, Kalibachuk et al. 1999).

In Aeromonas caviae PHA synthase gene is flanked by phad encoding for R
gecific enoyl-CoA hydratase (Fukui and Dol 1997). In msc-PHA  producing P.
oleovorans and P. aeruginosa the pha lod contain two phaC genes separated by the
phaZ gene, which encodes an intracdlular PHA depolymerase (Huisman et al. 1991,
Timm and Senbiichd 1992). In Bacillus megateriumthe phaC gene is smilar to that of
Allochromatium vinosum in sze and sequence. However, unlike phaGy, phaGsy,
requires phaRs, for PHA accumulation, but not phaE (McCool and Cannon 1999,
McCoal and Cannon 2001). PhaRem is probably orthologous replacement for phaEsm

1.7  Regulation of PHA metabolism

The regulation of PHA synthess is quite complex. It is exeted a different
physologicd and gendtic levds such as (i) activaion of pha gene expresson due to
gpecific environmentd Sgnds eg. nutrient arvaion, (i) activation of the PHA
biosynthetic enzymes by specific cdl components or metabolic intermediates for PHA
gynthess, (iii) inhibition of metabolic enzymes of competing pathways and therefore
enrichment of required intermediates for PHA synthess, or (iv) a combination of dl
these (Kesder and Witholt 2001).



1.7.1 Regulation of PHA production at the enzymatic level

It is wdl known that PHB synthess is regulated a the enzymdic level (Senior
and Dawes 1971). The intracdlular concentration of acetyl-CoA and free coenzymeA
play a centrd role in the regulaion of polymer synthess (Haywood et al. 1988b,
Mothes et al. 1997). Both b-ketothiolases, the biosynthetic and the degradetive, exhibit
pronounced competitive inhibition by free CoA (Oeding and Schlegd 1973, Haywood
et al. 19889). PHB gynthess is dimulaed by both high intracdlular concentrations of
NAD(PH and high raios of NAD(PH/NAD(P) (Lee et al. 19953 Chohen ad
Copdand 1998). Citrae synthase activity is dgnificantly inhibited by NADH and
NADPH, further affirming that PHB accumulation is enhanced by fadilitating the
metabolic flux of acetyl-CoA to the PHB synthetic pathway. Citrate synthase emerges as
a potentidly important control point in the whole PHB synthes's process by virtue of its
ability to control the avalability of CoA (Hendeson and Jones 1997), which in turn
regulates the activity of b-ketothiolase. An isocitrate dehydrogenase-lesky mutat of R
eutropha which exhibits low TCA cyde activity and produces PHB at a fadter rate than
the wild type organism (Kesder and Witholt 2001), supports this Statement. These
findings, underline the importance of the redox baance in the cdl in the control of PHB
formaion. Jung et al. (20000 have shown tha in recombinat R. eutropha the
biosynthess raes of PHB were controlled by b-ketothiolase and acetoacetyl-CoA
reductase, and especidly by b-ketothiolase condensing acetyl-CoA. However, the PHB
gynthase is the mogt criticd enzyme in deermining the accumulation of intracdlular
PHB.

Limited knowledge is avalable about the regulaion of PHA production in
Pseudomonas. Many pseudomonads synthesize PHAs edther  through fatty acid
biosynthess when grown on gluconate or through faity acid degradation when grown on
fatty acids (Huijberts et al. 1992). Based on in vitro sudies it was conduded tha (R)-3-
hydroxyecyl-CoA ae the mog likdy ultimae subdrae for the PHA synthase in
Pseudomonas oleovorans (Kragk et al. 1997). But dealed information is not avaladle
as to which intermediates of the b-oxidation serve as subdrates for converdon into (R)
3-hydroxyacytCoA. E. coli, harboring PHA synthase gene from Pseudomonas sp., have
to have the ongoing b-oxidaion dowed down by addition of acrylic acid (Qi et al.
1998) to produce PHB. Alternativdy, specific E. coli mutants deficient in cetan steps
of b-oxidation to produce PHAs (Langenbach et al. 1997, Qi et al. 1997). Apparently it



is suggestive of PHA synthase competing with the enzymes of the b-oxidation pathway
for substrates.

In the cyanobacterium, Synechococcus . MA19 PHB synthase activity has
been exdusvey found in membrane fractions isolated from nitrogen deprived cdls
under light conditions. Miyeke et al. (1997) further proposed that the PHB synthase is
podtrandationdly activated by acetyl phosohate. Moreover  phosphotransacetylase,
which converts acetyl-CoA to acetyl phosphate is regulated by the acetyl-CoA
concentration and carbon to nitrogen ratio (C:N) in the cel. Therefore, acetyl phosphate
could act asasgnd of C:N baance affecting PHB metabolism.

1.7.2 Regulation of PHA production at thetranscription level

In diffeeent microorganisms promotes  have been  dther  identified
experimentdly or postulaed based on the sequence upsream of PHA biosynthetic genes
(Huismen et al. 1991, Schubert et al. 1991, Liebergesdl and Steinbichd 1992, 1993,
Timm and Senblichd 1992, Masusski et al. 1998, McCoo and Cannon 1999). In
Acinetobacter sp. pha operon appears to be transcribed by two promoters upstream of
phaB, an gpparent conditutive promoter, and a second promoter induced by phosphate
darvation. (Schembri et al. 1995). Table 1.2 enligs the known regulaory protens
involved in PHA metabolism (Kesder and Witholt 2001).

Tablel1.2 Regulatory proteinsinvolved in PHA metabolism (Kesder and Witholt
2001, Wu et al. 2001)

Regulatory protein Regulator family Organism

PhaF Higtone H1-like Pseudomonas oleovorans
Pseudomonas aeruginosa
Pseudomonas putida

PhaRps AraCIXylS Pseudomonas sp. 61-3
PhaReg ? Pseudomonas denitrificans
PhaS Two component sysems Pseudomonas putida

GacS Two component sysems Azotobacter vinelandii
NtrB/NtrC Two component sysems Azotobacter brasilense o7
LuxR Quantum sensor Vibrio harveyi

CydR ? Azotobacter vindandii




A transiption regulaor, PhbRps was identified in Pseudomonas . 61-3. This
regulator exhibits dgnificant dmilaity to membeas of the AraC/XylS family of
prokaryotic postive transcriptionad  regulators (Galegoes et al. 1997, Masusski et al.
1998). Pseudomonas sp. 61-3 is cgpable of producing a PHB homopolymer and a
random copolymer condsting of monomeric units of four to tweve cabon aoms
PhbRps activator however, is only involved in the transcriptiond regulation of the genes
required for synthess of the PHB homopolymer. Interestingly, transcription of the
phaCABps genes in a recombinant R. eutropha PHB negative mutant was independent of
the PhbRes regulator encoding gene, suggesing ether another functiona  promoter
upstream of the genes or aregulator of R. eutropha which can substitute PhbRes.

In P. putida KT2442, a putative regulaory protein cadled PhaS was identified. At
primary dructure levd PhaS shows homology to the sensor component of the two
component regulaory sysems, containing a hididine protein kinese and response
regulaor doman. The two-componet sysem homologous to the sensor
kineselresponse regulator couple LemA-GacA was found to regulae PHA synthess in
this drain (Hrabak and Willis 1992, Rich et al. 1994, Madison and Huisman 1999). In
Azotobacter vinelandii, GacS tranamembrane sensor kinase homologue regulates the
dgnae and PHB polymer production (Cestaneda et al. 2000). The effect of gacS
mutation on dginate and PHB production indicates that GacS plays a podtive role in the
regulation of polymer synthess in A. vindandii. This role is likdy due to the kinase
activity of GacS tha results in phogphorylation of GacA, leading to ectivation of
dginate and PHB genes. GacA must mediate sgnd transduction between GacS and
GDP-mannose  dehydrogenase, the key enzyme in the dginate biosynthetic pathway
encoded by algD. Homolog of GacA has dso been found in A. vindandii.

In P. aeruginosa, the pahway from gluconate is drictly controlled by RpoN, the
s> subunit of RNA polymerass, while the pathway from faty acids is completdy s>
indgpendent (Timm and Senbichd 1992). In addition, an ORF whose putdive
trandationd product exhibits damilaity to the primary sructure of AlgP, a member of
the prokaryotic hisone HIlike family of DNA binding regulators wes identified
adjacent to the PHA gene cluster in P. aeruginosa PAOL (Timm and Steinblichd 1992).
In P. oleovorans PhaF, agan a member of the higone Hl-like group of proteins hes
been shown to be involved in transoriptiond regulation of pha gene expresson (Prieto et
a. 1999). Along with its regulatory function the PhaF protein dso has a dructurd



function i.e binding to PHA granules As per the modd suggested by Prigto et al.
(1999) PhaF binds to DNA in the dbsence of subgrates for PHA production, thereby
inhibiting transcription of the pha genes. When PHA granules are formed, DNA binding
is reduced and pha genes are expressed. A gene homologous to phaF, cdled GA2, has
ds0 been found in P. putida (Vaentin et al. 1998), however, only its sructurd function
has been demondtrated.

Granule asxociated proteins of R, eutropha and other bacteria are only
syntheszed when the cdls accumulate PHB. Only those amount of proteins are
synthesized that can be bound to the granules, sSnce these were never detected in soluble
dae Autoregulation of the expresson of genes encoding granule-associated proteins
has been proposed. However, the mechanism is not yet known. In Paracoccus
denitrificans, PhaReq, encoding for specific regulatory protein, was located downstream
of the genes coding for the PHB synthase and a granule associated protein (Maehara et
al. 1999). In recombinant E. coli PhaRpy Was shown to be involved in the regulation and
gene expresson of the granule associated proteins. One of the mogt abundant granule
asociated proteins of Bacillus megaterium designated PhaP, is assumed to be a Sorage
protein that is degraded under certain circumstances as a source of amino acids (McCool
and Cannon 1999).

The synthess of P(3HB) in Vibrio harveyi, is regulated by a regulaory protein
LuxR (Sun et al. 1994). In generd LuxR is activated on growth of cdls o a high densty
in a confined environment due to the accumulaion of an excreted N-acyl homosarine
lactone autoinducer in the media Mutants of V. harveyi defective in the production of
LuxR were found to lack PHB. In Azospirillum brasilense SP7, ntrB and ntrC genes,
encoding the two-component sensor-activator regulaory system, have been shown to be
involved in the regulaion of PHB gynthess by ammonia (Sun et al. 2000). The
Azospirillum brasilense SP7 ntrBC and ntrC mutants were able to grow and accumulate
PHB smultaneoudy in the presence of high concentration of ammonia, while little PHB
was produced in the wild type during active growth phase. However, the target genes for
NtrB-NtrC two-component sysem are yet to be identified. In Azotobacter vineandii
CydR, an oxygen respondve transoription factor, has been shown to control PHB
biosynthess (Wu et al. 2001). b-ketothiolase and acetoecetyl-CoA reductase were
overexpressed in the CydR mutant of Azotobacter vindandii leading to P(3HB)



accumulation throughout the exponentid growth phese, unlike the wild-type drain that
only accumulated P(3HB) during stationary phase (Wu et al. 2001).

1.7.3 Regulation of PHA biodegradation

It has been assumed that the synthess of PHA and PHB depolymerases is highly
regulated. Most PHA degrading bacteria repress PHA depolymerase gene expression in
the presence of a soluble carbon source that permits high growth rates. After exhaugtion
of nutrients, the synthess of PHA depolymerases is deaegpressed ink many
microorganiams (Jendrossek  1998). However, in contradiction to those data are the
recent findings thet inhibition of protein synthess did not influence PHA degraddion in
P. oleovorans. It was suggested thst PHA depolymerase is dways present and active,
and that PHA is syntheszed and degraded smultaneoudy (Kesder and Withalt 2001).
A dmilar conduson was reported for PHB metabolism in R. eutropha by Do et al.
(1992).

In PHB ‘lesky’ mutants of R eutropha, it has been shown tha the lesky
phenotype is caused by inactivation of the genes phbl and phbH, encoding homologs of
the E. coli phosphoenolpyruvate phosphotranderase sysem (PEP-PTS) (Pries et al.
1991). Pries et al. (1991) proposed that the ‘lesky’ phenotype of these mutant could
actudly be caused by aberant regulaion of the P(3HB) degradaion pathway and
suggested  that the activity of the P(BHB) degrading enzymes was controlled by
phosphorylation through metabolic sgnding thet involves a PEP-PTS. However, this
modd being hypothetical, needsto be proven experimentaly.

18 Potential PHA production systems
Potential PHA production sysemsinclude:

Production of PHAs by naturd organisms,

PHA production by recombinant bacteria,

Metabolic engineering of PHA biosynthetic pathways in higher organisms,
In vitro biosynthess of PHAS.

1.8.1 Production of PHAsby natural organisms

Ralsonia eutropha has been most extensvely used for PHB and PHBV
production. The drains used extensvely are the origind PHB producer H16 (ATCC
17699) and its glucose utilizing mutant known as 11599 in the NCIMB collection. Other



srains ae ATCC 17697', R eutropha SH-69, and a naturd isolate, Alcaligenes sp.
srain AK201.

To achieve high productivity of a dedred bioproduct, fedbatch cultures are
usudly grown with the controlled nutrient feeding, monitored dissolved oxygen (DO),
pH, or carbon source as a feedback parameter (Kim et al. 1999, Ryu et al. 1997). Kim et
al (1994) reported that a fedbatch culture of R. eutropha NCIMB 11599 with a glucose
concentration control and nitrogen limitation gave a production of 121 g PHB/. When
nitrogen limitation is used to induce PHB accumulation, NaOH solution is added to the
medium for pH control. However, due to the sgnificant cdl lyss caused by the toxicity
of NaOH solution highcdl-dendty fermentation is impossble In addition, it is very
important to maintain phosphate and magnesum ion leves above 0.35 g/l and 10 mgl
respectively (Asenjo et al. 1995). Ryu e al. (1997), therefore, adopted phosphate
limitation drategy to induce PHB accumulation where the pH is controlled by addition
of NH4OH. Under these conditions, PHB levels of 232 g/l were obtained.

In R eutropha copolyester of 3HB and 3HV was syntheszed if propionate or
velerate was provided as the sole cabon source. Under these conditions the 3HV
amounted to 45 or 90 Mol% respectivdy (Dol et al. 1988). The molar fractions of 3HV
dropped if a second carbon source like acetate or butyrate was provided in addition to
propionate or vderate. R. eutropha H16 and R. eutropha NCIMB 11599 were compared
for 3HV incorporation when butyrate and vaerate were used as the carbon source.
NCIMB 11599 was able to direct more 3HV monomer to P(BHB-3HV) (90% 3HV) than
H16 (75%). Also, the molecular weight of the polymer produced by NCIMB 11599 was
condgtently higher. Further, it was observed that the fatty acids were converted to
P(3HB-3HV) without undergoing complete degradation to acetyl-CoA and propionyl-
CoA. This means dtha (9-3-hydroxyacyFCoA or 3-ketoacyl-CoA is drectly
conveted into monomer. Interedingly, this pathway operates in the presence of a
nitrogen source, in contrast to the pathway from fructose (Doi et al. 1987). Probably
inhibition of thiolase during active metabolism of carbohydrates prevents P(3HB)
formation during growth wherees a pahway tha involves only reductase and
polymerase is insandtive to this inhibition (Madison and Huismen 1999). Smilaly, for
glucose utilizing mutant of Alcaligenes eutrophus DSV 545, production of co-polymer
P(3HB-3HV) was enhanced when nitrogen feeding a limiting rates was used as
opposad to nitrogen depletion (Arageo et al. 1996)



At high concentrations, short chain featy acids such as propionae and vaerate
are toxic for R. eutropha. Alternative drategies have been devdoped to overcome this
toxic effect. In R. eutropha NCIMB 11599 the cdl growth inhibitory effect of propionic
add was minimized by pH adjusment of the fermentation broth (Chung et al. 1997).
Propionyl-CoA is an intermediate in the degradation pathway of threonine, vaine and
isoleucine, and drans of R. eutropha with mutations in these pathways were tested for
P(3HB-3HV) production. R eutropha R3 is a prototrophic revertant of an isoleucine
auxotroph of R. eutropha H16 and accumulates P(3HB-3HV) with up to 7% 3HV on
fructose, gluconate, succinate, acetate and lactate (Steinblichd and Pieper 1992). R
eutropha H16, when resuspended in medium defident in Na'- or O, — and with
threonine as the sole carbon source, accumulated 6% PHA with 5% PHV (Nakamura et
a. 1992). However, R eutropha NCIMB 11599 does not incorporate 3HV from
threonine and incorporates only up to 2% from isoleucine or vaine (Yoon et al. 1995).
These experiments prove that dterndive, cdl-derived subgirates can be used for P(3HB-
3HV) synthess and that supplementation of carbon sources for dternative PHA
monomers can be circumvented.

During PHBV production in fedtbaich culture by R eutropha H16, the mole
fraction of HV units in copolymer can be controlled within the range of 0 - 40 mole% by
adjuging the mole fraction of butyric acid in the feed medium (Ishihara et al. 1996).
Continuous culture dudies have shown tha a dilution rates varying from 0.06-0.32 of
fructose-vaerate mixture, the 3HV content increased from 11 to 79% (Koyama and Doi
1995). Since the toxicity of propionate is pH dependent, varying pH of the culture can
produce PHBV copolymers with different 3HV contents (Chung et al. 1997). R
eutropha SH-69 accumulates maximad P(BHB-3HV) in a medium with 2-3% glucose
and a dissolved oxygen concentration of a leest 20%. But, 20% 3HV content is
obtained only with 6% glucose (Rhee et al. 1993). R eutropha DSM 545 produces
P(3HB-3HV) from glucose and propionate in fedbaich fermentation with nitrogen
limitation and low dissolved-oxygen concentrations (Lefebvre et al. 1997). Though the
yidd of PBHB) on glucose is  agppaently independent of the dissolved-oxygen
concentration, the HV content is lower a high than a low dissolved-oxygen
concentrations (Lefebvre et al. 1997).

R. eutropha H16 accumulates smdl amounts of poly(4HB) homopolyester in a
medium with 4-hydroxybutyrate and 1.0 or 1.5% (w/v) potassum citrate (Nakamura et
a. 1992). It accumulates copolyesters of 3HB and 4HB from mixtures of butyrate and



4HB o mixtures with 4-chlorobutyrate, 14-butenediol or gbutyrolactone (Kunioka et
al. 1989). PHA leves upto 40% of the cdl dry weight with 4HB levels upto 37% were
obtained with aove mixtures of carbon sources Mixtures of glucose, propionic acid
and dther 4-hydroxybutyric add or ghbutyrolactone as carbon sources in fedbatch
cultures of R. eutropha led to production of a P(3HB-4HB-3HV) terpolymer (Madden et
a. 2000). Cetan R eutropha mutants accumulated copolyester with up to 96% 3HV
and 84% 4HB (Madison and Huisman 1999). Alcaligenes p. accumulaied 50 to 60%
P(3HB) of the cdl dry weight on dicarboxylic acids in G to G range (Akiyama and Do
1993).

Mixed or co-culture sysems have been recognized to be effective for certan
fermentations. In two-dage sysem xylose was converted firg to lactate usng
Lacticoccus lactis, and then the lactate was converted to PHB by R. eutropha. Glucose
was converted to lactate by Lactobacillus delbrueckii and then lactate to poly-b-
hydroxybutyrate by Ralstonia eutropha in one fermentor (Tohyama and Shimizu 1999,
Tohyamaet al. 2000).

R. eutropha NCIMB 11599 when grown on tgpioca hydrolysate (90% glucose)
as a potentiad chegp carbon source, PHB concentrations of only 61 g/l were obtained,
probably due to presence of toxic compounds, possbly cyanate (Kim and Chang 1995).
PHB content of 0.33 g-PHB/g-dry cdl has been reported when degraded dginic acid
was used as cabon source (Seki et al.1994). The lower PHB content was probably due
to heterogenous hydrolysis of dginic acid.

M ethylobacterium

Methanol is a chegp subdrate and its use in PHA synthesis would help to reduce
dgnificantly the production costs of PHB. Methanol is in addition, a non-food
subgtrate. It can adso be conddered as a renewable substrate since it could be derived
from woody materids or from naturd ges obtained after anaerobic digestion of organic
substances. Methylobacterium rhodesanum M. extorquens, M. organophilum, M.
rhodenium, M. zatmanii, M. radiotolerans, Mycoplana rubra, Paracoccus denitrificans
(Folliner et al. 1995, Ueda et al. 19928) and Proteomonas extorquens (Suzuki et al.
1986a, b, ¢, 1988) have been dudied PHB accumulaion with methanol as a carbon
source. In a fully automated fed-betch culture PHB levels of 136 ¢/l were obtained in
121 h with Proteomonas extorquens (Suzuki et al. 1986b). After 170 h of incubation
PHB concentration reached to 149 g/l.



Methylobacterium extorquens, with methanol concentretion of 1.7 ¢gl, ad
addition of complex nitrogen source, accumulated 30% P@BHB) of the cdl dry weight
with a molecular mass of 250,000 Da (Bourque et al. 1992). Methylobacterium sp. strain
KCTCO048 accumulaies P(BHB-3HV), P(BHB-4HB) and poly(3hydroxybutyraie-co-3
hydroxypropionate) [P(BHB-3HP)] to 30% of the cdl dry weight with fractions of 3HV
up to 0.7%, 4HB up to 0.13% and 3HP up to 0.11% (Kang et al. 1993).

Paracoccus denitrificans synthesizes P(3HB) from ethanol. When n-pentanol
was used as growth subgrate, homopolyester poly(3hydroxyvderate) was synthesized,
whereas copolyester  poly(3-hydroxybutyrate-co-3-hydroxyvaerate) accumulated during
becterid growth on mixture of methanol and n-pentanol (Yamane et al. 1996). Under
controlled growth conditions with pentanol as the only growth subgrate, P. denitrificans
accumulates PHV as a homopolymer up to 55% of its cdl dry weight (Yamane et al.
1996). M. extorquens syntheszes 50% more P(3HB-3HV) than P. denitrificans, while
the latter incorporates twice as much 3HV on methanolpentanol mixtures (Ueda et al.
1992b).

Pseudomonas

Pseudomonas putida efficiently incorporates monomers in the range of G — Cyo
during PHA synthess Since long-sde chain fatty acids such as oleate (Cig1) need to be
converted in multiple rounds of b-oxidation pathway before the resulting Gz and Cyo
monomers can be incorporated, these subdrates are less efficiently converted to PHA
than octanoate. Oleic acid has to yidd 4 acetyl-CoA molecules before a Gp monomer
can be incorporated. This converson yieds 20 ATP equivdents in the reduction seps,
which is unlikdy to occur a a time when excess energy cannot be disspated. In
contrad, decanoic acid and octanoic acdid yidd 2 ATP eguivdents before being
incorporated into msc-PHA. As a consequence, the polymer yidds per cdl are often
high when mediumchan faty acids ae used (Madison and Huisman 1999).
Unfortunately, medium-chain fatty acids are generdly more expensve and therefore a
bal ance needs to be struck between subdrate price and conversion yidd.

Inexpengve subdrates like talow, low rank cod liquefaction products, pam
kernd ol ec. (Cromwick et al. 1996, Tan et al. 1997, Fichtenbusch and Steinbiiche
1999) have been tested for PHA production by Pseudomonas . Continuous production
of PHA by P. oleovorans using octanoate as a @bon source in a one-stage culture was
shown to produce 0.15 g/l/h (Ramsay et al. 1991). In continuous cultivaion systems, P.



oleovorans is reported to produce 058 gll/h PHAs (Preusting et al. 1993) while 156
g/l/h of PHAsyidd is reported for Pseudonmonas putida (Hazenberg and Witholt 1997).

Usng pure oxygen and octanoic acid P. oleovorans cdl dendty of 42 gl/h,
accumulating 37% PHA with a productivity of 0.35 gl/h could be achieved (Madison
and Huisman 1999). In an expeiment where cels were pregrown on a rich medium
folowed by resuspending in nitrogen-free minima medium with octancate, Hori et al.
(1994) examined the effect of severd physiologicad parameters on PHA production by
P. putida. The rae of PHA forméation is highest a 30°C with octanoate concentration of
35 mM and pH of 7.8. While, PHA accumulation was upto 50% of the cdl dry weight.
Kim et al. (1997) dudied the effects of different carbon sources on growth and PHA
production and reported that Smultaneous supply of glucose and octanoic acid resulted
in 359 g of PHA/ (65% of the cdl dry weght) with the productivity of 0.92 g/l/h (Kim
et al. 1997). From the preceding it gppears that mixtures of chegp growth subgtrates and
more expendve subdrates for product formation provide a vaduable means of lowering
PHA production costs.

Severd dudies have shown that P. putida and P. aeruginosa drains are able to
convert acetyl-CoA to medium-chairHength monomers for PHA synthess (Huijberts et
al. 1992, Hoffmen et al. 2000). PHAs that are formed from gluconate or related sugars
have a different compostion from the PHAs produced from faty acids Wheress the
later PHAs have 3-hydroxyoctancaie as the man condituent, sugar grown cdls
accumulate PHAs in which 3-hydroxydecanoate is the man monomer and smdl
anounts of unsaturated monomer ae present (Haywood et al. 1990, Timm ad
Steinbiichd 1990, Huijberts et al. 1992).

1.8.2 PHA production by recombinant bacteria

Whereas naturd PHA producers have become accustomed to accumulating PHA
during evolution, they often have a long generation time, rdaivedy low optima growth
temperaure, are often hard to lyse and contain pathways for PHA degradation. This led
to devdopment of recombinant PHA producars cgpable of high PHA accumulation
and/or free of PHA degradetive pathways.
Recombinant natural PHA producers

Recombinant R. eutropha cdls overexpressing phaCAB genes from a plasmid,
showed increase in P(3HB) leves from 33-40% of the cdl dry weight (Park et al. 1995).



Although the increese was indgnificant, recombinant R. eutropha drains could reduce
the fermentation time by 20% while mantaning the same productivity (Park et al.
1997). This is dgnificant from commercid production point of view, snce the ovedl
productivity of a P(3HB) planit would be 20% higher. Alcaligenes latus transformed
with its own doned phaC gene, exhibited increased rate of PHB biosynthess and
increase in PHB content as well (Lee et al. 2000b). The maximum concentretion and
content of PHB in recombinat A. latus increesed sSgnificantly from 3.1-37 gl ad
from 50.265% of cdl dry weght, respectively, as compared to the untransformed A.
latus.

In a Rhizobium meliloti PHB™ mutant grain, P(3HB) accumulation was restored
to wild type levd by the introduction of a plasmid encoded R mdiloti phaC gene
(Tombdin et al. 1995). In Paracoccus denitrificans, an additiond phaC gene on a
plasmid doubles the wild-type PHA leves in a pentanol-grown parent strain (Ueda et al.
1996).

The phaCAB operon from R eutropha was expressed in Pseudomonas strains
tha normaly do not accumulae P(3HB). P(BHB) accumulation was obsarved in
recombinant P. aeruginosa, P. putida, P. oleovorans, P. syringe and P. fluorescems,
while P. stutzeri was unable to synthesze P(3HB) with the R eutropha genes
(Steinbiichd  and Schubert 1989). R eutropha phaC dran accumulated about 85%
P(3HB) of cdl dry weight with gluconate as a carbon source, when transformed with
phaC gene from C. violaceum, however, P. putida phaC did not accumulate PHA even
when trandformed with the C. violaceum phaC (Kolibachuk et al. 1999). Synechococcus
. harboring PHA biosynthetic genes from R. eutropha accumulated PHB up to 25% of
cdl dry weight (Takehashi et al. 1998).

Recombinant E. coli as PHA producer

Naturd producers like R. eutropha produces high levds of P(3HB), but they
have catan limitations R. eutropha grows dowly, it is difficult to lyse and is
geneticaly not wel characterized which impedes genetic manipulaions. As agang this
Escherichia coli is gendicdly wel characterized. Not being a naturd PHA accumulator,
PHA production has to be metabolicdly engineered in E. coli and it does not have any
depolymerase activity to degrade accumulated PHA.

The expresson of PHA biosynthetic genes of R. eutrophain E. coli for P(3HB)
gynthess opened up the avenues for PHA production by recombinant organisms
(Schubert et al. 1988, Saer et al. 1988, Peoples and Sinskey 198%). A vaiey of



polymers, such as P(3HB-3HV), P(3HB-4HB), P(4HB) and P(3HO-3HH), have been
synthesized by geneticdly and metabolicaly engineered E. coli.

The pH-stat fed-batch culture of XL1-Blue achieved a PHB concentraion of
888 gl in 42 h (Kim et al. 1992a8). Smilaly, a PHB concentraion of 812 g/l was
obtained in 39 h by fedbaich culture of XL1-Blue harboring a stable high-copy-number
plasmid (Lee et al. 1994b). However, fed-batch culture of XL1-Blue harboring a sable
medium-copy-number plasmid resulted in only 305 gl of PHB in 41 h. Suggesting that
a high gene dosage obtained by usng high-copy-number plasmid is required for the
higher accumulation of PHB in recombinant E. coli (Lee and Chang 1995). Lee and
Chang (1995) trandformed a number of E. coli drains with a stable high-copy-number
plasmid containing the R. eutropha PHB biosynthess genes, and compared these for
ther ability to synthesze and accumulate PHB. E. coli IM109 accumulaied 85% PHB
of cdl dry weight, while XL1-Blue acuumulated 81% PHB of cdl dry weight. However,
yiedd per gran of glucese was higher for XL1-Blue (0.37 g PHB/g glucose) than for
IM109 (0.3 g PHB/g glucoss). Cultivation of recombinant E. coli in defined medium led
to reduced levds of PHB accumulation. Supplementation of complex nitrogen sources
to defined media resores the normd levds of PHB accumulation (Lee and Chang
1995). For cog reduction purpose, chegp carbon sources such as molasses, whey ec.
have been used for PHA production (Zhang et al. 1994, Kim 2000). For enhanced PHA
production in defined media by recombinant E. coli, ftsZ gene was expressed in E. coli
to suppress the filamentation (Lee and Lee 1996).

During PHBV production, incorporation of 3HV by recombinant E. coli requires
the function of ackA (acetate kinase) and pta (phosphotransacetylase) genes (Rhie and
Dennis 1995). Propionate was provided for the PHBV production in recombonat E.
coli. Since E. coli does not easlly import propionate, cultures were adapted on acetae
and then a glucose-propionic acid mixture was added (Saer et al. 1992). Further, this
sysdem was improved by usng E. coli drains that have condtitutive expresson of the ato
operon and fad regulon to fully express faty acid utilization enzymes (Fidler and Dennis
1992, Saer et al. 1992). The 3HV fraction in the copolymer was dependent on the
percentage of propionate used during the fermentation. E. coli is resgant to 100 mM
propionate while 30 mM is dready toxic to R. eutropha (Ramsay et al. 1990), meking
PHBV fementations more efficdent with E. coli drans (Sater et al. 1992).
Recombinant E. coli cdls harboring A. latus PHA biosynthetic genes were grown in fed
baich culture with the pH-da feeding drategy in a chemicdly defined medium (Choi



and Lee 19990). An improved nutrient feeding drategy to obtan glucose and propionic
acid concentration a 110 mM and 20 mM respectively, acetic acid induction and olec
acid supplementgtion led to high levd of PHBV production, 2838 g of P(3HB-3HV)/I/h
(Choi and Lee 1999b).

Expresson of R. eutropha PHA synthase gene and the Clogridium kluyveri orfZ
encoding for 4-hydroxybutyrate-CoA trandferase in E. coli led to the accumulaion of
P(4HB) homopolymer, when grown in presence of glucose In the absence of glucose, a
P(3HB-4HB) copolymer accumulated with up to 72% 3HB incorporation, even though
phbA and phaB were absent. This indicates that in E. coli an unknown pahway dlows
the conveson of 4HB to 3HB (Hein et al. 1997). Vdentin and Dennis (1997)
coexpressed succinate degradetion pathway from Clogtridium  Kluyveri and PHB
biosynthetic pathway from R. eutropha in E. coli. Resulting recombinant accumulated
46% P(3HB-4HB) of cdl dry weght with 1.5% 4HB incorporation. To provide 4(HB)-
CoA for poly(3HB-4HB) synthess from glutamae, an acetyl-CoA:4-hydroxybutyrate
CoA transferase from C. kluyveri, a 4hydroxybutyrate dehydrogenase from R
eutropha, a gaminobutyrae2-ketoglutarate transaminase from Escherichia coli and
glutamate decarboxylases from Arabidopsis thaliana or E. coli were expressed in
succinic semiddehyde mutant E. coli CT 101 (Vdentin et al. 2000). In the recombinant
P(3HB-4HB) was accumulaed with only 12 to 2 mo% 4HB. Neveathdess these
obsarvations are important sSnce in plant plagids, succinyl-CoA is not avaldde & high
levels but glutamete being the intermediate of amino acid metabolism is present a
auffidently high levels. Subsequent dudies in this direction will be ussful to obtan a
desireble polyester compostion and in suffident amounts in plants snce plants have
the potentid to generate PHAs a lower cogts (Vaentin et al. 2000).

Expresson of Pseudomonas aeruginosa PHA synthases, phaCl and phaC2 in E.
coli fadB mutant resulted in mscPHA accumulaion when grown in presence of CgCyg
fatty acids (Langenbach et al. 1997, Qi et al. 1997). The E. coli fadB mutant LS1298
containing phaClp, gene accumulated 21% PHA of cdlular dry weght composed of
manly 3-hydroxydecancate (725 mol%) and 3-hydroxyoctanocaie (20 mol%) when
grown in LB medium containing decanoate (Langenbech et al. 1997). Udng acrylic
acid, intermediates of faty acdd synthess were chandled to PHA synthesis in
recombinant E. coli harboring the phaClp, gene (Qi et al.1998). The recombinant E.
coli fadR mutant RS3097 grown in presence of 0.24 mg/ml acrylic acid and decanoate



revedled msc-PHA accumulation contributing to about 60% of cdlular dry weght. For
msc-PHA  synthesis from gluconate, E. coli IMU193 was engineered for expresson of
phaGs, and thioesterae | leading to a maximum msc-PHA accumulation of 2.3% of cdl
dry weight (Klinke et al. 1999).

1.8.3 Metabolic engineering of PHA biosynthetic pathwaysin higher organisms
Saccharomyces cerevisiae

The phaGs. gene of the R eutropha was used to condruct a yeast plasmid,
which enabled expresson of the functiond synthase enzyme in S. cerevisae. These
cdls accumulaed only up to 05% of cdl dry weght as PHB, with accumulation
occurring in the dationary phese of batch growth. In these recombinant yeast cdls, PHB
gynthesis is catdyzed by native cytoplasmic acetoacetyl-CoA thiolase, a ndtive b-
oxidation protein processng D-3HB-CoA dehydrogenase activity and heterologous pha
gynthase. Low leves of b-ketoacyl-CoA thiolase and acetoacetyl-CoA reductase were
detected. This eukaryotic sysem probably needs eevaion of these activities for
enhanced PHB production (Lesf et al. 1996).
Insect Cells

PHB synthess by Spodoptera frugiperda cdl lines has been reported by
smultaneous trandfection of mutant form of the rat faty add synthase and PHA
gynthase from R. eutropha. Approximetdy 1 mg of PHB was isolated from a one-litre
culture of these cdls corresponding to 0.16% of cel dry weight. Though not an efficient
sysem, however, provides an example of dtenaive eukaryotic enzymes for the
generation of P(3HB) intermediates (Williams et al. 1996).
Plants

Pants ae intereting targets for expresson of PHA biosynthetic genes.
Tranggenic plants could produce PHASs directly from CO, and solar energy and a lesst
theordticdly a costs which ae compaable to those of other biopolymers aready
obtained from plants PHA biosynthetic genes have been expressed in Arabidopsis
thaliana (Poirier et al. 1992) and in agriculturd crops such as Brassica napus,
Gossypium hirsutum, Nicotiana tabacum, Solanum tuberosum and Zea mays (John and
Keler 1996, Hahn et al. 1999, Houmid et al. 1999, Nekashita et al. 1999, Steinblichd
2001)



Synthess of PHA in plants wes initidly explored by the expresson of PHA
biosynthetic genes of the bacterium R. eutropha in the wdl-dudied plant Arabidopsis
thaliana (Poirier et al. 1992). But PHB accumulation of only 0.1% of the plant dry
weight was achieved. Moreover, the growth of the transgenic plants was severdy
reduced probably due to depletion of one or more essentid subdrates for growth (Poirier
et al. 1992). To overcome this problem, PHB biosynthetic pathway was targeted to the
plegtids of A. thaliana through an N-termind trangt peptide This resulted in PHB
accumulation of up to 14% of the dry weight with no deleterious effects on plant growth
(Nawrath et al. 1994). Recently dl three genes necessay for PHB biosynthess were
trandformed to A. thaliana in a single trandformation event (Bohmert et al. 2000). These
plants accumulated more than 4% of ther fresh weght (gpproximately 40% of their dry
weight) of PHB in leaf chloroplasts. Accumulaion of high levds of PHB in transgenic
A. thaliana plants was not accompanied by any gppreciable change dther in the
compogtion or the amount of fatty acids. Subgtantid changes were, however, observed
in the levds of various organic acids, amino acids, sugars and sugar dcohols (Bohmert
et al. 2000). Synthesis of msx-PHAsIn A. thaliana was explored with the transformation
of phaClp, from Pseudomonas aeruginosa modified for peroxisome targeting by
addition a the carboxyl end of the protein with 34 amino acids from the Brassica napus
isocitrate  lyase  (Mittendorf et al. 1998). Transggenic A. thaliana accumulated
goproximatdy 4 mg of ms-PHA per g of dry weght. The plat PHA contained
saturated and unsaturated 3-hydroxyakanoic acids ranging from 616 carbons with 41%
of the monomers beng 3-hydroxyoctanoic acid and 3-hydroxyoctenoic acid (Mittendorf
et al. 1998). This achievement indicates that the b-oxidation of plant faty acids can
generate a broad range of saurated and unsaturated (R) — hydroxyakanoate monomers
that can be used to synthesze msc-PHA. Arabidopsis and Brassica were engineered to
produce PHBV in leaves and seeds respectively, by transforming threonine deaminase
genefrom E. coli and PHB biosynthetic genesfrom R. eutropha (Slater et al. 1999).

Expresson of phaBs and phaGse in tobacco and potato led to accumulation of
vay low leves of PHB (Poirier and Nawrath 1998, Nakashita et al. 1999). R. eutropha
PHA biosynthetic genes were targeted to plant peroxisomes in Black Mexican Sweet
maize suspenson culture by adding a carboxy-termind targeting sequence (Hahn et al.
1999). Up to 2 mg/g fresh weight PHB was produced in sugpenson cultures. P(SBHB) up
to 7.7% of fresh seed weight of mature seeds was accumulated in oilseed leucopladts of



Brassica napus when PHA biosynthetic genes from R. eutropha were expressed
(Houmid et al. 1999). The noved pespective on the use of PHA synthess was
uncovered by the expresson of the R eutropha PHB biosynthetic pathway in cotton
fiber cdls (John and Keler 1996). Andyss of the transgenic fibers showed
accumulation of PHB up to 03% of dy weght and they exhibited better insulating

properties.

1.8.4 Invitrobiosynthesisof PHAs

Sx different sysems have been desribed in the literaure for in vitro
biosynthess of PHAs employing purified PHA syntheses and other  enzymes
(Steinblchd 2001). These incdude (i) one sep sysem for synthess of poly(3HB)
employing the PHA synthase of Ralstonia eutropha (Gerngross and Martin 1995), (i)
two gep sydem for synthess of poly(3HB) employing the propionyl-CoA transferase of
Clostridium propionicum plus the PHA synthase of C. vinosum (Jossk and Steinblichel
1998), (iii) threesep system for synthess of poly(3HB) employing the acetylCoA
synthetase of Saccharomyces cerevisiag propionyl-CoA transferase of Clogtridium
propionicum plus the PHA synthase of C. vinosum (Jossek and Steinbiichd 1998), (iv)
one-dep sysem for synthesis of poly(3HV) employing the PHA synthase of R. eutropha
(Steinbiichd  2001), (v) threestep system for PHAs consding of 3HB, 4HB and/or
4HV employing the butyrate kinase of C. acetobutylicum, phosphotransbutyrylase of C.
acetobutylicum, plus the PHA synthases of C. vinosumor Thiocapsa pfennigii (Liu and
Seinbichd 2000), (vi) two-step system for synthess of poly(3HD) employing an acyl-
CoA synthetase of Pseudomonas sp. plus the PHA synthase of P. aeruginosa (Qi et al.
2000). Advantages and limitations of in vitro synthess and production processes are
liged in Teble 1.3.

19 Commercial status

Bacterid PHA were firg commercidized way back in the ealy 1960s by an
American company W. R. Grace. In 1970s ICI Bioproducts, UK produced PHBV on
indudrid scde from glucose utilizing mutant of R eutropha with a glucose/propionic
acid subgrae mixtures as the carbon source and under phosphete limiting conditions
(Steinblichd  1991). The copolymer was maketed under the trade name ‘Biopol’ and
used for the manufecture of biodegradeble films and bottles Filot plant polymer was
offered & US$ 30kg and maerid from a 5000 tonsyear semi-commercid plant wes



projected to go down to US $ 810kg Fermentations with recombinant E. coli
harboring A. latus PHA biosynthetic genes coupled with recovery method of smple
dkdi digegion, the production cost has been edimated to be US $ 332kg PHB (Lee
and Choi 2000). Ancther company involved in PHA feamentaions was Audrian
Chemie Linz (Wilke 1999).

Tablel.3 The pros and cons of in vitro metabalic engineering (Steinblichel 2001)

Advantages and Prospects Limitationsand Problems
X Detailed biochemical studies X Purified PHA synthaseis
through characterization of required
the enzyme (S) becomes possble
X Application of non natural X Additional enzymes
substrates must be available
PHAs with new condtituents in apurified sage
may be produced

X Rapid shifts of substrates applicable
PHAswith anove order
of condtituents may be produced
(e g. blockcopolyesters)
X Cell-free system X All enzymes must be
Production is limited by the valume sable
of the reactor and not by the volume
of the cytoplasm
Increase of PHA produced X Coenzymes
per volume is possble must berecycled
Synthesis may be performed in the
presence of compounds or under
conditions which are inhibiting cdls
No expression required
Amount of enzymes can be
eadly varied
X Only few components required
downgtream processing will be eesier
X Requires less efforts than in vivo
metabolic engineering
fast evduation of the feaghility
of agraegy and the functiondity
of a“desgned” pathway
X Spedid gpplications
in Stu PHA formation becomes
possble




Zeneca, ealier the pat of ICl Bioproducts, UK sold its Biopol business in 1996 to
Monsanto who continued the plant-based production gpproach to PHAs In May 2001,
Metabolix Inc. has purchased Monsanto's Biopol assets  (http:/www.metabolx.comy).
Metabolix Inc, Cambridge, Massachusetts founded in 1992, is activdy involved in
developing efficient technologies for PHA production (Williams and Peoples 1996). In a
world with ghrinking petroleum reserves and increesng environmentd issues, PHA is a
definitdly a potentia candidate that deserves further exploration.

SCOPE OF PRESENT THESIS.

Sreptomyces aureofaciens NRRL 2209, which produces chlortetracydine has
been earlier reported to accumulate PHB upto 1.1% of the cdl dry weight (Kannan and
Rehacek 1970). Although Streptomyces sp. is e to accumulate PHA, no molecular
data is avalable on genes involved in PHA biosynthess. Present sudy is the firgt report
on PHB biosynthesizing genes from streptomycetes.

The objective of the present work has been:

()] Isolaion ad doning of PHA syntheszing genes from  Sreptomyces

aureofaciens NRRL 2209,

(i) Sequencing and Sequence andyss of a ~50 kb genomic DNA fragment of

Streptomyces aureofaciens harboring the PHB biosynthetic genes,

(iii) Heerologous expresson of PHB syntheszing genes from  Sreptomyces
aureofaciens NRRL 2209 in Escherichia coli.



CHAPTER 2

ISOLATION AND CLONING OF THE
PHA SYNTHES ZING GENES FROM
STREPTOMYCESAUREOFACIENSNRRL 2209




{ 2.1 INTRODUCTION

Among prokaryotes, actinomycetes conditute an important part of the microbid
community respongble for degradaion and recycdliing of naurd subdraies These
becteria can be separated into different taxa based on partid sequencing of 16S
ribosomal  ribonudec adds < These incdude  Actinobacteria,  Nocardioforms,
Actinoplanetes, Thermomonosporas, Maduromycetes, Streptomycetes and  multilocular
goorangia forming Actinomycetes (Williams 1989). Actinomycetes are Gram  poditive
becteria characterized by the formation of substrate and aerid mycdia on solid media,
the presence of spores and a high G+C content of the DNA (50-80 md %). The
magorities of these are s0il bacteria and conditute a very important class that produce a
number of varied and complex molecules such as attibiotics (Berdy 1984) and enzymes
(Edwards 1993).

Sreptomyces beong to the dreptomycetes group in that they are Gram postive,
have a high G+C ratio (69-78 mal %) and have complex colony morphology resulting in
the formation of athospores. Ther ability to produce a very diverse range of metabolic
products, some of which have important roles in medicine and veterinary science, hes
excited the interesx of biologigts. The most common among these ae antibictics,
immune syfem modulators and enzyme inhibitors, Of the goproximatdy 9000 known
antibiotics aout 6000 were identified in actinomycetes, of which 5000 were identified
from dreptomycetes done. About 500 new antibiotics are identified every year and dill
a vey hedthy proportion are from the dreptomycetes This incredible diversty of
biologicdly active naurd molecules is reflected in the grest importance of
sreptomycetes to the pharmaceutical industry (Hodgson 2000). Streptomycetes  have
catan biologicad charecteridics in common with eukaryotic organisms such as the
presence of reiterated sequences within the chromosomes eg. in S reticuli and S
codlicolor. (Schrempf 1982). Streptomycetes dso have DNA repar sysem &kin to the
eukaryotes (Stonesifer and Baltz 1985).

Accumulation of Polyhydroxyadkanoates (PHAS) is reported in nine different
drans of Sreptomyces (Kannan and Rehacek 1970, Manna et al. 1999). Thee have
been implicated in the supply of twocabon units for the biosynthess of polyketide
derived phenolic metabolites such as actinorhodin in Sreptomyces codicolor A 3 (2) or
atimyan in Sreptomyces antibioticus (Kannan and Rehacek 1970, Packter and



Haman 1983). PHB (Poly-3-hydroxybutyrate) accumulaion in Sreptomyces
venezuelae mycdia precedes the period of rgpid chloramphenicol synthess This is
suggested to indicate, that the sored polymer might be one of the sources of
acetoacetyl-CoA for the synthess of dichloroacetyl subdtituent of  chloramphenicol
(Ranede and Vining 1993). However, PHB might not be the sole source for acetoacetyl-
CoA.

Sreptomyces aureofaciens NRRL 2209, a chlortetracycline producer, has been
reported to accumulate upto 1.1% PHB of the cdl dry weight (Kannan and Rehacek
1970). However, vey little is known &bout the biosynthess of the polymer in these
becteria Also no molecular data is available about the Sreptomyces genes involved in
the process. Hence, S aureofaciens was chosen as an experimenta system for the
present Sudy.

Among actinomycetes, gene encoding for PHA synthase has been reported from
Nocardia corallina (now known as Gordonia rubripertinctus) and Rhodococcus ruber
(earlir known as Nocardia rubrd). Both bdong to the group Nocardioforms.
Remaining taxa of actinomycetes ae as yet unexplored with regards to the PHA
gyntheszing genes. Gordonia . may cause opportunisic infections, in particular
bacteremia and endocarditis in patients with severe underlying diseases and indwelling
centra catheters (Lesens et al. 2000), while R. ruber phaC gene can not be expressed in
E. coli, thus limiting its exploitaion for biotechnologicd purpoe (Fieper and
Stenbiichd 1992). Present dudy is the first report on isolation and characterization of
PHA syntheszing genes from Streptomyces aureofaciens NRRL 2209, a nonpethogenic
member of the streptomycete.

Among the drategies employed to identify genes involved in PHA biosynthesis
sreening of the genomic libraries is the most successful and widdy gpplied (Rehm and
Senbichd 1999). Other drategies include use of homologous or heterologous gene
probes short consensus oligonudectide hybridizations or PCR technique (Timm et al.
1994, Rehm and Steinbichd 1999, Solaiman 2000, Solamaen et al. 2000, Zhang et al.
2001).

The 5 coding region of the phaC gene from R. eutropha has been shown to be
dispensable for PHB synthess (Schubert et al. 1991). In the PHA synthase genes from
Alcaligenes latus and R. eutropha the only mgor difference is the replacement of 560
nuclectides a its 5 end by 160 non-homologous nudectides in A. latus (Genser et al.
1998). Hence, in the present dudy the Sau3A | patid genomic libray of S



aureofaciens was screened udng radiolabeled 3 region of R. eutropha PHA synthase
gene as the hybridization probe (Peoples and Sinskey 1989b).



[ 2.2 MATERIALSAND METHODS

2.2.1 Materials

Agaoe, ampidllin, Tris IPTG, X-gd, PEG-8000, SDS bovine saum abumin,
Nile blue A, benzoic add, EDTA and poly-b-hydroxybutyrate were purchased from
Sgma-Aldrich, USA. Redriction enzymes, T4 DNA ligess, Rnae A, lysozyme and
pronase were obtaned from GIBCOBRL (USA), Promega (USA) and Amersham
(UK). pGEM-3Z, pGEM-5Z vectors were purchased from Promega (USA). Megaprime
labdling kit ad Hybond-N membrane were obtaned from Amesham (UK).
Radiolebeled [a-*?P]-dCTP was obtaned from BARC, India X-ray films were
obtained from Konika (Jgpan) or Kodak (USA). All other chemicds used were of
andyticd grade and obtained from HIMEDIA, Qudigens Fine Chemicds and E. Merck
Laboratories, India

2.2.2 Bacterial culture conditions

For routine maintenance, E. coli cdls were grown a 37°C with sheking & 200
rpm in Luria Betani medium (Sambrook et al. 1989). For medium scde plasmid DNA
preparation, recombinant E. coli cdls were grown in Terific broth (TB) supplemented
with gppropriate antibiotic. S aureofaciens NRRL 2209 cdls were grown a 28°C in
MGYP broth (Hopwood et al. 1985) in beffded flasks with sheking a 200 rpm. For
genomic DNA isolaion, S aureofaciens cdls were grown in YEME broth (Hopwood et
al. 1985).

M edia compositions

Luria-Bertani (LB) ol LB-agar
Bacto-tryptone 10 15% agar
Bacto-yeast extract 5
NaCl 10

pH 7.0



MGYP gl

Malt extract 3
Glucose 10
Y east extract 3
Peptone 10
pH 7.0
YEME gl
Yeast extract 3
Peptone 5
Malt extract 3
Glucose 10
Sucrose 340
After autodaving add:
25M MgCh 2ml
20 % Glydne sm
TB gl
To 900 ml of deionized
water, add
Bacto-tryptone 12
Y east extract 24
Glyceral 4ml

To deilized medium add 100 ml of 017 M KHzPO,4, 0.72 M KHPO,. (This solution §

mede by disolving 231 g of KH2PO4 and 1254 g of K2HPOs in 90 ml of deionized
water. After the sdts have dissolved make up the volume to 100 ml with deonized
water and gerilize by autoclaving).



S aureofaciens vegeative inoculum was prepared by incubating spores from
MGYP agar culture (Hopwood et al. 1985) in the following medium (Kannen and
Rehacek 1970) for 24 h.

gl
Glucose 10
Soybean med 2
Peptone 10
Soybean all 10

pH 7.2
Kannan-Rehacek medium (Kamnan and Rehacek 1970) was used for PHA

accumulaionin S aureofaciens:

gl
Glucose 20
NH4(SO), 5
Y east extract 25
KCl 3
CaCOs 4

Soybean med extract 100 ml (prepared by suspending
10g soybean med in 1 liter

didtilled water & 4C for 24 h)

pH 6.8
For PHA accumulionin E. coli, the recombinant celswere grown in basal medium
o]
Yeadt extract
Peptone
NagHPO,
MgSOs 02
pH 7.2
Glycerol 10 ml (used as a carbon source)

Ampicllin to a find concentration of 100 nmyml was added to the medium pogt
Serilization. The bacterid drainsand plasmids used areliged in Table 2.1.



Cultureof Streptomyces aureofaciensfor microscopy

For examination of S aureofaciens cdls by fluorescence microscopy, the culture
method devedoped to oltan growth of Sreptomyces . for scaning  dectron
microscopy was used (Williams and Davies 1967). Briefly, coverdips were derilized by
autoclaving. Each coverdip was then insarted & an angle of about 45° into solidified
medium in a petri dish until about haf the coverdip was in the medium. An inoculum of
Sreptomyces was then spread dong the line where the upper surface of the coverdip
met the medium, usng a fine wire needle The plates were incubated a 28°C for
different time periods. After incubaion the mycdia grow both on the medium and in a
line across the upper surface of the coverdips. This line of growth remained atached to
the coverdips when caefully withdravn from the medium and was used for
fluorescence micrascopic sudy.

Table 2.1 Bacterid dtrains and plasmids used in this study

Strain or Plasmid Important features (reference or source)

S aureofaciens NRRL 2209 Source of PHA synthesizing genes (ATCC
10762)

E. coli M109 F ; lac for blue/white screening (Promega)

E. coli DH5a F; lac for bluelwhite screening (Promega)

pGEM -3Z Cloning vector (Promega)

pGEM -5Z Cloning vector (Promega)

pSa240 pGEM-3Z + 48 kb S. aureofaciens insart

Recombinant E. coli IM109 harboring ATCC: PTA-1579

pSa240




2.2.3 Thenudec acids

2.2.3.1Plasmid DNA isolaion

Solutions
Solution | Solution 11
50 mM glucose 0.2 N NaOH
25 mM Tris-Cl (pH 80) 1% SDS

10 mM EDTA (pH 80)

Solution 111 TE pH 80

5 M potassium acetate 60 ml 10 mM Tris-Cl (pH 8.0)
Gladid acdtic acid 11.5ml 1 mM EDTA (pH 80)
Didtilled water 285 ml

Theresulting Solution 111 is 3 M with respect
to potassum and 5 M with respect to acetate

Plasmid DNA from E. coli was isolated by dkdine lyss method (Sambrook et
al. 1989). A dngle bacterid colony was inoculated into 2 ml of LB medium containing
the gppropriate antibiotic. The culture was incubated a 37°C with vigorous sheking for
18 h. The culture was centrifuged a 12,000 x g for 30 s & 4°C. The bacterid pdlet was
resuspended in 100 m of ice-cold Solution | and kept on ice for 5 min. Then 200 nh of
freshly prepared Solution I was added with vigorous mixing and sored on ice for 10
min. This was fdlowed by addition of 150 nh of ice cold Solution IIl. The tube was
dored on ice for 5 min and then centrifuged a 12000 x g for 5 min a 4°C. The
upernatent was transfered to a fresh tube and extracted with an equad volume of
phenol:chloroform  (1:1), followed by chloroformisoamyl dcohol (24:1). Two volumes
of ethanol was added to the agueous phase and the mixture was dlowed to dand for 2
min a room temperature. The tube was centrifuged a 12,000 x g for 5 min a 4#C. The
pelet was rinsed with 70 % ethanol, ar-dried and suspended in 50 Mt TE (pH 8.0)
contaning RnaseA (20 ng/ml). The tube was dtored a room temperaiure for 30 min.
The <olution was extracted with phenol:chloroform (1:1) and chloroformiisoamyl
doohal (24:1). To the agueous phase, 25 volume of 10 M ammonium acetate and 2
volumes of ethanol was added. The tube was kept a room temperature for 10 min. The



plasmid DNA was precipitated by centrifugation a 12000 x g for 5 min & 4°C. The
pellet was rinsad with 70% ethandl, dried and dissolved in 30 nh of TE (pH 80) .

For medium scde preparetions of plasmid DNA (50 ml culture grown in TB)
after RnaseA trestment (as described above), equa volume of 1.6 M NaCl containing
13% (wh) polyethylene glycol (PEG 8000) was added. The tube was centrifuged a
12000 x g for 5 min a 4°C. The pdle was dissolved in 400 nh TE (pH 80). The
solution was extracted with phendl:chloroform  (1:1) and chloroformiisoamyl  dcohol
(24:1). To the agueous phase 100 nh of 10 M ammonium acetate and 2 volumes of
ethanol was added. The tube was kept & room temperaure for 10 min. The plasmid
DNA was precipitated by centrifugation a 12000 x g for 5 min a 4°C. The pellet was
rinsed with 70% ethanal, dried and dissolved in 500 i of TE (pH 8.0).

2.2.3.2 Sreptomyces aureofaciens NRRL 2209 genomic DNA isolation

S aureofaciens cultures were centrifuged a 8000 x g for 10 min & 4°C and
washed twice with STE buffer (0.3 M sucrose, 25 mM Tris-HCl and 25 mM EDTA, pH
80). 1.0 g (wet weight) mycdium was resuspended in 855 ml STE buffer and 950 nh
lysozyme (20 mg/ml STE buffer) was then added. After protoplast formation, which
took aout 20-30 min, 500 m 10% SDS (w/v) and 50 m of pronase (20 mg/ml) were
added, and the mixture hed a 37°C for 1 h. Next 1.8 ml 5 M NaCl was added with
gentle mixing followed by 15 ml of 10 % (w/v) CTAB in 0.7 M NaCl and incubated for
2 min & 65°C. After the addition of CTAB, dl the steps were caried out & room
temperature.  The lysate was extracted with an  equd volume  of
phenal:chloroformiisoamyl  doohol  (25:24:1, viv) and centrifuged & 12000 x g for 10
min. The agueous phase was trandferred to a fresh tube and the above step repesated. The
agueous phese was findly extracted with chloroformiisoamyl dcohol (24:1, viv) ad
DNA gooled out ater 10 min following addition of 06 volume of isopropandl.
Alternatively, it was recovered by centrifugation a 12,000 x g for 10 min. The pelet
was washed twice with 70% ethanol, vacuum dried and dissolved in 2 ml TE buffer (10
mM TrissHCl and 1 mM EDTA, pH 8.0). RnaseA (50ng/ml) was added with incubation
a 37°C for 2 h. After digestion the sample was extracted with phenol as described
above. DNA was precipitated from the agueous phase with addition of 0.1 volume 3 M
sodium acetate (pH 5.3) and 0.6 volume Isopropanol. The DNA pelet was washed with
70% ethanal, dried and dissolved in TE buffer.



The aove method employed for DNA isoldion from Sreptomyces sp. is a
modification of the method of Murray and Thompson (1980) for isolaion of nudec
acids from plants and it works wdl with Gram podtive and Gram negdive bacteria
(Tripathi and Rawad 1998).

2233 Screening of patid genomic library of Sreptomyces aureofaciens NRRL

2209
Solutions

1XTAE Ge loading buffer (6 X)

0.04 M Tris-acetate 0.25 % bromaophenal blue

0.001 M EDTA 0.25 % xylene cyanol FF

40 % (w/v) sucrose in water
IPTG stock solution 200 mg/ml dissolved in Serile didtilled water
X-gal stock solution 20 mg/ml dissolved in dimethyl formamide

Ampicillin stock 100 mg/ml dissolved in Serile didilled weater

S aureofaciens NRRL 2209, genomic DNA was digested with redriction
endonuclease Sau3A | (0.07 units of Sau3A | per ng of genomic DNA) a 37°C for 40
min. The resulting DNA fragments were mixed with /6™ volume of gd loading buffer
and dectrophoresed on 1.2% low mdting point agarose gd in 1X TAE running buffer
by aplying a voltage of 50V. Bromophenol blue and xylene cyand in the gd loading
buffer acted as the tracking dyes. After completion of dectrophoress, the gd was
daned with ethidium bromide (05 ng/ml) and DNA visudized usng a hand hdd long
wavdength UV trandlluminator. DNA fragments ranging from 2-8 kb in sSze were
purified from the agarose gd. The region in the low mdting agarose gd with the DNA
bands of interest was cut out with a razor blade and the agarose dice trandferred to a
microfuge tube Fve volumes of 20 mM Tris-Cl (pH 80) was added to the tube
followed by incubation a 65°C for 5 min. The solution was cooled to room temperature
and an equd volume of phendl, equillibrigted to pH 80 with 0.1 M Tris-Cl was added.
The mixture was vortexed for 20 s and the agueous phase was recovered by
centrifugetion & 4,000 x g for 10 min a 20°C. The agueous phase was reextracted with
phend:chloroform  (1:1), followed by chloroformisoamyl dcohol (24:1). To the



aqueous phae 0.2 volume of 10 M ammonium acetate and 2 volumes ethanol was
added. The mixture was dored a room temperature for 10 min and the DNA was
recovered by centrifugation a 12,000 x g for 10 min & 20°C. The pdle was rinsed with
70 % ethanal, air dried and dissolved in TE (pH 8.0) (Sambrook et al. 1989).

The purified DNA fragments were ligated to BanH | digeted pGEM-3Z
plasmid vector and later introduced into E. coli IM109 cdls. Different molar ratios of
vector to insat DNA (L1, 1.3, 23, 3.2 ad 31) were used for ligation. Typicd ligation
conditions used were 100 ng of the vector DNA, 1 nh of T4 DNA ligase buffer, insert
DNA and 1 Weiss unit of T4 DNA ligase in a 10 ni totd volume. Fresh competent E.
coli cdls were prepared usng cdcium chloride (Sambrook et al. 1989). Sngle E. coli
colony from a plate freshly grown for 16 to 20 h a 37°C was inoculaed into 100 ml of
LB broth. The culture was incubated a 37°C for about 3 h with sheking a& 200 rpm. The
culture was transferred to ice-cold centrifuge tubes and kept on ice for 10 min. The cels
were recovered by centrifugation a 2,000 x g for 10 min a 4°C. Pdlet was resuspended
in 10 ml of ice-cold 0.1 M CaChk and gored on ice for 10 min. Cells were recovered by
centrifugation a 2000 x g at £C for 10 min. The pelet was resuspended in 2 ml of ice
cod 01 M CaCl, The suspenson of competent cdls was trandfered to dHerile
microfuge tube in 200 nh diquots. DNA (ho more than 50 ng in a volume of 10 nh or
less) was added to each tube, mixed and kept on ice for 30 min. Tubes were then
incubated & 42°C for 90 s To each tube 800 nh of LB broth was added and further
incubated & 37°C for 45 min. About 100 m of transformed competent cells was spread
onto LB plaes contaning gppropriate antibiotic, IPTG and X-gd (Sambrook et al.
1989).

2.2.3.4 Colony blatting

A nylon membrane of appropriate Sze was sdected and placed on the agar
aurface in a petri dish bearing E. coli adonies The membrane and the agar plae were
marked using a deile needle to mark for orientation of the colonies. The membrane was
peded off after 1 min and placed with the colony sde up on a pad of 3MM Whatman
paper oaked in denauring solution (L5 M NaCl, 05 M NaOH). After 7 min the
membrane was removed and placed on a separate pad soaked in neutrdizing buffer (1.5
M NaCl, 1.0 M Tris-HCl, pH 7.4). After 3 min the blot was removed and kept on a filter
paper soaked in 2 X SSC (Section 2.2.3.6). The blot was then transferred to a dry filter



paper and ar dried with the colony sde up. The membrane was baked a 80°C for 2 h to
heet fix the DNA.

2.2.3.5Probepreparation

The 430 bp Sac I/Su | fragment spanning the 3' region of the phaGre gene of
Ralstonia eutropha (Fig. 2.1) was used as the hybridization probe to screen the Sau3A |
patid genomic library of S aureofaciens The DNA probe was labded with [a-*%P]-
dCTP using the Megaprime DNA labeling system (Feinberg and Vogestein 1983).
Reaction was st up (50 ni) asfallows:
25 ng DNA probe 50 nh
Primer solution (Random hexanud ectides) (3.5 A260 units) 5.0 nh
Above mixture was kept in bailing water-bath for 10 min for denaturation and then

dlowed to come to room temperature dowly to fadilitate anneding

of the primer to the template DNA.

10 X reaction buffer (500 mM Tris-HCl, pH 7.5; 100 mM MgCl; 50

10 mM DTT; 0.5 mg/ml acetylated BSA)

05 mM dATP, dGTP, dTTP solution (333 mM Tris-Cl, pH 120 nh

8.0; 33.3 mM MgCl,; 10 mM 2mercgptoethanal) (4 M each)

[a-3P]-dCTP (Sp. adtivity 3000 Ci/mmoale) 50 nh

Serile deonized weter 16m

Exonuclease free Klenow fragment (2 Units/nt) 20
Totd Vdume 50.0 nh

The reaction was caried out a 37°C for 45 min. For reaction terminaion and probe

denaturation the reaction mix was kept in a bailing water bath for 10 min and sngp
chilledonice



phaCg. (1750 bp) phaAg, (1150 bp) phaBg(750 bp)

Sma | | >86|bp > 77bp > EcoR |
Sacl Stul
(222:)) (|2650)
| |
3'phaCge
Fig. 2.1 3 Sac I/Su | fragment of phaCse gene of Ralstonia eutropha:

hybridization probe used in colony and Southern hybridization sudies.



2.2.3.6 Hybridization and washing
Solutions
20X SSC
3M NaCl
0.3 M Sodium Citrate, pH 7.0

Hybridization buffer

1%BSA

10mM EDTA, pH 80

0.5 M Sodium phogthate, pH 7.2

7% SDS
L ow stringency wash buffer M oder ate stringency wash buffer
5XSXC 2XSC
0.1% SDS 0.1% SDS

Prehybridization of the nylon membrang(s) was caried out a 55°C in hybridization
buffer for 6-8 h in a hybridizetion incubator (Robin Scentific, USA). The amount of
buffer added was 01 mi/en? of the membrane The prehybridization buffer was
decanted off and fresh hybridization buffer added adong with the denatured radiolabelled
probe. Hybridization was caried out & 55°C for 14-18 h. The solution was decanted
and the membrane washed with low gringency wash buffer firg a 28°C and then a
55°C for 15 min each.

2.2.3.7 Southern hybridization

The DNA blots were prepared according to Sambrook et al. (1989). The DNA
bloting technique was origindly described by Southern (1975). The DNA samples with
1X gd loading buffer were dectrophoresad in an agarose gd in 1 X TAE buffer. The
gd was daned with ehidium bromide (05 ng/ml) and photographed over a UV-
tranglluminator. The DNA in the gd was depurinated by trestment with 0.25 N HCI for
10 min. The gd was rinsed with deionized water and then immersed in a denaturation
solution (1.5 M NaCl, 0.5 M NaOH). Denaturation was caried out for 30 min with
gentle sheking. The gd was agan rinsad with deonized water and immersed in



neutrdization buffer (15 M NaCl, 10 M Tris-HCI, pH 7.4) for 15 min. The gd was
then set up for capillary trandfer of DNA to solid membrane support.

A tray was filled with the trandfer buffer (20 X SSC). A platform was made and
covered with a wick, made from 2 sheets of Whamann 3MM paper saturaed with
trandfer buffer and the gl was placed on it. It was then surrounded with a cling film to
prevent the trandfer buffer from being absorbed directly by the paper towds to be
gacked above. A sheet of Hybond-N" membrane (Amersham, UK) of the exact gd sze
was wetted in deionized water followed by trander buffer and placed on top of the gd.
Any ar bubble trapped beneath the membrane was removed. Two pieces of 3MM
Whatmann paper wetted with 2 X SSC were placed on the membrane. A dack of
absorbent paper towes was placed on top of the SMM paper. A glass plate was kept on
top of the paper towd and a 0.5 kg weight put on top. Trander of DNA fragments was
dlowed to proceed for aout 18 h. The membrane was then maked for orientation,
removed carefully and washed with 6 X SSC. The membrane was ar dried and baked
for 2 h a 80°C to immobilize DNA onto the nylon membrane Hybridization was
caried out as described earlier (section 2.2.3.6) with the denatured radiolabdled probe
(section 22.35). The membrane was washed with low dringency wash buffer firs at
28°C and then a 55°C for 15 min eech. Then it was washed with moderate stringency
wash buffer at 28°C ard then a 55°C for 10 min esch.

2.2.3.8 Autoradiography
The moigt blot(s) was wrapped in saranwrgp and exposed to Xray film a -70°C

in acassette with intensfying screen.

224 PHA
2.2.4.11n vivodetection of PHA granules by fluor escence microscopy

Hests fixed smears of bacterid cdls (S aureofaciens and recombinant E. coli)
were dained with 1.0% agueous solution of Nile blue A a 55°C for 10 min. The dides
were washed with tgp water to remove excess dan and then with 8 % agueous acetic
acid for 1 min. The daned smeaxr was agan washed with waeter, blotted dry,
remoisened with tgp waer and covered with a glass cover dip. The coverdip was
necessary, since immerson oil extracts some of the fluorescent dye and obscures the

fidd with a generd ydlow fluorescence. The dide was examined under a Leica



fluorescence microscope fitted with a camera Huorescence was obsarved a an
excitation wavelength of 460 nm (Ostle and Holt 1982).

2.2.4.2 Gas chromatographic (GC) analyssof PHAs

S aureofaciens cdls were cultured in KannanRehacek medium (section 2.2.2)
a 28°C with congant shaking a 200 rpm and harvested a different time points for
PHA andyss.

Recombinant E. coli cdls were harvested &fter 48 h of incubation in basd
medium a 37°C with constant shaking & 200 rpm.

The cdls were centrifuged a 8000 x g for 10 min & 20°C. The cdl pelet was
washed with saline and freeze dried.

Ederification of PHAsfor GC analysis

The method reported by Riis and Ma (1988) was used for edeification of
PHAs About 20 — 40 mg of freeze dried bacterid cdl mass was weighed in tightly
seddde vids (volume 10 ml). Two ml of 1,2-Dichlorogthane (DCE), 2 ml n-Propanol
containing hydrochloric acid (HCI) (1 volume concetrated HCI + 4 volume n-
Propanol) and 200 nh internd dandard (20 g benzoic add in 50 ml n-Propanol) were
added. The mix was incubated for 4 h in a water bath & 85°C. The mixture was sheken
intermittently. After cooling to room temperature, 4 ml water were added and the
mixture sheken for 20 — 30 s The heavier DCE-Propanol phase was collected and
injected directly into the gas chromaograph. Quantitative evauation was affected by
means of the peek aeas of hydroxybutyric acid and benzoic acid. PHB content was
defined as the ratio of PHB to cell dry weight and expressed as a percentage.

GC conditions

BP 1 capillay column (J & W Sdentific Co.,, USA), 25 m in length with 0.32
mm inner diameter was used. The temperaure of the injection port and the flame
ionizetion detector (FID) port was set a 250°C. Following temperaiure profile was
used: 5 min a 80°C, falowed by 7°C/min rise to reach a find temperaure of 200°C.
Nitrogen (5 ml/min) was used asthe carrier gas. Injection: splitless, and volume 0.6 nh

A computer controlled ges chromaograph (Modd GC 17-A, Shimadzu)
eguipped with double FID was usad for andyss.



Cadlibration
Approximady 200 mg of PHB was dissolved by heating in a smdl volume of

DCE udng a cdibrated 10-ml flask. After cooling to room temperature, the solution was
mede up to 10 ml. Volumes of 200. 400, 600, 800 and 1000 m of this solution were
esterified as described above and subjected to GC andysis. The rdaionship between the
pesk area and the quantity of PHB was obsarved to be lineer up to 3.0 ng of PHB (Fg.
2.2).
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Fig.2.2 Cdibraion of the gas chromaogrgphic determingtion of PHB. The

amount of PHB per injected sample was plotted versus the ratio of the
concentrations of 3-hydroxybutyryl propyl ester and benzoic acid propyl
eder.



23 RESULTS AND DISCUSSION }

2.3.1 PHA accumulation by Streptomyces aureofaciens NRRL 2209

Ealier reports by Kamnan and Rehacek (1970) and Ranade and Vining (1993)
have shown maximum PHB accumuldion in S, aureofaciens to occur between 16 to 18
h of incubation. Hence, S aureofaciens cdls grown in Kannai-Rehacek medium were
harvested after 14, 16, 18 and 24 h of incubation. These time points were sdected by
bracketing the incubation time for maximum PHB accumulation in S aureofaciens
NRRL 2209. An diquot of the harvested cdls when sained with Nile blue-A and
obsarved under a fluorescence microscope @ an exdtation wavelength of 460 nm,
showed characterigic orange fluorescence indicating intracdlular accumulation of PHA
granules (Fig. 2.3). To specificdly determine the compodtion of the synthesized PHA,
the freeze dried cdl materid and commercid P(3HB) were subjected to edterification.
The propyl esters formed were andyzed by gas chromaography. Benzoic acid propyl
eder was used as the internd standard. The pesk corresponding to propyl ester of 3
hydroxybutyric acid was obsarved in the gas chromaiogramn for PHA from S
aureofaciens (Fig. 24). This indicated that the PHA accumulated by S aureofaciens to
be poly(3hydroxybutyrate), P(SHB). There was a gradud incresse in cdl mass as is
evident by increase in cdl dry weight of 0.283 mg a 14 h to 0.312 mg a 24 h. However,
a maximum accumulation of 24% P(3HB) of cdl dry weght (CDW) was obtained in 16
h of incubation (Fig. 2.4). Theresfter P(3HB) levels dropped to 2.05 % of CDW & 18 h
and to 0.85 % of CDW & 24 h of incubation. The pH of the medium increased from 6.8
to 74 a 16 h of incubaion and then decressed to 7.2 after 24 h of incubation. Growth,

pH changes and PHB accumulaion observed in S, aureofaciens a different time
intervasis presented in Table 2.2.

Table2.2: Growth and PHB contet in flask culture of Sreptomyces
aureofaciens NRRL 2209 grown in Kannan-Rehacek medium
Time (h) Dry weight (mg) PHB % cedll dry weight pH
14 0.283 + 0.003 231+ 0028 7.32 + 0028
16 0.284 £ 0.003 240+ 0014 740+ 0014
18 0.295 + 0.003 205+ 0031 733+ 0042
24 0.312 + 0013 085+ 0127 723+ 0042




Fig. 23 Fluorescence micrograph of Strepionpe es aureafaciens stained with

Hile blued showing PHA accumulation. Magnification. Ca X 400,
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Fig. 24  GC analysis of 3-hydroxybutyric acid propyl ester obtained by the
hydrochloric acd propanolysis of freeze dried 5. qureafaciens cells
Peakl: propyl ester of 3-hydroxybutync acid,
Peak 2 propyl ester of benzoic acid (internal standard).



Maximum accumulaion of PHB in S aureofaciens obsarved a 16 h of incubdion is in
agreement with the earlier report of Ranade and Vining (1993). However, as agang a
24% PHB accumulation observed in the present study, Kannan and Rehacek (1970) and
Ranade and Vining (1993) hed reported a maximum accumulaion of only 1.1 %. This
difference could be attributed to the more specific and accurate gas chromatographic
method (Riis and Ma 1988) for PHB edimaion used in the present study as agang the
spectrophotometric methods (Lav and Sepecky 1961) used by ealier authors In the
latter method the PHB mud be extracted from the cdls prior to determination. The
extraction process itsdf contributes inherent errors.

2.3.2 Screening of Streptomyces aureofaciens Sau3A | partial genomic library

The Sau3A | patid genomic library of Sreptomyces aureofaciens NRRL 2209
was congructed in the BanmH | dte of pPGEM-3Z plasmid vector and mantained in E.
coli IM109 (Tripathi 1999).

The ‘N’ termind region of phaGg gene has been shown to be vaiable and
dispenssble for PHB synthess (Genser e al. 1998, Schubert et al. 1991). Hence, the
Su3A | patid genomic libray of S aureofaciens was initidly screened by colony
hybridizetion usng redidabdled 3 region of R. eutropha PHA synthase gene as the
probe (Fig. 21) (Peoples and Sinkey 1989h). Twelve postive clones were obtained.
Thee were designated as pSa series with numbers 2, 5, 9, 36, 49, 51, 63, 69, 179, 240,
278 and 281. The representative colony blot isshown in Fig. 2.5.

These twelve pogdtive clones were further andyzed by Southern hybridization

sudies.

2.3.3 Southern hybridization with the 3' region of phaGge

Pasmid DNA prepared from the twelve phaC postive dones was digested with
EcoR 1/Pst | to rdesse the insert DNA and separated by agarose gel dectrophoresis
(Fg. 26). Inset DNA sze vaied from aout 1.5 kb to 7.0 kb. The digested and
electrophoresed

DNA samples were tranderred onto nylon membrane and hybridized with the 3
region of phaCre gene probe. Three podtive dones viz pS9 (with ~ 5 kb insat DNA),
pSa69 (with ~ 7 kb insat DNA) and pSa240 (with ~ 5 kb insat DNA) were obtained
(Fg. 27). The recombinant E. coli IM109 cdls harboring these three clones were next
andyzed for PHA accumulation by fluorescence micrascopy and gas chromatography.



Fig. 2.5

Colony hybr dization representative autoradiogram for screening
of partial genomic hbrary of Sirepiomyees aureafaciens NEEL

2209 hybridized with [0-"22]-dCTP labeled 37 Sae ISen I fragment

of phaCp gene of Ralsionia sutrapha.
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Lgarose gel electrophoresis of BooR IWPsi T digested 12 selected
p3a series clones: Lanes 2-12 and 14: pSaclones 2, 5, 9, 36, 48,
51,63, 6%, 179, 240, 278 and 281 respectively.

Lanel and 13; Bacteriophage A DITA digested with Hind IIT

was used as molecular size standards.

Southern hybridization analysis of the p3a series clones restriction
digested with FeaR IPst T hybridized with [a=2P]-dCTP labeled
3" Sge UStu Tragment of phaCy, gene of Ralsionia eutropha
Three positive clones were obtained viz p3a%, pSab? and pSa240.



2.3.4 In vivodetection of PHA granules by fluor escence microscopy

Recombinant E. coli JM109 cdls haboring pSO, pSe69 and pSa240 dones
were screened for PHA accumulation by fluorescence microscopy. The cdls were
daned with Nile blue A and observed usng fluorescence microscope & an excitation
waveength of 460 nm. E. coli cdls harboring the ~ 5 kb S aureofaciens genomic DNA
clone pSa240 showed characteridtic orange fluorescence indicating PHA accumulation
(Fig. 28). E. coli cdls harboring pS29 and pSa69 did not show any fluorescence. It was,
hence, apparent that the presence of pSa240 plaamid clone, which harbors an ~ 5.0 kb
genomic DNA fragment from S aureofaciens supports PHA accumulation in the
recombinant cells. The recombinant E. coli was next subjected to gas chromatography
andysis to determine the type of PHA accumulated.

2.35 Gas chromatographic (GC) analyss of recombinant E. coli cels harboring
pSa240

After 48h of culture growth, both recombinant and nonrecombinant E. coli
JM109 were harvested and edterified as described earlier. The propyl esters formed were
andyzed by gas chromatography. Propyl ester of benzoic acid was used as an internd
dandard. The gas chromatogram for PHA obtaned from recombinant E. coli showed
presence of a peak caresponding to the propyl eser of 3-hydroxybutyric acid and a
pesk corresponding to the internd sandard, benzoic acid propyl edter. This indicated
that the type of PHA accumulated in the recombinant E. coli cdls to be PHB (Fig. 2.9b).
This pesk was absent in the gas chromatogram of edterified nonrecombinant E. coli
IM109 cdls (Fig. 2.94).

Thus, pSa240 which contains an approximate 50 kb Sau3A | genomic DNA
fragment from S aureofaciens NRRL 2209, gpparently carries dl the necessary genetic
informetion to order and direct poly(3-hydroxybutyric acid) synthesisin recombinant E.
coli harboring it. This ~ 50 kb DNA fragment and the recombinant E. coli harboring it
were further characterized.



Fig. 2.8 Fluorescence micrograph of recombinant phag, ™ Fecherickia col
cells harboring p3a240 stained with Mile blued showing PHA
accumulation. Magnification. ca X 400
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Fig. 29 GC analysis of 3-hydroxybutyric acid propyl ester obtained by
the hydrochloric acid propanolysis of freeze dried
(a) Escherichia coli IM109 and ( b) recombinant Escherichia coli
cells harboring pSa240 cells.
Peak1: propyl ester of 3-hydroxybutyric acid,
Peak 2 propyl ester of benzoic acid (internal standard)



CHAPTER 3

SEQUENCING AND SEQUENCE ANALYSS

OF A ~5.0KB GENOMIC DNA FRAGMENT OF
STREPTOMYCES AUREOFACIENS

HARBORING THE PHB BIOSYNTHETIC GENES




[ 3.1INTRODUCTION

The knowledge of physiology, biochemisry and molecular gendtics of PHA
biosynthess in bacteia provides sound bess for a thorough evauaion of the
biochemisry and cadytic mechanisms of PHA synthess. The formaion of PHA
indusons in the cytoplasm and the design of pathways for the synthess of known or
novd PHAs, not only in recombinant bacteria but dso in transgenic plants and other
eukaryatic organisms would dso be evduated.

The PHA biosynthess genes were firg idertified, cdoned, and characterized in
Zoogloea ramigera by Peoples et al. (1987), and in Ralstonia eutropha by Schubert et
a. (1988), Sae e al. (1983) ad Peoples and Snskey (1989%h). Severd more
representatives of these genes have been identified and cdoned in other organisms
(Peoples and Sinskey 1989b, ¢, Huisman et al. 1991, Liebergesdl and Steinbiichd 1992,
Timm and Steinbiichd 1992, Liebergesdl and Steinblichd 1993, Schembri et al. 1994,
Schembri et al. 1995, Yabuteni et al. 1995 Fukui and Dol 1997, Hein et al. 1998,
Matsusaki et al. 1998, Umeda et al. 1998, Taronche-olderberg et al. 2000).
Biogynthess of P(3HB), the most extensvely sudied amongst PHAS, involves three
sequentid  enzymatic reections catdyzed by three didinct enzymes The fird enzyme of
the pathway, b-ketothiolase (encoded by phaA gene), catadyzes reversble condensation
of two acetyl-CoA moidties to form acetoacetyl-CoA. NADPH dependent acetoacetyl-
CoA reductase (encoded by phaB gene) subsequently reduces acetoacetyl-CoA to R(-)-
3-hydroxybutyrytCoA, which is then polymerized by the action of PHA synthase
(encoded by phaC gene) to form PHB.

In order to reduce the confuson over the years a nomenclature has been evolved
to depict the genes involved in PHAs synthess. Hence, genes encoding for enzymes
involved in the biosynthess of PHA are referred to in an dphabeticd order as phaA (b-
ketothiolase), phaB (acetoacetylCoA reductase), phaC (PHA synthase), phaG (3
hydroxyecyl-acyl-carier protein-coenzyme A transferase), phal (enoyl-CoA hydratase)
and s0 on, wheress the genes required for the degradation are referred to in a reverse
dphabeticd order such as phaz for PHA depolymerases, phaY, phaX, phaWw, etc. The
genes for phasins are referred to as phaP. The origin of a gene or a proten is indicaed
by the firgt letter of the genus and the species, which is added as a subscript (Rehm and



Stenbichd 1999). Thus PHA synthase gene, phaC, from Ralstonia eutropha will be
depicted as phaCGre

Based on the data available for PHA syntheszing genes from various organisms,
different types of arangements of the genes on the genome have been observed
(Madison and Huismen 1999, McCool and Camnon 2001). In Acinetobacter .,
Burkholderia sp., Alcaligenes latus, Pseudomonas acidophila and R. eutropha, the
phaC, phaA and phaB genes are placed in tandem on the chromosome dthough not
necessarily in the same order (Schembri et al. 1995, Peoples and Sinskey 1989 b,
Umeda et al. 1998, Madison and Huisman 1999, Rodrigues et al. 2000,). The genes may
dn be unlinked as phaAB and phaC lod in Paracoccus denitrificans, Rhizobium
meliloti and Zoogloea ramigera (Peoples and Sinskey 1989c, Tombolini et al. 1995,
Yabutani et al. 1995, Lee et al. 1996, Uedaet al. 1996).

In Allochromatium vinosum (famerly cdled Chromatium vinosunm), Thiocystis
violacea, Thiocapsa pfennigii and Synechocystis the PHA polymerase is a two-subunit
enzyme encoded by the phbE and phbC genes (Liebergesdl and Steinbiichd 1992,
Liebergesdl and Steinbiiched 1993, Hein et al. 1998, Liu and Seinblichd 2000). But,
the arrangement of PHA synthesizing genes is different amongst these organisms. In A
vinosum and T. violacea, phbAB and phbEC ae in one locus but divergently oriented
(Licbergesdl and Steinbichd 1992, Liebergesdl and Seinbiche 1993). However, in
Synechocystis pha genes ae locdized in different sections of the genome with
arangement amilar to that in Z. ramigera (Taroncher-oldenburg 2000). The pha lod in
A. vinosum, P. acidophila, R. eutropha, R mdliloti and T. violacea have an additiond
gene, phaF, of a hitherto unknown function in PHA metabolisn (Madison and Huisman
1999).

The PHA synthase gene in Aeromonas caviae is flanked by phaJ encoding for R
gpecific  enoyl-CoA hydratase (Fukui and Dol 1997). In msc-PHA  producing P.
oleovorans and P. aeruginosa, the pha lod contain two phaC genes separated by phaz,
which encodes an intracdlular PHA depolymerase (Huisman et al. 1991, Timm ad
Seinbiichd 1992). In Bacillus megaterium the phaC gene is dmilar to tha of A
vinosum in sze and sequence. However, unlike phaCa, phaGsm requires phaRsm for
PHA accumulation, but not phaE (McCool and Cannon 1999, McCool and Cannon
2001). PhaRan,is probably an orthologous replacement for phakgm,

In Methylobacterium extorquens, Rhizobium etli and Rhodobacter sphaeroides
only the PHA gynthase gene (phaQ has been identified thus far (Hustede and



Seinbiichd 1993, Vdentin and Steinblichd 1993, Cevdlos et al. 1996, J-Hoe and Lee
1997). The PHA synthase gene of Rhodococcus ruber and Nocardia corallina is not
cdugered with genes encoding b-ketothiolase, NADPH dependent  acetoacetylCoA
reductase or PHA depolymerase (Pieper and Steinbiichd 1992, Hal et al. 1998). In
Chromobacterium violaceum and Comamonas acidovorans, phaC and phaA genes are
arranged in an operon (Sudesh et al. 1998, Kalibachuk et al. 1999).

Identification and characterization of PHA syntheszing genes from different
oganisms will hdp in in vitro and in vivo meabolic engineering for efficient
biosynthess of known as wel as nove PHAs Knowledge of new PHA synthase genes
would dso help to ducidate the evolution of PHA synthase genes (Hein et al. 1998).
Furthermore, the avalability of sequence informaion and the cloned phaC genes from
different organisms makes possble the gpplicaion of gene dhuffling (Stemmer 1994)
and drected evolution (Moore et al. 1997) to enginer new or improved PHA
gynthase(s) for the synthess of nove biodegradeble polymers. Indght ganed a
molecular genetic levd will provide necessary tools for devdoping the biopolymer
engineering gpproach to produce these maerias in recombinant organisms and it would
adinthar in vitro production as well.

The present chapter of the thesiswill describe (&) restriction mapping of the
pSa240 DNA insart from the genomic DNA of S. aureofaciens NRRL 2209, (b) the
sequencing of the pSa240 DNA insert and (¢) sequence andysis of the pSa240 insert.



{ 32MATERIALSAND M ETHODS}

3.21 Materials

Agaose, ampicllin, kanamycin, Tris and EDTA wee puchesed from Sgma-
Aldrich, USA. All redriction enzymes, T4 DNA ligase and Rnase A were obtained from
GIBCOBRL (USA), Promega (USA) and Amesham (UK). pGEM-3Z, pGEM-5Z
vectors were purchased from Promega, USA. All other chemicds used were of
andyticd grade and obtained from HIMEDIA, Qudigens Fine Chemicds and E. Merck
Laboratories, India

3.2.2 Bacteriaand Plasmids
Different bacterid drains and plasmids used are described in Chepter 2, Table.

21. The becterid culture conditions were used as described in Chapter 2, section 2.2.2.
Recombinant E. coli cdls haboring pSa240 DNA (phasa’ recombinant E. coli) with
trangoposon Tn5 insation were grown in media supplemented with  kanamycin (50
mg/m).

3.2.3 Plasmid DNA isolation

Plaamid DNA from E. coli was isoaed by dkdine lyss mehod followed by
polyethylene glycol precipitation (Sambrook et al. 1989; dso refer Chapter 2, section
2.2.31).

3.2.4 Redriction endonuclease mapping of pSa240
Solutions

TAE and gd loading buffer were prepared as described in Chapter 2, section
22.37.

pSa240 plasmid DNA was redriction digeted with various redriction enzymes
sngly or in combingtions. Redriction enzymes used incdude EcoR |, Apa |, BamH |,
EcoR V, Hind 11, Kpn I, Ns I, Not I, Pst I, Sal |, Sma |, Xba I, Su | and Pwu 1. The
reaction conditions used were as recommended by the manufacturer. The redriction
enzyme digested DNA samples were dectrophoresed in 1% agarose ge in 1 X TAE
buffer.



3.2.5 Subcloning of pSa240

Based on the redriction endonucleese map of pSa240, the insert DNA was
digested with different restriction endonucleases and dectrophoresed in agarose gd. The
resulting DNA fragments were purified from agarose dices and ligaied to corresponding
redricion Stes in pGEM-3Z o pGEM-5Z plaamid vectors. Competent cdls were
prepared by CaCl, method and the cdls trandformed using the protocol described by
Sambrook et al. (1989) (dso refer Chapter 2, section 2.2.3.2). Nine subclones pLHSal
to pLHSa0 were obtained, which spanned the entire pSa240 insart sequence.

3.2.6 DNA sequencing and sequence analysis

DNA sequencing reections were peformed usng ABI prism BigDye Terminaor
Cyde Sequencing kit from PE ABI. The primer extenson products were separated by
gel dectrophoress on an ABI Sequencer. None of the clones could be sequenced fully
gnce in dl indances the sequencing reection did not proceed beyond about 100
nucleotides and severe sequence compection was encountered. Therefore trangposon
insertion sysem was used to genarae frequent and overlgoping DNA  segquences.
Trangposons TnS were randomly inserted in pSa240 usng EZ:TN Kan2 insation kit
from Epicentre Technologies USA. Plaamid DNA was purified from randomly chosen
kanamycin/ampicillin resstant colonies and sequenced usng Forward (KAN — F) and/or
Reverse (KAN — R) primeas The ABI prism BigDye Terminaior Cycle Sequencing kit
from PE ABI was used for DNA sequencing. The primer extenson products were
separated by gd dectrophoress on an ABI Sequencer. Sequences generated from each
clone were assembled usng Sequencher software. Nucleotide sequence of both DNA
drands was andyzed, usng FramePlot method for predicting protein coding region of
bacterid DNA with high G+C contet (Ishkawa and Hotta 1999). Sequence
comparisons and dignments were peformed with the Basc Locd Alignment Search
Tool (BLAST; Naiond Center for Biotechnology Information) and the Clustd X
Multiple sequence dignment program (Baylor College of Medicine).

3.2.7 Gaschromatography analyss
GC andyss of the freeze dried E. coli cdls was performed as described earlier

usng aGC 17-A Shimadzu make GC (see chapter 2, section 2.2.4.2).



3.2.8 Enzymeassays
E. coli cdlswere grown in following basd medium:

gl
Yeadt extract 5
Peptone 5
Na,HPO,
MgSO, 0.2
pH 7.2
Glycerd 10 ml (used as a carbon source)

Ampidllin to a find concentration of 100 nmyml and kanamycin to a find concentration
50 nyml was added to the medium used for cultivation of recombinant phas,” E. coli
cdls haboring pS240 and recombinant phas,” E. coli cdls harboring trangpososn Tnb
insertion dones respectively. The cedls were harvested by centrifugation (5,000 x @) and
the reaulting cdl pedlets were sored overnight frozen a -70°C. The frozen pdlets were
thaved on ice prior to resugpension in 1/10™ the origind volume in Trisbuffer (1M
TrisHCl pH 75, 10mM b-mercaptoethanol). Upon resuspenson, the cdls were
subjected to sonication on ice. The reaulting crude cdl extract was centrifuged for 10
mn a 18000 x g a 4°C and the supenaant was used for enzyme assays b-
ketothiolase and NADPH dependent  acetoacetyl-CoA  reductase  activities  were
meesured, respectively, by previoudy described methods (Nishimura et al. 1978, Bdova
et al. 1997).

b-ketothiolase activity was determined by measuring the decrease in absorbance
a 303 nm. The reaction mixture (1 ml) contaned: 50 MM TrisHCI, pH 81, 40 nM
MgCl,, 005 nM CoA and an diquot of the enzyme preparation. Reection was darted by
addition of 005 nM acetoacetylCoA (AcAcCoA) after incubatiion of the mixture a
30°C for 2 min. One unit of b-ketothiolase is defined as the enzyme required for
cleavage of 1mmole of acetoacetyl-CoA in 1 min. The attivity of NADPH-acetoacetyl-
CoA reductase was determined by mesasuring the decrease in the absorption a 340 nm.
The reaction mixture (1 ml) contained: 50 mM TrissHCl, pH 7.5, 05 mM MgCl,, 0.025
mM NADPH and an diquot of the enzyme preparation. Reactions were dated by
addition of 0025 mM AcAc-CoA after incubation of the mixture a 30°C for 1 min. One
unit of acetoacetyl-CoA reductase was defined as the enzyme required for oxidizing
1mM of NADPH in 1 min.



3.2.9 Protein estimation

Protein content was determined by the method of Bradford (Bradford 1976).

Protein reagent Coomesse Brilliat BlueG 250 (100mg) wes dissolved in 50 ml of
95% ethanol. To this solution 100 ml of 85% (w/v) phosphoric acid was added. The
resulting solution wes diluted to a find volume of 1 |. Find concentration in the reagent
was 001% Coomesse Brilliat Blue G 250, 4.7% (w/v) ethanol, and 85% (wiv)
phosphoric acid.

Solutions containing 1-10 ng BSA in a volume of upto 0.1 ml were dispensd
into test tubes. The volume was adjusted to 0.1 ml with 0.9% NaCl. One ml of protein
reagent was added to the test-tube and the contents were mixed. The adosorbance a 595
nm was measured after 2 min agang a reagent blank prepared from 0.1 ml of the 0.9%
NaCl and one ml of protein resgent. The weight of protein was plotted agang the
corresponding  absorbance  resulting in a sandard curve (Fig. 31) to be used to
determine the protein concentration in unknown samples
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Fig. 3.1 Bradford' s method for protein estimation: Protein dye binding response
pettern for BSA.



[ 3.3 RESULTS AND DISCUSSION }

3.3.1 Redriction endonuclease mapping of pSa240 plasmid DNA

pSa240 plasmid DNA carying the ~ 50 kb inset from S aureofaciens was
digested with redtriction endonucleases EcoR |, BamH |, Hind III, Kpn |, Ns I, Not I,
Ps I, Sal I, Sma I, Xba I, Stu I, Apa | and Pwu I, dngly or in combingtion and
electrophoresed on 1% agarose gd. The representative gd photograph is shown in Fg.
3.2. There is one ste for redtriction endonucleases Stu | and Nsi . Three Sites are present
in pSa240 DNA insert for redriction endonucleese Sal |. No ste in the pSa240 insart
was detected for redriction endonucleases EcoR |, Hind 11, Xba I, BamH I, Kpn |, Not |
and P« I. Five and sx DNA fragments were obtained when pSa240 plasmid DNA was
digeted with Sma | axd Apa |, regpectivdy. Stes for these two redriction
endonucleases (Apa | and Sma 1) could not be placed on the map. The Su I/Ns | 1.4 kb
DNA fragment was ligated to EcCOR V/Ns | digested pGEM-5Z. The resulting DNA
fragment was digested with Pvu |l to release three fragments of sze 0.5 kb, 1.0 kb and
27 kb (not shown); Accordingly Pvu Il ste is placed on the redriction map of pSa240
(Two Pwu Il dtes are present in the vector pGEM-5Z). The pSa240 insat redriction
endonuclease fragments are tabulated in Table 3.1 and the map generated is shown in
Hg. 3.3.



Table3.1 The pSa240 insert restriction endonuclease fragments

Restriction endonucleases used Approximate sizes of the DNA fragments
for pSa240 digestion released (kb)
Sl | 05,34,37
Su | 7.6 (linearized)
Ns | 7.6 (linearized)
EcoR | 7.6 (linearized, NS¥)
BanH | 7.6 (linearized, NS*)
Hind 11 7.6 (linearized, NS*)
Kpnl 7.6 (linearized, NS¥)
Not | NS
Apal 0.3,04,06,09,11,43
Ps | 7.6 (lineerized, NS*)
Smal 05,06,1.1,24,30
Xbal 7.6 (linearized, NS*)
EcoR | + Hind 111 27,49
Ns | +Su | 14,62
EcoR 1+ Sul 2.0,4.6
EcoR 1+ Ns | 34,42
Su | + Hind I 29,47
Sal 1+ Hind 1 05,34,37
EcoR | + Sl | 05,10,27,34

* NS: No Ste detected in the insart.

3.3.2 Subdoning

Basad on redriction endonucleese mgp of the pSa240 insert, the DNA was
digested with different redtriction enzymes to get subclones of the insart. The DNA was
digested with: EcoR | + Sal | (1.0 kb); Sal | + Su | (LOkb); Stul + Nsi | (1.4 kb); Nsi |
+ Sal | (LOkb); Sal | + Hind Il (05 kb); Sal | + Nsi | (24 kb); Nsi | + Hind I11 (1.5 kb).

The resulting DNA fragments were ligated to pGEM-3Z or pGEM-5Z and transformed
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Fig 3.2 Agarose gel electrophoresis of pla2dl digested with restriction endonuclease (s);
Lane 1;: BcoR I+ MNe I, Lane 2; BcoR I; Lane 3; Sfu I, Lane d: Nef I+ St I
Lane 5 BcoR I+ Sie ], Lane & Saf I; Lane 8: Msi I, Lane 9; Fsil;Lane 10:
FeoB I+ Hind I, Lane 11: Fbal Lane 12 A L
Lane?: Bacteriophage X DMA digested with Hind I + Feok T was used as

molecular size standards.
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Fig. 3.3

Redtriction endonuclease map of ~ 5.0 kb insert DNA of pSa240



into competent M109 or DH5a E. coli cels. Seven subclones generated and designated
as pLHSa 1 to pLHSa 7 are shown in Table 3.2 and line diagram (Fig. 34). pLHSa 3
was digesed with Pvu Il, out of reaulting three fragments, ~ 05 kb and ~1.0 kb
fragments were purified and ligated to EcoR V digeted pGEM-5Z independently to get
pLHSa 8 and pLHSa 9, respectively (shown in Table 3.2 and Fg. 34). Nine subdones
were digested with appropriate redtriction endonucleases to rdlease the insat DNA
fragment and dectrophoresed on 1% agarose gd for clone verification (Fg. 3.5).

Table3.2 Subclones of pSa240 obtaned for sequencing and the plasmid vector

ussd.
Subclone Flanking RE sites Fragr(rll%;t Sze Plasmid vector
pLHSa1 EcoR | / Hind Il 10 pGEM-3Z f(-)
pLHSa 2 EcoR | + Hind Il 10 pGEM-3Z f(-)
pLHSa 3 Sh1/Ns | 14 pGEM-5Z f(+)
pLHSa 4 Ns | +Sal | 10 PGEM-5Z f(+)
pLHSa5 EcoR | + Hind 111 05 PGEM-3Z f(-)
pLHSa 6 Sal 1 +Ns | 24 PGEM-5Z f(+)
pLHSa7 EcoR | + Hind Il 15 pPGEM-3Z f(-)
pLHSa 8 Soh1+Ns | 05 pGEM-5Z f(+)
pLHSa9 Sph [ +Ns | 10 PGEM-5Z f(+)

3.3.3 Seguencing and sequence analysis

Sequencing of the subdones pLHSal to pLHS:O was atempted usng ABI
prism BigDye Terminaor Cyde Sequencing kit from PE ABI. The primer extenson
products were separated by gd dectrophoress on an ABI Sequencer. However, in each
indance the sequencing reection did not usudly proceed beyond about 100 nucleotides
due to severe band compections. Generdly templates containing high G+C content can
produce shorter readable sequences than other templates do. Sreptomyces . are known
to have a high (69-78%) G+C raio (Hodgson 2000). GC rich regions in DNA ae
known to cause secondary dructures, which creste problems for a polymerase reaction
during (i) the denaturation of the template, (i) anneding of the primers to the template
and, (iii) extendon of the primers by polymerase (Choi et al. 1999). Band compressons
are caused by anomdiesinthe migraion behavior of cetan DNA fragmentsin the
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Sac | Sph |
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Small Acc |
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Sau3A |
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pLHSa 1l
pLHSa 2
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Fig. 34 Strategy for subdoning of ~ 5.0 kb insart DNA of pSa240
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Fig 35 Agarosze gel electrophoresis of pLHEa subclones digested with different
restriction endonucleases Lane 1 pLHSad (N I+ Sl I); Lane 3
pLHSZa3 @pk 1+ Ma ), Lane 4 pLHEZa6 (Sl I+ M ), Lane 5 pLHSa5:
(HeaR 1+ Hind I, Lane & pLHSa 1 {(Beok I+ 5al 1), Lane 7. pLHEAT
(HeaR 1+ Hind I, Lane 8 pLHSa2 (BreR 1+ Hind I, Lane 10: pLHZaE
Sphl+MNe I, Lane 11 pLHSa? (Sph I+ e T).
Bacteriophage » DMA digested with Hixd OI (lanes 2, 9 and 12) was
used as molecular size standards.



polyacrylamide ge because of intramolecular base paring between guanine and
cytosneresdues (Motz et d. 2000) resulting in unreedable sequencing gel profiles.

Goryshin and Reznikoff (1998) devdoped a Smple ye degat in vitto Tnb
trangpogtion sysem. The sysem permits very high efficdency random insartions of a
Tn5 transposon into a DNA molecule in vitro. In the present study a EZ:TN Kan2
insation system was used for random Tn5 trangposon insetion to generate shorter
overlgpping DNA  seguences. Plasmid DNA isolated from randomly sdected Kail E.
coli colonies was sequenced usng forward (KAN-F) and reverse (KAN-R) primers and
ABI BigDye terminator cyde seguencing kit followed by gd dectrophoress on an ABI
sequencer (Fig. 3.6). Sequences generated from eech clone were assembled using
Sequencher software.

The 4826 bp sequence obtained for pSa240 DNA insat from S aureofaciens
(Fg. 3.7) was deposted with the GenBank under accessson number AY032926. The 3
Sac 1/Su | fragment (430 bp) of the phaGCge gene of Ralstonia eutropha (Chapter 2, Fig.
2.1) which was used as a probe to screen recombinant E. coli colonies (Chapter 2, Fig.
25) and in Southern hybridization (Chepter 2, FHg. 27) of the phaC podtive dones
showed ~ 53% sequence identity with the 3 end of the ORF 3 (GTG™-TGA*®
described later) pSa240 nucleotide sequence (Fig. 3.8).

Open reading frames (ORFs) and Codon Usage

The 4826 bp pSa240 DNA fragment (Fig. 3.7) had a G+C content of 74.6 mol%.
Sreptomyces genome has been reported earlier to have a G+C content of 69 to 78%
(Hodgson 2000). Thus the G+C content of the isolated insat was in conformity with
earlier reports.

While ATG is the commonest trandation initistion codon in E. coli, GTG &as an
initiation codon is ds found, though a low frequency (about 3%) (Hopwood et al.
1986). Amongst Sreptomyces . genes characterized o far, GTG as the initiaion
codon is more frequently encountered than in E. coli. The argG gene of Sreptomyces
clavuligerus (RodriguezGarcia et al. 1995), gene encoding for chymotrypsin-like serine
protease from Sreptomyces lividans 66 (Binnie et al. 1996), gene for chitinase €hiB)
from Sreptomyces lividans (Miyashita et al. 1997) and the gene encoding for OtrB
(Tet347) tetracydine efflux protein from Sreptomyces rimosus (Mcmurry and Levy
1998) are few examples where GTG serves as the trandation start codon.

Nudleotide sequence andyss of both DNA srands, usng FramePlot method for
predicting protein coding region of bacterid DNA with high G+C content (Ishikawa and
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Fig. 3.6 DNA sequencing strategy: DMNA sequences generated
by transposon mediated insertions. The arrows indicate
the direction of DNA sequencing



GATCGGCGGCOGGTOGECGETGCTGGOOGCGEGTGACCCTGEEEECGEC TGGCCGCTCCGGCGGTGCTGCT
GCGCCGGGGGCTGGCGGOCACCGOGGAGGCGCTGGCGGCGCTGGCCCTGGTGCTGACGCTGCTGGACG
TGTACGCGGTCCACGCGGTGGCCGCGCCGGACACCGACGGACTCGGCTTCACGGCCCTCGCGTCGGCGG
TGCTCGCGGCGCTGTGGACGGCGTACGGGCTGGCGCTGGGCAAGCTGCGCCTGCCGT TGCCGGCCGLCG
TGGTGCTGGCCCAGTGGCCGCTGCTGT TCTGGGCCTGGGOOGTGGGOGCACCGGCGCCGGTGGTCGEET
GGGCGCTGCTGGCCACCGCGGTGCTGGACGGGGCGATCGCCCTGTGGGGCAAGGGCGCCGGEGGTGCGG
GTCACGGCGTGCGTCGGTGGAGCGGTGATGGGCTTCTCGGCCCTGATGGTGGGCCTGGCGCTGTCCCTG
ACGGOCCCGGGEGECOGCTCEEEECGEGTGECTCOGGGOGTGCTGCTGCTGACGGCCTCGGCGGECGEGERCGT
GGOOGGEEEOGTGGOGCGCGCOGAAGGGT TTCGCGOGGACGGGTGGTGCGGTGGCGEGEECTCGCEECEGE
TGGCGGCOGTCGGCGGCGTACCGGCGGCGGOGCTCCCGGCGGGCTGGOGGGTGCTCGCGTACCTGCTGT
GCGGTCTCGCGT TGACGGCGGTCGTCCGT TCCCGGCTGCCGGGCCACGCCGCGCGCGGGGTACTGGCGG
CGTCGGGGECGEGTGGTGGECCGEECGECGECTGGTGTGGGECGECTGCCGCCGCTCGCGECGETGCTGCTGGEE
CCGGTGACGGTGCTGTCGGACGTGTGGGCGGGGACGCCGGACGGCTTCCGGTCCGCGCTGGGGTCGAC
GCTGCCCTGGTCGGAGCTGGCCGOGGCCCCGGTGGTGCTCGCGCTGGTGGCCGGGCATGCTGGGGEECG
AGCGTAACCGGAGGTGGCCGTCGGTCGTCCGGCTCCGGCGCCGT TGGCCGGTCCTTCTGGCTCGACGCC
GGCCCCCCGGCAGCACOGGCAGCGGGAGCCCOGGGCACGGA TAGECOGEE0GE0GEEC0GEEEEOGCTGL
GCCGTGGCCCGGCTGGTCCGGCTGGTCCGGCCGGECCCGGTGCGGEEEGCCEGTGGTCGCGGGCGGCCTTC
CGCGGCGACGCTGCGCGGEGTCGTCGGECGECEGEGCGGETGGOGCTCGGCTGGGGGEGECCCTCCTGLTGG
CCGGCGCGCTGCTGGACGTGCCCCACGCGCTCGCGCTGGCCGGGGAGACGGCTCTGGTGGGCGTCCTGC
TCGCCCTGGCGGTCCGEGEETGECGECGCCGAGCGGGGECGCGACGGCGATGCCGGTGACCGCTCTGGTG
GCTTCGGTGGCCGGGGOGGTGAGCGCCGGEGCTGCTGTCGCTGGCGTCCGAGGGGGCCTCGTACGCGGT
GTTCGGCGCGCTGGCGGECGCTGT TCGOCGGEGGECCGLTCTGOGEECGEECGECCGGEGTGCCGCGTGCGET
GTTCGCGGTCGCCGCGGTGGTCTGGGGCACCGTGATCACGGGGTTGGCGGGCCGGTCCCTGGGGCTCGC
COOGCACGAGGCCGCCCCGCTGATGCTGCTGGTGCCGGCGCTGACGGTGCTGCTCGGGGCACGACTGCG
GCGGAACCCGGTGGCCTTGCCCGTGGAGCTGACGGGAGCGCTGGGCGCGCTCGTCGCCGTGGGGCTCG
CGGTGTCCGACGCGCCGTTCCTGGCCCTGGTGCTGGCGCTGTGOGGGGTGCTGGCGGCGGGEGACGGCGG
TGCGGCCGGAGCGGCGGCCGEGTGGCGGGCTACCTGGCGGCGACGCTGT TCGTGCTGGCCACGTGGGTG
CGGCTGGCGGCCTCGGAGGTGTCGT TCCCGGAGGCGTACACGCTGCCGGTGACGGTGCCCGCGCTGCTG
GTCGGTGCGGOGOGGEOGGECGECOGEGEGACCCGGAGGCCTCGTCGTGGACGGOGTACGGGCCGGGEGECTCGC
GGCGACGCTGCTGCCCAGCCTGGCGGTCGCCTGGACCGACCCGGACTGGCTCAGGCCGTTGCTGCTGGG
GACGGCGGCGCTGGTGATCACCCTGCTCGGCGCGCGCCACCGGCTCCAGGCGCTGCTGCTGCTCGGCGG
GACGGTGCTGGCACTGGTCGGCCTGCACGAGCTGGCGCCGTACGTGGTGCAGGTCGCGGGTGCGCTCCC
CCGCTGGCTCCCGCCCGCCCTGGCCGGGLTGTTGT TGCTGGTGGTCGGAGCGACGTACGAGCAGCGGCT
GCGGGACGCCCGOOGTCTGAAGGACGCGCTGGGGOGGATGCGGTGAGCCGTGOCCGGTCCGGEGGELEC
GCAGGTCACGGCGTCCCOGGGCCGGGCGCCAGTGGCGTGGGCAACGCAGAGGGCCCGGCCCTCTGICC
GGGTGGGCGATACTGGGTTCGAACCAGTGACCTCTTCGGTGTGAACGAAGCGCTCTCCCACTGAGCTAA
TCGCCCGGGCGCACCGCAAACATTACCCCATGTCAGCGGTGCTCCCGGACCGTCCCCGGGCTACTCGCT
GATCTTCCACGGCATGGTGAGCCCGAACTTCCAGACGTAGATCCCGGCCAGCACCGCCATGATCACGAG
CCCGAGCGTGGTGAGGATGATGTTGCGCCGCCGGACCTTGGGATCGAGGGCCCGCTGCGCCGCTTCGGT
GACCTTGCGCTTGGTCCAGCGCAGCACCAGCTGGGCCCAGACGAACTCGGTCGCCCAGATCGCCATGCC
GCCGAAGATCACCAGCCAGCCGGGGCCCGGCAGCACCAGCATGAGCACACCCGCGATCACCACGCCGA
GACCGACGATGAAGACACCGACCTGCCAGCTCAGGTGGAGCGCCTTGGACGCCTTGATGAAACCCGGC
GCCCGCGAGCCCAGCGCGCGTTCCTCCCGGTCCGATTCCCCCGTGGCGGATACCGGGGACGCCTGCTCG
GCGACCTTGCTCCGCTCGTCACTCTCCGCGTTCATGAAGCTCAACTTACCCGACCTGTCTCCGTCACTGG
AATGGGCGCATAACTCAAAGTTACACGCCGCTGAGCGGGGGACCCGAAGCGTCACAAATGGGTCAGAG
GGGTTTACAACGCCACCGTAGGTGGCATGTCGATTTCGCCGACGTGCGAATCCCCGAGCGCACACTGAG
CGAAAGGCCCTGGCGCTTATGAACACCACGGTCAGCTGCGAGCTGCACCTGCGCCTCGTTGTGTCGAGC
GAGTCCTCACTGCCTGTACCCGCGGGCCTGCGGTATGACACGGCCGATCCCTATGCCGTGCACGCCACC
TTCCACACCGGAGCGGAGGAGACGGTCGAATGGGTATTCGCCCGCGACCTCCTTGCCGAGGGGCTGCA
COGGCCCACCGGCACCGGAGACGTCCGCGTCTGGCCATCTCGTAGTCACGGTCAAGGCGTCGTATGCAT
CGCCCTGAGCTCCCCAGAGGGAGAAGCCCTGCTCGAAGCCCCGGCGCGGGCCCTGGAGTCGTTCCTGA
AGAGGACCGACGCCGCGGTTCCGCCCGGCACCGAGCATCGTCACTTCGATCTCGACACGGAGCTCTCCC
ACATCCTGGCCGAGAGCTGAGCCAGGCAGAGAGCCGCTCTACGCCGTCCGACTCGGGGCGACGECGTC
GTGCTGACAACCGCATAGGGCAGACACCGGCGCCGTCGTCGCGGAATCCACCGCGACGACGGCGCCGG
CGCGTTCCCCGCCGCGCCGCOCGGAGGGGTCCGT TCCGCTCTCCGCCGGGCCCGCACCGGGCCOGGCACC
GGCOGGCCGAGCCAGTAGAGTCAGCCGCCATOGGCAGGCGCOOGCCOGCCGGAAGGCCAGGGAGCGA
AGCGTGCTGATCCCTCACGACACCCGGATCGCCCTCGACGCGGTGGT CGATCTGGTGAACACCGCACCG
GAGAGCGAGCCGCCGGGEGGACGACCOOGGOGACAGACACGOGGGOGGGCOCGAGGACGGTCTCOCCG
ACATCGCCGCGCTGTACGCCTTCGCGGAGCGCCATCTCATCAGCGGGGTCGGCACCCTCGGCGAGAAGG
ACCTCGGCGCCGTGCGCGACGTCCGGGCCCGCTTCGCCGAGGTCAOR

Fig. 3.7 pSa240 insart DNA sequence (4,826 bp)



TTCGCGGCGCCCGACGCCCGOGTCGCCGCCGACCTGGTCAACCGGCTCGTCGCGGCGGCCGGGACCACC
CCGCAGCTCACGGACCACGACGGCTACGACTGGCACGTGCACTACTTCGCCCCGGACGCCTCGATCGCC
GACCATCTCGCGGCCGACTGCGGCATGGCGCTGGCCTTCATCATCGTGGCGGGCGAGCAGGAGCGGCT
GCGGCGCTGCGAGGCCCOGGACTGCGGGCACGCGTTCGTCGACCT GTCGCGCAACCGCTCCCGCCGCTA
CTGCTCCAGCCGTACGTGCGGGAACCGGCTCCACGTCGCGGCGTACCGGGCCCGGCGCAAGGAAGCCG
CGGGCTGACGCCCGGCACGGTGGCGCGAGGCGTCACAGCACGAAGAGATCGTGCAGCGCGGCCATCAG
CAGCAGGCCCCCGATCACCGTCAGGAAGATCATCAGGGGCGGCTGGGAGAGCGCGAAAAGACAGCCG
CGGGCCTCTTCGGCGEEEGEETGOGEEEGCATCGCCCCGGGAAGTGTCCACCATCTCGGGGTGATCATG
ACGCACCGGCGGCGGTGTTGGCGATCAACCGGCTTCATTCTCCCGGGAGTTCACCGTCCCGTGGCCATC
GATATTCGCTCCGGCGTACGGGGAGCCGTCAGACATTCGGACCGCCGCCCGGAACGCACGCCGGCGGG
GCCGGCCGACGCCTCGGACGCCGCGCTTCTCAGATGCCGTGCTTCTTGAGGATC

Fig. 3.7(contd.) pSa240 insert DNA sequence (4,826 bp)
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GCTCAAGGTACCGGGCAAGCTGACCGTGTGCGGCGTGCCGG----  TGGACCT GGCCAGCA

GGTGACGGTGCOCCGOGCTGCTGGTOG GTGOGE0GOBGOGGOG00GEGAC00GG-AG GOC
1900 1910 1920 1930 1940 1950

60 70 80 90 100 110
TCGACGTGCCGACCTATATCTA CGGCT CGCGCGAAGACCATATCGTGCCGTGGACCGCGG
TCGTCGTGGACGGCGTACGGGCCGGGEGCTCGCGEGEC GAC-- GCTGCTGCCCAGCCTGGCGG

1960 1970 1980 1990 2000 2010

120 130 140 150 160 170
CCTATGCCTCGACCGCGCTGCTGGCGAACAAGCTGCGCTTCGTGCTGGGTGCGTCGGGCC

TC—-- GCCTGGACCISACCOGGACTGGCTCAGGCCI}-- TI'GCTGCTGGGGACBGCGGCGC
2020 2030 2040 2050 2060

180 190 200 210 220 230
ATATCGCCGGTGTGATCAACCCGC- CGGCCAAGAACAAGCGCAGCCACTGGACTAACGAT

TGGTGATCACCCTGCTCGGCGOGCGCCA COGGCTC CAGGCGCTGCTGCTGCT G GGOGGG
2070 2080 2090 2100 2110 2120

240 250 260 270 280 290
GCGCT GOCGG AGTCGCCG CAGCAATGGCT GGCCGGCGCCATCGAGCA-- TCACI%GCA

ACGGTGCT GGCACT GGTCGGCCT GCA%AGCT GGCGCCGTACGTGGT GCAGGTCGCGGGT
2130 2140 2150 2160 2170 2180

300 310 320 330
GCT GGTGGCCGGACT GGACCGCATG GCT GGCIJGGGCAG
X: X
GOGCT COOCOGCTGGCTC COGCCCGOCCTGGO0GGGCTG
2190 2200 2210 2220

Fig. 3.8 52.8% sequence identity obsarved in the dretch of 339 nudeotides

(Locd dignment usng LFagta).

Re3: The nudectide sequence of 3 Sac I/Su | fragment (430 bp) of the
phaCge genefrom Ralstonia eutropha.

240. The nudeotide sequence of pSa240 DNA insat (4826 bp) from
Sreptomyces aureofaciens NRRL 2209.



Hotta 1999), reveded six open reading frames (ORFs) with GTG as dat codon. These
were:

ORF 1. 21530p — 414bp, ORF 2 32660p — 2529p;, ORF 3. 20bp — 24430p; ORF 4;
3760bp — 31830p; ORF 5: 12030p — 2309p; ORF 6: 43980p — 3607bp (Fig. 3.9).

Four ORFswere aso identified with ATG as start codon. These were:

ORF 7: 2596p — 3108bp; ORF 8. 440bp — 2443pp; ORF 9 948op — 2309%bp; ORF 10:
4233p — 3607bp (Fig. 39).

Analysis of ORFs

In Sreptomyces, amongst 139 promoter sequences complied, only 29 sequences
show presence of consensus —35(TTGACPuU) and —10 (TAgPUPUT) boxes (Strohl 1992).
The —10 and —35 box sequences in pSa240 sequence were identified using the —10 and —
35 squences reported for these 29 genes (Table 3.3). Remaning 110 promoters
identified either by Sl nudease magpping or primer extenson andyds do not display
ather typicad —10 box or the —35 region or both (Stronl 1992). The nudeotide sequence
a the 3 end of 16s rRNA of S aureofaciens is 5ACGAAGTCGT AACAAGGTAG
CCGTACCGGA AGG3 (GenBank accesson no. AB045881).

Though ORF 3 which gats a nuclectide pogtion 20 shows the presence of a
ribosome binding ste (*°COGGT™) was detected upstream of the GTG start codon.
However, a smdl upstream sequence rules out the presence of any promoter sequence.
Moreover, ORF 3 reads in oppodte orientation with respect to the lacZ gene and its
promoter and hence, would not be driven by the lacZ promoter. An internd region of
ORF 3 (275 to 2443 nudeotides) may encode for a gene product of approximete M.
69500 (Table 34a). In the PHA synthase genes reported fill-date Sze vaiaion is
obsarved from 1068 bp in Ectothiorhodospira shaposhnikovii (GenBank accession no.
AF307334) to 2022 bp in Rhodospirillum rubrum (GenBank accesson no. AF178117).
Correspondingly the molecular mass of PHA synthase varies from gpproximedy 40000
to 73000. In the same reading frame ATG is present a pogdtion 440 (ORF 8, Fg. 3.9).
This trandationd codon is ds0 in frane. The deduced trandaiond product of ORF 8

has M. of ~ 64000.

The ORF which darts with “°GTG as the initiation codon, shows presence of a
ribosome hinding ste (RBS) *CCGG®. In Streptomyces sp. the distance of RBS from
initiation codon usudly ranges from 6 to 12 nudeotides (Strohl 1992, Hopwood et al.
1986). In the promoter region the important sequences are—10 and —35 boxes
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Fig. 3.9 Pogtions and orientations of open reading frames (ORFs) probably

representing coding DNA.
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Table3.3 Compildion of -10 ad -35 promoter
Sequences of Sreptomyces sp. promoters
Promoter -35 box -10 box
Consensus TTGACPu TagPuPuT
SEP3 TTGCAA CATCAT
redD-prl TGGTGT CATCAT
vph-Pal TGGAAT GITGTT
rrD-p2 TTGACA TAGATT
Trap(plJI01B) TTGACA CAGTAT
mnr-p TTGACA TTCAGT
agap TTGATT TAGGGT
Korp TTGCGC CAGGAT
SEP8 TTGACG CATACT
gy-pl TTGACG GAGACT
amlv-p TTGACC TACGGT
aml-p TTGACC TACGGT
anySG-P TTGACC TACGGT
XP35-p TTGACG TGCAAT
SEP6 TGGACA TTATAT
rmD-pl GTGCAT TAGTGT
s3-p2 GIGAGT CAGACT
choP-p TTGACA TACGGT
dag-p4 TTGTCA TAGCAT
ermE-p2 TTGACG GAGGAT
SEP2 TTGACG TAAAAT
emS~p TTGCGC TACCGT
KilB-p1(plJ101A) TTGGTC TACAAT
parc-p TTGCCG TAGCGT
cerfD-p TTGAAG CAGAAT
mPlc-p TTGACG CACACT
aacC7pl GTGCCG TACCTT
nor-p GTGACA TAAAGT

GICCTAEC0ECEGET GACCCT AEEEE0ECTAC0CTOOEE0EGTACTACTAORC
ATCCTGGT TAOAA0GEAG - - GOEEE03G GACTACTG GTAOGAACTGCT- CACC

* kkk*k *kkk*k kk*k * kkkkkk kkk *kk*k * *x * kkkk*x * k%

(0033006 GO00EGTCEOEEEEE00EGET GETOE0EEE0EE0CT TOOR0EE0GACC
OOGTOOGTCEACGGET GGT GREE00GAGEACOEOEEEATACEGETCE00EC- - - -

*kkk k*kk * *kkkk kkkkkkk * kkkkk*k * ** *kk*k

Putative promoter sequences upstream of ORF 3 () and ORF 5 (b) based
on sequence identity with the reported Streptomyces . promoter
sequences



Table3.4a  Amino acid compostion of deduced trandation product of putative
phaCs, gene (http:/mww.expasy.chvtool/protparam.html)

Number of amino acids 722
Molecular weight: 69443.1

Theoreticd pl: 12.20

Amino acid composition:
Ala(A) 162 224%
Arg (R) 103 14.3%
Asn (N) 1 01%
Asp (D) 24 33%
Cys(C) 8 11%
GIn(Q 5 07
Glu (B) 6 08%
Gy (G 159 22.0%
His (H) 8 11%
lle(l) 1 01%
Leu(L) 5 6%
Lys(K) 2 03%
Met (M) 2 03%
Phe (F) 7 1%
Pro (P) 56 7.8%
Ser (S 26 36%
Thr (T) 17 24%
Trp (W) 15  21%
Tyr (Y) 1 01%
vd (V) 69 96%

Tota number of negatively charged residues (Asp + Glu): 30
Tota number of postively charged resdues (Arg + Lys): 105



that lie on the same face of the DNA hdix and bind the RNA polymerase. There is often
litle sequence identity between promoters in the intervening and surrounding DNA
sequences. However, aout 110 promoter sequences from Sreptomyces sp. do not
digplay typicd -10 and —35 regions. With this background, a nudectide sequence
gpanning nudeotides 20 to 73 showing sequence Smilarity with the promoter sequence
of the orf-p3 promoter of Sreptomyces (Fig. 3.108) (Strohl 1992) could serve as a
promoter. In Streptomyces, a feature of a mgority of trandationd dart stes determined
0 far is the occurrence of a cytosine resdue five nuclectides upstream of the trandaion
dat codon and the base immediatdy preceding this codon is ether C or G (Hopwood
et al. 1986). Both these features were observed for ORF 3 with the base preceding the
dart codon “®GTG and the base a —5 podtion beng C. The trandation initiation codon
GTG is ds followed by ancther GTG as reported for SAM-P20D gene of Streptomyces
. (Taguchi et al. 1997). PHA synthase has been reported to be a member of the
prokaryatic lipase superfamily, which in turn is a member of the a/b hydrolase family
(Ja et al. 2000). Like other reported PHA synthases, the deduced amino acid sequence
of ORF 3 (275 - 2443) shows the presence of the conserved lipase box, Gly*-X-Ser-
X-Gly-Gly™® (Madison and Huisman 1999). While cysteine serves as a nucleophile in
the active dte of other reported synthases, in the S aureofaciens putative PHA synthase,
cysene, the amino acid with uncharged polar sde chain is replaced by sering, another
amino acid with uncharged polar sde chain. This makes it the fird among the PHA
gynthases wherein serine acts as the nucleophile. Given the fact that the PHA synthases
bdong to the lipase supefamily and catdyzes ester bond formation, the presence of
serine in the lipase box of the sequence in question should not be surprising, sSnce srine
indead sarve as the nudleophile in the active dte of lipases (Brady et al. 1990, Winkler
et a. 1990). The two histidine resdues present as Gly"?-His® and Asp™-His™
dyads, probably form a pat of the catdytic triad (Madison and Huisman 1999), needed
for synthase function (Fg. 3118). The 26 PHA synthases dudied till date among
themsdves show less than 3% sequence idertity & amino acid levd (Madison and
Huismen 1999). ORF 3 (275 — 2443) which exhibits the attributes of an ester bond
forming polymerase could be the putetive gene encoding for PHA synthase (phaCsy)
from S aureofaciens. One might argue that thereishigh probability of occurrence of



Putative promoter
8 GGCCGGTCGGCAETGCTGGCCGCGGTGACCCTGGCGGGCGCTGGCCGCTCCGGCGGTGCTGCTG

CGCC GGGGGCTGGCGGECCACCGOGGAGGCGCTGGECGEOGCTGGCCCTGGTGCTGACGCTGCTGGACGT

GTACGCGGTCCACGCGGTGGCCGCGCCGGACACCGACGGACTCGGCTTCACGGCCCTCGCGTCGGCGET

RBS
GCTCGCGGCGCTGTGGACGGCGTACGGGCTGGCGCTGGGCAAGCTGCGCCTGCCGTTECCGG COGCC
Putative phaC >

GTGGTGCTGGCCCAGTGGCCGCTGCTGTTCTGGGCCTGGGCCGTGGGCGCACCGGCGCCG
V V61 AQWPLLF FWAMWAVYGAUPA AP
GTGGTCGGGTGGGCGCTGCTGGCCACCGCGGTGCTGGACGGGGCGATCGCCCTGTGGGGC
VVGWALTLATAUVILIDGA AI AL WG
RBS PutativephaC —p»-
AAGGGCGCCGGGGTGCGGGTCACGGCGTGCGT CGGT GGAGCGGTGATGGGCTTCTCGGCC
K GA GV RV TACV GG AV MGTF SA
CTGATGGTGGGCCTGGCGCTGTCCCTGACGGCCCCGGGGCCGCTCGGGGCGGTGGCTCCG
LMV GLALSLTAUPG U PTLGA AV AP
GGCGTGCTGCTGCTGACGGCCTCGGCGGCGGCCGTGGCCGGGGCGTGGCGCGCGCCGAAG
GV LL L TASAAAVATGAWTR RAPK
GGTTTCGCGCGGACGGGTGGTGCGGTGGCGGGGCTCGCGGCGGTGGCGGCCGTCGGCGGC
GF ART GGAVATGILAAVAA AV GG
GTACCGGCGGCGGCGCTCCCGGCGGGCTGGCGGGTGCTCGCGTACCTGCTGTGCGGTCTC
V. P A AALPAGMWR RVY LAY L LCGL
GCGTTGACGGCGGTCGTCCGTTCCCGGCTGCCGGGCCACGCCGCGCGCGGGGTACTGGCG
AL TAVV RSRULUPGHAARTGV LA
GCGTCGGGGGCGGTGGTGGCCGGCGCGCTGGTGTGGGCGCTGCCGCCGCTCGCGGCGGTG
A S G AV VA GAL VWA ALUPUPTLAA AWV
CTGCTGGGGCCGGTGACGGTGCTGTCGGACGTGTGGGCGGGGACGCCGGACGGCTTCCGG
LL GPV TV LSDVWATGTUPD GF R
TCCGCGCTGGGGTCGACGCTGCCCTGGTCGGAGCTGGCCGCGGCCCCGGTGGTGCTCGCG
S A LG STLUPWSTETLAUA AAUZPUVV LA
CTGGTGGCCGGGCATGCTGGGGGCGAGCGTAACCGGAGGTGGCCGTCGGTCGTCCGGCTC
LV AGHA AG GEI RNI RIRWTPSUVVRL
CGGCGCCGTTGGCCGGTCCTTCTGGCTCGACGCCGGCCCCCCGGCAGCACCGGCAGCGGG
R R RWPVLLAIRI RRUPZPGSTG G S G
AGCCCCGGGCACGGATGCGCCGGGCGCGGCCGGGGGCGCTGCGCCGTGGCCCGGCTGGTC
S P GH G CAGU R GRG GI RCAVATRILYV
CGGCTGGTCCGGCCGGCCCGGTGCGGGGGCCGGTGGTCGCGGGCGGCCTTCCGCGGCGAC
RLVRUPART GCG G GRWSIRAATFI RGD
GCTGCGCGGGGTCGTCGGCGCGGGCGCGGTGGCGCTCGGCTGGGGGGCCCTCCTGCTGGC
A AR GRRI RGIRGGAI RTLTGTGUPPAG
CGGCGCGCTGCTGGACGTGCCCCACGCGCTCGCGCTGGCCGGGGAGACGGCTCTGGTGGG
R RAA GRAPRARATGRTGTDTGS GG
CGTCCTGCTCGCCCTGGCGGTCCGGGGTGGCGGCGCCGAGCGGGGCGCGACGGCGATGCC
RPARPGGPG GWA R RRATGRTUD GDA
GGTGACCGCTCTGGTGGCTTCGGTGGCCGGGGCGGTGAGCGCCGGGCTGCTGTCGCTGGC
G DRSG GF GGI RGGTETZ RRAAV AG
GTCCGAGGGGGCCTCGTACGCGGTGTTCGGCGCGCTGGCGGCGCTGTTCGCCGGGGCCGC
VR GGLVRGV RRAGTGAVR RR R R
TCTGCGGGCGGGCGCCGGGGTGCCGCGTGCGGTGTTCGCGGTCGCCGCGGTGGTCTGGGG
S A G G*R RG AACGVRGRIRGGTL G

-lipase box

CACCGTGATCACGGGGTTGGCGGGCCGGTCCCTGGGGCTCGCCCCGCACGAGGLCCGLLCC
HRDMHGV GG PV PG ARPARGRP
GCTGATGCTGCTGGTGCCGGCGCTGACGGTGCTGCTCGGGGCACGACTGCGGCGGAACCC
AADAAGAGAD GAARGTTAAEP
GGTGGCCTTGCCCGTGGAGCTGACGGGAGCGCTGGGCGCGCTCGTCGCCGTGGGGCTCGC
G G LARGADSG SAGR RARRRGAR



GGTGTCCGACGCGCCGTTCCTGGCCCTGGTGCTGGCGCTGTGCGGGGTGCTGGCGGCGGG
GVRRAVPGPGAGUAVRTGATGTG G

GACGGCGGTGCGGCCGGAGCGGCGGCCGGTGGCGGGCTACCTGGCGGCGACGCTGTTCGT
DG GA AGAAATGSGTGL PG GD AVR R
GCTGGCCACGTGGGTGCGGCTGGCGGCCTCGGAGGTGTCGTTCCCGGAGGCGTACACGCT
A ¥V G AAG GL GGV V PG GV HA

GCCGGTGACGGTGCCCGCGCTGCTGGT CGGTGCGGCGCGGCGGCGCCGGGACCCGGAGGC
A GD GA RAAGRT CGAAUAPTGUPG G
CTCGTCGTGGACGGCGTACGGGCCGGGGCTCGCGGCGACGCTGCTGCCCAGCCTGGCGGT
LVV DGV RAGARTGDAAAQ QUZPGSG

CGCCTGGACCGACCCGGACTGGCTCAGGCCGTTGCTGCTGGGGACGGCGGCGCTGGTGAT
RLDRUPGLAQAVAIA AGDGGAG G

CACCCTGCTCGGCGCGCGCCACCGGCTCCAGGCGCTGCTGCTGCTCGGCGGGACGGTGCT
H"P A RR A PP AP G AAA ARI RTD G A

GGCACTGGTCGGCCTGCACGAGCTGGCGCCGTACGTGGTGCAGGTCGCGGGTGCGCTCCC
G TGRPARAGUA AVRTGAGU RTGT CATP

CCGCTGGCTCCCGCCCGCCCTGGCCGGGCTGTTGTTGCTGGTGGTCGGAGCGACGTACGA
P LA PARUPGRAVVYVYAGTGRSDVR

GCAGCGGCTGCGGGACGCCCGCCGTCTGAAGGACGCGCTGGGGCGGATGCGGTGAGCCGT
A AAAG RPZPSTEGRAGAD AV SR
GCCCGGTCCGGGGGCGCGCAGGTCACGGCGTCCCCGGGCCGGGCGCCAGTGGCGTGGGCA
A RS GGAIO OQOVTASPGRAPVAWA

ACGCAGAGGGCCCGGCCCTCTGTCCGGGTGGGCGATACTGGGTTCGAACCAGTGACCTCT
T Q RARPSV RV GDTGTFEU PV TS

TCGGTGTGA 2443

S V -

Fig. 3.11a Nucleotide and deduced amino acid sequence of putaive phaCsa gene.
Lipese box region, DH, GH dyads potentid promoter region, RBS
potentia ribosome binding site are underlined.



features such as the presence of cytosne five nucleotides updsream of the trandation
dat codon or presence of G/C preceding the trandaion dat codon, in G+C rich
genome of Sreptomyces. But other festures observed such as its orientation opposite to
lacZ gene promoter, occurrence of RBS and promoter upstream of it, and presence of
caaytic domains supportsiits candidature as the putative PHA synthase gene.

The ORF 8 and ORF 3, both operate in same reading frame. The ORF 8, which
sarts with “’ATG as the initiation codon shows presence of a ribosome binding site
(RBS) “CGGT*. The probsble promoter region metioned above spanning
nucleotides 20 to 73 might serve as the promoter. The —35 box *TTGCCG™® was a0
identified. For ORF 8, the base preceding the start codon “?ATG is G and the base & -5
pogtion is C. ORF 8 being pat of ORF 3, ds0 has features such as the presence of
lipase box and the Gly*-His® and Asp™®-His™ dyads. Hence, either of these two
ORFs ORF 3 or ORF 8 could sarve the PHA synthase function. In other words, the
phaCs, gene may commence its trandation either from #°GTG or “PATG.

The deduced trandationd product of ORF 5 (1203 — 2306 nudectides) is of
aoproximate M. 37000 (Table 3.4b). The base preceding the trandation sart codon is G
in this ORF. ORF 5 shows presence of a ribosome binding ste (RBS) “*TCGT™®,
About 400 bp upstream of the ?%GTG, a —35 box ®TGGTGT™® was identified (Strohl
1992). No sequence corresponding to —10 box was obsarved. A putative promoter
sequence spaning nudeotides 1123 to 1176 was identified in the 5 UTR (untrandaed
region) of ORF 5. This promoter sequence is sSmilar to the orfl-pl promoter of
Sreptomyces (Fig. 3.10b) (Strohl 1992). Like other NADPH dependent acetoacetyl-
CoA reductases (Olivier et al. 1988) the ORF 5 shows the presence of the NADP
binding moatif, VEA-L-GW-G-A-L-L-L-A-G-A-L-L-D-V-P-H-A-L-A-L-A-G-E-T-
A-L? (Fig. 311b). The ORF 5 coding for 368 aa could be the putative phaBs, The
putetive phaBs, gene coding for 368 aa is redivey longer than other phaB genes
reported earlier. For example, phaB gene from R eutropha codes for 246 aa with an
goproximate M,. 26300 (Peoples and Sinkey 1989a); while phaB gene from
Azotobacter vindandii codes for 247 aa with an gpproximae M, 26700 (GenBank
accesson no. AF267243). The ORF 5 and ORF 9, both operate in same reading frame.
ORF 9 dating from *¥ATG as the initistion codon shows presence of a posshle
ribosome binding ste (RBS) *°GGC*?. About 250 bp upstream of the *®ATG, a —35
box BTGGTGT ™ was observed (Strohl 1992). No sequence corresponding to —10 box



- 35 box RBS Putative PhaB —ppPutative promoter
BTGGTGT........... BB TGGTGGCCGGGCATG............... "2CCGGCCGGCCCGGTGCGGGG
RBS

GCCGGTGGTCGCGGGCGGCCTTCCCCGGCCACGC TEOBOGEEGT CGTOGGOGCGEEECGG
PutativePhaB —p
GTGGCGCTCGGCTGGGGGGCCCTCCTGCTGGCCGGCGCGCTGCTGGACGTGCCCCACGCG
vV AL GWGAL L L A GAL L DV PHA

NADP binding site
CTCGCGCTGGCCGGGGAGACGGCTCTGGTGGGCGTCCTGCTCGCCCTGGCGGTCCGGGGT
L AL AGE TAL VG VL LALA AV RSG
GGCGGCGCCGAGCGGGGCGCGACGGCGATGCCGGTGACCGCTCTGGTGGCTTCGGTGGCC
G G A ERGATAMPY T ALV A SV A
GGGGCGGTGAGCGCCGGGCTGCTGTCGCTGGCGTCCGAGGGGGCCTCGTACGCGGTGTTC
G AV S AGLLSLAS SE GA SY AV F
GGCGCGCTGGCGGCGCTGTTCGCCGGGGCCGCTCTGCGGGCGGGCGCCGGGGTGCCGCGT
G A LA A LFAGAALIRAGAGV PR
GCGGTGTTCGCGGTCGCCGCGGTGGTCTGGGGCACCGTGATCACGGGGTTGGCGGGCCGG
AV FAV A AV VWSGTV I TG LA GR
TCCCTGGGGCTCGCCCCGCACGAGGCCGCCCCGCTGATGCTGCTGGTGCCGGCGCTGACG
Ss LG LAPHEAAPLMLLVZPA LT
GTGCTGCTCGGGGCACGACTGCGGCGGAACCCGGTGGCCTTGCCCGTGGAGCTGACGGGA
V., LG ARLIRIRNWPVAL PV E L TG
GCGCTGGGCGCGCTCGTCGCCGTGGGGCTCGCGGTGTCCGACGCGCCGTTCCTGGCCCTG
AL GA LV AV G LAV SDAUPZFL AL
GTGCTGGCGCTGTGCGGGGTGCTGGCGGCGGGGACGGCGGTGCGGCCGGAGCGGCGGCCG
vV L AL CGVLAAGTAVYIRUPE RRFP
GTGGCGGGCTACCTGGCGGCGACGCTGTTCGTGCTGGCCACGTGGGTGCGGCTGGCGGCC
vV A GY L AA TL FVL A TWV R L A A
TCGGAGGTGTCGTTCCCGGAGGCGTACACGCTGCCGGTGACGGTGCCCGCGCTGCTGGTC
S EV S FPE AY TL PV TV P AL LV
GGTGCGGCGCGGCGGCGCCGGGACCCGGAGGCCTCGTCGTGGACGGCGTACGGGCCGGGG
G A A RIRIRRUDWPEASSWTAY G P G
CTCGCGGCGACGCTGCTGCCCAGCCTGGCGGTCGCCTGGACCGACCCGGACTGGCTCAGG
L AATUL L P S LAV AWTUDPD WL R
CCGTTGCTGCTGGGGACGGCGGCGCTGGTGATCACCCTGCTCGGCGCGCGCCACCGGCTC
P L L L GTAA ALV I T LL GA RHRL
CAGGCGCTGCTGCTGCTCGGCGGGACGGTGCTGGCACTGGTCGGCCTGCACGAGCTGGCG
Q AL LL L GGTV LALVGLHETL A
CCGTACGTGGTGCAGGTCGCGGGTGCGCTCCCCCGCTGGCTCCCGCCCGCCCTGGCCGGG
PY VVQ VA GA L PRWIL P PA LA G
CTGTTGTTGCTGGTGGTCGGAGCGACGTACGAGCAGCGGCTGCGGGACGCCCGCCGTCTG
L L L LV VG ATY EQRULRDARRIL
AAGGACGCGCTGGGGCGGATGCGGTGA™ COGTGCOOGGTCOGGGEGECGOGCAGGTCACGGOGT
K DA L G R M R -

AGAGCCGCTCTACGCCGTCCGACTCGGGGCGACGGCGTCGTGCTGACAACCGCATAGGGCAGACACCGG

CGCCGTCGTCGCGGAATCCACCGCGACGACGGCGCCGGCGOGT TCCCCGCCGOGCCGCCGGAGGGGTCC

«

GTTCCGCTC ¥

Fig. 3.11b Nucleotide and deduced amino acid sequence of putative phaBsa gene.
NADP binding doman, potentid promoter region, RBS  potentid
ribosome hinding dte ae undelined. Arrows a potentid transcription
terminator



Table3.4b  Amino acid compostion of deduced trandaion product of putaive

phaBs, gene
Number of amino adds 363
Molecular weight: 37172.2
Theoreticd pl: 10.69
Amino acid compogtion:

Ala(A) 0 245%
Arg(R) 26 71%
Asn(N) 1 03%
Asp (D) 7 1%
Cys(C) 1 03%
GIn(Q) 3 08%
Glu (B) 11 30%
Gly (G) 39  106%
His (H) 4  11%
lle(l) 2 05%
Leu(L) % 207%
Lys(K) 1 03%
Met (M) 3 08%
Phe (F) 6 16%
Pro (P) 23 6%
S (9 2 33%
Thr (T) 19 52%
Trp (W) 7 1%
Tyr (Y) 6 16%
vd (V) 42  114%

Totd number of negatively charged residues (Asp + Glu): 18
Tota number of podtively charged resdues (Arg + Lys): 27



was observed. For ORF 9, both, the base preceding the start codon *¥ATG and the base
a —5 pogtion were C. ORF 5 and ORF 9 being overlapping and dong the same reading
frame, have the NADP binding site presant in both the ORFs. ORF 9 encodes for 453 aa
with gpproximate M,. of 45000 which is much higher than the reported acetoacetyl-CoA
reductases. Presence of putative promoter region and comparativdly smdler sze are in
favor of ORF 5 to be probable gene encoding for NADPH dependent acetoacetyl-CoA
reductase. Unlike many of the other reported NADPH dependent-acetoacetyl-CoA
reductases, where the NADPH binding ste is found at the Ntermind end of the proten,
the same would be out of context if ORF 9 was to be consdered as thephaB gene.

Downgream of ORF 3, ORF 8 and ORF 5, inverted repests were identified in
the 3 UTR (DG = -54.2 kcd) which may serve as the putative transcription terminaion
sgnds(Fig. 3.11b).

The codon usage data cdculated using the gene sequences avalable for S
aureofaciens  (http://www.kazusa.or.jp/codor/) (Nekamura et al. 2000) is shown in
Table 35a A srong bias towards the use of G or C in the third postion of the codon
was obsarved. Smilaly, High G+C content and biased use of G or C in the third
pogtion of codon was obsarved for the putaive phaCs, and phaBs, genes (Table 3.5b
and 3.5¢).

Based on sequence andysis, none of the other ORFs could be asigned the
functions of b-ketothiolase gene (phaA). Appaently the 4826 bp insat from pSa240
does not carry this gene.

ORF 4 (3760 — 3188) encodes for a gene product of approximate M,. 21000. It
shows ggnificant homology & amino add levd with the hypothetical regulatory protein
of Sreptomyces codlicolor (SWALL:QOL268).

Remaining ORFs nether show homology with any of the proteins reported in
protein databases nor did they show presence of any conserved motifs. Hence, functions
could not be asdgned to these ORFs. However, their involvement in PHB synthesis
could not be ruled out congdering the fact that genes rdevant for PHA synthess are

usudly cdudsered in many becteria Putetive promoter sequences were identified
upstream of ORF 6 (45634514), ORF 7 (2435-2475) and ORF 10 (4563-4514)
(http:/Amww fruitfly.org/seq tooldpromoter.ntml - Walbd e al.  1989). Upsream  of
ORFs2 (GTGCCQG), 6 (TTGCGC) and 10 (TTGCGC), only —35 box sequences were
identified (Strohl 1992). While, upstream of ORFs 1 (CAGTAT) and 7 (GTTGTT) only



Table3.5a

Codon usage data for Sreptomyces aureofaciens [ghbct]: 34 CDSs

(12288 codons) (http:/mww.kazusa.or.jp/codon) (Nakamura et al. 2000)

fidds [triplet] [frequency: per thousand] ([number])

Phe UUU 04(5)
UUC 296 (364)

Leu UUA 01 (1)
UUG 29 (36)

CUU 1.1 (13)
CUC 38.8 (477)
CUA 02 (2)
CUG 57.2 (703)

lle AUU 10(12)
AUC 306 (376)
AUA 02 (2)

Met AUG 16.0 (196)

Va GUU 12 (15)
GUC 44.2 (543)
GUA 15 (18)
GUG 34.1 (419)

Ser UCU 03 (4)

UCC 195 (240)
UCA 07 (9)
UCG 150 (184)

Pro CCU 15 (18)

CCC 24.0 (295)
CCA 07 (9)
CCG 345 (424)

ACU 1.1 (13)
ACC 4056 (499)
ACA 07 (9)
ACG 157 (193)

AlaGCU 2.7 (33)

GCC 79.8 (980)
GCA 39 (48)

GCG 429 (527)

Tyr UAU 0.3(4)
UAC 223 (274)

Ter UAA 02(3)
UAG 02 (3)

His CAU 1.0 (12)
CAC 22.2 (273)
CAA 0.7 (9)
CAG 26.9 (331)

AsnAAU 03 (4)
AAC 176 (216)

LysAAA 038 (10)
AAG 253 (311)

GAU 24 (29)
GAC 615 (756)
GAA 83 (102)
GAG 55.6 (683)

CysUGU 0.7 (8)
UGC 6.3 (78)

Ter UGA 2.3 (298)

Trp UGG 14.6 (180)

Arg CGU 5.5 (67)
CGC 44.3 (544)
CGA 15(19)
CGG 28.8 (354)

Ser AGU 14 (17)
AGC132 (162)

Arg AGA 06 (7)
AGG 3.3 (40)

GGU 7.1 (87)
GGC 586 (720)
GGA 5.8 (71)
GGG 17.8 (219)



Table3.5b

Codon usage data for the putetive phaCsa gene

(http:/AMmwww.kazusa.or.jp/codorn/countcodon.html) (Naekamura et al.

2000

fidds [triplet] [frequency: per thousand] ([number])

Phe UUU 00 (0)
uuC 9.7 (7)
Leu UUA 00(0)
UUG 14 (1)

CUU 28(2)
CUC 152 (11)
CUA 14(1)
CUG 484 (35)

lle AUU 00(0)
AUC 14(1)
AUA 00(0)

Met AUG 2.8(2)

Va GUU 138 (10)
GUC 26.3 (19)
GUA 9.7 (7)
GUG 4556 (33)

Ser UCU 83 (6)
UCC 69 (5)
UCA 00 (0)
UCG 124 (9)

Pro CCU 166 (12)
CCC 180 (13)
CCA 69 (5
CCG 36.0 (26)

ACU 41(3)
ACC 41(3)
ACA 00(0)
ACG 15.2(11)

AlaGCU 788 (57)
GCC 539 (39)
GCA 83 (6)
GCG 83.0 (60)

Tyr UAU 00 (0)
UAC 14 (1)
Ter UAA 00(0)
UAG 00 (0)

HisCAU 14 (1)
CAC 9.7 (7)
CAA 00(0)
CAG 69 (5)

AsnAAU 00(0)
AAC 14(1)
LysAAA 0.0(0)
AAG 28(2)

Asp GAU 83 (6)
GAC 24.9 (18)

Glu GAA 4.1(3)
GAG 4.1(3)

Table3.5c  Codon usage data for the putetive phaBs, gene
(http:/mww.kazusa.or.j p/codon/countcadon.hitml) (Nakamura et al.

2000

fidds [triplet] [frequency: per thousand] ([number])

Phe UUU 00 (0)
UUC 16.3 (6)

LeuUUA 00 (0)
UUG 1356 (5)

CUU 00 (0)
CUC 407 (15)
CUA 00(0)
CUG 151.8 (56)

lleAUU 00 (0)
AUC 54 (2
AUA 00 (0)

Met AUG 8.1 (3)

vd GUU 00(0)
GUC 27.1 (10)
GUA 00(0)
GUG 86.7 (32)

Ser UCU 00 (0)
uccC 81(3)
UCA 00 (0)
UCG 190 (7)

Pro CCU 0.0 (0)
CCC 16.3 (6)
CCA 0.0(0)
CCG 46.1 (17)

ACU 00 (0)
ACC 108 (4)
ACA 00 (0)
ACG 40.7 (15)

AlaGCU 108 (4)
GCC 67.8 (25)
GCA 54(2)
GCG 130.1 (48)

Tyr UAU 00 (0)
UAC 16.3 (6)

Ter UAA 00(0)
UAG 00 (0)

His CAU 00 (0)
CAC 108 (4)
CAA 00(0)
CAG 81(3)

AsnAAU 00(0)
AAC 27(1)
LysAAA 0.0(0)
AAG 27(1)

Asp GAU 00 (0)
GAC 19.0(7)

GluGAA 00 (0)
GAG 298 (11)

CysUGU 0.0 (0)
UGC 111 (8)

Ter UGA 14 ()

Trp UGG 20.7 (15)

Arg CGU 18.0(13)
CGC 53.9 (39)
CGA 111 (8)
CGG 56.7 (41)

Ser AGU 0.0(0)
AGC 83(6)
Arg AGA 0.0(0)
AGG 28(2)

Gly GGU 55.3 (40)
GGC 89.9 (65)
GGA 180 (13)
GGG 56.7 (41)

CysUGU 00 (0)
UGC 27 ()

Ter UGA 27(1)

Trp UGG 19.0(7)

Arg CGU 54 (2)
CGC 10.8 (4)
CGA 2.7 (1)
CGG 48.8 (18)

Ser AGU 0.0(0)
AGC 54 (2
Arg AGA 0.0(0)
AGG 2.7 (1)

Gly GGU 81 (3)
GGC 407 (15)
GGA 54(2)
GGG 515 (19)



—10 box sequences were identified (Strohl 1992). The RBS was dso identified for ORFs
1(GTACGGC); 2 (ACGGC); 4 (CCGG); 6 (CCGGTACG); 7 (CCGG) and 10 (TCG).

Phasns, low molecular weight proteins are proposed to promote PHA synthess
in Rhodococcus ruber (Pieper-First et al. 1994, Pieper-First et al. 1995) and Ralstonia
eutropha (Wieczorek et al. 1995, York et al. 2001). Three different mechanisms for the
function of phasins have been proposed. Firdly these may enhance PHA production by
binding to the granules and increesing the surface to volume ratio of the granules
Second, phadns may activate the rate of PHA synthesis by interacting directly with the
PHA synthase. Thirdly, phasns may promote PHA synthess indirectly by preventing
growth defects associated with the binding of other cdlular proteins to PHA granules
(York et al. 2001). Interestingly the amino acid sequences of phasin proteins are
dissmilar even in dosdy rdaed bacteria (McCool and Cannon 1999). The ORF 7 and
ORF 10 could be encoding for smal molecular weight pheain proteins.

3.3.4 Organization of PHA biosynthesisgenesin Streptomyces

In many of the bacteria analyzed thus far, phaA phaBand phaCE) genes form a
gngle cudger in the genome (Rehm and Steinbiichd 1999). In some organisms, like
Synechocystis sp., Zoogloea ramigera, Aeromonas caviae, Nocardia corallina,
Rhizobium meliloti, Rhodococcus ruber, Pseudomonas denitrificans, Methylobacterium
extorquens, Rhodobacter sphaeroides, Rhodospirillum rubrum and Rhodobacter
capsulatus the genes for PHB biosynthess, however, ae not colocdized (Taroncher-
oldenburg 2000). Of these N. corallina and R. ruber are members of the actinomycetes
group of bacteria In the present study with S aureofaciens, dso a member of the
actinomycetes, the DNA sequence andyds, however, suggedts that the putative phaCsa
and phaBs, genes are indeed clusered (Fig. 3.9, 3.11a b). This is the first ingance of its
kind where these two putative genes have been shown to share the same nucleotide
sequence, transcribe in the same direction and overlap each other. The two genes,
however, operate from two different reading frames.

3.3.5 b-ketothiolase activity is provided by the host Escherichia coli
It is a wdl edtablished fact that synthesis and accumulaion of PHB as a Storage
compound in E. coli requires heterologous and concerted expresson of the b-



ketothiolase, acetoacetyl-CoA reductase and PHA synthase (Taroncher-oldenberg et al.
2000).

While the pSa240 insat DNA apparently does not carry the phaA gene (b-
ketothiolase), the E. coli hos haboring the pSs240, however, syntheszes and
accumulates PHB. Then it should follow thet the b-ketothiolase enzyme for PHB
gynthess is provided by the hogt E. coli. To subdtantiate this observaion the b-
ketothiolase enzyme activity in recombinant E. coli harboring pSa240 and in the
untransformed E. coli host was assayed dfter dbout 48 h of growth (this timepoint
coincides with pesk PHB accumulation). Both revedled smilar activity levels. While the
b-ketothiolase activity was 41.05 = 505 U/mg of protein in the untransformed E. coli
hog, it was 3870 £ 6.28 U/mg of protein in the recombinant cells However, NADPH
dependent acetoacetyl-CoA reductase activity in the recombinant E. coli (pSa240) was
21 = 055 U/mg of protein, no activity for this enzyme was deected in the
untranformed cdls (Table 3.6). These results subdantiste the observation that the
pSa240 DNA fragment from S aureofaciens probably does not cary the phaA gene and
this function is provided by the host E. coli. At the same time the absence of NADPH-
dependent  acetoacetyl-CoA activity in the untranformed hogt E. coli cdls and its
presence in the recombinant cdls suggests that this function is provided by the phaBs
gene present on the pSa240 insert DNA.

In the eventudity of the E. coli catabolic b-ketothiolase not participating in PHB
gynthesis, intermediates of fetty acid b-oxidetion or faity acid syntheSss may be
channdized to PHB biosynthess E. coli dran haboring phaCl gene from
Pseudomonas aeruginosa has been reported to accumulate polyhydroxyakanoae with
fatty acids as carbon source (Langenbach et al. 1997).



Table 3.6 b-ketothiolase and acetoecetyCoA  reductase enzyme assys  in
untransformed E. coli JM109 and recombinant E. coli harboring pSa240
for activity

Organism Enzyme

NADPH -dependent
Acetoacetyl -CoA reductase

(U/mg total protein)

B-ketothiolase
(U/mg totd protein)

Escherichia coli JIM109 4105+ 505 -

Recombinant E. coli 38.70+ 6.28 21+055

3.3.6  ORFs3(or 8) and 5 codefor phaCsa and phaBsa genes r espectively

PCR amplification of differet ORFs was atempted to confirm functions
assgned to them. But high G+C content hampered the amplification of the fragments.
Hence, trangposon insertion andyss was peaformed to confirm functions assgned to
ORF 3 (or 8) and 5.

Trangposon Tn5 insertion clones were sdected such that one or more of the
ORFs were disupted. From among a totd of 92 trangposon insartion clones, pSa240! to
pSa240™, three were sdected, since in these ORFs 3 andlor 5 were disrupted (Fig. 3.12).
In pSa240™ done, ORFs 1, 3, 5 8 and 9 were interupted; pSa240* had ORF 3
interrupted and pSa240®° had ORFs 1, 3 and 8 interrupted (Table 3.7). Recombinant E.
coli cdls harboring these plasmid DNA clones were checked for accumulation of PHB
and NADPH-dependent acetoacetyl-CoA reductase activity. Recombinant E.  coli
containing Tn5 insertion done pSa240* in which only ORF 3, the putdive phaCs, gene
coding for PHA synthase, was disupted did not accumulate PHB. In this clone Tn5
insertion was 113 nudeotides downsream of the trandation initigtion codon “°GTG.
This cone, however, showed NADPH dependent acetoacetyl-CoA reductase activity
(189 = 021 U/mg protein). Recombinant E. coli harboring trangposon insartion clone
pSa240%° in which ORFs 1, 3, and 8 were disupted, did not synthesize and accumulate
PHB. In this clone, however, acetoacetyl-CoA reductase activity was detected (1.56 *
0.33 U/mg protein). Recombinant E. coli harboring transposon insartion done pSa240™®
in which ORFs 1, 3, 5, 8 and 9 were disupted neither accumulated PHB nor did it show
any acetoacetyl-CoA reductase activity. (ORF 5 is the putative NADPH dependent
acetoacetyl-CoA reductase as discussed ealier, see section 3.3.3).
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Fig. 3.12 Tnb5 transposon insertion clones.



From the foregoing trangposon Tn5 insation dudies it became obvious that
ORFs 3 and 5 are both required for PHB synthesis. It also became apparent that:
(@ interruption of ORF 3 results in loss of PHB synthess and accumulaion but not in
the loss of NADPH-dependent acetoacetyl-CoA reductase activity;
(b) interruption of ORFs 1 and 8 does not rexult in the loss of NADPH-dependent
acetoacetyl-CoA reductase activity;
(©) interuption of ORF 5 rewlts in loss of NADPH-dependent acetoacetyl-CoA
reductase activity.
Hence, it can be concdluded that ORF 5 represents the phaBs, gene. However, in
pSa240* the Tn5 insartion resulted in diganding the in frame “°ATG from the upstream
promoter region, and probably resulting in loss of activity. The ORF 3 spanning from
IPGTG to #BTGA contains the phaGsy gene could have its trandation start point at
dither “°GTG or *PATG.

Table3.7 Andyds of ORFs 3 and 5 using recombinant E. coli IM109 cdls
harboring trangposon insartion clones

NADPH dependent

Transposon - P(3HB)
. . ORFSdleUpted . acaoacty| -CoA

0,
insertion clone % cdl dry weight reductase adtivity
pSa240° 1,3,5,8,9 i ]
pSe240™ 3 - 189+021
pSa240™° 1,38 - 156+0.33

3.3.7 Roleof other ORFsin PHB synthesis

Transposon Tn5 insation dlones pSa240> > 46 8 \were further sdected to study
the role of ORFs 2, 4, 6, 7 and 10 in PHB synthesis pSa240° had ORFs 6 and 10
interrupted;  pSa240® had ORF 4 interrupted; in pSa240® ORFs 2 and 7 were
interrupted and in pSa240® ORFs 4, 6 and 10 were interrupted (Fig. 3.12). Recombinant
E. coi cdls haboring these plasmid DNA clones were checked for accumulation of
PHB. Recombinant E. coli cdls contaning any of these trangposon insation clones
continued to synthesze PHB (Table 3.8), but the levds of PHB accumulated had



dropped to gpproximatey 1% of cdl dry weight as agang approximady 60% of cdl
dry weight in the E. coli cdls harboring pSa240. Thus, ORFs 2, 4, 6, 7 and 10 certainly
play a role in PHB accumuldion by recombinant E. coli. Phasins encoded by phaP,
have been reported to pogtively affect the PHB synthess in Ralstonia eutropha (York et
al. 2001). As discused earlier, phasns are low molecular weight proteins, which differ
in amino add sequence even in cosdy rdaed bacteria (McCool and Cannon 1999).
Updgtream of ORF 4, only -35 box was identified. However, putative promoter sequences
and RBS were identified upstream of ORF 7 and 10. Deduced trandaiond products of
ORF 7 and 10 are of goproximate M. 18000 and 21000 respectively. These observaions
meke the ORFs 7 and 10, the probable candidates for phesn protein encoding genes
ORFs 2 and 6 encode for rdatively high molecular weight proteins to be phasing, but are
aso required for high levels of accumulaion of PHB.

Table. 3.8 Andyss of ORFs 2, 4, 6, 7, and 10 usng recombinat E. coli JM109
cdls harboring trangposon insertion clones

Transposon P(3HB)

insertion clone ORFS 1 o5 odl dry weight
disrupted

pSa240° 6,10 0.79

pSa240® 4 098

pSa240*° 2,7 085

pSa240* 4,6,10 0.97

The biosynthess of polyketides, which is wdl dudied in Sreptomyces, is
mechanidicadly reaed to formation of longchan faty acids However, polyketides, in
contrast to fatty acid synthases (FAS) retain ketone, hydroxyl, or olefenic functions and
contan methyl or ethyl dde groups interspersed dong an acyl chan compaadle in
length to tha of common faty acids. This asymmery in dructure implies that the
polyketide synthase (PKS), the enzyme system responsble for formation of these
molecules, dthough mechanidicdly rdated to FAS results in an end product thet is
dructurdly very diffeeent from long chan faty acids. The intermediates of these
pathways can serve as precursors for the biosynthess of novel PHAs (Sherman et al.



2001). This would dso be an economicd method for the production of defined PHAS
Currently PHA synthase gene from R. eutropha is used for this purpose Sreptomyces
. has G+C rich genome and hiased codon usage with strong preference for G andlor C.
Hence to design PHA biosynthetic pathway in Sreptomyces §., use of S aureofaciens
PHA biosynthetic genes would increese the efficiency of the recombinant sysem. Also
cdoning of polyhydroxydkanoate synthase and the polykeide synthase genes from
Sreptomyces . and ddetion or inectivation of specific genes dlows the biosynthesis of
novd macrolides (Sherman et al. 2001). These gpplications underline the sgnificance of
isolation and characterizetion of PHA biosynthetic genes from an actinomycete,
Streptomyces aureofaciens.



CHAPTER 4

PHB SYNTHES ZING GENES FROM
STREPTOMYCESAUREOFACIENSNRRL 2209:

HETEROLOGOUSEXPRESSION IN
ESCHERICHIA COLI




[ 4.1 INTRODUCTION

Commerddization of PHAs as subdtitutes for conventiond petrochemicatbased
polymers is hampered by the high production cost of these compounds (Choi and Lee
1997). Much effort has been consequently been devoted towards production cost
reduction of PHAs. This has necesssated developing of becterid drains and, efficient
fermentations and recovery processes.

Poly(3-hydroxybutyraie) has been detected in the cytoplasmic membrane of
Escherichia coli (Reusch 1992). These cdls incorporate PHB into ther plasma
membranes under growthtlimiting conditions and during competence  development
(Huang and Reusch 1996 ). However, no intracdlular PHB granules have been observed
in E. coli.

The physology, biochemisry and genetics of E. coli have been dudied in great
detail. This makes it the perfect host for heterologous expresson of foreign protens.
The advantages associated with the system are thet:

() many ussful plasmids and mutant drains are avalable for genetic manipulation and
improvement,

(i) the recombinant methodologies and high cdl dendty cultivation dSrategies are well
established (Y ee and Blanch 1992, Lee 1996b, Arigtidou et al. 1999),

(i) E. coli grows fagt and offers a wel-defined physologicd environment for the
condruction and manipulaion of various metabolic pathways to produce a wide range
of PHAs from cogt-effective carbon sources (Fang et al. 1998, Wong and Lee 1998, Ahn
et al. 2000, Kim 2000) and thet

(iv) E. coli cdls while accumulaing large amounts of PHB become fragile, which is
advantageous for polymer isolation.

Moreover E. coli does not accumulaie PHA incluson bodies and lacks the PHA
depolymerase. In the naturd producer R. eutropha, PHB is in a mobile amorphous Sate
(Ellar et al. 1968, Dunlop and Robards 1973, Banard and Senders 1989, Lazier et al.
1992), while in recombinant E. coli nascent PHB is in a cryddline form (Hahn et al.
1995). Microbid PHB is often recoveed by a dmple and efficent method usng
dkdine hypochlorite solution, a reegent that degrades most of the other cdlular
macromolecules. However, this method dso causes severe degradation of amorphous
PHB molecules PHB in the recombinant E. coli, however, is protected from

hypochlorite digestion by its ayddline morphology (Hahn et al. 1995). In addition to



the dability of naive PHB from recombinant E. coli in sodium hypochlorite solution,
non-PHB cdl materid of the recombinant E. coli seemed to be more easily digested by
the hypochlorite treatment, snce the purity of PHB recovered from recombinant E. coli
is generdly higher than the purity of PHB from R. eutropha (Hahn et al. 1995). Alsp,
the molecular mass and polydispersty of PHB produced by fermentation of E. coli can
be controlled by modulaing the activity of the PHA synthase (Lee 1997, Sm et al.
1997). Based on these observations, Escherichia coli holds promise as a source of
economica PHA production.

PBHB) production in recombinent E. coli haboring PHA  syntheszing
polycigron from R. eutropha is wdl dudied (Lee et al. 19%a b, Zhang et al.1994,
Kidwdl et al. 1995, Lee and Lee 1996, Lee et al. 1996). Introduction of the phaC gene
from Rhodobacter sphaeroides into E. coli does not result in PHB synthess (J-Hoe and
Lee 1997). Snce no PHA synthase activity was detected in the recombinant it was
proposed that PHA synthase was probably degraded repidly in E. coli in the absence of
its subgrate, 3-hydroxybutyryl CoA. PHB accumulaion adso faled in recombinant E.
coli cdls harboring phaCcv from Chromobacterium violaceum and phaBre and phalre
genes from R. eutropha (Kolibachuk et al. 1999). While the PHB syntheszing genes
from R. eutropha have been shown to function in E. coli, the phaC gene from other
microbes like the R sphaeroides and C. violaceum apparently do not function in the
dien E coli environment. However, in the preceding chepters we have seen that the
PHB biosynthetic genes from S aureofaciens do express and direct the synthess of
PHB in the dien E. coli environment. Conddering these facts, the present chapter
describes attempts directed a optimization of PHB production by recombinant E. coli
(ATCC.PTA-1579) haboring PHA syntheszing genes phaCs, and phaBs, from
Sreptomyces aureofaciens NRRL 2200



[A] Effect of different carbon and nitrogen sources on PHB accumulation by phasa’
recombinant Escherichia coli

The PHB production cost is determined by PHB productivity, content and yield
by the microbid cels cost of the carbon subdgrae and the recovery method () used.
About 40% of the tota production cost is for raw meaterid (Choi and Lee 1999). In the
present sudy the effect of different carbon and nitrogen sources on PHB production by
phas,” recombinant E. coli (ATCC:PTA-1579) was studied.

[ 42 MATERIALSAND M ETHODS}

421 Materials

Ampidllin, benzoic add and poly-b-hydroxybutyrate were purchased from
Sgma-Aldrich, USA. All other chemicds and becteriologicd media components were
of andyticd grade and obtaned from HIMEDIA, Qudigens Fine Chemicds and E.
Merck Laboratories, India

4.2.2 Mediastudies
4.2.2.1 Recombinant organism

The recombinant phas,” E. coli M109 harboring the pSa240 plasmid was used
in the sudy. The recombinant E. coli is deposted with ATCC, USA (ATCCGPTA-
1579).

4.2.2.2 Growth conditions
Basa medium used for carbon source studies was,

gl

Y east extract 5

Peptone 5
NaHPO, 1
MgO,4 0.2

pH 7.2



The basd medium was supplemented with different carbon sources, which include
glycerol, glucose, molasses, sucrose, ethanol and pam ail. Each carbon source was used
at afina concentration of 1% in the medium.

Media used for nitrogen source studies include:

(1) Yeadt extract and (2) Yeadt extract
peptone
gl gl
Y east extract 5 Y east extract 10
Peptone 5 NagHPO, 1
NagHPO, 1 MgSO, 0.2
MgSO, 02
pH 7.2 PH 7.2
Glycerd 10 Qycerol 10
(3) Peptone (4) Corn steep
liquor
gl gl
Peptone 10 corn seep liquor 10
NagHPOy 1 NaHPOy 1
MgSO, 02 MgSO, 02
pH 7.2 pH 7.2
Glyceral 10 Glycerd 10

In dl media ampicillin was added to the find concentration of 100 ngml. For each
medium, 1% inoculum of recombinant E. coli was used. Cdls were cultivated a 37°C
with continuous sheking (200 rpm). Growth was monitored by messuring cdl dry
weight (g/).

4.2.3 Gaschromatography analyss
GC andyss of the freeze dried E. coli cdls was performed as described earlier
usng aGC 17-A Shimadzu meke GC (see chapter 2, section 2.2.4.2).



[ 4.3 RESULTS AND DISCUSSION }

43.1 Effect of different carbon sources on PHB accumulation by phass
recombinant Escherichia coli

A number of cabon sources such as glycerdl, glucose, padm oail, sucrose,
molasses and ethanol were tested for ther ability to support P(3HB) production by
phas,” recombinant E. coli.

An oveview of phas,” recombinent E.coli cdl growth, PHB accumulaion and
pH of the culture medium is presented in Fgs 4.1a b, c. Maximum cdl growth was
obsarved in basd medium with glycerol as the carbon source (801 + 0.04 g/l). Cdl
growth in basd medium supplemented with glycerol, pdm oil, sucrose or molasses
entered dationary phase after 30 h of incubation. In glucose supplemented medium cdl
growth reached its pesk vaue (7.50 + 0.17 g/l) after 40 h of incubation. Incorporation of
ethanol and molases inhibited cdl growth. The maximum cdl growth in presence of
ethanol and molasses was 4.26 £ 0.28 g/l and 426 + 0.04 g/l, repectively as agand a
maximum cdl growth of 537 + 031 gl achieved in the basd medium. In ethanol
supplemented medium, cdl densty decreases beyond 20 h of incubation probably due to
odl lysis While ehand is known to inhibit cdl growth of E. coli K-12 derivatives
(Ingram 1976), molasses probably contains components which inhibit growth. Amongst
the sx cabon sources used, maximum growth was obtaned in basd  medium
supplemented with glycerol (1%) as a cabon source. It has been reported in prior
invedtigations that glucose, sucrose, molasses and whey support growth and PHB
accumulation by recombinant E. coli harboring PHA syntheszing genes from R
eutropha (Lee et al. 19943, Zhang et al. 1994, Kim 2000).

Glycerol as a carbon source dso supported maxima P(3HB) accumulaion. PHB
up to 60% of cdl dry weight was accumulated in the recombinant E. coli cels (Fig.
4.1b). Approximate 38% P(3HB) of cdl dry weight was accumulated in recombinant E.
coli in the presence of glucose. About 28% P(3HB) of cdl dry weight was obtained with
pdm ail. Fant ails such as olive ail, corn ail and padm ail ae reported to support PHB
biosynthess and accumulaion by R eutropha (Fukui and Dol 1998). This rexult is
encouraging dnce for the fird time plant ol has been shown to support PHB
accumulation in recombinant pha™ E. coli. About 10% PHB of cdl dry weight was
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accumulated in the presence of ethanol which was less than the control medium. In the
absence of molecular oxygen or other exogenous eectron acceptors, E. coli caries out
mixed acid fermentation during anaerobic growth in order to achieve metabolic redox
baance. Ethandl is one of the fermentation products, which is formed from acetyl- CoA
by two sequentid NADH-dependent reductions catdyzed by the multifunctiond ethanol
oxidoreductase (the adhE gene product). Despite the fact that both AdhE-catdyzed
reections are reversible, E. coli fals to grow on ethanol as a sole cabon and energy
source gpparently for two main reasons. Fird, the adhE gene is inefficiently expressed
under aerobic conditions (Clark and Cronan 1980, Chen and Lin 1991, Leonardo et al.
1993). Second, the catdytic hdf-life of the AdhE protein is shortened during aerobic
metebolism by a meta-catdyzed oxidation cycde (Membrillo-Hernadez et al. 2000). The
medium used in the present sudy being complex, probably supported growth and PHB
accumulation to a smdl extent even with ehanol as the carbon source. There was,
however, no PHB accumulation with sucrose or molasses as the carbon source. Sucrose
and molasses seem to negaivey regulae PHA synthesizing genes. Cabon source
repondve promoter dements have been reported earlier in Saccharomyces cerevisiae
and Ustilago maydis (Scholar and Schuller 1994, Bottin et al. 1996). phaC gene
encoding the PHA synthase of C. violaceum and R. ruber irrepective of carbon source
used were not expressed in E. coli a dl (Pieper and Steinblichd 1992, Kolibachuk et
al. 1999). And now we have a sat of genes that probably are regulated by carbon source.
Underdanding the regulaiory mechanisms of these genes and the ones from C.
violacaum and R ruber will add to our knowledge of reguldion of these
biotechnologicdly important st of genes and ad further in ther commercd
exploitation.

The recombinant phas, E. coli growing in basd medium supplemented with
glycerol or pam oil entered dationary dae after aout 30 h of incubation. However,
these cdls continue to accumulate PHB till 50 h of incubation. In glucose supplemented
medium, the maximum cdl growth was reeched a 40 h of incubation. Correspondingly
maximum PHB accumulation was dso obsarved a 40 h of incubaion (Fig. 4.1a b). In
medium with ethanol as carbon source PHB content follows the growth pattern for first
twenty hours and then remains steady (Figs. 4.1a, b).

With glyceral, glucose, sucrose and molasses as cabon sources, pH of the
medium dropped to became acidic. The medium pH dropped from 7.2 to 551, 528,
529 and 530 respectivey after 50 h of incubaion (Fig. 4.1¢). In control and in basd



medium supplemented with pdm oil or ethanol as cabon source pH became dkdine
(Fg. 4.1c) due to utilization of complex nitrogenous substances presant in the medium.
In basd medium with no added carbon source and with pdm oil or ethanol as carbon
source, pH of the medium increased to 8.68, 868 and 8.64 repectivdly. No corrdation
could, however, be esablished between the pH change of the culture medium and PHB
production by phas,’ E. coli.

From the preceding, glycerol, a by-product from the production of biofuds from
oilseeds and padm oail, a plat ol emege as possble candidates for PHB production by
recombinant phas,+ E. coli. Glycerol, produced a a byproduct in the growing
oleochemicd indudries, is a chegp subdrate for PHB production. Besdes, severd
environment friendly processes based on microbid fermentation have been proposed for
gycerd utlization. Some other useful chemicds produced from glycerd by
fermentation ae  b-hydroxypropionddenyde (reuterin) (El-Ziney et al. 1998, Tdaico
et al. 1998), 2,3-hutenediol (Biebl et al. 1998), 1,3-propandiol (Menzd et al. 1997), and
succinic acid (Lee et al. 20008). Although glyceral utilization for PHB synthesis has
ealier been demondrated for R. eutropha (Tad et al. 1994) production of PHB from
glyceral by recombinant E. coli has not been reported thus far. This is the first report
where we have shown that E. coli expressng a st of heterologous genes for PHB
gynthess from S aureofaciens uses glycerol for PHB synthess. The PHB content
obtained in R. eutropha with glucose or glycerol as carbon source are smilar (~65%). In
the present sudy glucose supports PHB accumulation of only 40% of cdl dry weight, as
agang 60% of cdl dry weight with glyceral as a carbon source,

4.3.2 Effect of different nitrogen sources on PHB accumulation by phasa’

recombinant Escherichia coli

The effect of yeast extract, peptone and corn steep liquor as nitrogen sources on
PHB production by recombinant E. coli was sudied.

Glycerol, which supported maximum PHB accumulaion in recombinant phas,’
E. coli was used as the carbon source. Cdl growth, PHB content in the cells and pH of
the nutrient medium was followed for upto 50 h of culture.

An oveview of phasy recombinant E.coli cdl growth, PHB accumulation and
pH of culture medium with different nitrogen sources is presented in Figs. 4.2a b, c.
Incduson of yeedt extract and peptone adone and in combindion into the medium
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supported growth of recombinant phasa+ E. coli. With yeast extract, peptone and yeast
extract+peptone in the medium respective cdl dry weight of 6.36 g/, 6.70 g/l and 804
ol was achieved dter 50 h of incubation. However, after 50 h of incubation cdl dry
weight of only 1.23 g/l was obtained with corn stegp liquor as the nitrogen source. In the
basd medium with yeast extract, peptone and yeast extract+peptone the cdl culture
entered dationay phase of growth after 30 h of incubation. Maximum cdl growth was
obtained in the presence of yeast extract-+Hpeptone as nitrogen source (Fg. 4.23).

PHB content of the recombinant E. coli was 30% of cdl dry weight with yeest
extract or peptone as the nitrogen source. But with a combination of yeast extract and
peptone in the medium a cumulaive effect on PHB accumulaion by the recombinant
phas, E. coli cels was obsarved. The cels accumulated about 60% PHB of cdl dry
weight. About 20% PHB of cdl dry weght was obtained with corn steep liquor (Fig.
4.2b). The PHB content obtained in the presence of corn steep liquor as a nitrogen
source was low as compared to the levels obtained for recombinant E. coli harboring
PHA syntheszing genes from R. eutropha (~ 40%) (Lee and Chang 1995). Interestingly,
the cdls grown in presence of corn deep liquor showed biphasc PHB accumulaion
patern. PHB accumulation during the fird 20 h was concomitant with cdl growth.
Theregfter the cdl growth and PHB accumulaion remaned dationary for upto 40 h of
incubetion. While the cdl growth beyond 40 h continued to be daionay PHB
accumulaion shot up from 10.89+0.10% to 19.28+0.55% of cel dry weight between the
period intervening 40 h and 50 h of growth. With yeast extract, peptone yeest
extract+peptone and corn segp liquor as nitrogen sources, pH of the medium dropped to
the acidic Sde (Fig. 4.2c). The respective pH dropped from 7.2 to 550, 540, 542 and
6.65 dter 50 h of incubation. No corrdaion could be established between the pH
change of the culture medium and PHB accumulation by phas.” E. coli. Yeast extract
and yeast extracttpeptone have been implicated in enhancing glycerdl utilization by
Anaerobiospirillum succiniproducens and Phaffia rhodozyma respectivdy (Kusdiyantini
et al. 198, Lee e al. 20008). Appaently a dmilar enhancing effect on glycerdl
utilization and PHB production by phass” recombinant E. coli (Figs 4.1 ad 4.2) is
observed in the present instance.



From the above dudies it trangpires tha maximum PHB accumulation (approximetey
60% PHB of cdl dry weight) by recombinant phas. E. coli occurs on a medium
composd of:

gl
Y east extract 5
Peptone 5
NagHPO, 1
MgSO4 0.2
pH 7.2
Glycera 10

These results are sgnificant considering the fact that recombinant phas,” E. coli
accumulates ~ 60% PHB of cdl dry weight as againgt only 2.4% PHB of cel dry weight
(CDW) accumulated by S aureofaciens. In different drains of recombinant E. coli
harboring PHA synthesizing genes, PHB content of 2 to 85% of CDW has been reported
(Liebergesdl and Steinbiichd 1992, Liebergesdl and Steinbiichd 1993, Lee and Chang
1995, Schubert et al. 1988, Saer et al. 1988, Taroncher-oldenberg et al. 2000). But the
remarkable increese from 24% in the naturd PHB producer S aureofaciens to 60%
PHB of cdl dry weight in recombinant phas,’ E. coli was observed for the first time.
The levds of PHB accumulated ae not directly comparable as the nutritiond
requirements of the two species is not likdy to be same Allowing for thet, it is il
remarkable that recombinant E. coli accumulated such high levels of PHB. This finding
is important egpedcidly for commedd production of PHB involving recombinant E.
coli.



[B] Effect of amino acids supplementation on the synthesis of poly(3-
hydroxybutyrate) by phasa” recombinant Escherichia coli

E. cdi cdls haboring Ralstonia eutropha PHA biosynthess genes for PHB
accumulation (Peoples and Sinskey 1989%) and cultivaied in defined media accumulate
less PHB than those cultivated in complex media (Lee and Lee 1996). The biosynthess
of amino adds which is energy intensve can be a burden to the cdl during the
overproduction of proteins for PHB synthess (Lee et al. 1995b), is suggested as one
mgor reason for low PHB accumulaion. This problem is dleviaed by growth of cdls
in complex media which contan rich amino acid sources such as tryptone, peptone,
yeest extract etc. The fermentation of recombinant cels in defined media could be
improved by the addition of amino adds into it (Mizutani et al. 1986, Ramirez and
Bentley 1993, Paul et al. 1998).

Lee e al. (1995b) have shown that cyseine, methionine isoleucine and proline
promote PHB synthess by recombinant E. coli harboring Ralstonia eutropha PHA
biosynthess genes. In the present study, recombinant E. coli (ATCC. PTA — 1579)
harboring the S. aureofaciens NRRL 2209 PHB biosynthess genes was sudied for PHB
synthesis when cultivated in a defined medium supplemented with various amino acids.

44MATERIALSAND M ETHODS]

441 Materias

Ampidllin, benzoic add, amino adds and poly-b-hydroxybutyraie were purchased
from Sgma-Aldrich, USA. All other chemicds and bacteriologicd media components
ued were of andyticd grade and were obtaned from HIMEDIA, Qudigens Fine
Chemicasand E. Merck Laboratories, India.

4.4.2 Organism and growth

R medium of Lee and Chang (1993) was used as the basa defined medium for
cultivation of recombinant phas,” E. coli (ATCC:. PTA — 1579) haboring PHA
gyntheszing genes from Sreptomyces aureofaciens NRRL 2209, The medium was
further supplemented with 10 mg/l thiamine and 100 ng/ml ampidillin.



R Medium

gl
KH2PO4 135
(NH4)2,HPO, 4.0
MgSO,4.7H,0 1.4 (Sterilized and added separately)
Citric adid 17
Trace metd solution 100 mi/l

The trace metd solution condgted of the following (per litre of 5 M HCI): FeSO47H,0,
100 g, CaClL.2H,0, 20 g ZnSO47H,0, 22 g, MnSO.4H,0, 05 g, CuSO,.5H0, 1.0
g, (NH9sM07024H20, 0.1 g; NaB4O7.10H20, 0.02 g. Glycerd (10 g/l) was used as the
carbon source. MgSO,.7H ;O solution was Sterilized and added separatdly.

The medium was supplemented with individuad amino acids a a concentration of
50 mg/l (Table 41). Cygene, methionine and isoleucine were aso used independently
a 50 and 150 mg/l concentrations (Teble 4.2). These three amino acids were dso
incorporaed in the medium as eight assorted combinations (Table 4.3). The cdls were
cultivaled a 37°C with sheking & 200 rpm for 48 h, havesed, freeze dried and
andyzed for PHB content.

4.4.3 Gaschromatography analyss
GC andyds of the freeze dried E. coli cdls was performed as described earlier
usgng aGC 17-A Shimadzu make GC (see chapter 2, section 2.2.4.2).

4.4.4 23factorial design

In the 2% factorid design (Baley 1995) three amino adds viz. Cydene,
methionine and isoleucine were studied a two different levels esch (2° factorid). A totdl
of 8 combingtions as shown in Table 43 were used in medium for cultivation of
recombinant E. coli. The response was assessed by determining the PHB content of the
cdls The effect of changing cysteine concentration from 50 to 150 mg/l was caculated
by subtracting the PHB content of the cdls a the former concentration of the amino acid
from the PHB content a latter concentration with various combinations of methionine
(M) and isoleucine (I). The average of four values obtained was the main effect of
cysteine (C). Similarly, the main effects of methionine and isoleucine were caculated.

Two factor interactions were caculated a two fixed levels of one factor. The
average concentration effect of the other factor was cdculated by averaging the



individua meesure of the effect of changing concentration of the factor from 50 to 150
mg/l a a fixed concentretion of the firgt factor. The average of the two values obtained
will give the two factor interaction such as (C X M), (C X 1), and (M X I).

The three-factor interaction is the average difference between the cystene X
methionine interaction and the two levels of isoleucine concentration.

The 2° fadtorid design has eight factor levd combinations Geometricaly the
design is shown in Fig. 4.3, with eght runs forming the corners of the cube (1.1, 2a
3b, 4d, 5c¢, 6ac, 7:bc, 8ax). This desgn dlows three man effects to be esimated
(A, B, and C) dong with three two-factor interactions (AB, AC and BC) and the three-
factor interactions (ABC). The main effect of A is estimated by averaging the four runs
on the right sde of the cube where A is a high levd and subtracting from that quantity
the average of the four runs on the left 9de of the cube where A is a the low leve.
Smilaly man effects of B and C ae cdculated. For esimaion of two-factor
interaction AB; when C is @ low leved, AB is the average difference in the A effect at
the two levds of B. Smilarly, when C is a high leved, the AB interaction is the average
difference in the B effect a the two levels of A. The AB interaction is the average of
these two components. The ABC interaction effect is the average difference between the
AB interaction and the two levels of C.

[ 4.5 RESULTS AND DISCUSSION

4.5.1 Effect of individual amino acids on PHB accumulation

The effect of amino acd supplements into the nutrient medium used for
fermentation of recombinant E. coli was investigated. The results obtained are depicted
in Table4.1.



Table4.1 Effect of amino acid supplementation on PHB synthesis by recombinant
phas.” Escherichia coli (ATCC: PTA — 1579) in adefined medium

Amino PHB % cell
acid dry weight

Control 1628 +1.17
2325+1.70
2617 +0.11
2353+0.37
26.20+031
886+ 1.64

1675+ 1.39
20.70+0.82
2011+1.28
2032 +0.37
16.80 + 0.47
1826 + 0.57
2037 £ 157
1947 +1.26
1998 +0.78
17.39+0.03
16.64 + 041
21.14+0.78
1880+ 0.74
2211+0.30
1320+ 1.65
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Of the twenty amino acids incorporated individudly in the medium, daning
giutamine and srine had no influence on PHB accumulaion by recombinant E. coli
cells. The respective PHB content in the cdl was 16.75 £+ 1.39%, 16.80 + 047% and
1664 £ 041% of cdl dry weight. PHB content of recombinant E. coli cdls in the
control medium was 1628 + 1.17% of cdl dry weght. Incorporation of vdine into the
medium resulted in an about 20% less PHB accumulation by the cdls (1320 + 1.65 as
agang 1628 + 117% PHB of cdl dry weght in control cdls). Addition of glycine to
the medium decreased PHB accumulation by the cdls by as much as 46% (8.86 + 1.64%
as aganst 1628 + 1.17% PHB of cdl dry weght in contral cdls) of cdl dry weight as
compared to control. All other amino acds enhanced PHB synthess when

supplemented to the defined medium. Three amino adds, cysene, methionine and
isoleucine promoted PHB synthess sgnificantly. Addition of cysene, isoleucine and



methionine increesed PHB accumulation by 60%, 45% and 61% respectivey when
compared to the control in the recombinant phas. E. coli. These observations are
consgent with earlier observeations made by Lee et. al. (1995b) for recombinant E. coli
haboring Ralstonia eutropha PHA biosynthess genes The channdization of
intermediates of carbon source metabolism and TCA cycle which serve as precursors for
amino acid biosynthess may result in depletion of acetyl-CoA pool avaldble for PHB
gynthess. Also, the biosynthess of cystene, methionine and isoleucine requires large
quantities of NADPH (Lee et al. 1995b). Thus PHB synthess may be limited by the
avalability of acetyl-CoA and NADPH. In a dStuation where the endogenous cydene,
methionine and isoleucine pool is supplemented exogenoudy, it is likdy that the flux
from cabon source metabolism favors acetyl-CoA pool and dso the demand for
biosynthess for these amino acids may be reduced. This should creste a favorable
condition for enhanced PHB synthess snce acetyl-CoA, the subdrate for b-
ketothiolase, and NADPH, the cofactor for acetoacetyl-CoA reductase (Peoples and
Snskey 19898 would not become rae limiting. Addition of phenyldanine in the
medium has been shown to enhance the production of chloramphenicol-acetyl-
transferase that is rich in phenyldanine (Ramirez and Bentley 1993). In the present
ingance the posshbility of high demand for incorporaion of cystene, methionine and
isoleucine into PHA biosynthetic enzyme proteins is ruled out, Snce S aureofaciens as
R eutropha PHA biosynthess enzymes do not have high contents of cydeine
methionine and isoleucine (Peoples and Sinskey 1989, dso se Chepter 3: Table 343,
34b). Thus avalability of aceatyl-CoA and NADPH seems to be the mgor deciding
factors in enhancement of PHB synthess than the amino acid compogtion of PHA
gyntheszing enzymes. This is condgently obsarved in recombinant E. coli irrespective
of the origin of PHA biosynthesis genes (Lee et al. 1995h).

45.2 2*factorial design method

Two concetrations of cydeine, methionine and isoleucing 50 mgl and 150
mg/l resulted in increesed PHB synthess (Table 4.2) with respect to the control (Table
4.1).



Table4.2 Effect of addition of cysteine, methionine and isoleucine on PHB

synthesis by recombinant phas,” Escherichia coli (ATCC: PTA — 1579)

in adefined medium
Amino acid concentration PHB % cdl dry
mg/l weight
Cydeane
50 2651 +0.18
150 30.82+0.52
Methionine
50 2599+ 0.37
150 1915+ 0.27
Isoleucine
50 23131054
150 1658+ 0.30

In R medium supplemented with 50 mg/l and 150 mg/l cyseing, recombinat E.
coli cdls accumulated 2651 £ 0.18% and 30.82 + 052 PHB of cdl dry weght,
respectively. Smilarly in presence of 50 and 150 mg/l of methionine cdls accumulated
2599 + 037% and 19.15 + 027% PHB of cdl dry weight respectively. While, addition
of 50 and 150 mg/ of isoleucine resulted in repective accumuletion of 2313 + 054 ad
1658 + 0.30% PHB of cdl dry weght. Therefore, effect of assorted combinations of
different concentrations of these three amino acids on PHB synthess was sudied (Table
4.3). The effects were andyzed using a 2° factorid design method. This method offers
the advantages of: (&) obtaining a broad picture of the effect of each factor in different
conditions furnished by variations in the other factors, (b) the use of a wide range of
factor combinations provides a rdiable bass for making practicd recommendeations that
will be vdid in variable circumstances, (c) dlowing estimates of the main effect of three
variables with the same precison as the one-factor-at-a-time method requiring 24 runs
An additiond advantage of 2° factorid design method is the interpretation of the
obsarvations produced by the desgn can proceed largdy by usng common sense and
dementary arithmetic (Baley 1995, Paul et al. 1993).



Table4.3

Effect of addition of assorted combinations of amino acids on PHB
synthesis by recombinant phas,” Escherichia coli (ATCC: PTA — 1579)

in adefined medium
Test condition  Cysteine Methionine I soleucine PHB % cell
Conc. conc. conc. dry weight
mg/l Mg/l mg/l
1 50 50 50 36.15+ 140
2 150 50 50 4068 +0.78
3 50 150 50 2987 +1.36
4 150 150 50 3243+ 042
5 50 50 150 26.29 + 0.65
6 150 50 150 3002+ 148
7 50 150 150 34.84+0.78
8 150 150 150 5192 + 397

Considering ebove advantages, 2 factorid design method was exercised to study

the effect of assorted combinations of cysteéne, methionine and isoleucine on PHB

synthesis by recombinant E. coli.

The effect of supplementation of different concentrations of the three amino
acids during the fermentation of E. coli (ATCC:. PTA — 1579) is shown in Teble 4.3.
The reslts were andyzed usng 2 factorid design (Fig. 4.1). The data can be

interpreted in the following manner:

()] The interaction effect of cydeine and mehionine (C X M) is 2845 with
individud man effects due to cysene and methionine being 6.975 and 3.98
respectively. Thus, the interaction between the cyseine and methionine is
independent  of cydeine concentration but is affected by the increasng

concentrations of methionine.

(i)  The interaction effect of cysene and isoleucine (C X 1) is 343 while the
individud man effects due to cyseine and isoleucine are 6975 and 0.985
respectively. It can be concluded that the effect of cysteine concentration is more

than that of isoleucine,

(i)  The interaction effect of methionine and isoleucine (M X 1) is 11.245; the
indvidud main effects due to methionine and isoleucne beng 398 and 0.985

respectively. There seems to be synergidtic effect during the interaction of
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Fig. 4.3 Interaction effects of cysteine. methionine and isoleucine
on PHB accumulation in the concentration range of 50 to
150 mg/l of each amino acid: Use of 2? factorial design

Effects Estimates
Average 35275
Main effects:

Cysteine C  6.975
Methionine M 3.98

Isoleucine | 0985
Two-factor interaction
CXM 2845
Cxl 343
M x| 11.245

Three-factor interaction
CxXmMXI 383




methionine and isoleucine with the effect of methionine being more prominent

than that of isdleucine.

(iv)  The three factor interaction effect is 3.83 with the main effects due to cysteine
methionine and isoleucine beng 6.975 398 and 0985 regectivdy. Thee
vaues indicate that the effect of the three amino acids is in the order of cyseine
> methionine > isoleucine,

Exogenous  supplementation of amino acid to the medium seems to rdieve the
metabolic burden for recombinant E. coli to a catain extent, resulting in increased PHB
production. This phenomenon was observed for most of the amino acids. Thee results
dso emphasize the utility of 2° factorid design in assessing the effect of three variables
a two different concentrations by performing a reasonable number of experiments. The
effect of the three amino acids on PHB synthesis as observed by 2 factorid design was
in the order of cysene > methionine > isoleucine. Cydeine done a concentration of
150 mg/l in the R medium resulted in PHB content of 30.82 + 0.52% of cdl dry weght
(Table 4.2). Further addition of 50 mgl each of methionine and isoleucine increased the
PHB yidd to 4068 + 0.78% cdl dry weight (Table 4.3). However, the highet PHB
content of 51.92 + 3.97% cdl dry weight was obtained in presence of 150 mg/l eech of
cyseine, methionine and isoleucine (Table 4.3).

Amino add biosynthetic enzyme activities of severd pathways are repressed by
end product supplementaion (Umbarger 1978). End product inhibition in cysene
biosynthetic pathway controls the carbon flow. This is achieved by the sengtivity of
sine transacetylase to cydene  (Kredich and  Tompkins 1966). Cydene
upplementation to the medium will hence ensure (a) a change in carbon flux and (b)
dimination of the demand for acetyl-CoA for sarine transacetylaion reaction. Thus,
more of carbon source and acetyl-CoA will be available for PHB synthess Methionine
and ioleucine degradetion yidds succnyl-CoA, an intermediate of TCA cyde This
should dlow more of acetyl-CoA to enter PHB biosynthetic pathway. Acetate formation
during E. coli fermentation with glycerol as the carbon source (Lee 1996b) exerts
negative effect not only on cdl growth but dso on recombinant protein production (Yee
and Blanch 1992). Methionine and isoleucine have been reported to dleviae the acetate
inhibition, with methionine baing more effective (Han et al. 1993). This combined effect
of methionine and isoleucine is prominent as is evident by its cumuldive effect on PHB
accumulation. Thee obsarvations would ad in media optimization for PHB production



by recombinat E. coli. 2 factorid design results afirm its use in media optimization

sudies.



[C] Characterization of PHB

The polymer formed in recombinant phas.” E. coli, was extracted and subjected
to 'H NMR andyss Ge permesation chromatography and scanning electron microscopy
were caried out to determine molecular mass and Sze didribution of the PHB granules
respectively. The mechanica properties of PHB depend on molecular mass. The sze of
PHB granules dso in turn reflects the molecular mass of the polymer formed i. e higher
the molecular mass, larger is the sze of PHB granules. The molecular mass of PHB
produced by bacteria is influenced both by the producing organism and other
environmentd  conditions (Tadi et al. 1995). Determination of physcd parameters will
help to get comparative account of the PHB formed by phas,” E.coli with those of PHB
isolated from different microorganisms.

[ 4.6 MATERIALSAND METHODS]

4.6.1 Materials

Ampidllin,  pay-b-hydroxybutyrate, CDCl; and  tetramethylslane  were
purchased from Sgma-Aldich, USA. All other chemicds and baecteriologicd media
components used were of andyticd grade and obtaned from HIMEDIA, Qudigens
Fine Chemicds and E. Merck Laboratories, India

4.6.2 Recombinant organism and growth conditions

Recombinant phas,” E coli IM109 (ATCC-PTA-1579) (Chapter 2) grown in
basd medium (section 4.222) supplemented with 1% dlycerdl and ampicillin (200
ng/ml) was used in the study.

4.6.3 PHB isolation
PHB was recovered by udng dispersons of sodium hypochlorite and chlorofam.
PHB was extracted from recombinant E. coli cdls usng Hahn et al. (1994)
method with dight modification. 80 g of freeze dried cdl mass was treated with
a digperson of 100 ml chloroform and 100 ml of 30% sodium hypochlorite The
cell powder was tregted a 37°C for 90 min and the mixture centrifuged a 8,000 x
g for 20 min a 30°C. Three phases were obtained. The upper phase was
hypochlorite  solution, the midde phase contained NPCM  (non-PHB  cdl



materids) and undisupted cdls and the bottom chlordorm phase contained
solubilized PHB. Frg the hypochlorite solution was removed with a pipette and
then the chloroform phase was obtained after filtration. Later the PHB was
recovered from the chloroform phase by nonsolvent precipitation and filtration.
The nonsolvent used was methanal (46 volume).

464 H-NMR study of the molecular structure of PHB

The *H NMR andysis of the polyester samples was carried out on Bruker-200
spectrometer (USA). The 200 MHz 'H NMR spectra were recorded at 24°C in CDCh
solution of polyester (50 mg/ml) with a acquistion time of 20480 seconds sweep width
of 4000 Hz. Teramethyldlane was used as an internd chemicd shift dandard. The
gpectra was recorded for commercid PHB (Sigma-Aldrich, USA) and for the polymer
extracted from recombinant phas.” E. coli.

4.6.5 Deermination of molecular weight by gd permeation chromatography

(GPC)

Gd pemedtion chromatogrgphy (GPC) messurements were recorded at 25°C
usng Waeas GPC 150C (USA) equipped with integrated solvent sample management
unit and refractive index detector containing themdly shidded flow cdl and optics
with countercurrent heat exchanger for better basdine dability. A set of GPC columns
conssing 100, 500, 10°, 1¢%, 10> A° (30cm x 7.8mm id) polysyrene crosdinked with
divinyl benzene was used as dationay phase and HPLC and spectroscopic grade
chloroform was used a flow rate of 1ml/min as the mobile phase. PHB was used a
concentration of 1.0 mg/ml. Weight average molecular weight (Mw), number average
molecular weight (Mn) and polydispersty index (1) of the polymer were determined
usng polysyrene sandard as the cdibration standard and polymer sandard service
(PSS, Germany) software.

4.6.6 Scanning electron microscopy

PHB extracted from recombinant E. coli cdls was suspended in didilled water.
PHB suspendon obtained was used for scanning eectron microscopy. Gold  sputtering
was done to dtan 25 nm thick layer. The PHB granules were observed usng a
Cambridge Instruments Stereoscan 120.



4.7 RESULTSAND DISCUSS ON J

4.7.1 PHB Isolation

PHB was extracted from recombinant phass+ E. coli usng chloroform and
sodium  hypochlorite disperson. The PHB in chloroform was precipitated with 4 to 6
volume of methandl and filtered. The dried polymer was further characterized by NMR

(nucler magnetic resonance), GPC  (gd  permedtion chromatography) and SEM
(scanning dectron micrascopy).

4.7.2 H-NMR study of the molecular structure of PHB

The polymer wes dissolved in 1 ml CDClz a a concentration of 50 mg/ml.
Tetramethylsilane was used as an internd chemicd shift standard for *H-NMR study.
The spectrum given in Fg. 4.4a shows presence of three groups of sgnds characteridtic
of the PHB homopolymer. A doublet & 1.30 ppm which is atributed to the methyl
group coupled to one proton, a doublet of quadruplet & 257 ppm which is atributed to
a methylene group adjacent to an asymmetric carbon aom bearing a Ingle proton and a
multiplet a 528 ppm characteridic of the methyne group were seen. Thus, identity of
the PHA formed by recombinant phasa+ was further confirmed to be P(3HB). The signd
obtained a 7.28 ppm is atributed to chloroform. The NMR spectra of commercid PHB
(Aldrich, USA) isdso shown in Fg. 4.4b.
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Fig. 4.4

IH MR spectrum of PHE obtained from (a) Aldrich, TSA and
(b} recombinant B, cofi cells harboring pSa240,



4.7.3 Deermination of molecular weight of P(B3HB) by gd permeation
chromatography (GPC)

Number average molecular weight, Mn, and weght average molecular weight,
Mw, the paramees genedly used to represent the molecular weight didribution of

polymers, are defined as,
SmNm
Mn =
S Nm
and
S P Nm
Mw =
SmNm

Where m and Nm are the molecular weight of PHB polymer and the number of PHB
polymers with amolecular weight m
Mog of the thermodynamic properties such as dendty, specific heat cgpacity, refractive
index etc. are dependent on the number-average molecular mass. Bulk properties
connected with large deformations such as mdt and solution viscodty, are largey
determined by the weight — average molecular mass, i.e. by the mass to be transferred
(Van Krevden 1972). Andher paamge used to chaacteize polymers include
polydispersity index,

Mw

Polydispersity index (Q) = ——
Mn

Gd permesetion chromatography andys's of PHB isolated from recombinant
phas," E. coli showed weight average molecular weight (Mw) of the polymer to be 2.85
x 10° and number average molecular weight (Mn) to be 1.065 x 10°. The polydispersity
index (PI) was observed to be 2.64 (Fig. 4.5). The number average molecular weights of
the PHB recovered by chloroform extraction from recombinant E. coli strain harboring
PHA synthesizing genesfrom R. eutropha reported earlier varied from 1.15 — 153 x 10°
(Hahn et al. 1995, Kidwdl et al. 1995). In Methyl obacterium extorquens about 4 to 8%
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Fig. 4.3 The GPC (Gel permeation chromatography) curve of PHE sample
obtained from recombinant p}zaﬁv; E. cali cells harboring p2a240.



(Wiw) PHB of low molecular weight was accumulaied with glycerol as a sole carbon
source. In R. eutropha PHB with low molecular weight was obtained when glycerol as
cabon source (Tad et al. 1994). Different bacteria conastently produce polymers of
different molecular weights (Anderson and Dawes 1990). Azotobacters, for example,
accumulate PHB in the range 8 x 10° to 2 x 10° while Methylobacterium sp. strain B3-
Bp accumulates PHB in the range of 25 x 10° to 3 x 10° (Anderson and Dawes 1990).
Molecular weight of the PHB from Sreptomyces has not been reported till date. Hence,
low molecular weight obtained in recombinant phas;+ E. coli cdls could be (i) inherent
property of the genes in quedtion, (ii) it could be the effect of carbon source used as
observed in case of M. extorquens and R. eutropha or (jii) high levels of PHA synthase
enzyme might have resulted in high levds of low molecular weight PHA as ealier
observed in recombinant E. coli harboring phaCABRregenes (Sm et al. 1997).

4.7.4 Scanning electron microscopic observation of P(3HB)

The PHB granules were sphericd in shape as obsarved by SEM (Fig. 4.6). The
gze didribution of PHB granules ranged from 0.11 to 0.35 nm with the mean vaue of
023 £ 006 nm. The PHB granules synthesized in Bacillus megaterium were reported to
be sohericd with a diameter of 0.1 to 0.8 mm (Ellar et al. 1968). Later, Kofronova et al.
(1994) dhowed that the dze didribution of PHB granules in B. megaterium ranged from
088 to 156 mm with the mean vdue of 115 + 0.14 nm as obsarved by SEM. In
recombinant E. coli harboring phaCABre oOperon, the size of the PHB granules ranges
from 113 to 125 mm (Middieberg et al. 1995). However, granules syntheszed in R
eutropha ae typicdly sphericad with a diameter of 0.1 to 0.8 nm (Middleberg et al.
1995). The sze of the PHB granules obsarved in recombinatt phas, E. coli is
compardble with that observed in naurd producers But it is smdler than in
recombinant E. coli harboring phaCABre operon from R. eutropha. Larger granule of
PHB would possess a grester Mn. In agreement with this the P(3HB) isolated from
recombinant phas,’ E. coli has lower Mn (1065 x 10) and smdler granule size (0.11 to
0.35 nm) as compared to that of recombinant phags E. coli having Mn (115 — 153 x
109 and granule size (1.13 to 1.25 nm). This could be result of (i) inherent property of
the genes in question, (ii) carbon source used as obsarved in case of M. extorquens and
R. eutropha or (iii) high levds of PHA synthase enzyme might have resulted in high



Fig 46 Scanning electron micrograph of PHE obtained from
recombinant phag Escherichia cok.



levels of low molecular weight PHA with smdler szed granules as earlier obsarved in
recombinant E. coli harboring phaCABregenes (Sm et al. 1997).

The larger granule sze and high molecular mass are desirable characterigtics for
PHB. After rdease, the PHB granules may be collected by centrifugation. The
efficdency of this collection is dictated by the sze and densty of the PHB granules
hence larger dze of PHB granules is preferable from a downsream processing point of

view.



I CONCLUSIONS I




{ CONCLUS ONS}

Sreptomyces aureofaciens NRRL 2209 accumulated a maximum of 24% poly(3
hydroxybutyrate) in 16 h of incubation in Kannant Rehacek medium.

Pasmid pSa240 which contans an goproximate 50 kb Sau3A | genomic DNA
fragment from S aureofaciens NRRL 2209, agpparently caries dl the necessary
gendic information to order and direct poly(3hydroxybutyrate) synthess in
recombinant Escerichia coli harboring it.

The identity of PHB was further confirmed by NMR andyss of the polymer
extracted from recombinant phas.” E. coli.

Gd pemedtion chromaogrephy dudies of polymer extracted from recombinant
phas,’ E. coli reveded weght average molecular weight (Mw), number average
molecular weight (Mn) and polydispersity index (Pl) of the polymer to be 285 x
10°, 1.065 x 10° and 2.64 respectively.

The PHB granules extracted from recombinant phas,” E. coli were spherica in shape
& obsaved by SEM. The sze digribution of PHB granules ranged from 0.11 to
0.35 mmwith the mean vaue of 0.23 + 0.06 nm

The 4826 bp sequence of pSa240 DNA inset from S aureofaciens obtaned was
deposited with the GenBank under accesssion number AY 032926.

The 4826 bp pSa240 DNA fragment had a G+C content of 74.6 mol%.

Nudectide sequence andyds of both DNA drands, usng FramePlot method for
predicting protein coding region of becterid DNA with high G+C content (Ishikawva
and Hotta 1999), reveded six open reading frames (ORFs) with GTG as dtat codon
and four ORFswith ATG asdart codon.

Genes encoding for PHA synthase phaCsa) and NADPH dependent acetoacetyl-CoA
reductase (phaBs,) were identified by sequence andyss and were subsequently
confirmed by performing trangposon insartion sudies.

The pSa240 DNA fragment from S aureofaciens probably does not cary a phaA
gene and the hog E. coli provides this function In the eventudity of the E. coli
caabolic b-ketothiolase not participating in PHB synthess intermediates of faty
acid b-oxidetion or faty acid synthess might be channdized to PHB biosynthesis in
recombinant E. coli.



X ORFs 2, 4, 6, 7, and 10 (Other than the ones encoding for PHA synthase and NADPH
dependent acetoacetylCoA reductase) catanly play a role in PHB accumulation by
recombinant E. coli.

X Qycad, a by-product from the production of biofud from oilseeds, as a carbon
source in complex medium, supported maxima accumulation of P3HB) of upto
60% of cdl dry weight in recombinant phas,” E. coli harboring pSa240.

X For the firg time plant ail, pdm oil as a cabon source in a complex medium has
been shown to support PHB accumulation in recombinant pha™ E. coli.

X Yead extract and peptone as nitrogen sources in the nutrient medium result in levels
of up to 60% PHB of cdl dry weght in recombinant phas,” E. coli harboring
PSa40.

X The complex medium compogtion that gives maximum (gpproximatdy 60% PHB of
odl dry weight) in recombinant phas,” E. coli harboring pSa240 is

gl
Y east extract 5
Peptone 5
NaxHPO, 1
MgSO, 0.2
Glycera 10
pH 7.2

X Deined R medium supplemented with cysteine, methionine and isoleucine a 150
mg/l each supported maximum P(3HB) accumulation of ~ 52%.

x 2 factorid andyss indicated that the effect of the three amino acids on P(3HB)
accumulation by recombinant phas, E. coli was in the order of cystene >
methionine > isoleucine.

X This is the firs report on isolaion and characterizetion of PHA syntheszing genes
from streptomycetes.

X A remarkable increase from 2.4% in the naturd PHB producer, S. aureofaciens to
60% PHB of odl dry weight in recombinant phas,” E. coli is obsarved for the first

time
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