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ABSTRACT

ENVIRONMENTALLY BENIGN SYNTHESIS OF AROMATIC
COMPOUNDS FROM D-GLUCOSE.

By Jessica L. Barker

As the 21st century dawns, alternative methods are being sought for the synthesis
of aromatic compounds. Today, 98% of aromatic compounds are currently derived from
petroleum. As petroleum supplies continue to be depleted, there will be a need to find
alternative routes to these commercially important chemicals that are derived from
renewable feedstocks, such as cellulose, hemi-cellulose, and starch. In this dissertation,
alternative routes to p-hydroxybenzoic acid, hydroquinone, p-cresol, and phenol will be
elaborated that not only originate with D-glucose, but also utilize environmentally benign
processes.

p-Hydroxybenzoic acid is the starting material for a class of antimicrobial
compounds known as parabens and is a common monomer in liquid crystalline polymers.
Industrially p-hydroxybenzoic acid is synthesized using the Kolbe-Schmidt reaction in
which phenol is carboxylated to p-hydroxybenzoic acid under harsh conditions. A series
of recombinant Escherichia coli strains have now been constructed and evaluated for
their ability to synthesize p-hydroxybenzoic acid. Constructs differed in the strategy used
for the overexpression of chorismate lyase and also differed as to whether mutations were
present in the host E. coli to inactivate other chorismate-utilizing enzymes. The
maximum concentration of p-hydroxybenzoic acid synthesized was 12 g/L in a 13%
(mol/mol) yield from glucose when E. coli JB161/pJB2.274 was cultured under fed-batch
fermentor conditions. The toxicity of p-hydroxybenzoic acid towards E. coli metabolism

and growth was also evaluated.



Hydroquinone is a fine chemical used in photo development and as an
antioxidant. p-Cresol is used in the manufacture of phenolic resins and as the starting
material for the antioxidant butylated hydroxy toluene. Environmentally benign
syntheses of these molecules are elaborated in which microbe-synthesized p-
hydroxybenzoic acid is converted to hydroquinone by either the fungus Phanerochaete
chrysosproium or the yeast Candida parapsilosis. Using C. parapsilosis as a whole-cell
biocatalyst, p-hydroxybenzoic acid could be converted to hydroquinone in a 48% isolated
yield. Under different culturing conditions, P. chrysosporium can be used to reduce p-
hydroxybenzoic acid to p-hydroxybenzyl alcohol. Hydrogenation of the resulting alcohol
affords p-cresol in a 46% yield from p-hydroxybenzoic acid.

An environmentally benign synthesis of phenol, derived from glucose via
shikimic acid intermediacy, has also been established. Phenol, the second largest volume
chemical currently derived from benzene, is used in the manufacture of phenolic resins,
bisphenol A, and a variety of other commercially important chemicals. The current
microbial synthesis of shikimic acid is plagued by contaminating quinic acid formation.
Quinic acid formation has now virtually been eliminated by replacement of the native
E.coli DHQ dehydratase and shikimate dehydrogenase activities by the Nicotiana
tobacum bifunctional AroD-AroE enzyme. Shikimic acid can now be synthesized in 34
g/L in a molar ratio to quinic acid of 30:1. Purified shikimic acid can then be converted
to phenol in a 45% yield by heating an aqueous solution of the acid to the subcritical
temperature of 350 °C. The byproduct m-hydroxybenzoic acid can be decarboxylated to
phenol in subcritical water in the presence of copper to yield an additional 6% yield of

phenol. Overall, shikimic acid can be converted to phenol in a 51% isolated yield.
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Chapter One

ALTERNATIVE CHEMICAL SYNTHESIS:

BIOCATALYSIS AND THE SHIKIMATE PATHWAY

Introduction

During the past half-century, nonrenewable petroleum and natural gas have been
not only an important source of energy, but also the primary feedstock for the
manufacture of organic chemicals. In the 1950’s, the increased availability of petroleum
and natural gas led to their use as a raw material for chemical manufacture and an
explosion of organic secondary products.! Today, approximately 95% of the
petrochemical-based products are derived solely from oil and natural gas.2 Of the
chemicals obtained from fossil fuels, aromatic compounds are some of the most
important, serving as starting materials for plastics, synthetic rubber and fibers, as well as
pharmaceuticals. Currently, aromatics are obtained almost exclusively from fossil fuels
and in 1990, 98% of aromatic compounds were derived from oil alone.3

As the worldwide demand for energy and manufactured goods continue to climb,
the reserves of oil and natural gas dwindle. Current estimates predict that known crude
oil reserves will be depleted by 2039 and natural gas reserves will be spent by 2050.4
While the utilities industry has focused attention on developing new sources of energy
such as solar and nuclear power, less has been done by the chemical industry to curb its

use of petroleum as a feedstock. While waste reduction and increased manufacturing



efficiency will help extend fossil fuel reserves, new technologies that are able to access
the carbon locked in renewable feedstocks, such as lignin, cellulose, and starch, offer a
permanent solution.

This dissertation explores the development of environmentally benign routes to
commercially important aromatic compounds that that originate with D-glucose and
proceed through microbe-catalyzed, enzyme-catalyzed, or benign reaction conditions.
Chapter one will present an overview of biocatalysis and a brief review of the use of the
common pathway of aromatic amino acid biosynthesis in Escherichia coli to synthesize
chemicals. In chapter two, the synthesis of p-hydroxybenzoic acid (PHB) from glucose
using an Escherichia coli biocatalyst will be presented. Synthesized by manipulation of
the common pathway, the outlined route to PHB provides a direct comparison of
traditional chemical manufacture to biocatalysis. Chapter three of this dissertation will
show how biocatalytically prepared PHB can be converted to hydroquinone and p-cresol
using vanillate hydroxylase and vanillate reductases from the white-rot fungus
Phanerochaete chrysosporium and 4-hydroxybenzoate hydroxylase from Candida
parapsilosis. The combination of biocatalysis with benign, abiotic chemical synthesis is
illustrated in chapter four with the conversion of biocatalytically derived shikimic acid to
phenol under subcritical water reaction conditions.

I. Biocatalysis

The development of biocatalysis in conjunction with fermentation technology has
been a major step towards the incorporation of renewable raw materials into mainstream

chemical manufacture.®> Biocatalysis in its simplest form is the use of enzymes to



catalyze chemical reactions. Enzymes offer unparalleled chemoselectivity,
regioselectivity, and enantioselectivy in a wide variety of reactions. Either as part of an
intact microorganism or in purified form, enzymes such as lipases, hydrolases, and
oxidoreductases have been successfully used in chemical synthesis.® A commercial use
of biocatalysis is the production of L-ascorbic acid (vitamin C) which has depended on
the oxidation of sorbitol to sorbose by the bacterium Acetobacter suboxydans for more
than 70 years (Figure 1).” Today the Reichstein synthesis for ascorbic acid is responsible
for 50,000 tons of this commodity chemical annually.? Since it is estimated that 70% of
pharmaceuticals will be required to be enantiomerically pure in the near future, compared
to 25% today,® industrial-scale biocatalysis will continue to be an important aspect of

chemical manufacture.
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Figure 1. Reichstein Synthesis of Ascorbic Acid.



Besides the reaction specificity gained by enzymatic catalysis, two additional
advantages set biocatalysis aside from traditional synthesis. Traditional chemical
synthesis often employs harmful reagents, organic solvents, and extreme reaction
conditions while generating hazardous waste streams. Alternatively, biocatalysis usually
begins with non-toxic starting materials and proceeds through benign intermediates.
These biotransformations are usually done under aqueous conditions at ambient
temperatures and pressures. The other significant advantage biocatalysis offers over
traditional chemical manufacture is the ability to utilize the carbon in renewable
feedstocks.

Fermentation technology, the controlled growth of a microorganism, has been
used for centuries. The conversion of carbohydrates to ethanol by Saccharomyces
cerevisiae (yeast) in the manufacture of alcoholic beverages and the use of the fungus
Aspergillis niger for the manufacture of soy sauce are just a few examples.!® Yields of
fermentation products have increased in recent years due to improved reactor design,
process control, and product recovery. Continued improvements in fermentor
engineering and biocatalyst construction have allowed industrial biocatalysis to become
an economically viable alternative to traditional chemical manufacture.

In 1997, more than 15 million tons of glucose were produced worldwide.!!
Isolated from a variety of sources, such as corn and molasses (cane and sugar beet),
glucose is currently the starting material for such high volume chemicals as ethanol, L-
lysine, and citric acid. In the United States alone, 94% of the fuel-grade ethanol is
derived from Saccharomyces cerevisiae fermentations (Figure 2).12 Most of the four

million tons of ethanol produced annually in the U.S. (13 million tons worldwide) is used



as a gasoline additive.!3 With other oxygen-rich additives such as methyl z-butyl ether
coming under fire for groundwater contamination, the use of ethanol as a fuel oxidant
could be expanded in the future.

Most of the cereal grains used for animal feed are deficient in the essential amino
acid lysine (Figure 2). This creates a large demand for a chemical unattainable from
petroleum feedstocks. While isolation from natural sources such as soybean meal
represent a portion of the lysine market, fermentation-derived lysine accounts for the
majority of the $450 million a year market.!* Commercial fermentations of
Corynebacterium glutaminicum can reach titers of 170 g/L in a 54% yield from glucose

(Figure 2).15
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Figure 2. Examples of Molecules derived by Commercial Fermentation.

Worldwide production of citric acid, the major food acidulent, is approaching one
million tons per year.!6 Microbial production of citric acid was begun in 1923 by Pfizer,
Inc. using certain strains of Aspergillus niger (Figure 2). Today, 90% of the citric acid

market is still produced using A. niger in conjunction with improved culturing



techniques.!” The submerged process known as deep tank fermentation developed in the
1970’s significantly improved the rate of citrate formation.!8 Literature claims citric acid
yields as high as 70% from the starting sugar.!® Interestingly, traditional chemical routes
to citric acid have failed to become economically viable, leaving the remaining 10% of
the citric acid market derived from lemon juice and pineapple wastes.20 Together, the
commercial routes to ethanol, lysine, and citric acid prove the feasibility of large-scale
chemical manufacture from renewable feedstocks and biocatalysis, as they are at par with

lower scale petrochemical bulk production (Table1).2!

Table 1. Comparison of Bulk Petrochemicals and Fermentation-
Derived Chemicals.

bulk bulk
petrochemicals  tons/year * biochemicals  tons/year *
benzene 2.3 x107 glucose 1.5 x106
phenol 5x 108 ethanol 1.3 x 108
adipic acid 5x 106 citric acid 8.0 x 105
isopropanol 2 x 106 L-lysine 3.5x 105

* worldwide estimates for 1997



II. The Common Pathway of Aromatic Amino Acid Biosynthesis.

A. The Shikimate Pathway of Escherichia coli.

The three aromatic amino acids tyrosine, phenylalanine, and tryptophan are
synthesized only by plants, bacteria, and fungi through the common pathway of aromatic
amino acid biosynthesis.22 Also known as the shikimate pathway, after the first
identified intermediate, it is unique not only as a way nature biosynthesizes aromatic
compounds but also because of its absence in mammals. The biosyntheses of aromatic
metabolites in microbes are derived from the aromatic amino acids or intermediates of
the shikimate pathway.23 The presence of the pathway in bacteria but not in humans also
provides an opportunity for development of enzyme-targeted herbicides and antibiotics.

Interest in the shikimate pathway has led to the elucidation of all the genes,
enzymes, and intermediates necessary for the production of tyrosine, phenylalanine, and
tryptophan. Description of aromatic amino acid biosynthesis is best done in two parts;
synthesis of the last common intermediate chorismic acid (Figure 3) and conversion of

chorismic acid to the aromatic amino acids through three terminal pathways (Figure 4).
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Chorismic acid is synthesized from phosphoenolpyruvate (PEP) and erythrose 4-
phosphate (E4P) by seven enzymatic steps.?* Carbon flow through the shikimate
pathway is tightly controlled through transcriptional regulation and feedback inhibition of
key enzymes. This level of control follows from the fact that the aromatic amino acids
are the most energetically expensive of all the amino acids to biosynthesize as
represented by the 78 moles of adenosine triphosphate (ATP) required to synthesize one
mole of tryptophan.?>

Careful regulation of cellular resources is evidenced by the condensation of PEP
and EAP to give 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP).26 This reaction,
the first committed step of the shikimate pathway, is catalyzed by DAHP synthase whose
activity is modulated by feedback inhibition, transcriptional control, and proteolytic
degradation.?’” DAHP synthase is encoded by three isozymes which are subject to
feedback inhibition by the three amino acid end products. The majority of DAHP
synthase activity is contributed by the phenylalanine-sensitive isozyme, encoded by
aroG, and the tyrosine-sensitive isozyme, encoded by aroF. The third, tryptophan-
sensitive isozyme, encoded by aroH, constitutes only a trace amount of total DAHP
synthase activity. Expression of aroG and aroF are also controlled by the TyrR
protein.28 Transcription of the two isozymes is prevented when the regulatory protein,
encoded by ryrR. In the presence of tyrosine and/or tryptophan, TyrR binds to specific
sequences upstream of the aroG and aroF known as tyrR boxes. It is also known that the
tyrosine-sensitive DAHP synthase is subject to degradation by specific proteases when

cells reach stationary growth phase or during starvation.



Once carbon is committed to the pathway as DAHP, it is converted to the six-
membered carba-cyclic ring of 3-dehydroquinic acid (DHQ) by the enzyme DHQ
synthase, encoded by aroB.2% Syn-dehydration of the C-1 hydroxyl group of DHQ yields
the o-p unsaturated ketone of the next intermediate 3-dehydroshikimic acid (DHS).
Formation of DHS is catalyzed by DHQ dehydratase, which is encoded by aroD.30 DHS
is subsequently reduced to shikimic acid by the NADPH-dependant enzyme shikimate
dehydrogenase. This reversible enzyme is encoded by aroE.3! Phosphorylation of the C-
3 hydroxyl group of shikimic acid to yield shikimate 3-phosphate (S3P) is catalyzed by
shikimate kinase at the expense of ATP. Shikimate kinase is encoded by two isozymes
aroL3? and aroK33, of which AroL is the major contributor of shikimate kinase activity
due to its lower K,, relative to AroK (AroL: K,,= 200 uM, aroK: K,,= 5 mM).3¢ The
aroL isozyme is also subject to transcriptional control by the TyrR protein.35 A second
mole of PEP is reacted with S3P to give 5-enol-pyruvoylshikimate 3-phosphate (EPSP)
and inorganic phosphate. The formation of EPSP is catalyzed by EPSP synthase, which
is encoded by aroA.36 A trans-1,4-elimination of orthophosphate from EPSP introduces
a second double bond into the ring to give chorismic acid. This elimination is catalyzed
by chorismate synthase, which is encoded by aroC.37

Chorismic acid is the last common intermediate en route to the aromatic amino
acids as well as other aromatic metabolites. The two terminal pathways leading to
tyrosine and phenylalanine first proceed through prephenic acid intermediacy (Figure 4).
Two bifunctional enzymes are responsible for the Claisen rearrangement of chorismate to
prephenate; chorismate mutase-prephenate dehydrogenase, encoded by ryrA,38 and

chorismate mutase-prephenate dehydratase, encoded by pheA.3® The Claisen
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rearrangement, a conversion rarely catalyzed by enzymes, has also been shown to
proceed non-enzymatically although at a slower rate. To protect cellular levels of
chorismic acid, the enzymatic conversion to prephenate is regulated by both feedback
inhibition as well as transcriptional repression. Both reactions of TyrA and PheA are
inhibited by their respective end-products tyrosine and phenylalanine. The tyrA locus is
also part of the ryr regulon and transcription is prevented in the presence of the TryR and
tyrosine. Expression of pheA is believed to be part of a monocistronic operon controlled
by PheR and mediated through intracellular phenylalanine concentrations.

The second enzyme activities encoded by tryA and pheA catalyze a
decarboxylation to yield p-hydroxyphenylpyruvic acid in the case of chorismate mutase-
prephenate dehydrogenase and a sequential dehydration/decarboxylation to yield
phenylpyruvic acid for chorismate mutase-prephenate dehydratase (Figure 4). The same
enzyme, aromatic amino transferase, transaminates p-hydroxyphenylpyruvic acid and
phenylpyruvic acid to give tyrosine and phenylalanine respectively while utilizing a
molecule of glutamate as a nitrogen donor. The gene responsible for the transamination,
tyrB,%0 is also under transcriptional control of TyrR.4!

The terminal pathway from chorismic acid to tryptophan proceeds through five
enzymatic steps (Figure 4). Anthranilate synthase and anthranilate
phosphoribosyltransferase form a tetrameric enzyme complex that is responsible for the
overall conversion of chorismate and glutamine to phosphoribosyl anthranilate.
Activities of the polypeptides comprising the active complex, specified by trpE and trpD,

are tightly controlled by tryptophan levels via feedback inhibition.42
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Chorismic acid also serves as the branch point for the biosynthesis of the aromatic
metabolites folic acid, enterochelin, and ubiquinone (Figure 5). Folic acid is a substrate
for coenzyme biosynthesis, enterochelin chelates iron for cellular uptake, and ubiquinone
is involved in electron transport.**> The amount of carbon leading to these terminal
pathways represents a small drain on the chorismate pool when compared to the relative

amount of tyrosine and phenylalanine biosynthesized.
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Figure 5. Biosynthesis of Aromatic Metabolites.
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B. Microbial Synthesis of Chemicals Derived from the Shikimate Pathway

The shikimate pathway can be a valuable resource for the production of valuable
chiral synthons and aromatic molecules. Microbial synthesis of common pathway
intermediates offers routes to molecules that are synthetically challenging due to their
multiple stereocenters or are difficult to purify from nature. Production of aromatics via
modification of the shikimate pathway also offers environmentally appealing routes to
compounds that are traditionally derived from petroleum and incorporate hazardous
reagents and intermediates.

As aromatic amino acids are the major products of the shikimate pathway in
microorganisms, it follows that the pathway can be utilized for their commercial
manufacture. Phenylalanine and tryptophan are prominent examples of compounds
synthesized microbially for use as both feed supplements and as starting materials for
other commercially important compounds. Phenylalanine when coupled either
chemically or enzymatically with L-aspartate yields the low-calorie sweetener aspartame
(Figure 6).# Marketed under the tradename Nutrasweet, its sales represent the largest
volume of all food additives. Indigo (Figure 6) can be produced in a tryptophan-
synthesizing microbe by expressing naphthalene dioxygenase and tryptophanase in the
same biocatalyst.45 Indigo, the dye responsible for the color of blue jeans, is the largest
volume dye produced worldwide.

Engineering biocatalysts to produce common pathway intermediates can provide

a manufacturing platform for many other commercial chemicals. Microbial production of

14



3-dehydroshikimic acid (DHS) provides an excellent example. By making a strain of E.
coli auxotrophic in shikimate dehydrogenase, DHS accumulates and is exported into the
culture supernatant. Published reports show that DHS-producing biocatalysts can reach
titers of 69 g/L when cultured under fed-batch fermentor conditions resulting in a 30%
yield from glucose.#6 Current work by the Frost group has increased titers to 74 g/L in
38% yield.47 DHS, besides having potent antioxidant activity, is the most advanced
intermediate shared by both aromatic amino acid biosynthesis and routes to vanillin,

catechol, cis,cis-muconic acid, and gallic acid (Figure 7).
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Figure 6. Biocatalytic Routes to Aspartame and Indigo.

Vanillin
Heterologous expression of the DHS dehydratase locus, aroZ,*® in a DHS
overproducing E. coli strain leads to the formation of protocatechuic acid (PCA) (Figure

8). Subsequent expression of rat-liver catechol-O-methyltransferase (COMT) cDNA in
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the biocatalyst yields a strain that can synthesizes 5.0 g/L of vanillic acid when cultured
under fed-batch fermentor conditions. Isolated vanillic acid can then be enzymatically
converted to vanillin in a 66% yield using aryl-aldehyde dehydrogenase partially purified

from the fungus Neurospora crassa.*?
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Figure 7. Products Derived from DHS.
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The environmental aspects of this biosynthetic route to vanillin are superior when
compared to the commercial route to synthetic vanillin (Figure 8). Originating with a
catechol, a benzene-derived, nonrenewable starting material, the process proceeds with
methylation via dimethyl sulfate to afford guaiacol. Condensation of guaiacol with
glyoxylic acid produces 4-hydroxy-3-methoxymandelic acid. Air oxidation of the a-
hydroxyl group to yield 4-hydroxy-3-methoxyphenyl glyoxylic acid followed by acid-
promoted decarboxylation gives crude vanillin. Vacuum distillation and subsequent
recrystallization produces commercial grades of vanillin. Besides being derived from
carcinogenic benzene, catechol is toxic and corrosive while guaiacol is listed as a toxic
irritant. The reagent dimethyl sulfate is also highly toxic and a cancer-suspect agent.
Comparatively, the biocatalytic route to vanillin starts with renewable, nontoxic glucose

and proceeds through benign intermediates.>°
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Figure 8. Comparison of Synthetic and Biocatalytic Routes to Vanillin.
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The outlined synthesis of vanillin from glucose is important not only in its
utilization of renewable feedstocks and benign reaction conditions but also because it can
be a sold as natural vanillin. As the major flavor component of vanilla, vanillin
represents one of the most important compounds in the food and fragrance industry.
With global production of 12 x 10° kg annually 5!, vanillin is second only to aspartame as
a food additive, ahead of both citric acid and monosodium glutamate (MSG). Due to the
difficulty of isolating vanilla directly from vanilla beans and the enhanced marketability
that comes with the “natural” label, this combined microbial and enzymatic route to

vanillin holds significant commercial value.

Catechol and Adipic Acid

Other microbially produced chemicals proceeding through DHS intermediacy
include catechol and cis,cis-muconic acid (Figure 7), which upon hydrogenation yields
adipic acid. In addition to vanillin, catechol serves as a starting material for
pharmaceuticals (L-Dopa, adrenaline, papaverine), flavors (eugenol, isoeugenol),
agrochemicals (carbofuran, propoxur), and polymerization inhibitors and antioxidants (4-
tert-butylcatechol, veratrol).52 Most of the 8.8 x 10° kg of adipic acid produced annually
is funneled into the production of nylon-6,6.53 A condensation polymer of adipic acid
and hexamethylenediamine, nylon-6,6 is used for fabrics, tire reinforcements, and
plastics.

The biosynthetic route to catechol also relies on the heterologous expression of
DHS dehydratase in an E. coli host strain deficient in shikimate dehydrogenase (Figure

9).34 As with vanillin, this phenotype allows for the accumulation of PCA. Cloning of
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the aroY locus from Klebsiella pneumoniae into the biocatalyst allows for PCA
decarboxylase mediated conversion of PCA to catechol. In shake flask experiments,
catechol was established as the only product formed by 'H NMR.

Biocatalytically produced catechol stands unopposed to the abiotic commercial
route on environmental and safety issues. Catechol manufacture begins with a Friedel-
Crafts alkylation of benzene to afford cumene (Figure 9).55 Conversion to phenol is
accomplished by the Hock process. Air oxidation of cumene to cumene hydroperoxide
followed by subsequent proton-catalyzed cleavage affords acetone and phenol.
Oxidation of phenol with 70% hydrogen peroxide in the presence of metal catalysts or
with performic acid produces a mixture of catechol and hydroquinone. The mixture of
1,2- and 1,4-dihydroxybenzenes are then separated by distillation. Nonrenewable raw
materials and harmful reagents and intermediates in the form of explosive peroxides and
corrosive phenol will plague this route as chemical manufactures face ever tightening
governmental and social policies.

A cis,cis-muconic acid producing biocatalyst is easily obtained from a catechol-
producing microbe with the inclusion of the catA gene (Figure 10). Encoding for
catechol 1,2-dioxygenase, this gene was isolated from Acinetobacter calcoaceticus as
part of the benzoate branch of the p-ketoadipate pathway.’® Hydrogenation of the cell-
free culture supernatant with 10% Pt on carbon at 50 psi and room temperature converts
the cis,cis-muconic acid to adipic acid. Current work has enabled titers of cis,cis-

muconic acid to reach 37 g/L in a fed-batch fermentation (Figure 10).57
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The biocatalytic route from glucose to adipic acid via cis,cis-muconic acid is
superior to the commercial process which is a benzene-derived route that proceeds
through harsh reaction conditions. The current commercial manufacture of adipic acid
also yields significant amounts of nitrous oxide, which is a known greenhouse gas and
can lead to ozone depletion. The quantity of adipic acid produced is believed to
contribute as much as 10% to the annual rise in atmospheric nitrous oxide levels.58 The
commercial route to adipic acid begins with the metal-catalyzed hydrogenation of
benzene to cyclohexane (Figure 10).5° Cobalt-mediated air oxidation of cyclohexane
yields a mixture of cyclohexanol and cyclohexanone. Adipic acid manufacture is

completed with nitric acid oxidation of this mixture.
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Gallic Acid

3,4,5-Trihydroxybenzoic acid, known more commonly as gallic acid, is another
molecule derived from DHS and PCA. Gallic acid is currently obtained by the hydrolysis
of tannins isolated from gallnuts, Aleppo galls, and tara powder (Figure 11). Despite its
exotic origins, about 1.7 x 10° kg of gallic acid are produced annually.®0 Gallic acid is
used in inks, as a photographic developer, and in tanning and dye preparations. Esters of
gallic acid, such as propyl gallate, are used as commercial antioxidants. Besides its own
pharmacologic properties as an astringent and antihemorrhage agent, gallic acid is a
useful starting material for pharmaceuticals such as trimethoprim, a broad-spectrum
antibiotic, mescalin, a psychomimetic agent, and hexobendin, a coronary vasodilator.5!

While isolation of gallic acid from plant sources is not environmentally
challenged, the process is labor intensive and subject to uncontrollable factors such as
weather and disease. A manufacturing process for gallic acid that can be easily scaled
and is derived from a reliable, locally produced crop, such as corn, is therefore desirable.
As mentioned earlier, DHS can be produced in high titers using an E. coli biocatalyst
(Figure 7). Purified DHS can be chemically oxidized to gallic acid using catalytic
amounts of Cu*? or Zn*? in the presence of O, (Figure 11).62 Gallic acid can also be
directly biosynthesized by inclusion of the gene pobA*, a mutant isozyme of p-
hydroxybenzoate hydroxylase, in a biocatalyst engineered to produce PCA (Figure 11).
Titers of 20 g/L have been reached in fed-batch fermentations despite gallic acid toxicity

towards the E. coli catalyst.93
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The common pathway of aromatic amino acid biosynthesis has been shown to be
a source for commercially important chemicals through the outlined routes to
phenylalanine, tryptophan, vanillin, catechol, adipic acid, and gallic acid.

Environmentally benign synthesis of vanillin and adipic acid was made possible by
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combining an appropriately engineered biocatalyst with benign chemical synthetic
methods. This dissertation will explore similar strategies for the synthesis of aromatic
compounds. Genetic engineering of an E. coli strain for the production of p-
hydroxybenzoic acid (PHB) relied on the experience gained from the synthesis of other
molecules of the shikimate pathway. Conversion of fermentation-derived PHB to
hydroquinone and p-cresol was accomplished by enzymes found in Phanerochaete

chrysosporium and Candida paraplosis in combination with catalytic hydrogenation.

C. Metabolic Engineering to Increase Yields and Titers

in the Shikimate Pathway of E. coli.

While the biosynthetic routes outlined in the previous section would be favored
over the current manufacturing processes from an environmental standpoint, their
acceptance into the mainstream chemical industry comes down to their economic
competitiveness with established technologies. A major factor in the profitability of
fermentation-derived chemicals are yield (mol to mol from the starting carbohydrate) and
titer (product concentration). A substantial amount of research has been conducted to
increase and maintain the flow of carbon through the shikimate pathway. A summary of
techniques will be presented here.

DAHP Synthase

One strategy to increase the flow of carbon into the common pathway revolves

around overcoming the cellular regulations inherent with DAHP formation. DAHP

synthase is subject to both transcriptional repression and feedback inhibition. Several
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methods to alleviate the transcriptional control of DAHP synthase in order to increase
enzyme activities have been explored. The two major isozymes responsible for DAHP
synthase activity, AroF and AroG, are part of the tyr regulon. Specific sequences located
in the promoter regions of the two loci, known as zyrR boxes, bind the zyrR gene product
when activated by the correct effector molecules. Tyrosine or phenylalanine in high
concentrations acts as effectors for aroF while phenylalanine and tryptophan act as the
effector for aroG. One way to prevent repressor-mediated regulation is to introduce
mutations in tyrR.%¢ Without active repressor molecules, RNA polymerase is free to bind
to the aroF and aroG promoter sequences regardless of the intracellular concentrations of
the aromatic amino acids. The TyrR protein can also be titrated away by including an
extra copy of aroF or just its promoter sequence on a multi-copy plasmid. This increases
the number of tyrR boxes relative to a fixed amount of TyrR protein molecules.
Transcriptional repression can be avoided altogether if one of the DAHP synthase
isozymes, such as aroF, is expressed off of a different promoter such as P, a strong E.
coli promoter that is a combination of the lac and trp promoters.%5

Increased expression of DAHP synthase does not always translate to higher
product formation because of feedback inhibition of the protein by the amino acid end
products. Several feedback-resistant mutants of DAHP synthase have been reported that
encompass all three isozymes.% The research presented in this work incorporates a
feedback-resistant aroF locus obtained by UV mutagenesis. Sequencing of the mutant
allele showed only a single amino acid change renders the gene product insensitive to
tyrosine inhibition.6?” Development of the aroFT®® locus in conjunction with

transcriptional derepression allowed significant breakthroughs in the titer and yield of
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DHS fermentations by increasing the catalytic activity of each molecule of DAHP

synthase expressed.

a
a)

With abundant DAHP synthase activity, availability of substrates becomes the
next limitation to increased carbon flow through the shikimate pathway (Figure 3).
Besides the two moles of phosphoenolpyruvate (PEP) used to synthesize chorismate, it
plays a prominent role in E. coli metabolism. PEP also serves as substrates for the
enzymes PEP carboxylase®® (ppc) and pyruvate kinase® (pykA, pykF). Mutations in the
ppc locus were developed as a way to increase phenylalanine titers but resulted in slower
growing strains that were auxotrophic for a dicarboxylic acid and produced significant
quantities of acetate.”0
The PEP-dependent carbohydrate phosphotransferase (PTS) system responsible for the
uptake of glucose and other related sugars into the cell constitutes a significant drain on
the pool of intracellular PEP (Figure 12). Several methods have been developed to
circumvent this depletion of substrate PEP. One strategy utilizes pentoses as a carbon
source. Xylose and arabinose have been used for the synthesis of DHS as they are
transported by ATP-based permease system and therefore eliminates the mole of PEP lost
for every mole of glucose transported under the PTS system.”! If glucose is maintained
as the carbon source, the pyruvate formed as a byproduct of glucose phosphorylation can
be recycled by plasmid-based overexpression of PEP synthase,’? encoded by pps.
Phosphorylation of pyruvate back to PEP at the expense of ATP prevents the loss of

carbon due to further pyruvate metabolism. Positive results have also been obtained by
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expression of a glucose facilitator’® (glf) from Zymomonas mobilis. This facilitated
diffusion uptake system prevents the loss of PEP necessitated by the uptake of carbon.
All of these methods have the added benefit of increasing the maximum theoretical yield
of common pathway molecules. For example, the theoretical yield of DHS under the PTS
system is 43%. When xylose is the sole carbon source, the theoretical yield jumps to
71% since less carbon is lost to undesired endproducts. With PEP recycling or diffusion-

based uptake the theoretical yield is 80%.

HO OH
D-glucose

---------------------------- - cell membrane
PEP

pyruvate —» biomass

OH

.OH  glycolysis CO,H
-—> ~
—> HQOgPO
H,03PO 6H

OH PEP
OH O DAHP
D-glucose-6-phosphate Hzan’O\/k/U\H

OH
E4P

Figure 12. Intracellular Uses of PEP: PTS Uptake System and Synthesis of DAHP.
E4P
With ample quantities of DAHP synthase and PEP, the availability of D-erythrose
4-phosphate (E4P) becomes the next limitation in DAHP formation (Figure 3).

Intracellular levels of E4P are normally maintained at low steady-state concentrations by
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E. coli. It is believed that the rate of formation is matched closely to the rate of
consumption due to the molecule’s tendency to form dimers and trimers which degrade
slowly back to free E4P.7* One method of increasing E4P availability for direction into
the common pathway has been to amplify expression of transketolase.”> Encoded by
tktA, transketolase (Figure 13) allows the conversion of two molecules of D-fructose 6-
phosphate into three molecules of E4P as part of the nonoxidative pentose phosphate
pathway. Two of the three reactions that generate E4P directly are catalyzed by
transketolase. Thé second product of one of these reactions, D-sedoheptulose 7-
phosphate, serves as substrate for the third E4P-generating reaction catalyzed by
transaldolase. Plasmid-based overexpression of rkzA have led to significant yield and titer
improvements in DHS-producing biocatalysts cultured under fed-batch fermentor
conditions.”® Overexpression of transaldolase (Figure 13) should also improve

endproduct formation but it has yet to be proven by fermentation results.”’
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Figure 13. Biosynthesis of E4P. (a) transketolase, (b) transaldolase.

Rate-Limiting Enzymes

Once carbon flow is channeled into aromatic amino acid biosynthesis by
commitment to DAHP, it must be maintained through to the desired molecule not only to
prevent losses in titer but to control product purity. The first enzyme found to be rate-
limiting under increased carbon flow was DHQ synthase (AroB)’8 (Figure 14). Without
overexpression of aroB, it was found that D-arabino-heptulosonic acid (DAH), the
dephosphorylated form of DAHP, accumulates in the culture supernatant. It was
confirmed in both shake-flask and fermentation experiments that the addition of one extra
copy of the aroB locus onto the host strain’s genome is sufficient to alleviate DAH
accumulation.”

The next impediment to carbon flow through the shikimate pathway involves

shikimate dehydrogenase (AroE) and shikimate kinase (AroL, AroK) (Figure 14). With
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amplified levels of DAHP synthase and DHQ synthase, it was found that 3-
dehydroshikimic acid (DHS) accumulates in culture supernatants. However, aroE
overexpression failed to prevent DHS accumulation as was the case with aroB and DAH.
Examination of the enzymology of shikimate dehydrogenase found it to be feedback
inhibited (K; = 0.16mM)3%0 by shikimic acid, the subsequent intermediate in the pathway.
Therefore, to prevent loss of carbon to DHS, the intracellular concentration of shikimic
acid would have to be lowered. This requires an increase in shikimate kinase activity to
rapidly convert shikimate to shikimate 3-phosphate (S3P), a molecule that does not
inhibit shikimate dehydrogenase activity.

The conversion of shikimate to S3P, catalyzed by shikimate kinase, is subject to
transcriptional regulation as aroL is part of the ryr regulon with aroF and aroG. It is
unknown why this enzymatic step is subject to regulation as evidenced by tyrR boxes and
duel isozymes but speculation has suggested a branch pathway leading from shikimate to
an as yet unknown metabolite. Usually this type of regulation is seen at the beginning of
a pathway, as with DAHP formation, to control cellular resources. As with AroF, one
method to increase shikimate kinase activity is to remove transcriptional regulation by
TyrR. This has been previously accomplished with mutations to the tyrR locus to prevent
the synthesis of active TyrR protein.8! This resulted in the elimination of undesirable
DHS and shikimate from culture supernatants.

With carbon flow channeled through to S3P, it was found that the last two
enzymes of the common pathway become rate limiting (Figure 14).82 A second copy of
the two loci, aroA (encoding EPSP synthase) and aroC (encoding chorismate synthase),

introduced into the host’s genome was sufficient to extend the flow of carbon to

30



chorismate and prevents the extracellular accumulation of the intermediates S3P and 5-
enolpyruvoylshikimate 3-phosphate (EPSP). The strategies to direct and maintain the
flow of carbon through the shikimate pathway are invaluable to the biocatalytic

production of p-hydroxybenzoic acid and shikimic acid presented in this work.
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Chapter Two

MICROBIAL SYNTHESIS OF p-HYDROXYBENZOIC ACID FROM GLUCOSE

Introduction

p-Hydroxybenzoic acid (PHB) is a valuable intermediate in the biosynthesis of
natural products and the chemical synthesis of commercial goods. Plants synthesize PHB
as both a signaling molecule to defend against pathogens and as a precursor for other
aromatic metabolites, such as the red pigment shikonin (Figure 15).! In plants and
microbes, PHB provides the aromatic ring of ubiquinones (Figure 15). Also known as
coenzyme Q, ubiquinones are membrane-soluble quinones involved in cell respiration.2
PHB formation in plants results from tyrosine or phenylalanine degradation via the
phenylpropanoid pathway (Figure 16).3 In microbes such as Escherichia coli, the last
common intermediate in the shikimate pathway, chorismic acid, is aromatized to PHB in

a single step catalyzed by ubiC-encoded chorismate lyase (Figure 16).4

O OH o
N H5CO CH,
g ‘ H,CO N Yu
0] o n
shikonin ubiquinone

Figure 15. Structures of Shikonin and Ubiquinone.
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PHB finds its niche in the chemical industry as the starting material for parabens
and liquid crystalline polymers (LCP’s).5 Esters of PHB, known as parabens (Figure 17),
are widely used in the cosmetics, food, and pharmaceutical markets as antimicrobial
agents. PHB also holds an important place in the expanding LCP industry. One of the
first examples of an LCP was developed in the mid 1960’s from PHB. The copolymer of
PHB, teraphthalic acid, and bisphenol led to a profitable family of melt processable
copolyesters currently sold under the tradename Xydar (Figure 17).6 While the paraben
market consumes 1.4 x 10° kg of PHB annually, further expansion of LCP technology

could raise the yearly demand to over 50 x 10° kg.

0.33
Xydar
COR =-CH, methyl paraben
-CH,CH, ethyl paraben
-CH,CH,CH, propyl paraben
o -CH,CH,CH,CH; butyl paraben

-CgHs benzyl paraben

Figure 17. Structures of Xydar and Parabens.

Commercially, PHB is derived almost exclusively from phenol using a
modification of the Kolbe-Schmitt reaction (Figure 18).7 Phenol is first converted to its
potassium salt with KOH. The resulting potassium phenolate is carboxylated in the

presence of dry CO, under elevated temperatures (180-250 °C) and pressures (20 atm).
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Quantitative yields of the potassium salt of PHB are obtained. The free acid is formed by

mineral acid treatment.

OH ok*  0CG COH
20 atm
KOH 1 o
Q)= () @ ) i
ii) H,S O,
OH
benzene phenol potassium PHB
phenoxide

Figure 18. Commercial Synthesis of PHB.

Besides extreme reaction conditions, manufacturers of PHB must contend with
highly toxic and corrosive phenol as a starting material. In an effort to employ milder
reactions conditions, PHB has also been synthesized by enzyme-catalyzed carboxylation
of phenol® and microbial oxidation of toluene.? However, these biocatalytic routes are
similar to the chemical synthesis in their dependence on either toxic benzene or toluene,
which are derived from the BTX fraction of nonrenewable petroleum. A different
strategy is to take advantage of PHB’s intermediacy in the biosynthesis of coenzyme Q in
microbes and its formation in plants as a result of phenylpropanoid biodegradation. PHB
can then be synthesized by recombinant microbes from immobilized CO, in the form of
glucose, which is derived from renewable starch and cellulose, or synthesized directly
from CO, by transgenic plants.

In E. coli, chorismic acid is directly aromatized into PHB by ubiC-encoded
chorismate lyase (Figure 16). A more circuitous route for the biosynthesis of PHB is
employed in plants where chorismic acid is converted into PHB by at least nine
enzymatic reactions (Figure 16). These additional enzymatic steps required to form PHB

in plants have been eliminated with the expression of the E. coli ubiC gene in Nicotiana
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tabacum.'0 The result is a large increase in the concentration of PHB that forms in plant
tissue. Although microbial synthesis of small quantities of '*C-labeled PHB from "*C-
labeled glucose had been reported using Klebsiella pneumoniae,!! a suitable microbial
synthesis has not been available for comparison with the engineered synthesis of PHB in
plants. A basis for comparison became possible with the recent description of a PHB-
producing E. coli strain resulting from two rounds of selection for spontaneous mutations
and overexpression of ubiC-encoded chorismate lyase.!?

In this chapter, a different approach to genetic manipulation of PHB biosynthesis
in E. coli has been taken (Figure 16). Variables and design parameters were evaluated
that are important to consider during any attempt to improve microbial synthesis of
aromatics under fed-batch fermentor conditions. Quantified variables include: 3-deoxy-
D-arabino-heptulosonic acid 7-phosphate (DAHP) synthase and chorismate lyase specific
activities; and the concentrations of aromatic and nonaromatic metabolites that
accumulated in culture supernatants. Design parameters that were considered include:
the competition between chorismate lyase and other enzymes for chorismic acid; the

expression of chorismate lyase; and the impact of PHB toxicity on E. coli metabolism.
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I. Design and Assembly of the Microbial Catalyst.

A. Construction of E. coli Host Strains.

verview

Two different microbial hosts were used for the direct conversion of glucose into
PHB. E. coli D2704, a pheA tyrA AtrpE-C strain, lacked chorismate mutase-prephenate
dehydratase, chorismate mutase-prephenate dehydrogenase and anthranilate synthase
activities. Enzymatic competition with chorismate lyase for chorismic acid
concentrations was thus reduced in constructs derived from E. coli D2704. Growth of all
D2704-derived constructs required supplementation of culture medium with aromatic
amino acids. E. coli RB791 was also used as a host strain. All of the chorismate-
utilizing enzymes absent in E. coli D2704 were expressed in E. coli RB791. As a
consequence, all constructs derived from E.coli RB791 were capable of growth in
unsupplemented culture medium.

Chorismic acid, the last intermediate preceding PHB formation, is also the last
metabolite in the common pathway of aromatic amino acid biosynthesis. This creates a
challenge given previous observations that increased carbon flow into the common
pathway of E. coli does not necessarily lead to increased chorismic acid formation.!3 It
was found that expression levels of individual common pathway enzymes need to be
increased to ensure that substrate turnover is sufficiently rapid to avoid accumulation and
export of substrates into the culture medium. Here, this was accomplished using a

modification of the previously reported strategy by Snell.}4 A



P,..aroAaroLaroCaroBkan® cassette was inserted into the genomes of E. coli D2704 and
E. coli RB791 to generate E. coli JB161 and E. coli RB38. Resulting increases in the
activities of S-enolpyruvylshikimate 3-phosphate (AroA), shikimate kinase (AroL),
chorismate synthase (AroC), and dehydroquinate synthase (AroB) allowed increased
carbon flow directed into the common pathway to translate into increased synthesis of

chorismic acid (Figure 16).

Preparation of the P, aroAaroLaroCaroBkan® Cassette for Site-Specific Insertion.

Although plasmids are maintained in E. coli as extrachromosomal, circularized
DNA, recombination events occasionally occur such that plasmid DNA is integrated into
the chromosome of the host cell. Exploitation of this rare event provides a method for
simple, site-specific insertion of a cassette by flanking the cassette with sequences
homologous to the genomic region targeted for disruption. Identification of cells with
integrated plasmid DNA is difficult since both freely replicating and integrated plasmids
express resistance to drugs encoded by plasmid markers. By using a conditional non-
replicative plasmid, selection of integrated plasmid DNA becomes possible since cells
express drug resistance only if the plasmid resides in the genome.

Normal cloning and preparation of plasmids containing conditional origins of
replication can be performed under permissive conditions whereas genomic insertions are
accomplished under nonpermissive conditions where the replication machinery is
inactive. Plasmids possessing a temperature-sensitive replicon are capable of being
manipulated in this fashion. Plasmid pMAK705 contains a temperature-sensitive

pSCI101 replicon, a chloramphenicol resistance marker, and a convenient multiple
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cloning site. The plasmid is able to replicate normally when the host cell is grown at 30
°C but is unstable to replicate when the host cell is cultured at 42 °C. Thus, genetic
manipulations of the plasmid are carried out at 30 °C while the integration of the plasmid
into the genome can be selected for at 42 °C.

The planned insertion of the P, aroAaroLaroCaroBkan® cassette into the genome
of E. coli D2704 by homologous recombination necessitated construction of a
pMAK705-derived plasmid containing the P,.aroAaroLaroCaroBkan® cassette flanked
by serA DNA. The serA locus was chosen for insertion of the cassette since serA-
encoded phosphoglycerate dehydrogenase is an enzyme necessary for the biosynthesis of
L-serine (Figure 19).15 Complementation of this auxothrophy provided the basis for
plasmid maintenance for all PHB-producing constructs since growth in a medium lacking
L-serine supplementation requires de novo biosynthesis of L-serine, which was possible
only by expression of plasmid-localized serA. This strategy employing nutritional
pressure for plasmid maintenance obviates any need for use of antibiotics and plasmid-

localized antibiotic resistance markers.

opo ™~ ° % Ho ™~ %
OH

NH;"
3-phosphoglycerate serine

l : NAD' ,

SerA SerB P
NADH k H,0

glutamate a-ketoglutarate
'OsF’O/\n’C e \\ / > .03PO/\(C *
© SerC ] NHy'

3-phosphohydroxypyruvate er 3-phosphoserine

Figure 19. Serine Biosynthesis. Genetic loci are as follows: SerA, 3-
phosphoglycerate dehydrogenase; SerC, 3-phosphoserine aminotransferase;
SerB, 3-phosphoserine phosphatase.
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Strain construction began with assembly of the genomic cassette. The previously
synthesized P,.aroAaroCaroBkan® cassette, localized in plasmid pKAD77A, was
prepared by Snell et al.16 This cassette was modified by ligating a Kpnl terminated aroL
locus to the Kpnl site located between the aroA and aroC genes. The aroL locus was
amplified from plasmid pJB2.8 (Figure 20) by PCR with primers containing terminal
Kpnl recognition sequences to yield a 0.8-kb fragment. Ligation of the resulting aroL
PCR fragment to pKAD77A, which had previously been digested with Kpnl, afforded the
10.6-kb plasmid pJB2.100. The aroL gene is transcribed in the same direction as aroA,
aroC, aroB, and kan® (Figure 21).

Plasmid pJB2.132 was constructed to prepare the P,aroAaroLaroCaroBkan®
cassette for site-specific recombination into the serA locus of D2704. Construction of
pJB2.132 began with the vector pMAK705, which contains a temperature-sensitive
pSC101 replicon. Plasmid pMAK705 contains two EcoRI restriction sites: one located
within the Cm® marker and one contained within the multiple cloning site. To facilitate
future cloning, the EcoRlI site within the multiple cloning site was destroyed. Partial
digestion of pMAK705 with EcoRI followed by treatment with the Klenow fragment
allowed for isolation of a 5.5-kb blunt end fragment from an agarose gel. Religation of
the isolated DNA afforded plasmid pJB1.37 (Figure 22). Elimination of the EcoRlI site
within the multiple cloning site was confirmed by growth of DH5a/pJB1.37 on LB
medium containing Cm.

Localization of the serA gene in pJB1.37 followed by insertion of the

P,..aroAaroLaroCaroBkan® cassette into an EcoRI site internal to the serA gene directed
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recombination of the cassette into the serA locus of the D2704 genome. Digestion of
pD2625 with EcoRV and Dral liberated a 1.9-kb serA fragment. Plasmid pJB1.37A was
digested with Hincll to produce blunt ends. Subsequent ligation of the serA fragment to
pJB1.37A yielded the 7.4-kb plasmid pJB1.102B. The serA locus was oriented opposite
the vector-localized lacZ’(Figure 23). The 6.3-kb P, aroAaroLaroCaroBkan® cassette
was liberated from pJB2.100 by digestion with EcoRI. Following EcoRI partial digestion
of pJB1.102B, the DNA fragments were resolved on an agarose gel and the 7.4-kb
fragment corresponding to the linearized plasmid was isolated. Ligation of linearized
pJB1.102B to the 6.3-kb EcoRI fragment encoding the modified cassette afforded the
13.7-kb plasmid pJB2.132. The cassette is transcribed with all the genes in the same

orientation as the serA promoter (Figure 24).

Genomic Insertion of the P, aroAaroLaroCaroBkanR Cassette into D2704.

Conditions for homologous recombination were based on those previously
described by Hamilton et al.!7, Ohta et al.!8, and Li et al.!9 Competent D2704 cells were
freshly prepared and transformed with pJB2.132. Following heat-shock treatment, cells
were incubated in LB at 37 °C for 2 h and subsequently plated onto LB containing Cm
and Kan. Plates were incubated at 42 °C for approximately 24 h. The resulting colonies
were inoculated into S mL of LB containing no antibiotics, and the cells were grown at
30 °C for 12 h to allow excision of the plasmid from the genome. Cultures were diluted
(1:20,000) in LB without antibiotics, and two more cycles of growth at 30 °C for 12 h
were carried out to enrich cultures for more rapidly growing cells that had lost the

temperature-sensitive replicon. Cultures were then diluted (1:20,000) in LB and grown at
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44 °C for 12 h to promote plasmid loss from the cells. Serial dilutions of each culture
were spread onto LB plates containing Kan and incubated at 30 °C overnight. The
resulting colonies were screened on multiple plates to select for the correct phenotype.
One candidate, E. coli JB161, was isolated based on the following growth characteristics:
growth on M9 containing aromatic amino acids, aromatic vitamins, and serine, no growth
on M9 containing aromatic amino acids and aromatic vitamins, growth on LB containing
Kan, no growth on LB containing Cm, and growth on LB (Table 2). E. coli RB38 was
prepared from E. coli RB791 using the same protocols described for preparation of
JB161.

To confirm that all of the genes of the cassette were correctly inserted into the
genome of JB161 at serA, a Southern hybridization?0 was performed. Genomic DNA
was prepared from strains JB161 and D2704 and digests of the DNA samples were
electrophoresed on an agarose gel. DNA from the gel was transferred to a Hybond-N*
membrane and probed with a *?P-labeled probe of the 1.1 kb Pvull/Kpnl fragment of
serA. The resulting labeled fragments observed in the autoradiograph confirmed that
site-specific genomic insertion of the aroA, aroC, aroB, and kan" loci occurred at serA in
JB161 (Figure 25, Figure 26).

The Southern hybridization described above failed to verify insertion of aroL into
the serA locus of JB161 due to digestion of the JB161 genomic DNA samples with Kpnl.
Digestion with Kpnl cleaved the aroL gene from the surrounding DNA fragments
containing sequences homologous to the *?P-labeled serA probe leaving any fragments
encoding aroL undetectable (Figure 25). Verification of aroL insertion was performed

with a **P-labeled probe of aroL. Genomic DNA was prepared from E. coli KAD11D for
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use as a negative control while DNA of plasmid pJB2.132 was used as a positive control.
Strain KAD11D, previously prepared in the group, contains a P, aroAaroCaroBkan®
cassette inserted into the serA locus of its genome. Samples of pJB2.132 DNA and
JB161 and KADI11D genomic DNA were digested, resolved on an agarose gel, and
transferred to a Hybond-N* membrane. After hybridization to a *’P-labeled probe of
aroL, autoradiography of the resulting membrane confirmed correct insertion of aroL

between the aroA and aroC loci of the genomic cassette localized in serA (Figure 25,

Figure 27).
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Figure 20. Preparation of Plasmid pJB2.8.
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Figure 21. Preparation of Plasmid pJB2.100.
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Figure 22. Preparation of Plasmid pJB1.37.
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Table 2. Plate Selection for Characterization of Genomic Insertion.

M9/glucose/Tyr M9/glucose/Tyr

strain Phe/Trp Phe/Trp/serine  LB/Cm  LB/Kan LB
D2704 + + - - +
JB161 - + - + +
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Figure 25. (a) Restriction enzyme sites within genomic
cassette. (b) Expected lengths of radiolabled DNA
fragments using a serA probe and aroL probe.
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Figure 26. Southern analysis of strains D2704 (lanes B, D, F, and
H) and JB161 (lanes A, C, E, and G) using a serA probe to confirm
insertion of the cassette into the EcoRlI site of serA. Genomic DNA
samples were digested with Pvull/Kpnl (lanes A and B),
Pvull/Kpnl/Xbal (lanes C and D), Pvull/Kpnl/Ascl (lanes E and F),
and Pvull/Kpnl/ Sall (lanes G and H).
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Figure 27. Southern analysis of pJB2.132 (lanes A, D, and G), JB161
(lanes B, E, and H), and KAD11D (lanes C, F, I) using an aroL probe to
confirm insertion of aroL as part of the cassette inserted into the EcoRI
site of serA. DNA samples were digested with Kpnl (lanes A-C), Hincll
(lanes D-E), and Pvull/EcoRI (lanes G-I).
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B. Plasmid Constructions.

verview

Plasmid-localized genes were used to increase the in vivo activity of 3-deoxy-D-
arabino-heptulosonic acid 7-phosphate (DAHP) synthase. As the first enzyme in
aromatic amino acid biosynthesis, the amount of carbon flow directed into the common
pathway is dictated by the in vivo activity of DAHP synthase (Figure 16). A feedback-
insensitive isozyme of DAHP synthase?!, encoded by aroF'® was employed in light of
the importance?? of feedback inhibition in controlling this enzyme’s in vivo activity.
Along with aroF*®-encoded DAHP synthase, transketolase was overexpressed by
plasmid localization of rktA to ensure that the availability of D-erythrose 4-phosphate did
not limit the in vivo activity of overexpressed DAHP synthase (Figure 16).23

To increase expression levels of chorismate lyase, the ubiC open reading frame
was placed under the control of a tac promoter and plasmid-localized. This provided for
efficient transcription and removed possible regulatory control associated with the ubiCA
operon. In addition to insertion of P, ubiC, aroF™, and tktA into vector pSU18,
generating plasmid pJB2.274, a serA insert was included to complement loss of
phosphoglycerate dehydrogenase resulting from the insertion of the
P, aroAaroLaroCaroBkan® cassette into the genomic serA locus. Vector pSU18 contains
a lac promoter, a genetic marker encoding Cm resistance, and a p/5A origin of
replication with a copy number of approximately twelve per cell.

Another strategy for increasing chorismate lyase activity utilized a 77 promoter

for expression of the plasmid-localized ubiC open reading frame.2* To provide the
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needed T7 RNA polymerase encoded by gene I, E. coli JB161(DE3) and E. coli
RB38(DE3) were generated after E. coli JB161 and E. coli RB38, respectively, were
lysogenized with ADE3 phage to introduce a genomic copy of gene / under the control of
a lac promoter. Plasmid localization of lacl? in pJB3.144B along with PubiC allowed
chorismate lyase expression to be controlled by the amount of isopropyl B-D-
thiogalactopyranoside (IPTG) added to the culture medium. In addition to lacl? and
PubiC, plasmid pJB3.144B also carried aroF®%, tktA, and serA inserts.

Chorismate lyase activity can be controlled by IPTG concentrations because the
lac operator sequence is included in the 77 promoter region to regulate the transcription
of ubiC. The Lac repressor protein, encoded by plasmid-localized lacl?, will repress the
transcription of ubiC, but binding of lactose to the Lac repressor can cause a
conformational change of the repressor so that the repressor no longer binds to the
operator. Transcription of ubiC, under the control of the T7 promoter, is thus
derepressed. The advantage of this PT7 / lacI? system is the ability to modulate the
concentration of the inducible gene products in the cell by varying the lactose inducer
concentration. The frequently used inducer is the nonhydrolyzable analog of lactose

IPTG.

onstruction of pJB2.274 and pJB3.144B
The E. coli ubiC gene was amplified from E. coli RB791 genomic DNA using
PCR primers containing Xbal terminal restriction sequences. Ligation of the resulting
0.8-kb ubiC fragment into the Xbal site of pSU18 afforded pKD10.049A in which ubiC is

transcribed in the same orientation as lacZ’. The ubiC fragment was then excised from
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pKD10.049A by Xbal digestion and ligated to the Xbal site of pKAD49 affording
plasmid pJB1.137A (Figure 28). Expression of chorismate lyase from the rac promoter
was optimized by construction of plasmid pJB1.237A. This 5.8-kb plasmid was
constructed by ligating the open reading frame of ubiC into the EcoRI site of pJF118EH.
Genes inserted in the multiple cloning site of vector pJF118EH, a pBR322-derived
plasmid containing lacI? and the tac promoter, are located at an optimum distance from
the tac promoter achieving maximum expression. The ubiC fragment was amplified by
PCR from pJB1.137A using primers containing EcoRI terminal recognition sequences.
The amplified 0.50-kb PCR fragment was ligated into the EcoRI site of pJF118EH to
create plasmid pJB1.273 in which the ubiC gene is transcribed in the same orientation as
the external rac promoter (Figure 29).

The 4.1-kb plasmid pJB2.125B was constructed by inserting the P, ubiC
sequence of pJB1.273A into the pSU18-derived plasmid pKL4.20B, which contains the
aroF™® gene. The P, ubiC fragment was amplified from pJB1.273A using PCR primers
containing Kpnl terminal recognition sequences. The 0.58-kb PCR product was ligated
to the Kpnl site of pKL4.20B to create plasmid pJB2.125B. The ubiC gene is transcribed
in the opposite orientation as aroF™°® (Figure 30). The 6.0-kb plasmid pJB2.133 was
created by ligation of a 1.9-kb fragment encoding serA into pJB2.125B. The serA locus
was liberated from plasmid pJB1.102B by digestion with Xbal and HindIIl and
subsequently ligated to plasmid pJB2.125B that was previously digested with Xbal and
HindlIll. The serA gene is transcribed in the same orientation as ubiC (Figure 31).
Plasmid pJB2.133 was subsequently digested with HindlIl, and the overhanging ends

were eliminated by treatment with Klenow fragment. The tkfA locus was isolated from
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pMF62A following BamHI digestion and treatment with Klenow fragment to provide a
fragment with blunt ends. Ligation of rktA to pJB2.133 afforded the 8.2-kb plasmid
pJB2.274 in which tkrA is transcribed in the same orientation as ubiC (Figure 32).

Construction of plasmid pJB3.144B began by placing ubiC under control of the
T7 promoter. The ubiC open reading frame was liberated from pJB1.273 using an EcoRI
digest and subsequently treated with Klenow fragment. This 0.5-kb fragment was ligated
to plasmid pET-15b that had been prepared by digestion with BamHI and treated with
Klenow fragment. The pBR322-derived vector pET-15b encodes lacI? and the strong T7
promoter. Ligation of the two fragments created the 6.2-kb plasmid pJB3.111A.
Restriction analysis of pJB3.111A verified that ubiC was correctly oriented behind the 77
promoter (Figure 33).

The 8.3-kb plasmid pJB3.127A was created by inserting a single fragment
encoding PrubiC and lacI?into pKL4.33B, a pSU18-derived plasmid containing serA
and aroF™" inserts. A 2.8-kb fragment encoding PubiC and lacl? was liberated from
pJB3.111A by digestion with EcoRI and Nrul and treated with Klenow fragment.
Plasmid pKL4.33B was digested with Xbal and treated with Klenow fragment.
Subsequent ligation of the blunt fragments yielded plasmid pJB3.127A. The lacl° gene is
transcribed in the same orientation as aroF™°® and serA while PubiC is transcribed in
the opposite orientation (Figure 34). Plasmid pJB2.144B was created by ligation of tktA
into pJB3.127A. The 2.2-kb tktA gene was isolated from plasmid pMF62A by digestion
with BamHI and treated with Klenow fragment. Plasmid pJB3.127A was digested with

Sall and treated with Klenow fragment. Subsequent ligation of tktA to pJB3.127A
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afforded the 10.5-kb plasmid pJB3.144B. The tkrA gene is transcribed in the opposite

orientation as PubiC (Figure 35).

pKD10.049A
l PCR
Xbal Xbal
0.8-kb
ubiC
1) Xbal digest
2) CIAP treatment
T4 Ligase
Ecollp . BamHi

pJB1.137A

3.3-kb
‘\C m

Xbal
Hindill

Figure 28. Preparation of Plasmid pJB1.137A.
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Figure 29. Preparation of Plasmid pJB1.273A.
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Figure 30. Preparation of Plasmid pJB2.125B.
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Figure 32. Preparation of Plasmid pJB2.274.
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Figure 33. Preparation of Plasmid pJB3.111A.
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Figure 34. Preparation of Plasmid pJB3.127A.
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Figure 35. Preparation of Plasmid pJB3.144B.
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II. Microbial Synthesis of PHB from Glucose.

A. Fed-Batch Fermentator Conditions for PHB-Pr ing Microbes.

Fed-batch fermentations were conducted in a B. Braun M2 culture vessel with a 2
L working capacity. The vessel was modified using a stainless steel baffle cage
containing four 1/4” x 4” baffles. Environmental conditions were supplied by a B. Braun
Biostat MD controlled by a DCU-1. Data was acquired on a Dell Optiplex Gs+ 5166M
personal computer utilizing B. Braun MFCS/Win software. PID control loops were used
to control temperature, pH, and glucose addition. The temperature was maintained at 33
°C, the pH was maintained at 7.0 by addition of NH,OH or 2 N H,SO,, and glucose was
added as a 40% (w/v). PID control parameters were set to 0.0 (off) for the derivative
control (1), and 999.9 s (minimum control action) for integral control (t;). X, was set to
950.0% to achieve a K. of 0.1. Dissolved oxygen (D.O.) was monitored using a Mettler-
Toledo 12 mm sterilizable O, sensor fitted with and Ingold A-type O, permeable
membrane. D.O. was maintained at 20% air saturation throughout the course of the
fermentations. Antifoam (Sigma 204) was manually pumped into the vessel as needed.

Each inoculant was initiated by introduction of a single colony into 5 mL of M9
medium and grown at 37 °C with agitation for 12-24 h until the culture was turbid. After
this time, the starter culture was transferred to 100 mL of M9 medium and grown for an
additional 12 to 24 h at 37 °C and 250 rpm. After an appropriate ODg,, was reached (1.0-

3.0), the inoculant was transferred to the fermentation vessel. The initial glucose
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concentration in the fermentation medium was 15 g/L for JB161/pJB2.274 and
JB161(DE3)/pJB3.144B and 17 g/L for RB38/pJB2.274 and RB38(DE3)/pJB2.144B.

Three staged methods were used to maintain D.O. levels at 20% air saturation
during the course of the run. With the airflow at an initial setting of 0.06 L/L/min, D.O.
concentration was maintained by increasing the impeller speed from its initial set point of
50 rpm to its preset maximum of 500 rpm. With the impeller constant at 500 rpm, the
mass flow controller then maintained D.O. levels by increasing the airflow rate from 0.06
L/L/min to a preset maximum of 1.0 L/L/min. At constant impeller speed and constant
airflow rate, D.O. levels were finally maintained at 20% air saturation for the remainder
of the fermentation by oxygen sensor-controlled glucose feeding. At the beginning of
this stage, D.O. levels fell below 20% air saturation due to residual initial glucose in the
medium. This lasted 0.5 to 1.5 h before glucose feeding (40% w/v) started. All strains
were cultured in the fermentation vessel for a total of 72 h. Isopropyl B-D-
thiogalactopyranoside (IPTG, 10 mg) was added every six hours beginning at the third
phase of growth for fermentations using JB161(DE3)/pJB3.144B and
RB38(DE3)/pJB3.144B. IPTG (10 mg/mL) was sterilized through 0.22-um membranes
prior to addition.

Samples (5 mL) of fermentation broth were taken at indicated intervals. Cell
densities were determined by dilution of fermentation broth with water (1:100) followed
by measurement of absorption at 600 nm (OD,). Dry cell weight (g/L) was obtained
using a conversion coefficient of 0.43 g/L/ODgy. The remaining fermentation broth was
centrifuged using a Beckman microcentrifuge to obtain cell-free broth. Solute

concentrations in the cell-free broth were determined by 'H NMR. For 'H NMR
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quantitation of solute concentrations, solutions were concentrated to dryness under
reduced pressure, concentrated to dryness an additional time from D,O, and then
redissolved in D,0 containing a known concentration of the sodium salt of 3-
(trimethylsilyl)propionic-2,2,3,3-d, acid (TSP) purchased from Lancaster Synthesis Inc.
Concentrations were determined by comparison of the integrals corresponding to each
compound with the integral corresponding to TSP (§=0.00 ppm) in the 'H NMR.
Compounds were quantitated using the following resonances: p-hydroxybenzoic acid,
doublet at 7.88 ppm (2 H); prephenic acid, multiplet at 6.00 ppm (4 H); L-phenylalanine,
multiplet at 7.38 ppm (5 H); L-tyrosine, doublet at 7.20 ppm (2 H); 3-dehydroshikimic
acid, doublet at 4.28 ppm (1 H); 3-deoxy-D-arabino-heptulosonic acid, triplet at 1.80
ppm (1 H); and acetate, singlet at 1.92 ppm (3 H). 'H NMR spectra were recorded on a
Varian VXR-300 FT-NMR Spectrometer (300 MHz).

In order to measure DAHP synthase and chorismate lyase activity, a portion (20
mL) of the fermentation broth was removed from the vessel at the indicated intervals and
centrifuged at 3000g for 5 min at 4 °C. The harvested cells were resuspended in 5 mL of
DAHP synthase lysate buffer (50 mM potassium phosphate, pH 6.5, 10 mM PEP, and
0.05 mM CoCl,) and stored at -80 °C. Samples were analyzed for enzyme activities
when the fermentor run was complete.

PHB-producing strains, when cultured under fed-batch fermentor conditions,
typically entered logarithmic growth 6 to 24 h after inoculation. Approximately 24 to 36
h after inoculation, fermentor cultures moved from a logarithmic to a stationary growth
phase. Microbial cell density normally reached a maximum of 25 to 30 g/L for

JB161/pJB2.274 and RB38/pJB2.274 and a maximum of 15 to 20 g/L for
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JB161(DE3)/pJB3.133B and RB38(DE3)/pJB3.144B. Over the course of the
fermentations, the culture supernatant turned progressively darker resulting in a dark
brown color at the end of the run. Significant PHB production typicaliy began as cells
entered a logarithmic growth phase and continued until 72 h. After 72 h, productivity in
PHB synthesis began to level out and fermentations were not generally maintained

beyond this time.

B. Fermentation Results

Table 3. Titers and Yields of PHB and Titers of
Accumulated Metabolites.

Construct

JB161/  JBI61(DE3) RB38/  RB38(DE3)/
pJB2.274 pJB3.144B  pJB2.274 pJB3.144B

PHB#? 12 6.3 0.59 44
% Yield® 13 7 0.4 4
PAg® 6.3 3.0 11 32
Phe#b 4.1 20 46 39
Tyrab — — 8.4 7.7
% PHB? 64 65 5 28
DAH#? — — 55 55
DHSab 14 15 18 16
AcOH2® 24 33 0.33 5.1

aAbbreviations: PHB, p-hydroxybenzoic acid; PA,
prephenic acid; Phe, L-phenylalanine; Tyr, L-tyrosine;
DAH, 3-deoxy-D-arabino-heptulosonic acid; DHS, 3-
dehydroshikimic acid; AcOH, acetic acid. %g/L. ‘mol
PHB/mol glucose. 4mol PHB/mol PA + mol Phe + mol
Tyr + mol PHB.
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B161/pJB2.274 and JB161(DE3)/ .144B

JB161/pJB2.274, which was constructed to reduce enzymatic competition for
chorismic acid and expressed ubiC from a tac promoter, synthesized 12.0 g/L of PHB in
13% yield (mol/mol) from glpcose (Figure 38, Table 3). Prephenic acid and L-
phenylalanine were also synthesized. Formation of these post-chorismate products in a
host strain lacking chorismate mutase and prephenate dehydratase activities can be
explained by rapid nonenzymatic Claisen rearrangement of chorismic acid to prephenic
acid and subsequent nonenzymatic decarboxylation of the prephenic acid to
phenylpyruvic acid. Enzymatic transamination of phenylpyruvic acid then accounts for

L-phenylalanine formation (Figure 37).23

co, i
r\ . oA AN CO
J\ Claisen > o
- @ co, Rearrangement
HO

OH

chorismic acid prephenic acid
CG,
H,0
Cco’ co’
NH;" o
B TyrB
phenylalanine phenylpyruvic acid

Figure 37. Phenylalanine Synthesis in JB161.
TyrB, aromatic aminotransferase
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JB161(DE3)/pJB3.144B, which also had reduced enzymatic competition for
chorismic acid but expressed ubiC-encoded chorismate lyase from a strong 77 promoter,
synthesized 6.3 g/L of PHB in 7% yield from glucose (Figure 39, Table 3). Relative to
the concentrations of PHB, prephenic acid, and L-phenylalanine synthesized by
JB161/pJB2.274, JB161(DE3)/pJB3.144B synthesized approximately one-half of the
concentrations of these intermediates (Table 3). As a percentage (Table 3) of post-
chorismate products, PHB synthesized by JB161(DE3)/pJB3.144B was essentially
unchanged relative to JB161/pJB2.274. Similar concentrations of 3-dehydroshikimic
acid and acetic acid accumulated in the culture supernatants of both

JB161(DE3)/pJB3.144B and JB161/pJB2.274 (Table 3).
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RB 274 and RB38(DE3)/pJB3.144B

RB38/pJB2.274 synthesized 0.59 g/L of PHB and 0.4% yield (mol/mol) from
glucose (Figure 40, Table 3). This reflects the competition between chorismate lyase
expressed from P,,.ubiC with other biosynthetic enzymes for in vivo concentrations of
chorismic acid. Prephenic acid, L-phenylalanine, and L-tyrosine, 3-dehydroshikimic acid
and 3-deoxy-D-arabino-heptulosonic acid (DAH) were also synthesized (Figure 40,
Table 3) by RB38/pJB2.274. Chorismate lyase in RB38(DE3)/pJB3.144B which was
expressed from P,,ubiC, also had to compete with wild-type chorismate mutase and other
chorismate-utilizing enzymes activities. RB38(DE3)/pJB3.144B synthesized 4.4 g/L of
PHB in 4% yield (mol/mol) from glucose (Figure 41, Table 3) along with prephenic acid,
L-phenylalanine, L-tyrosine, 3-dehydroshikimic acid, and DAH. PHB constituted 5.2%
of the post chorismate products synthesized by RB38/pJB2.274 versus 28% of the post-

chorismate products synthesized by RB38(DE3)/pJB3.144B (Table 3).
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Inhibition of 3-Dehydroquinate Synthase Activity
L-Tyrosine was the dominant product synthesized by both RB38/pJB2.274 and

RB38(DE3)/pJB3.144B. Suprisingly, RB38/pJB2.274 and RB38(DE3)/pJB3.144B both
accumulated substantial concentrations of DAH (Figure 40, Figure 41, Table 3), the
dephosphorylated substrate of aroB-encoded 3-dehydroquinate synthase. Accumulation
of this common pathway intermediate has not previously been observed after insertion of

a second aroB locus in the E. coli chromosome.26

100 /-
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Figure 42. Percent Inhibition of 3-
Dehydroquinate Synthase by Tyrosine.

To determine whether L-tyrosine and DAH accumulation were related, the impact
of L-tyrosine concentrations on the activity of 3-dehydroquinate synthase was
determined. No reduction in 3-dehydroquinate synthase activity was observed at 0.06
mM L-tyrosine concentrations (Figure 42). However, 3-dehydroquinate synthase activity
was reduced by 74% and 100% at L-tyrosine concentrations of 0.6 mM and 6 mM,
respectively (Figure 42). The 6 mM L-tyrosine approximates the concentrations of this

aromatic amino acid that accumulates in the culture medium of RB38/pJB2.274 and
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RB38(DE3)/pJB3.144B. Inhibition of 3-dehydroquinate synthase by L-tyrosine has not

previously been reported.

C. Chorismate Lyase and DAHP Synthase Activities.

Chorismate Lyase

Amplified expression of ubiC-encoded chorismate lyase is particularly important
because of this enzyme’s low turnover number (49 min).2” Chorismate lyase specific
activities were therefore quantified periodically over the course of the fermentations.
Specific activities were assayed using a new method where pobA-encoded p-
hydroxybenzoate hydroxylase from Pseudomonas fluorescens was used as a coupling
enzyme.?!  p-Hydroxybenzoate hydroxylase catalyzes the conversion of PHB to
protocatechuic acid. The consumption of NADPH during this hydroxylation and the
associated decline in optical density at 340 nm provided the basis for a continuous assay
of chorismate lyase-catalyzed formation of PHB from chorismic acid.

The specific activity of chorismate lyase expressed from plasmid-localized ubiC
under the control of a tac promoter in JB161/pJB2.274 was 92-fold higher than wild-type
chorismate lyase specific activities measured for JB161 (4.8 x 10* U/mg). Even higher
chorismate lyase specific activities (Table 4) were achieved when ubiC was expressed
from a 77 promoter. For example, chorismate lyase specific activities were 6-fold to 8-
fold higher (Table 4) over the course of the fermentor run for JB161(DE3)/pJB3.144B
relative to JB161/pJB2.274. A more time-dependent increase in chorismate lyase activity

was observed (Table 4) for RB38(DE3)/pJB3.144B. Specific activities for
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RB38(DE3)/pJB3.144B increased 1.7-, 9.0-, 21-, and 52-fold relative to chorismate lyase

specific activities for RB38/pJB2.274 at 18 h, 36 h, 54 h, and 72 h, respectively.

Table 4. Chorismate Lyase Specific Activities
(umol/min/mg).

Construct

JB161/  JB161(DE3)/ RB38/ RB38(DE3)/
time (h) pJB2.274 pJB3.144B  pJB2.274 pJB3.144B

18 - - 0.010 0.17
24 0.042 0.25 - —

36 0.043 0.31 0.0078 0.07
54 0.047 0.31 0.0067 0.14
72 0.043 0.33 0.0052 0.27

PHB as a percentage of the post-chorismate products (65% verses 64%, Table 3)
did not improve with increased chorismate lyase expression for JB161(DE3)/pJB3.144B
relative to JB161/pJB2.274. Apparently, increasing chorismate lyase expression levels
beyond the specific activities (Table 4) measured for JB161/pJB2.274 leads to little
improvement in the synthesis of PHB. This suggests that a level of chorismate lyase
activity may have been reached where further increases in chorismate lyase expression
are countered by PHB’s feedback inhibition of chorismate lyase. Relative to its specific
activity in the absence of PHB using a starting concentration of 60 uM chorismic acid, a
38% and 87% reduction in specific activity of chorismate lyase was observed,

respectively, in the presence of 15 uM and 120 uM concentrations of PHB (Figure 43).
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DAHP Syn

DAHP synthase activities were also quantified over the course of the
fermentations and the specific activities were determined using a standard literature
technique.?® It was found that improved chorismate lyase expression came at the expense
of DAHP synthase expression. For example, the 6-fold to 8-fold increase in chorismate
lyase specific activities (Table 5) for JB161(DE3)/pJB3.144B relative to JB161/pJB2.274
came with a 5-fold to 9-fold reduction in DAHP synthase specific activities (Table 5). A
significantly less severe reduction in DAHP synthase specific activity associated with
increased chorismate lyase activity was observed for RB38(DE3)/pJB3.144B relative to
RB38/pJB3.144B. Less than a 3-fold reduction in DAHP synthase specific activity

(Table 5) was observed for RB38(DE3)/pJB3.144B.
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Table 5. DAHP Synthase Speciﬁc Activities (umol/min/mg.)

Construct

JB161/  JB161(DE3)/ RB38/ RB38(DE3)/
time (h) pJB2.274 pJB3.144B  pJB2.274 pJB3.144B

18 — — 0.56 0.32
24 1.0 0.19 - -

36 0.91 0.15 0.46 0.35
54 0.76 0.084 0.22 0.14
72 0.33 0.045 0.13 0.050

Increased chorismate lyase expression did substantially improve the concentration
and yield of synthesized PHB (4% versus 0.4%, Table 3) and the amount of PHB
synthesized as a percentage of all post-chorismate products (28% versus 5%, Table 3) for
RB38(DE3)/pJB3.144B relative to RB38/pJB2.274. However, increasing chorismate
lyase expression (Table 4) in JB161(DE3)/pJB3.144B relative to JB161/pJB2.274
resulted in a reduction in the concentrations and yields of synthesized PHB (7% versus
13%, Table 3). The decrease in DAHP synthase specific activities (Table 5) for
JB161(DE3)/pJB3.144B relative to JB161/pJB2.274 certainly contributed to this

reduction in synthesis of post chorismate products.
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II1. Microbial Toxicity of PHB.

A. Toxicity of PHB on E. coli KL3/pK14.130B.

The most extensive examination of the toxicity of organic acids towards E. coli
was the recent study by Zaldivar and Ingram.30 PHB is one of the organic acids released
from acid hydrolysis of the hemicellulose portion of woody plants due to the breakdown
of lignin. The growth of E. coli LY01 was found to be inhibited by fifty percent (IC,;) by
PHB concentrations of 0.8 g/L. Ethanol synthesis in this ethanologenic microbe was also
found to be inhibited in the presence of PHB. The toxicity of organic acids is apparently
due to diffusion of the protonated form of the acid into the cytoplasm where subsequent
dissociation results in a collapse of transmembrane ApH, a component of the proton
motive force, and an increase in the intracellular H* and acetate concentrations.3! Along
these lines, E. coli KL3/pKL4.130B (Figure 44), was employed to gauge the toxicity of
PHB. This is a well-characterized3? construct that synthesizes nontoxic 3-
dehydroshikimic acid. E. coli KL3/pKL4.130B was cultured in the presence and absence
of 10 g/L of added PHB. This approximates the highest level of PHB synthesized from
glucose that was observed for JB161/pJB2.274.

The fed-batch fermentor parameters employed to culture 3-dehydroshikimate-
synthesizing KL3/pKL4.130B were based on the parameters used to culture the PHB-
synthesizing constructs with the following exceptions. KL3/pKL4.130B was cultured in
a nonbaffled culture vessel with an initial glucose concentration of 23 g/L in the

fermentation medium. The maximum impeller speed that marks the end of the first
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Figure 44. Construct KL3/pKL4.130B
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growth phase was 940 rpm. A 60% (w/v) glucose solution was fed into the fermentation
vessel during the third growth phase to maintain D.O. levels at 20% air saturation. Cells
were cultured for a total of 54 h in the fermentation vessel. PHB was added to a
fermentor run of KL3/pKL4.130B to a final concentration of 10 g/L.. PHB was divided
into two 5 g portions that were added at the beginning of the third stage of growth and 2 h
following. PHB solutions was prepared by dissolving 5 g in 50 mL of H,O, neutralizing
to pH 7.0 with NaOH, and filtered through a sterile v0.22-um membrane.

In the presence of the added concentrations of PHB, KL3/pKL4.130B was still
able to grow and synthesize 3-dehydroshikimic acid (Figure 45). However, added PHB
resulted in a marked decrease in cell mass and a decrease in synthesized concentrations of
3-dehydroshikimic acid (Figure 45). Concentrations of acetic acid produced by
KL3/pKLA4.130B were also substantially higher (Figure 45) throughout the course of the
fermentation to which PHB had been added. Only the specific activity of DAHP
synthase remained essentially unchanged for KL3/pKL4.130B in the presence versus in
the absence of PHB (Table 6). Increased acetic acid formation was also observed to
correlate with increases in the concentrations of PHB that were synthesized de novo from
glucose by RB38(DE3)/pJB3.144B relative to RB38/pJB2.274 (Figure 40, Figure 41,
Table 3). The reduction in cell mass, reduced concentrations of synthesized 3-
dehydroshikimic acid, and increased formation of acetic acid observed for
KL3/pKLA4.130B indicate that PHB at concentrations of 10 g/L is adversely affecting

microbial growth and metabolism.

90



Table 6. Impact of PHB on DAHP Synthase
Specific Activities (umol/min/mg).

KL3/pKL4.130B
. w/out added awith added
time (h) PHB PHB
18 1.9 1.6
30 0.98 0.88
42 0.71 0.85
54 0.40 0.70

a]0g/L

B. Increasing Tolerance to PHB,

Isolation of E. coli 2-42

The decline in cell mass and DHS production concurrent with KL3/pKL4.130B
cultured in the presence of PHB suggests that JB161/pJB2.274 is affected by the
concentration of PHB it biosynthesizes. It would therefore be desirable to obtain a PHB-
producing microbe with increased resistance to PHB. With the high cell densities and
PHB concentrations achieved at the end of JB161/pJB2.274 fermentations, it is possible
that cells are under sufficient selective pressure to induce an adaptive mutation.

Cells were removed from a fermentation of JB161/pJB2.274 at 42 h when the
culture was in transition from logarithmic growth to stationary growth and strea