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ABSTRACT

MANIPULATION OF THE GENES AND ENZYMES OF THE
SHIKIMATE PATHWAY
By

Sunil S. Chandran

The shikimate pathway for the biosynthesis of aromatic amino acids and aromatic
vitamins has been the target of intensive research over the last decade. Its central
disposition in the life-cycle of a microbial or plant cell has been well established. The
diverse range of enzymes and genes responsible for each step in this pathway can be
manipulated to suit various purposes. For example, one or more enzymes in the
shikimate pathway can be inhibited to render the cell unable to sustain growth, thereby
providing an option for antibiotic or herbicidal design. The enzyme DHQ synthase is a
prime candidate for this purpose. In the present study, inhibition of DHQ synthase has
been attempted by taking advantage of the metal co-factor in the active site.
Protocatechuic acid, catechol, and derivatives of these aromatics, sharing the common
element of an ortho dihydroxylated benzene ring were synthesized. These molecules
allowed examination of the role that the metal co-factor plays in the binding properties of
DHQ synthase. The results indicated marked differences in binding properties between
the Zn*? and Co*? metalloforms of DHQ synthase. These inhibitors provided evidence
attesting to the important role that the active site metal played in substrate binding.

On the other hand, instead of inhibiting the shikimate pathway, it can be exploited

for the microbial synthesis of industrially applicable chemicals. A major portion of this
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thesis investigates the development of a biocatalytic process for the production of
shikimic acid, which has recently emerged as a suitable starting material for a number of
synthetic schemes. Synthesis of shikimic acid was successfully achieved under fed-batch
fermentation conditions, utilizing various recombinant Escherichia coli biocatalysts. The
limiting factors for obtaining high shikimic acid titers and yields were identified and
alleviated. Accounting for low intracellular E4P concentration and loss of PEP due to
glucose uptake, proved to be key determinants. Shikimic acid titer of 71 g/L was realized
in 27% yield.

Attempts were also made at understanding the mechanism of quinic acid
formation during microbial synthesis of shikimic acid. Uptake of shikimic acid from the
fermentation broth followed by its in vivo processing to quinic acid was shown to be the
most likely source of the contamination. Identifying this role of shikimate uptake was

instrumental in developing methods designed to eliminate production of quinic acid.
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Ac acetyl
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CI chemical ionization
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CHAPTER 1

INTRODUCTION

The common pathway for aromatic amino acid biosynthesis, also referred to as
the shikimate pathway, is a vital metabolic cascade of events found in plants and
microorganisms. Researchers have for long studied this pathway, gaining a better
understanding of each enzyme catalyzed reaction. This understanding allowed
exploitation of the common pathway to suit a variety of purposes. Given its central role
in the metabolism of a cell, scientists have been successful at obtaining potent
antimicrobial activity by inhibition of one or more enzymes in this metabolic route. On
the other hand, the common pathway has also been manipulated to produce industrially
relevant chemicals at a low cost. The work reported in this thesis is an attempt at
studying both aspects of the shikimate pathway.

The medical profession is currently facing a formidable adversary with the
rampant emergence of antibiotic resistant bacteria. The search is underway to design new
and more potent drugs that can combat microbes impervious to present day treatment.
This can be achieved by targeting a pathway hitherto underutilized as a possible target for
drug design, the shikimate pathway. Chapter 2 of this thesis discusses inhibition of one
enzyme belonging to the common pathway, namely 3-dehydroquinate (DHQ) synthase.'
The second enzyme in this pathway, DHQ synthase belongs to a small, unique family of
enzymes. The uniqueness of the enzymes in this family is their catalytic utilization of
nicotinamide adenine dinucleotide (NAD).2 Enzymes in this class, which we will label as

NADzymes, also include myo-inositol 1-phosphate (MIP) synthase,’
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S—adenosylhomocysteine hydrolase,* S-ribosylhomocysteine hydrolase,” and uridine
diphosphate galactose 4-epimerase.® The catalytic role of NAD has been used as a very
convenient tool to achieve inhibition of DHQ synthase in the past. The current
investigation will also utilize this aspect of inhibition. However, the major emphasis will
be centered around trying to better understand the role that the metal co-factor, present in
the active site, plays in binding to substrate and inhibitors.

The shikimate pathway has been a target for metabolic engineering in the past,
resulting in strains capable of producing chemicals like 3-dehydroshikimic acid (DHS),
gallic acid, vanillin, etc. A major portion of this thesis deals with manipulation of the
common pathway in order to biocatalytically produce shikimic acid (SA). Chapter 3
describes studies undertaken to improve the overall titer and yield of SA from D-glucose.
The focus of Chapter 4 is on efforts made to better understand the source of quinic acid
(QA) and DHS contamination commonly seen in SA fermentations. Results arising from

both studies will ultimately result in a more efficient SA producing biocatalyst.

The Shikimate Pathway

The shikimate pathway present in plants and microorganisms is responsible for
the biosynthesis of the aromatic amino acids and aromatic vitamins.” It is made up of
seven enzyme-catalyzed reactions culminating into the biosynthesis of chorismic acid
(Figure 1). Chorismic acid is processed further into L-tryptophan, L-tyrosine and
L-phenylalanine by three terminal pathways. Besides providing a metabolic route to the
aromatic amino acids, the common pathway also provides a means of synthesis of the

various isoprenoid quinones, the folic acid family of co-enzymes and enterochelin, via
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pathways branching out from chorismic acid.” The primary role of the quinone family
lies in electron transport while co-enzymes derived from folic acid are known to be
involved in the biosynthetic transfer of one carbon fragments. Enterochelin acts as an
iron sequestering agent involved in iron uptake in microorganisms.

Thg first reaction in the pathway is the condensation of phosphoenolpyruvate
(PEP) with D-erythrose 4-phosphate (E4P) resulting in 3-deoxy-D-arabino-heptulosonic
acid 7-phosphate (DAHP), a reaction catalyzed by the enzyme DAHP synthase
(Figure 1).” Three isozymes of DAHP synthase exist in Escherichia coli, each of them
feedback inhibited by one of the three aromatic amino acids. The genes aroF, aroG, and
aroH encode the tyrosine-sensitive, phenylalanine-sensitive, and tryptophan-sensitive
isozymes of DAHP synthase respectively. DAHP is then converted to DHQ by aroB-
encoded DHQ synthase. Elimination of a water molecule from DHQ results in DHS, a
reaction catalyzed by the aroD-encoded enzyme, DHQ dehydratase.® Subsequent
reduction of DHS by shikimate dehydrogenase affords SA. The enzyme is encoded by
the aroE gene and it utilizes NADPH to carry out the reaction.” Two isozymes of
shikimate kinase catalyze the ATP aided phosphorylation of SA to generate shikimate
3-phosphate. The two isozymes of shikimate kinase are encoded by the aroL' and
aroK"' genes. Condensation of shikimate 3-phosphate with PEP to produce
5-enolpyruvylshikimate 3-phosphate (EPSP) is catalyzed by aroA-encoded EPSP
synthase.”” The final step in the common pathway is catalyzed by aroC-encoded
chorismate synthase and involves loss of inorganic phosphate from EPSP resulting in

chorismic acid."”
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Figure 1. The common pathway of aromatic amino acid and aromatic vitamin

biosynthesis.
Genetic loci are as follows: aroF aroG aroH, DAHP synthase; aroB, DHQ synthase;

aroD, DHQ dehydratase; aroE, shikimate dehydrogenase; aroL aroK, shikimate kinase;
aroA, EPSP synthase; aroC, chorismate synthase.
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Derailing the Shikimate Pathway: A Viable Option for Herbicidal

and Antimicrobial Agents

Disruption of the shikimate pathway has been proven to be detrimental to plants
and microorganisms. Microbes with a disrupted common pathway have been
demonstrated to be characterized by severely attenuated growth in comparison to wild
type cells when introduced into a mammalian system." This result indicated that
microbes deficient in a functional common pathway have a difficult time scavenging the
necessary aromatic amino acids and vitamins from the rich growth environment of a
mammalian system. More recently, researchers also demonstrated that aroB encoded
DHQ synthase was required for microbial pathogen virulence.” Understanding the
implications of this huge body of work has ramifications in terms of developing vaccines
against bacterial infections. Live, attenuated strains of Salmonella typhimurium carrying
mutations in aroB", aroD"*'®, aroA'®*, and aroC'*® have been introduced into mouse
models as potential vaccines. The effect of the attenuated strains was to stimulate the
immune system towards infection caused by the wild type parent strain.

Among all the aromatic amino acids and aromatic vitamins, it appears that
availability of p-aminobenzoic acid is most critical. The compound (6S5)-6-
fluoroshikimic acid is a potent antimicrobial agent, deriving its activity from inhibition of
p-aminobenzoic acid biosynthesis.”” It possesses an MIC value of less than 1pg mL"
against a range of bacteria. Mice injected with (65)-6-fluoroSA also exhibited immunity
to a number of bacterial infections. However, in vitro inhibition of bacterial growth
could be reversed by supplementation with p-aminobenzoic acid, but not with any of the

other aromatic amino acids or aromatic vitamins.
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Figure 2. Compounds proven to disrupt the common pathway.

Perhaps the best example to prove that inhibition of the shikimate pathway can
result in potent biological activity is the herbicide glyphosate. Marketed as Roundup®,
glyphosate is a postemergence, non-selective, broad spectrum herbicide.'® Its activity is
attributed to competitive inhibition of EPSP synthase. An important discovery was made
in 1998, indicating the presence of a functional common pathway in the phylum
Apicomplexa.® Agents capable of blocking the common pathway should therefore be
effective against parasites belonging to this family which include, Plasmodium
falciparum (malaria), Toxoplasma gondii (toxoplasmosis), and Cryptosporidium parvum
(severe diarrhea). In fact, glyphosate proved effective against malaria strains that were
resistant to an anti-malarial medicine, pyrimethamine, which interrupts folate processing
at a different point. But mice injected with lethal doses of 7. gondii could not be rescued
by either glyphosate or pyrimethamine. However, doses of glyphosate or pyrimethamine
that could not protect the mice when used alone, rescued infected mice when used in
combination even when the mice were allowed to eat diets with folate.

This emphasized the viability of concomitantly targeting either single or multiple
enzymes along the common pathway with the goal of deriving medical and commercial
benefit. Mammals lack a functional shikimate pathway and rely on their diet for aromatic

amino acids and aromatic vitamins. Hence, using herbicides and antimicrobial agents
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based on disruption of the shikimate pathway will have minimal side effects on humans.
With this aim in mind, it would be of considerable importance to gain a better

understanding of the enzymes in this pathway.

Inhibition Studies of DHQ synthase

3-dehydroquinate synthase is the second enzyme of the shikimate pathway
catalyzing the conversion of DAHP to DHQ. This step sets into place the six membered
carbocyclic unit which will ultimately form the benzenoid portion of the aromatic amino

acids and the secondary metabolites derived from the common pathway.

4OH HO HO
g OH _ OH _ OH
02 . s 7 OPS-Z OZC . OZC -3 \‘
DAHP c w b °

A Z\0 B DHQ

Figure 3. Proposed mechanism of DHQ synthase.

The mechanism® for DHQ synthase begins with oxidation of the C-5 alcohol of
DAHP utilizing enzyme-bound NAD, resulting in intermediate A and NADH. This
oxidation results in acidification of the C-6 proton facilitating easy elimination of

inorganic phosphate and formation of the enol ether intermediate B. Reduction of the
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ketone at C-5 by enzyme-bound NADH results in intermediate C and regeneration of
NAD, thereby completing the redox cycle. Ring opening of intermediate C results in
unmasking of the C-2 carbonyl in intermediate D, setting it up for an intramolecular aldol
condensation to afford DHQ.

Enzymes utilizing NAD as a co-factor in their catalytic cycle normally use it
stoichiometrically in the form of a co-substrate. The enzyme binds to the co-factor,
catalyzes the oxidation of substrate with concomitant reduction of NAD, and finally
releases the product and NAD. DHQ synthase on the other hand utilizes NAD
catalytically implying that the initial reduction of enzyme-bound NAD is always coupled
to oxidation of the NADH back to NAD during a single turnover. The NAD always stays
bound to the enzyme during its lifetime and the overall enzyme catalyzed transformation
is redox neutral. DHQ synthase binds to 1 equivalent of NAD with an apparent K, of
80 nM, the low value reflecting the efficiency of binding.*® DHQ synthase is a

20a  Atomic

metalloenzyme requiring either Zn** or Co* for its catalytic activity.
absorption analysis demonstrated that the enzyme requires one divalent metal cation per
monomer for activity.®

Evidence for the mechanism (Figure 3) came from several observations : (1)
isotope exchange experiments’® proved that the C-6 proton was lost to the medium
during turnover; (2) kinetic isotope effects’®* were observed at the C-5 and C-6
positions, indicating that NAD oxidation of C-5 and elimination of phosphate at C-6 were
rate limiting; (3) NAD was indispensable for maintaining stability and activity of the

enzyme;'”®¢ (4) a trapping experiment® with tritiated sodium borohydride gave results

consistent with formation of a keto group at the C-5 position.
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Earlier mechanistic studies led to some suspicion to fall on the role that DHQ
synthase played in catalyzing some of the steps in the conversion, especially the

phosphate elimination?'*"*

and the ring opening followed by intramolecular aldol
condensation.”® Several results suggested that the phosphate monoester catalyzed its
own elimination with the enzyme being a mere spectator. Certain experiments also
indicated that DHQ synthase only served as a template to control the stereochemistry of
the last two steps, but not to catalyze them. It was therefore considered more appropriate

® However, results were also

to regard DHQ synthase as a simple oxidoreductase.?'
obtained consistent with theories contradictory to those stated above.”

All controversies were put to rest with the elucidation of the crystal structure of
DHQ synthase from Aspergillus nidulans.” A close analysis of the interactions between
the active site residues and the substrate analogue carbaphosphonate, served to resolve
the role that DHQ synthase played in every step of the catalysis. For example, the
absence of basic residues in the vicinity of the C-6 confirmed that the phosphate group
did indeed catalyze its own elimination. However, the enzyme provided a phosphate
binding pocket to orient the phosphate group in a position suitable for abstraction of the
C-6 proton. Interactions between the carboxylate group and active side residues locked
the C-2 conformation so as to prevent epimerization during the final two steps in the

mechanism. Hence, the labeling of DHQ synthase as an oxidoreductase would be quite

erroneous given its active involvement in every step of the transformation.
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Biocatalytic Synthesis of Value-Added Chemicals

The search for cleaner, safer, and cheaper chemical processes is a never ending
saga. Current chemical production protocols rely on abiotic catalysts and on starting
materials derived mostly from petroleum. For instance aromatics are predominantly
obtained from the benzene, toluene, xylene (BTX) fraction of petroleum refining.
Besides the environmental issue, the cost of isolating these components from a non-
renewable feedstock is important to consider. The non-renewability of petroleum
feedstock may not be a concern to the current generation or the many more to follow.
Abundant stocks of petroleum exist to justify our being indifferent to its use at the
current, alarmingly high rate. But we owe it to the future to start probing for alternatives.
Chemical processes typically involve use of toxic, corrosive, and carcinogenic materials
at high temperatures and/ or pressures. By-products typically find no other use and
constitute a waste hazard, the disposal of which has enormous monetary and
environmental ramifications.

The use of biocatalysis has the potential to usher in a new age of environmentally
friendly, industrial scale processes, capable of producing a wide spectrum of chemicals,
including aromatics at a reasonable cost. Biocatalysis relies on the use of renewable,
cheap and non-toxic carbohydrate resources. Reactions are typically run in water instead
of organic solvents at near-ambient temperatures and atmospheric pressures. Waste
streams are generally benign and easily degraded. Biocatalytic processes initially had to
contend with problems of low product yields/ titers, paucity in terms of accessible
molecules and inconvenient reaction times and volumes. Most of these problems can

now be addressed with the advent of improved molecular biology and fermentation

-10-
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techniques as well as a better understanding of cellular mechanisms. The remainder of

this section will discuss biocatalytic routes to several industrially relevant chemicals and

how they compare to their chemical counterparts.

Acrylamide

Acrylamide is one the most important commodity chemicals widely used as
starting material in the polymerization industry. Worldwide production of acrylamide
currently stands at 200 x 10° kg.* Polymers derived from acrylamide find applications as
flocculants, stock additives, and in petroleum recovery. Conventional synthesis of
acrylamide involves hydration of acrylonitrile using copper salts as catalyst (Figure 4).*
Problems associated with this process include difficulty in preparing, recycling, and
regenerating the catalyst. There is also the danger of polymerization or complete
hydrolysis occurring during the reaction because of the heating, which complicates the

separation and purification of acrylamide. Industry has now switched to a biocatalytic

transformation of acrylonitrile to acrylamide.”

2
= Cu'? H0,8 4\n,NH2

(0]
Pseud
/_ C=N 'seudormonas . ~ NH,
/ chiororaphis B23 3
acrylonitrile acrylamide

Figure 4. Comparison of chemical and biocatalytic routes to acrylamide.

The strain Pseudomonas chlororaphis B23 was isolated from soil as an

isobutyronitrile-utilizing bacterium. Under optimized fermentor conditions at 10 °C

-11-
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using methacrylate as an inducer, immobilized P. chlororaphis B23 converts acrylonitrile
quantitatively to acrylamide (Figure 4). There is no purification step, the reaction

conditions are very mild and the immobilized cells can be used repeatedly.

Lactic acid

Global lactic acid production is estimated to be more than 100 x 10® kg per year,
and approximately 75% of the lactic acid produced is used in the food industry as a
flavoring acid or baking agent and its glycerol ester is used as an emulsifier.”® More
recent uses for lactic acid have been driven by ecological interests and include production
of the non-chlorinated solvent ethyl lactate as well as the biodegradable plastic, polylactic
acid. Polylactic acid is a polymer whose properties are similar to those of polyolefins and
it could replace a significant portion of the polyethylene terephthalate-based polymers.?
Lactic acid can be synthesized chemically but such synthesis results in a mixture of D-
and L-isomers with only the L-form being commercially useful. The synthesis entails
acid hydrolysis of lactonitrile at 100 °C. Lactonitrile in turn is produced by the treatment
of acetaldehyde with hydrogen cyanide under basic conditions (Figure 5).7

Chemical synthesis of lactic acid has now been replaced in industry by
biocatalytic routes. For example, Rhizopus oryzae is a fungus widely used for
biocatalytic conversion of carbohydrates to L-lactic acid under aerobic conditions (Figure
5).2 The fermentations are very efficient and can result in yields higher that 90%

depending on the starting carbohydrate used.

-12-
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o} OH OH
100 °C
A, e L 2 L
H M CN H,SO, & CO.H
acetaldehyde lactonitrile D,L-lactic acid
H

‘OH ; HO, H
' Rhizopus ‘,
ek, XK

OH Oryzae CO-H

HO OH
D-glucose L-lactic acid

Figure 5. Comparison of chemical and biocatalytic synthesis of L-lactic acid.

Among amino acids, L-lysine commands a huge share of the market with annual
global sales of well over 200 x 10® kg.” Its primary use is as an additive in animal
feedstock. Aspartame is the highest selling food additive in the world.*® Both molecules
are prime examples of compounds previously produced by chemical processes, but now

being exclusively manufactured via biocatalytic fermentations (Figure 6).2°®

"0,C

L-lysine aspartame

Figure 6. Structures of L-lysine and aspartame.

The sequence of events leading to the crossover from chemical to biocatalytic

synthesis for either of the aforementioned compounds is very engaging in its own right.

But in the context of the subject of this thesis, it would now be pertinent to discuss how

-13-



the shikimate pathway can be manipulated to culminate in the production of industrially
relevant value-added chemicals.

The shikimate pathway has proven to be quite prolific in terms of its applicability
for biosynthesis of aromatic compounds. Low-cost fermentations have been developed
for production of phenylalanine and tryptophan.”’ Chemical and enzymatic routes exist

for conversion of the aromatic amino acids to various other value added chemicals

(Figure 7).
CO, CH0,C O
+
NH N)KENH:;
H ]
—_— CO2
—
L-phenylalanine aspartame
CO, - .
. o 0
NH,3
EnYaes
4
e
oL
OH I %
N °n
L-tyrosine melanin
(ofe 2y
Hy*
A\ —>
—_—
b
H
L-tryptophan indigo

Figure 7. Chemicals accessible from the aromatic amino acids.
Phenylalanine can be chemically or enzymatically converted to aspartame,’®

tyrosine can be converted to the mammalian pigment melanin,” which is widely used in
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hair dyes and in sun screens, while tryptophan can be utilized for the production of

indigo.”

Indigo

The biocatalytic synthesis of indigo provides an interesting example of how the
shikimate pathway can be interfaced with enzymes from other pathways/organisms.
Indigo, the dye that imparts the unique blue color to jeans, is a widely used vat dye with
annual worldwide production of approximately 1.3 x 10’ kg.** Current routes to indigo
production involve the use of either aniline or anthranilic acid as starting materials
(Figure 8).>* Not only are these compounds derived from non-renewable petroleum
feedstocks, but toxic waste (ammonia, cyanide compounds, formaldehyde, etc.) also
presents serious environmental concerns.

CI\/002H

@\ j o
NaNH
NH HCHO HCN N 2
2 n) Base Y \ : JOH

@E:Oz"' CIn_COH ‘:C OH {0: 0
A .
H, ';]AcozH indoxyl

H

aniline

anthranilic acid

OH
a|r oxidation
(CLY ===
N
[}
H

indoxyl mdtgo
Figure 8. Chemical synthesis of indigo.
A biocatalytic route from a renewable feedstock has now been developed for

indigo by overexpressing the tryptophanase and naphthalene dioxygenase enzymes in a

-15-



tryptophan-synthesizing microbe (Figure 9).>> Whether this process will replace current
methods of indigo synthesis remains to be seen, but it highlights the attractive alternatives

that biocatalysis can provide to chemical synthesis.

HO OH

H
D-glucose L-tryptophan
@S‘O _air oxidation __
dloxygenase
c:s-lndole-2,3-
dihydrodiol

Figure 9. Biocatalytic synthesis of indigo from D-glucose.

Vanillin

As a food flavor, vanillin is second only to aspartame in terms of annual sales.**
About 12 x 10° kg of vanillin are produced annually throughout the world.*® Synthetic
vanillin can either be obtained from waste sulfite lye in wood pulping operations or from
catechol (Figure 10).** Both methods are fraught with huge amounts of toxic waste

streams and use of toxic, carcinogenic materials.
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P
(CH30),S0, O
— i 2, —_—

OH OH
catechol guaiacol
HO._ _CO,H Os_CO,H O~_H
+
Hy
CH50 cnao CH,;0
OH OH
mandelic acid 4-hydroxy-3-methox vanillin

phenyl glyoxylic aci

Figure 10. Chemical production of vanillin from catechol.

CO,H COzH
AroZi
0~ Y 'OH OH
OH OH
D-glucose DHS PCA
O~ _H
CO,H
aryl-aldehyde
COMT dehydrogenase
OCH OCH
SA ’ AMP PPl on
vamllnc NADPH  NADP* vanillin
acid

Figure 11. Biocatalytic synthesis of vanillin from D-glucose.

Recently a synthesis of vanillin from glucose has been elaborated by using a

recombinant E. coli strain (Figure 11).” The conversion was accomplished by synthesis
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of DHS from glucose via the common pathway followed by conversion of DHS to
vanillic acid by the action of aroZ encoded DHS dehydratase and catechol-O-methyl
transferase (COMT). The final step involved in vitro reduction of vanillic acid to vanillin
by aryl-aldehyde dehydrogenase which was isolated from Neurospora crassa. Even
though this process afforded less than 5 g/L of vanillin, it is definitely a giant step

towards large-scale environmentally-benign manufacture of vanillin.

p-hydroxybenzoic acid (PHB).

The use of PHB in liquid crystal polymers such as Zydar is well documented.*®
These materials find applications in high performance instruments. Esters of PHB are
also used as food preservatives.”® Currently, PHB is synthesized via the Kolbe-Schmidt
reaction involving treatment of potassium phenoxide with 20 atm dry CO, at 180-250 °C
(Figure 12). Neutralization of the potassium salt with a mineral acid affords PHB.
Problems associated with this process range from the high temperature and pressures, to
the use of phenol which is a toxic, corrosive chemical obtained from non-renewable
Petroleum feedstock.

An E. coli strain has been developed incorporating the ubicC gene encoding for
Chorismate-pyruvate lyase (Figure 12). This enzyme catalyzes the conversion of
Chorismate directly to PHB.* The biocatalyst consisted of plasmid-localized aroA, aroL,
QroB, and aroC along with genome-localized tktA, aroF™®, and ubicC The carbon flow
Into the common pathway was thus optimized leading to increased chorismic acid
Production which was subsequently processed by chorismate-pyruvate lya-se. Genes

encoding other chorismate-utilizing enzymes were mutationally inactivated. This
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resulted in production of 12 g/L. of PHB from glucose.* Shikimic acid can also be
converted to PHB by acid catalyzed dehydration.” This chemical conversion can be very
profitable provided a cheap, reliable source of shikimic acid can be found, which is the
focus of Chapter 4 in this thesis.

20 atm 002
180-250 °C
CO,H
UbIC
potassuum potassuum
phenoxide p-hydroxybenzoate JL
. Y~ Y0~ "CO,H
H H
OH

CO,H /y chorismic acid

Fig. 1
|l
Y HO" Y “oH
HO OH OH
D-glucose SA

Figure 12, Comparison of the chemical and microbial synthesis of PHB from phenol

and D-glucose respectively.

p-aminobenzoic acid (PABA)

The synthesis of PABA is a process that has to deal with health, safety, and waste
problems in every step (Figure 13).*" Nitration of toluene gives a mixture of compounds
out of which p-nitrotoluene is separated out. Chromic or nitric acid oxidation of the
methyl group to a carboxylate functionality followed by iron catalyzed reduction of the

nitro group results in PABA.
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CHy CH, CO.H

© HNO,, H,SO, HNO; o
—_— e
30-45 °C H,Cro,
.

N02 N02 Fe' H 002H
toluene p-nitrotoluene p-nitrobenzoic
acid
H
o CO, _ CO.H B abC >
N Flg 1 /u\ PabB @\ JL PABA
v OH 0~ "COH " Y0” “cOoH

HO OH OH NH,
D-glucose chorismic acid ADC

Figure 13. Comparison of chemical and microbial catalyzed synthesis of PABA.

Chorismic acid can be converted to (PABA) via initial formation of 4-amino 4-
deoxychorismic acid (ADC) followed by elimination of pyruvic acid (Figure 13).” ADC
synthase is made up of two subunits encoded by the pabA and pabB loci, while ADC
lyase is encoded by pabC. All three genes have been cloned and sequenced from E. coli
and it will be only a matter of time when a PABA producing biocatalyst is successfully
designed. PABA is an ingredient in UV-blocking formulations and its ester is the local

anaesthetic benzocaine.*'

Quinic acid (QA), Hydroquinone, and Benzoquinone

A by-product of the shikimate pathway arising out of reduction of DHQ by
shikimate dehydrogenase is QA,** which is a very useful molecule and finds applications
in a number of synthetic schemes.***?'>?* It is currently isolated from the bark of the

cinchona plant. The Frost group has successfully designed an E. coli biocatalyst capable
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of producing up to 60 g/L QA (Figure 14).* This was achieved by overexpression of
shikimate dehydrogenase and feedback insensitive DAHP synthase in an E. coli strain

lacking DHQ dehydratase.

HO (:)H
D-glucose DHQ QA

Figure 14. Microbial synthesis of QA.

The largest potential application of QA is in the production of hydroquinone and
benzoquinone, both of which are currently synthesized from benzene.” Annual global
production scales for hydroquinone currently stand at 4.0 x 107 kg.* It is widely used as
a photographic developer. Benzoquinone is used as an organic building block.**

“*< involves zeolite catalyzed Friedel-Craft alkylation of

Synthesis of hydroquinone
benzene to p-diisopropyl benzene (Figure 15). Air oxidation of this dialkylated benzene
derivative under strong caustic conditions at 90-100 °C along with cobalt or copper salts
results in hydroquinone. The air oxidation proceeds Yia peroxide chemistry, the
explosive nature of which cannot be understated. On the other hand, benzoquinone is
mal;ufactured by oxidation of aniline with MnO, under acidic conditions.**** Reduction
of benzoquinone over iron also affords hydroquinone.

QA produced in fermentations can be easily converted to hydroquinone in
excellent yields by the action of industrial bleach (Figure 15). The fermentation culture

supernatant is treated to remove protein and cations, acidified and stirred at room

temperature for 3 h with bleach. The bleach was neutralized with isopropanol and the
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resulting solution refluxed for approximately 8 h giving clean hydroquinone. This
reaction sequence represents a process which can be easily manipulated to meet industrial

requirements in terms of yield, purity and waste.

NH,
Mn02 o
H,80, ¢
aniline benzoquinone .
HO, .CO,H
NN ii ol
OH OH hydroqumone
QA
0,
A NaOH
benzene p-diisopropyl

benzene

Figure 15. Various synthetic routes to hydroquinone.

Dehydroshikimic acid (DHS)

The shikimate pathway intermediate that has found the most number of
applications to date is DHS.”® The antioxidant properties of DHS are well known. In
fact, DHS is as good as if not a better antioxidant than many commercially used
antioxidants® with the added advantage that DHS can be produced at an industrially
economical scale from glucose. The Frost group has successfully developed an E. coli
strain capable of producing up to 88 g/L DHS in a fed-batch fermentor (Figure 16).”

This strain was constructed by inactivation of genomic aroE encoding for shikimate
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dehydrogenase and overexpression of aroF™*, tktA, and pps. Perhaps more important
than the properties of DHS itself is its conversion, chemically and biocatalytically, to

industrially relevant chemicals (Figure 16).

HoN _N.__NH,

|~ CO,H
-N
<« >
HO OH HO/@OH
CH;0 OCHj,4 OH OH
OCH,4 gallic acid pyrogallol

trimethoprim T l
CO,H
COzH 2 O
o, oY~ e

0” Y "OH OH )Vo
OH OH

bendiocarb
DHS PCA
NH;" l l
CO, CHO
- e
HO HO OCH,
OH OH OH
L-dopa catechol vanillin
H
Hozc/\/\/COZ
adipic acid

o H
IR

nylon 6,6

Figure 16. The various synthetic applications of DHS.
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Gallic acid
Gallic acid is a trihydroxy aromatic compound isolated from gall nuts and tara
powder.” Thermal decarboxylation of gallic acid in copper autoclaves yields

1.51

pyrogallol.”” Both compounds are used as building blocks to provide the trihydroxylated
aromatic ring of biologically active molecules like the antibiotic trimethoprim, the muscle
relaxant gallamine triethiodide and the insecticide bendiocarb (Figure 16).”' Pyrogallol
also finds applications in photographic developing solutions.”> DHS can be chemically as
well as biochemically converted to gallic acid (Figure 17).** DHS dehydratase,
encoded by the aroZ locus and isolated from Klebsiella pneumoniae, catalyzes the
dehydration of DHS to protocatechuic acid (PCA). A mutant isozyme of p-
hydroxybenzoate hydroxylase, encoded by pobA*, has been obtained from Pseudomonas
aeruginosa which is capable of hydroxylating PCA to form gallic acid.* Expression of
aroZ and pobA* in a DHS-synthesizing microbe resulted in production of 20 g/L gallic

acid from glucose.> DHS can also be chemically transformed to gallic acid via copper

catalyzed oxidation in the presence of zinc (Figure 17).%

HO OH OH OH

D-glucose DHS PCA
cu®?, Zn*;\ )/PobA'
CO,H
AroY
HO OH HO OH
OH OH
gallic acid pyrogallol

Figure 17. Conversion of D-glucose to gallic acid and pyrogallol.
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Gallic acid can be decarboxylated to pyrogallol by aroY-encoded PCA
decarboxylase from K. pneumoniae.® However, the decarboxylation of gallic acid is
slower than that of PCA. Hence aroY cannot be overexpressed in a gallic acid producing
microbe because PCA occurring as an intermediate between DHS and gallic acid would
be converted to catechol.”**® The problem was resolved by adding gallic acid to a
fermentor containing an E. coli strain overexpressing only aroY, resulting in a 97% yield
of pyrogallol from gallic acid.”> Thus, even though the biocatalytic production of gallic
acid is still not a stage where it can be industrially viable, the outlook is promising.
Conversion of gallic acid to pyrogallol though, is already at a stage where it can compete

with chemical decarboxylation.

Catechol

Catechol is an example of a simple, dihydroxylated, aromatic molecule which
finds applications in a number of industrial chemical processes. The variety of chemical
products derived from catechol is staggering and includes pharmaceuticals (L-dopa,
adrenaline, papavarine), flavors (vanillin, eugenol, isoeugenol), agrochemicals
(carbofuran, propoxur), and polymerization inhibitors and antioxidants (4-tert-
butylcatechol, veratrol).”*" Currently, the primary source of catechol is via synthesis
from benzene (Figure 18).***" Friedel-Crafts alkylation of benzene affords cumene which
upon oxidation leads to formation of phenol and acetone. Subsequent treatment of the
phenol with 70% hydrogen peroxide in the presence of transition metal catalysts leads to
a mixture of catechol and hydroquinone. Catechol is purified away from hydroquinone

by distillation.
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As stated before, the enzyme PCA decarboxylase catalyzes the formation of
catechol from PCA at a rapid rate. This implies that in theory catechol can be
synthesized from glucose via DHS. Akin to gallic acid synthesis, an E. coli strain was

developed overexpressing aroZ and aroY to afford catechol via a biosynthetic route

(Figure 18).%
acetone
2, © hydroquinone
® Ho {
benzene cumene phenol ©
OH CO2 02H OH
OH Fig. 1 catechol
0] ' AroZ AroY
—_— I’O
Y "OH 0 Y
HO OH (')H
D-glucose DHS PCA

(a) propylene, solid H,PO, catalyst, 200-260 °C, 400-600 psi. (b) O,, 80-130 °C; SO,
60-100 °C. (c) 70% H,0,, EDTA, Fe** or Co*, 70-80 °C.

Figure 18. Comparison of chemical and biocatalytic routes to catechol.

Adipic acid

Adipic acid makes up one of the 6-carbon units in nylon-6,6. Its annual global
demand is about 1.9 x 10° kg.®® Adipic acid is currently synthesized via a route
involving nitric acid oxidation of a cyclohexanol/ cyclohexanone mixture (Figure 19).*
The by-product of this step is nitrous oxide which has been identified as one of the main

culprits in depletion of the ozone layer and global warming.” This synthetic route in fact

accounts for 10% of the annual increase in atmospheric nitrous oxide levels. An
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environmentally benign biocatalytic synthesis of adipic acid is really called for under
such a situation.

Adipic acid may at first glance have nothing in common to catechol, and hence it
might be difficult to fathom a biocatalytic route leading from one to the other. But
catechol can be biocatalytically transformed to cis,cis-muconic acid by the action of

56a

catA-encoded catechol 1,2-dioxygenase (Figure 19). The catA gene was isolated from

Acinetobacter calcoaceticus.® Catalytic hydrogenation of cis,cis-muconic acid using
10% Pt on carbon under 50 psi hydrogen pressure and room temperature results in adipic
acid. This would therefore classify as a synthesis of adipic acid from glucose via DHS.

OH 0O

Q=00

C
benzene cyclohexane cyclo- cyclo- X

hexanol hexanone
H OZC/WcozH

adipic acid
H

Hay
© Hig';! _CatA_ /:\_/002H
HO,C —

~" “OH HO
HO OH OH

D-glucose catechol cis,cis-muconic acid

(a) Ni-ALO,, H,, 370-800 psi, 150-250 °C. (b) Co, O,, 120-140 psi, 150-160 °C. (c) Cu,
NH,VO,, 60% HNO,, 60-80 °C.

Figure 19. Chemical and microbial synthetic routes to adipic acid.

These examples prove the versatility of the shikimate pathway in providing safe,
eco-friendly, alternative routes for chemicals currently made via hazardous processes.

The successful application of genes and enzymes from other pathways and organisms in
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conjunction with the E. coli shikimate pathway opens the gateway to an entire gamut of
compounds. As science heads into the 21* century, and with the chemical industry
coming to terms with its role in protecting the environment, the potential for biocatalysis

to make an impact is, dare we say, without any boundaries.

Metabolic Engineering of Escherichia coli for Optimization of

Product Titer and Yield

For any process, be it chemical or biocatalytic, to be successfully applied in
industry, it has to fulfill certain criteria in terms of yield and titer. In order for a
biocatalyst to produce SA in quantities high enough to justify its use on an industrial
scale, it is necessary to improve carbon flow into the common pathway.*' A considerable
amount of research has been expended towards this end. The primary target for
improving carbon flow into any pathway is the first enzyme of the pathway, in this case,
DAHP synthase. The rate of aromatic amino acid biosynthesis is modulated by the
catalytic activity of DAHP synthase. DAHP synthase exists as three isozymes each of
which is sensitive to feedback inhibition by one of the three aromatic amino acids. The
genes aroF, aroG and aroH encode for the tyrosine-sensitive, phenylalanine-sensitive,
and tryptophan-sensitive isozymes respectively. The regulation of the three isozymes is
achieved via feedback inhibition, genetic expression levels and availability of their
substrates E4P and PEP.

Overexpression of DAHP synthase can be realized by introduction of a mutation
into the locus encoding the aporepressor (TyrR) for aroF transcription. In lieu of TyrR,

transcription of aroF is derepressed and the number of molecules of AroF increases.®
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Replacing the native promoter (P,,,r) of aroF with a strong promoter like a P, can also
give the same result. The TyrR repressor protein does not influence binding of RNA
polymerase to the P,  promoter resulting in a higher degree of transcription.
Amplification of DAHP synthase activity can also be accomplished by localization of the
aroF gene on a multi-copy plasmid. However, the in vivo activity of DAHP synthase
cannot be increased beyond a certain point irrespective of the level of gene amplification.
This is because of the powerful role played by feedback inhibition in the regulation of
DAHP synthase activity.® Feedback insensitive mutants of all three isozymes of DAHP
synthase have been isolated.®**% Application of any of the gene amplification
techniques to a feedback insensitive version of DAHP synthase can now result in
improved in vivo catalytic activity.

Ultimately, DAHP synthase catalytic activity attains a point where further
ampliﬁcation. of feedback resistant DAHP synthase has no incremental effect on the
synthesis of aromatic amino acids or their precursors. Attempts were then made to
increase availability of the substrates required by DAHP synthase namely, PEP and E4P.
Several cellular processes and enzymes compete with DAHP synthase for available PEP.
Chief among them are pyruvate kinase, PEP carboxylase and the PEP-dependent native
carbohydrate uptake system, the phosphoenolpyruvate-carbohydrate phosphotransferase
(PTS) system. Mutational inactivation of pyruvate kinase® and PEP carboxylase®'**’
however did not give any significant improvement in aromatic amino biosynthesis.

The focus was then placed on in vivo concentrations of E4P. In 1990, Frost and
Co-workers reported that availability of E4P was an important factor limiting DAHP

Synthase activity when glucose was used as the carbon source.®** Levels of E4P were
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reported to be low even in the absence of amplified DAHP synthase activity.” A reason
for this could be its rapid dimerization, trimerization, and polymerization in solution.”
Transformation of these polymeric forms back to monomeric E4P is quite slow.
Conditions disfavoring the monomeric E4P form include low temperature, basic pH, and
high concentration. By matching the rate of E4P production with E4P utilization, the cell
maintains a low concentration of E4, ensuring its stability as a monomer. This strategy
however meant that steady state concentrations of E4P were insufficient to satisfy
requirements of an amplified DAHP synthase activity level. Analysis of processes
involving E4P as a substrate or a product led to the pentose phosphate pathway and the
enzyme transketolase encoded by the tktA gene (Figure 20). The transketolase enzyme
catalyzed formation of E4P from the coupling of D-fructose 6-phosphate with either D-
glyceraldehyde 3-phosphate or D-ribose 5-phosphate. Formation of E4P was also found
to be catalyzed by a second enzyme, transaldolase. This enzyme however utilized D-
sedoheptulose 7-phosphate, which was generated as a by-product during the transketolase
catalyzed formation of E4P. Amplification of transketolase expression levels resulted in
increased channeling of E4P into the common pathway.® Coupling tktA overexpression
with that of aroG™ in an E. coli aroB strain led to increased 3-deoxy D-arabino
heptulosonic acid (DAH) accumulation relative to that observed when only aroG™" was
amplified.®® Accumulation of DAH can be considered as a measure of carbon flow into

the common pathway. Formation of DAH results from dephosphorylation of DAHP, the

substrate of DHQ synthase which is the enzyme mutationally inactivated in E. coli aroB.
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H,0PO0 OH O H,0,P0 O H,0,PO OH H,0,P0  OH OH
W\ . G, DA _ . _
OH OH OH OH OH O OH O
D-fructose 6-phosphate D-glyceraldedyde D-xylulose
-phosphate 5-phosphate
H,O0PO OH O HZO;,PO OH O H,0,PO  OH H,0,PO0 OH OH OH
&H OH OH SH OH 6H O OH OH O r"
D-fructose 6-phosphate D-ribose 5-phosphate D-sedoheptulose
7-phosphate
H,0PO OH OH OH H,0,PO O H,0,PO OH H,0,PO OH O
A - O, 2 | T L T U ~
< s + Y H v + v 5
OH OH O OH 6H O OH OH OH ]
D-sedoheptulose D- glyceraldedyde D-fructose 6-phosphate
7-phosphate -phosphate D-erythrose

4-phosphate

Figure 20. Reactions catalyzed by transketolase (TktA) and transaldolase (TalB).

With the problem of E4P availability no longer being a factor, Liao and co-
workers re-examined the role of PEP availability in increasing aromatic biosynthesis.*'**
The shikimate pathway and glucose uptake compete for the same intracellular levels of
PEP. Glucose uptake in E. coli is mediated by the PTS transport system (Figure 21),
which is responsible for the transport and phosphorylation of a large number of

carbohydrates, movement of cells towards these carbon sources (chemotaxis), and in the

regulation of a number of metabolic pathways.”'
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glucose 6-phosphate

@8 ®—+pr G
X X X X C -
pyruvate

cytoplasm periplasm

Figure 21. The PTS-system for glucose uptake.
Genetic loci are as follows: ptsl, Enzyme I (El); ptsH, Histidine protein (HPr); crr,
glucose specific Enzyme IIA (IIA®°); ptsG, Enzyme B and C (EB and C).

The phosphate group is transferred to the glucose via obligatory phospho-
intermediates of proteins EI, HPr, IIA%*, EB and C. The ptsI-encoded EI and ptsH-
encoded HPr proteins are soluble cytoplasmic proteins that participate in phosphorylation
of all PTS carbohydrates. Protein IIA®“ is a soluble enzyme specific for glucose and is
encoded by the crr locus. The two membrane bound proteins EB and C, also designated
as IICB®", comprise the ptsG-encoded II¥ domain which is specific for glucose. The
PTS-system relies on phosphoryl group transfer from PEP to initiate the cascade of
events leading to glucose uptake (Figure 21).”' The pyruvic acid by product is then used
for sustaining cell growth. As a result three carbon atoms are lost for every six carbons
imported by the cell (Figure 22). One strategy to nullify the competition between the
shikimate pathway and the PTS-system for glucose, is to overexpress PEP synthase. The
enzyme PEP synthase, encoded by the pps locus, catalyzes the phosphorylation of
pyruvate in the presence of ATP, resulting in PEP, AMP, and inorganic phosphate

(Figure 23).
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/7N

OPO,H, )OL
COH Co,H —> CO,
PEP pyruvate

OH pts .
H,0,PO OH

D-glucose 6-phosphate

HO O&H

D-glucose

periplasm cytoplasm

Figure 22. Phosphorylation of D-glucose during its uptake.

Overexpression of PEP synthase will hence enable PTS-generated pyruvate to be
converted back to PEP. However, no improvement in carbon flow into the shikimate
pathway was detected in E. coli aroB with amplified expression of pps and aroG™®. The
benefits of enhanced PEP availability was realized only when pps and aroG™
overexpression was coupled to that of tktA. The result was a twofold improvement in
carbon flow as measured by the yield of DAH produced by E. coli aroB.5'** These
observations indicate that E4P is the first limiting metabolite in aromatic amino acid
biosynthesis. Once this limitation is removed, the full benefits of increased PEP
availability are realized. Amplified expression of transaldolase also relieves E4P
limitation in the presence of amplified PEP synthase, but no further improvements in
aromatic amino acid biosynthesis are observed relative to when transketolase is

overexpressed.”
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—_— _
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pyruvate PEP
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HOH 0
HO-P-O
&
inorganic
phosphate

Figure 23. Reaction catalyzed by PEP synthase.

Alleviation of PEP deficiency by overexpression of PEP synthase can be
problematic. PEP synthase is reported to be a heavily regulated enzyme and its amplified
expression is known to be detrimental to the health of the microbe.® A better alternative
is to channel the glucose into the cell via a mechanism which is not dependent on PEP.
An uptake system fulfilling this criteria is facilitated diffusion (Figure 24). Zymomonas
mobilis is known to transport glucose by a facilitated diffusion process which is a low-
affinity, high-velocity, non-energy dependent system.” A large amount of interest in this
area has resulted in the cloning and sequencing of a putative glucose transporter gene
(glf).”* The deduced amino acid sequence of the glf gene product is closely related to a
large family of glucose transporters.” Most importantly, expression of the Z. mobilis glf
and glucose kinase (glk) genes was able to provide for glucose transport capability in E.

coli strains lacking a native PTS system.”*
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OH
+OH
carbohydrate
phosphotransferase
system H OH
HO OH
D-glucose
facilitated
glucose
diffusion

/&

OPO,H,
CO,H

PEP

periplasm

o
/u‘cozH —> CO,
pyruvate

OH

H,0,PO OH
D-glucose 6-phosphate
ADP

glk

cytoplasm

Figure 24. Comparison of the PTS and facilitated diffusion systems for glucose

uptake.

The initial results concerning DAHP synthase, transketolase and PEP synthase

were obtained under shake-flask conditions. Evaluation of the impact of aroF™® and tktA

amplification have now been performed and confirmed under fed-batch fermentor

conditions.**” Results reported in this thesis for SA synthesis have all been obtained

under fed-batch fermentor conditions.

This is an important consideration because

contrary to results from fed-batch fermentations, calculated yields from shake-flask
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cultivations do not really reflect the percent conversion of glucose to product. It is also
important to consider that under shake-flask conditions, it is not easy to maintain constant
glucose, oxygen, and pH levels which is not the case where fed-batch fermentations are

concerned.
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CHAPTER 2

INHIBITION OF DHQ SYNTHASE VIA UTILIZATION
OF METAL-DIOL INTERACTIONS

Background

Inhibition studies on DHQ synthase have made significant contributions towards
better understanding the intricacies of this enzyme. It was considered inconceivable that
a single enzyme could catalyze an alcohol oxidation, phosphate elimination, carbonyl
reduction, and an intramolecular aldol condensation in a single turnover of substrate to
product. Initial results did support the mechanism outlined in Figure 3 resulting in DHQ
synthase being considered as a mechanistic marvel. However, conclusions from a
considerable body of work performed in the 1980’s and early 1990’s seemed to debunk
the theory of DHQ synthase being an extraordinarily diverse and efficient catalyst.! The
role of DHQ synthase in catalyzing the elimination of the phosphate and the
intramolecular aldol condensation came into scrutiny, and some studies even hinted at
labeling it as an oxidoreductase. The recently solved crystal structure of the active site of
DHQ synthase finally provided evidence that the enzyme was not a mere oxidoreductant,
but did indeed play a catalytic role in the conversion of DAHP to DHQ.”

The main focus of the work discussed in this chapter deals with studying the role
of the metal co-factor. DHQ synthase has been proven to contain one tightly bound
divalent metal cation per monomer by the following observations:*® (i) upon treatment
with EDTA, the enzyme loses activity and gives rise to a stable but non-functional

apoenzyme; (ii) reconstitution of the apoenzyme with a divalent metal cation restored
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activity back to the enzyme, the level of activity restored depending on the identity of the
cation; (iii) EDTA does not cause inactivation in the presence of DAHP, indicating that
the metal is less accessible when substrate is bound to the active site; (iii) the rate of
NAD?* dissociation varies with the metal ion. Whether the native metal is a Zn*? or a Co*
has been debated in the past. The Co** form of DHQ synthase from E. coli has been
reported to be significantly more stable and active than its Zn*? counterpart.”® The Zn*?
form of DHQ synthase has in the past been prepared from the Co*? form by first stripping
the active site of its Co*? and then reconstituting the apoenzyme with Zn*2. DHQ
synthase retained some catalytic activity upon reconstitution with Zn*? but had a short
half life of approximately 30 min, making kinetic studies difficult. This led to the notion
that DHQ synthase existed as a Co*? enzyme in nature.”®

This however did not seem very likely given the availability of Zn*? in biological
systems.” It is second in abundance only to iron among the transition metals found in
nature and has been found to be an integral component of more than 300 enzymes in
different species.” There are several reasons why Zn*? makes an ideal candidate for a
metal co-factor, especially for DHQ synthase.” It has a completely filled d- shell with 10
electrons resulting in no ligand field stabilization energy when coordinated by ligands in
any geometry. Zinc is inert to oxidoreduction especially in the divalent state and does not
generate reactive radicals. The lack of redox activity allows Zn*? to remain stable in
biological systems whose potential is in a constant flux. Properties like its flexible
coordination geometry, fast ligand exchange and intermediate hard-soft character makes
it suitable for use as a co-factor. The multiplicity of coordination numbers and

geometries as well as stereochemical adaptability denotes that Zn*? submits readily to the
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demands of its ligands. The ability to exchange ligands at a fast rate is essential for an
active site co-factor to be able to bind and activate substrate followed by rapid release of
product. The Lewis acidity of Zn*? enables it to polarize carbonyl groups and promote
ionization of water molecules at physiological pH. It is known to interact very well with
a variety of amino acid residues including histidine, glutamate, aspartate and cysteine. It
is the combination of these factors that makes Zn*? so attractive.

Elucidation of the crystal structure” of DHQ synthase from A. nidulans proved
beyond doubt that the enzyme existed as a Zn*? enzyme in vivo (Figure 25). The C-
terminal domain of the enzyme contains the Zn*? binding site and many of the residues
involved in catalysis and substrate binding. The penta-coordinate Zn*? ion interacts with
three ligands from the protein, Glu'®’, His*’' and His®*' as well as the C-4, C-5 hydroxyl
groups of the substrate analogue inhibitor carbaphosphonate. The positioning of Zn*? in
the active site allows speculation about the role that it might be playing during the
enzyme catalysis (Figure 26). For example, given its polarizable nature, Zn*? can
facilitate oxidation of C-5 hydroxy group in DAHP and reduction of the C-5 carbonyl
group in intermediate B. At the same time, it serves to immobilize the C-4, C-5 edge of
intermediate D during the intramolecular aldol condensation. This chelation will allow
rotation in intermediate E only about the C-5, C-6 carbon-carbon bond but immobilizes
the C-4, C-5 bond. The stereochemistry of the intramolecular aldol condensation may

thus be controlled.
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Figure 25. Active site of DHQ synthase.
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Figure 26. Interactions postulated to occur at the active site of DHQ synthase.

Rationale Behind Inhibitor Design

This study attempts to investigate the inhibition of DHQ synthase based on simple
cis-vicinal diol complexation to a metal co-factor. Past inhibition studies with DHQ
synthase have always been performed with the Co™ enzyme due to practical
considerations. The Frost group has now successfully purified E. coli DHQ synthase in a
very stable Zn*2 form by simply replacing Co* in the purification buffers with Zn*2. The
similarity of k_, and K, for the Co*? and Zn*? enzymes suggests that no major changes in
the nature of mechanism of catalysis occur when one metal is substituted with the
other.”® However, that doesnt mean that subtle differences in active site interactions for
the two metals do not exist. It has been proven that NAD" dissociates slower from the
Zn** enzyme by a factor of about 10. Also, the presence of excess Zn*? in the assay

buffer leads to decreased rates showing mixed-type inhibition kinetics. This seems to

-41 -




con:
DHQ)
subat
In*

metal

Was
metal
SUeCe
achive
enz§y
COm;
des; !
ngly

Stk

Figu



suggest that the Zn** may be binding to a second lower affinity inhibitory site. The same
effect is not seen with Co*2.>* It would therefore be quite interesting to investigate the
role that metal co-factors played in binding of inhibitors to the enzyme and whether one
form of the enzyme was more susceptible to inhibition over the other.

While designing potential inhibitors of DHQ synthase, two factors were taken into
consideration; the crystal structure of DHQ synthase and the structures of the most potent
DHQ synthase inhibitors. The crystal structure of DHQ synthase was resolved using the
substrate analogue inhibitor carbaphosphonate. The crystal structure indicated that the
Zn* is tightly nestled with the C-4 and C-5 hydroxyl groups of carbaphosphonate with a
metal to oxygen distance of 2.3 A and 2.2 A respectively (Figure 25). This interaction
was utilized in the designing of new DHQ synthase inhibitors. Inhibition of Zn*?
metalloenzymes by utilization of functionalities capable of Zn*?* complexation has been
successfully achieved. For example, captopril, with its thiol group complexing to the
active site Zn*? in a monodentate fashion is a potent inhibitor of angiotensin converting
enzyme (ACE).® Substrate based alcohol inhibitors of ACE such as 1 employ bidentate
complexation of the hydroxyl and the amino group to the Zn*? (Figure 27).* Of course,
design of these inhibitors also takes into account other active site interactions but
inclusion of Zn*? complexation is of equal importance. Hence inhibition of DHQ

synthase via inhibitors designed to bind to the metal co-factor is a viable option.

”SV‘Y'Q B::j;f:)\rr“?

O COH O COH
captopril 1

Figure 27. Inhibitors functioning via complexation of Zn**,
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