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L-pipecolic acid (L-PA) is the higher homolog of proline. It occurs naturally in
many organisms, including primates, as an intermediate in lysine degradation. The
pathway by which lysine is converted into L-pipecolic acid employs the enzyme Lpipecolate oxidase (L-PO), and appears to be tissue specific to the central nervous system
(CNS). The oxidation facilitated by L-PO is the rate limiting step of lysine degradation
in the CNS. For this reason, the mechanism of action for L-PO may be useful in the
development of neuromodulation. This thesis describes efforts to probe the mechanism
of action of L-PO through the synthesis of substrate analogs as alternate substrates and
inhibitors of L-PO.
Analogs that contain heteroatoms and other functionalities at key positions have
been synthesized and analyzed as both alternate substrates and inhibitors of L-PO. The
4,5-methanopipecolic acid has been shown to be an excellent substrate for L-PO. The 5keto analog was not a substrate or inhibitor of the enzyme. The 5-hydroxy and 5,5-
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difluoro analogs have been shown to be weak inhibitors of L-PO. 6S-methyl-L-pipecolic
acid (35) was shown to be a weak substrate and strong inhibitor while the enantiomeric
6R methyl-D-pipecolic acid (36) was neither a substrate nor inhibitor.
These results suggest flexibility within the binding pocket of L-pipecolate oxidase
toward analogs containing substituents at the 5-position. Additionally, these studies
demonstrate the potential to develop mechanism-based inhibitors that could be used to
control the rate of L-pipecolic acid consumption as well as the production of downstream
products.

A hallmark of peptide antibiotics are the varied and unique amino acids they
employ. Capreomycidine and enduracididine are two such examples found in the peptide
antibiotics muraymycin and enduracidin, respectively.

Both are cyclic amino acids

derived from arginine.
Muraymycin is produced by Streptomyces sp. 30471 and has been shown to be
active against a number of Gram-positive bacteria including Methicillin-resistant
Staphylococcus aureus (MRSA).

In an effort to further our understanding of this

antibiotic, efforts to isolate the muraymycin gene cluster have begun. A genomic library
has been constructed in the pCCFos1 Copy Control vector. Efforts to identify the genes
encoding for the enzyme involved in the conversion of L-arginine to capreomycidine are
described.
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Enduracidin is another peptide antibiotic which contains a cyclized form of
arginine, enduracididine. Enduracidin has potent activity against Gram-positive bacteria
including Methicillin-resistant Staphylococcus aureus. The enduracidin gene cluster has
been cloned and sequenced by Yin and Zabriskie . Efforts to express and characterized
the genes involve in the biosynthesis of enduracididine are described. Labeled feeding
studies were also employed to determine the precursor to enduracididine.
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C-γ-

hydroxyarginine was synthesized and β- and γ-hydroxyarginine were used in feeding
experiments to determine which, if either, would be incorporated into enduracidin.
Labeled enduracidin was isolated and characterized by LC-MS from feeding studies
using
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C-γ-hydroxyarginine, identifying γ-hydroxyarginine as a precursor to

enduracididine.
Additional studies were performed using 3-fluoro-L-tyrosine. The fluoro-tyrosine
was converted to 3-fluoro-4-hydroxyphenylglycine through a pathway utilized for
hydroxyphenylglycine biosynthesis. The 3-fluoro-4-hydroxyphenylglycine was found to
be incorporated into multiple positions within enduracidin by LC-MS.
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T/S

TMP/SMX

UDP

Uracil diphosphate

UV

Ultraviolet

VAN

Vancomycin

VRE

Vancomycin-resistant enterococci

WHO

World Health Organization
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FORWARD

MEDICINAL CHEMISTRY RESEARCH

During the 20th century, enormous progress was made in the field of medicine.
The past hundred years have seen the development of antibiotics, vaccines, cancer
chemotherapies, organ transplants, and improved diagnostic techniques. The average life
expectancy for Americans increased by nearly 30 years between 1900 and 2000.
However, the largest of these gains were made in the early part of the century, with only
an additional 1.5 years being added between 1990 and 2000.1
While many recent medical innovations have been made, a decline in major drug
advancements is apparent. While a large number of new drugs appear each year, many
are simply new formulations of existing drugs. The distinction between new drugs and
new formulations can be clarified by considering new drugs as new molecular entities.
New molecular entities (NMEs) are defined by the Food and Drug Administration (FDA)
as unique compounds that have not previously been approved by the FDA. Each year,
fewer and fewer NMEs are developed. In the continuation of an alarming trend, the
number of NMEs approved from 1993 to 2004 fell 38 percent.2 Moreover, FDA approval
of new antibacterial agents decreased 56% from 1983 to 2002.3 Only two new antifungal
agents have been approved since January 1998,4 and new anti-seizure medications have
seen similar declines.
The need for treatment of these disease states is increasing at a staggering pace.
Bacterial infections such as tuberculosis,5 pneumonia,6 and staph.7 are all on the rise

2
many of which are now drug-resistant.8 Viral infections that previously caused colds and
“stomach flu” now result in hospitalization or death,9 and the number of new epilepsy
cases increases by 200,000 each year.10, 11
Many factors are at play in the decline of new drug development including the
degree of difficulty posed by the complexity of many disease states. Moreover, there is a
fundamental conflict between drug development and the nature of disease. Medical
advances seek to alter the path nature has chosen for living organisms. Disease and aging
are natural forces which medicine has fought to overcome. Evolution is another powerful
adversary and perpetually blocks the advancements made in antibiotic research. Even as
one disease is cured, a new more threatening illness arises to take its place. Presumably,
science would outpace nature in the race of engineering versus evolution; however,
despite the early returns during the past century, it appears as though the slow and steady
pace of nature has closed the gap.
The need for continued research in medicinal chemistry is greater than ever and
yet funding for such programs is decreasing.12 While government funding in the sciences
is up, as a whole, the portion allocated to the National Institutes of Health (NIH), the
primary sponsor of medicinal chemistry research, is in decline.13, 14 In order to maintain
the advantage claimed by advances in the earlier part of this century, a stronger
commitment from the public and federal funding agencies is essential. Society cannot
afford to place second in a race of this magnitude. A greater emphasis must be placed on
the importance of drug development to perpetuate the rewards of medicinal chemistry
research.
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This thesis describes a small contribution to the advancement of drug
development in two areas. The first project focuses on the development and design of
inhibitors of an enzyme called L-pipecolate oxidase.

L-pipecolate oxidase is present

within the central nervous system and converts L-pipecolic acid to L-α-aminoadipate
(AAA).

L-α-aminoadipate is known to be involved in neurological signaling and

imbalances in AAA levels have been implicated in convulsive disorders. Inhibitors of
this enzyme may serve as potential lead compounds for the treatment of convulsive or
other neurological disorders. Chapters 1-3 describe the design, synthesis and assay
results, respectively, for inhibitors of L-pipecolate oxidase.
The second half of this thesis describes efforts in the area of antibiotic research.
Research involving the biosynthesis of the peptide antibiotics muraymycin and
enduracidin is discussed.

A common problem with many natural products, and

specifically muraymycin, is production quantity. As is routinely observed with natural
products, the producing organism provides very little of the desired compound.
Additionally, laboratory culture conditions often do not provide the necessary
environment for production of the compound of interest. In an effort to overcome
production difficulties, isolation of the gene cluster from the producing organism offers
the opportunity to investigate biosynthesis from heterologous expression of specific
genes and potentially the entire gene cluster.

Efforts to isolate the muraymycin

biosynthetic pathway are described in chapter five.
Many natural products that enter clinical and preclinical trials fail to achieve FDA
approval.

Frequently, shortcomings with regard to solubility, target specificity,

toxicology, and bioavailability limit the usefulness of otherwise promising drug
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candidates. The final project described in this thesis involves research in understanding
enduracidin biosynthesis.

Understanding the mechanism by which an antibiotic is

produced offers the opportunity to modify the characteristics of the natural product that
may prevent the lead compound from reaching its full potential. Additionally, key
components of the pharmacophore may be used in conjunction with other compounds to
produce hybrids with improved qualities. Our efforts to elucidate the biosynthesis of the
enduracididine residue from the enduracidin gene cluster and preparation of fluoroenduracidin analogs are described in chapters 6.

5
MECHANISTIC PROBES OF L-PIPECOLATE OXIDASE

CHAPTER 1

BACKGROUND AND INTRODUCTION

DISCOVERY OF L-PIPECOLIC ACID

L-Pipecolic acid (Figure 1.1) is known by a variety of names.

The IUPAC name

is 2-piperidinecarboxylic acid, (S).15 It is referred to in the literature as pipecolic acid (LPA) and as pipecolinic acid by several commercial sources. Furthermore, homoproline
and hexahydropicolinic acid are seen occasionally in the literature, but these names are
less common. The multitude of names given to identify pipecolic acid frequently leads to
an incomplete literature search and makes an exhaustive account of research in this area
arduous.
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Figure 1.1. Structure of L-pipecolic acid (L-PA).
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The numbering system for pipecolic acid designates nitrogen as the one-position
and the carbon α to the amine and carboxylate as position two. Numbering then follows
the ring to the final carbon labeled as position six in figure 1.1. This numbering scheme
will be used to designate the position of substituents in subsequent analogs.
Pipecolic acid was first isolated by partition chromatography as a constituent of
the non-protein nitrogen fractions of fresh green beans (Phaseolus vulgaris) by Zacharius
and coworkers.16 Multiple syntheses have been performed for pipecolic acid. The
earliest synthesis was by Ladenburg in 189117 followed by several methods involving the
reduction of picolinic acid18 or the 4,5-dehydro analog, baikiain, isolated from teak
wood.16 Since then, L-PA has been isolated from a multitude of leguminous plants
including beans, potato tubers, etc, with the highest concentrations of L-PA coming from
the seed portions of these plants.18
Grove and Henderson demonstrated that pipecolic acid was a key intermediate in
lysine metabolism in the rat.19 Particularly unique were the findings that pipecolic acid
was found to be an upstream precursor to lysine biosynthesis in the yeast Rhodotorula
glutinis20 as well as a downstream product of lysine degradation in mammals.21 The
degradative pathway that involves pipecolic acid is of particular interest medically since
this pathway appears to be impaired in patients with disorders of peroxisomal biogenesis,
such as Zellweger’s syndrome.22 Additionally, the downstream oxidation product, αaminoadipate (AAA) has been shown to have excitotoxic properties and inhibit the
production of the excitatory amino acid receptor antagonist, kynurenic acid.23
LYSINE BIOSYNTHESIS
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Lysine is synthesized in nature by two distinct pathways. While both pathways
have similar precursors, L-aspartate and α-ketoglutarate, they have no common
intermediates en route to lysine. In prokaryotes, lower fungi and green plants, the
diaminopimelate pathway is utilized (Scheme 1.1).24 This pathway not only provides the
lysine requirement for protein biosynthesis in bacteria, but also the diaminopimelate and
lysine necessary for peptidoglycan biosynthesis as well.
L-Aspartate is acted on by aspartate kinase to form aspartyl-4-phosphate.

Reduction to aspartate semialdehyde is afforded by aspartate semialdehyde
dehydrogenase. The pathway diverges at this point. Aspartate semialdehyde pools may
be further reduced by homoserine dehydrogenase to form homoserine, the precursor for
methionine, threonine, and isoleucine. In lysine biosynthesis, aspartate semialdehyde is
involved in a condensation reaction with pyruvate, catalyzed by dihydrodipicolinate
synthase, to give the cyclic dihydrodipicolinate. This is further reduced to the imine,
tetrahydrodipicolinate by dihydrodipicolinate reductase, which can spontaneously ring
open to give ε-keto-α-aminopimelate. At this stage, the pathway becomes divergent and
is species dependent.
In most bacteria an additional condensation occurs at this point. Succinyl-CoA is
added to the amine by tetrahydrodipicolinate succinlyase to form succinyl-ε-keto-αaminopimelate. The following deamination reaction is carried out by diaminopimelate
aminotransferase, requiring L-glutamate as a cofactor.

The product succinyl

diaminopimelate and α-ketoglutarate are then released.

L,L-Diaminopimelate is

8

Scheme 1.1. Diaminopimelate pathway.
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generated by succinyl diaminopimelate desuccinylase, releasing succinate in the
process.

The penultimate step in the pathway is the action of diaminopimelate

epimerase. This enzyme epimerizes the ε -carbon center of the diaminopimelate to
yield L,L or meso-diaminopimelate.

Diaminopimelate decarboxylase removes the

carboxy moiety from the D center of meso-diaminopimelate to give the final product
of the pathway, L-lysine. The alternate pathway that occurs in some bacteria involves
conversion of tetrahydrodipicolinate directly to meso-diaminopimelate through a
reduction involving NADPH, NH3, and the enzyme diaminopimelate dehydrogenase.
In all, there are nine enzymes involved, each of which have been purified.
Mutants blocked at nearly every recognized enzymatic step have been isolated. They
are either diaminopimelate auxotrophs, or lysine auxotrophs.24 Since either lysine,
diaminopimelate, or both, are required for peptidoglycan biosynthesis, many such
mutants are susceptible to lysis in a complex medium unless a minimal concentration
of diaminopimelate is present. However, not all diaminopimelate auxotrophs are
susceptible to lysis in a complex medium.25
The biosynthesis of lysine in eukaryotes follows a pathway that is analogous to
that of the Kreb’s cycle. The early steps involve compounds that are one carbon
higher homologs than those of the Kreb’s cycle. The pathway begins from a similar
precursor, α-ketoglutarate.

The chain elongation necessary is facilitated by a

condensation with acetyl-CoA by the enzyme homocitrate synthase to produce
homocitrate, the first committed step in the pathway.26 Loss of water catalyzed by
homocitrate dehydratase gives the product cis-homoaconitate.

Rehydration by

homoaconitate hydratase effectively moves the hydroxyl over one carbon to form
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homoisocitrate.

Oxidation of the hydroxyl to the ketone by homoisocitrate

dehydrogenase gives oxaloglutarate. Purified homoisocitrate dehydrogenase has been
shown to convert homoisocitrate to L-α-ketoadipate, but has not been shown to
decarboxylate oxaloglutarate. Whether or not this is a non-enzymatic decarboxylation
or whether it is dependent on other cofactors is unknown. The decarboxylation yields
L-α-ketoadipate. L-glutamate is the cofactor for aminoadipate aminotransferase which

gives the next intermediate, L-α-aminoadipate.

L-α-aminoadipate is also a key

component for the biosynthesis of the β-lactam antibiotics in some fungi and
actinomycetes. Conversion of L-α-aminoadipate by aminoadipate reductase to L-αaminoadipate-δ-semialdehyde requires ATP and NADPH. The final two steps are
carried out by two enzymes and effectively results in the transamination of L-αaminoadipate-δ-semialdehyde and L-glutamate.
The first step is a reductive condensation with a second L-glutamate by
saccharopine reductase to give saccharopine, the key intermediate in the pathway.
The final step is governed by saccharopine dehydrogenase (lysine forming) in which
α-ketoglutarate is hydrolytically cleaved, effectively transferring the amino group
from L-glutamate to the newly formed lysine.
The forward and reverse reactions of both saccharopine reductase and
saccharopine dehydrogenase have been observed and have given rise to some
confusion associated with their nomenclature. Saccharopine reductase is also known
as saccharopine dehydrogenase (glutamate forming) in the case of the reverse reaction,
where the forward reaction of saccharopine dehydrogenase has prompted some to use
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Scheme 1.2. Aminoadipate pathway to lysine.
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the name saccharopine dehydrogenase (lysine forming). Both the forward and reverse
reactions of both enzymes have been observed to be pH dependent.
Studies involving mutants at each step of the pathway have demonstrated an
accumulation of each of the intermediates involved, with the exception of
oxaloglutarate. The failure to detect oxaloglutarate in mutants suggests that perhaps
oxaloglutarate is an enzyme-bound intermediate.
As mentioned previously, lysine has also been shown to arise from pipecolic
acid in the yeast R. glutinis27 and the fungus P. chrysogenum,28 in experiments where
supplementation of pipecolic acid in minimal medium supported the growth of
mutants in which lysine biosynthesis had been disrupted.

These observations

remained unexplained until the conversion of pipecolate to lysine was elucidated in R.
glutinis. In this organism, pipecolate oxidase catalyzes the conversion of pipecolate to
∆1-piperideine-6-carboxylate, which equilibrates spontaneously with α–aminoadipateδ-semialdehyde.29

LYSINE DEGRADATION

Lysine degradation is unique in mammalian biochemistry. Not only is lysine
an essential amino acid, but it is degraded by multiple pathways.30 The reversal of the
saccharopine pathway is the principle route for lysine degradation in most tissues.31 In
the central nervous system, however, an alternate pathway is used (Scheme 1.3).32
The proposed degradation converts lysine by a putative L-lysine oxidase33, 34to α-keto-
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ε-amino-caproic acid which exists in equilibrium as the cyclic imine, ∆1-piperideine2-carboxylate.35

Reduction by ∆1-piperideine-2-carboxylate reductase gives L-

pipecolic acid which is further degraded by a flavin-dependent amine oxidase known
as L-pipecolate oxidase. This oxidation generates ∆1-piperideine-6-carboxylate which
is in equilibrium with L-α-aminoadipate-δ-semialdehyde. The pipecolic acid pathway
is present in other tissues such as liver and kidney, but D-lysine seems to be the
precursor.19,

35

Both the pipecolic acid pathway and the saccharopine pathway

converge at the common metabolite L-α-aminoadipate-δ-semialdehyde which is
further oxidized to L-α-aminoadipate via an NAD-dependent dehydrogenase.36 The
process effectively transposes the amine and carbonyl from α-keto-ε-amino-caproic
acid to L-α-aminoadipate-δ-semialdehyde.
In P. chrysogenum, pipecolic acid is known to be converted into lysine. In
mutants where genes for lysine biosynthesis have been disrupted,28 colonies were
shown to grow on medium supplemented with pipecolic acid. These mutants were
further disrupted by mutations in the genes that encode for the enzymes involved in
the conversion of pipecolic acid to lysine. Complementation of a mutant with a gene
having a high similarity to the saccharopine reductase restored saccharopine reductase
activity. The restored mutant could grow on medium supplemented with pipecolic
acid. These data suggest that pipecolate oxidase converts pipecolic acid into ∆1piperideine-6-carboxylate

which

hydrolyzes

to

give

L-α-

semialdehyde, to saccharopine by saccharopine reductase, and finally

aminoadipate-δ-
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Scheme 1.3. Lysine degradation.
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to lysine via saccharopine dehydrogenase.

Thus, it has been demonstrated that

pipecolic acid can fulfill the lysine requirement in P. chrysogenum.

L-PIPECOLATE OXIDASE

Pipecolate oxidase was first isolated from the yeast R. glutinis by Kinzel and
Bhattacharjee.29

The purified enzyme was characterized as a 43 kD monomer

showing optimum activity at pH 8.5 and a KM for L-pipecolic acid of 1.67 mM. It
catalyzes the reaction of L-pipecolic acid to ∆1-piperideine-6-carboxylate and requires
molecular oxygen. The reaction is believed to occur via a radical mechanism and is
facilitated by a covalently bound flavin. Characteristic of oxidases, H2O2 is produced
as a side product. Pipecolic acid oxidase belongs to a recently recognized family of
eukaryotic and prokaryotic enzymes that catalyze similar oxidative reactions with
various secondary or tertiary amino acids.37 Other members of this family include
monomeric sarcosine oxidase (MSOX), heterotetrameric sarcosine oxidase, and Nmethyltryptophan oxidase. The human form of L-PO is most similar to the monomeric
sarcosine oxidases.38 While no crystal structure for L-PO has yet been solved, the Xray crystal structure of MSOX from Bacillus sp. B-0618, expressed in Escherichia
coli, has been solved at 2.0 Å resolution.39
Pipecolic acid also occurs in many mammalian tissues. A sarcosine oxidase
has been cloned from rabbit liver and expressed in Escherichia coli and found to
oxidize L-pipecolic acid, L-proline and sarcosine.40

While sarcosine oxidation

16
typically occurs via mitochondrial dehydrogenase41 and is closely linked to the
electron transport chain, Reuber et al. have shown the cloned sarcosine oxidase to
produce H2O2, as a by-product. The maximal velocity was highest with sarcosine as a
substrate which led the authors to name the enzyme sarcosine oxidase. This further
supports the classification of pipecolate oxidase with other members of the sarcosine
oxidase family. The catalytic efficiency of the enzyme reflected in the Vmax/KM ratio,
however, was highest with L-pipecolate indicating L-pipecolate as potentially being
the natural substrate.
A primate pipecolate oxidase (EC 1.5.3.7) has been isolated and characterized
by the Mihalik group from liver samples taken from Rhesus monkeys.42

They

determined that the Rhesus pipecolate oxidase is a 46 kDa membrane-associated
monomer. Isoelectric focusing showed the enzyme to have a pI of 8.9, characteristic
of peroxisomal enzymes. The enzyme has a kcat of 3.7 mmol•min-1•mg-1.
In 2000, the human L-pipecolate oxidase was cloned and expressed.43 Using
RT-PCR techniques, total RNA from liver samples was used to prepare cDNA. The
cDNA was amplified using traditional PCR techniques. An expression plasmid was
constructed to express pipecolate oxidase as a maltose binding protein (MBP)-fusion
protein and expressed in E. coli. The sequence was shown to contain an N-terminal
ADP-βαβ-binding fold, a highly conserved region in proteins that possess tightly
bound flavins. The authors also noted a KAHL sequence at the carboxy terminus,
typical of a type I peroxisomal-targeting signal. The purified protein was shown to
exhibit weak oxidase activity in the presence of L-pipecolic acid and FAD. While this
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work forwards research in this area, the weak activity of the recombinant enzyme
makes this approach impractical for kinetic studies.
Because the oxidation of pipecolic acid by pipecolate oxidase produces H2O2,
progress of the reaction can be measured by a coupled reaction developed by Duley
and Holmes.44

Horseradish peroxidase catalytically oxidizes the chromophore o-

dianisidine in the presence of H2O2. The oxidized o-dianisidine is observed spectrophotometrically as an increase in absorption at 460 nm. As the reaction of pipecolate
oxidase progresses, H2O2 is produced and the absorption at 460 nm increases. It is this
increase in absorption that is used to measure pipecolate oxidase activity.

A

modification of this assay was used by Mihalik et al. in their assay directed isolation
and characterization of pipecolate oxidase from Rhesus monkey liver.

This system

has proven to be a convenient and accurate method and is sensitive to 2.5 µg of
purified enzyme.
A more sensitive radioassay was developed by Rao and Chang.45 Using L[2,3,4,5,6-3H]pipecolic acid as a substrate for L-pipecolate oxidase, the L-α-amino[2,3,4,5,6-3H]adipate-δ-semialdehyde formed is trapped in the presence of sodium
bisulfate. The reaction contents are then passed over a cation exchange resin. The
adduct that is formed has a net negative charge that prevents its binding to the cation
exchange resin and is then detected by liquid scintillation.
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Scheme 1.4. L-Pipecolate oxidase radioassay.
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The oxidation of L-pipecolate by pipecolate oxidase is thought to begin with
either a single electron transfer or hydrogen atom abstraction. In the single electron
transfer scheme, an aminium radical cation is formed. Moving clockwise in scheme
1.5, loss of a proton would lead to the α-amino radical.

Continuing around,

condensation of an active site flavin radical with the α-amino radical forms the
covalent adduct. β-elimination then gives ∆1-piperideine-6-carboxylate (∆1-P6C). ∆1piperideine-6-carboxylate can also be generated by a single electron transfer from the
α-amino radical to a flavin radical in the center pathway of scheme 1.5. Abstraction of
a hydrogen atom from the aminium radical cation by a flavin radical also yields ∆1P6C. And finally, a third route is possible. Following the left side of the pathway, a
hydrogen atom abstraction by a radical amino acid side chain on the enzyme surface
could also generate an α-amino radical. Again, a single electron transfer to the flavin
gives ∆1-P6C. The enzyme is regenerated by another single electron transfer and
proton transfer.
The hydrogen abstraction from pipecolate during oxidation is known to be
stereospecific in Rhesus L-pipecolate oxidase. Zabriskie and co-workers demonstrated
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Scheme 1.5. L-Pipecolate oxidation.
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through isotopic labeling experiments that it is the pro-6R hydrogen that is removed
by L-pipecolate oxidase.46
Pipecolate oxidase has also been found in primate brain. In the brain, L-PA is
thought to be derived from L-lysine where L-PA arises from D-lysine outside the CNS.
Furthermore, the saccharopine pathway appears to be the principle pathway for lysine
degradation in the liver. The fact that L-PA arises from its own distinct pathway in the
CNS and is degraded by a specific pathway suggests that L-PA serves a unique role in
neurological signaling.
A specific degradative pathway in the CNS offers the opportunity to mediate
biological processes that are linked to the L-pipecolate degradation of lysine without
affecting the normal lysine degradation process in other tissues.

Reports have

indicated that L-PA may function as a neuromodulator by interacting with γaminobutyric

acid

neurotransmission.

(GABAA)

receptor

complexes

to

increase

inhibitory

Furthermore, α-aminoadipate has been shown to be toxic to

cultured cerebellar cells and also lowers the levels of the neuroprotective tryptophan
metabolite kynurenic acid.23 Inhibitors of L-pipecolate oxidase, therefore, may have a
two-fold effect at modulating neurotransmission in treating convulsive disorders.

PHARMACOLOGICAL AND PHYSIOLOGICAL
ROLE OF L-PIPECOLIC ACID

As a result of the dual degradative pathways for L-pipecolate oxidase, L-PA
concentrations in the body can be monitored and assayed in the diagnosis of several

21
diseases. High pipecolate concentrations in the blood serve as a marker and are
routinely monitored in patients who are suspected to have peroxisomal disorders such
as

Zellweger’s

syndrome,

infantile

refsum

disease,

and

neonatal

adrenoleukodystrophy.47 Levels of pipecolic acid have been shown to be elevated in
all generalized peroxisomal disorders,22 and hyperpipecolic acidemia has been linked
to the pathogenesis of hepatic encephalopathy.48
The plasma concentration of pipecolic acid in healthy humans is highest at
birth, at 12 ± 5.6 µM, then tapers to 2.1 ± 1.6 µM where it remains through adulthood,
suggesting a developmental role.

Patients with liver disease consistently have

elevated plasma levels of pipecolic acid ranging from the upper limits of normal to
extreme cases where plasma levels are forty fold higher than normal. These cases of
hyperpipecolic acidemia often result in death as a complication of other liver disease
related symptoms.47
Related to hyperpipecolic acidemia is hyperlysinemia. In hyperlysinemia, the
increase in pipecolic acid results from an overloading of a secondary pathway because
of a block in the major degradative pathway for lysine.49 As mentioned earlier, the
principle degradative pathway for lysine is the saccharopine pathway. In patients with
hyperpipecolic acidemia, the lysine-ketoglutarate reductase activity is impaired,
blocking lysine degradation at the first step in the pathway. The secondary pipecolate
oxidase pathway is able to facilitate the conversion of a portion of the excess lysine to
pipecolic acid. However, the majority of lysine remains. Thus, an impairment in the
saccharopine pathway overwhelms the pipecolate oxidase pathway resulting in two
blood diseases.
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Pipecolic acid has also been implicated in neurological processes. Pipecolic
acid represents the major metabolite of lysine in the central nervous system.33
Furthermore, it has been shown that pipecolic acid depresses the firing of cortical
neurons.21

The work of Giacobini and Gutierrez has shown saturable uptake of

pipecolic acid in brain synaptosomes, Ca+2 dependent release from brain slices,
saturable transport across the blood brain barrier and a high affinity binding of
pipecolic acid in the mouse central nervous system that is associated with the GABA
system.34 Pipecolic acid was shown to inhibit the uptake of GABA into synaptosomal
fractions in the rat. While pipecolic acid uptake is much less than that of GABA (25
fold lower), both mutually inhibit the other’s uptake into synaptosomes and thus may
serve a neuromodulatory role on GABAergic neurotransmission.
The belief that L-pipecolic acid has a direct affect on the CNS was further
supported when L-pipecolic acid was shown to have the opposite effect of lysine when
used in conjunction with hexobarbital. Lysine and pipecolic acid were studied for
their effect on the sleeping time and sleep onset induced by hexobarbital in rats.50
While the results of this study showed that rats injected with L-lysine showed a
prolonged sleeping time when treated with hexobarbital, rats that were injected with LPA showed a substantially shortened sleeping time. Furthermore, L-lysine treated rats
demonstrated a diminished sleep onset time while L-PA treated rats showed no effect
on the sleep onset time.
The significance that L-pipecolate may have in understanding neurological
processes and specifically the potential treatment of convulsive disorders has lead to
extensive studies.

In a study investigating picrotoxin- and bicuculline-induced
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seizures in mice, it was observed that intrathecal injections of GABA with either
bicuculline or picrotoxin attenuated the severity of the convulsions.51 This is in
agreement with the current understanding that picrotoxin- and bicuculline-induced
convulsions are thought to be produced by interactions with GABAergic systems.
Furthermore, coadministration of L-PA also protected against bicuculline- and
picrotoxin-induced convulsions. Intrathecal injections of L-PA produced a doserelated increase in the latency to the onset of these convulsions as well as a decrease in
their duration.
In an additional study, the efficacy of L-PA as an anticonvulsant against
pentylenetetrazole-induced

seizures

was

considered.

Results

showed

that

intraperitoneal injections of L-pipecolic acid significantly increased clonic and tonic
latencies in a dose-dependent manner against 90 mg/kg pentylenetetrazole-induced
seizures.52 Thus it is believed that inhibitors of L-pipecolate oxidase would raise Lpipecolate levels in the CNS and could help to palliate convulsive disorders.
L-α-aminoadipic

acid (L-AAA) is the downstream product of lysine

degradation in both the saccharopine pathway and the pipecolate oxidase pathway.
Elevated levels of L-AAA produced by intracerebral injection have been shown to
cause complex behavioral changes including seizures in mice.53 L-α-aminoadipic acid
is reported to be a weak excitant of thalamic somatic relay neurons.54 L-AAA can also
inhibit the uptake of kynurenic acid, an endogenous antagonist for the excitatory
amino acid receptor.55
It was later discovered by Chang et al.53 that L-AAA inhibits the activity of
kynurenine aminotransferase (KAT), the enzyme responsible for the last step in the
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biosynthesis of kynurenic acid.

In the same study, it was found that L-AAA

intracerebral injections of 500 mg/kg weight to rats resulted in limbic seizures
characterized by generalized convulsions.

The KAT activity measured in

hippocampal brain tissue slices showed 43% decrease twenty days after injection. In
contrast, rat subjects that were injected with kynurenine at 500 mg/kg weight to rats
resulted in an increase of 63% KAT activity.56,

57

Injections of both L-AAA and

kynurenine at the same dosage offset the change in KAT activity. Furthermore,
kynurenic acid biosynthesis was shown to be inhibited in astrocyte culture by L-AAA
and L-pipecolic acid. This is not surprising since L-AAA is a downstream product of
pipecolic acid metabolism.53
The disruptive nature of elevated levels of L-AAA suggest that inhibitors of Lpipecolate oxidase would also reduce the amount of L-AAA produced and would thus
potentially have a two-fold effect in the treatment of convulsive disorders.58

Scheme 1.6. Kynurenic acid biosynthesis.
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ALTERNATE SUBSTRATES AND INHIBITORS
IN ENZYMOLOGICAL STUDIES

Pipecolic acid and the metabolic products from the pipecolate oxidase pathway
have been cited as components of several neurological and physiological processes.
Manipulation of the process by which pipecolate oxidase degrades pipecolic acid
could have tremendous pharmacological value from treating the symptoms of
peroxisomal disorders to treating convulsions. The objective of this thesis project is to
further investigate the mechanism of action by L-pipecolate oxidase and to develop
inhibitors through synthesis and analysis of substrate analogs. The following chapters
describe the synthesis and assay results of alternate substrates and mechanism based
inhibitors in an effort to gain a better understanding of the reaction environment and
substrate requirements of L-pipecolate oxidase.
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MECHANISTIC PROBES OF L-PIPECOLATE OXIDASE

CHAPTER 2

SYNTHESIS OF SUBSTRATE ANALOGS OF L-PIPECOLATE OXIDASE

INHIBITOR AND ALTERNATE SUBSTRATE DESIGN

The role of an enzyme is to catalyze a given reaction.

Specifically, the

enzyme lowers the energy of activation of the reaction, thereby increasing the rate of
the reaction without affecting the position of equilibrium.1

Joseph Kraut described

the process in this way, “An enzyme can be considered a flexible molecular template,
designed by evolution to be precisely complementary to the reactants in their activated
transition-state geometry, as distinct from their ground-state geometry.

Thus an

enzyme strongly binds the transition state, greatly increasing its concentration, and
accelerating the reaction proportionately. This description of enzyme catalysis is now
usually referred to as transition state stabilization.”2

Based on this concept,

compounds that mimic the transition state of the natural substrate would show a high
affinity for the enzyme binding site, and could potentially serve as inhibitors or
alternate substrates.
Alternate substrates and inhibitors have many applications. Enzyme alternate
substrates and inhibitors are useful probes in the elucidation of the catalytic
mechanism employed by an enzyme. Determining which functionalities affect the rate
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of catalysis is key to understanding the mechanism involved. Alternate substrates and
inhibitors are also frequently used to determine the steric and electronic requirements
necessary for substrate binding.3 In cases where an inhibitor forms a covalent adduct
with the enzyme, the bond formed between the inhibitor and the enzyme gives
information as to which residues are potentially involved in catalysis.4, 5 Inhibitors
that do not form covalent adducts with the enzyme are also of value. Competitive
inhibitors are bound and then released unchanged by the enzyme. This bind-andrelease process can be useful in the purification of enzymes through affinity
chromatography.6
Likely, the greatest contribution made by enzyme inhibitors is their role in the
treatment of disease.7 Enzyme inhibitors can serve to manipulate metabolic processes.
Inhibition of an enzyme can be used to increase the concentration of the enzyme
substrate or decrease the concentration of a downstream product. The blocking or
slowing of certain metabolic pathways has led to the development of many drugs that
are available today.3

In fact, many enzyme inhibitors have ultimately become

patented therapeutic agents for the treatment of disease.8 From drugs like aspirin that
inhibit prostaglandin biosynthesis in the inflammation response cascade9; to
simvastatin, that inhibits HMG-CoA reductase10, an enzyme which is involved in an
early step in the biosynthetic pathway for cholesterol;11 enzyme inhibitors account for
many of the most commonly prescribed medications. In all, roughly fifty percent of
the top twenty drugs currently on the market are enzyme inhibitors.12
In essence, inhibitors and alternate substrates influence the accessibility to the
binding site of the enzyme, and subsequently, the binding of the natural substrate.
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This alteration in natural substrate binding can have a dramatic effect on the rate of
substrate turnover.

MECHANISM MODELS FOR L-PIPECOLATE OXIDASE

Knowing the chemical mechanism of catalysis can provide insight as to which
functionalities should be incorporated into inhibitor candidates. L-pipecolate oxidase
is known to be a flavoenzyme.13

Three distinct mechanisms are known for the

oxidation of substrates by flavoenzymes.14

They are distinguished by the first

intermediate formed in the reaction process. They are the carbanion intermediate, the
radical intermediate, and the hydride intermediate. While each mechanism has been
shown to be applicable to different flavoenzymes and/or different substrates, the most
likely intermediate formed first in the reaction of pipecolate oxidase is the radical
intermediate.
D-amino acid oxidase is known to oxidize D-amino acids, including D-

pipecolic acid, to the corresponding imino-acid.15 The first step in the reaction is the
formation of the α-carbanion. Evidence for a carbanion comes from Hammett studies
with substituted D-phenylglycines.

These studies showed that electron donating

groups exhibit smaller Vmax values.16, 17 Conversely, the ρ value was determined to be
large and positive. Both of these observations are consistent with an intermediate
possessing carbanionic character.
This mechanism, however, is not likely the mechanism used by pipecolate
oxidase. The formation of the imino-acid is observed by the reaction of pipecolic acid
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with D-amino acid oxidase, but it is C-6 in pipecolic acid that is ultimately oxidized by
L-pipecolate oxidase.

If C-1 forms a carbanion and corresponding imine, an

isomerization of the imine from C-1 to C-6 would have to take place as shown in
Pathway A of scheme 2.1. Such an isomerization has yet to be demonstrated .

Scheme 2.1. Oxidation of pipecolic acid.

Another possibility is for a proton abstraction to occur at C-6 as shown in
Pathway B. This too, is unlikely for pipecolate oxidase. Proton removal from the αposition of an amino acid is fairly common. This is due largely to the fact that the αproton is reasonably acidic. The pKa of the protons at C-6, however, would be much
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higher by comparison. For proton removal at the six position, the proton at C-6
would necessarily have to be made more acidic. This is possible through the formation
of an amine radical.
The carbon centered radical could also be generated directly from a hydrogen
atom abstraction (Pathway C), as proposed in a mechanism by Johnson18 et al. The
resulting carbon-centered radical could be followed by a single electron transfer to
give the imine. While hydrogen abstraction facilitated by an active site radical or by
the flavin semiquinone is possible, evidence suggests that oxidation of L-pipecolic
acid by L-pipecolate oxidase occurs via another route.
Amine radicals are commonly formed by flavin amine dependent oxidases,
especially monoamine oxidases (MAOs).19,

20

MAOs catalyze the degradation of

biogenic amines to their corresponding imines.

This oxidation is chemically

equivalent to the ∆1-piperideine-6-carboxylate product formed from the oxidation of
L-PA by L-PO. Generally, the radical is initiated by a single electron transfer from the

amine nonbonded electron pair to the flavin to give the amine radical cation (Scheme
2.2).21

Deprotonation from an adjacent carbon, followed by electron transfer to

nitrogen yields a carbon-centered radical. Combination with an active-site radical
(Pathway A) could generate a covalent intermediate, which could then eliminate to
give the imine and oxidized cofactor. Alternately, the carbon-centered radical could
transfer a second electron to give the imine (Pathway B). Pathway C shows how
hydrogen abstraction adjacent to the amine radical would yield a di-radical species
that could form the imine product.
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Scheme 2.2. Possible mechanism for oxidation of pipecolic acid.
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The evidence for the existence of an amine radical as the initial intermediate
comes from studies involving cyclopropyl22, 23 and phenylcyclobutyl amines.24 These
cyclic amines have been shown to be mechanism-based inactivators of some MAOs.
The cyclopropyl amine rings undergo ring cleavage reactions that relocate the radical
to an adjacent carbon that then forms a covalent adduct with a residue in the enzyme
active site.14 Thus compounds that stabilize carbon-centered radicals or have the
ability to relocate carbon-centered radicals would be good candidates for inhibitors.

TARGET COMPOUND DESIGN AND SYNTHESIS

Substrate analogs are often used as a starting point for the development of
enzyme inhibitors.

Understanding the steric, electronic, and oxidation potential

requirements for catalysis of a substrate is of great importance in the design of
inhibitors and alternate substrates. In the case of pipecolate oxidase, several inhibitors
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and alternate substrates have previously been reported.25 Pipecolate oxidase has been
shown to have some flexibility with regard to substrate size. Proline was determined
to be an alternate substrate when pipecolate oxidase was first isolated from R.
glutinis.26

Subsequently, other analogs have also been assayed.

Five and six

membered rings containing various functionalities have shown promise as inhibitors
of pipecolate oxidase.25, 27 The first example of a potent mechanism-based inhibitor of
L-pipecolate oxidase was the natural product baikiain, ∆

4,5

-L-PA, which serves as a

time dependent inactivator.28
The proposed mechanism of inactivation by cyclopropyl amines involves the
formation of an amine radical by the enzyme followed by loss of a proton at the
adjacent carbon. The radical is translocated to the deprotonated carbon to form a
carbon centered radical. The natural substrate is then thought to undergo an electron
transfer to yield the imine. In the case of ∆4,5-L-PA, translocation of the deprotonated
amine radical would result in an allylic radical. The allylic radical can be de-localized
resulting in radical character at C-4 on the molecule which may form an adduct with
the enzyme surface to render the enzyme inactive before the electron transfer step is
possible. It is believed that relocation of the radical from C-6 is responsible for the
slow, time dependent inactivation of the enzyme. Three possible routes for enzyme
inactivation are outlined in scheme 2.3.
In path A, the allylic radical undergoes an electron transfer, as would the
natural substrate. This generates the ene-iminium species which could react with the
enzyme surface to form a covalent adduct that renders the enzyme inactive. In path B,
a resonance form illustrates the repositioning of the radical to C-4 of the molecule.
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This could also form a covalent adduct that renders the enzyme inactive. The radical
at C-4 could abstract a hydrogen atom from the enzyme resulting in an inactive
enzyme (Pathway C).

Scheme 2.3. L-PO inactivation by ∆4,5-L-PA.

Additional analogs with functionalities at the 4 and 5-positions were also
shown to be inactivators of L-pipecolate oxidase including 5-thia-pipecolic acid and
4,5-epoxy-pipecolic acid.25, 27 The leitmotif for these inhibitors seems to be the ability
to stabilize or relocate the radical formed at the 6-position. It is the stabilization or
translocation of this reactive radical species potentially facilitated by heteroatoms, as
in the case of 5-thia-pipecolic acid and 4,5-epoxy-pipecolic acid; or allylic systems as
in the case of ∆4,5-L-pipecolic acid that will be investigated by similar analogs.
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Based on these findings, systems that have the capacity to stabilize or relocate
the carbon centered radical were designed as mechanistic probes. The first of these
was 4,5-methano-pipecolic acid. Cyclopropyl groups are well known for their ability
to relocate radicals and also possess electronic properties comparable to those of
corresponding olefins. It was therefore believed that 4,5-methano-PA would be a
good inhibitor and was the first target designed.
The availability of ∆4,5-pipecolic acid made it the first choice as a precursor in
∆4,5-Pipecolic acid was

the synthesis of the 4,5-methano-pipecolic acid analog.

synthesized as the racemate according to the method described by Burgstahler et al. 29
as shown in scheme 2.4 in good yield. The double bond makes ∆4,5-pipecolic acid a
suitable precursor for several other pipecolic acid analogs as well.

Scheme 2.4. Baikiain synthesis.
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Further reactions involving 6 required that protecting groups first be added to
the amine and carboxyl moieties.

The protecting groups were necessary for the

protection against oxidation of the amine in later reactions and to aid in the solubility
of the molecule in organic solvents. The amine of ∆4,5-pipecolic acid was then treated
with Boc-anhydride30 to give 7 as the Boc-protected amine. The carboxyl group was
esterified with diazomethane31 as shown in scheme 2.5 in quantitative yield.

Scheme 2.5. Protection of ∆4,5-pipecolic acid.
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Scheme 2.6 illustrates the efforts made to directly convert the olefin of 8 to the
corresponding cyclopropyl compound.

The Simmons-Smith32,

33

approach was

employed first (Scheme 2.6A).34 Despite several modifications of this reaction;35-39
including copper couple, solvent, temperature, and order of addition; introduction of
the cyclopropyl group was never achieved. In most cases the majority of the starting
material was recovered as the unreacted olefin. This was also found to be the case
using diazomethane with palladium(II) dichloride40 and diazomethane with
palladium(II) acetate40 conditions.
cyclopropyl formation is surprising.

The unreactivity of the double bond towards
There are no obvious steric restrictions to

account for this observation. Perhaps some unknown factor prevents this type of
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reaction from occurring. Regardless, all attempts using compound 8 as a starting
material failed to yield the appropriate product. These approaches were ultimately
abandoned in favor of a method in which the cyclopropyl moiety was introduced prior
to closure of the six-membered ring.

Scheme 2.6. Cyclopropanation of protected ∆4,5-pipecolic acid.
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A modification of the synthetic scheme for baikiain29 was then employed. As
shown in scheme 2.7, the cis 1,4-dichloro-2-butene was replaced with cis 1,4dibromo-2,3-methanobutane (12).

This was synthesized from the commercially

available 3-oxabicyclo[3.1.0]hexane-2,4-dione (10). Reduction to the diol (11) with
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lithium aluminum hydride (LiAlH4)41 followed by bromination with phosphorous
tribromide (PBr3)42 afforded the desired cyclopropyl product (12).

Scheme 2.7. Synthesis of cis 1,4-dibromo-2,3-methanobutane.
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In order to introduce the cyclopropyl moiety before cyclization, the modified
procedure by Burgstahler29 outlined in scheme 2.8 was performed. NMR analysis of
the crude product suggested formation of the desired product, combined with several
impurities. However, attempts at purification of the crude product by recrystallization
techniques proved unsuccessful.

Purification by ion-exchange, C18, or cellulose

chromatography also met without success. Finally, purification by preparative thinlayer chromatography (TLC) using a 4:2:1 ratio of butanol, water, and acetic acid43
respectively afforded 4,5-methano-PA, 15, although in poor yield. The meager yield
and difficulty in purification lead to several failed attempts to repeat or improve the
process.
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Scheme 2.8. 4,5-Methanopipecolic acid synthesis.
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NMR analysis suggested the first alkylation step occured in good yield, but it
was believed that the acetamide nitrogen lacked the nucleophilicity necessary to
complete the cyclization. An alternate synthesis was then employed where the Nacetyl portion was replaced with an N-diphenylmethylene44 as shown in scheme 2.9 as
compound 16. This functionality provided the electronic character necessary for the
first alkylation step, and could then be cleaved by acid hydrolysis to yield the free
amine. It was believed that the free amine would be nucleophilic enough to complete
the cyclization step. However, NMR analysis again showed the first alkylation could
occur, but the final cyclization failed. Ultimately, it was determined that the small
amount of 4,5-methano-PA that was synthesized previously would be evaluated in a
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trial with L-pipecolate oxidase to determine if the cyclopropyl compound merited
further pursuit.

Scheme 2.9. Alternate synthesis of 4,5-methano-PA.

It has been well established that heteroatoms such as oxygen, nitrogen and
sulfur have a role in the stabilization of adjacent carbon-centered radicals.45 This
stabilization is due to the electron donation from the lone-pair electrons of the
heteroatom. From this information, the next analog designed was 5-hydroxypipecolic
acid (24) as shown in scheme 2.10. Using protected ∆4,5-pipecolic acid (8) as a
starting material, regiospecific oxidation of the olefin by hydroboration46 would
provide 5-hydroxypipecolic acid. The 5-keto analog (25) was viewed as an additional
probe to study the stabilization of carbon-centered radicals by adjacent heteroatoms.
A simple oxidation of 5-hydroxypipecolic acid using Swern47 conditions produces 5ketopipecolic acid.
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Scheme 2.10. Pipecolic acid analog synthesis.

In the desire to obtain analogs that would also probe the effects of
electronegative substituents, compounds fluorinated at carbon five were targeted.
Fluorine is an isosteric replacement for hydrogen,48, 49 so the change from hydrogen to
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fluorine should have little or no effect on binding but rather only alter the rate of
turnover.
The electronegativity provided by fluorine atoms at the 5-position should
stabilize the carbon-centered radical at the 6-position and accordingly have a dramatic
effect on substrate turnover. The protected 5-hydroxy- and 5-ketopipecolic acid were
ideal precursors to 5-fluoro- and 5,5-difluoropipecolic acid respectively. A reaction
using diethylaminosulfur trifluoride (DAST)50 was proposed as a method to convert 5hydroxy- and 5-ketopipecolic acid to 5-fluoro- and 5,5-difluoropipecolic acid.
Unfortunately, only 5,5-difluoropipecolic acid could be synthesized. Reaction
of compound 19 with DAST produced a mixture of compounds, none of which
contained fluorine. It was presumed that an elimination reaction occurred in which
HF was lost, resulting in an unstable product containing a double bond at carbons five
and six. However, success in producing 5,5-difluoropipecolic provided a probe by
which to test for the effect of an electronegative substituent at the 5-postion.
The success of ∆4,5-L-pipecolic acid as a time-dependent inactivator of
pipecolate oxidase prompted the design of the corresponding exocyclic olefin (27).
Again, the protected 5-ketopipecolic acid (20) could be used as the starting material
requiring only a Wittig olefination to afford the desired compound. Like ∆4,5-Lpipecolic acid, the exocyclic olefin should be able to relocate the radical to a distal
carbon. In this case, however, the adjacent carbon is the exocyclic methylene. Since
terminal radicals are less stable than secondary or tertiary radicals,51 it seems likely
that if the steric restraints of the enzyme permit binding, the degree to which
inactivation occurs would be markedly different from that of ∆4,5-pipecolic acid.

49
The exocyclic olefin could also be used to make a second cyclopropyl analog,
30. This spiro-analog could be used to investigate the ability of a cyclopropyl moiety
to relocate a carbon-centered radical. This compound presents the greatest steric
obstacle, thus far. The addition of two methylenes to the 5-position of pipecolic acid
may prevent binding to the active site. In spite of the possibility that 30 is unable to
bind, this experiment would still provide valuable information about the steric
requirements of L-pipecolate oxidase. Scheme 2.10 shows the synthetic route for
these analogs.
In each case, baikiain (6) serves as the primary starting material.
Hydroboration of protected baikiain (8) was initially tried as a method of synthesizing
the protected 5-hydroxy pipecolic acid (19). However, the fractious nature of the nonstereospecific and non-regiospecific reaction led to a mixture of four isomers (Scheme
2.11).
Oxidation of the starting material, 8, by oxy-mercuration52-54 also led to the
same mixture of diastereomers and in poorer yield. The difficulty lies in the lack
substituents and hence lack of any directing effects. Use of 9-BBN55 was also tried in
an effort to enhance selectivity. However, the reaction with 9-BBN didn’t yield any
product at all. Perhaps there is a conformational factor that prevents the larger 9-BBN
from forming the initial borane-intermediate. While it is not intuitively obvious what
this conformational factor might be, it may also help to explain the difficulty in
forming the 4,5-methano-compound from the 4,5-dehydro-starting material.
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Scheme 2.11. 4- and 5-hydroxypipecolic acid isomers.
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The product from the hydroboration was further oxidized by Swern conditions
to give the 4 and 5-keto products in good yield which were more readily separated by
flash chromatography than their respective hydroxyl precursors. A crude purification
of the mixture of isomers, followed by oxidation, led to a 7:3 ratio of the 5-keto and 4keto products suggesting the regioselectivity of hydroboration to be 7:3 also. Due to
the racemic starting material, stereoselectivity of the hydroxy products could not be
assessed. It was decided that the 5-hydroxypipecolic acid isolated would be assayed
as a stereochemically unidentified mixture to establish whether or not the activity
warranted a stereospecific synthesis.
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Olefination of 20 by a Wittig reaction produced a compound that appeared to
be the exocyclic olefin by TLC. The TLC spot of the product has an Rf that is higher
than the starting material and stains with iodine suggesting the presence of an olefin.43
After purification by flash chromatography, the purified fractions were pooled and
concentrated. However, the product appeared to self-dimerize and was lost in the
work-up drying.

The inability to produce 23 prevents synthesis of the spiro-

compound, 24. Applying Simmons-Smith conditions to the exocyclic olefin may still
be a viable approach to synthesizing 24 if an alternate synthesis to the olefin can be
completed.
The synthesis of these compounds represents two groups of probes to
investigate the mechanism of oxidation by L-pipecolate oxidase. The first group
includes 5-hydroxypipecolic acid, 5-ketopipecolic acid, and 5,5-difluoropipecolic acid.
They will be used to determine the ability of heteroatoms at the 5-position of pipecolic
acid to stabilize adjacent carbon centered radicals. The second group includes 4,5methano-pipecolic acid which will be used to assess the potential to relocate carboncentered radicals to other carbons within the molecule.
From previous experiments in the Zabriskie lab using stereospecific
isotopically labeled pipecolate, it was learned that the pro-6R hydrogen of L-PA is
stereospecifically removed by Rhesus monkey liver L-pipecolate oxidase.

The

stereospecificity of L-pipecolate oxidase in removing the pro-6R hydrogen presents
the possibility of designing stereospecific analogs that prevent removal of the pro-6R
hydrogen, or have functionalities in the pro-6S position that can exploit developing
radical character at C-6.
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The rationale behind these compounds is based mostly on mechanistic factors,
yet the steric requirements at these positions may ultimately prove to be the limiting
factor in designing such analogs. One cause for optimism lies in the flexibility of Lpipecolate oxidase to oxidize both pipecolic acid and proline.

This substrate

promiscuity suggests that perhaps binding is determined by factors other than ring size
and possibly ring appendages. Additionally, a thio-analog of pipecolic acid containing
a methyl group at C-6 was shown to be an inhibitor of L-PO suggesting that a methyl
group at the six position may bind.27
Steric restrictions aside, substitutions at the pro-6S position would likely
influence the rate at which the pro-6R hydrogen is removed.

Substitutions that

stabilize or destabilize a radical at this position would give valuable information
regarding the electronic requirements for inhibitors that prevent hydrogen abstraction
and subsequent propagation of the radical.
Analogs that have substitutions at the 6R position would not be expected to be
substrates, but could be potential inhibitors of pipecolate oxidase if binding within the
active site occurs. Since the hydrogen necessary for removal is absent, catalytic
oxidation should not occur.
In designing analogs with hydrogen replacements at the 6R and 6S positions,
the logical starting point would be fluorine, the isosteric replacement for hydrogen.
However, systems in which fluorine (or other halogens) is present on the carbon in the
α-position with respect to the nitrogen can eliminate to form the imino species.56
Thus, an alternate replacement is necessary. The next replacement choice was a
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methyl group. While the methyl replacement is quite large, the probability of an
elimination reaction is low.
While it is possible that the methyl groups at the 6R and 6S positions will
present steric bulk, blocking binding to L-pipecolate oxidase, they may still be of some
merit in this experiment. It would not be surprising to find that the bulk of the methyl
group at the 6S methyl analog prevented binding. The substitution of a large group
such as a methyl group might perturb the overall geometry necessary for binding. In
this case, no kinetic data can be gleaned from the negative result of this experiment,
but valuable information about the steric requirements of L-pipecolate oxidase and its
substrates would be obtained. This information would be useful in designing future
analogs.
The synthesis for 6S methyl pipecolic acid was adapted from Berrien et al. as
shown in scheme 2.12.57, 58 Here, D-phenylglycine is used to synthesize 6S-methyl-Lpipecolic acid.

Conversely, L-phenylglycine is used to generate 6R-methyl-D-

pipecolic acid.
The key step in this synthesis is in the formation of 2-cyano-6-phenoxazolopiperidine, (32). After ring closure, the reaction mixture is stirred with ZnBr2,
which likely acts as a Lewis acid in an ancillary role accelerating the opening of the
ether linkage which can spontaneous re-close. In this equilibrium of the open and
closed ring structure, the more thermodynamically stable product is formed yielding a
greater enantiomeric excess in the final product. In the absence of the ZnBr2, as much
as a third of the product is formed as the undesired R diastereomer.
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This synthesis is capable of generating 6S-methyl-L-pipecolic acid to probe the
effects of substituents at the 6S position. Using L-phenylglycine to generate 6Rmethyl-D-pipecolic acid results in a product in which only the stereocenter at C-6 is in
the correct configuration for use as a probe. It was thought that the D-center could
possibly be inverted through an enzymo-chemical conversion.
The work of Soda et al.15 has shown how D-Amino acid oxidase can be used to
oxidize D-PA to the imine which can then be reduced non-stereospecifically by
sodium borohydride to a racemic mixture of the D and L isomers in a 1:1 ratio.
Addition of a second aliquot of D-AAO oxidizes the remaining D-PA to the imine.
Reduction with sodium borohydride now gives a 75:25 ratio of L-PA to D-PA. Five
cycles of oxidation and reduction, yield the

L-isomer in greater than 99%

enantiomeric excess.15
It was originally thought that D-amino acid oxidase followed by reduction with
sodium borohydride could be used to invert the stereochemistry of the α-center of 6Rmethyl-D-pipecolic acid to give 6R-methyl-L-pipecolic acid. However, formation of
the imine by D-amino acid oxidase proved unsuccessful. This is likely due to the
steric bulk of the methyl group at the six position. Results from assays with 6Smethyl-L-pipecolic acid will help to determine whether or not an alternate synthesis of
6R-methyl-L-pipecolic acid is worth pursuing.
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Scheme 2.12. Synthesis of 6-(S)-methyl-L-PA and 6-(R)-methyl-L-PA.
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Figure 2.13 illustrates the six synthetic substrate analogs that have been
prepared. Each will be evaluated as an alternate substrate and as an inhibitor of Lpipecolate oxidase.

Figure 2.1. L-Pipecolate oxidase substrate analogs.

METHODS

General

Materials: All reagents were purchased from Sigma-Aldrich, Fisher Scientific,
or VWR.

Water was double-deionized (NANOpure, Barnstead) and filtered

57
(0.45mm). NMR Spectra were recorded on either a Bruker AM 400 or AC 300
spectrometer, where noted. Pyridine was added as an internal chemical shift reference
(δ 135.5 for

13

C, middle resonance for pyridine when spectra were recorded in D2O.

Mass spectra were recorded with a Kratos MS 50 TC spectrometer. Infrared spectra
were recorded with a Nicolet 5DXB FT-IR spectrophotometer.

Synthesis of Pipecolate Analogs

D,L-Baikiain (6)

Diethylacetamidomalonate (34.90 g, 160 mol) was dissolved in dry toluene
(300 mL) and DMSO (30 mL) while stirring under an Ar atmosphere. Sodium (3.7 g
160 mmol) was dissolved in dry ethanol (100 mL) and dry toluene (150 mL) under Ar.
The sodium solution was transferred via cannula to the diethylacetamidomalonate
solution (3 h). This was then heated (50 °C) and stirred (4 h). The reaction changed
from a clear yellow to a cloudy yellow at this point. 1,4 dichloro-2-butene was
dissolved in dry toluene (25 mL) under Ar atmosphere.

After cooling the

diethylacetamidomalonate solution to room temperature, the 1,4 dichloro-2-butene
solution was added via cannula (30 min). The solution was then heated (60 °C) and
stirred (3 h). A second equivalent of sodium (3.7 g, 160 mmol) was dissolved in dry
ethanol (100 mL) and added via cannula and stirred (3 hours). After cooling, the
solution was filtered over celite and washed with ethanol (100 mL) to produce a clear
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yellow solution. The solvents were removed under reduced pressure. HOAc (100
mL, 2.0 M) was added and the mixture was extracted with Et2O (3 x 150 mL). The
organic layers were combined and dried under reduced pressure to produce a yellow
oil. This was dissolved in ethanol (40 mL) and NaOH (100 mL, 2.5 M) and refluxed
(4 h). The reaction was cooled and then acidified with HCl (100 mL, 2.0 M) and dried
under reduced pressure. The reaction was further acidified by HCl (500 mL, 8.0 M)
and refluxed (5 h). After cooling, decolorizing carbon was added and stirred (1 h)
then filtered through celite.

The filtrate was dried under reduced pressure and

recrystallized from 20% EtOH in H2O. The crystals were filtered and washed in cold
EtOH to yield long white crystals. Yield: 13.92 g (68%): mp 270-271°C; IR (KBr)
3360 (br), 1781, 1647 cm-1; 1H-NMR (300 MHz, D2O) δ (ppm) 2.55 (1H, m), 2.78
(1H, m), 3.79 (2H, m), 4.14 (1H, t, J = 15.3 Hz), 5.78 (1H, d, J = 12.9 Hz), 6.02 (1H,
d, J = 14.0 Hz);

13

C-NMR (75 MHz, D2O) 27.5, 44.7, 56.1, 122.6, 127.1, 174.2;

LRFABMS: m/z 128 (M+) [calcd for C6H9NO2: 128.1426].

1-(tert-Butoxycarbonyl)-1,2,3,6-tetrahydropyridine-2-carboxylic acid (7)

A sample of dried 6 (5.00 g, 39.3 mmol) was cooled in ice bath (0-5 °C) while
adding NaHCO3 (125 mL, 1.0 M) and was pH adjusted to 10 using saturated NaOH.
Di-tert-butyl dicarbonate (34.9 g, 160 mmol) was dissolved in THF and added
dropwise to the reaction (30 min) while stirring. The pH was adjusted back to 10 by
addition of saturated NaOH and left to stir (10 h). The reaction mixture was then
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extracted with CH2Cl2 (3 x 30 mL) to remove excess di-tert-butyl dicarbonate and
THF. In an ice bath, the aqueous layer was acidified with concentrated HCl to a pH of
3 and extracted with EtOAc (3 x 150 mL) and dried over Na2SO4. The product was
then dried under reduced pressure to yield the product. Yield: 8.58 g (96%): mp °C;
IR (KBr) 1744, 1701, 1631 cm-1; NMR analysis showed two conformations that
resulted in a doubling of some signals. The major conformation is listed first in each
pair. 1H-NMR (300 MHz, CDCl3) δ (ppm) 1.43 (s, 9H), 2.44 (m, 1H), 2.67 (d, 1H, J =
7.8 Hz), 3.76 (t, 1H, J = 17.5 Hz), 4.04 (t, 1H, J = 15.2 Hz), 4.87 (dd, 1H, J = 6.4, J’ =
1.3 Hz), 5.06, 5.61 (dd, 1H, J=10.3, J’ = 3.5 Hz), 5.70 (m, 1H); 13C-NMR (75 MHz,
CDCl3) δ 26.9, 26.8, 28.7, 41.0, 42.6, 52.5, 51.2, 81.0, 122.2, 122.7, 124.9, 124.4,
155.5, 156.4, 177.6; HRESIMS: m/z 228.2597 (M+) [calcd for C11H17NO4: 228.2596].

1-tert-Butyl 2-methyl 2,3-dihydropyridine-1,2(6H)-dicarboxylate (8)

Compound 7 (8.58 g), was dissolved CH2Cl2 and stirred in an ice bath (0-5
°C). Diazald (7.0 g, 214 mmol) was dissolved in ethanol (50 mL) and stirred under N2
atmosphere while stirring.

Saturated NaOH was added via syringe to generate

diazomethane which was bubbled through the starting material. When the starting
material solution became yellow, indicating saturation, HOAc was added dropwise
until clear. The solvents were removed under reduced pressure and needed no further
purification. Yield: 9.11 g (quantitative): mp °C; IR (neat) 1745,1699, 1641 cm-1; 1HNMR (300 MHz, CDCl3) δ (ppm) 1.44 (d, 9H, J = 8.8 Hz), 2.46 (dd, 1H, J = 18.1, J’ =
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3.4 Hz), 2.61 (bdd, 1H, J = 17.4, J’ = 5.5 Hz), 3.66 (s, 3H), 3.76 (m, 2H), 4.04 (t, 1H,
J = 15.9 Hz), 4.93 (bdd, 1H, J = 57.7, J’ = 3.4 Hz), 5.65 (m, 2H); 13C-NMR (75 MHz,
CDCl3) δ 26.9, 28.7, 42.6, 51.3, 52., 80.7, 122.7, 124.5, 156.2, 172.6; MS (FAB): m/z
242.3 (M+); HRMS (FAB): [calcd for C11H17NO4: 241.3467, obsd 241.3488].

cis-2,3-Methano-1,4-butanediol (11)

LiAlH4 (0.60 g, 15.8 mmol) was dissolved in dry THF (50 mL) at 0 °C and
stirred under Ar atmosphere. 1.00 g of 10 (8.92 mmol) was dissolved in dry THF (10
mL) and added via cannula (30 min). The reaction was the refluxed at 70 °C for three
hours and allowed to cool to 25°C. The reaction was quenched by slow addition of
saturated Na2SO4 (10 mL). The reaction was suction filtered and washed with Et2O
(50 mL). The combined filtrates were dried over MgSO4 and the solvents were
removed under reduced pressure to yield a clear oil. Yield: 0.63 g (69%): mp °C; IR
(neat) 3523; 1H-NMR (300 MHz, CDCl3) δ 0.14 (dd, 1H, J = 5.9, J’ = 5.2 Hz), 0.37 (t,
1H, J = 6.9 Hz), 1.25 (m, 2H), 3.9 (dd, 4H, J = 11.6, J’ = 4.8 Hz); 13C-NMR (75 MHz,
CDCl3) δ (ppm) 8.5, 17.5, 62.9; MS could not be obtained
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cis-1,4-Dibromo-2,3-methano-butane (12)

Compound 11 (0.63 g, 6.16 mmol) was dissolved in Et2O (3 mL) under Ar
atmosphere and stirred at 0 °C (10 min). Phosphorous tribromide (0.63 mL, 6.64
mmol) was then added dropwise via syringe at 0 °C (20 min). The solution was left to
warm to 25 °C and continued stirring (26 h). The orange solution was then poured
over crushed ice and washed with H2O (10 mL) and then with Et2O (20 mL). The
organic layers were extracted with H2O (3 x 20 mL) and then with 10% NaHCO3 (20
mL). The Et2O layers were dried over Na2SO4 and the solvents were removed under
reduced pressure to yield a clear oil. Yield: 0.67 g (48%): mp °C; IR (neat) 1411 (br);
1

H-NMR (300 MHz, CDCl3) δ (ppm) 0.36 (dd, 1H, J = 6.0, J’ = 5.6 Hz), 1.19, (t, 1H,

J = 6.9 Hz), 1.57 (m, 2H), 3.40 (dd, 4H, J = 5.6, J’ = 2.3); 13C-NMR (75 MHz, CDCl3)
δ 17.1, 23.1, 33.9; HRMS (FAB): [calcd for C5H7Br2: 224.89145, obsd 224.89163].

4,5-Methanopipecolic acid (15)

Diethylacetamidomalonate (0.70 g, 322 mmol) was dissolved in dry benzene
(3 mL) and DMSO (1.1 mL) while stirring under Ar atmosphere. Sodium (0.7 g 3.04
mmol) was dissolved in dry ethanol (1.9 mL) and dry benzene (5.6 mL) under Ar
atmosphere.

The

sodium

solution

was

transferred

via

canula

to

the

diethylacetamidomalonate solution (30 min). This was then heated (50 °C) and stirred
(4 h). The reaction changed from a clear yellow to a cloudy yellow at this point. 1,4-
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dibromo-2,3-methanobutane was dissolved in dry toluene (0.5 mL) under Ar
atmosphere.

After cooling the diethyl-acetamidomalonate solution to room

temperature, the 1,4-dibromo-2,3-methanobutane solution was added via cannula (30
min). The solution was then heated (60 °C) and stirred (3 h). Sodium (0.7 g, 3.04
mmol) was dissolved in dry ethanol (1.9 mL) and added via cannula and stirred (3 h).
After cooling, the solution was filtered over celite and washed with ethanol (5 mL) to
produce a clear yellow solution. The solvents were removed under reduced pressure.
HOAc (3.5 mL, 2.0 M) was added and the mixture was extracted with Et2O (3 x 10
mL). The organic layers were combined and dried under reduced pressure to produce
yellow oil. This was dissolved in ethanol (1 mL) and NaOH (1.9 mL, 2.5 M) and
refluxed (4 h). The reaction was cooled and then acidified with HCl (1.9 mL, 2.0 M)
and dried under reduced pressure. The reaction was further acidified by HCl (9.5 mL,
8.0 M) and refluxed (5 h). After cooling, decolorizing carbon was added and stirred (1
h) then filtered through celite. The filtrate was dried under reduced pressure and
dissolved in H2O (1 mL). The solution was streaked across a silica plate and purified
by preparative TLC eluting with a solution of 4:2:1, butanol: H2O: acetic acid. The
area of the silica plate containing the product was scraped off and dissolved in H2O (1
mL) and acidified to pH 4. This was applied to a Dowex AG-50 column (10 mL) and
washed with H2O (20 mL) followed by 1N HCl (20 mL). Ninhydrin positive fractions
were pooled and dried under reduced pressure to produce yellow powder. Yield: 9.9
mg (2%): 1H-NMR (300 MHz, D2O) δ (ppm) 0.21 (dd, 1H, J = 6.1, J’ = 4.9 Hz), 0.21
(m, 1H), 0.27 (dd, 1H, J = 5.9, J’ = 4.5 Hz), 0.44 (m, 1H), 1.71 (m, 2H), 2.58 (dd, 1H,
J = 6.2 J’ = 3.9), 2.80 (m, 1H), 3.59 (m 1H); 13C-NMR (75 MHz, D2O) δ 8.8, 9.6,
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13.8, 28.0, 44.5, 56.1, 171.0; MS (FABS): m/z (M+) 142.08689 [calcd for C7H12O2N:
142.08681].

1-tert-Butyl 2-methyl 5-hydroxypiperidine-1,2-dicarboxylate (19)

In dry THF (10 mL), 0.727 g of 8 (3.01 mmol) was stirred under Ar
atmosphere at 0 °C. BH3·THF (5 mL, 1 M) was added dropwise via syringe. The
solution was then left to warm to 25 °C and stir for 1.5 h. The excess borane was
quenched with slow addition of H2O at 0 °C. Solid NaOH (0.04 g, 1 mmol) and H2O2
(0.4 mL) was added and stirred at 40 °C for 1 h. The solution was cooled to 25 °C and
saturated with solid K2CO3 and extracted with EtOAc (3 x 50 mL). The organic layers
were combined and dried over Na2SO4 and removed under reduced pressure. The
product was purified by flash chromatography (hexanes:EtOAc, 3:7, 1.5 x 20 cm
column, detection: 2% PMA) Yield: 0.56 g (72% mixture of diastereomers):

1-tert-Butyl 2-methyl 5-oxopiperidine-1,2-dicarboxylate (20)

In dry CH2Cl2 (10 mL), oxalyl chloride (1.78 mL, 3.48 mmol) was stirred
under Ar atmosphere at -78 °C. Dry DMSO (1.5 mL) was added dropwise via syringe
and stirred (15 min). 19 was dissolved in dry CH2Cl2 (5 mL) and transferred via
canula to the reaction over 5 min and left to stir an additional 15 min. Et3N was then
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added via syringe and the reaction was allowed to warm to 25 °C. The reaction was
washed with H2O (50 mL) and extracted with EtOAc (3 x 30 mL). The solvents were
removed under reduced pressure to yield a yellow oil. The product was purified by
flash chromatography (hexanes:EtOAc, 3:7, 3 x 20 cm column, detection: 2% PMA)
Yield: 0.77 g (86%): IR (neat) 1748 (br), 1405, 1218; 1H-NMR (300 MHz, D2O) δ
(ppm) 1.41 s, 9H), 2.06 (m, 1H), 2.32 (m, 1H) 2.44 (m, 2H) 3.66 (s, 3H), 3.87 (dd, 1H,
J = 5.8, J’ = 2.9 Hz), 4.11 (dd, 1H, J = 6.1, J’ = 3.3 Hz), 4.36 (dd, 1H, J = 5.5, J’ = 4.7
Hz);

13

C-NMR (75 MHz, D2O) δ 24.1, 28.6, 36.3, 40.1, 51.3, , 54.8, 81.7, 155.1,

172.5, 206.2; HRESIMS: m/z 257.1263 (M+) [calcd for C12H19NO5: 258.1297].

1-tert-Butyl 2-methyl 5,5-difluoropiperidine-1,2-dicarboxylate (22)

(Diethylamino)sulfur trifluoride, DAST, (0.31 mL, 2.33 mmol) was dissolved
in CH2Cl2 (10 mL) under Ar (g) at -78 °C. 0.546 g of 20 (2.12 mmol) was dissolved
in dry CH2Cl2 (10 mL) and transferred via cannula to the reaction (5 min) left to stir
for 2 h and allowed to warm to 25 °C. The reaction was quenched by the addition of
H2O (50 mL) and extracted with CH2Cl2 (3 x 30 mL). The organic layers were
combined and dried over Na2SO4, and the solvents were removed under reduced
pressure to yield an orange oil. The product was purified by flash chromatography
(hexanes: EtOAc, 8:2, 2 x 20 cm column, detection: 2% PMA) Yield: 0.23 g (40%):
IR (neat) 1776, 1757; 1H-NMR (300 MHz, D2O) δ (ppm) 1.39 (s, 9H), 1.85 (m, 4H),
3.66 (m, 2H), 4.11 (tt, 1H, J = 4.4, J’ = 2.3 Hz); 13C-NMR (75 MHz, D2O) δ 23.6,
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28.5, 30.0, 52.7, 53.8, 81.6, 98.8, 119.5 (t, 1C J = 3.2 ppm), 155.2, 171.8; HRESIMS:
m/z (M+) [calcd for C12H19F2NO4: 280.1316, obsd 280.1282].

General procedure for deprotection of N-Bocamines and methyl esters:

TFA (1 mL) and 0.72 mmol of a Boc protected amine are dissolved in CH2Cl2
(20 mL) and left to stir at 25 °C (1 h). The solvents are removed under reduced
pressure and the product is dissolved in MeOH (10 mL) and H2O (10 mL). 0.71 mmol
of solid KOH is added and stirred (3 h). The solvents are removed under reduced
pressure and the product is dissolved in H2O (1 mL) and the pH adjusted to 3. The
solution is then applied to a Dowex AG-50 column (10 mL) and washed with H2O (20
mL) and eluted with 1 N NH4OH (20 mL). The solvents are removed under reduced
pressure and the product is dissolved in H2O (1 mL) and pH adjusted to 10. The
solution is then applied to a Dowex AG-1 column (10 mL) and washed with 20 mL of
H2O and eluted with 1 N HCl (20 mL) and dried under reduced pressure to yield the
HCl salt.

5-Hydroxypiperidine-2-carboxylic acid (24)

0.217 g of the protected compound (19) was hydrolyzed using the general
procedure for deprotection of N-Bocamines and methyl esters described above. The
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product was obtained as a white powder. Yield: 0.105 g (87%); IR (KBr) 3449 (br),
3221, 1710 cm-1; 1H-NMR (300 MHz, D2O) δ (ppm) 1.63 (m, 2H), 1.75 (m, 2H), 2.78
(dd, 1H J = 7.9, J’ = 5.7), 3.02 (dd, 1H J = 7.9, J’ = 4.7), 3.23 (m, 1H), 3.89 (m, 1H);
13

C-NMR (74 MHz, D2O) δ 20.6, 27.1, 28.6, 52.5, 80.8, 172.6; MS: m/z (M+) [calcd

for C6H11NO3: 146.0739, obsd: 146.0772].

5-Oxopiperidine-2-carboxylic acid (26)

0.209 g of compound 20 was treated according to the general procedure given
above. Following removal of the protecting groups and purification by ion exchange
chromatography, the amino acid was obtained as a pale yellow powder Yield: 0.109
g (94%): IR (KBr) 3563 (br), 3329 (br), 1721, 1188; 1H-NMR (300 MHz, D2O) δ 1.98
(m, 1H), 2.04 (m, 1H), 2.28 (m, 2H), 3.79 (d, 1H J = 8.8), 4.21 (q, 1H J = 7.8), 5.60
(dt J = 11.2, J’ = 3.0); 13C-NMR (75 MHz, D2O) δ (ppm) 22.9, 37.8, 50.9, 53.3, 174.7,
205.8; MS: m/z (M+) [calcd for C6H9NO3: 144.0661, obsd: 144.0616].

5,5-Difluoropiperidine-2-carboxylic acid (29)

0.303 g of the protected di-fluoro compound was treated using the general
procedure described above. 0.170 g of the resulting product was obtained as fine
white crystals. Yield: 0.170 g (95%): IR (KBr) 3016 (br), 1819, 1554, 1177; 1H-NMR
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(300 MHz, D2O) δ 2.02 (m, 2H), 2.22 (m, 2H), 3.36 (qd, 1H J = 8.7, J’ = 3.4), 3.58
(qd, 1H J = 6.7, J’ = 2.1) 3.71 (dd, 1H J = 7.3, J’ = 2.5); 13C-NMR (75 MHz, D2O) δ
(ppm) 23.8, 30.2, 30.6, 30.8, 47.6, 48.0, 48.5, 58.3, 116.9, 120.2, 123.4, 177.4;

19

F-

NMR (282.1 MHz, D2O) δ (ppm) -103.5 (m, 1F), -102.7 (m, 1F); MS: m/z (M+) [calcd
for C6H9F2NO2: 166.0601, obsd: 166.0646].

2-Cyano-6-phenoxazolopiperidine (32)

R-phenylglycinol (1 g, 7.30 mmol) and citric acid (4 g, 19.0 mmol)
were dissolved in H2O (100 mL) and cooled to 0° C. Glutaric dialdehyde (4.5 mL,
24%) was added dropwise (20 min) to form a cloudy suspension. This was stirred at
0 °C (20 min). Potassium cyanide, KCN, (0.72 g, 11.1 mmol) was dissolved in H2O (2
mL) and added to the reaction mixture followed by CH2Cl2 (20 mL) and stirred at 25
°C (3 h). The aqueous layer was neutralized by addition of NaHCO3 (10%), and
extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were dried over
Na2SO4 and the solution was concentrated under reduced pressure to 50 mL. ZnBr2
was then added and stirred under N2 atmosphere (3 h). The solution was concentrated
again under reduced pressure to 15 mL.

The product was purified by flash

chromatography (hexanes:Et2O, 2:1, 7 x 20 cm column, detection: 2% PMA). Yield:
11.1 g (67%): IR (CHCl3) cm-1: 2100; 1H-NMR (300 MHz, D2O) δ (ppm) 1.7 (m, 5
H), 2.3 (dd, 1 H, J = 11.3, J’ = 1.5), 3.77 (t, 1 H, J = 7.7), 3.86 (bd, 1 H, J = 7.0), 3.89
(t, 1 H, J = 8.0), 4.15 (dd, 1 H, J = 9.9, J’ = 2.9), 4.25 (t, 1 H, J = 7.7), 7.4 (m, 5 H);
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13

C-NMR (75 MHz, D2O) δ 19.8, 28.2, 31.2, 55.6, 62.5, 73.6, 88.0, 116.1, 128.2,

128.8, 129.0, 137.5; MS (CI): m/z 276.3 (M+).

Ethyl hexahydro-3-phenyl-2H-oxazolo[3,2-a]pyridine-5-carboxylate (33)

Compound 32 (1 g, 4.38 mmol) was dissolved in dry toluene (30 mL) and SiO2 (5 g)
was added.

While stirring, dry EtOH/HCl (5 M) was added dropwise via syringe

under Ar atmosphere and was left to stir (3 h). Analysis by TLC (hexanes:Et2O, 2:1,
silica on Al, detection: 2% PMA) showed completion of the reaction. The reaction was
quenched by addition of saturated CaCO3 to neutrality. The reaction mixture was
filtered and washed with H2O (3 x 30 mL). The toluene layer was dried with MgSO4
and the solvents were removed under reduced pressure to yield a rust colored oil. The
product was purified by flash chromatography (hexanes:Et2O, 2:1, 2 x 20 cm column,
detection: 2% PMA). Yield: 1.09 g (90%): IR (neat) 1735; 1H-NMR (300 MHz,
CHCl3) δ (ppm) 1.23 (t, 3H, J = 7.0 Hz) 1.71 (m, 6H), 3.55 (dd, 1H, J = 6.1, J’ = 2.1
Hz), 3.64 (t, 1H, J = 7.3 Hz), 4.13 (q 2H, J = 7.1 Hz), 4.18 (m, 1H), 4.33 (t, 1H, J =
7.1 Hz), 4.70 (m, 1H), 7.3 (m, 5H); 13C-NMR (75 MHz, CHCl3) δ 14.7, 19.8, 28.2,
31.2, 55.6, 60.5, 62.5, 73.6, 88.0, 128.2, 128.8, 129.0; HRMS: m/z 276.1616 [calcd for
C16H22NO3: 276.1600].
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Hexahydro-6-methyl-4-phenylpyrido[2,1-c][1,4]oxazin-1(6H)-one (34)

Compound 33 (0.25 g, 0.91 mmol) was dissolved in dry THF (10 mL) and
stirred under Ar atomosphere at 0 °C. BF3·OEt2 (0.14 mL, 1.09 mmol) was added
dropwise via syringe and the solution was then cooled to -78 °C. Methyl magnesium
bromide, MeMgBr, (1.09 mL, 1.09 mmol) was added dropwise via syringe (10 min)
and stirred (5 min) at -78 °C and then quenched with 2N HCl and allowed to warm to
25 °C. The solution was neutralized with saturated NaHCO3 and extracted with
CH2Cl2 (2 x 15 mL). The combined organic layers were washed with H2O and brine
and then dried over MgSO4. The solvents were removed under reduced pressure to
yield a yellow oil. The product was purified by flash chromatography (hexanes:Et2O ,
2:1, 1 x 20 cm column, detection: 2% PMA). Yield: 0.13 g (58%): IR (neat) cm-1:
3001, 1755, 1225, 1047, 822; 1H-NMR (300 MHz, CHCl3) δ (ppm) 0.85 (D, 3H, J =
6.0), 1.51 (M, 5H), 2.13 (M, 1H), 2.74 (d, 1H, J = 11.0 Hz), 2.69 (M, 1H) 3.33 (dd,
1H, J = 11.3, J = 4.3), 4.15 (d, 1H, J = 11.3 Hz) 4.67 (dd, 1H, J = 11.3, J = 4.3 Hz),
7.3 (m, 5H); 13C-NMR (75 MHz, CHCl3) δ 21.7, 23.0, 27.6, 34.9, 58.0, 58.5, 58.5,
60.0, 69.4, 126.6, 126.8, 128.1, 128.6, 144.4, 172.4; MS: m/z 231.30117 (M+) [calcd
for C14H17NO2: 231.30110].
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6S-Methyl-L-pipecolic acid (35)

0.06 g of 34 (0.91 mmol) was dissolved in EtOH (15 mL) and HOAc (8 mL).
10% Pd/C (0.072 g) was added while stirring. The flask was evacuated by vacuum
and filled with H2 (750 mL) and left to stir (2 h). The solution was filtered and dried
under vacuum. The residue was dissolved in H2O and passed over a C-18 cartridge (1
mL) to remove any colored impurities. The solvents were removed under reduced
pressure to yield a white powder. Yield: 0.30 g (86%).

-22.5° (c 5.30, H2O); IR

(KBr) 2942, 1745, 1400, 1221, 1043, 813 cm-1: 2100; 1H-NMR (300 MHz, D2O) δ
(ppm) 1.32 (d, 3H, J = 6.4 Hz), 1.42 (m, 1H), 1.61 (t, 2H, J = 10.7 Hz), 1.92 (m, 2H),
2.29 (d 1H, J = 8.4 Hz), 3.31 (m, 1H) 3.92 (dd, 1H J = 8.9, J’ = 3.0 Hz);
13

C-NMR (75 MHz, D2O) δ 18.7, 22.3, 25.8, 29.8, 53.5, 58.1, 172.1; MS: m/z

144.10357 [calcd for C7H14N02: 144.10245].

6R-Methyl-D-pipecolic acid (36)

36 was synthesized according to the procedure for 35 with the exception that
the formation of 2-cyano-6-phenoxazolopiperidine (30) was performed with Sphenylglycinol instead of the R isomer. All other procedures were identical with
similar yields. Yield: (87%).

22.7° (c 5.39, H2O); IR (KBr) cm-1: 2937, 1746,

1408, 1218, 1045, 812; 1H-NMR (300 MHz, D2O) δ 1.23 (d, 3H, J = 6.3 Hz), 1.33 (m,
1H), 1.53 (t, 2H J = 12.5 Hz), 1.84 (m, 2H), 2.22 (d, 1H, J = 8.9 Hz), 3.17 (m, 1H),
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3.83 (dd, 1H, J = 12.8, J’ = 3.13 Hz); 13C-NMR (75 MHz, D2O) δ (ppm) #; MS: m/z
144.10262 (M+) [calcd for C7H14N02: 144.10245] .
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MECHANISTIC PROBES OF L-PIPECOLATE OXIDASE

CHAPTER 3

KINETIC AND MECHANISTIC STUDIES OF ALTERNATE SUBSTRATES
AND INHIBITORS OF L-PIPECOLATE OXIDASE

INVESTIGATION OF THE MECHANISM OF OXIDATION BY
L-PIPECOLATE OXIDASE

As a means to investigate the chemical mechanism and develop inhibitors of Lpipecolate oxidase, a series of substrate analogs were prepared. Each analog was
designed to probe electronic, steric, or mechanistic requirements of the enzyme. The
findings from assays of each of these analogs as an inhibitor or as an alternate
substrate of L-pipecolate oxidase are reported here. The principle means by which
these assessments are made is through kinetic analysis. By measuring the rate of a
reaction of test compounds in a series of varying conditions, it is possible to make
certain predictions about the reaction course under investigation. Ultimately, it is
impossible to prove a mechanism. At best, one can only support a given mechanism
or disprove an alternate mechanism.

The practice of elucidating an enzymatic

mechanism is most commonly achieved through kinetic analysis. To achieve the best
possible data, pure compounds and pure active enzyme must be obtained.
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ENZYME ISOLATION AND ASSAY

The isolation of L-PO from Rhesus monkey liver was modified from the
method by Mihalik et al.1 With the exception of a substituting an ultrafiltration step
for two chromatography steps, the majority of the isolation was followed as described
in the Mihalik paper. The first step of the isolation was mincing the liver into finely
chopped pieces that could be homogenized quickly with a blender. Centrifugation
permitted the separation of soluble proteins from the membrane bound L-PO and
resulted in a 2-3 fold purification. The protein was then liberated from the membrane
and made soluble through the use of a buffer containing the detergent, 3-[(3cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS). Centrifugation at
this point allowed the removal of any remaining cellular debris resulting in a 5-fold
purification. The thermal stability of L-PO allowed for a heat treatment. The solution
of soluble protein was heated to 45 ˚C for 10 min. Proteins that precipitated by the
heat treatment were then removed by centrifugation resulting in a 5-fold purification.
The basic nature of L-PO enabled a 13-fold purification by anion exchange
chromatography on CM-cellulose resin in a single batch step.
The original procedure required additional chromatography steps using a
phenyl-sepharose hydrophobic interaction column followed by a second CM-cellulose
column. The procedure was modified at this point. The protein mixture was analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
mixture appeared as two distinct bands on the gel (Figure 3.1 Gel A). The upper band
had a molecular weight approximately corresponding to the 46 kD mass reported for
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L-pipecolate oxidase.

1

The lower band appeared to be an impurity with a subunit

molecular weight range of 25-30 kD. The mixture was then purified by ultra-filtration
using a membrane selective for proteins greater than 30 kD to give a solution that
contained only the upper band. The final protein solution was judged to be greater
than 95% pure as determined by SDS-PAGE (Figure 3.1, Gel B).

Figure 3.1. SDS-PAGE analysis of L-pipecolate oxidase purification. Lane 1 of gel
A shows the pooled enriched fractions from the CM-cellulose column. Lane 1 of gel
B shows the diluted flow-through after ultra-filtration and lane 2 shows the purified
protein matching the expected MW of 46 kD.

As described in Chapter 1, the enzyme assay method used in this study was a
coupled assay developed by Duley and Holmes.2 The assay makes use of the H2O2 by-
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product inherent to all oxidase reactions, and has been modified for detection of other
flavoenzymes.3 Coupling H2O2 production to the horseradish peroxidase catalyzed
oxidation of the chromophore o-dianisidine allows for spectrophotometric detection of
substrate turnover as an increase in absorption at 460 nm.

KINETIC STUDIES OF SUBSTRATE ANALOGS

Each of the six compounds listed in figure 2.1 was evaluated as an alternate
substrate or inhibitor. In initial studies, typically 1 to 5 mM concentration of the
compound was assayed as a starting point to determine if the test compound was an
alternate substrate. Alternate substrates were identified spectrophotometrically by an
increase in absorbance due to production of H2O2, a sign of cofactor regeneration.
When a compound showed no activity as an alternate substrate, L-PA was added to the
reaction mixture to reach a concentration of 3.5 mM to assess the test compound as an
inhibitor in a pre-incubation experiment.

Kinetic study of 4,5-methanopipecolic acid (15)

4,5-Methanopipecolic acid was designed to probe the ability of the cyclopropyl
moiety in 4,5-methanopipecolic acid to relocate the radical generated at the 6-position.
Preliminary studies with 15 showed it to be a substrate for the enzyme (Figure 3.2). In
fact, 15 was a better substrate for L-pipecolate oxidase than the natural substrate. This
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is especially interesting considering that 4,5-methanopipecolic acid was present at a
lesser concentration than the natural substrate. Additionally, 15 was synthesized as a
mixture of both the D and L isomers and potentially as mixture of the exo- and endoisomers.

If only one of the isomers is active, the actual alternate substrate

concentration could be as little as 25% of that reported. Figure 3.3 shows progress
curves from an experiment where both the alternate substrate and L-PA were present,
and the reaction was initiated by the addition of the enzyme. In this case, turnover
was even greater than that of L-PA alone; suggesting that 1.0 mM 15 was below
saturating conditions for L-pipecolate oxidase.

Figure 3.2. Progress curves for the oxidation of L-PA and 4,5-methano-PA.
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Figure 3.3. Progress curves for the oxidation of L-PA and 4,5-methano-PA plus L-PA

Initially, it was presumed that the cyclopropyl moiety would undergo
homolytic cleavage, relocating the radical to a site where it could inactivate the
enzyme. However, 4,5-methanopipecolic acid was shown to be an excellent substrate
for the enzyme with no immediate loss of activity. The matter was further obfuscated
by the fact that 15 appeared to be turned over more efficiently than the natural
substrate. While this initial result is confusing, perhaps the results of another inhibitor
from previous experiments can suggest an explanation.
Although the 4,5-dehydroanalog was ultimately shown to be an inhibitor of the
enzyme, it was also a good alternate substrate.4

The allylic character of this
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compound makes proton abstraction easier, thus the initial burst in the production
curve. However, the relocation of the radical likely propagates the radical to an active
site side chain, inactivating the enzyme. The 4,5-methano compound also showed an
initial burst in the production curve. This may be due to the fact that cyclopropyl
groups possess similar electronic effects to allylic system. This prompted speculation
as to the possible turn-over products from 4,5-methanopipecolic acid. As seen in
scheme 3.1, translocation of the radical could lead to three possible outcomes
depending on which bond in the cyclopropyl group is broken.
Pathway A of scheme 3.1 shows how the cyclopropyl ring can open to
generate the exocyclic radical species. The radical formed has been relocated from C6 to what was formerly the methano-carbon. Following release of the product and
successive quench of the radical, an enamine species results. Isomerization of the
enamine to the corresponding imine, which could then hydrolyze to yield the 3-methyl
analog of α-aminoadipate-δ-semialdehyde.
Homolytic cleavage of the cyclopropyl group can also ring open to form a
seven-membered ring as shown in Pathway B.

One point of support for this

mechanism lies in the stability of the radical generated. The seven-membered ring
product displaces the radical from C-6 to C-4.

The radical in this species is a

secondary radical and therefore more stable than the primary radical generated in
Pathway A by approximately 3 kcal/mol. However, formation of a seven-membered
ring is less thermodynamically favorable than the six-membered ring formed by the
mechanism in Pathway A by 6.3 kcal/mol.5 Neither the difference in ring strain nor
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Scheme 3.1. Potential mechanisms for oxidation of 4,5-methano-PA by L-PO.
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the difference in the stability of radical is great enough to predict which mechanism is
being utilized by the enzyme.
A final possible mechanism for the oxidation of 4,5-methanopipecolic acid is
outlined in Pathway C of scheme 3.1. Here, the cyclopropyl group remains unaltered
in the final oxidized product. This mechanism is unlikely. Cyclopropyl groups are
known to be radical traps and have been used to relocate radicals generated by amine
oxidases. Therefore, it seems unlikely that the cyclopropyl moiety would survive
oxidation by a radical mechanism unchanged.
The lack of additional 4,5-methanopipecolic acid prevented any further study
to determine the identity of the turnover product or whether or not the 4,5-methano
analog is also a time-dependent inhibitor of the enzyme.

The result of these

experiments, however, justify the efforts to develop an alternate synthesis for 4,5methanopipecolic acid to answer these remaining questions.

Kinetic study of 5-hydroxypipecolic Acid (24)

The next group of inhibitors was designed to probe the ability of heteroatoms
to stabilize adjacent carbon-centered radicals.
hydroxypipecolic acid.

The first of these was 5-

In initial studies, 3.5 mM 5-hydroxypipecolic acid was

evaluated as a substrate for L-pipecolate oxidase, but did not appear to be an alternate
substrate. In the pre-incubation portion of the experiment, 5-hydroxypipecolic acid
appeared to be an inhibitor (Figure 3.4).
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Figure 3.4. Progress curves for preincubation experiments with 5-hydroxy-PA.

A simultaneous study was performed in which the assay was initiated by
addition of the enzyme (Figure 3.5). In the preincubation experiment, the inhibitor
was allowed time with the enzyme to equilibrate between the bound and unbound
form. In this experiment, both species have equal access to the enzyme. Again, some
inhibition is observed.
The average level of inhibition from the three preincubation experiments was
found to be 24 percent.

The average percent inhibition from the simultaneous

experiment in triplicate was found to be 25 percent. The fact that these values are
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statistically identical suggests that inhibition by 5-hydroxypipecolic is not dependent
on equilibration with the enzyme in absence of the natural substrate.

Figure 3.5. Progress curves for 5-hydroxy-PA as an inhibitor for L-PO

Kinetic study of 5-ketopipecolic acid (25)

5-ketopipecolic acid was evaluated as an alternate substrate at 1.0 mM (data
not shown). In the pre-incubation study, 5-ketopipecolic acid did not appear to show
any inhibition. The concentration of 5-ketopipecolic acid was then raised to 3.5 mM
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and evaluated a second time in a preincubation experiment (Figure 3.6). Despite an
increase in the concentration of 5-ketopipecolic acid, this compound does not appear
to be an alternate substrate or inhibitor of L-pipecolate oxidase at a relevant
concentration.

Figure 3.6. Progress curves for preincubation experiments with 5-keto-PA.

Kinetic study of 5,5-difluoropipecolic acid (26)
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5,5-difluoropipecolic acid was evaluated as an alternate substrate at 3.5 mM
and then as an inhibitor in a preincubation experiment (Figure 3.7). Surprisingly, 5,5difluoropipecolic acid did not serve as an alternate substrate and appears to only be a
weak inhibitor of L-pipecolate oxidase. It was presumed that the electronegativity
provided by the difluoromethylene would stabilize a radical at C-6. Stabilization of a
radical could potentially result in a number of outcomes.

Figure 3.7. Progress curves for preincubation experiments with 5,5-difluoro-PA.

First, as a substrate, stabilization of the radical intermediate would alter the
rate of turnover. Another possibility is that the resulting stabilized radical could be
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propagated to an adjacent carbon or to the surface of the enzyme rather than to the
flavin. The result of this situation could lead to inactivation of the enzyme. For this
reason, it was considered that lack of turnover by the enzyme was a possibility.
However, the difference in size between 5,5-difluoropipecolic acid and L-pipecolic
acid should not affect the steric requirements for binding and the increase in size at
the 5-position was considered negligible.

It was therefore predicted that 5,5-

difluoropipecolic acid would have a high binding affinity for the enzyme.
The results of the assays were surprising. 5,5-difluoropipecolic acid did not
appear to be an alternate substrate in the pre-incubation experiment or as a potent
inhibitor in the competition experiment. While the inhibition appears to be weak,
figure 3.7 represents the average of three successive assays and appears to be
statistically significant.

Kinetic study of 6R-methyl-D-pipecolic acid (34)

6(R)-methyl-D-pipecolic acid was evaluated as an alternate substrate and
showed no activity at concentrations of 1.0 and 3.5 mM nor was there any apparent
inhibition in preincubation experiments at these concentrations (data not shown).

Kinetic study of 6S-methyl-L-pipecolic acid (33)
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In the first assay, 6S-methyl-L-pipecolic acid (33) was evaluated at 3.5 mM
and appeared not to be a substrate. However, in the preincubation portion of the
experiment, greater activity was noted in the experimental cuvette than in the control
cuvette (Figure 3.8). This result prompted a second assay in which 10.5 mM 6Smethyl-L-pipecolic acid was used. At the higher concentration, compound 33 was
found to be an alternate substrate.

Addition of 3.5 mM L-PA showed 6S-methyl-L-

pipecolic acid to also inhibit L-PA turnover in the preincubation experiment shown in
figure 3.9.

Figure 3.8. Progress curves for preincubation experiments with 6(S)-methyl-PA.
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The high degree of inhibition at 10.5 mM suggests that perhaps turnover for
the alternate substrate is slow, but that there is a tight binding that occurs which
prevents L-pipecolate oxidase from binding L-pipecolic acid until catalysis of 6Smethyl-L-pipecolic acid is complete.

Figure 3.9. Progress curves for preincubation experiments with 6(S)-methyl-PA at
higher concentrations.
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The product resulting from oxidation of 6S-methyl-L-pipecolic acid would
likely be the methyl analog of L-α-aminoadipate-δ-semialdehyde, (S)-2-amino-6oxoheptanoic acid as shown in scheme 3.2.

This will have to be confirmed by

additional experiments.

Scheme 3.2. Potential oxidation product of 6S-methyl-L-PA by L-PO.
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Kinetic study of pyrrolidin-2-yl-2-phosphonic acid

The phosphonic acid analog of proline was provided by Professor Freidrich
Hammerschmidt of the University of Vienna, to probe the necessity of the carboxylate
group in proline turnover by L-pipecolate oxidase. At 1.0 mM, pyrrolidin-2-yl-2phosphonic acid did not appear to be an alternate substrate. In the preincubation
study, pyrrolidin-2-yl-2-phosphonic acid did appear to be a weak inhibitor (Figure
3.10).
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Figure 3.10. Progress curves for preincubation experiments with pyrrolidin-2-yl-2phosphonic acid.

Kinetic study of piperidin-2-yl-2-phosphonic acid

The phosphonic acid analog of L-pipecolic acid was also provided by
Professor Freidrich Hammerscmidt. This probe was used to investigate the necessity
of the carboxylate group in pipecolate turnover by L-pipecolate oxidase.

As an

alternate substrate, piperidin-2-yl-2-phosphonic acid showed no activity at 1.1 mM but
did show some inhibition in the preincubation experiment as shown in figure 3.11.
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Figure 3.11. Progress curves for preincubation experiments with piperidin-2-yl-2phosphonic acid.

Kinetic study of S-methyl cysteine lactam

Another compound, S-methyl cysteine lactam, was provided by Professor
Jeffrey Idle of Charles University in Prague. It was believed by Idle that S-methyl
cysteine lactam could be the result of the amide cyclization of the anti-cancer agent
ifosfamide. Ifosfamide has been shown to have CNS toxicity.6,

7

If the S-methyl
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cysteine lactam was shown to be a potent inhibitor of pipecolate oxidase, this may
suggest the cause of the toxicity observed with ifosfamide treatment.
When S-methyl cysteine lactam was evaluated as an alternate substrate, the
compound showed no activity at concentrations of 1.1 and 3.5 mM (data not shown).
There did, however, appear to be inhibition at 1.1 mM (Figure 3.12).

Figure 3.12. Progress curves for S-methyl cysteine lactam as an inhibitor for L-PO.
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Subsequent assays showed a decrease in L-PO activity with increased
concentrations of S-methyl cysteine lactam while maintaining L-pipecolic acid at 3.4
mM (Figure 3.14). The IC50 for the S-methyl cysteine lactam was determined from
the line equation derived from a plot of the percent inhibition versus concentration of
inhibitor (Figure 3.15). The IC50 for the S-methyl cysteine lactam was determined to
be 5.8 mM at 3.1 mM L-pipecolic acid.

Figure 3.13. Progress curves for S-methyl cysteine lactam as an inhibitor for L-PO at
multiple concentrations.
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Figure 3.14. IC50 determination for S-methyl cysteine lactam. The IC50 value was
determined to be 5.8mM at 3.1 mM L-PA.
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DISCUSSION

Of the nine compounds that were evaluated, only two were found to be
alternate substrates. 4,5-Methanopipecolic acid was found to be an excellent substrate
for L-pipecolate oxidase, while 6S-methyl-L-pipecolic acid was found to be turned
over slowly by the enzyme and also showed inhibitory activity at higher
concentrations.

The fact that these two test compounds, which presented

functionalities that could potentially cause steric limitations, were both turned over by
the enzyme suggests that other functionalities at these positions may also allow
binding.
Of the remaining seven compounds, only 5-ketopipecolic acid and 6R-methylD-pipecolic acid showed no inhibitory effects. It is not surprising that L-pipecolate

oxidase was unable to oxidize or bind 6R-methyl-D-pipecolic acid. The incorrect Rstereochemistry at the α-center likely prohibits binding. However, it is somewhat
surprising that 5-ketopipecolic acid showed no inhibition. 5-hydroxypipecolic acid
was found to show some inhibition and previous experiments have shown 4,5epoxypipecolic acid to be an inhibitor.

5-hydroxypipecolic acid would seem to

present a greater steric bulk than 5-ketopipecolic acid, suggesting perhaps that the
explanation is based more on the electronic properties of 5-ketopipecolic acid.
Surprisingly, the 5,5-difluoropipecolic acid was not an inhibitor. It seems
unlikely that the basis for this observation is sterically related, but rather the instability
of the radical generated adjacent to the difluoro-carbon. It may also be difficult to
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initiate catalysis through electron transfer or hydrogen abstraction due to the
electronegativity caused by the fluorine.
The remaining compounds showed only little inhibitory activity and frequently
required concentrations equal to or greater than the KM of L-pipecolic acid. This weak
inhibition makes such compounds poor candidates for therapeutic use.

METHODS

General

Materials: All reagents were purchased from Sigma-Aldrich, Fisher Scientific,
or VWR. Rhesus monkey liver was obtained from the Oregon Regional Primate
Research Center. Water was double-deionized (NANOpure, Barnstead) and filtered
(0.45mm).

Buffers were prepared with double-deionized water and the pH was

adjusted to the desired value at room temperature with 4 N NaOH or 4 N HCl
solutions.

Spectrophometric studies were performed using a Hitachi U2000

spectrophotometer.

L-Pipecolate oxidase purification

103
Homogenization and Solubilization: Frozen Rhesus monkey liver (100 g) was
finely minced and then homogenized in a Waring blender in 300 mL of 250 mM
sucrose containing 1 mM MOPS, pH 7.4 and 0.1 mM EGTA with protease inhibitors.
(0.1 mM benzamidine, 0.4 mg/mL leupeptin, 0.7 mg/mLpepstantin, and 0.1 mM
PMSF). This homogenate was centrifuged at 24,000 x g for 10 min. The supernatant
was discarded, and the pellet was re-suspended in another 250 mL of the same buffer,
and then homogenized and centrifuged as above. The residue pellet was re-suspended
in 150 mL of 100 mM KCl, 50 mM HEPES, pH 8.0, 1.0 mM EGTA and 0.1%
CHAPS buffer. The pellet suspension was magnetically stirred for 30 min, followed
by 30 min centrifugation at 27,000 x g. The supernatant was decanted. The residual
pellet was the re-suspended in 100 mL of the same buffer and stirred again for 30
minutes. After a repeat centrifugation as above, both supernatants were combined.
Heat Treatment: The combined supernatants were rapidly brought to 45 ˚C and
held at this temperature for 10 minutes. The solution was then rapidly cooled to 4 ˚C
in ice and centrifuged at 27,000 x g for 30 minutes. The supernatant was retained.
CM-Cellulose Batch Chromatography: Whatman CM-cellulose cation
exchange resin (75 g) was equilibrated with 5 mM KCl, 5 mM HEPES, pH 7.8 and 0.1
mM EGTA after it was treated with 0.5 mM KCl, 5 mM HEPES, pH 7.8. The
supernatant from the previous step was adjusted to pH 7.65 with 1 M HEPES, pH 6.8
and then diluted ten-fold with deionized water at 4 ˚C. This solution was stirred for 30
minutes with 125 mL of CM-cellulose resin. This suspension was transferred to a
Buchner funnel lined with Whatman #1 filter paper. The resin was separated from the
supernatant and then washed with 600 mL of equilibration buffer.

An enzyme-
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enriched fraction was eluted with 150 mM KCl, 5 mM HEPES, pH 7.8 and 0.1 mM
EGTA.
Ultrafiltration: The solution was then divided into 10 mL aliquots and
transferred into Centriprep Centricon-30 tubes and centrifuged at 5,000 x g until the
solution had been concentrated to a volume of about 1 mL. The solution was then
diluted to a volume of 10 mL with equilibration buffer and concentrated by
centrifugation again to 1 mL. This was repeated three times. The concentrated
solutions from the Centricon tubes were pooled and stored at -80 ˚C.

Enzyme assay of L-pipecolate oxidase activity

Spectrophotometric Assay: In a 500 µL optical glass spectroscopy cuvette,
containing 40 mM Tris, 80 mM KCl, 0.8 mM EGTA, pH 8.5 buffer with 0.32 mM odiaisidine (5 µL of a 10 mg/mL stock solution) and 1.8 units of horseradish peroxidase
(5 mL of a 3.6 unit/10 µL stock solution), different amounts of the enzyme solution
and/or L-pipecolic acid (20 mg/mL stock solution) were mixed along with the test
compound. The absorption change at 460 nm was monitored and the reaction was
kept at 37 ˚C. In most assays, enough enzyme was added to provide at least 0.100
absorbance units change per 5 minute trial.
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Evaluation of compounds as inhibitors and/or alternate substrates of L-pipecolate
oxidase

Evaluation of Compounds as Substrates: Assays were conducted at 37 ˚C in
40 mM Tris, 80 mM KCl, 0.8 mM EGTA, pH 8.5 buffer containing 3.5 mM L-PA,
0.32 mM o-diaisidine and 1.8 units of horseradish peroxidase and the indicated
concentration of analog.

The reaction was initiated by the addition of the test

compound.
Evaluation of Compounds as Inhibitors: Assays were conducted at 37 ˚C in 40
mM Tris, 80 mM KCl, 0.8 mM EGTA, pH 8.5 buffer containing 3.5 mM L-PA, 0.32
mM o-diaisidine and 1.8 units of horseradish peroxidase and the indicated
concentration of analog. The reaction was initiated by the addition of L-pipecolate
oxidase.
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BIOSYNTHETIC STUDIES OF THE PEPTIDE ANTIBIOTICS
MURAYMYCIN AND ENDURACIDIN

CHAPTER 4

BACKGROUND AND INTRODUCTION

INFECTIOUS DISEASE

Infectious disease is a curious and competitive battle.

While infectious

diseases were once the leading cause of death in the United States, the development of
the penicillins (Figure 4.1) in the 1940’s forever altered the landscape of our treatment
of bacterial infection.1 Thus, was ushered in the era of “miracle drugs”.

Infections

that once resulted in death or amputation are now regularly treated with readily
available antibiotics.2

Figure 4.1. Penicillin core structure.
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However, even at the outset of antibiotic research, it was understood that
organisms that can reproduce twice every hour have an adaptive advantage in the
struggle to overcome antibiotic agents. An organism that can potentially mutate into a
resistant strain at such a rate poses a real threat to antibiotic research.3 However, the
1950’s and 1960’s saw such an unprecedented outpouring in the development of
antibiotics1 that it seemed science would always stay one step ahead of the ever
changing microbes.
In 1969, Surgeon General William H. Stewart, was so confident in antibiotic
research that he testified before the U.S. congress that it was “time to close the book
on infectious diseases, declare the war against pestilence won, and shift national
resources to such chronic problems as cancer and heart disease.”4 This sentiment
eventually spread to the pharmaceutical industry.

As recently as the 1980s,

pharmaceutical companies, believing that there were already enough antibiotics, began
reducing the development of new drugs or redirecting resources away from antibiotic
research.5, 6 In much of the developed world, the public had forgotten the impact of
infectious diseases on previous generations and shared in the confidence that modern
medicine and technology would prevail.7 The short sightedness of this view, however,
has contributed to the emergence and threat of drug-resistant infections.
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ANTIBIOTIC RESISTANCE

Today, infectious diseases remain the third leading cause of death in the United
States8 and second leading cause of death worldwide.9 Diseases once thought to be
conquered are returning.10

While reemerging diseases have been experienced

previously, they are now reappearing in more virulent forms and in new
epidemiological settings. The influenza A pandemics of 1918, 1957, and 1968 are
prototypical examples of such reemerging infections.11
The rate at which bacterial antibiotic resistance is growing further illustrates
the severity of the problem. Antibiotic resistance in Staphylococcus aureus was
almost unknown when penicillin was first introduced in 1943.12 In fact, the original
Petri dish on which Alexander Fleming observed the antibacterial activity of the
Penicillium mold was growing a culture of Staphylococcus strain. By 1946, 14% of
hospital S. aureus isolates were found to be penicillin-resistant. While in 1950,
resistance had risen to 59%.13 Staphylococcus aureus has now evolved from being
90% sensitive to greater than 90% resistant to common penicillins.14 Additionally, it
is estimated that 60% of all hospital acquired infections possess resistance to at least
one of the principle drugs used to combat such an infection.15 It seems that science
has not remained one step ahead.
Many factors have contributed to the rapid emergence of drug-resistant
bacteria. The very nature of antibiotic action provides the selective pressure necessary
to suppress susceptible stains leading to the propagation of more resistant varieties in a
truly Darwinian environment. Problems with over-prescription and under-prescription
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have further exacerbated the problem. The practice of treating viral illnesses with
antibiotics is not only ineffective but contributes to the development of resistance.
This is particularly true when it comes to treating children. Yet recent studies
undertaken by the World Health Organization (WHO) indicate that for every 100
respiratory infections, only 20% require antibiotic treatment.15 The remaining 80% of
patients are treated with unnecessary medications leading to increased drug-resistance.
While over-prescription has laid much of the groundwork for resistance, underprescription also contributes. Although doctors may occasionally prescribe inadequate
dosages out of fear of toxicity, under-prescription is more frequently viewed as a
problem with compliance rather than strictly an insufficient dosage regimen. Poor
compliance with recommended dosages has been shown to contribute to increased
antibiotic resistance in staphylococcal, streptococcal, and pneumococcal infections
especially in developing countries where the cost of medication often prohibits regular
dosing.16 Thus the paradox of over-prescription and under-prescription remains a
critical factor to consider in the management of antibiotic resistance.
The battle against S. aureus has become particularly fierce. As penicillin use
increased, S. aureus strains developed resistance mechanisms to combat the
antibiotics. Most common among these are enzymes called β-lactamases. These
enzymes are produced by resistant strains of bacteria and are able to break down
penicillins and many other β-lactam antibiotics rendering them ineffective as
antibacterial agents.3 To combat the effect of β-lactamases, newer antibiotics were
discovered which quickly replaced less effective penicillins.
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At the forefront of this counter offensive was the development of methicillin
in 1959 by Beecham Research Laboratories.17 Methicillin (Figure 4.2) is a semisynthetic narrow spectrum antibiotic belonging to the penicillin class, but which was
resistant to most β-lactamase activity.

Once prescribed regularly to combat β-

lactamase producing infections, its efficacy has also diminished with continued use.

Figure 4.2. Structure of methicillin.

The loss of efficacy can be explained by understanding the mode of action of
β-lactams. β-lactams such as the penicillins, cephalosporins, and carbapenems inhibit
bacterial cell wall biosynthesis through their affinity for penicillin-binding proteins
(PBPs). PBPs are named such after the method of their discovery rather than their
function. Bacterial cell walls are composed of polymeric strands of peptidoglycan.
PBPs catalyze the cross-linking of these strands to form the lattice of the cell-wall. βlactams bind to PBPs and form covalent adducts which inactivate the penicillinbinding proteins.
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The most common mechanism of resistance to methicillin is by the acquisition
of the mecA gene, which codes for an altered penicillin-binding protein that retains
catalytic activity, but has a lower affinity for binding β-lactams.

This confers

resistance to many β-lactam antibiotics and often obviates their clinical use during
methicillin-resistant infections.

Methicillin has largely been replaced by newer

antibiotics such as vancomycin and linezolid. However, the term methicillin-resistant
Staphylococcus aureus (MRSA) continues to be used to describe S. aureus strains
resistant to most β-lactams.
It is now estimated that 20% of hospital-acquired infections are caused by
S. aureus and that up to 60% of isolates in intensive care units (ICUs) are resistant to
methicillin and other common penicillins.18 Community-acquired MRSA infections
are now being reported and account for 12% of infectious cases.19
This increase in resistance and infection has lead to the increased use of the
antibiotic vancomycin (Figure 4.3) or “agent of last resort”.20

Vancomycin is a

glycosylated non-ribosomal peptide antibiotic produced by the soil bacterium
Amycolatopsis orientalis.21

While vancomycin showed potent activity against

penicillin-resistant strains early in discovery, it could not be administered orally. The
inconvenience of an intravenous delivery and the development of other antibiotics to
treat penicillin-resistant bacteria prevented vancomycin from becoming a first-line
treatment against S. aureus.

However, the emergence of methicillin-resistant S.

aureus led to its eventual use as a last line defense against MRSA. Unfortunately, as
was seen with methicillin use, the increased usage of vancomycin is not without
consequence. Strains of vancomycin-resistant MRSA are now being identified22 and
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30% of hospital-acquired enterococcal infections are now found to be vancomycinresistant (VRE).23

Figure 4.3. Structure of vancomycin.

Currently, the estimated rate of MRSA infection in the U.S. is greater than the
combined infection rate of invasive pneumonococcal disease, invasive group A
streptococcus, invasive meningococcal disease, and invasive H. influenzae24
accounting for an estimated 94,360 cases.25

Additionally, the mortality rate of

invasive MRSA infections is 18.7%. The projected death toll in the U.S. from MRSA
infections now exceeds that attributed to human immunodeficiency virus/AIDS.19
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The rise of antibiotic-resistance stems not only from clinical use, but also from
the indiscriminate use of antibiotics as feed additives and pesticides within the
agricultural industry. Antibiotics have long been used as feed additives for disease
treatment, disease prevention, and as a growth stimulant.

Antibiotics were first

introduced as feed additives in 1949 in poultry farming.

Stokstad and Jukes26

observed that continuous low-level feeding of the antibiotic chlortetracycline to turkey
poults resulted in improved weight gain and increased feed efficiency.27 Soon, the
practice of feeding spent culture mash from the commercial production of
chlortetracycline was employed to mature young poultry. Eventually, the use of
antibiotics as a feed additive revolutionized animal production.
The boon to the agricultural industry, however, comes at a cost to resistance.
Numerous studies have chronicled the decline in bacterial sensitivity to antibiotics
over time in domestic animal pathogens.28, 29 Out of these studies, and out of universal
clinical experience, several generally accepted axioms have developed.

Cardinal

among these is that the continuous use of antibiotics is usually attended by the
development of resistance to that antibiotic and, frequently, to other antibiotics as
well.30

The second axiom is that resistance can be equated to ineffectiveness.

Thirdly, the discovery of truly new antibiotic entities has markedly declined over the
past three decades to the point that the expectation of periodic introduction of unique
antibiotic classes is diminished to the point that there is some concern we may
eventually be left with a severely depleted arsenal of anti-infective agents.
Table 4.1 illustrates the breadth of which antibiotics have been used as pesticides and
as feed additives in animals for disease treatment, disease prevention, and growth
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production.31 It has been estimated that in the United States, nearly 4 million pounds
of antibiotics are consumed each year for agricultural therapeutic use. It has been
estimated that an additional 24.6 million pounds of antibiotics are used each year in
non-therapeutic agricultural use and 30 million pounds in total non-human use.32
More recently many of the benefits, through the use of antibiotic feed additives have
been replaced through genetic selection.33, 34 While antibiotic use is now less frequent,
the selective pressure exerted by the agricultural industry on bacteria to become
resistant has further contributed to the rise of drug-resistant bacteria.35
In addition to the enormous volume of antibiotics being consumed in clinical
and agricultural settings, concerns are now being raised by the quantity of unmetabolized antibiotics being released into the environment. In the case of antibiotics,
as with any drug, only a small fraction of the drug is metabolized by the patient during
the treatment. It has been reported that as much as 50 to 90% of the drug may pass
through the subject in its original or biologically active form.36 Waste water from
agricultural centers where antibiotics are used in non-therapeutic cases have been
shown to select for antibiotic-resistant enteric bacteria.37, 38 Waste water contaminants
from the pharmaceutical39 and hospital40 industry have also advanced the rate at
which bacteria have become resistant to current antibiotics.

Furthermore, studies

have shown that some antibiotics found in waste water do not break down when
treated by traditional means.41 This cumulative “antibiotic pollution” adds enormous
pressure to bacteria to develop resistance and affects both the effectiveness of drug
treatment in human use and the effectiveness of drug treatment in veterinary
applications.31
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Table 4.1. Use of antibiotics in agricultural and medicinal settings.
Antibiotic Class

Agriculture

Human
Medicine

Animal
Examples
Aminoglycosides
gentamicin
neomycin
streptomycin
Beta Lactams
penicillin
amoxicillin
ampicillin
methicillin
Cephalosporins
cefadroxil
cefuroxime
ceftiofur
Carbapenems
chloramphenicol
florfenicol
Cycloserines
imipenem
Glycopeptides
vancomycin
avoparcin
Ionophores
monensin
salinomycin
semduramicin
lasalocid
Lincosamides
lincomycin
Macrolides
erythromycin
tilmicosin
tylosin
Monobactams
aztreonam
Oxazolidinones
linezolid
Polypeptides
bacitracin
Quinolones
fluoroquinolones
sarafloxacin
enrofloxacin
Streptogramins
virginiamycin
dalfopristin/quinupristin
Sulfonamides
sulfadimethoxine
sulfamethazine
sulfasoxazole
Tetracyclines
chlortetracycline
oxytetracycline
tetracycline
Other Antibiotics
bambermycin
carbadox
novobiocin
spectinomycin

Disease
Treatment

Disease
Prevention

*

*

*

*

*

*

Plants
Growth
Promotion

Used as
Pesticides
*

*

*

*

*
*

*

*
*

*
*

*

*

*

*

*
*

*
*

*

*
*
*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*
*
*

*
*

*
*
*
*

*

*

*
*
*
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Thus it seems that the very use of antibiotics sows the seeds of its own demise
by selecting for rare strains of bacteria that possess the ability to resist.42 Moreover,
frequently the genes harboring resistance can be transferred from one strain to another
and from species to species.43, 44

Bacteria possessing resistance genes for one type of

antibiotic may inherit the resistance from a bacterium of a completely different genus
for a new antibiotic leading to the generation of bacteria possessing resistance to
multiple drugs.45 Such cases are emerging at an astounding pace. These multi-drugresistant (MDR) bacteria are now one of three principle world-wide health concerns of
the 21st century according to the WHO.15

ANTIBIOTIC ACTIVITY

To best understand resistance, one must first understand the mechanism by
which an antibiotic acts. Antibiotics act by inhibiting essential bacterial biological
pathways or by altering the function of essential structural elements.

Antibiotic

mechanisms of action can be broadly categorized into five major classifications.
Examples of each classification and representative antibiotics are outlined below.
The first classification discussed is bacterial protein biosynthesis.

The

activities of antibiotics such as erythromycin, chloramphenicol, and the tetracyclines
are indicative of the multiple targets within this pathway that have been exploited.
Erythromycin binds to the 50S portion of the ribosome preventing translocation of the
ribosome along the mRNA strand.46 Chloramphenicol also binds to the 50S subunit of
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the ribosome,

but binds in a way that inhibits peptide bond formation.47

The

tetracyclines interfere with attachment of tRNA to the mRNA-ribosome complex.48
Antibiotics have also been developed to target bacterial nucleic acid
biosynthesis. Rifampin49 inhibits DNA-dependent RNA polymerase in bacterial cells
by binding to the beta-subunit, thus preventing transcription of DNA to RNA. The
fluoroquinolones inhibit bacterial DNA gyrase of many Gram-negative bacteria50 and
are also effective inhibitors of topoisomerase IV in many Gram-positive bacteria.51
Inhibition of either DNA gyrase or topoisomerase IV prevents DNA replication. The
specificity for these bacterial enzymes by the fluoroquinolones has led to the effective
treatment of intracellular pathogens such as Legionella pneumophila52 and
Mycoplasma pneumoniae. 53
Another classification is the inhibition of essential metabolic pathways. One
specific target is folic acid biosynthesis. Both the sulfonamides and trimethoprim act
by disrupting this critical biosynthetic pathway. Sulfonamides act as competitive
inhibitors of the enzyme dihydropteroate synthase.54,

55

Dihydropteroate synthase

catalyses the conversion of para-aminobenzoate to dihydropteroate, a key step in
folate biosynthesis. Trimethoprim acts by interfering with the action of bacterial
dihydrofolate reductase,56, 57 inhibiting synthesis of tetrahydrofolic acid. Tetrahydrofolic acid is an essential precursor in the de novo synthesis of the DNA nucleotide
thymidine. Bacteria are unable to take up folic acid from the environment and are thus
dependent on their own de novo synthesis. Inhibition of the enzyme starves the
bacteria of nucleotides necessary for DNA replication. Tetrahydrofolic acid is also a
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cofactor in many reactions and serves as a 1-carbon donor in the biosynthesis of serine
and methionine.
Daptomycin, bacitracin, and the polymyxins are examples within the
classification of antibiotics which alter cell wall structure and function.

These

compounds do not directly interfere with the biosynthesis of the cell wall, but bind to
the surface of the cell to disrupt cellular function. The activity of daptomycin has
been shown to be through the formation of pores within the cell wall which cause
depolarization of the cell.58 Bacitracin interferes with the dephosphorylation of the
undecaprenol diphosphate, a molecule critical to cell wall biosynthesis.59 Polymyxins
disrupt the structure of the bacterial cell membrane by interacting with phospholipids
on the surface of Gram-negative bacteria.60 Polymyxins have been shown to be
especially effective against Pseudomonas and coliform organisms.61
The last classification of antibiotic mechanisms is inhibition of cell wall, or
peptidoglycan, biosynthesis. Many antibiotics including penicillin,62 methicillin,63 and
vancomycin64 act by inhibiting various stages of bacterial cell wall biosynthesis. As
mentioned earlier, the bacterial cell wall is composed of a complex matrix of
peptidoglycan (murein) strands. Gram-positive and Gram-negative bacteria differ
primarily in the thickness of the peptidoglycan layer and, in the case of Gram-negative
bacteria, by the presence of an additional outer layer consisting of lipoproteins and
lipopolysaccharides.

The polymeric chains of amino sugars cross-linked by

oligopeptide chains forms a complex network in which the entire peptidoglycan layer
of a cell is one giant macromolecule.65 Weaknesses in this framework compromise
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the integrity of the entire cell making the enzymes involved in this pathway attractive
targets for drug development.
The glycan, or polysaccharide portion of the chain, is an alternating polymer of
N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc), a derivative of
N-acetylglucosamine. Covalently attached to the N-acetylmuramic acid moiety is the
peptide portion. Peptidoglycan biosynthesis can be broadly outlined in three distinct
stages: (1) synthesis of N-acetylmuramylpeptide, (2) formation of the polysaccharide
chain by polymerization of N-acetylglucosamine and N-acetylmuramylpeptide, and (3)
cross-linking of the peptide chains.
The first stage begins with the synthesis of UDP-MurNAc, outlined in Figure
4.4.

Phosphoenolpyruvate is transferred to the 3' hydroxyl of UDP-N-

acetylglucosamine to give the 3-enolpyruvyl ether derivative. The pyruvyl group is
then reduced by NADPH to generate the 3-O-D-lactyl ether of UDP-Nacetylglucosamine or UDP-N-acetylmuramic acid. The addition of the lactoyl moiety
to UDP-N-acetylglucosamine provides the point of attachment for the pentapeptide.

Figure 4.4. UDP-N-acetylmuramic acid biosynthesis.
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The pentapeptide is built up in a stepwise fashion through the actions of a
series of ATP-dependent ligases (MurC, MurD, MurE, and MurF) which are
responsible for the respective additions of L-alanine, D-glutamic acid, mesodiaminopimelic acid or lysine (depending on the organism) and the dipeptide D-alanylD-alanine to UDP-MurNAc (Figure 4.5).

Interestingly, the amide bond formed

between the D-glutamic acid residue and the lysine residue forms on the γ-carboxylate
of the D-glutamic acid residue effectively extending the length of the growing peptide
by two carbon units.

Figure 4.5. UDP-N-acetylmuramyl-pentapeptide biosynthesis.
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As mentioned above, the pentapeptide consists of residues with both D and L
configurations and may, depending on the organism, possess a meso configuration
when diaminopimelyl unit is present. As reported by Schleifer and Kandler,66 as well
as other reviews,67, 68 the structure of this peptide and the substrate specificity of these
enzymes exhibit some variations in the bacterial world. The completed UDP-Nacetylmuramyl-pentapeptide is the final free soluble intermediate in the cytoplasm.
The UDP-N-acetylmuramyl-pentapeptide is also known as Park’s nucleotide.69
Stage 2 is the polymerization of UDP-N-acetylglucosamine and UDP-Nacetylmuramyl-pentapeptide.

This process involves a lipid carrier, undecaprenol

(bactoprenol) phosphate. Undecaprenol phosphate is a 55-carbon lipophilic tether
containing 11 isoprenoid units with a phosphate linked to the terminus. The first step
is

condensation

of

UDP-N-acetylmuramyl-pentapeptide

with

undecaprenol

diphosphate by the transferase MraY (also called translocase) yielding undecaprenyl-

Figure 4.6. Formation of Lipid I by MraY.
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pyrophosphoryl-MurNAc-pentapeptide, also referred to as Lipid I (Figure 4.6).
The enzyme MurG then catalyzes the transfer of the GlcNAc moiety from
UDP-GlcNAc to Lipid I yielding undecaprenyl-pyrophosphoryl-MurNAc-(pentapeptide)-GlcNAc (Lipid II) as shown in Figure 4.7. The product of the reaction
catalyzed by MurG is a peptidoglycan monomer tethered by a diphosphate ester to the
undecaprenyl carrier.70 This product is then translocated to the surface of the cell by a
poorly understood mechanism where it serves as the substrate for the polymerization
reactions.71, 72

Figure 4.7. Formation of Lipid II by MurG.

The third and final stage is transglycosylation and transpeptidation, carried out
on the surface of the cell.

In the transglycosylation step, the undecaprenyl-

diphosphate serves as the leaving group and provides the energy for the formation of
the newly formed glycosidic bond73 connecting the GlcNAc of one monomer to the

124
MurNAc-pentapeptide of the other. The high energy diphosphate is significant since
no ATP or other energy source is present in adequate supply on the cell surface.74 The
transglycosylation reaction has been shown to proceed independently from the
transpeptidation, or crosslinking, reaction as illustrated in treatments of cell-free
peptidoglycan strands that could undergo transglycosylation in the presence of βlactam antibiotics that inhibited transpeptidation reactions.75 Figure 4.8 illustrates the
transglycosylation reaction resulting in polymerized glycan strands.

Figure 4.8. Transglycosylation of Lipid II.

The step in the final stage is transpeptidation or cross-linking of the peptide
chains. Like the transglycosylation reaction, the transpeptidation reaction occurs on
the surface of the cell. However, unlike the transglycosylation reaction, no high
energy phosphate ester is present to provide the energy necessary for formation of the
peptide bond. The energy necessary for this reaction has been built-in to the substrates
prior to translocation in the form of a peptide bond.
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As mentioned in the discussion of the formation of the pentapeptide, the first
three amino acid residues are ligated as single amino acids. MurF, however, ligates
the dipeptide D-alanyl-D-alanine. The terminal D-alanine serves as the leaving group
in the cross linking reaction by the transpeptidase. The energy released by breaking of
the D-alanyl-D-alanine bond also provides the energy necessary for formation of the
new amide bond between the ε-amine of the lysine residue of one peptide and the
amide carbonyl of the alanine on a neighboring strand.
transpeptidation reaction.

Figure 4.9. Transpeptidation reaction.

Figure 4.9 depicts the
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The unique D-alanyl-D-alanine peptide terminus is also the binding site of
vancomycin. Vancomycin binds through a network of five hydrogen bonds to the Dalanyl-D-alanine moiety thereby blocking access of the transpeptidase.76, 77 Resistance
to vancomycin can occur when the D-alanyl-D-alanine terminus is altered. Variations
such as D-alanyl-D-lactate and D-alanyl-D-serine result in only a 4-point hydrogen
bonding interaction being possible between vancomycin and the peptide.78 This loss of
just one point of interaction results in a 1000-fold decrease in affinity.79, 80
An additional note of interest is that while transglycosylation appears to occur
independently of transpeptidation, transpeptidation does not appear to occur prior to
the formation of polymerized glycan chains.81 Moreover, the direct inhibition of
transglycosylase by moenomycin-type antibiotics does not lead to any polymerization
by transpeptidation.82 Thus it appears that inhibitors of transglycosylase may also
influence the availability of the transpeptidase substrate.
Figure 4.10 illustrates peptidoglycan biosynthesis beginning with the
formation of Lipid I from UDP-MurNAc-pentapeptide continuing to the polymerized
and cross-linked peptidoglycan lattice.
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MURAYMYCIN

Clearly, the need for new antibiotics is greater than ever.

To that end,

continued research has led to a number of new antibiotics. Among those are a series
of peptide antibiotics produced by various Streptomyces strains. Two antibiotics of
particular interest to this work are muraymycin83 and enduracidin (Figure 4.11)84, 85

Figure 4.11. Structure of muraymycin C1 and enduracidin A.

The muraymycins were first isolated by McDonald et al. from a Streptomyces
sp. using a cell-wall specific biological assay. The core structure was found to be a
nucleoside-lipopeptide with antibiotic activity against Gram-positive bacteria.
Muraymycins were later shown to act by inhibiting bacterial translocase (MraY).86
As stated previously and illustrated in Figure 4.6, MraY catalyzes the linkage of UDPMurNac-pentapeptide to the undecaprenol carrier in bacterial cell-wall biosynthesis.
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Inhibition of this step in the biosynthesis of the bacterial cell wall prevents the
formation of Lipid I, resulting in an inability to synthesize peptidoglycan strands.
Nineteen compounds were originally reported in the discovery of the
muraymycin family. Currently, over 30 different muraymycins have been isolated and
at least 22 have been patented by pharmaceutical companies as antibiotics.87 While
the muraymycin family has a wide diversity within its many members, a core structure
is present in each compound. Figure 4.12 represents the core structure and the two
major positions that are modified to make up the different members of the
muraymycin family.

Figure 4.12. Core structure of muraymycin and side chains.

Of the two major modified positions, the fatty side chain attached to the βhydroxyleucine residue has the largest effect on activity. It is believed that the
fatty acid side chain may aid in binding to the lipid bilayer and thus may help to orient
the molecule for interaction with MraY.88 Trends regarding the influence of activity
from the fatty acid portion of the muraymycins have been observed.87 It was found
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that fatty acid esters had greater in vitro activity than non-esters. Additionally, longer
fatty acid side chains were shown to have greater in vitro activity, while fatty acids
which terminated in guanidine- and hydroxyguanidino-moieties were most active.
The amino sugar present represents the second major position of modification
in the muraymycin family.

Different amino sugars have been identified as

constituents in muraymycins, with ribose being the most common. The A5 and C4
forms of muraymycin were isolated without an amino sugar present, but are thought to
be hydrolysis products derived from purification methods.83
Muraymycin C5 and D4 were found to possess an isoleucine residue in place
of the valine residue present in the other muraymycins. Perhaps there is some degree
of promiscuity in the enzyme that occasionally incorporates valine into muraymycin.
Interestingly, neither of these compounds possess a fatty acid moiety. Lack of the
fatty chain resulted a reduction in the in vitro activity of other muraymycins. It is
unknown if the presence of this additional methylene has any influence on activity
when compared to equivalent compounds containing valine.
In addition to the varied substituents appended to the core structure, several
unique elements are present within the peptide portion of the molecule. The βhydroxyleucine residue is present in only certain members of the muraymycin family.
The free hydroxyl group is found in at least three distinct muraymycins, suggesting
that oxidation at this location is performed after formation of the peptide core
structure. The oxidized leucine residue then becomes the anchor point to which the
fatty acid portion is esterified.
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Another unique feature is the presence of a capreomycidine residue.
Muraymycin, viomycin, and capreomycin are all non-ribosomal peptide (NRP)
antibiotics that possess capreomycidine, a unique cyclic amino acid residue derived
from arginine (Figure 4.13). Recently the genes responsible for the conversion of
arginine to capreomycidine in the viomycin gene cluster have been cloned and
heterologously expressed in E. coli as VioC89 and VioD.90, 91 The gene products have
been shown to convert arginine to 2S,3R-capreomycidine.

Figure 4.13. Structures of muraymycin, viomycin, and capreomycin.

The capreomycidine residue incorporated into muraymycin has the 2S,3Sconfiguration. The stereochemistry of the capreomycidine residue incorporated into
viomycin is 2S,3R-capreomycidine. Using the techniques involved in the cloning and
expression of the VioC and VioD genes, it may be possible to identify the analogous
genes from the muraymycin producer. Through the use of gene swapping, it may then
be possible to generate novel antibiotics that incorporate the capreomycidine residue
from viomycin into muraymycin and vice versa to generate novel compounds and

132
investigate the importance of the stereochemistry at this position. Analysis of these
genes and the corresponding enzymes may also provide information regarding the
mechanism of cyclization during capreomycidine biosynthesis. Efforts to isolate the
muraymycin biosynthetic genes are detailed in chapter five.

ENDURACIDIN

Enduracidin (Figure 4.14) is a lipodepsipeptide first isolated by Takeda
Chemical Industries in 1968 using cross-streak screening and disk diffusion assays
against Staphylococcus aureus, Bacillus subtilis, and Bacillus cereus.92 Enduracidin is
active against a number of human pathogens including methicillin-resistant
Staphylococcus aureus and vancomycin-resistant enterococcus (VRE).

Figure 4.14. Enduracidin core structure with A and B side chains.
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Structurally, enduracidin is a large cyclic peptide containing several unusual
amino

acids

including

4-hydroxylphenylglycine,

3,5-dichloro-4-hydroxy-

phenylglycine, ornithine, citrulline, and enduracididine (Figure 4.14). Of particular
interest are the fatty acid side chain, chlorinated hydroxylphenylglycine, and
enduracididine residues. Both the D and L isomers of enduracididine are present in
enduracidin, yet both have been determined to arise from L-arginine.93
Table 4.2 shows the minimum inhibitory concentrations (MICs) for
enduracidin compared to other antibiotics versus community- and hospital-acquired
MRSA. The MICs for enduracidin are highlighted in orange. Bactericidal activity of
enduracidin is greater by comparison than those of every other antibiotic listed within
the antibiogram and thus shows significant potential as a clinical agent.
Enduracidin has been shown to possess a broad spectrum of activity against
aerobic and anaerobic Gram-positive bacteria. Furthermore, enduracidin has been
used as a poultry feed additive in Asia for nearly 30 years and may promote growth by
inhibiting Clostridium perfringens, which is known to slow poultry growth and can
cause necrotic enteritis. As mentioned previously in this chapter, the use of antibiotics
as feed additives quickly results in a decrease in bacterial sensitivity to the antibiotic.
Encouragingly however, despite the widespread use of enduracidin as a feed
additive in Asia, Central and South America, and the Middle East; no known
resistance in C. perfringens or any other bacterium has ever been reported. This
remarkable lack of resistance suggests that perhaps the mechanism by which
enduracidin acts requires a radical mutation in order to develop resistance, and no
form of transmittable resistance gene exists.
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Table 4.2. MICs for enduracidin and other antibiotics versus community- and hospital acquired MRSA
Strain

END

CIP

CLD

ERY

GNT

LEV

LZD

OXA

Q/D

RIF

TET

T/A

VAN

113

0.031

20.25

0.125

>8

2

0.125

2

>8

0.25

20.25

24

24

1

209

0.031

20.25

0.125

>8

21

0.25

1

>8

0.25

20.25

24

20.5

1

131

0.063

>4

>2

>8

>8

4

1

>2

0.5

20.25

>8

>2

0.5

129

0.125

>4

>2

>8

>8

>4

2

>2

0.5

20.25

>8

>2

1

Antibiogram data (from JMI Laboratories). All are MICs in µg/mL.

END = enduracidin, CIP = ciprofloxacin, CLD = clindamycin, ERY = erythromycin, GNT = gentamicin, LEV = levofloxacin,
LZD = linezolid, OXA = oxacillin, Q/D = quinupristin/dalfopristin, RIF = rifampin, TET = tetracycline, T/S = TMP/SMX,
VAN = vancomycin.

Isolates 113 and 209 are community-associated MRSA strains isolated in 2000.
Isolates 131 and 29 are hospital-acquired strains isolated in 2005.
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Enduracidin shares a remarkable similarity to another lipodepsipeptide
ramoplanin shown in Figure 4.15. Ramoplanin has also been shown to possess good
activity against a broad spectrum of Gram-positive infections. Currently it is in late
stage clinical trials for use in multi-drug resistant skin and intestinal infections.94, 95
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Figure 4.15. Structure of ramplanin-A-2 and enduracidin A.

The initial investigation of the mechanism of action for enduracidin was shown
to inhibit cell wall formation. In 1968, Tanayama96 et al. were able to demonstrate
that

enduracidin

causes

the

accumulation

of

UDP-MurNAc-pentapeptide.

Experimental evidence suggested that Lipid I was the binding site for ramoplanin and
that inhibition of MurG was responsible for the accumulation of UDP-MurNAcpentapeptide.97, 98 However, it was not until 2005 that enduracidin was shown to bind
preferentially to Lipid II.

Substrate binding and subsequent inhibition of
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transglycosylase activity was proposed to be the primary mechanism of action as a
result of greater affinity for Lipid II.99
Figure 4.16 shows the specific binding site of enduracidin and ramoplanin on
Lipid II as well as the binding site of vancomycin. As was discussed previously,
binding of Lipid II by vancomycin is circumvented by the alteration of the terminal
amino acid within the pentapeptide. Enduracidin binds to the MurNAc phosphate
ester region of Lipid II and Lipid I. Alterations to this portion of the molecule may
affect substrate recognition by several of the enzymes involved in peptidoglycan
biosynthesis. This unique binding site may help to understand why no resistance or
cross-resistance has yet been reported.
The gene cluster for enduracidin has been isolated and sequenced by our lab.
Various studies have been performed involving the biosynthesis of the lipid tail. The
genes encoding the enzymes involved in the formation of the cis and trans double
bonds within the lipid have been investigated. Knockout experiments have produced
new enduracidin analogs that will be further investigated for activity. Additionally,
our lab has focused on studying the gene encoding the halogenase enzyme.

In

halogenase knock-out strains, deschloroenduracidin has been observed by LCMS
analysis.
Chapter six explores efforts to further understand the biosynthesis of
enduracidin. Investigation into the biosynthesis of the enduracididine residues present
within enduracidin is discussed. The preparation of enduracidin analogs in which 3fluoro-4-hydroxyphenylglycine has been substituted for various hydroxyphenylglycine
residues is also discussed.
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BIOSYNTHETIC STUDIES OF THE PEPTIDE ANTIBIOTIC MURAYMYCIN

CHAPTER 5

THE MURAYMYCIN BIOSYNTHETIC GENE CLUSTER

CYCLIZED ARGININE RESIDUES

Non-proteinogenic amino acids are a hallmark of non-ribosomal peptide
antibiotics. Nearly 300 different non-proteinogenic amino acids have been discovered
from natural sources. Non-proteinogenic amino acids include unique side chains, βamino acids, and D-amino acids.

Non-ribosomal peptide synthetases (NRPSs)

frequently make use of such non-proteinogenic amino acids in a host of biologically
active compounds.1 The unusual side chains and alternative stereochemistry allows for
a class of incredibly diverse compounds within a structured peptide framework.2,

3

Furthermore, the modular nature of NRPS assembly provides the possibility of genetic
manipulation of these modules to engineer novel peptides.4, 5
In the case of the peptides viomycin, capreomycin, and muraymycin, a unique
capreomycidine residue is derived from arginine.6-9

The biosynthesis of

capreomycidine in the viomycin pathway has been characterized in vitro by two
enzymes VioC and VioD.10-12 VioC bears a high degree of similarity to other amino
acid β-hydroxylase enzymes, namely SttL, CAS (clavaminate synthase), and MppO.
SttL is a putative oxygenase in the streptolidine biosynthetic pathway. Clavaminic
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acid

synthase

(CAS)

has

been

shown

to

β-hydroxylate

deoxyguanidino-

proclavaminate, an arginine derived intermediate in the clavaminic acid pathway.13, 14
MppO is a β-hydroxylase that acts on enduracididine, another cyclized form of
arginine, found in the mannopeptimycin cluster.15, 16 These reactions are illustrated in
Figure 5.1

Figure 5.1. β-hydroxylation by SttL, CAS, and MppO.

In the conversion of arginine to capreomycidine in the viomycin pathway,
arginine is first oxidized by VioC in a reaction similar to the reactions catalyzed by the
enzymes CAS and MppO. Like MppO and clavaminate synthase, VioC is a non-heme
iron, α-ketoglutarate-dependent oxygenase.

The reaction has been shown to be
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stereospecific, producing 3S-hydroxy-L-arginine.10,

11

Carbon dioxide and succinate

are liberated as by-products of the reaction as shown in Scheme 5.1.
Scheme 5.1. Conversion of L-arginine to 3S-hydroxy-L-arginine by VioC.

The cyclization reaction is facilitated by a pyridoxal phosphate (PLP)dependent enzyme, VioD.12 Scheme 5.2 illustrates how VioD cyclizes 3S-hydroxy-Larginine in a putative PLP -dependent elimination/addition reaction to form the final
product 2S,3R-capreomycidine. Loss of water gives the conjugated olefin necessary
for cyclization. The mechanism is similar to that of other PLP-dependent enzymes
catalyzing other β-substitution reactions such as L-aspartate aminotransferase and Damino acid aminotransferase.17

Scheme 5.2. Conversion of 3S-hydroxy-L-Arg to 2S,3R-capreomycidine by VioD.
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The capreomycidine residue in viomycin is an important feature within the
pharmacophore.

Nomoto et al. performed studies in which synthetic analogs of

tuberactinomycin O containing substitutions for the capreomycidine residue were
prepared and assayed against a series of Gram-positive bacteria.18 The analogs show a
decrease in antibiotic activity compared to that of the native compound. Figure 5.2
illustrates the synthetic analogs that were prepared in the study. Substitutions for the
capreomycidine residue are highlighted in red.
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Table 5.1 shows the activity of tuberactinomycin O and the analogs listed
above against Corynebacterium diphtheria, Bacillus subtilis, and Mycobacterium
smegmatis. Both of the analogs tested showed significant loss of activity. The
arginine (Arg) analog of tuberactinomycin O contains all of the atoms present within
the native compound, but lacks the connectivity between the terminal guanidinonitrogen and the β-carbon. This linear side chain has a greater degree of flexibility
than the cyclized capreomycidine which may account for the loss of activity.

Table 5.1. MICs for viomycin and analogs versus Gram-positive test organisms.
MIC (mg/mL)
Test Organism

(Arg)

(G-Ala)

Tum O

Corynebact.
diphtheriae
B. subtilis
ATCC 6633
Mycobacterium
ATCC 607

100

25

6.3

>100

50

25

>100

25

6.3

The guanidino-alanine (G-Ala) analog of tuberactinomycin O possesses the
connectivity absent in the arginine analog, but is missing the two-carbon ethylene unit
that would complete the ring from the other direction. Again, the linear side chain of
this residue has greater flexibility than the native capreomycidine residue. However,
the MIC values for the guanidino-alanine analog are markedly lower than those of the
arginine analog suggesting the connectivity between the side chain and the terminal
guanidino-nitrogen is of greater importance with regard to activity.
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The presence of a capreomycidine residue in a number of peptide antibiotics
and its apparent importance within the pharmacophore of viomycin make
capreomycidine biosynthesis an intriguing point of study. As stated in chapter four,
the stereochemistry of the capreomycidine residue in muraymycin has the 2S,3S
configuration contrasted against the 2S,3R configuration in viomycin. Investigation
into the biosynthesis of the capreomycidine residue from the muraymycin pathway
may reveal the origin of the difference in stereochemistry in this residue and may
allow for the generation of hybrid analogs19-21 possessing a capreomycidine residue
with an alternative stereochemical configuration at the 3-position.
MURAYMYCIN PRODUCTION

To achieve this goal, it is first necessary to isolate the muraymycin
biosynthetic gene cluster. The strategy employed for identification and isolation of
these genes is by the generation of a genomic library from the muraymycin producing
organism Streptomyces sp. NRRL 30471. This library can then be screened by a
number of different methods including: resistance screening, degenerate PCR primer,
in situ colony hybridization, and Southern blot analysis.
In order to generate a genomic library, it was first necessary to culture the
organism. Culturing of the organism provides an opportunity to generate samples for
long term storage, and may allow for the production of muraymycin in quantities
suitable for resistance screening. Initially, lyophilized cells obtained from NRRL were
used to prepare glycerol stocks and seed cultures for large scale cultures.
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In an attempt to confirm the production of muraymycin antibiotics from
laboratory cultures, disk diffusion assays were employed. The presence of antibiotic
activity from the broth of laboratory cultures would be an indication that potentially
one or more muraymycins are being produced.
Due to the multitude of muraymycins isolated from the producing strain, it was
determined that culture conditions optimized for production of a single muraymycin
compound would simplify the isolation and characterization procedures.

Culture

conditions detailed in the patent issued to Wyeth Holdings Corporation as Example 5
BPM21 were shown to produce two muraymycin compounds, C1 and C5, in quantities
of approximately 67 mg/L and 4.5 mg/L, respectively.22 Cultures were prepared using
BPM21 conditions and broth samples from methanolic extracts and ion exchange
chromatography fractions were prepared according to the procedure shown in Scheme
5.3.

Scheme 5.3. Muraymycin isolation scheme.

5-day culture of
Streptomyces 30471
in BPM-21 broth
5 mL broth centrifuge
@ 1250 x g and decant

5 mL broth + 5 mL MeOH
Centrifuge @ 3000
rpm and decant

Apply to WCX column
equilibrated with 50:50
MeOH/H2O

Apply to WCX column
equilibrated with 50:50
MeOH/H2O and0.05% TFA

Wash with 50:50
MeOH/H2O

Wash with 50:50
MeOH/H2O

Elute with 70:30
MeOH/H2O 0.05% TFA

Elute with 70:30
MeOH/H2O 0.05% TFA

Evaporate to dryness
and re-suspend in 50:50
MeOH/H2O

Evaporate to dryness
and re-suspend in 50:50
MeOH/H2O

Both untreated broth and methanol-treated
broth extracts were applied to weak cation
exchange columns.
washed

with

3

The columns were
column

volumes

of

methanol/water 50:50 and eluted with acidic
methanol/water 70:30 and 0.05% TFA. The
eluant was dried and the samples were
resuspended in methanol/water 50:50.

157

Disk diffusion assays were used to evaluate fractions for antibiotic activity. B.
subtilis was used as a test organism and viomycin (12.5 µg per disk) was used as a
control antibiotic (Figure 5.3). Sample 2 showed a distinct zone of inhibition which
was equal to that of the viomycin control. Samples 3 and 4 showed halos indicating
some activity but were significantly less than the activity shown in sample 2. HPLC
and LC-MS analysis was employed to determine if the activity shown in the disk
diffusion assays was the result of muraymycin.

Disk 1: Crude Broth
Disk 2: WCX eluant
Disk 3: MeOH ppt WCX eluant
Disk 4: MeOH ppt Amberlite eluant
Disk 5: H2O control
Disk 6: Viomycin control (XX µL)
Bacillus subtilis grown on LB agar

Figure 5.3. Disk diffusion assay of broth extracts from cultures of Streptomyces sp.
NRRL 30471.

HPLC conditions were first evaluated in order to obtain good separation of the
peaks present in the various samples. Using a gradient of 90% H2O with 0.01% TFA
and 10% CH3CN with 0.01% TFA to 50% H2O with 0.01% TFA and 50% CH3CN
with 0.01% TFA over 20 min at a flow of 0.8 mL/min using a C18 column gave
sufficient separation of the major peaks within the chromatogram. The presence of the
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uracil moiety allowed for UV monitoring at 262 nm. However, lack of an authentic
standard for muraymycin prevented confirmation by HPLC alone and thus required
LC-MS analysis. Figure 5.4 shows the chromatogram of the weak cation exchange
(WCX) eluant. Analysis by mass spectrometry of the individual peaks suggested that
the peak with a retention time of 13.5 min may contain muraymycin C1. This peak is
indicated by a red arrow in the figure below.
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Figure 5.4. Reverse phase HPLC chromatogram of WCX eluant sample.

The expected mass of muraymycin C1 is 946.4437 for the [M+H]+ ion. The
peak eluting at 13.5 min produced ions at 946.00 and 473.29 mass units corresponding
to [M+H]+ and [M+2H]2+, respectively, indicated by the red arrows in Figure 5.5.
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This data is also in good agreement with the masses reported by Wyeth for
muraymycin C1 at 946.3 and 473.6 for the [M+H]+ and [M+2H]2+ ions, respectively.
No peaks corresponding to masses expected for muraymycin C5 (960.4 and 480.9) or
any other muraymycin were observed in the chromatogram.
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Figure 5.5. +ESI-TOF mass spectrum of WCX eluant sample at t = 13.5.

The ability to produce and isolate muraymycin C1 prompted efforts to obtain
sufficient quantities of the antibiotic to use in resistance screening of the genomic
library. Since the resistance genes for antibiotics are frequently clustered with the
biosynthetic genes,23 it was thought that clones which demonstrated resistance may
also harbor the biosynthetic genes. Construction of an expression library would allow
for screening by plating the library on media containing muraymycin. Colony growth
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would allow for selection of clones that were resistant to the antibiotic. These clones
could then be sequenced for identification of resistance genes within the pathway.
While production of the antibiotic could be repeated, low yields prevented
large scale production of the antibiotic for resistance screening. Additionally, the
isolated muraymycin showed weak antibiotic activity in disk diffusion assays. As
mentioned previously, the culture conditions employed have been shown to produce
primarily muraymycin C1. In structure activity relationship studies, muraymycins
with a longer lipid side chains were shown to have greater antibiotic activity, while
lipids which terminated in guanidino- and hydroxyguanidino-moieties were most
active.24 Muraymycin C1 does not possess a lipid tail and demonstrates MIC values 10
to 100 times greater than the more active lipid-containing muraymycins.
Thus, it was determined that alternate methods may be more effective than
screening by resistance to muraymycin C1. However, these exercises did demonstrate
that the organism could be cultured in the laboratory and conditions for antibiotic
production were verified.

GENOMIC LIBRARY CONSTRUCTION

The first step in the cloning of the muraymycin pathway was the purification of
high quality genomic DNA (gDNA). Two separate methods were used to prepare
high molecular weight gDNA from Streptomyces sp. NRRL 30471. The first method
involved a commercial DNA purification kit from Promega. Using the Promega kit, a
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large quantity of gDNA was isolated as indicated by the size of the pellet. However,
based on analysis by agarose gel electrophoresis, the quality of the DNA was only
marginally sufficient for construction of the genomic library (Figure 5.6 Method 1).
An alternate procedure was then evaluated as a method of obtaining high molecular
weight gDNA.

Figure 5.6. Agarose gel analysis of gDNA isolated from Streptomyces sp. NRRL
30471 using Promega Wizard Genomic DNA Purification Kit. Lane 1 contains a 40
kb molecular marker. Lane 2 contains the gDNA isolated from each method.

The second method was based on a previously established protocol to isolate
gDNA from Streptomyces.25 The yield from this procedure was much higher based on
the observed DNA pellet obtained and by agarose gel analysis as seen in Figure 5.6
(Method 2).
method.

However, additional precautions must be taken when utilizing this

The chloroform/phenol/isoamyl alcohol solution used to precipitate the
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proteins from the cell lysis steps may be carried along with the DNA pellet if not
washed properly.

The contaminating chloroform/phenol/isoamyl alcohol may

interfere with the restriction enzymes or DNA polymerase used in subsequent
reactions.

Such considerations have proven problematic in previous efforts to

generate genomic libraries.26
Using gDNA from both procedures, a genomic library was generated in E. coli.
The genomic DNA was first purified and sized by gel electrophoresis. Forty kb
fragments were then packaged into an Epicentre Copy Control fosmid and used to
infect E. coli 300-T cells. The cells were then grown on a selective medium and
approximately 2800 individual colonies were chosen by robotic selection and
duplicated in 96-well plates. The library was incubated and then stored for screening.

PCR PRIMER DESIGN

The viomycin gene cluster was identified through amplification of gene
fragments from degenerate primers designed from enzymes with β-hydroxylase
activity, including the previously mentioned SttL and CAS.6

Although the

stereochemistry at C-3 in the capreomycidine residue is R in viomycin and S in
muraymycin, it seems possible that the expected VioC analog in the muraymycin
cluster would give a product with the same stereochemistry as that of VioC. While the
stereochemistry in the 3-hydroxy-L-arginine product is specific, the stereochemistry at
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that position is lost when H2O is eliminated in the reaction catalyzed by VioD.
Configuration at C-3 is most likely dictated by the cyclization step catalyzed by VioD.
It is expected that VioD and the analog from the muraymycin cluster would
also be similar.

The muraymycin analog of VioD is probably a PLP-dependent

enzyme like VioD. The product generated from VioD has an R configuration at C-3
and is S in the muraymycin product. This is likely the result of an alteration in the
active site that either directs attack by the terminal guanidino-nitrogen from the
opposite face. Another possibility is that cyclization is directed by the configuration
of the elimination product that is formed. Scheme 5.4 illustrates how attack by the
terminal guanidino nitrogen could occur from either face to give the R and S products
at C-3. A change in key residues in the active site could re-direct the attack so as to
give the S configuration that is present in muraymycin.

Scheme 5.4.
arginine.

Si and Re face attack in the cyclization of pyridoxal-2,3-dehydro-
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Additionally, the stereochemistry could be directed from the formation of the
elimination product. 3R-capreomycidine could be generated as shown in Scheme 5.5
from the Z configuration shown. Conversely, the E configuration would likely give
the alternate 3S-capreomycidine (Scheme 5.5). As yet, there is no evidence as to
which configuration is responsible for the formation of 3R-capreomycidine. However,
regardless of which configuration is responsible for the 3R-product, it seems plausible
that the alternate configuration would yield the 3S-product.

Scheme 5.5. Cyclization of E versus Z pyridoxyl-2,3-dehydro-arginine.

Using the Basic Local Alignment Search Tool (BLAST), a comparison of βhydroxylase protein sequences from the viomycin, streptolidine, mannopeptimycin,
and clavaminate synthase (VioC, SttL MppO, and CAS) clusters was made.27, 28 The
alignment of these enzymes shows a high degree of sequence identity indicated by red
highlight in Figure 5.7.

Sequence similarity is denoted by grey highlight.

Clavaminate synthase shows the least identity to the other β-hydroxylases. This may
be due to the fact that CAS is a tri-functional enzyme catalyzing multiple reactions.29,
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Although clavaminate synthase was least like the other enzymes included in the

alignment, several regions of high identity were identified and so CAS was included in
the alignment in order to probe for diversity among β-hydroxylases.
After analysis, four regions of consensus sequence were identified and labeled
regions 1-4. The first two consensus sequences from similar alignments were used to
design degenerate primers for amplification of probes for vioC identification. A
forward primer from region 1 and a reverse primer from region 2 were designed to
amplify a fragment of 138 base pairs from vioC. These primers will also be used to
screen the genomic library or to generate homologous probes for Southern blots and in
situ hybridization.

VioC
SttL
MppO
CAS
VioC
SttL
MppO
CAS

---MTESPTTHHGAAPPDSVATPVRPWSEFRLTPAEAAAAAALAARCAQRYDETDGPEFLLDAPVIAHELPRRLRTFMARARLDAWPHAL
MSNLTDQST------------------SDYSLTAEEASAIAALSLELADSYPSFNDPVLLRDAPRLAARLPEGVQRFLREFKLTDHEGHA
--------------------------MLTLHLQDDDVAAIDAVADELSRRYDSVESTEFQAESRLYADELPRRVRRALHEYRSTEKSGIL
---------------------MTDLPLRTVALTGEESAEVDDLLRTLAD—-VPVDSTVGLLHRTRLAAELPLRIRAELTGMRLYDSPRAL
Region 1
Region 2
VVRGNPVDDAALGSTPVHWRTARTPGSR-PLSFLLMLYAGLLGDVFGWATQQDGRVVTDVLPIKGGEHTLVSSSSRQELGWHTEDAFSPY
VIRGHEFDQQRIGPTPDDWRGRQRPGPEFPEELLLMLYAALLGEPFGWATQQDGHLVHDIFPIRQHENDQLGMGSKELLTWHTEDAFHPY
VVTGLPVDDSALGATPADRRHKPVPSTSLRQDIAFYLIANLLGDPIGWATQQDGFIMHDVYPVQGFEHEQIGWGSEETLTWHTEDAFHPL
LVVTGFGVDDRIGPTPAAARPAPDPERTRDLELLLLLHAALLGEAFGWATQQNGRLVHDVLPVPGEETAQMGSSSETELLWHTEDAFHPL

VioC
SttL
MppO
CAS

RADYVGLLSLRNPDGVATTLAGVPLDDLDERTLDVLFQERFLIRPDDSHLQVNNS----TAQQGRVEFEG---IAQAADRPEPVAILTGH
RSDYLILGALRNPDRVPTTLGGLDVASLSAEDIDILFEPRFSIAPDESHLPKNNTI---TGEEEEARFAT---IQRMIDERPLGPLLYGS
RTDYLGLMCLRNPDGVETTACDIADVEIDDETRETLSQERFRILPDDAHRIHGKAPGDESARESALRERSRQRVASALESPDPVAVLFGD
RCDYVGLLCLRNHQRAATTVGWPDLSRLTTEDRAVLLEPRYLIRPDTSHTPAQN----ATGTRSAERFAA---IAEMDDAPERVAVLFGD

VioC
SttL
MppO
CAS

Region 3
Region 4
RAAPHLRVDGDFSAPAEGDEEAAAALGTLRKLIDASLYELVLDQGDVAFIDNRRAVHGRRAFQPRYDGRDRWLKRINITRDLHRSRKAWA
RLDPYMRLDPYFTSVPEGDTDARRAYDALYKLVDAGMREVVADQGDVLFIDNHRAVHGRLPFKAHYDGTDRWLKRVCVTADLRRSREMRA
RDDPYLRIDPHYMQGVQGETE-QRALETIGAAIDDAMSGVVLSPGDIVFIDNYRVVHGRKPFRARFDGTDRWLRRLNIARDLRKSREARL
PEDPYLRIDPAYMSPAPGDAAARRAYDTVTALIEDELRHVVLDAGSLLLVDNYQAVHGRKPFAAAYDGRDRWLKRVNITRDLRRSRSARR

VioC
SttL
MppO
CAS

-GDSRVLGQR
TAATRLLG-AATTRVIY—
SATSLLV--

Figure 5.7. Sequence alignment of VioC, SttL, MppO, and CAS.

To increase the likelihood of success, additional primers were also designed.31
The proteins sequence alignment of regions 3 and 4 suggest that these regions have a
lower degree of homology than do regions 1 and 2. While this is true at the protein
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level, examination of these regions at the DNA level reveals that regions 3 and 4 have
a degree of identity equal to that of the primers originally designed from regions 1 and
2 (Figure 5.18). For this reason, regions 3 and 4 were also used to design degenerate
primers. However, regions 3 and 4 are in very close proximity to each other and
therefore were not chosen as candidates for a matched pair of forward and reverse
primers. Rather, reverse primers from both regions were designed to be used with the
forward primer from region 1 and a forward primer designed from region 2. Thus
using the 2 forward primers from regions 1 and 2 combined with the reverse primers
from regions 2, 3, and 4; five potential amplicons are possible including primer sets
that allow for nested PCR experiments.

vioC
sttL
mppO
cas

_
____Region 1 ___ ____
D V F G W A T Q Q D G R V V T D V L P I K G G E
H T
gacgtcttcggctgggccacccagcaggacgggcgggtcgtcaccgacgtcctgccgatcaagggcggggagcacacc
gagcccttcgggtgggccacccagcaggacggccacctcgtgcacgacatcttccccatccgccagcacgagaacgac
gaccccatcggctgggccacccagcaggacggcttcatcatgcatgacgtctaccccgtccagggcttcgagcacgaa
gaggcgttcggctgggcgacccagcagaacggccggctcgtccacgacgtgctgcccgttcccggtgaggagaccgcg

vioC
sttL
mppO
cas

_ _ _ __Region 2__
__ _
L V S S S S R Q E L G W H T E D A F S P Y R A D
ctggtcagctccagcagccggcaggagctcggctggcacaccgaggacgccttctcgccgtaccgggccgac
cagctcgggatgggcagcaaagagctgctgacctggcacaccgaggacgccttccacccctaccgcagcgac
cagatcggctggggcagcgaggagacgctcacctggcacaccgaggacgccttccatccgctgcgcacggac
cagatgggttccagcagcgagaccgagctgctgtggcacaccgaggacgcgttccacccgctgcgctgcgac

vioC
sttL
mppO
cas

___ _____Region 3_ _______
_____ __Region 4_______
Q G D V A F I D N R R A V H G R R A F Q P R Y D G R D R W L
cagggcgacgtggccttcatcgacaaccgcagggccgtacacggcaggcgcgccttccagccccgctacgacggccgcgaccgctggct
cagggcgacgtggccttcatcgacaaccgcagggccgtacacggcaggcgcgccttccagccccgctacgacggccgggaccgctggct
cccggtgacatcgttttcatcgacaactaccgcgtcgtccacggacgtaagccgttccgtgcccgcttcgacggtacggaccgctggct
gcggcacgtcgtcctggactcgacaactaccaggcggtgcacggccgcaagccgttcgccgccgcctacgacggccgcgaccgctggct

Figure 5.8. Sequence alignment of vioC, sttL, mppO, and cas.

Presuming the mechanism of capreomycidine formation within the
muraymycin pathway follows that of the viomycin pathway, a VioD analog must also
be present. Multiple PLP-dependent enzymes were potential choices to include in the
sequence alignment for a VioD homolog; however, few showed significant similarity
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to VioD. Only SttN, a putative aminotransferase in the streptolidine pathway, showed
high similarity to VioD. Seven consensus regions spanning 720 base pairs were
derived from protein sequence alignments of VioD and SttN. These seven regions
were used to design six forward and six reverse degenerate primers. The combination
of forward and reverse primers allows for 21 potential amplicons, and again provides
several opportunities for nested PCR experiments.
PCR SCREENING OF LIBRARY POOLS

PCR experiments with the degenerate probes were performed on pools of a
mixture of 96 individual clones. Twenty eight such experiments were used to cover
the genomic library. Pools were generated by extracting a sample of the glycerol
stock from each well within the 96-well plate and inoculating LB-chloramphenicol
(12.5 µg/mL) broth. Under normal culture conditions, few copies of the fosmid are
present to help protect against homologous recombination.26

For the fosmid

production necessary in PCR experiments, arabinose was added to the pooled cultures
to suppress copy control and induce fosmid production. The cells were then harvested
and the mixture of fosmids was isolated by mini-prep. The fosmid mixture was used
as template DNA for PCR reactions using the degenerate primers described above.
It was anticipated that pools which yielded PCR products would be reexamined as smaller pools of clones until single colonies were identified. Fosmid
inserts in these colonies could then be sequenced for identification of the genes of
interest. However, despite numerous attempts using a variety of conditions, no PCR
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products corresponding to a arginine β-hydroxylase or PLP-dependent aminotransferase were detected.

PCR AMPLIFICATON OF HOMOLOGOUS PROBES

A potential fault of the PCR screening of clone pools described above is that
the pools of clones may not be representative of all of the clones.

The above

procedure makes the assumption that all of the clones grown in the pool grow at an
equal pace and that, at the time of harvest, the culture contains an even distribution of
all the clones present within the plate. This may not be the case. A clone that contains
a fosmid construct that somehow inhibits the growth of that clone may be under
represented within the pool. Using gDNA as the template for the PCR reactions may
compensate for underrepresented samples in the previous experiment.
Thus, PCR techniques were again employed in an effort to generate a
homologous probe for in situ colony hybridization and Southern blot analysis. The
degenerate primers described above were used to amplify gene fragments from gDNA
isolated using both the Promega kit (Method 1) and the chloroform/phenol/isoamyl
alcohol procedure (Method 2).
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Genomic DNA from both isolation methods was sized for PCR amplification
by restriction digestion using BamHI or by mechanical shearing. Two separate PCR
products were isolated from experiments in which β-hydroxylase primers were used.
However, after sequence analysis of these products, it was determined that they were
the result of non-specific annealing by the primers.

Again, despite a variety of

conditions including varying magnesium concentrations, annealing temperature,
polymerase, primer concentration, and template concentration, no amplicons
corresponding to products expected from the β-hydroxylase or PLP-dependent
aminotransferase primers were obtained.
Control experiments in which cosmids containing vioC and vioD were used as
templates gave clean PCR products. These products were also amplified from gDNA
obtained from the viomycin producer, Streptomyces vinaceus.

Interestingly,

amplicons were only obtained from genomic template DNA when using the genomic
template reaction buffer (Buffer A) from the Invitrogen AccuPrime® High GC kit.
Polymerases from other manufacturers did not seem to affect the success rate of the
reaction, but seemed to be solely dependent on the Invitrogen PCR reaction buffer.

IN SITU COLONY HYBRIDIZATION WITH HETEROLOGOUS PROBES

The next strategy employed was in situ colony hybridization.

LB-

chloramphenicol- (12.5 µg/mL) arabinose (0.01%) plates were aligned with grids for
500 clones each. The plates were inoculated by streaking glycerol stocks of each
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clone in a diagonal pattern in each grid square. Clones from the first 11 wells of each
row were streaked from lower-left to upper-right. Clones occupying the twelfth well
in each row were streaked from upper-left to lower-right. This pattern helped to orient
the plate back to the original numbered grid. The plates were incubated overnight and
the resulting colonies were transferred by blotting to pre-sized nylon membranes. The
colonies were then lysed and washed to remove proteins and cellular debris. The
remaining DNA was cross-linked to the nylon by UV radiation.
The blots were then probed using a series of heterologous probes. The first
three probes tried were fragments of vioC, vioD and vioG from the viomycin pathway.
VioG encodes for the adenylation domain that activates capreomycidine in the
viomycin pathway and was selected as an additional probe. None of the heterologous
probes from the viomycin pathway indicate hybridization to the blots.
The last set of probes used was derived from PCR amplification of gene
fragments from the muraymycin producer and two other Streptomyces strains using
NRPS adenylation domain primers.

The PCR products of multiple adenylation

domains were used as a heterologous pool of NRPS gene fragment probes.
Hybridization with the pooled probes yielded 36 hits as shown in Figure 5.9.
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Figure 5.9. In situ colony hybridization with pooled heterologous NRPS adenylation
probes.
SOUTHERN BLOT ANALYSIS

The 36 positive clones identified from the in situ colony hybridization
experiments were then used as samples in Southern blot analysis. Glycerol stocks
from the 36 positive clones were used to inoculated overnight LB-chloramphenicol(12.5 µg/mL) cultures. Treatment with 0.01% arabinose was sufficient to suppress
copy control of the fosmid. Mini-preps were used to obtain purified samples of each
fosmid from the 36 positive clones. The fosmids were digested with the restriction
enzyme BamHI and analyzed by agarose gel. Transfer and fixation of the DNA from
the gel to the blot was performed using standard methods.
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Although the 36 positive clones were identified by heterologous NRPS probes,
it was determined that the blot would be screened using all of the probes previously
prepared for the in situ colony hybridization. As was seen in the previous experiment,
no hybridization was observed for the vioC, vioD, or vioG fragment probes.
Additional heterologous probes were also generated from the capreomycin
pathway. Capreomycin is a peptide antibiotic related to viomycin. Both share the
same peptide core structure, but differ in the placement of an exocyclic β-lysine
(Figure 4.13). Fragments of the β-hydroxylase and PLP-dependent aminotransferase
genes (cpmC and cpmD) within the capreomycin pathway were amplified using the
degenerate primers previously prepared and a template cosmid containing those genes.
The fragments were prepared as probes using the Roche DIG DNA Labeling kit
according to the printed procedures. Hybridization techniques with these probes also
failed to identify a fosmid possessing a β-hydroxylase or PLP-dependent analog.
Hybridization with the NRPS adenylation probes again produced hits as shown
in Figure 5.10. An interesting observation from the Southern blot is that nearly all of
the first 18 samples demonstrated some degree of hybridization to the NRPS probes.
However, only three of the last 18 samples showed hybridization to the NRPS probes.
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Figure 5.10. Southern blot of fosmids identified from in situ colony hybridization.

A possible explanation for this observation is a skipped well in the inoculation
of each clone to the agar.

If a well was skipped, in the inoculation step, the

corresponding clones identified by in situ colony hybridization would be off by one
position. This may account for the loss of hybridization from the in situ colony
hybridization to the Southern blot. A mistake of inoculating a sample twice towards
the end of the process may account for why the last 3 samples again show
hybridization in the Southern blot.
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To determine if this was the cause of the discrepancy, a second blot was
prepared. In the second blot, samples 19 through 33 along with two samples before
and after each sample were used. However, only control bands showed any distinct
hybridization (Figure 5.10).

The blot does show a faint signal for a band of

approximately 8 kb corresponding a fragment of the vector. This was also apparent in
the second blot (data not shown). The faint band may be due to a non-specific
hybridization to the vector that led to the identification of these clones as false
positives. However, the fact that the false positives occur in sequence rather than
randomly throughout the blot cannot be explained.
In the end, hits from hybridization with the NRPS probes were grouped
according to their digestion pattern. Five unique patterns emerged and representative
samples were sequenced. The sequencing results were then analyzed by BLAST27 to
identify potential gene products. BLAST results are listed in Table 5.2.
Sequences corresponding to NRPS domains were identified in four of the five
fosmids sequenced and are highlighted in red. However, only fosmid 4 contained
sequence corresponding to an adenylation domain. Through the use of modeling and
protein sequence alignments of adenylation domains, it is now possible to predict the
substrate for many NRPS adenylation domains.32-34 Using the prediction software
from the Knowledge Based Resource for Analysis of Non-ribosomal Peptide
Synthetases and Polyketide Synthases35 and NRPS Predictive BLAST36 the amino
acid substrate for the adenylation domain of fosmid 4 was predicted to be glutamate.

Table 5.2. BLAST alignment results from sequence analysis of fosmid clones.
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Fos 1

Fos 2

Fos 3

Fos 4

Fos 5

End Sequence:
NRPS
DhbF,YukL

End Sequence:
Putative transport
protein

End Sequence:
Putative citrate
synthase

End Sequence:
Metallophosphoesterase

Pst B, Pst A,
NRPS C-domain
(Mycobacterium)
Hypothetical
protein
(salmonella)
Hypothetical
protein
pEA28_01
NRDr regulatory
protein

Hypothetical
protein
(SAV1528)
ABC-Type
enterobactin
transporter
ABC-Type
Fe3+ hydroxamate
transporter
NRPS C-domain
dhbF
(B. subtilis)

NRPS
VioF
S. vinaceus
Hypothetical
protein
(Nocardia)
Hypothetical
protein
(SAV2449)
Serine protease
(Streptomyces)

Hypothetical
protein
(Salmonella)
Pst A, NRPS Cdomain
(Mycobacterium)
Transcriptional
repressor

End Sequence:
Signal
recognition
particle receptor
TetR-family
transcription
regulator
EAL
(Kineococcus
radiotolerans)
Hypothetical
protein
(SAV1536)
ATP-binding
region/sensor like
histidine kinase

NRPS
A-Domain
Glu

Of particular interest was the NRPS sequence from fragment 3 corresponding
to VioF. vioF codes for a single NRPS module within the viomycin cluster that is
predicted to activate diaminopropionate (DAP). No diaminopropionate residue is
present within muraymycin, but a similar module may be involved in incorporating the
diaminopropane unit found in muraymycin. Figure 5.11 shows the diaminopropane
group present in muraymycin and the DAP group present in viomycin. Adenylation of
diaminobutyrate followed by decarboxylation could yield the diaminopropane unit
found in muraymycin.
To confirm the presence of a vioF fragment in fosmid 4, another Southern blot
was prepared. Cosmid pTov101 includes vioF and was used as a control. Several of
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Figure 5.11. Diaminopropane groups in muraymycin and viomycin

the 36 hits from the in situ colony hybridization experiment had digestion patterns
matching fosmid 4.

Six of these fosmids were analyzed in the Southern blot.

Fosmids 1-6 and pTov101 were digested with BamHI and analyzed by agarose gel and
transferred to a nylon membrane. A fragment of vioF was excised from pToc101,
purified, and labeled for use as a probe. The results of the Southern blot are shown in
Figure 5.12.

Fosmids 1-6 were identified from
Southern blot analysis as having
the same BamHI digestion pattern.

Figure 5.12. Southern blot probed with vioF fragments.
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Hybridization occurred with only the pTov101 control and was observed for
both the vioF fragment digested from the vector (8.4 kb), and the pOJ446 vector (10.4
kb). Some background signal was also observed for the pCCFos1 vector size (8.1 kb).
Surprisingly, no hybridization occurred with any of the 6 digested fosmid clones.
These results cannot be reconciled with the sequence data presented in the previous
section.

FUTURE WORK

Currently, the muraymycin pathway and the corresponding β-hydroxylase and
PLP-dependent aminotransferase genes remain unidentified. Failure to identify a βhydroxylase or PLP-dependent analog by the methods described above suggests that
perhaps the muraymycin pathway synthesizes capreomycidine involving an entirely
different mechanism from that of the viomycin and capreomycin pathways.

Or,

perhaps the mechanism is not entirely different, but differs enough that relying on
similarities between the muraymycin pathway and those described above precludes
identification of the correct clone within the genomic library.
The most direct approach for identification and isolation of these genes would
be to sequence the entire genome and try to identify the pathway from sequence
analysis. Advancements in sequencing and the subsequent reduction in costs may
make this method of pathway identification feasible for this project. Additionally,
resistance screening remains a possibility. The availability of muraymycin is currently
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the barrier to this approach, however, collaboration with Wyeth may allow for
procurement of the enough of the antibiotic to be used in resistance screening.
After successful identification of the genes of interest, expression and
characterization could lead to site-directed mutagenesis experiments.

These

experiments could then be used to elucidate which residues are responsible for the
altered stereochemistry at C-3. Gene swapping experiments may also be performed so
as to incorporate the capreomycidine residue from viomycin into muraymycin and vice
versa.

METHODS

General

Routine molecular biology procedures including DNA manipulation and
growth and maintenance of E. coli were conducted according to standard techniques.37
Restriction enzymes, T4 ligase and taq polymerase were purchase from various
suppliers and used according to the manufacturer’s protocols.

QIAprep® spin

miniprep and QIAquick® gel extraction kits (Qiagen) were used for DNA purification.
Sequencing of vector inserts was conducted by the Center for Genome Research and
Biocomputing (CGRB), Oregon State University.
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Sequence analysis was conducted with Vector NTI Advance™ (Invitrogen)
and BioEdit 5.0.9 software.

BLAST search analyses were conducted using the

National Center for Biotechnology Information (NCBI) public databases.27, 28
Samples of Streptomyces sp. NRRL 30471 were purchased from the
Agricultural Research Service Culture Collection, Northern Regional Research
Laboratory (NRRL) in Peoria, Illinois.
All reagents were purchased from Sigma-Aldrich, Fisher Scientific, or VWR.
Water was double-deionized (NANOpure, Barnstead) and filtered (0.45mm). HPLC
analysis was performed using a Beckman System Gold instrument. LC-MS data were
obtained on a ThermoFinnigan LCQ Advantage spectrometer.

Sporulation and glycerol stock preparation of Streptomyces sp. 30471

A sample of Streptomyces sp. 30471 was obtained from NRRL.

The

lyophilized cells were resuspended in TSB broth with glucose (20g/L) and incubated
at 30 °C and 350 rpm for 2 days. The culture was then used to inoculate ISP4 plates.
The plates were incubated at 30 °C and colonies began to appear after 3 days and
began to sporulate after 7 days.

Glycerol stocks were prepared from the remaining

seed culture used to prepare the sporulation samples. The broth was decanted and the
cell culture was divided into 400 µL aliquots. 200 µL of 60% glycerol was added and
mixed. The glycerol suspensions were then stored at -80 °C for later use.

180

HPLC and LC-MS for broth extracts

Reverse phase HPLC analysis was conducted using a Beckman Ultrasphere
C18 column, 5 µm, 4.6x250 mm on a Beckman System Gold instrument under gradient
conditions of 90% H2O 0.01% TFA , 10% MeCN 0.01% TFA to 50% H2O 0.01%
TFA, 50% MeCN 0.01% TFA over 25 min at a flow of 0.8 mL/min. UV scan range
190 to 400nm. LC-MS data were collected on a ThermoFinnigan LCQ Advantage
spectrometer in ESI positive ion mode using the gradient listed above at a flow of 0.4
mL/min.

Genomic DNA isolation from Streptomyces sp. 30471: Method 1

Isolation of gDNA for method 1 followed the procedure from the Promega
Wizard Genomic DNA Purification Kit. 1 mL of an overnight culture of Streptomyces
sp. 30471 grown in LB at 350 rpm and 30 °C was placed in a 1.5 mL microcentrifuge
tube and centrifuged at 16,000 x g for 2 min. The supernatant was removed and the
cells were resuspended in 480 µL of EDTA (50 mM). The suspension was then lysed
in 120 µL of lysis reagent provided in the kit. The sample was incubated at 37 °C for
60 min and centrifuged at 16,000 x g for 2 min. The supernatant was removed and
600 µL of Nuclei Lysis Solution was added and mixed gently until the cells were
resuspended. This was incubated at 80 °C for 5 min and then cooled to room temp.
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RNase Solution (3 µL) was added to the cell lysate and mixed gently. The solution
was incubated at 37 °C for 1 h and then cooled to RT. 200 µL of Protein Precipitation
Solution was added to the RNase-treated cell lysate. The mixture was vortexed for 20
sec, incubated on ice for 5 min and then centrifuged 16,000 x g for 3 min. The
supernatant containing the gDNA was transferred to a new 1.5 mL microcentrifuge
tube containing 600 µL of isopropanol. The solution was mixed gently until a mass of
precipitated DNA was formed. The sample was centrifuged at 16,000 x g for 2 min
and then decanted. The DNA pellet was then washed twice with 70% ethanol and
decanted. The pellet was air-dried for 10 min and then resuspended in 100 µL sterile
water and incubated at 65 °C for 1h. The final solution was stored at 4 °C.

Genomic DNA isolation from Streptomyces sp. 30471: Method 2

For method 2, a homogenized glycerol sample was used to inoculate TSB
broth containing glucose (110 mM), MgCl2 (5 mM), and glycine (67 mM). The
culture was incubated at 350 rpm for 16 hours. After 16 hours, white colonies were
present in the media. Aliquots were centrifuged for 10 minutes at 15,000 x g at 25 °C.
The pellets were retained and washed once with 10.3 % sucrose and twice with TE
buffer (10 mM Tris, 1mM EDTA pH 8.0). 1 mL aliquots of the cell suspensions were
then centrifuged for 10 minutes at 15,000 x g at 25 °C. Cells were lysed by incubation
in 600 µL lysis solution (17% sucrose, 33 mM Tris, 0.1 mM EDTA, 10 units of
lysozyme, pH 8.0) at 37 °C for 2 h. The solution became viscous at this point.
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Proteinase K (0.2 mg) and 360 µL 10% SDS was added and the sample was incubated
at 37 °C for 2 h. Proteins were precipitated by adding 160 µL 10% hexadecyl
trimethyl ammonium bromide (CTAB) and incubation at 65 °C for 10 min.
Phenol/chloroform/isoamyl alcohol (1.2 mL 25:24:1) was added and the aqueous layer
was extracted.

Genomic DNA was then precipitated by the addition of 300 µL

isopropyl alcohol. The resulting DNA pellet was harvested and washed twice with
70% ethanol. The pellet was air-dried for 5 min. and then dissolved in 50 µL of sterile
water.

Preparation of a Streptomyces sp. 30471 fosmid library

A fosmid library of Streptomyces sp. 30471 genomic DNA was constructed
using the Copy Control™ Fosmid Library Kit (Epicentre) employing the pCC1Fos
vector. Genomic DNA was end repaired according to the Copy Control™ Fosmid
Library Kit procedure. The repaired DNA was fractionated on a 1% low melting point
agarose gel. The band corresponding to approximately 40 kb was excised. gDNA
was purified from the gel by gelase (Roche) digestion followed by ethanolic
precipitation.

Prepared gDNA was ligated with linearized, dephosphorylated

pCC1Fos vector at RT for 2 h and then at 70 °C for 10 min. The ligation mixture was
then packaged using MaxPlax™ Lambda Packaging Extract. E. coli EPI300-T1 cells
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were infected with the packaged phages. Infected cells were then plated onto LBchloramphenicol (12.5 µg/mL) plates and incubated overnight at 37 °C.

Single

colonies were picked by robotic selection using a QPix Colony Picker and used to
inoculate individual wells on 96-well plates containing 200 µL LB-chloramphenicol
(12.5 µg/mL) broth in triplicate. The plates were incubated overnight at 37 °C. To the
first set of plates was added 80 µL of 60% glycerol in each well and mixed. The
glycerol solutions were then covered by Parafilm and stored at -80 °C. The remaining
two plates were stored at 4 °C for later use. In all, approximately 2800 colonies were
selected.

Primer design

β-hydroxylase primers were designed from homologous regions of VioC, SttL,
MppO, and CAS.
OXYPf: 5'-GAGCCCTTCCGGSTGGGCSACCCAGCAG-3'; OXYPr: 5'-CGGGTGG
ASGSGTCCTCGGTGTGCCA-3'; DBoxg1pr: 5'-CCGTGSACSRCSYKGYDGTTGT
CGA-3'; DBoxg2pr: 5'-AGCCAGCGGTCSSDRCCGTCG-3'; DBoxg3pF: 5'-TTCTT
CKISYYSGGIGGISMCTCIWT-3'.
PLP-dependent aminotransferase primers were designed from homologous
regions of VioD and SttN.
DBplppf1: 5'-GACATCAGCWSCAGCGGCGTSCA-3'; DBplppf2: 5'- ACCCACGG
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CTCMAGYGAGGC -3'; DBplppf3: 5'- CGCCCCGGSGACSRGGTSGTSGTC -3';
DBplppf4: 5'- GTGRTSGTSAACTTCCCGCACAA -3'; DBplppf5: 5'- GGCCTSCCG
GGGCTGCGGGT -3'; DBplppr1: 5'- GCCTCRCTKGAGCCGTGGGT -3';
DBplppr2: 5'- GACSACSACCYSGTCSCCGGGGCG -3'; DBplppr3: 5'- TTGTGCG
GGAAGTTSACSAYCAC -3'; DBplppr4: 5'- ACCCGCAGCCCCGGSAGGCC -3';
DBplppr5: 5'- TCCACCAGCGGAGASAGGMWSAGCGT -3'.
D = A or G or T, I = A or C or G or T, K = G or T, M = A or C, R = A or G, S = C or
G, W = A or T, Y = C or T

PCR screening of genomic library

Glycerol stocks from each sample within a 96-well plate were pooled and
grown in 250 mL LB-chloramphenicol (12.5 µg/mL) broth at 37 °C at 350 rpm for 18
h. Addition of 0.01% arabinose followed by incubation at 37 °C at 350 rpm for an
additional 4 h. The cells were then centrifuged at 15,000 x g for 10 min and the DNA
was isolated by midi-prep (Qiagen). The resulting pooled fosmids were used as
template DNA in subsequent PCR reactions. PCR amplification was carried out in a
total volume of 50 µL containing 50 ng DNA template, 1X Invitrogen AccuPrime
Buffer A, 50 pmol of each primer, and 5 units Taq polymerase (Roche).

185

PCR amplification of homologous probes

Isolated gDNA was digested with BamHI or mechanically sheared by passing
through a 27 gauge syringe needle and purified by ethanol precipitation.

PCR

amplification was carried out following the PCR protocols outlined above.

Gel

purified PCR products were ligated into pGEMTeasy vector and used to transform E.
coli DH5α or DH10B competent cells

Preparation of digoxygenin labeled probes

vioC, vioD, vioG, probes were excised from cosmid pToc101 with EcoRI and
NdeI, EcoRI and NdeI, and PvuI, respectively and purified by gel extraction as
described above. A total of 600 ng of each purified PCR product was labeled with
digoxygenin using the Dig Labeling Kit (Roche) according to manufacturer’s
protocols.

In situ colony hybridization
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Colonies from 96-wells were spotted as small diagonal streaks onto gridded
LB-chloramphenicol (12.5 µg/mL) plates. Streaks for samples 1-11, 13-23, etc were
from the upper-right to lower-left corners. Streaks from samples 12, 24, 36, etc. were
from lower-left to upper-right corners. This system helped to re-align the blots to the
original plates after transfer to the membranes. The plates were incubated at 37 °C
overnight. Colony lifts were prepared by blotting Hybond N+ nylon membranes
(Amersham Biosciences) against the agar plates for 1 min and then carefully lifting the
membrane away from the agar. The colonies from the agar plates transferred to the
membranes to form a mirror image of the gridded plate. The colony lifts were
prehybridized with 50 mL of prehybridization solution per tube and 2 membranes per
tube at 60 °C for 3 hours in a mini-hybridization oven. The prehybridization solution
contained 5x SSC (750 mM NaCl, 75 mM sodium citrate, pH 7.0), 1X Roche
Blocking Agent, 0.1% lauroyl sulfate, and 0.02% SDS. The prehybridization solution
was removed and the membranes were incubated with hybridization solution for 18 h
in a mini-hybridization oven at 65 °C.

The hybridization solution contained

prehybridization solution containing 10 ng/mL digoxygenin labeled probe.

Washing and detection of hybridized membranes

Following hybridization, the membranes were washed successively with each
of the following solution for the time indicated: (1) twice in 2x SSC (300 mM NaCl,
30 mM sodium citrate, pH 7.0) 0.1% SDS at RT for 10 min; (2) twice in 0.1% SDS,

187
1x SSC (150 mM NaCl, 15 mM sodium citrate, pH 7.0) at 68 °C for 15 min; (3) once
in 0.1% SDS, 0.5x SSC (75 mM NaCl, 7.5 mM sodium citrate, pH 7.0) at RT for 10
min. Detection of hybridization probes was carried out using a digoxygenin wash and
detection buffer kit (Roche) according to the manufacturer’s instructions. Following
the reaction of antidigoxygenin-AP (alkaline phosphatase) with the hybridized
digoxygenin-labeled probes, the membranes were exposed to disodium 3-[4methoxyspiro {1,2-dioxetane-3,2'-(5'-chloro) tricycle [3.3.1.1]decan}-4-yl] phenyl
phosphate (CSPD). Chemiluminescent detection of hybridized probes, resulting from
the AP-CSPD reaction was detected by exposure of the membranes to film.

Southern blots

Purified fosmid DNA was digested with BamHI the digests were fractionated
by agarose gel electrophoresis on a 1% agarose gel at 60 V. The gel was washed
successively with 0.25 N HCl for 15 min, then in denaturization solution (1.5 M NaCl,
0.5 M NaOH) for 30 min. The gel was then washed with neutralization solution (1.5
M NaCl, 1 M Tris, pH 8.0) for 35 min. The DNA was then transferred to a Hybond
N+ nylon membrane (Amersham Biosciences) with a BioRad vacuum blotter using
10x SSC (1.5 M NaCl, 150 mM sodium citrate, pH 7.0) for 1.5 h. Prehybridization,
hybridization, and washing and detection of the membranes were performed as
described for the in situ colony hybridizations.
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BIOSYNTHETIC STUDIES OF THE PEPTIDE ANTIBIOTIC ENDURACIDIN

CHAPTER 6

ENDURACIDIDINE BIOSYNTHESIS

Enduracidin is a cyclic peptide antibiotic derived from non-ribosomal peptide
synthetase assembly. Discovered in 1968, enduracidin has been shown to possess
excellent activity against aerobic and anaerobic Gram-positive bacteria including
methicillin-resistant Staph. aureus (MRSA).1, 2 The activity of enduracidin is similar
to that of vancomycin in its ability to bind to Lipid II and thus inhibit the
transglycosylation step in peptidoglycan biosynthesis (Figure 6.1).3
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Figure 6.1. Enduracidin and its binding site to Lipid II in peptidoglycan
biosynthesis.
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Unlike vancomycin, no transmittable mechanism of resistance to enduracidin
has been reported. Despite its wide use as a poultry feed additive, enduracidin has
retained its activity against Clostridium perfringens for over 30 years. This lack of
observed mechanism of resistance suggests enduracidin may hold tremendous promise
as a potential clinical antibiotic agent. Additionally, a structurally similar antibiotic,
ramoplanin (Figure 4.15), is currently in phase III clinical trials.4,

5

As clinical

antibiotics continue to lose efficacy and the need for new antibiotics increases,
understanding the biosynthetic pathway for enduracidin offers the opportunity to
explore a potent weapon in the fight against infectious disease.
Identification of the enduracidin gene cluster by Dr. Xihou Yin6 allows for a
systematic analysis of the various biosynthetic steps involved in making this complex
molecule. Figure 6.2 depicts the organizational make-up of the biosynthetic genes
involved in enduracidin production.
Enduracidin offers several intriguing points of study. Of the 17 amino acids in
the peptide core, 10 are non-proteinogenic amino acids, and 7 possess the Dconfiguration at the α-carbon.

The non-proteinogenic amino acids, 4-hydroxy-

phenylglycine and enduracididine, are particularly unusual in that these residues are
present in both D and L forms. A 3,5-dichloro-4-hydroxyphenylglycine residue is also
present. In addition to the unique peptide components, the branched chain fatty acid
tail contains both cis and trans double bonds. Each of these features offers the
opportunity to make modifications at these positions and probe the influence that these
alterations have on antibiotic activity.
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Figure 6.2. Organizational make-up of the enduracidin biosynthetic gene cluster.

Efforts to investigate the effect of altering the lipid tail of enduracidin have
already begun. Strains in which orf45 was knocked out were shown to produce
tetrahydroenduracidin by LC-MS analysis. Additionally, the gene encoding a putative
halogenase, orf30, has been studied using knockout strains. In halogenase knockout
experiments, deschloroenduracidin has been observed by LC-MS analysis.
Of particular interest to this work are the gene products involved in the
biosynthesis of the enduracididine residues. As mentioned previously, the cyclization
of arginine has been observed in multiple systems. Arginine is converted to the 6membered cyclization product, capreomycidine, in both the capreomycin and
viomycin pathways.7-9 The cyclization of arginine to a five-membered guanidine has
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been observed in the mannopeptimycin and enduracidin pathways. Both the D and L
isomers are present in enduracidin and have been determined to originate from Larginine.10 An epimerization event is likely to occur after enduracididine has been
synthesized from arginine.

The enduracidin NRPSs contain rare, dual function

epimerization domains embedded within the condensation modules for residues of
alternative stereochemistry. Epimerization domains of this type have been identified
in other NRPS pathways.11, 12
Scheme 6.1 shows the conversion of arginine to the six-membered cyclization
product capreomycidine. The first step involves the oxidation of arginine by VioC to
form 3S-hydroxy arginine. Conjugation of the amine with pyridoxal phosphate allows
for dehydration and subsequent cyclization by VioD. It is proposed that a similar
mechanism may be at play in the biosynthesis of enduracididine in the enduracidin
pathway.

Scheme 6.1. Conversion of L-arginine to 2S, 3R-capreomycidine by VioC and VioD.
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The enduracidin biosynthetic gene cluster contains an operon consisting of
three genes endP, endQ, and endR. BLAST analysis of the predicted gene products
EndP and EndQ shows both proteins may be PLP-dependent enzymes similar to
aminotransferases. They also share a high degree of identity to two genes found in the
mannopeptimycin pathway, mppP and mppQ. The endR product aligns most closely
with an acetoacetate decarboxylase. No such substrate or reaction is obvious in
enduracididine biosynthesis.

However, an analogous gene is also present in the

mannopeptimycin cluster, mppR.
Figure 6.3 shows the comparison of predicted gene products from the
enduracidin cluster with gene products from the mannopeptimycin and viomycin
clusters.

Both enduracidin and mannopeptimycin are peptide antibiotics which

incorporate enduracididine and β-hydroxyenduracididine residues, respectively. Both
pathways appear to have two PLP-dependent enzymes. The PLP-dependent enzymes
from these pathways are similar to the PLP-dependent aminotransferase VioD. The
hypothesis is that either, or both, of the products from endP and endQ may be
involved in the cyclization of enduracididine in the enduracidin pathway. While no
gene encoding for a hydroxylase has been identified, the enzymes necessary for
cyclization appear to be present.
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Scheme 6.2 illustrates a possible PLP-dependent mechanism for the cyclization
of β-hydroxyarginine that leads to the formation of a 5-membered product and
eventually to enduracididine. Pyridoxal phosphate plays a role as an electron sink
which stores and dispenses electrons to facilitate a variety of reactions.13, 14 The key
step in the proposed mechanism is the isomerization of the elimination product.
Relocation of the double bond through conjugation with the oxidized pyridoxal
phosphate allows for nucleophilic attack by the terminal guanidino-nitrogen to form
the 5-membered ring.
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Scheme 6.2.

Pyridoxal phosphate-dependent conversion of β-hydroxyarginine to

enduracididine.

Another

possible

mechanistic

route

to

enduracididine

involves

γ-

hydroxyarginine. Scheme 6.3 illustrates how pyridoxal phosphate could form an
imine that is now positioned to activate β-γ dehydration. The newly formed olefin is
in conjugation with the imine and the oxidized pyridoxal phosphate.

Again

cyclization occurs through nucleophilic attack by the terminal guanidino-nitrogen.
Thus, from a mechanistic view, both β-hydroxyarginine and γ-hydroxyarginine are
potential precursors in enduracididine biosynthesis. In order to determine which, if
either, of these hydroxylated forms of arginine is the precursor to enduracididine,
labeled feeding studies will be performed.
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Scheme 6.3.

Pyridoxal phosphate-dependent conversion of γ-hydroxyarginine to

enduracididine.

DETERMINATION OF THE ENDURACIDIDINE PRECURSOR
IN ENDURACIDIN BIOSYNTHESIS

Because both the β-hydroxyarginine and γ-hydroxyarginine are potential
precursors to enduracididine, multiple feeding studies will be required to determine
which compound is being used by the organism.

Figure 6.4 depicts the three

isotopically-labeled compounds chosen to probe the intermediacy of a hydroxylated
form of arginine in enduracididine biosynthesis.
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Penta-deutero-arginine was obtained from Dr. Steven Gould and was chosen as
a control for the feeding studies. It is known from previous experiments that Larginine is the precursor to enduracididine.10 Isolation of the corresponding labeled
enduracidin from feeding of [2,3,3,5,5-2H5]-arginine will demonstrate the ability to
identify positive results from subsequent feedings of β and γ-hydroxy-arginine.
Labeled β-hydroxyarginine, was available as [5-2H2]-β-hydroxyarginine, was
also a gift from Dr. Steven Gould as a mixture of the 2S,3S and 2S,3R isomers.
However, no commercial sources for γ-hydroxyarginine were available in labeled or
unlabeled form. Thus, a synthetic preparation of γ-hydroxyarginine was required.

SYNTHESIS OF γ-HYDROXYARGININE

A synthetic route for labeled γ-hydroxyarginine was developed and executed
by Prof. Seung Hoon Cheon of Chonnam University, Korea while on sabbatical leave
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in the Zabriskie lab. The critical reaction is the addition of the guanidino-group in the
penultimate step of the procedure.

As shown in Scheme 6.4, use of Boc-protected

thiourea introduces the guanidino functionality into the molecule just prior to
deprotection. The Boc-protected thiourea is commercially available with a 13C label at
the guanidino-carbon allowing for the preparation of the isotopically-labeled [7-13C]γ-hydroxyarginine. Figure 6.5 illustrates the degree of incorporation as shown by 13CNMR spectroscopy. The resonance for the guanidino carbon is observed at 157 ppm.

H
H2N

CO2H

HH
Boc N

1) di-t-Bu-dicarbonate
NaOH, NaHCO3, dioxane

O

HH
Boc N
O

S

2)

HH
Boc N

cis:trans ~10:1

N-Boc
H

H
1) NaOH, dioxane

N
CH3

CO2H

2) 1N HCl

OH

40%

NH

NH
HN

Cl

H2N

O

, Et3N, DMF
I

N3

98%

O

H
Boc-N
H

H

I

93%

1) H2 (1 atm) Pd/C
EtOH

O

NaN3, DMF
H

2) I2, NaHCO3, THF
DL-allylglycine

O

N Boc

Boc

70%

Scheme 6.4. Synthesis of [7-13C]-γ-hydroxyarginine.

H2N

NH

γ-hydroxyarginine

203

H
H2N

CO2H
OH
NH
13

H2N

NH

[guanidino-13C]-γ-hydroxyarginine

Figure 6.5.

13

C-NMR spectrum of [7-13C]-γ-hydroxyarginine.

While it is known that L-arginine is the precursor to enduracididine, both
configurations at the γ-center are possible precursors. The above synthesis yielded a
mixture of all four γ-hydroxyarginine isomers. The β-hydroxyarginine will be tested
as the mixture of 2S,3S and 2S,3R isomers. γ-hydroxyarginine will be tested as the
mixture of all four isomers simultaneously. It is unlikely that more than one isomer
would be a substrate for the enzyme; however, incorporation of any labeled compound
would prompt further studies to determine which isomer is being used.
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LC-MS RESULTS FROM ARGININE
AND HYDROXYARGININE FEEDING STUDIES

Feeding experiments were performed as pulsed feedings in which ten-day
cultures of wild-type S. fungicidicus were fed aliquots of labeled sample three times at
36 h intervals after day four. Cells were harvested after ten days and extracted with
70% acidic methanol. The extracts from each of the three feeding experiments were
dried and resuspended in methanol and were analyzed by LC-MS.
The mass spectrum for enduracidin is considerably complex. This complexity
is the result of the size and the diversity of elements within of the molecule. While the
natural abundance of 13C is just over 1%, the contribution from naturally occurring 13C
becomes significant for enduracidin which contains 107 carbon atoms.
The spectrum is further convoluted by the presence of two chlorine atoms
within the 3,5-dichloro-4-hydroxyphenylglycine residue. The relative abundance of
35

Cl and

37

Cl is roughly 75% and 25%, respectively. Introduction of two chlorine

atoms to a compound produces a mass spectrum that, in its simplest form appears, as a
triplet in a 10:6:1 ratio. This triplet combined with the spectrum arising from the
contribution of naturally occurring

13

C atoms throughout the 107 carbon skeleton

appears as a pseudo-Gaussian distribution of signals, of which at least seven are
detectable above the noise. Figure 6.6 shows the mass spectrum from LC-MS analysis
of commercial standards for enduracidin A and enduracidin B. The spectrum below
shows the [M+2H]2+ molecular ion with a mass of 1177.5 corresponding to the exact
mass of 2353 atomic mass units for enduracidin.

205
1178.5

100

1178.0
1179.0

Enduracidin A

Enduracidin B
1185.5

1177.5

%

1185.0

1186.0

1179.5
1184.5
1186.6
1180.0
1187.0
1180.5
1187.5

1181.0

0
1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189.0 1189.5 1190.0

1189

1190

1191

m/z
1192

Figure 6.6. +ESI-TOF mass spectrum of enduracidin A and B standards.

The first feeding experiment was performed using [2,3,3,5,5-2H5]-arginine to
determine if labeled-arginine would be taken up by the organism and incorporated into
enduracidin. Unfortunately, the products formed from conversion of [2,3,3,5,5-2H5]arginine to enduracididine are unlikely to provide any information as to which
mechanism is involved. The two proposed mechanisms for the cyclization of β- and
γ-hydroxyarginine in Figures 6.X and 6.X, respectively would each incorporate
trideutero-enduracididine products from [2,3,3,5,5-2H5]-arginine.
Formation of the pyridoxal imine in each mechanism would result in the loss
of the α-deuterium. The β-hydroxy arginine mechanism loses an additional deuterium
from the β-position when [2,3,3,5,5-2H5]-arginine is oxidized to form βhydroxyarginine. The product formed from the γ-hydroxyarginine mechanism loses
the same deuterium from the β-position in the γ-β dehydration step. Thus each
mechanism results in the formation of [2,3,5,5-2H3]-enduracididine.
There is the possibility that the deuterium removed from the α-center is
replaced with the same deuterium resulting in a tetradeutero-enduracididine residue.
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However, this possibility exists for both mechanisms and provides no information as
to which mechanism is in operation.
Because two enduracididine residues are present within enduracidin, the
increase in mass from the incorporation of labeled-arginine may be observed for single
incorporation or the double incorporation.

It is also possible to see a triply or

quadruply incorporated product if the labeled arginine were metabolized to ornithine,
or citrulline and then incorporated.

Presumably, penta-deuteroarginine would be

incorporated as penta-deuteroornithine and penta-deutero-citrulline. Because of the
basic nature of enduracidin, ESI spectra are usually observed as the [M+2H]2+
molecular ion. Thus, the spectra from these experiments may become incredibly
complex.
Spectra with masses corresponding to enduracidin B plus additional signals
with varying increases of mass were observed for the [M+2H]2+ molecular ion.
Spectra A and B are simulated predictions for enduracidin B double incorporation of
trideuteroenduracicidine.
signals

potentially

Spectrum C in Figure 6.X.X appears to have multiple

corresponding

to

single

and

double

incorporation

of

trideuteroenduracicidine. It is impossible, without conducting fragmentation analysis,
to determine whether or not there was a contribution to the increase in mass from the
incorporation of a labeled ornithine or citrulline, but the experiment demonstrated
labeled arginine was taken up by the organism and that incorporation into enduracidin
could be observed by mass spectrometry.
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Labeled β-hydroxyarginine and γ-hydroxyarginine incorporation experiments
were also performed as pulsed feedings. These cultures were harvested and extracted
in 70% acidic methanol after nine days. Products from these experiments were also
analyzed by LC-MS using the conditions established from the previous experiment.
Samples of enduracidin from the β-hydroxyarginine feedings showed masses
of 1177.4 and 1184.4 for the [M+2H]2+ molecular ions of enduracidins A and B,
respectively, suggesting no incorporation from labeled β-hydroxyarginine. However,
enduracidin samples from [13C]-γ-hydroxyarginine feedings showed masses of 1178.5
and 1185.5, indicative of incorporation into both enduracidin A and B as shown in
Figure 6.7.
Comparison of the enduracidin A standard and enduracidin A isolated from the
labeled γ-hydroxyarginine feeding study shows and increase of one atomic mass unit
(amu). The spectrum shown is that of the [M+2H]2+ ion, therefore an increase in one
mass unit represents the incorporation of two 13C labeled γ-hydroxyarginine residues.
The mass spectrum for the labeled enduracidin B is also consistent with double
incorporation. Figure 6.7 illustrates the formation and eventual incorporation of 13Clabels.
Interestingly, no masses were detected for single incorporation of

13

C-labeled

γ-hydroxyarginine for either enduracidin A or B. This may be due to a number of
factors.

First, the organism may be very efficient in taking up the substrate.

Additionally, the utility of γ-hydroxyarginine in other pathways is unlikely. High con-
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centrations of γ-hydroxyarginine may inhibit its own biosynthesis. Also, the amount
of γ-hydroxyarginine used in the studies could stoichiometrically produce over 500 mg
of doubly labeled enduracidin. Thus the presence of the label likely overwhelmed the
unlabeled substrate.

Figure 6.8. Intermediacy of 13C-labeled γ-hydroxyarginine in enduracidin A and B.

HETEROLOGOUS EXPRESSION OF endP, endQ, and endR

Knowing that γ-hydroxyarginine is a precursor to enduracididine, the next
objective was the identification of the enzymes responsible for the cyclization
reaction. Previous efforts to heterologously express endP, endQ and endR in E. coli
proved unsuccessful.15

EndQ and EndR were produced at very low levels in E. coli
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Top 10 cells, but formed inclusion bodies, whereas no expression of endP was
detected. E. coli Rosetta BL-21(DE3) cells contain extra copies of tRNAs which are
rare in E. coli but are frequently used in the heterologous expression of Streptomyces
proteins.

Expression studies with E. coli Rosetta BL-21(DE3) cells improved

expression, but again produced inclusion bodies. Additional studies were performed
in which S. lividans was used as a heterologous host for expression of endQ and endR.
However, expression was only detectable at very low levels and no soluble protein
was detected.15
Low levels of expression may, in part, be due to the high GC nature of
Streptomyces DNA.

16, 17

High GC content DNA results in high GC content mRNA

that require tRNAs which are less abundant in E. coli. To overcome the shortage of
tRNAs infrequently used by E. coli, synthetic genes with codon usage optimized for E.
coli were prepared. Scheme 6.5 illustrates the design process for the expression and
purification of target proteins from synthetic genes.

S. fungicidicus
endP,Q&R
(72‐74% G+C)

Native
Protein

Translated
Protein
Sequence

Cleave
SUMO tag

Express
In E. coli

Reverse translate to sequence
with E. coli
codon usage
(56‐57% G+C)

Synthesize synthetic
genes with His6‐SUMO tags
(DNA 2.0)

Scheme 6.5. Outline for the design and expression of target proteins from synthetic
genes.
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The synthetic genes were prepared commercially by DNA 2.0. Menlo Park ,
CA. The native genetic code is first translated in silico to protein sequence and is then
reverse translated back to genetic code that has been optimized for E. coli codon
usage. The genes are synthesized with a terminus that encodes for a small ubiquitinlike modifier (SUMO) followed by six histidine residues (His6). The SUMO-tag is
added to aid in solubility of the target proteins and the His-tag allows for purification
by metal affinity chromatography. The resulting synthetic genes decreased the GC
content from 74% to 54% as illustrated in Figure 6.9 by comparison of sample
sequence from the native endP with the corresponding sequence from synthetic endP.
The cytosine and guanosine bases are highlighted in red.

Native endP (74% GC)
cgggcggggt cagcccagta gaaggcacgg cagggcaggg cgtacacatg gtgctcgcgc
agcgcctccc agacctcggt cccggtcaga tgcctgatca gcacccgctc cacactggcc
cggctgtccg ggtcgggcac cccggtggtc gacaggtccg ccagcccggc gcgcaccacc

GLVPLEEDPLHADDLPAELLESVGCVFVTTPNNPTGRVVSAERLRRLAGQCARHGVILAL

gtaccagagc gacgctgtgc gtgacagagg ccagtgcacg agacaggatc tccattgcaa
cggaggagga ataacaagac agcataccac cgatctgctc acggtgagct tcgatgatgt
cgttgtcttc catatccaga tcttccggtg cctgatctgc ctggatacga ataccgtcgt

Synthetic endP (54% GC)

Figure 6.9. Reduction in GC content from native to synthetic endP genes.

EndP
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The procedure for isolation of the
SUMO-fusion proteins is illustrated in
Figure 6.10. After expression, cell lysate is
loaded onto Ni2+ affinity columns. Unbound
proteins are washed free of the column. The
target fusion protein is eluted with imidazole
and dialyzed.

The His6-tagged SUMO-

terminus is cleaved by a protease that
recognizes a specific tertiary structure within
the SUMO-protein. The mixture is re-loaded
onto another Ni affinity column. The Histagged

SUMO-protein

and

His-tagged

protease are bound to the resin and the free
target protein is collected in the flow
through.

Figure 6.10. Purification scheme for cleavage of His6-tagged SUMO-fusion proteins
and isolation of native target proteins.

Expression of endP, endQ and endR was conducted using previously prepared
constructs of the synthetic fusion genes in the expression vector pRSETB. Initial
expression conditions with the synthetic genes showed production of all three proteins
(Figure 6.11). While only EndR demonstrated any soluble protein, the amount of
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protein expressed for EndP and EndQ was greater than in previous experiments with
native genes. Conditions were then optimized for the production and purification of
SUMO-EndR. Figure 6.11 shows purified SUMO-EndR in lane 1 of gel 2. Lane 2
shows the cleavage product of the SUMO protease. The purified native EndR is
shown in lane 3.
Gel 1

Gel 2

Figure 6.11. Gel 1: Expression analysis of EndP EndQ and EndR by PAGE. Gel 2:
Purification of EndR from cleavage of SUMO-EndR.

A variety of expression conditions were employed to optimize conditions for
soluble expression of EndP and EndQ.

Production cultures prepared from an

overnight seed culture grown in Terrific broth appeared to increase the expression of
both EndP and EndQ in cultures induced with isopropyl β-D-1-thiogalactopyranoside
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(IPTG). Figure 6.12 shows the increase in protein expression compared to cultures
prepared from an overnight seed culture grown in LB broth.

Figure 6.12. Expression comparison of LB seed culture broth versus Terrific seed
culture broth for induced and uninduced samples.

Using Terrific broth as a seed culture for expression studies, conditions were
further refined by varying a number of conditions including growth times, culture
temperatures, and media types. While the majority of the expressed protein was
present as insoluble inclusion bodies, conditions for soluble expression of EndP and
EndQ were realized in modest yields from large cultures. The soluble SUMO-fusion
proteins were isolated by Ni2+ affinity chromatography.

Figure 6.13 depicts the

fractions collected from the Ni2+ affinity columns.
Efforts to cleave the SUMO-tag resulted in insoluble protein. It is possible that
the SUMO-tag is solely responsible for solubility of the fusion protein. When the
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Figure 6.13. Ni2+ affinity column purification of SUMO-EndP and SUMO-EndQ.

SUMO-tag is removed, the target protein is no longer soluble. It is also possible that
the cleavage conditions somehow alter the folding of the target protein resulting in an
insoluble cleavage product. Therefore the SUMO-EndP and SUMO-EndQ were used
as fusion proteins to assay for activity.

IN VITRO STUDIES

In vitro studies were performed both with single enzymes and as combined
mixtures of all three enzymes. Freshly purified samples of SUMO-EndP, SUMOEndQ, SUMO-EndR and native EndR were combined with pyridoxal phosphate,
reaction buffer, and substrate.

Reactions were performed for each enzyme

individually, and as mixtures of SUMO-EndP, SUMO-EndQ, and SUMO-EndR as
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well as mixtures of SUMO-EndP, SUMO-EndQ, and EndR. Combinations of pairs
were not assayed.

After incubation, the reaction products were derivatized with

dansyl chloride and the samples were analyzed by HPLC detection and compared with
dansylated standards.18
γ-hydroxyarginine was the first substrate to be assayed.

No dansylated

enduracididine was observed for any of the combinations of enzymes tried. Arginine
was assayed as a substrate, but no dansylated enduracididine or dansylated γhydroxyarginine were observed. Finally, β-hydroxyarginine was used in the assay, but
yielded the same negative results.

CELL-FREE STUDIES

The poor yield of soluble protein prompted cell-free assays to be employed.
Cell-free assays allow for interaction of the substrate with the target enzyme in an
environment that may more closely resembles the natural environment of the enzyme.
While EndP and EndQ are proposed to be PLP-dependent enzymes, it is unknown
what other co-factors may be necessary for activity. Cell-free studies may provide the
additional metal ions or other cofactors that could be missing from the in vitro
experiments detailed above.
Cell lysates from both induced and uninduced cultures of SUMO-EndP,
SUMO-EndQ, and SUMO-EndR were centrifuged and assayed as single enzyme
assays and as mixtures of all three. Assay reaction mixtures included reaction buffer,
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soluble cell-lysate, and substrate.

Additional assays were performed by adding

exogenous pyridoxal phosphate.

Again, γ-hydroxyarginine, arginine and β-

hydroxyarginine were used as substrates. After incubation, the mixture was treated
with dansyl chloride and analyzed by HPLC.
No products were observed for any of the cell-free assays performed. The
negative results are likely due to inactivity of the enzyme rather than an inability to
observe the product. Dansylation of the reaction products provided good recovery of
both γ-hydroxyarginine and β-hydroxyarginine as observed by HPLC suggesting that
generation of a product at levels similar to the substrates would also be detected.
Generation of a product at low levels may, however, not be detected by this method.

IN VIVO STUDIES

The poor yield of soluble protein in the expression of SUMO-EndP and
SUMO-EndQ may be overcome through the use of in vivo studies. The hypothesis is
that newly synthesized protein may only be soluble for a brief time or until the protein
comes into contact with insoluble protein from inclusion bodies.
These experiments are essentially feeding experiments in which the substrate
and exogenous pyridoxal phosphate were fed to expression cultures shortly after
induction. Isolation of the product after incubation and lysis of the cultures would
confirm the activity of the enzyme being studied. Cultures containing an empty
expression vector served as the control in these experiments. Identification of the
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substrate and product were again performed through dansylation of the reaction
mixture and HPLC analysis.
Both γ-hydroxyarginine and arginine were used as substrates. HPLC analysis
of experiments in which γ-hydroxyarginine was added as a substrate produced only
dansylated γ-hydroxyarginine. No dansylated enduracididine was observed. HPLC
analysis of assays in which arginine was used as a substrate produced only dansylarginine. β-hydroxyarginine was not assayed as a substrate.
It is possible that two or more of these enzymes may work in concert with each
other. The preparation of vectors that contain multiple genes is currently underway.
Concurrent expression of the proteins from the entire operon may provide the proteinprotein interactions necessary to observe activity.
While no products were observed for any of the assays presented above, the
homology of endP and endQ to vioD, mppP and mppQ is compelling. It is very likely
that these genes are involved in the biosynthesis of enduracididine. Enduracididine is
the only amino acid shared by enduracidin and mannopeptimycin. The absence of
activity is likely the result of difficulties in heterologous expression of these enzymes.
It seems that the expression of SUMO-EndP and SUMO-EndQ is dominated by
insoluble inclusion bodies. Perhaps chaperone proteins associated with folding within
the native host are essential for activity.
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FLUORO-TYROSINE FEEDING EXPERIMENTS

Enduracidin contains six hydroxyphenylglycine residues. Six residues arising
from the same amino acid affords the opportunity to perform feeding experiments in
which analogs can be incorporated into multiple positions within the peptide.

3-

Fluoro-4-hydroxyphenylglycine was chosen as a candidate for such experiments.
Fluorinated hydroxyphenylglycine analogs offers the opportunity to investigate the
effect electron withdrawing groups on the phenyl ring have on antibiotic activity and
stability. As fluorine is the isosteric replacement for hydrogen, the steric influence of
the fluorine substituent is minimal. Furthermore, 19F-NMR spectroscopy may permit
binding experiments to study binding of enduracidin to Lipid II.

Experiments

indicating alterations in configuration due to binding are simplified in the number of
resonances

present

within

the
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F-NMR

spectrum.

Ideally,

4-

fluorohydroxyphenylglycine would be used in these feeding experiments; however,
only the 2- and 3-fluorohydroxyphenylglycine are commercially available.
An alternative solution takes advantage of the biosynthesis of 4-hydroxyphenylglycine from L-tyrosine. Conversion of L-tyrosine to 4-hydroxyphenylglycine
has been observed in numerous pathways and has recently been elucidated in the
chloroeremomycin producer, Amycolatopsis orientalis.19

Scheme 6.6 outlines the

conversion of prephenate to hydroxyphenylglycine. Oxidative decarboxylation by
prephenate dehydrogenase effectively shortens the aliphatic chain by one carbon.
Transamination then yields 4-hydroxyphenylglycine. Interestingly, L-tyrosine serves
as both the amine donor for L-p-hydroxyphenylglycine and a source of p-
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hydroxyphenylpyruvate, an intermediate in the pathway suggesting that L-tyrosine
analogs, modified on the aromatic ring, may be converted to L-hydroxy-phenylglycine
analogs.

Scheme 6.6.

Biosynthesis of L-hydroxyphenylglycine from prephenate and L-

tyrosine.

Genes analogous to those found in Amycolatopsis orientalis are present within
the enduracidin producer, prompting the feeding of m-fluoro-DL-tyrosine as a means
of generating enduracidin analogs containing 3-fluoro-4-hydroxyphenylglycine.
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FLUORO-TYROSINE INCORPORATION RESULTS

Using the culture conditions described for β and γ-hydroxyarginine feeding
studies, m-fluoro-DL-tyrosine was fed to four-day cultures three times in 36 h
intervals.

Cells were harvested after nine days and extracted with 70% acidic

methanol. The samples were dried and resuspended in methanol and analyzed by LCMS.
Because there are six possible locations for 3-fluoro-4-hydroxyphenylglycine
(F-Hpg) incorporation, it was expected that multiple compounds would be produced.
The complex nature of the mass spectrum of enduracidin combined with multiple
analogs generates an incredibly complex spectrum as shown in Figure 6.14.

Figure 6.14. MALDI mass spectrum of crude mixture of fluoro-enduracidin analogs.

223
The Gaussian distribution of signals suggests that multiple fluorohydroxyphenylglycine residues were incorporated. In order to simplify the spectrum,
HPLC was used to separate enduracidin A and enduracidin B. Figure 6.15 shows the
chromatogram for the separation and purification of enduracidins A and B.
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Figure 6.15. Chromatogram of fluoro-enduracidin A and B. Chromatogram A shows
the partially purified mixture of fluoro-enduracidin A and B. Chromatogram B shows
purified fluoro-enduracidin A. Chromatogram B shows purified fluoro-enduracidin B.

The purified samples were analyzed again by LC-MS.

Separation of the

enduracidin A analogs from the enduracidin B analogs simplified the spectrum greatly
as shown in Figure 6.16. The resulting spectra showed multiple fluoro analogs of both
enduracidin A and enduracidin B. Trace amounts of the native enduracidin A and B
can be seen in the spectra as well as the mono, di, tri, and tetra-fluorinated compounds
(m/z = 1179.5, 1188.5, 1197.0, 1206.0, and 1215.0, respectively). Trace amounts of
what appear to be the penta-fluorinated compound are also present for each (m/z =
1223.5). The spectra are in good agreement with the predicted spectra for the mono,
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di, tri, tetra and penta-fluorinated enduracidin A which are superimposed with the
observed spectrum of enduracidin A in Figure 6.17.
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Figure 6.16. +ESI-TOF mass spectrum of fluoro-enduracidins A and B.
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Interestingly, the masses of each of these compounds correspond to
enduracidins in which both chlorine atoms are present. Halogenase (orf30) knockout
experiments showed production of deschloroenduracidin. It was presumed that since
non-halogenated

hydroxyphenylglycine

was

incorporated

in

the

knockout

experiments, that some 3-fluoro-4-hydroxyphenylglycine would be incorporated at
that position and that the electronegativity of the fluorine would prevent chlorination.
However, only the chlorinated species were observed.

DISCUSSION

The intermediacy of γ-hydroxyarginine in enduracididine biosynthesis has
been confirmed by feeding experiments in which

13

C-labeled γ-hydroxyarginine was

shown to be incorporated into enduracidin. This was made possible by the synthesis
of [713C]-γ-hydroxyarginine by Prof. Seung Hoon Cheon.
In an effort to identify the enzymes responsible for the conversion of γhydroxyarginine, synthetic genes were employed to overcome difficulties arising from
heterologous expression of GC-rich Streptomyces genes in E. coli. Expression with
the synthetic genes proved to be more effective than with the native genes, however,
solubility of the recombinant proteins remains a problem. In vitro, cell-free, and in
vivo studies were employed to assay for activity of EndP, EndQ and EndR fusion
proteins. No activity was observed.
Streptomyces fungicidicus contains the biosynthetic genes for the conversion of
L-tyrosine to hydroxyphenylglycine. Using m-fluoro-DL-tyrosine as a precursor to 3-
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fluoro-4-hydroxyphenylglycine, new fluorinated enduracidin analogs have been
produced. The effect of the fluorine on biological activity remains to be determined.

METHODS

General

Routine molecular biology procedures including DNA manipulation, growth
and maintenance of E. coli were conducted according to standard techniques.20
Restriction enzymes, T4 ligase and taq polymerase were purchase from various
suppliers and used according to the manufacturer’s protocols.

QIAprep® spin

miniprep and QIAquick® gel extraction kits (Qiagen) were used for DNA purification.
Sequencing of vector inserts was conducted by the Center for Genome Research and
Biocomputing (CGRB), Oregon State University.
Sequence analysis was conducted with Vector NTI Advance™ (Invitrogen)
and BioEdit 5.0.9 software. BLAST search analysis was conducted using the National
Center for Biotechnology Information NCBI) public databases.21, 22
Samples of Streptomyces sp. 30471 were purchased from the Agricultural
Research Service Culture Collection, Northern Regional Research Laboratory
(NRRL).
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All reagents were purchased from Sigma-Aldrich, Fisher Scientific, or VWR.
Water was double-deionized (NANOpure, Barnstead) and filtered (0.45mm). HPLC
analysis was performed using a Beckman System Gold instrument. LC-MS data were
obtained

on

a

Waters/MicroMass

LCT

Classic

spectrometer

with

a

Waters/MicroMassCapillary LC instrument. LC-MS data were collected using an
Agilent Zorbax SB 5µ C18 1x150 mm column.

Sporulation and glycerol stock preparation of Streptomyces fungicidicus

Spores from a glycerol stock of Streptomyces fungicidicus were obtained from
a lab stock. The suspension was resuspended in LB broth and incubated at 30 °C and
350 rpm for 2 days. The culture was used to inoculate ISP2 plates. The plates were
incubated at 30 °C and colonies began to appear after four days and began to sporulate
after eight days.

Glycerol stocks were prepared from the remaining seed culture used

to prepare the sporulation plates. The broth was decanted and the cell culture was
divided into 400 µL aliquots. 200 µL of 60% glycerol was added and mixed. The
glycerol suspensions were stored at -80 °C for later use.
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General procedure for feeding studies of Streptomyces fungicidicus

Spores from previously prepared plates were used to inoculate LB broth seed
cultures. The seed cultures were incubated two days at 37 °C at 350 rpm. Small
yellow-white spherical colonies appeared after two days. The seed culture was used in
a 1:25 dilution to inoculate sterile production broth containing 3% corn steep liquor,
1% soybean flour, 0.5% NaCl, 1% CaCO3, 2% glucose, and 3% soluble starch pH 7.0.
The production broth was incubated at 28 °C at 250 rpm for four days. Feeding
samples were dissolved in 1 mL water or water and 1 N HCl (m-fluoro-DL-tyrosine)
and syringe filtered into the production broth. An additional 1 mL of water was used
to rinse the syringe filter. The feedings were performed three times in 36 h intervals.
Cells were harvested after nine or ten days by centrifugation at 12,000 x g for 20 min.
The pellet was resuspended in 70% methanol and pH adjusted to 3.5 and stirred 3-4 h.
The solution was pH adjusted to 7.0 and centrifuged at 12,000 x g for 20 min.
Solvents were removed under reduced pressure to yield a fine yellow-white residue.
The residue was re-suspended in methanol and syringe filtered for HPLC and LC-MS
analysis.

HPLC and LC-MS analysis of feeding study extracts

Reverse phase HPLC analysis was conducted using a Phenomenex Gemini C18
column, 5 µm, 4.6x150 mm on a Shimadzu Prominence instrument under isocratic
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conditions of 70% H2O 0.01% formic acid, 30% acetonitrile 0.01% formic acid over
30 min at a flow of 1.0 mL/min. UV scan range 200 to 350nm. LC-MS data were
obtained

on

a

Waters/MicroMass

LCT

Classic

spectrometer

with

a

Waters/MicroMassCapillary LC instrument. LC-MS data were collected using an
Agilent Zorbax SB 5µ C18 1x150 column in ESI positive ion mode, using the
conditions listed above, at a flow of 0.4 mL/min.

Expression conditions for SUMO-EndP

Seed cultures were inoculated from fresh transformations of pRSETB-endP in
Terrific-ampicillin broth (10 µg/mL) and incubated at 37 °C and 350 rpm overnight.
Seed culture were used 1:25 dilution in LBBS-ampicillin broth and grown at 37 °C
and 350 rpm until an OD of 0.8 to 1.0 was reached. The cultures were induced with
0.05% IPTG. The cultures were incubated 36 h at 30 °C and 350 rpm. Cells were
harvested by centrifugation at 10,000 x g for 10 min at 4 °C. The decanted cells were
lysed using the Epicentre EasyLyse kit. Cells from 1 mL of culture were resuspended
in 200 µL 1x EasyLyse Lysis buffer and 2 mM MgCl2 and 1 µL EasyLyse Enzyme
Mix and incubated five min at room temp. The lysate was centrifuged at 15,000 x g
for 20 min and 200 µL of the supernatant was loaded on to pre-equilibrated Qiagen
Ni-NTA spin columns at 4 °C. The columns were washed three times with 600 µL
Wash buffer (50 mM NaH2PO4, 300 mM NaCl, 5 mM imidazole, pH 8.0) and eluted
with 200 µL Elution buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH
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8.0) The eluant was dialyzed against Dialysis buffer (50 mM NaH2PO4, 300 mM
NaCl, pH 8.0) at 4 °C.

Expression conditions for SUMO-EndQ

Seed cultures were inoculated from fresh transformations of pRSETB-endQ in
Terrific-ampicillin broth (10 µg/mL) and incubated at 37 °C and 350 rpm overnight.
Seed culture were used 1:50 dilution in LB-ampicillin broth and grown at 37 °C and
350 rpm until an OD of 0.4 to 0.6 was reached. The cultures were induced with 0.01%
IPTG. The cultures were incubated overnight at 18 °C and 350 rpm. Cells were
harvested by centrifugation at 10,000 x g for 10 min at 4 °C. The decanted cells were
lysed using the Epicentre EasyLyse kit. Cells from 1 mL of culture were resuspended
in 200 µL 1x EasyLyse Lysis buffer and 2 mM MgCl2 and 1 µL EasyLyse Enzyme
Mix and incubated five min at room temp. The lysate was centrifuged at 15,000 x g
for 20 min and 200 µL of the supernatant was loaded on to pre-equilibrated Qiagen
Ni-NTA spin columns at 4 °C. The columns were washed three times with 600 µL
Wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0). The
column was washed with 50 mM NaH2PO4, 300 mM NaCl, 100 mM imidazole, pH
8.0 and then with 50 mM NaH2PO4, 300 mM NaCl, 200 mM imidazole, pH 8.0. The
column was eluted with 200 µL Elution buffer (50 mM NaH2PO4, 300 mM NaCl, 750
mM imidazole, pH 8.0) The eluant was dialyzed against Dialysis buffer (50 mM
NaH2PO4, 300 mM NaCl, pH 8.0) at 4 °C.
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Expression conditions for SUMO-EndR

Seed cultures were inoculated from fresh transformations of pRSETB-endR in
LB-ampicillin broth (10 µg/mL) and incubated at 37 °C and 350 rpm overnight. Seed
culture were used 1:100 dilution in LB-ampicillin broth and grown at 37 °C and 350
rpm until an OD of 0.6 to 0.8 was reached. The cultures were induced with 0.01%
IPTG. The cultures were incubated 8 h at 30 °C and 350 rpm. Cells were harvested
by centrifugation at 10,000 x g for 10 min at 4 °C.

The decanted cells were

resuspended in Lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH
8.0) and sonicated on ice for two min in 15 sec pulses. The lysate was centrifuged at
15,000 x g for 20 min and 600 µL of the supernatant was loaded on to pre-equilibrated
Qiagen Ni-NTA spin columns at 4 °C. The columns were washed three times with
600 µL Wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0)
and eluted with 200 µL Elution buffer (50 mM NaH2PO4, 300 mM NaCl, 300 mM
imidazole, pH 8.0)

The eluant was dialyzed against Dialysis buffer (50 mM

NaH2PO4, 300 mM NaCl, pH 8.0) at 4 °C.

Cleavage of SUMO-EndR

Freshly dialyzed SUMO-EndR (200 µL) was incubated with five units of
SUMO Protease 1 and dithiothreitol (DTT) 2 mM at 30 °C for 1 h with shaking. The
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reaction mixture was loaded onto a pre-equilibrated Qiagen Ni-NTA spin column at 4
°C and the flow through was collected.

In vitro studies

Freshly dialyzed samples of EndP, EndQ and EndR were incubated
individually and as a mixture of all three at various concentrations with 50 mm 3-(Nmorpholino) propanesulfonic acid (MOPS), pH 7.0, and included 1 mM substrate, 1
mM PLP in a total volume of 200 mL.9 Reactions were initiated by the addition of
substrate and were incubated at 30 °C for 6 h. Reactions were terminated by the
addition of cold ethanol. The mixture was centrifuged at 15,000 x g for 1 min and the
supernatant was derivatized with dansyl chloride and analyzed by HPLC.

Cell-free studies

Lysates for EndP, EndQ, and EndR prepared as described for expression
conditions above. The lysates were centrifuged at 15,000 x g for 20 min at 4 °C and
incubated with 1mM substrate in individual assays and as a mixture of all three
enzymes. Additional assays were performed by the inclusion of 1 mM PLP. Reactions
were initiated by the addition of substrate and were incubated at 30 °C for 6 h.
Reactions were terminated by the addition of cold ethanol.

The mixture was
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centrifuged at 15,000 x g for 1 min and the supernatant was derivatized with dansyl
chloride and analyzed by HPLC.

In vivo studies

Cultures for EndP, EndQ, and EndR prepared as described for expression
conditions above. After 1 h induction, 8 mg of substrate in 1 mL water was added via
syringe filter to each reaction and the syringe filter was rinsed with an additional 1 mL
water. The cultures were incubated overnight and lysed by sonication for two min in
15 sec pulses. The broth and lysed cells were centrifuged at 10,000 x g for 10 min and
decanted. The supernatant was dried under reduced pressure and resuspended in 1:1
methanol and water. The sample was derivatized by dansyl chloride and analyzed by
HPLC.

Dansylation of enzyme assay products for HPLC detection

Assay products were derivatized by combining 200 µL of soluble assay
mixture with 200 µL of 80 mM LiCO3 and 50 µL of dansyl chloride (1.5 mg/mL) in
acetonitrile. The reaction mixture was incubated for 1 h in the dark and quenched by
the addition of 50 µL 2% aqueous ethyl amine. Samples were syringe filtered and
stored at 4 °C for analysis by HPLC.
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CONCLUSIONS

CHAPTER 7

PIPECOLATE OXIDASE

Enzyme inhibitors continue to be valuable tools, both in the study of metabolic
processes and as pharmaceutical agents. Specific inhibitors of L-pipecolate oxidase
offer the opportunity to probe the mechanism of action as well as provide the
possibility of modulating neurological signaling.

As discussed previously, the

potential benefits of inhibitors that increase the concentration of L-pipecolic acid and
decrease L-α-aminoadipate concentrations in the central nervous system illustrate the
merit of continued investigation of this intriguing pathway.
Six compounds were designed, synthesized, and assayed for activity as
inhibitors and alternate substrates. Three additional compounds were also evaluated.
The two alternate substrates indentified in these studies are in contrast to each other in
their rate of turnover.

4,5-methanopipecolic acid was readily turned over and

appeared be a better substrate than the natural substrate. Additionally, the rate of
turnover appeared to be unaffected by the presence of the natural substrate. The 6Smethyl-L-pipecolic acid substrate, however, was turned over much more slowly than
the natural substrate but was a potent inhibitor of the enzyme at higher concentrations.
Despite the presence of bulky substituents at these positions, the activity of
these compounds suggests that additional inhibitors or alternate substrates may be
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possible. Additionally, the activity of these compounds validates the hypothesis that
substituents with the ability to alter the stability of a radical at the 5-position will have
an influence on the rate of turnover.

Furthermore, in initial assays, 4,5-

methanopipecolic acid was found to be an excellent substrate and a better synthesis for
its production should be pursued.

MURAYMYCIN

While the muraymycin gene cluster remains to be identified, a genomic library
has been prepared for screening. Screening with degenerate probes has thus far
proved unsuccessful. Difficulties in generating PCR products from the high GC
content DNA of Streptomyces has hindered analysis through the use of degenerate
probes.
Attempts to identify the fosmid clone through the use of in situ colony
hybridization also proved unsuccessful. Probes from putatively related genes vioC,
vioD, and vioG also produced no observable hybridization to the blots. A broader
approach was then employed using a pool of probes. These were obtained from the
muraymycin producer and two other Streptomyces strains using NRPS adenylation
domain primers. No positive clones were identified using the pool of heterologous
probes, and sequence analysis of these colonies resulted in no obvious match to the
genes of interest. Again the high GC nature of the Streptomyces DNA may have
contributed to problems in identifying the target clone.
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Alternate approaches that remain to be tried are resistance screening and direct
sequencing of the genome.

Resistance screening requires larger quantities of

muraymycin than are currently available.

However, large scale production and

isolation of Muraymycin could allow for screening of the resistance genes and
potentially the subsequent isolation of the biosynthetic pathway.
Direct sequencing of the genome remains the simplest method for isolation and
identification of the gene cluster.

While the cost of sequencing makes alternate

approaches more attractive, complete sequencing of the genome provides the surest
way of identifying the cluster of interest.

ENDURACIDIN

The success in identifying γ-hydroxyarginine as an intermediate in the
formation of enduracididine is of great importance in characterizing the enzymes
involved in its biosynthesis. Knowing that the biosynthetic pathway proceeds from
arginine to γ-hydroxyarginine and ultimately to enduracididine provides a potential
precursor for in vitro assays.
Previous efforts to heterologously express endP, endQ and endR in E. coli
proved unsuccessful.

However, heterologous expression of the synthetic fusion

proteins SUMO-EndP, SUMO-EndQ, and SUMO-EndR resulted in small quantities of
soluble protein that were assayed against γ-hydroxyarginine, arginine and βhydroxyarginine. Single proteins and combinations of the proteins were tried both as
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the fusion proteins and as the cleaved native proteins, none of which were successful
in producing enduracididine.
Failure with traditional in vitro studies may have been the result of essential
co-factors that were absent from the assay mixtures. This prompted cell-free studies
that included soluble cell lysates from both induced and non-induced cultures of
SUMO-EndP, SUMO-EndQ, and SUMO-EndR. Assays were performed as single
enzyme assays and as mixtures of all three enzymes for γ-hydroxyarginine, arginine
and β-hydroxyarginine. Assays were also performed by adding exogenous pyridoxal
phosphate with no success. Analysis indicated that the non-induced cultures produced
little protein while the induced cultures produced large quantities of insoluble protein
that formed inclusion bodies. The lack of appreciable soluble protein is a likely cause
of the negative results.
In vivo studies were then employed as means of providing the enzyme with the
substrate before inclusion bodies could be formed. The in vivo studies performed
were effectively feeding studies in which γ-hydroxyarginine and arginine were fed in
separate experiments in combination with pyridoxal phosphate to expression cultures.
However, no observable products were observed from experiments using either
substrate.
Despite the failures with the in vitro, cell free, and in vivo experiments; the
homology of endP and endQ to vioD, mppP and mppQ remains persuasive. While the
absence of a product from these experiments suggests that an alternate enzymatic
pathway is responsible for enduracididine biosynthesis, the endP, endQ and endR
pathway continues to be the most likely candidate.
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The incorporation of fluorinated residues into enduracidin remains an
important achievement in this work and represents future possibilities both in the
creation of analogs and as a means of investigating specific biosynthetic processes in
enduracidin production. As mentioned previously, the ideal precursor for such feeding
experiments was 4-fluorohydroxyphenylglycine, which was not commercially
available. However, the solution to this problem was present in the organism’s own
ability to synthesize hydroxyphenylglycine from tyrosine. The feeding experiments
used in these studies takes advantage of a pathway characterized in the
chloroeremomycin producer, Amycolatopsis orientalis, in which tyrosine is converted
to prephenate and ultimately to hydroxyphenylglycine. The presence of this pathway
in the enduracidin producer allowed for the feeding of m-fluoro-DL-tyrosine, which
was converted biosynthetically to the target compound 4-fluoro-hydroxyphenylglycine
and subsequently incorporated as a 4-fluoro-hydroxyphenylglycine residue into
enduracidin.
The resulting products were a suite of fluorinated compounds that included the
mono, di, tri, tetra, and penta-fluorinated analogs of both enduracidin A and B. It was
also possible to separate the fluorinated enduracidin A compounds from the
fluorinated enduracidin B compounds. While the effect of the fluorine substituents
remains to be seen, It now appears that large scale production of these compounds is
possible for use in future experiments.
Of further interest was the incorporation of fluoro- hydroxyphenylglycine
residues only to positions that were not chlorinated in the native compound. It was
previously determined that orf30 is responsible for the halogenase and that knockouts
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of this gene produce deschloroenduracidin.

It seems likely that since

hydroxyphenylglycine was incorporated in the knockout experiments, that some 3fluoro-4-hydroxyphenylglycine would be incorporated at that same position. It was
therefore presumed that the resulting change in electronegativity of the fluorohydroxyphenylglycine would result in no chlorination or perhaps only single
chlorination.

However, only fluorinated analogs with masses corresponding to

products also containing a dichloro-hydroxyphenylglycine were observed. It seems
evident that the selectivity for hydroxyphenylglycine at that position is greater than the
selectivity for hydroxyphenylglycine at the other positions within the enduracidin
biosynthetic cluster.
The success in incorporating fluorinated residues into enduracidin is of great
importance.

Large scale production of these fluoro-analogs may provide the

opportunity to investigate the effect electron withdrawing groups on the phenyl ring
have on antibiotic activity and stability. Additionally,

19

F-NMR spectroscopy may

permit binding experiments to study binding of enduracidin to Lipid II as experiments
indicating alterations in configuration due to binding are simplified in the number of
resonances present within the

19

F-NMR spectrum. A closer investigation into the

comparative selectivity of the adenylation domains for hydroxyphenylglycine may
also present new insights into the biosynthesis of enduracidin. Further investigation
into the antibiotic activity, binding, and biosynthesis of these analogs will likely
provide new understanding to the mechanism of action and utility of this extraordinary
molecule.
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