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In the decade since the publication of the first edition of Comprebensive Natural Products Chemistry, progress in
understanding the biosynthesis of the principal natural product groups has advanced greatly. This effort has
been carried forward by an exponential growth in genome sequence information, the widespread adoption of
molecular biological and bioinformatics methods, detailed mechanistic studies often coupled with X-ray crystal
structures of key biosynthetic enzymes and, of course, improved analytical methods, notably electrospray
1onization (ESI) and matrix-assisted laser desorption ionization (MALDI) mass spectrometry. The breadth of
these achievements is highlighted in 24 chapters spanning fatty acids to alkaloids. The further connectedness of
this research can be glimpsed to chemical medicine and the rapidly evolving application of fermentation
technology and pathway engineering to practical syntheses of natural and unnatural products for human health
and commerce.

The border between primary and secondary metabolism has never been clearly drawn as is most obvious in
fatty acids. Chapter 1.02 by Buist reviews unsaturated fatty acids whose physical properties not only affect
membrane fluidity, but also effect species-specific roles in signaling. The means by which desaturation occurs
to introduce isolated cis-double bonds is examined in detail to create sites of chemical potential that are
realized, for example, by lipoxygenases and cyclooxygenases of the eicosanoid cascade. Turman and Marnett
(Chapter 1.03) give an authoritative overview of this field and its intersection with nitrosation and physiology,
but concentrate then on arachidonate metabolism by prostaglandin endoperoxide synthases and the multi-
faceted roles played by these enzymes. The fatty acid section of this volume is rounded out in Chapter 1.04 by
Barry and has team at the Tuberculosis Section of the NIH in a wide-ranging presentation of lipid-containing
virulence factors in the mycobacterial cell envelope. Mycobacteria are characterized by a disproportionately
high number of genes associated with lipid synthesis and biochemistry. These lipid classes are comprehensively
reviewed with attention to their complex structures and as drug targets.

Evolutionarily related to the fatty acid synthases and sharing many of their catalytic functions are the type I
and type II polyketide synthases (PKSs). Contemporaneous with, and absent from, the publication of the first
edition of Comprebensive Natural Products Chemistry was the exciting discovery of the structurally and mechan-
istically distant family of type III PKSs from plants and bacteria. These remarkably simplified enzymes are
discussed in chapters by Horinouchi with Katsuyama and Takahashi (Chapter 1.05), and by Morita, Abe, and
Noguchi (Chapter 1.06). Rohr and Hertweck (Chapter 1.07) summarize the large body of work now published
on type II PKSs and recent progress toward engineering the synthesis of new products. Important crystal
structures of type Il enzymes have appeared in the past 10 years and biochemical information reviewed by Rohr
and Hertweck can be visualized in the context of dramatic structural information now available and treated by
Tsai with Korman and Ames (Chapter 1.08) in the following chapter. Cox and Simpson (Chapter 1.09) discuss
the iterative type I polyketide synthases (IPKSs) and relate the considerable advances that have been made in
the last decade with these historically intractable enzymes. Hill and Staunton (Chapter 1.10) survey the very
great accomplishments that have been achieved in understanding the reactions and global structures of type I
modular PKSs and some of the applications of this knowledge in engineered systems. While nonribosomal
peptide synthetases (NRPSs) are covered in Volume 5, Chapter 5.20, interesting products arise from hybrid
synthetases typically linked with modular type I PKS domains. In Chapter 1.11, Sherman and members of his
research group present an encompassing review of the field.

The classical mevalonate pathway and the more recently elucidated methylerythritol phosphate (MEP)
pathway to the Cs-building blocks of isoprenoid biosynthesis are treated in a pair of chapters by Kuzuyama,
Hemmi, and Takahashi (Chapter 1.12), and by Rohmer (Chapter 1.13), respectively, to open the discussion of
the terpene classes and their biosynthesis. Considerable progress has been made in elucidating the MEP
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pathway since the first edition. The assembly of these building blocks by the prenyltransferases is fundamental
to all the downstream terpene classes and is reviewed by Koyama and Kurokawa in Chapter 1.14. Davis begins a
discussion of the terpenes in a broad chapter (Chapter 1.15) outlining the principles of monoterpene cyclases
and ending with detailed summaries of three cyclase crystal structures and their relation to mechanisms of
reactions catalyzed and their stereochemical features. Mechanistic considerations and the relevant enzymes
contributing to the generation of diverse C,s sesquiterpene skeletons are discussed by Chappell and Coates in
Chapter 1.16, together with some emerging information on tailoring enzymes. In a similar manner, elaboration
of diverse C,, diterpene structures is summarized by Toyomasu and Sassa in Chapter 1.17. Enzymatic
construction of Cj triterpene scaffolds are discussed in a pair of chapters by Kushiro and Ebizuka (Chapter
1.18), and by Abe (Chapter 1.19), the former introducing functional diversity of oxidosqualene cyclases,
whereas the latter discusses detailed structure—activity relationships among bacterial squalene cyclases.
Misawa reviews the current understanding of carotenoid biosynthetic genes and their product enzymes with
their potentials for industrial production of carotenoids by pathway-engineering approach (Chapter 1.20).
Biosynthesis of plant sterols and their metabolism is updated by Schaller (Chapter 1.21). Isoprenoids from
actinomycetes are summarized by Dairi in Chapter 1.22, illustrating the feasibility of genome mining for finding
new structures.

Lewis and Davin wrote a chapter in the first edition of Comprebensive Natural Products Chemistry on lignans. He
returns with members of his research group with a thorough treatment of lignans, neolignans, and allyl/
propenyl phenols with a number of perspectives on human health (Chapter 1.23). He is joined by Ayabe and his
team contributing a broad chapter (Chapter 1.24) on diverse plant phenolics including the flavonoids.

This volume is concluded by a single chapter (Chapter 1.25) on the alkaloids. Activity is building in this field
as especially the genes encodings key biosynthetic enzymes are found, cloned, and overexpressed for biochem-
ical, engineering, and structural studies. O’Connor reviews the advances of the last decade, notably, in
benzoisoquinoline and the monoterpene alkaloid families.

Looking to the future it can be seen that burgeoning numbers of whole genome sequences, further
development of bioinformatics, predictive tools and genome mining methods, increased knowledge of techni-
ques to culture DNA from ‘unculturable’ organisms, growth in understanding enzyme function and structure,
directed evolution of biosynthetic enzymes, pathway engineering, and applications of fermentation technology
can all be seen to converge on new approaches for the generation of chemical diversity, stimulation of drug
discovery, and the rational modification of natural products and their efficient large-scale production. The
discovery and isolation of new natural product pathways, and the elucidation of the detailed mechanisms and
structures of their encoded biosynthetic proteins will continue to lie at the heart of these developments by
generating the fundamental knowledge on which engineering advances depend.
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1.02.1 Introduction

Unsaturated fatty acid derivatives play a critically important role in virtually every life form. The most universal of
these functions relates to the fact that the fluidity of biomembrane phospholipids is optimized by the presence of
(Z)-olefinic hydrocarbon side-chains. That 1s, the presence of the latter characteristic prevents overly rigid packing
of the linear hydrocarbon portions of the membrane and thus promotes the biologically viable liquid crystalline
phase rather than the solid gel phase." In addition to this structural aspect, unsaturated triglyceride esters are
important cellular reservoirs of chemical potential energy that can be easily mobilized for catabolic use as required.”
Interestingly, seed oils of many plants harbor various desaturated fatty acid triglycerides with additional exotic
functionality that appears to confer antifeedant properties.’ Probably the most subtle role of the C~C double bond in
long-chain lipidic molecules has to do with their signaling properties; the corresponding saturated analogue is devoid
of this capability.* The classic example of lipid-based signaling phenomenon is exhibited by insect pheromones
where the number, position, and stereochemistry of the olefinic recognition element constitutes a species-specific,
semiochemical language.” More recently, the importance of regiospecific double bond position in sphingolipid
(cell messenger) function has also begun to be appreciated.® Finally, it should be noted that fatty acids with multiple
double bonds serve as substrates for oxidizing enzymes such as lipoxygenases and cyclooxygenases to generate an
ensemble of highly bioactive compounds in plants and animals.”® Tronically, the presence of polyunsaturated fatty
acids also promotes deleterious autoxidation processes that have been implicated in various disease states.

The most abundant unsaturated fatty acids have a chain length of 18 carbons. The structural relationships
between various classes of C18 olefinic fatty acids are displayed in Figure 1. These include the common
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(a) monounsaturated fatty acids (oleate); (b) methylene-interrupted, polyunsaturated fatty acids (linoleate and
a-linolenate) as well as the unusual; (c) conjugated fatty acids such as the conjugated isomers of linoleic acid
(9,11-CLA); (d) oxygenated fatty acids (ricinoleate); (e) acetylenic fatty acids (crepenynate); (f) allenic fatty
acids (laballenate); and (g) cyclopropenyl fatty acids (sterculate).

The isolation and characterization of many of the genes responsible for the formation of the compounds
listed above has revitalized the study of unsaturated fatty acid biosynthesis and made possible a series of
fundamental mechanistic and structural studies. Application of this knowledge has helped to open new doors in
more applied areas of research such as plant biotechnology. The current concept is one of the plant as a green
factory capable of generating petroleum-like feedstocks for the production of high volume compounds such as
lubricants, detergents, cosmetics, surfactants, and polymers.” In addition, the idea of adding value to plant seed
oils for the growing nutritional supplement market through genetic manipulation remains a viable vision."’
Closely related to a more sophisticated understanding of how the lipodome impacts human health is the search
by medicinal chemists for new therapeutic targets to manage symptoms of the metabolic syndrome and
associated metabolic diseases such as diabetes."' Unsaturated lipid-based targets are also being considered in
the global effort to eradicate tuberculosis'® and to understand the role of sphingolipids in apoptosis."’

This chapter focuses on the mechanistic aspects of unsaturated fatty acid biosynthesis and related
compounds; as such it expands on the previous review of this topic found in the first edition of CONAP'™ and
contains a more focused treatment on desaturases.”” The reader is directed to excellent reviews on other aspects
relevant to this topic including essays on the chemistry of fatty acids,'® molecular biology of desaturases,'’
structural aspects of desaturase and desaturase-like enzymes,'® soluble plant desaturases,'” plant biotechnol-
ogy,”"** cold acclimation,””** metabolic syndrome,” insect pheromones,”® and sphingolipids.”” Updated
comprehensive monographs on lipid biochemistry are also available.”*”’

1.02.2 Monounsaturated Fatty Acids

Most naturally occurring monounsaturated fatty acids are biosynthesized by regioselective, O,-dependent,
dehydrogenation (desaturation) of a saturated substrate catalyzed by a family of enzymes known as desaturases
(Scheme 1) The term ‘desaturation”' was first used in recognition of the fact that the O,-dependent
dehydrogenation of adjacent unactivated methylene groups is mechanistically distinct from dehydrogenation
alpha to the thioester group in fatty acid degradation. A relatively minor, anaerobic pathway to olefinic fatty
acids is found only in certain bacteria (e.g., Escherichia coli, Lactobacilli) and involves a unique enzyme activity
that catalyzes formation of a (3Z)-3-decenoyl ACP (acyl carrier protein) intermediate that is then elongated.
(Scheme 1).** There is potential for pathway crossover in organisms where the A9 desaturase acts on a
palmitoyl CoA (coenzyme A) to give palmitoleyl CoA (9Z-Cl16:1) that is subsequently elongated to
cis-vaccenate. Until recently, it was thought that the purely anaerobic and aerobic routes were mutually
exclusive in any given organism. However, Zhu e /. have shown using specific gene-knock out studies that
Pseudomonas aeruginosa employs both pathways to generate the monounsaturated fatty acids required to regulate
membrane lipid fluidity.*’

1.02.2.1 Oleic Acid

The most common monounsaturated fatty acid is oleic acid (Scheme 1). The glycerol ester of oleate is a major
component of industrially important plant seed oils. The olive tree has been cultivated for its oleate-rich oil in
the Mediterranean basin for thousands of years; indeed, the commercial value of this commodity was so high,
that trade in olive oil is considered to be a major contributor to the prosperity of Graeco-Roman civilization.™
Nowadays, oleic acid is one of the cornerstone molecules of a 50 billion dollar per annum (US, 2006) global
enterprise that bears its name: the oleochemical industry.”” For example, oxidative cleavage at the 9,10-double
bond gives ready access to useful synthons — nonanoic acid and nonan-1,9-dioic (azelaic acid). Oleic acid is
formed by the aerobic pathway in all life forms examined to date, including bacteria, fungi, yeasts, algae, plants,
insects, and mammals. The introduction of the double bond at the 9,10 position of a stearoyl substrate is
catalyzed by two structurally distinct enzymes: a soluble protein found only in plants and a ubiquitous,
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Scheme 1 Anaerobic and aerobic synthesis of unsaturated fatty acids.

membrane-bound enzyme. Oleyl phospholipids are major components of cell membrane bilayers and it should
be noted that introduction of the ¢zs-double bond at the middle of a saturated chain leads to the greatest melting
point depression.*®

1.02.2.1.1 Soluble (plant) stearoyl ACP A9 desaturase

Plant seed oils represent the major source of oleic acid where it is stored as triacylglyceride (TAG). The route
to oleyl TAG originates with palmitoyl ACP exiting the chloroplastidial fatty acid synthase assembly line
(aerobic pathway, Scheme 1) and undergoing chain elongation to give stearoyl ACP; this species is then
desaturated i situ by a soluble, stearoyl ACP specific, A9 desaturase; the product of this reaction — oleyl ACP —
is then released to the extraplastidial sector where it enters the fatty acyl CoA pool en route to oleyl TAG
biosynthesis.””

The overall chemical equation for soluble (plant) stearoyl ACP A9 desaturase-mediated dehydrogenation is
typical of all desaturases and involves a four-electron reduction of molecular oxygen to two molecules of water.
Two electrons are provided by NAD(P)H via a flavin-dependent NADPH reductase and the electron transfer
protein, ferredoxin; the remaining two electrons are donated by substrate C—H bonds (Scheme 2).
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Significant progress in the biochemical characterization of soluble plant desaturases has been achieved in
the last two decades. The critical breakthrough occurred in the 1990s when castor stearoyl-ACP A9 desaturase
was purified and overexpressed’®’” to permit examination by various physical methods including Méssbauer
spectroscopy,’ resonance Raman spectroscopy,’ X-ray crystallography,” and magnetic circular dichroism
(MCD)." This pioneering work revealed that the active site of this enzyme contained a nonheme, di-iron
cluster coordinated to several bridging and nonbridging carboxylate ligands as well as two histidines (Figure 2).
The similarity of this catalytic core to that found in methane monooxygenase (MMO)*" was striking and
provided an immediate structural and mechanistic link between the activation of the primary C—H bond of
methane and the secondary C9-H, C10-H bonds of stearoyl ACP. Hydrophobic patch analysis of the crystal
structure revealed a potential substrate binding region in the middle of a globular protein (Figure 2).* This
picture provided the first clue as to how active site topology might influence the conformational preference of a
mobile hydrocarbon moiety such that a thermodynamically less stable (Z)-olefinic bond is generated upon
dehydrogenation. That 1s, a stearoyl substrate can be docked into the active site if it adopts a quasi-gauche
conformation at the C9—C10 position in the region situated opposite to the two iron atoms. Such an arrange-
ment would facilitate regio- and stereoselective oxidation leading to the desired oleyl product (Figure 2).
Unfortunately, it has not been possible, to date, to obtain crystals of substrate/enzyme of sufficient quality in
order to gain more insight into this scenario. However, support for the model displayed in Figure 2 was
obtained by the results of a stereochemical investigation using stereospecifically monodeuterated substrates; it
was shown unambiguously that the substrate hydrogens are removed in syn-fashion with a pro R enantioselec-
tivity at C9 and C10™ (compare positions of C9, C10 hydrogens in Scheme 2 and Figure 2).

Two additional X-ray structures of the castor protein®®*” and that of a related protein found in mycobac-
teria*® confirm the relative location and coordination of the diiron core within the desaturase protein. The
overall kinetics and bioinorganic aspects of stearoyl ACP oxidation have been studied in some detail.*” The

Figure 2 X-ray structure of a soluble A9 desaturase showing how the topology of the active site dictates syn-removal of
the two pro R hydrogens at C9 and C10 of a stearoyl ACP substrate. The reaction produces a (2)-olefin (oleyl ACP)
with >99.9% stereochemical purity.
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situation is complicated by the fact that the castor desaturase is a functional homodimer but the picture that is
emerging is one of substrate binding promoting electron transfer to the diiron core and subsequent oxygen
binding en route to a compound Q-like oxidant that is capable of attacking unactivated C—H bonds.’*"!
The modulating effect of substrate binding is reminiscent of the role of the effector proteins in related enzymes
such as toluene-4-monoxygenase (TOM)’? and MMO.”*

A topic of long-standing interest to bioorganic chemists is the mechanism of C-H activation. There are
essentially three fundamental questions that are pertinent to this topic:

1. What is the stereochemistry of hydrogen removal as this relates to enantioselectivity of hydrogen removal
(pro R or pro §) at the prochiral methylene centers and the relative stereochemistry of C-H bond cleavage at
the adjacent carbons (syz vs anti)?

2. What is the site of initial oxidation (cryptoregiochemistry), assuming the hydrogens are removed in a
nonsynchronous fashion?

3. Which factor(s) prevent a competing hydroxylation reaction?

The answer to the first question has already been provided for the soluble plant A9 desaturase (vide supra) via
the appropriate deuterium labeling experiment but attempts to tackle questions (2) and (3) are still very much
works in progress. Indeed, the current X-ray crystallographic data offers no readily interpretable information in
this regard. ™

The availability of a stable, soluble desaturase such as the castor protein affords a unique opportunity to
apply suitable mechanistic probes that had previously been developed using ## vivo desaturating systems.'” The
choice of probe is limited by the requirement to activate substrate as the ACP thioester via an enzymatic
coupling reaction. This places some limitation on the types of substrate analogues one can use to probe the
active site. However, in general it has been found that sterically unobtrusive substrates bearing deuterium,
oxygen, sulfur (methylene isostere), and monofluorine substituents function well in ACP activation and
desaturation. Selected (E)-olefinic substrates also bind to the active site.”*

In order to develop approaches to answering questions (2) and (3), a working hypothesis for the mechanism of
C—H activation in desaturation was required (Scheme 3). A similar scheme was first advanced for a cytochrome
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Scheme 3 Generic mechanism for C-H activation during fatty acid desaturation showing its relationship to
hydroxylation. The structure of the di-iron oxidant and the reactive intermediates are speculative.
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P450 system by Baillie upon the discovery that hepatic cytochrome P450 could both hydroxylate and dehy-
drogenate the epileptic drug, valproic acid.”” The mechanistic proposal presented in the latter work was adopted
as a generic model for fatty acid desaturation™®’’
iron-based oxidations of unactivated methylene groups were likely to operate by similar mechanisms. For
cytochrome P450, the active oxidant is thought to be a hypervalent iron oxo species; for nonheme diiron
systems, the equivalent oxidant is thought to be compound Q’® as determined by parallel mechanistic work
addressing the mode of C-H activation for MMO.””

As shown in Scheme 3, desaturation is thought to be initiated by an energetically difficult C-H activation
step to produce a carbon-centered radical/FeOH pair which collapses rapidly by a second hydrogen abstrac-
tion step to give an olefinic product and iron-bound water either directly or via a one electron oxidation/
deprotonation sequence. Many membrane-bound (but not soluble) desaturases apparently allow a competing
‘hydroxyl rebound’® (better termed as SH,®') pathway to give variable amounts of a secondary alcohol
byproduct.®” Interestingly, this pathway can be induced for the soluble enzyme through the use of substrate
analogues (vide infra). There is no evidence to support the notion that hydroxylated intermediates are on the
pathway to olefin.”’

To deduce the site of initial oxidative attack (cryptoregiochemistry®®) involved in double bond formation,
the use of kinetic isotope effect (KIE) techniques is the most straightforward approach. This methodology is
based on the reasonable premise that the initial C—H bond cleavage step should be energetically more difficult
and therefore more sensitive to isotopic substitution than the second C—H bond breaking step (Scheme 3).
However, the KIE approach cannot be used in the case of the soluble plant A9 desaturase since other enzyme
events such as substrate binding are kinetically more important than the chemical events. Both noncompetitive
and competitive intermolecular primary deuterium KIE on C—H cleavage at either the C9 or the C10 positions
were estimated to be ~1.°7% This fact has prevented the direct determination of the site of initial oxidation for
this enzyme, a parameter which is so readily accessible for membrane-bound desaturases (vide infra).

Other mechanistic probes have yielded valuable information as to which methylene group undergoes initial
oxidative attack in the active site of stearoyl ACP A9 desaturase.

This was accomplished in the first instance by measuring the efficiency of desaturase-mediated oxo transfer
to a series of thia-substrate analogues.”” The assumption is that the relative amounts of sulfoxide obtained by
oxo transfer from each thia isomer reflects the positioning of the putative di-iron oxidant relative to substrate. It
was found that 10-thiastearoyl ACP was converted cleanly to the corresponding sulfoxide while oxidation of
the 9-thia isomer gave the corresponding sulfoxide in much lower yield (~10%). It should be noted that when
substrates bearing sulfur at other carbon sites were incubated with the desaturase, normal dehydrogenation
products were detected. This set of experiments was repeated using w-fluorinated thia probes, followed by'’ F
NMR analysis and yielded similar results (Scheme 4).°” In the case of the 9-thia experiment, the major product
obtained was 9-fluorononanol® — a compound thought to arise by a chain cleavage process in the enzymatic
event (the intermediate aldehyde is reduced to alcohol by the normal reductive workup of the enzymatic
mixture). These results have been corroborated in every detail by Fox and coworkers and, in addition, it has
been shown that oxygenation at sulfur is an aerobic process by'*O-labeling.”’

Thus one can conclude that the soluble enzyme may in fact operate by initial attack at the C10 position.
Some support for this hypothesis is available from work using probes containing other heteroatoms. For
example, incubation of a series of oxo-substrates generated the expected chain cleavage product (nonanal)
from 9-oxostearoyl ACP, while a 10-oxo substituent blocked normal oxidative attack and was desaturated at the
C11,12 position.”’ This regiochemical error was induced in the latter case because hydroxylation at C9 was not
possible presumably due to geometric constraints.

under the assumption that both heme iron and nonheme

A similar loss of regiochemical precision has been observed upon incubation of racemic
10-monofluorostearate with the castor enzyme; no 9-hydroxylated products were detected with these sub-
strates as well. Interestingly, 10-hydroxylated products were obtained upon desaturase-mediated oxidation of
(R)- and (8)-9-fluorostearoyl ACP (Scheme 5)."”" When fluorine is a spectator atom at the pro § position,
dehydrogenation can proceed along to give fluoroolefin along with a zhreo—fluorohydrin byproduct. The latter
was a product of hydroxylation as shown by '*O-labeling. In contrast, the (9R)-fluorostearate was processed in
an unexpected fashion to give mainly fluoroolefinic products of the ‘wrong’ stereochemistry and regiochem-
istry. The 9, 10- fluorohydrin obtained in this experiment was ‘eryrbrd as determined by '"F NMR in
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combination with synthetic reference standards. The commitment to dehydrogenation versus hydroxylation
when presented with a substrate designed to block the former pathway is remarkable.

More light has been shed on the mechanism of desaturation in this system through the use of a triple mutant
of the castor acyl-ACP A9 desaturase (T117R/G188L/D280K).”” This mutant enzyme was originally designed
to switch the regiochemistry of desaturation from A9 to A4. Instead, stearoyl-ACP was converted to the oleyl
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Scheme 6 Products obtained by the action of a triple mutant of a soluble plant A9 desaturase on oleyl and elaidyl ACP.

product that was then further oxidized to give the allylic alcohol (£)-10-18:1-9-OH via a (Z£)-9-18:1 allylic
intermediate (Scheme 6). The use of regiospecifically deuterated substrates showed that the conversion of
(Z)-9-18:1 substrate to (£)-10-18:1-9-OH product proceeds via hydrogen abstraction at CI1 and highly
regioselective hydroxylation (>97%) at C9. '*O-labeling studies show that the hydroxyl oxygen in the reaction
product is exclusively derived from molecular oxygen — a result that makes a carbocationic intermediate less
likely since such a species would tend to be quenched by water in the active site. The mutant enzyme also
converts (£)-9-18:1-ACP into two products, (£)-10-18:1-9-OH, and the conjugated linolenic acid (CLA)
isomer, (£)-9-(Z)-11-18:2. The observed product profiles can be rationalized by differences in substrate binding
as dictated by the curvature of substrate channel at the active site. In both cases, the course of reaction is
consistent with the location of the oxidant close to C10 rather than C9 as noted above. It is interesting to note
the similarity of the allylic hydroxylation reaction of the triple mutant and the pathway postulated for
dimorphecolate formation in Dimorpheteca sp.”* (vide infra, Scheme 10(c)).

The nature of the switch-controlling reaction outcome (dehydrogenation vs oxygenation) is a critically
important issue which has not been fully resolved to date due to the paucity of structural data. This mechanistic
dichotomy has been documented for nonheme monoiron,”* nonheme diiron,” and heme iron (cytochrome
P450) biooxidants.”® Certainly, the holy grail in the desaturase area is to be able to convert a pure desaturase to
a pure (regio- and enantioselective) hydroxylase by protein engineering. In one sense, the experiment has
already been performed as in the case of the castor plant where the 12-hydroxylase responsible for ricinoleic
acid production was found to be closely related in sequence space to the corresponding A12 desaturase — an
enzyme shown to initiate oxidation at C12.”” There are at least three possible factors that could be involved in
controlling the relative energetics of the two oxidative pathways. (1) Formation of carbocationic intermediates
favor desaturation while radical intermediates favor hydroxyl rebound. The former pathway could be favored
by a stabilizing factor in the substrate or via pi-cation stabilization by proximal aromatic residues.
(2) Stereoelectronic effects relating to the alignment of the C—H bond beta to the singly occupied molecular
orbital SOMO of the putative radical intermediate. Misalignment promotes a default hydroxyl rebound
reaction; proper periplanar alignment of orbitals promotes olefin formation. The precise positioning of the
iron-hydroxyl group relative to the SOMO may also influence the rate of hydroxyl rebound versus abstraction
of the second hydrogen. (3) The driving force of the reaction is determined by the relative energetics associated
with the final coordination of the metal site by water (desaturation) versus no ligand (hydroxylation).”* Any of
these considerations either singly or in combination have not been ruled out conclusively.”
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1.02.2.1.2 Membrane-bound (microbial and animal) A9 desaturases

As mentioned previously, 9,10-dehydrogenation of a stearoyl substrate is executed by two structurally distinct
enzymes: a soluble plant A9 desaturase that is specific for the ACP derivatives and a set of membrane-bound
A9 desaturases that accept stearoyl CoA or stearate linked to PL (phospholipid). Historically, stearoyl CoA A9
desaturase played an important role in the development of desaturase research. An account of the circum-
stances surrounding the discovery of desaturases by Konrad Bloch™ some 50 years ago has been highlighted in a
recent review."” The first publication describing fatty acid desaturation — the aerobic formation of oleic acid by
yeast — appeared in Biochemia et Biophysica Acta in 1958.%° In this publication and in an accompanying paper,
Bloomfield and Bloch®™ "' showed that a particulate (membranous) fraction from yeast could ‘desaturate’
palmitoyl CoA (and by implication stearoyl CoA) in the presence of molecular oxygen and NADPH. Thus
the overall stoichiometry of desaturation was established and is identical to that shown in Scheme 2. Similar A9
desaturase activity was discovered in the microsomes of several other organisms but it was not until the early
1970s that the fractionation of rat liver microsomes by Strittmatter’s group yielded purified integral
membrane-bound A9 desaturase.®” Reconstitution of this enzyme in detergents along with the electron-transfer
components, membrane-associated NADH (nicotinamide adenine dinucleotide) reductase and cytochrome b5,
represented one of the early triumphs in membrane enzymology. At this time, the presence of functional
nonheme rather than heme-iron in the desaturase protein was confirmed by spectroscopy.”’ Hydropathy
analysis of the rat liner A9 desaturase amino acid sequence® together with that of a homologous yeast A9
desaturase generated the first 2-D model® that featured two membrane-spanning regions with the bulk of the
protein facing the cytosolic side of the endoplasmic reticulum (ER) membrane. A more detailed analysis based
on a larger sequence set, coupled with site-directed mutagenesis experiments, revealed the presence of eight
essential histidines residing in three highly conserved HX(,_4)H boxes.* Tt is now believed that these histidines
coordinate to a di-iron center as documented by Mdéssbauer data obtained on a closely related nonheme
iron-containing w-hydroxylase alkB.” It should be noted that a number of membranous desaturases, including
the aforementioned yeast A9 desaturase, have been shown to contain a fused cytochrome b5 component that
presumably facilitates electron transfer from NADH reductase to the catalytic di-iron core.*® All attempts to
obtain more detailed structural data on membranous A9 desaturases and related desaturase enzymes have been
uniformly unsuccessful. Sperling and Heinz have carried out a sequence comparison between various sub-
groups found within the A9 desaturase envelope.'’

Much of the early mechanistic work on desaturation was carried out using intact microorganisms containing
membrane-bound A9 desaturases, including the classic study by Schroepfer and Bloch using Corynebacterium
diphtheriae® Tn this work, mass spectrometric analysis of biosynthetic oleate derived from erythro- and
threo-dideuterated substrates established the ‘sy»” removal of hydrogens from C9 and C10. That it is the pro
R hydrogens that are abstracted was determined by monitoring the loss of tritium label from the four possible,
stereospecifically tritiated substrates as compared to a reference ('*C-labeled) substrate. The stepwise nature of
A9 desaturation as subsequently portrayed in the mechanistic model outlined in Scheme 7(a) was first
postulated by Bloch as a spinoff result from this experiment. That is, the H/'*C ratio of each residual,
stereospecifically tritiated substrate obtained after incubation was compared with that of the starting ratio.
Significant enrichment of tritium in only one of the starting materials — (9R)-"H-stearate signaled a large
primary “H isotope effect associated with the loss of that tritium atom in the first step of desaturation. This
result implied that A9 desaturation was initiated by abstraction of the C9 (Hy) hydrogen in a relatively slow,
isotopically sensitive step.

Similar stereochemical results for A9 desaturation were obtained by Morris and James using a Chlorella
valgaris system.”’ However, their analysis of the labeling data led to the inference that C~H cleavage reactions
at C9 and C10 were both sensitive to deuterium or trittum substitution. A subsequent set of iz vitro experiments
using a noncompetitive KIE design led to similar conclusions.”’ This apparent contradiction between stepwise
versus concerted mechanisms for desaturations persisted in the review literature for a number of years. That
A9 desaturation as mediated by membrane-bound A9 desaturases is clearly stepwise and initiated at C9 was
finally demonstrated unambiguously by a series of incubation experiments in yeast (Saccharomyces cerevisiae),*
cyanobacteria,”” and green algae Chlorells’”® using competitive KIE measurements (Scheme 7(b)).
This approach involved incubation of a ~1:1 mixture of regiospecifically dideuterated substrate and its
nondeuterated parent with a convenient source of the desaturase; the d;/d, ratio of the olefinic product was
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Scheme 7 (a) Postulated mechanistic pathway for membrane-bound A9 desaturase-mediated oxidation of stearoyl
CoA. (b) The KIE test for cryptoregiochemistry. (c) The thia test for cryptoregiochemistry.

then compared to the starting d,/d, ratio of the substrate by mass spectrometric analysis. In both methods,
secondary deuterium KIEs are embedded in the value for the primary KIEs but this perturbation is expected to
be small.”* In each case,”*"*”* a large deuterium KIE was observed at C9 and a negligible KIE at C10.
Corroborating evidence for location of the initial oxidation at C9 in membranous A9 desaturases was
obtained using a ‘thia test’ — an experiment that measures the efficiency of oxo transfer to thia substrate
analogues as a function of sulfur position (vide supra) (Scheme 7(c)). A series of sulfur-substituted stearates and
w-phenyl thia fatty acid analogues were incubated with a highly active stearoyl CoA A9 desaturase in growing
S. cerevisiae cultures.”® The polar sulfoxy products were excreted into the culture media from which they could
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be conveniently extracted as the carboxylic acids. Sulfoxide levels could be quantitated through mass spectro-
metric or NMR analysis of product mixtures. The sensitivity of the latter method was greatly enhanced
through the use of w-fluoro-tagged thiasubstrates followed by '’F NMR analysis.”” It was found in these series
of experiments that 9-sulfoxidation was consistently more efficient than 10-sulfoxidation, as one might expect if
the oxidant hovered over C9 of the parent substrate. Furthermore, it was found the sulfoxidation reaction was
highly enantioselective and produced the expected sulfoxide enantiomer in high % ee as determined by
Pirkle-type chiral shift experiments in combination with chiral synthetic standards.’® The stereochemistry of
sulfoxidation matched the known enantioselectivity of hydrogen removal for the parent reaction. Thus thia
probes were used to derive stereochemical and cryptoregiochemical information in a single set of experiments.

Further evidence in support of the cryptoregiochemical assignment comes from the observation that ~1%
of a 9-hydroxystearate byproduct is formed in yeast cultures containing active A9 desaturase from a variety of
sources.”” The quantitation has been confirmed using a 16-fluoropalmitate substrate and GC-MS detection of a
16-fluoro-9-hydroxypalmitate.”® It is thought that these byproducts are formed by hydroxyl quenching of a C9
carbon centered radical (Scheme 7(a)). It is interesting to note that the formation of hydroxylated byproduct
had been overlooked for many years due to the fact that hydroxyfatty acids do not chromatograph well on GC
columns unless they are derivatized as silyl ethers.

The results of the thia test and hydroxyl byproduct analysis are opposite to that observed for the case of the
soluble A9 desaturase as discussed above (desaturation is believed to be initiated at C10 of the parent substrate).
This contrast in cryptoregiochemical preference reflects the fact that the two enzymes in question belong to
two structurally distinct protein groups and have different substrate specificity profiles relating to different
active site architectures: the soluble desaturase has a strict preference for C18 substrates while the membranous
desaturase accepts substrate chain lengths ranging from C15 to C19.”” Despite these differences, the overall
mechanism of C—H activation is probably very similar in both cases.

The subject of whether carbon-centered radicals or carbocationic intermediates are formed by membranous
A9 desaturases is difficult to address experimentally in an unambiguous manner. To date, explicit attempts to
trap out the putative radical intermediates in desaturases through the use of cyclopropyl radical clocks for
desaturases have not been successful.”*’® However, it should be noted that the membrane-bound, nonheme
monooxygenase of Pseudomonas oleovorans (alk B), which serves as a structural model for this set of desaturases,””
has been probed in this regard. T'wo mechanistic studies involving #/k B operating on cyclic substrates point to
the intermediacy of a secondary radical but not a secondary carbocationic species along the reaction
pathway, 100101

The importance of gaining more fundamental knowledge on membranous A9 desaturases has become
evident with the recent discovery that overexpression of stearoyl CoA A9 desaturase (SCD) in animals may
correlate with the symptoms of a variety of metabolic diseases such as obesity and diabetes.”” Consequently, the
search for therapeutically useful SCD inhibitors is an active research area and some progress has been
made."”*'”* One of the most potent SCD inhibitors is the naturally occurring cyclopropenyl fatty acid, sterculic
acid (Figure 1) — an exotic fatty acid that presumably binds to the SCD active site and interacts in some way
with the diiron catalytic core via the strained cyclopropenyl ring. The mechanism of inhibition is difficult to
study due to the lack of highly active, stable SCD enzyme preparations and the lability of the sterculyl
cyclopropene ring.

1.02.2.2 Regiochemical Variants of A9 Desaturation

The ability to install functionality at various unactivated centers along a conformationally mobile hydrocarbon
chain in a highly regioselective manner is the primary hallmark of the desaturase family enzymes (Figure 3).
This display of bioselectivity has enticed researchers to search for clues among the many sequences of soluble
and membrane desaturases in order to discover the amino acid hotspots controlling regiochemical out-
come.'”"'% Sperling and Heinz have provided a comprehensive overview of primary sequences for all
known desaturases (as of 2003); this work is a valuable resource for all future efforts to decipher the mysteries
of regioselectivity contained in this information."”

As noted previously, oleic acid is by far the most common monounsaturated fatty acid. Its C16 homologue,
palmitoleate, can be formed by the anaerobic pathway or by the aerobic pathway using membrane-bound
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Figure 3 Examples of regiochemical variants of A9 desaturation reactions which lead to monounsaturated products.

A9 desaturases only (Scheme 1). The recognition element determining the position of the incipient double
bond in the latter case is the C1 acyl head group since the double bond is introduced at the C9,10 position
regardless of overall chain length. This type of recognition is denoted by the use of the symbol A.
Regiochemical variants are found in the soluble, fatty acyl ACP-recognizing, desaturase series (A4 and A6)
and in the membrane desaturase series recognizing the CoA, PL, or sphingolipid head group (A4, A5, AS,
AT11). The variability in polar head group recognition and substrate chain length optimum complicates the
comparison between enzymes.

1.02.2.2.1 (Z)-4-Hexadecenoic acid

The title compound (Figure 3) is produced by the action of a A4 palmitoyl ACP desaturase found in some
species of Umbelliferae, Araliaceae, and Garryaceae and is chain elongated to produce petroselinic (6Z2)-(6-
-octadecenoic) acid.'” This acid accounts for as much as 85% of the total fatty acid content in these plants
and is of interest to plant scientists because the shift of the double bond position from the more common A9
position raises the melting point by some 20 °C. A significant opportunity to place desaturase regioselectivity
on a firm structural basis presented itself with the discovery that A4 palmitoyl ACP desaturase from Hedera
helix (English ivy) was amenable to analysis by X-ray crystallography.'”” The outcome of this work was
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surprising. The structures of the A4 palmitoyl ACP desaturase and the original A9 stearoyl ACP desaturase are
startlingly similar. Subtle differences were noted in residue conformation at the methyl terminus of the putative
hydrophobic substrate binding site and at the ACP binding area near the opening of the active site. The
tentative conclusion was that these modifications allowed a hexadecanoyl ACP substrate to penetrate the ivy
A4 protein more deeply than is the case for the corresponding stearoyl ACP substrate and the castor A9
protein. Due to the lack of definitive data on the mode of substrate binding, it was important to examine the
stereochemistry of A4 desaturase-mediated dehydrogenation.'” This was accomplished by tracking the fate of
deuterium atoms located on stereospecifically monodeuterated substrates, (45)- and (4R)-[4-"H,]-
palmitoyl-ACP and (5S)- and (5R)-[5-"H,]-palmitate-ACP. These compounds were prepared by a novel,
general route involving nucleophilic opening of chiral terminal epoxides that are available in very high % ee. It
was found that the introduction of the (Z)-double bond between C4 and C5 of a palmitoyl substrate occurs with
pro R enantioselectivity — a result which matches that obtained for a closely related homologue castor
stearoyl-ACP A9 desaturase. These data suggest that despite the marked difference in the regioselectivity
between the two enzymes, the stereochemistry of hydrogen removal is conserved. Of great interest would be
the elucidation of the cryptoregiochemistry of the A4 desaturation.

Analysis of the X-ray structure of the ivy enzyme also yielded unexpected information on the diiron
catalytic core in that the iron atoms were observed in the diferric oxidation for the first time. This allowed a
direct comparison between the ligand coordination for the reduced and oxidized state and exposed carboxylate
shifts that are characteristic of this class of enzyme.'”” While the mechanistic significance of these differences
cannot be ascertained at this time, it is hoped that these data can be used to build up a consistent picture of the
entire catalytic cycle from substrate binding to exit of product.

1.02.2.2.2 (Z)-5-Hexadecenoic acid

(Z)-A5 desaturation of cell membrane phospholipids in various species of Bacillus is inducible by a 15°C
reduction in the ambient temperature (37-20 °C)."'” This constitutes an ideal system to study the mechanisms
controlling the degree of fluidity of biological membranes through the (Z)-dehydrogenation of their fatty acyl
hydrocarbon chains. (Z)-A5 unsaturation is atypical and is presumably optimized for the ecological niche of
this organism. The presence of branched chain fatty acids (iso and anteiso) in the cell membranes may play a
role in accommodating a 5Z-C16:1 component. The control mechanisms involved in the signal transduction
process have been worked out by DeMendoza and coworkers.'"' The response to a decrease in growth
temperature involves hyper-expression of the gene, coding for the acyl-lipid A5 desaturase. Regulation is
accomplished by a two-component system composed of a membrane-associated kinase, DesK, and a soluble
transcriptional activator, DesR. The temperature-sensing ability of the DesK protein is regulated by the extent
of disorder within the membrane lipid bilayer. The sensor protein DesK controls the signal decay of its cognate
partner, DesR, and this response regulator activates transcription of its target promoter. Analysis of the A3
desaturase gene'' found in Bacillus subtilis revealed that this protein occupied its own unique position in the
sequence space of membrane-bound desaturases. Protein fusion expression using alkaline phosphatase, com-
bined with site-directed mutagenesis experiments and hydropathy analysis, have yielded a novel 2-D model of
the Bacillus A5 desaturase.''” The generality of this result remains to be determined.

The novel regiochemistry of this bacterial desaturase prompted a comparison of the site of initial oxidation
for this enzyme with that of the prototypical A9 desaturase. The intermolecular, competitive, primary
deuterium KIE on each C-H cleavage step of A5 desaturation was determined: 3.9 0.4 at C5 while the
C¢—H bond breaking step was shown to be insensitive to deuterium substitution (KIE = 1.17 £ 0.02).""* Based
on the mechanistic model for desaturation (Scheme 3), these results suggest that the site of initial oxidation for
A5 desaturation is at C5. In accordance with this result, Shanklin and coworkers have recently detected low
levels of 5-hydroxypalmitate derived from the Bacillus A5 desaturase expressed in E. coli®® Surprisingly, the
enantioselectiviy of A5 desaturation has not been elucidated to date.

1.02.2.2.3 (Z)-6-Hexadecenoic acid

(Z)-6-Hexadecenoic acid (16:1 A6) comprises more than 80% of the seed oil of Thunbergia alata (Black-eyed
Susan vine) and it was determined that this unusual acid was the product of a soluble A6 16:0-ACP desaturase
that shares 66% sequence identity with the castor A9 18:0-ACP desaturase and 57% identity with the
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A4 16:0-ACP desaturase.'”” The biological purpose for accumulating a hexadecenoate with a double bond at
C6,7 rather than at the more usual C9,10 position is unknown. The X-ray structure of the castor A9 enzyme
was used as the basis for site-directed mutagenesis studies to determine the structural determinants for the
substrate and double bond positional specificities displayed by acyl-ACP desaturases.''® By replacement of
specific amino acid residues in a A6-palmitoyl (16:0)-ACP desaturase with their equivalents from a
A9-stearoyl (18:0)-ACP desaturase, mutant enzymes were identified that have altered fatty acid chain-length
specificities or that can insert double bonds into either the A6 or the A9 positions of 16:0- and 18:0-ACP. Most
notably, by replacement of five amino acids (A181T/A200F/S205N/L206T /G207A), the A6-16:0-ACP
desaturase was converted into an enzyme that functions principally as a A9-18:0-ACP desaturase. Many of
the determinants of fatty acid chain-length specificity in these mutants are found in residues that line the
substrate-binding channel as revealed by X-ray crystallography of the A9-18:0-ACP desaturase. The crystal-
lographic model of the active site is also consistent with the diverged activities associated with naturally
occurring variant acyl-ACP desaturases. In addition, on the basis of the active-site model, a A9-18:0-ACP
desaturase was converted into an enzyme with substrate preference for 16:0-ACP by replacement of two
residues (L118F/P179I). These results demonstrated the ability to ratonally modify acyl-ACP desaturase
activities through site-directed mutagenesis and represented an early success story in protein engineering of
desaturases. No stereochemical or cryptoregiochemical studies have been carried out on the A6 desaturase
system although it would be of interest to compare this enzyme with the A4 ivy desaturase (vide supra).

1.02.2.2.4 (Z/E)-11-Tetradecenoic acid

The rich chemical biology of the carbon—carbon double bond is fully evident in the fascinating ability of insects
to generate species-specific, olefinic mating pheromones. The role of desaturases in producing volatile
compound blends with distinctive stereochemistry and regiochemistry that can be distinguished from the
normal fatty acid profile was first elucidated by Roloefs and coworkers."'” The bioorganic work in this area was
initiated by Boland ez a/. who showed that a A11 insect desaturase found in Mamestra brassicae effected the syn
removal of pro R hydrogens.""® Iz vivo work in this area is technically very challenging and requires mass
labeling of substrates with multiple deuterium atoms to prevent mass spectral interference by endogenous
unlabeled substrate. Similar results were obtained for pheromone biosynthesis found in Manduca sexta and
Bombyx mori.""? This work was continued by the Fabrias bioorganic group and a series of stereochemical and
cryptoregiochemical studies have appeared in the last decade with a special focus on Spodoptera littoralis. This
insect species produces a unique blend of monoenoic and dienoic tetradecanoates. It is now known that the
monoene stereoisomers are formed by the action of a single A11 desaturase'”’ which can accommodate two
equilibrating substrate conformers (Scheme 8). Interestingly, the ratio of £/Z changes as a function of
chain length. The initial abstraction of the pro R hydrogen of the stationary C11 methylene group generates
a short-lived radical intermediate which undergoes a second hydrogen abstraction to generate a mixture of
(E/Z)-11-tetradecenoates.'”' The relative stereochemistry of hydrogen removal is ‘gy#’ in both cases.'””
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Scheme 8 Stereochemical outcomes for A11 desaturation of two equilibrating myristoyl CoA conformers in Spodoptera.
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The ability to functionally express these enzymes in yeast has allowed one to study the transformation of
long-chain fatty acyl substrates to their 11-ene products in greater mechanistic detail.'*’ This development
allowed further mechanistic studies and led to the observation of a minor 11-hydroxylated byproduct in the
fatty acid profile.'** This compound presumably arises by hydroxyl trapping of a carbon-centered radical at
C11 in the same way that 9-hydroxystearate is a byproduct of a C9-initiated A9 desaturase (vide supra).

Use of a 11-cyclopropylundecanoyl probe failed to intercept the putative radical intermediate through a ring
opening rearrangement or hydroxyl quenching;” instead a highly strained cyclopropylidene product was
formed indicating the very high commitment to the dehydrogenation pathway displayed by these systems. This

. . . 2
result may serve as a model for biological allene formation.'*’

1.02.2.2.5 Sphingolipids

Sphingolipid derivatives containing an (£)-4-ene or 4-hydroxy functionality are thought to play a critical role
as signaling agents in many biological processes such as cell proliferation and apoptosis in mammals,'
gamete-specific cell-cycle progression in Drosphila,'*” and stress responses in plants'*® and microorganisms.
A large A4-sphingolipid desaturase family has been identified using a bioinformatic approach and the
previously — suspected close relationship between dihydroceramide 4(E)-dehydrogenation and
4(R)-hydroxylation was firmly established."*" This conclusion is also supported at the mechanistic level. A
pioneering iz vivo rat study by Stoffel eral'*' showed that A4 desaturation involves syz-removal of the C(4)-Hg
and C(5)-Hg hydrogens and that this process was likely initiated at C4 on the basis of a large primary *H isotope
effect at C4 and not at C5. These results were corroborated by the stereochemical analysis of a bifunctional
Ad-desaturase /4-hydroxylase from Candida albicans'*® and an in vitro cryptoregiochemical study of a rat liver
microsomal A4-desaturase.'*’ Clearly, 4-hydroxylation and A4 desaturation are both initiated by removal of
the pro R C4 hydrogen. The bifunctional Candida system would appear to offer a particularly convenient
opportunity to determine more precisely the point at which desaturation and hydroxylation pathways bifurcate.
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Another important development in the sphingolipid area is the discovery of potent synthetic dihydroceramide
A4 desaturase inhibitors which features a bioinspired cyclopropene moiety at the C4,5 position'** and a sulfur
atom at the C5 position.'”” A detailed study of the mechanism of inhibition has been carried out for the
cyclopropenyl compound.'** Interestingly, it appears that irreversible binding to the protein does not seem to
be involved. Recently, the Fabrias compound has found application in cancer research.'*’

In 1998, a novel sphingolipid A8 desaturase'*®"*” was characterized which, at the level of its primary sequence,
bears a strong resemblance to the membranous plant A6 desaturases discussed later in this chapter. A unique feature
of the A8 desaturase is that it catalyzes the introduction of a double bond at the 8,9-position of phytosphinganine
with less than 100% stereoselectivity (7:1 (£):(Z)). While the production of a stereoisomeric mixture of olefins has
good precedent in insect pheromone biosynthesis (vide supra), the formation of such isomers is rare at methylene
positions closer to C1. Apart from the broader biological significance of such apparently ‘sloppy’ biochemistry, it was
of interest to probe this lack of precision in the dehydrogenation event more closely. The sphingolipid A8 desaturase
gene cloned from sunflower (Helianthus annuus) was expressed in yeast and the stereochemistry of hydrogen removal
assessed by incubation with an appropriate enantiomerically enriched precursor bearing deuterium at the vicinal pro
R positions.'*’ ESI-MS analysis of the sphingolipid olefinic products showed that desaturation had proceeded with
gyn-stereochemistry for both isomers. The cryptoregiochemical analysis of the same system carried out using a pair
of mass-labeled racemic monodeuterated substrates yielded unexpected results. While the site of initial oxidation for
the production of the major (£)-isomer appears to be at C8 (primary KIE at C8 ~2; at C9 ~1), the KIE signature
found for the (Z)-isomer appeared to be reversed (KIE at C8 ~2, C9 ~4)."*" In the latter case, neither of the KIE
values is close to unity; this may be interpreted in terms of a less than absolute preference for initial attack at C9.

1.02.3 Methylene-Interrupted Polyunsaturated Fatty Acids

The biological formation of fatty acids bearing multiple nonconjugated double bonds (PUFA) relies on a
number of enzymes that are asymmetrically distributed among various biological species. A highly condensed
version of the interrelationships between some of the more prominent members of the PUFA family is given in
Scheme 9. The most important aspect of this picture is the fact that mammals do not have the enzymes to
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biosynthesize two nutritionally essential fatty acids, namely linoleate and c-linolenate. Fortunately, these
compounds are found in abundance in the seed oils of various commercially viable crops. Two more
mammalian desaturases, a A6 and a A5, are required to produce arachidonic acid — a critically important
eicosanoid precursor.

The production of polyunsaturated fatty acids in plants is part of the cold acclimation strategy to preserve
the integrity of various membrane assemblies over a temperature range of some 100 °C. Numerous studies that
have been carried out in model systems examine the control mechanisms involved in cold tolerance using
Arabidopsis mutants,”* cyanobacteria,”” and animals.'*' An additional role for PUFA is the generation of various
plant hormones such as jasmonic acid in response to various stressors.”

1.02.3.1 Linoleic Acid

The ‘essential fatty acid,” linoleic acid, is biosynthesized in the plant by one of two enzyme systems:
(1) a plastidial enzyme (FAD6) which uses the methyl terminus as a reference point and which has been
classified as an w-6 desaturase because it introduces the double bond six carbons from the w-carbon;
(2) an extraplastidial system known as oleate A12 desaturase (FAD2) which is selective for C12,13
oxidation independent of chain length and acts on 9(Z)-monoenoic substrates.'*> When presented with a
10(Z)-C19:1 substrate, this enzyme will use the existing double bond as a reference point and produces a
methylene interrupted diene: 10(Z)13(2)C19:2.'* FAD2 desaturase is an interesting enzyme because
closely related FAD2 variants generate a number of unusual fatty acids (see next section) such as
ricinoleate ((R)-12-hydroxyoleate). The molecular biological and stereochemical data implied that both
linoleate and ricinoleate formation were initiated by abstraction of the pro R C12 hydrogen
(Scheme 10(a)).””” Heterologous expression of FAD2 in yeast by Covello'™ represented a break-
through in that it made possible mechanistic studies that would have been extremely difficult to carry
out in planta. Support for the hypothesis that linoleate formation was initiated at C12 was obtained by
comparing the primary deuterium KIE on C-H cleavage at C12 and C13 using a strain of S. cerevisiae
containing a functionally expressed plant oleate A12 desaturase from Arabidopsis  thaliana.'™
As anticipated, a large primary deuterium KIE at C12 (ky/kp=7.3£04) and essentially no effect at
C13  (ky/kp=10540.04) was observed.”” Similar results have been obtained for the oleate
A12 desaturase in Chlorella”® There is real potential to carry out further mechanistic studies on
A12 desaturases given that a cyanobacterial enzyme can be partially purified and will accept oleic
acid salts as substrates."*'*

1.02.3.2 «-Linolenic Acid

a-Linolenic acid (ALA) is also considered an essential fatty acid but the precise biological role of this
compound or its derivatives has been difficult to decipher.'”” The role of ALA in plants, as an essential part
of the cold acclimation process, has been studied extensively and with clear-cut results through the use of
various mutants of plants that lack this fatty acid.”* The C16 equivalent of ALA —9Z, 127, 15Z-hexadecenoate —
features an unusual terminal double bond and has been recently found in a soil protozoan'** and in a
precursor role for the production of sorgoleone — a highly bioactive natural product found in Sorghum bicolor
root hairs."*’

Cryptoregiochemical analyses of the type described in the previous section have also been carried out in
mechanistic studies on the formation of a-linolenic acid in the nematode worm Caenorbabditis elegans (FAT1)"°
and plants (FAD3)."”" The nematode system normally produces eicosapentaenoic acid (EPA) from arachidonic
acid."”” These enzymes are more accurately termed w-3 desaturases rather than A15 since, when presented
with a series of fatty acyl substrates of varying chain length, a double bond is always introduced by three
carbons from the methyl terminus. Using strains of S. cerevisiae containing far-1'’" genes or fad-3'"* genes and
the appropriate, regiospecifically deuterated substrates, it was found that w-3 desaturation proceeds with large
primary deuterium KIE only at the w-3 position in both cases. A similar trend in KIEs (one large, one
negligible) was obtained for this reaction as it occurs in Chlorella vulgaris.”* These results clearly point to
w-3 (18=3=15) as the site of initial H-abstraction for w-3 desaturases; importantly, small amounts of
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variants. (c) BlosyntheS|s of dimorphecolate by a FAD2 variant.

15-hydroxylinoleate have been found in flax seed oil — a rich source of a-linolenate.””

Dimorphecolate

a) C12-initiated bimodal oxidation of oleate by FAD2. (b) Species-specific oxidation of linoleate by FAD2

The stereochemistry of

hydrogen removal for either FAD3 or FAT catalyzed transformations has not been determined to date.
In a quest for locating the structural determinants for regioselectivity in FAD2 and FAD3 type desaturases,

the groups of Feussner

' and Covello'” have studied bifunctional oleoyl-A12/linoleoyl-w-3 desaturases in

Aspergillus nidulans and Claviceps purpurea. A number of domains critical to the selectivity of these enzymes have
been identified via a series of mutagenesis experiments. 3-D structural data will be required to fully interpret

these data.
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1.02.3.3 ~-Linolenic Acid

The A6 desaturation of a linoleyl substrate to produce 7-linolenic acid (GLA) is an important step in the
biosynthetic pathway leading to arachidonic acid and other polyunsaturated fatty acids (PUFAs) in animals.'”’
A mouse model'*® has recently become available that will allow a more precise definition of the role of this
pathway in human health. Surprisingly, A6 desaturation also occurs in some plants and the value of
GLA-containing dietary supplements such as evening primrose oil in managing various disease states for
example has been well-documented."””"*® Thus considerable effort has been expended by plant biotechnolo-
gists in the characterization of A6 desaturase genes from various sources. It was a consequence of this activity
that the first example of a desaturase fused to an N-terminal cytochrome b5 domain — the A6 desaturase from
borage — was discovered."”” Domain-switching experiments have been carried out using chimeras of A6 fatty
acid and A8 sphingolipid desaturases in order to elucidate the connection between these two enzyme activities
that are so closely related at the sequence level.'”” A bifunctional A6 desaturase/acetylenase has been
discovered in Ceratodon purpurens.'®" In addition, a bifunctional A5, A6 desaturase has been identified in
zebrafish.'*?

Detailed mechanistic studies have not been carried out on any of the systems mentioned above. However, a
report of differential levels of incorporation of 6,6-d,- versus 7,7-d,-oleates into A6-desaturated lipids of
Tetrahymena'® prompted a two-pronged approach to the cryptoregiochemical analysis of the A6 desaturase
found in this protozoan.'®" Application of both the competitive KIE test and the thia test (vide supra)
strongly suggested that A6 desaturation in this system is initiated at C6: a large primary deuterium KIE at
C6 (ky/kp = 7.1 £0.5) versus negligible KIE at C7 (ky/kp = 1.04 £ 0.05) and preferential (>10-fold) sulfoxida-
tion at S-6 versus S-7 of thia analogues were observed. In addition, the 6-sulfoxide produced by
A6 desaturase-mediated oxo transfer was shown to be formed in high enantiomeric excess (>95% ee) and its
absolute configuration (S) suggested that initial H-abstraction at C6 of the parent substrate occurs with the
same stereochemical preference as that previously determined for oleate and linoleate biosynthesis (vide supra).

1.02.4 Unusual Unsaturated Fatty Acids

Fatty acids are considered unusual if they bear functionality other than methylene-interrupted double bonds or
have uncommon chain lengths. A systematic search of hundreds of different plant species has revealed well over
1000 novel structures'® and a searchable database for seed oil fatty acids (SOFA) has been constructed.'®” It is
thought that the presence of these compounds confers an antifeedant property to the plant in question that is, or
was, specific to its ecological role. Currently only a few of these compounds are available in sufficiently high
volume to have industrial value. The most important of these is ricinoleate (Figure 1) — a highly valuable
compound found in the seed oil of the castor plant. Expanding the range of compounds available as industrial
feedstocks remains one of the goals of plant biotechnology as originally envisioned by Somerville and
coworkers nearly two decades ago.'*

For the bioorganic chemist, elucidating the catalytic mechanisms underlying the production of unusual fatty
acids is an exciting and rewarding task; in some cases, new chemical pathways are uncovered that cannot be
duplicated in the laboratory since conventional reagents lack the necessary selectivity. A unifying theme
connecting the various mechanistic pathways is that they are mediated by desaturases or desaturase-like
enzymes.

Indeed, a number of enzymes belonging to the plant oleate A12 desaturase (FAD2) subfamily generate a
collection of lipids bearing a variety of unusual lipidic functional groups including allylic alcohols,”
homoallylic alcohols,”” conjugated dienes,'®”™""* alkynes,'”* and epoxides'”* (Scheme 10(b)). One gets the
sense that these compounds represent only a small fraction of the compounds waiting to be discovered.

1.02.4.1 Ricinoleic Acid

As alluded to earlier, ricinoleate (Scheme 10(a)) is an important natural raw material with great value as a
petrochemical replacement in some important industrial processes. The seeds of castor plant
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(Ricinus communis L.) are the major source of ricinoleate, which constitutes about 90% of the total fatty acids of
the seed oil. However, oilseed castor cultvation is difficult to adapt to large-scale production owing to toxicity
issues and a great deal of effort is being expended to produce ricinoleate in alternative oilseed crops through
genetic engineering.'”” The >99.9% enantiomeric purity of this compound has not been exploited to our
knowledge.

The mechanism of formation of ricinoleate can be understood in terms of funneling substrate through the
hydroxyl rebound pathway as suggested by the mechanistic model displayed in Scheme 3. The hydroxylation/
dehydrogenation connection became more obvious with the discovery of a Lesquerella bifunctional system that
produces a mixture of 12-hydroxylated and 12-monoenoic product (Scheme 10(a)).”” Indeed, wild type FAD2
found in the model plant Arabidopsis thaliana possesses inherent, low-level hydroxylation activity as do a number
of other membrane-bound enzymes (vide supra).®* Tt has also been shown that the ratio of 12-ol to 12-ene can be
adjusted through site-directed mutagenesis experiments involving as few as four amino acid residues.'”® More
recently, it has been shown that changes in amino acid at positions 148 and 324 of Arabidopsis FAD2 play an
important role in determining the ratio of dehydrogenation to hydroxylation.’” In addition, the stereochemistry
of hydroxyl byproduct formation during desaturation (Scheme 3) matches the enantioselectivity of hydrogen
removal at that position. As mentioned earlier, the two processes also share identical sites of initial hydrogen
abstraction as determined by a cryptoregiochemical study of linoleate biosynthesis.””

1.02.4.2 Vernolic Acid

Epoxy fatty acids have high-value uses in glues, resins, and surface coatings and so there is some interest in seed
oils with high epoxide content. These include oils found in Vernonia galamensis,’” Euphorbia lagascae”® and
Crepis palaestina. ™ The most prominent member of this family of compounds is vernolic acid (Scheme 10(b))
derived by epoxidation of linoleate. The absolute configuration at the epoxy center from Vernonia oil matches
that expected of a FAD2 variant. Mechanistic investigations on epoxide formation are complicated by the lack
of a good working hypothesis. T'o determine whether the reaction is stepwise, one would have to look for
relatively small secondary isotope effects due to a change in coordination from sp2 to a strained sp3 center. In
the case of vernolate formed in C. palaesting, it is now known that an acetylenase homologue is involved
(vide infra). Vernolate found in Euphorbia is cytochrome P450-derived.'”

1.02.4.3 Crepenynoic Acid

The dehydrogenation of linoleate to give crepenynate (Scheme 10(b)) is the first step along a pathway yielding
a very large family of bioactive compounds known as polyacetylenes.'””'® This remarkable transformation
represents an excellent example of ‘extreme’ enzymatic behavior given that the strong vinyl C—=H bond in the
substrate is removed in preference to the energetically far more favorable allylic hydrogen abstraction or
epoxidation processes. The latter would lead to the products shown in Scheme 10(b) via other reaction
channels that are presumably discouraged by subtle details of acetylenase active site architecture. A major
methodological advance in this area was achieved by the cloning of a cDNA from Crepis alpina (Asteraceae),
which encodes the enzyme responsible for the conversion of linoleate to crepenynate.'”* Functional expression
of this enzyme in yeast permitted a mechanistic study that looked at whether the site of initial oxidation for
crepenynate formation was identical to that found for other FAD2-catalyzed processes, namely linoleate and
ricinoleate formation."®" This was precisely what was found. The operation of a large primary deuterium
1sotope effect (KIE = 14.6 & 3.0) was demonstrated for the C—H bond cleavage at C12 while the C13-H bond
breaking step was found to be relatively insensitive to deuterium substitution (KIE = 1.25 £0.08). Interestingly,
the 12-acetylenase also functions as a desaturase with oleate as substrate but produces a mixture of (£/Z)
12,13-olefinic 1somers — an indication perhaps of a more capacious active site required to accommodate the
linear acetylenic product in the parent reaction.'®" Other examples of acetylenase-catalyzed chemistry have
been found to accompany A6 and A1l desaturation of fatty acids in the moss Ceratodon purpurens'®' and in the
insect Thaumetopoea (Lepidoptera) respectively.'®” The cryptoregiochemistry of the A11 acetylenase has been
examined using KIE techniques and found to be initiated at C11 as anticipated.'”’
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1.02.4.4 Conjugated Fatty Acids

Conjugated linoleates (Figure 1) are thought to be highly beneficial for human health and are found in dairy
products as a result of the action of rumen bacteria on a linoleate precursor.'®* The search for a means of
producing these compounds in seed oils prompted a closer analysis of the occurrence of conjugated olefins in
various plant species. Sequence analysis of plant genes responsible for the production of conjugated trienoic
acids of the type displayed in Scheme 10(b) revealed the involvement of FAD2 variants.'”"”* The enzymes
involved were called ‘conjugases.” To avoid confusion with unrelated enzymes bearing this name, it would be
more advisable to use the term ‘1,4-desaturase’ or A™”-desaturase. By inspection, it appears that these materials
are biosynthesized by an apparent (1,4)-dehydrogenation process analogous to that proposed for the more
common (1,2)-dehydrogenation reactions of fatty acid desaturases.

Support for this hypothesis had already been obtained by Crombie and Holloway'® some years ago: the
results of labeling experiments using marigold seed homogenates and labeled linoleate precursors demon-
strated that calendic acid (Scheme 10(b)) is produced by loss of hydrogen from C8 and C11 and that no
oxygenated intermediates could be detected.'® The availability of a convenient yeast expression system for
Fac2 — a Calendula officinalis gene encoding the (1,4)-desaturase involved in calendic acid production — allowed a
cryptoregiochemical study using KIE methodology to be carried out in convenient fashion."®® It was found that
the site of initial hydrogen abstraction for calendate formation is at C11 as would be expected for a FAD2
variant; recall that the parent enzyme initiates oxidation at C12 (Scheme 10(a)). Thus only a slight shift in the
position of the iron oxidant relative to substrate is required to perform the 1,4-dehydrogenation reaction. An
interesting mechanistic variant of 1,4-dehydrogenation has been discovered for dimorphecolate formation
(Scheme 10(c)) — a pathway that would also be initiated at C11 but followed by a quench of the intermediate
allylic radical by regioselective and enantioselective hydroxyl rebound.” A very good enzyme model for this
process has recently been uncovered in serendipitous fashion (Scheme 6).”

Further evidence for the close relationship between 1,2 and 1,4-dehydrogenation was obtained for a
Spodoptera litroralis A9 desaturating system which processes the (£)-11-tetradecenoate via C9-initiated dehy-
drogenation to give a 9(Z), 11(£)-diene. However, the 11(Z)-tetradecenoate is oxidized by the same enzyme to
give (E,E)-10,12-tetradecadienoate by 1,4-desaturation (initial site of oxidation at C10). The stereochemistry
and cryptoregiochemistry of both transformations is shown in Scheme 11."*7"'" A remarkable example of how
stereochemical analysis can be used to gain indirect information on the topology of active sites was provided by
the Fabrias group in their mechanistic study of an unusual A13 desaturation involved in the biosynthesis of
Thaumetopoea pityocampa sex pheromone: the removal of the C13 and C14 hydrogens in 11-hexadecynoate and
(11Z)-11-hexadecenoate are pro R- and pro S-specific gyn-dehydrogenation processes, respectively. The results
could be rationalized by molecular modeling of the substrate into a simulated active site with appropriate
geometric restraints.'”!
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Scheme 11 1,2- and 1,4-Dehydrogenation of myristoleyl CoA stereoisomers by Spodoptera.
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1.02.4.5 Allenic Fatty Acids

Fatty acids containing an allenic moiety are rare although a recent review of the allenic natural products
revealed about 150 examples.'*” The seed oil of the subtropical plant Leonotis neptacfolia (Lion’s ear), a member
of the mint family (Labiatae), was found to contain a 5,6 monoallenic octadecadienoic acid — laballenic acid
(Scheme 12).""* The absolute configuration of laballenic acid was determined by stereoselective synthesis.'”* A
possible mechanism for formation of allenes would involve desaturation of a monoolefin via stepwise hydrogen
abstraction similar to that proposed for the alkene—alkyne conversion (Scheme 12).

The biological role of allenic fatty acids is not obvious but they may serve as precursors to bioactive
conjugated polyacetylenic/allenic compounds elaborated by fungi similar to phomoallenic acid, an antimicro-
bial compound discovered recently by Merck Research Laboratories.'”* A chain shortened allenic fatty acid has

been found as a component of stillingia oil found in the seeds of Sapium sebiferum (Chinese tallow tree).'”

1.02.4.6 Sterculic Acid

In 1952, Nunn correctly deduced the structure of sterculic acid (Figure 1), an unusually labile compound
isolated from the seeds of the tropical tree Sterculia foetida.'”® This discovery initiated a systematic study of the
natural occurrence of cyclopropenyl fatty acids and sterculate was found in the seed oils of many plant species
belonging to the Sterculiaceae, Malvaceae, Tiliaceae, and Bombacaceae families.'”” The seeds of S. foetida
(skunk tree) are unique in that they contain up to 78% of this highly strained compound. Cotton oil has far less
cyclopropene fatty acid content (~1%), but the economic impact is considerable given the volume of its
commercial production and that many physiological disorders arise in animals fed cottonseed. The latter
phenomenon is due to the strong inhibition of mammalian stearoyl CoA desaturase by sterculate as alluded to
in an earlier section. In fact, sterculia oil has been used in metabolic studies as a convenient means to assess the
impact of an inactive SCD on other parameters.'”® The strong bioactivity of cyclopropenyl fatty acids strongly
suggests that production of these compounds is part of an antifeedant strategy. The concept of using a
cyclopropene ring to inhibit desaturases has inspired the Fabrias'** and Baird groups'®” to synthesize appro-
priate substrate analogues bearing this unique functionality at appropriate positions along the fatty acyl chain.

The current hypothesis regarding the formation of this cyclopropenyl fatty acids features a pathway
beginning with cyclopropanation of oleic acid followed by a desaturation at carbons 9 and 10 (Scheme 13).
An apparent alpha oxidation produces malvalate in some species; 2-hydroxysterculate has been identified in
some seed oils of the Bombacaceae family.””’ The cyclopropane synthase found in S. foetida has been
characterized biochemically and functionally expressed by Ohlrogge and Pollard.”""**?

The absolute configuration of the putative cyclopropyl intermediate is not known but the methodology is in
place to make such a determination.””’ Desaturation of dihydrosterculate is unique in that it is the only known
fatty acid desaturase to operate directly on two chiral methine rather than prochiral methylene centers. The
gene responsible for the putative desaturase-mediated process has not been positively identified.
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Scheme 12 Biogenesis of allenic and acetylenic fatty acids from a monoolefinic precursor.
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Scheme 13 Putatative biosynthetic pathway of cyclopropenyl fatty acids.

1.02.5 Summary and Future Prospects

The invention and application of novel mechanistic probes (deutero-, fluoro-, thia-containing substrate
analogues) has led to a more sophisticated understanding of how fatty acid desaturases and related enzymes
carry out their ultra-selective oxidation chemistry.

Three mechanistic issues with respect to desaturase mechanism have been addressed with varying levels of
success. These are (1) stereochemistry of hydrogen removal, (2) the site of initial oxidative attack (cryptor-
egiochemistry), and (3) the mechanistic switch governing dehydrogenation versus oxygenation pathways. [tems
(1) and (2) are easily answered in the case of membranous desaturases because of the convenient microbial
expressions that are now available. All desaturases of this class initiate oxidation at the carbon closest to the C1
terminus. For the one soluble desaturase that has been examined so far, the cryptoregiochemical preference
appears to be in the opposite sense. For both classes of desaturases sy, pro R selective removal of proximal
hydrogens is observed.

This mechanistic information can now serve as a useful platform for the advancement of more applied
projects including the design of medically relevant desaturase inhibitors and engineering new catalytic
activities for the seed oil commodity market. With respect to the former, there is great scope for additional
research activity in the lipid biochemistry of cell signaling (sphingolipids), metabolic syndrome (SCD), and
tuberculosis (desaturases). In the area of plant biotechnology, more molecular biological work is required to
provide bioorganic chemists with functionally expressed enzymes catalyzing the exotic biochemistry of
desaturase variants. Common to both types of projects is the urgent need for more direct information on active
site architecture. The structural elucidation of membrane-bound desaturases constitutes the next frontier of
research in this area.

Abbreviations

ACP acyl carrier protein
ALA a-linolenic acid

CLA conjugated linoleic acid
CoA coenzyme A

EPA eicosapentaenoic acid

GLA ~-linolenic acid
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KIE kinetic isotope effect

MCD magnetic circular dichroism

MMO  methane monooxygenase

NADH nicotinamide adenine dinucleotide
PL phospholipid

PUFA  polyunsaturated fatty acids

SCD stearoyl CoA desaturase

SOFA  seed oil fatty acids

TAG triacylglyceride

TOM toluene-ortho-monooxygenase
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1.03.1 Introduction

Arachidonic acid metabolism provides a pathway for the generation of diverse, fast-acting, short-lived signaling
molecules. Cytosolic phospholipase A, releases arachidonic acid from the phospholipid pool in cellular
membranes." Once liberated, multiple oxygenases can act on arachidonate to introduce a single atom of oxygen
or one or two molecules of oxygen. Cytochromes P-450 catalyze three monooxygenase reactions with
arachidonate: allylic oxidations forming hydroxyeicosatetraenoates (HETESs); w/w-1 hydroxylations of the
aliphatic chain, also forming HETEs; and olefin epoxidations, yielding epoxyeicosatrienoic acids (EETSs).”
Lipoxygenases (LOXs) remove a bis-allylic hydrogen from arachidonate and control the stereo- and regio-
chemistry of addition of molecular oxygen, yielding hydroperoxyeicosatetraenoates (HpETEs) that can be
reduced to HETEs by peroxidases.” Prostaglandin endoperoxide synthase (PGHS, also referred to as cycloox-
ygenase (COX) or PGG/H synthase) catalyzes the bis-dioxygenation of arachidonate, generating PGH,, the
central intermediate for prostanoids.*

By virtue of its key role in prostanoid biosynthesis, PGHS is involved in many physiological and patho-
physiological roles. The enzyme incorporates two equivalents of molecular oxygen into arachidonic acid to
form the hydroperoxy-endoperoxide prostaglandin G, (PGGs,) (Scheme 1).””” The hydroperoxide is reduced
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Scheme 1 Biosynthesis of prostanoids from arachidonic acid.
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by a peroxidase to the corresponding alcohol, PGH,. I vivo, PGH, is converted to PGE,, PGD,, PGF,,,
prostacyclin I, (PGI,), and thromboxane A, (TXA,) by a variety of synthases (Scheme 1).° In the absence of
prostanoid synthases, PGH, degrades nonenzymatically to form PGE, and PGD,.’ These downstream signal-
ing molecules bind to G-protein coupled receptors (GPCRs) to mediate their effects, which include
maintenance of vascular tone, platelet aggregation, and gastric cytoprotection.” PGs are also key mediators
of inflammatory responses and hyperalgesia. Nonsteroidal ant-inflammatory drugs (NSAIDs), including
acetylsalicylic acid (ASA), indomethacin, and celecoxib, work by blocking fatty acid oxygenation by
PGHS.'""* Although NSAIDs are very effective anti-inflammatory and analgesic agents, their utility is
somewhat limited due to potential gastrointestinal and cardiovascular toxicities.'>'* This chapter will focus
on the structure and function of PGHS isoforms and the synthesis of novel eicosanoids derived from alternative
substrates.

1.03.2 Physiological Functions and Regulation of PGHS Isoforms
PGHS is a membrane-bound homodimer'*™'” and a bifunctional protein, possessing fatty acid oxygenase and
peroxidase activities.' ™' There are two functional isoforms of PGHS in mammals, PGHS-1 and
PGHS-2.""?* Alternative splice variants of PGHS genes have been identified, but to date, translation of
these variants to catalytically active proteins has not been established in humans.”’ PGHS-1 and PGHS-2
catalyze the oxygenation of arachidonate with similar catalytic efficiencies,” and both are activated by
peroxides, although much lower concentrations are required to activate PGHS-2 than PGHS-1." The two
isoforms share considerable protein sequence and structure similarity””>**® and exhibit similar patterns of
subcellular localization to the endoplasmic reticulum and nuclear envelope.”” However, there are evident
differences in the expression, regulation, and functions of PGHS-1 and PGHS-2.

1.03.2.1 Tissue Expression and Physiological Roles of PGHS Isoforms

PGHS-1 is primarily the constitutive isoform of the enzyme. In contrast, PGHS-2 is induced by numerous
physiological and pathophysiological stimuli**** and is overexpressed at an early stage in multiple
cancers.”* " Thus, the paradigm has been that PGHS-1 contributes largely to homeostatic functions, whereas
PGHS-2 is a major mediator of pathophysiological functions.”' It is increasingly evident that this is an
oversimplified view. Induction of PGHS is not always deleterious. For example, PGHS-1 is induced during
differentiation of some cell and tissue types,’”*’ and inducible expression of PGHS-2 is physiologically
important in wound healing,” female reproduction,” and vascular biology.”® Furthermore, constitutive
expression of PGHS-2 has been observed in the kidney’” and some epithelial cell types.”** In the central
nervous system, PGHS-2 is constitutively expressed at high levels in the cortex, hippocampus, hypothalamus,
and spinal cord,***" and PGHS-1 is induced under certain pathophysiological conditions.**** Using PGHS-1
and PGHS-2 knockout mice, recent studies of bacterial lipopolysaccharide (LPS)-induced inflammation in the
brain reveal a proinflammatory role for PGHS-1 and an anti-inflammatory role for PGHS-2."*" Although the
underlying mechanism for these effects is not well understood, it illustrates the changing landscape of our
understanding of the role of PGHS isoforms in health and disease.

1.03.2.2 Regulation of PGHS by Reactive Nitrogen Species

Nitric oxide ("NO) mediates a wide range of physiological processes including vascular homeostasis*’ and
immune responses,"™*’ primarily via activation of soluble guanylate cyclase.”’ However, under many patho-
physiological conditions, cytotoxic responses can also be effected by nitric oxide.’' Nitric oxide is a diffusible,
membrane-permeable, reactive gas generated iz vivo by nitric oxide synthases (NOSs).”* Diffusion-limited
reaction of superoxide with nitric oxide gives rise to the inorganic peroxide peroxynitrite (ONOO™)
(Scheme 2), which is protonated to peroxynitrous acid (ONOOH) or couples with carbon dioxide at
physiological concentrations to yield nitrosoperoxycarbonate (ONOOCO, ~).***° Either peroxynitrous acid
or nitrosoperoxycarbonate can undergo homolysis, yielding hydroxyl radical and nitrogen dioxide ("NO,) or
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*NO+0,~ === ONOO~
ONOO~+C0O, === ONOOCO,"

ONOOCO,~ === *NO,+COj""
ONOOH *NO, +*OH

Scheme 2 Reactions of selected reactive nitrogen species.

carbonate radical, respectively.””” Nitric oxide and its products are referred to as reactive nitrogen species;
they can covalently modify proteins, lipids, and DNA.%*

Transcriptional regulation of NOS isoforms and PGHS isoforms is quite similar, and the proteins are often
coexpressed in cells and 2 vive. Endothelial NOS (eNOS) and neuronal NOS (nNOS) are constitutive isoforms
and are associated with basal expression of PGHS. PGHS-1 and eNOS are both expressed in endothelial
cells,”*” whereas nNOS is primarily expressed in the brain and spinal cord,”® where constitutive expression of
PGHS-2 is observed.*”*' The promoter regions of genes encoding PGHS-2 and inducible NOS (iNOS) have
many of the same response elements,””’” and the proteins are induced concomitantly in response to several
inflammatory stimuli.”"’* There is strong evidence for cross talk between nitric oxide and prostaglandin
biosynthetic pathways.”” However, the effects of nitric oxide on prostaglandin biosynthesis are seemingly
paradoxical, stimulating prostaglandin synthesis in some cases and inhibiting it in others. Given the reactivity of
nitric oxide, other reactive nitrogen species may mediate the observed effects. Nitric oxide either augments or
inhibits PGHS protein expression, but the mechanism of transcriptional and posttranscriptional regulation have
not been characterized in detail.”*””* Reactive nitrogen species can also directly modulate PGHS activity by
multiple mechanisms, which, in part, are dependent upon the identity and concentration of reactive nitrogen
species.

1.03.2.2.1 Activation by peroxynitrite

Activation of the peroxidase of PGHS is required for initiation of fatty acid oxygenation, and this can be
achieved by numerous hydrophobic organic peroxides.”®’” In vitro peroxynitrous acid serves as an excellent
peroxidase substrate for both PGHS-1 and PGHS-2 and stimulates prostaglandin formation by PGHS.”®
Peroxynitrous acid can provide the peroxide tone required to activate PGHS-2 in LPS-treated RAW264.7
immortalized macrophages’® and vascular smooth muscle cells.”” Direct activation of PGHS by peroxynitrous
acid provides one mechanism by which reactive nitrogen species may stimulate prostaglandin synthesis.

1.03.2.2.2 Tyrosine nitration

Under certain conditions, nitric oxide and peroxynitrous acid have been reported to inactivate PGHS, with
inactivation correlating to tyrosine nitration.*”** In virro, PGHS is selectively nitrated at Tyr385.°*%* During
the course of catalysis by PGHS, a radical is generated at Tyr385, a step that is absolutely required for
prostaglandin synthesis. The tyrosyl radical can be trapped by nitric oxide to generate a tyrosine iminoxyl
radical (Scheme 3).*’ This short-lived intermediate is further oxidized to yield 3-nitrotyrosine. Alternatively,
PGHS may be nitrated in the presence of peroxynitrous acid.*****” Nitrogen dioxide released from the
homolysis of peroxynitrous acid or nitrosoperoxycarbonate (Scheme 2) can react with the tyrosyl radical,
directly forming 3-nitrotyrosine (Scheme 3). Because of the catalytic requirement for the residue, nitration of
Tyr385 prevents metabolism of fatty acid substrates by PGHS.

1.03.2.2.3 S-Nitrosation

Protein S-nitrosation is now recognized as an important posttranslational modification of many proteins.®
S-Nitrosation of PGHS-2 has been observed in cells and in animals, often under conditions where iNOS or
nNOS are concomitantly expressed.** " iNOS and nNOS can bind directly to the C-terminus of PGHS-2 but
not PGHS-1, and nitric oxide generated by NOS can directly modify PGHS-2."" Tt seems that multiple
cysteines within PGHS-2 may be S-nitrosated, but modification of Cys540 leads to an increase in PG
formation. Both 7z vive and in cells, inhibition of the associated NOS prevents activation of PGHS-2, even

1



Scheme 3

—e~ .
—_— - - Iminoxyl
-H* radical

% § % % . Nm §>/N02
:

3-Nitrotyrosine

Formation of 3-nitrotyrosine from nitric oxide and nitrogen dioxide.

o o) . OH
H NO NO,
— — NO e” e
 —  —
OH o) o] 0 : 0/ OH-
§ { :

3-Nitrotyrosine



40 Prostaglandin Endoperoxide Synthases

though levels of PGHS-2 protein are unaffected.”®”" S-Nitrosation of PGHS-2 appears to be an important
regulatory modification 7 vive. S-Nitrosation and activation of PGHS-2 have been implicated in mediating
glutamate / N-methyl-p-aspartate receptor-dependent neurotoxicity.” In a model of myocardial ischemia—
reperfusion, the protective effects of atorvastatin involve induction of iNOS and PGHS-2, and activation of
PGHS-2 by S-nitrosation.” However, the mechanism by which S-nitrosation activates PGHS-2 has not been
elucidated.

1.03.2.3 Regulation of PGHS Protein Degradation

Expression of PGHS i1s tightly controlled by transcriptional regulators and factors that alter mRNA stabi-
lity.”"”* PGHS-2 is further regulated at the protein level by proteolysis. PGHS-2 is a substrate for the
ubiquitin—proteasome system and exhibits a significantly shorter half-life than PGHS-1 in many cell
types.”””* PGHS-2 contains a 27-amino acid instability motif at its C-terminus, consisting of residues 586
through 612.”” The instability motif includes a 19-amino acid insert (residues 594 through 612) containing a
conserved asparagine (Asn594) that is found in all PGHS-2 protein sequences but not in PGHS-1. Removal of
the instability motif extends the half-life of PGHS-2; conversely, insertion of the motif into PGHS-1 speeds its
degradation.”””®

Glycosylation of PGHS-2 at Asn594 is necessary but not sufficient for proteasome-dependent degradation.”
This glycosylation event tags the protein for entry into an endoplasmic reticulum-associated degradation
(ERAD) pathway.””® The protein is then ubiquitinated and shuttled to the 26S proteasome. Degradation may
be regulated in part by the COP9 signalosome, a multiprotein complex that determines the stability of many
regulatory proteins.”” Timing of PGHS-2 degradation seems to be controlled by a helix-loop—helix config-
uration in the instability motif, which is proposed to prevent constitutive glycosylation of Asn594 by steric
hindrance.”

A second pathway of PGHS-2 degradation is dependent upon substrate turnover.”” Degradation by this
mechanism can be inhibited by NSAIDs and by a mutation in PGHS-2 that reduces its catalytic activity. As
with the proteasome-dependent pathway, PGHS-1 is resistant to substrate-dependent degradation. The
mechanism for substrate-induced degradation is unknown but is not proteasomal or lysosomal.

6

1.03.2.4 Lessons from Targeted Deletion and Exchange of PGHS-1 and PGHS-2

Targeted deletion of genes is useful for uncovering the physiological functions of proteins of interest and, in the
case of PGHS, has yielded unexpected results, unveiling previously unrecognized roles for isoforms. Deletion
of PGHS-1 in C57/BI6 mice results in nearly complete abrogation of prostaglandin synthesis in most tissues.”
Yet the animals display no apparent phenotype aside from impaired platelet aggregation, which occurs because
PGHS-1 is the primary contributor to TXA, synthesis. In contrast, deletion of PGHS-2 is detrimental to the
organism.”” "% Many mice die within days of birth, mainly due to patent ductus arteriosus, which is failed
closure of the shunt that connects the aorta and pulmonary artery and bypasses the lungs during gestation.'”'
Surviving mice exhibit chronic renal failure, myocardial fibrosis, susceptibility to peritonitis, and ulcer
formation.””'”” Female mice are largely infertile. The inflammatory response to LPS is ablated, but responses
to many other inflammatory stimuli that induce PGHS-2 are unaffected by deletion of this isoform. In fact,
inflammation persists longer in the PGHS-2 knockout than wild-type animals.”’

To better understand the physiological role of PGHS-2 iz vive, additional genetic models have been
developed. In one model, PGHS-2 was mutated to encode a Y385F mutation, which imparts wild-type peroxidase
activity but eliminates fatty acid oxygenase activity, in effect mimicking chronic PGHS-2-selective inhibition.'””
This mutation fully compensates for the patent ductus arteriosus phenotype. It is proposed that this compensation
results from formation of heterodimers between inactive Y385F PGHS-2 and active, wild-type PGHS-1. PGHS-
1 monomer would generate prostaglandins, whereas Y385F PGHS-2 would control the spatiotemporal regulation
of prostaglandin production. Compared to wild-type mice, PGI; and PGE, levels are reduced in Y385F PGHS-2
mice. Prostaglandin production in macrophages from Y385F PGHS-2 mice is increased in response to LPS, but
not to the extent of wild-type animals. These mice exhibit increased adult mortality, impaired postnatal renal
development, and impaired female reproductive capacity associated with PGHS-2 deletion.
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In another mouse model (PGHS-1>PGHS-2), PGHS-2 was deleted and the PGHS-1 ¢cDNA inserted into
the vacant PGHS-2 locus, placing it under the control of the PGHS-2 promoter.'”* Thus, PGHS-1 displays its
normal expression profile but is also constitutively expressed and induced as PGHS-2 would be. Normal
closure of the ductus arteriosus occurs in PGHS-1>PGHS-2 animals. Female reproduction is mostly but not
completely compensated in this model. PGE, and TXA,; levels match those observed in wild-type animals, but
PGI, levels are only partially compensated, suggesting that prostacyclin synthase may preferentally couple to
PGHS-2 over PGHS-1. Renal pathologies associated with PGHS-2 deletion are observed in old but not young
PGHS-1>PGHS-2 mice, and chronic peritonitis and ulceration persist. LPS-stimulated prostaglandin forma-
tion by PGHS-1>PGHS-2 macrophages mimics wild-type macrophages at high but not low
(<1 pmol 1™ ") arachidonate concentrations, possibly owing to differences in peroxide activation requirements
between PGHS-1 and PGHS-2. The importance of posttranslational modifications, protein degradation path-
ways, and metabolism of alternative substrates in mediating PGHS-2 knockout and PGHS-1>PGHS-2
phenotypes remains unclear.

1.03.3 Structural Determinants for Arachidonic Acid Metabolism by PGHS
1.03.3.1 Structure of PGHS

Although PGHS-1 and PGHS-2 drive distinct physiological and pathophysiological processes, the overall
architecture and catalytic mechanisms of the two isoforms are very similar."”*® Each monomer contains three
distinct structural motifs: the epidermal growth factor (EGF)-like domain, the membrane-binding domain, and
the globular catalytic domain'’ (Figure 1). The EGF-like domain (residues 34 through 72 in ovine PGHS-1)
consists of a pair of two-stranded (3-sheets with three intradomain disulfide bonds. The membrane-binding
domain of PGHS (residues 73 through 116) provides a rather unique mode for anchoring a protein to the
membrane. Most membrane-bound proteins possess one or more hydrophobic helices that traverse the
membrane. In contrast, PGHS possesses four amphipathic helices (A through D), three of which (helices B
through D) lie approximately orthogonal to each other. Owing to the size, orientation, and amphipathic nature
of these helices, the membrane-binding domain is only able to associate with one leaflet of the phospholipid
bilayer. The remainder of the protein constitutes the c-helical globular catalytic domain, which is structurally
homologous to myeloperoxidase. This domain contains both the fatty acid oxygenase and peroxidase active
sites. The peroxidase site consists of a solvent-exposed cleft at the top of the catalytic domain where heme
binds. The oxygenase active site is buried in the globular catalytic domain. To enter the oxygenase site, ligands
must travel through the open core of the membrane-binding domain, an area referred to as the lobby (Figure 2).
At the top of the lobby, Argl120, Tyr355, and Glu524 form a constriction site. A hydrophobic channel that
extends up from the constriction site forms the oxygenase site.

Within the primary shell of the fatty acid oxygenase site, sequence identity is greater than 85% between
PGHS-1 and PGHS-2."*"” However, the volume of the PGHS-2 oxygenase site is approximately 20% larger
than that of PGHS-1 (Figure 2). Leu352, Ser353, Tyr355, Phe518, and Val523 form a pocket adjacent to the
constriction site of PGHS-2, a pocket that is less accessible in PGHS-1. Residues 523 and 434, which are valine
in PGHS-2 and isoleucine in PGHS-1, govern accessibility of this pocket. The greater bulk of isoleucine at
position 523 directly hinders access to this pocket. Residue 434 packs against a gatekeeper residue, Phe518. The
additional bulk of isoleucine at residue 434 alters the position of Phe518, preventing favorable binding to
PGHS-1 of some molecules, including the diarylheterocycle class of PGHS-2-selective inhibitors.
Furthermore, opening of the side pocket in PGHS-2 allows access to an additional hydrophilic interaction at
Arg513, histdine in PGHS-1. These structural differences do not have a significant impact on binding of
arachidonic acid or kinetics of its oxygenation.”"'*®

1.03.3.2 Partnering between Monomers in PGHS Homodimers

The precise role of the dimer structure of PGHS remained elusive for decades, but its importance was alluded
to by key findings. Dissociation of PGHS homodimers, even into monomers still possessing secondary
structure, results in loss of catalytic activity that cannot be regained under renaturing conditions.'”
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Figure 1 Domain architecture of the PGHS homodimer. (a) Two monomers of PGHS (monomer A colored gray) are related
by a C2 axis of symmetry. The three domains are highlighted in monomer B: EGF-like domain (green), membrane-binding
domain (magenta), and globular catalytic domain (blue). Each monomer contains four conserved disulfide bonds (yellow) and
three conserved glycosylation sites (white). (b) The membrane-binding domain consists of four amphipathic helices that
interact with a single leaflet of the phospholipid bilayer. The residues of the membrane-binding domain of monomer A are
colored by hydrophobicity (polar residues red, hydrophobic residues blue). This figure was generated from PDB entry 1PRH
using UCSF Chimera.'%

Complete inhibition of PGHS by slow, tight-binding inhibitors, such as flurbiprofen and indomethacin, can be
achieved with only one inhibitor molecule bound to each dimer (half-of-sites reactivity), suggesting cross talk
between subunits within a dimer."'"""!

Cooperativity between monomers has recently been investigated using heterodimers composed of a native
PGHS-2 subunit and a mutant PGHS-2 subunit."'*''"* G533A is unable to bind arachidonic acid in a
catalytically competent conformation, and G533A homodimers exhibit only 5% oxygnase activity in compar-
ison to wild type.'"”
suggesting that only one monomer functions at any given time."'” Furthermore, native-G533A and native—
native dimers undergo the same number of turnovers prior to self-inactivation, indicating that inactivation of
one monomer prevents catalysis at the second monomer. Partnering between subunits appears to occur
between oxygenase sites only. Similar studies have been conducted using G533A and Q203R, a mutation
that eliminates peroxidase activity but retains fatty acid oxygenase activity. Cross talk between the peroxidase
site of one monomer and the oxygenase site of its partner subunit is not observed."'” Formation of heterodimers
of PGHS-1 and PGHS-2 has been demonstrated 7z vizro and in cells.'”” However, the molecular and kinetic
properties of PGHS-1/PGHS-2 heterodimers have not been defined.

However, native—G533A heterodimers are as active as native—native homodimers,
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Figure 2 Fatty acid oxygenase sites and lobbies of (a) PGHS-1 and (b) PGHS-2. The solvent-accessible surface area
enclosed by the membrane-binding domain, also referred to as the lobby, narrows at the constriction site, consisting of
Arg120, Tyr355, and Glu524, before continuing to the fatty acid oxygenase active site. Although the active sites of PGHS
isoforms are homologous, two critical differences at residue 434 and 523 open up the side pocket in PGHS-2, allowing access
to residue 513. Solvent-accessible surfaces were calculated using MSMS.'%® Molecular graphics images were produced
using DINO.1°®

1.03.3.3 Molecular and Kinetic Mechanisms of Prostaglandin Biosynthesis

Even though PGHS transforms an achiral substrate to a product with five chiral centers, the catalytic role of the
enzyme in this process is surprisingly simple and closely related to mechanisms of autooxidation of poly-
unsaturated fatty acids. PGHS serves as a radical initiator for oxygenation of substrates."'*''” Oxidation of the
heme moiety by peroxide gives rise to an oxo—ferryl complex (Fe**=0) with a protoporphyrin cation radical.
Although other tyrosine residues reside within electron transfer distance of the heme, the iron—oxo complex
selectively oxidizes Tyr385 to a radical. Selectivity may arise from stabilization of Tyr385° by hydrogen
bonding to a neighboring residue, Tyr348.'"®

Tyr385°% abstracts the bis-allylic, pro-S hydrogen from C-13 of arachidonic acid to generate a resonance-
stabilized, carbon-centered radical."'®""” Trapping of the radical at C-11 by molecular oxygen yields a peroxyl
radical that cyclizes to C-9 to yield the 9,11-endoperoxide and a carbon-centered radical at C-8, which adds to
C-12 to generate the cyclopentane ring and an allylic carbon radical. This intermediate is susceptible to
addition of molecular oxygen at either C-13 or C-15, although the major product arises from coupling at
C-15.""" The peroxyl radical formed at this stage may then abstract a hydrogen atom from Tyr385, giving rise
to PGG; and propagating the tyrosyl radical, which can initiate the cycle again.

Although PGG; is the major product of arachidonic acid oxidation, products arising from a single dioxygenation
reaction are also observed. Once the first equivalent of molecular oxygen is trapped, the 11-peroxyl radical may
abstract hydrogen from the protein before cyclization can occur, generating 11(R)-hydroperoxyeicosatetraenoic
acid (11R-HpETE)"" (Scheme 4). It is also possible for oxygen to insert at C-15 instead of at C-11, creating a
peroxyl radical intermediate that is unable to cyclize, resulting in the formation of 155-HpETE (Scheme 4).
Typically, HpETEs are relatively minor products of the oxygenase reaction.

Detailed steady-state kinetics of PGHS-1 studied as a function of substrate concentrations, pH, and solvent
viscosity, as well as by oxygen kinetic isotope effects are consistent with a sequential kinetic mechanism of
catalysis.'*" This kinetic mechanism requires formation of a ternary complex of enzyme, fatty acid, and
molecular oxygen as an intermediate prior to the first kinetically irreversible step. For bis-dioxygenation of
arachidonate, the first irreversible step has been proposed to be cyclization of the five-membered endoperoxide
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ring or of the bicylic endoperoxide. Abstraction of the bis-allylic hydrogen appears to be reversible, and at least
part of the specificity of the oxygenase reaction arises from competition between trapping of molecular oxygen
and reversible hydrogen transfer. If hydrogen abstraction were irreversible, then competing pathways would
favor formation of HpETEs.

1.03.3.4 Molecular Determinants of Substrate Binding and Prostaglandin Biosynthesis

The regio- and stereochemistry of the oxygenase reaction is strictly controlled by the conformation of
arachidonic acid in the active site.'"”"'** The X-ray structure of arachidonic acid bound to ovine PGHS-1
reveals that the substrate binds in an inverted L-shaped orientation'”* (Figure 3). The carboxylic acid of
arachidonate appears to form an ionic bond with Arg120 and a hydrogen bond with Tyr355. The aliphatic chain
extends up through the hydrophobic channel and kinks at the 9,10-bond, placing the pro-S§ hydrogen atom of
C-13 by the catalytic residue, T'yr385, and projecting C-12 through C-20 into the top channel. The conforma-
tion of the aliphatic chain is strictly controlled by an estimated 47 hydrophobic interactions (Figure 3). The
nature and importance of protein—ligand interactions in the formation of PGG, have been explored with
numerous site-directed mutants of PGHS.
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Figure 3 A schematic of interactions between arachidonate and PGHS channel residues from the cocrystal structure of
arachidonate bound to PGHS-1. Carbon atoms of arachidonate are yellow, oxygen atoms red, and the 13-pro-S hydrogen
blue. All dashed lines represent interactions within 4.0 A between the specific side chain atom of the protein and
arachidonate. (Inset) A schematic of the chemical structure of arachidonate. Reproduced from M. G. Malkowski; S. L. Ginell;
W. L. Smith; R. M. Garavito, Science 2000, 289, 1933-1937. Copyright 2000. Reprinted with permission from AAAS.
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1.03.3.4.1 High-affinity substrate binding

Interactions of PGHS with the carboxylic acid of arachidonate are key determinants mediating substrate
affinity. Tyr355 is positioned to hydrogen bond with the carboxylic acid of arachidonate and to form a
hydrophobic contact with C-1 of arachidonate.'”” Tyr355 helps optimize substrate affinity and conformation;
loss of this interaction results in modest increases in K.’ Argl120 appears to form an ionic bond with the
substrate’s carboxylic acid.'”* Mutation of Argl20 to Gln in PGHS-1 almost completely abolishes the
oxygenase activity.'”’ In fact, the loss of the ionic interaction reduces the affinity of substrate binding more
than three orders of magnitude for PGHS-1. However, a very different effect is observed with PGHS-2."**
R120Q PGHS-2 exhibits wild-type activity, with no significant differences in Ky Or vy, suggesting that a
hydrogen bond may substitute for an ionic bond in PGHS-2.

1.03.3.4.2 Positioning substrate for hydrogen abstraction

Positioning of C-13 of arachidonic acid with respect to T'yr385 is absolutely critical to formation of PGG,. The
tyrosyl radical formed by oxidation of Tyr385 serves as the free radical initiator of the oxygenase reaction, and
mutation of this residue to phenyalanine results in complete loss of oxygenase activity.'*’ Mutations that alter
the position of the substrate in the top channel or that sterically hinder access of the substrate to the top channel
prevent alignment of the bis-allylic hydrogen with Tyr385, and catalysis cannot occur. In its productive
conformation, the w-carbon of arachidonate is positioned above Gly533."** Mutation of Gly533 to valine
shortens the top channel and blocks turnover of arachidonic acid."'’ However, G533V PGHS-2 is able to
oxygenate the shorter C;g substrate linolenic acid.

1.03.3.4.3 Control of stereochemistry in prostaglandin biosynthesis

Stereochemistry of substrate oxygenation is strictly controlled by PGHS. Study of coral enzymes provided
insight into the key determinants of this specificity. Mammals synthesize exclusively 155-prostaglandins.
In contrast, the coral Plexaura homomalla may generate either 155- or 15R-PGs (Scheme 4), depending on the
location from which the coral is isolated.**'*” Genes encoding PGHS from P. homomalla harvested from
different regions reveal that the proteins are 97% identical, and within the oxygenase site, only residue 349
differs.'”® This residue is isoleucine in P. homomalla that produces 15R-prostaglandins but is valine in
P. homomalla that produces 15S-prostaglandins; valine is present in mammalian PGHS isozymes. Mutation of
residue 349 in P. homomalla PGHS isozymes alters the stereochemical specificity by approximately 30%.
Similarly, mutation of Val349 to isoleucine in human PGHS-1, human PGHS-2, and murine PGHS-2 results
in production of 40-65% 15R-prostaglandins.'*’

Although not naturally occurring, an even more dramatic effect on stereochemical specificity is observed
upon site-directed mutagenesis of Ser530, which resides across from Val349 in the active site of PGHS."*’
S530T PGHS-2 generates 15R-prostaglandins almost exclusively, and S530M and S530V PGHS-2 produce
more than 80% 15R-prostaglandins. Because both larger polar and nonpolar residues cause this shift in product
profile, it is most likely that Ser530 controls stereochemistry by steric effects.

1.03.3.4.4 Control of carbon ring cyclization in prostaglandin biosynthesis

Many of the hydrophobic interactions between PGHS and arachidonate are critical for determining the
specificity of the oxygenase reaction. The first step of the oxygenase mechanism involves formation of a
resonance-stabilized, carbon-centered radical. However, disruption of van der Waals interactions often pro-
duces changes in the ratio of oxygenation products.

Mutation of Ser530 can affect the cyclization of the peroxyl radical. Substitution of alanine for Ser530 has
little effect on stereochemistry or cyclization in either PGHS-1 or PGHS-2.""""""" Mutation of Ser530 to
threonine, valine, methionine, leucine, or isoleucine in PGHS-1 significantly attenuates oxygenase activity,
suggesting that the additional bulk blocks the active site and prevents access of the substrate to the catalytic
tyrosyl radical.”*”"*""** The addition of bulk to position 530 in PGHS-2 has varying effects. Mutation to
asparagine has no effect on metabolism of arachidonic acid or the ratio of products.'** Mutation to glutamine,
leucine, or isoleucine abrogates oxygenase activity, as observed with PGHS-1."*"** However, mutation to
valine or methionine alters the product profile for PGHS-2, such that few prostaglandins are made and the
major product is 15R-HETE (Scheme 4).'*"*>"**
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In addition to its role in controlling stereochemistry, Val349 is also a critical determinant of cyclization of
the 11-peroxyl radical to PGG,."** Mutation of Val349 to alanine does not affect the stereochemical specificity
of the reaction but shifts the reaction toward 11R-HETE (Scheme 4). A similar effect is observed with W387F.
The double mutant V349A/W387F PGHS-1 generates over 80% 11R-HETE."” The crystal structure of
arachidonic acid bound to the cobalt (III)-protoporphyrin-IX derivative of V349A/W387F ovine PGHS-1
provides a structural basis for the altered product profile, demonstrating the importance of hydrophobic
contacts with the substrate. Although electron density was not observed for C-13 through C-20, modeling
studies indicate that the pro-$ hydrogen of C-13 would be positioned within 3 A of Tyr385, a distance allowing
for hydrogen abstraction. However, positioning of the first 12 carbons of arachidonate reveals a striking
difference in the conformation of arachidonic acid bound to wild-type PGHS-1 and the double mutant.
From the crystal structure of arachidonic acid bound to wild-type ovine PGHS-1, Val349 interacts with C-2
and C-3 of the substrate.'”> When alanine is substituted at this position, C-3 through C-6 of the aliphatic chain
of arachidonic acid shift and rotate into the opening that is created."*” This rotation induces large shifts in more
rigid sections of arachidonic acid. Steric interactions between Trp387 and C-11 and C-12 of arachidonic acid
likely direct the formation of the endoperoxide bridge. Mutation of Trp387 to phenylalanine alters the steric
interactions and changes the rotational freedom of neighboring bonds, generating a conformation for the 11-
peroxyl radical that makes attack of C-9 unfavorable.

Although there is no crystal structure available with arachidonic acid bound to PGHS-2 in a productive
conformation, a structure of PGH, bound to apo-PGHS-2 provides additional insight into requirements for
PGG, formation."*® The active site closely resembles that of PGHS-1 with arachidonic acid bound, but two
side-chain rotamers are observed for Leu384 and Tyr385. In this structure, Tyr385 flips up into the vacant
heme-binding site. Modeling indicates that shifting the carboxylate of PGH, to form an ionic bond with Arg120
could restore the conformation of T'yr385, and this translation can readily be accommodated by the active site
without additional movement of protein side chains. T'o accommodate the endoperoxide moiety, the side chain
of Leu384 rotates approximately 60°. Overlaying this structure with the rotamer observed in the structure of
PGHS-1 with arachidonic acid bound, it is evident that, without rotation of Leu384, there would be a steric
clash with the endoperoxide bridge. Although Leu384 has no direct contact with arachidonic acid, mutation of
this residue attenuates PGG, formation."**"”” 1.384W and L384F PGHS-2 generate a higher proportion of
15- and 11-HETE than wild-type PGHS-2."*” Furthermore, these mutants produce diepoxyalcohols that arise
from alternate reactions of the C-8 radical on the 9,11-endoperoxide (Scheme 4). Mutation of a neighboring
residue, Gly526, to alanine, serine, threonine, or valine has a similar effect, producing higher levels of the
diepoxyalcohols.

1.03.4 Role of PGHS in the Biosynthesis of Novel Acidic Eicosanoids
1.03.4.1 Oxygenation of Arachidonic Acid by Acetylated PGHS-2

ASA irreversibly inhibits prostaglandin biosynthesis by acetylation of PGHS.'”"*® The acetyl group of ASA is
transferred to the active site residue Ser530."*"7'** Although Ser530 is not required for caralysis, covalent
modification of this residue completely blocks arachidonic acid metabolism by PGHS-1'" by hindering
substrate access to Tyr385."** Unlike PGHS-1, ASA-acetylated PGHS-2 is still able to metabolize arachidonic
acid, but it produces 15-HETE instead of prostaglandins.'*’ Unmodified PGHS-2 generates small amounts of
155-HpETE in the course of catalysis, but acetylated PGHS-2 produces 15R-HpETE with no detectable
S-isomer, as is observed with S530M PGHS-2.""*"#*1*1%¢ The extra space of the side pocket allows PGHS-2
to bind arachidonic acid in a productive conformation for subsequent conversion to 15R-HpETE.'*" V4341/
R513H/V5231 PGHS-2 is a triple mutant that replaces the conserved substitutions in this pocket with the
corresponding PGHS-1 consensus residues. This triple mutant exhibits wild-type activity in the absence of
inhibitor, but following acetylation by ASA, very little oxidation of arachidonic acid 1s observed.

The conversion of arachidonic acid to 15R-HpETE by acetylated PGHS-2 may have important physiolo-
gical impact. Using 15-HpETE or 15-HETE as a substrate, 5-lipoxygenase can produce 58,6S-epoxy-15-
HETE. This intermediate 1s metabolized by epoxide hydrolases to yield 5S,6R,15-trihydroxyeicosatetraenoic
acid (lipoxin A4, LXAy4) or 5S,14R,15-trihydroxyeicosatetraenoic acid (lipoxin By, LXB4) (Scheme 5).
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Stereochemistry at the 15-position is simply determined by the configuration of 15-H(p)ETE. 158-H(p)ETE is
the major product of 15-lipoxygenase, whereas 15R-H(p)ETE is generated by either ASA-acetylated PGHS-2
or cytochromes P-450. If the configuration is 15R, the lipoxins are referred to as 15-epi-LXA4 and 15-epi-LXB,.
ASA triggers biosynthesis of four 15R-epimers of lipoxins in a mixed culture of human endothelial cells and
polymorphonuclear leukocytes.'** In a randomized human trial of healthy volunteers, plasma levels of 15-epi-
LXAj, are increased somewhat following daily dosing with low-dose ASA (81 mg), revealing that 15-epi-LXA,
is produced at clinically relevant doses.'*’

15-Epi-LXA, and stable analogs of this product have potent anti-inflammatory properties. Lipoxins halt
neutrophil recruitment, adhesion, and infiltration;'’*"*? reduce expression of genes upregulated by inflamma-
tory responses;'**'°® stimulate prostacyclin'’” and nitric oxide generation;'*® and reduce angiogenesis."’*"'%!
Many of the anti-inflammatory effects of LXA, and 15-epi-LXA, are mediated by expression of suppressor of
cytokine signaling-2 (SOCS-2),'” which is activated by binding of these ligands to ALX, a GPCR,"” and the
aryl hydrocarbon receptor, a nuclear receptor.'® In addition to these direct actions, there is evidence for cross
talk with the leukotriene B receptor'®* and growth factor receptors."””'® 15-Epi-LXA, may account for some
of the anti-inflammatory effects and beneficial cardiovascular outcomes associated with low-dose ASA
treatments.

1.03.4.2 Interactions of PGHS with w-3 Fatty Acids

The high ratio of w-6:w-3 fatty acid in Western diets, now approaching 20:1, has been correlated to increased
incidence of cardiovascular and inflammatory diseases.'®® w-6 and w-3 fatty acids differ in the position of the
double bonds with respect to the terminal methyl group. Counting from the methyl end of the carbon chain, the
first double bond of w-6 fatty acids, such as arachidonic acid, occurs between carbons 6 and 7; the first double
bond of w-3 fatty acids, such as eicosapentaenoic acid (EPA), occurs between carbons 3 and 4. w-3 Fatty acids
exhibit potent immunomodulatory effects.'®”'®® In humans, w-3 supplementation suppresses expression of
cytokines and clotting factors and alters the profile of eicosanoids produced. Specifically, PGE,, TXA,, and
LTB, levels are reduced while levels of PGI, and the EPA metabolites PGI; and LTBs are increased. The
molecular mechanisms for the biological effects of w-3 fatty acids continue to be investigated. Some effects may
be mediated through the direct interaction of w-3 fatty acids with PGHS and by products of their oxidation by
PGHS.

1.03.4.2.1 «-Linolenic acid

Although PGHS exhibits a marked preference for 20-carbon substrates, it is able to metabolize 18-carbon
substrates including «y-linolenic acid (18:3, w-6) and linoleic acid (18:2), albeit less efficiently than arachidonic
acid. a-Linolenic acid (ALA) is an 18-carbon w-3 fatty acid that is a very poor substrate for PGHS-1, displaying
a keae/ Ky that is 500-fold lower than that for arachidonic acid.'® PGHS-2 utilizes this substrate more efficiently
with only a 10-fold reduction in 4., /K, compared to arachidonic acid. PGHS-2 acts as an LOX with ALA,
incorporating a single equivalent of molecular oxygen to generate 12-hydroxy-9,13,15-octadecatrienoic acid.
ALA can inhibit arachidonic acid oxidation by microsomal PGHS-1 and purified PGHS-2'"" and weakly
inhibits PGE, synthesis in cells.'”"

1.03.4.2.2 Bis-dioxygenation of eicosapentaenoic acid

EPA is structurally similar to arachidonic acid, containing an additional double bond between carbons 17 and
18. Despite the structural similarity, EPA is not oxygenated by PGHS-1 unless the protein 1s activated by lipid
hydroperoxides.'”* Even in the presence of 15-HpETE, oxidation of EPA is only about 10% of that observed
with arachidonate. However, peroxide-dependent metabolism of EPA by PGHS-1 does occur in cells."”>'"™
EPA inhibits arachidonate oxygenation by PGHS-1 % vitro with half-maximal inhibition achieved at equimolar
EPA/AA concentrations.'”>'”* The cocrystal structure of EPA complexed with Co(IIT)-PPIX-reconstituted
PGHS-1 reveals a molecular basis for reduced efficiency of EPA oxidation.'”” The fifth double bond of EPA
reduces the flexibility of the carbon chain, as compared to arachidonic acid. This results in misalignment of C-
13 with respect to Tyr385, and modeling studies place the pro-$ hydrogen 4.1 A from the phenolic oxygen, a
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distance calculated to be 2.7 A for arachidonate. Increasing the volume of the top channel by substituting
leucine for Phe205 affords a moderate increase in EPA oxidation.

PGHS-2 is much better than PGHS-1 at metabolizing EPA.''"2 Iy vitro, the kear/ Kng of EPA 1s only twofold
lower than that of arachidonate, but PGHS-2 exhibits a marked preference for arachidonate over EPA when the
substrates are added concomitantly.'”” Even at a fivefold molar excess, EPA only modestly inhibits arachido-
nate oxygenation, whereas at equimolar concentrations, arachidonate significantly attenuates EPA metabolism.
PGH; (Scheme 6) is the major product of EPA oxidation by PGHS and can be converted by prostaglandin
synthases to 3-series prostaglandins. Both hematopoietic- and lipocalin-prostaglandin D synthases (H-PGDS
and L-PGDS, respectively) and microsomal prostaglandin E synthase-1 (mPGES-1) metabolize PGHj3 but not
as readily as PGH,. Data are not available for other PGE synthases or the numerous prostaglandin F synthases.
Prostacyclin synthase and thromboxane synthase exhibit similar activity for PGH;3 and PGH,.

In rodents and humans, ingestion of w-3 fatty acids reduces production of PGE,, TXA,, and LTB,.
Concomitantly TXAj; and LTBs increase;'’ these EPA-derived products are weaker agonists of their respec-
tive receptors than their arachidonate-derived counterparts.'””"'"’ PGI; levels also increase but without a
concomitant decrease in PGI,. "**'®' Both PGI; and PGI, are vasodilators and inhibitors of platelet aggrega-
tion."”* The alteration of prostanoid profile may in part explain the cardiovascular and anti-inflammatory
benefits of a diet high in w-3 fatty acids.

In cell culture and in animal models, many cancer lines exhibit reduced proliferation following treatment
with w-3 fatty acids,'™ and in some cases, increased production of PGE; has been noted."** % In many cases,
the antiproliferative effect is abrogated by treatment with PGHS inhibitors. Treatment of A549, a lung cancer
cell line, and some pancreatic cancer cell lines with PGE; achieved similar effects as treatment with EPA.'83184
Although the mechanisms by which w-3 fatty acids act on cancer cell lines are likely varied, this provides strong
evidence for the physiological importance of EPA-derived prostaglandins.
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1.03.4.2.3 Monodioxygenation of w-3 fatty acids by PGHS-2 and acetylated PGHS-2
PGHS-2 also catalyzes the monodioxygenation of EPA and docosahexaenoic acid (DHA). Although PGHj is
the major product of EPA oxidation by PGHS-2, the enzyme also produces small quantities of hydroxylated
EPA, predominantly 11R-hydroxyeicosapentaenoic acid (11R-HEPE). Acetylation of PGHS-2 inhibits PGH;
synthesis and shifts the monooxygenated products to 18R-HEPE and 15R-HEPE."®® Unlike EPA, DHA is not
converted to prostaglandin-like products by PGHS-2.'"" Rather the major product of oxidation is
13-hydroxydocosahexaenoic acid (13-HDHA), which is shifted to 17R-HDHA following treatment of
PGHS-2 with ASA."® The action of LOXs on 15R-HEPE, 18R-HEPE, and 17R-HDHA can produce di- and
tri-hydroxy derivatives, referred to as resolvins, the E-series from EPA and the p-series from DHA.'®*"¥7171 A
with lipoxins, resolvins promote the resolution phase of inflammation, reducing neutrophil infiltration, and
regulating chemokine and cytokine production.'”” Resolvin E1 binds to the leukotriene By receptor, attenuat-
ing L'TB, proinflammatory signaling, and to an orphan receptor ChemR23, reducing the nuclear factor-xB
(NF-£B) response.'” To date, receptors for the p-series resolvins have not been identified.

1.03.4.3 Oxygenation of Hydroxyeicosatetraenoic Acids

HETEs are monooxygenated products of arachidonic acid generated by LOXs and cytochromes P-450, and in
small part, PGHS.” Owing to rearrangement of the double bonds, some major HETEs, namely 11-, 12-, and
15-HETE, do not possess a bis-allylic hydrogen at C-13 and likely do not serve as substrates for PGHS. Other
HETE isomers retain the double bond configuration neighboring C-13, which allows them to be oxygenated by
PGHS, giving rise to novel classes of eicosanoids.

1.03.4.3.1 3-Hydroxyeicosatetraenoic acid

Candida albicans and related fungi generate 3R-HETE from arachidonic acid via a -oxidation-related pathway
that has not been fully elucidated.'”*'"® As with other HETE isomers, 3R-HETE activates TRPV1 recep-
tors."”” PGHS-1 and PGHS-2 oxygenate 3R-HETE with comparable efficiencies, albeit 10-fold less efficiently
than arachidonic acid.'"” The major products of PGHS-2 oxidation of 3R-HETE are derived from none-
nzymatic degradation of 3-hydroxy-PGH,, although 3,11- and 3,15-diHETE are also observed (Scheme 7).
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Acetylation of PGHS-2 by ASA favors conversion of 3R-HETE to 3,15-diHETE, a product that is a potent
activator of maxi-K ion channels in human trabecular meshwork cells. HeLa cells infected with C. albicans
produce 3-hydroxy-PGE, following treatment with arachidonic acid. 3-Hydroxy-PGE, induces interleukin
(IL)-6 production in A549 cells via the EP; receptor and stimulates synthesis of cAMP in Jurkat cells through
action at the EP4 receptor.

1.03.4.3.2 5-Hydroxyeicosatetraenoic acid

58-HETE is generated by the monodioxygenation of arachidonic acid by 5-lipoxygenase. PGHS-1 is unable to
further oxygenate 5$- or SR-HETE.'” In contrast, 5S-HETE, but not SR-HETE is efficiently metabolized by
PGHS-2. The major product of 5S-HETE oxygenation by purified PGHS-2 contains five additional oxygen
atoms. This requires incorporation of three equivalents of molecular oxygen followed by removal of one atom
of oxygen, presumably by the peroxidase activity of PGHS. The product was identified as a dihydroxy bicyclic
diendoperoxide. The absolute configuration is predicted to exist as 58,155-dihydroxy-98,11R-885,125-
diendoperoxy-6£,13 E-eicosadienoic acid (Scheme 7). PGHS-2 and S5-lipoxygenase are coexpressed and
activated under similar conditions, most notably in activated macrophages where both enzymes localize to
the nuclear envelope.”””"**"" Although formation of this unusual bicyclic diendoperoxide has not been
confirmed in cells, convergence of 5-lipoxygenase and PGHS-2 pathways may give rise to previously
unidentified eicosanoids.

1.03.4.3.3 20-Hydroxyeicosatetraenoic acid

20-HETE, generated by the w-hydroxylation of arachidonic acid by cytochromes P-450 CYP4F2 and
CYP4A1,7%**% is a critical modulator of renal function and blood pressure.’”* Depending upon the tissue
examined, 20-HETE can act as a potent vasoconstrictor, vasodilator, or bronchodilator, but the activity can be
blocked by PGHS inhibitors.”” % PGHS converts 20-HETE to 20-hydroxy-PGG, and 20-hydroxy-PGH,
(Scheme 7),""° and the downstream 20-hydroxy-prostanoids seem to mediate the biological activity of
20-HETE, at least in part.”” " The relative efficiencies of 20-HETE metabolism by PGHS isoforms have
not been established. Neither the conversion of 20-hydroxy-PGH, by downstream synthases nor the receptors
mediating the biological properties of 20-hydroxy-prostanoids have been examined.
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1.03.5 Biosynthesis, Degradation, and Pharmacology of Prostaglandin-
Glycerylesters

2-Arachidonoylglycerol (2-AG) is an endogenous ligand of the cannabinoid receptors (CB; and CB,), members
of a family of GPCRs best known for mediating effects of the active components of marijuana.”’”*'’ The brain
and peripheral tissues contain abundant levels of 2-AG.”"" I vivo, 2-AG is inactivated by serine hydrolases,
predominantly monacylglycerol lipase (MGL)’'* and, to a lesser extent, two currently uncharacterized
enzymes, ABHD6 and ABHDI12.*"’ The glycerol moiety is also susceptible to nonenzymatic, base-catalyzed
acyl migration, converting 2-AG to the 1(3)-isomer.”'* The fatty acyl chain of 2-AG is identical to that of
arachidonate, suggesting it might undergo some of the same reactions as the fatty acid; indeed oxidation of 2-
AG by LOXs and PGHS has been established.”' '’

1.03.5.1 Structural Requirements for Oxygenation of 2-Arachidonoylglycerol by PGHS

PGHS-2, but not PGHS-1, converts 2-AG to PGH,-glycerylester (PGH,-G) with efficiency similar to that
of arachidonate.”’” The stereo- and regiochemistry of the reaction is the same as observed with arachido-
nate.'”® Among arachidonoyl esters, PGHS-2 displays a marked preference for 2-AG. Metabolism of 1-AG
or the unsubstituted ethanolester of arachidonate occurs at half the rate of 2-AG oxygenation. Interactions
between 2-AG and PGHS-2 have been probed using site-directed mutagenesis.'”>*'” Tyr385 is required
for oxygenation of 2-AG, and truncation of the top channel of the active site (G533V) prevents metabolism
as well.”'” The constriction site provides important stabilizing interactions for 2-AG binding, as it does for
arachidonate, although the contributions of individual residues are distinct. As described, R120Q_has little
effect on binding of arachidonic acid to PGHS-2, whereas E524L and Y355F reduce binding affinity.'**
With R120Q_and E524L mutants, 2-AG metabolism is almost completely abrogated,'”**'” whereas muta-
tion of Tyr355 has little effect on oxygenation of 2-AG.'" As with arachidonic acid, acetylation of PGHS-
2 or mutation of Ser530 to methionine favors monooxygenation of 2-AG, with a marked preference for
oxygen insertion at C-15 of the acyl chain.

Isoform selectivity of 2-AG metabolism is largely determined by interactions in the side pocket of
PGHS (Figure 2).'"% A particularly critical element is the identity of residue 513, which is arginine in
PGHS-2. Mutation of this single residue to histidine, the substitution found in ovine PGHS-1, reduces 2-
AG oxygenation by more than 50%. An additional reduction in 2-AG oxidation is observed in a triple
mutant, V434I/R513H/V5231 (VRV), which replaces all three residues contributing to isoform differences
in the side pocket with the corresponding ovine PGHS-1 residues. However, even the VRV mutant does
not completely reduce 2-AG oxygenation to the level of PGHS-1, suggesting that additional determinants
of substrate selectivity exist.

1.03.5.2 Metabolism of PGH,-Glycerylester and Its Products

PGH,-G can be converted to nearly the full range of prostanoid-glyceryl ester species that are observed
for PGH,.”'*'" In a coupled assay with PGHS-2 and human thromboxane synthase, the conversion of
2-AG to TXA,-G is less than 5% as efficient as the conversion of arachidonate to TXA,;”'® it is proposed
that the thromboxane pathway is not physiologically relevant for 2-AG. In the systems studied, efficacy of
conversion of PGH,-G to other prostanoids is within twofold of PGH,. Because many studies have been
conducted in whole cells or using microsomal preps, the efficiencies and specificities of prostaglandin
synthase isoforms have not been determined. PGE,-G is a substrate for 15-hydroxy prostaglandin dehy-
drogenase (15-HPGDH), although it is metabolized less efficiently than PGE,; oxidation of PGF,,-G by
15-HPGDH is not observed.”"”

The stability of prostaglandin-glycerylesters (PG-Gs) to hydrolysis is a question of import when searching
for products in vive.”'” PGE,-G is rapidly hydrolyzed in rat plasma with a half-life of approximately 15s. In
human plasma, though, minimal hydrolysis is detected after 10 min, and PGE,-G has a half-life of 7 min in
human whole blood. No hydrolysis of PGE,-G is observed in cerebrospinal fluid. PG-Gs also seem to be stable
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to hydrolysis in cell culture systems. PG-Gs are rapidly hydrolyzed in dog brain homogenates, but they are not
good substrates for the endocannabinoid hydrolyzing enzymes, monoacylglycerol lipase (MGL) and fatty acid
amide hydrolase (FAAH).”*"

1.03.5.3 Synthesis of Prostaglandin-Glycerylesters in Cells and In Vivo

PG-Gs are produced in PGHS-expressing cells. Following addition of exogenous 2-AG, RAW264.7 cells
generate PGD,-G,”'*'® whereas HCA-7 cells produce PGE,-G and PGF,,-G.”"" In response to zymosan, a
stimulus that induces PGHS-2, murine resident peritoneal macrophages generate PGE,-G and PGI,-G from
endogenous 2-AG stores.””" Although arachidonic acid and 2-AG are released at a ratio of 10:1, prostaglandin
levels are 1000-fold higher than those of PG-Gs.

PG-G synthesis does not seem to be fully dependent upon PGHS-2 in mouse resident peritoneal macro-
phages. Treatment of these macrophages with a PGHS-2-selective inhibitor reduces PG-G levels but not
completely.””’ Macrophages harvested from PGHS-2-knockout animals generate approximately the same
amount of PG-Gs as wild type, but synthesis of PG-Gs is almost completely ablated in macrophages from
PGHS-1 knockout mice.””” This finding was quite unexpected, given the marked preference of PGHS-2 for 2-
AG in vitro. However, it may reflect the fact that resident murine peritoneal macrophages express very high
levels of PGHS-1 in the absence of activation by LPS or zymosan. The ability of murine PGHS-1 to catalyze
2-AG oxidation has not been examined i vitro. However, residue 513 is glutamine in murine PGHS-1 instead
of histidine, found in human and ovine PGHS-1, "*° so it is conceivable that mouse PGHS-1 is more efficient at
oxidizing 2-AG than ovine PGHS-1.

Recently, endogenous formation of PGE,-G in the rat hindpaw was described.””’ As in studies with murine
resident peritoneal macrophages, the levels of PGE,-G are 1000-fold lower than PGE,. Notably, PGE,-G
levels are not increased by inflammatory stimuli, although PGE, levels are elevated. Injection of PGE,-G into
the hindpaw reveals that PGE,-G is rapidly metabolized, with less than 10% remaining immediately following
injection. Some hydrolysis of PGE,-G to PGE, is observed, but quantitative studies to determine the metabolic
fate of PGE,-G have not been conducted.

1.03.5.4 Pharmacologic Actions of Prostaglandin-Glycerylesters

The effects of PGE,-G in a macrophage-like cell line (RAW264.7) have been examined. Treatment of
RAW264.7 cells with PGE,-G results in Ca*" mobilization that is dose dependent and occurs in the picomolar
range.””* The response is dependent upon the generation of IP; from hydrolysis of PIP,. The concomitant
hydrolysis product, diacylglycerol, activates protein kinase C (PKC)-dependent phosphorylation of extracel-
lular signal-regulated kinase (ERK). PGE,-G activates NF-xB at low concentrations but suppresses activation
at higher doses.””’ PGE,-G displays only low-affinity binding to canonical prostanoid receptors, and it is
unlikely that signaling is mediated through them.””*

Effects of PGE,-G on the nervous system have also been investigated. In cultured neurons, synaptic
transmission induced by neurotransmitters can be modulated by PGE,-G. PGE,-G dose dependently enhances
~v-aminobutyric acid (GABA)-receptor mediated inhibitory synaptic transmission and abolishes depolarization-
induced suppression of inhibition.””’ These actions are the opposite of those of 2-AG and are largely
independent of prostanoid and endocannabinoid receptors. Mitogen-activated protein kinase (MAPK) and
IP; pathways mediate the action of PGE,-G, but the effects are not dependent upon PKC or protein kinase A.
Similarly, excitatory glutamatergic synaptic signaling in cultured neurons is enhanced by PGE,-G, which is
dependent upon MAPK and IP;.**® Phosphorylation of ERK, p38 MAPK, and NF-xB is stimulated by
PGE,-G. Potenuation of excitatory glutamatergic synaptic transmission by PGE,-G can induce neuronal
injury and death.””’ In another study, iz vive administration of PGE,-G augments pain responses in the
peripheral nervous system. The responses can be partially but not fully blocked by EP receptor antagonists.
These studies provide evidence for the existence of unique receptors for PG-Gs. Further work is required to
define the receptors mediating effects of PG-Gs and to determine what agents stimulate PG-G synthesis 77 vivo.
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1.03.6 Biosynthesis, Degradation, and Pharmacology of Prostaglandin-
Ethanolamides

Arachidonoylethanolamide (AEA, also referred to as anandamide) was the first molecule identified as an
endogenous ligand of the cannabinoid receptors.””” AEA also binds to numerous voltage- and ligand-gated
ion channels.”*® 1z vivo, levels of AEA are tightly regulated by FAAH, which catalyzes the hydrolysis of AEA to
arachidonic acid and ethanolamine.””””*" As with 2-AG, the acyl chain of AEA is susceptible to oxidative
metabolism by LOXs and PGHS-2.">%"'""** AEA can also be oxidized by cytochromes P-450.>****" The
biosynthesis, degradation, and pharmacology of prostaglandin-ethanolamides (PG-EAs) have been studied in
great detail.

1.03.6.1 Structural Determinants for Oxygenation of Arachidonoylethanolamide by PGHS

In virro and in intact cells, PGHS-2 oxygenates AEA to yield PGH,-EA.*>**® The efficiency of AEA
metabolism by PGHS-2 is approximately fivefold lower than for arachidonic acid, owing largely to an increase
in the Ky for the substrate. AEA is not metabolized by human PGHS-17* but is a substrate, albeit a poor one,
for ovine PGHS-1."*" An extensive structure—activity study of neutral arachidonoyl amides was conducted,
comparing the ability of PGHS-1 and PGHS-2 to catalyze their oxygenation.”* In the series, substitution of the
hydroxyl of AEA with either methoxy or methyl reduced metabolism by either isoform. Addition of one or two
methyl groups at the 1- or 2-position of the ethanolamide had no effect, or in some cases, improved oxygenation
of the substrate by PGHS-1. Substitution of ethanol at the 1- or 2-position also improved PGHS-2-dependent
metabolism.

Site-directed mutagenesis of PGHS-2 has illuminated important interactions for the binding and metabo-
lism of AEA. The effects of mutations are quite similar to those observed with 2-AG. As with 2-AG, Argl20
provides an important stabilizing interaction, and mutation to glutamine reduces AEA metabolism threefold.”*
E524L affects binding of AEA and arachidonate to a similar extent,””” and hydrogen bonding to Tyr355 is not
required at all for AEA oxygenation.”*”** Unlike 2-AG, isoform selectivity of AEA oxygenation is solely
dependent upon the identity of residue 513.**” Mutation of Arg513 to histidine in PGHS-2 reduces the rate of
AEA oxidation to that of ovine PGHS-1. Mutagenesis studies combined with the structure—activity series
indicate that the acyl chain of AEA binds in a similar orientation as arachidonic acid, with the ethanolamide
binding in the side pocket of PGHS-2 and forming a hydrogen bond with Arg513.

1.03.6.2 Metabolism of PGH,-Ethanolamide and Its Products

PGH,;-EA is susceptible to similar transformations as PGH, in virro”'® As with PGH,-G, PGH,-EA is a poor
substrate for thromboxane synthase, and biosynthesis of TXA,-EA likely does not occur under physiological
conditions. With the exception of a newly characterized PGFS, the specificity and efficiency of PGH,-EA
conversion by prostanoid synthases have not been rigorously defined. PGE,-EA is oxidized to 15-keto-PGE,-
EA by 15-HPGDH. PG-EAs are much more stable to metabolic inactivation than PG-Gs. Unlike AEA,
PG-EAs are very poor substrates for FAAH.”*" In human and rat plasma, PGE,-EA exhibits a half-life greater
than 5h°" The major reaction in plasma is dehydration on the cyclopentane ring to PGB,-EA. In vivo,
PGE,-EA 1s still detectable in rat plasma up to 2 h after administration, with a half-life of approximately 6 min.

1.03.6.3 Synthesis of Prostaglandin-Ethanolamides in Cells and In Vivo

Similar to 2-AG, cultured cells expressing PGHS-2 can convert exogenous AEA to PG-EAs. PGE,-EA i1s
produced by human foreskin fibroblast cells,”** PGE,-EA and PGD,-EA by RAW264.7 cells,”'®**" and PGE,-
EA and PGF,,-EA in HCA-7 cells.”"® Following administration of AEA to mice, PGE,/D,-EA are found at
low levels in the kidney and lung.242 In FAAH knockout mice, PGF,,-EA, PGE,-EA, and PGD,-EA are
detected in the kidney and lung, and PGF,,-EA is also found in the liver.
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1.03.6.4 Pharmacologic Actions of Prostaglandin-Ethanolamides

The biological effects of PGF,,-EA and bimatoprost, a structural analog, have been extensively characterized.
These compounds reduce intraocular pressure i vive,”" and bimatoprost is currently marketed to control
intraocular pressure in glaucoma and ocular hypertension.”** PGF,,-EA and bimatoprost do not exhibit high-
affinity binding to canonical prostanoid receptors.”****’ Although their effects require a pathway distinct to that
of PGF,,,, deletion of the gene encoding the FP receptor ablates the action of PGF,,-EA and bimatoprost.”é’247
These amides may mediate their effects via binding to an FP heterodimer consisting of a molecule of canonical
receptor and a molecule of alternatively spliced receptor.”*®

PGE,-EA may have a role in inflammatory signaling”* AEA and PGE,-EA suppress expression of the
proinflammatory cytokine IL-12 by activated microglial cells and RAW264.7 cells. This effect is mediated in
part by activation of a repressor site, GA-12, within the promoter region of the p40 subunit of IL-12. Effects
seem to be mediated in part by EP, receptor,”*’ even though PGE,-EA exhibits low affinity for the EP
receptors.””’ Additional study of the pathways mediating PG-EA actions is warranted.

1.03.7 Metabolism of Other Arachidonoyl Amides by PGHS

Over the past decade, additional fatty acyl amides have been identified as potential signaling molecules, and the
ability of PGHS to metabolize many of the arachidonoyl derivatives has been established. PGHS-2 is able to
metabolize a range of arachidonoyl amino acids.”’"*’” Of these amino acid conjugates, it most efficiently
metabolizes N-arachidonoyl glycine (NAGly), and the structural determinants for oxygenation of NAGly by
PGHS-2 closely mirror those for 2-AG.”* Although not the most efficient substrate for PGHS-2, NAGly is
the most isoform-selective substrate discovered to date. N-Arachidonoyl alanine and N-arachidonoyl-v-
aminobuytric acid can also serve as substrates for PGHS-2 iz viro.”’" A taurine conjugate of arachidonic
acid, bearing a sulfonic acid, is not metabolized by either PGHS isoform.””” Bulky, neutral substitutions such as
observed with N-arachidonoyl dopamine serve as poor substrates for PGHS as well.””" Although oxidation of
these arachidonoyl amides has been established iz vitro, it remains to be seen whether this occurs in cells or
in vivo under physiologically relevant conditions.

1.03.8 Conclusions

PGHS 1is clearly a central player in many physiological and pathophysiological processes. Yet, genetic
alterations of PGHS in animal models have revealed unexpected isoform-specific functions. Modification of
PGHS by reactive nitrogen species and specific control of protein degradation may have important contribu-
tions to the spatiotemporal regulation of PGHS activity. Although the conversion of arachidonic acid to
prostanoids mediates many of the biological effects of PGHS, the enzymes’ ability to generate novel classes
of eicosanoids from other substrates may provide additional pathways to drive distinct physiological processes.
Many of these transformations are efficiently catalyzed by PGHS-2 but not PGHS-1. Findings from various
cellular and iz vive studies allude to the existence of PGHS-2-specific signaling pathways. Such pathways may
contribute to profound phenotypes observed in PGHS-2-deficient animals and could explain why PGHS-1
cannot fully complement a PGHS-2-knockout even when under the control of the PGHS-2 promoter.
Characterization of stimuli that induce synthesis of novel eicosanoids and the pathways regulated by them is
a challenge that lies ahead. However, as the roles of enzyme isoforms continue to be defined, the possible
impact of alternative substrates and their metabolism by PGHS must be considered.

Abbreviations
15-HPGDH  15-hydroxy prostaglandin dehydrogenase
ALA a-linolenic acid

ASA acetylsalicylic acid; aspirin
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DHA docosahexaenoic acid
EET epoxyeicosatrienoic acid
eNOS endothelial NOS
EPA eicosapentaenoic acid
ERK extracellular signal-regulated kinase
FAAH fatty acid amide hydrolase
GPCR G-protein coupled receptor
HDHA hydroxydocosahexaenoic acid
HEPE hydroxyeicosapentaenoic acid
HETE hydroxyeicosatetraenoic acid
HpETE hydroperoxyeicosatetraenoic acid
IL interleukin
iNOS inducible NOS
LOX lipoxygenase
LPS bacterial lipopolysaccharide
MAPK mitogen-activated protein kinase
MGL monoacylglycerol lipase
NF-xB nuclear factor-xB
nNOS neuronal/brain NOS
NSAID nonsteroidal anti-inflammatory drug
PG prostaglandin
PG-EA prostaglandin-ethanolamide
PG-G prostaglandin-glycerylester
PGHS prostaglandin endoperoxide synthase
PGl, prostacyclin Io
PKC protein kinase C
TXA, thromboxane A,
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1.04.1 Introduction

Mycobacteria have played a truly unique role in the evolution of humans and in shaping our history. They have
emerged from swamps, marshes, bogs, lagoons, and even our water supplies to cause multiple well-known
human diseases such as tuberculosis (TB) and leprosy, alongside lesser-known diseases such as Buruli ulcer,
‘swimming pool granuloma’, and atypical mycobacterial infections in the immunocompromised.' TB is perhaps
the most serious of these infectious diseases, infecting more than 7 million humans every year with fatal
outcomes for nearly 3 million.” Nonetheless, mycobacterial diseases other than TB are caused by more than 30
different organisms within this genus, including Mycobacterium abscessus, organisms of the Mycobacterium avium—
intracellulare group, Mycobacterium ulcerans, and Mycobacterium leprae. Dating back thousands of years, these
pathogens have caused suffering and death for millions every year.

Mycobacteria occupy a unique place among disease-causing organisms. They are truly a ‘chemists’ patho-
gen’ because their pathogenicity derives primarily from interactions of lipid-containing factors produced by the
bacilli and not from interactions between proteinaceous factors produced by the bacilli and the host. Scientists
and physicians who study bacterial pathogenesis have historically been molecular biologists, cellular biologists,
physicians, and protein biochemists who were ill-equipped to deal with virulence factors that were primarily
lipids and carbohydrates, including some of truly extraordinary complexity. Until recently, these efforts have
resulted in studies of mycobacterial pathogenesis characterized by two approaches: the ‘traditional’” approach of
genetic knockouts and phenotypic evaluation, and the chemical approach of characterization and total synthesis
without an in-depth biological analysis of the resulting molecules.

In this chapter, the major areas where the field has made substantial progress in understanding the chemical
biology of mycobacterial pathogenesis and virulence throughout the past decade are surveyed. In particular,
what we have learned about some of the extraordinary and complex natural products produced by the tubercle
bacillus, commonly referred to as Mycobacterium tuberculosis (Mrb), and the mechanisms underlying their role in
disease will be focused on. Several concepts will be discussed: that lipid and glycolipid virulence factors have
rich and complex interactions with the human host; that lipidic virulence factors are responsive to the same
evolutionary pressures that drive protein variation and therefore show structural variability between species
and strains akin to that seen with protein virulence factors; and how these topics have challenged a new
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generation of scientists interested in bacterial pathogens and human health. As a result, fundamental insights
into human immunology and plausible routes of intervention for developing new treatment, prevention, and
diagnostic strategies for mycobacterial diseases are beginning to emerge.

1.04.1.1 The Structure of a Mycobacterial Cell

Unlike proteins, lipids and glycolipids have no intrinsic structure in an aqueous milieu. They derive their
structure by virtue of interactions of the individual species with other hydrophobic molecules in the cell
envelope. This introduces a considerable challenge because of the complexity of the cell wall of the bacillus
with which most of the molecules are either peripherally or intimately associated. Although the chemical
composition of this envelope has been known for decades and extensively reviewed,” the three-dimensional
structure remains elusive because of the lack of useful tools to characterize it. Unlike other biological membrane
systems, the mycobacterial cell wall does not conform to a ‘fluid mosaic’ model of membrane structure with
two-dimensional diffusion of components across a sea of perfectly aligned amphipathic molecules. Instead the
structure of a single cell 1s composed literally of a single polymeric molecule with three concentric layers:
peptidoglycan, arabinogalactan, and mycolic acids.

Our understanding of the physical organization of this polymer has been influenced heavily by the limited
biophysical techniques that can be applied to the problem. X-ray diffraction experiments illustrated that the
main chains of the mycolic acids were organized parallel to each other and freeze-fracture electron microscopy
studies supported visually the notion that a second hydrophobic barrier existed outside of the plasma
membrane.® Early electron microscopic evaluation of the coarse structure in thin sections cut from plastic-
embedded bacilli revealed an electron-transparent zone subtended by a darkly stained boundary.”® These
observations inspired a model first proposed by Minnikin of the covalently attached mycolic acids stretched out
full length with ancillary lipids and surface materials interdigitated between the asymmetric meromycolate
chains to fill the void left by the shorter a-branches.” '

This model of the cell envelope dominated the field for more than 20 years but has been substantially
challenged by two recent observations. The first is that for the major mycobacterial water-filled porin, MspA, to
span the membrane and to function properly, the phospholipid bilayer must be narrower than originally
proposed.'™"* The second conflicting observation derives from electron microscopy of cryopreserved cells.
This revealed that the mycobacterial membrane is no more than 8 nm in thickness (compared with 7 nm of the
plasmalemma).'™"> These recent observations provide strong experimental evidence that the cell wall is no
thicker than the plasma membrane and have engendered speculation about new possibilities for the physical
arrangement of the complex substructures of the envelope. A consensus view has yet to emerge concerning the
precise arrangement of these complex molecules.

The hydrophobic mycolates seem chemically unattractive as the molecules are in direct contact with the
hydrophilic environment. Outside of this layer, but sull in intimate contact, reside the numerous amphipathic
molecules that are the direct interface for the pathogenic mycobacterium in its encounters with potential victims.
This matrix of materials has been called the capsule and is home to such structurally diverse families of glycolipids
as trehalose mono- and dimycolate, the phthiocerol dimycocerosate waxes, sulfolipids, lipoarabinomannas, and
glycopeptidolipids (GPLs) that are the subject of this review.”''® The major families of the envelope lipids
starting with their structures will be systematically worked through. Then their biosynthesis and putative functions
and interactions with the human host from the literature published during the past 10 years will be surveyed.

1.04.2 Structural Variation, Biosynthesis, and Function of the Core Cell
Envelope Mycolic Acids

1.04.2.1 Structural Varieties of Mycolic Acids

The inner leaflet of the cell wall of Mz 1s composed of a single molecule, a biopolymer called mycolic acid—
arabinogalactan—peptidoglycan (MAGP) as shown in Figure 1.

In terms of weight and volume, the most significant part of this complex is composed of mycolic acids and
thus it is not surprising that mycobacteria and related genera have been termed the ‘mycolata’. The presence or
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absence of mycolic acids, a-alkyl-G-hydroxy acids with Css0, is a genus-specific trait and the fine details of
their structure are used in chemotaxonomic approaches to species identification. The mycolic acids are found
in two very important molecules in the cell; bound to arabinogalactan in the inner leaflet and esterified as
trehalose-6,6'-dimycolate (TDM) in the noncovalently bound outer leaflet. There do not appear to be any
structural differences between mycolic acids present in TDM and those anchored in the cell wall. In several
detailed studies of mycolic acid structure and function, the structures of mycolic acids throughout the mycolata

vary based on three distinctions (see Figure 2):
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1. Chain length — longer chain lengths increase toxicity, granulomagenicity, pathogenicity, and the phase
transition temperature of the cell wall.

2. Oxygenated moieties — for example, the keto- and methoxy-mycolic acids characteristic of virulent strains
and the epoxymycolates and wax esters that characterize some nontuberculous mycobacteria (N'TM).

3. Cis- or trans-cyclopropanations, and ¢zs- or mrans-alkenes some with adjacent methyl branches.

The analysis of cell wall-bound mycolates requires treatment of whole cells, or delipidated cells, with tetrabutyl
ammonium hydroxide, which saponifies the bound mycolyl esters. The mixture of mycolates so obtained can be
converted into methyl esters and purified by silica gel column chromatography. To resolve the cyclopropane-
containing mycolates from their alkene precursors, argentation chromatography, which uses silver nitrate-
adsorbed silica gel, is employed. The alkenyl mycolic acids elute more slowly than the cyclopropyl forms
because of a strong noncovalent interaction of silver ion with double bonds. Further structural analysis can be
conducted by mass spectrometry (MS) and 'H NMR spectroscopy. Initially, analysis of saponified mycolates by
MS proved difficult because of pyrolysis of the 8-hydroxy acids. However, the free S-hydroxy of the methyl
esters can be trimethylsilylated, which prevents fragmentation and allows the components to be further
separated and analyzed by gas chromatography (GC)/MS. The innovation of silylation'” allowed for fine
structural analysis of the intact mycolic acid by MS and revealed insights into mycobacterial cell wall structure
and lipid biosynthesis.

The species-specific distribution patterns of mycolic acids have been reviewed previously'® and will not be
summarized here. But it is worth noting that technological advances have expanded our understanding of the
distribution of structures in the mycolata. Some notable examples include the application of matrix-assisted
laser desorption /ionization (MALDI) analysis'* ™' that allowed Fujita ez 4l. to solve the structure of a variety of
myecolic acids in TDMs (glycolipids that are esters of mycolic acids see below) from different actinomyecetes.
The mass distribution of the TDMs they analyzed ranged from 2.6 to almost 3 kDa. This technique allowed
them to easily compare the lipid lengths, keto versus methoxy variability, and the degree of cyclopropanation
from a variety of Mrh, Mycobacterium bovis, and Mycobacterium kansasii strains and presages a reinvention of
chemotaxonomy”” among the mycolata using increasingly high-resolution MS methodologies.

Of recent note, MALDI time-of-flight (MALDI-TOF) MS analysis of armadillo nostrils allowed the first
comprehensive identification of M. leprae’s glycolipids. Previous methods lacked the sensitivity to detect the
components of this recalcitrant pathogen that cannot be cultured ex vivo. TDM and trehalose-6,6'-monomy-
colate (TMM) were present and contained both a (Csg) and keto (Cg;—Cg3) mycolates. The keto-mycolates
were slightly shorter in M. Jeprae than in Mrb and in contrast to Mrh, which synthesizes a wide variety of
myecolates (cis- or trans-alkenes, and ¢is- or trans-cyclopropane-containing moieties), M. leprae contains only
Cs1—Cs; cis-monoenoic keto-mycolates. Recent evidence showed that the muns-cyclopropanes play a role in
virulence and the fine structure of these mycolates may explain the reduced pathogenic properties of M. leprae
compared to Mzh.”’

The mycolic acids of Mz contain three general classes: o, methoxy, and keto whereas the mycolates of other
mycolata can contain additional functionalities and lengths as illustrated in Figure 2.

The total length of the mero chain (~Cs5,—Cgs) in mycobacteria differs between subclasses and follows the
order a < methoxy < keto. Conversely, the absolute quantity of each subclass found in the cell wall follows the
order v > methoxy >> keto. The a-mycolates may contain c¢is-alkenes, a-methyl-rrans-alkenes, cis-cyclopro-
panes, or a-methyl-r7ans-cyclopropanes (Figure 2). The positions are labeled proximal and distal, an indication of
their position with respect to the (R,R)-a-alkyl-3-hydroxy acid. The proximal sites in all cases (¢, methoxy, and
keto) contain cis- or trans-alkenes, or cis- or trans-cyclopropanes. In the case of the oxygenated forms, the proximal
site is a cis- or a-methyl-trans-cyclopropane with an a-methyl keto or an a-methyl methoxy at the distal site.

1.04.2.2 Biosynthesis of the Fatty Acid Core

Different types of enzyme systems are employed for fatty acid synthesis across the five kingdoms of life. With
the exception of plants, eukaryotic cells employ fatty acid synthase type I (FAS I), a large multifunctional
enzyme that performs all of the basic chemistry. In contrast, plants and prokaryotic cells employ a type 2 system
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(FAS 1I), that encodes the same activities but each on a different protein.'® This is illustrated in Figure 3. The
two core fatty acyl chains of mycolic acids (mero- and a-branches) are derived from a combination of FAS I and
FAS II systems. In both systems, the synthesis follows a four-step iterative process that incorporates two carbons
at a time catalyzed by the following enzyme domains: Claisen condensation between a growing chain and
malonyl-coenzyme A (CoA) with concomitant decarboxylation of the 3-keto ester (3-ketoacyl synthase, KAS);
reduction of the 5-keto ester (3-ketoacyl reductase, KR); dehydration (-hydroxyacyl dehydratase, DH); and
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enoyl reductase (reduction of ,3 unsaturated enone, ER). Mycobacteria present an intriguing hybrid since
they contain both FAS I and FAS II systems. FAS I produces fatty acids of 16-24 carbons bound to CoA. These
can be extended, in turn, or condensed with other fatty acids by a separate FAS II system to provide
meromycolates, mycolic acid a-branch precursors, and intact mycolic acids. The details of these two fascinat-
ing systems have been reviewed many times in the recent literature®* " and will not be exhaustively covered
here as the basic synthetic steps do not directly influence the host—pathogen interaction. The basic importance
of these early steps in mycolic acid biosynthesis is highlighted by the variety of drugs that target steps in this
pathway (Table 1). Although the mechanisms of these are not discussed in detail, the interested reader is
directed toward several comprehensive reviews.”

In vitro studies have shown that the methylation modifications (see below) occur on acyl carrier protein
(ACP)-bound long-chain fatty acids, the precursor to the full-length meromycolate chain.*’ The final step in
mycolic acid synthesis is the condensation of the a-branch with the meromycolate by a number of recently
characterized enzymes (Figure 3). The mero acid is converted to the acyl adenylate by FadD32 (Rv3801c),’” an
acyl-adenosine monophosphate (AMP) ligase, and it is then loaded onto the condensase, pks13 (Rv3800c).”’
The identity of pksi3 had been assigned based on its corynebacterial homologue. Unlike mycobacteria,
corynebacteria are still viable without cell wall-associated mycolates, and the knockout strains exhibit buildup
of both mero- and a-branch intermediates. The pksI3 gene was proximal to FadD32 and a pair of acetyl-CoA
carboxylases AccD4 (Rv3799) and AccD5 (Rv3280). The a-branch moiety emerges from the FAS I system as an
acyl-CoA adduct. This species then undergoes carboxylation by the heterodimer consisting of AccD4 and
AccD5 and which utilizes AccA3 (Rv3285) as the biotin carboxyl carrier.”” This activated substrate then
condenses with the mero chain. The ketoreductase has also been identified and characterized (Rv2509) through
its homologue in corynebacteria (NCgl2385).”

1.04.2.3 Modifications to the Meromycolate Core Structure

Escherichia coli and other bacteria must modify shorter chain fatty acids, introduce unsaturation, and convert
between cis and trans forms to modulate fluidity. The mycolic acids of virulent strains of mycobacteria are
decorated with a wide variety of oxygenated functionalities, cyclopropanes, and c¢is- and «-methyl-rrans-
alkenes.”” Mycolic acids can contain several degrees of unsaturation or the aforementioned functionality that
derives from unsaturated precursors. This functionalization might occur after or during™ the synthesis of an
intact meromyecolic acid containing at least two cis-alkenes on its mero chain. The origin of these two olefins
could be a permutation of the normal fatty acid biosynthetic pathway. However, in Mz, it appears more likely
that a trio of enzymes — two soluble (DesA1 (Rv0824¢) and DesA2 (Rv1094)), and one membrane-bound (DesA3
(Rv3229¢)) — desaturate the meromycolyl precursors. These proteins are diiron desaturases that convert stearic
acid into A” oleic acid, a precursor to membrane lipids like tuberculostearic acid (9-methyl stearic acid). DesA3
was found to be the target of the antituberculosis antibiotic isoxyl (4,4'-diisoamyloxydiphenylthiourea).*®
Rv3230c was identified as the oxidoreductase partner for DesA3.”* These desaturases are closely associated
with a number of genes involved in the mycolic acid biosynthesis pathway. Although a crystal structure for one
of these has been solved (DesA2), important biochemical details as to the timing and positioning of the
introduction of the double bonds remain to be clarified.”” The cyclopropanation and oxygenated functionalities
are added by a family of highly homologous, S-adenosyl-L-methionine (SAM)-dependent methyltransferases
called cyclopropane mycolic acid synthases. These genes are present in Mz, M. bovis, and other pathogenic
strains, and code for proteins that convert mycolic acid alkenes into the cyclopropane-containing and oxyge-
nated mycolates. Enzymes that synthesize cis-cyclopropanes are widely distributed in bacteria and plants,
whereas 77ans-cyclopropane-synthesizing enzymes are rare, but present in M. Mammalian fatty acids do not
contain cyclopropanes, and the linkage of cyclopropanation with pathogen self-defense and virulence has
generated much interest in these pathways.

Identification of the biosynthetic machinery responsible for producing the cyclopropanated mycolates was
not a simple task. Studies were limited by the inability to synthesize the true substrates for these reactions and
the past difficulties in making genetic modifications to Mrh. Much of the initial work relied on introducing
genes into Mycobacterium smegmatis, complemented by later work in Mrh, and performing a total lipid analyses to
determine the effects on mycolic acid structure.



Table 1 Inhibitors of mycolic acid synthesis in Mtb

Inhibitor Structure Process inhibited Reference(s)
Isoniazid (INH) H Reacts with KatG (catalase peroxidase) and NAD to form a 31-34
0 N “NH, covalent adduct that binds to InhA
| X
Pz
N
Ethionamide S NH, Prodrug, oxidized by EthA to sulfinic acid, inhibits InhA 31, 35, 36
X
—
N
Thiacetazone NH, H Prodrug activated by EthA, inhibits cyclopropanation 37-39
N
7 hH T
N O
Thiolactomycin Reversibly inhibits FAS I 40
Triclosan Inhibits Fabl and InhA 41-43
5-Alkyl diphenyl ethers OH Fabl (200-fold more active than triclosan) 44

(Continued)



Table 1 (Continued)

Inhibitor Structure Process inhibited Reference(s)
Sulfonylacetamides O (3-Ketoacyl synthase (KAS) 45
NH,
o:§:o
R
R = hydrophobic side chain
Pyrazinamide derivatives (0] NH, May inhibit FAS | pathway; target unclear 46, 47
(5-chloropyrazinamide)
N
kf N
Cl
Isoxyl Inhibits DesA3 48

OO
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A cluster of four highly homologous genes with SAM-dependent methyltransferase domains was identified
in a series of initial studies based on laborious screening of mycolates prepared from individual transformants
by argentation thin-layer chromatography (TLC). The Mz gene cmal (Rv3392c) was sufficient to convert the
distal alkene to a cyclopropane in a-mycolates of M. smegmatis. A second Mrh gene, cma2 (Rv0503c¢), identified
through its homologue in M. Jeprae, was found to synthesize the proximal cyclopropane of the a-mycolates.
Expression of both ¢mal and ¢ma2 produced a mycolate in M. smegmatis with both cyclopropanes nearly identical
to the major species produced in Mzb. Isolation of epoxy mycolates with proximal cyclopropanes showed that
¢ma2 was promiscuous at the distal position (at least toward the mycolates in M. smegmaris) (Figure 4).°%7

Using similar heterologous expression techniques, mmal (Rv0645c¢), mma2 (Rv0644c), mma3 (Rv0643c), and
mma4 (Rv0642c) revealed the biosynthetic machinery responsible for the synthesis of oxygenated mycolic acids.
A mechanism that explains the observed structures and the enzymes involved was proposed based on the
formation of a common cationic intermediate by methylation of the c¢is-alkene precursors (Figure 5). This
intermediate can react in three different ways, depending on the enzyme and the position of its active site
residues, which would become clear in later studies. The methylene can add directly to the double bond,
yielding the cis-cyclopropane. Alternatively, a suitably positioned base could deprotonate the carbon at the
a-position relative to the double bond (A), or the cation could be quenched by H,O to yield the hydroxyl (B).
The high-resolution structures of four of these proteins are available from M#™*’” and support the proposed
mechanism. The presence of a carbonate ion at the active site that could function as a general base is also
consistent with the carbonate dependence of the cyclopropane FAS from E. ¢coli®® The hydroxy intermediate
was formed at trace levels, could be isolated, and was proposed to be a common intermediate to both keto- and
methoxy-mycolates. Coexpression of mma3 and mma4 demonstrated that mma3 catalyzed the O-methylation
responsible for producing methoxy-mycolates (C). Before this discovery, it was assumed that methoxy-
mycolates were formed by the reduction of keto-mycolates (D). Without a reductase in the cluster, it is clear
that keto-mycolates are not a precursor for methoxy-mycolate formation. To date, the enzymatic oxidase that
putatively converts the hydroxyl to the keto form has not been discovered.”'

The information provided by expression in a heterologous host was informative, but not conclusive since M.
smegmatis produces its own mycolic acids with chain lengths and fine structures different from those seen in Mzb.
The overexpression of the enzyme, MMAS-1 (mmal), in Mrb generated an increase in the presence of
proximally modified, #7ans-alkene and #rans-cyclopropane-containing oxygenated mycolates. There was also
an increase in the ratio of keto- to methoxy-mycolates, so the formation of either the proximal #ans-alkene or
the cyclopropane initiates a pathway specific for oxygenated mycolate synthesis. This overproducing strain
grew more slowly, and with higher cell wall fluidity and permeability, demonstrating a physical consequence of
oxygenated mycolate upregulation.***’

One of the insights gained by exploring mycolate content in M. smegmatis was the discovery that the rrans-
methyltransferases of M1 and M. smegmatis exhibit selectivity for different positions of the double bond. It was
initially unclear as to why only cis-cyclopropanes could be synthesized by the transformation of M. smegmatis
with Mzh cmal and ema2, as it was assumed that ¢ma2 was generating the proximal cis-cyclopropane in both
species. Deletion of ¢ma2 from Mzb provided oxygenated mycolates devoid of proximal rans-cyclopropanes.®*
Thus, the conundrum was that the ¢ma2 gene appeared incapable of synthesizing proximal rans-cyclopropane
in M. smegmaris when that was its primary function in Mrb. Even more surprising was that the precursor,
proximal a-methyl-#rans-alkene, was present. A closer, more detailed look at the fine structure of mycolic acids
using ?C NMR with mycolic acids produced from 1- and 2-"’C-labeled acetate and ["*C-methyl]-L-methio-
nine in M. smegmatis revealed the source of the discrepancy.”” The methyltransferase in M. smegmatis produces a
proximal c-methyl-zrans-alkene with the methyl substituent closer to the mycolic acid C-terminus, and
consequently this structure was not a substrate for ¢ma2. The methyltransferase of Mr produces the alternative,
a-methyl-rrans-alkene, as previously noted in Figure 2 (compare the position of the methyl group in the TB
trans-cyclopropyl mycolates with the methyl group in the M. smegmatis o2 series). The key observation was that
the location of the methyl adduct is precisely on an odd- (M. smegmatis) or an even-numbered (A1) carbon with
respect to the C-terminus, a result of the different reaction regioselectivity.

Concurrently, Dafté and colleagues isolated the same cluster of four methyltransferase genes (¢maA—cmaD)
present in the TB vaccination strain M. bovis Bacillus Calmette—Guérin (BCG).’ Introduction of this cluster
into M. smegmatis produced three new, cyclopropanated mycolates that corresponded to hydroxy, keto, and
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methoxy forms. The chain lengths of keto and hydroxy forms were identical suggesting that the hydroxy-
mycolate was a putative intermediate for the production of keto forms. Later studies demonstrated that Mz also
produced hydroxymycolic acid.®® A deletion mutant in Mzh, AcmaA (mma4), did not produce oxygenated
mycolates at all.”” This mutant showed that the decrease in permeability to hydrophilic substrates was
attenuated in the ability to cause infection in mice, confirming the results obtained from the heterologous
expression studies. It has been proposed that the oxygenated mycolates, especially the keto forms, might
provide hydrogen bond acceptor sites for the anchoring and transfer of polar material into the cell wall. Thus,
the oxygenated mycolates might have roles in modulating cell wall fluidity and in the flow of hydrophilic
substrates into the cell.

The study of the enzymes that modify mycolic acids was advanced again as better genetic tools for
manipulating Mrb became available. Jacobs and coworkers employed newly designed transposon mutagenesis
techniques to disrupt Mz genes and screen a library for mutants deficient in the ability to form cords (a
macroscopic property in which the bacteria arrange themselves in rope-like aggregates).”” They isolated a
mutant containing a transposon in a gene called pcaAd (Rv0470c) with high homology to the previously described
emal and ¢ma2. The gene pcad was expressed at equivalent levels in all phases of growth, and its deletion from
BCG or Mzbinhibited the proximal cyclopropane modification on a-mycolic acids, resulting in the synthesis of
proximal, unsaturated a-mycolate with a distal cyclopropane (Figure 6(a)). This also caused a dramatic and
unexplained increase in keto- and methoxy-mycolates. The Apcad mutant has shown a lack of cording
phenotype and an inability to sustain persistent infection. There are complex and intriguing sets of explanations
contained in these reports.”>*

Notably, these results suggested a redundant biochemical function for the enzymes encoded by peaAd and
¢maA2 based on the observed outcome of overexpression of cmaA2 in M. smegmatis and the observed function
upon deletion of pcad in Mth. Disruption of ¢maA2 in Mrb resulted in the accumulation of unsaturated keto- and
methoxy-mycolates, revealing its actual role as a m7ans-cyclopropane-synthesizing enzyme for the oxygenated
mycolate series (Figure 6(b)). This result illustrates the confusing relationship between product structure and
substrate structure from enzymes in this family. In fact, these results support the notion of a common cationic
intermediate whose exact positioning at the active site (dependent on the substrate-binding pose) ultimately
determines its chemical fate.”*

MmaA2 is a cis-cyclopropane-synthesizing enzyme that acts on the distal end of mycolic acid of a-
mycolates, an activity previously thought to be exclusive to CmaAl. Although CmaAl also possesses this
activity, apparently it is not active in Mz since the ¢maAl knockout does not exhibit an altered mycolate profile.
Overexpression of mmaA2 in M. smegmatis revealed that it can also add cyclopropanes to the proximal site. The
AmmaA2 revealed a deficiency in distal cis-cyclopropanes for a-mycolates and a deficiency in proximal
cis-cycloproanes for methoxy-mycolates. Thus, Mma?2 is the first enzyme found to cyclopropanate multiple
classes of mycolates. These three genes (pcad, cmaA2, and mmaA2) therefore appear to work on substrates that
have already undergone distal modification (Figure 6(c)).”’

A number of interesting conclusions emerged from these studies. It was evident that multiple duplications
and divergent evolution of one set of genes occurred with minor changes in active site residues (or perhaps even
residues far from the active site that alter the precise binding of individual substrates at the active site resulting
in differences in the product formed). From this common intermediate, the cell regulates the functionalization
of mycolic acids and the fluidity and permeability of its cell wall. In contrast to many biological systems where
the substrate undergoes modification and optimization, the enzymes in this case have been optimized. There
are eight homologous enzymes in this family in M# and our understanding of their roles and relationships is far
from complete. The importance of these enzymes in producing the virulence-associated cyclopropanated,
methoxy, and keto forms offered promise for their exploitation as drug targets. But before this can be fully
exploited, the biological roles and interconnections require considerable clarification.

1.04.2.4 Structural Effects of Mycolic Acids on the Cell Envelope

It stands to reason that the cis-cyclopropane modifications are an adaptation in pathogenic strains, which
replace the alkene to protect the molecule (and subsequently the bacterial surface) from oxidative damage. In
early work, the distal cyclopropane was implicated in resistance to hydrogen peroxide by virtue of enhanced
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resistance to peroxide in M. smegmatis where the distal cyclopropane is abnormally installed.”” However, an
analogous role for the proximal cyclopropane was not apparent when pead was knocked out in virulent Mz’ *%

The phase transition temperature of the Mz cell wall is extremely high (60-70 °C). The cell wall has often
been likened to a ball of wax, and such a strikingly high transition temperature implies that the cell wall is
effectively a solid at room temperature, creating a formidable permeability barrier. Corynebacteria (C;,—Cjq
myecolic acids) exhibit much lower transition temperatures and examination of a diverse array of organisms
illustrated that phase transition temperature is proportional to mycolic acid chain length. The introduction of
cyclopropanes also has an effect on the transition temperature of the cell wall as measured by differential
scanning calorimetry. Compared to the cis-cyclopropanation, trans-cyclopropanation does not induce a large
kink into the mycolate chain. The #uns-mycolates cause predictable decreases in membrane fluidity, as
measured by increases in thermal transition temperature (a measure of the temperature at which a solid wax
changes to liquid). In contrast, the ¢zs-cyclopropanes cause a decrease in transition temperature and an increase
in fluidity. For Mrb, only proximal frams-cyclopropanes are present in the oxygenated mycolate series. The
trans-cyclopropanes and oxygenated forms are present only in virulent strains, most likely to control cell
membrane fluidity during rapid temperature increases caused by host inflammatory responses. Mz has a very
specific temperature range in which it can grow. Thus, it is not surprising that in a number of species, including
M. smegmatis and M. avium, increasing the temperature of a culture causes an increase in the amount of proximal
trans-mycolates produced.”®”" The exact locations of the double bonds are not usually determined, but it is
reasonable to suggest that the number of alkenes controls the fluidity of the cell wall, and some mycolates
contain up to three alkenes.”” The cyclopropanated components of the lipids are particularly effective at
providing extra membrane stability. Introduction of M#h-type mycolates into the walls of M. smegmatis by
cloning into that organism a gene from Mzrb, which converts double bonds to cyclopropyl groups raises the
‘melting point’ by 3°C.’*%

Overexpression of the protein MMAS-3 in BCG and M7b converted all of the hydroxyl intermediates to
methoxy-mycolates; as a consequence, no keto-mycolates were synthesized. These strains did not grow well in
macrophages and were more permeable to some hydrophilic antibiotics, but less permeable to glucose. Keto-
mycolates, therefore, are necessary for infection and intracellular survival, and the production and ratio of keto
to methoxy can be modulated by control of the mma3 gene.®’

Interpretation of all of these phenotypic data are complicated by several factors: the impact of mycolate
modification on the function of the porin MspA (as well as other transport systems that have yet to be
identified); the ability of the host immune response to recognize the specific modifications of various forms;
the impact of the modifications on residence time of loosely associated lipids that may also have immunologic
consequences; and the variation in such modification seen between strain clades and even over time during
infection. It is worth emphasizing that even a simple comparison of the fine structure of mycolates from 10
recent clinical isolates showed significant differences in the proportion of oxygenated and nonoxygenated
%7 Given the strong phenotypes
observed when these are experimentally manipulated, these results suggest that such variation may have
important clinical implications.

mycolates as well as difference in the extent of cis- to trans-cyclopropanation.

1.04.2.4.1 Thiacetazone and its impact on cyclopropane synthesis

Thiacetazone is an inexpensive antitubercular antibiotic that was formerly used in combination with isoniazid
in resource-poor settings in Africa and South America (Table 1). It is a prodrug, a bacteriostatic agent, and its
mechanism of action involves inhibition of mycolic acid cyclopropane synthesis. Using Mycobacterium marinum
and M. bovis BCG as models, treatment with thiacetazone caused decreases in the cyclopropanation of cell wall
mycolates as measured by traditional TLC methods (argentation and normal silica gel chromatography) and a
high-resolution magic angle spinning experiment of whole cells. The isolation of total lipids revealed two
prominent components: a dienoic c-mycolate and an unsaturated keto-mycolate. The precise cyclopropane
synthase being inhibited is not clear, but the overexpression of PcaA, CmaA2, and MmaA2 independently in
either M. marinum or M. bovis BCG diminished the effects of thiacetazone treatment. A series of thiacetazone
analogues including one that proved to be slightly more active than thiacetazone (minimum inhibitory
concentration (MIC) 0.05 pgml~" vs 0.1 pgml~") were also tested in this study.’®
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In another study aimed at locating the target of thiacetazone, spontaneous mutants to thiacetazone in BCG
contained a mutation in mmaA4. These mutants could no longer synthesize oxygenated mycolates and were
rendered resistant to thiacetazone. Complementation and overexpression of mmaA4 restored thiacetazone
susceptibility. It is suggested that although thiacetazone did not inhibit mmaA4, the gene promotes its activity
in some way possibly by facilitating its uptake.”*

1.04.2.5 Immunopathogenic Effects of Alterations in Mycolic Acid Structure

A thoughtful discussion of the immunologic effects of alterations in mycolic acid structure is impossible
without considering the additional complexity of the two major locales of these molecules. In one locale
(the cell envelope), these molecules are covalently anchored to the bacterial calyx and provide the milieu
through which molecules must transit on their way into or out of the periplasmic space, as well as the
environment within which proteins such as the porin must function. In addition, mycolates are found
covalently attached to trehalose in the form of trehalose dimycolate (TDM), a molecule that is actively
secreted and has almost magical abilities to induce pathology and directly interact with the host immune
response. It is impossible to know « priori, particularly in complex models of disease, which niche
contributes to the biological readout in a given experiment since both variables are changed simulta-
neously. As an example, a change in proportion of keto-mycolates in the envelope might inhibit the
secretion of a factor necessary for downregulating the immune response of the host. The result of the
biological assay would suggest that keto-mycolates were proinflammatory, or if examined in a murine
infection system, the mice might die earlier and keto-mycolates would be dubbed ‘virulence factors’.””
Many such phenotypes have been reported and these are summarized in Table 2.

Because of this complexity, it should be considered very speculative to interpret the results obtained from
whole organisms with genetically altered mycolate structures. Therefore, in this section, the observed pheno-
types of altering the mycolate subclasses that have been reported without expounding on the possible
mechanisms involved are just summarized. In the section on TDMs, the complexities of these interactions
further from the perspective of understanding the nuances of the interactions of purified TDM with the host
immune system, removing the second variable involving the complex host system are explored.

1.04.2.5.1 Variability of mycolic acid structures in the BCG vaccine

To illustrate the complexities introduced by the variation in mycolic acid structure, consider the major
vaccine strain used to immunize for TB. Mycobacterium bovis BCG is an attenuated form of M. bovis currently
used as a vaccine for Mrb throughout the world with the exception of the United States. The initial strains
were prepared by serial culture, i vitro, to a point where the bacterium ceased to cause active infection in
animals. There is much controversy concerning the effectiveness of BCG vaccination programs because of
conflicting results in large-scale clinical trials. It is effective at controlling TB meningitis and disseminated
forms of T'B in children, but its utility in preventing pulmonary TB in adults is questionable. This renders the
vaccine of little value in endemic areas. A major confounding issue is that many of the strains have been
cultivated by serial passage, and might be overattenuated and incapable of producing adequate immunity.
Many strains of BCG contain a mutation in mma3, which renders these strains unable to convert hydroxy-
mycolates to the methoxy forms, and as a result only the keto- and a-mycolates are produced. The lack of
methoxy-mycolates may play a role in altering the host immune response; therefore, this variation in mycolic
acid structure could have had an influence on the clinical trials depending on the exact characteristics of the
strain used for vaccination. Careful tracing of this mutation allowed reconstruction of the various existing
vaccine strains phylogeny, and this has been substantiated by more extensive genomic studies with the
conclusion being that the early methoxy-mycolate-producing strains may have been much more protective
than the strains in current usage globally.”” However, methoxy-mycolates are not the only difference between
BCG and pathogenic strains.”



82 Mycolic Acid/Cyclopropane Fatty Acid/Fatty Acid Biosynthesis and Health Relations

Table 2 Phenotypic consequences of alteration in mycolic acid fine structure

Alteration Phenotype Reference

MmaA1 overexpression Increase in ratio of keto to methoxy 62
Increase in proximal trans-mycolate
Increase in cell wall fluidity and permeability

MmaAS3 overexpression Increase in methoxy-mycolates 63
Keto-mycolates absent
Impaired growth in macrophage

cmaA1, cmaA2 Increase in cyclopropanated mycolates 56
(in Mycobacterium smegmatis)  Increase in cell wall transition temperature by 3°C
cmaA1 (in M. smegmatis) Cyclopropanates distal site 57
Resistance to H,O,
AmmaA4 Proximal trans-cyclopropane absent 67

Oxygenated mycolates absent
Decreased permeability
Attenuated in mice
Deficient in oxygenated mycolates 77
Increase in IL-12p40, TNF-a
Attenuated in mice
TDM is hyperinflammatory
ApcaA Lack of cording colony morphology 68
Increase in proximal unsaturated a-mycolic acid
Initial infection unaffected
Unable to persist

Decrease in methoxy increase in keto 69
Decrease in TNF-qa, IL-6 (hypoinflammatory)
cmaA2 Increases in IFN-, TNF-«, and granuloma size 78

1.04.3 Trehalose-Based Glycolipids
1.04.3.1 Overview

Trehalose monomycolate and dimycolate (TMM and TDM), the mycolic acid esters of trehalose, are widely
distributed among both pathogenic and nonpathogenic strains of the mycolata, notably in the acid-fast
mycobacteria. These glycolipids are the most abundant, noncovalently associated cell wall lipids, which
provide these organisms with a waxy, impermeable outer membrane and the characteristic of acid-fastness.
TMM and TDM serve a variety of purposes during infection and are purportedly secreted during infection of
macrophages. TDM and TMM are thought to be oriented with their mycolates toward the cell cytoplasm,
presenting the disaccharide moiety to the external environment of the bacterium as shown in Figure 7. Because
of its importance to disease progression, some of characteristics of TDM, focusing on its discovery, character-
ization, biosynthesis, and immunomodulatory behavior as well as some of the implications of TDM research in
tuberculosis antibiotic and vaccine development are highlighted.

1.04.3.2 Structural Features of TDM

TDM was coined ‘cord factor’ by Hubert Bloch who observed that pathogenic strains of M grew in tightly
wound bundles of snake-like cords. The crude, extractable, noncovalently cell wall-associated lipids that
bestow this property were characterized by hydrolytic degradation, acetylation, reductive cleavage, and
combustion analysis, yielding the structure 6,6'-dimycolyl a,a’-p-trehalose as shown in Figure 8.7~

The carbohydrate moiety of TDM and TMM is trehalose, a nonreducing dissacharide, consisting of two
glucose molecules with an a,a’ linkage. TDM is symmetrically modified on the 6,6" hydroxyl groups with
mycolic acid esters. Trehalose is an important sugar for many of M's glycolipids and is also found in
sulfolipid-1 (SL-1), diacyl trehalose (DAT), and triacyl trehalose (TAT) (see below). To analyze TDM and
other cell wall-associated lipids, cells are harvested, dissolved in methanol and aqueous brine, and sequentially
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Figure 7 TDM is intercalated with the covalently attached mycolates of the mycobacterial cell wall and its hydrophilic
trehalose exposed to the external environment.
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Figure 8 The general structure of 6,6'dimycolyl-«,a’-p-trehalose (TDM). The trehalose moiety can be coupled to a-, keto-,
or methoxy-mycolic acids. x =10-20; y = 17-20; z =25-30; * indicates R-stereochemistry.
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extracted with petroleum ether to remove apolar lipids (trehalose mycolates, phthiocerol dimycocerosate
(PDIM), PGL, and acyl-trehalose). Chloroform:methanol (2:1) is then used to remove the relatively polar
lipids (phosphatidyl-myo-inositol mannoside (PIM), lipoarabinomannan (LAM), and GPL). The TDMs contain
a diverse mixture of mycolic acid components that can be separated from other cell wall components by
preparative TLC and then saponified to remove the trehalose. The remaining fatty acids are then methylated to
provide the carboxylated methyl esters. As an alternative to saponification, MALDI-TOF MS has proven
useful for characterizing heterogenous mixtures of TDM'*?" as whole glycolipids. Prior to MALDI, analysis by
electron ionization (EI)/MS and fast atom bombardment (FAB)/MS* and GC/MS proved helpful for
characterization. However, these methods were insufficient for determining the mass of intact TDMs, which
is typically greater than 2.6 kDa.

1.04.3.2.1 Synthesis

Natural TDMs contain an inseparable mixture of mycolic acids of varying lengths and degrees of cyclopro-
panation. Because of this heterogeneity, synthetic methods have been used to obtain pure samples of some
nonmycobacterial TDMs. Mz TDM has not been synthesized through fully chemical methods because the
chiral cyclopropanated and oxygenated mycolates are difficult to access. M TDMs have not been reproduced
through fully synthetic processes, but have been prepared from natural extracts by semisynthesis.”> TDMs from
related bacteria®* and various analogues of TMM and TDM®*™" have been prepared by total synthesis. Pure,
synthetic TDMs are useful tools to probe structure—function relationships and have also been used as adjuvants
for the development of vaccines against Mzh*>%%

Semisynthetic strategies capitalize on the ability to purify native mycolic acids from Mz and then couple them
to benzyl- or silyl-protected trehalose by common esterification techniques.**”” The mycolyl 3-hydroxyl is an
additional complication and must be protected to prevent dehydration. The 2,2~ 3,3'-) and 4,4'-protected
trehaloses can be obtained by utilizing either selective silyl protection”’ or selective mesylation.”” Once the 6- and
6'-hydroxyl groups are freed, a variety of esters can be coupled to form TDM analogues (Figure 9).

Synthesis has allowed researchers to probe the important features of TDM. The 6,6'-trehalose diester of
2-eicosyl-3-hydroxy-tetracosanoic (behenylbehenic) acid, which has a similar structure to TDM, has been
produced semisynthetically by Toubiana er 4.,*’ as well as the straight-chain TDM analogue. The 2R 3R
stereochemistry of the mycolic acids in the trehalose dicorynomycolates (TDCMs) of corynebacteria can be
manipulated chemically and all four stereoisomers of TDCM have immunoadjuvant activity. Natural
R,R TDCM and the synthetic S,§ TDCM showed the most significant activities.*®
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Figure 9 Synthesis of a corynebacteria TDM analogue.®® The lipid was synthesized starting from a simple expoxide. The
final DCC coupling and deprotection yielded the native TDM as well as three stereoisomers.
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1.04.3.2.2 Biophysical studies of TDM properties

A peculiar feature of TDM is its ability to play dichotomous roles in a biological milieu. These are the result of
its two aggregate forms: the first form consists of micelles with trehalose on the surface that are nontoxic, even at
high concentrations whereas the second form consists of surface-adsorbed monolayers of TDM that expose
their hydrophobic tails to the external environment and exhibit extreme toxicity to cells. These structures have
been confirmed by scanning tunneling microscopy (STM), and have been linked to the cord-like growth
patterns of mycobacteria.”’

1.04.3.3 Biosynthesis

Trehalose is synthesized by Mz through three independent pathways:”*” from UDP-glucose and glucose-6-
phosphate through the OtsA and OtsB pathway (trehalose-6-phosphate synthase and phosphatase); from
interconversion of maltose;”® or from degradation of glycogen.”” Of these three pathways, only OtsA/OtsB
appears to be essential for trehalose biosynthesis.”® A triple knockout mutant of M. smegmaris for all three
trehalose synthesis pathways could survive without supplementary trehalose.”

In the biosynthetic model based on studies by Takayama and coworkers (Figure 10),”° a fully formed
mycolic acid is transferred from the ACP domain of polyketide synthase 13 (pksl3) to D-mannosyl-1-
phosphoheptaprenol, yielding 6-0-mycolyl-3-p-mannosyl-1-phosphoheptaprenol (Myc-PL).'" This step is
catalyzed by the putative mycolyl transferase I. The prenol tail of the Myc-PL causes it to migrate and dock
with the proposed ATP-binding cassette (ABC) transporter, after which a second reaction transfers Myc-PL,
through putative mycolyl transferase II to trehalose-6-phosphate (synthesized by OtsA) to form TMM-
phosphate. The membrane-associated phosphatase for trehalose-6-phosphate cleaves the phosphate and the
TMM is then immediately exported through the ABC transporter. The specific role of this ABC transporter has
not been validated, but current data corroborates this model well.'**'%?

This coupling constructs TMM and exports it to the cell wall. Counterintuitively, TDM is not produced by
a second acylation with Myc-PL. Instead, three extracellular proteins, antigen 85A, 85B, and 85C (fibronectin-
binding proteins (FBPs)), perform a transesterification reaction to generate one TDM molecule and one free
trehalose out of two TMM units (Figure 11).

1.04.3.3.1 The role of antigen 85 in TDM biosynthesis
Antigen 85A, 85B, and 85C are the most abundant extracellular Mz proteins, making up as much as 41% of the
culture supernatant protein content.'’’ They are expressed in a ratio of 3:2:1 (85B, 85A, and 85C).'"™* Genetic

Intracellular:
Mycolyl-S-ACP + Man-P-heptaprenol ;» Myc-PL + SH-ACP
UDP-GIc + Glc-6P ——2—> Tre-6P + UDP
Myc-PL +Tre-6P 3 6-O-Mycolyl-Tre-6'P
6-O-Mycolyl-Tre-6P — 4 o TMM + P

Proposed transfer to cellular exterior:

TMM (inside) + ATP ——> = TMM (Outside) + ADP + P,

Extracellular:

TMM+TMM —C & TDM+Tre

TMM + Arabinoagalactan (AG)# AG-M + Tre
Figure 10 Proposed biosynthesis of TDM. (1) Putative mycolyl transferase I; (2) trehalose-6 phosphate synthase (OtsA); (3)
putative mycolyl transferase ll; (4) trehalose-6 phosphate phosphatase (OtsB); (5) proposed ABC transporter; and (6) antigens
85A, B, and C.
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Figure 11 (a) Antigen 85-catalyzed mycolylation of arabinogalactan; AG = arabinogalactan, @ = 3,5-a-p-Araf, ll = 2-a-p-
Araf, My = mycolates. (b) Antigen 85-catalyzed transesterification; x = 10-20, y = 17-20, z=25-30.

inactivation of 85C causes a 40% decrease in covalent mycolic acid content of the cell wall.'"”” Multiple
knockouts of 85A, 85B, and 85C have not been reported, presumably because they are not viable. The three
antigen 85 Mrb proteins have high sequence homology to TMM transesterases from M. leprae, M. bovis, M.
avium, and corynebacteria. Corynebacteria contain only one TMM transesterase called PS1. PS1 is the best
studied of this class of enzymes and has provided much insight into the M antigen 85 complex.

Antigen 85 can also work in reverse, acylating free trehalose at the expense of TDM to form two molecules
of TMM. There is evidence that antigen 85 catalyzes transesterification between TMM and the arabinoga-
lactan, suggesting a possible role in the anchoring of mycolates to the arabinogalactan.'’*'"” Despite this, Mzb
knockouts of 85A and 85B had normal mycolic acid content.

1.04.3.3.2 Crystal structure

The crystal structures of antigen 85A, 85B, and 85C have been solved (Figure 12).""*'" These antigens share
high sequence and structural homology, characterized by an «,3-hydrolase fold and a hydrophobic fibronectin-
binding domain. These three structures support a transesterification mechanism analogous to the serine
hydrolases, in which the formation of a covalent Ser-mycolic acid enzyme intermediate 1s followed by attack
from the 6'-hydroxyl of the trehalose.'” The active sites of 85A, 85B, and 85C are highly conserved, featuring a
His—Asp—Ser catalytic triad, a hydrophobic tunnel for the mycolic acid, two trehalose-binding sites, and a key
phenylalanine residue that is thought to regulate a hydrophobic channel between the two binding sites. This
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Figure 12 (a) Crystal structure of antigen 85C bound to S-octylglycose (PDB 1VAS). The structure shown is a dimer of two
85C proteins each bound to two substrates. The proposed hydrophobic channel, through which a second TMM could
transverse the active site, is labeled with an asterisk (*). (b) Active site overlay of 85B and 85C shows very strong structural
homology (PDB 1FON and 1DQZ). (c) Multiple overlayed images of 85B bound to the trehalose active site shows very little
motion. Phe230 moves slightly to make room for the second trehalose to enter the active site.

second channel may support a ‘scooting mechanism’, whereby the second TMM substrate can flip from its
binding site to the active site without exposing the mycolate to the solvent.

1.04.3.3.3 Enzymology
These enzymes were first described in 1982 as a cell-free extract from M. smegmatis that was capable of
synthesizing TDM.*® This enzymatic activity was used as a basis for purification,'’" and demonstrated that
TDM was derived from TMM. Antigen 85 activity is measured in a '*C-trehalose exchange assay, where TDM
is mixed with '*C-trehalose and the enzyme as depicted in Figure 13.''* Turnover is measured by scintillation
counting of the lipid extract, monitoring for '*C-trehalose incorporation into the lipids. Alternatively, auto-
radiographic TLC analysis can be used to calculate rough £, values. Using this assay, antigen 85C was found to
be 8 times more active than 85A and 85B. However, the substrate specificity and a full kinetic analysis of these
enzymes have not been explored.

High-throughput screening of inhibitors is not possible with the cumbersome '*C-trehalose assay. Ronning
and coworkers''? have devised a coupled assay, utilizing a p-nitrophenol-glucose substrate, antigen 85, and

TMM + '“C-trehalose 14C-TMM + trehalose

Ag 85

14C-TMM + TMM 14C-TDM + trehalose

Figure 13 '“C-Trehalose antigen 85 (Ag85) activity assay.
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Figure 14 (a) A novel antigen 85-coupled activity assay based on the hydrolysis of p-nitrophenol-glucose by
(-glucosidase. The release of p-nitrophenol can be monitored quantitatively by ultraviolet (UV) absorption. Representative
work toward inhibitors of antigen 85 using nontrehalose-based (b) and trehalose-based (c) scaffolds.

glucosidase (Figure 14). This assay has potential for high-throughput screening applications and has helped to

prove that antigen 85 transfers mycolates to arabinogalactan.''”

1.04.3.3.4 Inhibitor development

Because of TDM’s role in pathogenesis, inhibitors of the antigen 85 complex can provide leads for antituber-
cular antibiotics. Studies with antigen 85 mutants have suggested that inhibiting this protein would increase
susceptibility of the bacterium to other drugs. Antigen 85A mutants displayed increased sensitivity to frontline
TB drugs and other broad-spectrum antibiotics.'"’

The designed inhibitors of antigen 85 (Figures 14(b) and 14(c)) have utilized the trehalose scaffol
with modifications made to the reactive C-6 such as azides,''? amines,''® alkyl amides or sulfonamides,
and phosphonates."'”'*" These phosphonates and sulfonamides mimic the tetrahedral intermediate. The
presence of larger lipophilic groups correlates with increased inhibition, but this causes problems with
solubility in the assay.

Recent work of methyl 5-S-alkyl-5-thio-p-arabinofuranosides has suggested potential low inhibitory activ-
ity against antigen 85. Solubility issues with the compounds prevent direct assay against antigen 85. However,
MIC, modeling, and indirect evidence corroborate inhibition.'*!

The antigen 85 crystal structures reveal two trehalose-binding sites separated by a hydrophobic channel.
Anderson er al'” have proposed a novel series of inhibitors consisting of two trehalose molecules linked with a

116-118
d
117,118
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hydrophobic linker. The fundamental problem in designing these inhibitors is the lack of an effective assay to
directly measure antigen 85 inhibition. MIC and other growth inhibition assays are useful, but run the risk of
highlighting off-target effects.

1.04.3.4 The Immunopathology of TDM

Granulomas induced by mycobacterial TDMs are of two types: foreign-body-derived (nonspecific immunity) and
hypersensitivity-derived (mediated by T cell responses for specific antigens).'*”> The foreign-body-derived
response is a result of TDM’s toxic properties, potentiated by host lipids and derived from TDM’s ability to
disrupt cell membranes. Upon inhalation of M1, the bacterium reaches the surface of the lung and releases TDM
and other antigens that interact with host lipids, macrophages, and proximal tissue. TDM is toxic to these host cells.
The aggregate debris does not clear well, possesses adhesive properties, and the resulting recruitment of more
immune cells gives rise to the formation of a granuloma to enclose the debris. This takes the form of a lesion with a
core of infected and necrotized cells and infiltration of macrophages, surrounded by damaged host tissue.

Once an infection site is nucleated, tissue necrosis begins and the bacteria replicate and become engulfed by
macrophages. Once inside the macrophage, the molecule is no longer toxic. TDM is responsible for the
bacterium’s survival in the intact macrophage. This is likely due to its incorporation into subcellular mem-
branes. The influence of TDM allows a stalemate to be reached between the pathogen and host defenses.

The foreign body granuloma type is remarkably similar to those produced by quartz (silicon dioxide).
Silicon dioxide exists in several mineral forms, some of which are nontoxic and some of which are extremely
toxic to cells and can even potentiate Mz infection. The mechanism of this toxicity, observed toward
macrophages, is a consequence of crystalline surfaces binding to, and subsequently rupturing cell membranes.
TDM exerts toxicity similar to silicon dioxide particles in mouse lungs.'”’

Once the adaptive immune processes begin, subsequent exposure to antigen results in hypersensitivity, the
result of a T' cell reponse to the strongly antigenic components of M. Macrophages can be activated by antigen
and also by antigen-specific T cells, intensifying the response and the damage caused by it, probably a result of
our evolved ability to defend against environmental mycobacteria.'** Mzb creates a chronic inflammatory
condition that is suppressed once the granuloma is formed, and reactivated when the granuloma reopens or
with newly acquired infection and exposure to antigen.

The host’s response and pathogenesis of Mrb infection require the involvement of innate and adaptive
components of the immune response.'”” The innate response is characterized by the nonspecific interception of
foreign material by complement proteins and phagocytotic cells. Phagocytes and antigen-presenting cells
(APCs) capture foreign material, release the proinflammatory mediator tumor necrosis factor-o (TNF-av),
and digest peptides and lipids. These digested materials are then presented through MHC II molecules for
peptides, or cluster of differentiation 1 (CD1) molecules for lipids, to T cell receptors. Binding of naive T cells
to antigens stimulates T' cell maturation and inception of the Thl response, which includes secretion of
interferon--y (IFN-7). The roles of TNF-a and IFN-7 involve complex signaling pathways that are beyond the
scope of this review. Briefly, TNF-« is the global proinflammatory mediator secreted by macrophages upon
encountering foreign particles. It is responsible for the initiation of the inflammatory response and further
recruitment of immune cells. IFN-+v is secreted by T cells and is responsible for activating macrophages at the
site of infection, stimulating the release of cytotoxins like nitric oxide (NO) to destroy foreign material,
upregulating expression of MHC II and CD1 antigen-presenting molecules, and recruiting more cells to
amplify the processes of adaptive immunity. Once begun, the actions of cytokines and chemokines direct
lymphocytes, and initiate their differentiation into the mediators of cellular immunity. M antigens result in
the development of cell-mediated hypersensitivity and development of a necrotic lesion. This hypersensitivity
(delayed-type hypersensitivity, DTH, type IV), the basis for purified protein-derivative (PPD) skin testing,
causes a much more dramatic immune response upon secondary exposure to Mzb antigens. For the unfortunate
host this has two results. The first is a chronic inflammatory condition because of the slow secretion of Mz
antigens from granulomatous lesions. The second is a greater propensity to form granulomas as a result of the
dramatic, hypersensitive response that ensues when antigens are mechanically dispersed throughout the lung
by coughing or obtained from other infected individuals."”* TDM was shown to induce granulomas both in
immunized mice (hypersensitivity) and in athymic and unimmunized mice (foreign body).'"”* The degree of
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response was much greater in immunized mice suggesting that both responses are active but that the
hypersensitive response is much more important for maintenance of infection and disease pathology.

The immunopathology of Mz infection is driven by TDM that can single-handedly induce granuloma
formation without the assistance of protein antigens. The formation of a granuloma has ambiguous results. To
the host’s benefit, it helps to prevent the spread of infection; therefore, disseminated infection is rare and occurs
mostly in HIV-infected and other immunocompromised individuals who lack a functioning adaptive immune
system. To the host’s disadvantage, the granuloma creates a walled-off, locally isolated environment that
suppresses diagnostic markers, presents a barrier to diffusion of drugs, and prevents the immune system from
clearing the entire infection. This provides a niche for the survival of latent, metabolically inactive bacteria.
Subsequent rupture of these lesions provides an excellent means for the infection to spread to a new host. This
represents a complex evolutionary strategy on the part of the mycobacterium that tends toward symbiosis in a
healthy host while maintaining the potential for transmitting progeny onward. This phenomenon underlies the
stable ‘latent’ infection present in fully one-third of the global population.

For the purpose of elucidating the cellular and immunological responses to TDM, the purified subclasses are
typically emulsified in a solution of 0.2% Tween 80 and 3% Freund’s incomplete adjuvant in phosphate-
buffered saline. Lipids can then be assayed in vitro or in vivo as oil droplets in a water—oil-water emulsion.'*®
Alternatively, lipids can be incorporated onto adsorbent microparticles'*”™'*” and then assayed so the lipids do
not form aggregates or precipitate. Animals administered TDM in this way experience an enlargement in the
size of the lungs, liver, and spleen. These organs harbor tissue-specific macrophages with measurably different
reactions to the mycobacterial components. Much of the research in the past 10 years has focused on elucidation
of the immunological responses to TDM, and determination of the subclasses of mycolic acid involved in
virulence. /2 vitro and in vivo immunological assays of TDM have proven difficult because of several factors. It is
difficult to draw conclusions from i vitro assays, such as those in cultured macrophages and T cells,'**"*
because they are done in specific cell lines and exclude other potentially important players. [ vivo assays are
complicated by the complexity of the host and the different pathologies that Mz infection manifests in model
organisms as compared to humans, particularly with respect to the granuloma.

1.04.3.4.1 The structure-activity relationship of granuloma formation

TDMs isolated from many different species have been examined to determine their potential to induce
granulomas in mice. Such studies have shown that TDMs from pathogenic species have larger effects than
those from saprophytic species.'”’ The a-branch does not impart much diversity to the series, nor does it
differentiate pathogenic and nonpathogenic strains. Conversely, the mero branch, its chain length, and its
functionalization, distinguishes pathogenic strains and determines organ-specific responses.

Given the observation that TDM has context-specific effects that depend on the fine structure of the
attached mycolic acids, it seems reasonable to question how well the response translates to different host
animals. Although easiest to implement, the mouse does not provide an adequate model system for human
tuberculosis as mice do not develop the caseous, necrotic lesions characteristic of a human granuloma.'** There
are significant differences between the human and murine immune systems because each has evolved to
withstand different pathogens and environmental stimuli. Mice are not naturally infected with Mz and instead
suffer from infection with the ‘vole bacillus’ Mycobacterium microri with its own unique complement of mycolic
acid-bearing TDM:s. There is experimental evidence to support this contention.'**™"** In contrast to the mouse,
tuberculosis infection of rabbits does result in the formation of cavitary lesions and a disease model more
comparable to that of a human. Systemic injection of TDM in this model produces granulomas in the livers and
lungs of rabbits, and significantly decreases spleen and thymus weight 7 days after administration. The
histopathology is more pronounced in rabbits than in mice showcasing the greater utility of the rabbit as an
experimental disease model.

In efforts to further define the microbial components responsible for granuloma formation, Sugawara ez a
examined the granuloma-generating ability of aerosolized glycolipid components in guinea pigs. Unul this
point, the biological role of TDM had only been investigated by systemic administration. Particularly, this
experiment directly addressed the aerosol-transmission mechanism. Guinea pigs were subjected to aerosolized
preparations of purified TDM, a heat-treated BCG Pasteur strain, an autoclaved BCG Pasteur strain, and
methoxy-, keto-, or a-mycolyl methyl esters. TDM, the methyl ester of keto-mycolate, and heat-treated BCG

1136
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induced granuloma formation whereas the autoclaved BCG and methoxy- and a-mycolates did not. In all
cases, the pulmonary granulomas contained epitheloid macrophages and lymphocytes (akin to a foreign body
reaction) but lacked the central necrotized tissue present in human granulomas that is a consequence of the
hypersensitivity reaction. Thus, the mycolic acid subclass, molecular composition of TDM, and its milieu affect
the resulting toxic and granulomatogenic properties.

1.04.3.4.2 Complement binding

Complement proteins comprise a portion of the innate immune system in the serum, which binds to foreign
organisms or antigenic debris. The proteins contain thioesters that are exposed upon binding to foreign
particles. This can result in acylation and labeling of foreign material (opsonization) for engulfment by
phagocytes through their complement receptors. Alternatively, the thioesters can hydrolyze, resulting in a
cascade that activates more components of the complement system further resulting in the formation of a
complex that attacks an invading cell’s membrane.'”’

Mrbh and M. leprae bind to complement C3. It is hypothesized that the binding of cell wall-associated TDM to
complement enables the bacterium to enter phagocytes by a pathway that bypasses the oxidative burst normally
accompanying phagocytosis. Whether or not TDM and TMM specifically bind to complement C3 is con-
troversial with evidence both for'*” and against'’® this taking place. Other mycolyl glycosides (glucose,
fructose, and mannose) do not bind C3."*

Activation of complement C3 by TDM can also lead to activation and cleavage of C5."*” The products, C5a
and C5b, are chemoattractants for leukocytes, and components of the membrane cleavage complex.
Administration of TDM to C5 and C5a receptor-deficient mice results in a much greater, dysregulated
inflammatory response. The interaction of TDM with the complement system suppresses the inflammatory
response, potentially enabling Mrb cells to reach their intracellular home.

1.04.3.4.3 The ‘cytokine storm’ response to TDM

Mthsecretes several lipids that can modulate and induce production of cytokines by host immune cells. The cytokine
response to TDM has been widely investigated.'**"** Most importantly, TDM induces host cells to produce TNF-
a, interleukin (IL)-12, and IFN-+. These cytokines recruit T cells and initiate the process of granuloma formation. A
complete discussion of these cytokines is beyond the scope of this text and much of it is still in debate. An attempt to
briefly cite some key examples to illustrate how M# modulates host cytokine production will be made.

TDM plays a predominant role in inducing proinflammatory cytokine production. Delipidation of Mz leads
to reduced cytokine production, particularly IL-6, IL-12, and TNF-a, and decreased bacterial viability in the
host."*”'**'** Administration of TDM itself does not induce cell-mediated adaptive responses. TDM must be
constantly regenerated to proceed to granuloma development. CD4™ cells isolated from TDM-immunized
mice produced significant amounts of IFN-7 and IL-2 when exposed to TDM-pulsed macrophages i vitro.

TNF-a is the global proinflammatory mediator secreted by macrophages upon encountering foreign
particles. It is responsible for the initiation of the inflammatory response and further recruitment of immune
cells, making it crucial for macrophage activation and granuloma formation. TNF-« levels strongly correlate
with changes in organ index, a measure of granuloma development. Notably, resting macrophages fail to kill
Mih, whereas activated macrophages can inhibit the growth of the bacteria. TNF-a-deficient mice'* did not
experience any increase in lung index, indicating little to no granuloma formation and underscoring crucial
ability of TNF-a to mediate granuloma formation. Furthermore, TNF-a plays a role in regulating chemokine
expression in new and established granulomas.'*®

IFN-7 has been implicated as one of the most important cytokines in the immune response to Mzb.
Individuals unable to produce IFN-v have enhanced susceptibility to Mzh. IFN-7 is thought to be responsible
for regulating the activation of resting macrophages, and stimulating antimycobacterial mechanisms. There is
also significant evidence that IFN-v downregulates the inflammatory cascade upon activation of macrophages.
This leads to decreased production of inflammatory cytokines including IL-12, IL-18, and TNF-a. IFN-vy
knockout mice experience a proinflammatory cascade and fatal pathology upon infection with Mz, These
results suggest that IFN-v plays an important role in stabilizing and sustaining the granuloma. Conversely,
Takimoto er al'* proposed that initial granuloma formation is IFN-y-independent, and instead proceeds
through a TNF-« pathway.
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1.04.3.4.4 NO production

Ultumately, production of TNF-a and IFN-v by T cells and natural killer (NK) cells activates macrophages to
produce NO. NO destroys phagocytosed material, has been implicated as a response mechanism to TDM
exposure, and is a contributor to the tissue damage that is characteristic of the necrotic portions of granulo-
mas."*” The delay of phagosomal maturation by Mz is reversed in the presence of NO, leading to increased
bacterial killing.'*’

1.04.3.4.5 TDM arrests phagosome maturation

Mycobacteria arrest phagosome maturation at an early stage, preventing acidification. Delipidated mycobacteria
cannot do this and have decreased survival in macrophages,'*’ pointing to TDM as a potential culprit. After 24 h
inside macrophages, Mrb bacilli contain up to 50% more TDM than at initial infection. Vacuoles containing the
bacteria sustain many of the characteristics of the early endosomal system, and are not particularly hostile with
respect to either pH or hydrolytic behavior. Modulation of the phagosome to arrest at pH 5.8 is thought to be
mediated by bacterial glycolipids, such as TDM'** and extracellular proteins; TDM is particularly crucial to this
inhibition and the survival of bacteria in macrophages. In model systems, TDM inhibits fusion of phospholipid
vesicles.””"’! This inhibition of phagosomal maturation allows the bacteria to survive within host cells. Beads
coated with TDM can also arrest the phagosomes in an early, nonacidified stage at pH 6.4.

1.04.3.4.6 Putting it all together - A model of granuloma formation

The inflammatory cascade initiated by TDM is known as the cytokine/chemokine storm. This frenzy of
activity does not continue unabated during Mz infection. Instead, IFN-v, which is also produced during
cellular immune response, downregulates the proinflammatory response. At this point, a stable granuloma has
been established (Figure 15). There is a vast literature, dating back to the 1960s on how mycobacterial cell wall
lipids induce granulomas.'”*™">” Characteristics of a stable granuloma include ‘foamy macrophages’ and giant
cells as well as regions of necrosis, the presence of T' cells, B cells, vascularization, hypoxia, and extracellular
mycobacteria trapped within the granuloma,'®"'®!

1.04.3.4.7 Angiogenesis: VEGF formation and granuloma stability

Vascular endothelial growth factor (VEGF) regulates the process of neovascularization,'® supports the
development of inflammatory responses, and is required for the progression of chronic disease.'” VEGF-
induced vascularization is an essential part of the chronic inflammation that is characteristic of granulomas.'**
VEGF is produced by activated macrophages'® and increased production has been linked to TDM. To
confirm this, purified TDM from Mz demonstrably induced vascularization when injected into rat corneas.'®

62

1.04.3.4.8 Antitumor properties

TDM-induced antitumor activity has been observed since the 1970s.*>'” TDM activates macrophages and the
secretion of TNF-a, and NO is cytotoxic to cancer cells.'®® The recruitment of NK cells'® may also contribute
to the chemotherapeutic behavior of TDM. However, TDM is also extremely toxic and unselective, so
synthetic work or nonmycobacterial TDMs might provide TDM analogues that have antitumor effects with
reduced toxicity.'”

1.04.3.4.9 Biological properties of antigen 85

The antigen 85 proteins invoke a diverse set of immunological responses, including humoral immunity, IgG,
and TgA."”" Antigen 85-derived peptides are presented by the MHC II complex and induce T cell differentia-
tion and modulate the production of cytokine-producing T cells and the production of TFN-v."”* The
redundancy of the three isoforms of the antigen 85 proteins may enable the bacterium to evade the immune
system of the host. There is good evidence that the genes for these proteins are expressed under different
conditions and that the bacterium adjusts antigen 85 expression in response to the environment.

The antigen 85 proteins also bind fibronectin. Crystallographic studies have suggested the presence of a
fibronectin domain,'*® although the exact location of the domain remains unclear.'” It has been demonstrated
through binding studies that fibronectin binds to antigen 85 from BCG and that this binding is quite
strong.'”*'”” Thus, antigen 85 proteins could adhere to cell surfaces and be presented to T lymphocytes.
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Figure 15 Granuloma formation as caused by TDM and related glycolipids. TDM induces infected macrophages to
produce an array of cytokines, including TNF-a, IL-12, IL-1, CCL, and other chemokines (cytokine/chemokine storm). These
cytokines and chemokines lead to the recruitment of lymphocytes, including NK cells and CD4* and CD8™ T cells and B cells.
Cytokines also activate uninfected macrophages, leading to expanded TNF-a production. Additionally, GMM, free
mycolates, and SL-1 are presented through CD1 receptors to CD4™ T cells, causing adaptive antigen recognition. Ultimately,
IFN-v is released, leading to a quieting effect on this storm and stabilized granuloma formation.

Pasula eral'’

demonstrated that fibronectin facilitates attachment of M5 to macrophages. Release of antigen 85
could also prevent fibronectin from binding to the bacteria, by binding the fibronectin to the antigen 85 before it

reaches the bacteria. Binding to fibronectin could also encourage fibronectin-mediated phagocytosis.

1.04.3.4.10 Vaccine potential of TDM and antigen 85
TDM is intriguing as a potential vaccine against tuberculosis, alone or in combination with the BCG vaccine to
improve its efficacy. TDM is a potent adjuvant, raising a strong response by both the cellular and humoral
immune systems. Just recently, it was discovered that a synthetic analogue of glycerol monomycolate (MMG)
with 32 carbons (Cs,) exhibited comparable levels of immunostimulatory activities to the natural MMG."””
This work might suggest a role for less toxic synthetic, mycolic acid-based adjuvants.

The antigen 85 proteins are also important candidates as additives to an M) vaccine. They are one of the
major antigens in the humoral immune response to Mrb. As such, vaccination with these proteins, either alone or
in conjunction with the BCG vaccine, has been proposed as a means to raise immunity against Mzb. Protective
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immunity induced by vaccination with antigen 85 has even been demonstrated in the guinea pig model
system.'”®'7? A fusion protein of antigen 85B and ESAT-6 conferred a high level of protection against Mz in
the guinea pig aerosol model of infection.'™ ESAT-6 is a 6 kDa early-secreted antigenic target that is a common
additive in Mrb vaccine development. Preliminary results in mice suggest that vaccination with the Hsp65
protein'®" or with the new BCG-type ESAT vaccine'® are also possible routes toward an effective TB vaccine.

These and numerous other results suggest that including the antigen 85 proteins as well as TDM and other
glycolipids into a vaccine mixture of killed Mz can raise a stronger immune response than from killed bacteria
alone. Vaccine trials are being conducted using BCG boosted with a modified vaccinia Ankara that expresses
antigen 85 and ESAT-6."%

1.04.3.4.11 Humoral responses to trehalose dimycolates
Although the lipophilic nature of mycobacterial antigens like TDM and PDIM was thought to be incapable of
recognition by the humoral immune system, antibodies to TDM and other lipids have been observed. Anti-
TDM antibody has been observed in both active and latent cases of TB. The anu-TDM IgG antibodies
produced in the sera of patients infected with either Mz or M. avium were reliably specific for the TDM
produced by each respective species, implying that the antibodies were specific for the lipid tail, and not the
trehalose. Thus, they presumably differentiate the mycolic acid subclasses expressed by each species.'**'*
Interestingly, the anti-TDM IgG reacted most strongly with methoxy-mycolates and much less with the
keto- and a-mycolates. The antibodies were not cross-reactive to SL-1, which contains trehalose esterified to
phthiocerol lipids, no cardiomycolates (C44—Cys) or palmitic acid (Cy¢). This confirms that the mycolates are a
specific antigen for the antibody in spite of their lipophilicity. These findings were confirmed in a rabbit and
mouse model as well, with the additional evidence that monoclonal antibody to TDM suppressed granuloma
formation in these animal models. In contrast to protein-based detection systems, the detection of anti-TDM
IgG by enzyme-linked immunosorbent assay (ELISA) has been shown to be much more reliable and has the
potential to differentiate smear positive and smear negative cases, since the antibody titer for specific lipids
varies with disease severity. The titer of anti-TDM IgG has been shown to decrease after chemotherapy and
return to normal after 3—4 months of therapy, correlating with the level of acid-fast bacilli present and giving a
quantitative measure of disease state.'*"'®’

1.04.3.5 CD1 - A Mammalian Lipid Recognition System

The discovery of CDI, a transmembrane glycoprotein, marked a major leap in the field of immune recognition.
CD1 molecules present self-derived and microbial-derived glycolipids on the surfaces of APCs, such as peripheral
blood monocytes (PBMCs), macrophages, dendritic cells (DCs), and B cells, to restricted T cells in the same
fashion as major histocompatibility complex I (MHC I) molecules. These restricted T cells produce IFN-+, Thi,
and Th2 cytokines much like their MHC-restricted T cell counterparts. They also initiate cytotoxic effector
mechanisms like the production of perforin and granulysin, which lyse infected APCs. There are two classes of
CD1 in humans, Group I (CD1a, CD1b, and CD1c) and Group II (CD1d and CD1e), but only one type, Group II
(CD1d) in mice. CD1 Group I binds exclusively to the T cell receptors of a specific subset of cells (called CD4™ 8™
af3" or v6 T cells), and Group II binds to natural killer T cells (NK T)."**'%7

The five human subtypes of CD1, (a—e), differ in structure, function, and the types of immune cells that
express them. CD1a—d molecules bind to a 3-microglobulin protein expressed on the cell surface in the same
manner as MHC L. Each subtype is specific for the type of phagocytic compartment they interact with and for
the types of lipid molecules to which they bind. It has been suggested that CD1e occupies an intermediate role
as a lipid chaperone. In contrast to MHC or human leukocyte antigen (HLA) molecules, which display
significant allelic diversity within their respective populations, the CD1 molecules display little variation
among individuals, suggesting recent evolution. To date, CD1a, CD1b, and CD1c have been implicated in the
presentation of different microbial-derived lipids. Although the prospect of using CD1-presented antigens for
vaccines is enticing, it should be emphasized that CDI-restricted T cells make up a vanishingly small
percentage of total lymphocytes. Thus, the true impact of CD1 presentation in controlling mycobacterial
infections is unclear. The fact that the mammalian immune system possesses a unique method for surveying

lipids is an intriguing development and offers insight into the mechanisms of cell-mediated immunity.'*'®
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1.04.3.5.1 CD1 subtypes and lipid partners

CD1a 1s expressed on the surface of Langerhans cells, a subset of DCs specific to the skin. Because M. leprae
causes predominantly epidermal infections, the role of these APCs in lipid presentation was examined. CDla
does not present LAM, mycolic acid derivatives, or any previously examined mycobacterial antigens to
restricted T cells. It was found to present M. leprae-derived MAGP to restricted T' cells from leprosy patients.
The precise molecule involved was suggested to be arabinoyl-mycolic acid. Of recent note, the CDla
molecules bind dideoxymycobactin (DDM), a precursor to the Mz siderophore mycobactin, and present it
to restricted T cells. The role of this interaction in host defense is not yet clear, and a more comprehensive
discussion of mycobactins is covered in a later section.'”"'"!

CD1b binds the hydrophobic portions of free mycolates, monoglycosylated mycolates, SL;,75, and diacyl
glycerol-based phospholipids such as PIM and LAM."”* An initial series of experiments was conducted with
TDM and glucose monomycolate (GMM) from Mycobacterium phlei and Rbodococcus equi'”* Their results indicated
that lipids are processed by monocytes in the same way as peptides in that CDIb presentation requires
phagocytosis followed by lipid processing in acidic endosomal compartments, association with a CD1 isoform,
and translocation of these lipid—CD1 complexes across the APC cell membrane. Neutralizing the endosome with
chloroquine or inhibiting membrane transfer by fixation with glutaraldehyde abolished T cell recognition.
Interestingly, GMM and free mycolates underwent processing and presentation, but TDM did not. This might
be due to its size and also because the endosomal compartments do not appear to digest glycolipids in the same
manner as proteins. [t might seem surprising that the most prevalent mycobacterial lipid is not presented by CD1
molecules. However, it is not always the case that the lipids need to be presented for restricted T cells to bind to
CD1 and exert their effects. Figure 16 illustrates the presentation of GMM to a CD1b-restricted T cell."”*

Inquiries into the nature of lipid binding revealed CD1b’s large hydrophobic groove that binds the lipid
portion of a mycolic acid containing up to Cgo. This presents the hydrophilic carbohydrate to the waiting T cell

CD1b complex

\raoe““\a‘

X
c\J\op\as“‘ Antigen presenting cell

Figure 16 CD1b complex presenting GMM to a CD1b-restricted T cell.
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Figure 17 Crystal structure of CD1b bound to GMM (PDB 1UQS)."®® Rendered using Chimera.'®®

receptors. Alterations to the mycolic acid portion did not affect the binding of LDN5 T cells as the GMMs
isolated from M. bovis BCG, M. smegmatis, M. phlei, and Mycobacterium fortuitum bound equally, as did a synthetic
C;; GMM. This derivative lacked the chain length and pattern of cyclopropanation, unsaturation, and
oxygenation of the virulent species. A crystal structure of CD1b bound to GMM from Nocardia farcinica
(Css) has been obtained and is shown in Figure 17. Using this structure, M7» GMM and the various mycolate
subclasses were modeled inside the binding groove. None of the lipid substituents appeared to effect lipid loading
and could be accommodated without causing significant structural distortions in the binding site. More impor-
tantly, the subclass substituents on the lipids do not appear to affect the way in which the T cell receptors bind.'”*

In contrast to the hydrophobic tail, alterations to the G-hydroxy glycosyl ester had serious consequences for
the LDNS5 T cell receptor binding. Removal of the mycolic acid a-branch, the S-hydroxyl, or modifying the
B-hydroxyl with tetrabutyl dimethyl silyl abolished LDN5 binding. LDN’5 cells also did not bind to trehalose,
glycerol, or arabinosyl monomycolates. Mannose and galactose monomycolates exhibited negligible binding,
thus the T cell receptor is specific for one stereoisomer of glucose.'”* These results are of interest since Mzb
GMM synthesis is temperature dependent. GMM is synthesized at 30 °C whereas TDM is synthesized at
37°C. The lower temperature is more characteristic of a ventilated lung, and the production of GMM is
stimulated by abundant, host-derived glucose. This would imply that CD1b recognition of GMM is a specific
host response to the production of a virulence-associated glycolipid. Another recent report has suggested that
rifampicin (RIF), a first-line tuberculosis antibiotic, increases CD1b expression on PBMCs.'?'%®

Diacyl sulfoglycolipid SLj,75 1s also a CD1b-presented antigen. T cells that recognize this compound secrete
IFN-v and can kill Mrb-infected macrophages. The sulfate residue and both acyl moieties are essential for this
activity; its properties are discussed in detail in the Section 1.10.3.7 on SL-1.""’

CD1c binds to a previously unidentified Mz phosphoglycolipid called mycoketide. It is present in Mz5 and
M. avium and contains saturated alkyl chains with multiple methyl branches. In contrast to mycocerosic and
phthioceranic acids, the methyl branches occur on every fifth carbon. Without prior knowledge of the
biosynthetic apparatus, it was assumed that these lipids were derived from isoprenyl diphosphate, a five-carbon
synthon. A noticeable flaw in this hypothesis was the presence of an additional, non-five-carbon multiple chain
at the end. A recent study determined that these lipids are the products of a polyketide synthase (pks12)-
mediated assembly of alternating two- and three-carbon fragments. These phosphoglycolipids are fully
saturated analogues of the mannosyl-phosphopeptide fragment of Myc-PL, the hypothesized transfer agent
of mycolic acid from the cytoplasm to the cell wall. These unsaturated lipids anchor membrane-bound
precursors in peptidoglycan and arabinogalactan synthesis and are also unique among CD1-binding lipids in
that they contain a single lipid chain. Their purpose as CD1c ligands is not known, but the binding of restricted
T cells has proven specific for the presence of methyl branches with the S-configuration, the [-mannose-
phosphate linkage, and the C;,—Cs4 chain length.zoof203

The murine immune system possesses only one CD1 isoform, CD1d. Human CD1d presents mammalian
glycosylphosphatidylinositols and a-galactosyl ceramides, a class of marine natural product-derived glycolipid.
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The adjuvant properties of a-galactosyl ceramides have generated recent interest for their potential in anti-
cancer therapeutics. Mouse CD1d is not homologous to human CD1b, the isoform that presents mycobacterial
lipids and so its function in lipid presentation in the murine host is not analogous. A number of studies have
pointed out the expression of CD1d and the importance of NK T cells in controlling mycobacterial infec-
tion,”"* 2% but these do not necessarily reflect the absolute contribution of CD1. Several studies observed the
effect of the absence of CD1d using anti-CD1 monoclonal antibodies or a CD1d™/~ knockout mouse on the
response to Mrb infection. The single role of CD1d in lipid presentation might not be clear, but the importance
of CD1d in an immunomodulatory role was reinforced. CD1d ™/~ mice experience a more intense, unregulated
inflammatory response. Systemic administration of TDM to the CD1d~/~ knockout mouse generated a much
more severe inflammatory response.”’” Activating NK T cells by alternative methods helps to protect mice
against Mrb infection, and TDM upregulates the expression of both MHC II and CD1d on mouse macrophages.

1.04.3.6 Di-, Tri-, and Polyacyl Trehaloses

The interest in non-TDM cell wall-associated lipids focused on explaining the diversity, complexity, and
biological functions of this nontrivial fraction cell that includes PDIM, PGL, SL-1, and related variants: DAT,
TAT, and polyacyl trehalose (PAT).**® Considering that GPLs and PDIMs are confined to certain species,
especially virulent species, suggested a possible role for DAT, TAT, and PAT in modulating host defenses and
bacterial survival. At the time of their discovery, the lack of modern genetic methods rendered functional
studies inconclusive, and early efforts instead aimed at identifying species-specific signatures detectable by
common immunological methods. Although PCR-based nucleotide amplification technologies for diagnosing
infectious diseases are common in the developed world, the developing world lacks access to these systems in
spite of a greater disease burden. There is an enormous demand for clinically adapted, serological methods.
DAT, TAT, and SL-1 have all been investigated for this purpose because they contain smaller fatty acyl chains
compared to mycolic acids, and they are bound to trehalose. These molecules are less toxic and contain a
carbohydrate portion that can be used to generate lipid-specific antibodies for use in diagnostics.”*" "'

A major glycolipid isolated from the Mz Canetti strain contains a trehalose core with five acyl substituents 2,
2',3',4,and 6'. Four of these substituents consist of multi-methyl-branched, C,; unsaturated phthienoic acids
and an additional stearic acid. Minor amounts of the hydroxyphthienoic acid were also present. PAT's generally
contain dextrorotatory C4—C,g fatty acids with one to three methyl branches. Mycobacterium fortuitum contains a
series of DATs and TATs containing predominantly a monomethyl-branched C;j fatty acid (Figure 18).%'*°"’

The biological role of DAT and PAT has been the subject of few reports. DAT's from M. fortuitum have been
shown to inhibit T cell proliferation.”’**"> Administration of purified DATs to PBMCs resulted in decreased
secretion of IL-2, IL-12, and TNF-« in a dose-dependent manner. A transposon mutant in a polyketide
synthase gene (ms/3) cannot synthesize the dimethyl-branched (mycolipenic) and trimethyl-branched (myco-
sanoic) acids, which are incorporated into DAT and PAT.*'®*'” The Amsl3 strain exhibited altered growth and
released more protein and carbohydrate into the culture supernatant, suggesting a role for DAT and PAT in
modulating the cell surface. The synthases corresponding to ms/and SL-1 synthesis genes were recently shown
to be positively regulated by PhoP, a two-component transcriptional regulator that may play a role in the
response to nutrient starvation. A PhoP knockout mutant displayed dramatic attenuation in its ability to infect
mice and in macrophage survival, most likely a consequence of its lack of DAT, PAT, and SL-1.”""

1.04.3.7 Sulfolipids

The pioneering work of Gardner Middlebrook determined the presence of an Mr cell wall-associated
sulfolipid-1 (SL-1, Figure 19). SL-1 exhibits both acidic and lipophilic properties. SL-1 is produced in
comparable quantity to TDM and it is present in the virulent strains Mz H37Rv and M. bovis BCG, whereas
itis noticeably absent from attenuated strains of M. bovis and Mrb H37Ra.”"” Tt is also absent from most strains of
rhodococci and nocardiae”” with few exceptions.””’

The chemical structure of SL-1 deduced by Mayer Goren was 2,3,6,6'-tetraacyl-a,a-trehalose 2'-sulfate
(Figure 19). It is slightly more polar than TDM and can be purified on silica gel. SL-1 contains a central
trehalose with 6,6'-phthioceranic acid esters, a 2-stearic or palmitic acid ester, a 3-hydroxyphthioceranic acid
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ester, and a 2'-sulfate. Msb sulfolipid is a mixture of related compounds, in which SL-1 is the most prominent.
The interest in the properties of SL-1 derived from its abundance among Mr/'s apolar cell wall-associated
lipids. It has also been implicated in the prevention of phagosome-lysosome fusion, a mechanism for survival
inside the macrophage.””' This is a result of its ability to incorporate into, and affect the membrane properties of
intracellular compartments. SL-1 bears some architectural similarity to TDM, but it does not contain mycolic
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acids. Instead it contains the polyketide synthesis-derived hydroxyphthioceranic and phthioceranic acids that
are similar to those contained in PDIM.

In contrast to TDM, SL-1 does not exhibit profound toxicity, nor does it exhibit granuloma-forming
capabilities in lung, liver, or spleen. SL-1 does not induce significant production of proinflammatory cytokines,
but can stimulate neutrophils and monocytes. SL-1 does not induce upregulation of MHC II or CD1dl
expression on murine macrophages or the secretion of IFN-v that is customary with TDM, but its role in
human adaptive immune responses is an area of recent concern.””******* Coadministration of SL-1 with TDM
inhibits the inflammatory effects of TDM.?*’ Recently, it has been proposed that the suppression of some of
TDM'’s proinflammatory effects such as induction of TNF-a production leads to increased pathogen survival
and successful infection.

1.04.3.7.1 Sulfolipid biosynthesis

Much of the work highlighted here focuses on delineating the biosynthetic machinery for SL-1 with the aim of
determining its role in pathogenesis, immune modulation, and ultimately to survey these networks for potential
antimicrobial drug targets. The biosynthetic machinery for SL-1 synthesis consists of a series of gene clusters: a
sulfotransferase (s2/0), polyketide synthases, acyl transferases (AT's) (papAI and papA2), and a series of membrane
transporters (mmpL) that translocate these lipids across the membrane into the cell wall.

The first concerted step in SL-1 synthesis is the transfer of sulfate by Stf0 (Rv0295c¢) from 3’-phosphoade-
nosine-5’-phosphosulfate (PAPS) to trehalose to give trehalose-2-sulfate (Figure 20).”*° Mz contains seven
homologous genes annotated as mycocerosic acid synthase (mas) genes. A mutant in one, pks2, could not
synthesize hepta- and octamethyl phthioceranic acids or hydroxyphthioceranic acids. TLC analysis of the
apolar lipids from this mutant confirmed that it was lacking in SL-1. Interestingly, this did not affect the ability
of this strain to grow in mice, nor did it abrogate PDIM synthesis, since the synthesis of PDIM’s phthioceranic
acid-derived lipids has been assigned to other synthases.”*”**®

Two independent groups have provided important evidence regarding the role of the enzymes involved in
the early stages of sulfatide biogenesis.”*”*** These groups focused on two genes clustered with pks2, Rv3824c
(papAIl) and Rv3820c (papA2), and showed that these had AT activity. PapA2 catalyzes the 2-palmitoylation of
trehalose-2-sulfate. PapAl then acylates this product with hydroxyphthioceranic acid to provide SL,7s.
Mutants in both genes (ApapA2 and ApapAI) lacked SL-1 and SL,,7g, but did not display any growth defects
in a mouse model.

Transposon mutagenesis generated five mutants that displayed increased affinity for macrophages. This
study was attempted since very little is known about pathogenic factors, which modulate binding and
phagocytosis by host cells. Of the five mutants, one was in pks6 (Rv0405) but the more prominent one was in
fadD23 (Rv3826), a gene of unknown function. A AfzdD23 mutant was unable to synthesize SL-1 suggesting its
possible role as an AT in subsequent acylations of SL ;577"

Another transposon mutagenesis screen determined that mmpL8, which encodes a lipid transporter, was
essential for virulence. A AmmpL8 mutant exhibited an increased amount of intracellular SL g, the precursor
to SL-1. MmpL8 is responsible for modifying SL;,75 and translocating it as intact SL-1 across the cell
membrane.”*” The mechanism through which this occurs is unknown. The Apks2 mutant, like the AmmpL 8
mutant, cannot synthesize intact SL-1, but was not attenuated in mice. This implied that SL-1 is not, in fact, a
virulence determinant in the mouse, and that mmpL8 possesses other more important functions.””* This lack of
attenuation was an intriguing finding considering that SL-1 is absent in these strains, and SL;,75, a potent
immunogen by virtue of its interaction with human CD1b ligand, is produced in greater quantity. Follow-up
studies on the role of SL-1 and SL;,75 in human infections will be revealing. SL;,,¢ might play a role in the
human adaptive response that is simply not available to the mouse.”*”*** One such natural history clinical study
1s underway with patients in South Korea (NCT00341601, www.clinicaltrials.gov).

A number of past reports have described the immunomodulatory effects of purified SL-1, but the dissection
of the molecular mechanisms behind this activity is not straightforward. Deleting parts of the biosynthetic
machinery results in complete abrogation of SL-1 synthesis and transport. In other words, partially acylated
structures cannot be prepared, translocated across the membrane, and tested 7z virro. There are also some
conflicting results. Aside from AmmpL8, none of the strains exhibit a decrease in virulence in mouse and guinea
pig models in spite of their inability to produce SL-1. The strains are capable of growing and persisting in lung
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and spleen at a rate comparable to that of the wild type. Furthermore, the cellular immune responses are also
comparable. Many previous studies had deduced that SL-1 affects phagosome—lysosome fusion and promotes
intracellular survival, but a more detailed study of SL-1’s role in these phenomena is warranted.”*

1.04.4 Phthiocerol-Based Glycolipids
1.04.4.1 Polyketide Synthases in Mycobacteria

The polyketide synthases (PKSs) are a class of large, multifunctional enzymes with similarity to FAS systems.
PKSs are widely expressed throughout the biological world. They can be produced as one polypeptide in type I
systems, or consist of many discrete enzymes, where they are referred to as type Il systems, analogous to the
FAS I and II systems, respectively. There are also type III systems in mycobacteria associated with the synthesis
of pyrones and chalcones.””” The PKSs are similar to FAS systems but with some key modifications. PKS
modules can contain the same catalytic domains (KAS, KR, DH, ER) but also possess AT and thioesterase (TE)
domains. The AT and TE domains assist in relaying the growing lipid chain to other modules, release the
products of multimodular iterative synthesis, and transfer them to amines and hydroxyls for the synthesis of
modified proteins, carbohydrates, and other natural products. In addition to fatty acids, the PKSs synthesize a
diverse array of molecules including polyketides, macrolides, carbohydrates, and chalcones. A number of these
compounds possess antibiotic, immunomodulatory, or other intriguing biological properties. The numerous
functions of the PKS chemical products testify to the power of microorganisms to produce highly versatile,
architecturally complex natural products with a simple set of tools and starting materials.”*°

Phthiocerol dimycocerosates (PDIMs) are one product of the PKS machinery in mycobacteria. Mz contains
several annotated PKS homologues that have been listed elsewhere.”’” The most significant difference between
PKS enzymes and FAS enzymes is in the substrate specificity and in the number, order, and types of modules
present. These factors determine the diversity of products. In Mz, the PKS-like phthiocerol synthases and
mycocerosic acid synthases (MAS) utilize methylmalonyl-CoA (MMCoA) in addition to malonyl-CoA
(MCoA). Use of both MCoA and MMCoA permits the synthesis of both linear alkanes and those that contain
methyl branches, both of which are observed in phthiocerol dimycocerosates. Aside from the PDIMs and
related molecules, PKS-derived moieties are present in SL-1 (as hydroxyphthioceranic acid), DATs, and
triacyl trehaloses (TAT's). More intriguingly, they are synthesized by homologous enzyme systems, suggesting
common genetic origin, and this has in fact aided in the investigation of their properties. These represent the
majority of PKS-derived cell wall lipids in M) and represent a significant portion of total cell wall-associated
lipids, comparable in quantity to TDM. These lipid waxes, like TDM, can be isolated from the petroleum ether
extract of the mycobacterial cell wall and characterized both structurally and immunologically.

The structures of the phthiocerol-based lipids were initially deduced by Noll”” and Demarteau-Ginsburg
et al”*® Later studies by Goren er al,”*’ Brennan,”*’ and Daffé’*'~**’ established the presence of these lipids in
virulent strains of Mt and M. Jeprae, confirmed their structures, and determined their stereochemistry. The
phthiocerol lipids are present in seven pathogenic strains: Mzb, M. bovis, M. africanum, M. marinum, M. ulcerans,
M. leprae, and M. kansasii; and one nonpathogenic strain, M. gastri. The phenolphthiocerol glycolipid (PGL-1) 1s
abundantly produced and is characteristic of virulent strains of M. /gprae and in some recently studied clinical
strains of Mrh. Not all strains of Mrh and M. leprae contain PGL and its parent, phenolphthiocerol, but it is
present in M. bovis and some other strains, and the reason for this distinction will be discussed below.

1.04.4.2 Phthiocerol Dimycocerosates

The discovery of the biosynthetic machinery required to assemble PDIM commenced with the investigation of
mycocerosic acid synthase (mas) in M. bovis BCG. This gene occupies a rather large 6330 bp, 2110 amino acid-
coding region, which codes for a linearly arranged KAS, AT, DH-ER, ketoreductase (KR), and pantotheine-
ACP module as shown in Figure 21. These modules were assigned to human FAS domains based on each
domain’s homology. The region does not contain a thioesterase domain, implying that the synthase performs
the role of elongation of the mycocerosic acid, but not the removal of the substrate from the enzyme once the
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synthesis is completed. The ability to incorporate both '*C acetate and propionate into the linear- and methyl-
branched portions, respectively, suggests that both malonyl-CoA and methylmalonyl-CoA serve as substrates
for phthiocerol and mycoceroseric acid synthesis. T'wo more essential genes located nearby in the genome,
JfadD28 or fadD26 (also called acetyl-CoA synthase, ACS), code for proteins that serve as ATs. The identifica-
tion of mas and the DNA sequence of its domains provided comparative probes to identify the phthiocerol
synthases that were present in adjacent open reading frames.”***

Probes for each of the subdomains of MAS (AT, KAS) and FAS identified five sequential genes coding for a
type I PKS, phthiocerol synthases 1-5 (pps1-5) in an M. hovis BCG genomic DNA library. Homologues were
identified in M. leprae and Mih (ppsA—E). The first two genes, Ppsl and Pps2, contain KS, AT, and KR. These
modules elongate the chain but leave the 8-hydroxy intact. The next two, Pps3 and Pps4, contain KS; AT, KR,
DH, ER, and ACP, which elongate the chain by four saturated carbon units. Finally, Pps5 contains KS, AT, and
a thioesterase (TE); it installs a 3-keto acid that decarboxylates to provide phthiodolone, the precursor to
phthiocerol. This biosynthetic scheme for phthiocerol synthesis was suggested by Kolattukudy and
coworkers,”” and is depicted below (Figure 22).

The ability to analyze Mrbh genes for function and ultimately to determine genes essential for growth,
virulence, and persistence in animal infection models was long halted by the inability to reliably mutate Mzb
genes by allelic exchange. The low frequency of DNA exchange and the low efficiency of transposon insertion
into cells were further complicated by the slow growth rate of the pathogenic strains of mycobacteria. These
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barriers were overcome by using a replicating plasmid either with a temperature-sensitive promoter or with a
suicide vector. The gene of interest could be exchanged with a kanamycin resistance marker and the culture is
then selected for insertion in the presence of kanamycin. Counterselection is achieved by growth at elevated
temperature, which eliminates the wild-type gene from the cell. These efforts received a further boost from the
completion of the Mzb genome sequence in 1998°* and from the development of a Himarl-transposon
mutagenesis method that allowed for definition of all essential genes within the Mz genome.”** >

The insertion of libraries of labeled transposons into Mz genes illuminated several enzymes associated with
PDIM synthesis and also linked PDIMs to Mzb virulence. As a note, the effects on PKS-derived lipids could be
analyzed by TLC methods used for the analysis of PDIM and other lipids. Using signature-tagged mutagenesis,
a method that inserts a unique, inactivated DNA sequence for each gene, transposons were located in three
genes, which resulted in attenuated growth of M) in macrophages. The first transposon was located in a
promoter for the phthiocerol synthase ppsA—E genes. The second transposon was located in fzdD28, an AT.””!
The third tranposon was deficient in mmpL7, a gene homologous to Actlll-ORFE3 produced by Strepromyces
coelicolor, a transporter that secretes the PKS-derived natural product, actinorhodin.”*

The phenolphtiocerol synthase and AfzdD28 mutants could not synthesize PDIM, and all three mutants
displayed altered colony morphology. In Mz, colony structure and cording are linked with virulence, and this is
the first time that colony morphology, virulence, and synthesis of a cell wall-associated lipid have been
correlated. The cyclopropanation of a-mycolic acids has since been implicated as well.”® Although it might
be premature to assign a macroscopic property of bacterial colonies to the presence of a molecule and certain
functional groups, the molecular basis for this phenomenon is emerging.”’’

MmpL7 is a transmembrane molecular transporter involved in the localization of PDIM. The AmmpL7
strain could still synthesize PDIM but was unable to transport it into the cell wall. This lack of PDIM affected
growth in the lungs, but not in the liver or spleen. These MmpL transporters have been implicated as a
virulence mechanism.””* Insertional mutants of all 13 of the mmpL family revealed that only mmpL3 was
absolutely essential for viability. MmpL 4, 7, 8, and 11 were essential for virulence in mouse models of infection.
More recently, it has been shown that MmpL7 interacts with PpsE suggesting that the synthesis and transport of
PDIM is coupled.””

Several subsequent transposon mutagenesis studies further confirmed the role of PDIM synthesis genes in
virulence. A search for M H37Rv mutants attenuated in the ability to infect mouse lungs identified several
genes involved solely in lipid metabolism and membrane transport. These genes included the phthiocerol
synthase-associated gene fz4D26 and another pks gene, pks6. A lipase gene lipF, important for the metabolism of
host lipids, and an integral membrane protein (Rv0204c) were also identified. More interestingly, transposons
were found in mmpL7, and drrC, an ABC-type membrane transporter, as well as mmpL2 and mmpL4, two more
membrane transporters. The &vC, mmpl7, and /ipF' mutants displayed attenuated growth in bone marrow
macrophages. The role of dyrC, mmpL7, and fadD26 in mouse infection, in macrophage survival, in PDIM
biosynthesis, and controlling cell wall permeability reinforces the importance of PDIM in contributing to
infection and virulence.”’**"’

Several other pks genes were identified by their proximity to confirmed PDIM biosynthesis genes and were
investigated for their relevance. When deletion strains were constructed for these genes, several resulted in
attenuated infection in mouse models. These include pks7, mycocerosic acid-like synthase 7 (ms517),”>® pks10
(a chalcone synthase),”” and pks12°® linked to the synthesis of mycoketide.””" Several of these strains were
deficient in PDIM synthesis but the synthesis of other lipids was unaffected. Using previous methods, a series of
five proteins of unknown function (Papl-5) were located in Mrb. These were called polyketide-associated
proteins and they exhibited homology to the condensation domains of peptide synthetases. Because of their
proximity to PKS enzymes in the genome, they were proposed to be the AT domains that catalyze the
esterification of phthiocerol to mycocerosic acids. This is illustrated in Figure 23. ApapA5 did not synthesize
PDIM, although both phthiocerol and mycocerosic acid were produced. A recent crystal structure provides
evidence for this putative condensase role in PDIM biosynthesis.”*”*¢"*%*

Unul recently, little was known at the genetic level about how M7 responds to different environments.
Whole-genome sequencing has facilitated these comparisons, using tools like whole-genome microarray chips.
Mycobacterium bovis BCG contains deletions of regulatory elements. How these deletions impact their ability to
survive in macrophages is the key to better understanding bacterial stress responses. Using a cDNA-RNA
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subtractive hybridization procedure to separate host and bacterial mMRNA transcripts,”®’ an increased expres-
sion of mycocerosic acid synthase in intracellular M. bovis BCG was revealed. The upregulated genes in
intracellular bacteria versus 7 vitro culture are mas (Rv2940c) (2.7-fold increase) and fzdD28 (Rv2941) (2.5-fold
increase). This was the first report of the increased synthesis of these enzymes to promote survival in the
macrophage. Also increased were 7p/E (ribosomal proteins), groEL2 (heat shock protein), and furB (an iron
regulatory protein). The upregulation of these genes implies that PDIM production is important for bacterial
survival within macrophages.

1.04.4.3 The Phenolic Glycolipids

The phenolic glycolipids can be thought of as an elaborate alternative to PDIM and the biosynthetic pathways
are clearly overlapping but diverge at the point of selection of a starter unit for the relevant PKS. Rather than
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waxes like PDIMs, the PGLs are amphipathic and perhaps more than any other molecule produced by
pathogenic mycobacteria appears to be designed specifically to interact with the host. Synthetic inaccessibility
and the difficulties of working with such a complex lipid have limited the available information. Nonetheless,
the pathogenesis of M. leprae has been shown to depend on PGL-1 and the presentation of its trisaccharide on
the surface of the bacterium. PGL-1 binds to and activates complement C3 through the saccharide hydroxyls,
which cleave C3’s thioester.”** Once opsonized, M. leprae enters macrophages safely, without oxidative burst, in
a process mediated by complement receptors. PGL-1 also binds through its trisaccharide to Schwann cells, a
component of the peripheral nervous system. This binding event facilitates invasion of these cells and the
development of peripheral neuropathy that characterizes leprosy progression. Removal of the PGL saccharides
diminishes both invasion and neuropathy.”****® These observations lead to the remarkable conclusion that
PGL-1 alone determines the pathology of leprosy to a large extent.

In Mrb, PGL-1 has been shown to diminish the immune response, as measured by its effects on levels of
proinflammatory cytokines produced in macrophages. Notably, strains of TB that have been proposed to have
enhanced virulence properties as well as to be associated with higher levels of drug resistance, such as HN-878
and some W-Beijing family members were found to produce PGL-1."°" This variability accents the potential
that PGL-1 may be responding to evolutionary pressure and altering the virulence dynamic between humans
and tuberculosis. Similar to the way polymorphic protein virulence factors respond to pressure from the human
immune system, PGL-1 may be a marker for expansion of a formerly less dominant clade of tuberculosis strains.
The failure to appreciate the variability of such molecules, and perhaps as relevantly, the lack of tools with
which to systematically investigate the variation in such molecules, has led to a common misperception that TB
strains are fairly homogenous.

Triglycosylated p-hydroxy benzoic acid methyl esters have been isolated in the culture supernatant of all
reference strains of M. These compounds are truncated forms of PGL-1 and suggest a starting substrate for its
synthesis. However, Mzb H37Rv and a number of other strains do not express PGL-1. A comparison of PGL-1
nonproducing strains revealed a frameshift mutation in the pks15/1 gene, and complementation with functional
pks15/1 restored PGL-1 synthesis. Thus, pks15/1 synthesizes the p-hydroxyphenyl alkanoate primer for
phenophthiocerol and restores PGL-1 synthesis.”®® Although the presence of triglycosyl methyl benzoate
suggested that glycosylation of p-hydroxy benzoic acid is the first step in PGL synthesis, there is no evidence
to support this timing (Figure 24).

Three genes, Rv2957, Rv2958c¢, and Rv2962c¢, annotated as putative glycosyl transferases, were individually
inactivated to determine their function in PGL-1 glycosylation. The extent of glycosylation was investigated
on both p-hydroxy methyl benzoate (observed in culture supernatant) and phenolpthiocerol (observed in cell
wall lipid fraction). ARv2962¢ did not produce any glycosylated products, suggesting that it catalyzes the first
addition of rhamnose, an unusual L-sugar. The ARv2958c and ARv2957 mutants do not synthesize any of the
triglycosylated forms, but produce a significant amount of mycoside B, a PGL derivative containing only one
sugar, (2-O-methylrhamnose), which is also the major glycolipid of M. bovis BCG. Analysis of the M. bovis BCG
homologue of Rv2958¢ indicated an identical gene with a frameshift mutation. Transformation of M. bovis BCG
with functional Rv2958¢ produced the disaccharide, establishing its function. A similar complementation of
Rv2957 did not produce the trisaccharide and so the enzyme that performs this third glycosylation step is still
unknown.””

Rv2951c and Rv2952 were also investigated, as a consequence of their proximity to these glycosylases.
Phthiodolone dimycocerosate, a variant of PDIM, is also present in the virulent strains of mycobacteria like
M. kansasii and M. uleerans, which contain phthiodolone and not phthiocerol lipids. An oxidoreductase coded by
Rv2951c performs the reduction and is succeeded by the methyltransferase activity of Rv2952, completing the
biosynthesis of PDIM (see Figure 23).%79"

1.04.4.3.1 PDIM-less mutant strains of Mtb as vaccine candidates

The fact that an inability to synthesize PDIM reduces bacterial survival in the macrophage and results in
attenuated infections has prompted the suggestion that some of these strains might provide better vaccine
candidates than BCG. The case of Rv2958 suggests that one reason for the attenuation of the BCG strain is that
it has acquired mutations in PDIM and PGL production.””* AfzdD26 and other PDIM-deficient strains are also
under investigation.”’**”’ Studies have demonstrated that PDIM protects the bacterium from nitric oxide
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. . . . 27
damage and there is evidence that PDIM modulates early responses of proinflammatory cytokines.”’**”’

Understanding the role of PDIM in pathogenesis would facilitate a better understanding of the potential for
these strains as vaccines.

1.04.5 Lipoarabinomannan and Phosphatidylinositides
1.04.5.1 Introduction to the Polar Glycolipids

Mycobacteria contain a series of polar, antigenic glycolipids referred to as LAMs. The constituents of these
molecules were deduced by degradation studies and characterized by Brennan and coworkers.””® LAM
consists of a phosphatidyl myo-inositol (cis-1,2,3,5-trans-4,6-cyclohexanol) (PI) core connected by phosphate
ester to a diacyl glycerol containing tuberculostearic acid and palmitic acid. These fatty acids serve as the
molecule’s anchor into the cell membrane. The myo-inositol is linked to a mannose oligosaccharide and then
to an arabinose oligosaccharide. There are truncated forms of LAM that include lipomannans (LM) and
phosphatidyl myo-inositol manno-oligosaccharides (PIM), which together have been termed ‘modulins’
because of their ability to modulate immune responses. Because of their polar and heterogenous nature,
these compounds were first resolved by gel electrophoresis and purified by anion exchange. LAM has
attracted much interest as its properties include the inhibition of macrophage activation and T cell
proliferation, and the ability to neutralize oxidative free radicals aimed at the bacterium.””” The diacyl
glycerol portion not surprisingly renders these glycolipids ligands for CD1b and there are restricted T cells,
which react with the species-specific carbohydrate portions.'”> There are other cell wall oligosaccharides,
including the trehalose containing lipooligosaccharide (LOS),”® but LAM and its related variants are the
most prominent (Figure 25). As a result of their complexity, the study of these compounds has been an
arduous task and is far from complete. In this section, the structures and some of the recent discoveries
regarding the biosynthesis and immunomodulating properties of this intriguing class of glycolipid are briefly
highlighted.

The core of LAM, LM, and PIMs is PIM, (Figure 25). It consists of myo-inositol-1-phospho diacyl glycerol.
The inositol contains 1 — 2- and 1 — 6-linked mannose residues. There are several variants of PIM, that
contain from two to four fatty acid-derived acyl chains of tuberculostearic (Cyy), stearic (Cyg), or palmitic (Cy4)
acids. Another major component of cell wall glycolipid is PIM, (Figure 25).”®' In one case, PIM is bound to a
pD-mannan polysaccharide connected to a D-arabinan polysaccharide. The mannose residues are bound in an
al — 6 fashion, with some O-2 (shown) or O-3 branching residues, a species-specific signature. The site of
attachment of the arabinan is beyond the scope of current detection methods and has not been unambiguously
confirmed. The arabinan domain contains arabinofuranose residues in an ol — 5 linkage, comprising a linear
backbone. This backbone is linked through ol — 3 manner to two types of arabinan branches. The first is a
linear tetrasaccharide (Aray) of Araf 15— 2-Araf~lac — 5-Araf-la — 5-Araf~lav — 3-linear backbone. The
second is a bifurcated hexasaccharide (Aras) of Araf 15— 2-Araf-la— 3 and Araf 18— 2-Araf-la— 5-
Araf~loc — 5-Araf~-1oc — 3-linear backbone.

Both the Aras and Ara, branches are capped in a species-specific manner. There are three general types of
capped LAM. The simplest is uncapped araLAM. Phospho-myo-inositol-capped LAM is called PILAM, and
mannose-capped LAM 1is called ManLAM. The type of capping is important in modulating the molecule’s
immune response and will be discussed briefly. Mzb, M. bovis, M. leprae, and M. avium contain mono-, di-, and
trimannosides in an 1ae — 2 linkages bound to the 5-position of the arabinose terminus. These strains contain a
heterogenous series of ManLAMs with molecular weights of up to 17000+ 6000 Da.*** Fast growers,
M. smegmatis and M. fortuitum, contain the smaller PILAMs.”

1.04.5.2 Biosynthesis of LAM

Previous studies suggest that the construction of LAM starts from inositol (Figure 26). SuhB (Rv2701c)
catalyzes its phosphorylation to give inositol-1-phosphate.”®* After further processing to PI, PimA (Rv2610c)
transfers a mannopyranose from GDP-mannose to PI to provide PIM;. Although the sequence is not known,
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the mannose is acetylated at the 6-OH*** with a fatty acid and PimB (Rv0557) catalyzes the glycosylation of the

inositol 2-OH**® with another unit of GDP-mannose to provide Ac;-PIM,. PimC,**” a possibly redundant
enzyme, characterized in Mt CDC1551, catalyzes the attachment of another mannose residue to provide Ac;-
PIM;. Once the third mannose residue is appended, the attachment of additional mannose residues shifts from a
GDP-mannose glycosyltransferase family to a series of enzymes that utilize heptaprenyl (Css) or decaprenyl
(Cso) mannose phosphate as mannose donors.”*® This change occurs because earlier mannosylations take place
in the cytosol with the water-soluble GDP-mannose. Subsequent mannosylations take place in the periplasm or
in the cell wall and require the Css/50-mannose because it can be translocated across and anchored in the cell
membrane. Proof for this changeover derives from the finding that, amphomycin, which binds to polyprenols
and inhibits membrane translocases, inhibits the formation of higher-order mannose oligosaccharides.

Although the individual subunit biosynthetic pathways have not been extensively characterized, Rv3257¢
codes for the phosphomutase, which converts mannose-6-phosphate to mannose-1-phosphate, the entry point
to activated mannose building blocks.”™ PimE (Rv1159) and PimF (Rv1500), and Rv2174c are glycosyl
transferases, suggested to attach mannose residues to higher-order mannose substrates, in a linear al — 6
fashion (Figure 26). The intermediates and enzymes that precede these higher-order mannose oligosaccharides
have not been identified.””"*”* Rv2181 attaches the a1 — 2 mannose residues that decorate the linear mannose
chain.””* Although it is implied, it should not be assumed that LM is a biosynthetic precursor for LAM, and
where the pathways diverge is unclear.

The interest in the biosynthesis of LAMs related to the fact that one of the first-line antitubercular
antibiotics, ethambutol (ETH), inhibits the synthesis of arabinan, affecting both arabinogalactan and LAM
biosyntheses. Mrb contains three homologous proteins EmbA, EmbB, and EmbC, which are arabinosyl
transferases, utilizing 3-p-araf~1-monophosphoryldecaprenol as the arabinose donor. EmbA and EmbB synthe-
size cell wall arabinogalactan whereas EmbC synthesizes LAM. These enzymes are the targets of the
antitubercular antibiotic ETH, although the precise mechanism is not clear. Resistance to ETH is usually
associated with mutations in these three proteins.”””**® ETH-resistant strains produce uncapped and truncated
forms of arabinan, notably in the linear Ara, side chains®®” indicating a defect in arabinan biosynthesis.

1.04.5.3 Immunopathogenesis

The biological properties of LAM are derived from a number of key observations. LAM is secreted and plays a
role in the inhibition of phagosome-lysozome fusion, a property specific to the Man—LAM-capped version””®
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of pathogenic mycobacteria. LAM is a CD1b ligand and some of its 7 vivo properties probably derived from the
binding of CD1-restricted T cells.'”” An initial profile examined the immunological responses of macrophages
to PIM, LM, and LAM. The macrophage cytokine induction profiles for LAM, LM, and PIM include TNF-q,
IFN-v, and several Th1 cytokines. The responses were nearly identical for all three glycolipids, suggesting that
the basis for immunological stimulus lies in the phosphatidyl inositol portion of the molecule. PI-Aray, obtained
from the degradation of a PILAM cap from a fast-growing strain of mycobacteria, showed TNF-« induction in
macrophages.”” The deacetylation of PIM reduced this activity, suggesting that some component of the
carbohydrate, phosphate, and fatty acid was essential for immunogenicity.’

The expression of different types of polar glycolipid plays an immediate role in the properties of the
membrane itself and in the composition of exposed cell surface carbohydrates.’”’ The immune response to the
arabinan-capping motif is species-specific. Man—LAM does not exhibit apoptotic or IL-12-inducing activity on
macrophages, whereas PILAM and LM do. LM by virtue of its exposed mannose core induces a profound
inflammatory response, in contrast to PIM and Man—LAM.**>*** It has been hypothesized that the cell’s ability
to regulate the LM:LAM ratio might play an important role in modulating the immune response.’***"’

Some recent clinical evidence implicates a more complex role for LAM’s immune-modulating properties.
ETH-resistant strains exhibit a decrease in mannose caps from two residues to one per Aray chain and from four
residues to two per Arag chain.’" It is striking that drug resistance might impart not only the ability to evade the
action of a particular small molecule, but also the ability to evade the immune system. The production of Man—
LAM is not only species-specific but strain-specific as well. Two clinical strains of Mtb, HN885 and HN1154,
exhibited decreased affinity for uptake by phagocytic cells, presumably through a mechanism mediated by
mannose receptors, a common uptake mechanism used by macrophages.’’

LAM is an essential component of the Mz membrane, and has been shown to have important immunomo-
dulatory roles and is an important component of granuloma formation and bacterial persistence in the host. It
has been proposed as a target for developing new, simple ELISA-based tests for M. Many of the details of
LAM biosynthesis are still unknown and further research in this area should yield a better understanding of this
complex glycolipid and potentially novel antituberular drugs that could have an impact similar to that of ETH.

1.04.6 Exotic Glycolipids and Glycopeptidolipids
1.04.6.1 Glycopeptidolipids and Sliding Biofilms

GPL antigens are a class of polar molecules restricted to the cell surface of atypical mycobacteria including
members of the M. avium complex (M. avium, M. intracellulare, M. paratuberculosis, and M. scrofulaceum) and more
recently reported from the opportunistic strains, namely, M. fortuitum, M. abscessus, M. chelonae, M. xenopi, and
M. kansasii. Along with PGL and PDIM, these compounds have been called mycosides but this only refers to
their lipophilic nature since the molecules do not contain the multi-methyl-branched mycoceroseric acids of
PDIM.’ M. avium is not nearly as common a human pathogen as Mzh, M. leprae, or M. ulcerans, but it is ubiquitous
in the environment, living even on plumbing fixtures in a usually benign form. M. avium has been a consistent
cause of morbidity and mortality among immunocompromised HIV-positive patients. M. avium and several
other GPL-producing organisms in this group of nontuberculous mycobacteria (N'TM) can cause a tubercu-
losis-like lung infection in patients with a variety of immune disorders, but they are more commonly identified
with disseminated infections that are difficult to diagnose and treat.”””

Unlike other lipophilic molecules on the mycobacterial surface, the GPLs contain a significantly hydrophilic
peptide and carbohydrate portion (Figure 27). Consequently, these antigens generate a robust and specific
antibody response in infected experimental animals and humans. Antibodies produced to GPL have been used
to distinguish N'TM such as M. avium from Mrh. Mycobacterium avium strains isolated in the clinic can be
differentiated into approximately 30 serovars, which differ in the precise carbohydrate composition. A few
serovars are overrepresented in HIV patients, suggesting a role of the fine structure of GPLs in immunomo-
dulation and virulence. Virulent strains display an outer capsule composed of GPL that appears to play an
important role in intracellular survival and the presence and composition of GPL determines colony morphol-
ogy and virulence. The serovars display different properties and can be differentiated by immunological
reagents or by TLC analysis using chloroform:methanol:water solvent systems.*’”?'?
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Figure 27 GPL core structure and Mycobacterium avium serovar 4.

The GPL molecules contain a common core peptide L-alaninol-p-alanine-p-allo-threonine-p-phenylala-
nine. The alaninol hydroxyl is usually appended to a 3,4-di-O-methyl-c-L-rhamnopyranose. The
D-phenylalanine N-terminus is acylated with a fatty acid or a B-hydroxy fatty acid that contains several
degrees of unsaturation (C,5—Cs4). The allo-threonine hydroxyl is glycosylated and the number of carbohy-
drate residues at this attachment point distinguishes most of the serovars since the peptide core is reliably
invariant. The a-L-rhamnopyranosyl-(1 — 2)-6-deoxy-a-L-talose disaccharide i1s common, and in the case of
M. avium serovar 4, the complete tetrasaccharide 4-O-Me-a-L-rhamnopyranosyl-(1 — 4)-2-0-Me-a-L-fuco-
pyranosyl-(1 — 3)-a-L-rhamnopyranosyl-(1 — 2)-6-deoxy-a-L-talose is attached (Figure 27).*'"*!?

The colony appearance of M. avium serotypes have been described as smooth opaque, smooth transparent,
and rough. In general, bacterial colonies of serovars that contain multiply glycosylated GPLs appear smooth
and in prior studies, the individual bacteria were described as encapsulated when viewed under a microscope.
The smooth forms contain a highly immunogenic, multiply glycosylated, serovar-specific GPLs (ssGPLs),
whereas the rough ones either do not contain GPL or contain a GPL with two or less carbohydrate residues
called nonserovar-specific GPLs (nsGPLs). The extent of glycosylation impacts the morphology of colonies
and rough forms can be obtained by repeated culture on solid media, during which they spontaneously lose
genomic DNA contributing to GPL biosynthesis. Rough and smooth opaque morphotypes derived from a
smooth, transparent virulent strain sometimes lose virulence, although the relationship between morphology
and virulence is complex.”’>*'* The loss of GPL production has also been observed in conversion from smooth
to rough forms in M. abscessus, an opportunistic pathogen in individuals with cystic fibrosis. The rough forms
display an increase in cording, greater virulence, and greater ability to invade monocytes.’"’

It has been hypothesized that the GPLs modulate surface hydrophobicity, and this has received some
support since the biological surfactant Tween 80 can restore a smooth phenotype to a rough variant in
culture.’'® Two rough colony mutants of M. avium have been found that secrete only the peptidolipid core
of GPL, but seemed incapable of appending either of the carbohydrate moieties. An important caveat in
considering the importance of GPL phenotypes is that the bacterium displays an ability to express a multitude
of phenotypes during infection. Morphotypes are culture dependent and so might not be seen in a particular
media, but colonies isolated from monoclonal infections have been proven capable of producing all three of the
morphotypes. Polyclonal infections have been shown to play a role in increased virulence and drug resistance.
A single clone of M. avium might achieve this by its ability to display multiple morphotypes with differential
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surface characteristics and drug susceptibilities.”'”*'® Even isolated GPLs have been shown to have immuno-
modulatory ability and possibly play a role in preventing phagosome—lysozsome fusion.”’” The precise effects
are specific to the type of GPL produced by each serovar.’

1.04.6.1.1 Biofilms and sliding

Another virulence-associated characteristic of bacteria drawing much recent attention is the ability to form
biofilms. Biofilm formation and the ability to colonize surfaces are phenomena mediated by bacterial popula-
tions, which can correlate with increases in drug resistance and resistance to disinfectants and the chlorine
treatment of water. Mycobacterium smegmatis and M. avium colonize surfaces on drinking water fountains, showers,
and pipes by forming biofilms. Despite the lack of a flagellum, the bacteria can slide, moving as a coordinated
unit on surfaces. This motion is the consequence of a population of cells attempting to spread on a surface while
minimizing intercellular friction. Transposon mutagenesis studies produced strains of M. smegmatis that could not
form a biofilm or slide. These genes include homologues of the mm#p (membrane transporters) in M. avium and of
the mmpL genes in Mth, atfl, a predicted membrane protein responsible for acetylating the 2-position of the 6-
deoxy-a-L-talose residue, and mps, the peptide synthetase responsible for synthesizing the peptide core of GPL
(see Figure 28).*' Also, mifl, a methyltransferase that methylates the 2- and 3-hydroxyls of the alaninol
rhamnose residue was identified.””> Without these genes, synthesis of GPL in M. smegmatis is severely limited,
and all of these strains were deficient in surface-associated, multiply glycosylated GPLs.**’ In M. avium,
disruption of psz4B, the nonribosomal peptide synthetase that generates GPL inhibited the bacterium’s ability
to grow on some surfaces.””* The ability to form biofilms on steel was also diminished, and this is relevant
considering that M. avium colonizes surfaces that contact drinking water supplies.’”’

1.04.6.1.2 Biosynthesis of GPLs

The biosynthesis of the carbohydrate moiety of GPL has received scrutiny recently because of observations
that a culture of M. gvium raised under limited glucose or nutrient-starved conditions exhibited increased
production of GPLs.**® These conditions resemble the nutrient-starved environment of the macrophage or
granuloma, and the aim of such studies was to understand the nature of the biological adaptation to disease-
relevant conditions and to identify new targets for drug intervention. Growth of M. smegmatis in glucose
starvation causes a reversion to smooth colony forms.””’

A series of reports have elucidated the M. avium genes associated with the biosynthesis of ssGPLs usually by
identification of homologues in M. smegmatis or by expression of the putative M. avium serovar-specific glycosy-
lases in M. smegmatis knockout models (see Figure 29). The GPLs produced in this heterologous host facilitated
assignment of the function of these enzymes, analogous to the study of mycolates. The peptide core is synthesized
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Figure 28 Biosynthesis and secretion of GPLs associated with biofilm formation and sliding in Mycobacterium smegmatis.
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Figure 29 Biosynthesis of Mycobacterium avium GPLs.

. . . . 25 . .

by pstA, pstB, identified through its M. smegmatis homologue, mps.’>>*** The mps gene contains four domains, each
with amino acid-binding domains, and three that contain amino acid racemase domains to prepare the D-amino
acids.
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The M. avium gtfd and gifB genes correspond to the grfl—4 cluster in M. smegmaris. GtfA installs the 6-deoxy-
talose and GtfB installs the alaninol-rhamnose.”®” The carbohydrate residues are then modified by methyl-
transferases. MtfD methylates the rhamnose 3-hydroxy, a prerequisite for further methylation. The rhamnose
4-hydroxy is methylated by MtfC or MtfB, and another protein in the cluster, MtfA, is thought to modify the
3-hydroxy of the 6-deoxy-talose residue.’”******* At this point, the M. avium and M. smegmatis GPL synthetic
pathways diverge. A rhamnosyl transferase (77/4) gene that attaches a rhamnose residue to the 6-deoxy-talose
residue has also been confirmed.****** In the course of these studies, allelic exchange techniques for introducing
genes into M. avium have been developed, which will hopefully provide more insight into the mechanisms of
M. aviym virulence.

1.04.6.2 Mycobactins

The survival and growth of mycobacteria depends on access to iron, a nutrient that is necessary for the function
of many essential enzymes and metabolic processes. The presence of oxygen on our planet made insoluble Fe’™
a growth-limiting commodity.””” To overcome this environmental deficiency, fungi and bacteria have evolved
high-affinity iron-chelating molecules called siderophores to harvest the iron molecules they require from the
environment.”**

The lipophilic siderophores of mycobacteria called mycobactins were discovered in 1912** and isolated in
1953.%*% Subsequent to their discovery, it was envisioned that mycobactin analogues could serve as vehicles for
drug delivery to pathogenic mycobacteria.’*” Mycobactins were among the first examples of microbial growth
factors, allowing iz vitro culture of M. avium subsp. paratuberculosis. After mycobactin was determined to be
essential for virulence of Mzh,"* interest in its properties intensified. Mycobactin biosynthesis is now one of the
best-characterized nonribosomal polypeptide/polyketide syntheses in nature. Consequently, a host of structu-
rally related siderophores has been discovered in the intervening years, including the water-miscible exochelins
of the saprophytic mycobacteria;”*" pyochelin from Pseudomonas aeruginosa;’® the catechol-containing agro-
bactin®®* from  Agrobacterium tumefaciens; vibriobactin®** from  Vibrio cholerae, anguibactin®® from  Vibrio
anguillarum; yersiniabactin from yersiniae;” " the amphipathic marinobactins from marinobacteria;**” and the
nocobactins,”** nocardichelins,™*’ and several other siderophores from nocardiae (see Table 3).

1.04.6.2.1 Structure

The core structure of mycobactin (Figure 30 (a)) consists of salicylate linked to an oxazoline ring, followed by a
linear lysine residue and a butyrate capped with a seven-membered ring formed out of a cyclized lysine. The
linear lysine is acylated at R'; this is the position of the long alkyl chain in most mycobactins. The butyrate
subunit is the most variable section of the molecule between different species and is not derived from a standard
amino acid. Both the cyclic and linear lysine residues are N®-hydroxylated to form the two hydroxamate metal
coordination sites. These, together with an oxazoline—phenolate coordination site, serve to make mycobactin a
hexadentate metal coordinator with an extremely high (4 x 10’ mol ™" 1)**° formation constant for the complex
with Fe’™. Each species of mycobacteria has a defined set of R>~R® substituents, whereas the alkyl chain at R'
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Figure 30 (a) Core structure of mycobactin with iron coordination ligands shown in red and chiral centers in blue. (b) An
example of mycobactin T from Mtb.
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can vary in length (C;4—Cy) and degree of unsaturation within each species. It is common for the alkyl chain to
contain a cis double bond in the a,3-position.”*” Figure 30(b) shows an example of a fully substituted molecule
of mycobactin T from M1

Mycobactin complexes are stable when bound to iron but dissociate in acidic conditions.””' They are
moderately stable to acid, but degrade easily when exposed to base.**’

The nature of the alkyl tail is critical for the utilization of mycobactins by mycobacteria.’”
Carboxymycobactins (CMBs) have shorter alkyl chains at R' (C,~Cj3) that terminate in either a carboxylic
acid®’ or a methyl ester.””* CMBs are much more water-soluble than mycobactins, but the distinct functional role
of these two forms is still unknown. CMBs were once thought to occur only in pathogenic mycobacteria, but have
now been isolated from M. smegmatis as well.”>* The siderophores of M. marinum and most nocardiae possess alkyl
chains at R’ instead of R, and those of nocardiae may have an additional double bond in the oxazoline ring
between a and b. The stereochemistries of the chiral centers investigated have thus far conformed to the naturally
occurring L-series of amino acids from which mycobactins are derived. The chiral centers d and e result from the
action of a polyketide synthase, allowing their chiralities to fluctuate from species to species.

Despite its long, lipophilic tail, mycobactin has a strong amphipathic character. All of the hydrophilic
components of the molecule are concentrated in the peptidic head of the molecule, while the lipophilic alkyl
tail provides the nonpolar counterpoint. Upon binding iron, many of the hydrophilic ligands are turned inward
to coordinate the central iron atom.””* This causes the molecule to transition into a more compact, less flexible
conformation and the external surface to become dominated by the lipophilic character of the alkyl chain.
Figure 31 shows space-filling models of mycobactin T before and after binding Fe’*. Research on related
siderophores, the marinobactins, has shown that the desferri form of the siderophore is capable of forming
micelles. The marinobactins have a more hydrophilic character overall than mycobactins, but share the
attribute of a single C,,—C,; alkyl chain, making them highly amphipathic. This gives rise to conical molecular
shape in which the hydrophilic iron-coordinating ligands are spread out on the surface of the micelle. Upon
binding iron, the marinobactins undergo a remarkable phase change to form bilayered vesicles.’"’
These vesicles can form aggregates that traffic back to the organism. The length and degree of unsaturation

Table 3 Mycobactins and the siderophores of nocardiae

Species Siderophore name

Mycobacterium aureum Mycobactin A%!

Mycobacterium avium subsp. avium  Mycobactin Av,%%® carboxymycobactin MA353:3%6

M. avium subsp. paratuberculosis®  Mycobactin J%773%°

M. bovis Carboxymycobactin®6°

M. farcinogenes Mycobactin F351:361

M. fortuitum Mycobactin F,35"%6" mycobactin H362

M. intracellulare Mycobactin®%®

M. kansasii Mycobactin K357

M. marinum Mycobactin M, N

M. phlei Mycobactin P62

M. scrofulaceum Mycobactin®%®

M. senegalese Mycobactin F351:361

M. smegmatis Mycobactin S,%%? carboxymycobactin MS%°
M. terrae Mycobactin R

M. thermoresistible Mycobactin H%¢?

M. tuberculosis Mycobactin T,%54262 carboxymycobactin MT3%*
Nocardia asteroides Nocobactin NA,*%® amamistatin B,%64%¢° asterobactin®®®
N. brasiliensis Nocobactin NB,*®” brasilibactin A38-36°

N. caviae, N. phenotolerans Nocobactin NC*¢”

Nocardia sp. A32030 BE-32030°7°

Nocardia sp. ND20 Formobactin®"

Nocardia sp. TP-A0674 Nocardimicin®"?

2Mycobactin production by Mycobacterium avium subsp. paratuberculosis is contingent upon selection for
survival in iron-free media®’® (#1447); thus, several variations of mycobactin J have been observed.
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Desferri mycobactin T Ferric mycobactin T

Figure 31 Space-filling models showing the conformation of mycobactin T before and after binding iron.

of the lipophilic tail plays a major role in determining the lipophilicity of the marinobactins, thereby affecting
the critical micelle concentration at which marinobactin micelles spontaneously form and bud off from the

membrane.’”’

1.04.6.2.2 Biosynthesis

Mycobactin is synthesized through a complex hybrid nonribosomal polypeptide/polyketide biosynthesis
process. The biosynthetic pathway of mycobactin was first delineated during analysis of the complete Mz
H37Rv genome based on homology with the yersiniabactin biosynthesis genes of Yersinia pestis. Cole er al”*’
identified the putative mbt mycobactin biosynthesis operon simultaneously with Quadri ez a/’’® who also
confirmed it experimentally. The mycobactin core biosynthesis has been nicely illustrated by De Voss er al.**
The generation of an mbtB knockout mutant of Mrs demonstrated that this gene 1s necessary for mycobactin
production, and definitively showed that mycobactin production is required for Mz survival within macro-
phages.”™ A second operon, mbt-2, was discovered several years later. This operon modifies and attaches the
fatty acid that forms the alkyl chain at R'.’”” The mbt operon contains biosynthesis genes mbtA—H, whereas
mbt-2 contains genes mbtK—N. mbtK—N are also referred to as Rv1347c¢, Rv1344, fadD33, and fadE14,
respectively.”’” Figure 32 illustrates the role of each enzyme in mycobactin biosynthesis.

Note that MbtB, D, E, F, and L must be activated with 4’-phosphopantetheinyl cofactors before they can
participate in biosynthesis’’®*’” and the specific enzymes that perform this have yet to be conclusively
identified. The functions of mbrH and mbr7 are still unknown, but mbrH-like genes in S. coelicolor have been
found to be necessary for the production of aminocoumarin.”*® The branch point at which the biosynthetic
pathways of mycobactin and CMB bifurcate is also unknown.

Both mbr operons are regulated by IdeR, an essential iron regulator that suppresses mycobactin synthesis
both in the presence of iron and upon exposure of cells to oxidative stress.”®” During oxidative stress,
mycobactin synthesis is proposed to be downregulated to limit the iron-catalyzed production of reactive
oxygen species through the Fenton reaction. IdeR also regulates other genes involved in iron acquisition and
storage.”***%

The oxazoline ring has long been thought to be synthesized from serine or threonine. However, the antigen
DDM from Mzb resembles mycobactin T, but lacks the N°-hydoxyl groups and incorporates a methyl group in
the R* position.”® This suggests the involvement of the uncommon amino acid a-methyl serine in mycobactin
biosynthesis. NMR and MS/MS fragmentation analyses of DDM and synthetic analogues confirmed the
presence of the methyl group at R*. The only other report of a substituent at this position can be found in
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Mbtl alone synthesizes salicylate from chorismate, with an isochorismate intermediate. This process is dependent upon a Mg®* cofactor.>”837° 6-Methylsalicylic acid is

synthesized through an entirely different polyketide-based biosynthesis from acetate and malonate,*%*8! making the presence of both the methylated and unmethylated

salicylate components in Mycobacterium fortuitum mycobactins remarkable.3%’

. MbtA adenylates salicylic acid to create salicyl-AMP, which then forms a thioester with MbtB.3"®

. MDbtB catalyzes the formation of the peptide bond with either serine or threonine, followed by cyclization of the peptide and final dehydration to form the oxazoline ring. The
serine/threonine-activating domain of MbtB has shown preference for both serine and threonine.*®2

. The MbtC/D complex synthesizes the butyrate subunit from acetate and malonate®° or from propionate depending on the species.®® The butyrate is then transferred to MbtE.

. MbtE forms the peptide bond between the salicyl-oxazonline and linear lysine subunit, and the ester bond linking the butyrate subunit (the exact order of these steps is
unknown).3"®

. MbtF attaches and cyclizes the final lysine.®”®

. MbtM activates a fatty acid by adenylation and transfers it to MbtL.>"”

. MbtN dehydrogenates the alkyl chain while it is bound to MbtL.3””

. MbtK acylates the linear lysine residue, attaching the lipophilic alkyl chain.®8

0. MbtG is thought to hydroxylate the lysine residues as the final step in mycobactin synthesis. This hypothesis is supported by evidence that Né-hydroxylysine is neither incorporated

into mycobactin®® nor is it a substrate for acylation by MbtK.%8* It is further supported by the discovery of DDM,3® which is presumed to be an intermediate in mycobactin synthesis.
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the siderophores isolated from Nocardia sp. A32030 that also exhibit a methyl group at R* It is possible that this
methyl group is cleaved to form the finished mycobactin T structure, but this seems unlikely. Both of these
structures were elucidated using modern NMR technology not available during the initial elucidation of the
mycobactin T structure.””

An MbtM orthologue knockout (f24D33 in M. smegmaris) produced 90% less mycobactin than the wild type,
and only produced mycobactins containing a saturated alkyl chain. This suggests that MbtK is capable of
attaching alternative substrates to mycobactin that do not result directly from the mbr-2 pathway. However, it
should be noted that complementation with the mbrM gene from Mzb failed to restore wild-type mycobactin
production in M. smegmatis, so the two orthologues may have different functions.””!

p-Aminosalicylic acid (PAS) was one of the standard drugs used to treat tuberculosis before the introduction
of rifampicin and pyrazinamide (PZA).*”? PAS is thought to act in part by inhibiting mycobactin synthesis. PAS
has been shown to decrease mycobactin production,™” but confoundingly, increased the production of CMB in
M. smegmatis.””* The mechanism through which this occurs is unknown and invites further investigation. PAS
may interact with an enzyme involved with the differentiation between mycobactin and CMB.

Wild-type M. avium subsp. paratuberculosis 1s dependent on exogenous mycobactin for growth in the
laboratory. Interestingly, when an IS900 gene repeat was transformed into M. smegmatis, the property of
mycobactin dependence was conferred unto the recombinant strain. IS900 encodes p43, a protein with
unknown function. The mechanism through which mycobactin dependence is conferred is unknown, but
merits further investigation as a route toward mycobactin inhibition. p43 may be responsible for the mycobactin
dependence and slow growth rate of M. avium subsp. paratuberculosis’”

1.04.6.3 Iron Acquisition in Mtb

Bacteria use siderophores to acquire iron when it is otherwise too scarce in the environment. In the case of
pathogenic mycobacteria, the scarcity is compounded by two factors: first, that Fe’™ has very low solubility at
physiological pH,*” and second, that the natural host response to infection includes sequestration of available
iron. Sequestration is accomplished by upregulation of the iron-binding proteins transferrin, lactoferrin, and
ferritin, and internalization of iron by host cells.”’

Mycobactins can compete directly for iron with these three proteins to overcome host sequestration.”’
There is also evidence to suggest that pathogenic mycobacteria can manipulate the host to traffic iron into
infected cells.”””*"” Aside from being an essential cofactor in many processes, iron is especially important for
production of many mycobacterial lipids. Testament to this is the requirement of iron supplementation for the
formation of M. smegmatis biofilms.**" The aforementioned mbrB knockout mutant showed attenuated growth in
low-iron conditions and in macrophages.”* Another mutant that constitutively expressed a homologue of the
iron repressor IdeR also showed attenuated growth in BALB/C mice."”” Gene expression data has shown that
mycobacteria are exposed to iron restriction in human macrophages*’* and mice,"** and similar data supporting
this hypothesis have been reviewed by Waddell and Butcher.*”” Furthermore, iron supplementation has been
associated with the exacerbation of mycobacterial and other infections in experimental models****” and
clinical practice.*** ™% A modern analysis of data from a pre-HIV 1929 study indicated that iron overload
significantly increased the risk of death from tuberculosis.*'" All these data support that iron availability is a
limiting factor for the progression of mycobacterial infections.

Despite this compelling evidence for the importance of mycobactin, the mbB mutant is still able to grow in
culture medium supplemented with exogenous iron,”* suggesting that some alternative form of iron acquisi-
tion exists that has yet to be characterized. There is evidence that the xenosiderophore ferricrocin and fungal
siderophore rhizoferrin are internalized by M. smegmatis.*'>*'* Tt is also possible that mycobacteria can take up
iron from other common xenosiderophores and coordinating compounds that might be found in the immediate
environment; however, this does not seem to be as effective as mycobactin-mediated iron acquisition in iron-
restricted environments.

8

1.04.6.3.1 Current models for mycobacterial iron trafficking
Conventionally, mycobactins were thought to be associated only with the cell wall and membrane of the
mycobacteria. They have low solubility in water (5-10 pg ml~") and are typically extracted from the cell pellet,
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not from culture supernatants.””” They have been reported to be entirely cell-associated when grown in the

absence of the detergent T'ween, but can be found in culture supernatants when T'ween is added to the growth
medium.”'* They have also been observed by electron microscopy to exist within the cell wall near the
cytoplasmic membrane.*'” Accordingly, mycobactin was presumed to function simply as a means of ferrying
iron across the thick mycobacterial cell wall and membrane.™¢

‘Exochelins’,”*' discovered in 1975, are water-soluble siderophores consisting of two types: the true peptidic
exochelins of the saprophytic mycobacteria that are structurally unrelated to mycobactins, and the chloroform-
extractable CMBs. The structures of the CMBs were elucidated in both M. avium™? and Mrb** simultaneously
and determined to be a variation of the mycobactins. To date, only M. smegmatis has been shown to produce
both exochelins and CMBs.*"”

The discovery of extracellular siderophores brought into question the importance of lipophilic mycobactin.
Models were proposed in which CMBs/exochelins scavenged iron from the extracellular milieu, then trans-
ferred it into the cell by means of a putative membrane-spanning reductase. In the case of excess iron and high
concentrations of ferric CMBs/exochelins, the surplus may be donated to mycobactin residing in the cell
membrane.*'"**'? However, the growth-promoting effect of mycobactin could not be ignored, and more recent
studies have shown that mycobactins are more vital to iron acquisition than are exochelins. This was demon-
strated by a mycobactin-deficient M. smegmatis mutant that was fivefold more susceptible to growth inhibition
by the iron chelator EDDA (ethylenediamine-N,N'-di(2-hydroxyphenylacetic acid)) than either the wild-type
or exochelin-deficient mutant.””’

Recently, an ABC transporter system consisting of two proteins, IrtA and IrtB, was found to be required for
effective utlization of ferric CMB, but not for its secretion. The same study also found that mycobactin is not
required for iron uptake from ferric CMB,* but this was based on the uptake from culture filtrates, not purified
CMB. Another study concluded that IrtA specifically exports siderophores whereas IrtB in conjunction with
Rv2895c imports ferric siderophores,™' but this has yet to be corroborated by follow-up studies. It is unknown
whether the IrtAB system transports lipophilic mycobactins in addition to CMBs.

Luo er al*** showed that the lipophilic mycobactins were able to diffuse freely in and around macrophages
when added exogenously, and that gallium-loaded mycobactins were found preferentially in lipid bodies in
direct contact with phagosomes. Interestingly, recent studies have shown that oxygenated mycolic acids from
Mth and M. avium induce the formation of ‘foamy’ macrophages that are filled with many lipid bodies. Mz living
within the phagosomes of foamy macrophages were shown to colocalize with, and subsequently engulf these
lipid bodies.*** Not only does this provide the bacteria with a lipid-rich environment in which to persist,** but
it may represent a new route for trafficking iron that involves subverting host lipid bodies to serve as reservoirs
of nutrients and ferrimycobactins.***

These findings complement research discussed earlier on the formation of marinobactin micelles, and
the findings of Xu and comrades that mycobacterial lipids in M#- and M. avium-infected macrophages are
capable of trafficking out of the mycobacterial vacuole."”” A different scenario for mycobacterial iron acquisi-
tion emerges, in which the lipophilic mycobactins act as extracellular siderophores, and iron is trafficked
through intracellular lipid bodies back to phagosomes infected by Mzb.**®

Figure 33 shows representations of mycobactin-mediated and CMB-mediated acquisition of extracellular iron
in pathogenic mycobacteria. Figure 33(a) depicts a model of mycobactin-mediated iron acquisition within
macrophages that takes advantage of lipid body trafficking.**> Mycobactins leave the bacterium either by trafficking
out of the phagosome with other mycobacterial lipids*” or by forming micelles.””* In order to cross the thick cell
wall, it might be necessary for mycobactins to use a specific mechanism that has yet to be discovered. The micelles
diffuse throughout the macrophage and bind iron from the macrophage iron pool, including iron plundered from
ferritin and imported transferrin.’”® Ferric mycobactins then traffic preferentially to macrophage lipid bodies***
that are engulfed by infected phagosomes.*’ The ferric mycobactins translocate through the cell wall once again.
At this point the ferric mycobactins may exchange iron with CMBs on an equilibration basis.””® This iron can then
be imported through the IrtAB system. Alternatively, the mycobactins may diffuse across the membrane or handoff
their iron payload to other mycobactins within the cell membrane. Because membrane affinity is modulated by the
length and degree of unsaturation of in the alkyl chain,’” these recipient mycobactins in the membrane could form
a gradient of mycobactins with differential membrane affinities. In this way they could assemble a ‘bucket brigade’
to transport the iron into the bacterium.**’

347,375
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Figure 33(b) depicts a model of CMB-mediated iron acquiqition CMBs are transported out of the bacterium
by means of IrtAB and a putative porin-based mechanism*'? or other as-yet undefined method. The CMBs then
scavenge iron from host iron-binding proteins, either within a macrophage or in the relatively aqueous
extracellular milieu. Ferric CMBs are then either transported back into the cell through IrtAB, are relieved of
iron by an undetermined reductive process in the periplasm, or hand excess iron oft to mycobactin. Mycobactins
in the cytoplasmic membrane create a reservoir of readily accessible mycobactin-bound ferric iron.*"”

The lipid-rich environment within a foamy macrophage is more conducive to diffusion of lipophilic
mycobactins. Mycobacteria residing outside of such a lipid-rich environment may require a more water-
friendly method of iron acquisition. It can be hypothesized that lipophilic mycobactin is the principal iron
scavenger within the lipid-rich environment of the macrophage, whereas CMB serves as the principal
scavenger for bacteria living in the relatively aqueous extracellular milieu. The reality is likely to be a hybrid
of these mechanisms, adapted by the bacterium to its particular condition and environment. Many components
of this model are speculative; it does not account for normal secretion of CMBs in the IrtAB knockout*’ or for
the translocation of mycobactin across the formidable mycobacterial cell wall. The trafficking of mycobactins,
CMBs, and iron within mycobacteria will likely prove to be much more complex, pending the discovery of
other siderophore transport mechanisms.

1.04.6.3.2 Mycobactins and their analogues as antimicrobials

Mycobactin analogues have been contemplated for use as either mycobactin synthesis inhibitors or vehicles for
infiltrating the mycobacterial cell wall to deliver drugs since 1945.**” Hu and collaborators synthesized myco-
bactin S and unexpectedly found that it inhibited M growth with 99% growth inhibition (MICyy) at
12.5 pgml~'.*** The remarkable part of this story is that mycobactin S is identical to mycobactin T except for
the chiral center at d (see Figure 30). It should be noted that this inhibitory activity has not been confirmed with
naturally produced mycobactin S. Miller’s laboratory synthesized more mycobactin analogues, the most active of
which included a Boc-protected amino group at R and demonstrated an MICyq of less than 0.2 pg ml ™"

Transvalencin Z 1s a compound that was isolated from Nocardia transvalensis. It resembles the salicyl-
oxazoline half of mycobactin up to the ester bond and lacks the long acyl chain. This compound was shown
to have antimicrobial activity*’ and may act by interfering with the siderophore pathways on organisms with
siderophores containing salicyl-oxazoline or salicyl-thiazoline moieties. Cross-reactivity of this structural
feature is tentatively supported by the finding that mycobactin S and CMB S induce the expression of
P. aeruginosa extracytoplasmic function sigma factor PA1910."*" Although the function of PA1910 is not fully
understood, the Pseudomonas siderophore pyochelin also contains a salicyl-thiazoline.”* This suggests the
possibility of siderophore cross-reactivity or inhibition. Alternatively, a similar fragment of amamistatin B
was synthesized and shown to inhibit histone deacetylase as an antitumor agent.***

The idea of a siderophore “I'rojan horse’ has also gained traction as a way to transport drugs that would
otherwise fail to penetrate the mycobacterial cell wall. A number of these compounds coupled to (-lactams
have successfully been synthesized.”’ Efforts to create therapeutic mycobactin analogues have also focused on
creating competitive iron chelators to starve the bacteria of iron.**

The elucidation of the mycobactin biosynthetic pathway initiated the search for inhibitors against enzymes
within the pathway. In the quest for an inhibitor of salicylate-activating enzymes (examples include MbtA in
Mithand YbtE in Y. pestis), two independent research groups generated the same bisubstrate inhibitor: salicyl-5'-
O-(N-salicylsulfamoyl)adenosine (salicyl-adenosine monosulfate (AMS)), as depicted in Figure 34(b)."*%**¢
This inhibitor is a modification of the activated salicyl-AMP (Figure 34(a)) and mimics both substrates of
MbtA, occupying both binding pockets of the enzyme. Salicyl-AMS showed inhibitory activity against both M)
and Y. pestis under low-iron conditions, but only against Mz under iron-supplemented conditions.

Following the design of salicyl-AMS, Courtney Aldrich and coworkers embarked on a systematic exploration
of the salicyl-AMS structure—activity relationship (SAR). They synthesized a multitude of analogues with
different modifications to the salicyl—glycosyl linker,”**” glycosyl subunit,*** salicyl subunit,"*” and adenosine
subunit™****" of salicyl-AMS. Luis Quadri and associates have also examined analogues of this compound.******
The results suggested that the ribose subunit is critical for recognition by a putative transporter.*’® This could
explain the ability of this compound to overcome the membrane permeability problem that has plagued other
acyl adenylate-based inhibitors."*’ Salicyl-AMS analogues were designed rationally with the help of a complete
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Figure 34 (a) Salicyl-AMP, the natural product of MbtA; (b) salicyl-AMS, the MbtA bisubstrate inhibitor; and (c) 2-phenyl-
salicyl-AMS, optimized inhibitor.*4°

homology model of MbtA based on the crystal structure of DhbE from Bacillus subrilis complexed with an
adenylated 2,3-dihydroxybenzoic acid. This epic quest led to a compound exhibiting an MICgq of 0.39 pmol 1™
in iron-replete conditions and 0.049 pmol1™" in iron-deficient conditions.*** This compound is pictured in
Figure 34(c). The potency of this compound and activity under both iron-replete and iron-deficient condition
suggests that it may be active in additional pathways beyond MbtA. Salicyl-AMS has also been tested for stability

for up to 24 h in human plasma and 1h in human liver microsomes.***

1.04.6.3.3 Other therapeutic uses of mycobacterial siderophores

CMBs** and the nocardial siderophores’’***” have been repeatedly examined for use as antitumor agents,
chiefly because their strong iron-chelating activity is able to deprive cancer cells of iron. This has been shown
to inhibit DNA replication by limiting iron availability to ribonucleotide reductase. CMB T (referred to as
exochelin) was able to induce apoptosis of human breast cancer cells without harming normal breast tissue.
CMB T outperformed desferoxamine as a ribonucleotide reductase inhibitor; the greater effect was attributed
to the lipophilicity of CMB enabling it to penetrate the cell membrane and scavenge intracellular iron, whereas
desferoxamine was only able to chelate extracellular iron. Practically speaking, this would require local
delivery of CMB, since any CMB delivered systemically would almost certainly have chelated iron before
reaching the target tumor cells.

The amamistatins from Nocardia asteroides were also investigated for their antitumor activity.”**** Several
analogues of these were subsequently synthesized and tested.”****** Interestingly, the amamistatin fragment
mentioned earlier showed antitumor activity and histone deacetylase inhibition, which did not seem to be
related to iron chelation activity. Some mycobactin analogues were also found to have monoamine oxidase
(MAO) inhibitory properties as well as some antitubercular activity.*’® This is reminiscent of the weak MAO
inhibitory activity of isoniazid*' and was cited as a possible complicating factor for the development of
antimicrobials based on these scaffolds. Siderophores from Nocardia sp. TP-A0674 showed inhibitory actvity
of muscarinic M3 receptor, an important neurotransmitter.”’* The muscarinic M3 receptor is a potential target
for treatment of a variety of disorders including respiratory, gastrointestinal, and urinary tract disorders.

1.04.6.3.4 Immunology of mycobactin
It was not known whether mycobactins participated in the adaptive immune response until the discovery of the
antigen DDM. Moody ez al. showed that DDM is recognized by the CD1a antigen display protein and serves as a
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Figure 35 (a) DDM analogue in the binding pocket of CD1a (PDB 1XZ0).%* (b) Lipocalin 2 bound to ferric carboxymycobactin
T (PDB 1X8U).“®® Both images were rendered using Chimera.'®®

potent T cell activator.’® Natural mycobactin did not activate T cells, and T cell activation seemed to be
sensitive to the length of the alkyl chain at R'. T cell activation by DDM may play an important role in the host
immune response and the formation of granulomas. CD1a has subsequently been cocrystallized with a synthetic
DDM analogue.*’* The crystal structure of this analogue in the binding pocket of CD1a is shown in Figure 35(a).

Lipocalin 2, also called siderocalin,” neutrophil gelatinase-associated lipocalin,”* and several other
names,*”** is a secreted human neutrophil granule protein.’° It is secreted during bacterial infection as
part of innate immunity”’ and binds several bacterial siderophores including the CMBs from Mzh and
M. smegmatis,”’ enterobactin from E. coli,**® and parabactin from Paracoccus.> In this way, lipocalin 2 sequesters
siderophore-bound iron to prevent harvest by the bacterium. Figure 35(b) shows the crystal structure of
lipocalin 2 bound to ferric CMB T.

Lipocalin 2 is released from neutrophil granules as a monomer or disulfide-linked homodimer or hetero-
dimer with neutrophil gelatinase-B.***? Neutrophil gelatinase-B is also known as matrix metalloproteinase-9
(MMP-9), which interestingly has been shown to play a role in granuloma development.**” Serum concentra-
tions of lipocalin 2 have been recorded as high as 404 ngml~" during bacterial infection and can be used to
differentiate between bacterial and viral infections.™’

Lipocalin 2 has been shown to bind CMB with a carboxylated alkyl chain containing eight methylene groups
at R'. It may also be able to bind CMBs of slightly differing chain lengths with reduced affinity.”* Previously,
only chains containing up to seven methylene groups had been reported.””* Lipocalin 2 knockout mice have
greater susceptibility to infection by E. coli”” and Mzb.*** Intratracheal infection with Mzb yielded significantly
increased Mth growth in alveolar epithelium, but not inside macrophages. The lipocalin 2 knockout mice died
of infection more quickly than wild type.

It has been suggested that bacteria may further modify their siderophores specifically to elude capture by
lipocalin 2.%°%*** Although this has yet to be experimentally demonstrated, it could account for the diverse
structural variability of mycobactins, even within a single species. Enterobactin undergoes a shift in coordina-
tion chemistry upon acidification that results in a conformational change in the molecules. This shift is
sterically incompatible with the lipocalin 2 binding pocket, leading to release of the iron and degraded
siderophore.*® Tt has yet to be shown whether or not a similar release of iron might occur with CMB. There
is no evidence that CMB undergoes a similar structural change, but CMB does dissociate from iron at low
pH.”’" A recent study examined the role of electrostatics in siderophore capture by lipocalin 2. The authors
concluded that electrostatic attraction between the siderophore and lipocalin 2 binding pocket is important for
siderophore binding. Because of this, catecholate siderophores are the natural prey for lipocalin 2, while
hydroxamate siderophores do not bind as well because the complex forms a neutral molecule.**® Conversely,
mycobactin utilizes a primarily hydroxamate chelation modality and forms a neutral complex with Fe’*.
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Nevertheless, lipocalin 2 binds CMBs S and T with a high affinity, and the lipocalin 2 binding pocket is more
completely filled by CMB than by the catecholate enterobactin.*’’

Mycobactins have been studied extensively over the course of the past 100 years, yet many mysteries still
surround their exact role and function in mycobacterial biology and disease. The importance of mycobactin in
pathogenic mycobacterial diseases is unassailable and the evidence of an age-old arms race between the
pathogen and the host is fascinating. In spite of this, mycobactin remains an elusive creature that has never
successfully been observed in vive.*”” The diligence of future research has much more to reveal about
mycobactin and its nefarious iron-smuggling operations.

1.04.6.4 Mycolactones

Mycolactones are a group of polyketide synthase-derived macrolide toxins produced by M. ulcerans.
Mycolactone secretion is the primary virulence determinant for M. ulcerans infection, known as Buruli ulcer.
Mycolactone appears to be solely responsible for the pathology of this disease, causing necrosis, apoptosis, and
immunosuppression of host cells. Buruli ulcer is an emerging disease that has been reported in a growing
number of countries across the globe, most notably in Australia, Southeast Asia, and West Africa, where it has
become a major public health problem. In endemic areas of West Africa, the prevalence of Buruli ulcer can
exceed that of tuberculosis and leprosy.**® Buruli ulcer is rarely lethal, but often leads to severe disfigurement
and disability.

Mycobacterium ulcerans infection can result from invasion of a low number of M. ulcerans bacilli**’ and
incubation of the infection has been estimated to last anywhere from 1 to 7 months.’**"? The role of
mycolactone in the progression of Buruli ulcer is depicted in Figure 36. The infection starts as a subcutaneous
nodule, or as a shallower raised papule in Australia," where a different form of mycolactone renders M.
ulcerans less virulent. Infection occurs most often on the arms and legs because of the lower optimal growing
temperature of M. ulcerans’”’ Evidence suggests that M. ulcerans has an intracellular stage, 3-24h after
introduction into the host.*"**”> Many mycobacteria are phagocytosed during the initial immune response,
but once mycolactone production is established the toxin destroys the engulfing phagocytes. Mycolactone
knockout strains are more easily internalized by phagocytes."’® Subsequent mycolactone production inhibits
phagocytosis, the inflammatory response, and adaptive immunity.

If untreated, the infection spreads, forming necrotic lesions within the subcutaneous adipose tissue.
Eventually, the overlying ussue will ulcerate to form a painless necrotic ulcer with undermined edges.
Mycolactone is required for the infection to progress to ulceration.*’” Ulcers can spread extensively to cover
large patches, leading to the destruction of limbs and joints. The bacteria grow as extracellular microcolonies
with multple foci spread throughout the base of the lesion. Although inflammatory infiltrates can surround
the expanding lesion, the necrotic zone remains free from inflammatory cells and granulomas.*’® The WHO
now recommends antibiotic therapy (rifampicin, streptomycin) in the treatment of Buruli ulcer*”’; however,
some infections do not respond to antibiotic therapy and wide excision of the ulcer followed by skin graft
remains the only effective treatment in these cases.”™ Antibiotic treatment reverses the immunosuppressive
effects of mycolactone and leads to a local cellular immune response around necrotic lesions, the formation of
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Figure 36 The role of mycolactone in the progression of Buruli ulcer.
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granulomas, and phagocytosis of mycobacteria.**"*** In small lesions, this inflammatory response can clear
the infection and allow healing. Granulomas also form in the late ulcerative stage of the disease, near the
phase of spontaneous clearance of the infection.” This corresponds to an increase in IFN-7y and a decrease
in bacillary load.

Buruli ulcer is not spread from human to human. It is thought to spread to humans from an unknown vector
in the environment. The disease is associated with proximity to slow-moving water and Buruli ulcer outbreaks
often occur following local disturbance of the water table. Classically, Buruli ulcer has been known to be
coincident with local trauma at the infection site, including the site of immunizations and scratches.™**
Mycobacterium ulcerans has been detected in the salivary glands of Naucoridae aquatic insects, and experimen-
tally infected insects transmit the infection to mice through biting. Mycolactone is required for colonization of
the salivary glands of these insects."®**’ Biofilm formation is important in the M. ulcerans life cycle and has
been associated with aquatic plants™” and the raptorial legs of Naucoridae where they secrete saliva into their
prey.**® Biofilms formed by M. ulcerans create a large reservoir of mycolactone within the extracellular matrix
and vesicles from the matrix are highly cytotoxic. Extracellular matrix also enhances colonization of both insect
vectors and mammalian hosts and serves as an inhibitory barrier to the passage of antibiotics."™ In contrast to
this evidence, aquatic insect vectors for M. ulcerans infection have been called into question by study of their
environmental distribution.*”" Mycobacterium ulcerans has also been detected in mosquitoes in the vicinity of a
Buruli ulcer outbreak in Australia,*’" and prevention from insect bites decreases the risk of outbreaks.*”"*** The
first isolation and full characterization of M. ulcerans from the environment was recently published.*”* The
bacteritum was isolated from a water strider (sp. Gerris remigis) in Benin, produces mycolactone, and is capable of
causing Buruli ulcer in mice.

Definitive studies on the relationship between M. #lcerans exposure and contraction of Buruli ulcer are
lacking. A preliminary serological analysis of patients revealed that 75% of patients and 38% of their healthy
household contacts had circulating antibodies to M. ulcerans antigens, whereas controls from nonendemic areas
did not.*"* This suggests that many people exposed to the bacterium do not develop Buruli ulcer, possibly by
resolving the infection in its early stages.

Analysis of the M. ulcerans genome indicated that it recently evolved from M. marinum and is in the process of
adapting to occupy a dark, aerobic niche requiring mycolactone.”””**® Sequence analysis across an array of
mycolactone-producing mycobacteria allowed the creation of a phylogenetic tree. The result indicated that
acquisition of the mycolactone synthesis plasmid drove the speciation from a common M. marinum progenitor
into a human pathogen.*7*"*

1.04.6.4.1 Structure

Figure 37 shows the mycolactone core structure and Table 4 lists the side chains that have been described. The
mycolactone core consists of a 12-membered ring and linear carbon chain containing two hydroxyl groups. The
core 1s highly conserved, whereas the ester-linked side chain at R is variable between strains.

A survey of mycolactone-producing strains of M. ulcerans showed that mycolactone A/B was the most
abundant mycolactone produced by West African and Malaysian isolates and that trace amounts of mycolac-
tone A/B can be found in nearly all strains of M. ulcerans. Mycolactone C was the most abundant in Australian
isolates and D was the most abundant from a Chinese isolate.””' Japanese M. ulcerans strain 8756 produced

Figure 37 Mycolactone core structure.
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mycolactone D as its major metabolite, but more recent genetic analysis has suggested that Japanese strain 753
(M. ulcerans subsp. shinshuense) contains a plasmid encoding for the production of mycolactone A/B.”"" Thus,
different strains from Japan may produce either mycolactone A/B or mycolactone D as major metabolites.

In 2004, 52 isolates of mycobacteria were screened for the presence of mycolactone. Several species
produced cytopathic lipids less potent than mycolactone, but none produced a similar cytopathology in L929
cells.”'" In 2005, the newly described species Mycobacterium liflandii, a frog pathogen, was found to produce
mycolactone E.’** Tn 2006, globally distributed isolates of the fish pathogens M. marinum and Mycobacterium
pseudoshottsii were found to produce mycolactone F. Mycolactone-producing strains of M. marinum and M.
pseudoshortsii will not grow above 30 °C,”*” making them less likely to infected a human host than M. wicerans,
which has an optimal growing temperature of 30-33 °C. These strains also included insertion sequence (IS)
2404, which had previously been used as an M. ulcerans-specific PCR marker. Synthetic studies have proven
invaluable in deducing the complete structure and stereochemistry of the mycolactones, including resolving
the conflicting proposed structures for mycolactone E.”*°

1.04.6.4.2 Function

Mycolactone is solely responsible for the pathology of M. ulcerans infection. Mycolactone A /B reversibly arrests
the growth of murine fibroblasts at 25 pgml™".*"” At higher concentrations, cell death occurs within 72 h and
20-30% of cell death is mediated by apoptosis.”'” This is supported by high rates of apoptosis found in clinical
Buruli ulcer lesions.”"* Subcutaneous injection of purified mycolactone in guinea pigs mimics the pathology of
Buruli ulcer, forming painless open lesions with minimal inflammation.*’” This is characteristic of M. ulcerans
infection and contrasts with dermal Mz or M. marinum infections, which induce an acute inflammatory response
and form granulomatous, pus-filled lesions. Mycolactone-deficient M. u#lcerans mutants also formed pus-filled
lesions, but wild-type pathology was restored when the mutant cells were coated with exogenous
mycolactone.*’®

Synthetic fluorescent mycolactone analogue localizes in the cytoplasm of infected cells.”'* Mycolactone
causes cytoskeletal rearrangement’'” and an increase in intracellular calcium. This calcium increase may arise
through damage to calcium-containing compartments of the cytoskeleton rather than the activation of cell
signaling pathways.”'* Mycolactone is believed to cause the lack of pain associated with Buruli ulcer lesions by
inflicting nerve damage. Mycobacterium ulcerans infiltrates and damages the nerve bundles surrounding lesions
and causes degeneration of myelin-forming Schwann cells.’’> Mycolactone alone causes nerve damage
including intraneural hemorrhage, loss of Schwann cell nuclei, and a decrease in myelin fiber density in the
mouse-footpad model, leading to painless erosion of the footpad.”'®

The first reports of immunosuppression by mycolactone preceded its isolation when these properties were
observed from the culture supernatant.’'’ The acetone-soluble lipids from M. ulcerans culture filtrate inhibited
lipopolysaccharide (LPS)-induced release of TNF-c and IL-10 from human monocytes and production of IL-2
from activated T lymphocytes. Mycolactone also interfered with TNF-a-induced NF-xB activation.”'®
Production of macrophage inflammatory proteins 1o and 13 were strongly inhibited in dendritic cells, thus
preventing recruitment of inflammatory cell to the site of infection.”'” Production of mycolactone by intra-
cellular M. uleerans also inhibited the production of macrophage inflammatory protein 2 in a dose-dependent
manner.””” Mycolactone has been detected by liquid chromatography (LC)-MS/MS in the spleen, kidneys,
and liver of mice infected with a subcutaneous injection of 10* M. ulcerans to the tail”*' Whole blood cells of
infected mice also showed inhibited ability to secrete IL-2, whereas mice infected with mycolactone-deficient
M. ulcerans showed less inhibition of IL-2 secretion. This is a testament to the diffusibility of mycolactone in
infection implies the ability to cause systemic immunosuppressive effects. Immunosuppression by mycolactone
is thought to act through an unknown posttranscriptional mechanism.’””

The structure—function relationship of mycolactone is complex. The mycolactone core is highly conserved,
suggesting that its structure is critical for survival in the natural environment. The ester-linked side chain has
been observed in several varieties, but the effect this has on function has only been investigated in relation to
human pathology since the definitive environmental niche of M. ulcerans is unknown. Hydrogenation of double
bond or acetylation of the hydroxyl groups of mycolactone leads to loss of cytopathicity. Several other bacterial
toxins are known to interfere with host cell-cycle progression including several pathogenic strains for E. coli,
Pasteurella multocida, and Helicobacter pylori. Notably, the H. pylori toxin VacA also triggers G, cell-cycle arrest and
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has been implicated in the development of peptic ulcers.’”’ Other macrocyclic compounds produced by
actinomycetes that have immunosuppressive properties include rapamycin, FK506, and cyclosporine A.
Rapamycin and FK506 both target the intracellular receptor FKBP1A, whereas cyclosporine A targets
cyclophilin.**® The inhibition profile of cytokines indicates that mycolactone possesses a different mechanism
of action from these immunosuppressive drugs. A similar 12-membered macrolide, called pladienolide, was
recently discovered in Strepromyces platensis’** Pladienolide has shown potent antitumor activity and has
recently been shown to inhibit the activity of splicing factor SF3b.”*’

1.04.6.4.3 Biosynthesis

The polyketide synthase genes responsible for mycolactone biosynthesis are encoded on a giant plasmid.’*®
The mycolactone core is synthesized by two modular polyketide synthases: MLSA1 and MLSA2. The
mycolactone side chain is synthesized by a third synthase, MLSB. The plasmid also contains three polyke-
tide-modifying enzymes. A full functional characterization of this plasmid followed.””” Table 5 lists the genes
involved in mycobactin biosynthess.

The modular subunits of MLSA and MLSB share an unprecedented level of homology, indicating that they
are the product of duplication.”*® The giant plasmid encoding the mycolactone synthases is unstable*”® and
prone to mutation leading to loss of mycolactone production during passage iz vitro.*””**® Despite its instability,
the production of mycolactone is well conserved in strains from diverse global origins, indicating that the native
environment of M. ulcerans applies a strong selection bias for the retention of mycolactone production.

It has now been well established that ¢ypI14047 encodes a P-450 hydroxylase that is responsible for the
hydroxylation of C-12 on the mycolactone side chain. This gene is absent in strains that primarily produce
mycolactones that are unhydroxylated at C-12. Only one M. wlcerans isolate from Papua New Guinea
predominantly produces mycolactone A/B despite its lack of ¢yp14047.** Hydroxylation at this site has a
significant impact on the potency of mycolactone: mycolactone A/B is cytopathic at 0.01 ngml™', whereas
mycolactone C requires a concentration of 800 ng ml~" for the manifestation of cytopathic effects. Mycolactone
A/B is also the most potent IL-2 inhibitor in T cells, followed by mycolactones E and F, whereas C and G were
the least potent.””” This helps to explain why Australian M. ulcerans strains that produce mycolactone C as their
major metabolite are less virulent compared to West African strains. It should be noted that most strains of M.
ulcerans still produce a small amount of mycolactone A/B,”"" perhaps indicating the action of a promiscuous
hydroxylase in the absence of Cyp140A7. In contrast to mycolactone C, mycolactone F, which also lacks a third
hydroxyl group, is nearly as cytotoxic as mycolactone A/B. In an interesting biosynthetic engineering experi-
ment, M. maripum strain DL045, which had previously been shown to produce mycolactone F,’"" was
complemented with ¢ypI4047 The result was a novel mycolactone containing an aldehyde group instead of a
hydroxyl group at the expected location (C-10 since the length of mycolactone F is shortened). This structure
was dubbed mycolactone G and exhibited decreased immunosuppressive activity.””

Given the wide variability in potency between mycolactone A/B and mycolactone C, the human pathology
of mycolactone C-producing M. ulcerans may still be due to the small amount of mycolactone A/B that is

Table 5 Genes involved in mycolactone biosynthesis

Required for

mycolactone

Gene production Function Reference(s)
misA1 Yes Synthesis of the mycolactone core 526

misA2 Yes Synthesis of the final core module and possible ring-closing 526

msiIB Yes Synthesis of the mycolactone side chain 526

mup038 ? Type Il thioesterase 527

mup045 Yes FabH-like type Il ketosynthases 474, 526
cyp140A7 No P-450 hydroxylase that performs C-12 hydroxylation 526

(mup053) of the R group
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produced. The differential effectiveness of the different mycolactones for survival in the natural environmental
niche of M. ulcerans has yet to be elucidated.

A differential analysis of the giant mycolactone synthesis plasmids was carried out on mycobacteria-produ-
cing mycolactones A/B, D, E, and F.’'" Mycolactone D-producing M. wlcerans from China contains a
methylmalonate acyltransferase in module 7 of m/sB, corresponding to the additional methyl group observed
in the structure. Rearrangement in m/sB perfectly matches the structural differences between mycolactone A/B
and mycolactone E. Mycolactone E-producing M. /iflandii has a module 4 deletion that corresponds to its
shortened chain length, while a transferase domain change in the load module accounts for the additional
terminal methyl group. Mycolactone F-producing M. marinum shares the module 4 deletion with M. liflandiz, and
a change 1n the type of ketoreductase contained in modules 1 and 2 results in the reversed stereochemistry of the
two hydroxyl groups. This is consistent with another study profiling the stereospecificity of ketoreductase
domains in mycolactone biosynthesis.”*® Plasmids from both mycolactone E- and F-producing mycobacteria
lack ¢yp140A47 due to an 1S2606-mediated deletion.”'’ The macrocycle formation activity of the ACP and
thioesterase domains of MLLSA2 have been studied as a novel mode for macrocycle formation to occur.’*’

Mycolactone biosynthesis is a fascinating study of how modular polyketide synthases develop in a rapidly
evolving organism. The striking cytotoxic potency of mycolactone and immunosuppressive properties evoke
many intriguing therapeutic possibilities for this compound. Intensive research on mycolactone and M. ulcerans
promises to shed light on the dreadful and long-neglected blight of Buruli ulcer.

1.04.7 Conclusions and Outlook

TB and its mycobacterial relatives are currently one of the most fascinating and active areas of research in
chemical biology and probably will be for the foreseeable future. The complexities of the natural products
biosynthesized by this genus of microbial life is truly unparalleled in nature and the nearly complete dominance
of these products in the pathogenesis of these organisms stands in stark contrast to the dominance of proteins in
pathogenesis of other diseases. The long coevolution of mycobacterial disease with Homo sapiens certainly
underlies the intimate connection of the complex products of these bacilli and the human immune system. Not
only is the disease T'B a persistent and continuing global health problem but also the basic scientific under-
standing of the host—pathogen dynamic has spillover effects into other areas of human diseases that are
unrelated to the highly visible examples of TB and leprosy. Learning to understand and manipulate such
structures has led to the discovery of entire arms of the human immune system that were previously unknown.
Although the field has advanced our understanding of these interactions and identified some of the important
mechanisms, it seems certain that we have barely even scratched the surface. As examples, consider that the TB
vaccine strain BCG is one of the primary therapeutics used today to treat bladder cancer — yet the molecular
mechanisms by which this therapy acts are virtually completely unstudied. Also consider that components of
the mycobacterial envelope (and their derivatives) are widely being used to develop new vaccine adjuvants for
human use but again the molecular mechanisms of these interactions are dramatically understudied.
Understanding the structures and the SARs for the varied biological activities of these molecules will continue
to reveal critical insights into both new treatments for the diseases caused by these bacteria as well as providing
knowledge and tools for understanding and curing other major diseases of humankind.

Abbreviations

ABC transporter ATP-binding cassette transporter
ACP acyl carrier protein

AMP adenosine monophosphate

AMS adenosine monosulfate

APC antigen-presenting cell

AT acyl transferase

ATP adenosine triphosphate

BCG bacillus Calmette-Guérin
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CD cluster of differentiation

cDNA complementary deoxyribonucleic acid

CMB carboxymycobactin

CoA coenzyme A

DAT diacyl trehalose

DC dendritic cell

DDM dideoxymycobactin

DH dehydratase

DTH delayed-type hypersensitivity

EDDA ethylenediamine-N,N’-di(2-hydroxyphenylacetic acid)
EI/MS electron ionization/mass spectrometry
ELISA enzyme-linked immunosorbent assay

ER enoyl reductase

FAB/MS fast atom bombardment/mass spectrometry
FAS fatty acid synthase

FBP fibronectin-binding protein

GC/MS gas chromatography/mass spectrometry
GMM glucose monomycolates

GPL glycopeptidolipid

HIV human immunodeficiency virus

HLA human leukocyte antigen

IFN-~ interferon-~

IL interleukin

INH isoniazid

IS insertion sequence

KAS (-ketoacyl synthase

KR (-ketoacyl reductase

LAM lipoarabinomannan

LC liquid chromatography

LPS lipopolysaccharide

MAGP mycolic acid—arabinogalactan—peptidoglycan
MALDI-TOF matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
MAO monoamine oxidase

MAS mycocerosic acid synthases

MB mycobactin

MHC major histocompatibility complex

MIC minimum inhibitory concentration

MMG glycerol monomycolate

MMP matrix metalloproteinase

mRNA messenger ribonucleic acid

MS mass spectrometry

Mtb Mycobacterium tuberculosis

Myc-PL 6-0O-mycolyl-3-p-mannosyl-1-phosphoheptaprenol
NF-xB nuclear factor kappa-light-chain-enhancer of activated B cells
NK cells natural killer cells

NMR nuclear magnetic resonance

NO nitric oxide

nsGPL nonserovar-specific glycopeptidolipid

NTM nontuberculous mycobacteria

PAPS 3’-phosphoadenosine-5'-phosphosulfate

PAS para-aminosalicylic acid
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PAT polyacyl trehalose
PBMC peripheral blood monocyte
PCR polymerase chain reaction
PDIM phthiocerol dimycocerosate
PGL phenolic glycolipid
PIM phosphatidyl-myo-inositol mannoside
PKS polyketide synthase
PPD purified protein-derivative
PZA pyrazinamide
RNA ribonucleic acid
SAM S-adenosyl-L-methionine
SAR structure—activity relationship
SL-1 sulfolipid-1
ssGPL serovar-specific glycopeptidolipid
STM scanning tunneling microscopy
TAT triacyl trehalose
TB tuberculosis
TDCM trehalose dicorynomycolate
TDM trehalose-6,6'-dimycolate
TE thioesterase
Th T helper
TLC thin-layer chromatography
TMM trehalose-6-monomycolate
TNF-« tumor necrosis factor-a
VEGF vascular endothelial growth factor
WHO World Health Organization
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1.05.1 Introduction

Polyketides are compounds that are synthesized by polyketide synthases (PKSs) via condensation of several
acetate units." Since polyketides possess various important biological activities, they have been considered as
a useful source of pharmaceutical agents. PKSs share a similar reaction mechanism to fatty acid synthases
(FASs) and the most important reaction in common between PKSs and FASs is decarboxylative condensation
of malonyl-coenzyme A (CoA) derivatives to acyl-thioesters (acyl carrier protein (ACP) or CoA) to
synthesize [(-ketoacyl thioesters catalyzed by ketosynthase (KS) activity (Figure 1)° " In this reaction,
acyltransferase (AT) activity and an ACP are also required. ACP carries an acyl or malonyl moiety at the
thiol of a phosphopantetheinyl moiety attached to a serine residue. AT transfers the malonyl or acyl moiety
of malonyl-CoA and acyl-CoA to the thiol of the phosphopantetheinyl moiety attached to ACP. This
phosphopantetheinyl moiety is attached to ACP by the reaction of phosphopantetheinyl transferase (PPT)
activity. In the FAS reaction, decarboxylative condensation is followed by stepwise reduction and dehydra-
tion of a B-ketoacyl thioester by ketoreductase (KR), dehydratase (DH), and enoylreductase (ER). Thus, FAS
produces acyl-thioesters (usually acyl-ACP thioesters) resembling the original substrate, but with two
additional methylene moieties (Figure 1). The iterative condensation and reduction result in fatty acid
production. The difference between FAS and PKS is that all or some steps of these reductions are eliminated
in the PKS reaction (Figure 1). Therefore, PKSs yield an acyl chain containing double bonds, hydroxyl
residues, and ketone groups. In addition, acyl chains yielded by PKSs are usually modified or cyclized at the
end of the reaction.

PKSs are divided into three groups on the basis of the organization of their domains (Figure 2).'
Type I PKSs are large multifunctional proteins divided into modules (Figure 2).” Each module contains
three to six domains and catalyzes condensation of one molecule of malonyl-CoA derivatives. Each
module contains, at least, a KS domain, AT domain, and ACP, which are required for decarboxylative
condensation of malonyl-CoA. In addition to these domains, some modules contain all or part of the three
domains (KR, DH, and ER) responsible for reduction and dehydration. At the last module, type I PKSs

147
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Figure 1 The reactions catalyzed by FAS and PKS. FAS catalyzes reduction and dehydration of 3-ketoacyl-ACP
synthesized by KS and produces saturated acyl-ACP, which then becomes the substrate of the next extension. In the PKS
reactions, all or some of these reductions are eliminated and acyl-ACPs with a hydroxy group, double bond, or ketone group
are synthesized.

usually harbor a thioesterase (TE) domain, which is responsible for the release of the resulting acyl chain
from ACP (see Chapter 1.10).

In type II PKSs, these domains are on discrete proteins and type II PKSs therefore consist of subunits that
possess different functions (Figure 2).° The subunits required for decarboxylative condensation are KS, chain
length factor (CLF), ACP, and AT. CLF, which is also called KSg, is a KS whose catalytic cysteine is not
conserved. The complex of these enzymes is called a ‘minimal PKS’ (see Chapter 1.07).

Type III PKSs are a simple homodimer composed of an approximately 42 kDa KS and are multifunctional
proteins catalyzing iterative condensation of malonyl-CoA to form a polyketide chain, cyclization, and
aromatization of the resultant polyketide chain (Figure 2)." They are quite distinct from type I and 1T PKSs
and use free CoA thioesters as a substrate, whereas type I and Il PKSs use the substrate attached to the
4'-phosphopantetheine residue of ACP. Type III PKSs are usually responsible for the synthesis of aromatic
bioactive compounds, such as flavonoids and stilbenoids in plants.

Until recently, type I1I PKSs had been found only from higher plants.” In 1999, type 111 PKSs from bacteria,
Streptomyces griseus® and Pseudomonas fluorescens Q2-87,°"'" were first reported. The discovery of bacterial type 111
PKSs gave rise to the idea that type III PKSs are distributed in a wide variety of microorganisms. In fact, recent
explosive accumulation of the bacterial genome sequences has predicted that a variety of microorganisms
contain putative type III PKSs. Among these, some were identified as actual type III PKSs through i vive and
in vitro analyses, such as those from Streptomyces coelicolor A3(2), Mycobacterium tuberculosis, Bacillus subtilis, and
Deinococcus radiodurans. However, the catalytic properties of most of the bacterial type Il PKSs are unknown,
which makes these enzymes attractive targets to study possible novel functions and apply them for the
production of useful compounds by the so-called metabolic engineering. This chapter summarizes the catalytic
functions of some microbial type III PKSs. An important, but thus far overlooked, role of alkylresorcinols, as
products of a group of type III PKSs, in biological membranes in bacteria, fungi, and plants has also been
implicated.
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Figure2 Threetypes of PKSs. Type | PKS is a multifunctional peptide that is divided into modules and domains. Type Il PKS
is a complex of discrete enzymes that possess an individual function. Type lll PKS is a simple homodimer of ketosynthase.

1.05.2 Plant Type lll PKSs

The most typical type III PKS is chalcone synthase (CHS), which catalyzes the key step in the phenylpropa-
noid pathway (Figure 3).* First, p-coumaroyl-CoA, which is called a starter substrate, attaches to the catalytic
cysteine of CHS. Three molecules of malonyl-CoA, which is called an extender substrate, are then decarbox-
ylatively condensed with the p-coumaroyl-CoA molecule attached to the enzyme to form a polyketide chain
intermediate. The resultant linear polyketide chain is cyclized via intramolecular Claisen condensation and
aromatization to yield naringenin chalcone (Figure 3). CHS of the type III PKS family catalyzes all of these
reactions in a single domain. Similarly, most type III PKSs catalyze iterative condensation of an extender
substrate with a starter substrate, cyclization, and aromatization of the resulting polyketide chain. The
structural diversity of the products of type III PKSs is therefore dependent upon starter and extender substrate
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Figure 3 The reactions catalyzed by plant type Il PKSs. (a) Chalcone synthase (CHS) catalyzes condensation of three
molecules of malonyl-CoA to p-coumaroyl-CoA and Claisen condensation to yield naringenin chalcone. Stilbene synthase
(STS) catalyzes aldol condensation, instead of Claisen condensation, and synthesizes resorcinol. Coumaroyl triacetic acid
synthase (CTAS) catalyzes lactonization of a tetraketide intermediate and synthesizes a coumaroyl triacetic acid lactone
(CTAL). When nonenzymatic lactonization occurs, triketide and tetraketide pyrones are synthesized. (b) The catalytic triad
consisting of Cys, His, and Asn condenses malonyl-CoA to the starter CoA. (c) The crystal structure of CHS from Medicago
sativa (alfalfa). Each monomer is colored in red and blue. Naringenin bound to the catalytic center is depicted in green.

specificity, the number of condensation of extender substrates, and the mode of cyclizaton. For example,
stilbene synthase (STS)* shows a mode of cyclization different from CHS, synthesizing stilbenes via aldol
condensation coupled with decarboxylation (Figure 3). Coumaroyl triacetic acid synthase (CTAS)* synthesizes
a coumaroyl triacetic acid lactone (CTAL) via lactonization, instead of Claisen condensation, of a tetraketide
intermediate (Figure 3). 2-Pyrone synthase (2-PS)'" synthesizes a triacetic acid lactone (TAL) via condensa-
ton of acetyl-CoA with two malonyl-CoA molecules and subsequent lactonization. Recently, octaketide
synthase (OKS), which synthesizes SEK4 and SEK4b from eight molecules of malonyl-CoA, and pentaketide
chromone synthase (PCS), which synthesizes pentaketide chromone from five molecules of malonyl-CoA, have
been found.'*"* In addition, curcuminoid synthase (CUS), a type Il PKS from the rice Oryza sativa, has been
found to catalyze decarboxylative condensation of not only malonyl-CoA but also 3-keto acids. This unusual
condensation of a starter substrate with a 3-keto acid, which acts as the second extender substrate, results in the
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formation of a curcuminoid scaffold."”” Most type Il PKSs produce pyrones as by-products, as a result of
nonenzymatic cyclization (lactonization) of polyketide chain intermediates. The diversity of polyketide
products synthesized via type III PKSs is manifested through this functional diversity and post-PKS modifica-
tion enzymes.

The iterative condensation of malonyl-CoA derivatives by CHS is catalyzed by three amino acid residues,
Cys164, His303, and Asn336, forming a catalytic triad (Figure 2(b)).* These three residues are conserved in all
known type III PKSs and are essential for catalysis (Figure 4). The crystal structure of CHS, the most typical
type III PKS, was solved in 1999 (Figure 2(c)).'® CHS, having an afaBa fold, belongs to the thiolase fold
family.>'® The crystallographic study of type Il PKSs as well as their complex with substrates revealed the
amino acid residues important for the catalytic diversity of type III PKSs. Alignment of the amino acid residues
forming the active site and locating nearby of type Il PKSs, including CHS, 2-PS, STS, and PCS,'"'""¥ in
Figure 4, predicted the residues that are essential and important for polyketide synthesis. For example, Phe215
and Phe265 are the amino acid residues, called gatekeepers, that mediate the CoA binding tunnel.* Thr132,
Glul192, and Ser338, forming an aldol switch, are involved in forming a hydrogen bond network stabilizing a
water molecule, which is responsible for the cryptic TE activity of STS."” This TE activity is important for
aldol condensation. The reactions catalyzed by type III PKSs are thought to be regulated by a subtle difference
in the active site formed by these amino acid residues'® (see Chapter 1.06).

1.05.3 Type lll PKSs from Actinobacteria
1.05.3.1 RppA (1,3,6,8-Tetrahydroxynaphthalene Synthase)

Actinobacteria are high G 4 C bacteria known to produce a wide variety of secondary metabolites with various
useful bioactivities. The polyketides showing interesting bioactivities from actinobacteria had been believed to
be synthesized by type I and type Il PKSs until RppA (red pigment production), the first bacterial type III PKS,
was discovered, cloned, and characterized from S. griseus in 1995."" In vitro experiments revealed that RppA
catalyzes the synthesis of 1,3,6,8-tetrahydroxynaphthalene (THN) from five molecules of malonyl-CoA
(Figure 5(a)).” rppA from S. griseus constitutes an operon with a P-450mel gene, which is a member of the
cytochrome P-450 family (Figure 5(b)).”" P-450mel catalyzes oxidative biaryl coupling of two molecules of
THN to synthesize 1,4,6,7,9,12-hexahydroxyperylene-3,10-quinone (HPQ). HPQ_readily autopolymerizes to
generate HPQ_ melanin (Figure 5(a)). Because the THN produced by the action of RppA is used as a substrate
by P-450mel, an 7ppA disruptant loses the ability to produce a red-brown melanin pigment.” The RppA
homologues that catalyze THN synthesis were also present in other actinobacteria, Saccharopolyspora erythraea,”
S. avermirilis,”* S. antibioticus IFO13271,%* and S. coelicolor A3(2).”* These RppA homologues constitute an operon
with a P-450mel-like gene or a quinone-forming monooxygenase gene, momA (Figure 5(b)). MomA catalyzes
oxidation of THN to yield flaviolin (Figure 5(a)).”* In addition, hybrid compounds composed of a polyketide
and a terpenoid containing a naphtoquinone ring, such as naphterpin,” furaquinocins,”® and napyradiomycin,”’
are predicted to be biosynthesized via the THN formed by RppA homologues (Figure 5(c)). These 7ppA
homologues sit near various post polyketide modification enzyme genes, including #phB whose gene product
adds a geranyl moiety to the THN scaffold to synthesize the intermediates of naphterpin.”>**

RppA is different in the reaction from type III PKSs previously discovered from plants in two ways.”” RppA
utilizes malonyl-CoA as the starter substrate, which is usually incorporated as an extender substrate by most
type III PKSs. The RppA reaction involves two carbon—carbon intramolecular cyclizations: one, aldol con-
densation, and the other, Claisen condensation (Figure 5(a)). Funa e al’* suggested that Tyr224 (256 in CHS
numbering) is important for the malonyl-CoA priming by a bioinformatic approach and site-directed mutagen-
esis. Tyr224 mutants lost the ability to synthesize THN, although they retained the ability to synthesize
pyrones from hexanoyl-CoA. Interestingly, this tyrosine is conserved in other bacterial type III PKSs, such as
PhID and DpgA (these enzymes are described later), that involve malonyl-CoA priming (Figure 4). They also
showed that substitution of Ala305 (338 in CHS numbering) by bulky amino acid residues restricts the number
of malonyl-CoA condensation, suggesting that the volume of the active site is important for the malonyl-CoA
condensation. The relationship between the active site cavity and the number of condensation reaction is also
examined with plant type I11 PKSs."® Substitution of the amino acids at positions 197, 256, and 338 in CHS
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numbering with smaller amino acids resulted in an increase in the number of malonyl-CoA condensation. The
importance of Tyr224 was also suggested by site-directed mutagenesis of RppA from S. coelicolor A3(2).”" The
residues Tyr224 and Ala305 are conserved in all RppA homologues (Figure 4).

The crystal structure of an RppA homologue, 1,3,6,8-tetrahydroxynaphthalene synthase (THNS), from
S. coelicolor A3(2), was solved by Austin er a”’ The overall structure of THNS exhibits an aBafa-fold core
domain and a homodimeric interface, as observed for plant type III PKSs. The crystal structure of THNS
contained a polyethylene glycol (PEG) heptamer and glycerol molecules in a tunnel, called a PEG-binding
tunnel, which was not observed in plant PKSs. Although the PEG-binding tunnel seems to be not important for
the synthesis of a THN scaffold, it perhaps accommodates an alkyl chain of long-chain fatty acids. A similar
tunnel was observed in the crystal structure of PKS18, a type ITI PKS from M. ruberculosis,’" the detail of which
will be described later. The tunnel of this enzyme was found to accommodate myristic acid. Tyr224, one of the
residues near the active site of THNS, probably contributes to a steric constriction along the horizontal
direction of the active site cavity and limits the conformational flexibility of the malonyl moiety attached to
Cysl135, one of the residues forming the catalytic triad of RppA. C106S mutants also lost the ability to
synthesize THN and yielded only a TAL, indicating that the thiol at Cys106 is also important for THN
formation. In this TAL formation reaction, the acetyl moiety of TAL is provided by decarboxylation of the
malonyl moiety probably catalyzed by THNS. Whether Cys106 contributes to the inhibition of decaboxylation
or lactonization is not clear. This residue is conserved in other RppA homologues (132 in CHS numbering)
(Figure 4). A feeding experiment with [1,2-"*CJacetic acid, which is a precursor of malonyl-CoA, in Escherichia
coli expressing THNS revealed that RppA catalyzes U-shaped cyclization but not S-shaped cyclization
(Figure 5(d)).”” The THN synthesized via the S-shaped cyclization harbors a central carbon—carbon bond
derived from the polyketide chain itself, but the THN synthesized via the U-shaped cyclization harbors a
central carbon—carbon bond formed by aldol or Claisen condensation of the resulting polyketide chain.
Although the crystal structure of THNS, a homologue of RppA, provided an insight into the reaction
mechanisms, the details of the THN cyclization pathway are still unclear.

RppA also accepts acyl-CoAs as a starter substrate iz vizro when an excess amount of acyl-CoAs is present.””
RppA accepts aliphatic acyl-CoAs with carbon lengths from C, to Cg as starter substrates and synthesizes
pyrones and phloroglucinols. When acetoacetyl-CoA is accepted, RppA synthesizes T'AL. Interestingly, RppA
produces a hexaketide from octanoyl-CoA. In addition, incubation of RppA with methylmalonyl-CoA and
acetoacetyl-CoA results in the production of methylated TALs. These observations suggest that bacterial type
III PKSs possess promiscuous substrate specificity as observed for plant type I1I PKSs and could be used for the
production of unnatural polyketides by means of metabolic engineering.’***

Figure 4 Alignment of amino acid sequences of type Il PKSs from plants and microorganisms. This alignment shows only
amino acid sequences related to the catalytic diversity. MsCHS = chalcone synthase from Medicago sativa (DNA database
accession number AAA02824); AhSTS = stilbene synthase from Arachis hypogaea (BAA78617); RopBAS = benzalacetone
synthase from Rheum palmatum (AAK82824); Gh2-PS = 2-pyrone synthase from Gerbera hybrida (CAA86219);

AaPCS = pentaketide chromone synthase from Aloe arborescens (AAX35541); AaOKS = octaketide synthase from Aloe
arborescens (AAT48709); OsCUS = curcuminoid synthase from Oryza sativa (AK109558); AvArsB = ArsB from Azotobacter
vinelandii (EAM05488); AvArsC = ArsC from Azotobacter vinelandii (EAM05489); Pf-5PhID = PhID from Pseudomonas
fluorescens Q2-87 (YP_263015); Q287PhID = PhID from Pseudomonas fluorescens Q2-87 (AAB48106); ScRppA = RppA from
Streptomyces coelicolor A3 (2) (SCO1206); SoceCHS1 =type Il PKS from Sorangium cellulosum 1 (CAN92292);

SgRppA = RppA from Streptomyces griseus (BAE07216); ScSrsA = SrsA homologue from Streptomyces coelicolor A3(2)
(SCO7671); SgSrsA = SrsA from Streptomyces griseus (SGR472); Mitpks11 =pks11 from Mycobacterium tuberculosis
(Rv1660); Mtpks11 = pks11 from Mycobacterium tuberculosis (Rv1665); MxCHS =type lll PKS from Myxococcus xanthus
(ABF87000); AocDpgA = DpgA from Amycolatopsis orientalis (CAA11765); AbDpgA = DpgA from Amycolatopsis mediterranei
DSM5908 (CAC48378); AocsyA =type lll PKS from Aspergillus oryzae (BAD97390); AocsyB = type Ill PKS from Asperqgillus
oryzae (BAD97391); AocsyC =type Ill PKS from Aspergillus oryzae (BAD97392); AocsyD = type Ill PKS from Aspergillus
oryzae (BAD97393); NcORAS = ORAS from Neurospora crassa (NCU04801); DdstlA =type Ill PKS domain of StIA from
Dictyostelium discoideum (EAL72032); ScGcs = Ges from Streptomyces griseus (CAC01488); Mtpks18 = pks18 from
Mycobacterium tuberculosis (A70958); SoceCHS2 = type Ill PKS from Sorangium cellulosum 2 (CAN92341); Ddstlb =type IlI
PKS domain of StIB from Dictyostelium discoideum (EAL62021).
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Figure 5 The reaction catalyzed by RppA and subsequent modification of the product, THN, into flaviolin by MomA and into
HPQ melanin by P-450mel (a), the gene organizations near rppA in various Streptomyces strains (b), prenylated polyketides
synthesized via the THN synthesized by the action of RppA (c), and the folding of the polyketide chain, as determined by
[1,2-'3Clacetate feeding (d). RppA catalyzes condensation of five malonyl-CoA and subsequent aldol and Claisen
condensations lead to the formation of THN (a).

1.05.3.2 Gcs

Streptomyces coelicolor A3(2) is the first Strepromyces species whose genome sequence was uncovered in 2002.*° In
addition to RppA (THNSY), there are two type III PKSs, Sco7221 and Sco7671, in this species. Sco7221 was
characterized as a germicidin synthase (Gces) by Song er al’® Germicidin derivatives were first isolated from
Streptomyces viridochromogenes NRRL B-1551 and have an inhibitory effect on the germination of spores.’’
Comparison of the metabolic profiles of wild-type S. coelicolor M145 and a Sco7221-disrupted mutant predicted
that Sco7221 was involved in the biosynthesis of germicidin derivauves, germicidin A, isogermicidin A,

germicidin B’ isogermicidin B, and germicidin C (Figure 6). These compounds were probably produced
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Figure 6 The predicted biosynthesis pathway of germicidin A and the structures of its derivatives. The initial reaction of
germicidin synthesis is catalyzed by FabH, synthesizing 5-ketoacyl-ACP by condensation of acyl-CoA and malonyl-ACP. Gcs
incorporates the (3-ketoacyl-ACP and condenses with ethylmalonyl-CoA to synthesize germicidin A.

from 2-methylbutyryl-CoA, isovaleryl-CoA, isobutyryl-CoA, or butyryl-CoA condensed with malonyl-CoA,
followed by condensation with ethylmalonyl-CoA or methylmalonyl-CoA. In this novel polyketide synthesis
pathway (Figure 6), the initial condensation is catalyzed by FabH, a 8-ketoacyl carrier protein synthase III
involved in the fatty acid biosynthesis. FabH synthesizes 4-methyl-3-oxohexanoyl-ACP from 2-methylbu-
tyryl-CoA and malonyl-ACP. The resultant 4-methyl-3-oxohexanoyl-ACP would be incorporated in Ges and
condensed with ethylmalonyl-CoA or methylmalonyl-CoA to form germicidin A. This prediction was sup-
ported by an experiment using S. coelicolor M511, in which the fabH gene was replaced by the orthologue from
E. coli. This strain produced predominantly straight-chain fatty acids, whereas wild-type S. coelicolor A3(2)
produced predominantly branched-chain fatty acids. Reflecting the fatty acids produced, the S. coelicolor A3(2)
strain carrying the E. coli fabH gene lost the ability to produce germicidin A, isogermicidin A, or germicidin C
but still produced germicidin B” and isogermicidin B. FabH is therefore involved in germicidin biosynthesis
and Gcs uses the [3-ketoacyl-ACP, not acyl-CoA esters, as the starter substrate that is an intermediate of the
fatty acid synthesis (Figure 6).”° Plant type Il PKSs so far reported all incorporate CoA esters as starter
substrates. Therefore, incorporation of ACP thioesters by Ges is surprising and the mechanism of ACP
recognition by type III PKSs is interesting for future study. Arginine at position 308 (in CHS numbering)
was revealed to be important for the interaction between ACP and FabH from E. coli.’”® Therefore, this residue
also appears to be important for the interaction between Gces and ACP. In addition, incorporation of
ethylmalonyl-CoA as the extender substrate is also interesting because no such activity of type III PKSs has
ever been observed.

Interaction between Ges and ACP was demonstrated i vitro by Griischow er al’” Four hexanoyl-ACPs,
including MmcB responsible for mitomycin biosynthesis, TcmM for tetracenomycin biosynthesis, Otc for
oxytetracycline biosynthesis, and functionally unknown SCOACP (Sco0549), were synthesized iz vitro by using
promiscuous substrate specificity of sfp, the PPT involved in surfactin biosynthesis.* The hexanoyl-ACPs thus
synthesized were each incubated with malonyl-CoA and either Gces or Sco7671. As a result, Ges incorporated
hexanoyl-ACPs as starter substrates and yielded triketide pyrones in amounts of approximately 25-50%, when
compared to the hexanoyl-CoA-primed reaction. Sco7671 incorporated hexanoyl-ACPs with relatively low
efficiency. Although hexanoyl-ACPs used in this study are not the native substrate of Ges and Sco7671, these
results support the hypothesis that Ges and Sco7671 could interact with ACPs.
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1.05.3.3 SrsA

Streptomyces grisens contains two type 111 PKSs."' In addition to RppA (SGR6620), SGR472 showing 61%
identity in amino acid sequence with Sco7671 is present.” SGR472 was named SrsA (Streptomyces resorcinol
synthesis).*” SrsA is a member of the s7s operon, which is composed of s7s4 encoding a type 11 PKS, s75B
encoding a methyltransferase, and s7¢C encoding a flavoprotein hydroxylase (Figure 7(b)). The heterologous
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Figure 7 The reaction catalyzed by SrsA to form resorcylic acid and pyrones (a), the gene organization of the srs operon
(b), and the reaction catalyzed by SrsABC to form hydroxylated alkylresorcinol methyl esters, which are then
nonenzymatically oxidized to alkylquinones (c). SrsA catalyzes the formation of alkylresorcylic acids containing a C-methyl
group by condensing methylmalonyl-CoA and two malonyl-CoAs. The alkylresorcylic acid formed is readily converted to
alkylresorcinol nonenzymatically. SrsB catalyzes the methylation of the SrsA products and SrsC catalyzes oxidation of the
SrsAB products. The products of SrsABC reactions are nonenzymatically converted to alkylquinones.
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expression of SrsA in 8. /ividans resulted in the production of branched-chain alkylresorcinols as major products
and tetraketide pyrones (Figure 7(b)). Since these alkylresorcinols possessed a C-methyl group on the aromatic
ring, SrsA was predicted to incorporate methylmalonyl-CoA as an extender substrate. Iz vitro study of
recombinant SrsA produced in S. /ividans revealed that SrsA synthesizes alkylresorcinols from a branched-
chain fatty acid CoA ester, one methylmalonyl-CoA, and two malonyl-CoAs (Figure 7(a)). The triketide and
tetraketide pyrones produced by the action of SrsA also contained a C-methyl group. Of the type III PKSs
reported to date, Ges,’® a CHS cloned from Pinus strobus seedlings,*’ and SrsA are examples that incorporate
methylmalonyl-CoA as an extender. Interestingly, SrsA prefers to incorporate one methylmalonyl-CoA
molecule; it produces pyrones, instead of resorcinols, when two or more methylmalonyl-CoA molecules are
incorporated. The order of incorporation of methylmalonyl-CoA and malonyl-CoA is presumably regulated by
a subtle difference in the active site, as observed for the catalysis of many other type III PKSs. The regulatory
mechanism of methylmalonyl-CoA incorporation is interesting for future study.

Coexpression of either SrsB or SrsC and SrsB, with SrsA revealed that both enzymes modify the resorcinol
scaffold (Figure 7(c))." SrsB catalyzes methylation of the hydroxyl moiety on the phenol ring produced by the
action of SrsA. SrsC is a hydroxylase responsible for regio-specific hydroxylation of the alkylresorcinol methyl
ethers produced by the actions of SrsA and SrsB. Because of the instability of the resulting hydroxylated
alkylresorcinols, they are nonenzymatically converted into alkylquinones.

Further iz vitro analysis of SrsA and SrsB revealed that SrsA catalyzes the formation of alkylresorcylic acids
and SrsB catalyzes decarboxylative methylation of alkylresorcylic acids (C. Nakano and S. Horinouchi,
unpublished data). Alkylresorcylic acids could be nonenzymatically decarboxylated quickly. Therefore, alkyl-
resorcylic acids could not be detected in the above described iz vivo experiment; alkylresorcylic acids are
readily decarboxylated during the incubation and extraction. By carefully optimizing the reaction and analysis
conditions 77 vitre, we found that SrsA synthesizes alkylresorcylic acids as the major products and alkylresorci-
nols were synthesized via nonenzymatic decarboxylation of alkylresorcylic acids. The assay using stable
isotope-labeled malonyl-CoA clearly showed that methylmalonyl-CoA is incorporated at the first condensa-
tion (Figure 7(a)) (our unpublished data). In addition, SrsB, which was predicted to catalyze methylation of
alkylresorcinol, did not synthesize alkylresorcinol methyl ether from alkylresorcinol. However, SrsB synthe-
sized an alkylresorcinol methyl ether when coincubated with SrsA, malonyl-CoA, methylmalonyl-CoA, and
long-chain fatty acyl-CoA. Therefore, SrsB catalyzes the methylation of the precursor of alkylresorcinol,
probably alkylresorcylic acids. As no alkylresorcylic acid methyl ether was detected in this assay, SrsB was
supposed to catalyze methylation of alkylresorcylic acid coupled with decarboxylation. From all these findings,
it is clear that Srs enzymes presumably catalyze the formation of alkylquinone by the reactions depicted in
Figure 7(c).

Disruption of the s7s operon in S. griseus resulted in loss of alkylresorcinols and alkylquinones formation. At
the same time, the s7s disruptants exhibited higher sensitivity to penicillin G and cephalexin, both of which
belong to the (-lactam antibiotics. The alkylresorcinols and alkylquinones are probably associated with or
integrated in the membrane because of their amphiphilic properties. In fact, they were fractionated in the
membrane/cell wall fraction. All these findings suggest that these phenolic lipids synthesized by the s7s operon
confer penicillin resistance by influencing the overall constitution of the cell wall and membranes. As srs-like
operons exist in many Gram-negative and Gram-positive bacteria, such as B. subtilis, Rbhodobacter sphaeroides,
Rhbodospirillum centenum, Rhizobium erli, and Mycobacterium spp.* In fact, the srs-like operon in B. subtilis directs the
synthesis of alkylpyrones, although no detectable phenotypic changes of an s7s mutant were observed.™

1.05.3.4 DpgA

Balhimycin is a vancomycin-type antibiotic isolated from Amycolatopsis mediterranei.” As the vancomycin group
glycopeptides are used as powerful antibiotics for methicillin-resistant Staphylococcus aureus (MRSA), they are
one of the most important groups of antibiotics. Balhimycin is a nonribosomal peptide synthesized by a
nonribosomal peptide synthetase and requires several unusual amino acids, (S)-3,5-dihydroxyphenylglycine
(DPG) and (S)-4-hydroxyphenylglycine, for its biosynthesis. DpgA was the firstly characterized as a key
enzyme responsible for the biosynthesis of DPG (Figure 8). dpgA is a member of the dpgABCD gene cluster,
which is involved in balhimycin biosynthesis in A. mediterranei DSM5908 (Figure 8(b))."® DpgA, sharing 26%
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Figure 8 The reaction catalyzed by DpgABCD and Pgat (a) and the gene organization of the dpg operon (b). DpgA
synthesizes DPA-CoA by catalyzing condensation of three malonyl-CoAs and aldol condensation-type cyclization. DpgBC
accelerates the aromatization and dehydration, followed by aldol condensation catalyzed by DpgA. DpgC catalyzes the
oxidative cleavage of the thioester bond of DPA-CoA and synthesizes 3,5-dihydroxyphenylglyoxylate. Pgat catalyzes the
amidation of 3,5-dihydroxyphenylglyoxylate, yielding DPG.

identity in amino acid sequence with a type III PKS GHCHS2 from the plant Gerbera hybrida, was found to be
involved in DPG biosynthesis and catalyze the formation of 3,5-dihydroxyphenylacetic acid or its precursor
3,5-dihydroxyphenylacetyl-CoA (DPA-CoA). In vitro study of DpgA encoded by the chloroeremomycin
biosynthesis gene cluster in A. orientalis'” showed that DpgA cartalyzes the formation of DPA-CoA via
condensation of four malonyl-CoAs and cyclization of aldol condensation type. Interestingly, DpgA releases
the product as a CoA thioester and incorporates malonyl-CoA as the starter substrate, as does RppA. DpgB and
DpgD, both belonging to the crotonase superfamily, accelerate the DPA-CoA formation catalyzed by DpgA in
some unknown way.*” Chen e al*’ detected a weak enoyl-CoA hydratase activity of DpgBD and predicted that
DpgBD accelerated the reaction by catalyzing the dehydration and aromatization followed by aldol condensa-
ton. DpgC, which is an oxygenase, converted DPA-CoA to 3,5-dihydroxyphenylglyoxylate, which was then
converted to DPG by pgat (HpgT). Surprisingly, DpgA still retained DPA-CoA synthesis activity when the
catalytic Cys160 was substituted by alanine or serine (C160A and C160S mutants), although DpgA lost the
ability to bind malonyl-CoA by these substitutions.* Substitution of His296, forming the catalytic triad with
Cys160 and Asn329, caused only partial loss of the activity. DpgA is the only type III PKS enzyme thus far
reported whose activity is not completely eliminated by mutations of the catalytic residues. These findings
suggest that the thioester bond between the starter substrate and a polyketide intermediate is not absolutely
necessary for decarboxylative condensation of malonyl-CoA. As most type III PKSs show cryptic TE activity or
cleave a thioester bond by Claisen condensation, DpgA is unique in that it releases the product as a CoA
thioester.

The crystal structure of DpgC was reported recently.”” This enzyme is an oxidase, catalyzing the formation
of 3,5-dihydroxyphenylglyoxylate from DPA-CoA without requiring any cofactors or metal ions.”” This
oxidation couples with the release of a CoA thioester. During polyketide synthesis, the products are released
by cleavage of a thioester bond of the final intermediate by a TE activity. Therefore, the oxidative, nonhy-
drolytic cleavage of the thioester bond catalyzed by DpgC is one of the interesting reactions in DPG
biosynthesis. Although an oxidative cleavage of the thioester bond by type III PKSs is rare, a reductive cleavage
of the thioester bond is reported for some nonribosomal peptide synthetases and type I PKSs.”">*

1.05.3.5 Type lll PKSs from Mycobacterium

Mycobacterium tuberculosis is the causative agent of tuberculosis.”® Fifty million people are now infected with
drug-resistant strains of the tuberculosis pathogen, as estimated by the World Health Organization (WHO).
The cell wall of Mycobacterium contains various unusual lipids, such as mycolic acid, methyl-branched fatty
acids, phthiocerol, and phenolphthiocerol, and these unusual fatty acids are believed to provide resistance to
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Figure 9 The reaction catalyzed by pks11 and pks18 (a) and the genes located near pks70 and pks11 (b). Both pks11 and
pks18 incorporate long-chain fatty acid CoA esters and synthesize triketide and tetraketide pyrones via condensation of
malonyl-CoA and lactonization (a). pks7, pks8, pks9, and pks17 are similar to modular type | PKSs.

antibacterial agents. Therefore, a better understanding of their biosynthesis pathways should provide novel
drug targets. Because PKS-like enzymes are involved in the biosynthesis of some of these unusual lipids,
studying PKS in Mycobacterium is important and useful in seeking novel drug targets.”*

The genome sequences of M. tuberculosis strains predicted the presence of a large number of PKSs, including
three putative type Il PKSs, pks10, pks11, and pks18.”” pks10 and pks1 are clustered in an unusual organization
with other PKS genes (Figure 9(b)). In contrast, there are no PKS-related genes near pksI8. Both pks11 and
pks18 use fatty acid CoA esters as starter substrates iz virro (Figure 9(a)).’® pks18 favors long-chain fatty acid
CoA esters, such as lauroyl-CoA, palmitoyl-CoA, and arachidoyl-CoA, as starter substrates and produces
triketide and tetraketide pyrones. pksl1 possesses similar activity. Although both pks11 and pks18 synthesize
alkylpyrones iz vitro, no such compounds have been isolated 7 vivo from M. tuberculosis. Therefore, the in vivo
functions of these enzymes are still unclear.

The crystal structure of pks18 was solved as a complex with myristic acid by Sankaranarayanan ezal’' Myristic
acid was buried in a tunnel, which had never been observed in plant type III PKSs. This tunnel was 20 A long and
extended from the active site to the surface. A similar tunnel was observed in THNS (RppA in S. coelicolor A3(2)).”
This tunnel was predicted to accommodate a long alkyl chain of the starter substrate. As predicted, substitution of
the amino acids near this tunnel by a bulkier amino acid, phenylalanine (C205F and A209F mutant, 194 and 197
respectively in CHS numbering), inhibited polyketide formation from long-chain fatty acids.

1.05.4 Type lll PKSs from Proteobacteria
1.05.4.1 PhID

PhID was discovered by Bangera and Thomashow in 1999'" in the biosynthesis gene cluster of 2,4-diacetylph-
loroglucinol (2,4-DAPG) in P. fluorescens Q2-87 (Figure 10). 2,4-DAPG is the major determinant of the ability
of P. fluorescens to suppress Gaeumannomyces graminis, a fungal pathogen that causes the take-all disease of
wheat.”” The 2,4-DAPG biosynthesis gene cluster contains six genes phlABCDEF, four products (PhIABCD) of
which appear to be involved in the biosynthesis of 2,4-DAPG. PhID shows similarity in amino acid sequence to
type III PKSs. PhIA shows 26% identity to FabH in E. co/i but lacks the active site cysteine. This feature is
similar to CLF, which is the KS lacking the active site cysteine in type II PKSs. PhIC shows similarity to the
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Figure 10 The 2,4-DAPG biosynthesis pathway predicted by Bangera and Thomashow'° (a) and by Achkar et a/.>® (b), and
the organization of the phIABCD operon (c). PhID was predicted to synthesize 2-monoacetylphloroglucinol from acetoacetyl-
CoA and malonyl-CoA (a) and phloroglucinol from three malonyl-CoAs (b).

thiolase domain of rat sterol carrier protein. PhlB shows no similarity to known proteins. Overexpression of
PhIABCD in E. coli resulted in the production of 2-monoacetylphloroglucinol and 2,4-DAPG. Gene disruption
and feeding experiments established that PhID catalyzes the formation of 2-monoacetylphloroglucinol by
condensation of two malonyl-CoAs and one acetoacetyl-CoA, followed by Claisen condensation
(Figure 10(a))."’ Furthermore, PhIABC catalyze acetoacetyl-CoA synthesis and the conversion of monoace-
tylphloroglucinol to 2,4-DAPG (Figure 10(a))."

Achkar er al’® characterized PhID from P. fluorescens Pf-5. In wvitro study of recombinant PhID and
overexpression of PhlD in E. coli clearly showed that this enzyme is a phloroglucinol synthase and catalyzes
condensation of three malonyl-CoAs and Claisen condensation (Figure 10(a)). The substrate specificity of
PhID from P. fluorescens Pf-5 was examined by Zha er al’” It showed rather wide substrate specificity.
However, it did not use acetoacetyl-CoA as a favorable starter substrate and produced mainly phloroglu-
cinol from malonyl-CoAs and a trace amount of TAL from acetoacetyl-CoA and malonyl-CoA.
Monoacetylphloroglucinol was not produced in this reaction. PhlD incorporated various aliphatic fatty
acid CoA esters and phenylacetyl-CoA, similar to RppA, when these CoA esters were present in excess.
Most starter substrates were converted to triketide and tetraketide pyrones. Interestingly, PhID produced a
heptaketide from octanoyl-CoA. The incorporation of a long-chain fatty acid CoA ester decreased in M211,
H24V, L59M mutants of PhID, while the productivity of phloroglucinol was not affected.”” These amino
acid residues therefore seem to slightly reduce the volume of the tunnel that accommodates the acyl
moiety.

There are two hypotheses for the route of 2,4-DAPG biosynthesis. Experimental data so far obtained
suggest that the pathway proposed by Achkar er 4L’ is more likely. As PhID from P. fluorescens Pf-5 turned
out to be a phloroglucinol synthase, PhlD from P. fluorescens Q2-87, showing end-to-end similarity to that
in strain Pf-5 (Figure 4), conceivably catalyzes the formation of phloroglucinol from malonyl-CoAs.
Furthermore, the production of a red pigment, perhaps a phloroglucinol derivative, by E. coli carrying
phID from P. fluorescens Q2-87"" supports the idea that PhID from P. fluorescens strains Pf-5 and Q2-87 is a
phloroglucinol synthase catalyzing the formation of phloroglucinol from three malonyl-CoA molecules.
Both PhIDs conserve Tyr224 and Cysl06 (256 and 132 in CHS numbering), which are important for
malonyl-CoA-primed reaction.
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1.05.4.2 ArsABCD

Azotobacter vinelandii is the Gram-negative, nitrogen-fixing soil bacterium. Azotobacter vinelandii forms a meta-
bolically dormant cyst that resembles an endospore during its life cycle. The cyst is known to contain twice as
much lipids as a vegetative cell does.’”®" During the cyst formation, phospholipids in the membrane are
replaced by 5-alkylresorcinols and other phenolic lipids.” This unique membrane matrix is presumed to
contribute to the physiology and desiccation resistance of the cyst. There are tandem type III PKS genes in the
genome of A. vinelandii. These genes, named arsB (Azorobacter resorcinol synthesis) and a7sC, form an ars operon,
with a set of type I FASs, ars4 and arsD (Figure 11(b)).” Disruption of this operon eliminated the ability to
produce the phenolic lipids, which proved that this operon was indeed responsible for phenolic lipids synthesis.
In addition, the a7s mutants formed only impaired cysts, suggesting that the phenolic lipids produced by the
action of Ars enzymes are crucial for cyst formation. Rhodospirillum centenum is another bacterium that forms a
resting cell cyst and possesses a type I1T PKS homologue.®” This type Il PKS homologue constitutes an operon
with a methyltransferase homologue similar to SrsB. Because the expression of this type III PKS increases upon
induction of the cyst cell development, alkylresorcinols produced by the action of this type III PKS are
presumably necessary for cyst membrane formation even in this microorganism.

In vitro experiments with ArsB and ArsC® revealed that ArsB incorporates long-chain fatty acid CoA esters,
such as arachidoyl-CoA and behenyl-CoA, and synthesizes alkylresorcinols via aldol condensation
(Figure 11(a)). Similarly, ArsC incorporates long-chain fatty acid CoA esters and synthesizes triketide and
tetraketide pyrones via lactonization (Figure 11(a)). Although ArsB and ArsC share high similarity, their
cyclization specificity i1s quite different. Therefore, these enzymes are useful materials for the study of
cyclization mechanism. In addition, the N-termini of ArsB and ArsC are quite different from other type III
PKSs (Figure 4), suggesting some role of this region in the interaction with ArsA (see below).

ArsA and ArsD are both type I FASs having a domain architecture different from fungal and mammalian
type I FASs.”* ArsA harbors ER, KS, malonyl/acetyl transferase (MAT), ACP, and KR domains, and ArsD
harbors DH and PPT domains (Figure 11(c)). The most striking feature of ArsAD is the lack of a TE domain,
which catalyzes hydrolysis of the thioester bond between ACP and alkyl chains,”®* and a malonyl/palmitoyl
transferase (MPT) domain, which catalyzes transfer of the acyl moiety to CoA.°® These two domains are
present in mammalian and fungal type I FASs to catalyze the termination of the fatty acid synthesis. Taken
together, the fact that a724D consists of the operon with a7sBC suggested that the phenolic lipids (alkylresorci-
nols and pyrones) are synthesized by direct transfer of an intermediate alkyl chain from ArsAD (type I FASs) to
ArsBC (type I PKSs).** ArsAD synthesized C,,~C fatty acids from malonyl-CoAs 7z vitro and the fatty acids
synthesized were attached to ArsA, probably at the phosphopantetheinyl moiety in the ACP domain. The
direct transfer of alkyl chains from ArsA to ArsBC was observed by i vitro radiolabeling study when ArsBC was
added to the alkyl chain-attached ArsA enzyme. Further addition of malonyl-CoA yielded alkylresorcinols and
alkyl triketide and tetraketide pyrones. These findings showed that the Ars enzymes synthesize alkyl resorci-
nols and pyrones by the reactions depicted in Figure 11(a). This was the first demonstration of a type I FAS
directly interacting with a type III PKS. There are several type III PKSs and type I FASs that are bioinforma-
tically predicted to interact with each other. Steely 1 and 2 from Dictyostelium discoidenm are examples to show a

similar interaction between a type T FAS and a type ITT PKS (see below).%”

1.05.4.3 Type lll PKSs from Myxobacteria

Myxobacteria are the proteobacteria known to produce interesting and biologically active secondary metabo-
lites as actinobacteria.”"® The secondary metabolites from Myxobacteria often target cellar structures that are
rarely the targets of other compounds and because of this feature biosynthesis of secondary metabolites in this
group of bacteria has been studied extensively. For example, epothilone isolated from Sorangium cellulosum
interacts with the eukaryotic cytoskeleton and is about to be approved for breast cancer treatment.’' Recently,
the genome sequences of Mywococcus xanthus and S. cellulosum were determined.””" Myxococcus xanthus possesses
a single type III PKS homologue, mxCHS, and S. cellulosum possesses two type III PKS homologues, soceCHS1

and soceCHS2.”' Heterologous expression of soceCHS1 in Pseudomonas putida revealed that soceCHSI1



— — Aldol HO

(a) CoA—S /\ condensation
ArsB n

(6] O (6] (e}
ArsA OI—I
- - Resorcinol

CoA—S\n/\n/OH ArsA ArsA—S\n/ ArsD ArsA—SW
n
o O ; o} o] — —
n=10or 11 CoA—S
o O Y
M’/

(0] 0}
Malonyl-CoA x 10 or 11 ArsC (?H
Lactonization Tetraketide pyrone

Malonyl-CoA x 2 or 3 CoA—SW Os__O
n n
o '

o X

OH
Triketide pyrone

b A
(®) ars arsB arsC arsD
1 kb
()
ArSA ER KS MAT ACP KR
I I I I [ | I [ | [ | |
ArsD
DH PPT

Figure 11 The reaction catalyzed by ArsABCD to produce resorcinols and pyrones (a), the organization of the ars operon (b), and the domain organizations of ArsA and ArsD
(c). ArsAD synthesizes an acyl chain attached to ACP of ArsA. The direct transfer of this acyl moiety to type Ill PKSs, ArsBD, followed by malonyl-CoA condensation results in the

production of alkylresorcinols and alkylpyrones.




Microbial Type Ill Polyketide Synthases 163

catalyzes the formation of THN. The functions of the other two enzymes remain unsolved because disruption
of the genes exhibited no difference in the metabolic profile, compared to that of the parental strain.

1.05.5 Type lll PKSs from Eukaryotic Microbes
1.05.5.1 Type lll PKSs from Dictyostelium discoideum (Steely 1, 2 (StlA, B))

Dicryostelinm discoideum is a social amoeba and has been studied as a model organism to understand cellular
motility, signaling, and interaction. Its genome sequence was determined.”” Dictyostelium discoidenm, which
shows an interesting life cycle, usually grows by predation on soil bacteria.”” Starvation induces cell
aggregation and formation of a mound. The mound differentiates into a slug and moves to an optimal
environment. Finally, the slug reaches an appropriate environment and differentiates into spore-containing
fruiting bodies. In this development, cyclic AMP (cAMP) plays an important role in signaling. In addition,
several polyketides, probably synthesized by type III PKSs, seem to play important roles in signaling of this
differentiation. Differentiation-inducing factors (DIFs) and 4-methyl-5-pentylbenzene-1,3-diol (MPBD) are
the polyketides important for differentiation and are predicted to be synthesized by type III PKSs
(Figure 12(a)).”*”

The genome sequence of D. discoidenm predicted the presence of two genes encoding a type III PKS.
Surprisingly, the two type III PKSs, named Steely 1 and Steely 2, were fused to the C-terminus of a type 1
FAS.% Steely 1 contains KS, AT, DH, MT, ER, KR, and ACP domains, in addition to a type III PKS
domain (Figure 12(b)). Steely 2 contains KS, AT, DH, ER, KR, and ACP domains, in addition to a type
III PKS domain (Figure 12(b)). The domain architectures of these type I FASs resemble that of the
mammalian type I FAS (Figure 12(b)).”® The MT domain on Steely 1 is located at a position similar to
that of the pseudo-methyltransferase domain of the mammalian FAS, which has recently been discovered
by analyzing the crystal structure.”® A difference between Steely 1 and mammalian type I FASs is that the
TE domain at the C-terminus of the latter is replaced by a type III PKS domain in the former. Such
architecture suggests that these enzymes are involved in the synthesis of DIF and MPBD; the type I FAS
domain could synthesize the alkyl chain moiety and the type III PKS domain could synthesize the phenyl
ring moiety by using the alkyl chain attached to the ACP domain as a starter substrate (Figure 12(a)).

The activity of Steely 2 and its ir vivo role were investigated by Austin ez 4.°” The C-terminal type I1T PKS
domain, which was expressed in and purified from E. cofli, catalyzed the formation of phlorocaprophenone
(PCP), the predicted precursor of DIFs, from hexanoyl-CoA and malonyl-CoA. In addition, disruption of
Steely 2 resulted in the loss of the ability to synthesize DIF-1, showing that Steely 2 is involved in the
biosynthesis of DIF-1. Supplementation of PCP to the Steely 2 disruptant restored the ability to synthesize
DIF-1. Hence Steely 2 synthesizes PCP by the reaction depicted in Figure 12(a). Although the Steely 2
disruptant develops into the slug stage, its slug is thin and tends to break up. Furthermore, the Steely 2
disruptant exhibits a phenotype representing a fruiting body stage.”” However, the outer basal disk of the
fruiting body is missing and the stalk lies on the substratum. The crystal structure of the C-terminal type III
PKS domain of Steely 1 was also solved by Austin er a/®” Although Steely 1 has an overall structure similar to
typical type III PKSs, its enzyme backbone is slightly different from that of alfalfa CHS2. These subtle
differences should affect the positions and orientations of the amino acid residues near the active site, which
may affect the catalytic property of Steely 1.

Ghosh e al’® further analyzed Steely 1, which was called DiPKS1 by this group. 7z vitro study of the
C-terminal type III PKS domain of Steely 1 revealed that this PKS domain is an alkylresorcinol synthase
synthesizing alkylresorcinols from hexanoyl-CoA, octanoyl-CoA, dodecanoyl-CoA, and lauloyl-CoA with
by-products of triketide pyrones. They also found that the type III PKS activity was affected by the
presence of the ACP domain of Steely 1. An ACP/type Il PKS fused domain or didomain was over-
expressed in £. coli and purified to examine the activity. The product ratio of resorcinol/pyrone increased
in the reaction catalyzed by the ACP/type III PKS didomain; the type III PKS produced resorcinols and
pyrones in almost equal amounts but the ACP/type III PKS didomain produced almost only resorcinols
(Figure 12(c)).”® Therefore, an interaction between the ACP and type IIT PKS domains is important for the
catalysis. Homology modeling by using the modeled ACP domain in the crystal structure (code 1t8k) as a
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catalyzed by the type Ill PKS domain of Steely 1 and the ACP/type Ill PKS didomain of Steely 1(c). Steely 1 catalyzes the
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template and docking study with the crystal structure of the type 11T PKS domain of Steely 17° suggested
two potential electrostatic interactions, between Lys2612 of ACP and Glu2829 of type III PKS and between
Ser2613 of ACP and Arg2826 of type III PKS, that stabilize the complex. These residues are distinct from
the amino acids that were reported to be important for the interaction with ACP.”® On the basis of these
findings, Ghosh ez al.’® proposed that Steely 1 catalyzes the formation of MPBD from acetyl-CoA, malonyl-
CoA, and S-adenosylmethionine according to the reactions shown in Figure 12(a).
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1.05.5.2 Fungal Type Il PKS

Fungi are also known to produce various bioactive compounds that belong to polyketides, including toxic
aflatoxins, melanin pigments, and clinically important lovastatin. The majority of fungal polyketides are
synthesized by iterative type I PKSs, which are multifunctional enzymes containing functlonal domains.”’
Recently, type 111 PKS homologues were discovered by comparative genome analysis.” Aspergillus oryzae
possesses four type III PKS homologues, CsyA, CsyB, CsyC, and CsyD. Transcription of ¢5)4, ¢syB, and ¢syD
was observed by reverse transcription polymerase chain reaction (RT-PCR), suggesting that the products of
these genes may play some 7z vivo role. Type III PKS homologues also exist in other species of fungi. Neurospora
crassa and Fusarium graminearum possess a single copy of a type III PKS homologue gene, Magnaporthe grisea and
Podospora anserine possess two copies, and Phanerochacte chrysosporium possesses three copies.”’ Most of these
genes still remain uncharacterized.

The first fungal type III PKS characterized iz vitro was 2'-oxoalkylresorcylic acid synthase (ORAS)
(NCUO04801.1) in N. ¢rassa®' This enzyme is also the first fungal type III PKS whose crystal structure was
solved. I vitro experiments of ORAS showed that ORAS accepts fatty acid CoA esters of various lengths as
starters and synthesizes triketide and tetraketide pyrones and tetraketide and pentaketide resorcinols. In
addition, ORAS synthesizes pentaketide resorcylic acids from Cg to C,, fatty acid CoA esters and a tetraketide
resorcylic acid from Cy fatty acid CoA ester. Careful analysis of the reaction revealed that ORAS produces
pentaketide resorcylic acid from stearoyl-CoA; the experimentally observed pentaketide resorcinol is formed
via nonenzymatic decarboxylation of the enzymatically synthesized pentaketide resorcylic acid (Figure 13(a)).
As described above, on the other hand, ArsB from A. vinelandii yields only arkylresorcinols.’’ This difference
might be due to the timing of hydrolysis. In the ArsB reaction, the hydrolysis occurs before the decarboxylative
condensation (Figure 13(b)). Thus, ArsB produces alkylresorcinols. In the ORAS reaction, the aldol condensa—
tion occurs before the hydrolysis. Thus, ORAS produces only alkyl resorcylic ac1d (Figure 13(c)).”!

The crystal structure of ORAS, which was determined by Goyal er al,** showed the presence of a
hydrophobic tunnel, which can accommodate an alkyl chain, as suggested for THNS and pks18. Curiously,
the recombinant protein obtained by Goyal ez 4/. did not produce pentaketide resorcylic acid. This may be due
to the difference in the preparation procedure of recombinant ORAS. Goyal er 4L* also performed site-directed
mutagenesis on amino acids near the aliphatic tunnel and constructed mutant S186F (194 in CHS numbering).
The serine residue at this position has been determined to be important for association with the aliphatic tunnel
in pks18 and decreased the incorporation of long-chain fatty acid CoA esters.”’ However, this mutant did not
show any differences in substrate specificity, suggesting that the phenyl group of Ser186 does not serve as a lid
of the tunnel. Therefore, they constructed S186F/S340L double mutant. This mutant lost the ability to
incorporate long-chain fatty acid CoA esters. These results suggest that an additional mutation changes the
position and orientation of the phenyl residue of Ser186 and blocks the tunnel.

Transcription of ORAS occurs at all stages of growth, as determined by RT-PCR and Western blot analysis
using polyclonal antibodies generated against the type III PKS domain of Steely 1. In addition, ORAS was
expressed in vegetative mycelia and hyphae, asexually developed conidia, and sexually generated ascospores.
The i vivo function of ORAS still remains unclear, however.

1.05.6 Conclusions and Future Perspectives

Many type III PKSs have so far been discovered from a variety of microorganisms. Since RppA was first
discovered in S. grisens, more than 15 bacterial type III PKSs have been functionally characterized and
the crystal structures of three bacterial PKSs have been solved. They possess distinct enzymatic proper-
ties different from the type III PKS in plants. For instance, RppA, PhID, and DpgA incorporate malonyl-
CoA as a starter substrate, which is usually an extender substrate in plant type Il PKSs.”?***"%% The
RppA homologue (THNS) from . coelicolor A3(2), pksl8, and ORAS possess a buried tunnel in their
structures that can accommodate an alkyl chain.””’"** Several type III PKSs discovered from bacteria
appear to interact with ACPs, which are involved in fatty acid biosynthesis.’**>%*%"7 Many type III
PKSs are also accompanied by various enzymes that are involved in the synthesis of substrates and post
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polyketide modification. ArsA and ArsD provide long-chain fatty acids to ArsB and ArsC via a direct
interaction.”* The study of the interaction between a type Il PKS and a type I FAS would provide a
useful insight into protein—protein interaction. DpgC is a novel enzyme catalyzing the oxidative cleavage
of the thioester bond in an unusual manner, in which the oxidation requires no cofactors or metal
ions.*”% NphB discovered from Strepromyces sp. CL190 adds a geranyl moiety to polyketide scaffolds.””®
The genes for the fascinating modification enzymes usually form a gene cluster with a type III PKS gene
in bacteria. Therefore, exploring type III PKS genes on bacterial genomes may lead to the discovery of
enzyme genes whose products are involved in substrate synthesis and modification. Recent progress in
combinatorial biosynthesis enables the production of unnatural polyketides by using type IIT PKSs.** ™%
Type III PKSs and modification enzymes discovered from microorganisms could be utilized to produce
unnatural polyketides. The genome sequencing of microorganisms revealed that there are many type III
PKSs whose functions are unknown. Analysis of type III PKSs in bacteria should lead to the discovery of
fascinating and interesting enzymes and use of them in combinatorial biosynthesis should lead to the
production of natural and unnatural polyketides, some of which show useful biological activity.

Abbreviations

2-PS 2-pyrone synthase

2,4-DAPG 2,4-diacetylphloroglucinol

ACP acyl carrier protein

ars Azotobacter resorcinol synthesis
cAMP cyclic AMP

CHS chalcone synthase

CLF chain length factor

CoA coenzyme A

CTAL coumaroyl triacetic acid lactone
CTAS coumaroyl triacetic acid synthase
CUs curcuminoid synthase

DH dehydratase

DIF differentiation-inducing factor
DPA-CoA dihydroxyphenylacetyl-CoA

DPG (S)-3,5-dihydroxyphenylglycine

ER enoylreductase

FAS fatty acid synthase

Gces germicidin synthase

HPQ 1,4,6,7,9,12-hexahydroxyperylene-3,10-quinone
KR ketoreductase

KS ketosynthase

MAT malonyl/acetyl transferase

MPBD 4-methyl-5-pentylbenzene-1,3-diol
MPT malonyl/palmitoyl transferase
MRSA methicillin-resistant Staphylococcus aureus
OKS octaketide synthase

ORAS 2'-oxoalkylresorcylic acid synthase
PCP phlorocaprophenone

PCS pentaketide chromone synthase
PEG polyethylene glycol

PKS polyketide synthase

PPT phosphopantethinyl transferase
rpp red pigment production

srs Streptomyces resorcinol synthesis
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STS stilbene synthase

TAL triacetic acid lactone

TE thioesterase

THN 1,3,6,8-tetrahydroxynaphthalene

THNS 1,3,6,8-tetrahydroxynaphthalene synthase

References

CONDU A WD =

. B. Shen, Curr. Opin. Chem. Biol. 2003, 7, 285-295.

. S. W. White; J. Zheng; Y. M. Zhang; C. O. Rock, Annu. Rev. Biochem. 2005, 74, 791-831.

. S. Smith; A. Witkowski; A. K. Joshi, Prog. Lipid Res. 2003, 42, 289-317.

M. B. Austin; J. P. Noel, Nat. Prod. Rep. 2003, 20, 79-110.

. S. Smith; S. C. Tsai, Nat. Prod. Rep. 2007, 24, 1041-1072.

. C. Hertweck; A. Luzhetskyy; Y. Rebets; A. Bechthold, Nat. Prod. Rep. 2007, 24, 162-190.

B. S. Moore; J. N. Hopke, ChemBioChem 2001, 2, 35-38.

. C. Bender; V. Rangaswamy; J. Loper, Annu. Rev. Phytopathol. 1999, 37, 175-196.

. N. Funa; Y. Ohnishi; I. Fujii; M. Shibuya; Y. Ebizuka; S. Horinouchi, Nature 1999, 400, 897-899.

. M. G. Bangera; L. S. Thomashow, J. Bacteriol. 1999, 181, 3155-3163.

. J. M. Jez; M. B. Austin; J. Ferrer; M. E. Bowman; J. Schroder; J. P. Noel, Chem. Biol. 2000, 7, 919-930.

. . Abe; Y. Utsumi; S. Oguro; H. Morita; Y. Sano; H. Noguchi, J. Am. Chem. Soc. 2005, 127, 1362-1363.

. 1. Abe; Y. Utsumi; S. Oguro; H. Noguchi, FEBS Lett. 2004, 562, 171-176.

. 1. Abe; S. Oguro; Y. Utsumi; Y. Sano; H. Noguchi, J. Am. Chem. Soc. 2005, 127, 12709-12716.

. Y. Katsuyama; M. Matsuzawa; N. Funa; S. Horinouchi, J. Biol. Chem. 2007, 282, 37702-37709.

. J. L. Ferrer; J. M. Jez; M. E. Bowman; R. A. Dixon; J. P. Noel, Nat. Struct. Biol. 1999, 6, 775-784.

. M. B. Austin; M. E. Bowman; J. L. Ferrer; J. Schréder; J. P. Noel, Chem. Biol. 2004, 11, 1179-1194.

. H. Morita; S. Kondo; S. Oguro; H. Noguchi; S. Sugio; I. Abe; T. Kohno, Chem. Biol. 2007, 14, 359-369.

. K. Ueda; K. M. Kim; T. Beppu; S. Horinouchi, J. Antibiot. (Tokyo) 1995, 48, 638-646.

. N. Funa; M. Funabashi; Y. Ohnishi; S. Horinouchi, J. Bacteriol. 2005, 187, 8149-8155.

. J. Cortes; J. Velasco; G. Foster; A. P. Blackaby; B. A. Rudd; B. Wilkinson, Mol. Microbiol. 2002, 44, 1213-1224.

. N. Funa; Y. Ohnishi; Y. Ebizuka; S. Horinouchi, Biochem. J. 2002, 367, 781-789.

. M. lzumikawa; P. R. Shipley; J. N. Hopke; T. O’Hare; L. Xiang; J. P. Noel; B. S. Moore, J. Ind. Microbiol. Biotechnol. 2003, 30,
510-515.

. N. Funa; M. Funabashi; E. Yoshimura; S. Horinouchi J. Biol. Chem. 2005, 280, 14514-14523.

. T. Kuzuyama; J. P. Noel; S. B. Richard, Nature 2005, 435, 983-987.

. T. Kawasaki; Y. Hayashi; T. Kuzuyama; K. Furihata; N. Itoh; H. Seto; T. Dairi, J. Bacteriol. 2006, 188, 1236-1244.

. J. M. Winter; M. C. Moffitt; E. Zazopoulos; J. B. McAlpine; P. C. Dorrestein; B. S. Moore, J. Biol. Chem. 2007, 282, 16362-16368.

. T. Kumano; S. B. Richard; J. P. Noel; M. Nishiyama; T. Kuzuyama, Bioorg. Med. Chem. 2008, 16, 8117-8126.

. M. B. Austin; M. Izumikawa; M. E. Bowman; D. W. Udwary; J. L. Ferrer; B. S. Moore; J. P. Noel, J. Biol. Chem. 2004, 279,
45162-45174.

. S. Li; S. Gruschow; J. S. Dordick; D. H. Sherman, J. Biol. Chem. 2007, 282, 12765-12772.

. R. Sankaranarayanan; P. Saxena; U. B. Marathe; R. S. Gokhale; V. M. Shanmugam; R. Rukmini, Nat. Struct. Mol. Biol. 2004, 11,
894-900.

. N. Funa; Y. Ohnishi; Y. Ebizuka; S. Horinouchi, J. Biol. Chem. 2002, 277, 4628-4635.

. R. Schiiz; W. Heller; K. Hahlbrock, J. Biol. Chem. 1983, 258, 6730-6734.

. H. Morita; Y. Takahashi; H. Noguchi; |. Abe, Biochem. Biophys. Res. Commun. 2000, 279, 190-195.

. S.D. Bentley; K. F. Chater; A. M. Cerdefo-Tarraga; G. L. Challis; N. R. Thomson; K. D. James; D. E. Harris; M. A. Quail; H. Kieser;
D. Harper; A. Bateman; S. Brown; G. Chandra; C. W. Chen; M. Collins; A. Cronin; A. Fraser; A. Goble; J. Hidalgo; T. Hornsby;
S. Howarth; C. H. Huang; T. Kieser; L. Larke; L. Murphy; K. Oliver; S. O’Neil; E. Rabbinowitsch; M. A. Rajandream; K. Rutherford;
S. Rutter; K. Seeger; D. Saunders; S. Sharp; R. Squares; S. Squares; K. Taylor; T. Warren; A. Wietzorrek; J. Woodward;

B. G. Barrell; J. Parkhill; D. A. Hopwood, Nature 2002, 417, 141-147.

. L. Song; F. Barona-Gomez; C. Corre; L. Xiang; D. W. Udwary; M. B. Austin; J. P. Noel; B. S. Moore; G. L. Challis, J. Am. Chem.
Soc. 2006, 128, 14754-14755.

. F. Petersen; H. Zahner; J. W. Metzger; S. Freund; R. P. Hummel, J. Antibiot. (Tokyo) 1993, 46, 1126-1138.

. Y. M. Zhang; M. S. Rao; R. J. Heath; A. C. Price; A. J. Olson; C. O. Rock; S. W. White, J. Biol. Chem. 2001, 276, 8231-8238.

. S. Griischow; T. J. Buchholz; W. Seufert; J. S. Dordick; D. H. Sherman, ChemBioChem 2007, 8, 863-868.

. L. E. Quadri; P. H. Weinreb; M. Lei; M. M. Nakano; P. Zuber; C. T. Walsh, Biochemistry 1998, 37, 1585-1595.

. Y. Ohnishi; J. Ishikawa; H. Hara; H. Suzuki; M. Ikenoya; H. Ikeda; A. Yamashita; M. Hattori; S. Horinouchi, J. Bacteriol. 2008, 190,
4050-4060.

. M. Funabashi; N. Funa; S. Horinouchi, J. Biol. Chem. 2008, 283, 13983-13991.

. J. Schrdder; S. Raiber; T. Berger; A. Schmidt; J. Schmidt; A. M. Soares-Sello; E. Bardshiri; D. Strack; T. J. Simpson; M. Veit;
G. Schroder, Biochemistry 1998, 37, 8417-8425.

. C. Nakano; H. Ozawa; G. Akanuma; N. Funa; S. Horinouchi, J. Bacteriol. 2009, 191, 4916-4923.



Microbial Type Ill Polyketide Synthases 169

70.

71.

72.

83.
. W. Zhang; Y. Tang, J. Med. Chem. 2008, 571, 2629-2633.
85.
86.

C.
H.
R.
P.
. R.
S.
K.
S.

. S. Pelzer; R. Sussmuth; D. Heckmann; J. Recktenwald; P. Huber; G. Jung; W. Wohlleben, Antimicrob. Agents Chemother. 1999,

43, 1565-1573.

. V. Pfeifer; G. J. Nicholson; J. Ries; J. Recktenwald; A. B. Schefer; R. M. Shawky; J. Schréder; W. Wohlleben; S. Pelzer,

J. Biol. Chem. 2001, 276, 38370-38377.

. H. Chen; C. C. Tseng; B. K. Hubbard; C. T. Walsh, Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 14901-14906.
. C. C. Tseng; S. M. McLoughlin; N. L. Kelleher; C. T. Walsh, Biochemistry 2004, 43, 970-980.
. P. F. Widboom; E. N. Fielding; Y. Liu; S. D. Bruner, Nature 2007, 447, 342-345.

C. Tseng; F. H. Vaillancourt; S. D. Bruner; C. T. Walsh, Chem. Biol. 2004, 11, 1195-1203.

B. Bode; R. Milller, J. Ind. Microbiol. Biotechnol. 2006, 33, 577-588.

J. Cox, Org. Biomol. Chem. 2007, 5, 2010-2026.

E. Kolattukudy; N. D. Fernandes; A. K. Azad; A. M. Fitzmaurice; T. D. Sirakova, Mol. Microbiol. 1997, 24, 263-270.

S. Gokhale; P. Saxena; T. Chopra; D. Mohanty, Nat. Prod. Rep. 2007, 24, 267-277.

T. Cole; R. Brosch; J. Parkhill; T. Garnier; C. Churcher; D. Harris; S. V. Gordon; K. Eigimeier; S. Gas; C. E. Barry, 3rd; F. Tekaia;
Badcock; D. Basham; D. Brown; T. Chillingworth; R. Connor; R. Davies; K. Devlin; T. Feltwell; S. Gentles; N. Hamlin;
Holroyd; T. Hornsby; K. Jagels; A. Krogh; J. McLean; S. Moule; L. Murphy; K. Oliver; J. Osborne; M. A. Quail;

M. A. Rajandream; J. Rogers; S. Rutter; K. Seeger; J. Skelton; R. Squares; S. Squares; J. E. Sulston; K. Taylor; S. Whitehead;
B. G. Barrell, Nature 1998, 393, 537-544.

. P. Saxena; G. Yadav; D. Mohanty; R. S. Gokhale, J. Biol. Chem. 2003, 278, 44780-44790.
. H. Afsharmanesh; M. Ahmadzadeh; A. Sharifi-Tehrani; M. Javan-Nikkhah; K. Ghazanfari, Commun. Agric. Appl. Biol. Sci. 2007,

72, 941-950.

. J. Achkar; M. Xian; H. Zhao; J. W. Frost, J. Am. Chem. Soc. 2005, 127, 5332-5333.

. W. Zha; S. B. Rubin-Pitel; H. Zhao, J. Biol. Chem. 2006, 281, 32036-32047.

. C. J. Su; R. Reusch; H. L. Sadoff, J. Bacteriol. 1979, 137, 1434-1436.

. R. N. Reusch; H. L. Sadoff, Nature 1983, 302, 268-270.

. N. Funa; H. Ozawa; A. Hirata; S. Horinouchi, Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 6356-6361.

. J. E. Berleman; B. M. Hasselbring; C. E. Bauer, J. Bacteriol. 2004, 186, 5834-5841.

. A. Miyanaga; N. Funa; T. Awakawa; S. Horinouchi, Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 871-876.

. B. Chakravarty; Z. Gu; S. S. Chirala; S. J. Wakil; F. A. Quiocho, Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 15567-15572.

. F. Lynen, Eur. J. Biochem. 1980, 112, 431-442.

. M. B. Austin; T. Saito; M. E. Bowman; S. Haydock; A. Kato; B. S. Moore; R. R. Kay; J. P. Noel, Nat. Chem. Biol. 2006, 2, 494-502.
. K. Gerth; S. Pradella; O. Perlova; S. Beyer; R. Muller, J. Biotechnol. 2003, 106, 233-253.

. B. S. Goldman; W. C. Nierman; D. Kaiser; S. C. Slater; A. S. Durkin; J. A. Eisen; C. M. Ronning; W. B. Barbazuk; M. Blanchard;

C. Field; C. Halling; G. Hinkle; O. lartchuk; H. S. Kim; C. Mackenzie; R. Madupu; N. Miller; A. Shvartsbeyn; S. A. Sullivan;

M. Vaudin; R. Wiegand; H. B. Kaplan, Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 15200-15205.

S. Schneiker; O. Perlova; O. Kaiser; K. Gerth; A. Alici; M. O. Altmeyer; D. Bartels; T. Bekel; S. Beyer; E. Bode; H. B. Bode;

C. J. Bolten; J. V. Choudhuri; S. Doss; Y. A. EInakady; B. Frank; L. Gaigalat; A. Goesmann; C. Groeger; F. Gross; L. Jelsbak;
J. Kalinowski; C. Kegler; T. Knauber; S. Konietzny; M. Kopp; L. Krause; D. Krug; B. Linke; T. Mahmud; R. Martinez-Arias;

A. C. McHardy; M. Merai; F. Meyer; S. Mormann; J. Mufioz-Dorado; J. Perez; S. Pradella; S. Rachid; G. Raddatz; F. Rosenau;
C. Ruckert; F. Sasse; M. Scharfe; S. C. Schuster; G. Suen; A. Treuner-Lange; G. J. Velicer; F. J. Vorholter; K. J. Weissman;

R. D. Welch; S. C. Wenzel; D. E. Whitworth; S. Wilhelm; C. Wittmann; H. Blocker; A. Puhler; R. Miller, Nat. Biotechnol. 2007, 25,
1281-1289.

F. Gross; N. Luniak; O. Perlova; N. Gaitatzis; H. Jenke-Kodama; K. Gerth; D. Gottschalk; E. Dittmann; R. Muller, Arch. Microbiol.
2006, 7185, 28-38.

L. Eichinger; J. A. Pachebat; G. Glockner; M. A. Rajandream; R. Sucgang; M. Berriman; J. Song; R. Olsen; K. Szafranski; Q. Xu;
B. Tunggal; S. Kummerfeld; M. Madera; B. A. Konfortov; F. Rivero; A. T. Bankier; R. Lehmann; N. Hamlin; R. Davies; P. Gaudet;
P. Fey; K. Pilcher; G. Chen; D. Saunders; E. Sodergren; P. Davis; A. Kerhornou; X. Nie; N. Hall; C. Anjard; L. Hemphill; N. Bason;
P. Farbrother; B. Desany; E. Just; T. Morio; R. Rost; C. Churcher; J. Cooper; S. Haydock; N. van Driessche; A. Cronin;

|. Goodhead; D. Muzny; T. Mourier; A. Pain; M. Lu; D. Harper; R. Lindsay; H. Hauser; K. James; M. Quiles; M. Madan Babu;

T. Saito; C. Buchrieser; A. Wardroper; M. Felder; M. Thangavelu; D. Johnson; A. Knights; H. Loulseged; K. Mungall; K. Oliver;
C. Price; M. A. Quail; H. Urushihara; J. Hernandez; E. Rabbinowitsch; D. Steffen; M. Sanders; J. Ma; Y. Kohara; S. Sharp;

M. Simmonds; S. Spiegler; A. Tivey; S. Sugano; B. White; D. Walker; J. Woodward; T. Winckler; Y. Tanaka; G. Shaulsky;

M. Schleicher; G. Weinstock; A. Rosenthal; E. C. Cox; R. L. Chisholm; R. Gibbs; W. F. Loomis; M. Platzer; R. R. Kay; J. Williams;
P. H. Dear; A. A. Noegel; B. Barrell; A. Kuspa, Nature 2005, 435, 43-57.

. D. C. Mahadeo; C. A. Parent, Curr. Top. Dev. Biol. 2006, 73, 115-140.

. C. R. Thompson; R. R. Kay, Mol. Cell 2000, 6, 1509-1514.

. H. Kikuchi; Y. Oshima; A. Ichimura; N. Gokan; A. Hasegawa; K. Hosaka; Y. Kubohara, Life Sci. 2006, 80, 160-165.

. T. Maier; M. Leibundgut; N. Ban, Science 2008, 327, 1315-1322.

. T. Saito; A. Kato; R. R. Kay, Dev. Biol. 2008, 317, 444-453.

. R. Ghosh; A. Chhabra; P. A. Phatale; S. K. Samrat; J. Sharma; A. Gosain; D. Mohanty; S. Saran; R. S. Gokhale, J. Biol. Chem.

2008, 283, 11348-11354.

. Y. Seshime; P. R. Juvvadi; I. Fuijii; K. Kitamoto, Biochem. Biophys. Res. Commun. 2005, 331, 253-260.

. P. R. Juvvadi; Y. Seshime; K. Kitamoto, J. Microbiol. 2005, 43, 475-486.

. N. Funa; T. Awakawa; S. Horinouchi, J. Biol. Chem. 2007, 282, 14476-14481.

. A. Goyal; P. Saxena; A. Rahman; P. K. Singh; D. P. Kasbekar; R. S. Gokhale; R. Sankaranarayanan, J. Struct. Biol. 2008, 162,

411-421.
J. A. Chemler; Y. Yan; E. Leonard; M. A. Koffas, Org. Lett. 2007, 9, 1855-1858.

Y. Katsuyama; N. Funa; S. Horinouchi, Biotechnol. J. 2007, 2, 1286-1293.
Y. Katsuyama; N. Funa; I. Miyahisa; S. Horinouchi, Chem. Biol. 2007, 14, 613-621.



170 Microbial Type lil Polyketide Synthases

Biographical Sketches

Yohei Katsuyama graduated from the Department of Agricultural Chemistry, The
University of Tokyo in 2005. His research field is basic and applied microbiology.
Currently, he is working on combinatorial biosynthesis of unnatural plant polyketides by
microorganisms and analysis of catalytic mechanisms of type III polyketide synthase.

Sueharu Horinouchi graduated from the Department of Agricultural Chemistry, The
University of Tokyo in 1974. He received his Ph.D. in 1979 from The University of
Tokyo. He spent 2 years from 1979 to 1981 as Project Associate in Bernard Weisblum’s
laboratory, Pharmacology Department, University of Wisconsin, where he discovered the
mechanism of posttranslational regulation of the macrolide resistance genes in pathogenic
bacteria. He got a position as Assistant Professor in 1981, as Associate Professor in 1987, and
Professor in 1994 at the Department of Biotechnology, The University of Tokyo. He was the
Director of Biotechnology Research Center, The University of Tokyo from 2003 to 2005. His
research field is basic and applied microbiology.



1.06 Plant Type lll PKS

Hiroyuki Morita and lkuro Abe, The University of Tokyo, Hongo, Tokyo, Japan
Hiroshi Noguchi, University of Shizuoka, Yada, Shizuoka, Japan

© 2010 Elsevier Ltd. All rights reserved.

1.06.1 Introduction 171
1.06.2 Functional Diversity and Catalytic Potential 174
1.06.2.1 Chalcone Synthase 178
1.06.2.2 Homoeriodictyol/Eriodictyol Synthase 181
1.06.2.3 Benzophenone Synthase 181
1.06.2.4 Acridone Synthase 187
1.06.2.5 Phlorisovalerophenone Synthase and Isobutyrophenone Synthase 187
1.06.2.6 Stilbene Synthase 187
1.06.2.7 Bibenzyl Synthase and Biphenyl Synthase 191
1.06.2.8 Coumaroyl Triacetic Acid Lactone Synthase and Stilbenecarboxylate Synthase 191
1.06.2.9 Cannabis sativa Polyketide Synthase-1 192
1.06.2.10 Benzalacetone Synthase 195
1.06.2.11 Curcuminoid Synthase 195
1.06.2.12 2-Pyrone Synthase 195
1.06.2.13 Long-chain 2-Pyrone Synthase 199
1.06.2.14 Pentaketide Chromone Synthase 199
1.06.2.15 Aloesone Synthase 199
1.06.2.16 Hexaketide Synthase and Octaketide Synthase 201
1.06.2.17 C-Methylchalcone Synthase 205
1.06.3 Enzyme Structure and Site-Directed Mutagenesis 205
1.06.4 Protein Engineering 214
1.06.5 Combinational Biosynthesis 215
1.06.6 Conclusions 220
References 221

1.06.1 Introduction

Plant polyketides such as chalcone, stilbene, phloroglucinol, chromone, and curcuminoid are one of the largest
and important families of natural secondary products. They have served as antibiotics, anticancer drugs,
antifungal agents, immunosuppressants, and insecticides." Their chemical structures are rich in variety as
well as pharmaceutical activity; however, recent studies have begun to reveal that they are biosynthesized by a
group of chalcone synthase (CHS) superfamily of type IIT polyketide synthases (PKSs)."*

The type I PKSs are structurally and mechanistically distinct from the type I (modular type) and type 11
(subunit type) PKSs of bacterial origin, using free CoA thioesters as substrates without the involvement of
acyl carrier protein. The enzymes catalyze iterative decarboxylative condensations of malonyl-CoA (1) with
a CoA-linked starter molecule. For example, CHS, the pivotal enzyme in flavonoid biosynthesis and the
most-studied enzyme in the type III PKSs, produces naringenin chalcone (2) through the sequential
condensation of 4-coumaroyl-CoA (3) with three C, units from malonyl-CoA (1) (Scheme 1a)."’ A growing
number of functionally diverse plant type ITI PKSs, such as stilbene synthase (STS),”"" acridone synthase
(ACS),"""* and 2-pyrone synthase (2-PS),""'* sharing 60~75% amino acid sequence identity with each
other, have been cloned and characterized (Scheme 1). In addition, bacterial type III PKSs, such as 1,3,6,8-
tetrahydroxynaphthalene synthase (THNS)'"® and 2'-oxoalkylresorcylic acid synthase (ORAS),'® have also
been reported.
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Scheme 1 Typical biosynthesis reactions catalyzed by plant type lll PKSs. Abbreviations: ACS, acridone synthase; ALS,
aloesone synthase; BAS, benzalacetone synthase; BBS, bibenzyl synthase; BPS, benzophenone synthase; CHS, chalcone
synthase; CUS, curcuminoid synthase; HKS, hexaketide synthase; OKS, octaketide synthase; PCS, pentaketide chromone
synthase; 2-PS, 2-pyrone synthase; STS, stilbene synthase; STCS, stilbenecarboxylate synthase; VPS,
phlorisovalerophenone synthase.
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Scheme 2 Proposed common reaction pathway for the enzyme type Ill PKS reaction. (a) Starter substrate loading,
(b) malonyl-CoA decarboxylation, (c) formation of diketide intermediate, (d) stabilization of diketide intermediate,
(e) malonyl-CoA decarboxylation, and (f) formation of triketide intermediate.

The CHS-superfamily enzymes are homodimers of 40—45 kDa proteins, catalyzing the assembly of complex
natural products by successive decarboxylative condensations of malonyl-CoA (1) in a biosynthetic process that
closely parallels fatty acid biosynthesis. The type III PKS reaction consists of starter molecule loading,
malonyl-CoA decarboxylation, polyketide chain elongation, and subsequent cyclization and aromatization of
the enzyme-bound intermediate, the combinational difference of which results in the functional diversity of the
type III PKS enzymes. Plant and bacterial type III PKSs share a common three-dimensional overall fold with a
conserved Cys—His—Asn catalytic triad. A common active site machinery of the polyketide formation reactions
proceeds through starter molecule loading at the active-site Cys, malonyl-CoA decarboxylation, polyketide
chain elongation, and subsequent cyclization and aromatization of the enzyme-bound intermediate
(Scheme 2).*° Recent crystallographic and site-directed studies revealed that only a small modification of
the active site architecture generates the functional diversity of the type IIl PKSs.*'"** Principally, the volume
and shape of the initiation/elongation/cyclization cavity govern starter molecule selectivity, polyketide chain
length, and the folding and cyclization pathways of the type III PKSs.

1.06.2 Functional Diversity and Catalytic Potential

Since the first isolation of ¢hs gene from parsley (Petroselium hortense) in 1983,”° more than 862 type 11 pks genes
have been reported in databases (NCBI: http://www.ncbi.nlm.gov/). The plant type III PKSs consist of
approximately 400 amino acid long polypeptide chain (41-44 kDa) of identical ketoacyl synthase (KAS)
domain and form a homodimer. The plant type III PKSs share 38—95% amino acid sequence identity with
each other, and at least 20 functionally different plant type III PKSs have been isolated (Scheme 1 and
Table 1). Initally, the type III PKS enzymes were regarded as plant-specific enzymes and hence were called
CHS-superfamily enzymes. However, CHS-related enzymes sharing 29-31% amino acid sequence identity
were discovered in bacteria,"”*”** and hence the enzymes were called type Il PKS enzymes. Deduced amino
acid comparison and phylogenetic tree of the type III PKSs are show in Figures 1 and 2, respectively. It should
be noted that STS, grouping with CHS from the same or related plants, has been proposed to have evolved
independently several times from CHS.”

The type III PKS catalyzes repetitive condensation reaction of acetate unit derived from malonyl-CoA (1)
initialized with a starter substrate as well as that of fatty acid synthase (FAS) in preliminary metabolite



Table 1 Examples of plant type Il PKSs, their preferred substrates, and reaction products

Substrates (starter, extender?, no.

Enzyme (type of ring closure, ring type) condensation) Product Plant species Ref.
None cyclization
Benzalacetone synthase 4-Coumaroyl-CoA (3), (1) (1X) 4-Hydroxybenzalacetone (16) Rheum palmatum 40,41
(BAS), EC 2.3.1.- Feruloyl-CoA (25), (1) (1X) 3-Methoxy-4-hydroxybenzalacetone (43) Rubus idaeus, 43
5-Hydroxyferuloyl-CoA (26), (1) (1X) 3-Methoxy-4,5-hydroxybenzalacetone (44) 44
Curcuminoid synthase 4-Coumaroyl-CoA (3), (1) (1X) Bisdemethoxycurcumin (17) Oryza sativa 42
(CUS) 4-Coumaroyl-CoA (3) (1X) 45
Cinnamoyl-CoA (27), (1) (1X) Cinnamoyl(hexanoyl)methane (45)
3-Oxo-octanoic acid (28) (1X) (gingerol (46) analog)
One cyclization (Heterocyclic)
Benzalacetone synthase N-Methylanthraniloyl-CoA (14) or 4-Hydroxy-2(1H)quinolones (47-50) R. palmatum 46
(BAS), EC 2.3.1.- anthraniloyl-CoA (29), (1) or (24)
CTAS - type (1X)
(Lactonization, heterocyclic)
C-Methylchalcone synthase Diketide NAC (30), (24) (1X) Methylstyrylpyrone (51) Pinus strobes 47
(PstrCHS2)
2-Pyrone synthase (2-PS) Acetyl-CoA (7), (1) (2X) Triacetic acid lactone (TAL) (8) Gerbera hybrida 13,14
Long-chain-2-pyrone Ce-Cop acyl-CoAs (31-38), (1) (2X) Cs-Cyg arkyl-2-pyrones (52-59) and Arabidopsis thaliana 48
synthase (PKS-A, PKS-B) Cs-C1 arkylacetyl-2-pyrone (60-67)
4-Coumaroyltriacetic acid 4-Coumaroyl-CoA (3), (1) (3X) 4-Coumaroyltriacetic acid lactone (CTAL) Hydrangea 49
synthase (CTAS) (68) macrophylla Var.
CHS - type thunbergii
(Claisen, aromatic)
Chalcone synthase (CHS), 4-Coumaroyl-CoA (3), (1) (3X) Naringenin chalcone (2) Medicago sativa 417
EC 2.3.1.74
Phlorisovalerophenone synthase (VPS), Isovaleryl-CoA (9), (1) (3X) Phlorisovalerophenone (10) Humulus lupulus 30,31
EC 2.3.1.156
Isobutyrophenone synthase Isobutyryl-CoA (39), (1) (3X) Phlorisobutyrophenone (69) Hypericum calycinum 50
(BUS) Centaurium erythraea
Benzophenone synthase 3-Hydroxybenzoyl-CoA (40), 2,3',4,6-Tetrahydroxybenzophenone Hypericum 51,52
(BPS), EC 2.3.1.151 (1) (3X) Benzoyl-CoA (11), (1) (3X) 2,4,6-Trihydroxybenzophenone (12) androsaemum
Acridone synthase N-Methylanthraniloyl-CoA (14), 1,3-Dihydroxy-N-methylacridone (15) Ruta graveolens 53,54
(ACS), EC 2.3.1.159 (1) (8X) Huperzia serrata 55
Homoeriodictyol/ eriodictyol Feruloyl-CoA (25), (1) (3X) Homoeriodictyol chalcone (71) Hordeum vulgare 56

synthase (HEDS or HVCHS)

Caffeoyl-CoA (41), (1) (3X)

Eriodictyol chalcone (72)

(Continued)



Table 1 (Continued)

Substrates (starter, extender?, no.

Enzyme (type of ring closure, ring type) condensation) Product Plant species Ref.
STS - type
(Aldol with -CO,, aromatic)
Stilbene synthase 4-Coumaroyl-CoA (3), (1) (3X) Resveratrol (4) Arachis hypogaea 4,5,7,
(STS), EC 2.3.1.95 57
Pinosylvin synthase, Cinnamoyl-CoA (27), (1) (3X) Pinosylvin (73) Pinus sylvestris, 8,58,59
EC 2.3.1.146 Pinus strobes
Bibenzyl synthase (BBS) 3-Hydroxyphenylpropionyl-CoA (42), 3,3',5-Trihydroxybibenzy! (74) Phalaenopsis sp., Bletilla 33,34
(1) (8X) striata
Biphenyl synthase (BIS) Benzoyl-CoA (11), (1) (3X) 3,5-Dihydroxybiphenyl (13) Sorbus aucuparia 35
H. macrophylla,
(Aldol aromatic)
Stilbenecarboxylate Dihydro-4-coumaroyl-CoA (5), (1) (3X) 5-Hydroxylunularic acid (6) Marchantia 36
synthase (STCS) polymorpha
More than 2 cyclization
Miscellaneous type
(Aldol, aromatic, heterocyclic)
Pentaketide chromone Malonyl-CoA (1), (1) (4X) 5,7-Dihydroxy-2-methylchromone (18) Aloe arborescens 32,60
synthase (PCS)
Hexaketide synthase (HKS) Acetyl-CoA (7), (1) (6X) 6-(2',4'-Dihydroxy-6'-methylphenyl)-4-hydroxy-  D. lusitanicum Plumbago 61,62
2-pyrone (19) indica
Aloesone synthase (ALS) Acetyl-CoA (7), (1) (6X) Aloesone (21) R. palmatum, A. 37,63
arborescens
Octaketide synthase (OKS) Malonyl-CoA (1), (1) (7X) SEK4 (22) and SEK4b (23) (octaketides) A. arborescens 38,39
Hypericum perforatum

2malonyl-CoA (1), methylmalonyl-CoA (24)
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Figure 1 (Continued)

(Scheme 2). Indeed, recent structural evidence suggests that the type III PKSs emerged by gain of function
from the structurally similar homodimeric KAS III, an enzyme of the inital step of type II fatty acid
biosynthesis.* FAS performs reduction and dehydration reactions, whereas PKSs omit or modify these later
reactions, thereby preserving varying degrees of polar chemical reactivity along portions of the growing linear
polyketide chain.

The functional diversity of the CHS-superfamily type III PKSs is derived from the differences in their
selection of starter substrate, number of acetate unit condensation, and mechanisms of cyclization and
aromatization reactions (Scheme 1 and Table 1). They utilize a variety of different CoA-linked starter
substrates ranging from aliphatic-CoA to aromatic-CoA, from small (acetyl-CoA (7)) to bulky (4-coumaroyl
(3) and N-methylanthraniloyl-CoA (14)) substrates, or from polar (malonyl-CoA (1)) to nonpolar substrates
(1sovaleryl-CoA (9)) giving the plants an extraordinary functional diversification. For the number of chain
extension, although many of the type III PKSs condense up to three molecules of malonyl-CoA (1), they vary
between one and eight. Cyclization reaction is basically classified into three types: Claisen and aldol cycliza-
tions and lactonization. Claisen cyclization is catalyzed by enzymes such as CHS, ACS,"
phlorisovalerophenone synthase (VPS),**" and pentaketide chromone synthase (PCS).*> The enzymes form
a C-C bond from C6 position carbon to C1 position carbon of the catalytic cysteine-bound intermediate. STS,’
bibenzyl synthase (BBS),*** biphenyl synthase (BIS),” stilbenecarboxylate synthase (STCS),*® aloesone
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Figure 1 Example of sequence alignment of plant type Ill polyketide synthases (PKSs) with bacterial and fungal type IlI
PKSs. The catalytic triad of Cys-His-Asn is colored red. The residues thought to be crucial for the functional diversity of type Il
PKSs are highlighted in blue (numbering in Medicago sativa CHS2). Abbreviations (GenBank accession numbers): A.ar.OKS,
Aloe arborescens OKS (AAT48709); A.ar.PCS, A. arborescens PCS (AAX35541); C.sa.OLS, Cannabis sativa OLS (BAG14339);
H.an.BPS, Hypericum androsaemum BPS (AAL79808); H.lu.VPS, Humulus lupulus VPS (BAA29039); H.ma.STCS, Hydrangea
macrophylla L. STCS (AAN76182); H.se.PKS1, Huperzia serrata PKS1 (ABI94386); M.sa.CHS, Medicago sativa CHS2
(P30074); M.tu.PKS18, Mycobacterium tuberculosis PKS18 (AAK45681); N.cr.ORAS, Neurospora crassa ORAS (XP_960427);
0.sa.CUS, Oryza sativa CUS (Os07g17010.1_ORYZA); P.fu.PhID, Pseudomonas fluorescens PhID (AAB48106); P.in.HKS,
Plumbago indica HKS (BAF44539); P.sp.BBS, Phalaenopsis sp. BBS (CAA56276); P.sy.STS, Pinus sylvestris STS
(AAB24341); Gerbera hybrida 2-PS (P48391); R.gr.ACS, Ruta graveolens ACS (CAC14058); R.pa.ALS, Rheum palmatum ALS
(AAS87170); R.pa.BAS, Rheum palmatum BAS (AAK82824); S.au.BIS, Sorbus aucuparia BIS (ABB89212); S.gr.RppA,
Streptomyces griseus RppA (BAA33495).

synthase (ALS),”” and octaketide synthase (OKS)*** represent the aldol-type cyclized enzymes, but the
cyclized pattern is basically classified into two types. For example, ST'S, BBS, and BIS produce the polyketides
through a C-C bond formation from C2 position carbon to C7 position carbon with an additional decarbox-
ylative loss of the C1 as CO,. STCS also cyclizes the same position, although the C1 position carbon is
maintained. On the contrary, enzymes such as ALS and OKS make a new C-C bond between carbonyl
carbon of the starter substrate and methylene carbon of the third extender on the intermediate without a
decarboxylation. 2-PS'*'* is a typical example of enzymes involved in pyrone ring formation reactions.
However, such pyrone ring formation has remained unclear irrespective of whether the lactonization is
enzymatically carried out or not. Together with the different types of cyclization mentioned above, some
plant PKSs such as benzalacetone synthase (BAS)***' and curcuminoid synthase (CUS)" only catalyze
condensation reactions without a cyclization.

1.06.2.1 Chalcone Synthase

CHS is the most-studied prototype type III PKS that catalyzes condensation of the C—Cs; unit of 4-coumaroyl-
CoA (3) with three C, units from malonyl-CoA (1) to form a new aromatic ring system (Scheme 3).*’ The
reaction 1s initiated by binding of 4-coumaroyl-CoA (3) followed by formation of a thioester at the active site
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Figure 2 Phylogenetic tree analysis of plant and bacterial type Il PKSs. A total of 139 amino acid sequences of type Ill PKS
were aligned, and phylogenetic tree was developed with the CLUSTAL W (1.8) program (DNA Data Bank of Japan, URL:
http://www.ddbj.nig.ac.jp). The S-ketoacyl carrier protein synthase Il (FABH) of Escherichia coli was used as an outgroup.
The indicated scale represents 0.1 amino acid substitutions per site.



180 Plant Type lll PKS

OH

CoAS

CHS + Malonyl-CoA (1)
OH
CoAS XN
o O 3b

+ Malonyl-CoA (1)

OH
CoAS W/Q/ -
(0] (0] O 3c

+ Malonyl-CoA (1)

O 1 _SEnz
OH
o)
A A
(0] O
Claisen
(Ce/C1)
OH
HO OH OH HO o ©/
a0
OH O OH O
2 76

Scheme 3 Proposed mechanism for the conversion of 4-coumaroyl-CoA (3) to naringenin chalcone (2), by-products bis-
noryangonin (BNY) (75) and 4-coumaroyltriacetic acid lactone (CTAL) (68), and the tetraketide intermediate (3c).

cysteine of the enzyme. After three rounds of sequential decarboxylative Claisen condensation, cyclization and
aromatization of the enzyme-bound tetraketide intermediate lead to the formation of naringenin chalcone (2),
the key intermediate in the biosynthesis of flavonoids. In addition to chalcone, two lactone derivatives, bis-
noryangonin (BNY) (75)** and 4-coumaroyltriacetic acid lactone (CTAL) (68),% are formed as early-released
derailment by-products when the enzyme reaction is carried out i vitro.

The first demonstration of CHS activity iz vitro was reported in 1972 with extracts from parsley, but initially
this enzyme was identified as ‘flavanone synthase’, which was the result of flavanone naringenin (76) formation
from 4-coumaroyl-CoA (3) and malonyl-CoA (1).” However, later experiments in 1980 using purified
enzymes from parsley®® and tulip®” revealed that the rapid isomerization from chalcone to flavanone occurs
spontaneously and nonstereospecifically in aqueous solutions through Michael-like ring closure, and the CHS
function was corrected as described above. Now, it is known that the flavanone is biosynthesized by chalcone
isomerase (CHI) iz vivo. Further characterization of the enzyme confirmed dimer formation of 40—45 kDa
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proteins, the fatty acid biosynthesis similarity such as CO, exchange at the malonate moiety, inhibition by
cerulenin® and the catalytic cysteine of intermediate binding residue,’” and the unnecessity of acyl carrier
protein (or phosphopantetheine arm) in the reactions.”’ X-ray crystal structures in the absence and presence of
ligands are now available.'’

Interestingly, CHS shows a remarkable broad substrate specificity. The enzyme accepts a variety of
nonphysiological substrate analogs to produce a series of unnatural polyketides (Scheme 4).”' For example,
when 4-fluorocinnamoyl-CoA (77a) was incubated with CHS from Scutellaria baicalensis, a fluorinated flava-
none (77e) was obtained along with lactone by-products (77b, 77c), whereas other 4-substituted analogs
(X=CI (78a), Br (79a), and OCHj; (80a)) afforded only lactones (78b—80b, 78c—80c) (Scheme 4a). On the
contrary, 4-coumaroyl-CoA analogs in which the coumaroyl aromatic ring is replaced by furan (81a) or
thiophene (82a) are efficiently converted into novel unnatural polyketides (81b—81e, 82b—82e) with the
heteroaromatic ring system. Steric and/or electronic perturbations by the substituents alter the stability of
the enzyme-bound intermediate or the optimally folded conformation in the cyclization pocket of the active
site of the enzyme (Scheme 4b).”!

In addition, CHS also accepts benzoyl-CoA (11), cinnamoyl-CoA (27), and phenylacetyl-CoA (83) to afford
phlorobenzophenone (2,4,6-trihydroxybenzophenone (12)), 4'-deoxychalcone (pinocembrin chalcone (84)),
and phlorobenzylketone (2,4,6-trihydroxyphenylbenzylketone (85)), respectively. Furthermore, CHS also
accepts aliphatic-CoA starters (isovaleryl (9), isobutyryl (39), #-hexanoyl (31), #-octanoyl (32), n-decanoyl
(33), and #-dodecanoyl (34)) to produce triketide and tetraketide lactones in the presence or absence of
tetraketide phloroglucinols (Scheme 5).°7"*7?

Moreover, it is surprising that CHS even accepts N-acetylcysteamine (NAC) thioester of cinnamic acid
(cinnamoyl-NAC (86)) and an NAC derivative corresponding to the diketide intermediate (cinnamoyl
diketide-NAC (30)) to produce pinocembrin chalcone (84). Detailed analysis of enzyme kinetics as well as
full characterization of the enzyme reaction products of NAC-thioesters has been reported (Scheme 6).*’

1.06.2.2 Homoeriodictyol/Eriodictyol Synthase

Homoeriodictyol/eriodictyol synthase (HEDS or HvCHS2) has been cloned from barley (Hormorden vulgare)
leaves inoculated with the fungus Blumeria graminis f. sp. hordei (Bgh).’® The enzyme produces chalcone through
the same reaction pathway as prototype CHS. However, both HvCHS2 and prototype CHS differ in their
substrate selectivity. HvCHS2 prefers feruloyl-CoA (25) and caffeoyl-CoA (41) to produce homoeriodictyol
chalcone (71) and eriodictyol chalcone (72), respectively, at the highest rate, whereas 4-coumaroyl-CoA (3)
and cinnamoyl-CoA (27) are poor substrates (Scheme 7). In contrast, prototype CHS does not efficiently
accept the disubstituted aromatic ring CoA-linked thioesters to produce the corresponding chalcones.
Interestingly, eriodictyol-derived phytoalexine lutonarin (87) drastically accumulates in barley leaves in
response to infection with Bgh " which is in good agreement with the expression of HvCHS2 introduced by
the infection of the fungus.’® HyCHS2 is thus labeled as the specific type Il PKS enzyme that is directly
involved in the biosynthesis of lutonarin in barley.

1.06.2.3 Benzophenone Synthase

As a key intermediate, benzophenone plays an important role in the biosynthesis of xanthones, a class of
compounds widely distributed in plants.”” Xanthones exhibit significant biological activities; for example,
guttiferone F (88) and sampsonione A (89) show anti-HIV and cytotoxic activities, respectively.”®”’
A related type III PKS is benzophenone synthase (BPS), which was discovered in Hypericum androsaemum
(Hypericaceae)’”’® and Centaurium erythraea (Gentianaceae).”' However, in contrast to prototype CHS, the
enzyme accepts only CoA-linked thioesters of benzoic acid derivatives and undergoes the Claisen cyclization
reaction (Scheme 8). For example, BPS from H. androsaemum catalyzes the biosynthesis of 2,4,6-trihydrox-
ybenzophenone (12) by condensation of benzoyl-CoA (11) starter with three molecules of malonyl-CoA (1).
In Hypericaceae, 2,4,6-trihydroxybenzophenone (12) is thought to be then converted into 2,3’ 4,6-tetrahy-
droxybenzophenone (70).”> On the contrary, BBS from C. erythraca directly yields 2,3'4,6-
tetrahydroxybenzophenone (70) from 3-hydroxylated benzoyl-CoA (40). Then, 2,3’ 4,6-tetrahydroxybenzophenone
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metabolite is further converted into prenylated xanthones such as rubraxanthone (90) and psorospermin (91), which
exhibit significant antibacterial and antitumor activides, respectively, and glycosylated derivatives such as
acetylcholinesterase inhibitors swertianolin (94) and its precursor bellidifolin (95).”™""

1.06.2.4 Acridone Synthase

Anthranilic acid has been thought to be a key intermediate in the biosynthesis of acridone and quinolinone
alkaloids, which occur in greatest abundance in plants from the family of Rutaceae.”” In fact, ACS from Ruta
graveolens 1s a plant-specific type III PKS that selects N-methylanthraniloyl-CoA (14) as a starter and performs
three condensations with malonyl-CoA (1) and CHS-like ring folding to produce 1,3-dihydroxy-N-methyla-
cridone (15).""'*°% 1,3-Dihydroxy-N-methylacridone (15) is further metabolized to acridone derivatives
including melicopicine (96), acronycine (97), rutacridone (98), and rutacridone epoxide (99) (Scheme 9).
Unlike the Michael-like ring closure reaction, formation of the heterocyclic middle ring is likely to occur
possibly involving the formation of a Schiff base, which is accompanied by elimination of a water molecule to
produce the acridone skeleton.”* However, it is unclear whether the heterocyclic ring closure is caused by
intrinsic activity of the enzyme or by spontaneous cyclization of the enzyme-released product.

A novel type Il PKS (PKS1) has been cloned from a Chinese club moss Huperzia serrata.’” The enzyme
catalytic potential is greater than that of prototype CHS. Huperzia serrara PKS1 accepts bulky N-methylan-
thraniloyl-CoA (14) starter, and carries out three condensations with malonyl-CoA (1) to produce 1,3-
dihydroxy-N-methylacridone (15). Interestingly, the chalcone-forming CHS and other type III PKSs, except
ACS, usually do not accept the shorter and the bulkier N-methylanthraniloyl-CoA (14) as a starter substrate in
spite of their promiscuous substrate specificity. Although acridone alkaloids have not been isolated from
H. serrata, this is the first demonstration of the enzymatic production of acridone by a type III PKS from a
non-Rutaceae plant. Comprehensive investigations on the intimate structural details of these alkaloid-
producing type III PKSs would be helpful to understand the machinery of the biosynthesis of acridones.

1.06.2.5 Phlorisovalerophenone Synthase and Isobutyrophenone Synthase

The CHS superfamily of type III PKSs that catalyze the formation of phloroglucinols in plants have also been
reported.’™’" For example, VPS from hop (Humulus lupulus 1.) selects isovaleryl-CoA (9) and isobutyryl-CoA
(39) as a starter, to produce phlorisovalerophenone (10) and phlorisobutyrophenone (69), respectively, by
condensation of three molecules of malonyl-CoA (1) with the Claisen cyclization.’” The two phloroglucinols
are biosynthetic precursors of humlone (100) and cohumulone (101), which are important components
contributing to the bitterness of beer (Scheme 10). On the contrary, isobutyrophenone synthase (BUS),
which catalyzes the formation of phlorisobutyrophenone (69), as in the case of VPS, was also purified from
the cell-free extract of Hypericum calycinum, suggesting the involvement of the biosynthesis of antidepressant
hyperforin (102) (Scheme 10).’" In addition, although the detailed mechanism is still unclear, 2-methylbu-
tyryl-CoA (103) possibly serves as the adhyperforin (104) precursor by a type III PKS, as in the case of
hyperforin.

1.06.2.6 Stilbene Synthase

STS is the second identified type III PKS that catalyzes the sequential condensation of 4-coumaroyl-CoA (3)
with three C, units from malonyl-CoA (1) to generate resveratrol (4) (Scheme 11a).** Although STS and CHS
apparently use the same condensation mechanism up to the common tetraketide intermediate, they catalyze
different ring-closure reactions. Thus, in STS, the aldol-type cyclization and decarboxylation lead to the
formation of resveratrol (4), whereas in CHS, the Claisen-type cyclization results in the production of
naringenin chalcone (2). The X-ray crystal structural analyses of STS led to the proposal that the so-called
‘aldol-switch’ hydrogen-bonding network plays a critical role in the determination of the stilbene/chalcone
product specificity.””® The detailed crystal structure analyses of STS are discussed later. STS is rare in higher
plants and occur in distantly related species such as groundnut (Arachis hypogaea),” grapevine (Vitis vinifera),’”’
and pines (Pinus sylvestris and P. strobe).’™’ In plants, stilbenes and their derivatives are regarded as
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phytoalexins,** whereas resveratrol (4), a medicinal natural product, is known to be a cancer chemopreventive
agent” as well as an agonist for the estrogen receptor.”” Notably, P. strobe STS and P. sylvestris STS are often
known as pinosylvin synthase and dihydropinosylvine synthase, respectively, in their preference for the starter
substrate (Scheme 11b).%*%*

As in the case of CHS, STS from A. hypogaea shows substrate promiscuity to form novel and unusual
polyketides from alternative substrates (Scheme 4).°° Three types of products are obtained: (1) complete
reaction (stilbene-type) (77f, 81f, 82f), (2) three condensations without formation of aromatic ring
(CTAL-type) (77¢—82c), and (3) two condensations without formation of aromatic ring (BNY-type) (77b—
82b). All product types are obtained from 4-fluorocinnamoyl-CoA (77a) and analogs in which the coumaroyl
moiety was replaced by furan (81a) or thiophene (82a). Only type 2 and 3 products were synthesized from
other 4-substituted 4-coumaroyl-CoA analogs (-Cl (78a), -Br (79a), -OCH; (80a)). Benzoyl-CoA (11),
phenylacetyl-CoA (83), and medium-chain aliphatic-CoA-esters were poor substrates, and the majority of
the products was of type 3.%

1.06.2.7 Bibenzyl Synthase and Biphenyl Synthase

BBS has been cloned from Phalaenopsis sp.”* The enzyme catalyzes STS-like aldol ring closure, but clearly
prefers double bond missing cinnamoyl-CoA derivatives such as 3-hydroxyphenylpropionyl-CoA (42) as a
starter substrate over 4-coumaroyl-CoA (3) to yield 3,3,5-trihydroxybibenzyl (74). 3,3’,5-Trihydroxybibenzyl
(74) is then converted by O-methyltransferase (OMT) to prerequisite batatasine III (107), which is
further metabolized to tricyclic phytoalexine 9,10-dihydrophenanthrene derivatives such as hircinol (108)
accumulating in stressed or wounded orchid tissues (Scheme 12a).****%’

On the contrary, BIS has been cloned from Sorbus aucuparia.’ Similar to BPS, BIS prefers benzoyl-CoA
(11) as a starter substrate and catalyzes the condensation of benzoyl-CoA (11) with three molecules of
malonyl-CoA (1) to produce 3,5-dihydroxybiphenyl (13), which is a precursor of biphenyl phytoalexins
including aucuparin (109), isolated from S. aucuparia (Scheme 12b).*® Interestingly, as in the case of CHS/
STS, BPS and BIS apparently share the same condensation mechanism up to the common tetraketide
intermediate; however, in the ring-closure reactions, aldol-type cyclization, instead of Claisen-type
cyclization, proceeds in BIS.

1.06.2.8 Coumaroyl Triacetic Acid Lactone Synthase and Stilbenecarboxylate Synthase

Coumaroyl triacetic acid lactone synthase (CTAS) from Hydrangea macrophylla var. thunbergii produces the CHS
by-products pyrone CTAL (68) and BNY (75), but yields neither chalcones nor stilbenes, including stilbene-
carboxylate hydrangenic acid, when 4-coumaroyl-CoA (3) was incubated with malonyl-CoA (1)
(Scheme 13a).* CTAS has been thought to play a crucial role in the biosynthesis of hydramacroside B
(110), but evidence for the involvement of this enzyme in the biosynthesis is still lacking.

STCS has been cloned from another Hydranged variety H. macrophylla®® and Marchantia polymorpha. STCS
accepts dihydro-4-coumaroyl-CoA (5) as a starter and performs three condensation reactions of malonyl-CoA
(1) (Scheme 13b). This is followed by STS-like ring folding, but with retention of terminal carboxyl group that
is removed in standard STS-type reaction, and formation of 5-hydroxylunularic acid (6). Although aromatic
ring formation of stilbenes and that of stilbenecarboxylates have been speculated to occur through the same
catalytic machinery of the enzymes, recent structure-based studies have begun to suggest that STCS is
structurally close to prototype CHS rather than STS.”**® Indeed, when a pine CHS was given dihydro-4-
coumaroyl-CoA (5) as a starter, a trace amount of 5-hydroxylunularic acid (6) was synthesized 77 vitro. Notably,
both CTAS and STCS from the Hydrangea varieties are now thought to be identical in their function because
the enzymes are similar except for five amino acid replacements, and when 4-coumaroyl-CoA is incubated as a
starter substrate, STCS produces only BNY and CTAL without the stilbenecarboxylate hydrangenic acid, as in
the case of CTAS.*
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Scheme 12 (a) Proposed mechanism for the enzymatic formation of 3,3’,5-trihydroxybibenzyl (74) by BBS and relevant
derivatives and (b) Proposed mechanism for the enzymatic formation of 3,5-dihydroxybiphenyl (13) by BIS and relevant
derivatives.

1.06.2.9 Cannabis sativa Polyketide Synthase-1

Olivetol (111) and olivetolic acid (112) are the precursors of tetrahydrocannabinol (THC), the main psychoactive
principle of the cannabis plant (C. saziva) (113-120).* Olivetol (111) and olivetolic acid (112) are thought to be
formed by an ST'CS-like enzyme through condensation of #-hexanoyl-CoA (31) starter with three molecules of
malonyl-CoA (1)’ The polyketide synthase-1 (PS-1) has been cloned from C. sativa’ and reported in databases
(NCBL: http://www.ncbinlm.gov/) as olivetol synthase, though the enzyme catalyzes the formation of hexanoyl
triacetic acid lactone (121) from #-hexanoyl-CoA (31) and malonyl-CoA (1), without generating olivetol and
olivetolic acid. As the recent result showed that hexanoyl pyrone (121) is likely to be the biosynthetic isoform of
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olivetolic acid (112), the PS-1 is probably involved in the biosynthesis of THC (Scheme 14a). However, there
remains the possibility of as-yet isolated enzyme in charge of THC biosynthesis.

In addition, it has been postulated that CoA esters of long-chain fatty acids such as palmitoleoyl (C;4)-CoA (122)
are accepted as a starter substrate for malonyl-CoA chain extension, which leads to the formation of alkyl polyphenols
including ginkgolic acid (anacardic acid) (123) and urushiol (124), the allergic substances of ginkgo tree ( Girkgo biloba)
and lacquer tree (Rbus vernicifiua), respectively (Scheme 14b).”* The discovery of ORAS from the fungus Neurospora
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crassa, which catalyzes the formation of pentaketide resorcinols with different aliphatic chain length (C4—Cy) by
condensation of aliphatic-CoA ester with four molecules of malonyl-CoA (1),' strongly suggests that the plant alkyl
polyphenols are also formed by type IIl CHS-superfamily type I PKSs. In fact, as mentioned above, the regular CHS
also accepts CoA thioesters of long-chain fatty acids (C4—C,p) as a starter substrate and carries out sequential
condensations with malonyl-CoA (1) to produce a series of triketide and tetraketide lactones.

1.06.2.10 Benzalacetone Synthase

Many of type III PKSs catalyze iterative condensations of malonyl-CoA (1) with a starter substrate, whereas
BAS catalyzes the one-step decarboxylative condensation of malonyl-CoA (1) with 4-coumaroyl-CoA (3) to
produce 4-hydroxybenzalacetone 4-(4-hydroxyphenyl)-but-3-en-2-one (16). BAS plays a crucial role in the
biosynthesis of the C4—Cy4 moiety of a variety of pharmaceutically important phenylbutanoids, such as anti-
inflammatory glucoside lindleyin (125) in the medicinal plant rhubarb (Rbeum palmarum)’*** and the char-
acteristic aroma raspberry ketone (126) of raspberry (Rubus idaeus) (Scheme 15a)."*"° Indeed, BAS has been
cloned from rhubarb* and raspberry,*" although raspberry BAS is identified as a bifunctional enzyme produ-
cing both 4-hydroxybenzalacetone (16) and naringenin chalcone (2).

As in the case of CHS, BAS shows a broad substrate specificity, leading to the formation of benzalacetone
analogs. For example, raspberry BAS prefers i vitro feruloyl-CoA (25) and 5-hydroxyferuloyl-CoA (26) over
normal 4-coumaroyl-CoA (3), and yields 3-methoxy-4-hydroxybenzalacetone (43) and 3-methoxy-
4,5-dihydroxybenzalacetone  (44), respectively, without producing the corresponding chalcone
(Scheme 15a).*' BAS from R. palmatum efficiently catalyzes condensation with one molecule of malonyl-CoA
(1) (or methylmalonyl-CoA (24)) by accepting a much bulkier starter unit such as N-methylanthraniloyl-CoA
(14) (or anthraniloyl-CoA (29)) to produce 4-hydroxy-2(1H)-quinolones (47-50) (Scheme 15b).* Notably,
4-hydroxy-2(1H)-quinolone is a biosynthetic precursor of quinolone alkaloid occurring in greatest abundance
in plants from the family of Rutaceae,” but not found in rhubarb. The enzyme in Rutaceae responsible for the
formation of quinolone alkaloid is still missing.

1.06.2.11 Curcuminoid Synthase

Curcuminoids, the major components of turmeric, are widely used as a traditional medicine and as food additive for
their unique aromatic and coloring properties. Curcumin (127) has received a great deal of attention because of its ant-
inflammatory, anticarcinogenic, and antitumor activities.”” " It has been proposed that curcuminoid scaffold is
synthesized by a three-step reaction from phenylpropanoids (Scheme 16).” First, malonyl-CoA (1) condenses with
feruloyl-CoA (25) to produce a diketide-CoA (128). The diketide-CoA is converted into 8-keto acid (129) by
hydrolysis, which finally condenses with another molecule of feruloyl-CoA (25) to produce curcumin (127). This
hypothesis was not confirmed until a novel enzyme termed CUS was reported by Horinouchi and coworkers.”” CUS
from Oryza sativa catalyzes the condensation of two molecules of 4-coumaroyl-CoA (3) with one molecule of malonyl-
CoA (1) to produce bisdemethoxycurcumin (17). Interestingly, the mechanism of the formation of curcuminoids is
very different from the traditional head-to-tail model of polyketide assembly. During the reaction, 4-coumaroyl-CoA
(3) also serves as a second extender to the diketide-CoA intermediate (130), leading to the formation of bisdemethox-
ycurcumin (17). Interestingly, CUS forms gingerol (46) analogs, such as cinnamoyl (hexanoyl) methane (45), a
putative intermediate of gingerol, from cinnamoyl-CoA (27) and 3-oxo-octanoic acid (28).'"

1.06.2.12 2-Pyrone Synthase

Pyrone glycosides and their derivatives showing antifungal and anti-insectant activities have been isolated from
various plant species, and in Gerbera hybrida, 2-PS has been shown to be a related type IT1 PKS.'>'* Unlike CHS,
2-PS efficiently uses acetyl-CoA (7) as a starter substrate instead of 4-coumaroyl-CoA (3) and performs two
decarboxylative condensation reactions with malonyl-CoA (1) to produce 6-methyl-4-hydroxy-2-pyrone
(triacetic acid lactone (T'AL) (8)) (Scheme 17), which is a biosynthetic precursor of pyrone glycoside gerberin
(137) and parasorboside (138). If acetyl-CoA (7) is not available, the enzyme can decarboxylate malonyl-CoA
(1) to generate its own acetyl starter. The X-ray crystal structure is now available."® Interestingly, 2-PS also
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accepts benzoyl-CoA (11) as a starter substrate with two molecules of malonyl-CoA (1) to produce 6-phenyl-4-
hydroxy-2-pyrone (phenylpyrone) (11b), corresponding to the backbone in the psilotins (139) of the
Psilotaceae.' Additionally, other hydrophobic short-chain aliphatic-CoA esters such as isovaleryl-CoA (9),
propionyl-CoA (140a), and butyryl-CoA (141a) are also utilized as a starter substrate to produce related
triketide pyrones (Scheme 17).

However, the pathway of heterocyclic ring closure is unclear because two lactonization pathways are
possible. One possibility is formation by a nucleophilic attack of C5 keto-enol oxyanion to C1 carbonyl carbon
on the enzyme-bound intermediate. Another possibility is formation by a nucleophilic attack of carboxylate
anion to C5 carbonyl carbon on the linear intermediate through the cleavage of the enzyme-bound inter-
mediate by a water molecule. The latter case will occur easily in solution.

1.06.2.13 Long-chain 2-Pyrone Synthase

Two type III PKSs, PKS-A and PKS-B, that produce 4-hydroxy-2-pyrone derivatives have been characterized
in Arabidopsis thaliana.*® The enzymes efficiently accept long-chain fatty acyl-CoAs of C4 (z-hexanoyl (31)) to
Cyo (n-eicosanoyl (38)) chain length as a starter substrate with almost equal efficiency and carry out sequential
condensations with two or three molecules of malonyl-CoA (1) to produce triketide (52—-59) and tetraketide
a-pyrones (60—67) as the major products in addition to a trace amount of phloroglucinols (142-149)
(Scheme 18). Interestingly, the enzymatic ability of the two enzymes is drastically different from that of
2-PS, but very similar to bacterial type III PKS Mycobacterium tuberculosis PKS18, which is thought to play the
crucial role of lipid metabolite.”® Additionally, it has been reported that several novel type TIT PKSs are also
involved in the biosyntheses of long-chain phenolic lipids in bacteria.'®'"'** Although the biosynthesis of
a-pyrone lipids in plants has not been studied well and their presence in A. thaliana has not been reported so far,
these observations might suggest the involvement of type III PKSs in lipid metabolism in the model plant
A. thaliana, as in the case of Mycobacterium.

1.06.2.14 Pentaketide Chromone Synthase

PCS from Aloe (Aloe arborescens) catalyzes the formation of a pentaketide chromone, 5,7-dihydroxy-2-
methylchrome (18), from five-step decarboxylative condensations of malonyl-CoA (1) followed by the
Claisen cyclization reaction to form an aromatic ring (Scheme 19).”>* PCS also accepts acetyl-CoA (7),
resulting from decarboxylation of malonyl-CoA (1), as a starter substrate, but it is a poor substrate for PCS. The
pentaketide chromone (18) has been isolated from several plants,”” and is known to be the biosynthetic
precursor of the antiasthmatic furochromones visnagin (150) and kehellin (151) found in Ammi visnaga.”
The X-ray crystal structure complexed with CoA-SH is now available.”'*> However, it is unclear whether the
heterocyclic ring closure of the pentaketide chromone is enzymatic or not, because the ring closure can take
place due to spontaneous Michael-like ring closure, as in the case of flavanone formation from chalcone i vitro.

As in the case of prototype CHS, the enzyme also accepts aromatic (4-coumaroyl (3), cinnamoyl (27), and
benzoyl (11)) and middle-chain aliphatic (#z-hexanoyl (31), z-octanoyl (32), and #-decanoyl (33)) CoA esters as
a starter substrate, but it yields only triketide and tetraketide a-pyrones.””

1.06.2.15 Aloesone Synthase

ALS is a key enzyme in the biosynthesis of heptaketide chromone aloesone derivatives such as aloesone
0O-glucoside (7-0-B3-p-glucopyranoside) in rhubarb (R. palmarum)'®* and anti-inflammatory aloesone C-gluco-
side (8-C-B-p-glucopyranoside) (aloesin) (157) in Aloe (A. arborescens).'”” ALS from rhubarb and Aloe
efficiently catalyzes the formation of a heptaketide aromatic pyrone 6-(2-(2,4-dihydroxy-6-methylphenyl)-2-
oxoethyl)-4-hydroxy-2-pyronechromone (20) from acetyl-CoA (7) and six molecules of malonyl-CoA (1)
through an aldol cyclization with a trace amount of hexaketide pyrones 6-(2',4’-dihydroxy-6'-methylphenyl)-
4-hydroxy-2-pyrone (19) and Tw93a (158) and octaketide pyrones SEK4 (22) and SEK4b (23)
(Scheme 20).”° The unstable heptaketide pyrone (20) (or acid form) would be then released from the active
site and undergo subsequent spontaneous isomerization to the -ketoacid chromone (159), which is followed
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Scheme 18 Enzymatic formation of triketide and tetraketide a-pyrones and phloroglucinols by Arabidopsis thaliana PKS-A and PKS-B.
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Scheme 19 Proposed mechanisms for the enzymatic formation of 5,7-dihydroxy-2-methylchromone (18) and its
derivatives.

by decarboxylation to produce the heptaketude aloesone (21). In contrast, two hexaketide pyrones (19, 158)
from iterative condensations of six acetate units have been known to be a demethylated aglycone of anti-
histamic O-glucoside aloenin (160) occurring only in A. arborescens and a product limited in i vitro reaction of
the type 11 minimal PKS of Streptomyces coelicolor, respectively.'’®'"” ALS does not accept 4-coumaroyl-CoA (3)
or other aromatic-CoA esters, whereas aliphatic-CoA esters of medium-chain length are accepted as a starter
substrate, but with less efficiency.

1.06.2.16 Hexaketide Synthase and Octaketide Synthase

Hexaketide synthase (HKS) efficiently produces hexaketide 6-(2',4'-dihydroxy-6'-methylphenyl)-4-hydroxy-
2-pyrone (19) of minor product of ALS, by catalyzing iterative condensations of five molecules of malonyl-
CoA (1) with acetyl-CoA (7) as a starter substrate (Scheme 21a). Two HKSs have been cloned from Plumbago
indica and Droxopbyllum Iusitanicum, although aloenin (160) and its derivatives have not been described as a
constituent of plants.”"%” In contrast, plants accumulate hexaketide naphthoquinones such as plumbagin (161),

which is derived from six acetate umts.108 "% As in the case of other type ITT PKSs, HKSs also show broad
substrate and product specificities in 7z vitro assays, but the acetogenic hexaketide naphthoquinone was not
synthesized. It is therefore tempting to speculate that the enzyme is originally involved in the biosyntheses of
plumbagin (161) and tetralones in the presence of the tailoring enzymes such as a cyclase-like cofactor and/or a
reductase in plants.’"*

Interestingly, a similar case has also been found in the metabolite ability of OKS from Aloe and Hypericum
perforatum.’®**° The enzyme forms aromatic octaketides SEK4 (22) and SEK4b (23) constructed with the
longest polyketide chain yielded by the structurally simple type III PKS, from eight-step decarboxylative
condensations of malonyl-CoA (1) followed by aldol cyclization (Scheme 21b). As in the case of PCS, acetyl-
CoA (7) 1s also available as a poor starter substrate. Notably, the octaketides are the products of the minimal
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Scheme 20 Proposed mechanisms for the enzyme reactions catalyzed by ALS.
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type I PKS for the benzoisochromanequinone actinorhodin (act from S. coelicolor),''* and have not been isolated
from any of the known plants. However, Aloe plant has been shown to be rich in pharmaceutically important
anthrone glycoside, barbaroin (165).°>""" The medicinal plant H. perforatum has been reported to accumulate
pharmaceutically and physiologically important red-pigmented naphthodianthrones including hypericin
(167),"'*'" the precursor of which has been proposed to be emodine anthrone (168), an anthraquinone.”
The failure of the OKS enzymes to produce anthrone suggests the requirement of tailoring enzymes or as-yet
unknown factors in the biosynthesis of octaketide anthrones/anthraquinones in the medicinal plant, as in the
case of naphthoquinone biosynthesis.

OKS is a biologically quite mysterious plant type III PKS; however, it is interesting from the point of view of
engineered biosynthesis of pharmaceutically important plant polyketides. In particular, when 4-coumaroyl-
CoA (3) and malonyl-CoA (1) are incubated with 4. arborescens OKS, the enzyme accepts 4-coumaroyl-CoA (3)
less efficiently and produces unnatural hexaketide stilbene (170) and heptaketide chalcone (171) by catalyzing
five- and six-round condensations of malonyl-CoA (1), respectively (Scheme 22)."'* Furthermore, the enzyme
can efficiently synthesize the formation of unnatural hexaketide resorcinol (172) and heptaketide phloroglu-
cinol (173) from 7-hexanoyl-CoA (31) as a starter substrate and five and six molecules of malonyl-CoA (1),
respectively.''* Although these compounds have not been isolated from natural source, the hexaketide
resorcinol (172) has been previously proposed as one of the possible reaction products of the minimal type
I PKS from hexanoyl-ACP /malonyl-CoA.'"”
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Scheme 22 Enzymatic synthesis of unnatural polyketides by A. arborescens OKS from 4-coumaroyl-CoA (3) and
n-hexanoyl-CoA (31) as starters.
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1.06.2.17 C-Methylchalcone Synthase

None of the polyketides isolated from plants contain methyl-extended moieties, which suggests that type III
PKSs also utilize methylmalonyl-CoA (24) as a substrate for the C—C bond elongation reaction. Evidence
favoring the selection of methylmalonyl-CoA (24) as a starter substrate has been obtained for CHS2 from
P. strobes.” This enzyme was reported to be completely inactive with malonyl-CoA (1) as a substrate; however,
it catalyzed a one-step condensation of (2RS)-methylmalonyl-CoA (24) with cinnamoyl diketide NAC (30) to
produce methylated triketide styrylpyrone (51) (Scheme 23).

However, a few plant PKSs (S. baicalensis CHS, A. hypogaea STS, and R. palmatum BAS) have been known to
produce an unnatural C4-Cs aromatic polyketide, 1-(4-hydroxyphenyl)pent-1-en-3-one (174), which was
formed by one-step decarboxylative condensation of (2RS)-methylmalonyl-CoA (24) and 4-coumaroyl-CoA
(3) (Scheme 24a)."'® Furthermore, these enzymes also produced unnatural polyketides when both the starter
and extender substrates were simultaneously replaced with nonphysiological substrate analogs. Thus,
S. baicalensis CHS afforded an unnatural novel triketide (177) as well as a tetraketide (178), when incubated
with benzoyl-CoA (11) and (2RS)-methylmalonyl-CoA (24) as substrates. Moreover, the enzyme also accepted
n-hexanoyl-CoA (31) and methylmalonyl-CoA(24) as substrates to produce an unnatural novel triketide (179)
(Scheme 24b,c).'"’

On the contrary, it has been demonstrated that A. arborescens OKS efticiently accepted (2RS)-methylmalonyl-
CoA (24) as a sole substrate to produce 6-ethyl-4-hydroxy-3,5-dimethyl-2-pyrone (180) (Scheme 24d).'"
Interestingly, S. baicalensis CHS and R. palmarum BAS also yielded the unnatural methylated C9 triketide lactone
(180) as a sole product by sequential decarboxylative condensations of three molecules of (2RS)-methylmalonyl-
CoA (24)."®

1.06.3 Enzyme Structure and Site-Directed Mutagenesis

The crystal structures of functionally diverse type III PKSs from plants and bacteria have been characterized as
listed in Table 2. There is no significant difference in the overall fold and the common catalytic machinery.
Recent crystallographic and site-directed mutagenesis studies have begun to reveal that only a small modification
of the active site has led to the functional diversity of type IIl PKSs (Figure 3).%'7>%

In 1999, the X-ray crystal structure of Medicago sativa CHS2 at 1.56 A resolution by Noel and coworkers was
solved and it revealed the common overall fold of the type IIT PKSs (Figure 4a, b)."” Each monomer of M.
sativa CHS2 has an afafa pseudosymmetric motif, originally observed in the crystal structure of homo-
dimeric 3-ketoacyl-CoA thiolase from Saccharomyces cerevisiae, and forms a symmetric dimer with a two-fold
axis. Furthermore, Met137 protrudes into another monomer by formation of a c¢is-peptide bond between
Met137 and Pro138 on a loop, forming a partial wall of the active-site cavity. The catalytic center of type III
PKSs is buried deep inside in each monomer and sits at the intersection of characteristic 16—;\—10ng CoA-
binding tunnel and a large internal initiation/elongation/cyclization cavity, which contains the catalytic triad
of Cys164, His303, and Asn336 residues (Figure 4c). The CoA-binding tunnel connects to the protein surface,
enabling the substrates to proceed into the catalytic center. Based on the structural and site-directed mutagenesis
studies of M. sativa CHS2, the structural machinery for the common iterative condensation reactions of type III
PKSs has been proposed as follows (Scheme 2).'”"'*'** Under stabilization of the thiolate anion of the

O CoAS OH P.strobes
CHS2
)J\ N /\/S N + 1x »
H o o O (0]

24

30

Scheme 23 Enzymatic formation of methylstyrylpyrone (51) by P. strobes CHS2 from cinnamoyl! diketide
N-acetylcysteamine thioester (30) as a starter.
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Table 2 Examples of plant, bacterial, and fungal type Ill PKS that characterized the crystal structure

Enzyme Species PDB Id. Ligands Ref.
One cyclization reaction
Pyrone - producing - type
2-Pyrone synthase (2-PS) Gerbera hybrida 1QLV - 18

1EEO Acetoacetyl-CoA (181)
Steely 1 Dictyostelium discoideum 2H84 Hexaethylene glycol (182) 23
PKS18 Mycobacterium 1TED Myristic acid (183) 19
PKS18 C205F tuberculosis 1TEE -
CHS - type
Chalcone synthase2 (CHS2), 1BI5 - 17
EC 2.3.1.74 1BQ6 CoA-SH (136)

Medicago sativa 1CGK Naringenin (76)

1CGZ Resveratrol (4)

1CHW n-Hexanoyl-CoA (31)

1CML Malonyl-CoA (1)
CHS G256L 1189 - 121
CHS G256F 118B -
CHS F215S 1JWX - 125
STS - type
Stilbene synthase (STS) Arachis hypogaea 1Z1E - 83

1Z1F Resveratrol (4)
Pinosylvin synthase Pinus sylvestris 1UoU - 20
18xCHS 1uov -

1uow Resveratrol (4)
2'-Oxoalkylresorcylic acid Neurospora crassa 3EUO - 25
synthase (ORAS) 3EUT Eicosanoic acid (184)

3E1H - 24
ORAS F252G 3EUQ PEG 2,000 (185) 25
More than two cyclization reactions
Miscellaneous type
Pentaketide chromone Aloe arborescens 2D3M CoA-SH (136) 21
synthase (PCS)
PCS M207G 2D51 -

2D52 CoA-SH (136)
Octaketide synthase (OKS) A. arborescens - CoA-SH (136) 114,124
OKS N222G - CoA-SH (136)
1,3,6,8-Tetrahydroxynaphthalene Streptomyces coelicolor 1UOM PEG (186)
synthase (THNS) 20
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Figure 3 Comparison of the active site architectures of type Il PKSs. The only residues (silver, blue, light blue, and yellow)
that appear to determine the respective activities of these enzymes are shown with the catalytic triad (black). The bottom of
the coumaroyl binding pocket is highlighted as purple surface. The bottoms of the polyketide elongation and another pockets
of two downward expanding pockets are highlighted as light blue and yellow surfaces, respectively. The naringenin (76),
myristic acid (183), and polyethylene glycol heptamer (186), bound to the respective active site cavities of Medicago sativa
CHS2, Mycobacterium tuberculosis PKS18, and Streptomyces coelicolor THNS, are shown as green stick models, to indicate
the coumaroyl-binding pocket and the acyl-binding tunnel of their active site cavities.
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Figure4 Structure of Medicago sativa chalcone synthase 2 (CHS2). (a) Ribbon representation of the CHS2 homodimer. The
monomers are colored gold and silver, and the CoA-SH (136) and naringenin (76) molecules are shown as green stick models.
The catalytic Cys164 and Met137, which form a partial wall of the active site cavity of another monomer, are highlighted as
CPK models. (b) Molecular surface representation of CHS2. In the bottom panel, the two CHS2 monomers are separated and
rotated slightly to highlight the flat dimerization interface. The Met137 is colored red, and the protruded positions of Met137 to
another monomer are indicated as cyclization pocket entrance. (c) Close-up view of the CHS2 active site cavity complexed
with naringenin (76). The Cys-His-Asn catalytic triad and the bound naringenin (76) are represented as black and green stick
models, respectively. The two gatekeepers Phe215 and Phe265, and Met137 are also indicated.

Cys164 by an imidazolium ion on the His303, the reaction initiation starts by a nucleophilic attack of the thiolate
anion to the thioester carbonyl of the starter, resulting in transfer of the acyl moiety to the cysteine side chain.
Sequentially, protonated nitrogen of the side chain on His303 and Asn336 forms an ‘oxyanion hole’ with Phe215,
where the thioester carbonyl oxygen of malonyl-CoA (1) orients, providing a nonpolar environment for the
terminal carboxylate, which facilitates decarboxylation. A resonance of the enolate ion to the keto form allows
for condensation of the acetyl carbanion with the enzyme-bound polyketide intermediate. Recapture of the
elongated starter-acetyl-diketide-CoA by Cysl64 and release of CoA set the stage for additional rounds of
elongation, resulting in the formation of the final polyketide reaction intermediate, which proceeds to
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intermolecular cyclization reaction. The so-called gatekeepers Phe215 and Phe265, which are situated at the
active site entrance, are thought to help the folding and the internal orientation of the tetraketide intermediate
during the cyclization reaction.

In M. sativa CHS2, the active site cavity consists of the bilobed initiation /elongation/cyclization cavity. One
lobe of this cavity forms a coumaroyl-binding pocket and the other accommodates the growing polyketide
chain (Figure 3(a))."” The coumaroyl-binding pocket is thought to lock the aromatic moiety derived from 4-
coumaroyl-CoA (3) as the starter substrate on the tetraketide intermediate. It is most likely that the C6/Cl
Claisen cyclization reaction with an internal proton transfer from the nucleophilic carbon at C6 to carbonyl
oxygen of C6 position facilitates under the locking of aromatic moiety on the tetraketide intermediate to the
coumaroyl binding pocket, thereby releasing chalcone from the enzyme active site cavity (Figure 5(a)).

In 2000, Noel and coworkers characterized the second crystal structure of G. hybrida 2-PS, which shares 74%
sequence identity with M. sativa CHS2, but yields a different product TAL (8) from acetyl-CoA (7) and two
molecules of malonyl-CoA (1)."*'® The crystal structure complexed with reaction intermediate acetoacetyl-
CoA (181) at 2.05A resolution revealed that G. hybrida 2-PS and M. sativa CHS2 share common three-
dimensional fold, a set of conserved catalytic residues, and similar CoA-binding sites. However, the total cavity
volume of the active site cavity of 2-PS is one-third that of M. saziva CHS2 (Figures 3(a—b) and 6). Notably,
this reduction in volume is achieved by the difference in the introduction of bulkier side chain at chemically
inert three residues (corresponding to Leu202, Leu261, and Ile343 in 2-PS, and Thr197, G256, and Ser338 in
M. sativa CHS2), without rearrangement of the protein main chain. As a further proof, it is shown that
alternation of the CHS active site by introducing Thr197L, Gly256L, and S338I converts CHS into 2-PS. It
1s therefore possible that G. hybrida 2-PS prefers the less bulky substrate acetyl-CoA (7) than 4-couaroyl-CoA
(3) as the starter substrate, and reduces chain elongation reaction up to two C,-unit condensations, in contrast
to CHS (Figure 5(b)). These results thus provided the structural basis that the volume and shape of the active
site principally influence the functional diversity of type III PKSs.

A similar case of steric contraction by the three residues is also found in the active site architecture in A.
arborescens PCS, which produces a pentaketide chromone (18) from five molecules of malonyl-CoA (1)
(Figure 3(d)).”"** The crystal structure of A. arborescens PCS revealed that the active site volume is as large
as that of G. hybrida 2-PS, and that the reduction is indeed derived from sterically bulkier residues Met207,
Leu266, and Val351 than Thr197, Gly256, and Ser338 in M. sativa CHS2 with additional conformational
differences of Cys143 and Thr204 corresponding to Ser133 and Thr194 in M. sativa CHS2 (Figure 7). In
addition, electron density map showed that the side chain of Met207 of A. arborescens PCS is very flexible,
whereas the side chains of Thr197 of M. sativa CHS2 and Leu261 of G. hybrida 2-PS are not so flexible. It is
therefore most likely that the conformationally flexible Met207 locks the acetyl moiety of the pentaketide
intermediate and then the Claisen-type cyclization/aromatization reaction of the enzyme-bound intermediate
takes place with a common structural machinery, as in the case of CHS (Figure 5(c)). Interestingly, the small-
to-large Gly256L substitution (numbering to M. sativa CHS2) is also observed in A. arborescens PCS, A.
arborescens OKS, and A. arborescens and R. palmarum ALSs, each of which selects acetyl- or malonyl-CoA (1) as
a starter substrate. In contrast, tetraketide-forming type III PKSs, including other CHS, ST'S, VPS, CTAS, BBS,
and ACS, conserve Gly residue at this position. Site-directed mutagenesis studies suggest that Gly256
determines the starter specificity and the chain length in M. saziva CHS2,'”" whereas the spatial tininess of
the Gly256 determines the starter selectively in S. baicalensis CHS and R. palmatum ALS Gly256."%%'%

In contrast, further crystal structure of the octaketide-producing PCS Met207G mutant revealed that the
residue 207 (corresponding to Thr197 in M. sativa CHS2) lining the active site cavity occupies a crucial
position for the polyketide chain elongation reactions (Figures 3(e) and 8). Met207 of the wild-type PCS
blocks the entrances of two novel, hidden pockets that extend into the ‘floor’ of the active site cavity.”*"*’ The
large-to-small substitution thus drastically increases the active site volume 2.6 times, compared with that of
wild-type PCS, by opening the gate to the downward pockets, which leads to the formation of longer
octaketides (22, 23) instead of the pentaketide (18). Importantly, the hidden pockets differ from the coumar-
oyl-binding pocket observed in the active site in M. sariva CHS2, but the location and orientation of one of the
pockets accommodate the long substrate-binding tunnel in the similar active site architecture of the bacterial
type 11 PKSs including M. ruberculosis PKS18,'" S. coelicolor THNS,*® Dictyostelium discoidenm C-terminal
Steely 1, and N. crassa ORAS (Figure 3).”*”” In addition, almost the same active site architecture with the
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Figure 5 Schematic representation of the active site architecture of (a) Medicago sativa CHS2, (b) Gerbera hybrida 2-PS,
(c) Aloe arborescens PCS, and (d) both PCS M207G mutant and A. arborescens OKS, and their products.
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Figure 6 Comparison of the active site cavity of (a) Medicago sativa CHS2 and (b) Gerbera hybrida 2-PS. Phe215 and
Phe265 in CHS2 and Phe220 and Phe270 in 2-PS were removed from the respective surface representation. Methylpyrone in
the 2-PS active site cavity is a model. The catalytic residue Cys164 is colored yellow, whereas the chemically inert three
residues that play an important role in the functional diversity of both enzymes are highlighted in light blue.
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Figure 7 Comparison of the active site cavity of Medicago sativa CHS2 (silver) and Aloe arborescens PCS (gold). The
chemically inert three residues in A. arborescens PCS is colored blue. The catalytic triads in both enzymes are indicated in
black.

downward expanding polyketide elongation tunnel of the PCS M207G mutant was observed in the crystal
structure of octaketide-producing A. arborescens OKS in natural resource (Figure 3(f)).""*'** Furthermore, a
chain length control depending on the steric bulk of single side chain at residue 197 has been shown in
octaketide-producing A. arborescens OKS and heptaketide-producing R. palmatum and A. arborescens ALSs.***'%*
For example, small-to-large substitutions (Gly207A, Gly207T, Gly207M, Gly207L, and Gly207W) in A
arborescens OKS resulted in the loss of octaketide-forming activity and the concomitant formation of shorter
chain length polyketides. It is thus strongly suggested that the related malonyl-primed long-chain polyketide-
producing plant type IIT PKSs, such as heptaketide-producing A. arborescens and R. palmarum ALSs, share a
common active site architecture and reaction machinery, as in the case of the PCS M207G mutant.

The CHS active site cavity can be extended to allow for the synthesis of a trace amount of longer octaketides
(22,23) by a single Ser338V substitution.'*” The crystal structure also exhibits the presence of an additional
buried pocket that extends into the ‘floor’ of the traditional CHS active site, as in the case of the PCS M207G
mutant and A. arborescens OKS enzymes. Based on the crystal structures of the plant type III PKSs, Ser338 is
located in proximity of the catalytic Cys164, which is the covalent attachment site for the growing polyketide
intermediates. These observations suggest that the residue 338 plays an important role in steric guidance of the



Plant Type Il PKS 213

(@) (b)

M147’ M147’
Sy pass 388 \.51#2u273
C143 174 L266 L) C143
: LZGG’_ 174,
M273l/ 1264
v351 Hate S vagh }%207
T204 ) @ 515 F275 7204
L 5 V049 N349 F225
(c) (d)

\j;Jr‘ - -7. L(
TR e

3 o

s
N218 = JR&H¢ =0,
|222 = F80

Figure 8 Comparison of the active site cavity of Aloe arborescens PCS and the PCS M207G mutant. (a) Front and (b) rear
views of the active site cavity surface of wild-type PCS. (c) Front and (d) rear views of the active-sity cavity surface of the PCS
M207G mutant. The active site residues and two pockets are colored as in Figure 3.

growing intermediate so that the linear intermediate extends into the additional buried pocket, thereby leading
to longer octaketides (22,23). The improvement of the steric guidance at residue 338 would be provided from
loss of the heptaketide-forming activity in R. palmarum ALS by Thr338S substitution and from twofold increase
in the benzalacetone-forming activity in R. palmatum BAS by Ser338V substitution (numbering to M. sativa
CHS2).**'** On the contrary, Noel and coworkers provided the only known CHS mutant that can accept
N-methylanthraniloyl-CoA (14) as a starter substrate to produce the unnatural alkaloid N-methylanthraniloyl-
triacetic acid lactone (186) by a Phe215$ substitution in M. saziva CHS2 (Scheme 25)."*’ For the structural
machinery, crystal structure analysis of the mutant enzyme suggests that the serine hydroxyl group forms a
hydrogen bond with the backbone carbonyl oxygen of Gly211, which widens the entrance to the active site of
the wild-type CHS2 by 4-5 A. Tt is thus most likely that the Phe215S substitution opens a space at the cavity
entrance to accommodate the methylmalonylamine moiety of N-methylanthraniloyl-CoA (14) and allows for
positioning of the thioester carbonyl moiety next to Cys164, His303, and Asn336."*’ It should be noted that
diketde-forming activity of R. palmarum BAS is attributed to the characteristic substitution of the conserved
active site Phe215 with leucine (numbering to M. sativa CHS2)."*® In the case of BAS, Leu215F substitution
restores the chalcone-forming activity. Additionally, substitutions of Ser132, Ala133, and Val265 with Thr, Ser,
and Phe also transform acridone-producing R. graveolens ACS into CHS (numbering to M. sativa CHS2).'?"!'?
Although the intimate structural machinery has remained unclear, the functional diversity of R. palmatum BAS
and R. graveolens ACS has been suggested to be controlled by a steric factor.**'*"

Besides the simple steric contraction, structure analyses of P. gylvestris STS and A. hypogaea STS have
provided new insights into the molecular diversity of the STS enzymes (Figure 3(b) and Figure 9).”*% It is
interesting to note that unlike the simple steric contraction, an electronic effect rather than the steric factor
determines the product specificity of STS. Importantly, a significant backbone change occurs on a loop between
residues 132 and 136 in the active site of ST'S, thereby resulting in a subtle displacement of Thr132, and
bringing its side chain hydroxyl moiety within the hydrogen-bonding distance of a water molecule. As a result,
the so-called ‘aldol-switch’ thioesterase-like electronic hydrogen-bond network involving Ser338-H,O-
Thr132-Glul92 is rearranged in proximity of the catalytic Cysl64 in the active site cavity in STS.
Additionally, there is no reorientation of resveratrol (4) and naringenin (76) binding to the active site cavity
between the STS and CHS enzymes. Furthermore interestingly, in 1966, Harris and others have indicated that
when C1 position of the linear polyketide is part of an ester (or thioester) bond, C6/C1 Claisen cyclization
predominates, whereas C7/C2 aldol cyclization is favored when C1 position is free acid.'”” Based on these
findings, the reaction machinery in the active site of ST'S is most likely that the nucleophilic water by the aldol
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Scheme 25 Enzymatic synthesis of unnatural N-methylanthraniloyltriacetic acid lactone by M sativa CHS F215S mutant
enzyme from N-methylanthraniloyl-CoA (14) as a starter.

switch initially cleaves the thioester bond of the cysteine-bound linear intermediate.”” Thus, the C7/C2 aldol
cyclization predominantly proceeds within the resultant acidic intermediate and then the decarboxylation from
the cyclized carboxylic intermediate finally occurs to produce resveratrol (4) (Scheme 11a).

1.06.4 Protein Engineering

Plant type IIT PKSs show promiscuous broad substrate specificity, and can produce unnatural polyketides. In
fact, as described above, unnatural polyketides have been synthesized by iz vitro reaction with various
nonphysiological substrates such as the aromatic ring-replaced (furan or thiophene) coumaroyl-CoA analogs
(81a, 82a) and methylmalonyl-CoA (24).° It is therefore theoretically possible that if we can control the starter
selectivity, polyketide chain length, and/or the cyclization reaction, as well as prepare more substrate analogs
and use combinational modification enzymes, billions of polyketide analogs can be synthesized under mild
conditions. Structure-based engineering of type III PKSs has further increased the possibility of enzymatic
synthesis of various polyketides.

For example, on the basis of the crystal structures of wild-type and M207G mutant of PCS, F80A/
Y82A/M207G triple mutant has succeeded in the release of an unnatural novel nonaketide naphthopyr-
one (188) through condensation with nine molecules of malonyl-CoA (1) (Figure 10).°>"** A homology
model predicted that the active site cavity volume of the triple mutant increased 4 times that of the
wild-type PCS. On the contrary, large-to-small Asn222G substitution at the bottom of the polyketide
chain elongation tunnel let to decaketide-producing enzyme from octaketide-producing OKS, resulting
in the formation of unnatural decaketide benzophenone, SEK15 (189), by 10-round condensations
(Figures 3(f) 3(g) and Scheme 26).""* SEK15 has been previously reported as a product of genetically
engineered type 1T PKSs,"'” and now the longest polyketide produced by the structurally simple type TII
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Figure 9 (a) Comparison of the active site of Medicago sativa CHS2 (silver) and Pinus sylvestris STS (gold). Naringenin (76)
complexed with M. sativa CHS2 is shown in a green stick model. Resveratrol (4) in structure of 18 x CHS, which is a mutant
enzyme having the STS activity instead of CHS activity, is shown in light blue stick model, and is superimposed in (a), to
indicate that intermediate of both enzymes are locked in an almost identical position. (b) Close-up view of the loops between
131 and 136 in STS and CHS. (c and d) Close-up view of the hydrogen bond networks in (c) CHS and (d) STS. The hydrogen
bond formations and their distances are indicated with green parentheses. The putative nucleophilic water molecule in STS
and the relative water molecule in CHS2 are shown as red spheres.

PKS. Furthermore, in contrast to wild-type OKS, the OKS N222G mutant efficiently accepts 4-
coumaroyl-CoA as a starter and yields the unnatural hexaketide stilbene (170) and heptaketide chalcone
(171) as the major products (Scheme 22)."'* A similar profile was also obtained when »-hexanoyl-CoA
(31) was used as a starter, and the heptaketide phloroglucinol (173) was efficiently produced. Structure-
based engineering of type III PKSs would thus lead to further production of chemically and structurally
disparate unnatural novel polyketides.

1.06.5 Combinational Biosynthesis

Combinatorial biosynthesis is an attractive method to synthesize potential seeds for clinical drugs, or to
synthesize a series of candidate compounds for high-throughput screening.'**”"** Successful examples are
the production of flavonoids by recombinant E. coli and yeast cells."**'*" Coincubation of yeast cells carrying
isoflavone synthase (IFS) and recombinant £. col cells carrying phenylalanine ammonia-lyase (PAL), cinna-
mate/coumarate:CoA-ligase (CCL), CHS, and CHI ¢DNAs with tyrosine (190) expectedly led to the
production of genistein (191), an isoflavone that is famous for significant estrogen-like activities
(Scheme 27)."*° Using a similar methodology, Horinouchi and coworkers have successfully constructed a
system to synthesize nearly 100 polyketides, which includes 36 unnatural flavonoids and stilbenes
(Scheme 28)."*” In addition, same researchers have also provided the high-yield curcuminoids production
system using E. coli'** This outstanding achievement has provided a promising methodology to construct a
chemical library of polyketides.
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