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Abstract
Polyketide synthases (PKS) catalyze the biosynthesis of various natural products in
plants, fungi, and bacteria with different biological activities and pharmacological
properties. The members of the chalcone synthase (CHS) superfamily, also known as the
type III PKSs, function as homodimeric iterative PKSs with two independent
multifunctional active sites. CHS is involved in the first committed step in the
biosynthesis of flavonoids that serve as the primary UV protective pigments in plants.
Flavonoids are found in liverworts and mosses (bryophyte) that are thought to be similar
to the earliest extant land plants. Although higher plant CHSs have been extensively
studied, little information is available on the enzymes from bryophytes. Using a reverse
transcription polymerase chain reaction strategy, a CHS from the moss, Physcomitrella
patens (P. patens) was cloned and characterized. P. patens CHS exhibited similar kinetic
properties and substrate preference profiles as those of higher plants CHSs. p-Coumaroyl-
CoA was the most preferred starter unit, suggesting that P. patens CHS is a naringenin
producing CHS. Consistent with the evolutionary position of the moss, a phylogenetic
analysis placed P. patens CHS at the base of the plant CHS clade, next to the
microorganism CHS-like gene products. Therefore, P. patens CHS likely represents a
modern day version of one of the oldest CHSs that appeared on earth. The evolutionary
relationship of the CHS superfamily with other condensing enzymes was also
investigated. Stilbene synthase (STS), another plant type III PKS, catalyzes condensation
reactions of a phenylpropanoid-CoA with three molecules of malonyl-CoA to form the
tetraketide intermediate and then cyclizes it to produce stilbene. The cyclization process
of STS involves hydrolysis, decarboxylation, ring formation, and aromatization;
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however, the sequence of these chemical events remained unknown. A putative
intermediate, p-coumaroyltriacetic acid was prepared and converted to a stilbene,
resveratrol, by STS. This indicates that the first step of the STS cyclization reaction is the
hydrolysis of the thioester bond of the tetraketide intermediate; and provides a foundation
to further investigate the sequence of the remaining cyclization steps in the STS

cyclization reaction.
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This thesis is divided into two independent parts: The cloning and characterization of
chalcone synthase from the moss, Physcomitrella patens; and the investigation of the

cyclization mechanism of stilbene synthase.
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Part I: Cloning and characterization of chalcone synthase from the moss,

Physcomitrella patens



1. Introduction

1. 1. Polyketide synthases
Natural products, mostly built up from an array of simple building blocks derived

from single or multiple primary metabolism pathways, contain a diverse collection of
small compounds providing various biological advantages to their hosts. Polyketides are
a large family of structurally diverse natural products found in bacteria, fungi and plants,
possessing broad ranges of biomedical and pharmacological properties.! They are
biosynthesized from acyl coenzyme A (CoA) precursors by polyketide synthases (PKS),
which catalyze the sequential Claisen condensations of two-carbon acetate units derived
from malonyl-CoA with an activated starter unit into a growing polyketide chain, in a
parallel manner that mirrors the fatty acid synthases (FAS) of primary metabolism. All
PKSs possess the key P-ketoacyl synthase (KAS) domain involved in carbon-carbon
bond formation.? Although PKSs share a common chemical strategy for the assembly of
polyketide scaffolds, they can utilize various starter groups and extender units to control
the size of the final polyketides, thus generating a broad range of molecular scaffolds.

On the basis of molecular genetics and structural and mechanistic characteristics,
PKSs are classified into three groups. The type I PKS consists of one or more large
multifunctional polypeptides that are organized into modules. Each module possesses
distinct, non-iterative activities responsible for the catalysis of one cycle of polyketide
chain elongation. The type I PKS, resembling the yeast and animal FASs, can be
processive as in FAS and macrolide synthases. One example is 6-deoxyerythronolide

synthase that contains six sets of most or all of the core FAS domains (Fig. 1.2
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AT AFPKA.S AT KR AFP KAS AT KRA(fP KAS AT ATP KAS AT DH ERKRA?P KAS AT KRAfP KAS AT KR AfP TE
S

I
HOI"
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Figure 1. Genetic architecture of DEBS (deoxyerythronolide synthase), a processive
modular type I PKS. AT: acetyl-CoA-ACP transacetylase; ACP: acyl carrier protein;
KAS: B-ketoacyl-ACP synthase; KR: B-ketoacyl-ACP reductase; DH: B-Hydroxyacyl-
ACP dehydratase; ER: Enoyl-ACP reductase; TE: thioesterase; 6dEB: 6-
deoxyerythronolide B.



Alternatively, the type I PKS can be iterative as in the biosynthesis of 6-methylsalicylic
acid (6-MSA) in the fungus Penicillium patulum. 6-MSA is produced by an
homotetrameric type I PKS, using all FAS core domains to link four acetate units.*

Similar to the type II FAS systems found in plants and bacteria, the type II PKSs
are iterative monofunctional protein complexes that generate poly-p-keto intermediates
and catalyze cyclodehydrations to produce multicycle, aromatic polyketides.
Actinorhodin’ and tetracenomycin® are produced by such type II PKSs (Fig. 2). Each type
II PKS contains a minimal set of three subunits, two B-ketoacyl synthase subunits and an
acyl carrier protein (ACP) subunit to which the growing chain is attached. Additional
subunits such as cyclase and aromatase are responsible for modification of the nascent
chain to form the final cyclized structures.”®

In type I and II PKSs, the acyl CoA substrates are transferred to the acyl carrier
protein and the growing polyketide chain is covalently linked to the phosphopantetheine
prosthetic group on ACP. The type I PKSs may retain the B-ketone group or modify it to
a hydroxyl, methyne, or a methylene group, as dictated by the different domain activities
as shown in Fig. 1. The linear sequential module corresponds to the sequence of extender
units in the polyketide product, where the individual module has specific enzyme
activities for each extension cycle and different modification. However, in type II PKSs,
the B-ketone groups are predominantly left intact and the reactive polyketide backbone
undergoes enzyme-catalyzed intramolecular cyclization reactions generating a range of
aromatic structures. Although there have been NMR and X-ray crystallographic studies
on the ACP and thioesterase domains from bacteria” '° and fungi'!, there remains a lack

of detailed information on the structure-based mechanisms for
4
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Figure 2. Aromatic polyketides produced by the type II polypeptide synthase.



the type I and II PKSs, which limits a complete understanding of the substrate selectivity,
polyketide chain elongation, and cyclization specificity in these multi-functional
enzymes.

The type III PKSs are structurally and mechanistically distinct from the type I and
II PKSs. These enzymes, also known as the chalcone synthase (CHS) superfamily
enzymes, are homodimers and iteratively act as condensing enzymes. The type III PKSs
use CoA esters of simple carboxylic acids without the involvement of ACP for substrate
delivery to the active site. These enzymes synthesize the small aromatic metabolites, as
typified by CHS that catalyzes the biosynthesis of an aromatic polyketide, chalcone.'?
The type I and type IT PKSs use multiple active sites or accessory enzymes for additional
chemical modifications of the polyketide skeleton. On the other hand, each monomer of
the type III PKSs contains an active site that loads the starter unit onto a catalytic
cysteine, and carries out multiple decarboxylative condensation reactions and subsequent
cyclization of the polyketide products.

Since the first reports of the different types of PKSs from diverse species, the
current PKS paradigms have served to provide the molecular basis to classify and explain
the vast structural and functional diversity of the polyketide natural products. However,
some examples of recently discovered PKSs such as non-iterative type II PKSs and type I
PKSs associated with discrete acyltransferase enzymes are leading to the argument that
PKSs have much greater diversity in both structure and mechanism than previously
realized.!® This serves as an inspiration to search for novel PKSs with unprecedented

biosynthetic machinery, which may provide further insights into polyketide biosynthesis.



1. 2. The chalcone synthase superfamily

The type III PKSs are structurally simple homodimers that utilize the conserved
Cys-His-Asn catalytic triad as the key amino acid residues in a single active site to
catalyze the iterative condensation of acetyl units to a starter CoA.'* Following this

carbon chain elongation, the linear polyketide intermediate is cyclized in the same active
site. The simple architecture of type III PKS makes them much more amenable to in vitro
manipulation and detailed structural and functional analysis than the type I and type II
PKSs. Recent structural evidence suggests that the type III PKSs have acquired their
function from the structurally similar homodimeric B-ketoacyl carrier protein synthase III
(KAS IID)"®, which initiates the fatty acid biosynthesis by linking two acetate units to
produce a C4 compound, acetoacetyl-CoA as illustrated in Fig. 3. However, type III PKSs
have gained multiple activities that can handle a diverse set of much larger starter
molecules. These mechanistically complex type III PKSs have gained ability to utilize
four distinct polyketide cyclization mechanisms (This will be discussed in detail in Part
I1.), all the while maintaining a simple homodimeric organization of KAS III.

CHS catalyzes the formation of chalcone from a phenylpropanoid-CoA and three
molecules of malonyl-CoA, the first committed step of flavonoid biosynthesis. It is not
surprising that CHS was the first type III PKS that was discovered since it is ubiquitous
and important in plant secondary metabolism. Duplication and functional divergence of
the CHS gene in plants has given rise to an expanding superfamily of CHS-like enzymes,
many of which have only recently been cloned and functionally characterized. This
important class of divergent CHS-like enzymes are referred to as the CHS superfamily.

The members of this superfamily can differ from CHS in their choice of CoA-tethered

7
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Figure 3. Ribbon diagram from the crystal structure of KAS III and its reaction scheme
of KAS III. (One monomer is shown in yellow and green; the other is shown in cyan and
magenta. ACP: acyl carrier protein. Helices and random coil are rendered in yellow and
cyan, while beta sheets are rendered in green and magenta.)



starter molecule, in the number of polyketide elongation steps, and in their mechanism of
intramolecular cyclization of the linear polyketide intermediate.

One group of the CHS superfamily catalyzes three-condensation reactions with
starter units other than phenylpropanoid esters, while another group catalyzes only one or
two condensation reactions. Acridone synthase (ACS), benzophenone synthase (BPS),
phloroisovalerophenone and phloroisobutyrophenone synthases (PIVPS and PIBPS)
belong to the first group while benzalacetone synthase (BAS) and styrylpyrone synthase
(SPS) fall into the second group.'® !’

ACS, mostly found in the Rutaceae family (including some Citrus species), shares

over 65% amino acid identity with most CHSs'® '

, and catalyzes the pivotal reactions in
the formation of acridone alkaloids (Fig. 4). Acridone alkaloids are synthesized from N-
methylanthraniloyl-CoA and malonyl-CoA, and the new aromatic ring system is formed
by a Claisen type cyclization. The product, 1,3-dihydroxy-N-methylacridone, is the result
of a second ring closure and it is unknown whether this is an intrinsic activity of the
enzyme or a non-enzymatic process.

Xanthones are a group of tricycle natural products with useful pharmaceutical
properties and are found predominately in plants of the Gentianaceae and Hypericaceae
families. Plant xanthones possess antifungal properties, although their physiological roles
have not been established. Xanthone is synthesized by a region-specific ring closure of
benzophenone, which is produced by BPS.% BPS catalyzes three acetyl additions to a

benzoyl-CoA starter unit, followed by a CHS-like intramolecular Claisen cyclization and

aromatization of the resultant tetraketide intermediate to give 1,3-dihydroxy-
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xanthone as the final product (Fig. 4).

The ripe cones of hops (Humulus lupulus, Cannabaceae) contain up to 20% of the
polyol compounds including humulone and cohumulone. Based on the unambiguous
detection of phloroisovalerophenone (PIVP) and phloroisobutyrophenone (PIBP) as
intermediates, it was suggested that the formation of the aromatic ring precedes all of the
prenylation steps.21 PIVP and PIBP are synthesized by phloroisovalerophenone synthase
and phloroisobutyrophenone synthase, respectively, via the CHS-like Claisen type
cyclization, using isovaleryl-CoA and isobutyryl-CoA as starter units and three molecules
of malonyl-CoA as extender units in condensation reactions (Fig. 5).

The characteristic compounds of the raspberry, p-hydroxyphenylbutan-2-one
(pHPB, also termed raspberry ketone) or its glycosides have been found in Pinus
contorta, Vaccinium oxycoccus (European cranberries), Hippophae rhamnoides (sea
buckthorn) and Scutellaria rivularis. The two step biosynthesis of pHPB is initiated by a
type III PKS called benzalacetone synthase (BAS). Isolated from raspberries and rhubarb,
BAS is a plant-specific PKS that catalyzes a single decarboxylative condensation of
malonyl-CoA to the p-coumaroyl-CoA followed by decarboxylation to form p-
hydroxyphenylbut-3-ene-2-one (Fig. 6).

Gametophytes and rhizomes of Egquisetum arvense (horsetail) accumulate
styrylpyrone as the major phenolic constituents. Styrylpyrones are common constituents
in fungi, but also found in pteridophytes and angiosperm families.”> ?* Styrylpyrones are
presumably synthesized by styrylpyrone synthase (SPS) from the same starter and
extender units used by CHS, but with only two condensation reactions followed by
lactonization of the triketide intermediates to form the styrylpyrones as shown in Fig. 6.
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Several CHS-like enzymes have also been found in bacteria and fungi. Based on
their scarcity, lower sequence similarities to plant CHSs, and the uncertain evolutionary
history of the type III PKSs, it had been suggested that a few bacteria had obtained CHS-

like genes only recently via horizontal gene transfer from plants. However, the recent

rapid expansion of available genome sequences has since revealed many more bacterial
CHS-like sequences, most of which share over 25% amino acid sequence identity with
plant CHSs and with each other. Further, functional similarities to KAS III domains
indicate that bacterial CHS-like enzymes may have evolved from their KAS III ancestors
similar to the evolutionary manner of the plant CHS superfamily. Bacterial CHS-like
enzymes are much more structurally and functionally divergent than their plant
counterparts, and participate in a variety of secondary metabolic pathways.?
Investigation of CHS superfamily enzymes from plants, bacteria and fungi has
allowed us to integrate the structural basis of functional diversity within this superfamily
with phytochemical and biological information. Mechanistic knowledge gained from the
crystal structures of CHS and related condensing enzymes, combined with information
gained from studies of several functionally divergent CHS superfamily enzymes offer a
good example of the evolutionary process of metabolic divergence, the factor playing a

significant role in the remarkable diversity of life on earth.

1. 3. Chalcone synthase
CHS, the best studied type III PKS, catalyzes the condensation of one p-

coumaroyl-CoA and three malonyl-CoA molecules into chalcone as shown in Fig. 7.2
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First, CHS loads the p-coumaroyl starter moiety from the CoA-linked starter molecule
onto the catalytic cysteine at the active site to initiate the reaction. Then the sequential
condensation of three acetate units, derived from three malonyl-CoA molecules, with the
enzyme-bound coumaroyl moiety forms the tetraketide intermediate. The final step is the
cyclization of the linear tetraketide intermediate via an intramolecular Claisen
condensation followed by aromatization to produce the final product, chalcone. It was
proposed that the ring is closed through an internal proton transfer from the nucleophilic
carbon to the carbonyl oxygen.”’ It would follow that the naringenin chalcone is
synthesized by the subsequent aromatization of the trione ring through a second series of
internal proton transfers.?® Under certain in vitro reaction conditions, bisnoryangonin
(BNY, the derailed lactone after two condensations) and p-coumaroyltriacetic acid
lactone (CTAL, the derailed lactone after three condensations) are also produced as
byproducts during the CHS reaction, due to nonenzymatic hydrolysis of the polyketide
intermediates (Fig. 7).

Chalcones are crucial secondary metabolites in the biosynthesis of anthocyanin
pigments, antimicrobial phytoalexins, and flavonoid inducers of Rhizobium nodulation
genes. In the 1950s, the wide distribution of anthocyanin flower pigments and other
flavonoid products in higher plants® attracted the attention of phytochemists, who then
predicted the incorporation of acetate units into the flavonoid skeleton. In 1972,
Kreuzaler and Hahlbrock demonstrated the biosynthesis of naringenin chalcone from
malonyl-CoA and the phenylalanine-derived p-coumaroyl-CoA by isotopic labelling
studies.’’ It was subsequently discovered in 1983 that, in vivo, the released chalcone
product of CHS undergoes an additional ring closure rapidly and stereospecifically
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through the catalysis of chalcone isomerase.’? This Michael-type ring closure can also be
spontaneous but nonstereospecific in aqueous solution following the release of chalcone
from the CHS active site; thereby naringenin appears to be the main product in the in
vitro enzyme assay as depicted in Fig. 7.3

Due to their biochemical diversity, multiple chs genes are present in most plants.
The expression patterns of these multiple genes vary across different plant species, within
different tissues, and at different developmental stages during the life cycle of an
individual plant. Some of these genes are constitutively expressed while others are
transcriptionally induced by environmental factors, such as UV light and pathogen
infestation, reflecting the diverse biological roles of the various flavonoid metabolism
products in plants."®

The crystal structure of CHS'’, as shown in Fig. 8, revealed that the enzyme
contains the characteristics conserved in all condensing enzymes including the location of
the active site, the five-layer afofo structure, and the dimerization interface. The CHS
dimerization interface contains both hydrophilic and hydrophobic residues, and is a fairly
flat surface with the exception of a pair of entwined N-terminal helices believed to serve
as the intracellular localization signal that does not affect the CHS reaction.** Each CHS
monomer consists of two structural (upper and lower) domains and the active site of CHS
is buried within an interior cavity located at the cleft between these domains of each
monomer. The upper domain, exhibiting a similar motif to KAS III in fatty acid
synthesis, maintains the three-dimensional position of the catalytic residues like Cys, His,
and Asp. Cys164 serves as a nucleophile in the condensation reaction and shuttle reaction
intermediates  via  CoA  thioester-linked = molecules. In  the  lower
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Figure 8. Ribbon diagram of the chalcone synthase crystal structure. (One monomer is
shown in gold; the other is shown in blue. Enzyme-bound substrates (red and whilte) are

shown as stick models.)
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domain of CHS, there is a larger active site cavity compared to that of KAS III, providing
space for the tetraketide intermediate.

There are surprisingly few chemically reactive amino acids in the active site. Four
active site residues including Cys164, Phe215'%, His303, and Asn336°” *° and the
G*"*FGPG loop® largely define the catalytic machinery of CHS (amino acid numbering
according to alfalfa CHS). Unlike the corresponding flexible loop of SFGFG in KAS II,
the G*”?)FGPG loop of the CHS superfamily enzymes contains a strictly conserved proline
residue, which is believed to provide some rigidity and unique configuration in this loop
(Fig. 9).%

When this Pro375 was mutated to Gly, CTAL was produced at the expense of
chalcone, indicating that the integrity of the loop is essential for the proper folding for
cyclization of the linear intermediate.”® Although much is known about the CHS-
catalyzed reactions, a few important mechanistic questions of the CHS reaction remain to
be addressed, including the kinetic equivalence of the malonyl-CoA decarboxylation and
condensation steps and the movement of intermediate CoA-thioesters into and out of the

active site.

1. 4. Evolution of the chalcone synthase superfamily in plants

Life started very early on this planet; however, most of the life on this planet
made its history entirely under water, partly since it took several billions of years for life
to conquer the hostile radiation climate on land. Ultraviolet (UV) radiation can damage
various cell components, including membrane lipids, functional proteins and DNA. The
proposition that UV radiation was the major threat for early terrestrial life is supported
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CHS 299 FW PATLDQVEQKLGLKPEKMKATRDVLSDY! SACVLFILDEMRR

STS 299 FW RAILDQVEEKVNLKPEKMKATRDVLSNY! SACVFFIMDLMRK
Ypph 266 FF PRILDDLCHFLDLPPEMFRYSRATLTE ASSVVFDALARLFD
spinach KASIII 327 WL QRIIDAVATRLE - - -VPSERVLSNLANY! 'SAASIPLALDEAVR
CHS 362 GEGLEW PIETVVLRSVAI -end

STS 362 GEGLDW 'TETVVLRSMAT -end
TppA 325 ---SAQGL TAEVAVGSWAKE - - - -
spinach KASIII 380 VKPGNIIATSGFGAGLIWGSSIIRWE---end

Figure 9. Alignment of the partial amino acid sequences of type III ketoacyl-acyl carrier
protein synthase (KAS III), chalcone synthase, and stilbene synthase. RppA is a bacterial
CHS-like enzyme.”

20



by the discovery that some of the repair systems for UV-damaged DNA are
evolutionarily ancient.*® *’ Tt is believed that aquatic green algae (charophytes) are the
ancestors of plants®®, which first appeared on land more than 450 million years ago, and
that the earliest land plants resembled modern bryophytes including hornworts, liverworts
and mosses.>® In green algae, the most important group of UV absorbing pigments are the
mycosporine-like amino acids (MAAs), inefficient UV-protective compounds that are
required in plentiful amounts.”” MAAs also play a significant role in the UV defense
system of cyanobacteria’' and some aquatic animals like sea cucumbers and sea
urchins.* Before the appearance of the first terrestrial plant, charophyte green algae
already possessed the shikimate pathway or a part of the phenylpropanoid pathway, a
crucial preparation for various aspects of terrestrial life.”® These pathways are thought to
have led to the biosynthesis of more efficient UV protective compounds, the most
important of which are the flavonoids. Flavonoids have not been discovered in the green
algae and hornworts, which are thought to be the earliest species among the bryophytes.
On the other hand, about 40% of liverworts and over 50% of mosses contain flavonoids,
which are ubiquitous in the posterities of bryophytes including the ferns and higher
plants.* Thus, the chemical and functional development of UV absorbing compounds
and the corresponding phenolic polymers such as flavonoids and lignins has likely played
a major role in the evolution of land plants.

Enzymes of secondary metabolism have undoubtedly been derived from pre-
existing enzymes, ultimately from those in primary metabolism via gene duplication and
random mutations. For example, synthases, hydroxylases, and reductases of the flavonoid
pathways may have evolved from the primary metabolism.** ** Flavonoid evolution was
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preceded by the evolution of the phenylpropanoid and malonyl-CoA pathways, as the
initial step of flavonoid biosynthesis requires substrates from both the phenylpropanoid
and malonyl-CoA pathways.*® Solar UV-B radiation likely stimulated the development of

the branch-point enzymes of the phenylpropanoid pathway such as CHS and

phenylalanine ammonium lyase, the latter of which catalyses the transformation of
phenylalanine to trans-cinnamic acid leading to the formation of complex phenolic
compounds including flavonoids.*” It is commonly believed that the development of CHS
has paralleled the evolution of flavonoids. Thus, CHS and flavonoids are useful in
understanding the evolution of plants.

As representative members of the CHS superfamily, CHS and stilbene synthase
(STS) share common features in structure and function including their high amino acid
sequence similarity and the same catalytic mechanism (decarboxylative Claisen
condensation), leading to a common tetraketide intermediate. However, the ensuing
cyclization reactions in CHS and STS are different, giving rise to chalcone and stilbene,
respectively as shown in Fig. 7 and 10.*® As the homodimeric proteins, CHS and STS
share highly conserved amino acid residues in their active sites such as Cys, His, Asn and
the GFGPG loop in the cyclization pocket.*® Their sequences share over 60% identical
positions with small differences only revealed by detailed inspection. These differences
are distributed throughout the sequences instead of being confined to certain regions of
the proteins.*’

While CHS is ubiquitous in plants, STS is only found in a limited number of
unrelated plants. According to Schroder’s phylogenetic analysis using 34 CHS and 4 STS
amino acid sequences, STSs are always grouped with CHSs from the same or related

22



A
CoA AN '
O —->—>:
+
O O
3X
Ho/u\/u\ SCoA Tetraketide intermediate
OH
ol C
O~__S
STS | 5 |
Tetraketide Aldol O D HO
intermediate ————> O
: H, CoASH
: 0
V Resveratrol
CTAL

Figure 10. The reaction scheme of the stilbene synthase-catalyzed reaction.
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plants, without forming a separate cluster. These results suggested that STSs have
evolved from CHSs several times independently and by a limited number of amino acid
replacements.n’ " An active interfamily CHS/STS hybrid generated by site-directed
mutagenesis*® favours Schroder’s hypothesis that a relatively small number of amino acid
exchanges are sufficient to alter CHS sequences to a STS function. It has been inferred
from Schroder’s study that other members of the CHS superfamily followed a similar
evolutionary process as STS. However, due to the limited number of CHS and other
CHS-like superfamily enzymes, it has not been possible to draw conclusions on which
enzyme might have arisen first or whether there were ancestor STS genes. In this study,
an extensive phylogenetic analysis was carried out with all the enzymes in the database
that belong to the CHS superfamily, to investigate the evolutionary relationship among

CHS and other members of the CHS superfamily in more detail.

1. 5. Evolutionary relationship of the chalcone synthase superfamily and other
condensing enzymes

The mechanism of carbon-carbon bond formation in the biosynthesis of fatty
acids and polyketides is either decarboxylative or non-decarboxylative Claisen
condensation.”® The enzymes that catalyze such reactions are collectively referred to as
condensing enzymes, and share overall similarity in protein structure and function.”
Comparing the CHS superfamily with other condensing enzymes should lead to a more
comprehensive understanding of the evolutionary relationship among the architecturally

similar domains of these related condensing enzyme families.
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B-Ketoacyl-acyl carrier protein synthase (KAS) domain of FAS catalyzes the
addition of a two-carbon acetate unit to the enzyme bound thioester end of the fatty acid
and has been hypothesized to be the ancestor enzyme of the chalcone synthase
superfamily based on their similar mechanism of repetitive C-2 units condensation. There
are three different types of homodimeric KAS enzymes, varying in specificity for both
substrate and product length.”’ KAS I (protein name: FabB) catalyzes the elongation
reaction of C4 to Cy¢ fatty acids, whereas KAS II (FabF) further extends the chain length
from Cy¢ to C;g by adding a single acetate unit as illustrated in Fig. 11. Meanwhile, KAS
III (FabH) serves as the initiating enzyme to start the biosynthetic process of fatty acid
production by catalyzing the first elongation step from C, to C,4 as shown in Fig. 3.

Malonyl-ACP is the extender unit for all three KAS enzymes. Only KAS III
accepts acetyl-CoA as the starter substrate and releases its product as an ACP thioester,
while the other two can only accept acyl-ACP as the start unit. KAS III is generally
believed to have arisen first and acted as the ancestor for other KAS enzymes based on its
role as the initiator of fatty acid synthesis.sz’ 53 Similar to the KAS enzymes in primary
metabolism, the B-ketosynthase (KS) domain of type I and II PKS is responsible for the
condensation of an extender unit onto the growing polyketide chain. The KS domain
shares more overall similarities with the type I and II KAS instead of KAS III, including
its key amino acid residues and reaction mechanism.’

Thiolases are classified into two functional types: 3-ketoacyl-CoA thiolase
(thiolase I), and acetoacetyl-CoA synthase (biosynthetic thiolase or thiolase m.*
Thioalse I, the degradative thiolase involved in fatty acid B-oxidation, catalyzes the

removal of an acetyl group from an acyl-CoA55 , while thiolase II catalyzes the
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non-decarboxylative Claisen condensation of two acetyl-CoA to form acetoacetyl-CoA as
shown in Fig. 11.*® Thiolase II differs from KAS enzymes, and KS domains in FAS and
PKS most remarkably in their way of generating the acetyl carbanion moiety.
Condensing enzymes in FAS and PKS generate the acetyl carbanion by decarboxylation
of malonyl-ACP or malonyl-CoA, whereas thiolase II generates the acetyl carbanién via
an activated cysteine, in an anionic thiolate form, to remove a proton directly from an
acetyl-CoA.

All condensing enzymes catalyzing either decarboxylative or non-decarboxylative
condensations are believed to have a common evolutionary root based on their conserved
structural features.'® Phylogenetic analysis of these condensing enzymes may reveal the
evolutionary history and relationship among all condensing enzymes and provide further
insights into the early evolution of metabolism.

The non-decarboxylative condensing enzymes (thiolase II) possess a conserved
Cys-His-Cys (C-H-C) architecture.”” The thiol of the first Cys is responsible for the
substrate loading process to form the enzyme-acetyl-CoA complex.’® > The His residue
is involved in the activation of the first Cys as well as forming a hydrogen bond with the
thioester carbonyl to stabilize the tetrahedral transition intermediate during the
condensation reaction.”’ The second Cys serves as a general acid in the transfer reaction
of the first acetate group from CoA to the first Cys, and functions as a base in the
deprotonation of the second acetyl unit to form the carbanion. On the other hand, there
are two variants within the decarboxylative condensing enzyme families: the Cys-His-
Asn (C-H-N) catalytic triad found in KAS ' and the CHS superfamily">, or the Cys-
His-His (C-H-H) triad found in KAS I and II*®, and the KS domains in type I & II
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PKSs as depicted in Fig. 12.% The decarboxylative condensing enzymes with either C-H-
N or C-H-H at the active site are likely to share similar reaction mechanisms. In both
cases, the highly conserved active site Cys is activated and functions in the same way as
that in thiolase. In the CHS superfamily, the second His also plays a supportive role

during the loading reaction of the starter unit by forming an thiolate-immidazolium ion
pair.2” 33In this study, a phylogenetic analysis is based on the amino acid sequences of all
types of condensing enzymes from bacteria, fungi and plants to explore the evolutionary
relationship of these condensing enzymes, and to demonstrate the different selections of
the active site architectures (Cys-His-Cys, Cys-His-Asn or Cys-His-His) by different

types of condensing enzymes during the evolutionary process.

1. 6. Cloning of chalcone synthase from the moss, Physcomitrella patens

The earliest 1and plants, bryophytes, are believed to have appeared more than 450
million years ago.* Bryophytes are categorized into three classes: mosses (Bryophta or
Musci), liverworts (Hepatophyta), and hornworts (Anthoceraphyta).65 Mosses and their
allies are simple green land plants with leaves, a stem without roots and protonemata.
Mosses reproduce themselves through alternating generations. The first generation, the
gametophyte, forms the green leafy structure. The sperm and gamete produced by the
gametophyte will grow into the next generation, the sporophyte or spore-bearing
structure. The capsule released from spores will eventually grow into a new generation of
gametophytes.“’ §7 Evolutionary studies support the monophyletic origin of land plants,

that is, all the extant plant species belong to a common evolutionary lineage .55
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Mosses are widely used as a model molecular system for land plants due to their
relatively simple developmental pattern, suitability for cell lineage analysis, common
physiological responses to plant growth factors and environmental stimulations, and the
facile genetic approaches resulting from the dominance of the gametophyte in their life
cycle. Among various mosses, Physcomitrella patens (P. patens) is frequently selected by
plant physiologists as a model system.”’ P. patens requires relatively simple growth
conditions for the completion of its short life cycle (2 to 3 months) and possesses a high
regeneration capacity.’” "> As the first successfully transformed moss, P. patens is the
first multi-cellular eukaryote in which there is gene targeting at an exceptionally high
efficiency, similar to that in the yeast. Furthermore, the known set of 25,000 P. patens
genes covers 50% of the gene content of higher plants and there are a large number of
EST sequences currently available.”> ™

Although flavonoids are common in higher plants and the primitive vascular
plants, they are found in a limited proportion in the bryophytes (50% of mosses, 40% of
liverworts and no homworts). As discussed above, flavonoids provide these plants with
protection from UV radiation and are believed to have played a significant role in the
migration of early plants from the sea to the land during evolution.”” Earlier
phytochemical studies have found various flavones (apigenin, saponarine and vitexin),
biflavones (dicranolomin and bartramiaflavone) and triflavones (triluteolins) in different
moss species.’® A few hundreds of CHS superfamily enzymes have been cloned from
various plants, but only a few from the lower primitive plants. It is important to study the
CHS superfamily enzymes from primitive plants to provide further information on the
evolutionary process of CHS and other CHS superfamily enzymes. Currently, five
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diverse CHS superfamily proteins from Psilotum nudum (whisk fern), a CHS from the
green sprouts of Equisetum arvense’’, two CHS-like genes from the liverwort,

79

Marchantia paleacea var. diptera and Lunularia cruciata’™ ", and a putative

stilbenecarboxylate synthase from Marchantia polymorpha (unpublished, Schroder et al.)

have been cloned, but no CHS superfamily enzymes had been studied from moss. In this
study, a CHS was, for the first time, cloned and characterized from the moss, P. patens.
In Dr. Suh’s laboratory, the sequence of the coding region and 5'- and 3'-untranslated
regions (UTR) of a CHS from P. patens had previously been obtained from the three-

week old gametophore tissues.
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2. Materials and Experimental Procedures

2. 1. Plant material

Gametophore tissues of Physcomitrella patens (Hedw.) pabB4 strain were kindly

provided by Dr. N. Ashton (University of Regina). Three-week-old tissues, grown on
agar plates under continuous light at 16 °C as described previously®®, were collected free

of agar, chilled in liquid nitrogen, and stored at —80 °C.

2. 2. Cloning of the P. patens CHS gene

The open reading frame (ORF) of the P. patens CHS was PCR (polymerase chain
reaction)-amplified with the 5'-RACE (Rapid Amplification of cDNA Ends) cDNA
mixture as a template. The 5'-flanking primer was 5'-TTGTCCCATGGCTTCTGCT-
GGGGATG (Nco 1 site underlined), and the 3’-flanking primer was 5'-
TGGAATTCTAAGCGGAGTTGGGAGCGGCGC (EcoR 1 site underlined). The PCR
program was: 3 min of denaturation at 94 °C, 35 cycles 0f 30 s at 94 °C, 45 s at 64 °C, 45
s at 72 °C, and 7 min of final extension at 72 °C. Thus amplified PCR product was gel-
purified, digested with restriction enzymes, and subcloned into the Nco VEcoR I-treated
pET-32a(+) (Novagen). The resulting plasmid was transformed into the E. coli
AD494(DE3)pLysS cells (Novagen) using the heat-shock method.

The nucleotide and amino acid sequences of P. patens CHS obtained in this study
have been deposited in the EMBL/GeneBank/DDBJ databank (Accession no.

DQ255627).
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2. 3. Heterologous expression and purification

The cloned P. patens CHS, as well as Pueraria lobata CHS®!, were expressed as a
thioredoxin-(His)s-fusion protein for improved solubility and easy purification. E. coli
ADA494 cells, transformed with the expression plasmids, were grown at 37 °C in Luria-
Bertani (LB) medium containing chloramphenicol (34 pg/mL) and ampicillin (100
pg/mL). The overexpression was induced with 1 mM isopropyl-f-D-thiogalacto-
pyranoside (IPTG). Following an induction period (20 h, 20 °C), the expressed cells were
harvested after centrifugation at 5,000 g for 15 min. The cells were washed by 1/10
culture volume of 50 mM Tris-HC1 buffer (pH 8.0) and suspended in 1/10 culture volume
of the starter buffer (20 mM potassium phosphate (KPi), pH 7.2, 300 mM NaCl, 0.1%
Triton X-100, 1 mM dithiothreitol (DTT), 5 mM imidazole, S mM S-mercaptoethanol) at
room temperature. Taking advantage of the (His)¢-tag, the fusion proteins were highly
purified using Ni**-affinity chromatography.® After brief sonication (10 s x 5) on ice
and centrifugation (15,000 g, 4 °C, 15 min), the soluble fraction was recovered and
applied to a Ni**-affinity chromatography column (His-Bind Resin, Novagen), pre-
equilibrated with the starter buffer. Following sequential wash steps with starter buffer
(5xbed volume (Vy)) and 80 mM imidazole in the starter buffer (6xVy,), the target protein
was eluted with 300 mM imidazole in the starter buffer (3xVy). The column effluent was
then buffer-exchanged to the enzyme storage buffer (100 mM KPi, pH 7.2, 0.1% Triton
X-100, 1 mM DTT) using ultrafiltration on a PD-10 column (Pharmacia), for subsequent
functional assay. Protein concentration was determined by the Bradford assay (Bio-Rad)
83 with BSA as standard, and the purity was evaluated by sodium dedocyl sulfate (SDS)

polyacylamide gel electrophoresis (PAGE).»
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2. 4. In vitro functional assay and steady-state kinetic analysis

To analyze the in vitro activity of the P. patens CHS, the enzyme assay was
carried out with appropriate amounts of protein (2-5 pug of purified enzyme), 0.1 mM p-
coumaroyl-CoA, and 17 uM [2-'%C] malonyl-CoA (1.74 GBg/mmol, NEN) in 0.1 M KPi
buffer (pH 7.2) containing 0.1 % Triton X-100 (enzyme assay buffer). Following
incubation at 37 °C for 60 min, the reaction was terminated with 7.5 pL of 1 N HCI and
the reaction products were extracted with 200 pL ethyl acetate.®” After a brief
centrifugation, a portion (50 pL) of the extract was analyzed by reversed phase thin layer
chromatography (RP-TLC) on an RP18 TLC plate (Merck 1.15389) with a solvent
system of methanol:H,O:acetic acid (60:40:1, volume ratio). The radioactive products
were quantified and analyzed using an imaging plate analyzer (Molecular Dynamics
Storm 860, Amersham Pharmacia) with a compound having a known specific activity as
a standard. Authentic naringenin (R¢ = 0.3) was used as internal standard to identify the
enzyme reaction products. Derailment products, BNY and CTAL were identified by their
published Rs values (BNY: 0.4 and CTAL: 0.6). The specific enzyme activity was
expressed in pmol of the product produced s 'mg™ (pkat/mg).

All kinetic experiments were performed in the enzyme assay buffer at pH 7.2. The
Km(app values for p-coumaroyl-CoA were determined at the malonyl-CoA concentration
of 17 uM; and those for malonyl-CoA in the condensing reaction were determined at 150
UM p-coumaroyl-CoA. The reactions were carried out with purified enzyme (4 pg) at 37

°C for 30 min, and terminated by 0.1 N HCI1 (7.5 pL). The reaction products were

extracted with 200 pL ethyl acetate, and then analyzed by RP-TLC. Five different
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substrate concentrations were used that cover the range of 0.2 ~ 4 K. Data were
plotted as v, versus [S] and fitted to the Michaelis-Menten equation, the rate equation for
a one-substrate enzyme-catalyzed reaction (vo=VpalS] / (Kut[S1)). The Viar and Kynapp)

values were calculated using a non-linear regression program (Enzyme Kinetics Pro,

ChemSW).

2. 5. Preparation of starter CoA esters

p-Coumaroyl-CoA and other starter CoA esters were synthesized from their
respective N-hydroxysuccinimide esters according to the active ester exchange method
established by Stockigt and Zenk.® Briefly, p-coumaric acid or other carboxylic acids
(2.5 g) and N-hydroxy succinimide (1.8 g) were dissolved in tetrahydrofuran (20 mL).
N,N-Dicyclohexyl carbodiimide (3.5 g) was added to the reaction mixture, which was
stirred overnight in the dark. The reaction was analyzed by silica TLC with
dichloromethane:methanol (50:1) as the solvent system. The reaction mixture was filtered
and evaporated to remove the by-product, dicyclohexylurea and remaining solvents. The
resulting active esters were dissolved in ethyl acetate (20 mL), washed with 1 M
NaHCO; solution, and further purified by silica gel chromatography with
dichloromethane as solvent.

To exchange the ester, the corresponding active ester (65 mg) and NaHCOs (45
mg) were dissolved in acetone (4 mL), and the solution was dropped into a degased H,O
solution (10 mL) containing coenzyme A (40 mg). The resultant solution was stirred and

incubated overnight at 4 °C, and then desalted with a Dowex 50W-X8 resin column. The

CoA ester was then eluted with H,O. After extraction with ethyl acetate to remove the
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excess active ester, crude CoA ester was isolated by evaporating all the remaining
solvent.

Starter CoA esters were further purified using reverse phase-high pressure liquid
chromatography (RP-HPLC) (Apollo™ 5C 18-MS; 4.6 x 250 mm; 0.6 mL/min; UV 254
nm) as showed in Fig. 13. A gradient solvent system, consisting 0.1% trifluoroacetic acid
(TFA) in H,O (solvent A) and acetonitrile (solvent B), was used for the separation: 0 ~ 1
min, 20% B; 1 ~ 31 min, 20 ~ 40 % B. Under these conditions, the retention times of p-
coumaroyl-CoA, dihydro-p-coumaroyl-CoA, cinnamoyl-CoA, and dihydro-cinnamoyl-

CoA were 6.0 5.7, 7.8, and 6.8 min, respectively, as shown in Fig. 13.

2. 6. Phylogenetic analysis

The amino acid sequences for a total of 13 KAS III, 19 KAS I and II and KS
domains of PKS, 45 representative CHS superfamily enzymes in plants, and 6 CHS-like
enzymes in microorganisms were subjected to a phylogenetic analysis, in which the type
IIT KAS (FabH protein) from several archaea served as outgroups. Amino acid sequence
alignments were created using the CLUSTALW®® (European Bioinformatics Institute,
http://www.ebi.ac.uk) and CLUSTALX programs.®’

Phylogenetic relationships for the amino acid alignments were reconstructed and
evaluated with the Bayesian inference method using the MrBayes program (v. 3.1.2).88
The MrBayes program incorporates various evolutionary models to analyze the amino
acid data, including the Poisson and Blosum62 model, where both the stationary state
frequencies and the substitution rates are fixed. In this study the “mixed” amino acid
analysis model was used, which allows model jumping between various fixed-rate amino
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Figure 13. HPLC chromatograms of purified starter CoA esters. (0 ~ 1 min, 20%
acetonitrile in H,O (0.1 % TFA), 1 ~ 31 min, 20 ~ 40 % acetonitrile in H,O (0.1 % TFA);
flow rate: 0.6 ml/min)
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acid models during the analysis process. The Markov chain Monte Carlo analysis
(MCMC) was performed for 1 million generations with four independent chains, and the
Markov chain was sampled every 100 generations. The state of convergence was
evaluated and identified by two diagnostic parameters output by the MrBayes. The

standard deviation of split frequency was close to 0.006, and the potential scale reduction
factors approached 1.00 for all the run parameters. All trees that were sampled before
reaching the convergence state (350,000 generations) were discarded (burn-in = 3,500),
while the remaining trees were accumulated to construct a consensus tree (conexus type
data) and to calculate the posterior clade probabilities and bootstrap values. The
TreeView program® was used to translate the consensus tree data and construct the
phylogenetic tree.

In addition to the Bayesian estimation method, the data was analyzed with
neighbour-joining (NJ) and maximum parsimony (MP) methods using the CLUSTALW
and MEGA (v. 3.1) software packages.87’ ® For the NJ analysis, the models were
Blosum62 and Pam, and the bootstrap analysis was conducted with 111 seeds and 1000
pseudo-replicate sequences. The MP analysis was performed using the step-wise
calculated heuristic search option, with gaps treated as missing data, and branch
swapping by tree-bisection-reconnection (TBR) to exclude the constant and
uninformative characters from the analysis. The consensus trees produced by the NJ and
MP methods were highly similar to the one constructed by Bayesian estimation, leading

to the same phylogenetic relationships.
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3. Results and Discussion

3. 1. cDNA isolation and sequence analysis

The P. patens CHS cDNA contained an ORF of 1194 bp encoding an
approximate 42.6 kDa protein of 397 amino acids. The nucleotide sequence surrounding
the designated start codon (TCCAATGGC) is similar to the initiation consensus sequence
of AACAATGGC in plants.”’ The presence of an in-frame stop codon (TAG) 30 bp
upstream of the start codon and the absence of any other start codon in the 5'-untranslated
region (278 bp) lend further support to the identity of the designated ATG as the start
codon. The ATG start codon of P. patens CHS is followed by GCTTCT, thus making the
second and third residues Ala and Ser, which are the predominant residues at
corresponding positions in highly expressed plant genes.’*

Currently there are a total of 40 putative CHS expressed sequence tag (EST)
sequences with significant clarity and length in P. patens EST databases; 8 in GenBank,
16 in the Physcomitrella EST Programme (www.cosmoss.org) , and another 16 in the
PHYSCO base (moss.nibb.ac.jp).73 Multiple EST sequences were apparently generated
from an identical transcript since there are only 11 separate ESTs or contigs as shown in
Table 1 and Fig. 14. In these EST sequences, there are seven different coding sequences
(A~G) and five different 5'-UTR sequences (5a~5¢) as depicted in Fig. 15 and Fig. 16,
respectively, each of which is associated with a different coding sequence. The type A
coding sequence was most frequently encountered in the databases. It was identified in
the P. patens CHS sequence obtained in this study as well as in 38% (15/40) of all the

ESTs.
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Figure 14. Alignments of the P. patens chalcone synthase EST sequences.
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type A = 00@mem--o-ee------e- MASAGDVTRAALPRAQPRAEGPACVLGIGTAVPPAEFLQSEYP
type B 0 0me---------- MAPSGEVDVQGAATRSALPRGQPRAEGPACVLGVGTAVPPAEFLQSEYP
type D = ------- MAPPSGESISASAEEPIALSVLPRGQPRAEGPASVLGIGTAVPPTEFLQSEYP
type E == ----------- MAPAGEVEAEVRARRAVLPKGQPRAEGPACVSRNGTAVPSTEFLKSDYP
type G MAPRAGELDIAASDEQVAAAPLVRMHAPIPRGQPRAEGPACVLGIGTAVPPTEFLQSEYP
type A DFFFNITNCGEKEALKAKFKRICDKSGIRKRHMFLTEEVLKANPGICTYMEPSLNVRHDI
type B DFFFNITNCGEKDALKAKFKRICDKSGIRKRHMFLTEEVLKANPGICTYMEPSLNVRHDI
type D DFFFEVTKCSEKEALKAKFKRICDKSGIRKRYLFLTKEVLEANPGIATYMEPSLNVRHDI
type E DFFFNITNTCDKEALKVKFKRICDKSCIRKRHMFLTEKVLKANPGICTYMQPSLNVRHDI
type G DFFFNITNTSEKEALKAKFKRICDKSGIRKRHMFLTEEVLKANPGICTYMEPSLNVRHDI
type A VVVQVPKLAAEAAQKAIKEWGGRKSDITHIVFATTSGVNMPGADHALAKLLGLKPTVKRV
type B VVVQVPKLAAEAAQRAIKEWGGRKSDITHIVFATTSGVNMPGADHALAKLLGLKPTVKRV
type D VVVQVPKLAAEAAVKAIKEWGGRKSEITHIVFATTSGVNMPGADHAMAKLLGLKPTVKRV
type E VVVQVPKLAAEAAQKATIKEWGGRKSNINHIVFATTSGVNML - ADHALVKLLGLKPTVKRV
type G VVVQVPKLAAEAAQKATIKEWGGRKSDITHIVFATTSGVNMPGA- - - - = = - mmm - — —m = e
type A MMYQTGCFGGASVLRVAKDLAENNKGARVLAVASEVTAVTYRAPSENHLDGLVGSALFGD
type B MMYQTGCFGGASVLRVAKDLAENNKGARVLAVASEVTAVTYRAPSENHLDGLVGSALFGD
type D MLYQTGCFGGATVLRVAKDLAENNKNARVLAVCSEV--~~-~--------omme o m e m
type E MMYQILEL----- IKYQK------mmmm e e e m e e et e e m e m e
type A GAGVYVVGSDPKPEVEKPLFEVHWAGETILPESDGAIDGHLTEAGLI FHLMKDVPGLISK
type B GAGVYVVGSDPKPEVEKALFEVHWAGETILPESDGAIDGHLTEAGLIFHLMKDVPGLISK
type C = memsmo--so----- EKPLFEVHWAGETILPESDGAIDGHLTEAGLIFHLMKDVPGLISK
type A NIEKFLNEARKPVGSPAWNEMFWAVHPGGPAILDQVEAKLKLTKDKMQGSRDILSEFGNM
type B NIEKFLNEAR~CVGSPDWNEMFWAVHPGGPAILDQVEAKLKLTKDKMQGSRDILSEYGNM
type C NIEKFLSEARKCVGSPDWNDMFWAVHPGGPAILDQVEAKLKLSKDKMQGSRDVLSEFGNM
type F' - mmmmmmmm e AKLKLTKDKMQGSRDILSEYGNM
type A SSASVLFVLDQIRHRSVKMGASTLGEGSEFGFFIGFGPGLTLEVLVLRAAPNSA

type B SSASVLFVLDQIRQRSVKMGASTLGEGSEFGFFIGFGPGLTLEVLVLRAAATV -

type C SSSSVLFVLDQIRQRSMKMGASTTGEGNDFGFFIGFGPGLTLEVLVLRSMPIV-~

type F SSSSVLFVLDQIRQRSVKMGASTLGEGSDFGFFIGFGPGLTLEVLVLRAAANV -

Figure 15. Amino acid sequence alignment of the P. patens ESTs annotated as putative
CHS genes.
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A. 5'-UTR sequences

Type Sa
GGGTCGATACGAGCTTGAARACGGAAGTCGCCACCCAACTACACCGTCTATCATTTCTCTGGCAATCTCTCC
GATCGTTGTACTCAAGTTACTTACGAAAATAAACTAGCTCGTGGCGAACTAAGAGAGTGGGGGTGTCTCCGC
AGATCCCGACTGGTAGCATAACTGAATCGGTGCGTAGAACAACCTCTCTTGTTGCAGGATTAGCAGACAGAC
AAAGTCGGAATACGTTTGGCAGCACAGATTGAGAACTAGAGTGAGGAGATCGACCGGGGTTGTCCAATG
Type 5b
GGAGAGAACTTCTCTGTGCACTCAACGCATTCAGGAAGTGTAGCAGATAGAGCAACARACTTGTGAGCTAAC
AGTTCAGAGCGAGACGTCTGCTCAACTCGGGCCACCTTCTCGCCGGCACATTGTGCGTTGCATATAAGCCCC
CTGATTTTGGCAGGTTAAGAGATCCTAGGCAGTGGCTGCAGGGCCAGTTCACCGGAACARATTGAARCGCTCA
TTGTCCGGCCGCTTCGAGACAACCCCGAGTGAGCAGCTCGGACTCAACATCCATTCCGAACCCAAACGTGCC
CATG

Type Sc¢
AGTGCAACTTATATTGCCGCCCCGCAAGCTCACAGTGGAGTATCAGCGCTGGACCTGAAGGTGTCACCATCT
AGAGATCTGTCGAAGCATTTTTATTTCGAGTGTTATTTCCTCAGGGTCTGCACAGGTCTTACTAGCAGCATC
TCTGCACGCCTCGAGAGGTGTGTGTGTGTGTTTTTCTTTGCTGAGAGGTTTAGTGCCAGCGAGCAATG
Type Sd

TCCGATCGCTGTGTTGAATTCACTTACGAATGTAGAGT TGCTCTTGTTGCARACAAAGAGAGTCGGGTGCGT
GTGCAGATTCCAACTGGTAACATTTACAGAGTCGGCACGTAAGAGGCATAAACCGGTGTGTTGTCGCAGAAT
TAGGAAGGAGAGAAAGCGGGAGTACAGGTTGCGCTACACAGGCTGAGAACAGTTGGGTGAAGTAATAGAGCA
GGGTTGTGGAATG

Type Se
ACAGGCAATCCATCCACTCAAGGTTCGCACATCGCAGCGTCGCTGCCGATTCCGACCCCTTTTCCCGATTC
AGCGAGCGTTAGAGTTTTGGTTGTAGTTCTCGACCCGAAAACGTTTGCAAAGCGTGTCGCTTGTTGCTCGC

TCGGGTGCCTATCCATTCCGAAGTTTCTGTGCAGACGACCTAGTTTGGGATTCACGTCGCAGGCTCTAGCA
CATCCGTTGGCAGCAATG

B. 3'-UTR sequences

type_3b  mmmmmmmmmmmm e TAGATTCCACCCCACCTCTCCTTTTTAC
type 3€ = mmmmmmmmmmmmemmmecememeoo oo TAGATTCCACCCCACCTCTCCTTTTTAC
type_3a = mememmeemmemm e cemmmmemeeeooo TAGATTCCACCCCACCTCTCCTTTTTAC
type 3d = mmmmmmmmmmmmmmmmmmmemmeeeoooe TAGATTCCACCCCACCTCTCCTTTTTAC
type 31 = meemmm ool TAGATTCCACCCCACNTCTCCTTTTTAC
type_3g ~ mmmmmemmmmmmmme oo TGAAGTCTCTGTCGATAGATGATTATCAG
type_3C  mmmmmmmmmmmmmmmmmmmeemeeeooo TGAGCGGCGTCCTAATGGCGTTGTTCGA
type_3h TAAATGGGGGAAGCAGGGCGCGAGARACGCATCGGATGAGGGACAGEGTGTGTGCAGGGE
type 3f  —---- TGAGTTGTAGCAACGGGCACGGGCAAATCAATATCGTCTCCCTGGTTTTCCTTTT
type 3b TCCCCATTCTCACCAATTTGTATCATAT - - CATATT- ATTGCATAGCATTGCATAGCATA
type_3e TCCCCATTCTCACCAATTTGTATCATAT - - CAAATT - ATTGCATAGCAT - - - - - == -~ - =
type_3a TCCCCATTCTCACCAATTTGTATCATAT- - CAAATT - ATTGCATATCAT - - - = = - = - = = -
type_3d TCCCCATTCTCACCAATTTGTATCATAT - - CAAATT - ATTGCATATCAT - - == = = = - = - -
type_3i TCCCCATTCTCACCAATTTGTATCATAT - - CAAATT - ATTGCATAGCAT - - = = = - = = = =
type 3g TCATCATTC----- AGTCTCGATCAACC- - CAAACTCACCACATTTTTC- - - -~ - - =~~~
type_3c CCGTGGTGA- - - - CTATTTGGAAGGTCA- - TTTGTC-ATTGTACCCTCC - = = = === == =
type_3h CGGTGGCCGGGTGCGGETGTGGACCACG- - CTCCTTCGCCATGCATGATTCAGATCAGCA
type 3f GCGCGCTGGAGTGGAGATCGTATGAGTGAGCGAATT - ATGATGATTCAT - - - - - - - GGGT

Figure 16. The 5'-UTR sequences of the P. patens ESTs and sequence alignment of the

3'-UTR sequences annotated as putative CHS genes. The start codons and stop codons
are underlined.
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type_3b
type_3e
type_3a
type_3d
type_31i
type_3g
type_3c
type_3h
type 3f

type_3b
type 3e
type_3a
type_3d
type_31
type_3g
type_ 3c
type_3h
type_3f

type_3b
type_3e
type_3a
type 3d
type_3i
type_3g
type_ 3c
type_3h
type_3f

type_3b
type_3e
type_3d
type_3i
type_3g
type_3c
type_3h
type_ 3f

type_3b
type_3e
type_3d
type_31i
type_3g
type_3c
type_3h
type 3f

type_3b
type 3e
type_3d
type_3i
type_3g
type_3h
type_3f

GCATAGCATAGCATAGCATAGAAGTGTGCAATTCAATTT - CAATGGTATTGCTTCCTGA -
______________ AGCATAGAAGTGTGCAATTCAATTT-CAATAGTAT- - - -TCCTGA-
______________ AGCATAGATGTGTCCAATTCAATTT-CAAT-GTAT----TCCTGA-
______________ AGCATAGATGTGTCCAATTCAATTT-CAAT-GTAT- - - -TCCTGA-
______________ AGCATAGAAGTGTGCAATTCAATTT-CAAT-GTAT- - - -TCCTGA-
----------- CTATCCACCGGAATGTACTATAGCGCTC-AAAACGCACATCGCTCAGAT

GCGAGCCGTG-CGACCAGCCGCTGGACATGGAGCCGCTCGTCGGTGAGCAGATGCGGAGG
CAGAGAGCATCCAGGTTGETGGCACCACGAGCETTTTACATTCAGGTCTCCAGCAAATGGAC

-GCT-AGAGTTCGCGCTTAATTTTAAAAGA- -GAAATCAGGT - - -TATCGAATCAACCTA
-ACT-AGAGTTCGCGCTTAATTTTAAAAGC- ~-GAAATCAGGT - - - TATCGAATCAACCTA
-ACT-TGAGTTCGCGCTTAATTTTAAAAGA - -GAAATCAGGT - - -TATCGAATCAAAAAA
-ACT-TGAGTTCGCGCTTAATTTTAAAAGA- -GAAATCAGGT - - -TATCGAATCAACCTT
-ACT-TGAGGTTGCGCTTAATTTCAAAAGA - -GAAATCAGGT - - -TATCGAATCAACCTA
GGAT - CGGAGATGCACTGTCTTCGAAAATCTCAAGATTAGAC- - - TAATACTGTGAGCCG
TATT- CTGATTAGAAGCTACCTTGACCGTTTCGTAGTTGATT - - ~TTTTGCATCAGGGCT
CGCTACGGACACGGACGTCCCCCGGGTAGCATCCAAGCGGATGGATGTGAAGCCGAGGCC
TTTCGATGAAATTTGGTCAGTTGGATCAGCGCGCTACCGCCTCCGTCCACCAGGGGTTCT

-CGTTCTT--GCTTCAGCGAGCTC-TTTACAC- - -ACTCTGAAATCTAGGGTTCCACTGT
ACGTTCTT--GCTTCAGCGAGCTC-TTTACAC- - ~-ACGCTAAAATCTAGGGTTCCACTGT

-CGTTCTT--ACTTCAGCGAGCTCATTTACAC- - -AGTCTAAAATCTAGGGTTCCATTGT
-TGTTCTT--TCTTCAGCAAGCTC~TTTACAC~ - -ACTCTAAAATNTAGGGTTCCATTGA
AAAGGTAT~ - TTAGAAGCAGAGAAAAGT - CAC- - -CGGGTAAAGTTTCAGA- - -CAGACT
----TTCT--CTGTCATTTCAGTGAAGTTAAG- - ~-CCGCAGATATCC- - -ATTCCATCCA
CAAAGTGTAACATGCAACACCGCAAAGGAAAG- - - AGTTTGACAGATATTGTTTCGGCGA
GCAGCGGCG-ACGGCGACAGAGGAGGTCGCATGGACAGTTGCAAGTTGCTGAGACGTTGG

TTCGTATCCGGAACCTGAACGATCTGGCGCCTGTGGGTATATTTCTCTCGCTGTGCTAAA
TTCGTATCCAGAACCTGAACGAGCTGGCGCCTGTGGGTATATTTCTCTCGCTGTGCTAAA
TTCGTATCCAGAACCTGAACGATCTGGCGCCTGTGCGGTATATTTCTCTCGCTGTGCTAAA
TTCGTATCCAGAACCTGAACGATCTGGCGTCTGTGGATATATTTCTCTTGCTGTGCTAAA
CAAAGATATGAAGACTATACAGGAGAGTCATTTTTCGTATGAACTAGCCATCGAGCATGT
TTCAAATCACGCTACTC- - CGAAGAAATTATAGATAGTGTAAACTGTATCATAATTCAAT
TATGGA-CTAGCTCCTGARAGCTCTGGTTTTCAAGCTTTTGACGGTTGTTGTTGTCATGT
AGCGGGCACAAATGTCCAAGGCAGGGATCATGTTGGAGGGGTGAAAGGACTTGAAGTGTT

TTGG-~----- CAGTGCATCTACTCTAGCGTTCTTATTGTTCACTCAATTTATTTCTGGAA
TTGG------ CAGTGCATCTACCCTAGCGTTCTTATTGTTCACTCAATTTATTTCTGGAA
TTAG------ CAGTGCATCTAATCTAGCGTTCTTATTGTTCACTCAGTTTATTTCTGGAA
TTAG-----~ CAGTGCATCTACTCTAGCATTGTTGTTGTTGACTCAATTCATTTCTGGAA
TT-------- CAGTGCAAACATTATGGAATGGTCTATGCTGACTTA- - - -CTTTCTAATA
N e R P R

TCGAAGT - - -CGTTGCAGTGGCCGTGATTTTGCTGGAGCAGGAGCAAAATTTCGTTGCAC
CTGAGTTGCCTTTCGARGGAGGGCAGGAATTATTTACGTAATCTGCAGCCATGCTTAGTC

GACAGGAGTTTGGCAATGTATAGTCACAATGCAATCAGAGGTGCGAAGTACAGTCTTATT
GACAGGAGTTTGGCAATGTATGGTCACAATGCAATCAGAGGTGCGAAGTACAGTCTTATT
GACAGGAGTTTGGCAATGTATAGTCACAATGCAATCAGAGGTGCGAAGTACAGTTTTATT
GACAAGAGTTTGGCAATGTACAGTCACAATGCAATCAGAGGTGTGAAGTACAGTTTTATT
AAATATTTATTGCCATTTCGCAATGTGA- -GAAATCAAAAGTTAAAAA-~-----~---~-~~
AAAGGATTCGGTGTAGTGTATATTTAGGTGGAGCTTTAGATTAAACTGGGCACAGACAAG
ACATGGTTTGAGAAATTGTAGGAACTGT - -GCGATTCTTGTTGATATGAGGCACAATTTA

Figure 16. (Continued)
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type_3b TAGAAAATTAGGGCTGGAAGAAGATGAAGTGGGAGTGTGTAGTGCGCATTGTGCCGATGG

type_3e TAGAAAATTTAGGTTGGAAGAAGATGAAGTGGGAGTGTCTAGTGCGCATTGTGCCGATGG
type_3d TTGAAAATTTAGCGTTGGAAGAAGGTGAAGTGGGAGTGTCTAGTGCGTACTGTGTGCTAAG
type 3i TAGAAAATTTAGGTTGGAAGAAGATGAAGTGGGAGTGTCCAGTGCATACTGTGTANTAAG
type_3h TGCTCTGCTGGCAAGGCTGCATGAGCATAACATATCTTGTGTCCAATGTATTATTCTGCG
type_3f TGAGCATTTTGCAAGTTGAATGTGTGGCCGACATTTTGCCCCACCCGAAGTGTGGTTTTAG
type_3b ATCTGAAATTCATCAGGAATGTAATTCATCGETGAATCTCCGGACCATEGTGTTCGTTTGA
type_3e ATCTGAAATTC- - - AGGAATGTAATTCATCCGGTGAATCTCCGGACCATGTGTTCGTTTGA
type_ 3d TTAGGTCTAGCCTTAAGGATTCAAAGTGTGGTATGGGTACAGATTTTGGCAAACATGGGA
type_3i TTAGGTCTAGCCTTAAGGATTCAAAGTGTGGTATGGGTACAGATTTTGGCAAACATGAGA
type_3h F N € i kb e
type_3f TTAAAAAGCATTTGATGCAGAGATCACTTTATTTGGTTCCTCAAAGAACAARAATAAACA
type_3b GC-TTTTATAATTGCAGCCTCTAAGTCAGCTGCGATTGTTCGACACTAC- -CCACTGTTT
type_3e (€ O B R
type_3d GTGCTTCGTGA- ———~ === - == - - e m oo e oo o oo —— -
type_3i GTGCTTCGTGACAAAGTGTGGTATGGGTACAGATTTTGGCAAACATGAGAGTGCTTCGTG
type_3f ARTTGGTAACT TG - -~ ===~ - - == - mmmc e mm o - momm—m—mmm— -
type_3b CTTTGAGCTGTTTCTCGTCACTTTTGAATCTGTTGCTGTAGCATTGGAAACTGAGAAGAG
type_3d -TGTAGAATAAGTTTGTACAATAATACGTTTCCTGTCGCTCCAGAAGCCATCCCTGTTTT
type_3i ATGTAGAATAAGTGTGTACAATAATACATGCTTCGTCGCTCCAGAAGCGATCCTTGTTTT
type_3b AAGGGTCTGCAAGGAATTGGTTGGTTGCATTGAACTCATGGTAGCATGGCCCAGCCAACA
type_3d4 CCCTCAGAGCGAGCAAATGTTGTTTTCTGTAGCACTCATAGGTGCGTCGCATCGCAAGGA
type_3i CCCTTAGAGCCAGCAAATGTTGTTTTCTGTAGCACTCATAGGTGCGTAGCAT -GGAAGGA
type_3b ATTAATGAAAACTGTGATTTGTTGTCTGTCGGTCATTGAGAAAGTTAATCCTCCACCAGT
type_3d AATACAACCTTGAATTACATGGTTTATTTGAGAAGCAATCCTACTTGGAATTCGATTCTA
type_31i AATACA A - - -~ - - - - - st oo e e m e mc o —oomm———-o---
type_3b TTCAGTGATATCTGGACACAAA - -~~~ - -~ = - - - - - - s o cm—ceco - — - -
type 3d CGAATTTGAAATATGTGTCTTGAGGTTAGAGTATCTGCGACTTCAACCATTTTGGAGTAA
type_3d AATAAATTGTTTGATTTCTGATATTTTGAAATAGTGCTGTGTCGTAGTTTTGACAAATCA
type_3d TCCATTGTCTAAGGTTTTCTCCACAACCGAGGCTGAGACCATTCATAGTGAAGAATTTGA
type_3d AGGTGCAGGATTTGCGGGGCGACTGGTCTCAACCAATCGGGAGTGTTGTATTTAATTTTT
type_3d TTAGAGAAACTGTTCATTACTTGGAAGCCAAGACACTTCTTCTCCCAACTGCGACGATAA
type_3d TACACGTGACTTCATGGGTTCTTCTGGAGGATCGACAGAGCTGAAAAGCTCGTCAGCGTC
type_3d ACATTCGAACTTCCTAGCGGAGTTGATGCCGAAAAAGGAGATTGGGGTCTCGCTGCAAAC
type_3d ATCCGCAACTTGGTTCTGTTAAGTGGCAAACATCTGCAACTTGTGCTATAAGTAAAGTGA
type_3d TCTTTTAATTGCTCTAGTTGACATTCCTAATTTAAAAACGAGGATTGTAGTTATTTGTAA
type_3d TCAATCCCTCTCCCCTCCCCCCCTCAATGCTCGCATAACTAGAAGCTTTAATGACATTTC
type_3d TTAGTACTATTTTCATAGAAGAGGTGGAAGAAATATCGAAGTAATTTGATCATCTTCAAATA

Figure 16. (Continued)
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The amino acid sequence identities among these seven coding regions were
82~95%, while the nucleotide sequence identities were >80%. Amino acid sequence
identities between CHS and other CHS superfamily enzymes in Psilotum nudum are
lower than 60%, whereas the nucleotide sequence identity varies from 78 to 98% among
the eight CHS genes in Pisum sativum.” The high degree of sequence identity found
among the P. patens putative CHS ESTs strongly suggests that these ESTs most likely
represent CHS genes and, thus, that there may be as many as seven CHS genes in P.
patens. These genes are likely expressed at different developmental stages or under
different growth conditions. Multiple copies of CHS genes in higher plants are well
documented, and this is directly related to the functional diversity of flavonoids. Some of
these genes are constitutively expressed, while others are transcriptionally induced by
environmental factors such as UV light and pathogenic attack. Further studies may prove
that similar functional divergence among multiple CHS genes operates in mosses as well.
Since P. patens is applicable to genetic manipulations including gene targeting, the moss
CHS genes may be found useful in studying, for example, light response gene regulation
in primitive land plants.

A more complex pattern was observed in the 3’-UTR sequences of the moss CHS
ESTs. In plants, the position of cleavage and polyadenylation of mRNA 3’-end can be
heterogeneous within a single transcript.”’ The hexamer motif, AAUAAA, known to be
required for the 3'-end processing in mammalian cells is less conserved or absent in
plants, leading to the 3'-end heterogeneity.”* In addition, there is often alternative splicing

in non-coding regions of the plant mRNAs, thus generating diverse 3'-UTR sequences.”’

All these complex features were found in the moss CHS ESTs. A total of nine different
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3'-UTR sequences were found (Fig. 16), where five sequences (3a, 3b, 3d, 3e, and 3i)
were closely related, and the remaining four sequences (3c, 3f, 3g, and 3h) were distinct.
The type A coding sequence was associated with four closely related 3'-UTR sequences,
which are likely the products of alternative cleavage and/or splicing of a single transcript.
Indeed, of the nine 3'-RACE products sequenced in Dr. Suh’s laboratory, there were four
3'-UTR variants containing identical coding sequence. The 3'-termini of all clones
analyzed were followed by poly(A) tails, suggesting that the observed multiple
polyadenylation sites in the P. patens CHS gene are not cloning artifacts.

Multiple polyadenylation has been observed with higher plant genes such as
chloroplast RNA-binding proteins in Nicotiana plumbaginifolia and a H'-ATPase subunit
A gene in Arabidopsis thaliana.” Tt has been suggested that variants in the non-coding
region, resulting from alternative splicing are likely to be associated with different
transcript stability, the biology of different cell types or, uncontrolled errors in the
splicing process.”® *° The soon-to-be completed genomic structure of P. patens will help
determine the legitimacy of the 3’-UTR heterogeneity in the moss CHS genes. Further
investigation on the 3'-UTR sequences of the moss CHS genes may provide new insights
into how the 3'-end formation is controlled in primitive plants.

The amino acid sequence identity of P. patens CHS was determined to be 62% as
compared to other primitive plant CHSs, such as Psilotum nudum (BAA87922) and
Equisetum arvense (BAA89501), and generally in the range of 60~65% with higher plant
CHSs. The P. patens CHS sequence showed the highest amino acid sequence identity to a
liverwort CHS-like gene product (BAD42329) (67% identity, 88% similarity), reflecting

their close evolutionary relationship.
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The strictly conserved CHS active-site residues, Cys170, His309, and Asn342 as
well as the highly conserved CHS signature sequence, G378FGPG appear in the deduced
amino acid sequence of P. patens CHS as shown in Fig. 17. The two Phe residues

(Phe221 and Phe271), important in determining the substrate specificity of CHS®®, were

also present.

3. 2. Functional expression of P. patens CHS in Escherichia coli and enzyme assay

To determine the enzyme activity of the cloned protein, the ORF of P. patens
CHS was cloned into an E. coli expression vector pET-32a(+) vector, which introduces
thioredoxin and a (His)s-tag. Therefore the enzyme was heterologously overproduced as a
thioredoxin-fusion protein (~62 kDa) and the (His)s-tag enabled us to obtain the enzyme
to a higher purity after a single purification step with Ni**-chelation chromatography.

As a representative SDS-PAGE result (Fig. 18) demonstrates, the expression
levels and solubility of the recombinant thioredoxin fusion protein of P. patens CHS were
comparable to those of P. lobata CHS.® Under the conditions employed, a good portion
of the overproduced P. patens CHS in E. coli was recovered in soluble fractions with a
yield of 4 mg/100 mL culture after purification. Earlier studies with CHSs from other
plants showed that there is no functional difference between the thioredoxin fusion
enzyme and the native enzyme recovered after removing the fusion parts.”” Therefore, the

thioredoxin fusion protein was used for further analysis in this study.
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A. thaliana -MMYQQ AGG- -FWIABPGGPA- -SEYGEMSSAC- -L LT -
M. sativa -MMYQQGEFAGG- -FWIABPGGPA- -SEYGEMSSAC- -L LT-
P. sylvestris -MMYQQGEIFAGG- -FWIASPGGPA- -SDYGEMSSAC- -L LT -
E. arvense -MMYQQOGEIFAGG- -FWIABPGGPA- -SEYGHMSSAC- -LL LT -
P. nudum -MLYQQGE FGGG- -FWIAHPGGPA- -ADYGEMSSAC- -L LT-
M. paleacea ~-MLYQQGRFGGA- -FWCVEPGGRA- -YNYGEMSGAS- -V LT~
P. patens (moss) -MMYQTG.FGGA- -FWAVEPGGPA- -~-SEFGEMSSAS- -FI LT-

170 309 342 381

Figure 17. Alignment of the chalcone synthase sequence fragments from Arabidopsis
thaliana (CAI30418), Medicago sativa (P30074), Pinus sylvestris (CAA43166),
Equisetum arvense (Q9MBBL1), Psilotum nudum (BAAS87922), Marchantia paleacea
(BAD42328), and Physcomitrella patens (ABB84527, this study). Sequences around the
active site residues, Cys, His, and Asn, and the signature GFGPG loop are shown. The
residue numbers correspond to those of P. patens chalcone synthase.
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P, patens CHS P. lobata CHS
p i J p i s | MK

'|116 (kDa)

66

45

35

25

Figure 18. SDS-PAGE analysis for the overexpression and purification of P. patens CHS
and P. lobata CHS. s: soluble fraction; i: insoluble fraction; p: purified protein; MK:
protein marker.
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In vitro enzyme assays using p-coumaroyl-CoA and [2-'*C] malonyl-CoA as
substrates confirmed that this enzyme is indeed a CHS. The reaction products were
identified by either using internal standards or by their known Ry values.®* As shown in

Fig. 19, naringenin was produced by P. patens CHS as the major product while CTAL

(the derailment lactone after three condensations) and BNY (the derailment lactone after
two condensations) were also produced as byproducts. This product profile was identical
to that of P. lobata CHS, a representative higher plant CHS as illustrated in Table 2. The
specific activity of P. patens CHS was determined to be 50 pkat/mg, comparable to that

of P. lobata CHS (57 pkat/mg).*

3. 3. Characterization of P. patens chalcone synthase

P. patens CHS was further characterized for its kinetic properties. The K, (app)
values for p-coumaroyl-CoA and malonyl-CoA were 48.0 £ 5.2 pM (n=3, mean +
standard deviation) and 3.5 £ 0.3 uM, respectively, as shown in Fig. 20 and Table 3.
These kinetic parameters were comparable to those of P. lobata CHS obtained under
similar conditions.

The starter-CoA preference of P. patens CHS was studied using [2-'*C] malonyl-
CoA and various CoA esters as the starter substrate and compared to those of P. lobata
CHS as demonstrated in Fig. 21 and Fig. 22. The various cyclization products (marked by
asterisks in Figs. 21 and 22) were identified based on their independence of reaction pH
during extraction with ethyl acetate. The amounts of extracted cyclization products were
essentially constant with or without acidification or alkalification. On the other hand, the

amounts of extractable derailment lactone derivatives increased or decreased
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CTAL

i +am BNY

Naringenin

Figure 19. Radio-TLC of the CHS reactions. (1: P. patens CHS; 2: P. lobata CHS)
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Table 2. Product profile of P. patens CHS and P. lobata CHS

Product Profile (%)
Naringenin CTAL BNY
P. patens CHS 66 26 8
P. lobata CHS 70 23 7
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Figure 20. Michaelis-Menten plots of the P. patens CHS reaction. A: Michaelis-Menten
determination of K,,(app) for p-coumaroyl-CoA.
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Table 3. Kinetic parameters of P. patens CHS

Kn(a M
Enzyme m (app) (M) Vmax (pmol/s per
p-Coumaroyl-CoA Malonyl-CoA ml)
P. patens CHS 48.0+£5.2 3.5+03 0.7+0.1
P. lobata CHS 50.0+7.1 3.0+£1.2 0.5+0.3
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CoAS

2

CoAS \n/

o 5. iso-valeryl-CoA
P. patens CHS
1. acetyl-CoA OH P
CoAS 1 2 3 4567 89
o) N )
CoAS o
\[]/\/ 6. p-coumaroyl-CoA
O
2, n-butyryl-CoA
COASY\/'@
COAS\H/\/\/ o
o 7. cinnamoyl-CoA
3. hexanoyl-CoA
CoAS
O
CoAS .
8. dihydro-cinnamoyl-CoA

0 OH

4. benzoyl-CoA
e CoAS

i

9. dihydro-p-coumaroyl-CoA

Figure 21. Radio-TLC of P. patens CHS reactions using various CoA esters as starter
units. (1: acetyl-CoA; 2: n-butyryl-CoA; 3: hexanoyl-CoA; 4: benzoyl-CoA; 5: iso-
valeryl-CoA; 6: p-coumaroyl-CoA; 7: dihydro-p-coumaroyl-CoA; 8: cinnamoyl-CoA; 9:
dihydro-cinnamoyl-CoA). The structures of starter CoA esters are also shown.
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P.lobata CHS

1 2 3 4 5 6 7 8 9
. ab ab ababababababab

P. patens CHS
pH5 pH7 pHY

Pyrones

Cyclization
product

Figure 22. Radio-TLC of CHS reactions using various CoA esters as starter units. (A: P.
lobata CHS; 1: acetyl-CoA; 2: n-butyryl-CoA; 3: hexanoyl-CoA; 4: benzoyl-CoA; 5: iso-
valeryl-CoA; 6: p-coumaroyl-CoA; 7: dihydro-p-coumaroyl-CoA; 8: cinnamoyl-CoA; 9:
dihydro-cinnamoyl-CoA; a: acidification before extraction; b: without acidification
before extraction. B: Product extraction at different pH values. The P. patens CHS
reaction with dihydro-cinnamoyl-CoA was conducted under standard conditions. The pH
of the reaction mixture was then adjusted to different values with dilute HC] or NaOH
before ethyl acetate extraction.)
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substantially when the reaction mixtures were acidified or alkalified prior to the
extraction as shown in Fig. 22-B.

P. patens CHS exhibited a preference profile towards CoA esters comparable to
that of P. lobata CHS as depicted in Table 4. Among the CoA esters examined, p-
coumaroyl-CoA was by far the most preferred substrate for the cyclization reaction of P.
patens CHS. No study has been reported on the types of flavonoids produced by P.
patens. However, apigenin and luteolin, both derived from p-coumaroyl-CoA, have been
found in several moss species.”® Cinnamoyl-CoA and dihydro-p-coumaroyl-CoA were
converted to the corresponding chalcones by P. patens CHS at 50~60% efficiency as
compared to p-coumaroyl-CoA, suggesting that p-coumaroyl-CoA is likely the in vivo
substrate for P. patens CHS. n-Butyryl-CoA, hexanoyl-CoA, benzoyl-CoA were accepted
with only 30-40% efficiency. It was also shown that P. patens CHS was less active with
dihydro-p-coumaroyl-CoA than with p-coumaroyl-CoA, whereas P. lobata CHS
displayed higher preference towards dihydro-p-coumaroyl-CoA. Both P. patens CHS and
P. lobata CHS exhibited a general preference towards phenylpropanoid-CoA esters, a
hallmark characteristic for plant CHSs.

Yamazaki et al.¥ reported that P. nudum CHS has no in vitro activity with
benzoyl-CoA as substrate; however, a few CHSs from the higher plants such as
Hypericum androsaemum’’, Scutellaria baicalensisthe®®, and Cassia alata®™ were
reported to be able to accept benzoyl-Co as the starter substrate and convert it to the
corresponding cyclization and lactone products. P. patens CHS seemed to produce a few
cyclization and derailment lactone products with comparable efficiency to that of P.
lobata CHS. In this regard, P. patens CHS is more similar to the higher plant CHSs in its
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Table 4. Starter CoA preference of P. patens CHS and P. lobata CHS

Relative activity (%)

Substrate P. patens P. lobata
CHS CHS
p-coumaroyl-CoA (100) (100)
acetyl-CoA n.d. n.d.
n-butyryl-CoA 43 39
hexanoyl-CoA 37 19
benzoyl-CoA 30 32
iso-valeryl-CoA 15 20
dihydro-p-coumaroyl-CoA 50 130
cinnamoyl-CoA 62 91
dihydro-cinnamoyl-CoA 23 25

(Relative activity was based on the cyclization products only. n.d.: not detected)

60




reactivity toward benzoyl-CoA, and differs from P. nudum CHS even though P. nudum
CHS is more closely related to P. patens CHS. The identity of these benzoyl-CoA

derived products and the mechanism of their production will be studied in the future.

3. 4. Phylogenetic analysis of CHS superfamily and other condensing enzymes
Earlier phylogenetic analyses carried out by Schroder et al. with a total of 34 CHS
and 4 STS amino acid sequences showed that STSs always grouped with CHSs from the
same or related plants in the phylogenetic tree. Based on these results, Schroder et al.
proposed that there is no common ancestor STS gene and that STSs evolved from CHSs
several times independently throughout evolution.* It has since been inferred that other
members of the CHS superfamily evolved in the same manner as STS. Since Schroder’s
pioneering study in 1994, many new members of the superfamily have been discovered

and a few phylogenetic studies have been reported. However, these studies were

00

H

restricted to the evolution of the CHS superfamily in a single species (Pisum sativum'
Ipomea purpurea'™, Glycine max'"), in a single genus (Ipomea'®), or in a single family

(Asteraceae1°4’ 105 Poaceae!®

), and no study has included all members of the CHS
superfamily in plants. In this study, Schroder’s proposition was re-examined with all of
known members of the CHS superfamily to date by using three different algorithms
including the neighbour-joining (NJ) method, the maximum parsimony (MP) method,
and the Bayesian estimation.

The results thus obtained showed that the majority of the CHS-like enzymes
(Groups 1 to 6 in Fig. 23) indeed formed clusters with CHSs from the same or related

species, in agreement with Schroder’s original proposal.*’ However, a few CHS-like
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Figure 23. Phylogenetic analysis of the CHS superfamily using the neighbor-joining
method. KAS III enzymes were used as outgroup.
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enzymes such as Vitis STSs and Gerbera 2-pyrone synthase (2-PS) were not found in the
same cluster with their related CHSs, but next to CHSs from unrelated species (marked
with arrows in Fig. 23). These results suggest that the evolution pattern of the CHS
superfamily may be more complex than previously realized. One possible evolutionary

scenario that would explain the observed patterns is as follows. In some cases, there may
have been gene duplication and functional diversification leading to STS and other CHS-
like enzymes prior to plant speciation, and these multiple members would have been
passed down to their descendants. Depending upon the environment and functional
selection, some plant species have preserved the ancient STSs; thus, such STSs may
appear unrelated to the independently evolved modern-day CHSs of the same species. On
the other hand, other species may have lost the ancient STS genes during evolution, and
after speciation, “reinvented” STSs (or other CHS-like enzymes) from their own CHSs.
In both cases, the original proposition of “the independent evolution of STS from CHS”
would hold true, but the timing of the duplication and diversification events relative to
speciation would result in different clustering patterns in a phylogenetic tree. It is noted
that these two scenarios are not mutually exclusive. Clearly, more sequence data of CHS
and other CHS-like enzymes will be helpful to further define the evolutionary process.

In all phylogenetic analyses performed in this study, including amino acid
sequences of all types of condensing enzymes from archaea, bacteria, fungi, and plants,
the position of P. patens CHS in the phylogenetic tree was found to be consistent with its
evolutionary position. Thus, P. patens CHS 1is located along with the two CHS

superfamily proteins from the liverwort, Marchantia, at the base of the plant CHS
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superfamily clade, in between the CHS-like gene products from microorganisms and the
pteridophyte CHS superfamily enzymes (Fig. 24).
Condensing enzymes catalyze the formation of a carbon-carbon bond via a

Claisen condensation reaction. These enzymes are often called the thiolase

superfamily'®’

, to which the CHS superfamily, the KAS enzymes, and the KS domains of
PKSs belong. As noted earlier, there are two types of condensing enzymes that catalyze
mechanistically identical decarboxylative condensation reactions. KAS III enzymes and
the CHS superfamily employ the Cys-His-Asn catalytic triad, while KAS I and 1I
enzymes and the KS domains in PKSs utilize the Cys-His-His triad. Why these two
groups of enzymes have a catalytic triad substitution, and their evolutionary relationship
to one another remain unclear. An extensive phylogenetic analysis of these two types of
condensing enzymes was aimed at providing insight into these questions. In the past,
several reports on the phylogenetic analysis of the KS domains of type I PKSs'®, non-
reducing KS domains from fungi'®, bacterial PKSs''?, and bacterial type III PKSs''!
appeared in the literature;, however, these studies focused on only a certain type of
condensing enzyme.

The results obtained in this study suggest that archaea KAS III enzymes112
preceded all other condensing enzymes including KAS I and II enzymes, and that the C-
H-H type active site may have evolved from the C-H-N type active site. Archaea possess
unique membrane phospholipids of which hydrophobic side chains are generally
isoprenoid derivatives instead of long chain fatty acids.'"® Thus, archaea do not have
KAS I and II enzymes.''? The possibility of horizontal gene transfer''* of KAS III from

bacteria to archaea is not supported by the data presented here. However, limited
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Figure 24. Phylogenetic analysis of condensing enzymes using the Bayesian method.
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information on the KAS enzymes in archaea precludes a firm conclusion in this regard.
Interestingly, in the phylogenetic trees obtained in the study, KAS I and II, and

the KS domains of PKSs formed an isolated cluster, while KAS III and the CHS

superfamily formed another cluster. Thus, a line could be drawn dividing condensing

enzymes into two parts, one with the C-H-H active site and the other with the C-H-N
active site as shown in Fig. 24. This clear division of the condensing enzymes according
to their active site types has never been reported in the literature.

A plausible evolutionary scenario can be put forward that agrees with the
phylogenetic data obtained in this study. An ancestor condensing enzyme, which likely
catalyzed a non-decarboxylative condensation (the Cys-His-Cys type), would first have
emerged in the ancestor cells. Then the first decarboxylative condensing enzyme (later to
become KAS III) that learned to couple the decarboxylation of the malonyl unit to the
condensation reaction, which is more energetically favourable, would have evolved from
the primitive non-decarboxylative condensing enzyme before the split of the archaea and
bacteria lineages. Later, KAS T and II would have evolved from KAS III while changing
their active site make-up to the Cys-His-His type for unknown reason(s). All these three
types of KAS enzymes had played an essential role in the evolution of bacteria by
providing means (membranes) to separate themselves from the surroundings.

The ancestor bacterial CHS-like enzymes would have been evolved from KAS III
by acquiring the cyclization ability of polyketide intermediates. This would have been
achieved in part by changing the gate-keeping SFGFG loop of the KAS III to the GFGPG
loop that provides stereocontrol during the cyclization. Nonetheless, these ancestor CHS-

like enzymes in bacteria still utilized simple acyl-CoA esters such as acetyl-CoA and
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malonyl-CoA as the starter substrates. Then, the primitive CHS, which evolved from
these ancestor CHS-like genes would have first appeared in primitive plants, liverworts
and mosses, following the evolution of the phenylpropanoid pathway and plants’ land
invasion about 450 million years ago. The evolution of the phenylpropanoid pathway
enabled the primitive CHS to adapt phenylpropanoid-CoA as a starter unit and to produce
flavonoids that played a significant role as UV protector during the successful
colonization of land by plants. All the other diverse members of the plant CHS
superfamily have subsequently developed from CHS through gene duplication that may
have occurred at different times throughout evolution. Functional diversification of the
superfamily was achieved by start-CoA specialization, by changing the number of
condensation reactions, and by utilizing different cyclization mechanisms to provide

higher plants with chemical arsenals to survive in a more complicated environment.

67



4. Conclusion
Simple flavonoids (flavanones, flavones and flavanols) are found in bryophytes,
and as such it is thought that CHS first appeared in bryophytes during the early evolution

of land plants. Therefore, the P. patens CHS characterized in this study represents a

modem day version of one of the oldest CHSs. P. patens CHS exhibited similar
enzymatic characteristics as compared to higher plant CHSs. Together with the liverwort
CHS-like genes, P. patens CHS provides the long-missing bridge in the phylogenetic tree
between CHS-like enzymes from microorganisms and pteridophyte CHS superfamily
enzymes. Based on the phylogenetic analysis, an evolutionary model is proposed for all
the condensing enzymes, in which archaea KAS III serves as the ancestor for other

condensing enzymes including KAS I and II, and the CHS superfamily.
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Part II: Investigation of the cyclization mechanism of stilbene synthase



1. Introduction

1. 1. Different cyclization modes in polyketide synthase

Polyketides that are produced by the type III PKSs are highly diverse in chemical
structure and bioactivities as a result of their various catalytic mechanisms. The type III
PKSs accept several starter units, catalyze different steps of elongation, and have diverse
cyclization mechanisms. Four different cyclization modes of lactonization, acylation,
aldol reaction, and decarboxylative aldol reaction have been identified for the type III
PKS-catalyzed cyclization reactions as shown in Fig. 25. During cyclization by
lactonization, there are two possible mechanisms, in which oxygen is the nucleophile that
attacks the target carbonyl carbon to form a new carbon-oxygen bond for both. It was
believed that 6-methyl-4-hydroxy-2-pyrone in daisy'"” and hispidin in mushrooms''® are
the lactonization products. 6-Methyl-4-hydroxy-2-pyrone is produced from acetyl-CoA
and two malonyl-CoA molecules by 2-pyrone synthase, while hispidin is synthesized
from one molecule of caffeoyl-CoA and two molecules of malonyl-CoA by styrylpyrone
synthase. In the chalcone type cyclization by acylation, CHS cyclizes the linear
tetraketide precursors via an intramolecular Claisen condensation to form a new carbon-
carbon bond.’® The nondecarboxylative aldol type cyclization is involved in the
biosynthesis of stilbenecarboxylic acid type compounds such as lunularic acid in

"7 and hydrangenol in Hydrangea species.''® On the other hand, the

liverworts
decarboxylative aldol type cyclization by STS in the biosynthesis of stilbenes eliminates

carbon dioxide during the cyclization process.
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Figure 25. Different cyclization reactions catalyzed by the type III PKSs and their
corresponding products. The chemical bonds newly formed during cyclization are shown

in thick lines.
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1. 2. Different cyclization reactions catalyzed by chalcone and stilbene synthases

As representative members of the CHS superfamily, CHS and STS share common
structural and functional features with the same catalytic mechanism for decarboxylative
Claisen condensation. As shown in Fig. 26, both CHS and STS use a phenylpropanoid
CoA-ester as their starter unit and then process three sequential condensation reactions
with malonyl-CoA to form the linear polyketide intermediate. Subsequently, however,
CHS and STS cyclize the tetraketide intermediate by entirely different mechanisms,
connecting different carbon atoms of the tetraketide intermediate during the ring closure
to form either chalcone or stilbene.'

The mechanism of the decarboxylative condensation has been extensively studied
with CHS as a model enzyme.> However, the cyclization mechanism of the STS-
catalyzed reaction is not well understood.'® All STS enzymes that have been analyzed
remove the terminal carboxyl group of the tetraketide intermediate. Therefore, the STS-
catalyzed cyclization involves hydrolysis, decarboxylation, cyclization, and

aromatization; however, the sequence of these chemical events is yet to be determined.!'*

120

1. 3. Factors controlling the stilbene synthase type cyclization process
The active site structures of CHS, STS, and other condensing enzymes such as

KAS share common features as shown in Fig. 9 (Part I).** The three-dimensional

structure of alfalfa (Medicago sativa) CHS' """ and peanut (drachis hypogaea) STS!?

122 revealed that the strictly conserved amino acid residues of CHS and STS, including
His303, Asn336, Pro375, and Phe215 (amino acid numbering according to alfalfa CHS
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and peanut STS), largely define the active sites of CHS and STS. In particular, the crystal
structures of alfalfa CHS and peanut STS showed that the G*’*FGPG loop serves as the
“sidewall” of the active site, suggesting that it may play a significant role in determining
the outcome of the cyclization reactions of CHS superfamily enzymes. Indeed, it was

proposed, based on the mutagenic studies, that the GFGPG loop provides stereo-
confinement during the folding process of the tetraketide intermediate.”’ As mentioned in
Part I, the Pro375 to Gly mutant of CHS produced increased amounts of CTAL, the
derailment product at the stage of the tetraketide (Fig. 7; Part I). This result indicated that
the ability of the CHS mutant to catalyze the CHS type cyclization was severely impeded.
In STS, the same mutation of Pro to Gly not only resulted in an increased production of
both derailment products of BNY and CTAL, but this STS-P375G mutant also catalyzed
the CHS-type cyclization.” These results suggested that different folding of the common
tetraketide intermediate brings different sets of carbon atoms close in proximity in CHS
and STS and this is facilitated by their different active site geometries.

Earlier biomimetic studies on the cyclization of polyketide compounds showed
that both Claisen and aldol type intramolecular cyclization reactions were readily

123,124 Thege studies also demonstrated

achievable in solution over a range of pH values.
that the cyclization mode of linear polyketides in solution is determined by the presence

or absence of an ester bond at the C1 carboxylate.'® When C1 is part of an ester (or

thioester) bond, the C6—C1 Claisen cyclization predominates. In contrast, the C2—C7

aldol cyclization is favoured when C1 exists as a free acid (Fig. 27). It seems reasonable
to expect then that similar chemistry may operate during the CHS- and STS-catalyzed

cyclization reactions. In the CHS-catalyzed cyclization, the C6 and C1 carbons
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are connected by an intramolecular Claisen condensation with the CoA molecule acting
as a leaving group. In contrast, during the STS-catalyzed cyclization (Fig. 26), the
hydrolysis of the thioester bond prior to cyclization would prevent the competing CHS-

120, 122
S

type cyclization. Indeed, X-ray crystallographic studies of ST provided structural

evidence for the hydrolysis reaction unique in the STS-type cyclization. In the crystal
structures of STSs from both pine and peanut, there was a water molecule optimally
situated at the enzyme active site, reminiscent of the activated water molecule in the
active sites of type II E. coli thioesterases'’® (Fig. 28). Thus, the thioesterase-like
hydrogen bond network (dubbed as the “aldol switch”) allows Glul92, through Thr132,
to activate a Ser338-positioned water molecule to a nucleophilic hydroxide anion, which
initiates the hydrolysis reaction. On the other hand, such a hydrogen bond network is not
possible in CHS due to a slightly shifted positioning of the water molecule in the active
site.'” As shown in Fig. 28, the distance between the water molecule and the hydroxyl
group of Thr132 in CHS is one angstrom farther than that in the STS active site, thus
prohibiting the hydrogen bond formation. Hence it was proposed that the precise
positioning of the water molecule at the active site plays a key role in turning on the
“aldol switch” system.

Although the presence of the “aldol switch” at the STS active site provided
physical evidence for the hydrolysis reaction during the STS-catalyzed cyclization, it
does not define when it occurs in the overall mechanism. In principle, there could be
hydrolysis at several different stages during the ring formation, prior to or after the
cyclization, or following aromatization. Inferring from the presence of natural products of

stilbenecarboxylic acid skeleton, like lunularic acid from the liverwort Lunularia cruciata
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Figure 28. Proposed “aldol switch” hydrogen bond network at the STS active site.
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and hydrangeic acid from Hydrangea (Fig. 25), Schroder had proposed that STS first
produces stilbenecarboxylic acid as an intermediate, followed by the decarboxylation of
the stilbenecarboxylic acid intermediate (Fig. 29; Pathway A).'> However, the fact that
stilbenecarboxylic acid had never been detected in the STS reaction mixture, made this

mechanism less likely.'”” Later a J apanese group successfully showed that the
intermediacy of stilbenecarboxylic acid in the STS reaction was not possible using an

127 When the STS reaction was carried out in the

elegant isotope incorporation study.
presence of [d;]-malonyl-CoA and D,0, resveratrol labelled with three deuterium atoms
(resveratrol-ds;) was detected indicating that there was cyclization prior to ring formation
(Pathway B in Fig. 29). If the STS-catalyzed reaction had proceeded via a stilbene
carboxylic acid, resveratrol-d; would have not been formed (Pathway A in Fig. 29).

It should also be noted that pathway B depicted in Fig. 29 is one of several
plausible reaction pathways that can lead to the deuterium labelled resveratrol. One
plausible mechanism was proposed by Noel based on the three-dimensional structure of
STS and the solution chemistry of polyketides.'*> '** *° The prominent feature of Noel’s
mechanism is that it includes cyclic intermediates produced by a nondecarboxylative

aldol condensation as shown in Fig. 30 (A and B).!?°

Based on the 3-D modeling of both
linear and cyclized intermediates in the STS active site, it was further predicted that the
initial cyclized intermediate derived from the nondecarboxylative aldol cyclization is
most likely to have 25, 7R stereochemistry. Thus, the proposed mechanism predicts that
the conversion of the tetraketide intermediate to resveratrol by STS proceeds as (1) the
hydrolysis of the thioester bond to give p-coumaroyltriacetic acid (CTAA), (2) C2—>C7

aldol cyclization to form a cyclic intermediate, and (3) decarboxylation and
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dehydration to complete the new ring formation.
There are other equally plausible mechanisms (Fig. 31). In pathway A, aldol
cyclization precedes hydrolysis, which is followed by decarboxylation/dehydration. In

pathway B, on the other hand, there would be hydrolysis of the thioester bond first, but

the resulting CTAA intermediate would undergo decarboxylative aldol cyclization to give
a cyclic intermediate, which would readily be converted to resveratrol by

dehydration/aromatization.

1. 4. The intermediacy of p-coumaroyltriacetic acid

A common feature of Noel’s mechanism (Fig. 30) and pathway B in Fig. 31 is the
involvement of CTAA as a reaction intermediate. The fact that in vitro STS produces
much smaller amounts of CTAL, which is the lactonized form of CTAA, than CHS
(CTAL : resveratrol = 1 : 8 by STS vs CTAL: naringenin chalcone = 1 : 3 by CHS)29
suggested that CTAA might be an intermediate of the STS reaction while being a dead-
end derailment product in the CHS reaction. However, direct evidence for the
intermediacy of CTAA in the STS reaction has been lacking.

p-Coumaroyltriacetic acid synthase (CTAS), a homologue of chalcone synthase
from Hydrangea macrophylla'®®, was used to produce CTAL in this study. Unlike CHS
and STS, CTAS catalyzes three consecutive decarboxylative condensations of p-
coumaroyl-CoA and malonyl-CoA molecules but does not catalyze any type of
cyclization reaction, thus producing the linear tetraketide as the main product. When the

CTAS reaction mixture, or the CHS and STS reaction mixtures, is acidified,
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CTAL can be extracted by organic solvents. However, when the extraction is carried out
without acidification, the amounts of CTAL detected from the CTAS reaction mixture
were drastically reduced. This suggested that CTAA, which is water soluble, may be the

true product of CTAS, and that the interconversion of CTAA and CTAL is pH-dependent

as shown in Fig. 32 (see below for more details). To demonstrate the intermediacy of
CTAA in the STS reaction, the direct conversion of CTAA to resveratrol by STS was

explored.
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2. Materials and Experimental Procedures

2. 1. Overexpression and purification

Pueraria lobata CHS®, Arachis hypogaea STS®, and Hydrangea macrophylia

var. thunbergii CTAS'' were overexpressed in E. coli AD494 as thioredoxin fusion

proteins and purified as previously described (Part I, Section 2).

2. 2, Conversion of p-coumaroyltriacetic acid to resveratrol by stilbene synthase

The CTAS reaction was performed with the appropriate amount of enzyme (~50
pg), p-coumaroyl-CoA (100 pM) and [2-'*C] malonyl-CoA (17 pM) in 1 mL of 0.1 M
KPi buffer (pH 7.2) containing 1 mM DTT, 10% glycerol, and 0.1 % Triton X-100 at 37
°C for 1 hr.¥* The reaction mixture was acidified by addition of 50 pL of 1 N HCI and

extracted with 2 mL of ethyl acetate.

The solvent was evaporated, and thus obtained CTAL (4 nmol) was added to the
STS reaction mixture (40 pL) containing sufficient amounts of STS (5 ~ 10 pg) in 0.1 M
KPi buffer (pH 7.2) containing 0.1 % Triton X-100. A portion (5 pL) of the reaction
mixture was withdrawn at different time intervals and analyzed by RP-TLC as described

earlier (Part I, Section 2). A parallel reaction was also carried out with CHS and CTAL

under the same conditions.
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2. 3. The effect of pH and substrate concentration on the conversion of CTAA to
resveratrol by STS
To investigate the pH dependence of the enzymatic conversion of CTAA to

resveratrol by STS, the standard reactions of CHS, STS and CTAS were first conducted

under different pH values (6, 7, and 8); and then the same amounts of CTAL produced by
CTAS were added to the STS solution to a final concentration of 100 uM in 0.1 M KPi
buffer at the three pH values. After incubation at 37 °C for 2 h, a portion (5 pL) of each
reaction mixture was analyzed by RP-TLC. Also, to determine the dependence of the
STS reaction on the concentration of CTAL, the enzyme reaction was performed at five

different concentrations of CTAL ranging from 50 to 300 pM.
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3. Results and Discussion

3. 1. The intermediacy of CTAA in the STS reaction

As shown in Fig. 33, acidification of the reaction mixture (pH<S5) with HCI (1 N)
at the end of enzyme reaction greatly enhanced the amounts of derailment products
CTAL and BNY, detected by radio-TLC for both STS and CTAS reactions. These results
suggest that the majority of these derailment compounds are present in the reaction
mixture as free carboxylic acids at neutral pH, and thus are poorly extractable by ethyl
acetate. In the CHS and STS reactions, these derailment compounds are formed by the
non-enzymatic lactonization process in solution. Although the mechanistic details are yet
to be elucidated, CTAS is thought to produce the linear CTAA, which is then converted
to CTAL non-enzymatically as in the CHS and STS reactions. A similar pH-dependence
of extractable derailed lactones has been reported.'”’ As mentioned earlier, CTAL is
produced as a derailment product by the non-enzymatic hydrolysis of the growing
polyketide chain at the stage of tetraketide intermediate during the in vitro CHS and STS
reactions (Fig. 7; Part I).”> 3 1% It was thought that CTAA (a triketide acid) and CTAL (a
B-keto-2-pyrone) are in equilibrium and interconvertible under appropriate conditions.
CTAA is conceptually converted to CTAL by cyclization and dehydration via a
hemiketal intermediate, while CTAL can be converted to CTAA either by hydration and
retro-aldol reaction or by hydrolysis of the lactone ring (Fig. 32). The conversion of
CTAA to CTAL is acid-catalyzed; thus, it was expected that the conversion of CTAL to

CTAA might be favored under non-acidic conditions.
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Figure 33. Radio-thin layer chromatogram of STS, and CTAS reactions. Lanes 1 and 3:
standard reactions with acidification prior to ethyl acetate extraction; Lanes 2 and 4:
parallel reactions without acidification. o: TLC origin.
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In a preliminary study to assess whether STS accepts CTAA as a substrate and
cyclizes it to resveratrol, CTAS was first reacted with p-coumaroyl-CoA and malonyl-
CoA, and then STS was added directly to the mixture that should contain CTAA as well
as CTAL. The amounts of CTAL detected in the reaction mixture (Fig. 34) that had
undergone sequential CTAS and STS reactions decreased as compared to the amounts of
CTAL in the CTAS reaction alone. Furthermore, CTAL seemed to be quantitatively
converted to resveratrol by STS, suggesting that STS may indeed accept CTAA as a
substrate and catalyze the ring formation to give resveratrol. However, this preliminary
experiment could not completely exclude the possibility that STS might have converted
the remaining p-coumaroyl-CoA and malonyl-CoA in the reaction mixture to resveratrol.
Hence, STS was then reacted with isolated CTAL.

At the end of the CTAS reaction, all the products were converted to lactones
(CTAL and BNY) by acid treatment and separated from the remaining CoA ester
substrates by ethyl acetate extraction. After the solvent was evaporated, the lactones were
redissolved in a reaction mixture containing STS. Then at different time intervals, a
portion of the reaction mixture was withdrawn, acidified, and analyzed by RP-TLC. This
time course study (Fig. 35) showed that resveratrol was produced by STS at the expense
of CTAL. These results clearly demonstrated that CTAA, which is derived from CTAL,
was indeed accepted as substrate and cyclized to resveratrol by STS. It should be noted
that BNY remained unchanged throughout the reaction. The corresponding acid of BNY

is a diketo acid that can not undergo intramolecular cyclization reaction.
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Figure 35. Radio-TLC of the time-course study of STS reacted with CTAL. In lane 6,
more STS was added after 8 hrs incubation and the reaction mixture was further
incubated for additional 2 hrs.
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As expected, CHS was unable to cyclize CTAA to naringenin chalcone due to its
different cyclization mechanism. A similar time-course study using CHS and CTAL as
substrate (Fig. 36) showed that absolutely no naringenin chalcone was produced under
identical conditions. Instead, a trace amount of resveratrol was detected after a prolonged
incubation with CHS (less than 5% of the amount of resveratrol produced by a parallel
STS reaction under the same conditions), due to the cross-reaction activity of CHS

(resveratrol production by CHS).*

3. 2. The effects of pH and substrate concentration on the STS-catalyzed cyclization
of CTAA

pH Dependence and kinetic studies of the conversion of CTAA to resveratrol by
STS were used to further verify the enzymatic nature of the resveratrol production from
CTAA by STS and to gain more information on the cyclization process. The analysis of
the pH dependence (Fig. 37) revealed that the standard STS reaction was pH-dependent
in that the resveratrol production was highest at pH 7 (Panel A). The results obtained at
pH 6 and 8 were informative since the resveratrol production from the CoA ester
substrates (p-coumaroyl-CoA and malonyl-CoA) was comparable at pH 6 and 8. In
contrast, the resveratrol production from CTAL was barely detectable at pH 6, while a
fair amount of resveratrol (20 % as compared to that of pH 7) was produced at pH 8. This
sharp decrease in the resveratrol production from CTAL at pH 6 most likely resulted
from little CTAL to CTAA conversioh, a requisite for STS cyclization. The observation
that less resveratrol was produced from CTAL at pH 8 as compared to pH 7 may be
explained by the lower activity of STS at pH 8, even though the concentration
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Figure 36. Radio-TLC of the CHS reactions with CTAL. (1: Standard CHS reaction;
2~6: time course studies of the CHS reactions with CTAL from t=0to t > 5 hrs.)
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Figure 37. Radio-TLC of the STS and CTAS reactions with (A) the CoA esters as
substrates, and (B) CTAL as a substrate at different pH values.
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of available CTAA should have been higher at pH 8 than at pH 7 (Fig. 37).

Fig. 38 shows that the resveratrol production from CTAL was substrate
concentration-dependent. The reaction velocity (v,) was at its half-maximum when the
initial concentration of CTAL was 200 uM. The relative amounts of CTAL and CTAA
present in the reaction mixture could not be accurately determined. However, an
estimation can be made as follows. When the CTAS reaction mixture was acidified prior
to extraction, the amounts of CTAL detected increased 4-fold as compared to extraction
at neutral pH. If one assumes that the conversion of CTAA to CTAL after acidification is
complete and that the efficiencies of ethyl acetate extraction of CTAL and CTAA are 100
% and 0 %, respectively; then it can be estimated that their ratio (CTAA : CTAL) is 4
under the standard reaction conditions (pH 7.2). Therefore, when 200 uM of CTAL is
added to a reaction mixture at pH 7.2, the concentrations of CTAA and CTAL at
equilibrium will be 150 pM and 50 puM, respectively. Therefore, the apparent K,, value
for CTAA under these reaction conditions was estimated to be close to 150 uM. This
relatively high Ky value indicates that CTAA is a weak substrate compared to the
natural CoA ester substrates. The CoA moiety p-coumaroyl-CoA and malonyl-CoA plays
a significant role in the substrate binding to CHS and STS.'® Therefore, the absence of
the CoA moiety in CTAA should reduce the binding affinity of this substrate for the
enzyme.

Interestingly, a similar cyclization of a triketide acid to a stilbene had been

130

reported in the literature. ™ In 1969, in a study on the biosynthesis of a stilbene,

pinosylvin, Hillis and Ishikura observed that synthetic cinnamoyl triacetic acid was
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Figure 38. Radio-TLC of the STS reaction with different concentrations of CTAL.

97



converted to pinosylvin by crude enzyme extracts of the leaves of an Eucaryptus species
shown to contain pinosylvin (Fig. 39). Neither buffer alone nor heat-treated enzyme
preparation catalyzed the pinosylvin formation. Although the authors wrongly postulated
that cinnamoyltriacetic acid was cyclized to pinosylvin via pinosylvic acid (a stilbene
carboxylic acid), theirs was the first report that suggested the intermediacy of a triketo

acid in the STS reaction.
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Figure 39. The cyclization of cinnamoyltriacetic acid to pinosylvin by enzyme extracts of
FEucaryptus leaves.
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4. Conclusion

This study successfully demonstrated, for the first time, that STS indeed accepts
CTAA as substrate and is capable of converting it to resveratrol enzymatically.
Therefore, CTAA is a reaction intermediate in the STS reaction and the tetraketide-CoA
ester must be hydrolyzed prior to the cyclization, (pathway B, Fig. 40). The mechanism
of how CTAA is converted to resveratrol, either cyclization followed by decarboxylation
and aromatization (Noel’s proposed mechanism) or decarboxylative cyclization and

aromatization, still remains to be elucidated.
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