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Enzymes of the thiolase superfamily catalyze the formation of carbon-carbon bond via the Claisen conden-
sation reaction. Thiolases catalyze the reversible non-decarboxylative condensation of acetoacetyl-CoA
from two molecules of acetyl-CoA, and possess a conserved Cys-His catalytic diad. Elongation enzymes
(B-ketoacyl-acyl carrier protein synthase (KAS) I and KAS Il and the condensing domain of polyketide syn-
thase) have invariant Cys and two His residues (CHH triad), while a Cys-His—Asn (CHN) triad is found in ini-
tiation enzymes (KAS I1I, 3-ketoacyl-CoA synthase (KCS) and the chalcone synthase (CHS) family). These
enzymes all catalyze decarboxylative condensation reactions. 3-Hydroxyl-3-methylglutaryl-CoA synthase
(HMGS) also contains the CHN triad, although it catalyzes a non-decarboxylative condensation. That the
enzymes of the thiolase superfamily share overall similarity in protein structure and function suggested
a common evolutionary origin. All thiolases were found to have, in addition to the Cys-His diad, either
Asn or His (thus C(N/H)H) at a position corresponding to the His in the CHH and CHN triads. In our phyloge-
netic analyses, the thiolase superfamily was divided into four main clusters according to active site archi-
tecture. During the functional divergence of the superfamily, the active architecture was suggested to
evolve from the C(H)H in archaeal thiolases to the C(N/H)H in non-archaeal thiolases, and subsequently
to the CHH in the elongation enzymes and the CHN in the initiation enzymes. Based on these observations
and available biochemical and structural evidences, a plausible evolutionary history for the thiolase super-
family is proposed that includes the emergence of decarboxylative condensing enzymes accompanied by a
recruitment of the His in the CHH and CHN triads for a catalytic role during decarboxylative condensation. In
addition, phylogenetic analysis of the plant CHS family showed separate clustering of CHS and non-CHS
members of the family with a few exceptions, suggesting repeated gene birth-and-death and re-invention
of non-CHS functions throughout the evolution of angiosperms. Based on these observations, predictions on
the enzymatic functions are made for several members of the CHS family whose functions are yet to be char-
acterized. Further,a moss CHS-like enzyme that is functionally similar to a cyanobacterial enzyme was iden-
tified as the most recent common ancestor to the plant CHS family.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

superfamily (Table 1) catalyze Claisen condensation reactions
and share overall similarity in protein structure and function

In biological systems, a carbon-carbon bond is formed predom-
inantly by aldol reaction or related Claisen condensation (Walsh,
1979). Nonenzymatically, the aldol reaction occurs between the
a-carbon of an aldehyde or ketone and the carbonyl carbon of an-
other aldehyde or ketone, while the Claisen condensation involves
the a-carbon of an ester and the carbonyl carbon of another ester,
ketone, or aldehyde molecule. In both reactions, the nucleophilic
o-anion attacks the electrophilic carbonyl carbon of another mole-
cule, forming a new carbon-carbon bond. In enzymatic reactions,
the nucleophilic component in Claisen condensation is the o-anion
of acylthioesters. Depending on how to generate the nucleophilic
o-anion, there are two types of reactions: non-decarboxylative or
decarboxylative. A group of enzymes belonging to the thiolase
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(Dawe et al., 2003; Haapalainen et al., 2006). Thiolases and 3-hy-
droxyl-3-methylglutaryl-CoA synthase (HMGS, E.C. 2.3.3.10) cata-
lyze non-decarboxylative Claisen condensation reactions and use
acetyl-CoA as the nucleophilic extender in carbon-carbon bond
formation (Fig. 1). There are two types of thiolases. While thiolase
I (3-ketoacyl-CoA thiolase, E.C. 2.3.1.16) catalyzes the removal of
an acetyl group from an acyl-CoA in fatty acid B-oxidation, thiolase
II (acetoacetyl-CoA synthase, E.C. 2.3.1.9) catalyzes the reverse
reaction, the Claisen condensation of two molecules of acetyl-
CoA to acetoacetyl-CoA (Kursula et al., 2005). HMGS, meanwhile,
catalyzes the condensation of acetyl-CoA with acetoacetyl-CoA to
form HMG-CoA in the mevalonate pathway of cholesterol and iso-
prenoid biosynthesis (Campobasso et al., 2004).

Several members of the thiolase superfamily that are involved
in fatty acid and polyketide syntheses catalyze decarboxylative
Claisen reactions and use malonyl thioesters as the nucleophilic
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Table 1
Enzymes of the thiolase superfamily
Enzyme Condensation Active site Distribution Remarks
mechanism architecture
Archaeal thiolases Non-decarboxylative  C(H)H Archaea
Thiolase I (3-ketoacyl-CoA thiolase) Non-decarboxylative ~ C(N/H)HC Bacteria, eukaryota Reversible, degradative
Thiolase II (acetoacetyl-CoA synthase) Non-decarboxylative ~ C(N/H)HC Bacteria, eukaryota Reversible, biosynthetic
HMGS (3-hydroxy-3-methylglutaryl-CoA synthase) Non-decarboxylative =~ ECHN Archaea, bacteria, eukaryota Irreversible
KAS I (B-ketoacyl-acyl-carrier-protein (ACP) synthase I) Decarboxylative CHH Bacteria, eukaryota, some archaea
KAS II (B-ketoacyl-acyl-carrier-protein (ACP) synthase II) Decarboxylative CHH Bacteria, eukaryota
KS domain of PKS (B-ketosynthase domain of polyketide synthase)  Decarboxylative CHH Bacteria, fungi
KAS III (B-ketoacyl-acyl-carrier-protein (ACP) synthase III) Decarboxylative CHN Bacteria, eukaryota
KCS (B-ketoacyl-CoA synthase) Decarboxylative CHN Plantae
CHS family (chalcone synthase family) Decarboxylative CHN Bacteria, fungi, Plantae
CoASH whereas 3-ketoacyl-CoA synthase (KCS) of fatty acid elongase sys-
CoAS \ CoA-S CoA-S tem converts Cyg fatty acids to C,¢ and Cy;, fatty acids in the biosyn-
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Fig. 1. Reactions catalyzed by enzymes of the thiolase superfamily.

extender (Fig. 1) (Heath and Rock, 2002). Thus, B-ketoacyl-acyl-
carrier-protein (ACP) synthase I (KAS I, E.C. 2.3.1.41) and KAS II
(E.C. 2.3.1.179) catalyze the chain elongation step of dissociated
(type II) fatty acid synthesis in plants and bacteria, and add a C;
unit derived from malonyl moiety to the growing fatty acid chain
(von Wettstein-Knowles et al., 2000). These elongation enzymes
use acyl thioesters of ACP as substrates, but they differ in substrate
specificity in that palmitoleoyl-ACP is the preferred substrate for
KAS II. Closely related to these enzymes are the B-ketosynthase
(KS) domains of polyketide synthases (PKS) that are responsible
for the condensation of a C; unit onto the growing polyketide chain
in bacteria and fungi (Hopwood and Sherman, 1990).

Another group of enzymes, often called initiation enzymes, also
catalyze decarboxylative condensation reactions. KAS III (E.C.
2.3.1.180) initiates fatty acid biosynthesis in plants and bacteria by
catalyzing the first elongation step from C, to C4 (Tsay et al., 1992),

as nucleophile and anchors the growing chain during condensation
reactions. Thiolases also possess a conserved His that activates the
Cys nucleophile (thus, CH diad) and another Cys that acts as a base
and deprotonates the a-carbon of acetyl-CoA (Mathieu et al., 1997;
Modis and Wierenga, 2000). The decarboxylative condensing en-
zymes can be divided into two groups according to active site archi-
tecture. KAS I (Olsen et al., 2001), KAS Il (Huang et al., 1998) and the
KS domain of PKS all have invariant Cys and two His residues (CHH
triad), while a Cys-His-Asn (CHN) triad is found in KAS III (Davies
et al., 2000), KCS (Blacklock and Jaworski, 2006) and the CHS family
(Ferrer et al., 1999). HMGS also contains the CHN triad in addition to
a Glu that acts as a base during non-decarboxylative condensation
(Campobasso et al., 2004). Crystal structures of enzymes of the thi-
olase superfamily have been determined to reveal that, in spite of
very low overall sequence homology, these enzymes exhibit a com-
mon fold with a five-layered o-B-a-B-ot core structure, where o is
made of two a-helices and each B is a five-stranded, mixed B-strands
(Fig.2). The structural similarity is not limited in overall fold, but the
active site residues are located in similar or identical spatial config-
urations to an extent that the catalytic triads can be closely super-
posed at corresponding residues (Fig. 2) (Dawe et al., 2003;
Haapalainen et al., 2006). Thus, the enzymes of the thiolase super-
family are mechanistically related and share conserved structural
features, suggesting a common evolutionary root. Several phyloge-
netic studies have been reported on the phylogeny of eukaryotic
thiolases (Peret6 et al., 2005), bacterial PKS (Jenke-Kodama et al.,
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Fig. 2. The comparison of the tertiary structures and the active site architectures of the five enzymes of the thiolase superfamily. (A) The monomer structure is shown in
ribbon drawing with a-helices in red and B-strands in green. (B) Active site residues of the enzymes. The active site nucleophile Cys is positioned at the center. It can be seen
that the His residues of the thiolase CH diad and the KAS I CHH triad are equivalent to the Asn residues of the CHN triads of KAS III, CHS and HMGS. The location of the base in
non-decarboxylative condensing enzyme (Cys in thiolase and Glu in HMGS, both in pink) differ in thiolase and HMGS. The Pro in the CHS GFGPG loop and the corresponding
residues in other enzymes are also shown. The structures shown are those of Zoogloea ramigera thiolase II (1dlu), E. coli KAS I (2buh), E. coli KAS III (1hn9), Mycobacterium

tuberculosis CHS-like enzyme, pks18 (1ted), and Enterococcus faecalis HMGS (1x9e).

2005), the KS domains of type I PKS (Kroken et al., 2003), non-reduc-
ing KS domains from fungi (Schmitt et al., 2005), and the CHS family
in plants (Tropf et al., 1994) and in bacteria and fungi (Gross et al.,
2006). However, these studies were limited to individual members
of the thiolase superfamily, and studies on evolutionary relation-
ships among different groups of the enzymes that employ different
condensation mechanisms (non-decarboxylating vs decarboxylat-
ing) and possess different active site architectures (CHH vs CHN tri-
ads) have not been reported.

Gross et al. (2006) conducted an extensive phylogenetic analy-
sis of more than 50 bacterial and fungal enzymes of the CHS family.
Their results suggested that the plant CHS family might have
evolved from bacterial enzymes. Recent phylogenetic studies on
the plant CHS family showed that CHSs and non-CHS enzymes
form separate clusters (Brand et al., 2006; Liu et al., 2007; Wanibu-
chi et al., 2007). This separate grouping of CHSs and non-CHSs was
explained by an evolutionary scenario involving gene duplication
and gene loss (Huang et al., 2004) and raised an interesting possi-
bility that putative function of a new member of the family can be
predicted on the basis of the enzyme’s location in phylogenetic
trees. Despite recent progress, many aspects of the evolution of
the plant CHS family, for example, the ancestry of the family re-
main to be clarified. This study was carried out to provide a holistic
view on the evolutionary history of the thiolase superfamily and
further insights into the evolution of the plant CHS family.

2. Materials and methods
2.1. Sequence retrieval and alignment

Amino acid sequences were retrieved from NCBI (http://
www.ncbi.nih.gov), TIGR Rice (http://www.tigr.org/tdb/e2k1/
osal/), and JGI Physcomitrella (http://www.shake.jgi-psf.org/Phy-
pal/Phypal.home.html) databases. For the thiolase superfamily,
enzyme sequences of representative organisms from different taxa
were selected for phylogenetic analysis (Table S1 in Supplementary
data). Whenever possible, different enzymes from a representative
species of each taxonomic category, for example, Escherichia coli for
bacteria and Arabidopsis thaliana for Plantae, were selected. For the
CHS family, BlastP searches were conducted using the protein se-
quences of Physcomitrella patens CHS (ABB84527) and Synechococ-
cus sp. CHS-like enzyme (CAE07508) as the query sequences. Over
900 plant sequences were examined to remove redundancies and

partial sequences, and the remaining sequences were grouped
according to taxa. In order to eliminate similar sequences from clo-
sely related species, preliminary phylogenetic trees were generated
with the sequences belonging to the same class (e.g., Liliopsida) or
subclass (e.g., eurosids I) using Bayesian inference methods (Ron-
quist and Huelsenbeck, 2003). Subsequently selected for detailed
analysis were 105 plant sequences including all non-CHS plant en-
zymes and representative CHSs from the same species from which a
non-CHS was found or, if not available, CHSs from most closely re-
lated species (Table S1 in Supplementary data).

Amino acid sequence alignments for the thiolase superfamily
were created both with the entire sequences and with the active
site sequences using ClustalX (Thompson et al., 1997) with the
BLOSUM series of alignment matrices, and the alignments were
manually refined. For the CHS family, the entire sequences were
aligned with ClustalX (1.83) after the protruding N- and C-ends
were truncated to be flush with the sequence of Medicago sativa
CHS2 (P30074). Sequence alignments are provided as Supplemen-
tary data (Figs. S1 and S2).

2.2. Phylogenetic analysis

Phylogenetic analyses of the thiolase superfamily were con-
ducted both with the entire sequences and with the active site se-
quences using Bayesian inference and bootstrap Neighbor-joining
(N]J) methods. The Bayesian trees were constructed using the
MrBayes (v. 3.1.2) program (Ronquist and Huelsenbeck, 2003).
The “mixed” amino acid analysis model was used, allowing model
jumping between various fixed-rate amino acid models including
Poisson and BLOSUMG62 during the analysis process. Markov chain
Monte Carlo analysis (MCMC) was performed for 1 million gener-
ations with four independent chains, and the Markov chain was
sampled every 100 generations. At the end of the run, average
standard deviation of split frequencies and potential scale reduc-
tion factor (PSRF) were used as evidence for the state of conver-
gence. All trees that were sampled before reaching the
convergence state (typically 250,000 generations) were discarded,
while the remaining trees were used to construct a consensus tree
and to calculate posterior clade probabilities. The NJ trees were
built with Poisson correction or Jones-Taylor-Thornton (JTT) mod-
el as implemented in the MEGA3.1 program (Kumar et al., 2004).
The confidence of the tree topology was assessed by a bootstrap
set of 1000 replicates. Similarly, phylogenetic analysis of the plant
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CHS family was performed both with the Bayesian inference
(MrBayes) and with the bootstrap N]J method implemented in Clu-
stalX (seed =111, n=1000) or MEGA3.1 (Poisson or JTT model).
Trees were displayed using MEGA3.1.

Ancestral active site sequences at interior nodes in the phyloge-
netic tree of the thiolase superfamily were inferred using the hier-
archical Bayesian approach as implemented in the MrBayes
program (Hall, 2006).

3. Results and discussion
3.1. Sequence alignments

Overall sequence similarity among the enzymes of the thiolase
superfamily from a single organism and across taxa is very low. For
example, enzymes from A. thaliana show sequence identity of low-
er than 30%; 29% between thiolase I and thiolase II, 29% between
KAS 1 and mitochondrial KAS II, and 19% between KAS III and
CHS. Despite low similarity in sequence, it has been noted that
the members of the thiolase superfamily share similarity in overall
structure and spatial arrangements of the active site residues
(Fig. 2) (Dawe et al., 2003; Haapalainen et al., 2006). This is also
evident in structure-based alignment of active site sequences
(Fig. 3). In the thiolase superfamily, the nucleophile Cys and the
His and Asn (or His) residues that play catalytic roles (see below)
are located in the loops that converge at the active site pocket.
When these residues are aligned, a similar pattern of secondary
structures emerges surrounding these residues, although there is
little sequence similarity. Also found at the active site is the Gly-
rich loop located close to C-end. In KAS I and KAS I, this loop has
a consensus sequence of SFGFG of which the second Phe serves
as a gate keeper (Huang et al., 1998). The corresponding sequence
in the CHS family, however, is GFGPG of which the Pro was shown
to constitute an important part of cyclization scaffold (Suh et al.,
2000a). The Cys in thiolases and the Glu in HMGS that serve as
the base during non-decarboxylative condensation reactions are
conserved only in respective enzymes (Fig. 3).

When active site sequences of KCS were similarly aligned, their
predicted secondary structures around the active site residues
compare favorably with those of other enzymes (Fig. 3). KCS is pre-
dicted to be a membrane protein with two N-terminal, membrane-
spanning domains (Todd et al., 1999). Although crystal structure of
KCS has not been reported, our structure-based sequence align-

Thiolase II (Z.

ramigera) - “°NEVILGQVLPAGEGQNPAR(

ment presented in Fig. 3 suggests that active site architecture
(and possibly overall fold of the non-membrane domain) of KCS
be similar with those of other enzymes of the superfamily.

3.2. Divergent evolution of the thiolase superfamily

For phylogenetic analysis of the thiolase superfamily, represen-
tative sequences from all levels of the Tree of Life were collected,
which include 8 thiolases, 12 KAS I, KAS II, and KS/PKS, 6 HMGS
and 3 putative HMGS from archaea, 7 KAS III, 6 KCS, and 15 en-
zymes of the CHS family. In addition, 3 archaeal sequences anno-
tated as thiolases and 1 archaeal thiolase homolog were
included. With a total of 61 sequences thus selected, phylogenetic
trees were constructed with the entire sequences and with the par-
tial sequences surrounding the actives site residues. When the en-
tire sequences were used, the Bayesian method and the bootstrap
NJ method with Poisson and JTT models yielded phylogenetic trees
virtually identical in tree topology. The Bayesian tree is shown in
Fig. 4.

The phylogenetic tree of the thiolase superfamily diverges into
four major clusters when the archaeal thiolase homolog from Aero-
pyrum pernix is placed as an outgroup. The A. pernix thiolase homo-
log of unknown function shows 25-30% sequence identity to other
archaeal thiolases examined, but apparently does not contain the
Cys-His catalytic diad characteristic of thiolases. The four main
clusters in the tree are formed by archaeal thiolases, thiolases from
bacteria and eukaryotes, the elongation enzymes (KAS I, KAS II, and
KS/PKS), and the initiation enzymes (HMGS, KAS III, KCS, and the
CHS family). The archaeal thiolase cluster appears ancestral to
other enzymes of the superfamily, and non-thiolase members of
the superfamily are clustered according to their active site archi-
tecture. Thus, the elongation enzymes possessing the CHH triad
form a single cluster, while the initiation enzymes with the CHN
triad form another cluster. The initiation enzyme cluster is further
divided into two groups, one of HMGS, the other containing KAS III,
KCS, and the CHS family. Therefore, in this cluster, the four en-
zymes are divided in accordance with condensation mechanism.
HMGS is present in archaea, eukaryotes and a number of Gram-po-
sitive bacteria. In the phylogenetic tree, archaeal HMGSs are found
in the same cluster with HMGSs from other organisms. One possi-
ble explanation is that HMGS evolved in ancestral cells before the
divergence of archaea and the rest of the life forms. This would
agree with the fact that the archaea possess unique membrane
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Fig. 3. Structure-based sequence alignment of representative enzymes of the thiolase superfamily. Sequences surrounding the active site residues of a bacterial thiolase II
from Zoogloea ramigera, a bacterial KAS I from E. coli, a bacterial HMGS from Enterococcus faecalis, a bacterial KAS III from E. coli, a plant KCS (KCS FAE1) from Arabidopsis
thaliana, a bacterial CHS-like enzyme (pks18) from Mycobacterium tuberculosis, and a plant CHS from Medicago sativa are aligned to show similar secondary structures in the
active site regions. No crystal structure of KCS has been reported; thus, secondary structure of A. thaliana KCS was predicted based on multiple sequence alignment as
implemented in PredictProtein program (Rost et al., 2004). Included in this analysis were the KCS sequences from A. thaliana (AAA70154), Brassica napus (AAA96054), Sinapis
arvensis (AAX58617), Marchantia polymorpha (AA0O48425), Zea mays (CAC01441), and Dunaliella salina (AAK11266). Underlined are conserved active site residues as well as
the proline in the CHS-signature GFGPG loop and the corresponding residues. o-Helices are in red, and B-strands are in blue.
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Fig. 4. Amino acid sequence-based phylogeny obtained for selected enzymes of the thiolase superfamily, inferred by Bayesian analysis. Numbers above branches indicate the
probability of each clade in the tree, and branch length indicates number of expected substitutions per site. At the end of 1 million generations, average standard deviation of
split frequencies reached close to 0.0063, and PSRF approached 1.000 for all the run parameters, indicating that the state of convergence was obtained. While the “mixed”
amino acid model was employed, the BLOSUM62 model (Henikoff and Henikoff, 1992) solely contributed to the consensus tree (posterior probability of 1.000). An archaeal
thiolase analog from Aeropyrum pernix served as an outgroup during tree construction. The active site architectures of different enzymes are indicated. The bases responsible
for non-decarboxylative condensations (Cys in thiolases and Glu in HMGS) are in italic. Accession Nos. of the enzymes included in the analysis are available as Supplementary

data (Table S1).

phospholipids of which hydrophobic side chains are generally iso-
prenoid derivatives instead of long-chain fatty acids. HMGS cata-
lyzes the second reaction in the mevalonate pathway for
isoprenoid biosynthesis and, thus, was likely present in early
archaeal cells. More significantly, HMGSs do not cluster with thio-
lases that share a common mechanism (non-decarboxylative con-
densation) but cluster with other initiation enzymes that share the
same type of catalytic triad (Fig. 4). The close relationship of HMGS
and KAS III has been implied from a striking structural semblance
between these two enzymes (Campobasso et al., 2004). It is noted
that the Bayesian and the bootstrap NJ (Poisson) trees constructed
with amino acid sequences surrounding the active site residues
(the base Glu of HMGS, the CH(N/H) triad, and the base Cys of thio-
lases) are virtually identical with the trees built with the entire se-
quences except a few minor difference in branch patterns. These

active site sequence-based trees are provided along with sequence
alignment in Supplementary data (Fig. S2).

It is generally accepted that enzymes of secondary metabolism
have been derived from pre-existing enzymes, ultimately from
those in primary metabolism via gene duplication and mutations.
For example, synthases, hydroxylases, and reductases of the flavo-
noid pathways may have evolved from the primary metabolism
(Kubitzki, 1987; Firn and Jones, 2000). Our data also lend support
to this proposition in that the CHS family appeared to have di-
verged from the KAS III lineage of primary metabolism. This evolu-
tionary relationship of KAS III and the CHS family becomes more
evident when phylogenetic trees of the thiolase superfamily from
a single organism (e.g., A. thaliana) are constructed. Regardless of
the phylogenetic method used, the CHS family invariably is linked
to KAS III (Fig. S3 in Supplementary data).
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3.3. Functional divergence and active site architecture of the thiolase
superfamily

The phylogenetic tree (Fig. 4) illustrates how the active site
architecture may have evolved during the functional divergence
of the superfamily. As mentioned above, all members of the super-
family contains a nucleophilic Cys to which a starter substrate is
attached via a thioester bond prior to condensation. Thiolases also
contain an invariable His residue at active sites (His348 in Zoogloea
ramigera thiolase II, Fig. 3). In yeast thiolase I, the His residue is
within hydrogen bonding distance from the nucleophilic Cys sulfur
atom and was thus proposed to act as a base to activate the nucle-
ophile Cys (Mathieu et al., 1997). A similar role for the His was also
proposed for Z. ramigera thiolase Il (Modis and Wierenga, 2000).
Thiolase also contains an additional Cys at the active site (Cys378
in Z. ramigera thiolase II, Fig. 3) that serves as a base to deprotonate
the methyl group of the second acetyl-CoA molecule for non-
decarboxylative condensation. In archaeal thiolase sequences the
Cys base is not found, suggesting either that another unidentified
residue acts as the base or that these archaeal enzymes employ dif-
ferent mechanisms. Although archaeal thiolases have been scarcely
studied, a kinetic analysis of a purified halophilic thiolase I sug-
gested that the archaeal thiolase may have a different catalytic
mechanism (Liu et al., 2002).

Thiolases were thought to differ from the rest of the superfam-
ily in that they possess a catalytic diad of CH. However, our close
inspection revealed that all known archaeal thiolases contain a
His and non-archaeal thiolases contain either an Asn or a His at a
position corresponding to the His in the CHH or CHN triads of
the non-thiolase enzymes. For example, E. coli thiolase I and hu-
man mitochondrial thiolase I contain a His, while other thiolases
in Fig. 4 possess an Asn. When a total of 84 non-archaeal thiolases
that are annotated as either thiolase I or Il were examined, Asn was
found in 14 thiolase II and 10 thiolase I sequences, whereas His
was found in 50 thiolase I and 10 thiolase II sequences. Thirty-four
thiolase sequences were selected based on annotated functions
and taxonomical distribution and subjected to phylogenetic analy-
sis. In the Bayesian inferred phylogeny, the Asn-possessing thiolas-
es appear basal to the His-possessing thiolases (Fig. S4,
Supplementary data). In the NJ tree, the Asn-possessing and His-
possessing thiolase groups tend to form separate clusters
(Fig. S4). All the His-possessing thiolases form a separate cluster
with some of the Asn-possessing thiolases, while the remaining
Asn-possessing thiolases form another cluster. In both trees, the
archaeal thiolases serve as a basal cluster. This suggests that the
Asn and His residues have been evolutionarily conserved.

As most of these enzymes are annotated without biochemical
characterization, whether this choice of Asn or His at the active site
is of biochemical significance is currently unknown. In the litera-
ture, this Asn or His residue has been proposed to play mainly a
structural role in thiolases. Asn316 of Z. ramigera thiolase II was
found to form a part of active site hydrogen bonding network,
and similar hydrogen bonds are also suggested for thiolase I (Modis
and Wierenga, 1999). Kursula et al. (2005) also found that in the
crystal structure of human cytosolic thiolase II a water molecule
is connected to the side chain of Asn321 and the nucleophilic Cys
via hydrogen bonds. The authors proposed that the Asn321-a
water molecule unit plays a catalytic role as a part of oxyanion hole
during condensation. Although the functional role(s) of the Asn or
His residue remains to be further investigated, it is clear that the
active site architecture of thiolases can be described as C(H)H for
archaeal thiolases and C(N/H)HC (the base C in italic) for non-
archaeal thiolases to better reflect the evolutionary perspective.

Our phylogenetic analysis and available biochemical evidences
indicate that, during divergent evolution of the superfamily from
reversible, non-decarboxylative condensation to irreversible,

decarboxylative condensations, three distinct developments had
occurred. Firstly, the chemistry of more efficient decarboxylative
condensation evolved from thermodynamically less favourable
non-decarboxylative condensation. This was achieved in part by
coupling decarboxylation of malonyl unit to the formation of a
new carbon-carbon bond. Decarboxylation of malonyl-CoA is en-
ergy-releasing, as the synthesis of malonyl-CoA from acetyl-CoA
requires one molecule of ATP. Secondly, the Asn/His residue of
thiolases (e.g., Asn316 of Z ramigera thiolase II or His343 of
E. coli thiolase 1) was fixed to His in non-thiolase enzymes of the
superfamily (e.g., His298 of E. coli KAS 1 (CHH) and His244 of
E. coli KAS III (CHN)) (Figs. 2 and 3). Lastly, the His of the thiolase
C(N/H)H diad (His348 of Z. ramigera thiolase II) is replaced with
Asn in the CHN triad-containing initiation enzymes, while it re-
mained the same in the CHH triad-containing elongation enzymes.
Although most of the Bayesian-inferred ancestral sequences at
internodes have lower probabilities due to sequence divergence,
ancestral sequences at the key positions agree with the above sce-
nario (Fig. S5, Supplementary data). The ancestral amino acids at
the first and second position of the triad (C(N/H)(N/H)) at all nodes
(nodes 1-5 in Figs. 4 and S5) are Cys and His, respectively, while
the ancestral amino acid at the third position of the triad (C(N/
H)(N/H)) is His at nodes 4 and 5 or Asn at nodes 1 and 2. At node
3, where the Asn was introduced at the third position, His is in-
ferred at lower probability (<80%).

It should be noted that the role of individual catalytic residue in
the CHH and CHN triads has changed in different enzymes, reflect-
ing the fact that different enzymes use slightly different mecha-
nisms (Fig. 5). Briefly, the second His in the triads was proposed
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Fig. 5. Proposed roles for the catalytic residues of the enzymes in the thiolase
superfamily. Each individual enzyme may use slightly different mechanism with
catalytic residues playing different roles. In Z. ramigera thiolase II, His348 acts as a
base to activate the nucleophile Cys89, and the base Cys378 deprotonates acetyl-
CoA molecule for non-decarboxylative condensation (Modis and Wierenga, 2000). A
similar mechanism was also proposed for yeast thiolase I (Mathieu et al., 1997). In
E. coli KAS I, His298 plays a role in decarboxylation of the malonyl residue and
extracts a proton from the carboxylic acid leaving group (Olsen et al., 2001). In KAS
Ill-catalyzed reaction, both His244 and His274 function as an oxyanion hole for
transition state stabilization during condensation reaction (Davies et al., 2000).
His233 and His275 of S. aureus HMGS function similarly as oxyanion hole (Theisen
et al., 2004), while His233 was also proposed to activate the nucleophilic Cys111
(Campobasso et al., 2004). Although not depicted correctly in this figure for
simplicity, the thioester binding pockets of the enzymes are spatially similar
relative to the active site residues. (Haapalainen et al., 2006).
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to function as a base to activate the nucleophile Cys for HMGS
(Campobasso et al., 2004) and CHS (Jez and Noel, 2000; Suh
et al., 2000b). Hence, the His in the CHN triads of HMGS and CHS
is structurally analogous to the Asn/His but functionally analogous
to the His in thiolases of the C(N/H)H diad. On the contrary, the
same His residues in the CHH triads of KAS I and KAS II were pos-
tulated to play a role in decarboxylation of the malonyl residue
rather than in activating the active site nucleophile Cys (Olsen
et al., 2001; McGuire et al., 2001; Zhang et al., 2006). Recent mod-
els suggested that His298 in E. coli KAS I act as a general base to ex-
tract a proton from the carboxylic acid leaving group (Fig. 5), while
His303 in Streptococcus pneumoniae KAS Il deprotonate a struc-
tured water molecule for nucleophilic attack on the C3 atom of
malonate. Meanwhile, the His and Asn in the CHH and CHN triads
seem to function similarly. His333 in E. coli KAS I (Olsen et al.,
2001), His337 in S. pneumoniae KAS 1l (Zhang et al., 2006),
Asn274 in E. coli KAS 111 (Davies et al., 2000), Asn275 in Staphylococ-
cus aureus HMGS (Theisen et al., 2004), and Asn336 in Medicago
sativa CHS (Jez et al., 2000) were all proposed to function as an oxy-
anion hole for stabilization of the charge on the oxo group of mal-
onyl unit during condensation reaction. In KAS III-, HMGS-, and
CHS-catalyzed condensation reactions, this stabilizing effect on
the oxyanion during transition state was suggested to be also aided
by the His of the triad. During evolution, individual catalytic
machinery has been refined and optimized to extents that different
catalytic residues are not readily replaced with their counterparts.
For examples, the H333N mutant of E. coli KAS I had only 1.6% of
the condensation activity of the wild-type enzyme (Price et al.,
2001), and the N424H mutant of KCS and the N336H mutant of
CHS were completely inactive (Ghanevati and Jaworski, 2002; Jez
et al., 2000).

How the functional and structural divergence in the thiolase
superfamily came to effect is an interesting subject in enzyme evo-
lution. Some aspects of the divergence can reasonably be ex-
plained. During the evolution of decarboxylative condensing
enzymes, the His residue of the triads (CHH and CHN) must have
been recruited to catalyze the decarboxylation of malonyl units
(at least in KAS I and KAS II). Non-decarboxylative condensation
reaction requires a base to abstract a proton from the attacking
acetyl unit. The base is Cys in thiolase and Glu in HMGS, and this
difference may have been accidental. The fact that these bases
are located at different positions in the respective active sites
(Fig. 2) is readily understood in terms of different chemistry in-
volved. The acetyl unit from which a proton is abstracted is the sec-
ond substrate acetyl-CoA molecule in thiolase, while in HMGS the
acetyl unit is already bound on the active site Cys (Fig. 5). During
the evolution of HMGS from thiolase-like ancestor, it would have
been easier to have a new base on the opposite side of the active
site rather than to keep the same base and rebuild other parts of
the active site to accommodate this different chemistry.

From the phylogenetic relationship revealed in this study and
results obtained from previous structural and functional studies,
a plausible evolutionary scenario can be put forward (Fig. 6). An
ancestral enzyme that likely catalyzed non-decarboxylative con-
densation or a similar reaction would first have emerged in the
ancestor cells. This enzyme had a catalytic CH diad and a His that
played mainly a structural role at the active site (the C(H)H archi-
tecture). The chemistry of reversible non-decarboxylative conden-
sation evolved to include a base (Cys) in thiolases, while the
structural His was replaced with an Asn in some thiolases (the
C(N/H)HC architecture). Then the first decarboxylative condensing
enzyme evolved, while (i) malonyl-thioesters were recruited as a
second substrate to couple the decarboxylation of the malonyl unit
to the condensation reaction in order to drive the reaction in the
direction of condensation, (ii) the structural His was assigned a cat-
alytic role, and (iii) the base Cys was discarded (the CHH and CHN
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Fig. 6. The proposed evolutionary scenario of the thiolase superfamily.

triads). For some reason(s) yet to be identified, the CHH triad was
adopted for chain elongation in KAS I and KAS II, while the CHN
triad was instead adopted for KAS IlI- and HMGS-catalyzed initia-
tion reactions. The thermodynamically favorable formation of
HMG-CoA (condensation followed by hydrolysis) may have made
decarboxylative condensation energetically unnecessary, and thus
during the evolution of HMGS, non-decarboxylative condensation
may have been retained with a different base (Glu). The lineage
that led to KAS Il may have been further diversified to utilize
long-chain acyl-CoAs as starter substrates in plant KCS and various
acyl-CoA esters including phenylpropanoid-CoAs as starter sub-
strates in the CHS family in bacteria, fungi and plants. The CHS
family has then undergone an extreme functional diversification.

3.4. Divergent evolution of the plant CHS family

Flavonoids may have played a significant role as UV protector
during the early evolution of land plants. They are found in ~40%
of liverworts and ~50% of mosses and ubiquitous in the posteri-
ties of bryophytes including the ferns and higher plants (Mark-
ham, 1990). The development of CHS that catalyzes the first
reaction of flavonoid biosynthesis should have paralleled the evo-
lution of flavonoids. In most plant species, CHS and related non-
CHS enzymes are encoded by multigene families that are prod-
ucts of gene duplication. Multiple copies of chs genes have been
found in many species including Petunia, Gerbera, and Ipomoea
species (Koes et al., 1989; Helariutta et al., 1996; Durbin et al.,
2000). In addition, a growing number of diverse non-CHS en-
zymes are being found in different, unrelated plants. For example,
STS has been found in whisk fern (Psilotum nudum), Pinus species,
peanut (Arachis hypogaea), Vitis species, and rhubarb (Rheum
tataricum), and VPS has been characterized from whisk fern and
hop (Humulus lupus).

Both Bayesian and NJ phylogenetic trees constructed with over
100 sequences of the plant CHS family showed separate clustering
of non-CHSs and CHSs and many poorly supported nodes. The NJ
tree (Fig. 7) built using ClustalX was considered superior to other
trees as the sequences from primitive plants were generally lo-
cated basal to the sequences from higher plants. In the NJ tree,
most angiosperm CHSs form one group and non-CHSs and en-
zymes of unknown functions form another group with many
sub-branches, while bryophyte and gymnosperm enzymes form
their own clusters. The observed separate clustering of CHSs and
non-CHSs of angiosperms suggests that massive gene duplica-
tion/diversification of chs genes leading to various non-CHSs may
have occurred before the divergence of the ancestor of
angiosperms from gymnosperms. During subsequent evolution of
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Fig. 7. Neighbor-joining phylogeny of selected enzymes of the plant CHS family. The NJ tree was built using ClustalX (1.83) that implements Kimura’s method to correct for
multiple substitutions. Numbers above branches indicate the bootstrap value of each clade in the tree. A cyanobacterial CHS-like enzyme from Synechococcus sp. WH8102 was
also included in the analysis. Those non-CHSs that cluster with CHSs from the same or closely related plants are indicated with dots. PpCHS11 that appears as the most recent
common ancestor (MRCA) to the plant CHS family is also indicated by an arrow, and those enzymes whose functions are predicted in the text are shown in bold italic.
Accession Nos. of the enzymes included in the analysis are available as Supplementary data (Table S1).

angiosperms, deletion of non-CHS genes may have occurred, as dic-
tated by each lineage’s strategy in adaptation to environment.
Non-CHS functions could have been abandoned in many species
in favor of more advanced secondary metabolism that produce
more potent metabolites. Exceptions to this general grouping of
CHSs and non-CHSs of angiosperms are found in the enzymes of
Humulus lupulus (Rosales), A. hypogaea (Fabales), and Rubus idaeus
(Rosales) (marked with dots in Fig. 7). Thus, H. lupulus VPS, A. hyp-
ogaea STS, and R. ideaeus PKSs are found in same clusters with CHSs
from the same plants, and these enzymes are likely the products of
recent, independent gene duplication events. Similarly, phyloge-

netic evidence suggests that STSs of the order Fabales (A. hypogaea
STS and Bauhinia variegata STS) have evolved from Fabales CHSs by
gene duplication and diversification, independently from other
STSs such as Pinus STSs or Vitis STSs (Tropf et al., 1994).

Based on a phylogenetic analysis of a smaller number of angio-
sperm enzymes, Huang et al. (2004) invoked repetitive gene dupli-
cation/loss of angiosperm chs genes and independent evolution of
certain non-CHS enzymes. Thus, this study expands Huang’s con-
clusions to the entire plant kingdom. It should be also noted that
many branches in the non-CHS group have low bootstrap values,
and some lineages in the tree may not be a true phylogeny. This
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makes it difficult to study the evolutionary relationship among
non-CHS enzymes and could be attributed in part to the fact that
these non-CHS enzymes are from distantly related species. Cur-
rently, non-CHS enzymes are found dispersed throughout the plant
kingdom and a few families such as Asparagales are overrepre-
sented. Certainly more non-CHS sequences are needed to obtain
more accurate phylogenetic tree in this regard.

A CHS-like enzyme (PpCHS11) of the moss, P. patens, (Jiang
et al., 2006) is consistently positioned next to a cyanobacterial
CHS-like enzyme in phylogenetic trees, separated from the cluster
of other members of the P. patens CHS family of enzymes (Fig. 7).
Thus, PpCHS11 appears to be the most recent common ancestor
(MRCA) to the plant CHS family so far identified. PpCHS11 shows
25-40% amino acid sequence identity to other plant CHSs. Preli-
minary studies in our laboratory showed that PpCHS11 is similar
to the cyanobacterial CHS-like enzyme in enzyme activity in spite
of their low amino acid sequence identity (27%). When assayed
in vitro, both recombinant PpCHS11 and the Synechococcus CHS-
like enzyme prefer long-chain acyl-CoA esters such as palmitoyl-
CoA as the starter unit. While PpCHS11 condenses long-chain
acyl-CoA ester with malonyl-CoA molecules to produce alkylpyro-
nes and possibly pentaketide alkylresorcinols depending on the
starter unit, the Synechococcus enzyme produces alkylpyrones
and tetraketide alkylresorcinols (unpublished data). Therefore,
PpCHS11 seems more closely related to the recently characterized
fungal alkylresorcylic acid synthase from Neurospora crassa (Funa
et al., 2007), whereas the Synechococcus enzyme seems more sim-
ilar to the bacterial alkylresorcinol synthase (ArsB) from Azotobac-
ter vinelandii (Funa et al., 2006).

Alkylresorcinols and related compounds are found not only in
bacteria and fungi but also in alga and plants (Kozubek and Tyman,
1999). However, their biosynthesis had been scarcely studied until
recently, and algae remain as a “missing link’ in the CHS evolution
because no algal CHS-like enzyme has been isolated. Therefore, re-
search on the biosynthesis of alkylresorcinols in algae may yield
important information on the early evolution of the CHS family.
It is interesting to note that the apparent MRCA of the plant CHS
family is an alkylresorcinol/pyrone synthase that uses long-chain
acyl-CoA ester as substrate and closely related to cyanobacterial
and fungal alkylresorcinol/pyrone synthases. It is expected that
fatty acyl-CoA esters produced by the KAS enzymes were available
prior to phenylpropanoid-CoA esters as substrates for ancestral en-
zymes of the plant CHS family. Notably, alkylresorcinol/pyrone
synthase is mechanistically more related to STS than to CHS, since
it catalyzes decarboxylative aldol cyclization as STS does (Funa
et al,, 2006). It has been generally thought that CHS is the proto-
type enzyme of the family and other non-CHSs including STS have
evolved from CHS (Tropf et al., 1994). If the plant CHS family is
monophyletic, it seems possible that the true MRCA may not be
a CHS.

Located next to PpCHS11 is the cluster made of anther-specific
CHS-like enzymes that share <40% amino acid sequence identity
with other plant CHSs and are essential for male fertility in plants.
This cluster contains both gymnosperm and angiosperm enzymes,
suggesting an early specialization of these enzymes before diver-
gence of gymnosperms and angiosperms and a strong evolutionary
pressure against mutation (Ageez et al., 2005). Little is known
about their functions but a role in the biosynthesis of exine (the
outer layer of the wall of a spore or pollen grain) was proposed
based on the observation that both p-coumaric acid and ferulic acid
moieties are found in exine (Atanassov et al., 1998). Austin and
Noel (2003) also noticed a similarity in active site residues of these
anther-specific enzymes with those of a CHS from Hordeum vulgare
that utilizes feruloyl-CoA as substrate. Once enzymatic function of
an anther-specific CHS-like enzyme is characterized, more can be
learned about its role in exine biosynthesis and its evolutionary

history. Next to the anther-specific enzymes, Aloe arborescens
enzymes are found to be basal to the rest of the family including
enzymes from bryophytes, suggesting their appearance during
earlier evolution of the family (Fig. 7). A. arborescens octaketide
synthase (AaOKS) catalyzes consecutive condensations of malo-
nyl-CoA with seven other molecules of malonyl-CoA to give an
octaketide, while the pentaketide chromone synthase from the
same plant (AaPCS) produces a pentaketide from five molecules
of malonyl-CoA (Abe et al., 2005a,b). As malonyl-CoA is a common
starter substrate of bacterial CHS-like enzymes, it is speculated
that these enzymes may represent rare “living fossils” of earlier
enzymes of the CHS family.

Separate clustering of CHSs and non-CHSs in phylogenetic trees
raises an interesting question of whether phylogenetic analysis can
be used to infer enzymatic function of an enzyme of the CHS fam-
ily. For bryophyte and gymnosperm enzymes, it will not be possi-
ble to deduce enzyme function from phylogenetic analysis since
the CHS and non-CHS enzymes from related species form a single
cluster, as seen in the moss and pine enzymes. On the contrary,
for angiosperm enzymes, an emerging rule is that if an enzyme is
found in the non-CHS cluster, it is most likely a non-CHS, and if
found in the CHS cluster, it is not necessarily a CHS and may be a
non-CHS as in the cases of A. hypogaea STS and H. lupulus VPS.
Based on these arguments, a few predictions can be made. Firstly,
a protein from Polygonum cuspidatum (PcPKS1), which is annotated
as a putative STS in database, is likely a CHS, as it is found in the
CHS cluster made of CHSs from related plants (Fig. 7). Meanwhile,
PcPKS2, a protein found in the same plant is most likely a non-CHS
enzyme, as it is found in the non-CHS cluster next to Rheum palma-
tum aloesone synthase (RpASS). Secondly, among Phalaenopsis hyb-
rida chs genes reported by Han et al. (2006), PhCHS?5 is likely a CHS,
while others (PhCHS1, PhCHS2, PhCHS3, and PhCHS4) are likely
non-CHSs. The authors predicted PhCHS3 to be an anther-specific
CHS based on its expression in reproductive organs. However,
our phylogenetic analysis predicts these four Phalaenopsis en-
zymes, along with another enzyme from an orchid Oncidium Gow-
er Ramsey (OGRCHS1), to be bibenzyl synthases, as they form a
single cluster with a known orchid bibenzyl synthase. Thirdly, sev-
eral predictions can be made for chs genes of rice, Oryza sativa. The
0. sativa genome contains as many as 12 expressed chs genes (Ouy-
ang et al., 2007). Two of these chs gene products (Os11g32650 and
0s07g11440) may be CHS as they are found clustered with CHSs
from related plants (in Fig. 7, only 0Os11g32650 is shown). One pro-
tein (0s07g22850) is closely related to an anther-specific rice en-
zyme (0s10g34360 YY2, Hihara et al., 1996) and may have a
similar function. The remaining eight rice chs genes belong to the
non-CHS group, and one of them (0s07g34190) is shown to be ba-
sal to all the non-CHS cluster in Fig. 7. Thus, rice may be a rich
source for a variety of non-CHS enzymes with interesting evolu-
tionary implications.

A plausible evolutionary scenario for the CHS family that agrees
with the observed data is as follows (Fig. 8). The ancestor bacterial
CHS-like enzymes containing the CHN triad would have evolved
from the KAS III lineage by acquiring abilities to catalyze multiple
condensations and to cyclize polyketide intermediates. This would
have been achieved in part by modifying the substrate binding
pocket and by adopting the GFGPG loop that provides stereo-con-
trol during the cyclization (Suh et al., 2000a). These ancestral CHS-
like enzymes in bacteria would still have utilized simple acyl-CoA
esters such as malonyl-CoA as starter substrates. Ancient CHS-like
enzyme(s) in cyanobacteria ancestral to the modern day cyanobac-
terial alkylresorcinol synthase may have been passed down to the
plant lineage about 450 million years ago (Kenrick and Crane,
1997). Gene duplication/diversification events and the evolution
of the phenylpropanoid pathway may have yielded diverse en-
zymes of the CHS family including the first CHSs in liverworts
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Fig. 8. The proposed evolutionary scenario of the CHS family.

and mosses. The plant CHS family has subsequently evolved
through gene duplication-death and re-invention of non-CHS func-
tions that may have occurred at different times throughout evolu-
tion. Functional diversification of the family was achieved by
starter substrate specialization, by changing the number of con-
densation reactions, and by utilizing different cyclization mecha-
nisms to provide plants with chemical arsenals to survive in a
more complicated environment. Modern plants are thought to
have evolved along the evolutionary line of cyanobacteria, unicel-
lular algae, primitive multicellular algae, charophycean algae, li-
chens, bryophytes, and higher plants. As mentioned above, algae
and lichens represent “missing links” in the evolution of the CHS
family. It is tempting to suggest that alkylresorcinol/pyrone syn-
thases that link the lineage of cyanobacterial alkylresorcinol syn-
thase and functionally related alkylresorcinol/pyrone synthase
(PpCHS11) in moss may still be present in these organisms.
Alkylresorcinols are found in algae (Kozubek and Tyman, 1999;
Zarnowski et al., 2000) and related alkylresorcinolic acids are well
known components of lichen depsides (Elix, 1996), although lichen
alkylresorcinolic moieties can conceptually be synthesized by type
I PKS systems (Miao et al., 2001).
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