IOWA STATE UNIVERSITY

Digital Repository

Biochemistry, Biophysics and Molecular Biology Biochemistry

Publications Biophysics and Molecular Biology

12-2012

Functional characterization of wheat ent-kaurene(-like) synthases
indicates continuing evolution of labdane-related diterpenoid
metabolism in the cereals

Ke Zhou
lowa State University

Meimei Xu
lowa State University, xumm(@iastate.edu

Mollie Tiernan
lowa State University

Qian Xie
lowa State University

Tomonobu Toyomasu
Yamagata University

See next page for additional authors

Follow this and additional works at: https://lib.dr.iastate.edu/bbmb_ag_pubs

b Part of the Agronomy and Crop Sciences Commons, Biochemistry Commons, Molecular Biology
Commons, and the Plant Breeding and Genetics Commons

The complete bibliographic information for this item can be found at https://lib.dr.iastate.edu/
bbmb_ag_pubs/84. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.

This Article is brought to you for free and open access by the Biochemistry, Biophysics and Molecular Biology at
lowa State University Digital Repository. It has been accepted for inclusion in Biochemistry, Biophysics and
Molecular Biology Publications by an authorized administrator of lowa State University Digital Repository. For more
information, please contact digirep@iastate.edu.


http://lib.dr.iastate.edu/
http://lib.dr.iastate.edu/
https://lib.dr.iastate.edu/bbmb_ag_pubs
https://lib.dr.iastate.edu/bbmb_ag_pubs
https://lib.dr.iastate.edu/bbmb_ag
https://lib.dr.iastate.edu/bbmb_ag_pubs?utm_source=lib.dr.iastate.edu%2Fbbmb_ag_pubs%2F84&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/103?utm_source=lib.dr.iastate.edu%2Fbbmb_ag_pubs%2F84&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/2?utm_source=lib.dr.iastate.edu%2Fbbmb_ag_pubs%2F84&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/5?utm_source=lib.dr.iastate.edu%2Fbbmb_ag_pubs%2F84&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/5?utm_source=lib.dr.iastate.edu%2Fbbmb_ag_pubs%2F84&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/108?utm_source=lib.dr.iastate.edu%2Fbbmb_ag_pubs%2F84&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/bbmb_ag_pubs/84
https://lib.dr.iastate.edu/bbmb_ag_pubs/84
http://lib.dr.iastate.edu/howtocite.html
http://lib.dr.iastate.edu/howtocite.html
mailto:digirep@iastate.edu

Functional characterization of wheat ent-kaurene(-like) synthases indicates
continuing evolution of labdane-related diterpenoid metabolism in the cereals

Abstract

Wheat (Triticum aestivum) and rice (Oryza sativa) are two of the most agriculturally important cereal crop
plants. Rice is known to produce numerous diterpenoid natural products that serve as phytoalexins and/
or allelochemicals. Specifically, these are labdane-related diterpenoids, derived from a characteristic
labdadienyl/copalyl diphosphate (CPP), whose biosynthetic relationship to gibberellin biosynthesis is
evident from the relevant expanded and functionally diverse family of ent-kaurene synthase-like (KSL)
genes found in rice (OsKSL). Here we report biochemical characterization of a similarly expansive family
of KSL from wheat (the TaKSLs). In particular, beyond ent-kaurene synthases (KS), wheat also contains
several biochemically diversified KSLs. These react either with the ent-CPP intermediate common to
gibberellin biosynthesis or with the normal stereoisomer of CPP that also is found in wheat (as
demonstrated by the accompanying description of wheat CPP synthases). Comparison with a barley
(Hordeum vulgare) KS indicates conservation of monocot KS, with early and continued expansion and
functional diversification of KSLs in at least the small grain cereals. In addition, some of the TaKSLs that
utilize normal CPP also will react with syn-CPP, echoing previous findings with the OskSL family, with
such enzymatic promiscuity/plasticity providing insight into the continuing evolution of diterpenoid
metabolism in the cereal crop plant family, as well as more generally, which is discussed here.
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Abstract

Wheat ( 7Triticum aestivum) and rice (Oryza sativa) are two of the most agriculturally important
cereal crop plants. Rice is known to produce numerous diterpenoid natural products that serve as
phytoalexins and/or allelochemicals. Specifically, these are labdane-related diterpenoids, derived
from a characteristic labdadienyl/copalyl diphosphate (CPP), whose biosynthetic relationship to
gibberellin biosynthesis is evident from the relevant expanded and functionally diverse family of
ent-kaurene synthase-like (KSL) genes found in rice (OsKSL). Here we report biochemical
characterization of a similarly expansive family of KSL from wheat (the TaKSLs). In particular,
beyond ent-kaurene synthases (KS), wheat also contains several biochemically diversified KSLs.
These react either with the entCPP intermediate common to gibberellin biosynthesis or with the
normal sterecisomer of CPP that also is found in wheat (as demonstrated by the accompanying
description of wheat CPP synthases). Comparison with a barley (Hordeum vulgare) KS indicates
conservation of monocot KS, with early and continued expansion and functional diversification of
KSLs in at least the small grain cereals. In addition, some of the TaKSLs that utilize normal CPP
also will react with syn-CPP, echoing previous findings with the OsKSL family, with such
enzymatic promiscuity/plasticity providing insight into the continuing evolution of diterpenoid
metabolism in the cereal crop plant family, as well as more generally, which is discussed here.
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1. Introduction

Cereal crop plants provide the bulk of the world’s caloric intake, with wheat and rice
representing the two most important for direct human consumption (Dyson, 1996). Rice has
served as a model for the cereal crop plant family, as its agricultural importance and
relatively small genome size led to early and thorough sequencing (Goff et al., 2002;

Project, 2005; Yu et al., 2002), which was complemented by a large scale cDNA sequencing
effort (Kikuchi et al., 2003). The resulting complete gene list has enabled comprehensive
investigation of various aspects of rice physiology and metabolism. Such work then provides
the basis for similar investigations in other cereal crops such as wheat.

Rice is a particularly prolific producer of labdane-related diterpenoids, which have been
suggested to act as phytoalexins in defense against microbial pathogens and as
allelochemicals suppressing the growth of neighboring weed plants (Peters, 2006;
Toyomasu, 2008). The biosynthesis of this super-family of natural products is derived from
that of the gibberellin phytohormones, at least in plants, and is characterized by a similar
pair of sequentially catalyzed cyclization reactions (Peters, 2010). In particular, bicyclization
of the general diterpenoid precursor (£, £, E)-geranylgeranyl diphosphate (GGPP), typically
to a labdadienyl/copalyl diphosphate (CPP) intermediate, which is then often further
cyclized to an olefin. The corresponding enzymes have been termed CPP synthases (CPSs)
and ent-kaurene synthase-like (KSL), respectively, for their relationship to those found in all
plants for gibberellin biosynthesis (Peters, 2006). Specifically, these fall into the same
phylogenetically defined sub-familes —i.e., TPS-c and TPS-e/f, respectively (Chen et al.,
2011).

Rice contains expanded gene families encoding CPS (OsCPSs) and KSL (OsKSLs), and
these have been extensively investigated, with biochemical function assigned to each (Cho
et al., 2004; Kanno et al., 2006; Nemoto et al., 2004; Otomo et al., 2004a; Otomo et al.,
2004b; Prisic et al., 2004; Wilderman et al., 2004; Xu et al., 2004; Xu et al., 2007). In
addition, consistent with a role in phytoalexin biosynthesis, many of the OsKSLs exhibit
inducible gene transcription (Peters, 2006; Toyomasu, 2008). Previous work with maize
(Zea mays) demonstrated the inducible production of labdane-related diterpenes in this
distantly related cereal crop plant (Mellon and West, 1979), and recently it has been shown
that maize produces such diterpenoid phytoalexins (Schmelz et al., 2011). In addition, it has
been suggested that CPS gene expansion and functional diversion to secondary/more
specialized metabolism occurred early in the cereal crop plant family — i.e., the Poaceae
(Prisic et al., 2004). Thus, it seems likely that more specialized labdane-related diterpenoid
metabolism will be widespread throughout the Poaceae. Indeed, gene probing/mapping
experiments using CPS and KS homologs from barley suggests that at least barley and
wheat contain expanded CPS and KSL gene families (Spielmeyer et al., 2004). Such
expansion and diversification of diterpene synthases is not confined to the Poaceae-e.g.,
having been shown in gymnosperms as well (Keeling et al., 2011; Martin et al., 2004).

Some preliminary analysis of wheat CPSs (TaCPSs) has been previously reported
(Toyomasu et al., 2009). However, only the ent-kaurene synthase (KS) activity expected for
the requisite gibberellin biosynthesis has been previously reported from wheat (Aach et al.,
1995). Here we report cloning and functional characterization of seven members of the
wheat KSL family (TaKSLs), along with demonstrating KS activity for the previously
isolated barley KSL (HvKS), and discuss the implications of our findings for the evolution
of diterpenoid metabolism in the cereal crop family, as well as plants more generally.

Phytochemistry. Author manuscript; available in PMC 2013 December 01.
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2. Results

2.1 Identification of kaurene synthase-like genes from wheat and barley

Isolation of HVKS has been previously reported (Spielmeyer et al., 2004). TaKSL were
initially identified by homology searches against the available EST data with the known
OsKSL. The corresponding full-length cDNA were then cloned by RT-PCR and, where
necessary RACE. Through this effort, five clearly full-length KSLs were found; 7aKSL1, 2,
3, 4, and 6, which encode proteins of 837, 853, 856, 837, and 852 amino acid (aa) residues
(GenBank accessions AB597957-AB597960 and AB597962), respectively. In addition, two
closely related genes (94% identical at the nucleotide sequence level) were cloned and
assigned as 7aKSL5-1and 7aKSL5-2under the assumption that these are polyploidy
derived homoeologs (e.g., the most notable difference is an in-frame 63 nucleotide deletion
in 7TaKSL5-2relative to 7aKSL5-1). Notably, as previously reported (Hillwig et al., 2011),
TaKSL5-1 and TaKSL5-2 are substantially shorter than other KSLs, resembling plant mono-
and sesqui- terpene synthases in length. Specifically, these encode proteins of 663 and 641
aa long, respectively, and are missing the large N-terminal domain usually associated with
diterpene synthases (Cao et al., 2010), although they otherwise closely align with the other
TaKSLs (Fig. 1). While many of these KSLs have a Gly in place of a position generally
conserved as Ser/Thr within the terpene synthase secondary divalent metal binding motif,
such substitution has been observed before and found not to be deleterious (Zhou and Peters,
2009), encouraging further analysis.

2.2 Induction of transcription of wheat labdane-related diterpene synthase genes

In rice, MRNA levels of the OsKSLs, as well as OsCPSs, involved in phytoalexin
biosynthesis were dramatically increased by UV-irradiation (Peters, 2006). Thus, the
possibility that mRNA levels of some of the 7aKSLswould be induced in response to UV-
irradiation was analyzed by qRT-PCR. Indeed, MRNA levels of 7aKSL1, TaKSL2,
TaKSL3 and TaKSL5, were found to be higher in UV-irradiated leaves, although those of
TaKSL4and TaKSL6were not (Fig. 2).

2.3 Biochemical characterization

The TaKSLs and HvKS were functionally characterized via use of a previously developed
metabolic engineering system that enables co-expression of both GGPP synthase and CPS
producing the three commonly found stereoisomers of CPP, along with downstream KSL
heterologously expressed as GST fusion proteins, which does not affect product outcome
(Cyr et al., 2007). This enabled analysis of their activity with CPP of ent- (2), normal (3),
and sy (4) stereochemistry (Fig. 3). Using this approach, HVKS was demonstrated to
selectively react with entCPP (2) and produce only ent-kaurene (5) — i.e., HVKS does not
react with normal (3) or syr-CPP (4). Similarly, the closely related TaKSL6 specifically
reacts with 2 to produce 5. In addition, the putative homoeologs TaKSL5-1 and TaKSL5-2
also selectively react with 2 to chiefly produce 5, although both also produce ent-beyerene
(6), in a ~3:1 ratio. However, TaKSL5-1 and TaKSL5-2 may be sesquiterpene synthases, as
they more readily react with (£, £)-farnesyl diphosphate to produce (£)-nerolidol, as
previously reported (Hillwig et al., 2011). TaKSL4 reacts with normal CPP (3) to produce
pimara-8(9),15-diene (7), and also will react with symCPP (4) to produce a number of
diterpenes, chiefly syn-pimara-9(11),15-diene (8), along with at least five other relatively
minor unidentified products, but does not react with ent-CPP (2). TaKSL3 exhibits relatively
low activity, although it does selectively react with entCPP (2) to generate two diterpene
products. Unfortunately, due to the low yield of those products, it was not possible to obtain
enough of these compounds for structural characterization. No activity was detectable with
TaKSL2 using a construct in which only the usual pseudo-mature truncation were made

Phytochemistry. Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Page 4

(i.e., to simply remove the N-terminal plastid targeting sequence). In an attempt to find an
active enzyme an extensively truncated construct, resembling TaKSL5-1 and TaKSL5-2
[i.e., similar to plant mono- and sesqui- terpene synthases in missing the N-terminal domain
generally associated with plant diterpene synthases (Cao et al., 2010)], was made and found
to react with not only ent-CPP (2) to produce the known ent-pimara-8(14),15-diene (9), but
also with normal CPP (3) to make abietadiene (10), although not with sy7CPP (3). Finally,
TaKSL1 also reacts with normal CPP (3) to produce iso-pimara-7,15-diene (11), as well as
with syn-CPP (4) to produce syr-iso-pimara-7,15-diene (12), but not with entCPP (2).

2.4 Molecular phylogenetic analysis of cereal KS(L)

Previous molecular phylogentic analysis of cereal CPSs indicates that expansion and
functional divergence of at least two copies of such an enzyme encoding gene to more
specialized metabolism occurred prior to the speciation event separating the wheat and rice
lineages (Toyomasu et al., 2009). To determine if similar early multiplication and functional
divergence occurred with the KSL, as well as provide insight into potential physiological
function of the various TaKSL family members, we carried out molecular phylogenetic
analysis of the cereal KS(L). Specifically, we aligned the full-length amino acid sequences
of all the OsKSLs with HvKS and all the TaKSLs but TaKSL5-1 and TaKSL5-2, which
were excluded on the basis of their significant difference in size as well as presumed
function as sesquiterpene synthases rather than KSL. The KS from the dicot Arabidopsis
thaliana (AtKS) also was included to provide a designated outgroup sequence for the
resulting phylogenetic tree, which was constructed using the nearest neighbor joining
method (Fig. 4).

While the TaKSLs and OsKSLs largely cluster independently, indicating continued
expansion and divergence of this gene family after separation of the wheat/rice lineages,
there is some overlap. In particular, OsKSL4 clusters with TaKSL1 and TaKSL4, suggesting
early KSL gene duplication and functional divergence in the small grain cereal lineage.
Given the inducible transcription of at least 7aKSL1 and OsKSL4, it seems likely that the
ancestral enzymatic gene was similarly involved in more specialized metabolism. In
addition, consistent with their shared conservation of KS activity, HYKS and TaKSL6 are
the most closely related KSLs (sharing 91% aa sequence identity), and both are quite similar
to OsKS1 as well (~68% aa identity), which is required for gibberellin biosynthesis in rice
(Sakamoto et al., 2004). This conservation pattern reflects the underlying evolutionary
separation of rice from wheat and barley, as these fall into the Poaceae subfamilies
Oryzoideae and Pooideae, respectively (Kellogg, 1998). Thus, it seems likely that HVKS and
TaKSL6 are similarly involved in gibberellin biosynthesis, although this remains to be
demonstrated. Consistent with this hypothesis, the highly divergent sequences, including
overall length, as well as reduced product fidelity and inducible gene transcription, of
TaKSL5-1 and TaKSL5-2 suggests that these are not involved in gibberellin metabolism,
and these have been shown elsewhere to cluster with the rice pseudogenes OsKSL2 and
OsKSL3, rather than OsKS1 (Hillwig et al., 2011).

Notably, while the rice KSLs have clearly undergone repeated evolutionary diversification
of substrate specificity (e.g., the synCPP specific OsKSL4 and OsKSL11 fall into separate
clusters), the TaKSLs characterized in this study do exhibit such functional conservation. In
particular, the ent-CPP specific TaKSLs cluster together, with the normal/syn-CPP specific
TaKSL1 and TaKSL4 falling into a separate cluster. This latter cluster further includes the
OsKSL4 that exhibits a similar substrate range (Morrone et al., 2011), suggesting an early
origin for such dual substrate stereo-specificity, which is consistent with early
diversification of the responsible CPS suggested in the accompanying report (Wu et al.,
submitted). However, there is no clear phylogenetic relationship among the inducible versus

Phytochemistry. Author manuscript; available in PMC 2013 December 01.
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Figure 3.

Identification of products formed by TaKS(L)s via GC-MS based comparison to authentic
standards. (a—d) Chromatograph of the products formed by HvKS, TaKSL6, TaKSL5-1, and
TaKSL5-2, respectively, from ent-CPP (2). (e-i) Mass spectrum of HVKS and TaKSL6
products, as well as the major product of TaKSL5-1 and TaKSL5-2, from 2, with
comparison to authentic entkaur-16-ene (RT = 16.81 min.). (j-I) Mass spectrum of the
minor product of TaKSL5-1 and TaKSL5-2 from 2, with comparison to authentic ent-
beyer-15-ene (RT = 16.05 min.). (m) Chromatograph of the product formed by TaKSL1
from normal CPP (3). (n,0) Mass spectrum of TaKSL1 product from 3, with comparison to
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authentic isopimara-7,15-diene (RT = 16.49 min.). (p) Chromatograph of the product formed
by TaKSL4 from 3. (g,r) Mass spectrum of TaKSL4 product from 3, with comparison to
authentic pimara-8(9),15-diene (RT = 15.91 min.). (s) Chromatograph of the product formed
by TaKSL1 from synCPP (4). (t,u) Mass spectrum of TaKSL1 product from 4, with
comparison to authentic syr-isopimara-7,15-diene (RT = 15.82 min.). (v) Chromatograph of
the products formed by TaKSL4 from 4. (w,x) Mass spectrum of TaKSL4 product from 4,
with comparison to authentic syrrisopimara-9(11),15-diene (RT = 16.26 min.). In all cases,
the retention time of the enzymatic product was = 0.02 min. different from that of the
matching authentic sample.

Phytochemistry. Author manuscript; available in PMC 2013 December 01.
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Figure4.
Molecular phylogenetic tree for characterized cereal KS(L)s, constructed using the Nearest
Neighbor Joining method, and with AtKS as the designated outgroup sequence.
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the dual normal/syn-CPP reactive TaKSL1 (A) and TaKSL4 (B).
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Table 1

Primers used in RT-PCR analysis of mRNA levels

Gene Forward primer Reverse primer

T7aKSL1 | GCGGTTAACTCATTCGCAGA CCTCACTTGACTCCCTCTTGA
TaKSL2 | ATGTGGAGGAGGCATCTGC GGCAACAACTCAGCTTCCAGG
T7aKSL3 | CTCTTGGCATCTGTTGTGAATGG GTTGAGGAGTCGGCAACAAG
TaKSL4 | CGCTTACCTCATACGGGATG CGTCTCTGGATTCCCTCTCA
TaKSL5 | GATCAAGAGTGTCCTGGACTTCA | CAGATGAACGGAGGCTTCG
TaKSL6 | ACTCACCCGGATTCGCT GCGGTAGTTCAACCTTGCG
185 GGAGCGATTTGTCTGGTTA ATCTAAGGGCATCACAGACC
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