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Abstract

At least two hundred different families of sesquiterpenoid
compounds have been identified in plants.  Although
related isoprenoid compounds such as giberellins and
carotenes are essential to survival, most cotton sesquit-
erpenes are classified as secondary metabolites.  Many have
antibiotic activity and are synthesiszed following infection
with pathogens, so are considered to be phytoalexins.
Representatives of a number of sesquiterpene families are
present in cotton, including several with different cyclic
structures.  Different cyclic sesquiterpenes originate from
folding of FPP or its isomers into specific configurations.
However, since a single synthase may lead to the formation
of several products through variable patterns of
condensation, the number of unique cyclases present is
undetermined.  Further difficulties in identifying and
cloning specific synthase genes arise because there are
regions of amino acid sequence homology between mono-
sesqui- and di- terpene cyclases, and from the fact that
some or all of the cyclases are coded by members of small
gene families present in the genome.

Introduction

The ability to produce anti-microbial chemicals is a
primary mode of defense for plants.  Whether the
compounds are made and stored as in the glands of cotton,
or induced by biotic stresses (phytoalexins) many of the
most important defense molecules found in cotton are
terpenes.  Terpene synthesis begins with mevalonate, the
product of condensation of three acetyl-CoA units by
HMGR [1].  Phosphorylation and decarboxylation leads to
the basic isoprene diphosphate (IPP) unit and its isomer di-
methylallyl diphosphate (Fig 1).  Head to tail condensation
of successive 5C IPP units produces geranyl diphosphate
(GPP) from which monoterpenes are derived, farnesyl
diphosphate (FPP), the origin of all sesquiterpenoids, and
geranyl geranyl diphosphate (GGPP) from which diterpenes
are derived.  Thirty carbon terpenes and forty carbon
terpenes are derived from condensing two FPPs or GGPPs
respectively, but in this case, the diphosphates are removed
in the condensations. 

Cyclic derivatives can made at each step in the pathway
beginning with GPP.  Cyclic monoterpenes in cotton
include a- and b-pinenes, a- and g-tripinenes, limonene,
philandrene and cymene.  Some of these compounds are

insect attractants so are important for pollination.  Gossypol
is the best known sesquiterpene compound found in cotton.
It, along with its biosynthetic precursors are especially
important as antifungal, antiherbivore, and anti-insect
agents [2].  Related compounds including the cadalenes
have been found to have anti-bacterial activity [3], but
functional roles, if any, for other volatile cyclic
sesquiterpenes remain to be determined.  The vital plant
hormone GA is a diterpine made following cyclization of
GGPP to a kaurine through the action of ent-kaurine
synthase.  Cyclization of phytoene leads to the synthesis of
b-carotene and the xanthophylls and almost certainly to
ABA as well.  Cyclization of the 30C squalene backbone
leads to the  various sterols that are present.  

Although no varieties of cotton are immune to Verticillium
wilt, there is a large difference in the response to infection.
Inoculation of the G. hirsutum cultivar Rowden by injecting
spores of a virulent strain into the stem rapidly leads to
defoliation and death, while Sea Brook Sea Island, a G.
barbadense cultivar is able to recover.  The resistant
cultivar synthesizes phytoalexins more rapidly and to a
higher level than Rowden.  Notably, desoxyyhemigossypol
(dHG) can accumulate to toxic levels before the fungus has
a chance to spread.  Since dHG is a cyclic sesquiterpene, it
is clear that the terpene pathway is involved.  A cloned
segment of a cotton HMGR has been used to show that
HMGR-mRNA synthesis is induced much more rapidly in
SBSI than in Rowden, implicating differential gene
expression as the basis for the varietal differences in
Verticillium wilt resistance [4].  The same induction system
was useful recently in showing that d-cadinine is the first
cyclic compound in forming dHG and thus all the related
gossypols and heliocides [5].  Interestingly, d-cadinine was
also shown to be the cyclic precursor to the antibacterial
cadalenes by another group at the same time [6].  

Methods 

Comparisons of amino acid and base sequences of clones
available in the PIR, SwisProt, GenBank and EMBL
databases were made based on the basis of BLAST [7]
searches using electronic network services or FASTA
alignments made with the Wisconsin Package (Version 8)
GCG® programs available on a local VAX computer.
Internet services were also used to search for motifs
(Ogiwara, unpublished) and blocks  [8] of conserved
sequences shared with other proteins.  Optimal alignments
were made using MacVector® (Kodak)  or by combining
PILEUP and PRETTY programs in the GCG package.  The
occurrence of matching short sequences in other sequences
in the databases was detected using the FIND PATTERNS
GCG program. 

Results and Discussion

The ability to clone a segment of a cotton HMGR was made
possible by comparing the base sequences of previously
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cloned plant HMGRs deposited in GenBank.  Even though
only three plant HMGRs were available, highly conserved
regions were readily identified and used to make slightly
degenerate PCR primers.  Although the same technique
proved very effective for cloning segments of 7 other
putative defense response genes including chitinase and
PAL, only two sesquiterpene cyclase sequences were
available at the time; one from tobacco and another from a
fungus.  Even though the two cyclases make almost
identical products, no obvious alignment of conserved
amino acid or DNA sequences could be made [9]. 

Cloning of other plant terpene cyclases has led both to
potential solutions and unique problems in using the PCR
approach to clone the equivalent genes from cotton.
Following the cloning of the elicitor induced 5-epi-
aristolochene (a sesquiterpene) synthase from tobacco by
Faccini and Chappell in 1993 [9], Croteau's group was able
to clone and sequence a monoterpene cyclase, 4S-limonene
synthase, from mint [10], and Mau and West [11] cloned a
diterpene cyclase (casbene synthase).  As was pointed out
by the latter authors and reinforced by others since, there is
a good deal of sequence homology between these  cyclases,
each of which represents a different class.  The similarity
of plant terpene cyclases can be detected and demonstrated
in several ways.  Using any one of the sequences to search
for similarity to sequences in nucleic acid or protein
databases with programs such as BLAST or FASTA will
return a list of high scores; results of a recent BLAST
search show high scores not only for the previously
described sequences, three vetispiradiene synthases from
Hyoscyamus, a medicinal plant [12] and three d-cadinene
synthases from cotton submitted by Chen from Heinstein's
laboratory, but also identify homologous regions in both
maize and Arabidopsis kaurine synthases, the diterpene
cyclase used to initiate GA synthesis.  Significantly, no
homology is seen to any of several cloned prenyl
transferases, including FPP synthase (FPS), GGPP synthase
(GGPS), and phytoene synthase (PSY) which involve
similar reactions for eliminating diphosphates from
isoprenoid precursors, or to the cyclase that converts
lycopene to b-carotene. 

Alignment of related proteins can often help to identify the
most highly conserved sequences; such sites are likely to be
important to catalysis or enzyme conformation.  Based on
previously published sequences, Back and Chappell [12]
have shown highly conserved spacing for histidine and
cysteine residues in each of the plant terpene cyclase exons,
as well as an aspartic acid-rich sequence (DDXXD) which
is thought to bind a metal cofactor (Mg++ or Mn++) critical
to substrate (polyprenyl) binding.  This sequence is part of
two 8-9 amino acid motifs present in eukaryotic FPP
synthases.  Degenerate primers based on these conserved
amino acids have been made and used to clone the FPP
synthase from lupins [13].   However, DDXXD by itself is
found in nearly 7,000 of the 82,361 proteins currently in
the PIR database.  It is found in many different types of

proteins, but not in the two plant kaurine synthases that
have been sequenced, so it cannot be considered an
identifying pattern for cyclases.  Searches for any other
motifs that have been defined from other sets of
homologous proteins were negative, as were all searches for
conserved blocks.  Likewise, a profile made from four
aligned terpene cyclases, excluding any signal sequences,
did not detect any other proteins with similar profiles.
Although the diterpene cyclases that are required to make
GA seem to function without the DDXXD motif, they do
retain relatively high homology with the other plant
cyclases, but over a smaller region.  This can be
demonstrated by a graphic representation of aligned
sequences prepared using the MacVector program, or by
actual identification of amino acids conserved across the
mon-, sesqui-, and diterpene cyclases.  When compared to
a similar alignment made without including the ent-kaurine
cyclases, the relatively small conserved domain is apparent.
When attempting to identify stretches of conserved
sequences to use for generating PCR primers to amplify
similar sequences, it is often simplest to make pairwise
alignments of coding sequences with MacVector® using a
Pustell matrix.  Regions which contain a predetermined
fraction (usually 65% which allows for third position codon
degeneracy) of identical base sequences within a window of
a set size will be identified.  Regions that overlap for each
of the pairs can be magnified to identify individual bases
and alternatives to include in primer synthesis. 

Examination of a GCG "PRETTY"  multiple sequence
alignment of the actual amino acid sequences for the first
two cloned plant sesquiterpene synthases along side the
mono- and di terpenene synthases from mint and casbene
(Fig. 2), reveals two blocks of five conserved amino acids
(sitalics).  FINDPATTERNS searches for the LPZYM
sequence found several proteins, including gramicidin S,
pyoverdine and surfactin synthetases in bacteria.  The
FKESL sequence was present more often, appearing in
several RNA polymerases, an ATP synthase, a heat shock
protein, a cytochrome C oxidase and a protease.  The
diversity of these proteins suggests that chance rather than
a conserved motif or binding site accounts for the shared
sequence.  Interestingly, P(Y,F) ARDR, part of one of the
sequences (underlined) used by Back and Chappell to clone
the Hyascyamus  synthase was found only in a polyketide
synthase from Bacillus.  Other relatively conserved
sequences where degenerate primers could be made are also
apparent.  One of these identifies a highly conserved
peptide (double underlined) in monoterpene cyclases from
pines and sages that has been determined to be part of the
active site by virtue of binding to an irreversible inhibitor
[14] 

If the two most highly conserved plant terpene synthase
subsequences are used to make PCR primers it should be
anticipated that cyclases in each class may be amplified,
and the overall degree of sequence homology could make it
very difficult to determine which gene has been cloned
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from a new species.  Even expression tests may not reveal
the class of cloned genes, since both mono- and diterpene
cyclases are likely to be induced by the same stresses.  If
conserved sequences that are unique to mono, sesqui or
diterpenes can be identified from independently  verified
clones, it should be possible to narrow the possibilities for
amplifying only a desired gene.  Obviously, when
sequences are to be identified on the basis of homology to
previously cloned sequences, it is absolutely critical that the
original sequence is correctly identified. 

There is another potential problem in attempting to clone
specific cotton cyclases.  Croteau has shown that while
limonene synthase produces predominately limonene from
GPP, small amounts of a- and b-pinene and myrcene are
also made in vivo and by the recombinant enzyme.  Pinene
synthases from pine are even less specific and produce
several products, some of which are quite different in their
ring structures.  Chappell, via Cane, has illustrated a basis
for the different products; the ability of the carbocation
produced by the loss of the diphosphate to form a C-C bond
at either end of any double bond in the parent molecule [1].
Prior isomerization of E,E-FPP to nerolidylPP means that
even more possibilities exist, and thus it is not even certain
at this time how many sesquiterpene cyclases may be
present in tetraploid cottons.  Examination of the cyclic
sesquiterpenes made in cotton suggests that at least two
unique synthases must be present to account for at least two
substrates.  In addition, most of the cloned cyclases have
been shown to be members of gene families by virtue of
Southern hybridization to genomic DNA digests.  If, as in
the case of HMGR, different members are differentially
expressed, it is likely that it will be possible to identify
sequences near the beginning of the message that will serve
to identify each of them when active through Northern
analysis or ribonuclease protection assays.  However, as
Back and Chappell have suggested, if slight differences
influence the relative amount of different products, it will
probably require directed mutagenesis to identify individual
genes [12]. 
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