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Abstract We recently reported that the biosynthesis of fuscol, a diterpene from the octocoral Eunicea fusca, is inducible
by the application of plant signaling factors such as salicylic
acid to the coral’s algal symbiont. In this study, an mRNA
differential display approach has been employed with the
dinoflagellate symbiont of this octocoral which has led to the
isolation of a farnesyldiphosphate synthase (FPPS) that was
transcriptionally activated under conditions that led to an
induction of fuscol biosynthesis. Using a degenerate primer
based on the aspartate-rich motifs found in prenylsynthases
and a cassette ligation strategy, we report the cloning of the
complete FPPS associated with the E. fusca dinoflagellate

symbiont Symbiodinium sp. The protein exhibited the enzymatic properties associated with FPPS, namely, the synthesis of farnesyl diphosphate from geranyldiphosphate and
isopentenyl diphosphate. The amino acid sequence of this
FPPS has a high sequence similarity (82%) to known archaeal
isoprenyl diphosphate synthases. This is the first description
of a prokaryotic FPPS derived from a marine source.
Keywords Fuscol . Farnesyl diphosphate synthase .
Differential display . IPCR . Characterization . Gorgonian

Introduction
L. K. Ranzer : T. B. Brück : R. G. Kerr
Center of Excellence in Biomedical and Marine Biotechnology,
Department of Chemistry and Biochemistry,
Florida Atlantic University,
777 Glades Rd.,
Boca Raton, FL 33431, USA
W. M. Brück
Centre of Applied Marine Biotechnology,
Letterkenny Institute of Technology,
Port Road,
Letterkenny, County Donegal, Republic of Ireland
J. V. Lopez
Nova Southeastern University,
Dania Beach, FL 33004, USA
R. G. Kerr (*)
Department of Chemistry and Department of Biomedical Sciences,
University of Prince Edward Island,
550 University Drive,
Charlottetown, PEI C1A 4P3, Canada
e-mail: rkerr@upei.ca

Terpenes represent the largest class of natural products and are
of interest due to their biological activity in areas of relevance
to human health and chemical ecology. We have had a longstanding interest in the biosynthesis of terpenes of marine
origin and recently reported that terpene biosynthesis is
inducible in a dinoflagellate preparation of a gorgonian coral
(Newberger et al. 2006). While little is known about terpene
biosynthesis in marine systems, significant progress has been
made with plants of terrestrial origin. Notably, the inducibility of terpene biosynthesis has been reported in a variety of
plants. For instance, salicylic acid (SA) and methyl jasmonate (MeJA) stimulate a prophylactic defense and resistance
mechanism via terpenoids in uninfested plants during insect
wounding on neighboring plants (Shulaev et al. 1997). MeJA
has also been shown to upregulate terpene biosynthesis in
the leaves of Vitis vinifera (Sembdner and Parthier 1993;
Hampel et al. 2005). There are also reports of the cloning
and expression of terpene biosynthetic genes from induction
experiments in plants (e.g., Bohlmann et al. 1998).
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The goal of the work described herein was to use previously developed conditions (Newberger et al. 2006) to
induce terpene biosynthesis in a marine system while utilizing the mRNA differential display (DD; Laing and Pardee
1992) approach to identify one or more genes involved in
terpene production. This method allows for the identification
of differentially expressed genes by nonstringent reverse transcriptase polymerase chain reaction (RT-PCR) with different
sets of 3′-anchored RT primers and additional upstream PCR
primers. As previously reported, terpene biosynthesis can be
induced in a dinoflagellate preparation of the coral Eunicea
fusca. Specifically, the production of the predominant terpene isolated from this coral, fuscol, was upregulated in response to treatment with methyl jasmonate, salicylic acid,
and gibberellic acid.
Prenyl synthases are key terpene biosynthetic genes and
function at the branch points of isoprenoid metabolism and are
considered to play a regulatory role in controlling the flux
distribution of isopentenyl diphosphate (IPP) into the various
terpenoid families (Gershenzon and Croteau 1993). Comparison of amino acid sequences of prenyl synthases from various
organisms reveals the presence of several highly conserved
regions (Koyama et al. 1993; Chen et al. 1994). These conserved regions can serve as templates for degenerate PCR
primer design. Thus, prenyl synthases represent a rationale
target for this DD approach with the coral E. fusca.

Materials and Methods
Dinoflagellate Isolation and Induction
E. fusca samples were collected off Long Key, in the Florida
Keys during January of 2004 by SCUBA. Coral tissue
(typically 30 g) was homogenized in a Waring blender using
100 ml deionized water, and the homogenate filtered through
cheesecloth. The Symbiodinium sp. cells were pelleted by
centrifugation at 900×g and washed ten times with 45 ml of
0.2 μ filtered seawater (FSW). The algal symbionts were
further purified by a discontinuous Percoll™ gradient twice.
The cells were then rinsed with FSW twice, resuspended in
Table 1 List of primers with
target sequences

FSW, and then counted by hemocytometer using light
microscopy. Dinoflagellates were allowed to equilibrate in
BD Falcon T-flasks™ for 24 h before treatment. Three
replicates of 2.0×107 cells were used for each of the following treatments and a control: 50 μM SA, 100 μM SA,
200 μM SA, and 300 μM SA. The dinoflagellates were
maintained for 48 h and then fuscol isolated and quantified as
we have previously described (Newberger et al. 2006).
RNA Extraction and mRNA Differential Display Analysis
Total RNA was isolated from the induced Symbiodinium sp.
cultures using the RNeasy Mini Kit (Qiagen) by grinding
recommended amounts of tissue (1×107 cells per minicolumn) with liquid nitrogen (LN2) in a frozen mortar and
pestle taking care not to let the tissue thaw until placed in
the appropriate lysis buffer supplied with the kit. Possible
DNA contamination was removed by on-column DNase
digestion with the RNase-Free DNase set. RNA was then
eluted twice in a total volume of 50 μl of RNase-free H2O.
The two elutions were combined and precipitated with
GlycoBlue (Ambion). RNA was quantified by measuring
A260 absorbance in a Molecular Devices Spectra Max Plus
plate-reader. Purity was assessed by calculating the A260/A280
ratio. Samples were immediately aliquoted (0.1 μg/μl) and
stored at −80°C. Samples were loaded (0.5–1.0 μg of RNA)
in a 1.2% agarose gel, run at 100 V for 1.5 h, and stained
with ethidium bromide. Gels were visualized using a Typhoon
9410 variable mode imager (GE LifeSciences).
Differential display was performed using RNAimage Kit
(GenHunter) according to the manufacturer’s instructions
with some minor exceptions. Total RNA (200 ng) from the
control and each of the 50, 100, 200, and 300 μM SA
treatments were reverse transcribed with “xscript”-reverse
transcriptase (Promega) in the presence of 2 μM H-T11A as
the anchored primer. Two microliters of the reaction was
then used for PCR. The anchored primer H-T11A included
in the kit and the GGPS-2S primer (Takaya et al. 2003;
Table 1) were used during the PCR step. This primer was
chosen in order to obtain predominantly prenyl diphosphaterelated PCR products with this DD method. PCR products

Primer name

Primer sequence

Use

GGPS-2S
EFZ265F
EFZ265RC
Sau265S13′
Sau265S23′
Sau265S25′
Sau265S35′
265 forward
265 reverse

ATGWSIYTIATHCAYGAYGA
GGATTGCTTGTTGCTCTTGA
CTCCAACCGATAAAGCTCCA
AACAAGAAAAATTAAAGAGATTTGGAGAAT
AAGAAAAATTAAAGAGATTTGGAGAATG
AACAAGCAATCCTTTTGAAGTAAATAAT
TTTGAAAGTAAATAATCGCCAACTAAAACT
ATGAGTTTGAAAAAAAGTAGTATTAGTATTATTAAAGC
TTTTGTTCTCGAGATGGTGTATTCT

Differential display
Reamplification of EST
Reamplification of EST
IPCR/SP-PCR
IPCR/SP-PCR (nested)
IPCR/SP-PCR
IPCR/SP-PCR (nested)
Gene expression
Gene expression
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were analyzed on gels cast with Gene-Gel 6% (BioShop
Canada). Gels were dried on a Hoefer SE 1160 Drygel Sr.
(GE LifeSciences) and radiographic films were aligned to the
gels and exposed for 48 h. A Kodak X-OMAT was used to
develop the films. The reproducibility of the DD analysis
was confirmed by repeating the experiments in multiple
reaction lanes. mRNA transcripts corresponding to the trend
found in the induction of fuscol with SA were chosen for
further examination. Differentially expressed cDNA fragments were eluted from the sequencing gel, ethanol precipitated, and reamplified using the same primer set. Reamplified
DNA was analyzed on agarose gels, and bands of expected
size (∼450 bp) were purified and subsequently cloned into the
plasmid vector.
Cloning and Sequence Analysis
PCR products were cloned with a TOPO TA cloning kit
according to the manufacturer’s instructions (Invitrogen). The
cloned PCR products were sequenced using the Big Dye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems),
on an ABI 3100 automated sequencer (Applied Biosystems).
DNA Extraction, Inverse PCR, and Single Primer PCR
Genomic DNA (gDNA) was extracted from the induced cells
using GNOME (BIO 101) according to the manufacturer’s
protocol. Two individual pools (Xba I and Pst I digested) of
cassette-ligated gDNA fragments were constructed according to the manufacturer’s instructions. These two pools
were then used as libraries to isolate the genome-specific
sequences of the EFZ265 fragment by PCR-based genome
walking method (TaKaRa, LA PCR in vitro Cloning Kit).
Primers used in this study are listed in Table 1.
First round PCR for the single-primer PCR reaction
consisted of 2 μl of LA-Taq, 5 μl of 10× LA Buffer, 8 μl of
10 μM deoxyribonucleotide triphosphates (DNTPs), 2 μl
of the a single primer (10 μM), 32 μl water, and 1 μl of
digested gDNA (10 ng). PCR conditions were 98°C for
3 min, 35 cycles of 95°C for 60 s, 60°C for 30 s, and 72°C
for 60 s, followed by 10 min of elongation at 72°C. An
aliquot of the first round PCR reaction was diluted 1:10 and
3 μl was reamplified using the conditions described above,
adjusting the amount of water accordingly, and using the
appropriate (3′ or 5′) nested primer. By comparing and
assembling the core fragment, 3′ and 5′ inverse PCR products, the isolate, EFZ265, was deduced.
Nucleotide Sequence Accession Number
The nucleotide sequence data reported herein have been
submitted to the GenBank database under accession number
EF011562.
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Bioinformatics and Phylogeny Analysis
For the identification of functional homologues, the nucleotide and translated protein sequence obtained in this study
was compared to other nucleotide/amino acid sequences
using National Center of Biotechnology Information (NCBI)
Basic Local Alignment Search Tool (BLAST)X [http://
www.ncbi.nlm.nih.gov/BLAST/] (Altschul et al. 1997;
Schäffer et al. 2001). For a more detailed protein classification and the identification of catalytic domains, the protein
sequence was analyzed using the domain architecture analysis tool (DART) [http://www.ncbi.nlm.nih.gov/Structure/
lexington/lexington.cgi?cmd=rps] (Geer et al. 2002) in conjunction with NCBI’s conserved domain database (CDD)
[http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi]
(Marchler-Bauer et al. 2005).
For phylogenetic analysis of the translated protein sequence obtained in this study, sequences of archaeal, bacterial,
and eukaryotic isoprenyl diphosphate synthases were either
directly retrieved from BLAST results or from NCBI’s Protein
sequence repository (http://www.ncbi.nlm.nih.gov/sites/
entrez?db=Protein). Amino acid sequence alignments were
made with CLUSTAL X version 1.83 (Thompson et al.
1997). Multiple alignment parameters were used as follows:
gap opening penalty, 15; gap extension penalty, 0.3; delay
divergent sequences, 25%. Alignments were manually
checked and are available from the authors upon request.
Neighbor-joining distance analysis of the aligned sequences
were conducted using phylogenetic analysis using parsimony for windows version 4.0 beta (Swofforf 2001). To
determine the strength of each internal node, a bootstrap
analysis was conducted with a heuristic algorithm and 1,000
replications.
Functional Expression of the Recombinant Protein
Vent DNA Polymerase (New England BioLabs) was used
to obtain the open reading frame (ORF) containing blunt
ends using the gene expression primers listed in Table 1.
The PCR reaction consisted of 2 μl of 10 mM DNTPs, 3 μl
of each primer (10 μM), 10 ng of gDNA isolated from
induced cells, 4 μl of 25 mM MgSO4, 10 μl of 10× buffer,
0.5 μl of Vent DNA polymerase, and 76.5 μl of nucleasefree water. PCR conditions were 95°C for 4 min, 30 cycles
of 95°C for 30 s, 50°C for 30 s, 72°C for 70 s, followed by
7 min of elongation at 72°C. Quantum Prep Freeze ‘N
Squeeze DNA Gel Extraction Spin columns (Bio-Rad) was
used to gel purify the amplicon which was then ethanolprecipitated. One microliter of the ethanol-precipitated sample
was reamplified using Platinum Pfx master mix (Invitrogen)
with the following PCR conditions: 95°C for 5 min, 25
cycles of 95°C for 30 s, 50°C for 30 s, 68°C for 70 s,
followed by 7 min of elongation at 68°C.

Mar Biotechnol (2009) 11:62–73

Champion pET Directional TOPO Expression Kit
(Invitrogen) was used to clone and express the reamplified
blunt-ended full gene product according to the manufacturer’s instructions. Isopropyl-beta-D-thiogalactopyranoside
(IPTG) of 1 mM was used to induce the cultures for 5 h
(optical density (OD)600 =∼2.0). The uninduced and induced
cultures were harvested by centrifugation (27.000 g/15 min)
and stored at −80°C. A 1.5 ml of incubation buffer (50 mM
potassium phosphate, pH 7.2, 10 mM dithiothreitol
(DTT), 10 mM MgCl2, 0.5 mM CaCl2, 1 mM phenylmethylsulphonyl fluoride (PMSF), 0.25 mg/ml bovine
serum albumin) was added to these pellets. The cell
suspension was thoroughly sonicated on ice and 500 μl of
the sonicated samples were used for the enzyme-catalyzed
reactions.
Protein concentrations were assessed using the Bradford
method (Bradford 1976). The presence of the recombinant
protein was assessed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using the NUPAGE™
(8*8 cm, 4–12% T linear gradient) ready-gel system according
to manufacturer protocols (Invitrogen). Proteins were subsequently visualized by Coomassie R-250 staining according to
standard protocols (Lammlie 1970).
Enzyme Activity Assays and HPLC Product Analysis
The reaction mixture containing 0.4 mM IPP, 10 μg of
E. fusca farnesyl diphosphate (FPP) synthase (in the 500 μl
of sonicated cell homogenate) together with 0.4 mM of
either unlabeled dimethylallyl pyrophosphate (DMAPP),
geranyldiphosphate (GPP), or FPP was incubated in 500 μl
buffer (50 mM potassium phosphate, pH 7.2, 10 mM DTT,
10 mM, MgCl2, 1 mM PMSF, 0.5 mM CaCl2) for 2 h at
34°C. Reactions were quenched with 20 μl of 100 mM
ethylenediaminetetraacetic acid (EDTA), pelleted, and the
supernatant analyzed by reversed phase-high performance
liquid chromatography (RP-HPLC).
Analytical-scale chromatography was performed on a
Perkin Elmer LC-235 HPLC unit equipped with ultraviolet–visible spectroscopy diode array detector. NH4HCO3 of
25 mM, pH 8.0, was used to dissolve samples and as the
aqueous component in reverse-phase HPLC. Sample
elution was achieved by using a linear (95% to 5% v/v)
H2O to acetonitrile gradient at a flow rate of 1 ml/min.
Preparative-scale separations were on a 250×22-mm Vydac
C18 column (Zhang and Poulter 1993). Prior to sample
analysis, elution windows for possible isoprenyl synthase
reaction products were determined by individually measuring the retention times for 10 μg GPP, geraniol (GOH),
FPP, farnesol (FOH), geranylgeranyl diphosphate (GGPP),
and geranylgeraniol (GGOH). During sample analysis, GPP
(10 μg), FPP (10 μg), and GGPP (25 μg) were co-injected
and used as standards.
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Ni-affinity Purification of the Recombinant Protein
The IPTG induced Escherichia coli cultures were harvested
by centrifugation at 27,000 g for 15 min. Pellets were
resuspended in 3 ml of isolation buffer (50 mM 3-(Nmorpholino)propanesulfonic acid, pH 8, 10 mM DTT,
10 mM MgCl2, 0.5 mM CaCl2, 1 mM PMSF, 5% (v/v)
Tween 20, 0.25% (v/v) Triton X-100) and sonicated on ice
for 3 min. The resulting slurry was centrifuged at 50,000 g
(4°C) and the cleared supernatant (1.32 ml) was loaded on a
HisTrapFF Ni-affinity (5 ml bed volume, GE LifeSciences)
column that was pre-equilibrated with seven column volumes of isolation buffer for purification on an Äkta Purifier
10 fast protein liquid chromatography (FPLC) system (GE
LifeSciences). Proteins were eluted with a gradient (1 ml/min)
0, 10, 25 and 200 mM imidiazole steps (12 min/step). The
resin was then regenerated by using a 500 mM imidiazole
wash for 5 min (1 ml/min) followed by equilibration with
isolation buffer. The purification process was monitored by
analyzing 1 ml fractions collected during the FPLC procedure
by SDS-PAGE and enzyme activity measurements as described above. Purified enzyme factions were pooled and
desalted with isolation buffer using an Amicon Ultrafiltration
system (Millipore), equipped with a 10 kDa cutoff filter.
One-milliliter aliquots of purified protein were stored at −80°C.
Determination of Enzyme Specificity Using DMAPP, GPP,
and FPP as Substrates
All kinetic reactions were conducted with Ni-affinity purified
enzyme fractions. Substrate specificities of the putative
isoprenyl diphosphate synthase were determined by using a
combination of standard procedures reported in the literature
(Ding et al. 1991; Wiedemann et al. 1993; Stanley-Fernandez
et al. 2000; Dhiman et al. 2004). To determine the substrate
specificity of the putative isoprenyl diphosphate synthase, a
steady kinetic study was conducted with DMAPP, GPP, FPP,
and IPP as substrates. Individual reactions were carried out
in Eppendorf tubes in a total volume of 0.1 ml assay buffer
(50 mM potassium phosphate, pH 7.2, 10 mM DTT, 5 mM
orthovanadate, 15 mM MgCl2, 0.2 mM CaCl2, 1 mM PMSF,
2% (v/v) Tween20, 0.25% (v/v) Triton X-100) containing
10 μg (26.31 pmol) of soluble isoprenyl diphosphate
synthase.
For the determination of rate constants of the allylic substrates DMAPP, GPP, and FPP, reaction mixtures contained
variable concentrations (0–1,000 μM) of the respective unlabeled (cold) allylic isoprenyl diphosphate and a constant
concentration of 80 μM [4-14C]-labeled IPP (specific activity=
10 μCi/μmol, GE LifeSciences) to enable detection of reaction
products (Wiedemann et al. 1993; Dhiman et al. 2004). By
contrast, the kinetic constants for the cosubstrate IPP were
determined, by mixing variable amounts (0–200 μM) of
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[4-14C]-labeled IPP (specific activity=10 μCi/μmol, GE
LifeSciences) and 250 μM of unlabeled GPP (Dhiman et al.
2004).
All reactions were performed in triplicate by incubating
at 37°C for 1 h and subsequently quenched by the addition
of 100 mM EDTA. The radiolabeled isoprenyl diphosphate
reaction products were extracted by solvent partitioning
with 0.5 ml of 1-butanol (Ding et al. 1991). Samples were
centrifuged at 50,000 g (4°C) for 2 min and the supernatant
was removed. For rapid butanol removal, samples were
further processed by refrigerated vacuum centrifugation. Subsequently, samples were resuspended in reaction buffer
(50 mM Tris-HCl, 10 mM MgCl2, pH 9) and incubated at
37°C for 2 h with 85 U of calf intestinal alkaline phosphatase (GE LifeSciences) to hydrolyze the prenyl diphosphate reaction products into their corresponding alcohols for
analysis due to their increased stability (Stanley-Fernandez et
al. 2000). Samples were again centrifuged at 10,000 g (4°C)
for 2 min and the supernatants were immediately subjected
to C18 RP-HPLC as described above. For the verification of
the retention times, 10 μg of either unlabeled GOH, FOH,
and GGOH was co-injected with each sample depending on
the expected enzymatic reaction product. Fractions were
collected at the elution windows previously determined for
the reaction products geraniol (RT=17–20 min), farnesol
(RT=23–25 min), and geranylgeraniol (RT=27–28 min).
Solvent was rapidly removed using refrigerated vacuum centrifugation, followed by the addition of 10 ml scintillation
fluid. The radioactivity of each sample was measured using an
LKB scintillation counter (LKB-Bromma). Reaction velocities were determined from radioactivity counts and normalized relative to a blank reaction, which contained no protein.
Reported activities are the mean of three activity measurements. Reactions were assayed under conditions in which
product formation was linear for both time and protein
concentration.
Kinetic constants (Km, Vmax, and kcat) were determined by
nonlinear fitting of the data to the Michaelis–Menton equation using the Slidewrite Plus graphics program (V5.01,
Advanced Graphics Software).
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was used except that the Mg2+ ion concentration was held
constant at 15 mM and the pH of the assay buffer was
varied between 5 and 10. For reactions above pH 7.5 we
substituted the 50 mM phosphate buffer with a Tris-HCl
buffer system of equivalent ionic strength due to the
enhanced Tris-buffering capacity in the alkaline pH range.
Procedures for reaction mixture incubation and sample
processing were identical to those described for the kinetic
studies with DMAPP, GPP and FPP.

Results
Differential Display
The differential display method was used to identify differences in mRNA levels following the addition of different
concentrations of a known terpene inducer, salicylic acid
(Fig. 1). The nucleotide sequences obtained from the excised
bands were used as queries in BLASTX searches against
protein databases. A 450-bp fragment, EFZ265, was found
to resemble bacterial polyprenyl diphosphate synthases
during a translated BLAST search (e-value=9×10−53), and
when compared to other prenyl diphosphate synthases, this
clone was found to encode an internal portion of the gene
containing both the first aspartate-rich motif (FARM) and
the second aspartate-rich motif (SARM).
Isolation of Full-Length cDNA
Genomic DNA was isolated from a zooxanthellae preparation that had been treated for 24 h with SA in order to
maximize the opportunity to isolate the full-length gene
if expressed at low levels. The gDNA was then digested
with Xba I or Pst I (data not shown) and ligated to the
corresponding cassette for ligation-mediated PCR incorporating primers described in Table 1. Concurrently, single-

Determination of Optimal Mg2+ Concentrations and pH
for Catalysis
The optimal Mg2+ ion concentration (0–10 mM) for the
isoprenyl diphosphate synthase reaction was determined
using the reaction assay buffer mixture in the absence and
presence of metal ion salts. The reaction mixtures also
contained unlabeled GPP (200 μM) and 40 μM [4-14C]
labeled IPP (specific activity=10 μCi/μmol, GE LifeSciences)
to enable detection of product formation.
To determine the optimal pH of the reaction, the same
assay setup as described for the Mg2+ dependent reactions

Fig. 1 Yields of fuscol from dinoflagellate cells treated with salicylic
acid
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primer PCR was used with the digested gDNA and the
corresponding primers (Table 1) to obtain the upstream and
downstream sequence of the EFZ265 fragment. Both
methods led to the isolation of the full-length EFZ265
clone.
The ORF for the full-length prenyl diphosphate synthase
gene encodes a protein of 328 amino acids, 984 nucleotides,
with a calculated molecular mass of 38 kDa. The deduced
protein is slightly basic with an isoelectric point of 9.01.
Bioinformatics and Phylogeny Analysis
To predict the functional characteristics of the novel protein
in silico, we translated the nucleotide coding sequence in all
three reading frames. The original BLASTX search (Altschul
et al. 1997; Schäffer et al. 2001) indicated that only a single
translated protein sequence (score, 587; e-value, 3×10−66)
gave consistent search results with the corresponding
nucleotide sequence. The novel sequence showed a high
level of sequence similarity to several prokaryotic polyprenyl and isoprenyl diphosphate synthases over the entire
nucleotide/protein coding region. The highest sequence

100

100

100
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similarity (58% sequence identity; e-value, 1×e−98) of the
novel protein was assigned to a putative polyprenyl diphosphate synthase of the bacterium Tenacibaculum sp. By
contrast, the novel protein sequence showed a significantly
lower level of sequence similarity (14–19% sequence identity)
to eukaryotic prenyl diphosphate synthases.
The seven conserved domains (I–VII) of prenylsynthases
could be allocated to the same relative locations within the
coding sequence (Chen et al. 1994). The aspartate-rich
motifs (domain II and VI) which are implicated in substrate
binding and catalysis were both present (Ashby et al. 1992;
Song and Poulter 1994; Ohnuma et al. 1998).
As the initial BLASTX search of the isolated nucleotide/
protein sequence did not give definitive information about its
functional properties, we applied a more detailed sequence
analysis employing the conserved domain database hosted at
NCBI. The primary search (data not shown) of the protein
sequence against CDD (Marchler-Bauer et al. 2005) indicated
that the protein was a head to tail trans-isoprenyl diphosphate synthase. This enzyme class is able to catalyze the
head to tail condensation of an allylic diphosphate donor
with IPP, resulting in an elongated isoprenyl diphosphate
Micrococcus luteus HexPPS (BAA25266)
Homo sapiens FPPS (NP 001995)
Saccharomyces cervisiae FPPS (P08524)
Zea Mays FPPS (P49353)
Ginko biloba GGPPS (AAQ7286)
Gibberella fujikuroi GGPPS (Q92236)
Homo sapiens GGPPS (NP 001032355)
Methanosarcina barkeri FPPS (YP 304956)
Methanothermobacter marburgensis FPPS (Q53479)
Methanothermobacter thermautotophicus FPPS (O26156)
Pyrococcus horikoshii GGPPS (NP 142981)
Methanothermobacter thermautotophicus FPPS (Q58270)
Sulfolobus solfataricus GGPPS (P95999)
Hyperthermus butylicus GGPPS (ABM80400)
Thermofilum pendens FPPS (YP 9200
920014)
Thermus thermophilus GGPPS (P74906)
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Fig. 2 Phylogeny of the novel FPPS sequence. The distance-based
neighbor-joining algorithm was applied to all FPPS and GGPPS
protein sequences. Bootstrap percentages after 1,000 replications for

Thermoplasma acidophilum FPPS (CAC11578)
Thermoplasma acidophilum FPPS (NP 393914)
Mycobacterium bovis GGPPS (NP 857072)
Mycobacterium tuberculosis FPPS (CAE55595)
Acinetobacter sp. FPPS (YP 047501)
Methylophilales sp. FPPS (ZP 01552526)
Pseudoalteromonas tunicata FPPS (ZP 01133826)
Alteromonadales sp. FPPS (ZP 01614329)
Pseudoalteromonas haloplanktis FPPS (CAI87414)
Shigella flexneri FPPS (NP 836086)
Escherichia coli FPPS (P22939)
Rhodovulum strictum GGPPS (BAB61885)
Staphylococcus aureus FPPS (Q6G944)
Pelobacter carbinolicus FPPS (YP 357082)
Clostridium difficile FPPS (YP 001087698)
Rhodopirellula baltica GGPPS (NP 864766)
Burkholderia pseudomallei FPPS (CAH39238)
Mycobacterium tuberculosis FPPS (CAA17202)

Bacterial
FPPS/
GGPPS

the most significantly supported clades are shown below the nodes.
All sequences obtained from public databases are shown with their
NCBI accession numbers in parentheses
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with the E-configuration. A more refined analysis of the
obtained protein sequence using the conserved DART (Geer
et al. 2002) indicated that the catalytic domain of the novel
protein resembled features of both GGPP and FPP synthases
of prokaryotic origin (score, 963; e-value, 4×10−71). Since
the sequence similarity comparison could not definitively
predict the evolutionary origin of the novel protein, we conducted a phylogenetic comparison using various prenyl diphosphate synthase sequences selected from NCBI’s protein
repository.
Figure 2 shows a distance phylogeny of the E. fusca
derived Symbiodinium sp. farnesyldiphosphate synthase
(FPPS) from this study, together with other FPPS and geranylgeranyl diphosphate synthase (GGPPS) sequences. All archaeal, bacterial, and eukaryotic FPP/GGPP synthase clusters
grouped together with the exception of two mycobacterial
FPPS/GGPPS sequences that seemed to be closely related to
archaeal GGPP/FPP synthase sequences. The phylogenetic position of the FPP synthase sequence from this study strongly
suggests its relatedness with archaeal GGPP/FPP synthases,
being most closely affiliated to FPP synthase sequences from
Thermoplasma acidophilum (Phylum: Euryarchaeota).
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Fig. 3 SDS-PAGE (10% T) analysis of crude and purified recombinant
FPPS expressed in E. coli. Lane-M Bio-Rad Precision Plus protein
marker (12 μl), 1 crude E. coli cell lysate prior to IPTG induction
(10 μg), 2 crude E. coli cell lysate after induction with 1 mM IPTG
(13 μg), 3 recombinant FPPS fraction after Ni-affinity chromatography
purification (8 μg). The recombinant FPPS is marked with an arrow

Heterologous Expression of EFZ265 in E. Coli
To definitively characterize the catalytic properties of the putative FPPS, we conducted a detailed kinetic study of the recombinant protein for prenylsynthase activity. We transformed the
full-length gene, EFZ265, into the expression vector BL21 Star
(DE3), which can be induced with IPTG to overexpress the
introduced foreign gene. Transformation and induction resulted
in a synthesized protein of the predicted molecular weight
(Fig. 3), which was absent in the uninduced cell cohorts.
Product Identification Using Incubations of Cell
Homogenates
Crude recombinant protein extracts of transformed E. coli
were assayed for functional activity. Assays were performed
using mixtures of IPP with either DMAPP, GPP, FPP, or
GGPP as cosubstrates. Under the given reaction conditions,
only the reaction of GPP with IPP lead to measurable
product formation with FPP as the only product. The identity
of the FPP formed during the reaction was confirmed by
HPLC by co-injection with the authentic standard. These
results were consistent with the bioinformatics data indicating that the enzyme is a trans-acting isoprenyl diphosphate
synthase.
Enzyme Characterization
To elucidate the catalytic properties of the putative FPPS
activity investigated in this study, we determined the substrate

specificities and reaction velocities of this enzyme under
steady state conditions using DMAPP, GPP, and FPP with the
cosubstrate IPP. Additionally, we investigated the optimal pH
and Mg2+ ion concentration required for catalysis. For the
kinetic assays, the putative isoprenyl diphosphate synthase
was purified from total protein extracts of transformed E. coli
cells. The crude protein fraction was processed by Ni2+affinity FPLC eluting with 200 mM imidazole to afford the
recombinant protein.
To evaluate the relative purity of the enzyme preparation
obtained from the FPLC procedure, SDS-PAGE analysis of
the respective protein fraction was performed. Examination of
resulting protein patterns (see Fig. 3, lane 3) indicated that
FPLC processing of the recombinant soluble protein fraction
resulted in a approximately 95% purification and enrichment
of a single protein species with an apparent molecular weight
of approximately 38 kDa, which is in line with the calculated
molecular weight. The purified enzyme fraction was evaluated
for FPPS activity using our standard assay procedures;
however, this resulted in relatively poor activities. Therefore,
the assay buffer was modified by substituting various components used in the functional characterization of recombinant
isoprenyl diphosphate synthases described in the literature
(Ding et al. 1991; Dhiman et al. 2004). It was apparent that the
addition of orthovanadate and the presence of the detergents
Tween 20 as well as Triton X-100 resulted in a significant
increase in enzyme activity (∼7 fold) and stability (∼2 fold).
A steady-state approach was employed to assess the
reaction kinetics of the putative E. fusca derived isoprenyl
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Table 2 Kinetic analysis of recombinant FPPS reaction with allylic substrates and variable Mg2+ concentration
Variable substrate

Measured product

DMAPP
GPP
IPP
FPP
Mg2+

GOH
FOH
FOH
GGOH
FOH

R2 of fit in (%)

Km (μM)

Vmax (pmol/min/μg protein)

kcat (min−1)

kcat/Km (min−1M−1)

98
99
99
98
99

245±32
16±2
51±9
58±7
3.7

0.47±0.11
3.7±0.08
5.67±0.03
0.013±5×10−3
6.25±0.04

0.18
1.4
2.18
4.94×10-3
2.4

7.2×102
8.9×104
4.2×104
8.4×101
6.35×105

diphosphate synthase. To study the reactions of different
allylic substrates, we used varying concentrations (0–
1,000 μM) of DMAPP, GPP, and FPP and a constant concentration of radiolabeled IPP as a cosubstrate. Conversely,
when the reaction kinetics of the cosubstrate were examined,
the concentration of radiolabeled IPP was varied, while a
constant concentration of unlabeled GPP was supplied to the
reaction mixture. The resulting isoprenyl diphosphate reaction products were subsequently converted to the
corresponding alcohols (GOH, FOH, or GGOH) to generate
a stable derivative for analysis. Therefore, reaction velocities
for each substrate were expressed as the amount (picomole)
of isoprenylalcohol produced per minute per microgram of
enzyme. The plots of the reaction velocities versus substrate
concentration (0–1,000 μM) displayed typical hyperbolic
saturation curves (data not shown), which were fitted to the
Michaelis–Menton equation, yielding the kinetic constants
that are summarized in Table 2. The data suggests that both
GPP and IPP are the preferred substrates of the enzyme with
FPP as the final reaction product.
FPPS type enzymes commonly require Mg2+ or an alternative divalent metal (Chen and Poulter 1993) co-factor
for catalytic activity. As these metal co-factors are thought to
be involved in substrate binding, we have investigated the
effect of Mg2+ concentration on the catalytic efficiency of
the FPPS derived from E. fusca. The enzyme was completely inactive in metal-ion free assay buffer (see Fig. 4)

and when 100 mM EDTA was added to the standard MgCl2
containing buffer mixture used in kinetic experiments.
Addition of Mg2+ ions restored the enzyme activity in a
concentration dependent manner, as shown in Fig. 4. Increasing concentrations of Mg2+ resulted in a proportional increase
of enzyme activity up to a maximal value of 6.25 pmol/min/μg
protein at around 10 mM. The reaction kinetics for Mg2+
dependency showed typical saturation behavior and, therefore,
kinetic constants were calculated using the Michaelis–Menton
equation. The kinetic constants for Mg2+ dependency of the E.
fusca derived FPPS are summarized in Table 2.
The optimal pH range for the FPPS was assessed using GPP
and IPP as substrates (see Fig. 5). The enzyme was active over
a relatively broad pH range (6.5–8.5), with an apparent
optimal activity of 4.32 pmol/min/μg of enzyme at pH 7.5.

Discussion
The DD-PCR-based screening revealed many differentially
expressed bands that corresponded to the trend found in the
fuscol induction with SA (Fig. 1). One such band (cloned
as EFZ265) represented a PCR product containing two
DDXXD motifs which was approximately 450 bp long and
was obtained using a degenerate upstream primer based on
the conserved aspartate-rich domains of prenylsynthases.
This PCR-generated fragment showed high sequence simi-
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larity to known prenylsynthases. Several strategies were
explored for the extension of this partial gene that appeared
to be involved in terpene biosynthesis. Inverse PCR was used
for the recovery of the regions flanking the known partial
sequence. Additionally, the single-primer PCR method was
employed and both methods led to the recovery of the full gene.
Evidence strongly suggests that the polypeptide encoded
by the cloned cDNA catalyzed the formation of FPP from
GPP and IPP, thus, encoding a FPPS. Such biosynthetic enzymes from terrestrial organisms have received a significant
amount of attention. An FPPS was the first discovered in 1958
(Lynen et al. 1958, 1959) and these have now become the
most widely occurring and best characterized prenylsynthases. FPPSs are either monomeric or homodimeric
enzymes with subunits ranging in size from 32–44 kDa
(Szkopinska and Plochocka 2005). The FPPS isolated in this
study has an observed molecular weight of approximately
38 KDa, which is consistent with the molecular weight of
other FPPSs of eukaryotic and microbial origin (Marrero et
al. 1992; Tachibana et al. 2000).
Significant protein sequence similarity was observed between the FPPS isolated in this study and archaeal isoprenyl
diphosphate synthases using standard phylogenetic alignment
methods. Domain sequence analysis of the putative FPPS
indicated several signature motifs common to many isoprenyl
diphosphate synthases. Comparison of domains II and VI
showed the presence of the putative substrate binding FARM
and SARM signature sequences, respectively. Both the
FARM and SARM domain each contain a canonical Asp rich
(DDXXD or DDXXXXD) motif, which is thought to be
responsible for substrate binding. Literature data suggests that
all of the Asp residues in the FARM domain are important for
binding of allylic substrates, while only the first two Asp
residue in the SARM domain are critical for binding IPP
(Wang and Ohnuma 2000; Szkopinska and Plochocka 2005).
Besides the Asp residues in FARM and SARM domains,
several lysine residues many also serve this function and
indeed are known to be important in a number of enzyme
actions of phosphorylated substrates (Riordan et al. 1977;
Xia and Storm 1990; Carattoli et al. 1991).
To further characterize the catalytic properties of the E.
fusca derived enzyme, we conducted a steady state kinetic
analysis with various allylic substrates. The results summarized in Table 2 indicate that of the potential allylic substrates, DMAPP, GPP, and FPP tested in this study, only
GPP served as a productive substrate of the enzyme resulting
in FPP as the final product.
The Km values and pseudo-second order rate constants
(specificity constants) obtained in this study for both GPP
and IPP compare favorably with those determined for the
FPPS from Mycobacterium tuberculosis (Dhiman et al.
2004) and other eubacteria (Takahashi and Ogura 1981;
Kawasaki et al. 2003). In contrast, the determined kinetic
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parameters differ from those of eukaryotic enzymes, such as
human FPPS (Ding et al. 1991), rat liver FPPS (Marrero et
al. 1992), and the FPPS FDS-1 of the plant Artemisia
tridentate (Hermmerlin et al. 2003).
Many FPPSs effectively synthesize FPP from either
DMAPP or GPP as allylic substrates (Reed and Rilling 1976;
Koyama et al. 1977; Green and West 1974). If FPP is
synthesized from IPP and DMAPP by a single enzyme, two
condensations of IPP with the allylic substrate are catalyzed,
releasing only small amounts of GPP as the intermediate (Ishii
et al. 1986). The conversion of DMAPP and IPP with the E.
fusca-derived FPPS investigated in this study did not result in
significant levels of GPP or FPP as reaction products under
the given reaction conditions (see Table 2). The affinity of the
enzyme for DMAPP as the allylic substrate was approximately 20 times lower than the equivalent reaction with GPP as
reflected in the respective Km values (Table 2). Similarly,
comparison of the respective specificity constants (kcat/Km)
indicated a 100 times higher specificity for GPP compared to
DMAPP as the allylic substrate.
While many eukaryotic and bacterial FPPSs are capable
of synthesizing FPP from both DMAPP and IPP as the
starting substrates, recent literature suggests that GPP and
not DMAPP may serve as the favored allylic substrate
(Szkopinska and Plochocka 2005). One prominent example
is the farnesyl diphosphate synthase of the rubber producing fungus Lactarius chrysorrheus, which utilizes GPP as
the primary substrate with a 2.4 fold higher pseudo-first order
rate (kcat/Km) constant compared to the equivalent reaction
with DMAPP (Mekkriengkrai et al. 2004). Similarly, preferential utilization of GPP versus DMAPP as the allylic substrate
for FPP synthesis has been observed in cell culture experiments
with the Californian poppy plant (Escholzia californica; Roos
et al. 1998). Analogous to the substrate preference observed
in this study, both the ω,E,E- and ω,E,Z-FPPS from M.
tuberculosis exclusively accept GPP as the allylic reaction
partner for IPP condensation (Dhiman et al. 2004).
With the exception of some bifunctional FPPS/GGPPS
enzymes of archaeal origin (Tachibana et al. 2000), designated FPPSs do not undergo a productive interaction with IPP,
when either FPP or GGPP are supplied as allylic substrates
(Wang and Ohnuma 2000). This literature data is consistent
with the results of our product analysis and the kinetic parameters determined for the reaction of FPP and IPP with the
FPPS derived from E. fusca. As expected, the catalytic rate
constant (kcat) for FPP as the allylic substrate was approximately 1,000 times smaller than the equivalent rate
constants for either GPP or IPP (Table 2). Interestingly, the
affinity for FPP as a substrate was comparable to that of IPP
as inferred from the respective Km values. Therefore, FPP
may actually bind to enzyme’s active site (FARM motif) but
its productive interaction with the cosubstrate IPP may be
disturbed due to steric constraints. Alternatively, FPP may
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react with IPP effectively but the bulky reaction product
GGPP may not be released from the active site. Indeed, in
addition to the initial rate of carbocation formation, the rate
of product release from the active site is a main contributor
to observed kcat values of isoprenyl diphosphate synthases
(Wang and Ohnuma 2000).
It is now commonly accepted that isoprenyl diphosphate
synthase selectivity is regulated by the amino acid residues
located at the fourth and fifth positions N-terminal to the
FARM motif at the bottom of the active site pocket. Hence,
this particular signature sequence is termed the chain-length
determining (CLD) region. It is thought that the amino acids
of the CLD region exert their effect on product selectivity
through direct steric and electrostatic interactions with the ωterminal region of the allylic substrates (Szkopinska and
Plochocka 2005). Protein sequence analysis of the isoprenyl
diphosphate synthase examined in this study showed that the
amino acid residues placed at the fourth and fifth position of
the CLD region constitute Ala and Thr, respectively. This
particular arrangement of amino acid residues, however, resembles the CLD region of bacterial GGPPSs and higher
isoprenyl diphosphate synthases but not FPPSs, which
generally have at least one aromatic amino acid residue,
such as Phe, Tyr, or Trp either at the fourth or fifth position
N-terminal to the FARM region (Wang and Ohnuma 2000).
Therefore, based on sequence analysis, it was expected that
the E. fusca derived isoprenyl diphosphate synthase in this
study showed product selectivities typical of GGPPSs and
not FPPSs. However, in slight contrast to the results of the
sequence analysis, both product analysis and kinetic examination clearly indicated that the enzyme showed selective
production of FPP and not GGPP (or higher isoprenyl
diphosphates). A discordance between the results of classical
signature sequence and actual product analysis has also been
reported for the ω, E,E-farnesyldiphosphate synthase of M.
tuberculosis (Dhiman et al. 2004). This particular enzyme
showed the typical arrangements of amino acid in the catalytic
FARM domain and the CLD region, which are characteristic
of archaeal (type I) GGPPSs; however, a detailed product
analysis and kinetic study of the recombinant enzyme indicated selective FPPS activity. Since the signature sequences,
product analysis, and kinetic parameters for the enzyme
examined in this study closely resemble those of the FPPS
from M. tuberculosis, structural features other than the established amino acid assemblies within the FARM and CLD
domains may contribute to the catalytic activities and product
selectivities of particular short-chain isoprenyl diphosphate
synthases.
The optimal pH activity range (pH 6–8) of the E. fuscaderived enzyme was in close agreement with data for a
variety of other farnesyldiphosphate synthases (Schulbach et
al. 2001; Hermmerlin et al. 2003; Dhiman et al. 2004). Much
like the pH profile of the enzyme, the optimal Mg2+ con-

71

centration and saturation behavior was in accord with existing
literature for FPPSs (Schulbach et al. 2001; Kawasaki et al.
2003; Dhiman et al. 2004; Szkopinska and Plochocka 2005).
This close agreement of the literature data for optimal pH
ranges and Mg2+ concentrations of FPPSs from different
phyla indicates that these factors stringently control enzyme
activity.
The kinetic data and product specificity determined for this
FPPS is very similar with reported data for eubacterial and
archaeal FPPSs. However, the phylogenetic position of the E.
fusca-/Symbiodinium sp.-derived FPPS found in this study
was noticeably within the archaeal FPP/GGPP synthase group,
specifically clustering with two euryarchaeotal FPPS sequences. Since euryarchaeotal FPP synthases have not been
thoroughly studied, direct reference to their catalytic properties
cannot be made at this time.
The data suggests that the archaeal-like FPPS examined in
this study may have either been introduced into the dinoflagellate genome by horizontal gene transfer (Lawrence and
Roth 1996) or it originated from a prokaryotic source organism associated with the dinoflagellate symbionts of E.
fusca. This latter option is consistent with observations that
octocoral such as E. fusca and their respective dinoflagellate
symbionts are host to specific microbial assemblies (Brück et
al. 2007; Rosenberg et al. 2007; Sapp et al. 2007). While a
possible or likely association between coral and archaea has
been demonstrated in several studies, the interaction between
these organisms and its biological significance still remains
to be established (Rosenberg et al. 2007). There have been
few reports about prokaryotic isoprenoid synthases/cyclases
genes as the vast majority of isoprenoids are produced by
eukaryotes Bohlmann et al. 1998; Kleemann et al. 1994;
Reipen et al. 1995; Wendt et al. 1997). This is the first description of a prokaryotic FPPS isolated from the metagenome of a marine invertebrate. In summary, we present a
DD-PCR-based approach that led to the isolation of a prenyl
diphosphate that was transcriptionally activated under conditions that led to an induction of fuscol biosynthesis.
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