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Abstract

Epoxide hydrolases (EH, EC 3.3.2.3) have been proposed to be key enzymes in the biosynthesis of 

polyether (PE) ladder compounds such as the brevetoxins which are produced by the 

dinoflagellate Karenia brevis. These enzymes have the potential to catalyze kinetically disfavored 

endo-tet cyclization reactions. Data mining of K. brevis transcriptome libraries revealed two 

classes of epoxide hydrolases: microsomal and leukotriene A4 (LTA4) hydrolases. A microsomal 

EH was cloned and expressed for characterization. The enzyme is a monomeric protein with 

molecular weight 44 kDa. Kinetic parameters were evaluated using a variety of epoxide substrates 

to assess substrate selectivity and enantioselectivity, as well as its potential to catalyze the critical 

endo-tet cyclization of epoxy alcohols. Monitoring of EH activity in high and low toxin producing 

cultures of K. brevis over a three week period showed consistently higher activity in the high toxin 

producing culture implicating the involvement of one or more EH in brevetoxin biosynthesis.

Graphical Abstract

Epoxide hydrolases are believed to be key enzymes in the biosynthesis of brevetoxins. Significant 

differences in epoxide hydrolase activity and expression in high and low toxin strains of Karenia 

brevis support this hypothesis.
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1. Introduction

The brevetoxins (e.g. brevetoxin B (1)) (Scheme 1) are produced by Karenia brevis, the 

principal HAB organism in the Gulf of Mexico also known as the Florida red tide 

dinoflagellate. These polyether ladder compounds are responsible for massive fish kills, 

marine mammal mortalities and, in humans, neurotoxic shellfish poisoning (NSP) and 

asthma-like symptoms through ingestion or inhalation exposures, respectively (Fleming et 

al., 2005; Flewelling et al., 2005; Van Dolah et al., 2003). The brevetoxins are representative 

of a larger group of marine algal toxins known as polyether (PE) ladders which includes 

ciguatoxins and yessotoxins. These molecules share common structural features which 

include a series of trans-fused polyether rings with oxygen atoms alternating across the 

“top” and “bottom” of the molecules. Shortly after their structures were determined in the 

1980’s, efforts to understand the biosynthesis of these complex molecules began. Stable 

isotope incorporation experiments using 13C-labelled acetate established the polyketide 

origins of the brevetoxins, yet some anomalies in the labeling patterns, were also observed 

(Chou and Shimizu, 1987; Lee et al., 1989; Lee et al., 1986). Since then, similar patterns 

have been observed in other PE ladder compounds (Bourdelais et al., 2005; Gallimore and 

Spencer, 2006). As a class of compounds, polyketides are structurally diverse yet share a 

common biogenic pathway which is highly analogous to fatty acid biosynthesis. The carbon 

skeletons are constructed by the sequential condensation of small carboxylic acid subunits in 

a series of reactions catalyzed by a polyketide synthase (PKS). While transcripts coding for 

functional domains of PKSs including ketosynthases (KS), ketoreductase (KR), and an acyl 

carrier proteins (ACP) have been identified, K. brevis appears to have a PKS architecture 

which is distinct from those of bacteria, plants or fungi (Monroe and Van Dolah, 2008; 

Snyder et al., 2003; Snyder et al., 2005).

While the origins of the carbon atoms in the brevetoxins have been determined, the 

remainder of the polyether ladder pathway has yet to be determined. The prevailing 

hypothesis, put forth nearly 30 years ago by Nakanishi, suggests that PKS-mediated 

synthesis of the polyene is followed by epoxidation to afford a polyepoxide which then 

undergoes an epoxide-opening cascade, catalyzed by an epoxide hydrolase (EH), to provide 

the polyether (brevetoxin B, 1 in the example shown in Scheme 1) (Lee et al., 1989; 

Nakanishi, 1985). This hypothesis, which remains unconfirmed, accounts for the oxygen-

carbon-carbon (O–C–C) connectivity pattern and trans-syn topography in the natural 

products and is supported by the recent identification of molecular oxygen (O2) as the 

source of the ether oxygen atoms in the structurally similar PE ladder yessotoxin, produced 

by the dinoflagellate Protoceratium reticulatum (Yamazaki et al., 2012).

The scheme proposed by Nakanishi for brevetoxin biosynthesis is conceptually analogous to 

the biosynthesis of monensin (2) and other bacterial, non-ladder (linked) polyethers, wherein 

an EH is the key enzyme responsible for the construction of the polyether rings (Gallimore 
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and Spencer, 2006; Matsuura et al., 2010; Minami et al., 2011; Shichijo et al., 2008). An 

alternative proposal for PE ladder biosynthesis suggests that chain extension, epoxidation 

and cyclization may be performed in an iterative process (Gallimore and Spencer, 2006). At 

this time, no gene or enzyme has been definitively linked to polyketide biosynthesis in a 

dinoflagellate. This is in part due to the size and complexity of the dinoflagellate genome, 

and the lack of a transformation system.

In the work reported herein, a study was carried out to identify and characterize one or more 

epoxide hydrolases from K. brevis and to investigate their potential role in brevetoxin 

biosynthesis.

2. Results and Discussion

2.1 Epoxide hydrolase activity in cell free extracts

Efforts to identify and characterize epoxide hydrolases from K. brevis began by examining a 

cell free extract (CFE) using a sensitive fluorescent assay. Substrate (5a) (see Scheme 2) 

was prepared from trans-styrylacetic acid and 7-methoxy-2-napthaldehyde, 4 as previously 

described (Jones, et al, 2005). Typically, an epoxide hydrolase will catalyze epoxide ring 

opening to yield the corresponding 1,2-diol. An EH catalyzed hydrolysis of the epoxide 

substrate, 5a produces an intermediate diol which lactonizes to release the fluorescent 

reporter 4 (Scheme 2) after hydrolysis of the intermediate cyanohydrin. It was reasoned that 

a substrate containing aliphatic rather than aromatic substituents would be more 

representative of the native substrate if it were involved in brevetoxin biosynthesis. Thus a 

second probe (5b) was prepared from trans-3-hexenoic acid according to the procedure 

described for the synthesis of 5a (Jones, et al, 2005). Activity was detected in K. brevis CFE 

using both probes, but probe 5b proved to be the better substrate as anticipated (Figure 1A). 

The ratio of initial rates (Vo) for substrates 5a:5b was 1:3. In CFE, probes 5a and 5b will 

detect both EH and esterase activity. However, the alkene precursors can be used to assess 

for esterase activity alone. Higher levels of activity were observed when using the epoxide 

probes 5a/b when compared to the alkene probes 3a/3b, giving rise to the possibility that 

both esterase and EH activity were being detected by the epoxide probes. Therefore, all 

assays of CFE were corrected for esterase activity by subtracting the absorbance values 

obtained with the corresponding esterase probes. The ratios of initial rates were comparable 

(2.02, σ= 0.17, n = 5 and 2.16, σ = 0.19, n = 8: represents average of n experiments, each 

experiment performed in duplicate or triplicate) for the 5a/3a and 5b/3b pairs when assayed 

under identical conditions. Finally, the EH and esterase activities of CFE were evaluated 

from the dinoflagellate Prorocentrum hoffmanianum, producer of the linear polyether 

okadaic acid 6 (Figure 2) which consists of only two fused ether rings. Because the proposed 

biosynthesis of okadaic acid 6 would involve a single epoxide ring opening reaction, it is 

interesting and perhaps noteworthy that the initial rates of EH activity (normalized to 

protein) for K. brevis CFE was more than two-fold greater than that of P. hoffmanianum 

CFE (2.3:1). Furthermore, in P. hoffmanianum, esterase activity was higher than EH activity 

(Figure 1D).

Three types of EH, which operate through distinct catalytic mechanisms, have been 

identified (Morisseau and Hammock, 2005). The most studied of these belong to the larger 
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family of hydrolases containing an α,β-fold and are often referred to as α,β-hydrolases. Two 

conserved tyrosine residues and a conserved Asp-His-Asp catalytic triad make up the active 

site. The tyrosines are believed to serve as general acids for activation of the epoxide by 

forming two hydrogen bonds with the oxygen (Yamada et al., 2000). The carboxylate group 

of one of the Asp residues is activated by the His and second Asp in the active site and is the 

nucleophile that attacks the epoxide, typically at the least substituted carbon. In a second 

step, a water molecule, activated by the His-Asp charge relay, cleaves the ester that is 

formed, liberating the diol and regenerating the enzyme (Scheme 3A). A second type of EH 

is the leukotriene-A4 (LTA4) hydrolase (Rudberg et al., 2004). The LTA4 hydrolase is 

highly substrate specific, converting LTA4 into leukotriene-B4 (LTB4). Only two other 

substrates, the double bond isomers LTA3 and LTA5, have been identified for this EH. In 

this enzyme active site, two histidines and a glutamate coordinate a Zn2+ ion, which in turn 

coordinates the epoxide oxygen. Upon activation of the 5, 6-epoxide, an intermediate 

carbocation, whose charge is delocalized over a conjugated triene system, is quenched at 

C-12 by a water molecule which is activated and delivered by a conserved Asp residue, to 

produce a 5, 12-diol rather than a 1, 2-diol (Scheme 3B). A covalent adduct between the 

enzyme and substrate is not formed in this process making it distinct from the α,β-hydrolase 

type. The third EH is the limonene-1,2-epoxide hydrolase (LEH). In this case, the epoxide is 

activated by hydrogen bonds to an Asp residue. However, as in the case of LTA4 hydrolase, 

a water molecule is activated and delivered by Asn, Asp and Tyr residues in a one-step 

mechanism and a covalent intermediate is not formed (Arand et al., 2003). EHs which are 

involved in the biosynthesis of non-ladder type polyethers are of the LEH type. Genes 

coding for LEHs have been identified in the biosynthetic gene clusters for the bacterial 

polyethers monenesin (2) (Oliynyk et al., 2003), lasalocid (Smith et al., 2008), 

nanchangmycin (Sun et al., 2003), tetronomycin (Demydchuk et al., 2008) and nigericin 

(Harvey et al., 2007). In the case of monensin (2) and lasalocid, EH encoding genes have 

been expressed and the EH activity of the enzymes confirmed (Minami et al., 2011; Minami 

et al., 2013).

The EH activity of K. brevis CFE was examined in the presence of known inhibitors of two 

of the three classes of EH: adamantly urea 7, inhibitor of mouse (Ki of 0.33 μM) and human 

(Ki of 6.2 μM) α,β-hydrolase type (Kim et al., 2004) and inhibitors of the Rhodococcus 

erythropolis LEH: valpromide 8 (Ki of 100 μM) (Arand et al., 2003). Due to the substrate 

specificity and unique mechanism of the LTA4 hydrolase, it is unlikely that our probes 

would detect such activity. Among the two EH inhibitors tested, only adamantly urea 7 
inhibited the total activity in the K. brevis CFE (Figure 1B) when using probe 5a as the 

substrate. At equal concentrations (100 μM) of substrate 5a and inhibitor, a 44% inhibition 

was observed in the presence of adamantyl urea 7. Esterase activity was not inhibited by 

either of the two EH inhibitors. These data suggest that the observed EH activity in K. brevis 

CFE can be attributed to an epoxide hydrolases of the α,β-hydrolase type.
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2.2 Identification, cloning and expression of an EH from K. brevis

tBLASTn (Altschul et al., 1990) analysis of a K. brevis EST library consisting of 22,000 

predicted transcripts (Lidie et al., 2005) against Rhodococcus erythropolis LEH and nine 

other known or putative LEHs which are associated with biosynthetic gene clusters of 

bacterial polyethers: monenesin (2) (MonB1 and MonB2), lasalocid (Lsd19A and Lsd19B), 

nanchangmycin (NanIA and NanIB), tetronomycin (TmnB), nigericin (NigB1 and NigB3) 

was performed. All failed to return any significant homologies with the smallest Expect 

values on the order of 10−5 tBLASTn analysis against Emeliania huxleii LTA4 hydrolase 

(NCBI Accession number: XP_005787867) returned a single transcript having an Expect 

value smaller than 10−5 (3 X10−6). However, BLASTx analysis of the single transcript did 

not return significant homologies to any other LTA4 hydrolase. tBLASTn analysis of the K. 

brevis EST library against a variety of prokaryotic and eukaryotic EHs of the α, β-hydrolase 

type revealed a transcript (MGID2034061) with significant homologies having Expect 

values ranging from 10−126 to 10−103. The identified EST coded for a 393 amino acid 

protein (EH1) with a calculated molecular weight of 44.6 kDa. BLASTp analysis of this 

protein against the NCBI non-redundant protein database returned a putative hydrolase with 

Expect value of 10−126, from the polar, eukaryotic microalga Coccomyxa subellipsoidea 

(Blanc et al., 2012) as the closest match. Figure 3A shows the alignment of the translated 

protein with theα, β-hydrolase type EH from Aspergillus niger (NCBI Accession Number: 

CAB 49813.1;(Zou et al., 2000)). The two conserved catalytic tyrosine residues can be 

identified in the translated protein. However, the Asp-His-Asp catalytic triad is replaced 

with Asp-His-Glu. After optimization of the codon usage for E. coli expression, the putative 

K. brevis EH gene was synthesized, cloned into pUC 57 and subcloned into pET30a+ for 

expression with the incorporation of six C-terminal histidine codons to facilitate purification 

of the expressed protein. As shown in Figure 3B, the purified protein has the anticipated 

molecular weight of 44 kDa.

2.3 Characterization of K. brevis EH

Fluorescent probe sets 3b/5b and 3a/5a were used for initial characterization of the 

expressed K. brevis EH (Figure 3C). The EH was optimally active at pH 6.8 ~7.1, with half-

maximal activity at pH 6.5 and 8.3. Consistent with the selectivity observed in the K. brevis 

CFE, the purified EH showed a preference for epoxide 5b over 5a. The ratio of initial rates 

(Vo) for substrates 5a:5b was 1:4. Epoxide hydrolases of the α,β-hydrolase type share 

significant homologies with other hydrolases, including esterases. As done with the CFE, 

EH activity was distinguished from esterase activity using the substrates 3a and 5a. No 

activity was observed using the esterase probes indicating that the expressed protein was 

indeed an EH.
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Substrate and enantioselectivity of the K. brevis EH was assessed by kinetic studies. Kinetic 

parameters of the enzyme using substrates 5a and 5b were performed using the sensitive 

fluorescent assay. Other substrates having no fluorescent reporter group were evaluated by 

GC-MS analysis of the reaction mixtures using 1-naphthol as an internal standard. The data 

shown in Table 1 indicates that the K. brevis EH has a strong preference for terminal 

epoxides over internal epoxides (Entries 3–9 vs. Entries 1–2). Aliphatic substituents are 

preferred over aromatic substituents by approximately 5:1 (Entries 7–9 vs. Entries 3–6) and 

the enzyme shows only a slight preference for R over S enantiomers (Entries 3 and 4). The 

reaction rates using 1,2-disubstituted epoxides as substrates are too slow to be determined 

using the GC-MS method. However, disubstituted epoxides proved to be inhibitors of the K. 

brevis EH only when an aromatic substituent is present (Entries 10–12 vs. Entries 13–14) 

and cis-disubstituted epoxides are more potent inhibitors than those that are trans-

disubstituted (Entries 10–12).

A noteworthy distinction between the monensin (2) pathway and the proposed brevetoxin 

(1) pathway is the site of nucleophilic attack on the epoxide substrate (Scheme 1). In the 

case of non-ladder polyethers, the majority of epoxide ring opening reactions proceed via 

attack at the proximal carbon (exo-tet cyclization) while polyether ladder formation requires 

attack at the distal carbon (endo-tet cyclization). Both the empirical Baldwin’s rules 

(Baldwin, 1976) and molecular orbital calculations (Gruber et al., 1999) indicate that the 

endo-tet cyclization pathway is kinetically disfavored. The exception among the bacterial 

polyketides is lasalocid. In this polyether, the pyran ring arises from the endo-tet cyclization 

of an intermediate epoxide. This reaction is catalyzed by the EH Lsd19. Lsd19 is a 

bifunctional enzyme consisting of two domains (A and B). Each domain is responsible for 

the cyclization of one of the rings with Lsd19B catalyzing the endo-tet cyclization of the 

terminal ring (Minami et al., 2011).

The ability of the K. brevis EH to perform cyclization was also evaluated. The substrate 

trans-4,5-epoxy-hexanol 9 was prepared as previously described (Coxon et al., 1973). This 

substrate may undergo endo-tet cyclization to produce pyran 10, or exo-tet cyclization to 

produce furan 11 (Scheme 4). The substrate was incubated with the expressed EH in 

reaction buffer and the reaction was monitored by GC-MS. Both possible products were 

identified by GC-MS, by comparison with authentic samples however, neither the percent 

conversion nor the product ratio differed from that of the buffer alone.

2.4 EH activity/expression and toxin content over the life of a culture

Two cultures of K. brevis whose toxin content differs by ten-fold were evaluated over a 

period of three weeks for EH activity and EH mRNA levels. Both cultures are of the Wilson 

strain. However, toxin production of one culture dropped significantly for reasons which are 

not understood. Cellular brevetoxin (1) content in both cultures was determined by LC-MS 

with the higher toxin culture having 5–6.8 pg/cell, whereas the low toxin culture had only 

0.002–0.05 pg/cell. EH activity was assessed using the EH/esterase probe set 3b/5b. 

Esterase activity, determined using probe 3b, was subtracted from total activity, determined 

using probe 5b. Cultures were diluted on day 0 to equal cell counts and monitored over a 21 

day period. As shown in Figure 4A, EH activity for the high toxin culture was consistently 
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higher than that of the low toxin culture. On average, EH activity for the high toxin culture 

was 18% and 60% higher than the low-toxin culture when normalized to protein content or 

to cell counts, respectively. A two tailed t-test confirms that there is a significance difference 

in EH activity when normalized to protein (p = 8 × 10−14) or normalized to cell counts (p = 

2 × 10−6). Over the three weeks that the cultures were monitored, both showed a slight drop 

in EH activity when normalized to protein content and an increase in activity when 

normalized to cell counts. Expression of the EH mRNA was also monitored over the same 

period by Q-PCR. Figure 4B shows the ratio of cycle thresholds (Ct) for the EH mRNA 

normalized to RuBisCO mRNA. EH mRNA levels of the low toxin culture were either 

lower (Ct higher) or equal to (day 19 only) that of the high toxin culture. Even though gene 

expression in dinoflagellates is believed to occur principally at the translational level 

(Greenbaum et al., 2003), a significant difference in the average ratio of Ct values was 

observed over the life of the culture (p = 0.02).

2.5 Additional library searches

Subsequent to these studies, three K. brevis reference transcriptome libraries containing 

86,580 (Wilson strain), 93,668 (strain SP1) and 84,309 (strain SP3) predicted transcripts 

(Ryan et al., 2014) became available. tBLASTn analysis of these transcriptome libraries 

against the 10 LEHs and the Emeliania huxleii LTA4 hydrolase were performed. Against the 

LEHs, a single transcript from the SP1 transcriptome returned an Expect values of less than 

10−5 (4 × 10−6) against NanIB. However, BLASTx analysis against the NCBI non-

redundant protein database did not return any significant homologies (10−6 or less). Against 

the E. huxleii LTA4 hydrolase, numerous transcripts with expect values ranging from 10−12 

to10−141 were identified from all three libraries.

The cDNA sequence of the α,β-epoxide hydrolase (EH1) was used as a query for a 

nucleotide BLAST analysis of the three reference transcriptomes. Each of these 

transcriptome libraries returned sequences (EH2) which were identical to each other (Locus 

28231 from SP1; Locus 35217 from SP3; Locus 51025 from Wilson) having Expect values 

ranging from 10−79 to10−84. Additionally, a single transcript, which was identical to the 

query sequence, was identified in the SP3 library (SP3 Locus 73930). When the newly 

identified sequence (EH2, Locus 28231 from SP1) was used as a query to search the original 

EST library, a single 50 bp sequence was returned which exactly matched the query. The 

alignment of these two α,β-epoxide hydrolases is shown in Figure 5. These two hydrolases 

share 35% identity and 57% similarity. α,β Epoxide hydrolases exhibit two active site 

variations: the identity and location of the charge relay acid which may be either Asp or Glu 

and may be located either after a central β-strand (β6) or after β7: and the presence or 

absence of the second Tyr (Barth et al., 2004). The two K. brevis EHs are similar in that 

each has two active site Tyrs as well as a Glu located after β7. Within the α,β fold epoxide 

hydrolases, there are three classes which may be broadly characterized by their highly 

variable N-terminal domains (Barth et al., 2004): the soluble (or cytosolic) EH (sEH): the 

microsomal EH (mEH) and the plant EHs which lack this N-terminal domain entirely. The 

mEHs are believed to be involved in the metabolism of xenobiotics whereas the sEHs are 

thought to be involved in metabolism of fatty acids (Morisseau and Hammock, 2005). 

However, only mammalian genomes encode both sEH and mEH, whereas yeast, fungi, 
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insects and plants encode only one type and the activity of the absent EH type may be 

assumed by the other. Both of the α,β fold type EHs identified in K. brevis belong to the 

mEH class (Barth et al., 2004; Pleiss et al., 2000). The N-terminal domains of mEHs are 

characterized by a microsomal domain which may or may not be preceded by an N-terminal 

membrane anchor. The membrane anchor is found in mammalian and insect mEHs, but not 

in EHs from yeast, fungi or bacteria and is also absent in the two K. brevis mEHs. EHs may 

be further categorized according to the length of two loops: the NC-loop which links the N-

terminal catalytic domain and the cap domain (the cap domain contains the two catalytic 

Tyr) and the cap-loop, which links two α-helices (α6 and α7) within the cap domain (Barth 

et al., 2004). The length of these loops may be determined from the pair wise alignment with 

the EH from A. niger (also an mEH) or by inspection of a homology model constructed 

using the A. niger EH crystal structure as template (Arand et al., 1999). In A. niger, the NC 

loop is located from Leu215 to Leu249 (35 residues) whereas the cap-loop is located from 

Trp284 to Ser291 (8 residues). The lengths of the NC loops of the K. brevis EHs are 36 and 

43 residues, whereas both cap-loops are 14 residues. mEHs are characterized by having long 

to very long NC-loops (33 or more residues) and short to medium cap-loops (8–36). The K. 

brevis NC-loops and cap-loops would be considered very long and medium in length, 

respectively. The length of these domains is believed to govern substrate selectivity of the 

EH and this combination of long/med NC-loop/cap-loop would suggest selectivity for 

aromatic epoxides. The K. brevis EH1 appears to deviate from this generalization as 

selectivity was observed for aliphatic over aromatic substituted epoxides. Like the K. brevis 

EH1, the mEH from A. niger is unable to catalyze the hydrolysis of non-terminal epoxides 

(Pedragosa-Moreau et al., 1996a). However, the mEH from A. niger has a more pronounced 

enantioselectivity with relative rates of hydrolysis of R:S p-nitrostyrene of 55:1 (Morisseau 

et al, 1999).

3. Concluding remarks

Data mining of four transcriptome libraries indicates that K. brevis expresses two of the 

three main classes of epoxide hydrolases: LTA4 hydrolase and the α,β fold type of epoxide 

hydrolases. Representatives of the limonene type of epoxide hydrolase were not identified in 

these libraries which is consistent with inhibition assays performed on CFE. The 

involvement of limonene epoxide hydrolases in the biosynthesis of bacterial polyethers has 

been firmly established, and it has long been believed that the dinoflagellate derived 

polyether ladders share a common biogenic origin with bacterial polyethers including 

involvement of one or more epoxide hydrolases. Thus the absence of LEH comes as 

somewhat of a surprise. Given the high substrate specificity of the LTA4 hydrolases, their 

involvement in polyether ladder biosynthesis seems unlikely. Two EHs of the α,β fold type 

were identified in the transcriptome libraries.

The selectivity of the expressed K. brevis EH for aliphatic epoxides coupled with the 

consistently higher level of EH activity in the high toxin vs low toxin cultures of K. brevis is 

intriguing and suggests the involvement of this EH in brevetoxin biosynthesis. The 

expressed EH did not catalyze the cyclization of an epoxy alcohol to either a furan or pyran. 

However, epoxy alcohol 9 may not sufficiently resemble the native substrate. Lsd19 was 

also not capable of catalyzing the cyclization of monoepoxy alcohol which was significantly 
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smaller than pre-lasalocid (Matsuura et al., 2010). A key difference between the LEH and 

the α,β fold type of EH is in the mechanism. The LEH delivers a nucleophile, either a water 

molecule, or in the case of the bacterial polyethers, an alcohol, whereas the α,β fold type EH 

initially forms a covalent adduct with the nucleophilic Asp residue, which must ultimately 

be cleaved. It is therefore somewhat difficult to rationalize the involvement of the α,β fold 

type EH in PE ladder biosynthesis. Vilotijevic demonstrated that non-enzymatic endo 

selective epoxide-opening cascade reactions were promoted in water when templated by a 

single tetrahydropyran ring (Vilotijevic and Jamison, 2007). A vicinal diol formed by the 

enzymatic hydrolysis of an epoxide precursor by an α,β fold type EH, followed by 

cyclization to the brevetoxin lactone ring, could provide the template for a water promoted 

epoxide-opening cascade. It has further been suggested that an epoxidase could catalyze 

both epoxidation and cyclization for PE ladder formation without need for EH involvement 

(Gallimore and Spencer, 2006).

4. Experimental

4.1 Culture methods

K. brevis culture (Wilson strains) were obtained from Mote Marine Laboratory (Sarasota, 

Florida) and maintained in L1-Si medium, with the exception that the NH 15 vitamin 

supplement (Gates and Wilson, 1960) replaced the L-1 supplement, in a growth chamber at 

~20°C under 35 μmol.photons.m−2.s−1. Growth was monitored by counting a 1:10 dilution 

of culture in Z pak reagent using a Beckman Z-series Coulter Counter with aperture size 

between 10~30 μm according to the manufacturer’s instructions.

4.2 HPLC-MS/MS analysis of brevetoxins

Brevetoxins were extracted from K. brevis culture using a previously described method 

(Pierce and Henry, 2008). Quantitative analysis of brevetoxins and conjugates were 

conducted using a TSQ Quantum Access/ESI/Accela UHPLC for LC-MS/MS. The LC 

system consisted of a Thermo Electron Accela UHPLC pumping system, coupled with the 

Accela Autosampler and Degasser. The analytical column of consisted of a Kinetex C-18, 

reversed phase, 2.6um particle size with dimensions of 100mm × 2.1mm (Phenomenex, 

Torrance, CA). Mass Spectrometry was obtained using a TSQ Quantum Access MS/MS 

system, calibrated with brevetoxin standards from Marbionic (Wilmington, NC).

4.3 Preparation of K. brevis homogenate

K. brevis culture (200 ml) was concentrated by centrifugation (5 min at 450 × g) and the 

supernatant discarded. The cells were resuspended in phosphate buffer (800 μl, 50 mM pH 

7.0) and vortexed for 1 min. This suspension was centrifuged (14,000 × g for 10 min) and 

the pellet was discarded. Homogenates were analyzed for protein concentration and 

glucose-6-phosphate dehydrogenase activity as described below. Typical protein 

concentrations ranged from (0.25 to 0.5 mg/ml).

4.4 Bradford assay

Five concentrations of BSA (0 mg/ml, 1 mg/ml, 0.5 mg/ml, 0.25 mg/ml, 0.0625 mg/ml) in 

phosphate buffer (50 mM, pH 7.0) were prepared as standards. Commassie Protein Assay 
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Reagent (250 μl) was added to microplate wells and 20 μl of standard or unknown sample 

were added. Absorbance was measured at 595 nm (Synergy™ 2, Bioteck Instrument, Inc.) 

after incubation for 5 min at room temperature. Each protein solution was assayed in 

duplicate.

4.5 Glucose-6-phosphate dehydrogenase activity

In order to ensure activity of K. brevis cell free extract (150 μl) was mixed with assay buffer 

(50 μl, 31 mM phosphate buffer, 7.5 mM glucose-6-phophate, 2.5 mM NADP, 38 mM 

MgCl2). Absorbance at 340 nm was determined (Synergy™ 2, Bioteck Instrument, Inc.) 

after incubation for 1 h at room temperature. Blank control and boiled homogenate were also 

tested; typical activity of homogenate was more than twice that of boiled homogenate.

4.6 Probe synthesis

The fluorescent probe 5a was prepared as previously described (Jones et al., 2005). A 

second probe 5b was prepared in a procedure identical to that of 5a except that (E)-4-

phenylbut-3-enoic acid was replaced with (E)-pent-2-enoic acid. Both alkene and epoxide 

were purified by radial chromatography on a chromatotron (Harrison Research Corp.) using 

plates coated with silica gel 60 PF254 containing gypsum, using 5:1 hexane/EtOAc. 

Spectroscopic data for probe 5a were consistent with literature data (Jones et al., 2005). 1H-

NMR and 13C-NMR data were acquired on a Bruker Avance spectrophotometer (400 MHz 

for proton). 1H NMR spectra were referenced internally to the residual proton resonance in 

CDCl3 (δ = 7.26 ppm), or with tetramethylsilane (TMS, δ = 0.00 ppm) as internal standard. 

Chemical shifts are reported as parts per million (ppm) in the δ scale downfield from 

TMS. 13C NMR spectra were recorded with continuous proton decoupling. Chemical shifts 

are reported in ppm from TMS with the solvent as the internal reference (CDCl3, δ = 77.0 

ppm). Accurate mass spectra were acquired using a Bruker Daltonics – ultrOTOF-Q, +ESI-

Q-q-TOF.

4.6.1 Alkene probe 3b—(65%, colorless oil): 1H-NMR (CDCl3, 400 MHz): δ7.94 (s, 

1H), 7.80 (t, 2H, J = 8.4 Hz), 7.53 (m, 1H), 7.15–7.23 (m, 2H), 6.57 (s, 1H), 5.47–5.66 (m, 

2H), 3.94 (s, 3H), 3.13 (m, 2H), 2.05 (m, 2H), 0.98 (t, 3H, J = 7.6Hz). 13C-NMR (CDCl3, 

100 MHz): δ 170.5, 159.1, 137.8, 135.5, 130.0, 128.4, 128.3, 128.0, 126.8, 125.1, 123.8, 

120.1, 119.1, 116.42, 105.9. HRMS (+ESI): calculated for C19H19NO3 [M+Na]+ 332.1257, 

found 332.1250.

4.6.2 Epoxide probe 5b—(11%, yield yellow oil): 1H-NMR (CDCl3, 400 MHz): δ 8.26 

(s, 1H), 7.80 (t, 2H, J = 8.8Hz), 7.52 (m, 1H), 7.15–7.26 (m, 2H), 6.60 (s, 1H), 3.94 (s, 3H), 

3.08 (m, 1H), 2.75 (m, 1H), 2.66 (m, 2H), 1.59 (m, 2H), 0.97 (t, 3H, J = 5.6 Hz). 13C-NMR 

(CDCl3, 100 MHz): δ 168.8, 159.0, 135.4, 129.9, 128.2, 128.0, 127.8, 126.3, 125.0, 120.0, 

116.0, 105.8, 63.4, 59.5, 55.4, 52.9, 37.3, 24.7, 9.6. HRMS (+ESI): calculated for 

C19H19NO4 [M+Na]+ 348.1167, found 348.1206.

4.6.3 Synthesis of trans-4,5-epoxy-hexanol (9), 2-methyltetrahydro-2H-
pyran-3-ol (10) and 1-(tetrahydrofuran-2-yl)ethanol (11)—Syntheses were 

performed as previously described (Coxon et al., 1973). Trans-4-hexen-1-ol (500 μl, 5.88 
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mmol) was mixed with NaHCO3 (1.775 g), acetone (5.6 ml) and EtOAc (20 ml). Oxone (2.6 

g, 17.1 mmol) was dissolved in H2O (18 ml) and added dropwise to the trans-4-hexen-1-ol 

solution over a period of 40 min. The reaction was stirred for another hour. The organic 

solvents were evaporated in vacuuo. The residue was extracted with EtOAc (20 ml). The 

organic layer was washed twice with an equal volume of brine, dried over anhydrous 

Na2SO4, filtered and the solvent evaporated in vacuuo to yield trans-4,5-epoxy-hexanol 9 
which was used in the next step without further purification. Spectroscopic data for 9 were 

consistent with literature data. Trans-4,5-epoxy-hexanol 9 was treated with a solution of 

boron trifluoride etherate in Et2O as described previously to produce a mixture of 10 and 11. 

Analysis by GC-MS showed two products with the same m/z (116) in a ratio of 5:1 which 

were assigned as 10 and 11 respectively, based on previous reports (Coxon et al., 1973).

4.7 Cloning and expression of K. brevis EH1

Contig MGID2034061 of a K. brevis EST library (Lidie et al., 2005) was synthesized (after 

optimization of codon usage for E. coli expression) and cloned into pUC 57 by Genescript. 

The insert was subcloned into pET30a+ vector for protein expression: Specific primers 

(Forward: CACAATCATATGCCGCTGACGGA, Reverse: 

AATAAGCTTTAATGATGATGATGATGATGCAGACGGCTCTGATTTTTAT) were 

designed to amplify the codon optimized K. brevis EH. Primers incorporated HindIII 

(reverse primer) and NdeI (forward primer) restriction sites for directional cloning and 6 

histidine codons (reverse primer). The PCR product was ligated with pET30a+ using T4 

DNA ligase (Invitrogen) according to the manufacturer’s instructions. The newly 

constructed plasmid was transformed into expression strain BL21(DE3) by electroporation. 

Recombinant cells were grown following manufacturer’s guide (Invitrogen). White colonies 

were picked and grown in LB broth with kanamycin (50 μg/ml). Plasmids were extracted 

using QIAprep Spin Miniprep Kit (Qiagen) according to the manufacturer’s instruction and 

sent to Eurofins Genomics for sequencing to insure fidelity of insert sequence. The 

recombinant E. coli was inoculated into LB broth with kanamycin (50 μg/ml) and shaken at 

37 °C overnight. The overnight culture (5 ml) was diluted into fresh LB broth (500 ml) with 

kanamycin (50 μg/ml), shaken at 37 °C (250 rpm for 2 ~3 h). IPTG (1mM final 

concentration) was added when the OD600 reached to 0.6 ~0.8. After shaking another 4~6 h, 

the culture was centrifuged (5000 × g for 10 min). Lysozyme (2 μl, 50 mg/ml) and DNAse I 

(2 μl, 2500 unit/ml) as well as Bacterial Protein Extraction reagent (B-PER, Thermal 

Scientific, 4ml/ gram of cells) were added to resuspend the pellets. After incubation at room 

temperature for 10 min, the lysate was centrifuged (15000 × g for 5 min) to separate 

insoluble proteins. The supernatant was loaded to a column of 1 ml Ni-NTA agarose 

(Qiagen). The column was washed (20 mM phosphate, 0.5 M NaCl, 20 mM imidazole, 10% 

glycerol, pH 7.9) until no more protein was eluted (as determined by A280) in the wash 

(typically 10 ml). This was followed by elution buffer (10 ml, 20 mM phosphate, 0.5 M 

NaCl, 250 mM imidazole, 10% glycerol, pH 7.9). The purified EH was dialyzed (MW cutoff 

12–14 kDa) in phosphate buffer (50 mM sodium phosphate, pH 7.0) at 0°to 4°C, overnight, 

flash frozen in liquid N2 and stored at −80 °C until use. Final protein concentrations ranged 

from 0.2 – 0.3 mg/ml.
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4.8 EH assay

4.8.1 Fluorescent assay—Fluorescent probe 3a/b, 5a/b (2 μl, 10 mM, final 

concentration100 μM) was added to K. brevis CFE (198 μl) or purified EH (198 μl) in 

duplicate. Fluorescence was monitored at 330 nm EX/465 nm EM (Synergy™ 2, Bioteck 

Instrument, Inc.) every 5 minutes at 30°C. The concentration of reporter 4 was calculated 

from a calibration curve prepared by measuring fluorescence of 7-methoxy-2-

naphthaldehyde (0, 3.1, 12, 25, 50 μM in phosphate buffer (50 mM phosphate, pH 7.0). 

Fluorescence readings were normalized to protein concentration or cell number.

4.8.2 GC-MS assay—Substrate (4 mM to 10 mM final concentrations), internal standard, 

1-naphthol (concentrations ranging from 0.4 to 4 mM; the concentration was optimized for 

each substrate to a relative response ratio of 1:5 ~5:1 for substrate/internal standard in the 

GC-MS), and purified EH (~0.1 mg) was combined in phosphate buffer (50 mM phosphate, 

pH 7.0). Aliquots were removed every 5 minutes and extracted using an equal volume of 

CH2Cl2. Samples were evaporated to dryness and reconstituted in CH2Cl2 to ~20 ppm. 

Samples were analyzed by GC-MS (Hewlett Packard 6890 with Alltech 30 m, DB5, 

capillary column, 0.25 mm (ID) 0.25 μm initial temperature 80 °C for 1 minute/increase to 

300 °C at 10 °C/minute/hold for 7 minutes) and compared to standard curve of either the 

diol product or starting epoxide with the internal standard. Each reaction was performed in 

duplicate.

4.8.3 Cyclization reaction—Trans-4,5-epoxy-hexanol 9 (0.4 M stock solution in DMSO 

diluted to a final concentration of 4 mM) was incubated with EH1 protein (0.1 mg/ml in 

dialysis buffer) or dialysis buffer alone at 30°C for 1 to 3 h. The reaction was extracted 

using an equal volume of CH2Cl2. The organic extracts were evaporated to dryness and 

reconstituted in CH2Cl2 to ~20 ppm and analyzed by GC-MS as previously described.

4.9 Determination of Km and kcat

Specific enzyme activity was determined by fluorescent assay (5a and 5b) or by GC-MS. 

EH1 protein (1.926 μM) was incubated with various substrate concentrations. For 

fluorescent probes (5a, 5b), the final concentrations of substrate were 0, 25, 50, 75 and 100 

μM. For other substrates, the final concentrations of substrate were 4, 6, 8, and 10 mM. The 

assays were performed as previous described. Lineweaver-Burk plots were obtained using 

initial velocities of substrate and their corresponding concentration, and Km, Vmax and 

Vmax/Km were determined from the generated equation. These experiments were performed 

in duplicate.

4.10 Inhibition assay

IC50 values could be obtained by either using fixed substrate concentration with different 

concentration of inhibitors or with several different substrate concentrations with a fixed 

inhibitor concentration. IC50 values were determined using fluorescent substrate 5b (100 

μM). EH (0.1 mg/ml) was incubated with inhibitors for 2 min in phosphate buffer (50 mM, 

pH 7.0) at 30 °C prior to addition of substrate. EH activity was measure as previously 

described by monitoring fluorescence. Assays were performed in duplicate. By definition, 

the IC50 value is concentration of inhibitor that reduces EH activity by 50%. Six 
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concentrations of inhibitors (0, 2, 4, 8, 12, 16 mM) were assayed to obtain an inhibition 

curve of inhibition/inhibitor concentration.

4.11 Q-PCR

4.11.1 RNA isolation—K. brevis culture (100 ml) was centrifuged (450 × g for 5 min) at 

20° C. The pellet was resuspended in H2O (100 μl). Denaturing solution (600 μl, 5 M 

guanidium thiocyanate, 50 mM Tris pH 8, 25 mM sodium citrate, 0.5% w/v Sarkosyl, 2% 

PEG, 0.1 M DTT) were added. After standing at room temperature for 10 minutes, NaOAc 

(60 μl, 3 M, pH 5.2) was added and the mixture was vortexed. An equal volume of phenol: 

CHCl3: isoamyl alcohol (125:24:1, pH 4.3), was added and the mixture centrifuged at 

(14,000 × g for 15 minutes at 4°C). The top (aqueous) phase was transferred to a new tube 

followed by addition of an equal volume CHCl3: isoamyl alcohol (24:1) and the mixture was 

vortexed. After centrifugation (14,000 × g for 15 minutes) at 4°C, the top (aquous) phase 

was transferred to new tube which contains equal volume of cold EtOH. RNA was allowed 

to precipitate at −20 degrees overnight. The mixture was centrifuged at 4° C, for (30 minutes 

at 14,000 × g) and the pellet was washed with cold EtOH: H2O (700 μl, 70:30, v/v). After 

air-drying, the pellet was reconstituted in H2O (50 μl). RNA was quantitated using the 

Nanodrop 2000 (Thermo Scientific).

4.11.2 RT-PCR—Using the isolated RNA (~1μg) as template and oligo dT as primer (1 μl, 

50 mM), cDNA was synthesized using the AMV First Strand cDNA Synthesis kit (Life 

Technologies) according to the manufacturer’s instructions. Reverse transcriptase reactions 

were diluted 1:5 in H2O. PCR reactions were carried out using the newly synthesized cDNA 

(1 μl of the diluted reverse transcriptase reaction), PCR mix (25 μl, iQ SYBR Green 

Supermix, BioRad), 1 μl of each primer (50 mM). EH primer set: forward; 

CAAGGTGCTGGGTCCTTTGG. Reverse; TTCCGGAGCGTTGAAACCAC. RuBisCO 

primers set: forward; GCAGCCTTTTATGCGGTATCG. Reverse; 

CACCAGCCATTCGCATCCATTT (Yoon et al., 2002). PCR reactions were monitored 

using the DNA Engine Opticon (MJ Research) which can detect Sybr green (excitation: 497 

nm, emission: 520 nm) fluorescence. Cycling conditions: 94 °C denaturation for 1 min, 

annealing for 45 sec at 60°C, extension 72°C (RuBisCO primer set only, no extension time 

for EH primers), repeat 40 cycles. The efficiency of PCR mix was determined by titrating 

the template cDNA concentrations by dilution of the RT reactions (1:5, 1:25 and 1:125) in 

H2O. Efficiencies were calculated to be ~90 to 95%. Threshold was set as 10 standard 

deviations above mean fluorescence generated during 3–15 baseline cycles.
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Highlights

An epoxide hydrolase (EH) from Karenia brevis is cloned and expressed.

Substrate selectivity of expressed EH is characterized.

High toxic Karenia brevis has higher EH activity when compared to a low toxic 

strain.
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Figure 1. 
EH activity in K. brevis and P. hoffmanianum CFE and sensitivity to inhibitors. A. EH 

(5a/5b) and esterase (3a/3b) activity. B. Inhibition of EH activity. C. Inhibition of esterase 

activity. D. EH (5b) and esterase (3b) activity in CFE of P. hoffmanianum.
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Figure 2. 
Structure of okadaic acid (6).
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Figure 3. 
A. Alignment of putative K. brevis EH1 with Aspergillus niger EH. Catalytic residues are 

indicated by ▼. B. SDS PAGE of expressed protein after purification and dialysis. Lanes M: 

Precision Plus Protein Unstained Standards (Biorad 161-0363) lane 1: lysate; lanes 2–3: 
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column flow-through; lanes 4–5: column washes; lane 6: elution. C. EH (5b) and esterase 

(3b) assay of purified K. brevis EH.
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Figure 4. 
A. EH activity of low and high toxin K. brevis CFEs over a 21 day period normalized to 

protein content. B. Ratio of Ct for EH/RuBisCO for low and high toxin K. brevis.
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Figure 5. 
Alignment of two K. brevis mEHs. Catalytic residues are indicated by ▼ and NC-loop and 

cap-loop are highlighted in grey.
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Scheme 1. 
Proposed polyether ladder (left) and confirmed polyether (right) biosynthesis.
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Scheme 2. 
Preparation and use of EH and esterase probes.
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Scheme 3. 
Mechanisms of epoxide hydrolases. A. The two step mechanism of the α,β-hydrolase fold 

type. B. leukotriene-A4-hydrolase. C. Limonene epoxide hydrolases.
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Scheme 4. 
Regioisomeric cyclizations of trans-4,5-epoxy-hexanol (10).
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