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Introduction

	 Marine organisms are a rich source of structurally novel and bio-
logically active metabolites, and algae have been widely documented 
as a source of both primary and secondary metabolites. Brown algae 
of the family Dictyoteceae, produce diterpenes with diverse skeletons 
that exhibit a wide range of biological activities; many of them have 
pharmacological and biological activities and are therefore of interest 
to medicine and biotechnology [1-3]. Chemical investigation of the 
genus Canistrocarpus has led to the isolation of a variety of diter-
penes such as dolastane, secodolastane, and oxodolastane with differ-
ent biological/ecological activities [4,5]. Among its activities studied 
are antiviral [6-8], antibacterial [9], antioxidant [10], antifoulant [11], 
anti-inflammatory [12]. In such a manner, there is currently an urgent 
need for options with a sustainable perspective to exploit these algae 
as a source of bioactive compounds, thus, studies evaluating the pro-
file of diterpenes in vitro cultivation have been advanced to explore 
these molecules [13,14]. Nevertheless, it is essential to invest in other 
approaches and methodologies for the recovery of these compounds 
on a commercial scale. Hence, the biosynthetic process assays are a 
way novel and promissory to the production of diterpenes.

	 All terpenes are synthesized from the two universal building 
blocks Isopentenyl Pyrophosphate (IPP) and dimethylallyl pyrophos-
phate (DMAPP), which can be formed from mevalonate (MVA) or 
2-C-methyl-d-erythritol-4-phosphate (MEP). Prenyltransferase (PT) 
and terpene synthase (TPS) are key enzymes in the formation of the 
basic carbon skeletons of the terpenes [15]. Diterpenes are a class of 
C20 compounds formed from the isoprenoid precursor geranylgera-
nyl diphosphate (GGPP), which is itself synthesized from DMAPP 
and three IPP molecules by catalysis of geranylgeranyl diphosphate 
synthase. Diterpene synthases (DTSs) are the enzymes that frequently 
catalyze the formation of various products, due to a mechanism in-
volving highly reactive carbonization intermediates [16]. DTSs act in 
two different ways: by ionization of diphosphate catalyzed by class I 
enzymes, and by protonation of the substrate at the 14,15 double bond 
of geranylgeranyl diphosphate; the reaction is catalyzed by class II 
enzymes [17].
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Abstract
	 The Dictyotaceae family’s chemistry involves producing several 
diterpenoids with different skeletons. These molecules have aroused 
great interest in the pharmaceutical and biotechnology field from a 
drug discovery point of view.  Evidence for the use of precursors, cy-
clization processes, and enzymes involved in diterpene production 
in seaweed o has poorly been explored, and few studies, including 
biogenetic proposals, have been reported. The main objective of this 
work is to highlight the methodological advances obtained in this 
line of research after several experiments’ optimization, in addition, 
our presenting the first satisfactory proof after monitoring using Gas 
Chromatography-Mass Spectrometry (GC-MS) the enzymatic cy-
clization processes on a small scale and in reaction times of less 

than 2 hours.  The 2 h reaction time showed a precursor (GGPP) con-
sumption trend of 56.21%, simultaneously, the relative abundances 
of  the main diterpenes 4,14-dihydroxydolastane-1(15),7,9-triene 
(1), 4-acetoxy-14-hydroxydolastane-1(15),7,9-triene (2), 4,7-diace-
toxy-14-hydroxydolastane-1(15),8-diene (3) and 4-acetoxy-9,14-di-
hydroxy-1,9-dolastane-1,9-diene (4) were increasing. Finally, new 
signals in the chromatogram with retention times 32.391 (M+ 281) 
and 32.669 (M+ 281) with spectra similar mass to diterpenes were 
considered evidence of enzymatic activity. Our results demonstrate 
the biosynthetic processes and cyclization of the precursor extracted 
from annatto seeds to obtain group II diterpenes from the seaweed 
Canistrocarpus cervicornis using the chemical-enzymatic arsenal of 
its aqueous extract
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	 Despite the tremendous progress in other biological groups such 
as plants and bacteria in the study of terpenoid biosynthesis, there 
is little work that highlights and examines the metabolic pathways 
involved in the production of terpenes in algae, and, there is little 
experimental evidence to support this, for example, the green algae 
do not possess the genes for the MVA pathway and their sesquiter-
pene and triterpene building blocks are consequently derived from 
the MEP pathway. However, red algae such as Laurencia species re-
tained both IPP pathways during their evolution and used both bio-
synthetic routes [18]. Recent studies have reported the identification 
of several terpene synthase genes from the transcriptomes of the red 
macroalgae Laurencia pacifica and Laurencia dendroidea in the class 
Florideophyceae [19]. This opens an interesting field of research for 
the detection of such metabolic pathways in diterpenes in seaweed. 
Specifically for algae of the Dictyotacea family, no experimental ev-
idence for the formation of these molecules, although has been de-
scribed, as a biogenetic pathway for diterpene formation, whereby 
the precursor geranylgeraniol phosphate (GGPP) can undergo the 
first type of cyclization between carbons 1 and 10 (group I diterpenes 
skeleton), between carbons 1 and 11 (group II diterpenes skeleton), 
and between carbons 2 and 10 (group III diterpenes skeleton) of the 
germacrane-type precursor belonging to group I [20].

	 Notwithstanding the diversity of terpenes in brown algae, little is 
known about how they are biosynthesized, and there are no experi-
mental approaches, only pioneering work on terpene biosynthesis in 
plants [21,22]. On the other hand, despite the fundamental role of 
geranylgeraniol diphosphate (GGPP) as an essential metabolic hub 
for plant growth, development, and acclimation, there are few studies 
on its role as an enzyme precursor in terrestrial plants and even rarely 
in algae [23,24]. Therefore, this study aimed to investigate the in vitro 
reactivity of the precursor geranylgeraniol (GGOH) and its phosphate 
equivalent at different reaction times in C. cervicornis and to under-
stand the biosynthetic potential of the aqueous extract containing ac-
tive cyclase enzymes from C. cervicornis. We established a promising 
method for obtaining an enzymatic extract of brown seaweed capable 
of using an enzymatic precursor obtained from natural and low-cost 
sources. The evidence shown here will be important to continue the 
biotechnological potential of these important molecules.

Material and Methods
Biomass treatment

	 Specimens of C. cervicornis were collected on Ilha Grande 
(23°09’18.6” S 44°20’37.5’’ W) in Rio de Janeiro State, Brazil. Col-
lections were made by snorkeling in shallow water at depths of 2.0 
to 5.0 m. Algae were separated from sediments, epiphytes, and other 
associated organisms and washed with seawater. The collected bio-
mass was immediately placed in a cryogenic cylinder (liquid nitrogen 
- N2) to preserve active physiological function. In the laboratory, the 
samples were divided into two fractions: a dry fraction at room tem-
perature (approximately 28-30 °C for 7 days) for organic extraction 
and chemical confirmation, and another fraction kept in an aeration 
system for aqueous extraction. Voucher specimens were deposited in 
the herbarium of the Universidade Federal do Estado do Rio de Janei-
ro - (Herbário Prof. Jorge Pedro Pereira Carauta) under the number 
HUNI 6810.

Crude extracts

	 An aliquot of 2 g of dry alga was exhaustively extracted with CH-
2Cl2 at room temperature for 120 h, and the solvent under reduced  

pressure yielded a brownish residue: 82 mg (4.4%) and 20 mg (1.1%). 
A small aliquot (5 mg) from each fraction was dissolved in CDCl3 to 
obtain the 1H NMR (500 MHz) spectrum in a Varian-Unity Plus 500 
using trimethylsilyl as the internal reference and compared to data 
previously reported [4].

Obtaining and identifying the precursor GGOH

	 The methodology was adopted by Costa and Chaves (2005) [25].  
Accordingly, dry seeds (87.39 g) of Bixa orellana were complete-
ly extracted in n-hexane (100 ml) for one month (720 h) at room 
temperature. Evaporation of the solvent was under reduced pressure 
(Buechi, model R 114) giving an orange residue (4% of the dry weight 
of the seeds). The crude extract (1.0 g) was fractionated on a silica gel 
60 for column chromatography (70-230 mesh ASTM) and then mixed 
with 100% n-hexane to give 5:5 [vol/vol] EtOAc: n-hexane in incre-
ments of 10% and eluted with 200 mL, yielding 69 fractions. Frac-
tionation was monitored by thin-layer chromatography (TLC silica 
gel 60 F254) according to chromatography profiles and analyzed by 
nuclear magnetic resonance 1H NMR. The bioactive fraction (F23-25; 
165.0 mg) was successively rechromatographed on a silica gel 60 col-
umn (230-400 mesh-ASTM) with n-hexane: EtOAc (8:2 [vol/vol]). 
The column fractions were analyzed and fractions with similar stripe 
patterns on the TLC (silica gel 60 F254) were pooled to give com-
pound 1 (130 mg). The structure of geranylgeranyl was then deter-
mined by 1H and 13C NMR using a Varian unity plus 500 at 500.00 M 
in deuteriochloroform (CDCl3). The spectra obtained were analyzed 
using the MestReNova (version 6.0.2) software and compared with 
the literature (Jondiko and Pattenden, 1989). The substrate GGPP was 
obtained by the reaction of GGOH (purified) with a phosphate source 
[26]. The phosphate source was prepared using 0.5 ml phosphoric 
acid and 10 ml NaH2PO4 solution. H2O. Aliquots were then taken and 
Na2CO3 was added until the desired pH was obtained.

Enzymatic extraction

	 The protocol adapted from Lewinsohn et al., (1991) [22] was used. 
Thus, frozen pieces of algae (3 g fresh weight) were weighed and 
placed in a small envelope of manila paper and, while still frozen, 
were macerated. The resulting fine powder was thawed by thorough 
mixing (vortex mixer) in a chilled extraction buffer solution (10 mL 
buffer/g fresh weight). The extraction buffer contained 50 mM Hepes 
(pH 7.8), 5 mM sodium ascorbate, 5 mM Na2S2O5, 5 mM MnCl2, 
20 mM MgCl2, and 10% (v/v) glycerol. The mixture was mechani-
cally stirred at 4ºC for 4 hours (Fisatom Mod.710). For the standard 
extraction procedure, this buffer also contained PVP (1% w/v, Mr = 
40,000). Aliquots (usually 2 ml) of the suspension were centrifuged 
in the Eppendorf microcentrifuge (27,000 g) for 20 minutes at 4°C, 
and the supernatant was filtered and collected as an enzyme extract. 
The protein concentration of the extract was determined by the Lowry 
method [27]. The organic part of the aqueous extract was obtained 
by extracted with chloroform CH2Cl2, evaporated, analyzed by gas 
chromatography–mass spectrometry (GC-MS), and used as a control 
2 (blank) for the analysis of the biosynthetic assays.

Cyclase assay

	 The protocol adapted from Lewinsohn et al., (1991) [22] was used. 
Thus, a 1 mL aliquot of the enzyme extract was transferred to a 1.5 
mL Eppendorf tube, to which 1 mg of the precursor (12 µM GGPP) 
was added, the contents were mixed (vortex mixer), and incubated 
for up to 2 h at 30°C. Cyclase assays were tested at the following  
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reaction times: 5’, 10’, 30’, 45’, 60’, 90’ (1h 30) and 120’ (2 h). After 
incubation, the contents of the tube were vigorously mixed and briefly 
centrifuged to separate the phases, and the sample was immediately 
extracted three times with CH2Cl2. Using a glass pipette, the polar 
portion was carefully removed, and the dichloromethane fractions 
were transferred to 1.5-mL vials, dried, and later stored with an air-
tight Teflon lid and kept in the same properly labeled vials, wrapped 
with aluminum foil and stored at -18°C ± 2°C until the time of GC-
MS analyses.   The non-parametric U Mann-Whitney test was used to 
compare yields of extracts of E1. The Kruskall-Wallis test was used 
to compare the abundances of GGPH and diterpenes. Test p < 0.05. 
Graphs and tests were generated using GraphPad Prism 8.0.

Diterpene profile

	 Quali-quantitative identification of biosynthesis and diterpene pro-
file by GC-MS was performed following the protocol described previ-
ously by Obando et al 2023 [14]. Briefly, the analysis was performed 
using an Agilent 7890A/5973C equipped with a model column HP5-
MS (30 m long, 0.25 mm in diameter, and 0.25 μm film thickness), 
and a mass selective detector in electron impact mode (70 eV). The 
chromatograms and mass spectra obtained in the experiments were 
analyzed with the help of Openchrom open-source software.  The 
GC-MS spectra obtained from the biosynthesis experiments were 
compared with Blanks (i) Control 1: the profile of the precursor with 
the reaction mixture (ii) Control 2: the profile of the enzymatic extract 
with the reaction mixture. The changes in the spectra of the cyclase 
assays related to the occurrence of new retention times were exam-
ined along with the corresponding mass spectra. In addition, the data 
on the abundance of diterpenes produced relative to the consumption 
of the precursor were analyzed. Previously described diterpenes were 
monitored in the assays [4,28,29].

Results

	 Upon examining diverse protocols and conducting multiple ex-
periments, We established a reliable enzymatic extraction method 
for seaweed of the Dictyotaceae family, using an extraction buffer 
described in Lewinsohn et al., (1991) [22]. This enzymatic extract re-
acted with the enzymatic precursor GGPP at two hours allowing us to 
analyze evidence that indicates the possible production of diterpenes. 
Thus, we present the graphical scheme of the protocols and steps used 
in our biosynthesis experiments (Figure 1).

	 From the organic extract of C. cervicornis, 1H NMR analysis 
revealed the presence of dolastane and secodolastane diterpenes, 
including the major 4,7-diacetoxy-14-hydroxydolastane-1(15),8-di-
ene and 4-acetoxy-9,14-dihydroxy-1,9-dolastane-1,9-diene.  Other 
studies obtained similar results with signs of dolastanes and seco-
dolastanes. This comparison confirms the production of group IIB 
diterpenes, according to the biogenetic proposal [4,30]. In the GC-
MS spectra analysis of the aqueous extract of seaweed were iden-
tified the follow diterpenes: 4,14-didroxy-dolastane-1(15),7,9-triene 
(1); 4-acetoxy-14-hydroxy-dolastane-1(15),7,9-triene (2); 4,7 dia-
cetoxy-14-hydroxydolastane-1(15),8-diene (3); 4-acetoxy-9,14-di-
hydroxy-1,9-dolastane-1,9-diene (4); Acetoxy Isolinearol (5). The 
spectroscopic data for GGOH, including the monitored diterpenes, 
are detailed in Tables 1 and 2 for the aqueous extract. It is noteworthy 
that the protein concentration in both samples was 0.011 mg/ml ± 
0.01, as described by the equation y = 0.0113x - 0.002.

	 In this study, GGPP registered an abundance of 90.34 in Control 
1 where the precursor was in contact with the other elements of the 
reaction mixture and without an enzyme pool (Figure 2A). The pres-
ence of the alcohol and/or phosphate versions can be confirmed by 
other analytical methods, such as determining total radioactivity by 
liquid scintillation counting [31] or under ideal GC-MS conditions to 
detect proximal differences between these molecules. Second, Con-
trol 2 was the aqueous extract (enzyme pool) exposed to the other  

Figure 1: Biosynthesis experiments for brown algae of the genus Canis-
trocarpus. (a)  Enzymatic extraction; The steps include (1) obtaining the 
algae biomass, (2) transporting the biomass in N from the natural habitat to 
the laboratory, (3) Macerating the biomass using Buffer containing 50 mM 
Hepes (pH 7.8), 5 mM sodium ascorbate, 5 mM Na2S2O5, 5 mM MnCl2, 
20 mM MgCl2, and 10% (v/v) glycerol, (4) mechanically stirred and (5) 
filtration and centrifuged; (b) Cyclase assay: (7-8) reaction mixture (GGP-
P+EE), (9) incubation at different times, (10) centrifugation, (11) extracted 
with dichloromethane (DCM), (12-13) chemical analysis by GC-MS.

Figure 2:  Cyclase assay and controls.  (a) Reaction control 1, Enzyme 
precursor from the seeds of Bixa orellana; (b) Reaction control 2, Aque-
ous extract of the alga C. cervicornis used as an enzyme source for cy-
clase reactions.
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elements of the reaction mixture. In this blank, some of the major 
diterpenes of the alga C. cervivornis were detected in small amounts 
(Figure 2B).

	 The numbers in the chromatogram represent the major diter-
penes identified as chemical constituents of the aquatic extract 
of C. cervicornis: 4,14-dihydroxy-dolastane-1(15),7,9-triene (1); 
4-acetoxy-14-hydroxy-dolastane-1 (15),7,9-triene (2); 4,7 diace-
toxy-14-hydroxydolastane-1(15), 8-diene (3); 4-acetoxy-9,14-dihy-
droxy-1,9-dolastane-1,9-diene (4); Acetoxy Isolinearol (5) (Oliveira 
et al., 2008). C. Relative abundances of control, reaction times of  
cyclase assay, and precursor enzymatic. After 120 minutes, there is 
a trend toward a decrease in GGPP and a representative increase in 
4,7-diacetoxy-14-hydroxydolastane-1(15),8-diene (3); all bars repre-
sent the mean standard deviation (+/- SD, n=3).

	 Observing the abundance of GGPP and diterpenes in control 
samples and reaction products over time revealed changes that may 
indicate the precursor’s consumption for diterpene production. The 
reaction time of 120 min showed a trend of consumption of GGOH 
of 56.21% and a trend of increase in the relative abundance of di-
terpenes, 4-acetoxy-14-hydroxy-dolastane-1(15),7,9-triene (2), 
4,7-diacetoxy-14-hydroxydolastane-1(15),8-diene (3) and 4-ace-
toxy-9,14-dihydroxy-1,9-dolastane-1,9-diene (4). It is worth noting 
that the diterpene (3) increased from an abundance of 0.999 ± 0.30 
at blank to 13.78 ± 1.14 at 2 hours. The diterpene (2) recorded in the 
aqueous extract control at 2.48 ± 0.32 showed a slight increase to 3.75 
± 0.35 at 2 hours, which, together with the decrease in GGPP, may in-
dicate the consumption of the precursor for the production of these di-
terpenes. Significant differences were recorded only in the compared 
relative abundances of the enzyme precursor GGPP and the diterpene 
4,7-diacetoxy-14-hydroxydolastane-1(15),8-diene (3).

	 The appearance of new signals in the chromatograms over differ-
ent reaction times, compared to the blanks, serves as another parame-
ter of biosynthetic activity, indicating potential new reaction products. 
We detected four new signals at the 120-minute mark. Two signals 
at retention times 32.391 (M+ 281), 32.669 (M+ 280) are within the 
diterpenoid profile region in the chromatogram and their respective 
mass spectra show a similar fragmentation pattern to the other diter-
penes. The identification and structural elucidation of these new sig-
nals will require other analytical techniques, which will be addressed 
in future studies.

	 Based on the evidence obtained from our experiments, we can ar-
gue that there may be a pool of enzymes in the aqueous extract of C. 
cervicornis that act by promoting rearrangements in the precursor, 
enabling processes of methylation and formation of double bonds 
and cyclization [23]. These enzymes can be considered cyclases 
because a method has been used to obtain cyclases in plants [22]. 
These enzymes can promote the cyclization of GGPP by diterpene 
cyclase, which can be initiated by ionization of the diphosphate es-
ter, followed by hydride shifts, methyl migrations, Wagner-Meerwein  

C/H geranylgeraniol

δC a δH (nº H; m; J Hz) b

C1 59.62 4.15 (2H; d; 6.9)

C2 123.52 5.42 (1H; tdd; 7.0; 2.4; 1.2) 

C3 140.06

C4 26.97 2.05 (2H; m)

C5 39.77 2.05 (2H; m)

C6 123.98 5.10 (1H; m)

C7 135.59

C8 26.84 2.05 (2H; m)

C9 39.89 2.05 (2H; m)

C10 124.38 5.10 (1H; m)

C11 135.17

C12 26.53 2.05 (2H; m)

C13 39.93 2.05 (2H; m)

C14 124.59 5.10 (1H; m)

C15 131.47

C16 25.89 1.60 (3H; s)

C17 16.21 1.60 (3H; s)

C18 16.22 1.60 (3H; s)

C19 16.49 1.68 (3H; s)

C20 17.88 1.68 (3H; s)

Table 1: 1H and 13C NMR, as well as by direct comparison with an authen-
tic reference compound. The results of these analyses indicated that the 
compound was geranylgeraniol; 1H-NMR (CDCl3, 500.00 MHz).
aChemical shift/ppm; bChemical shift/ppm (number H; multiplicity; cou-
pling constant) (Jondiko and Pattenden 1989).

Diterpenes
Rt
(min) *

m/z (Relative intensity)

4,14-dihydroxy-dolas-
tane-1[15],7,9-triene 
[1]

33.146

344 (6.75); 289 (5.32); 285 (6.61); 270 
(2.02); 251 (6.27); 241 (23.54); 223 (10.78); 
201 (14.96); 199 (11.50); 185 (17.19); 
175 (17.45); 173 (15.69); 171 (15.27);163 
(10.55); 165 (23.58); 162 (27.91); 159 
(23.36); 149 (26.43); 145 (37.12); 136 
(12.96); 133(25.69); 131 (22.46); 121 
(32.40); 119 (27.48); 107 (23.74); 95 (20.17); 
91 (37.88); 81 (21.47); 69 (26.57); 55 
(38.51); 43 (100); 41 (38.09)

4-acetoxy-14-hy-
droxy-dolastane-1 
[15],7,9-triene [2]

34.270

344 (11.11); 326 (20.20); 284 (7.66); 266 
(22.28); 251 (34.15); 242 (35.66); 238 
(17.25);227 (9.28); 223 (28.35); 209 (12.54); 
199 (10.54); 181 (11.47); 157 (22.69); 
145 (21.39);133 (45.66); 121 (28.88); 119 
(34.47); 107 (24.68); 99(28.00); 95 (16.96); 
91 (45.45); 79 (23.82); 55 (33.66); 43 (100); 
41 (35.12)

4,7 diacetoxy-14-hy-
droxydolastane-1[15], 
8-diene [3]

37.341

344 (8.82); 326 (10.21);301 (13.66);288 
(12.46);269 (6.59); 266 (14.01);251 (17.60); 
241 (23.63); 233 (19.01); 199 (10.48);185 
(9.02);161 (10.54); 157 (15.83); 149 (28.46); 
145 (26.20); 133 (33.80);121 (32.13); 119 
(29.73); 107 (24.69); 95 (16.28); 91 (36.86); 
79 (20.95);55 (28.06); 43 (100); 41 (27.21)

4-acetoxy-9,14-di-
hydroxy-1,9-dolas-
tane-1,9-diene [4]

37.667

362 (1); 345 (1.56); 344 (6.51); 326 (8.1); 
319 (10.14); 301 (18.58); 266 (10.26); 258 
(8.63); 251 (15.24); 242 (21.95); 241 (45.21); 
223 (19.37); 217 (19.53); 199 (28.28); 
183 (10.28); 171 (10.38); 159 (10.64); 
157 (19.90); 149 (19.69); 145 (20.27); 
131 (17.31);123 (29.79); 119 (32.68); 107 
(21.90); 105 (32.27); 93 (24.71); 79 (25.73); 
43 (100); 41 (29.73)

Acetoxy Isolinear-
ol [5]

38.353

350 (1.21); 335 (1.37); 318 (2.49); 247 
(3.09); 233 (10.36); 219 (44.85);177 (8.12); 
171 (10.79); 159 (40.09); 147 (12.27); 125 
(30.65); 105 (18.31); 97 (8.04); 93 (10.33); 
81 (11.90); 69 (22.59); 55 (25.89); 43 (100); 
41 (23.41)

Table 2: Identified compound and main peaks with their relative intensity 
present in the mass spectra of diterpenes in C.cervicornos samples.
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rearrangements, and other cyclizations of the resulting carbocation, 
such as internal deprotonations and deprotonation [32]. However, it 
is important to recall that diterpene cyclases can also cyclize GGPP 
by a mechanism initiated by protonation, sometimes coupled with a 
second cyclization by diphosphate ionization. The study and in-depth 
analysis of the cyclization mechanisms require several analytical 
techniques that were not the subject of our study.

Discussion

	 The identification of diterpenes in this aqueous extract is the first 
and important finding in our work because extraction with organic 
solvents is routinely used for the study of these molecules, which in-
creases costs in the possible processes of obtaining them on an indus-
trial scale and gives rise to an environmental impact. The identifica-
tion of these diterpenes in the EA using mechanical extraction and 
aqueous buffer could serve as a starting point for exploring protocols 
and developing sustainable techniques for diterpene extraction.

	 The precursor used in the cyclase assays was analyzed by 1H NMR 
and TLC, confirming the chemical shifts of GGOH in the isolated 
fractions; Notably, GGOH can be considered a precursor of diter-
penes and has been identified in brown algae such as Bifurcaria Bi-
furcata [33]. Some studies report that GGOH is the major component 
of annatto seeds (1% of dry weight), making B. orellana the richest 
known source of this important terpene alcohol (C20) “all-E-gera-
nylgeraniol” with up to 80% annatto crude extract [34] and which 
has also been reported to have important bioactivities [35]. In this 
and previous works [23,24], we propose that B. Orellana can be an 
interesting alternative for the recovery of this precursor, allowing its 
modification with enzymatic engineering not only to obtain important 
information about the cycle of diterpenes but also to open a sustain-
able pathway for the recovery of new diterpene molecules.

	 Cyclase enzymes function as biocatalysts, transforming substrates 
and accelerating their reactions. Factors such as temperature, pH, 
substrate concentration, and the presence of cofactors are crucial for 
optimal enzyme activity, as they affect the reaction rate [36]. One of 
the important cofactors for cyclases is the cofactor Mg2+, for example; 
has been described several active sites of bacterial and fungal DTSs 
that exhibit several highly conserved motifs, involved in the bind-
ing of the cofactor Mg2+ that form a trinuclear cluster for the binding 
of the diphosphate unit of the substrate [17,37,38]. In plants it has 
been described how all monoterpene cyclases from gymnosperms use 
Mn2+ or Fe2+ as the necessary divalent cation and have an optimal 
alkaline pH [39], on the other hand, the cyclases of angiosperms pre-
fer Mg2+ or Mn2+ do not require a monovalent cation, and have an 
optimal pH closer to neutrality [32,40]. Thus, the above indications 
show the importance of the cofactors MgCl2 and MnCl2 used in our 
reaction mixture. Considering our results obtained at a reaction time 
of 2 hours, we can propose MgCl2 and MnCl2 as an essential cofactor 
and its influence on the biosynthetic reaction of brown algae of the 
genus Canistrocarpus. Another important factor is the presence of the 
substrate GGPP in the biosynthesis reactions. In biosynthesis studies, 
GGPP is generally mentioned as a substrate for diterpenes [16,17,41]. 
To give attention that our GGPP was obtained according to the pro-
cedure of Keller and Thompson (1993) [26]. The possibility that the 
substrate GGOH and phosphate do not interact would reduce the like-
lihood of cycling processes, as the phosphate version of this precursor 
interacts specifically with diterpene cyclase enzymes. Studies aimed 
at monitoring and quantifying the conversion of GGOH to GGPP will  

be necessary to discuss such modifications of the substrates. Yet, the 
discussion revolved around the biosynthetic genesis of acyclic diter-
penes from the precursor alcohol geranylgeraniol extracted from the 
brown alga Bifurcaria bifurcata, suggesting the potential derivation 
of our reaction products from alcoholic precursors [33]. It is also im-
portant to note that the often complicated cyclization mechanisms of 
DTSs have led research groups to extensively investigate DTSs for 
their potential to convert GGPP analogs into unnatural diterpenes [16] 
In this study, we showed that the factors tested in the reaction were 
effective for the performance of some enzymes present in the aqueous 
medium in contact with the GGOH precursor.

	 It should be noted that the use of PVP (1% w/v, Mr = 40,000) 
was a determinant of enzymatic activity after 2 hours, as the inclu-
sion of these reducing agents can maximize enzymatic activity by 
adsorption of phenolic and lipophilic substances and attenuation of 
polyphenol oxidases [42]. Increased activity of extracted cyclases has 
been studied and reported in various plant parts [43]. Concentrations 
of polyphenolic compounds ranging from 0.1 to 1.4% have been re-
ported for brown algae of the family Dictyotaceae, (C. cervicornis, D. 
dichotoma, D. mertensii, Dictyopteris delicatula, and D. plagiogram-
ma) [44], although in low quantities (> 2% dry weight) these concen-
trations may increase under stress conditions like in the collection, 
transport and maceration of the seaweed to obtain the aqueous extract, 
which may affect enzymatic activity. Thus, the presence of PVP in the 
reaction mix of our protocol may have maximized the enzyme activi-
ty at 2h.

	 The best conditions for the enzymatic assays were the use of 
the buffer 50 mM Hepes (pH 7.8), 5 mM sodium ascorbate, 5 mM 
Na2S2O5, 5 mM MnCl2, 20 mM MgCl2, and 10% (v/v) glycerol in a 
two-hour reaction at 30°C. Under these conditions and using geranyl 
diphosphate as substrate, it was possible to observe the activity of the 
cyclases; similar results have been obtained in other work on enzy-
matic activity in plants [45]. The protocol was also used to the deter-
mination of the activity of sesquiterpene synthases [46]. Comparable 
conditions were used in tests with diterpene cyclases specifically for 
Vitis vinifera [47], showing that the method developed for the catalyt-
ic extraction of active enzymes can provide us with an important tool 
for the study of diterpene synthase enzymes in seaweed.

	 In this study, it was possible to initiate the investigation of the 
biosynthetic pathway of diterpenes from the alga Canistrocarpus cer-
vicornis. We investigated the reactivity between the precursor and the 
aqueous extract of C. cervicornis and an important influence of the 
cofactors MgCl2 and MnCl2. The new signals observed at different 
reaction times did not show the significant integration of the precursor 
and the obtained enzyme pool, several factors such as monitoring the 
conversion of GGOH to GGPP could be a critical point for investiga-
tion as they would provide quantitative data to confirm the use of the 
proposed precursor in the biogenic pathways of Dictyotaceae family 
algae and cycling processes. However, the consumption of GGOH 
after 2 h could indicate the possible influence of cyclase on substrate 
utilization.

	 This work pioneers the presentation of methods for enzymatic ex-
traction and ideal conditions for enzyme activity of cyclases in algae. 
Our findings mark the initial steps toward a pathway that will facilitate 
the more efficient isolation of enzymes, characterization of diterpene 
synthase enzymes, and conducting biosynthesis assays with the target 
enzyme. New strategies and techniques such as genetic engineering  
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should be used to verify the enzymatic activity and characterize the 
terpene cyclases in C. cervicornis.

Highlights 

•	 Enzymatic extraction and cyclase activity methods in Dictyotace-
ae algae.

•	 Reactivity between the GGPP precursor and the aqueous extract 
of C. cervicornis.

•	 Precursor consumption at 2 h indicates the influence of cyclase.

•	  Abundances of the type dolostane diterpenes increasing at 2h.
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