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Red algae are the largest group of seaweeds and rich sources of bioactive terpenes with broad and
significant biotechnological potential. However, the main obstacle to the economic exploitation of these
compounds is the difficulty of obtaining them on an industrial and sustainable scale. Genetic engineering
and heterologous biosynthesis are promising tools for overcoming this limitation, but little is known
about red algal terpene biosynthetic routes. In general, terpene biosynthesis relies on complex
mechanisms that produce a wide array of chemically diverse compounds. In this article, we review the
main processes that contribute to such chemical diversity of terpenes, which are divided into four
biosynthetic steps: (i) biosynthesis of isoprenoid precursors, (ii) linear condensation of precursors to
produce polyisoprenyl diphosphate intermediary molecules, (i) terpene synthase-catalyzed chemical/
structural modifications, and (iv) additional chemical/structural modifications on the basic terpene
carbon skeleton. Terpene synthase evolution in algae and topics that have only recently been explored,
such as terpene synthase catalytic and substrate promiscuity, have also been analyzed in detail. We
present a detailed analysis of terpenoid metabolism in red algae, highlighting the mechanisms that
generate their chemical diversity and identifying knowledge gaps. Additionally, we provide perspectives
to guide future studies, aiming to advance the heterologous biosynthesis of terpenes from red algae for

rsc.li/npr biotechnological development and application.
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unique bioactive capabilities. It is estimated that over 30 000
natural products have already been isolated from marine
organisms" with approximately 1000 new compounds being
discovered annually. It is believed that over 70% of these
substances occur exclusively in marine organisms.>”

Terpenes represent one of the most important and diverse
classes of these chemicals, which exhibit several vital ecological
roles, such as intraspecific communication, chemical defense
against herbivores, suppression of bacterial and fungal

“Departamento of Organic Chemistry, Chemistry Institute, Federal Fluminense
University - UFF, Niteroi, RJ, 24.020-141, Brazil

This journal is © The Royal Society of Chemistry 2025

contamination, and inhibition of biofouling, among others.*”
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Terpenes and their precursor isoprenoid biomolecules are
generally also primary metabolites, such as chlorophylls,
carotenoids, and steroids.*

Red algae (Rhodophycota phylum) comprise over 7500
nomenclatural valid and living species, most of them (around
98%) are macroscopic and found in marine environments."
These algae are notable for producing a wide variety of struc-
turally diverse terpenes, primarily mono-, sesqui-, and diter-
penes.”™" The biotechnological importance of these
compounds captured the interest of scientists globally due to
their diverse potential applications. Terpenes derived from red
algae demonstrated antimicrobial, anti-inflammatory, antioxi-
dant, and anticancer properties, among others."**' Several
studies have highlighted the biotechnological potential of
different red algae monoterpene compounds.?**® For example,
acyclic monoterpenes, such as halomon [1] (Fig. 1) from Ploca-
mium hornemannii, have demonstrated high cytotoxic activity
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against human tumor cell lines, including those from the brain,
colon, and kidney.” Antunes et al.*” also reported significant
cytotoxic activity for halogenated monoterpenes from Ploca-
mium suhrii and P. cornutum.

In fact, among red algae, the genus Laurencia is particularly
notable for its rich diversity of biologically active terpenes
(Fig. 2). For example, the sesquiterpene elatol [2], one of the
most common terpenes of the red macroalga Laurencia, stands
out for its effectiveness as an antitumor agent.”® Research also
highlights its biocidal properties, which could be beneficial for
developing antifouling or antimicrobial treatments.?*?*°
Furthermore, elatol [2] is a promising antiproliferative agent in
the treatment of leishmaniasis.** Similarly, lauremantanones A
[3] and B [4], dendroidiol [5], and obtusol [6], also from Lau-
rencia species showed pronounced cytotoxic activity against
HeLa and P-388 cell lines. The lauremantanones A [3] and B [4]
exhibited high antibacterial activity against Bacillus cereus.**
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Plocamium hornemannii 1
Fig. 1 Chemical structure of halomon [1] from Plocamium
hornemannii.

However, despite the broad biotechnological potential of red
algae terpenes, their practical and industrial application faces
several challenges that limit their use.

Indeed, only an extremely limited amount of these marine
natural products reach industrial utilization. Some obstacles to
the biotechnological application of these compounds include
their biosynthesis at low concentrations, the difficulty to adapt
algae to cultivation conditions, the reduced production of the
metabolites of interest under these conditions, and the struc-
tural complexity of these substances rendering their total
chemical synthesis economically unfeasible.’*?¢
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Fig. 2 Biotechnological properties of terpenes from Laurencia
species. Compounds: elatol [2], lauremantanones A [3] and B [4],
dendroidiol [5], obtusol [6], laurinterol [7], panosanol [8], allolaurinterol
[9], floridoside [10], p-isofloridoside [11], neorogioltriol [12] (data ob-
tained from Ciko$ et al.*? and Machado et al.*?).

The use of genetic engineering techniques and molecular
cloning, such as heterologous biosynthesis in recombinant
hosts, emerges as an interesting, sustainable, and economically
viable approach for the robust large-scale production of specific
metabolites of biotechnological interest.*’** However, the
complex mechanisms involved in red algal terpene biosynthesis
are still not fully elucidated or understood. Thus, a deeper
understanding of how molecular, biochemical, and reactive
processes interact to produce terpenes in red algae can offer
crucial insights to direct and improve in vitro terpene synthesis
for biotechnological uses. This article reviews the biosynthetic
processes that contribute to producing the structural and
functional diversity of terpenes in red algae, highlights knowl-
edge gaps, and suggests future directions for the heterologous
biosynthesis of red algal terpenes.

2. The biosynthetic mechanisms
responsible for terpene diversity and
structural complexity

With over 80000 known compounds, terpenes represent the
largest and most diverse class of natural products.** Such
structural and functional diversity depends on a complex
network of processes and mechanisms that operate from the
assembly of basic precursor units to the stages where structural
chemical modifications occur, leading to the final products.
According to the number of isoprene units in their structure,
terpenes are classified as hemiterpenes (Cs), monoterpenes
(C10), sesquiterpenes (Cjs), diterpenes (Cyg), and triterpenes
(C30), among others.” In red algae, the biosynthesis of basic
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precursor units of isoprene occurs through one or two different
biosynthetic pathways, as detailed in Section 2.1. Further, the
cyclization and post-cyclization processes, including conjuga-
tion with other molecules, contribute to the structural diversity
of these compounds.

In summary, red algal terpene biosynthesis can be divided
into four main sequential steps, which will be further explored
in the subsequent sections of this review: (i) the biosynthesis of
isoprenoid precursors, (ii) the linear condensation of precur-
sors to produce polyisoprenyl diphosphate intermediary mole-
cules, (iii) the terpene synthase-catalyzed chemical
modifications, and (iv) the additional chemical modifications of
the basic terpene carbon skeleton.

2.1. The biosynthesis of isoprenoid precursors

The initial step in terpene biosynthesis typically involves the
linear condensation of two types of five-carbon isoprenoid
precursors: isopentenyl diphosphate (IPP), and its allylic isomer
dimethylallyl diphosphate (DMAPP). These isoprene precursors
are biosynthesized through two distinct pathways: the mevalo-
nate (MVA) and the 2-C-methyl-p-erythritol-4-phosphate
(MEP)**** (Fig. 3).

Throughout the evolutionary process, different groups of
organisms have acquired the ability to biosynthesize precursors
for terpene biosynthesis through their specialization, utilizing
one or both biosynthetic pathways (MVA and MEP). Archaea,
some Gram-positive bacteria, and most eukaryotes utilize the

MVA pathway.”” In contrast, Gram-negative bacteria,
MVA
‘ MEP
DMAPP PP @————  DMAPP —— IPP
c5 c5
lGpps. I*IPP 4|PP1 GPPS n
3
gy [MONOTERPENE| ¢—— (‘2'1’:, =
(e}
s |- | s
o
FPP FPP 2
(c15) ______ —(C15)
""""""" +Ipp | GGPPS
SESQUITERPENE ———————— GGPP
DITERPENE ‘_(CZO)
[TRITERPENE]

FOLYTERPENE

Fig. 3 A general scheme of the biosynthetic pathways of individual 5-
carbon isoprenoid groups, highlighting their routes for forming prenyl
substrates. DMAPP and IPP are linearly condensed and converted by
prenyltransferases into various products. This example is presented in
a broad context, although it is important to note that this model may
not apply exactly in the same way for various organisms. Abbreviation
— IPPI: isopentenyl diphosphate isomerase; IPP: isopentenyl diphos-
phate; DMAPP: dimethylallyl diphosphate; GPPS: geranyl diphosphate
synthase; FPPS: farnesyl diphosphate synthase; GGPPS: geranylgeranyl
diphosphate synthase.
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Fig. 4 Occurrence of the MVA and MEP biosynthetic pathways along
several branches of the tree of life. The figure illustrates the evolu-
tionary hypothesis that the MEP pathway originated from an endo-
symbiotic event. It also depicts the presence or absence of the MVA
pathway in different red algal genera, linking these variations to
genome reduction events throughout evolution.

cyanobacteria, and green algae rely exclusively on the MEP
pathway for the biosynthesis of prenyl substrates.*® Plants and
some species of red algae are capable of biosynthesizing
precursors through both pathways*” (Fig. 4). Similarly, some
bacteria are capable of utilizing both pathways.*®

The MVA pathway, predominantly occurring in the cytosol of
the cell,* exclusively generates IPP as its final product. The
conversion of IPP to DMAPP requires an additional isomeriza-
tion process, mediated by the enzyme isopentenyl diphosphate
isomerase®**> (Fig. 3).

In evolutionary terms, the MVA pathway is considered the
ancestral isoprenoid metabolic route present in the last
common ancestor, and it was vertically transmitted to descen-
dants across all three domains of life.”* Several species of red
algae have lost the ability to biosynthesize terpenes through this
pathway, possibly due to genome reduction events.*>**%
However, this loss was not uniform (Fig. 4). Therefore, it is
plausible to question the idea that all red algal lineages
underwent a widespread loss of the MVA pathway during the
evolutionary process. Recent studies suggest that red algal
genomes were shaped by at least two distinct episodes of gene
loss and genome contraction throughout their evolutionary
history.**

The loss of the MVA pathway in red algae was attributed to
recent genetic events in specific lineages, since this pathway was
species. For genetic and
biochemical evidences suggest that the red macroalga Laurencia
dendroidea®® and the unicellular red algae Galdieria sul-
phuraria,”®  Rhodosorus  marinus,"”  Purpureofilum  apyr-
enoidigerum,” and Cyanidium caldarium®® remained capable of

retained in several example,

This journal is © The Royal Society of Chemistry 2025
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biosynthesizing terpenes through both the MVA and MEP
pathways (Fig. 4). Genome and transcriptome analysis of the red
macroalgae Porphyra purpurea and P. umbilicalis, and the red
microalgae Cyanidioschyzon merolae and Porphyridium purpur-
eum revealed the lack of most regulatory genes or the complete
absence of the MVA pathway.®"* Besides, phylogenomic anal-
ysis of 15 species of red algae revealed that the mevalonate
pathway (MVA) was missing in most of these lineages,”” sug-
gesting that the absence of the MVA pathway in red algae is
more extensive than initially estimated.

In that case, a more detailed analysis of the genome context
and gene characteristics of the MVA pathway in red algal line-
ages will be necessary to clarify these issues. However, this in-
depth analysis relies on the development of new data. Accord-
ing to Lohr et al.,** genomic sequencing of species is expected to
provide more evidence regarding the distribution of these two
pathways, while the lack of high-quality genomes represents the
biggest challenge for red algal research.

The MEP pathway can simultaneously produce IPP and
DMAPP (Fig. 3). With a stoichiometry of approximately five
molecules of IPP for each molecule of DMAPP, this pathway
plays a crucial role in maintaining adequate amounts of both
precursors for terpene biosynthesis. Among the seven enzymes
in the MEP pathway, two of them stand out as potential regu-
lators of carbon flux: 1-deoxy-p-xylulose-5-phosphate synthase
(DXS) and 1-deoxy-p-xylulose-5-phosphate reductoisomerase
(DXR).**® Therefore, the overexpression or repression of these
genes through genetic engineering has a direct impact on
terpene biosynthesis.>>*7>

In photosynthetic organisms, the presence of plastids
reflects a complex evolutionary heritage, associated with
acquiring them through the endosymbiosis process. Recent
studies revealed that eukaryotes with plastids, whose MEP
pathway genes originate from cyanobacteria and Chlamydiae,
show the combined contributions of these groups to the
evolution of primary plastids.*® Thus, the MEP pathway origi-
nated from an ancestral MEP pathway present in these symbi-
otic organisms that interacted with early eukaryotes.*®>*7*

The subcellular localization of the MEP pathway in red algae
was not yet clearly determined.” According to predictions, in P.
purpureum, some of the MEP pathway enzymes would be located
in the plastids, while in other species these genes were expected
to be found in the cytosol or other organelles.”*”*

In plants, several studies indicate that different metabolic
pathways involved in terpene biosynthesis lead to the prefer-
ential production of specific types of terpenes (Fig. 3). However,
few studies investigated the preferential biosynthesis of specific
terpene classes in red algae. To investigate the location of red
algal prenyltransferases and the preferential biosynthesis of
specific terpene classes in particular cell compartments, Deng
et al.”® used in vivo analysis in protoplasts of the plant Arabi-
dopsis thaliana. Contradicting what is known for plants, the
authors did not find evidence of chloroplast localization for
GGPS isolated from the red algae Bangia fuscopurpurea
(BfGGPPS). However, they raise the hypothesis that the chloro-
plasts of the protoplasts failed to recognize the transit peptide
from BfGGPPS because it is shorter than those from plants.

This journal is © The Royal Society of Chemistry 2025
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Also, differently from what is observed in plants, Steele et al.”
did not find an N-terminal signal sequence in monoterpene
synthase genes from the red seaweeds Portieria hornemannii and
Plocamium pacificum, suggesting a cytosolic monoterpene
production in both species.”

In plants, the bidirectional exchange of precursors between
the MVA and MEP pathways and the co-expression of specific
genes from both pathways, indicates the existence of feedback
and metabolic interaction which act as a compensatory mech-
anism in response to specific environmental and cellular
conditions**”®” (Fig. 3). Although it is known that there are
interactions between both pathways in various plant species,
there is still a gap in the understanding of the cooperative
metabolic network involved in terpene biosynthesis in red
algae. Specifically, how these metabolic pathways collaborate to
exchange precursors during terpene biosynthesis in this group
of organisms is not well understood. Due to the simultaneous
occurrence of the MVA and MEP pathways, raises questions
about the regulation of metabolic fluxes between different
cellular compartments and the contribution of one or both
pathways to the biosynthesis of isoprenoid compounds.

Based on what is known for plants, despite the supposed
metabolic cost, maintaining both pathways could bring func-
tional benefits, such as a greater capacity for the evolution of
specialized pathways and specific control of isoprenoid pools in
each cellular compartment.**»”®8%! In this scenario, the pres-
ence of one or both pathways for isoprene biosynthesis can be
seen as the first level of a complex network that influences the
diversity of terpenes generated by different lineages of red algae.
Furthermore, the exchange of intermediates between these
pathways could result in the formation of mixed-origin MVA/
MEP isoprenoid compounds, further expanding the terpene
diversity.**** Therefore, to fill the existing gaps, specific studies
are needed to investigate the evolution of isoprenoid biosyn-
thesis and intracellular trafficking between compartments in
red algae.

2.2. The condensation process to produce polyisoprenyl
diphosphate intermediary compounds

The second step for the biosynthesis of terpenes consists of
condensing IPP and DMAPP precursors to biosynthesize linear
prenyl diphosphate intermediaries, such as geranyl diphos-
phate (GPP-Cy,), farnesyl diphosphate (FPP-C,5), geranylgeranyl
diphosphate (GGPP-C,,), as well as medium-chain (C3,—Css)
and long-chain (C4-C,) prenyl substrates. These reactions are
catalyzed by isoprenyl diphosphate synthases (IPPS), a class of
prenyltransferases. The resulting prenyl diphosphate
intermediaries are used as substrates by specific terpene syn-
thases to produce specialized metabolites®**>* (Fig. 3). In
plants, the distribution of prenyltransferases among cellular
compartments creates a regulatory network that coordinates the
allocation of isoprenoid precursors for biosynthesizing
different terpene classes. These mechanisms are well under-
stood for plants and involve transcriptional co-regulation and
the formation of complexes of sequential enzymes. However,
the IPPS regulation systems are largely unknown for red algae.

Nat. Prod. Rep., 2025, 42, 965-981 | 969
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The activity of IPPS can determine the carbon chain length
and the stereochemical properties of the produced isoprenoid
polymers. Based on the stereochemistry of the double bond, the
isoprenoid products can be classified as trans (E) or cis (2).
Although they share the same isoprenoid substrates and cata-
lytic mechanisms, trans and cis enzymes exhibit low similarity
in their primary and tertiary structure.®»®” Trans-IPPS tend to
biosynthesize products ranging from short to medium chain
lengths (C;5 to Cso). This enzymatic class typically shares two
conserved motifs rich in aspartate (typically, DDx, 4D and
DDxxD), positioned in opposite helices to the substrate-binding
pocket, both crucial for substrate binding and catalysis, as well
as involved in chelation with Mg>* ions. The second motif,
DDxxD, particularly facilitates the binding of isopentenyl
diphosphate (IPP). Besides, a third conserved motif containing
two sequential arginines (RR) is essential for catalysis and
binding of the allylic substrate”*>*® (Fig. 5).

In contrast, cis-IPPS do not exhibit the conserved DDxxD
motif. Initially, it was believed that cis-IPPS were involved only
in the biosynthesis of large prenyl diphosphates with more than
50 carbon atoms.**®® However, cis enzymes capable of
producing short-chain compounds have already been identified
in plants, indicating that these enzymes present greater meta-
bolic versatility than previously expected.”® The cis-prenyl-
transferase can be classified into two subfamilies of
homodimeric and heteromeric enzymes, and these enzymes
were found in a variety of organisms, including bacteria, fungi,
plants, and animals.**

Despite being considered the gatekeepers to the diverse
branches of terpene biosynthesis, few studies were dedicated to
prenyltransferases in algae. Gong et al®* identified cis-FPP,
trans-FPP, and GGP synthases in the green microalga Haema-
tococcus pluvialis. Similarly, FPPS and GGPPS synthases have
been identified in the green microalgae Dunaliella salina,
Chlamydomonas reinhardtii and H. pluvialis, as well as GPP
synthase in D. salina and H. pluvialis.**** Besides, Lohr et al.®*
searched for t¢rans-IDS candidates in different algal types,
including the green microalgae Ostreococcus tauri, Chlamydo-
monas reinhardtii, and Chlorella variabilis, the diatom Phaeo-
dactylum tricornutum, and the brown macroalga Ectocarpus

DxDD

Dunaliella salina  PSMDNDOFRRGRPTNHKVYGEDIATLAGDALLSFAFEHVARATTG- - TSPERVLRVILEL 206

Arabidopsis thaliana  PCMDNDDLRRGKPTNHKVFGEDVAVLAGDALLSFAFEHLASATSSDVVSPVRVVRAVGEL 217
Synechococcus elongatus  PAMDNDOYRRGKL TNHKVFGEDIATLAGDALLARAFEYTANETQG- - VPAEVVLKVISFL 219
Seminavis robusta  PSMDNDOLRRGKPTNHVVYGEDVAILAGDAL LSESFKHVAQETKG - - VEASRVLDVVVRL 187
Porphyra umbilicalis - PAMDNDDLRRGLPTNHVVYGEDVAILAGDALLALAFEHVAKATEG- -VDPRRVVSVLGVL 192
Bangia fuscopurpurea  PAMDNDOLRRGLPTNHIVYGEDVAILAGDALLALAFEHVAKATEG- -VDPRRVVSVLGVL 190

Kddkk khk ok K TRKK IR DRRRKRRKD TRIIIR K L L * el K

DDxxD

Dunaliella salina  TVEKLRKYARNIGLAFQVVDDILDCTQTTEMLGKTAGKDIDVNKTTYPKLLGLEKSKQAA 323
Arabidopsis thaliana ETERLRKFARCIGLLFQVVDDILDVTKSSKELGKTAGKDLIADKLTYPKIMGLEKSREFA 337
Synechococcus elongatus DVIRVGEFAERIGLAFQVADDILDVTASFEELGKSIGKDERSDKATFPRLMGLEESKRFA 337
Seminavis robusta  EVEACEKFALNIGLAFQVADDILDVTQSTEELGKTAGKDLEADKTTYPKLLGMDGARAEA 307
Porphyra umbilicalis DVGRLRTFATKIGLAFQIADDVLDVTSSSTVLGKTSGKDEAVNKVTYPRLLGLDGARARA 312
Bangia fuscopurpurea  DVARLRAYATKVGLAFQIADDVLDVTASSAVLGKTSGKDEAVNKVTYPRLLGLEGARARA 310

Tk Dhok kkIRRIDRR K D kkkD bk Tk RIRIIIRID DD K

Fig. 5 Alignment of the sequences of functionally characterized
trans-IPPS from the cyanobacterium Synechococcus elongatus
(XP_005708113.1), the red macroalgae P. umbilicalis (AMA76411.1) and
B. fuscopurpurea (QHA79708.1), the diatom Seminavis robusta
(CAB9509201.1), the green alga D. salina (APW83740.1), and the land
plant Arabidopsis thaliana (NP_195399.1). The first and second
aspartate-rich motifs are boxed.
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siliculosus, finding candidate enzymes for trans-GGPPS and
trans-FPPS in all of them.

Regarding red algae, studies on prenyltransferases are
particularly scarce. As an example, we could mention the
identification of candidate sequences for GGPPS and FPPS in
the genome of the red microalga C. merolae.®* Moreover, Yang
et al.®® cloned the gene encoding GGPS in P. umbilicalis
(PuGGPS) and determined that it functions in the biosynthesis
of GGPP for carotenoid biosynthesis. Finally, Deng et al.,”® using
in vivo and in vitro analyses, identified and confirmed the
presence of a synthase capable of producing GGPP in the red
macroalga B. fuscopurpurea.

The phylum Rhodophycota is known by the production of
a large array of monoterpenes. The GGPPS are present in all
plants, whereas GPPS are uncommon outside of gymnosperms.
In angiosperms, GGPPS typically utilize type I small subunit
proteins (SSUISs) to generate GPP. Song et al.,*® in a recent study,
evaluated the functional divergence of GGPPS enzymes across
different organisms. The authors observed that homologs of
GGPPS and GPPS in algae cannot produce GPP, which is
a crucial substrate for monoterpene biosynthesis. Similarly,
Deng et al.”® cloned and expressed one GGPPS gene from B.
fuscopurpurea and verified that this enzyme produces exclu-
sively GGPP. Steele et al.”” reported the cloning and character-
ization of TPS from the red macroalgae P. hornemannii and P.
pacificum, which acted as selective monoterpene synthases,
converting geranyl diphosphate (GPP) to acyclic terpene
products.

However, the limited availability of sequencing data and the
scarcity of studies characterizing prenyltransferases in red algae
hampers the understanding of what kind of enzyme red algae
employ to produce GPP, the substrate for monoterpene syn-
thases. Further studies are necessary to clarify the monoterpene
biosynthetic pathway in red algae. In particular, effort should be
dedicated to the search for GPPS and/or heteromeric GGPPS
candidate genes in red algae.

In general, studies involving in vitro enzymatic and muta-
genesis assays are necessary for IPPS enzyme classification in
red algae. Further, a deeper understanding of the mechanisms
of action and regulation of this pathway in red algae and how it
interacts with other pathways is essential for advancing the
heterologous synthesis of biotechnologically interesting
terpenes.

2.3. Terpene synthase-catalyzed chemical modifications

During the third step of the terpenes biosynthesis, the prenyl
diphosphate intermediary compounds are converted into cyclic
and acyclic terpenes through a cascade of stereospecific car-
bocation reactions catalyzed by terpene synthase (TPS)
enzymes. TPSs facilitate cyclization reactions, rearrangements,
and hydride shifts and mediate different termination reactions,
such as deprotonation and water addition. During terpene
biosynthesis, a single carbocation can undergo multiple cycli-
zations and hydride shifts before the completion of the reac-
tion, which expands the possibilities of chemical structures for
the produced terpenes.””® Moreover, the diversity of terpene

This journal is © The Royal Society of Chemistry 2025
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synthases in a single organism, the ability of some enzymes to
accept prenyl diphosphate substrates of different lengths, and
their multiproduct nature contribute to the biosynthesis of
a wide array of chemically diverse terpenes. Considering the
relevance of TPS for the molecular chemical diversity of
terpenes in red algae, the evolutionary process and the func-
tional plasticity of these enzymes are detailed in the following
subsections.

2.3.1. Terpene synthases diversity and evolution. The
evolutionary process of TPS genes involved recombination
events and modifications associated with domains and catalytic
motifs. TPS enzymes in plants can be divided into two groups:
typical plant terpene synthases and microbial terpene synthase-
like (MTPSL) enzymes. In contrast, red algae possess exclusively
MTPSL genes, which share greater similarity with TPS genes
from bacteria and fungi than with typical plant TPS genes.'*>'**

The evolutionary origin of MTPSL genes remains unclear.
However, recent studies revealed that these genes are absent in
seed plants and green algae, but are widely distributed in red
algae and non-seed plants.”'**'*> Also, MTPSL genes have been
found in different orders of red algae not phylogenetically
related to each other, such as Gigartinales, Plocamiales,
Ceramiales, and Phorphyridiales, but are absent in various
other groups of Rhodophycota.”””*** Since the presence and
absence of these genes in red algae has not been fully eluci-
dated, this gap may be attributed to limited sequencing depth,
or the low quality of the sequences used. A more comprehensive
understanding of the distribution of these genes depends on
a broader approach and more complete sequencing of genomes
and transcriptomes from different species of red algae (Fig. 6).

Moreover, the time of red algal divergence from the rest of the
eukaryotic tree of life is still under debate, with some authors
proposing it to have occurred between the late Mesoproterozoic
to early Neoproterozoic era (1.3-0.9 billion years ago). Others
suggest an earlier appearance in the late Paleoproterozoic (2.5 to
1.6 billion years ago) (reviewed by Borg et al.*°). The uncertainty
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Fig. 6 Distribution of TPS and MTPSL genes in plants and red algae.
According to evolutionary hypotheses, MTPSL genes may have been
acquired through horizontal gene transfer from fungi and/or bacteria.
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regarding the evolution of Rhodophycota and the scarcity of
available genome sequences for this group pose a challenge to
understanding MTPSL evolution. Despite clustering with
microbial terpene synthase genes, MTPSL genes in Rhodophy-
cota were proved to be of red algal origin, instead of microbial
contamination.” However, the question remains whether red
algal MTPSL genes originated from horizontal gene transfer
events (either from single or multiple events) or if these genes
were present in the Rhodophycota ancestor and secondarily lost
in several lineages™ (Fig. 6).

TPS exhibit varied domain architectures, including o, af,
aBy, By, and B domains, which reflects the chemical diversity of
terpenes. The typical plant TPS and MTPSL enzymes have
different domain compositions. The first present two domains
(aB) or three domains (afy), while MTPSL enzymes exclusively
present a single o domain and present a conserved DDxxD motif
in aspartic acid (Fig. 7A and B). Additionally, non-canonical
motifs like DDxxxD and DDxxx were also found.**

Based on the reaction mechanism, these enzymes, in plants,
can be categorized into two main classes based on their

A
[ CONSERVED MOTIFS |
DOMAINS CLASSIFICATION
B I a |
v *
YBa [owo | |[Coowe ]| | nseiore Class I/I1 - Bifunction TPS “
* 2
Y B a Class Il - Monofunction diTPS |
- g
B a NSE/DTE Class | - Monofunction TPS | =
* 1
a NSE/DTE Class |- MTPSL é
CLASS Il CLASS |

B
DDxxD
MH304416 [ppVNDL =

Erythrolobus australicus DDVNDDREQLVQNPTLDGELEMLEESLMSTARGSRPRGA- -EQPLARAFADFMAEFQRYA 154

L MH304417 | pDISDPRKALLESSALNSELRSLEDRLVETARGSRPCDS- -DKPLAHAFADFMNDFRMYA 153

OR515533 | DDHWDSVDAE - DKKAMD-RVNMVSSQLVNILQGHEPQPN - - DDPVIFGMKSILDRTIS-M 154

Laurencia subopposita | OR515537 | DDDWDSVDPE -DTKGTH-RINNVSSQLVQILKGEQPQPN- -DEPGIFGINSVMDRNAS-M 154
| O0R515532
Laurencia pacifica Kyoowaas
urencia pacii KY689932

DDIADVIDAT - DAKAME - QAINVECQLIKVLRGADPKPS - -DHALSHCMKSIIDRMAH-L 162
DDMNDAVEPT - DETSMK - NMMKVQNQMKRVLRGATPFPD- -DHATVKCMHNILERCOV-Y 157

DDLSDVVEAT - DDTAMH- AMSAVEGQVTHVLRGGTPRPG- - EHPLAVAMRSIVDRAMLTY 158

OR515536 |DDLSDVVQAT - DDGAMH-VMSVVEGQVTHVLQGGAPRAG- - EHPLAVAMRSIVDRAILIG 158
Laurencia pacifica ] KY689933 |DDISDAMEGT-DGTKMQ-YTTKEESRVIDVCRGQKWTGG--DESAAFIMQSIIDRTSH-L 158
OR515535 | DDYSDVVEAT -DQUSMQ-FVTKDERNVISVLRGERWTGD - -DSSIACIMQSLMDQCSR-F 157
OR515541 | DDHNDQLHTR-DPESEE - SLRLIEDRACDIAYGSPVRAD - -DDGRCVALADLIKRAKVYA 166
OR515538 | DDMCDNQDCT -DPQVEK-HIRETEERVWATLAGEPKLKDEEEKPLAKMMHFILQRCAEFG 238

Portieria hornemannii | OR515539 |DDICDNFDCVSDPTVEP-YIRKIEGGFFEVLDGRDLSAG--EEPFARLLCSILSRCKAFS 153
OR515540 | DDMSDNLASVNDPVYVE -KLRLIDGRVRCILSGGKLKQDGEEEPLAVLLDSILRRCEAFS 156

PR : : ©ox ; 5

NSE/DTE
MH304416  DCA-KIRSSETARVMATLGNDHFSWLNDLFGIDRDLKQGTASNLIICLAAHTTHDLHHAL 273
MH304417  NFN-AVERSAAARVLATLGNDHVSWYNDLYGVDRDLKQNTASNLLVCLAEHSTKDLSAAL 272
OR515533  GDPNDVLSSPYIQMMTRLAVYHISYSNDIIGFHKERKETSLNNLIKVMAKNNQQSFEDAL 274
OR515537  GDSSDVLSSPYIQMMTRLAVHHVSYONDIIGFHKECKETSLNNLVKVMAKDNQQSFGDAL 274
OR515532  GSPEDLPFMSYMEIMKHLAIKHIAFYNDIVSFNKERYEAVNNNIIIVLANDRDHTCKDAT = 282
KY689934  GSKYELMLPPYTAILMRMAVNHIQWVNDVVSINKERAEATNSNMVYVFSNKGKLPLPEAV 277
KY689932  GCPSTVLSVPFVKIMTDLTVNHVAWVNDIVGANKERKEAVNNNIVFVIANDRGLTMAGAV 278
(CLaurencia subopposita ) OR515536 GCPSSVLSMPFLQIMTNLAVNHVAWVNDIVGANKERKEAVNNNIVFVMANDRGLTMSGAV 278
(__Laurencia pacifica ] KY689933 GDPSDVLSTPHVQILTRL TIGVNKE TVFVMASEKEQTWEGAL 278
("Laurencia subopposita_] OR515535 GDPADVLSTPHILIMTRLY 1T TVFVMESKKGQTWEGAV 277
|__Plocamium pacificum OR515541 RGKCEYASCFLLQQMVSYADHQVIWINDIIGVNTDCQDGVEGNIVVALKNSRGLTWDEAV 286
OR515538  -APQRVKKSCYVDELFRSGSSVVAWVNDVYTVWKDIRDKTSDNVVLVLVNSRELSWKEAL 357
O0R515539 DSPENITNNAYLIELLRMATIHVQSVYNDFFSMAKDIRDCTGDNIVVVLAKERELSWPEAI 273
OR515540  ERALDVHGSCFLSELMRAGTLHVAWLINDVFSVCKDLRDGTGDNVVLVLSRENGLSWEAAV 276

% *:

Erythrolobus australicus

Laurencia subopposita

Laurencia pacifica

I

Portieria hornemannii

ok :

Fig. 7 (A) Domain architecture of different classes of plant terpene
synthases. Terpene synthases of class | exhibit a conserved motif
DDxxD in the a domain, while those of class Il have the conserved
motif DxDD in the B domain. The asterisks (*) indicate the domain
regions that exhibit conserved motifs, as illustrated in the figure. (B)
Conserved motifs of red algal MTPSL enzymes. MTPSL class | includes
the highly conserved DDxxD motif and the less conserved NSE/DTE
motif within its a-domain, as illustrated by the alignment of red algal
sequences. Laurencia pacifica (KY689932 to 34), L. subopposita
(OR515532 to 37), P. hornemannii (OR515538 to 40), P. pacificum
(OR515541), E. australicus (MH304416 to 17).
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Fig. 8 Different mechanisms for carbocation formation. Class |
enzymes catalyze ionization-dependent reactions, while class |l
enzymes catalyze protonation-dependent reactions. Adapted from
Huang et al.*%*

formation mechanism of carbocations: ionization metal-
dependent (class I) and protonation-dependent (class II)
(Fig. 8).'* However, a specific group of bifunctional enzymes
possesses characteristics that allow them to perform the func-
tions of both class I and class II enzymes.

These class I enzymes catalyze their reactions within the
cavity of an alpha-helical bundle protein structure, using one or
two conserved metal-binding motifs, DDxxD and NSE/DTE,
which coordinate the necessary trio of magnesium (Mg>")
cofactors*»***1% (Fig. 7A and B). In this reaction mechanism,
carbocation formation is induced by metal-dependent ioniza-
tion, and the stochastic occurrence of rearrangements and
chemical often results in multiple products.””?*1041%7

In contrast, class II enzymes host a single active site located
in the B domain or at the interface between the B and ¥y
domains. This conserved domain harbours the DxDD motif,
rich in aspartate, which is responsible for forming a tertiary
carbocation initiated through the protonation mechanism of
the terminal C-C double bond in the isoprenoid substrate*"-*”-'%%
(Fig. 7A). In a recent study, Pan et al.'® extensively reviewed and
compiled information about class II TPS, including functional
motifs, catalytic mechanisms, and genetic engineering.

A few TPSs enzymes exhibit all three functional active sites.
These enzymes are bifunctional and, along with diterpene
synthases, possess an additional domain (y) which are believed
to be involved in binding Mg®" and diphosphate.!*®** No class
II or bifunctional enzymes have been identified in red algae. In
plants, all recognized class II terpene synthases are part of the
plant TPS family, not the MTPSL (microbial terpene synthase-
like) family'*® (Fig. 7A).

To date, the complex mechanisms involved in terpene
biosynthesis in red algae are still not fully understood. Most of
the issues related to establishing pathways for optimizing the
development of terpene synthase (TPS) products and enzymes
in these organisms remain unresolved. In general, functionally
classifying terpene synthase enzymes based solely on primary
sequence is not possible due to the lack of sequence-function
relationships within the family. TPS amino acid sequence
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similarities appear more closely associated with taxonomic
affinities than with the type of products formed. Consequently,
predicting the three-dimensional (3D) structure of these
proteins is a challenging task.'*>'**

Few experiments have been dedicated to elucidating the
molecular architecture of the MTPSL enzymes. For example,
Yan et al.** elucidated the catalytically active structure of the
class I MTPSL enzyme from the liverwort jungermannia exserti-
folia. The authors demonstrated the substrate binding envi-
ronment and magnesium coordination configuration using ab
initio modeling, molecular docking, and molecular dynamics
simulations of the enzyme in complex with the substrate.
Moreover, Kersten et al'® characterized a bourbonane-
producing sesquiterpene synthase, the first sesquiterpene syn-
thase to be biochemically characterized in red algae. According
to the authors, the combined use of multi-omics techniques,
genetic engineering, and approaches for absolute molecular
structure determination represents an excellent alternative for
biochemical characterization and the discovery of new
compounds in red algae.

Therefore, accurate functional characterization of red algal
TPS should consider using computational approaches to
predict the product through an enzymatic homology model that
adjusts cationic intermediates in the active site. Further, the
resolution of TPS crystal structures and directed mutagenesis
studies for structure-function investigations may provide
essential information for understanding how TPS enzyme
diversity relates to the huge chemical diversity of red algal
terpenes.

2.3.2. Terpene synthase enzymatic promiscuity and func-
tional plasticity. Some TPS enzymes exhibit a promiscuous
nature that contributes to the chemical diversity of the gener-
ated terpenes. Substrate promiscuity is given by the ability of
a single TPS enzyme to utilize multiple substrates, while cata-
Iytic promiscuity arises from the ability of a single TPS enzyme
to catalyze multiple reactions from one particular
substrate”'***** (Fig. 9).

These characteristics highlight TPS structural and catalytic
complexity, and the diversity of reactions involved in terpene
biosynthesis. Several studies revealed the existence of promis-
cuous TPS enzymes in plants capable of converting a single
substrate into various terpenoid products through conforma-
tional flexibility mechanisms of their active sites and a series of
structural rearrangements.'*® Besides, plant TPS enzymes
capable of accepting polyprenyl diphosphates with various
chain lengths as substrates have been identified.>****"'” Indeed,
recent studies highlight the importance of the multi-product
nature of MTPSL enzymes for terpene biosynthesis in
plants,"**"” describing enzymes that can biosynthesize up to 18
compounds from one substrate."**

The substrate promiscuity was also recently demonstrated
for the lycophyte Selaginella moellendorffii possessing eight
MTPSL enzymes that effectively bind to FPP or GPP, functioning
as mono- and sesquiterpene synthases."” Likewise, several
studies have demonstrated the ability of plant monoterpene
synthase enzymes to use neryl diphosphate (NPP), FPP, and
GGPP as alternative substrates."™* "

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4np00034j

Open Access Article. Published on 24 February 2025. Downloaded on 6/15/2026 6:03:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

SUBSTRATE PROMISCUITY

OH
gj 13
EaMTPSL1
~
HO
A
14 ’
CATALYTIC PROMISCUITY ‘

R
J
Ego

GPP ——

(E,E)-FPP —

EaMTPSL2

|

(EE)}-FPP ——

18 19

Fig. 9 Diversity of terpenoid compounds biosynthesized by promis-
cuous MTPSL enzyme from E. australicus with the ability to accept
different substrates and catalyze the production of multiple
compounds. Substrates: (E,E)-FPP and GPP. Compounds: linalool [13],
nerolidol [14], B-copaene [15], aristol-9-ene [16], a-ylangene [17], B-
elemene [18], a-muurolene [19], (2)-a-bisabolene epoxide [20] (data
obtained from Wei et al.”).

To our knowledge, there are few studies demonstrating TPS
promiscuity in red algae. Wei et al.” observed a substrate
promiscuous MTPSL enzymes from two the red microalgae:
Erythrolobus australicus (EaMTPSL1) and P. purpureum
(PpMTPSL). The EaMTPSL1 enzyme could utilize both GPP and
(E,E)-FPP as substrates, converting them into linalool [13] and
nerolidol [14], respectively (Fig. 9). Meanwhile, the PpMTPSL
enzyme was active with both (E,E)-FPP and GGPP.” In the same
study, the catalytic promiscuity was demonstrated for MTPSL
enzymes from E. australicus (EaMTPSL2) capable of utilizing
(E,E)-FPP to produce a mixture of sesquiterpenes (B-copaene
[15], aristol-9-ene [16], o-ylangene [17], B-elemene [18], o-
muurolene [19], two unidentified sesquiterpenes, (Z)-a-bisabo-
lene epoxide [20], and an oxygenated sesquiterpene) (Fig. 9),
and also a MTPSL enzyme from P. purpureum (PpMTPSL)
capable of producing eight distinct sesquiterpenes (B-copaene
[15], aristol-9-ene [16], B-elemene [18], germacrene A [21], and
four others unidentified sesquiterpenes).” Further studies are
necessary to analyse other red algae lineages and expand the
current knowledge regarding TPS promiscuity. Besides, experi-
mental studies should consider increasing the diversity of
substrates tested to fully encompass the wide range of activities
and products that these enzymes can exhibit, and consequently,
demonstrate their total activity.

Moreover, directed mutagenesis can be used to modify
specific amino acid residues on TPS active sites to increase the

This journal is © The Royal Society of Chemistry 2025
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biosynthesis of a specific product enantiomer. Also, several
studies with plants induced modifications to one or more
residues controlling the active site volume and were able to
produce substrate selectivity changes in TPS enzyme
variants.'”***¢ Applying directed mutagenesis tools to red algal
TPS should expand the array of substances produced through
heterologous biosynthesis and increase the enantio-specificity
of the process to biosynthesize biotechnologically valuable red
algal terpenes.

2.4. Chemical diversity and additional modifications to the
basic terpene skeleton

As a result of the mentioned complex metabolic network, red
algae stand out for their great chemical diversity. Terpene
compounds are recognized as unique due to their structural
and functional diversity and can be found in nature with acyclic,
monocyclic, bicyclic, and polycyclic chemical struc-
tures.'>'®1*7?8 Further, a series of sequential rearrangements
mediated by enzymatic carbocation intermediates, results in
the formation of a wide variety of terpenes belonging to
different classes,"**** which contribute significantly to the
diversity of red algal terpenes (Fig. 10).

At least 700 compounds with unique structures have been
identified in 60 species of Laurencia.”** Among these, over 500
are sesquiterpenes, approximately 100 are diterpenes, 50 are
triterpenes, and 50 Dbelong to other classes of
metabolites.'*13%131

Laurencia species are recognized as the most appealing
source of sesquiterpenes offering a diverse array of structurally
distinct compounds. These sesquiterpenes can be categorized
based on their unique skeleton types.’*® In general, in
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Fig. 10 Sequential skeletal rearrangements leading to the synthesis of
diverse terpene classes. The initial cyclic or acyclic terpene skeletons
produced by terpene synthases (TPS) undergo subsequent chemical
modifications, greatly contributing to the diversity of terpenes found in
red algae. Substrates: FPP and GPP. Compounds: hamolon [1], ger-
macrene A [21], prespatane [22], myrcene [23], 1-ethylidene-3,3-
dimethylcyclohexane [24], omicene [25] and hexabromochlorinated
[26] (data obtained from Cikos et al.*? and Kersten et al.*%%).
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Fig. 11 Proposed mechanisms for the initial cyclization of FPP and the
synthesis of typical sesquiterpene skeleton types. Compounds: far-
nesyl cation [27], (35)-NPP [(35)-28], (3R)-NPP [(3R)-28], bisabolyl
cation [29], a.-bisabolane [30], y-bisabolane [31], a-chamigrane [32], B-
chamigrane [33], cuparane-type [34] and laurane-type [35] (data ob-
tained from Cikos et al.**°).

sesquiterpene biosynthesis, multiple pathways contribute to the
production of structurally diverse compounds (Fig. 11). For
example, in two of these pathways, terpene biosynthesis occurs
without initial isomerization of FPP, resulting from a cyclization
process induced at carbons 1,10 for the (E,E)-germacradienyl
cation or 1,11 for the (E,E)-humulyl cation formed from the
ionization of the farnesyl cation [27]. Alternatively, FPP can
undergo isomerization to two enantiomers (3S) [(35)-28] or (3R)-
NPP [(3R)-28], an essential process for the common 1,6-cycli-
zation to the bisabolyl cation [29].***

The bisabolyl cation [29] can result in the formation of
sesquiterpenes of the chamigrane and bisabolane skeleton
types (a-bisabolane [30] and y-bisabolane [31]), while the
precursor y-bisabolane can produce derivatives of a-[32] and B-
chamigrane [33] through enzymatic cyclization. The chami-
grane skeleton can act as an intermediate in forming new
carbon skeletons, potentially generating a chemical diversity of
produced compounds. Cuparane-type [34] sesquiterpenes are
derived through protonation of y-bisabolane followed by cycli-
zation to cuparane cation, which subsequently yields sesqui-
terpenes with a cyclopropane ring and can be the precursor for
the formation of laurane-type [35] sesquiterpenes by methyl
migration. Laurane-type [35] sesquiterpenes are derived from
the bisabolyl cation intermediate, while cuparane-type [34]
sesquiterpenes are derived through protonation of y-bisabolane
followed by cyclization to cuparane cation, which subsequently
yields sesquiterpenes with a cyclopropane ring and can be the
precursor for the formation of laurane-type sesquiterpenes by
methyl migration.'3%*3*134

The chamigrane-type sesquiterpenes are the most common
in the Laurencia species, presenting skeletons of the o- [32] and
B-chamigrane types [33]. Several studies revealed the presence
of chamigrane-type sesquiterpenes in Laurencia."***** Kamada
et al.*** described the presence of a-chamigrane [32] sesquiter-
penes in Laurencia majuscula, including 7-aldehyde-
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laurencenone B [36], 2-chloro-3-methoxy-a-chamigrane-9-one
[37], and laurebornone [38]. Similarly, Kamada et al'*
observed the production of lauremantanones A [3] and B [4],
derived from the oa-chamigrane skeleton [32], and elatol [2],
dendroidiol [5] and obtusol [6], derived from the B-chamigrane
skeleton [33].

Similarly, Cikos et al*?* surveyed the biodiversity of red
macroalgal monoterpenes and identified 136 different chemical
structures of monoterpenes from the genera Plocamium, Por-
tieria, Ochtodes, and Microcladia. The presence of reaction
cascades associated with highly reactive intermediates enables
the biosynthesis of a wide variety of chemically and structurally
distinct chemical compounds, as described earlier. Following
a divalent ionization process assisted by cations from the
diphosphate group during the biosynthetic process for forming
cyclic monoterpenes’ carbon skeletons. The cyclic cation a-ter-
pinyl is also formed and undergoes various distinct reaction
mechanisms, such as oxidation, reduction, isomerization, or
conjugation, resulting in a variety of mono- and bicyclic
monoterpene carbon skeletons. According to Cikos et al.,** the
most common acyclic monoterpenes in red algae are myrcene
[23], ocimene [25], geranial [39], neral [40], citronellol [41], and
geraniol [42]. On the other hand, 1,8-cineole [43] stands out as
the most frequent monocyclic monoterpene, while a-pinene
[44] and B-pinene [45] are the most common examples of bicy-
clic monoterpenes found in these marine macroalgae*°
(Fig. 12).

Moreover, several enzymes catalyze complex chemical
modifications, including glycosylation, methylation, acetyla-
tion, halogenation, phosphorylation, and oxidation,***'*
increasing the chemical diversity of red algal terpenes. These
reactions play an important role in the broad biological activity
of numerous natural products. Among the enzymes that modify
terpene chemical structures, cytochrome P450 catalyzes
common reactions of hydroxylation and epoxidation, and
a variety of “uncommon” reactions involving the formation and

38

. _~ CH:OH
OH
42
Fig. 12 Chemical structures of red algae terpenes [36—45].

Compounds: 7-aldehyde-laurencenone B [36], 2-chloro-3-methoxy-
a.-chamigrane-9-one [37], laurebornone [38], geranial [39], neral [40],
citronellol [41], geraniol [42], 1,8-cineole [43], a-pinene [44] and B-
pinene [45].
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cleavage of carbon-carbon (C-C), carbon-nitrogen (C-N), and
carbon-sulfur (C-S) bonds, as well as ring modifications. These
multiple reactions catalyzed by P450 greatly expand the diversity
of the chemical structures and biological activities of natural
products.

Comparative genomic and transcriptomic analyses revealed
a high diversity of P450 genes in algae.***'*® As the most
conserved P450 family, CYP51 is widely distributed across all
kingdoms. According to Teng et al.,*** both CYP51 and CYP97
show a close relationship among red algae, green algae, and
higher plants. The genome of the red microalgae C. merolae
revealed sequences corresponding to CYP51 and CYP710 and
contained five putative P450-coding genes: CMDO096C,
CM]J270C, CMJ284C, CMS319C, and CMRO093C."*>'* Yang
et al.** identified and functionally characterized the first cyto-
chrome P450-type carotene hydroxylase (PuCHY1) in the red
alga P. umbilicalis. Sequence comparisons showed that PuCHY1
belongs to the CYP97B family. The authors suggest that
members of the CYP97B subfamily of cytochrome P450-type
carotene hydroxylases emerged early in the evolution of
eukaryotic photosynthetic organisms. Recent advances in
cultivation and genetic manipulation technologies have
expanded the possibilities for studying red algal enzymes.
However, research on red alga P450 is still scarce and concen-
trated on the application of P450 inhibitors to cell cultures. One
potential obstacle to the functional characterization of red algal
P450 candidate genes is that the heterologous expression of
membrane-bound proteins is challenging.**”*>*

Red seaweeds produce a wide range of halogenated terpene
products with biotechnological potential and industrial appli-
cations. The biosynthesis of halogenated metabolites in these
organisms relies on numerous enzymatic and biosynthetic
reactions."” Haloperoxidase-mediated terpene halogenation is
recognized as an important process in the special metabolism
of red algae."™ " Butler and Sandy**® conducted a study on the
vanadium haloperoxidases found in marine algae, highlighting
the importance of these enzymes in the bromocyclization of
terpenes. This reaction is crucial for the biosynthesis of halo-
genated natural products, which possess significant biological
properties. Additionally, Butler et al.*®” discussed the reactivity
of vanadium bromoperoxidase (V-BPO), examining its role in
the production of halogenated compounds.

Together, these studies provide the foundation for under-
standing the essential roles of marine V-BPO in the bromina-
tion and cyclization of terpene products.””****3%'% A common
feature of V-BPOs found in red algae is their ability to produce
prolific brominated compounds from a single precursor,
reflecting the versatility of these enzymes."” V-BPO isolated
from Laurencia, for example, catalyzes the cyclization and
bromination of the sesquiterpene nerolidol [46], leading to the
formation of «- [47], B- [48], and 7y-snyderol [49] and (+)-3B-
bromo-8-epicaparrapi oxide [50]. Here, y-snyderol [49] is
proposed as an intermediate in the synthesis of other bicyclic
compounds (Fig. 13)."%¢

The family Rhodomelaceae (order Ceramiales, class Rhodo-
phyceae, and phylum Rhodophycota) stands out as the largest
family of marine red macroalgae and biosynthesizes thousands
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Fig. 13 Example of the proposed mechanism of catalysis by red algal
V-BPO. Compounds: nerolidol [46], a.- [47], B- [48], and y-snyderol
[49] and (+)-3B-bromo-8-epicaparrapi oxide [50]. Adapted from
Butler and Sandy.**¢

of compounds, most of them (about 80%) being halogenated
metabolites. Notably, most of these halogenated compounds
from Rhodomelaceae consist of bromine or chlorine haloge-
nation in a wide variety of carbon distinct skeletons.*® These
halogenated terpenes were mainly found in the genus Lau-
rencia, which comprises about 144 known species.™

Red algal terpenes have been extensively isolated and tested
in the last decades. Future interdisciplinary studies should use
the accumulated knowledge of red algal terpenes’ chemical
diversity to expand the comprehension of the underlying
molecular mechanisms. Further, new biosynthetic methods are
needed for the sustainable biosynthesis of these valuable
compounds.

3. Heterologous biosynthesis of
terpenes in red algae

The biotechnological applicability of red algal terpenes depends
on the development of sustainable production methods. Recent
advances in synthetic biology and genetic engineering have
facilitated the development of new tools for gene construction,
control, and insertion, as well as for the optimization and
manipulation of metabolic pathways and biosynthesis in
heterologous systems. However, few studies have been dedi-
cated to the characterization and expression of genes involved
in the biosynthesis of terpenes from red algae in heterologous
systems (Table 1).

Besides, the number of red algal species with available
genome sequences is low compared to other major eukaryotic
groups.®® Indeed, Hanschen and Starkenburg®™® report an
overall reduction in algae genome completeness, assembly, and
gene annotation quality. The incomplete annotation of impor-
tant red algal metabolic pathways was also reported by
McKinnie et al.*® The authors functionally annotated the
genome and transcriptomes of 72 red algal species and
demonstrated that the secondary metabolic pathways are
especially underrepresented. This hampers the comprehension
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Table 1 Characterized MTPSLs from red algae and their associated products
Species Substrate Products Ref.
L. pacifica (E,E)-FPP Prespatane 77 and 101
(E,E)-FPP Bicyclogermacrene
(E,E)-FPP Sesquiterpene alcohol
L. subopposite (E,E)-FPP (Z,E)-a-Farnesene 77
(E,E)-FPP Germacrene D-4-ol
(E,E)-FPP Germacrene B
(E,E)-FPP Ledene
(E,E)-FPP Prepatane
P. hornemannii GPP B-mircene 77
(E,E)-FPP Germacrene D
(E,E)-FPP Valencene
P. pacificum GPP Trans-B-ocimene 77
P. purpureum (E,E)-FPP B-Elemene, aristol-9-ene, B-copaene, 74
germacrene A, four others
unidentified sesquiterpenes
GGPP 7,11-Dimethyl-3-methylene-1,6,10-
dodecatriene, cembrene A
E. australicus GPP Linalool 74
(E,E)-FPP Nerolidol
(E,E)-FPP B-Copaene, aristol-9-ene, o-
ylangene, B-elemene, a-muurolene,
two unidentified sesquiterpenes,
(2)-a-bisabolene epoxide,
oxygenated sesquiterpene
P. umbilicalis GGPP B-Carotene, lycopene 95
B. fuscopurpurea GGPP Geranylgeraniol 76

of the regulation mechanisms involved in terpene biosynthesis
and the application of valuable tools such as gene knockout,
overexpression, and knockdown.

Indeed, cloning and expression techniques were rarely
employed for the functional characterization of red algal genes
but brought important insights. As an example, Yang et al.*®
used a co-transformation method to characterize a gene coding
for a prenyltransferase, and was able to prove that the gene
PuGGPS from the red macroalgae Pyropia umbilicalis codes for
geranylgeranyl diphosphate synthase (GGPPS), based on the
accumulation of B-carotene and lycopene by E. coli transformed
cells. The authors combined these tools with gene expression
analysis of algae treated with a specific inhibitor of carotenoid
biosynthesis, high-performance liquid chromatography, and
enzymatic docking analyses. As such, this study characterized
the first GGPS gene for the order Bangiales and contributed to
the understanding of the carotenoid metabolism in red algae.

Similarly, Deng et al”® cloned and expressed a candidate
GGPPS gene from the red macroalgae B. fuscopurpurea in E. coli
and confirmed, through enzymatic assays, that BfEGGPPS is
capable of biosynthesizing geranylgeraniol as its only product.
By using yeast-two-hybrid assays these authors detected the
interaction of BEGGPPS with a candidate phytoene synthase and
suggested a putative mechanism modulating metabolic flux
through protein-protein interaction in red algal carotenoid
biosynthesis. The authors also suggested an early divergence of
GGPSs from red and green algae lineages during evolution,
based on phylogenetic analyses. Further, a recent study from Li
et al.*® functionally characterized the first phytoene synthase
from a red alga through cloning and expressing a candidate
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gene from P. yezoensis in E. coli cells. The authors also analyzed
the phylogenetic relationship of this gene in different organ-
isms, adding another important piece of information regarding
the evolution of carotenoid biosynthesis. Several studies also
applied heterologous gene expression to characterize TPS genes
and produce valuable terpenes. As an example, Kersten et al.’*
identified and characterized a sesquiterpene synthase from
Laurencia pacifica through the expression of the LphTPS-A gene
in Saccharomyces cerevisiae and E. coli, resulting in the principal
production of prespatane [23], a bourbonane-type sesquiter-
pene. This was the first study to functionally define a bourbo-
nane-producing sesquiterpene synthase from red algae. Also,
Wei et al.” determined the biochemical functions of terpene
synthases from the red microalgae P. purpureum (PpMTPSL) and
E. australicus (EaMTPSL1 and EaMTPSL2) by cloning and
expressing the candidate genes in E. coli cells. Through in vitro
assays, the authors demonstrated that PpMTPSL was active with
both substrates (E,E)-FPP and (E,E,E)-GGPP and produced
sesquiterpenes and diterpenes, respectively. In contrast,
EaMTPSL1 was able to accept GPP and (E,E)-FPP as substrates
and converted them into specific mono- and sesquiterpenes,
respectively, whereas EaMTPSL2 converted (E,E)-FPP into
a mixture of sesquiterpenes. This was the first study to
demonstrate a promiscuous potential for red algal TPS,
although further analyses are necessary to confirm these find-
ings and evaluate the contribution of this mechanism to the
chemical diversity of terpenes in Rhodophycota.

Moreover, Steele et al.”” functionally characterized 10 new
type I terpene synthase sequences from the red macroalgae
species P. hornemannii, P. pacificum, L. pacifica, and L.

This journal is © The Royal Society of Chemistry 2025
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subopposita through the heterologous gene expression in E. coli.
The authors reported the selective activity of monoterpene
synthases from P. pacificum and P. hornemannii, and the selec-
tive sesquiterpene synthase activity of MTPSL sequences from P.
hornemannii, L. subopposita and L. pacifica. This work signifi-
cantly expanded the knowledge regarding the red algal terpene
synthase family.

Finally, Kaneko et al.*** reported the functional character-
ization and bromination activity of a vanadium-dependent
bromoperoxidase (V-BPO) from the red seaweed Laurencia sai-
toi by cloning the candidate gene in E. coli cells. This is the first
report of cloning and expression of a gene involved in the
chemical modification of terpenes and represents an important
step towards the heterologous synthesis of halogenated red
algal compounds. Genetic manipulation for the biosynthesis of
natural products from red algae remains an underexplored
area. Notably, the few studies in this field focused on E. coli and
yeast as hosts, despite the advances on the engineering of cya-
nobacteria and microalgae for terpene production.'**'®* In
special, the green microalga C. reinhardtii and the primitive red
microalga C. merolae are emerging as platforms for the
biosynthesis of bioproducts, including specialized terpenes and
carotenoids.””'** Important technological advances for the
broad utilization of microalgae as hosts include new methods
for gene delivery, gene editing, promoter engineering and
transcription factors-based metabolic engineering.'**'*

In general, more studies applying cloning and expression
techniques for the functional characterization of red algal genes
are needed. Also, the use of long-read sequencing and the
adoption of high-standard bioinformatic approaches for
assembly and annotation are important measures to increase
genomic information for Rhodophycota. Combined with bio-
informatics tools, the use of multi-omics techniques, such as
genomics, transcriptomics, proteomics, and metabolomics, can
integrate heterologous expression platforms, allowing the
identification of bottlenecks in the production of commercially
valuable compounds.'****® Through molecular approaches, it is
possible to clone and co-express different genes, enabling the
biosynthesis of a wide range of compounds of biotechnological
interest. Further, protein engineering provides the opportunity
to improve the properties of enzymes involved in terpene
biosynthesis by modifying specific amino acid residues. Also,
gene editing techniques can target enzymes responsible for
rate-limiting steps to enhance metabolite production
rates.'”®'%*'”> Future advances in these areas may open new
perspectives for genetic engineering and the production of
commercially valuable natural products derived from red algae.

4. Conclusion and future
perspectives

Despite the broad biotechnological potential of red algal
terpenes, the complex molecular and chemical processes
underlying the biosynthesis of this diversified class of natural
products are still poorly understood. In the present review, we
categorized the biosynthetic steps of red algal terpenes into four

This journal is © The Royal Society of Chemistry 2025
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complexity levels: the synthesis of isoprenoid precursors; the
linear condensation of precursors to produce polyisoprenyl
diphosphate; the chemical/structural modifications catalyzed
by terpene synthases; and the additional chemical/structural
modifications in the basic terpene skeleton. The studies
regarding the contribution of each of these levels to the chem-
ical diversity of terpenes in red algae were carefully discussed,
and the knowledge gaps were highlighted. The complete or
partial absence of the MVA in several, but not all, red macro-
algae was considered in light of the evolutionary trajectory and
the availability of transcriptomic data for red algal lineages. The
studies characterizing IPS genes in red algae were also analyzed
and the need for investigating their occurrence, distribution,
and regulatory processes was emphasized. The molecular
diversity and the catalytic and substrate promiscuity of TPS were
discussed as sources of variations that contribute to the wide
array of chemically diverse red algal terpenes. Finally, the
chemical modifications of the basic terpene skeleton were
analyzed.

Future research should expand the genomic and tran-
scriptomic data for understudied red algal species, elucidate the
protein crystal structures for these algal TPS, and use compu-
tational approaches to predict their products. Co-expression
analyses may also reveal the relevant pathways for terpene
chemical modifications. Finally, directed mutagenesis studies
have the potential to elucidate structure-function relationships
and improve the heterologous synthesis of valuable red algal
terpenes.
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