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ABSTRACT:  Sesquiterpene scaffolds are the core backbones of 
many medicinally and industrially important natural products. A 
plethora of sesquiterpene synthases, widely present in bacteria, 
fungi, and plants, catalyze the formation of these intricate structures 
often with multiple stereocenters starting from linear farnesyl di-
phosphate (FPP) substrates. Recent advances in next-generation se-
quencing and metabolomics technologies have greatly facilitated 
gene discovery for sesquiterpene synthases. However, a major bot-
tleneck limits biochemical characterization of recombinant sesquit-
erpene synthases: the absolute structural elucidation of the derived 
sesquiterpene products. Here, we report the identification and bio-
chemical characterization of LphTPS-A, a sesquiterpene synthase 
from the red macroalga Laurencia pacifica. Using the combination 
of transcriptomics, sesquiterpene synthase expression in yeast, and 
microgram-scale NMR-coupled crystalline sponge X-ray diffrac-
tion (XRD) analysis, we resolved the absolute stereochemistry of 
prespatane, the major sesquiterpene product of LphTPS-A, and 
thereby functionally define LphTPS-A as the first bourbonane-pro-
ducing sesquiterpene synthase and the first biochemically charac-
terized sesquiterpene synthase from red algae. Our study showcases 
a workflow integrating multi-omics approaches, synthetic biology, 
and the crystalline sponge method, which is generally applicable 
for uncovering new terpene chemistry and biochemistry from 
source-limited living organisms. 

INTRODUCTION 
Sesquiterpenes are ecologically, commercially, and medici-

nally important natural products produced by organisms from all 
domains of life.1,2 Sesquiterpenes typically incorporate multicyclic 
hydrocarbon cores with several stereocenters. The core structures 
are generally biosynthesized by type I sesquiterpene synthases 
from linear farnesyl diphosphate (FPP) precursors, which can exist 
in several olefinic stereoisomers.3 Efficient total synthesis of ses-
quiterpenes with stereocontrol in large amounts is often difficult;4 
therefore, identification of specific sesquiterpene synthases fol-
lowed by metabolic engineering and semisynthesis is an important 
route for sustainable production of high-value sesquiterpene prod-
ucts.5 

The rapid expansion of genomic resources available for non-
model organisms has revealed tremendous sequence diversity of 
sesquiterpene synthase families in bacteria,6 fungi,7 plants,8 and 
other eukaryotes,9 underlying largely untapped natural sesquiter-
pene chemistry. While the number of biochemically characterized 

sesquiterpene synthases continues to increase, prediction of ses-
quiterpene synthase products solely based on primary sequence re-
mains impractical.10 Currently, reconstitution of sesquiterpene syn-
thase activity in heterologous systems is an essential first step for 
sesquiterpene synthase characterization, which has been greatly ex-
pedited by recent advances in gene synthesis and metabolic engi-
neering techniques in microbial hosts.11,12 Gas chromatography–
mass spectrometry (GC-MS) and nuclear magnetic resonance 
(NMR) are routinely used in combination to infer the structure of a 
given sesquiterpene, when sufficient amount of pure product can 
be obtained.11,13 Additionally, NOESY NMR is often used to infer 
relative stereochemistry, but lacks the clarity needed to assign ab-
solute stereochemistry. With these limitations, the absolute config-
uration of many previously reported sesquiterpenes has yet to be 
unequivocally demonstrated. 

X-ray crystallography (Bijvoet method) is a well-established, 
direct method for absolute structure determination of small mole-
cules. However, most sesquiterpenes exist as oil and are recalcitrant 
to crystallization. For those that do crystallize, anomalous X-ray 
scattering is often weak due to the lack of anomalously scattering 
atoms in sesquiterpenes, rendering significant difficulties for Bi-
jvoet analysis. 

The crystalline sponge method has recently emerged as a new 
methodology for structure elucidation of small organic molecules 
at microgram-to-nanogram scale.14,15 The analyte, also referred to 
as the guest, is soaked into the pre-prepared crystals of porous 
metal-organic coordination complexes. The absorbed guests often 
adopt defined poses in the pores, and their absolute three-dimen-
sional structure can then be determined by X-ray diffraction (XRD) 
analyses. The crystalline sponge method has been applied to re-
solve the absolute configuration of a wide array of terpenoids, in-
cluding sesquiterpene oxidation products,16 diterpene-derived plant 
hormones,17 a fungal sesterterpene synthase product,18 and marine 
sesquiterpene natural productss.19 Here, we report the utility of the 
crystalline sponge method in the characterization of the first ses-
quiterpene synthase from a red macroalga by applying it for de 
novo structure elucidation of an unknown analyte in combination 
with NMR analysis. 

RESULTS AND DISCUSSION 
Marine organisms such as macroalgae are a prolific source of 

terpene-derived natural products.20 In particular, red macroalgae 
under the family Rhodomelaceae produce a diversity of sesquiter-
pene natural products, many of which contain halogens and exhibit 
a multitude of unique bioactivities.20 Of particular interest in red 
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macroalgal sesquiterpenes are their cyclic sesquiterpene scaffolds, 
which are often structurally distinct to scaffolds in sesquiterpenes 
from terrestrial sources.20 Biosynthesis of red algal sesquiterpene 
scaffolds is hypothesized to involve two cyclization steps catalyzed 
by (a) sesquiterpene synthases and (b) vanadium-dependent bro-
moperoxidases.20,21 While vanadium-dependent bromoperoxidases 
have been biochemically characterized as terpene cyclases in red 
macroalgae,21 biochemical characterization of sesquiterpene syn-
thase from red alga is still missing. 
_____________________________________________________ 

 
Figure 1. Terpene chemotyping of Laurencia pacifica and expression 
of LphTPS-A in yeast. (a) L. pacifica specimen. (b) Pacifenol (1) and 
laurinterol (2). (c) GC-MS detection of a candidate sesquiterpene (3) in 
L. pacifica hexane extract and reconstitution of the production of 3 in 
yeast by recombinant expression of LphTPS-A. The red bar highlights 
sesquiterpene 3, the blue bar highlights laurinterol (2). Asterisk denotes 
(E,E)-farnesol and x denotes fatty acids based on NIST EI-MS match. 
_____________________________________________________ 

 
We targeted the red macroalga Laurencia pacifica (Figure 1a) 

for identification of sesquiterpene synthases catalyzing the hypo-
thetical first committed step in sesquiterpene biosynthesis in these 
organisms, because several halogenated chamigrene and laurane 
sesquiterpenes have been identified from this species.22 A specimen 
of L. pacifica was collected from La Jolla, CA, USA, and subjected 
to metabolic profiling by GC-MS. Pacifenol (1) and laurinterol (2) 
were detected in this specimen (Figure 1b, S1 & S2, Table S1 & 
S2). Additionally, several putative sesquiterpenes with the molec-
ular formula C15H24 were also detected (Figure 1c). GC-MS analy-
sis of these major sesquiterpene hydrocarbons yielded no high-
scoring match to the deposited sesquiterpene spectra in the NIST 
database. These sesquiterpenes could either be putative biosyn-
thetic precursors of pacifenol and laurinterol, or other sesquiterpene 
natural products produced by the alga or its associated microbiome. 

To uncover the genetic and biochemical basis for the observed 
terpene chemotypes, we first performed RNA-Seq experiments us-
ing total RNA extracted from the combined tissue of a L. pacifica 
holobiont and assembled a de novo transcriptome using the Trinity 
assembler. Mining of the transcriptome identified three candidate 
sesquiterpene synthases, designated LphTPS-A, LphTPS-B, and 
LphTPS-C (Lph – Laurencia pacifica holobiont). Blast searches 
against GenBank revealed that LphTPS-A, -B, and -C are related 

to a number of predicted sesquiterpene synthases from cyanobacte-
ria but with overall low sequence identity (Table S3). All three 
LphTPS candidates appear to be single-domain, harboring two con-
served Mg2+-cofactor-binding motifs typical of type I sesquiterpene 
synthases (Figure S3).3 

While no sesquiterpene synthase from red algae has been pre-
viously characterized and deposited in GenBank to date, the tran-
scriptome of another sesquiterpene-producing Laurencia species, 
Laurencia dendroidea, is available through the NCBI Sequence 
Read Archive (SRA).23 Mining sesquiterpene synthases in the L. 
dendroidea transcriptome identified three red algal sesquiterpene 
synthase-encoding genes (Figure S4) homologous to LphTPS-A, -
B and -C. In order to infer the organismal origin of sesquiterpene 
synthases identified from red algal transcriptomes, we performed 
phylogenetic analysis using LphTPSs together with the L. dendroi-
dea sesquiterpene synthases and other representative bacterial, fun-
gal, amoebal and plant sesquiterpene synthases (Figure 2 & S5). 
This analysis revealed that the six red macroalgal sesquiterpene 
synthases form a well-supported monophyletic clade separate from 
sesquiterpene synthases from other domains of life (Figure 2). 
Since the L. dendroidea transcriptome was derived from a culti-
vated alga with minimized microbial contamination, which exhib-
ited similar sesquiterpene chemotypes,23 we conclude that 
LphTPS-A, -B and –C and their homologs in L. dendroidea are 
most likely encoded by the red algal genomes instead of symbiont 
microbial genomes. Future in-depth (meta)genomic analysis of the 
L. pacifica holobiont is necessary to unequivocally verify the 
source organism of LphTPSs.9,24 

_____________________________________________________ 

 
Figure 2. A Neighbor-joining phylogenetic tree including sesquiter-
pene synthases from transcriptomes of L. pacifica and L. dendroidea 
and select bacterial, fungal, amoebal and plant sesquiterpene syn-
thases. The scale measures evolutionary distances in substitutions per 
amino acid. For detailed tree with complete references bootstrap val-
ues, see Figure S5. Abbreviation: STPS, sesquiterpene synthases. 
_____________________________________________________ 

 
For biochemical identification, we initially chose LphTPS-A 

for production of its sesquiterpene products in heterologous hosts. 
LphTPS-A was expressed in the S. cerevisiae BY4743 strain using 
the p426TEF expression vector.25 After five days of culturing, hex-
ane extracts of the yeast cells were prepared, and analyzed by GC-
MS. One major sesquiterpene product and several minor products 
were detected
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Figure 3.  Characterization of LphTPS-A as a prespatane sesquiterpene synthase by microgram-scale NMR-coupled crystalline sponge XRD anal-
ysis. (a) The preliminary X-ray diffraction refinement result of the crystalline sponge-3 complex (Table S7). The zoomed insert shows the partial 
solution of 3 superimposed with the Fourier electron density map (σ = 0.6, red box). (b) Partial structural motifs of 3 inferred from NMR analysis. 
(c) The final X-ray diffraction refinement result of the crystalline sponge-3 complex. Two crystallographically independent molecules of prespatane 
(3) are present in each asymmetric unit (guest A - yellow color, guest B – blue color). The zoomed insert shows the final structure of prespatane 
superimposed with the Fourier electron density map (guest A, σ = 0.55, red box). (d) NMR confirmation of the prespatane structure. 1H-1H COSY 
and key HMBC correlations in 3 and key NOESY correlations in 3 are displayed. 
_______________________________________________________________________________________________________________
(Figure 1c). The main product 3 matched one of the observed major 
sesquiterpene chemotypes from the L. pacifica holobiont based on 
MS analysis (Figure 1c, Figure S6). Compound 3 was subsequently 
purified from transgenic yeast cell pellet, and concentrated to oil 
with sub-milligram yields for structure elucidation. 

To resolve the structure of 3, we used the crystalline sponge 
method.14,15,17,26,27,28 Each single crystal of the [(ZnI2)2(tpt)3•x(sol-
vent)]n porous complex (crystalline sponge, tpt, tris(4-pyridyl)-
1,3,5-triazine)29 was placed in a vial containing cyclohexane (45 
µL), to which a solution of 3 in 1,2-dichloroethane (5 µL, 1 mg/mL) 
was added. The vial was capped and a syringe needle was inserted 
on top to allow slow evaporation of the solvent at 50 ˚C for 1 day 
followed by 5 days at 4 ˚C. The guest-absorbed crystals were sub-
jected to XRD analysis using an in-house X-ray diffractometer us-
ing Cu Kα irradiation. The space group of the crystalline sponge 
changed from centrosymmetric C2/c to non-centrosymmetric C2 
following guest molecule absorption (Figure S7). Initial structure 
elucidation and refinement resolved a clear C12 moiety with a sta-
tistically significant match of the Fo and Fc maps (Figure 3a). This 
de novo partial solution was notably unbiased as neither restraints 
nor constraints were employed at this initial stage of structure de-
termination (Dataset S1-9, Figure S8, Table S4-7). 

Next, NMR spectroscopic analyses were conducted to gain ad-
ditional chemical information of 3 (Figures S9–S15, Table S8). The 
molecular formula of 3, C15H24, gives a degree of unsaturation of 
four, which indicates either a multicyclic structure or a linear mol-
ecule with four double bonds. These alternatives were resolved us-
ing 13C NMR. The 13C NMR spectrum revealed 15 signals includ-
ing one terminal olefinic carbon. Given the degree of unsaturation 
of four and just one double bond in the molecule, 3 conforms to a 
tricyclic structure. Interpretations of DEPT, HMQC, 1H-1H COSY, 
and HMBC correlations further suggested the presence of four de 
novo partial structural motifs in 3 as shown in Figure 3b. 

Combining the de novo partial solutions of 3 from both the 
initial X-ray interpretation and the NMR data led to definitive as-
signment of the remaining three carbons missing from the partial 
de novo X-ray solution (Dataset S10-15, Figure S8, Table S8-10). 
This combined interpretation was further supported by three previ-
ously unaccounted peaks of electron density near the C12 moiety 
(Figure 3b). A 5-4-5 fused ring tricyclic scaffold was obtained fol-
lowing assignment of these final three carbons and the use of 
DANG and DFIX restraints based on NMR measurements. Refine-
ment of the crystal structure of the crystalline sponge-3 complex 
revealed two crystallographically independent guest molecules of 
3 per asymmetric unit (Figure 3c). These guest molecules A and B 
were refined as described (Supporting text, Figure S8). The follow-
ing discussion is focused on the well-behaved guest A, which is a 
valid methodology.15 Finally, DFIX and most DANG restraints 
were removed during the last stages of refinement against the X-
ray data (Dataset S16-20, Figure S8, Table S11-14). 

The absolute configuration of the tricyclic C15 structure of 3 
was established as 1S, 2R, 5S, 6S, 7S, 8S, based on the Flack pa-
rameters [0.057(6)] calculated using the Parsons’ method (Table 
S14, CCDC Entry: 1533929). This configuration was confirmed by 
unsuccessful matching of its enantiomer structure to the X-ray data 
(Dataset S21-24, Figure S8, Table S15 & S16). The final structure 
of 3 was double-checked against the 1H-1H COSY, HMBC and 
NOESY correlations to be fully compliant (Figure 3d). 

The connectivity pattern of the resolved structure of 3 matched 
prespatane (4, Figure 4), a bourbonane sesquiterpene isolated from 
the sponge Cymbastela hooperi30 and the liverwort Ptychanthus 
striatus.31 However, the absolute configuration of 3 determined 
here differs from the previously reported relative configuration of 
prespatane. In this latter case, the relative configuration at pres-
patane’s C8 stereogenic center is opposite to 3.30,31 As the previ-
ously reported prespatane structure (4) was based on NMR data and 
shares identical 13C-NMR values with 3 (Table S8), we report here 
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a revised absolute structure of prespatane based on our XRD data 
(Figure S15). 
_____________________________________________________ 

 
Figure 4. The revised absolute structure of prespatane (3) with op-
posite relative configuration at C8 center compared to the previ-
ously reported absolute structure of prespatane (4) and ORTEP 
drawing with 30% probability of guest A. 31 
_____________________________________________________ 

To the best of our knowledge, the absolute structure elucida-
tion of prespatane (3) functionally defines LphTPS-A as the first 
bourbonane-producing sesquiterpene synthase. Bourbonane ses-
quiterpene natural products feature a 5-4-5 tricyclic scaffold, and 
have been isolated from numerous plant species, including Gera-
nium bourbon,32 Vernonia sp.,33 and P. striatus,31,34 as well as ma-
rine organisms, including the sponge C. hooperi,30 and the soft 
coral Nephthea erecta35 (Figure S16). The bourbonane ring system 
is also found in some diterpenes, such as the anti-cancer agent spa-
tol, isolated from the brown macroalga Spatoglossum schmittii36 
(Figure S16). In addition, LphTPS-A is the first biochemically 
characterized sesquiterpene synthase from red macroalgae. Class I 
sesquiterpene synthases have been hypothesized to be involved in 
the initial biosynthetic step of red macroalgal halogenated sesquit-
erpene natural products.21 The identification of a red macroalgal 
sesquiterpene synthase and the workflow we applied for its defini-
tion will therefore facilitate future investigation of additional ses-
quiterpene synthases involved in the biosynthesis of therapeutically 
promising sesquiterpenes from the transcriptomes and genomes of 
Laurencia species. 

Prespatane does not appear to be a biosynthetic intermediate 
of the main sesquiterpenes 1 and 2 in L. pacifica. However, vana-
dium-dependent bromoperoxidases21 and other sesquiterpene-mod-
ifying enzymes may transform prespatane to halogenated natural 
products such as 1 and 2. Alternatively, LphTPS-B and LphTPS-C 
could produce the corresponding sesquiterpene intermediates of 1 
and 2. Studies regarding the potential turnover of prespatane by 
bromoperoxidases identified from the L. pacifica transcriptome and 
characterization of the other L. pacifica sesquiterpene synthases are 
currently underway. 

Prespatane biosynthesis was previously investigated by stable 
isotope labeling in the liverwort P. striatus.34 Katoh et al. estab-
lished the positions of the (E,E)-FPP-derived five carbon isoprene 
units in the prespatane scaffold by in vivo incorporation of [2-13C]-
mevalonolactone and [5,5-D2]-mevalonolactone (Figure S17), 
which enabled the authors to propose a cyclization mechanism ac-
companying prespatane biosynthesis. 

The establishment of the absolute configuration of prespatane 
(3) and the identification of LphTPS-A as a prespatane synthase 
determined herein led us to propose refined catalytic mechanisms 
underpinning prespatane formation by LphTPS-A from (E,E)-FPP 

(Scheme 1). In the first step, (E,E)-FPP ionizes through loss of di-
phosphate, and the resultant farnesyl cation undergoes an initial 
[1,10]-cyclization to form a germacrenyl cation. In the proposed 
pathway a, germacrene A is formed by C12/C13 deprotonation. 
Subsequently, reprotonation of germacrene A yields the second cy-
clization and proton abstraction at C7 initiates the final cyclization 
step to give prespatane.34 In the proposed pathway b, germacrenyl 
cation undergoes a deprotonation at C8 to form germacrene B. Ger-
macrene B reprotonation triggers two steps of cyclization and a 
subsequent rearrangement to yield the final carbocation with a 
bourbonane scaffold which gets deprotonated to form prespatane. 
In the proposed pathway c, germacrene C is formed from ger-
macrenyl cation by a 1,2-hydride shift and deprotonation at C7. 
Reprotonation of germacrene C initiates two consecutive carbo-
cation-mediated cyclization steps leading to the prespatane skele-
ton. Following a second 1,2-hydride shift and deprotonation of the 
terminal tertiary carbocation prespatane (3) forms. To test these 
proposed catalytic mechanisms, LphTPS-A was heterologously ex-
pressed in E. coli, and purified to homogeneity for in vitro enzyme 
assays (Figure S18). Incubation of LphTPS-A with (E,E)-FPP and 
Mg2+ yielded prespatane (Figure S18), while incubation with gera-
nyl diphosphate (GPP) or geranylgeranyl diphosphate (GGPP) re-
sulted in no terpene product formation, confirming LphTPS-A as a 
sesquiterpene synthase specific for 15-carbon substrates. Further-
more, LphTPS-A was incubated with (E,E)-FPP and Mg2+ in 
D2O.37 The EI-MS spectrum of prespatane formed in D2O showed 
a 205 m/z parent mass peak (Figures S18), supporting a deprotona-
tion-reprotonation step during prespatane formation (Scheme 1) 
due to deuterium incorporation into the prespatane skeleton. Spe-
cifically, EI-MS analysis of the deuterated prespatane suggests a 
reprotonation at C5 instead of C1 as indicated (Figure S18) in com-
parison to prior prespatane EI-MS fragmentation analyses.34 A re-
cent study of a fungal guaia-6,10(14)-diene synthase elucidated a 
single step pathway from germacrene C to the guaianyl cation upon 
protonation-based activation of germacrene C to initiate cycliza-
tion,38 a feature likely shared with LphTPS-A-mediated catalysis. 
Ultimately, the discovery of LphTPS-A aids future efforts in re-
solving the mechanistic bases for bourbonane sesquiterpene bio-
synthesis in L. pacifica and other systems. 
_____________________________________________________ 

Scheme 1. Proposed cyclization mechanisms of prespatane 
(3) from FPP catalyzed by LphTPS-A. 

 

_____________________________________________________ 

CONCLUSIONS 
In summary, we report the discovery of the first bourbonane-

producing sesquiterpene synthase from red macroalga L. pacifica 
by the combination of metabolomics, transcriptomics, metabolic 
engineering in yeast, and microgram-scale NMR-coupled crystal-
line sponge XRD analysis. We showed that red macroalgae can 
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produce sesquiterpenes via class I sesquiterpene synthases and that 
these marine organisms can be a source of new terpene chemistry 
and biochemistry. This study demonstrated that the absolute struc-
ture elucidation of sesquiterpene natural products from microgram-
scale quantities could be efficiently achieved by combining infor-
mation yielded from both NMR analyses and the crystalline sponge 
method. The structural revision of prespatane also marks the first 
application of the crystalline sponge method for de novo structure 
elucidation of an unknown analyte with NMR complementation in 
an iterative fashion. Future studies will focus on systematic analy-
sis of functionally diverse sesquiterpene synthases to assess general 
applicability of this newly established workflow. Further method-
ology improvements of the crystalline sponge technique regarding 
sample preparation and data analysis could make it an important 
part for the routine structure-function characterization of terpene 
biosynthetic enzymes and, therefore, expedite the discovery of 
largely unexplored terpene chemistry and biochemistry in source-
limited non-model organisms. 
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Figure 1. Terpene chemotyping of Laurencia pacifica and expression of LphTPS-A in yeast. (a) L. pacifica 
specimen. (b) Pacifenol (1) and laurinterol (2). (c) GC-MS detection of a candidate sesquiterpene (3) in L. 

pacifica hexane extract and reconstitution of the production of 3 in yeast by recombinant expression of 

LphTPS-A. The red bar highlights sesquiterpene 3, the blue bar highlights laurinterol (2). Asterisk denotes 
(E,E)-farnesol and x denotes fatty acids based on NIST EI-MS match.  
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Figure 2. A Neighbor-joining phylogenetic tree including STPSs from transcriptomes of L. pacifica and L. 
dendroidea and select bacterial, fungal, amoebal and plant STPSs. The scale measures evolutionary 

distances in substitutions per amino acid. For de-tailed tree with complete references bootstrap values, see 

Figure S5. Abbreviation: STPS, sesquiterpene synthases.  
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Figure 3.  Characterization of LphTPS-A as a prespatane STPS by microgram-scale NMR-coupled crystalline 
sponge XRD analysis. (a) The preliminary X-ray diffraction refinement result of the crystalline sponge-3 
complex (Table S7). The zoomed insert shows the partial solution of 3 superimposed with the Fourier 

electron density map (σ = 0.6, red box). (b) Partial structural motifs of 3 inferred from NMR analysis. (c) 
The final X-ray diffraction refinement result of the crystalline sponge-3 complex. Two crystallographically 

independent molecules of prespatane (3) are present in each asymmetric unit (guest A - yellow color, guest 
B – blue color). The zoomed insert shows the final structure of prespatane superimposed with the Fourier 

electron density map (guest A, σ = 0.55, red box). (d) NMR confirmation of the prespatane structure. 1H-1H 

COSY and key HMBC correlations in 3 and key NOESY correlations in 3 are displayed.  
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Figure 4. The revised absolute structure of prespatane (3) with opposite relative configuration at C8 center 
compared to the previously reported absolute structure of prespatane (4) and ORTEP drawing with 30% 

probability of guest A. 31  
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Scheme 1. Proposed cyclization mechanisms of prespatane (3) from FPP catalyzed by LphTPS-A.  
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