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ABSTRACT: Zizaene synthase (ZS) from Chrysopogon
zizanioides (Poaceae) is the critical enzyme in the biosynthesis
of the fragrant sesquiterpene khusimol, a major component of
the vetiver essential oil used widely by the cosmetic industry. As
reported previously, we heterologously and successfully ex-
pressed the active ZS with a small ubiquitin-related modifier
(SUMO) fusion domain. In this study, we report the
optimization of reaction conditions and determination of
enzyme kinetics of ZS. Moreover, we investigate the catalytic
specificity and reaction mechanisms with the ubiquitous
(2E,6E)-farnesyl diphosphate (FDP) and with C10 and C15
prenyl diphosphate isomers. Catalytic promiscuity occurs with
monoterpene substrates generating eight products that
comprise acyclic, cyclic, and hydroxylated monoterpenes. In contrast, ZS is a high-fidelity terpene cyclase when used with
C15 isomer substrates, yielding as major products (Z)-β-farnesene (100%) for (2E,6Z)-FDP and (+)-zizaene (81.7%), β-
acoradiene (12.8%), and (E)-β-farnesene (5.5%) for (2Z,6E)-FDP. Cyclization of the ubiquitous substrate (2E,6E)-FDP
demonstrates a higher catalytic specificity, whereas the reaction proceeds via the acorenyl cation that generates (+)-zizaene
(91.5%) and β-acoradiene (8.5%). Furthermore, catalytic specificity with (2E,6E)-FDP was stable in reactions tested at distinct
pH and temperatures, suggesting a stable and efficient closed conformation of the active site during catalysis. To understand
such stability, open and closed structural conformations of ZS were modeled in silico and revealed putative residues in the active
site and in the A-C and J-K surrounding loops, which could explain the high fidelity of ZS.

1. INTRODUCTION

Sesquiterpene cyclases (STC) catalyze more than 300 distinct
C15 carbon skeletons, giving origin to a variety of sesquiterpene
lactones, ketones, alcohols, and aldehydes, which are the main
constituents of plant essential oils, many used for flavor and
fragrant applications.1−3 STC are metal-dependent enzymes
that catalyze the conversion of the universal sesquiterpene
substrate (2E,6E)-FDP, which originates from isopentenyl
diphosphate and dimethylallyl diphosphate from the mevalonic
acid pathway that operates in the cellular cytosol.4 Their
structure includes the active class I terpenoid synthase fold,
which contains the conserved aspartate-rich motifs DDXXD
and DTE/NSE located in the α-helices.5 Plant STC also
contains an N-terminal domain resembling the class II
terpenoid synthase fold with no specific catalytic activity.1

The reaction mechanisms of plant STC initiate through the
binding of divalent metal ions, mostly Mg2+, to the conserved
aspartate-rich motifs, which in turn coordinate the binding of
the phosphate moiety (PPi) from FDP by hydrogen bonds.6

Thereafter, the enzyme undergoes a conformational change in
which the surrounding loops seal the active site, creating a

hydrophobic environment that prevents solvent entry.7−9

Consequently, the substrate undergoes ionization; thus, PPi

is cleaved and a transoid-allylic carbocation (farnesyl cation) is
generated. At this point, the reaction can be quenched to
generate linear cisoid or transoid sesquiterpenes, such as (E)-β-
farnesene,10 or can undergo cyclizations by two pathways: (1)
farnesyl cation undergoes immediate 10,1-cyclization for
(E,E)-germacradienyl cation or 11,1-cyclization for (E,E)-
humulyl cation. (2) farnesyl cation undergoes isomerization,
leading to the cisoid nerolidyl cation, followed by further
cyclizations and generates distinct intermediates: bisabolyl
cation (1,6-cyclization), cycloheptanyl cation (1,7-cyclization),
(Z,E)-germacradienyl cation (1,10-cyclization), or (Z)-humul-
yl cation (1,11-cyclization).11 Further reactions comprise
carbocation rearrangements, hydride shifts, and cyclizations,
which finalize by deprotonation quenching; thus, the
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possibilities for rearrangements are vast and lead to a particular
product spectrum.12

The active site of each STC is characterized by a specific
conformation of residues, especially aromatic residues, which
guide the reactions of the prenyl tail and determines the
product specificity.6,11 For this reason, some STC generate
multiple products and are considered promiscuous, such as γ-
humulene synthase, which produces more than 52 products.13

Nevertheless, most STC generate few products and therefore
are considered high-fidelity enzymes, as shown by tobacco 5-
epi-aristolochene synthase (TEAS) that generates epi-aristo-
lochene, the precursor for the plant defense compound
capsidiol.8 Most STC are promiscuous in catalyzing alternative
substrates, accepting isoprene diphosphate substrates and
isoprenoid isomers.6 Acceptance for monoterpene substrates,
such as the ubiquitous geranyl diphosphate (GPP), has been
reported elsewhere.14,15 Moreover, acceptance of both GPP
and cisoid neryl diphosphate (NPP) has been demonstrated by
the patchoulol synthase.16 STC are also prone to accept
isomers from the sesquiterpene substrate (2E,6E)-FDP,
whereas catalyzation of isomers (2Z,6Z)-FDP,17 (2Z,6E)-
FDP,18 and (ZE,6Z)-FDP16 has been reported.
Of particular interest is the sesquiterpene khusimol,

contained in the vetiver essential oil from the tropical grass
Ch. zizanioides and used in nearly 20% of men’s perfumes due
to its woody smell.19 Further research has focused on its
medicinal properties and has reported antioxidant,20 anti-
microbial,21 and anti-inflammatory activity.22 Together with α-
and β-vetivone, khusimol is one of its main constituents and its
industrial extraction is performed by steam distillation from
dried roots.23

Despite its importance, there are few studies concerning the
biosynthesis of khusimol, which is most relevant to the
development of a biotechnological process. Previously, our
group described the heterologous expression in Escherichia coli
of ZS from Ch. zizanioides, which is the key enzyme in the
biosynthesis of khusimol.24 ZS was expressed fused with the
SUMO domain in the N-terminal section to improve solubility,
yielding a 64 kDa enzyme. ZS catalytical functionality was
demonstrated by the cyclization of (2E,6E)-FDP, which
generated the three-cyclic sesquiterpene (+)-zizaene (syn.
khusimene), the precursor for khusimol. However, further
knowledge is still required to understand the complex
enzymatic mechanisms of ZS. Hereby, we report for the first
time to our knowledge the product spectrum and reaction
mechanisms involved in ZS with the ubiquitous substrate
(2E,6E)-FDP and the alternative substrates NPP, GPP,
(2E,6Z)-FDP, and (2Z,6E)-FDP. Furthermore, dependence
on pH and temperature for product specificity was assessed by
altering the reaction conditions. Moreover, we analyze the
conformational changes during catalysis and the identification
of putative key residues that take part in the catalytical process.
The generated knowledge provides the basis for understanding
the reaction mechanisms of ZS for further protein engineering
studies.

2. RESULTS AND DISCUSSION
2.1. Biotransformation Assays and Product Identi-

fication of ZS with (2E,6E)-FDP. The product spectrum of
the reaction of ZS with the naturally occurring substrate
(2E,6E)-FDP was assessed by biotransformation assays based
on the single-vial method reported by O’Maille et al.25 Similar
to our previous report,24 the main product of the reaction was

sesquiterpene (+)-zizaene (91.46% abundance). Additionally,
we identified β-acoradiene (8.54% abundance) as a side
product (Figure 1), which is found in traces in the vetiver
essential oil19 and is a deprotonated compound from the
acorenyl cation, an intermediate in the biosynthesis of
(+)-zizaene.26

2.2. Optimization of Reaction Conditions. The optimal
temperature and pH of the reaction of ZS with (2E,6E)-FDP
was determined for the main product (+)-zizaene; thus, the
optimal region for the reaction rate (>1.6 μM min−1) was
calculated between pH 7.33−7.65 and temperature 34.15−
38.10 °C (Figure 2a). The medium reaction rate (1.4−1.6 μM
min−1) was determined between pH 7.0−7.8 and 32.5−42.0
°C of temperature. Consequently, optimal reaction conditions
were defined at pH 7.5 and 36 °C for further tests. The activity
of STC takes place in cytosol,29 which is characterized by pH
7.5.30 Therefore, optimal pH of ZS was found within the
expected range and was similar to that for other reported
STC.31−33 Activity of ZS was detected even between 21 and 42
°C at pH 7.0. Consequently, the broad temperature range for
ZS activity allows the vetiver grass to produce (+)-zizaene
under different climates.34

2.3. Analysis of Kinetic Parameters. A study for the ZS
kinetic parameters was carried out under the determined
optimal reaction conditions (36 °C, pH 7.5) with 0.1 μM
purified ZS and monitored in a range of 1−50 μM (2E,6E)-
FDP. Respective velocities were calculated by the product
formation only for the main product: (+)-zizaene. Figure 2b
describes the kinetics of ZS, where velocities increased from 1
to 5 μM of (2E,6E)-FDP with Vmax 0.35 μM min−1, KM 0.88
μM, and kcat/KM 6.71 × 104 M−1 s−1. Consequently, the
catalytic efficiency of ZS was higher under optimal conditions
when compared with our previous report,24 which achieved
Vmax 0.32 μM min−1, KM 1.11 μM, and kcat/KM 4.43 × 104 M−1

Figure 1. (A) Product spectrum of the biotransformation assay of
(2E,6E)-FDP with ZS by gas chromatography-mass spectroscopy
(GC-MS). (+)-Zizaene: (B) mass spectrum from peak 1. (C) Mass
spectrum of authentic (+)-zizaene from vetiver oil. (D) Mass
spectrum of authentic (+)-zizaene from ref 27. β-Acoradiene: (E)
mass spectrum from peak 1. (F) mass spectrum of authentic β-
acoradiene from vetiver oil. (G) Mass spectrum of authentic β-
acoradiene from ref 28.
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s−1. The difference between both studies was the increase in
temperature to 36 °C, which favored reaction rates and
lowered KM. The low values of the obtained kinetic parameters
were expected for plant enzymes from the secondary
metabolism, because their products are not required for
essential metabolic functions.30 Consequently, our results are
in accordance with similar reported STC activities.35−38

In our previous report, ZS followed an apparent Michaelis−
Menten kinetics,24 although a slight decrease in velocity was
observed from 30 to 40 μM (2E,6E)-FDP. In optimal reaction
conditions, ZS showed a decrease in velocities from 10 to 50

μM (2E,6E)-FDP (velocities of 0.29−0.15 μM min−1).
Consequently, ZS kinetics follows a substrate inhibition
model when the reaction is held at optimal conditions. Such
kinetics were also reported for the recombinant patchoulol
synthase39 and ent-Copalyl diphosphate synthase (diterpene
cyclase). Apparently, an excess of substrate binds to two
different sites in the enzyme: the substrate binding site
(aspartate-rich motif) and the active site,40 forming non-
productive binding (ESS). Moreover, the above-mentioned
study demonstrated that the cofactor (Mg2+) served also as an
inhibitor at levels higher than 0.1 μMMgCl2. In the case of ZS,

Figure 2. (A) Optimization of temperature and pH in the biotransformation of (2E,6E)-FDP with ZS. Variable of study corresponds to the
reaction rate of zizaene. (B) Enzyme kinetics plot of ZS showing reaction velocities at increasing concentrations of (2E,6E)-FDP. Reaction
velocities calculated from five measurements by a discontinuous assay method and performed in triplicates. Error bars represent standard deviation
(SD) of three independent measurements.

Figure 3. GC-MS analysis of the product spectrum of the reaction of ZS with alternative substrates. Monoterpene substrates: (A) GPP. (B) NPP.
Sesquiterpene isomer substrates: (C) (2Z,6E)-FDP. (D) (2E,6Z)-FDP. Mass spectra for each product can be found in Tables S1 and S2.

Table 1. Identification of the Product Spectrum Obtained from the Biotransformation of Monoterpene Substrates (GPP and
NPP) with ZS

abundance (%) RI samples

peak compound GPP NPP GPP NPP RI literature identificationa references

3 β-myrcene 40.32 26.93 1151 1151 1155 (a)(b) 43
4 limonene 4.2 12.68 1182 1182 1180 (a)(b) 44
5 sabinene 1.45 3.72 1185 1185 1156 (a)(b) 45
6 terpinolene 1.71 3.73 1266 1266 1266 (a)(b) 46
7 trans-sabinene hydrate 1.12 3.28 1440 1440 1447 (a)(b) 47
8 β-linalool 8.21 7.28 1524 1524 1531 (a)(b) 48
9 α-terpineol 23.87 29.63 1669 1669 1669 (a)(b)(c) 49
10 trans-geraniol 19.12 1817 1822 (a)(b) 50
11 cis-geraniol 12.75 1772 1777 (a)(b) 50

aIdentification of compounds: (a) Mass spectrum from the sample matches the library mass spectrum. (b) Retention index of sample matches the
retention index in the literature. (c) Mass spectrum and the retention index of the sample matches the authentic standard; both run in the same
GC-MS system. Mass spectrum of samples can be found in Supporting Information (SI), Table 1.
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amounts higher than 10 mM MgCl2 proved also inhibition.
Consequently, substrate inhibition plays a role in the
regulation of terpene metabolism; hence, the levels of cofactors
(divalent metal ions) are modulated by physical factors, such as
light.40 Further studies are required to clarify whether physical

factors or nutrient uptake regulate the levels of cofactors and
khusimol biosynthesis in roots of Ch. zizanioides.

2.4. Reaction Mechanisms of ZS with C10 Substrates.
To analyze the enzymatic versatility of ZS, the alternative
substrates C10, C15, and C20 prenyl diphosphates were

Scheme 1. Proposed Reaction Mechanisms of ZS with Distinct C10 and C15 Substrates
a

a(A) Reaction mechanism for monoterpene substrates GPP and NPP. Colors indicate unique products according to the substrate. The mechanism
is modified from Alonso and Croteau.15 (B) Reaction mechanism from sesquiterpene substrate isomers (2E,6Z)-FDP and (2Z,6E)-FDP. (C)
Reaction mechanism from the naturally occurring sesquiterpene substrate (2E,6E)-FDP. Final products are highlighted in gray. Mechanisms are
modified from Mercke et al.32 and Aaron et al.7
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evaluated (Figure 3). ZS accepted both monoterpene
precursors (NPP and GPP) and produced a mixture of cyclic
and acyclic monoterpenes (Table 1). Product formation was
catalyzed due to the activity of ZS; hence, no products were
observed in negative controls (reactions with alternative
substrates without ZS). Accordingly, ZS was able to accept
monoterpene substrates due to the large active cavity
compared to that of the short C10 prenyl tail, as demonstrated
by other STCs.32,41,42

As shown in the proposed reaction mechanisms for
monoterpene substrates (Scheme 1a), GPP undergoes
ionization to geranyl cation (2). On one side, it hydroxylates
to trans-geraniol (3) and on the other, isomerizes to linalyl
diphosphate (4) for further ionization to form linalyl/neryl
cation (6). In contrast, NPP leads directly to neryl cation (6)
after ionization and leads further to cis-geraniol (syn. Nerol)
(8). As a result, both substrates converge into linalyl/neryl
cation, leading to three paths: (1) deprotonation to the acyclic
β-mycerene (7), (2) hydroxylation to β-linalool (9), and (3)
6,1-cyclization to α-terpinyl cation (10), the precursor of cyclic
monoterpenes. Further, both follow quenching by deprotona-
tion to yield limonene (11) and terpinolene (12), water
addition for α-terpineol (13), and 2,6-ring closure to thujyl
cation (15). Finally, sabinene (16) and trans-sabinene-hydrate
(17) are formed.
As a consequence, product specificity of both substrates was

low, generating eight monoterpenoids. GPP and NPP yielded
as major products β-mycerene (40.3%, 26.9%) and α-terpineol
(23.8%, 29.6%), respectively, and geraniol isomers (GPP:
trans-geraniol 19.1% NPP: cis-geraniol 12.7%). Interestingly,
both substrates converted more than 50% to hydroxylated
monoterpenes (α-terpineol, β-linalool, trans-sabinene hydrate,
trans-geraniol, and cis-geraniol). Possibly, water molecules
surrounding the active site of ZS are activated and assist the
hydroxylation process. Such hydroxylation was demonstrated

before, wherein a water molecule found in the active site of
salvia monoterpene synthase participated in the water addition
of α-terpinyl cation to generate α-terpineol.53

2.5. Reaction Mechanisms of ZS with C15 and C20
Substrates. Assays with FDP isomers converted only to
nonhydroxylated sesquiterpenes (Table 2), whereas geranyl-
geranyl diphosphate did not produce any products. It is known
that STC do not accept C20 prenyl diphosphates substrates
because the prenyl tail is too large to fit in the cavity of
STC.17,54

The proposed reaction mechanism for isomer (2E,6Z)-FDP
leads to (2E,6Z)-farnesyl cation (19) after ionization and
further premature quenching to form (Z)-β-farnesene (20)
(Scheme 1b). Therefore, isomerization to nerolidyl diphos-
phate is not possible due to the (2E,6Z) stereochemistry of the
prenyl tail. Possibly, the prenyl tail does not position correctly
into the inner cavity of the active site and cannot undergo
further rearrangements. Consequently, (2E,6Z)-FDP reaction
resembles the functioning of farnesene synthases55,56 and
showed the highest product specificity with 100% abundance
of the main product in relation to all substrates tested.
Regarding (2Z,6E)-FDP, the proposed mechanism leads

directly to (2Z,6E)-farnesyl cation (22), after ionization of PPi
(Scheme 1b). One path leads to (E)-β-farnesene (23) (5.51%
abundance) and most of the flux leads to nerolidyl cation (24)
and further 6,1 ring closure to bisabolyl cation (25). After a
hydride shift, a 10,6-cyclization leads to acorenyl cation (27).
From here, two paths occur: one leads to β-acoradiene (26)
(12.79% abundance) by deprotonation and the other leads to
3,11-cyclization to form a three ring carbocationic intermediate
(29). The latter passes through a carbocation cascade with
final deprotonation to the main product (+)-zizaene (32).
Consequently, (2Z,6E)-FDP shows a high product specificity
for (+)-zizaene with an abundance of 81.7%. Additionally, the
low abundance of (E)-β-farnesene suggests a premature exit of

Table 2. Identification of the Product Spectrum Obtained from the Biotransformation of Sesquiterpene Substrates with ZS

alternative substrate peak compound compoundabundance (%) retention index identificationa references

sample literature

(2E,6Z)-FDP 13 β-(Z)-farnesene 100 1621 1630 (a)(b) 51
(2Z,6E)-FDP 1 (+)-zizaene 81.7 1617 1620 (a)(b)(c) 27

12 β-(E)-farnesene 5.51 1651 1659 (a)(b) 52
2 β-acoradiene 12.79 1670 1672 (a)(b)(c) 28

aIdentification of compounds: (a) Mass spectrum from the sample matches the library mass spectrum. (b) Retention index of sample matches the
retention index in the literature. (c) Mass spectrum and the retention index of the sample match those of terpene from the vetiver oil; both run in
the same GC-MS system. The mass spectrum of samples can be found in SI, Table 2.

Figure 4. Structural homology models of the open and closed conformations of the ZS active site docked with (2E,6E)-FDP. (A) Open
conformation of ZS shows the J-K and A-C loops in orange and Mg2+ divalent ions in green. (B) Closed conformation of ZS shows folding of the J-
K and A-C loops in red. Putative relevant residues for capping the active site are labeled.
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the (2Z,6E)-farnesyl cation from the active site for further
carbocation deprotonation.
2.6. Conformational Changes During Catalysis.

Analysis of docking models in open and closed conformations
shows the structural changes occurring during substrate
binding. Most relevant is the closing of the J-K and A-C
loops, wherein in the open conformation, they remain
unfolded, allowing the entrance of molecules (Figure 4a). In
the closed conformation, they fold to the active site (Figure
4b), acting as a lock to create a hydrophobic environment
suitable for carbocation cascades. Residue D651 from the J-K
loop is directed toward the binding site and possibly
participates in the coordination of divalent Mg2+ ions.
Additionally, Y653 folds toward the prenyl tail and is involved
in its stabilization. Contrary to Y653, Y647 does not suffer
major positioning because it is already near to the active site.
Subsequently, the R390 from the A-C loop folds toward the
PPi, completing the capping of the active site.
According to the docking model in the closed conformation,

MgA
2+ and MgC

2+ ions bind to the D427DIYD431 motif, and
MgB

2+ ion, to the ND572IASHE577 motif (Figure 5). Divalent

ions coordinate the metal binding of PPi from (2E,6E)-FDP
accompanied by hydrogen bond interactions, and water

molecules occupy the surrounding area, binding to the Mg2+

ions. Furthermore, the prenyl tail is located in the interior of
the active site (Figure 6a), surrounded by V423 and D651
residues and the aromatic residues Y647, Y653, W399, and
F420, which in turn, stabilize the complex in the closed active
site conformation.

2.7. Reaction Mechanism of ZS with (2E,6E)-FDP. The
proposed reaction mechanism undergoes ionization of
(2E,6E)-FDP, whereas the PPi group is cleaved and the
(2E,6E)-farnesyl cation is formed (Figure 6b). The D651
assists the FDP isomerization by sequestering the farnesyl
cation (34) at C1, which in turn captures further the PPi
moiety, leading to nerolidyl diphosphate (35) (Scheme 1c).
Likewise, the positively charged residues R390 and R568
sequester the PPi anion and pull it apart from the prenyl tail, as
reported by Bohlmann et al.6 After ionization of the
diphosphate isomer, nerolidyl cation (4) is formed and V423
together with Y653 assists the positioning of the carbocation
inside the inner cavity.
Furthermore, C1 bends toward C6, promoting the 6,1-

cyclization, leading to the bisabolyl cation (25). The C6
positive charge could be stabilized either by Y653 or W399
through π−cation interactions, and after an alkyl shift, the
homobisabolyl cation (26) is formed. Further cyclizations and
rearrangements could be concerted by aromatic residues
positioned in the interior of the cavity (F639, W399, and
F420), as shown in Figure 6b. Thereafter, electrophilic attack
of C10 of homobisabolyl cation leads to the 10,6-cyclization to
form the double-ring acorenyl cation (27), which branches
into two paths: deprotonation to form β-acoradiene (28) and
3,11 ring closure that leads to a triple ring intermediate (29).
Further carbocation rearrangements include an alkyl shift (30),
methyl shift (31), and deprotonation to form the main product
(+)-zizaene (32). Eventually, W399 functions as a proton
acceptor in the final deprotonation reaction.8

The latter reaction mechanism follows a related biogenic
origin for sesquiterpenes derived from the bisabolyl cation, a
primary intermediate for diverse sesquiterpene families:
bisabolene, curcumene, β-acoradiene, zizaene, cedrene, dupre-
zianene, and sesquithuriferol.26 ZS is able to undergo
successfully the 10,6-ring closure that leads to acorenyl cation.
Nevertheless, the complex 3,11-cyclization is not fully
processed; thus, the side product β-acoradiene is formed.
Although the 2,11-cyclization could be another favorable path,

Figure 5. Docking model showing the interactions that occur during
binding of (2E,6E)-FDP in the active site of ZS. Metal coordination
interactions are shown between D572, E579, D427, and D431
residues (red) from the aspartate-rich motifs with the Mg2+ divalent
ions (light green) and water molecules (red spheres). Putative
hydrogen bond interactions shown between R390 and R568 (light
gray) with the phosphate moiety of FDP (blue/orange).

Figure 6. Proposed interacting residues of ZS with (2E,6E)-FDP (A) and (2E,6E)-farnesyl cation (B) during binding and isomerization of FDP
based on docking modeling. Putative interacting residues from helices are marked in red, and residues from J-K loop are marked in light gray.
Phosphate moiety of FDP is shown in blue/orange, prenyl tail/farnesyl cation in dark green, and Mg2+ divalent ions in light green.
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it seems at this point that ZS is prone to early quenching and
deprotonation occurs. However, most of the flux successfully
undergoes 3,11-cyclization and, after different rearrangements,
(+)-zizaene is formed with a 91.46% abundance, resulting in
high product specificity.
It is known that aromatic residues in the active site are able

to stabilize the partial positive charges of carbocation
intermediates either by charge−quadrupole or cation−π
interactions.1 Accordingly, plant STC comprise conserved
aromatic residues in the active cavity,8 such as Y647, Y653, and
W399, found in both ZS and TEAS. Interestingly, ZS includes
two additional aromatic residues (F420 and F639), which are
crucial for the stabilization of the complex carbocations and
cyclizations in the biosynthesis of (+)-zizaene. Additionally,
the active cavity volume of ZS was calculated in 367.7 Å3,
which could be considered tight when compared with other
STC cavity volumes that are over 415 Å3.57,58 This suggests
that the ZS cavity does not have enough space to allow
alternative conformations of the prenyl tail, which results in an
almost unique reaction pathway and high product specificity.
2.8. Effect of Temperature and pH on Product

Specificity. The complex mechanisms of STC are affected
by reaction conditions, such as pH and temperature, which
regulate the product ratio (proportion of generated terpe-
noids), as demonstrated by others.12,18 To evaluate the pH and
temperature effect on product specificity, an analysis was
conducted on the product spectrum of ZS with the substrate
(2E,6E)-FDP by the single-vial method assay.25 Accordingly,
the temperature was evaluated from 21 to 42 °C at pH 7.5 and
pH was tested from pH 6.5 to 8.5 at 36 °C. In the case of
temperature, a minor decrease in the product ratio for the main
product (+)-zizaene was observed at increasing temperatures
(Figure 7); hence, it shifted from 92.73 to 89.6% in
temperatures from 21 to 42 °C. On the contrary, the side
product β-acoradiene showed an increase from 7.27 to 10.4%
at increasing temperatures (21−42 °C).
It has been demonstrated previously that temperature has an

effect on product specificity for other STCs;16,18 thus, 5-epi-
aristolochene synthase (TEAS) showed a trend in which
higher temperatures decreased the production of the main
product from 87.6 to 66.2% (21.4% shift). It was proposed that
higher temperatures increased the protein motion and
destabilized the J-K loop, allowing the exit of intermediates
from the active site prior to cyclization.18 On the contrary, the
slight shift observed in the product ratio of ZS (3.13%)
suggests a strong global conformation of the enzyme to endure
energetic fluctuations. Moreover, it suggests an efficient

binding of the J-K and A-C loops to the binding site, which
seals the active site from external solvents, creating a
hydrophobic environment. According to our model (Figure
4), distinct residues from the surrounding loops could be
responsible for the binding efficiency, as they change their
position drastically from an open to a closed conformation.
The D651 residue from the J-K loop points to be critical in
binding efficiency, as it is positioned strategically in the closed
conformation and possibly participates in Mg2+ coordination
and farnesyl cation capture during FDP isomerization. In
addition, aromatic residues Y647 and Y653 seem also relevant
because they are able to bind and stabilize the prenyl tail.
Concerning pH experiments, it could be shown that pH had

less effect than temperature on the product ratio (Figure 7),
since (+)-zizaene levels decreased slightly from 90.75 to
89.88% in the studied pH range (6.5−8.5). Similar to
temperature, the alternative product β-acoradiene tends to
increase its product ratio from 9.25 to 10.12% at higher pH
values. Distinct STCs have shown product ratio dependence
on pH12,16,59 because it affects the reaction solvent and, in
turn, distinct reactions such as hydride shifts, deprotonations,
and hydroxylations. A relevant mechanism for pH dependence
was proposed for the fungal STC Cop4 from Coprinus cinereus,
where basic residues (histidines) in the H-1α loop showed
susceptibility to pH changes due to net charge shifts.60 As a
result, this decreased the binding efficiency of the H-1α loop to
the binding pocket, allowing early quenching. In the case of ZS,
t h e H -1α l o op (L 4 9 4 IDAAKCY5 0 1 ) , J -K l oop
(Y647NGVDLYTI655), and A-C loop (L386TFARDR392) are
composed mostly of hydrophobic and neutral residues.
Because of their polarity, they remain unaffected at the tested
pH and are able to seal efficiently the binding pocket, creating
a hermetic hydrophobic cavity.

3. CONCLUDING REMARKS

The described work leads to new insights into the character-
istics, product spectrum, and reaction mechanisms of the
recombinant ZS. A deeper study of the enzyme kinetics reveals
that ZS follows a substrate inhibition model that has been
observed in other terpene cyclases as a putative regulation
mechanism for the biosynthesis of terpenoids.
Furthermore, analysis with alternative substrates shows low

product specificity of ZS when assayed with C10 substrates but
high product specificity when converting C15 isoprenoid
diphosphate substrates. The proposed reaction mechanisms
reveal critical carbocations and cyclizations through the

Figure 7. Study of the dependency of temperature and pH to the product ratio of (+)-zizaene (■) and β-acoradiene (●) in cyclization assays of
(2E,6E)-FDP with ZS. Error bars represent the SD of three independent measurements.
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biosynthesis of the generated terpenoids. Moreover, the
conformational changes during catalysis were analyzed and
putative residues were identified involved in the efficient
capping of the active site. Our results provide new insights into
the complex reaction mechanisms of ZS, pointing to further
studies that require an interdisciplinary approach concerning
molecular biology, enzymology, and protein engineering.

4. MATERIALS AND METHODS
4.1. Chemicals. Monoterpene substrates GPP, NPP,

sesquiterpene substrate (2E,6E)-FDP, terpene standards, and
additional chemicals were purchased from Sigma-Aldrich. FDP
isomers (2E,6Z)-FDP and (2Z,6E)-FDP were chemically
synthesized according to Frister.39 Vetiver oil from Haiti was
kindly provided by Symrise.
4.2. Strain and Cultivation. Expression vector harboring

the recombinant fused SUMO zizaene synthase gene used for
enzyme production corresponds to the pETSUMO::ZIZ(co)
(GenBank: KP231534) and was transformed into E. coli strain
Bl21 (DE3) from Novagen, as described in Hartwig.39

Cultivation was carried out in a 2 L stirred-tank bioreactor
(Biostat-B Sartorius, Germany) with 2 L of defined medium61

supplemented with 20% glucose as the sole carbon source and
50 μg mL−1 kanamycin. Inoculation was performed to obtain
an initial OD600 of 0.1 rel. AU and the bioreactor controller
was set to 37 °C, pH 7.5 and controlled with 1 M NaOH,
initial stirring at 300 rpm, and air gassing at 0.5 vvm. The
dissolved oxygen (pO2) was monitored by a polygraphic pO2
sensor, set above 30% saturation, and controlled in cascade
mode with the following settings: (1) stirring and (2) pure
oxygen gassing. Induction of ZS was initiated when the culture
reached OD600 0.7 rel. AU. Thereafter, the temperature was
lowered to 20 °C and 0.5 mM isopropyl-β-D-thiogalactoside
was added. The induction stage was carried out for 24 h,
thereafter the culture broth was centrifuged for 20 min (10000
× g at 4 °C) and the pellet was stored at −20 °C until further
use.
4.3. Enzyme Purification. Cells were resuspended at a

concentration of 50 mg of fresh weight per mL with binding
buffer (50 mM 3-(N-morpholino) propane sulphonic acid
(MOPS), pH 7.5, 150 mM NaCl, 10 mM MgCl2, 10 mM
imidazole) and then cell disrupted by ultrasonication
(Sartorius Labsonic, Germany) using the following parameters:
0.6 s cycle, 100% amplitude. After centrifugation, soluble
protein fractions were filtered through 0.2 μm polyethersulfone
syringe filters. Enzyme purification was carried out by
immobilized metal affinity chromatography (IMAC) through
an ÄKTA Pure FPLC system (GE Healthcare), whereas
clarified soluble fractions were applied to a HiPrep IMAC FF
16/10 20 mL column (GE Healthcare) decorated with Ni2+

ions. After a proper column wash, the enzyme was eluted with
elution buffer (50 mM MOPS, pH 7.5, 150 mM NaCl, 10 mM
MgCl2, 500 mM imidazole). Purified fractions were pooled
into a vivaspin 20 10-kDa cut ultrafiltration tubes and the
buffer was exchanged to STC storage buffer (50 mM MOPS,
pH 7.5, 1 mM dithiothreitol (DTT), 10 mM MgCl2, 10% (v/
v) glycerol) and stored at −20 °C.
4.4. Biotransformation Assay. The catalytical reaction

was performed following a modified single-vial assay method
from O’Maille et al.25 consisting of reactions of 1 mL with
activity buffer (50 mM MOPS, 1 mM DTT, 10 mM MgCl2,
10% (v/v) glycerol) at pH 7.5, 5 μM (2E,6E)-FDP, and 0.1
μM purified ZS. Reaction components were gently mixed in 8

mL glass vials and incubated at 30 °C in a water bath for 10
min. Reactions were stopped and products extracted by adding
250 μL of pentane and vigorously vortexed for 60 s. Vials were
centrifuged for 10 min (4400 × g, room temperature), and the
organic phase was transferred to 1.5 mL GC vials for further
measurements.

4.5. Gas Chromatography Analytics. Quantitative
measurements of terpene products were performed by gas
chromatography- flame ionization detector (GC-FID) with a
GC-2010 plus GC system (Shimadzu, Japan) coupled to a
flame ionization detector. Organic phase samples of 2 μL were
injected via an autosampler under a splitless mode (injector
temperature of 240 °C), and separation was carried out on a
Zebron ZB-Wax Plus column (30 m length, 0.25 mm i.d., 0.25
μm film thickness) (Phenomenex). The oven temperature
program was set to 40 °C for 20 s, then raised to 200 °C (10
°C min−1) and 0.5 min hold, and then raised to 230 °C (30 °C
min−1) and 2 min hold. The FID was heated to 300 °C. Due to
the lack of (+)-zizaene and β-acoradiene standards, quantifi-
cation was calculated with a calibration curve of α-cedrene
standard, which has an equivalent mass (204 m/z), as
demonstrated previously.24

Reaction products were identified by GC-MS with a 7890B
GC system (Agilent) coupled to an Agilent 5977A mass
selective detector and equipped with a VF-WAXms capillary
column (30 m × 0.25 mm i.d. × 0.25 μm) (J&W Scientific).
The transfer line and ion source temperature were set at 230
°C and the quadrupole at 150 °C. The ionization energy was
set at 70.0 eV, and the scan range, from 33 to 300 m/z.
Samples of 0.5 μL were injected into the device by the on-
column mode, using helium 5.0 as the carrier gas with a
constant gas flow of 1 mL min−1. The oven temperature
program was set to 40 °C for 3 min and then raised to 230 °C
(10 °C min−1) and a 10 min hold. Mass spectra data were
analyzed with MassHunter Qualitative Analysis 7.0 (Agilent)
and retention indices (RI) calculated according to van Den
Dool and Kratz62 by an alkane standard solution (C8−C30).
For product identification, mass spectra and RI of samples
were compared to those of others available in the mass spectral
database NIST 14, literature references, terpenes from the
vetiver oil of Ch. zizanioides, and/or authentic standards.

4.6. Optimization of the Reaction Conditions. The
reaction conditions of the biotransformation assay of (2E,6E)-
FDP with ZS were analyzed using a two-level factorial
experimental design with the reaction rate of (+)-zizaene as
the study variable. Analyzed factors included temperature and
pH, each at two levels (30 °C/pH 7, 42 °C/pH 7, 30 °C/pH 8,
and 42 °C/pH 8) and one central point (36 °C/pH 7.5).
Reactions for each treatment were carried out in 6 mL of
master reaction solutions of activity buffer (Section 2.4) with 5
μM (2E,6E)-FDP and 0.1 μM purified ZS in 8 mL glass vials.
Master solutions were aliquoted rapidly into five 1 mL
fractions in 8 mL glass vials and incubated in a water bath with
the corresponding temperature for 2, 4, 6, 8, and 10 min.
Immediately after incubation, 250 μL of iso-octane was
promptly added and the reaction was quenched and products
extracted by vigorous shaking. The organic phase was
transferred to GC vials after centrifugation, and products
were quantified by GC-FID. Each reaction condition was held
in triplicates, and the reaction rate (μM min−1) of (+)-zizaene
was calculated from the average slope, obtained by linear
regression.
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4.7. Enzyme Kinetics Parameters. Kinetical parameters
of ZS were determined using the optimal reaction conditions
(36 °C, pH 7.5) with increasing concentrations of the
ubiquitous substrate (2E,6E)-FDP (1−50 μM) and 0.1 μM
purified ZS. Reactions proceeded as shown in Section 2.6, with
the corresponding concentration of (2E,6E)-FDP and
(+)-zizaene quantified by GC-FID. Kinetic parameters were
calculated from the velocities, which corresponded to the
reaction rate (μM min−1) of the main product (+)-zizaene.
Data was fitted to the substrate inhibition model (eq 1),63

using the enzyme kinetics substrate inhibition module from
GraphPad Prism 7 software (GraphPad).
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4.8. Alternative Substrates. Product profiles of mono-
terpenes substrates GPP/NPP and sesquiterpene substrate
isomers (2E,6Z)-FDP and (2Z,6E)-FDP were determined by
biotransformation assays with ZS. Reactions were performed at
36 °C and pH 7.5 with 5 μM alternative substrate and 0.1 μM
purified ZS. Negative controls were carried out by reactions
with alternative substrates without ZS. Furthermore, reactions
were carried out according to the method described in Section
2.5. Identification of the generated products was performed by
GC-FID and GC-MS, as described in Section 2.6.
4.9. Temperature and pH Dependency in Product

Specificity. The product ratio of (+)-zizaene and β-
acoradiene was assessed through varying temperatures and
pH by the biotransformation assay with 5 μM (2E,6E)-FDP
and 0.1 μM purified ZS. Temperature dependence was studied
between 21 and 42 °C at pH 7.5, and pH dependency, in the
range of 6.5−8.5 pH at 36 °C. The biotransformation assay
was performed as explained in Section 2.6, and sesquiterpenes
were quantified by GC-FID. The product ratio was calculated
as the amount of (+)-zizaene or β-acoradiene divided by the
total amount of both.
4.10. Homology and Docking Modeling. Tridimen-

sional structures of ZS were modeled using as templates the
crystal structures of 5-epi-aristolochene synthase (TEAS) from
Nicotiana tabacum, reported by Starks et al.8 The ZS open
conformation model was built with the unliganded TEAS
structure (PDB 5EAS, chain A, 32.4% identity) and the closed
conformation with the TEAS structure liganded with 3 Mg2+

and FHP (PDB 5EAT, chain A, 31.9% identity). For
constructing the homology models, the SWISS-MODEL
homology-modeling tool64 was used together with the ZS
sequence (GenBank: KP231534) and the aforementioned
templates.
Furthermore, molecular dockings of (2E,6E)-FDP and

(2E,6E)-farnesyl cation with the ZS model in closed
conformation were carried out using the AutoDockTools
suite 1.5.6. (The Scripps Research Institute).65 For this,
preparation of the ZS receptor file involved the elimination of
water molecules, adding and merging of hydrogen atoms, and
adding Gasteiger charges. The grid was programmed as
follows: grid box (60 × 60 × 100) with default grid spacing
(0.375 Å) that covered the active site, map types set directly
including Mg2+ to the list, and a grid parameter file computed
by AutoGrid 4.0. Docking settings included 25 GA runs,
Lamarckian genetic algorithm for output, and AutoDock 4.065

used for the generation of the docking parameter file. Docking
conformations of both substrates presenting low binding

energy were selected, and metal interactions occurring in the
binding site were analyzed by the metal geometry tool from
UCSF Chimera 1.11.2 (University of California).66 The active-
site cavity volume of ZS was measured by the computer atlas of
surface topology of proteins (CASTp) version 3.0.67 Structural
model images were rendered by the program UCSF
Chimera.66
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