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Terpene synthase catalyses acyclic diphosphate farnesyl diphosphate into desired
sesquiterpenes. In this study, a fusion enzyme was constructed by linking Santalum
album farnesyl pyrophosphate synthase (SaFPPS) individually with terpene syn-
thase and Artemisia annua Epi-cedrol synthase (AaECS). The stop codon at the N-
terminus of SaFPPS was removed and replaced by a short peptide (GSGGS) to
introduce a linker between the two open reading frames. This fusion clone was
expressed in Escherichia coli Rosseta DE3 cells. The fusion enzyme FPPS-ECS
produced sesquiterpene 8-epi-cedrol from substrates isopentenyl pyrophosphate and
dimethylallyl pyrophosphate through sequential reactions. The K, values for FPPS-
ECS for isopentyl diphosphate was 4.71 uM. The fusion enzyme carried out the effi-
cient conversion of IPP to epi-cedrol, in comparison to single enzymes SaFPPS and
AaECS when combined together in enzyme assay over time. Further, the recombinant
E. coli BL21 strain harbouring fusion plasmid successfully produced epi-cedrol in fer-
mentation medium. The strain having fusion plasmid (pET32a-FPPS-ECS) produced
1.084 + 0.09 mg/L epi-cedrol, while the strain harbouring mixed plasmid (pRSETB-
FPPS and pET28a-ECS) showed 1.002 + 0.07 mg/L titre in fermentation medium
by overexpression and MEP pathway utilization. Structural analysis was done by I-
TASSER server and docking was done by AutoDock Vina software, which suggested
that secondary structure of the N- C terminal domain and their relative positions to
functional domains of the fusion enzyme was greatly significant to the catalytic prop-

erties of the fusion enzymatic complex than individual enzymes.
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1 | INTRODUCTION

Abbreviations: DMAPP, dimethylallyl pyrophosphate; DTT, dithiothreitol;
DXP, deoxy-D-xylulose-5-phosphate; ECS, epi-cedrol synthase; FPP,
farnesyl diphosphate; FPPS, farnesyl pyrophosphate synthase; GPP, geranyl
diphosphate; IPP, isopentyl diphosphate; IPTG, isopropyl thio-f-D-
thiogalactopyranoside; MEP, methyl D-erythritol 4-phosphate; MVA,

mevalonate.

Sesquiterpenes (C,5) are chemically and structurally diverse
class of terpenes which have found vast commercial appli-
cations in chemical, flavour, fragrance, pharmaceutical
and, nutraceutical industries [1,2]. However, these are
produced in very low concentrations by mevalonate (MVA)
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and methyl D-erythritol 4-phosphate (MEP) or deoxy-D-
xylulose-5-phosphate (DXP) pathaway in natural sources,
hampering industrially viable commercial production. There-
fore, biotechnological intervention is considered as a key
solution to this issue [3]. For the same, a detailed outline
of the biosynthetic pathway of terpenoids in source plant,
including genes and enzymes involved in the pathway is
mandatory [4].

Since last two decades, several hundreds of genes encod-
ing sesquiterpene synthase have been isolated from a differ-
ent plant source. Many of these genes or pathways have been
transferred from their natural producer organisms to well char-
acterized microbial host. Further, additional engineering of
these genes and pathway has aided to the process of achieving
higher product titre [5]. Fusion of different enzymes catalyz-
ing sequential reactions of a metabolic pathway is an emerg-
ing strategy in the field of metabolic engineering [6—8]. The
fusion protein, produced by fusing sequences of two genes
together under a single promoter, offers the advantage of pro-
ducing a larger protein with two or more functions which
may catalyse consecutive steps more efficiently than a sim-
ple mixture of the individual free enzymes in a metabolic
pathway [7-10]. Possibly, the proximity of fusion enzymes
influences the efficiency of sequential reactions [9]. Use of
fusion proteins also reduces the number of vectors in a heterol-
ogous expression system. The construction of bi-functional
enzyme also can reduce the cost of recombinant protein purifi-
cation and enhance the cofactor regeneration rate, which sim-
plifies the reconstitution of metabolic pathways [6,11]. Fusion
protein strategy has also been explored earlier for metabolic
engineering of sesquiterpenoids, such as fusion of patchoulol
synthase (PTS) and farnesyl diphosphate synthase (FPPS),
which channeled more metabolic flux to patchoulol produc-
tion [12], FPPS-epi-aristolochene synthase (eAS) for the pro-
duction of epi-aristolochene [13], and fusion of (S)-linalool
synthase (AaLS7) which led to enhancement in the produc-
tion of linalool in yeast host [14].

Sesquiterpenes from Artemisia annua L have received sig-
nificant interest on account of wide variety of pharmacologi-
cal properties like antibacterial, antiviral, antifungal, insecti-
cide, anticancer activity, etc. [15—17]. Amongst these metabo-
lites, artemisinin, a sesquiterpene lactone is most widely used
as an antimalarial drug [18]. Immense commercial interest has
brought about many investigations to explore sesquiterpene
biosynthesis in A. annua and its biotechnological manipula-
tion. As a result, artemisinin has been successfully produced
at industrially desired scales in alternative microbial host via
metabolic engineering of artemisinin biosynthesis related
sesquiterpene synthase genes [19-21]. In due course of time,
exploration of A. annua sesquiterpene biosynthesis inevitably
led to many sesquiterpene synthase genes being cloned and
characterized from this plant including those producing
epi-cedrol (ECS), f-caryophyllene, f-copaene, germacrene,
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PRACTICAL APPLICATION

The fusion enzyme approach and its applications
in natural product production and multi-enzyme
reactions in single step: the construction of fusion
enzymes with small linker peptides is cost effective
for recombinant protein purification and enhances
the reaction rate compared to individual enzymes.
Our work demonstrates that the small Gly and
Ser rich peptide between unnatural multifunctional
fusion enzyme FPPS-ECS enhances the heterologous
production of plant derived sesquiterpene epi-cedrol
by MEP pathway. This study shall be useful to those
who are interested in heterologous expression and
production of natural products. Also, this work may
be extended to other fusion or bi-enzyme systems
for the chemo-enzymatically biosynthesis of various
products.

etc. [22]. Among these sesquiterpenes, epi-cedrol remains
least explored metabolite with high untapped commercial
potential. Epi-cedrol is potential precursor to cedrenes which
are being used as important source materials for generation
of advanced high density jet and diesel biofuels currently
under development [23]. Further, cedrol is widely used in
pharmaceutical industries for sedative, anti-inflammatory,
and cytotoxic activities [24-26]. Therefore, epi-cedrol yield
enhancement signals industrial benefit, and biotechnological
solution should be ventured upon.

Fusion protein strategy can be implemented with sesquiter-
pene synthase genes for a yield enhancement by fusion
of FPPS-with a sesquiterpene synthase gene. Such a
fusion protein would catalyse one step production of cor-
responding sesquiterpenes from isopentyl diphosphate (IPP)
and dimethylallyl pyrophosphate (DMAPP) with enhance-
ment in FPPS precursor pool towards sesquiterpene syn-
thase genes via mevalonate (MVA) and non-mevalonate
(MEP) pathways that operate in the cytosol and plastid,
respectively [27].

In our previous studies, we have cloned and function-
ally characterized sesquiterpene synthase gene epi-cedrol
synthase (AaECS) from A. annua and farnesyl pyrophos-
phate synthase (SaFPPS) from S. album in the bacterial host
[28,29]. In this study, we have constructed fusion proteins
by linking SaFPPS gene with sesquiterpenoid synthase gene
AaECS with the help of short Gly-Ser-Gly-Gly-Ser linker and
expressed in E. coli, then characterized for single step biosyn-
thesis of 8-epi-cedrol in maximum production by metabolic
engineering.
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TABLE 1 Primers used in cloning
Primer Sequence (5'-3") Template RE*
P1 ATGGGCGATCGGAAAACCAAA SaFPPS F -
P2 CTTCTGCCGCTTGTATATCTTCGC SaFPPS R -
P3 GAGACCATGGGCGATCGGAAAACC SaFPPS F Nco 1
P4 AAGGATCCGCCGCTGCCCTTCTGCCGCTTGTATA SaFPPSLnk R Bam HI
P5 AGCCTGATTGTTGAAGATGTTATTCGTCCG AaECS F -
P6 TTAGGTGATGATGGCATCCACAAACAG AaECS R -
pP7 ACGGGATCCAGCCTGATTGTTGAAGATGTTA AaECS F Bam HI
P8 AAGCGGCCGCTTAGGTGATGATGGCATC AaECS R Not 1

Restrictions sites are underlined and linker sequences are in bold.

2 | MATERIALS AND METHODS

2.1 | Materials

The E. coli strains Rosetta (DE3) and BL21(DE3), as well
as the Polymerase AccuPrime Pfx Supermix were purchased
from Invitrogen-Thermo Fischer. T4 DNA ligase and high-
Fidelity (HF) Restriction enzymes were purchased from
New England Biolabs, [1-14C] IPP (55 Ci-mmol~'), geranyl
diphosphate (GPP), and [1-°H], FPP (16 Ci-mmol~') were
synthesized according to previous reports [30]. Isopropyl
thio-#-D-thiogalactopyranoside (IPTG), DMAPP, antibiotics,
and GenElute™ PCR Clean-Up kits were purchased from
Sigma-Aldrich.

2.2 | PCR cloning of FPPS from S. album
into pET 32a

A previously constructed cloned cDNA of FPPS [29] (Gen-
Bank Acc. No. KF011939) from S. album was used to amplify
wild-type FPPS without a stop codon and linker fragment
(Gly-Ser-Gly-Gly-Gly-Ser) at 3’ end including Bam HI site
which encodes for glycine and serine. Wild-type FPPS was
initially amplified by using blunt P1 and P2 primer and fur-
ther amplified using P3 (forward) and P4 (reverse) containing
Nco 1 and Bam HI restriction sites, respectively (Table 1).
PCR was carried out in a total volume of 50 pL with the
following reagents: 45 L. Accuprime Pfx polymerase (Invit-
rogen), 20 pmol of each primer, and 10 ng of cloned plasmid.
PCR cycling was: one cycle of 95°C (5 min); 35 cycles of
95°C (30 s), 54°C (30 s), 68°C (1.1 min); 68°C (5 min).
The FPPS-wild-type fragment was digested with Nco I and
Bam HI. The bacterial expression vector pET32a (Novagen)
was cleaved with the same enzymes and treated with alkaline
phosphatase (NEB). Vector and the fragment were purified
by using the GenElute PCR Clean-Up kit (Sigma-Aldrich).
Ligation of the fragment in frame with a multifunctional
His-tag in the vector was carried out using T4 DNA ligase
(Thermo Fisher Scientific). The ligation mixture of pET32a
FPPS was transformed into E. coli Machl T1R (Thermo

Fisher Scientific). Colonies were analyzed by PCR using P3
primer and T7 vector specific reverse primer to confirm the
presence of the FPPS gene. Positive colonies were grown in
Luria-Bertani medium containing ampicillin (100 ug/mL)
and the plasmid was purified using the plasmid GenElute
Plasmid Miniprep kit (Sigma-Aldrich) and used as a template
for insertion of another gene for constructing fusion.

2.3 | Cloning of ECS from A. annua into
FPPS-pET32a

For fusion of FPPS and ECS, ECS gene fragment without start
codon was amplified by using blunt P5 and P6 primer from a
cloned plasmid [28] (GenBank No. AF157059) and further
amplified using P7 (forward) and P8 (reverse) containing a
Bam HI and Not I restriction sites, respectively (Table 1). PCR
was carried out in a total volume of 50 pL with the follow-
ing reagents: 45 uL. Accuprime Pfx polymerase, 20 pmol of
each primer and 10 ng of cloned plasmid. PCR cycling was:
1 cycles of 95°C (5 min); 35 cycles of 95°C (30 s), 54°C
(30 s), 68°C (1.30 min); 68°C (5 min). The ECS-wild-type
fragment was digested with Bam HI and Not 1. The newly
constructed FPPS-pET32a cloned bacterial expression vector
was digested with the same enzymes and treated with alka-
line phosphatase for inhibiting self-ligation. Vector and the
fragment were kit purified and ligated by using T4 DNA lig-
ase (Invitrogen) as mentioned above. Transformed colonies
were analyzed by using PCR with P7 forward primer and T7
vector specific reverse primer to confirm the presence of the
wild-type ECS gene. Positive colonies were grown in Luria—
Bertani medium containing ampicillin (100 ug/mL) and the
plasmid was purified using the plasmid GenElute Plasmid
Mini-prep kit (Sigma-Aldrich). This fusion plasmid was used
for protein expression.

2.4 | Optimization of expression and
purification of the recombinant proteins

The plasmids were transferred into E. coli Rosetta DE3«a
cells. The cells carrying the plasmids FPPS-pRSETB [29],
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ECS-pET28a[28], and FPPS-ECS-pET32a were grownin 1 L
Terrific broth (Hi-media, India), with ampicillin (100 pg/mL)
and chloramphenicol (34 ug/mL), at 37°C. At ODg of ~0.8,
IPTG was added to the final concentration of 1 mM. The cells
were harvested after overnight incubation at 16°C by centrifu-
gation at 6500 x g for 10 min at 16°C, and pellets were re-
suspended in 15 mL lysis buffer (50 mM Tris/HCI pH 7.8,
containing 300 mM NaCl and 10% glycerol, 5 mM imidazole,
1 mM dithiothreitol), lysozyme (1 mg/mL), CHAPS (0.01%),
and Triton X 100 (0.1%) were added. The cells were dis-
rupted by sonication (Braun-Sonic 2000 microprobe at maxi-
mum power for 10 X 30 s bursts with a 30 s chilling period on
ice between bursts). The sonicated crude was centrifuged at
10 000 X g for 15 min at 4°C. The supernatant was collected
and used for His-Tag Ni>*-NTA affinity purification. 25 mM
Imidazole concentration was used for washing undesired pro-
teins and 250 mM imidazole was used to elute the final pure
proteins. Fractions of 0.5 mL were collected and checked
by using 10% SDS-PAGE analysis and further desalted by
using GE-AKTA instrument. Desalted proteins were stored
at —80°C. Protein concentrations and purified recombinant
enzymes were determined according to Bradford using BSA
as standard [31].

Optimization of expression was carried out for FPPS-ECS-
pET32a fusion proteins constructs. The parameters inves-
tigated were IPTG concentration (0.2, 0.4, 0.6, 0.8, and
1.0 mM) used for induction, induction temperature (16, 25,
and 30°C), and time of harvest after induction (16, 12,
and 8 h).

2.5 | Enzyme assays and kinetics

Enzyme activity of single FPPS and ECS was assayed as per
our previous reports using IPP, GPP as a substrate for FPPS
and FPP as a substrate for ECS [28,29]. The newly constructed
fusion protein was monitored by measuring the amount of
sesquiterpene 8-epi-cedrol from IPP, DMAPP and IPP, GPP
by the enzymatic reaction (Figure 1). For FPPS-ECS fusion,
400 uL enzymatic reaction mixture containing assay buffer pH
8.5 (25 mM Tris-HCI, 5 mM dithiothreitol, 10 mM MgCl,,
20% glycerol), 15 uL purified fusion protein (25 pg), 100 uM
IPP, 50 uM DMAPP (for control 50 yM GPP + 50 uM IPP,
or 100 uM FPP used) were incubated in shaker bath incubator
(Brunswick, Eppendorf) at 30°C for 1 h at 70 rpm. The enzy-
matic reaction was stopped by an addition of 10 pl absolute
ethanol (95%) followed by vortexing for 30s. All the products
were extracted with hexane (3 X 0.5 mL). The organic layer
containing sesquiterpene products were dried over anhydrous
Na, SO, and reduced to ~50 pL with a stream of dry nitrogen.
The samples were identified by GC-MS analysis by using Agi-
lent Technology 5975-7890 GC-MS system with a HP-5MS
capillary column (30 m X 0.25 mm X 0.25 p coating of 5%
phenyl methyl siloxane). Injections were cooled on-column
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FIGURE 1

epi-cedrol biosynthetic pathway in recombinant E. coli. G3P,

Schematic diagram of MEP pathway (blue), and

glyceraldehyde 3-phosphate; 3Pyr, pyruvate; DXP, 1-deoxy-D-
xylulose-5-phosphate; MEP, 2C-methyl-D-erythritol-4-phosphate;
CDP-ME, 4-diphosphocytidyl-2C-methyl-D-erythritol; CDP-ME-2P,
4-diphosphocytidyl-2C- methyl-D-erythritol-2-phosphate; MEC,
2C-methyl-D-erythritol 2,4-cyclodiphosphate; HMBDP,
1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate; IPP, isopentenyl
pyrophosphate; DMPP, dimethylallyl pyrophosphate; FPP, farnesyl
pyrophosphate; GPPS, geranyl pyrophosphate synthase; FPPS, farnesyl
pyrophosphate synthase; ECS, epi-cedrol synthase

at 40°C with oven programming from 40°C (50 K/min) to
50°C (5-min hold), then 10 K/min to 250°C, then 50 K/min
to 300°C. Separations were made under a constant flow of
1 mL He y min. Mass spectral data were collected at 70 eV
and analyzed by using MSD Chem station software.

For the analysis of substrate channeling effect of fusion
enzyme (FPPS-ECS) as compared to mixed enzymes
(FPPS+ECS) together, time-dependent enzyme assay was
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carried out with the IPP and DMAPP as a substrate. In a
typical 400 uL enzymatic reactions containing equimolar con-
centrations of FPPS+ECS and FPPS-ECS enzymes (1.5 nM),
100 uM IPP and 50 uM DMAPP substrates were used. The
assay products were harvested in different time of interval
(30, 60, 90, 120, 150, 180 min) and quantified by GC-MS
analysis as per above mentioned method and program. The
experiments were carried out in three replicates.

For the enzyme kinetic study, the substrate IPP 1-50 uM
and DMAPP 0.5-25 pM were used for the conversion into epi-
cedrol by fusion enzyme and individual enzymes. The enzyme
concentration was 1.5 nM for all the reactions and the geraniol
was used as a standard. The comparative study and the cou-
pled activity were done by relative peak percentage area of
respected sesquiterpenes in the GC-MS analysis.

2.6 | Epi-cedrol production

The recombinant E. coli BL21 strain individually harbour-
ing pRSETB-FPPS, pET28a-ECS, and pET32a-FPPS-ECS
fusion plasmids were cultured in 1000 mL. TB medium sup-
plemented with appropriate antibiotics. Working concentra-
tions of ampicillin and kanamycin were 100 and 50 pg/mL,
respectively. Starter cultures were grown at 37°C and induced
with 1 mM IPTG (ODg,,~0.8) and allowed to continously
grow at 30°C, for 20 h. An amount of 50 mL dodecane was
overlaid on medium to capture volatile compounds. Hundred
millilitre of samples (cells) were harvested after 2 h of time
interval up to 20 h after induction. OD measurements were
conducted on a UV-vis spectrophotometer (Thermo-Fisher
Scientific Evolution 200) operating at 600 nm. Supernatant
broth medium was used for the extraction of epi-cedrol by
four washes of 100 mL petroleum ether. Solvent was evapo-
rated by rota-evaporator (Heidolph, Germany). Samples were
analysed and quantified by using GC-MS analysis as per men-
tioned method. Farnesol was used as internal standard. The
experiments were performed as well as analysed in triplicates.

2.7 | Protein modelling and docking
simulations

Homology modeling of FPPS-ECS fusion protein was car-
ried out utilizing the Swiss Model automated comparative
protein modeling server (http://swissmodel.expasy.org) [32].
According to the amino acid sequence homology, FPPS (AsF-
PPS) from A. spiciformis (PDB ID: 4KK2, sequence identity:
78.87%) for SaFPPS, and a-Bisabolol synthase (AaBOS)
from A. annua (PDB ID.: 4GAX, sequence identity: 53.65%)
for ECS were selected as potential structural templates to
obtain the homology based structural models. The three-
dimensional (3-D) structural models of both the fusion
enzyme complex with linker incorporation were built up
using the web-based I-TASSER server [33]. -TASSER server

gives the C-score which is a confidence score for estimat-
ing the quality of predicted models by I-TASSER and calcu-
lated based on the significance of threading template align-
ments and the convergence parameters of the structure assem-
bly simulations. It also provides TM-score and RMSD val-
ues, which are known standards for measuring the structural
similarity between two structures which are usually used to
measure the accuracy of structure modeling when the native
structure is known. The server predicted the cluster density,
which is defined as the number of structure decoys at a unit
space in the SPICKER cluster. A higher cluster density means
the structure occurs more often in the simulation trajectory
and, therefore, signifies a better quality model [33]. Molec-
ular graphics software program PyMOL 2.0.0 was used for
illustration.

For docking simulations, initially the substrate binding
pockets in FPPS-ECS fusion protein model were identified
using CASTp, Pocket-Finder, and QSite Finder. Further, dock-
ing simulations were carried using AutoDock Vina (v4.2)
with all the three substrates (IPP, DM APP, and FPP) taken one
ata time with grid box spacing at 1 A.The docking parameters
for FPPS-ECS were set with grid box size of (64 x 84 X 110),
(84 x 84 x 90) and center at and x = 87.528, y = §2.500,
z = 83.944. For single enzymes, the docking parameters for
FPPS with IPP and DMAPP were set with grid box size of
(50 x 92 x 80), and centre at and x = 64.889, y = 58.472,
z = 64.833, whereas the docking parameters of ECS with FPP
with the grid box spacing at 1 A was set at (64 X 72 X 86), and
centre at and x = 75.806, y = 61.462, z = 69.722. The ligand
protein interactions were analysed and visualized using Dis-
covery Studio 4.5 Visualizer and Pymol v2.0.0 [34].

3 | RESULTS AND DISCUSSION

For expression of recombinant fused enzyme, the bacterial
expression vector pET32a was used (cloning shown in Sup-
porting Information Figures S1-S2), whereas, for the pro-
duction of single enzymes, different expression vectors were
used [28,29]. This selection was made because of increased
protein solubility due to the presence of thioredoxin tag in
the vector [35]. The sequence also contains an enterokinase
cleavage site for removal of the fusion tag. The three plas-
mids FPPS-pRSETb, ECS-pET28a, and FPPS-ECS-pET32a
were isolated and transferred into E. coli Rosetta (DE3) for
production of the recombinant enzymes. The transformed
bacteria were grown and induced with IPTG (1 mM), and
purified by Nit2-NTA affinity column and evaluated for
FPPS and/or ECS activity. The recombinant multifunctional
enzyme showed both activities, as the linker GSGGS is of
ideal size to permit the two enzymes to fold properly. When
fusing two multimeric enzymes without linker or short linker
could lead to the formation of multimeric protein network
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FIGURE 2 (I) SDS-PAGE gel image of FPPS-ECS fusion protein in which (1) crude fraction, (2) pellet, (3) supernatant, (4) 25 mM imidazole

wash, (5-7) elution fractions (Purified), and (M) protein ladder (Thermo-Fischer scientific). (II) GC-FID chromatogram for the assay extracts: a)
individual enzymes assay with substrate (i) 2XIPP+DMAPP, (ii) GPP+IPP, (iii) FPP; b) FPPS-ECS fusion enzyme assay with substrate (i)
2xIPP+DMAPP (ii) GPP+IPP, and (iii) FPP. Products were epi-cedrol (1), a-cedrene (2), f-cedrene (3), cedrol (4). Pink colour chromatograms
represent the individual enzyme assay whereas blue colour chromatograms represent fusion enzyme assay

which cause steric hindrance of the active domain, whereas,
if a linker is too long it may be sensitive to proteolytic attack
and also lead to reduced channeling of substrates between two
active sites [7,36].

Optimization of expression was carried out for the new
fusion construct as mentioned in Section 2, 1 mM IPTG
induction and 16°C overnight (1214 h) incubation showed
the optimum level of expression in SDS gel (optimization
shown in Supporting Information Figure S3), same condi-
tions were applied for other constructs also. Fused enzyme
was expressed as a fusion with the thioredoxin protein tag,
which helps to improve the solubility of expressed proteins
[35,37]. SDS-PAGE images of all fractions of FPPS-ECS
fusion protein are shown in Figure 2(I). All the proteins
(including single) were produced in large scale (2x 1000 mL
TB broth) using the condition mentioned above and puri-
fied by Ni*?NTA affinity chromatography. For better and
enhanced purification of fusion proteins, SEC was used. Par-
tially purified protein was passed through a SEC (See Section
2). The characterization of recombinant protein was carried
out with thioredoxin-Stag-His-tag as N-terminal fusion.

3.1 | Kinetic properties of recombinant
enzymes

The SEC-purified pure enzymes were used to determine K,
value according to standard techniques [29]. The K, value of
ECS for FPP was 3.74 uM. The K, values of fusion enzymes
FPPS-ECS for IPP were calculated to be 4.71 uM. A slightly
higher K, value was observed for the single enzymes together

than the fused enzyme for IPP as a substrate. K, value for
DMAPP was half of the K, for IPP as the half concentra-
tion of DMAPP was used with the IPP in the kinetics study
(kinetics shown in Supporting Information Figure S4). Table 2
reveals the catalytic potential of fused enzyme over single
enzymes together. In case of fusion enzyme, K_,/K,, ratio
significantly increased compared to the combination of sin-
gle enzymes which shows the fused enzyme has the catalytic
efficiency more than individual enzymes together. Overall,
these results correlated to those previously reported fusion
proteins for FPPS and sesquiterpene synthases from other
sources [12-14].

3.2 | Coupled enzyme activity

The fused enzyme FPPS-ECS converts DMAPP and IPP or
GPP or FPP to epi-cedrol as a major product (Figure 1). The
fusion assay was kept for 1 h, as the longer incubation time
affects the activity of the fusion protein and the stability of
the sesquiterpenes. In case of FPPS-ECS fusion, the enzyme
assay with DMAPP/IPP or GPP, the side products such as
a-cedrene, f-cedrene were found in trace amount as com-
pared to individual assay with FPP, but in the fusion enzyme
assay with FPP, these products were observed with certainty
(Figure 2II, Table 3). Although the ratios were different,
but the relative amount of sesquiterpenoids formed from
fusion enzyme was higher than the individually produced
by two single enzymes with various substrate combinations.
Same results were obtained in the time-dependant enzymatic
assay with fusion enzyme and free enzymes together. The
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TABLE 2 Kinetic parameters of free enzymes and fusion enzymes

Enzymes K, (uM) Vinax (UM/min) K, (sec™!) K /K, (x10° M~1S™1)
For IPP
FPPS+ECS 5.64 + 0.2 0.81 + 0.1 1.4 + 0.1 0.24 + 0.1
FPPS-ECS Fusion 471 + 0.1 092 + 0.1 1.88 + 0.1 0.40 + 0.1
For DMAPP
FPPS+ECS 2.82 + 02 0.81 + 0.1 1.4 + 0.1 0.49 = 0.1
FPPS-ECS Fusion 2.35 + 0.1 0.92 + 0.1 1.88 = 0.1 0.80 = 0.1
For FPP
ECS 374 £ 0.2 1.23 + 0.1 0.95 + 0.1 0.25 + 0.1

Reaction conditions: 1.5 nM of free enzymes (added together) and fusion enzymes were used for the measurement of kinetic parameters against IPP. The reaction was
performed as described in the method section using 1-30 UM IPP and 0.5-15 UM dimethylallyl pyrophosphate respectively. For ECS, FPP was used as a substrate
ECS, epi-cedrol synthase; FPP, farnesyl diphosphate; FPPS, farnesyl pyrophosphate synthase; IPP, isopentyl diphosphate.

TABLE 3 Comparisons between (%) ratios of sesquiterpenes (%) formed from various substrates (DMAPP/IPP/GPP/FPP) with enzyme assay

with individual enzymes (FPPS and ECS) and fusion enzyme (FPPS-ECS)

Enzyme assay with individual enzymes

Enzyme assay with fusion enzyme

Substrates DMAPP + IPP (%) GPP + IPP (%) FPP (%) DMAPP + IPP (%) GPP + IPP (%) FPP (%)
Enzymatic products
epi-Cedrol 88.2 + 23 85.1 + 2.1 80.7 + 3.5 97.6 + 0.9 978 + 1.2 83.2 + 2.1
a-Cedrene 58 +£09 85+ 1.1 12.8 + 2.1 1.1 £ 03 03 +£03 87 + 2.1
p-Cedrene 3.1 + 0.6 42 + 0.8 49 + 1.3 04 + 0.1 02 + 0.1 4.6 + 0.6
Cedrol 26 +03 2102 1.5 + 04 0.8 +£02 1.7+ 04 35+ 13

Enzyme assay condition: a 400 UL enzymatic reaction mixture containing Tris/Hepes assay buffer (pH 8.5), 15 UL purified protein (25-100 pg), 100 uM IPP, 50 uM

DMAPP, 50 uM GPP and 100 UM FPP was incubated at 30°C for 60 min.

DMAPP, dimethylallyl pyrophosphate; FPP, farnesyl diphosphate; GPP, geranyl diphosphate; IPP, isopentyl diphosphate.
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(A) Time dependant enzyme activity of the FPPS-ECS fusion enzyme and FPPS+ECS free enzymes. The relative activity

expressed in comparison of the percentage of the activity of free enzymes, i.e FPPS+ECS with IPP and DMAPP substrates only. (B) Production of
epicedrol over time by E. coli BL21 strains harbouring pET32a-FPPS-ECS fusion, pRSET-B-FPPS+pET28a-ECS mixed, pRSET-B-FPPS, and

pET28a-ECS plasmids (Error bars represent SD (n = 3))

relative amount of sesquiterpenoids formed from fusion
enzyme was higher than the individually produced two single
enzymes together over different time of interval with IPP
and DMAPP as a substrate, as indicated by relative peak
percent area (Figure 3A). This is because of protein-protein
interactions may also increase metabolic efficiency either by

channeling intermediates between enzymes or by localizing
two active sites in close proximity [17]. The larger portion
of the FPP produced by the FPPS part of the enzyme is
converted to final product by ECS. This may be expected
as the building-up of the intermediate FPP is more rapid at
higher amounts of FPPS and the subsequent ECS experiences
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a higher substrate concentration, i.e. a steady-state condition
is approached. As per previous reports, the orientation of
the two enzymes does not affect the activity as well as K,
value of the fusion enzymes [13]. Finally, the performance
of the multifunctional enzymes, the level of sesquiterpenoid
produced from IPP by FPPS-ECS was compared with that
produced by corresponding amounts of two single enzymes
(equal molar concentrations) over time. As FPPS has active
domains for GPP synthesis from DMAPP and IPP, further
GPP with IPP converted into FPP by this enzyme. The
amount of FPP was higher in fusion enzyme than individual
enzymes in minimum time of interval. Therefore, the amount
of epi-cedrol produced was considerably higher for the fusion
enzyme than for the mixture of single enzymes, respectively.
The amount of epi-cedrol produced was considerably 1.66
fold higher for the fusion enzyme than for the mixed enzymes
together after 1 h of incubation (Figure 3A). Fusion enzymes
consume maximum amount of substrates present in the buffer
leading to increase in the amount of desired metabolites. This
result shows that the FPP produced by the first enzyme is
transferred to the active site of ECS with limited diffusion
into surrounding solution. A proximity effect and substrate
channeling operates in the fusion enzymes and increases the
overall catalytic activity of the enzymatic reaction. Similar
substrate channeling has also been observed in previously
constructed artificial bifunctional enzymes [7,38].

3.3 | Epi-cedrol production

Biosynthesis of terpenoid production in E. coli has been
carried out by the MEP or DXP pathway (Figure 1). This
pathway consists of seven enzymatic steps that convert
glyceraldehyde-3-phosphate (G3P) and pyruvate to IPP and
DMAPP in a ratio of 5:1 [39]. It initiates with enzyme DXP
synthase (DXS) which catalyzes the condensation of G3P
and pyruvate to form DXP. These total seven genes (DXS,
DXR, and Isp-DEFGH) encoding the MEP/DXP pathway
in the E. coli genome (Figure 1) are regulated by various
promoters [40]. Overexpression of terpene synthases leads
to the biosynthesis of respective isoprenoids. This pathway
is affected by various aspects of the intracellular metabolites
including available carbon, ATP, the reducing power, and
accumulation of intermediates of the pathway [41].
Production of epi-cedrol was carried out by transferring
all plasmid individually as well as mixed together into
the E. coli BL21 cells. Batch culture was initiated and
recombinant cells were harvested over different time of
interval, epi-cedrol was extracted from fermentation media
and analyzed by GC-MS as mentioned in Section 2. Out
of the four recombinant strains, only FPPS-ECS fusion
and FPPS+ECS mixed plasmids showed the good titre of
epi-cedrol in the fermentation medium. Strain harbouring
pRSETB-FPPS plasmid produced only FPPS which was uti-
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lized for the production of FPP in the cells. However, single
pET28-ECS plasmid harbouring strain produced negligible
amount of epi-cedrol after 12—14 h of induction (Figure 3B).
For comparing activity, mixed plasmids together in E. coli
showed good amount of epi-cedrol titre in batch fermentation
although maintaining multiple plasmids may increase the
metabolic loads on the cell from DNA, RNA, and protein
synthesis as well as the various antibiotic resistance proteins
the cell must produce [42], and leads to affect the production
of the desired final products [43]. But the expression levels
of two plasmids may vary in the cell compared to single
fusion plasmid. Overall results showed that there was not
much difference between the mixed plasmid and the fusion
plasmid harbouring cell. In case of mixed plasmids optimum
titre of epi-cedrol was 1.002 mg/L obtained after 12 h of
incubation (post induction), while E. coli harbouring fusion
plasmid produced maximum 1.084 mg/L epi-cedrol after
16 h of incubation. This is because of the different expression
levels of genes and the substrate channeling effects. The
recombinant strain overexpressing fusion as well as mixed
plasmids, were three times higher the titre of epi-cedrol than
previously reported in engineered yeast (0.370 mg/L) [44].

3.4 | Protein modelling and docking
simulations

The FPPS-ECS fusion protein model was predicted by I-
TASSER and gave a C-score of —1.31. In order to gain
insight in the fusion protein and substrate binding, - TASSER
predicted protein model was docked with various substrates
by AutoDock Vina. The structures of fusion protein FPPS-
ECS and individual proteins (FPPS and ECS), homology
based models were predicted. FPPS was identified using
co-ordinates of FPPS from Artemisia spiciformis and the
sequence identity was 78.87%. In the current study, out of the
three proteins, the crystal structure has been resolved only for
plant FPPS; however, epi-cedrol synthase structure have been
predicted based on homology modelling [45]. These struc-
tural models would help to gain insight in the role of synthetic
linker in protein structure and function. Terpene synthases are
a diverse class of enzyme family with their specificity and
activity being highly dependent on small number of amino
acids present inside or near the active site cleft. To further
understand cyclization of epi-cedrol, the amino acid residues
present in and around the active site were identified using the
co-ordinates of a-Bisabolol synthase as a template with Swiss
Modeling server, having a 53.65% of sequence similarity of
the amino acids, respectively. Numerous studies have revealed
that even though terpene synthases vary in sequence similar-
ity but their active sites are highly conserved [46]. Recently
reported FPPS protein sequence has seven highly conserved
regions (region I-VII) present, from which Region II (L,
X4LDDxxDxxxxRRG) and VI (GxxFQxxDDxxD....GK) are
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IPP to FPPS

FIGURE 4

DMAPP to FPPS | FPP to ECS

(A) Predicted structure of FPPS-ECS fusion enzyme-substrate complex by using I-TASSER server and AutoDock software. FPPS

and ECS were displayed in green and cyan color, respectively, while linker between two proteins was depicted in red. All the catalytic DDxxD motifs

present in the proteins are displayed in orange. (B) Amino acid interactions in active pockets of FPPS enzyme with IPP; (C) FPPS enzyme with

DMAPP, and (D) ECS enzyme with FPP of the fusion enzyme

the most significant regions due to aspartate-rich motifs and
are involved in binding of both homoallylic (IPP) and allylic
diphosphate substrates (GPP and DMAPP) and the divalent
Mg?* metal binding at Gy, and W,yg [45,47]. This FPPS
are joined with a flexible linker (G3435344G345G3465347) as
shown in Figure 4A (red colour) with ECS. In an analysis of
ECS structure, the enzyme catalyzes the formation of multiple
products including two minor, from a single substrate because
of the consequences of the highly reactive series of carbo-
cationic intermediates formed during the enzyme assay [48].
FPP was synthesized from the active pocket of FPPS in fusion
protein and easily channeled to an a-helical loop over the
active site that protects the carbocation from the water [28].
This loop helps the hydrophobic interactions between W53
and Ys,; [47,48]. These are conserved loops in the fusion of
ECS as Fg;, and Wg;. Loops were closed together by Rgg
and R-g¢ near to each other. This possibly assists in ionization
of the substrate diphosphate ester and helps to move diphos-

phate anion away from the generating carbocation [48]. The
common aspartate-rich motif DDxxDD is located at 642-646
positions (Figure 4B-D).

The estimated TM-score, RMSD, and cluster density for
FPPS-ECS fusion are 0.55 + 0.15, 11.8 + 4.510%, and 0.0473
respectively, predicted by I-TASSER server as details are
mentioned in Section 2. On docking of fusion protein FPPS-
ECS, total 90 poses were generated for each ligand (IPP,
DMAPP, and FPP) with protein and further analyzed accord-
ing to minimum binding energy. The binding energies for
fusion enzymes for substrates are mentioned in Table 4. These
results indicated that the fusion protein bind to the substrates
at a lower binding energy in comparison to their respective
individual counterparts. This result is in concurrence with
the experimental data, where the K, of Fusion enzyme for
IPP was 4.71 whereas K, of mixed enzymes together for
IPP was 5.64 (Table 2). This showed that individual enzymes
have less binding energies toward respective substrates. The
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TABLE 4 Binding energies between substrates and enzymes
(FPPS, ECS, and FPPS-ECS fusion)

Substrates FPPS ECS FPPS-ECS fusion
1. IPP -5.6 - —6.2 kcal/mol
2. DMAPP -5.6 - —6.2 kcal/mol
3. FPP - -7.0 —7.2 kcal/mol

ECS, epi-cedrol synthase; FPPS, farnesyl pyrophosphate synthase.

interactions of amino acids were also changed in case of indi-
vidual enzymes (more models and individual interactions are
shown in Supporting Information Figures S5-S6). Results,
therefore, indicate that fusion of two enzymes may have led
to their active pockets closing together and helped in the sub-
strate channeling in the fusion enzymes leading to increase in
the overall catalytic activity.

4 | CONCLUDING REMARKS

We have successfully constructed unnatural multifunctional
fusion of epi-cedrol synthase (sesquiterpene synthase) which
produces a higher amount of epi-cedrol from basic build-
ing block of isoprenoid biosynthesis pathway, i.e. IPP and
DMAPP when compared to utilizing two different enzymes
together. The results of this study clearly indicate that fusion
protein strategy has a promising potential to improve prod-
uct yield by using all substrates of the sesquiterpenoid path-
ways in heterologous expression. The fusion protein product
was secreted in growth media indicating that an industrially
friendly harvesting system for epi-cedrol can be developed
during downstream processing. It also reduces the time and
cost of recombinant protein purification.
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