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Farnesyl diphosphate synthase (FPS) is a key enzyme
in isoprenoid biosynthesis, generating farnesyl diphos-
phate as the central precursor for the broad classes of
sesquiterpenoids and triterpenoids. On the one hand,
cyclization of farnesyl diphosphate catalysed by
various sesquiterpene synthases leads to structurally
diverse sesquiterpenoids, while on the other, dimeriza-
tion catalysed by squalene synthase (SQS) yields
squalene as the first intermediate in the production
of triterpenoids. To optimize triterpenoid production,
the activities of an FPS generating farnesyl diphos-
phate and an SQS converting it should be coupled.
Here, we constructed a fusion protein combining a
ginseng FPS and a Centella asiatica SQS via a short
peptide (Gly—Ser—Gly) linker. Heterologous expres-
sion in Escherichia coli resulted in a soluble fusion
protein detected by SDS-PAGE. The fusion protein
had both FPS and SQS activities, at approximately
94% and 71% of the single enzyme levels respectively.
This novel fusion protein will serve as a valuable tool
for genetic engineering of triterpenoid compounds,
including saponins.

Keywords: Farnesyl diphosphate synthase, fusion pro-
tein, squalene synthase, triterpenoids.

THE isoprenoid biosynthetic pathways produce a number
of important primary as well as secondary metabolites in
many plants' . Sesquiterpenoids and triterpenoids are
two major groups of isoprenoid compounds with impor-
tant biological functions and medicinal properties. In par-
ticular, triterpenoid saponins have a variety of interesting
pharmaceutical activities, including anti-inflammatory,
anti-cancerogenic and anti-bacterial effects, depending on
their chemical structures’.

Sesquiterpenoid and triterpenoid biosynthesis starts by
the conversion of three units of acetyl-coenzyme A (CoA)
to 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA),
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which is then reduced to mevalonate (by 3-hydroxy-3-
methylglutaryl-coenzyme A reductase) and further con-
verted into isopentenyl diphosphate (IPP). Isomerization
of IPP yields dimethylallyl diphosphate (DMAPP), and
sequential condensation of IPP and DMAPP by farnesyl
diphosphate synthase (FPS, EC2.5.1.1/EC2.5.1.10) leads
to geranyl diphosphate (GPP) and farnesyl diphosphate
(FPP). FPP is a branch-point intermediate for biosynthe-
sis of either sesquiterpenoids or triterpenoids, and thus
both fluxes share FPP, and relative activities of enzymes
utilizing it as substrate will determine the amounts of
sesquiterpenoids or triterpenoids formed. FPP has been
localized in the cytosol, mitochondria, peroxisomes and
chloroplasts®®. However, sesquiterpenoid and triterpe-
noid biosynthesis is generally thought to occur largely, if
not completely, in the endoplasmic reticulum (ER), and
thus likely relies on the cytosolic FPP substrate pool.

Sesquiterpenoids are formed directly through cycliza-
tion of FPP, catalysed by specific sesquiterpene synthases.
In contrast, triterpenoid biosynthesis requires the combi-
nation of two FPP molecules in squalene (SQ), by an
ER-bound squalene synthase (SQS, EC.2.5.1.21). SQ is
then (in seed plants) activated into epoxysqualene, which
serves as the common precursor for sterols and triterpe-
noids (Figure 1). They are formed by highly stereo- and
regioselective cyclization of epoxysqualene, catalysed by
various triterpene synthases’.

It has been demonstrated that in planta overexpression
of FPS leads to significant increase in sterol as well as
carotenoid concentration'’. Similarly, increased SQS
activities also result in the accumulation of sterol and
triterpene products'''>. Taken together, the two enzymes,
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FPS and SQS, thus play an important role in controlling
biosynthetic rates of plant sterols and triterpenoids. Con-
versely, flux towards sesquiterpenoid products largely
depends on the activities of FPS and sesquiterpene syn-
thases, and several studies have shown that sesquiter-
penes such as linalool, epi-aristolochene and a-farnesene
may be formed effectively by fusion proteins of FPS and
sesquiterpene synthase enzymes'> '’. However, similar
experiments attempting to fuse FPS and SQS proteins for
enhancing triterpenoid biosynthesis have not been re-
ported to date.

In the present study, we have constructed a vector fus-
ing the previously characterized FPS and SQS genes from
ginseng and Centella asiatica respectively. Heterologous
expression in Escherichia coli cells was used to produce
the FPS/SQS fusion protein for biochemical characteriza-
tion, in particular, to compare its FPS and SQS activities
with those of the two separate proteins.

The genes of C. asiatica SQS (GenBank accession
AY787628) and ginseng FPS (GenBank accession
DQO087959) were PCR-amplified using primer sets
CSSn_N and CSSc_X as well as PFSn N and PFSc X
respectively (Table 1). A hydrophobic sequence (87 bp)
at the C-terminus of the SQS gene was eliminated during
amplification, as described by Kim et al.'. All PCR reac-
tions were carried out by heating to 94°C for 5 min, fol-
lowed by 30 reaction cycles (94°C for 30 sec, 58°C for
30 sec and 72°C for 30 sec) and a final extension step
(72°C for 10 min). The reaction products were inserted
into the multi-cloning site of the pET32a vector; the
resulting construct was sequenced for confirmation, and
then transformed into E. coli BL21 (DE3) pLysS.
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Table 1. Primers used for cloning genes
Genes Primers Sequence (5'-3")
PgFPS PFSn_ N CCACCATGGGCGATCTGAAGA (Ncol)
PFSc_X CTCCTCGAGTTACTTTTGCCGCTTA (Xhol)
PFSc_B: AATGGATCCCTTTTGCCGCTTATA (BamHI)
CaSQS CSSn_N TAACCATGGGAAGTTTAGGGG (Ncol)
CSSc_X CAACTCGAGTCATCCCGAGTCATTCTCAAG(Xhol)
CSSn_B AACGGATCCGGAATGGGAAGTTTAGGGG (BamHI)

Underlined sequences are recognition sites of the restriction enzymes.

BamHI

/
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T7 promotor

Neol BamHI

g - &

BamHI Xhol

casqs
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BamHI (Gly-Ser-Gly linker)
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Figure 2.

Ncol

T7 promotor

Schematic outline of Escherichia coli expression vector construct for the fusion pro-

tein combining Panax ginseng FPS and Centella asiatica SQS.

To construct the FPS/SQS fusion protein expression
vector (Figure 2), the PgFPS gene in pET32a-FPS was
PCR-amplified with the PFSn N and PFSc B primers
(Table 1) also encoding Ncol and BamHI recognition
sites respectively. The PCR product was digested with
the two restriction enzymes and then ligated into the
pET32a vector, resulting in a pET32a-FPS intermediate
construct. A truncated SQS gene of C. asiatica was
amplified with CSSn_B and CSSc_X primers, including
BamHI and Xhol recognition sites, and the PCR product
was digested with both restriction enzymes and ligated
into the pET32a-FPS vector, resulting in pET32a-
FPS/SQS. To select positive clones, colony PCR was per-
formed with PFSn_N and CSSc_X primers. All the PCR
reactions involved were carried out as described above.
Finally, presence of the insert was confirmed by DNA
sequencing analysis, and the construct transformed into
E. coli BL21 (DE3) pLysS.

A colony of BL21 (DE3) pLysS cells harbouring the
desired expression vector was added to 10 ml of LB
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medium containing 50 pg/l ampicillin and grown at 37°C
to an optical density of 0.5 at 600 nm. Then isopropyl
thio-f-D-galactoside (IPTG) was added to a final concen-
tration of 1 mM, and the culture was incubated for 3 h.
Finally, the cells were collected via centrifugation, re-
suspended in 4 ml of extraction buffer (50 mM Tris-HCI,
pH 7.8; 10 mM MgCl, and 20% glycerol) and sonicated
three times for 30 sec. The resulting suspension was cen-
trifuged for 10 min at 14,000 g, and a 10 ul aliquot of the
supernatant was separated on an 10% SDS-polyacrylamide
gel and stained with Coomassie blue for protein detection.
FPS activity assays were conducted as described by
Brodelius ef al."*. Cell-free proteins (100 pg) were assayed
in 50 mM Tris-HCI (pH 8.0), containing 15 mM MgCl,,
10 mM 2-mercaptoethanol, 20% glycerol, 55 uM GPP
and 50 uM [1-"*C] IPP (55 mCi/mmol), in a total volume
of 50 ul. Concentration of cell-free proteins was deter-
mined by the Bradford method'’. The mixtures were in-
cubated for 10 min at 30°C; then 6 M HCI was added to
stop the reaction, and incubation was continued for a
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further 10 min to hydrolyse the FPP product into extract-
able farnesol. The reaction mixture was neutralized with
6 M NaOH and then extracted with hexane. The resulting
hexane solution was subsequently extracted with water,
and an aliquot from it was utilized to measure radioacti-
vity using a scintillation counter.

In order to confirm the chemical nature of the FPS
reaction products (of single FPS enzyme as well as
FPS/SQS fusion protein), neutralization was performed
with 6 M NaOH. The mixture was extracted with hexane,
and the hexane phase was subsequently extracted with
water. An aliquot of the extracted hexane phase was then
analysed using a scintillation counter. In order to analyse
the radioactive reaction products, enzymatic reactions
were conducted in accordance with the method described
by Mekkriengkrai e al.'®. The prenyl diphosphate prod-
ucts were extracted with 1-butanol saturated with water
and then treated with potato acid phosphatase at 37°C
overnight to hydrolyse the diphosphate moiety. The
products were analysed by reverse phase TLC (LKC-18,
Whatman, Maidstone, England) developed in acetone:
water (9:1, v/v). The radioactive products were then
identified in comparison with an authentic standard
visualized by iodine vapour, and each of the radioactive
spots was analysed with a Bio-image Analyzer BAS1500
(Fuji, Tokyo, Japan).

SQS activity was determined as described by Naka-
shima ef al.’, using reaction mixtures of 50 mM Tris-HCl
(pH 7.6), 10 mM KF, 0.1 mM MgCl,, 3 mM NADPH,
20 uM [I-H]FPP (16 Ci/mmol'; Amersham-Pharmacia
Biotech) and 30 pg proteins, and incubating for 1h at
30°C. The reaction was stopped by placing the tube on
ice and adding 100 ul of n-hexane, mixing and then cen-
trifuging. Aliquots of the n-hexane phase were separated
by silica gel TLC (Merck) with ethylacetate : benzene
(1:4, v/v). After development, the plates were sprayed
with I, and the spot containing squalene was scraped-off
and extracted with chloroform. The resulting solution was
subjected to radio-counting in a scintillation counter.

The goal of the present study was to fuse a FPS and a
SQS, and then compare the enzymatic activities of both
moieties constituting the fusion protein with those of the
native, single enzymes. To this end, cDNAs encoding the
Panax ginseng FPS and the C. asiatica SQS enzymes
were inserted into the pET32a expression vector, either
separately or together in a single reading frame connect-
ing both coding sequences with a three-amino acid linker.
In previous studies, heterologous expression in E. coli
had been used to characterize the FPS and SQS
enzymes''°. Therefore, similar protocols were employed
here for comparative investigation of the fusion protein.
In particular, SQS has a highly hydrophobic sequence at
the C-terminal region that might help anchor the enzyme
to the endoplasmic reticulum membrane®. We should
eliminate the sequence at the C-terminal region by PCR
amplification to transfer hydrophobic properties of SQS
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into the soluble protein. Various sizes of linkers have
been used in other studies to fuse two proteins, and long
linkers were found unsuitable because they tended to be
sensitive to proteolytic attack and also because the dis-
tance between the two active sites may have impeded
substrate channelling between protein domains®'*?. In
case of no linker between two genes, production of the
sesquiterpenoid was less effective in E. coli cells'. It is
likely that a fuse protein without a linker peptide caused
steric hindrance which affected both structural configura-
tions and enzyme activities. To avoid these negative
effects, a relatively short Gly—Ser—Gly linker was used
here for construction of the FPS/SQS fusion. We success-
fully generated the fuse protein by the linker between two
genes and confirmed it by PCR analysis with primers of
FPS (a forward) and SQS (a reverse).

The expected molecular weights of the FPS, SQS and
FPS/SQS fusion proteins, including N-terminal Trx/His/
S-tags were 55.911, 62.532 and 102.148 kDa respec-
tively. SDS-PAGE analysis revealed that the extract of
bacterial cells over expressing either FPS or SQS con-
tained prominent proteins not found in the empty-vector
control, with molecular weights of about 56 and 63 kDa
respectively (Figure 3, lanes 2 and 3). The cell-free
extract from E. coli cultures expressing the protein fusion
construct pET32-FPS/SQS instead contained a protein of
approximately 100 kDa (Figure 3, lane 4).

To assess the FPS activities of the separate FPS
enzyme and FPS/SQS fusion protein, we assayed the
incorporation of GPP and [1-"*C]IPP into FPP. The reac-
tion products were dephosphorylated and analysed by re-
versed-phase TLC (Figure 4), showing that single FPS
and fused FPS with SQS resulted in farnesol (FOH). In

10»

Figure 3. SDS-PAGE analysis of FPS, SQS and FPS/SQS fusion
proteins expressed in E. coli. Lane M, Molecular weight markers
(kDa); lane 1, Proteins extracted from cells transformed with the empty
pET32a vector; lanes 2, 3, Proteins extracted from cells transformed
with pET32a—FPS and pET32a—SQS respectively and lane 4, Proteins
extracted from cells transformed with pET32a—FPS/SQS. Arrows indi-
cate the FPS, SQS and FPS/SQS proteins with calculated M, of 55.9,
62.5 and 102.1 kDa respectively.

CURRENT SCIENCE, VOL. 113, NO. 4, 25 AUGUST 2017
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- - «+— FOH

Figure 4. Reversed-phase TLC analysis of FPS enzyme activities.
Lane 1, Reaction products of total proteins extracted from E. coli cells
harbouring empty pET32a vector; lanes 2, 3, Reaction products of total
proteins extracted from E. coli cells harbouring pET32a-FPS and
pET32a—FPS/SQS respectively. FOH indicates the position of farnesol
produced from a hydrolysed farnesyl diphosphate.

Table 2. In vitro enzyme activities of farnesyl diphosphate synthase
(FPS), squalene synthase (SQS) and FPS/SQS fusion proteins produced
by heterologous expression in Escherichia coli

Specific activity

Transformed vectors FPS* SQS®
pET32a (no insert) 40.05 £0.12 ND
Single FPS 382.27 £ 16.63 -
Single SQS - 110.89 + 8.27
FPS/SQS 359.33 £+ 11.54 78.73 £ 6.33

“bSpecific FPS and SQS activities of extracts are expressed as nmol of
IPP and/or FPP incorporated into FPP and SQ respectively, per min and
mg of protein. Each value represents the mean of three independent ex-
periments with standard deviations. ND, Not detected; —, Not measured.

contrast, no FOH was detected in the extracts of bacterial
cells harbouring the empty pET32 vector. Further analy-
sis using reversed-phase TLC showed that the radioactive
product of the FPS and FPS/SQS assays had retention
behaviour identical to an unlabelled standard of FPP,
confirming the chemical nature of the product and thus
covalent linkage of GPP and IPP into FPP.

The in vitro activity of the separate FPS and FPS/SQS
fusion proteins was 380 and 295 nmol/min/mg respec-
tively (Table 2). The K, value of the separate FPS protein
for IPP was determined to be 3.4 uM, while the FPS/SQS
fusion enzyme had an apparent K, of 3.2 uM. In com-
parison, the K, values for IPP of other FPS enzymes have
been reported to range between 3.0 and 4.0 uM (ref. 23).
Taken together, our experiments thus demonstrated that
the FPS/SQS fusion protein had FPS activity similar to
the original stand-alone FPS.

CURRENT SCIENCE, VOL. 113, NO. 4, 25 AUGUST 2017

In a separate experiment, SQS activity of the fusion
protein was compared with that of a single-enzyme con-
trol. The FPS/SQS fusion had SQS activity of about
79 nmol/min/mg, while the separate SQS enzyme had an
activity of 110 nmol/min/mg (Table 2).

To improve production of secondary metabolites
through substrate channelling between adjacent active
sites, fusion of two consecutive enzymes on the respec-
tive pathways has been engineered earlier. In particular,
protein fusion involving FPS has been reported earlier,
albeit in combination with sesquiterpenoid cyclases,
aiming to enhance sesquiterpenoid rather than triterpe-
noid production. It has been reported that a fusion protein
combining Artemisia annua FPS and tobacco epi-
aristolochene synthase showed aproximity effect, with
increased overall catalytic activity to produce epi-
aristolochene when expressed in E. coli''. Wang et al."’
showed that a fusion of FPS and a-farnesene synthase, in
vivo upon heterologous expression in E. coli, produced
higher amounts of a-farnesene than using the separate
enzymes. Similar to these previous studies, our results
showed that FPS can also function in fusion with SQS,
with similar FPS and slightly lower SQS activities than
the separate enzymes. The latter finding may be
explained by the changed SQS domain in the fusion
protein, where a hydrophobic sequence at the C-terminus
may have caused a slight modification of the protein
structure that negatively affected its activity.

In summary, we generated a protein fusion of FPS and
SQS moieties, which has combined activities leading
from IPP and GPP to FPP and on to squalene. It thus
catalyses crucial steps en route to triterpenoid formation,
effectively by-passing the competition for FPP as a sub-
strate for sesquiterpenoids. This novel fusion protein will
therefore serve as a valuable tool for genetic engineering
of triterpenoid compounds, including saponins.
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Optimization of key factors for
enhanced fermentative biohydrogen
production from water hyacinth by
RSM
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This communication discusses the optimization of key
factors for the enhanced bio-hydrogen production
from water hyacinth. Three critical factors inoculums
age (18-24 h), inoculums volume (20-80 ml/l) and
concentration of sulphuric acid (0.5-2.0%) were opti-
mized by response surface methodology (RSM) with
central composite design (CCD) for better production.
RSM analysis showed that all three factors signifi-
cantly influenced hydrogen production. The optimum
hydrogen production was 705 ml/l obtained with 21 h
old bacterial culture, 50 ml/l1 inoculums with 1.25%
sulphuric acid pre-treatment. The hydrogen concen-
tration produced by Clostridium acetobutylicum NCIM
2877 was enhanced after using RSM. The results
obtained indicate that RSM with CCD can be used as
a technique to optimize culture conditions for en-
hancement of hydrogen production by pre-treatment
of low-cost organic substrate; water hyacinth using
dark fermentation methods may be one of the most
promising approaches.

Keywords: Central composite design, Clostridium ace-
tobutylicum NCIM 2877, hydrogen production, response
surface methodology, water-hyacinth.

BIOHYDROGEN has high energy density (122 kJ/g) and
also does not produce any harmful combustion products.
These characteristics make it the most promising and
advanced biofuel when compared to other biofuels. Proc-
esses such as steam reformation and water electrolysis are
efficient methods for hydrogen production but require
high energy input, whereas biological processes are oper-
ated at ambient temperature and mild operational condi-
tions. Certain bacterial species like clostridium and
enterobacter are used in the process of dark fermentation
for biohydrogen production. However, there are two bot-
tlenecks in the biological hydrogen production process.
They are, low hydrogen yield and high-cost substrates.
Conventional substrates like glucose, sucrose and starch
used for biological hydrogen production are expensive
which restricts the application and development of bio-
hydrogen'.

Water hyacinth (Eichhornia crassipes) is a free-
floating aquatic plant. In India it was first observed in
West Bengal, in the beginning of 1890, and is now found
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