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the closest relationship of MaSQS with Ganoderma luci-
dum and Aspergillus, which also belonged to the member 
of the fungus. Subsequently, the recombinant protein was 
expressed in Escherichia coli BL21(DE3) and detected 
by SDS-PAGE. To improve the expression and solubility 
of protein, 17 or 27 amino acids in the C-terminal were 
deleted. In vitro activity investigation based on gas chro-
matography–mass spectrometry revealed that both the 
truncated enzymes could functionally catalyze the reac-
tion from FPP to SQ and the enzymatic activity was opti-
mal at 37 °C, pH 7.2. Moreover, based on the site-directed 
mutagenesis, the mutant enzyme mMaSQSΔC17 (E186K) 
displayed a 3.4-fold improvement in catalytic efficiency 
(kcat/Km) compared to the control. It was the first report of 
characterization and modification of SQS from M. alpine, 
which facilitated the investigation of isoprenoid biosynthe-
sis in the fungus. The engineered mMaSQSΔC17 (E186K) 
can be a potential candidate of the terpenes and steroids 
synthesis employed for synthetic biology.

Keywords  Squalene synthase · Mortierella alpine · 
Truncated enzyme · GC–MS analysis · Site-directed 
mutagenesis

Introduction

Terpenoids, which are usually isolated from plants, belong 
to a class of isoprenoid family with important medical and 
industrial properties. Sterols are a subgroup of the steroids 
and an important class of organic molecules. Due to their 
crucial functions in  vivo and significant pharmaceutical 
application, the triterpenes and sterols biosynthesis have 
attracted increasing interest in recent years [1, 4, 7, 40]. For 
example, the engineered oleaginous yeast and fungi have 

Abstract  Terpenoids, a class of isoprenoids usually iso-
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been dedicated to the development of efficient synthesis of 
sterol compounds such as squalene, lanosterol, zymosterol, 
ergosterol [2]. As secondary metabolites, triterpenes and 
sterols are synthesized via the mevalonate pathway, which 
contains the sequential conversion of farnesyl diphosphate 
(FPP) to squalene (SQ) and then to 2,3-oxidosqualene, fol-
lowed by a series of cyclization, oxidation, and reduction 
reactions [7, 19, 48].

Squalene synthase (SQS; EC 2.5.1.21), an enzyme of 
isoprenoid biosynthesis enzymes Class 1 superfamily, com-
bines two molecules of FPP to form presqualene diphos-
phate (PSPP) and further to SQ by subsequent rearrange-
ment and NADPH-dependent reduction step (Fig.  1) [6, 
26]. These reactions, as the committed steps in triterpenoid 
and sterols biosynthesis, play an important role in the regu-
lation of isoprenoid biosynthesis in eukaryotes [11, 26]. In 
addition, NADPH serves as an indispensable cofactor in 
SQ synthesis. To illustrate the function of NADPH in the 
reaction, two molecules of FPP and NADPH were added 
in the reaction buffer, and the reaction product was inves-
tigated for yeast SQS [25, 31]. When NADPH is present 
in the reaction buffer, PSPP is transformed directly to SQ. 
However, without adding NADPH cofactor, PSPP accumu-
lated and released from the active site [15].

Mortierella alpine, an industrial strain often used to 
produce unsaturated fatty acid such as γ-linolenic acid and 
arachidonic acid [27, 39], is capable of synthesizing 13 
kinds of important sterols, such as cholesta-5, 24-dienol 
(desmosterol), 24-methyl-desmosterol [8]. However, the 
gene involved in SQS synthesis in M. alpine has not been 

identified and characterized. Recently, the whole genome 
sequence of M. alpine (ATCC 32222) has been announced 
and characterized by our laboratory [47]. Our analysis 
suggested that there is a putative SQS gene in M. alpina. 
Therefore, it is of particular interest to identify the enzy-
matic processes for sterols synthesis.

As a key enzyme in the isoprenoid biosynthesis, SQS 
has been already found in many organisms. However, no 
research has been done on the SQS gene from M. alpine so 
far. In this work, a putative fungal SQS from M. alpine was 
identified, and characterized biochemically and biophysi-
cally. The soluble protein was obtained by truncating 17 
or 27 amino acids in the C-terminal and the recombinant 
protein was expressed, purified and detected by in  vitro 
activity investigation. The reaction conditions including 
pH and temperature were optimized. Based on site-directed 
mutagenesis, the mutant enzyme mMaSQSΔC17 (E186K) 
exhibited an improved catalytic efficiency. The character-
ized SQS in this work would provide potential application 
in synthetic biology to engineer a pathway in E. coli for 
production of important terpenoids and sterols.

Materials and methods

Chemicals

Standard FPP, SQ and NADPH were purchased from Sigma-
Aldrich (St. Louis, MO, USA). All other chemicals used 
were of high analytical grade and commercially available.

Fig. 1   Conversion of farnesyl 
diphosphate (FPP) to squalene 
(SQ)
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Fungal strain and culture conditions

Mortierella alpine with the accession number American 
Type Culture Collection Catalog 32222 was cultured and 
harvested as described by Wang et  al. [46]. In detail, the 
strain was initially cultured on potato dextrose agar at 
25  °C for approximately 5–7 days. When the growth was 
visible, the culture was inoculated into 200 mL of Kendrick 
medium containing 100  g/L glucose, 5  g/L yeast extract, 
3 g/L NaNO3, 1 g/L KH2PO4, and 0.5 g/L MgSO4·7H2O, 
and incubated at 25 °C for 6 days with shaking. The myce-
lia were then collected by filtration through sterile cheese-
cloth and frozen immediately in liquid nitrogen for RNA 
extraction.

Construction of the fungal cDNA

Total RNA was extracted using Trizol Reagent (Invitrogen). 
RNA was subjected to RNase-free DNase digestion, and 
then purified using the RNeasy Mini kit (Qiagen) accord-
ing to the manufacturer’s instructions. The total RNA was 
reverse transcribed with the PrimeScript RT reagent kit 
(Takara Bio, Inc.) following the manufacturer’s instruc-
tions, before the PCR amplification of SQS gene.

Cloning and site‑directed mutagenesis of M. alpine SQS 
gene

Genes encoding potential SQS were identified using 
BLASTP (http://www.ncbi.nlm.nih.gov/blast). The NCBI 
accession number obtained was KT318395. The full length 
of M. alpine SQS gene was amplified by PCR using the 
oligonucleotide primers SQS-F and SQS-R. The primers 
SQS-F and SQSΔC17-R/SQSΔC27-R were designed to 
generate truncated sequence (MaSQSΔC17/MaSQSΔC27) 
by removing 17 or 27 amino acids from the C termi-
nus. The PCR products were inserted into pET28a(+) 
expression vector (Novagen), generating plasmids pET-
MaSQS, pET-MaSQSΔC17 and pET-MaSQSΔC27, 
which were sequenced to confirm the correct open read-
ing frame inserted. To generate the truncated mutant 
mMaSQSΔC17 (E186K), the site-directed mutagenesis 
based on overlapped PCR was employed. Consequently, 
pET-MaSQSΔC17 (E186K) was constructed and further 
verified by sequencing. The expression plasmids were 
transferred into E. coli BL21(DE3) strain (Novagen) by 
electroporation. All designed primers are listed in Table 1.

Protein expression and purification

The E. coli BL21(DE3) strain carrying the correspond-
ing plasmid was grown at 37  °C in LB medium contain-
ing 50 μg/mL kanamycin to OD600 of 0.6, at which point 

expression was induced by addition of 0.1 mM isopropyl-
β-D-thiogalactopyranoside (IPTG) and incubated for 20 h 
at 16 °C, 90 rpm. The collected cultures were centrifuged at 
7000g for 5 min and washed with 50 mM Tris–HCl buffer, 
pH 8.0. After cell lysis by sonication, the supernatant was 
loaded onto a nickel ion affinity chromatography column 
(GE Healthcare) and purified according to the manufactur-
er’s instructions. The protein concentration was determined 
by the Bradford method using BSA. The purified SQS 
was analyzed by 12 % SDS-PAGE and high-performance 
liquid chromatography–mass spectrometry (HPLC–MS) 
(Thermo).

Determination of enzymatic activity

The SQS activity of the recombinant protein was meas-
ured on the basis of the conversion of FPP to SQ. SQS was 
assayed by modification of the procedure reported by Lee, 
Poulter [21]. The assay was performed in 50  mM MOPS 
buffer (pH 7.0), containing 40  μM FPP, 30  μg purified 
SQS, 10  mM MgCl2, 1  mM NADPH, 1  mM dithiothrei-
tol (DTT), 0.2 mg BSA, in a final volume of 200 μL. The 
reaction was carried out at 37 °C for 1 h and was slightly 
shaken every 10 min. The reaction was initiated by adding 
FPP to the assay cocktail. In the negative control, the SQS 
solution was replaced by assay buffer. After incubation, the 
reaction mixture was terminated and extracted with 200 μL 
n-hexane. The n-hexane solution was dried by superflu-
ous sodium sulfates anhydrous, and was then concentrated 
at room temperature until the total volume reached about 
20 μL. The catalytic product SQ (1 μL) was detected by 
gas chromatography–mass spectrometry (GC–MS). Diluted 
standard SQ (1  μL) was directly subjected to GC–MS 
detection. The activity was determined by monitoring the 
conversion of NADPH to NADP during enzyme–substrate 
reaction. One unit of enzyme is defined as the amount of 
the enzyme that liberates 1  μmol of NADP per minute 
under the assay conditions.

Table 1   Primers used in this study

Restriction cleavage sites are bold

Primer name Sequence

SQS-F GGAATTCCATATGATGGCTTCTGCTAT 
CCTCGCCT

SQS-R CCCAAGCTTTTATGCGAGCGCATTGTT 
GATA

SQSΔC17-R CCCAAGCTTTTAAAGCACGGTTCCG 
GTTTTG

SQSΔC27-R CCCAAGCTTTTATCCAGCTTGCAT 
GCGCT

SQSΔC17(E186K)-F CTGGGATTGAGCAAGATGTTCAGCGCC

SQSΔC17(E186K)-R GGCGCTGAACATCTTGCTCAATCCCAG

http://www.ncbi.nlm.nih.gov/blast
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SQ detection by GC–MS

GC–MS (QP2010, Shimadzu, Kyoto, Japan) equipped 
with an Rtx-5 Amine column was operated at an ioniza-
tion voltage of 70 eV with a scan range of m/z 50–450. The 
oven temperature was programmed at an initial tempera-
ture of 150 °C for 5 min; then increased to 280 °C at the 
rate of 15  °C/min and maintained for 7 min with helium. 
To protect GC–MS detector, the compounds were exposed 
to the detector after 12.5  min so that the impurities were 
excluded. The mass spectra of eluted peaks in the reaction 
were compared with standard SQ.

Temperature and pH profiles of MaSQS activity

Assays were performed in 50 mM MOPS buffer, contain-
ing 40  μM FPP, 30  μg of SQS, 10  mM MgCl2, 1  mM 
NADPH, 1 mM DTT, 1 mg/mL BSA. The reactions were 
performed as described for the standard assay except that 
the total volume of reaction mixture was changed to 50 μL. 
For determination of the optimum pH, enzyme activities 
were measured with pH ranging from 6.0 to 9.0 at 37 °C. 
In the case of the optimum temperature determination, SQS 
reactions (pH 7.2) were carried out at 15, 25, 30, 37, 40, 
45, 55 °C, respectively. These experiments were replicated 
at least three times.

Measurement of kinetic parameters

To measure the Km, Vmax and kcat values of FPP, the assay 
buffer contained 1.0–10 μM FPP at a fixed concentration 
of NADPH (1 mM). To measure the Km and Vmax values of 
NADPH, the assay buffer contained 50–300 μM NADPH 
at a fixed concentration of FPP (10 μM). Assays were per-
formed in 50 mM MOPS buffer, pH 7.2, containing 10 mM 
MgCl2, 1 mM DTT, 1 mg/mL BSA, 100 nM enzyme in a 
total volume of 50 μL at 37 °C for one minute. The conver-
sion of NADPH to NADP was monitored by capillary elec-
trophoresis (CE). The kinetic parameters were determined 
by fitting the initial rates of reaction measured at various 
concentrations of one substrate at a fixed concentration of 
the other to the Lineweaver–Burk equation using linear 
regression.

Results

Bioinformatic analysis

Mortierella alpine is a filamentous fungus commonly found 
in soil which is able to produce lipids in the form of tria-
cylglycerols that account for up to 50 % of its dry weight. 
Analysis of the M. alpina genome suggests that there is an 

SQS gene involved in sterols synthesis of interest. Thus, 
this sequence was chosen for further investigation.

The full length of MaSQS is predicted to encode a pro-
tein of 416 amino acid residues with a MW of 47.0  kDa 
and theoretical pI of 5.93. To predict domain, we made a 
comparison between the candidate amino acid sequence 
and biochemically characterized SQSs from fungi, ani-
mals and plants. Multiple sequence alignment of MaSQS 
and these SQS proteins indicated that MaSQS shares a high 
amino acid identity (ranging from 42 to 51 %) with known 
SQS sequences (Fig. 2). It could be seen that there existed 
four highly conserved regions between M. alpine and other 
organisms (animals, plants and fungi). The amino acid 
sequence of MaSQS shares 48 and 49 % identity with Mus 
musculus and Rattus norveqicus SQS proteins, respectively, 
which is a little high compared with that from plants, and is 
most similar (51 %) to that from Neurospora crassa. Inter-
estingly, the AB-flap and the JK-loop were also included, 
which were assumed to regulate the binding of substrates 
(prenyl donor and acceptor) and NADPH, respectively. 
The amino acid sequence alignment also revealed several 
distinctive domains distributed between the conserved 
domains.

A phylogenetic tree (Fig. 3) analysis suggested that the 
MaSQS shared the closest relationship with Ganoderma 
lucidum and Aspergillus, which also belonged to the mem-
ber of the fungus. Besides, different forms of SQS could 
evolve from a single ancestral gene. Furthermore, three-
dimensional models’ prediction for MaSQS was performed 
by SWISS-MODEL Workspace Web Server using crystal 
structure of human SQS (PDB ID code 1EZFB) as tem-
plate. The result showed that SQS protein was mainly con-
sisted of fourteen α-helices and two β-pleated sheets. The 
main α-helices are numbered with A–N from N-terminal 
to C-terminal (Fig.  4). To understand the function of this 
enzyme, we cloned and purified the protein and performed 
in vitro catalytic assay.

Cloning, solubilization, and purification of MaSQS

Initially, full-length MaSQS was found exclusively in 
inclusion bodies as an inactive enzyme. The soluble recom-
binant MaSQS could not be obtained. Therefore, we ana-
lyzed the M. alpine SQS protein sequence using TMHMM 
software (http://www.cbs.dtu.dk/services/TMHMM/). The 
result indicated that 17 amino acids of the C-terminal of M. 
alpine SQS were assumed to locate the membrane-spanning 

Fig. 2   Alignment of SQS proteins from M. alpine and other rep-
resentative SQS proteins from animals, plants and fungi. Four con-
served regions (I–IV) are defined. Two DXXED motifs as the sub-
strate binding sites are shown. The circles indicate residues involved 
in NADPH recognition. The AB-flap and JK-loop are indicated below 
the sequences

▸

http://www.cbs.dtu.dk/services/TMHMM/
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α-helix domain. Therefore, these 17 amino acids of the 
C-terminal were removed from the protein and the result-
ing plasmid pET-MaSQSΔC17 was constructed to express 
truncated MaSQS. The recombinant enzyme was expressed 
as His-tagged fusion proteins in E. coli BL21(DE3) induced 
by IPTG, and purified to near homogeneity by nickel ion 
affinity chromatography. As expected, the expressed pro-
tein was almost expressed in soluble form. The purified 

MaSQSΔC17 was detected by 12 % SDS-PAGE and MW 
of purified protein was about 46 kDa (Fig. 5), which corre-
sponded well to the theoretically calculated mass of 47 kDa 
based on the 399 amino acids and 6 histidine residues. In 
addition, 27 amino acids of the C-terminal were deleted 
and the purified recombinant protein also exhibited the 
soluble form (Fig. 5), indicating that these amino acids in 
the C-terminal played a pivotal role in the water solubility 

Fig. 3   Phylogenetic analysis 
of SQS amino acid sequences 
using the neighbor-joining (NJ) 
method. Twenty-four squalene 
synthase sequences from dif-
ferent species were conducted 
from GenBank. The accession 
numbers are indicated in the 
front of each species. Numbers 
at nodes represent the percent-
age bootstrap values based on 
1000 replicates. Only values 
above 50 % are considered sig-
nificant and are shown here

Fig. 4   Cartoon display of 
the 3-D structure of MaSQS 
predicted by SWISS-MODEL 
Workspace Web Server using 
crystal structure of human 
squalene synthase (Database 
PDB: 1EZFB) as template. 
Modeled residue range was 
32–370. The figure was made 
using Chimera (http://www.
cgl.ucsf.edu/chimera). The 
main α-helices are numbered 
with A–N from N-terminal to 
C-terminal

http://www.cgl.ucsf.edu/chimera
http://www.cgl.ucsf.edu/chimera
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or inclusion bodies. Moreover, the optimal expression for 
both MaSQSΔC17 and MaSQSΔC27 was achieved at 
0.1 mM IPTG at 16 °C, 90 rpm for 20 h. Besides, the yield 
of purified MaSQSΔC17 and MaSQSΔC27 was 2.28 and 
1.80 mg/mL, respectively.

Activity of MaSQSΔC17 and MaSQSΔC27

FPP substrate was incubated with the purified 
MaSQSΔC17 (MaSQSΔC27), then the reaction products 
were detected by GC–MS, as shown in Fig.  6. No such 
product peak was detected in the negative control (Fig. 6a). 
MaSQSΔC17 generated a significant product peak with a 
GC retention time of 16.5 min (Fig. 6c), corresponding to 
the position of the authentic SQ sample (Fig. 6b). Besides, 
the fragmentation patterns of catalytic products (Fig.  6e) 
and authentic SQ (Fig.  6d) were consistent. A compari-
son of the retention time and the corresponding full-scan 
mass spectra of the samples with those of authentic SQ 
confirmed that the recombinant truncated enzyme from 
BL21(DE3)/pET-MaSQSΔC17 exerted the SQS activ-
ity. In addition to MaSQSΔC17, the recombinant protein 
MaSQSΔC27 also displayed the enzyme activity (Fig. S1). 

Fig. 5   SDS-PAGE analysis of the purified truncated squalene syn-
thases and corresponding mutant from M. alpine. Lane M, pro-
tein marker; lane 1, MaSQSΔC17; lane 2, mMaSQSΔC17; lane 3, 
MaSQSΔC27

Fig. 6   GC–MS detection of the catalyzed product of MaSQSΔC17. 
a Total ion chromatograms of the sample extracted from an in vitro 
reaction mixture without squalene synthase (negative control). b Total 
ion chromatograms of authentic squalene. c Total ion chromatograms 

of squalene generated by MaSQSΔC17. d Fragmentation patterns of 
authentic squalene. e Fragmentation patterns of squalene generated 
by MaSQSΔC17
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The specific activities of MaSQSΔC17 and MaSQSΔC27 
are 35.5 U/mg and 30.1 U/mg. Therefore, the relatively 
higher activity of MaSQSΔC17 was further characterized 
biochemically.

Effects of temperature and pH on MaSQSΔC17 
activity

Temperature and pH optima on MaSQS activity were 
investigated. As shown in Fig. 7a. MaSQSΔC17 was active 
at each of temperature tested (ranging from 15 to 55 °C), 
and achieved the greatest activity at 37 °C (Fig. 7a), a lit-
tle higher than the optimal growth temperature of M. 
alpine. Although the activity decreased quickly from 37 
to 55 °C, the enzyme still maintained 50 % specific activ-
ity upon incubation at 45  °C. In addition to temperature, 
MaSQSΔC17 showed highly active activity between pH 
7.0 and 7.5, with an optimal activity at pH 7.2 in 50 mM 
MOPS buffer (Fig. 7b), which is consistent with the value 
reported for the yeast enzyme [51]. However, when pH was 
over 9.0 or below 6.0, approximately half of the enzyme 
activity lost.

Kinetic properties of MaSQSΔC17

Standard procedures were used to determine kinetic param-
eters. It should be noted that the kinetics of the reaction 
catalyzed by MaSQSΔC17 presented a good fit with the 
Michaelis–Menten model, and linear regression of the 
experimental data to the Lineweaver–Burk equation. As 
shown in Table 2, the Km and Vmax of MaSQSΔC17 for FPP 
were 5.20 μM and 1.68 nmol min−1 mg−1 protein, respec-
tively. However, the Km and Vmax of MaSQSΔC17 for 
NADPH were 241.95 μM and 2.43 μM min−1 mg−1 pro-
tein, respectively. Moreover, the kcat

FPP value of MaSQSΔC17 
was 0.48 s−1 and the kcat

FPP/Km
FPP was 0.09 μM−1 s−1.

Site‑directed mutation of MaSQSΔC17

SQS had an obvious amino acid substitution at position 
E186 in region II while others are K or R (Fig. 2). Thus, 
E186K mutant enzyme (mMaSQSΔC17) was built based 
on overlapped PCR and the catalytic activity was investi-
gated. The purified mMaSQSΔC17 was also detected by 
12 % SDS-PAGE (Fig. 5), with the yield of 1.947 mg/mL. 
In vitro enzyme activity assay indicated that the mutant 
enzyme also exhibited the catalytic activity (Fig. S1). The 
Km, kcat and Vmax of mMaSQSΔC17 for FPP were 2.68 μM, 
0.83  s−1 and 2.55  μM  min−1  mg−1 protein, respectively 
(Table 2). The kinetic data showed that site-directed muta-
tion of MaSQSΔC17 resulted in a 72.9 % increase in kcat

FPP 
and a 48.5  % decrease in Km

FPP. The kcat
FPP/Km

FPP value for 
mutant was 0.31 μM−1  s−1, 3.4-fold relative to the value 
of MaSQSΔC17. It was indicated that the mutant enzyme 
mMaSQSΔC17 exerted an enhanced catalytic efficiency 
compared to MaSQSΔC17.

Discussion

Mortierella alpine is an oleaginous fungus used in the 
industrial scale production of arachidonic acid. To inves-
tigate the potential strategies for enhanced lipid produc-
tion, many strategies have been proposed, including the 
development of microbial fermentation processes, molecu-
lar breeding of strains by manipulating a variety of genes 
encoding fatty acid desaturases and elongases involved in 
polyunsaturated fatty acids biosynthesis [33], selection and 
characterization of promoters based on genomic approach 
for the molecular breeding [29], reconstruction and analy-
sis of a genome-scale metabolic model [49]. Due to wide 
significance of M. alpine as an industrial fungus, it is 
tempting to decipher the biosynthetic pathway of triterpe-
nes and sterols, but also exploit the full biotechnological 
potential of this fungus. SQ is a polyunsaturated, triterpenic 
hydrocarbon widely applied in nutritional [44], cosmetic 

Fig. 7   Effects of temperature and pH on MaSQS activity. a Determi-
nation of the optimal temperature. b Determination of the optimal pH
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[13], pharmaceutical [9] and medical industry [32]. It has 
been reported that yeast can exclusively produce isopre-
noids, including squalene, through manipulating the key 
enzymes consisting of acetyl-CoA carboxylase, HMG-
CoA reductase, squalene epoxidase, squalene synthase, and 
ATP citrate lyase [45]. As a key precursor of isoprenoids, 
SQ is synthesized from FPP by SQS (Fig.  1), which has 
been identified in human beings [36, 38], animals [14, 24, 
34], plants [11, 12, 18, 26, 42, 50], fungi [16, 20, 51, 52], 
bacteria [21]. SQS is commonly considered to be a crucial 
enzyme and a potential regulatory branch node that con-
trols carbon flux towards the triterpenes and sterols biosyn-
thesis. Besides, SQS from Candida tropicalis, which was 
cloned and expressed as recombinant protein in Pichia pas-
toris, has been identified as one of the immunogenic pro-
teins that could be a potential diagnostic candidate for the 
pathogenic fungus C. tropicalis [20].

Multiple sequence alignment among the M. alpine SQS 
and other characterized SQS proteins revealed the presence 
of certain conserved motifs (Fig.  2), which are important 
for catalysis [10, 30]. Regions I, II, and III are involved in 
the first half-reaction, the condensation of two molecules 
of FPP to give PSPP [10]. Region I is highly conserved 
with an aspartate-rich motif (DXXED), which is consid-
ered to be responsible for the binding of the substrate FPP 
through the magnesium ion [5, 28]. Region II is thought to 
catalyze two molecules of FPP to produce PSPP. It should 
be noted that region II of M. alpine SQS has an obvious 
amino acid substitution at position E186 compared to K 
or R of others. Therefore, the site-directed mutagenesis of 
E186K was investigated in this work to confirm its key role 
in the enzyme catalysis. Region III is supposed to bind the 
diphosphate units in FPP via bridging magnesium ion [30]. 

Region IV is believed to be responsible for the catalysis of 
the second step for the rearrangement of PSPP to SQ with 
an NADPH binding motif [10, 21, 30]. Besides, although 
amino acid residues in the C-terminal region show a low 
level of sequence identity among all SQS proteins (Fig. 2), 
this region is very hydrophobic among all SQS enzymes 
and thus functions as an anchor in the putative endoplas-
mic reticulum membrane [53], which was also predicted 
by TMHMM and SPLIT 4.0 bioinformatics programs. Fur-
thermore, the phylogenetic tree suggested that the fungal 
enzymes were clustered into one group (Fig. 3), which is in 
accordance with the classical taxonomy.

The gene encoding SQS was cloned from M. alpine in 
this study. However, the whole sequence resulted in inclu-
sion bodies and did not generate soluble protein which 
hindered the enzyme activity. In prokaryotes, SQS was 
often water soluble and did not require any detergent for 
its higher activity [28]. Nevertheless, eukaryotic SQSs are 
associated with microsomes [11, 16, 23, 24, 26], caus-
ing the protein resistant to solubilization. Therefore, the 
elimination of membrane-anchoring and organelle-tar-
geting domains is beneficial for the expression of genes 
from higher eukaryotes [37]. According to the membrane-
bound characterization of SQS, some work have attempted 
to design some truncated enzymes whose solubilization 
and activity were significantly improved. The C-terminal 
deletion of residues resulted in functionally soluble SQS 
enzyme activity and SQS protein accumulation in capsi-
cum, tobacco and yeast. In addition to generating soluble 
SQSs, the genetic truncation of the hydrophobic region 
retains most of the enzyme activity [23, 51]. For example, 
enzymatic truncation of rat SQS revealed that deletion of 
33 amino acids in the N-terminal did not reduce the enzyme 

Table 2   Kinetic constants of squalene synthase from different species and sources

SQS source SQS type Km
FPP 

(μM)
Km

NADPH 
(μM)

Vmax
FPP 

(nmol min−1 mg−1)
Vmax

NADPH 
(nmol min−1 mg−1)

kcat (s
−1) kcat/Km

FPP 
(μM−1 s−1)

Reference

Yeast C-terminally truncated 2.5 530 0.53 0.21 [23]

Methylococcus 
capsulatus

Full length 13.6 75.4 0.55 0.04 [28]

Trypanosoma 
cruzi

Glycosomal 2.8 40 0.97 0.43 [43]

Microsomal/mitochondrial 2.3 33 1.18 0.76 [43]

N- and C-terminally trun-
cated

5.3 23 1428.56 1853.24 1.05 0.20 [34]

Leishmania 
mexicana

Microsomal/mitochondrial 2.8 57 0.98 0.84 [43]

Glycosomal 3.2 62 0.75 0.58 [43]

Thermosyn-
echococcus 
elongatus

Full length 0.97 241 1.74 1.80 [21]

M. alpine C-terminally truncated 5.20 241.95 1.68 2.43 0.48 0.09 This work

Mutant mMaSQS (E186K) 2.68 168.34 2.55 3.32 0.83 0.31 This work
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activity despite that the N-terminal domains of SQS were 
not hydrophobic [35]. In our study, 17 or 27 amino acids in 
the C-terminal were deleted and the soluble proteins were 
obtained, indicating the importance of correct protein fold-
ing and confirmation. In vitro activity analysis by GC–MS 
showed that the truncated MaSQSΔC17 or MaSQSΔC27 
could synthesize the formation of SQ from FPP (Fig. 6 and 
Fig. S1), suggesting that the truncated enzyme exhibited a 
pivotal role in maintaining the catalytic activity and stabil-
ity. Although further truncation was not investigated for 
MaSQS, it was predicted that three additional helixes and 
partial JK-loop removal in the C-terminal regions could 
lead to the inactivity of SQS due to the loss of NADPH 
binding (Fig. 2), which influence the dehydrosqualene syn-
thase activity [17]. Moreover, the truncated MaSQSΔC17 
was subjected to site-directed mutagenesis and the mutant 
mMaSQSΔC17 displayed an improved enzyme activity, 
indicating that the site E186 played a significant role in the 
catalytic ability. In addition, the comparison of the enzyme 
kinetics parameter kcat

FPP/Km
FPP value between MaSQSΔC17 

and mMaSQSΔC17 revealed that the mutant enzyme 
exerted an increased catalytic efficiency. Different from 
other known characterized fungal SQS, MaSQSΔC17 
has an optimal temperature at 37 °C and shows a broader 
stability range from 30 to 40 °C (Fig. 7a). In contrast, the 
optimal pH of MaSQSΔC17 for enzyme activity is similar 
to that of other fungal SQS [21], with a similar pH stabil-
ity range (pH 6.5–8.5), especially in alkaline environment 
(Fig. 7b). In addition, MaSQSΔC17 has a strict dependent 
on Mg2+, with the maximal activity at 20  mM (Fig. S2). 
However, no activity was observed without supplementing 
Mg2+, which was in agreement with Lee, Poulter [21]. This 
characterization is typical for enzymes in the isoprenoid 
biosynthetic pathway utilizing diphosphate substrates.

The functional changes of this mutation can be modeled 
since a reliable 3D model is available. Previous investiga-
tion has characterized structure–function maps for SQS to 
identify the functional residues and/or domains responsible 
for botryococcene and SQ biosynthesis in the green alga 
Botryococcus braunii race B in the catalytic cascade [3]. 
Recently, the structures of human SQS and its mutants in 
complex with several substrate analogs and intermediates 
coordinated with Mg2+ or Mn2+ have been presented, and 
four major steps (substrate binding, condensation, interme-
diate formation and translocation) of the ordered sequen-
tial mechanisms involved in the isoprenoid biosynthetic 
pathway have been identified [22]. In this study, cartoon 
display of the 3-D structure of MaSQS has been predicted 
by SWISS-MODEL Workspace Web Server using crystal 
structure of human SQS (PDB ID code 1EZFB) as tem-
plate (Fig. 4). The change of amino acid from glutamic to 
lysine results in the substitution of a negatively charged 

branched side chain with a positively charged branched 
side chain. Amino acid site 186 is located within the 
C-terminal part of α-helix-H which contains the catalytic 
center. Besides, amino acid site 186 is close to the C-ter-
minal part of α-helix-G containing the residue Asp-144 and 
C-terminal part of α-helix-I containing the residue Lys-202. 
The positively charged carboxyl side chain of Lys-186 is 
more strongly attracted to the negatively charged amino 
side chain of Asp-144 on the C-terminal part of α-helix-G 
and keeps at a distance with the residue Lys-202 on the 
C-terminal part of α-helix-I which is connected with sub-
strate binding site (Asp-220 and Asp-224) on α-helix-J 
(Fig. 4). Thus, the increased activity of E186K was due to 
the changed enzyme structure which creates a bigger inter-
space for substrate binding site on α-helix-J to incorporate 
FPP. In addition, the enzyme kinetics also provided the evi-
dence about an active site for SQS.

Different sources of SQS have been identified, in which 
some were cloned, purified, and kinetic properties were 
carefully studied [21, 23, 34, 41, 43]. However, except for 
yeast and Thermosynechococcus elongatus, most of them 
are from animal sources which are difficult to use in engi-
neering application. In our study, the kcat

FPP/Km
FPP value of 

mMaSQSΔC17 was 0.31 μM−1 s−1, which was lower than 
T. elongates whose kcat

FPP/Km
FPP value was 1.80  μM−1  s−1 

(Table  2). However, in order to obtain soluble active 
enzyme SQS cloned from T. elongates, high concentra-
tions of glycerol (20–50  % vol/vol) had to be added to 
the disruption and purification buffers, which complicated 
protein purification process. Besides, the kcat

FPP/Km
FPP value 

of mMaSQSΔC17 was higher than yeast whose kcat
FPP/Km

FPP 
value was 0.21 μM−1 s−1 [23], indicating the higher cata-
lytic efficiency of mMaSQSΔC17 compared to SQS of 
yeast.

In conclusion, this is the first report on the gene clon-
ing and characterization of SQS of M. alpine. The trun-
cated SQS (MaSQSΔC17) possessed activity of convert-
ing two molecules of FPP to SQ, while the mutant enzyme 
mMaSQSΔC17 via site-directed mutagenesis further 
exhibited an enhanced catalytic efficiency compared to 
MaSQSΔC17. Here, our results facilitate the investigation 
of isoprenoid biosynthesis in the fungus M. alpine. It raises 
a possibility that MaSQS can be potentially employed in 
synthetic biology to incorporate in a module of a chassis 
host such as E. coli for production of valuable terpenoids 
and sterols. Further efforts are underway to enhance the 
thermostability and catalytic efficiency by rational pro-
tein engineering. In addition, cofactor NADPH quantifi-
cation has also been taken into account, which would be 
overexpressed to further enhance the SQS expression level. 
Moreover, SQS will be expressed in other expression sys-
tems like Actinomycetes/Streptomyces, Pichia pastoris 
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or Saccharomyces, etc., which probably will increase the 
expression level.
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