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Putative hopanoid genes from Streptomyces peucetius were introduced into Escherichia coli to improve the
production of squalene, an industrially important compound. High expression of hopA and hopB (encoding
squalene/phytoene synthases) together with kopD (encoding farnesyl diphosphate synthase) yielded 4.1 mg/liter
of squalene. This level was elevated to 11.8 mg/liter when there was also increased expression of dxs and idi,
E. coli genes encoding 1-deoxy-D-xylulose 5-phosphate synthase and isopentenyl diphosphate isomerase.

Squalene, an industrially important compound obtained pri-
marily from the liver oil of deep-sea sharks and whales, is an
important ingredient in skin cosmetics due to its photoprotec-
tive role (2, 7). The decreased cancer risk associated with high
olive oil consumption could result from high squalene content
(12, 16). Squalene has a chemopreventive effect on colon can-
cer (14). Moreover, squalene has wide applications in fine
chemicals, magnetic tape, and low-temperature lubricants and
as an additive in animal feed (1).

The use of shark liver oil is limited, due to the presence of
environmental pollutants, such as polychlorinated biphenyls,
heavy metals, and methylmercury residues, as well as an un-
pleasant fishy odor and taste (17, 19). Moreover, the presence
of similar compounds, such as cholesterol, in the oils from
marine animal liver can make squalene purification difficult. In
addition, squalene production is limited by uncertain availabil-
ity because of international concern for the protection of ma-
rine animals. Squalene has also been obtained from plant
sources (4, 10, 11, 18), but very few methods can produce
sufficient quantities at the desired purity level for pharmaceu-
tical and industrial applications (6). The use of engineered
microbial cell factories for the biosynthesis of squalene may be
a suitable alternative to address these issues.

In the genome project for Streptomyces peucetius ATCC
27952, a cluster of genes which comprises five open reading
frames, encoding hopanoid biosynthesis, has been detected
and annotated. Even though these open reading frames share
sequence homology with genes involved in hopanoid biosyn-
thesis, no plausible hopanoid products have been isolated from
S. peucetius in all laboratory cultures. Therefore, the hopanoid
biosynthetic gene cluster of S. peucetius was considered “cryp-
tic” in the present study. We were interested in activating the
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so-called “cryptic” hopanoid biosynthetic gene cluster of S.
peucetius to produce pharmaceutically important compounds
by using genetic engineering tools. Isoprenoid production in
Escherichia coli has been extensively studied and reviewed (5,
8,9, 15, 20, 21), but very few reports detail squalene formation
in E. coli by the use of exogenous genes (13). In the present
study, we introduced three cryptic genes (hopABD) from the
hopanoid biosynthesis gene cluster from S. peucetius that cata-
lyzed squalene production and also modulated the 2-C-methyl-D-
erythritol 4-phosphate pathway in E. coli to enhance squalene
production (Fig. 1).

Bacterial strains, plasmids, media, and culture conditions.
The bacterial strains and plasmids used in this study are listed in
Table 1, and the oligonucleotides used in this study are summa-
rized in Table 2. S. peucetius was cultured in R2YE liquid medium
at 28°C for 5 days on a rotary shaker (230 X g) to isolate genomic
DNA. E. coli strains were grown in LB medium at 37°C or plated
onto agar plates for subcloning and DNA manipulation and sup-
plemented with ampicillin (100 pg/ml), kanamycin (100 pg/ml),
and spectinomycin (35 pg/ml) (all purchased from Sigma, St.
Louis, MO) wherever required for plasmid maintenance. E. coli
strains were grown in 2X YT medium (Difco Bacto tryptone,
Difco Bacto yeast extract, Nacl, and 5 N NaOH) at 20°C for
squalene production on a rotary shaker (220 X g), and the cells
were induced with 0.1 mM IPTG (isopropyl-B-p-thiogalactopyr-
anoside), with 0.5% (wt/vol) glycerol used as a carbon source plus
0.5% (wt/vol) MgSO,-7H,,0.

In vivo heterologous expression of hopA, hopB, and hopD. To
characterize the putative genes encoding squalene synthases,
hopA and hopB, and the putative gene encoding farnesyl
diphosphate synthase, hopD, and their involvement in squalene
biosynthesis, the recombinants pHOP-A and pHOP-B were
separately transformed into E. coli BL21(DE3). The transfor-
mants were grown in 2X YT medium at 20°C for 48 h after 0.1
mM IPTG induction with 0.5% (wt/vol) glycerol as a carbon
source, and lipids were isolated. The process of squalene ex-
traction and analytical methods (thin-layer chromatography
[TLC], high-pressure liquid chromatography [HPLC], and nu-
clear magnetic resonance [NMR]) are given in the supplemen-
tal material. The formation of squalene was detected by TLC
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FIG. 1. Schematic representation of the engineered squalene biosynthetic pathway in E. coli BL21(DE3). DXS and IDI were overexpressed for
the modulation of the MEP pathway to increase and balance the IPP pool, HopD (farnesyl diphosphate synthase) was overexpressed to increase
FPP, and HopA and HopB (HopAB) (squalene synthases) were overexpressed to overproduce squalene. The recombinant enzymes overexpressed

in E. coli are boxed.

(R, value of ~0.9) (see Fig. S1 in the supplemental material),
gas chromatography/mass spectrometry (retention time of 43.5
min) (see Fig. S2 in the supplemental material), and HPLC
(retention time of ~25.4 min) (Fig. 2, lines II and IIT) and
compared with authentic squalene. Thus, hopA and hopB genes
encode squalene synthases. Transformation of recombinant
pHOP-D in E. coli along with hopA or hopB enhanced squalene
production (data not shown), but along with #0pAB, it markedly
increased squalene production (4.1 mg/liter), indicating that the
hopD gene might encode the FPP synthase (Fig. 2, line IV).
Effect of amplification of the E. coli dxs and idi genes to
enhance squalene production. Squalene is synthesized in E. coli
by the expression of the hopA or hopB gene, and its production is
further increased by incorporation of the hopD gene, as men-

tioned above. 1-Deoxy-D-xylulose 5-phosphate synthase (DXS)
and isopentenyl diphosphate isomerase (IDI) are two enzymes
involved in isoprenoid biosynthesis in the methylerythritol phos-
phate (MEP) pathway that can limit isoprenoid production yields
in E. coli (3). To further improve squalene production, we am-
plified idi and dxs genes from the genomic DNA of E. coli and
generated plasmid pIDXS and transformed pHOP-AB and
pHOP-D plasmids into BL21(DE3) to overexpress hopA, hopB,
hopD, idi, and dxs genes. The transformant was grown in 2X YT
medium as described above, and the lipid was isolated.
Squalene production increased considerably (11.8 mg/liter),
as verified by HPLC (Fig. 2, line V) and TLC.

Purification of squalene and structural elucidation. We pu-
rified squalene by the use of a simple preparative TLC as shown

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Source
Strains
Streptomyces peucetius ATCC 27952 Wild-type strain, doxorubicin producer ATCC
Escherichia coli
XL1-Blue MRF’ A(mcerA)183 A(mcrCB-hsdSMR-mir)173 endAl supE44 thi-1 recAl Stratagene
gyrA96 relAl lac [F' proAB lacI"ZAM15 Tnl0 (Tet")]
BL21(DE3) B strain carrying F~ ompT hsdSg(rg~ my ™) gal dem (DE3) Invitrogen
Plasmids
pGEM-T Easy vector E. coli general cloning vector; Amp" Promega
pET-28a(+) E. coli expression vector; Kan® Novagen
pETDuet-1 E. coli expression duet vector; Amp” Novagen
pCDFDuet-1 E. coli expression duet vector; Sm" Novagen
pHOP-A pETDuet-1 carrying PCR product of hopA from S. peucetius This study
pHOP-B pETDuet-1 carrying PCR product of hopB from S. peucetius This study
pHOP-AB pETDuet-1 carrying PCR products of hopA and hopB from S. peucetius This study
pHOP-D pET-28a carrying PCR product of hopD from S. peucetius This study
pIDXS pCDFDuet-1 carrying PCR products of idi and dxs from E. coli This study
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TABLE 2. Primers used in this study

Primer Sequence (5'—3')" Restl_'iction

name site
Sp-21:F AAGGAATTCGTGGCGCGACGACCTCATG EcoRI
Sp-21:R GATAAGCTTCCTTCCATCGTCCGGCTCA HindIII
Sp-22:F GCGCATATGAGCCGGACGATGGAG Ndel
Sp-22:R ATACTCGAGCACCCGTCCGGGGGATCA Xhol
Sp-24:F ATAGAATTCCGGCTCGCGCCGCCCATG EcoRI
Sp-24:R GCGAAGCTTGGGCGGTAACGATGGCGA HindIII
Duet idi:F AGTCCATGGTTATGCAAACGGAACACG Ncol
Duet idi:R GCCGGATCCAATGTCGGGGTTTTTTTA BamHI
Duet dxs:F CCCCATATGAGTTTTGATATTGCCAA Ndel
Duet dxs:R AACAGATCTGGAGTGGAGTAGGGATTA Bglll

“ The restriction sites are indicated by boldface letters.

in the supplemental material. Several fractions rich in squalene,
detected by preparative TLC with the Sigma standard, were
scraped from the plates. The lipid was collected and dissolved in
chloroform-methanol (1:1 [vol/vol]), and combined supernatants
were brought to dryness by using a rotary evaporator to yield a
colorless liquid. The purified squalene was dissolved in CDCl,
and subjected to NMR. The structure of purified squalene was
verified by NMR spectra (see Fig. S3 in the supplemental mate-
rial). The NMR spectra were consistent with the literature (6).
Concluding remarks. We heterologously expressed three
cryptic genes (hopABD) from the hopanoid biosynthesis gene
cluster of S. peucetius that catalyzed squalene production and
also overexpressed the idi and dxs genes involved in providing
additional isoprenoid precursors in the MEP pathway in E. coli
to improve squalene production. We succeeded in obtaining
11.8 mg/liter of pure squalene under optimized conditions in

Authentic squalene

150 175 200 225 250 27.5 300 325 350
Minuies

FIG. 2. Partial HPLC profiles of extracts from E. coli cells com-
pared with that of authentic squalene as detected by UV absorption at
214 nm. E. coli BL21(DE3) harboring empty vectors pETDuet-1,
pCDFDuet-1, and pET-28a(+) as a control (I); BL21(DE3) harboring
the overexpressed hopA gene (1I); BL21(DE3) harboring the overex-
pressed hopB gene (III); BL21(DE3) harboring the overexpressed
hopABD genes (IV); and BL21(DE3) harboring the overexpressed
hopABD, idi, and dxs genes (V).
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the present study by shaking flask cultures. We believe that the
use of genetically engineered E. coli could be an excellent
alternative for producing commercial squalene.

Nucleotide sequence accession numbers. The nucleotide se-
quences reported in this paper have been deposited into the
GenBank database under the accession numbers FJ529811
(hopA), FI529812 (hopB), and FJ529814 (hopD).

This study was supported by the 21C Frontier Microbial Genomics
and Application Center Program, the Ministry of Science and Tech-
nology (grant 11-2008-14-007-00), Republic of Korea.
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