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Genes encoding enzymes with sequence similarity to hopanoids biosynthetic enzymes of other
organisms were cloned from the hopanoid (hop) gene cluster of Streptomyces peucetius ATCC
27952 and transformed into Streptomyces venezuelae Y]J028. The cloned fragments contained
four genes, all transcribed in one direction. These genes encode polypeptides that resemble
polyprenyl diphosphate synthase (hopD), squalene-phytoene synthases (hopAB), and squalene-
hopene cyclase (hopE). These enzymes are sufficient for the formation of the pentacyclic
triterpenoid lipid, hopene. The formation of hopene was verified by gas chromatography/
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Terpenoids represent one of the major classes of natural
products, with more than 40,000 different chemical
structures described to date, and have been isolated from
plant, animal, and microbial species [21, 24]. Hopanoids
comprise a class of pentacyclic triterpenoid lipids found in
a wide range of gram-positive and -negative bacteria, but
not in archaea [23]. Hopene is synthesized from the
universal precursor isopentenyl diphosphate (IPP) and its
allylic isomer dimethylallyl diphosphate (DMAPP), also
called “isoprene units,” (Fig. 1), which are formed by two
different metabolic routes [9, 14, 20, 25]. Hopanoids have a
structure similar to that of sterols [4]. They are cyclized
from squalene [1, 7], whereas sterols are synthesized from
squalene epoxide [4, 24]. Hopanoids are involved in
regulating membrane fluidity and stability, comparable to
sterols in the membranes of eukaryotes, but the structural
variants of hopanoids indicate that they may have some
other interesting functions [11, 12].

Genome sequencing projects have revealed that Streptomyces
bacteria have the genetic potential to produce large numbers

of natural products that can be observed under routine
laboratory conditions. Cryptic genes for the synthesis of
secondary metabolites have been studied in actinomycetes
[5, 6,10, 15, 16]. A cluster of genes for hopanoid biosynthesis
has been detected and annotated in S. peucetius. This cluster
contains a pair of putative squalene/phytoene synthases
(hopAB), a squalene/phytoene dehydrogenase (hopC), a
polyprenyl diphosphate synthase (hopD), and a squalene-
hopene cyclase (hopE) in the same orientation (Fig. 2A). We
isolated lipids from the wild-type strain of S. peucetius
under laboratory culture conditions, but no hopanoid was
detected. It suggests that hopanoid biosynthesis is tightly
regulated in S. peucetius, allowing their presence to escape
detection.

To date, squalene-hopene cyclase (SHC) is the only
enzyme involved in the biosynthesis of hopanoid lipids
that has been characterized at the genetic level [19].
Previously, we cloned and heterologously expressed squalene-
hopene cyclase (HopE, previously named “Spterp25”,
GenBank Accession No. ACA52082) in E. coli BL21 (DE3)
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Fig. 1. Biosynthetic pathway for the biosynthesis of hopene
from isopentanyl diphosphate (IPP) and its isomer, dimethylallyl
diphosphate (DMAPP).

pLysS and performed in vitro enzyme assays to characterize
HopE functionally as the first step in an examination of
hopanoid biosynthesis. This enzyme catalyzed the complex
cyclization of squalene to the pentacarbocyclic hopene and
represents the key reaction in the biosynthesis of hopanoids
[7]. Furthermore, the expression of squalene/phytoene
synthases (HopA, GenBank Accession No. FJ529811; or HopB,
GenBank Accession No. FJ529812) independently produced
minimal amounts of squalene by E. coli. Overexpression of
polyprenyl diphosphate synthase (HopD, GenBank Accession
No. FJ529814) along with HopA and HopB increased
squalene levels, the precursor of hopene, by E. coli [8].
These results confirmed the activation of cryptic genes in
E. coli when they are genetically engineered. Therefore, in the

Table 1. List of PCR primers used in this study.
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Fig. 2. (A) Hopanoid biosynthetic gene cluster of S. peucetius,
and (B) construction of expression recombinant pGG41 from
S. peucetius cloned into pIBR25.

present study, we were interested to activate S. peucetius’s
so-called “orphan” hopanoid biosynthetic gene cluster in
Streptomyces.

To activate the hopanoid biosynthesis genes in the
heterologous host, PCR primers (Table 1) targeting the hop
genes were designed based on the hop gene cluster
sequences of our previously published data [7, 8]. Three
PCR fragments were first subcloned into the pGEM-T-easy
vector and the inserts were verified by sequencing. They
were subsequently further subcloned in pGEM7-Zf(+) vector.
The EcoRI-HindIlI fragment containing four genes obtained
from the pGEM7-Zf(+) vector was cloned into EcoRI-
HindlIlI-digested pIBR25 to construct pGG41 (Fig. 2B). The
insertion of target genes was verified by restriction
digestion. The protoplast was prepared as described in the
protocol of Kieser et al. [13]. Transformation of pGG41 in S.

Primers Oligonucleotide sequences (5’-3") Restriction site
HopDF ATAGAATTCAGGAGCCGGCTCGCGCCGCCC EcoRI
HopD R TGAGGTACCCAGGGGAGGTAACGATGGCGA Kpnl
HopA/BF ATAGGTACCAGGAGCTCCGAGAGTGCTTTG Kpnl
HopA/BR TAAATCGATGCGCACCCGTCCGGGGGATCA Clal
HopEF AGCATCGATAGGAGCAACGAAGGGGAGAAC Clal
HopER TGGAAGCTTTCTAGACCCGGGAGTCCCTCATCA HindIII
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Fig. 3. GC-MS analysis of the isolated product (hopene).

(A) GLC traces containing hopene (shown by arrow at retention time 12.7 min) along with the control heterologous host strain that does not

produce hopene. (B) GLC-MS fractionation analysis of hopene. The mass peak at m/z 410 and base peak at 1/z 191 are indicative of hopene.

venezuelge YJ028 was confirmed by plasmid isolation,
followed by PCR and restriction digestion.

Finally, to produce and detect the hopanoid, S. venezuelae
YJ028 and S. venezuelae YJ028/pGG41 were inoculated into
R2YE as seed, supplemented with required antibiotic, and
transferred into R2YE medium. After incubation, each
culture broth was harvested by centrifugation (6,000 rpm,
15 min). The supernatant was discarded and the pellet was
washed twice with water. The cell pellet was frozen
overnight at -20°C. The lipids were extracted using the
method described by Bligh and Dyer [3] with slight
modification. The extracted product was dissolved in
chloroform and analyzed by GC/MS. The pentacyclic
product hopene (retention time: 12.7 min. Mass peak
m/z = 410, base peak m/z = 191) was detected only from the
transformant, indicating the functionality of the cloned genes
in Streptomyces (Figs. 3A and 3B).

The results presented herein contribute to the understanding
regarding the cryptic hopanoid biosynthesis genes involved
in the synthesis of hopanoid. Successful transfer of these
genes produced hopene in a heterologous host. Taken
together, the understanding of the cryptic genes involved
in the hopanoids biosynthetic pathway are interesting
from a purely cell biological and genetic perspective, and
furthermore there is an additional motivation provided by
evolutionary biology. The role of the hopanoids as membrane
reinforcers has been supported by experiments [2, 17, 18,
22], but numerous issues concerning the haponoids are still
unresolved: structural, biosynthetic, and functional studies
are currently being pursued.
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