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The pentacyclic hopanoids, a class of eubacterial lipids, are synthesized by squalene-hopene cyclase and side
chain-elongating enzymes. With the aid of DNA probes based on the amino-terminal sequence of purified
squalene-hopene cyclase from Bacillus acidocaldarius, clones of Escherichia coli that express this enzyme in the
cytoplasmic membrane were isolated. According to the DNA sequence, the cyclase contained 627 amino acids
with a molecular mass of 69,473 Da. A high percentage of the amino acids were basic. No significant similarity

to existing sequenced proteins was found.

Hopanoids are a class of pentacyclic triterpenoids that
occur in all crude oils (18) and are also widespread eubacte-
rial lipids (19, 24). They have a structure similar to that of
sterols (18) and condense phospholipids in model membrane
systems (2, 22) and supposedly in cellular membranes.
Hopanoids are more effectively produced at higher growth
temperatures by Bacillus acidocaldarius (21), Zymomonas
mobilis (26), and Rhodospirillum acidophila (12) and at high
ethanol levels by Z. mobilis (6). In Mycoplasma mycoides
they are able to replace sterols (11). It was recently found
that the N,-fixing symbiont Frankia sp. contains high levels
of hopanoids (3).

In contrast to sterol biosynthesis, the biosynthesis of
hopanoids is independent of molecular oxygen as a sub-
strate. Hopanoids are cyclized directly from squalene by
squalene-hopene cyclase (28), which may be homologous to
sterol cyclases and other triterpenoid cyclases from eucary-
otic cells, synthesizing by a similar reaction a similar product
with analogous membrane properties. It would therefore be
of interest to compare the amino acid sequence of hopene
cyclase with those of sterol cyclases, thereby increasing our
understanding of the recruitment of these enzymes. If ho-
mologies are found, in vitro mutagenesis studies would be of
value in understanding the evolution of sterol cyclases. So
far no triterpenoid cyclase has been sequenced. As a first
step in this direction, the squalene-hopene cyclase gene from
B. acidocaldarius was cloned, expressed, and sequenced;
this enzyme appears to represent a new gene family.

MATERIALS AND METHODS

Bacterial strains and plasmids. The source of squalene-
hopene cyclase and genomic DNA was B. acidocaldarius
ATCC 27009. Escherichia coli BMH71-18 (14) was used for
transformation. Plasmid pUC19 was described previously
(31).

Culture conditions. B. acidocaldarius was grown on sporu-
lation medium at pH 3 and 60°C (8). E. coli was grown at
37°C in LB medium (GIBCO, Neuisenburg, Germany) or on
LB plates, both containing 30 mg of ampicillin per liter,
when plasmid-containing cells were selected.
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DNA preparation. B. acidocaldarius grown to the early
exponential phase was harvested by centrifugation and
washed with 150 mM NaCl-10 mM EDTA (pH 8.0) (SE).
The wet cells (1 g) were resuspended in 10 ml of SE. After
lysozyme (1 mg/ml) was added, the suspension was incu-
bated at 37°C. After 1 h, the cells were lysed by the addition
of 200 pl of 20% (wt/vol) sodium dodecyl sulfate (SDS) and
100 pl of pronase E (0.1 g/ml). The mixture was shaken
carefully at 60°C for another 2 h. The lysate was extracted
three times with 1 volume of SE-saturated phenol and twice
with chloroform-isoamyl alcohol (24:1). The solution was
then treated with 50 pg of DNase-free RNase at 37°C for 30
min. After three extractions with 1 volume of chloroform-
isoamy! alcohol (24:1), ice-cold ethanol (3 volumes) was
layered on top of the aqueous solution. The DNA was
spooled onto a glass rod, washed with 70% ice-cold ethanol,
dried, and finally resuspended in 10 mM Tris-HCI (pH 8.0)-1
mM EDTA.

E. coli plasmid DNA was isolated by the alkaline SDS
method (4, 14) and purified by CsCl-ethidium bromide den-
sity gradient centrifugation. Small-scale plasmid prepara-
tions were made by the boiling method (9).

Oligonucleotide synthesis and labeling. Mixed-sequence
oligonucleotides corresponding to several regions of the
amino terminus of the cyclase (17) were synthesized on an
Applied Biosystems model 380A DNA synthesizer (16).
Most suitable were probe A (13-mer) and probes B through
E (17-mers); each consisted of an oligonucleotide pool
representing a 64-fold degeneracy.

The oligonucleotides were 5’ end labeled with 32P as
follows. A 50-pmol sample of each oligonucleotide pool was
incubated with 1 U of T4 polynucleotide kinase (Boehringer,
Mannheim, Germany) and 1.5 MBq of [y-32P]ATP in a buffer
containing 50 mM Tris-HCI (pH 9.5), 10 mM MgCl,, 5 mM
dithiothreitol, 0.1 mM spermidine, and 0.1 mM EDTA. The
solution was incubated at 37°C for 2 h, and the labeled
oligonucleotides were purified on DEAE-Servacel 23SH.

DNA hybridization. B. acidocaldarius chromosomal DNA
was cleaved with restriction endonucleases according to the
specifications of the manufacturer (Boehringer Mannheim).
A 10-pg sample of the digest was electrophoresed in an
agarose gel in Tris-borate buffer. DNA fragments were
denatured and neutralized but not depurinated and then
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FIG. 1. Southern blot of B. acidocaldarius genomic DNA and
the digoxigenated Smal-BamHI fragment of the squalene-hopene
cyclase structural gene. Size markers are provided (in kilobases) on
the right. DNA was digested with the following (lanes): 1, EcoRI; 2,
Hindlll; 3, Kpnl; 4, Pstl; S, Smal; 6, BamHI.

transferred to nitrocellulose (Schleicher & Schuell, Ger-
many) with 4x SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) for 16 to 20 h (14). Prehybridization and
hybridization were performed as described by Martin and
Savage (15). Hybridization temperatures were 30°C for
probe A and 40°C for probe B. The filters were washed in 1X
SSC-1% SDS at the hybridization temperatures. The hybrid-
ization probes were digoxigenated as described previously
(11b), and performed as specified by the manufacturer
(Boehringer).

Cloning. The fragments of interest, identified by hybrid-
ization, were recovered from agarose gels by a freeze-
squeeze method (29) and ligated with T4 ligase (Boehringer)
into the appropriate dephosphorylated site of pUC19. The
ligation mixture was used to transform E. coli BMH71-18.
Transformants were selected on LB agar containing ampi-
cillin (30 pg/ml), isopropyl-B-p-thiogalactopyranoside (40
pg/ml), and S-bromo-4-chloro-3-indolyl-B-p-galactopyrano-
side (20 wg/ml). The transformants were screened by colony
hybridization (14, 15) with probes A and B.

DNA sequencing. The gene encoding squalene-hopene
cyclase was sequenced by the dideoxy method (25) with a T7
sequencing kit (Pharmacia, Germany) and >°S-ATP (Amer-
sham) as specified by Pharmacia. The DNA fragments were
subcloned into pUC19 for sequencing. Sequencing was
performed on both strands. The sequence data obtained
were analyzed by using the Microgenie program (23).

Purification of the recombinant cyclase. All purification
steps were carried out at room temperature.

For the crude extract, wet packed cells (3 g) were sus-
pended in 8 ml of 0.2 M Tris-HCI (pH 8.0), 16 ml of
saccharose buffer (0.2 M Tris-HCI [pH 8.0], 1 M saccha-
rose), 2 ml of lysozyme (10 mg/ml), and 0.12 ml of EDTA
(0.5 M). The suspension was frozen at —80°C for at least 1 h.
The cells were thawed at room temperature and then lysed
by the addition of 130 ml of water, and the lysate was
centrifuged at 6,000 X g for 10 min.

Outer and inner membranes were prepared as described
previously (27). The membranes were pelleted by centrifu-

gation at 40,000 X g for 1 h. The pellet was resuspended in
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FIG. 2. Restriction map and sequencing strategy for the
squalene-hopene cyclase gene. Each arrow represents the length of
a clone used for sequencing and the direction of reading of the
nucleotide sequence. At some positions (X), synthetic primers were
used for sequencing. Vertical arrows indicate the location of the
cyclase gene. Restriction enzyme site abbreviations: A, Nael; B,
BamH1; C, Sacl; E, EcoRl; H, Xhol; K, Kpnl; M, Smal; N, Ncol;
0, EclXI; S, Sall; X, Xbal.

16 ml of buffer containing 50 mM Tris-HCI (pH 8.0), 1%
Triton X-100, and 10 mM MgCl,, resulting in the solubiliza-
tion of the cytoplasmic membrane proteins. The mixture was
incubated at room temperature for 30 min and then centri-
fuged at 10,000 X g for 10 min. Most of the E. coli proteins
in the supernatant were precipitated by heating for 10 min at
60°C. The mixture was cooled on ice and then centrifuged at
10,000 X g for 10 min. The resulting supernatant was purified
as described previously (17).

Protein was determined as described previously (20) with
bovine serum albumin as a standard. SDS-polyacrylamide
gel electrophoresis was performed as described previously
(13), and proteins were visualized by using silver staining (5).
Squalene-hopene cyclase activity was measured as de-
scribed previously (17).

Immunological methods. Antibodies against the B. aci-
docaldarius cylase and the 13-mer oligopeptide representing
the carboxy terminus of the enzyme were raised in BALB/c
mice. Before immunization, the oligopeptide was conjugated
to bovine serum albumin (1). Then 50 pg of the purified
protein or conjugated oligopeptide was emulsified with com-
plete Freund adjuvant and injected intraperitoneally. Two
weeks later, a new injection was performed with 50 ug of the
antigen emulsified with incomplete Freund adjuvant. After
another 2 weeks, blood was removed and the serum was
aliquoted.

Western blotting (immunoblotting) was performed essen-
tially as described previously (7), except that nitrocellulose
(BA 85, 0.45-pm pore size; Schleicher & Schuell) was
saturated with 0.5% hemoglobin from swine and washing
buffers contained 0.05% Triton X-100.

Double immunodiffusion assays were performed as de-
scribed previously (10). The plates, which contained 1%
Triton X-100 to enhance solubility of the antigen, were
stained with Coomassie blue.

Nucleotide sequence accession number. The nucleotide and
amino acid sequence reported has been assigned GenBank
accession number M73834.

RESULTS AND DISCUSSION

Oligonucleotide synthesis. The first 24 amino acid residues
of the cyclase amino terminus were sequenced previously
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201 AATGGTTTCGGACCGOCAAGATGGGCTGACGGGATCGACACATCATCAAGATGAAAGGGGGAGGTCGGATGGCTGAGCAGTTGCTGGAAGCGOCGGCCTA
D NAEQLVEAPNDLY

301 0GOGOGGACGCTGGATOGOGOGGTGGAGTATCTOCTCTOCTGOCAAAAGGAOGAAGGCTACTGGTGGGGGOOGCTTCRGAGCAACGTCACGATGGAAGCG
ARTLDRAVEYLLSCQKDEBGYWWGPLLSNVTNEL
401 GAGTACGTOCTCTTGTGOCACATTCTOGATOGOGTOGATOGGGATOGCATGGAGAAGATOCGGOGGTACCTGTTGCACGAGCAGOGCGAGGACGCACGTG
EYVLLCEILDRVDRDRNEKIRRYLLEEQREDAR
501 GGOOCTGTACOOGGGTGGGOOGO0GEAOCTOSACACGACCATOGAGGOCTACGTOGOGCTCAAGTATATOGGCATGTCGOGOGACGAGGAGCOGATGCAG
GPCTRVGRRTSTRPSRRTSRSSISACRATRSRCR
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RRSGSPRARAGSSERRACSRDVAGAGGRIGSUTVGESEG
701 GOOCATGERO006005GACATCARCTIOCTOGCAAGOBCATGO0GCTCAACATCTAOGAGRTICGCROGTGOGCTO0GG0GACORTOCTGRO0GCTCTOG
AEGCPAGDEVPROQABRALAQHELRVWLVGSGDRRGAL
801 ATTCTCATGAGO0G0CAGO0GETCTIO006CTG000GAG0600000B0CTCO00GAGCTCTACEACACOGAOTTCOCTO0R0000G0R0060CAACEEN 900
DCDEPPAGYVPAARAGARARAVEDRRASAPAPPERE
901 GGCOCTGOECCATCTTOGAOG0GCTORA00GG00CTGCAOGGECTCACAACOTCTOCCTGCACOOTTTO0G00G0GG00GAGATO0GORCTICAAC 1000

g
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RSTGRCTGLERSCRCTRSAALAEIRALYD

HLLlRQAGDGSWGGIQPPHFYALIGLKILDITQ
1101 ATOCGGCGTTCATCAAGGGCTGOGAAGGYCTAGAGCTCTAOGG0GTGGAGCTGGATTACGGAGGATGGATGTTTCAGGCTIOCATCTCGOCGGTGTGGRA 1200
HPAIIKGWBGLBLYGVELDYGGHHFQASISPVﬂD

CHGAYDVDN?SDLPNBEIPFCDEGEVTDPPSEDL
1601 ACOGO0CAOSTOCTOGACTCPPPOGOCACCTI000STACCATACOOCTGGAMNGETCATO0GE0G0R0CCTCEAATATCICAAGOSGEAGCAGAAGO0GG 1700
TAIVLECIGSIGYDDARKRVIRRAVEYLEREQEKP

GASTPSQTAﬁALlALIAGGRAESBAARRGVQYL
2001 TGGAGAOGCAGOGO00GGACGGOGGCTECEATGAGOOGTACTACAOCGGCACGGCTTO00CAGGGGATTICTACCTCGGCTACACCATGTACOGOCACGY 2100
VlTQ!PDGGHDIPYY‘!GTASPGDPYLGYT!YRIIV

FIG. 3. Nucleotide sequence of the squalene-hopene cyclase gene and the deduced amino acid sequence. The underlined sequence
upstream of the start codon is the ribosomal binding site (SD). Amino acid residues 2 through 24 were found by Edman sequencing. Two
possible stem-and-loop terminator structures downstream of the stop codon are underlined.

(17). The corresponding nucleic acid sequence was inferred
from the amino acid sequence. We synthesized a 13-mer
oligonucleotide (probe A) corresponding to the DNA coding
strand starting at the second nucleotide of the putative codon
for formyl-Met and four 17-mer oligonucleotides (probes B,
C, D, and E) corresponding to the DNA coding strand
starting at residue 2. Each nucleotide probe represented a
64-fold degeneracy. The theoretical melting temperature
ranges were 38 to 48°C for probe A, 48 to 58°C for probes B
and C, and 46 to 56°C for probes D and E (30).
Identification and cloning of the cyclase gene. Blots of B.
acidocaldarius chromosomal DNA digested with BamHI
and hybridized with probes A (TGGCNGAACAAST) and B
(GAACAATTAGTNGAAGC) showed a hybridization signal
with a 1,900-bp fragment. The corresponding restriction
fragments were cloned into the respective site of pUC19.
Transformants were screened by colony hybridization with
probes A and B. Sequencing of the respective DNA frag-
ment of a positive clone showed that the fragment contained

the amino terminus of the cyclase structural gene. With a
digoxigenated Smal-BamHI fragment (1,000 bp) of the in-
sert, a 4.8-kb PstI fragment and a 9-kb EcoRI fragment could
be identified by hybridization experiments with B. acidocal-
darius chromosomal DNA (Fig. 1). The 4.8-kb PstI fragment
and the 9-kb EcoRI fragments were cloned into the respec-
tive sites of pUC19, and transformants were screened by
colony hybridization with the digoxigenated Smal-BamH]I
fragment. In contrast to the clones containing the 1.9-kb
BamH]1 fragment, clones containing the PstI or EcoRI frag-
ments had cyclase activity, indicating that these fragments
contained the entire cyclase gene. One clone containing the
4.8-kb PstI fragment (strain P2) was used for purification of
the recombinant protein.

Nucleotide sequence of the cyclase gene. The sequencing
strategy is shown in Fig. 2, and the nucleotide sequence of
the 2,336 bp containing the cyclase structural gene is shown
in Fig. 3. A putative ribosome binding site (GGAGG-) was
identified; it was followed by a initiation codon (ATG) 5 bp
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downstream and a 1,881-bp-long open reading frame encod-
ing a polypeptide of 627 amino acids. A single amber codon
was followed by two inverted repeats, presumably involved
in rho-independent transcription termination. The experi-
mentally determined DNA sequence agrees with that de-
duced from the amino-terminal sequence of the purified
protein. The primarily produced polypeptide is obviously
processed by removing the amino-terminal Met. The calcu-
lated molecular mass is 69,473 Da. The protein shows a
rather high Arg content (66 Arg residues), resulting in a basic
character; 81 of the amino acids are basic, whereas 77 are
acidic. The G+C content of the open reading frame (66%) is
slightly higher than that of the chromosomal DNA (61%) (8).

To verify the identity of the sequenced gene with
squalene-hopene cyclase, a synthetic peptide consisting of
the 13 carboxy-terminal amino acids of the cyclase was
synthesized (1); the amino acid sequence was deduced from
the nucleotide sequence. This oligopeptide was conjugated
to bovine serum albumin. The resulting construct was used
as an antigen in a BALB/c mouse. The antiserum raised
proved to be positive against squalene-hopene cyclase, as
shown by Western blot experiments with the cyclase from B.
acidocaldarius and transformed E. coli cells (data not
shown).

Expression of squalene-hopene cyclase in E. coli. The cy-
clase was expressed with the highest yield in strain P2. In
Western blot analysis the cyclase in strain P2 showed the
same molecular weight as that in B. acidocaldarius. Activity
was found only in the cytoplasmic membrane. No enzyme
activity was detectable in vivo, since E. coli does not
synthesize squalene. Even when high concentrations of
squalene were added to the growth medium, no conversion
to hopene could be detected. Cyclase activity was observed
only after enzymatic lysis or sonication of cells, indicating
that the outer membrane is an efficient barrier for the
emulsified squalene.

Cell extracts of strain P2 had a 4.5-fold higher specific
activity than did those of B. acidocaldarius; the specific
activities were 1.8 and 0.4 U/mg, respectively. This value is
less than that expected based on the copy number of pUC19
and can be explained by reduced expression rates of the
cyclase gene in E. coli. Apart from this, we assume that the
membrane-bound cyclase could be toxic in higher concen-
trations, resulting in a low gene dosage effect. Induction with
isopropyl-B-D-thiogalactopyranoside resulted in no increase
in cyclase activity, indicating that the cyclase gene was not
under the control of the lac promoter.

Purification of the recombinant cyclase. Since P2 showed
the highest specific activity, it was used for further analysis.

The recombinant enzyme was solubilized from E. coli
cytoplasmic membranes with Triton X-100. A heat treatment
of the solubilized proteins at 60°C for 10 min and subsequent
chromatography on DEAE-cellulose resulted in an electro-
phoretically homogenous protein (Fig. 4). The cyclase was
purified 68-fold with a 29.7% yield.

The identity of the recombinant cyclase as the B. acidocal-
darius cyclase was shown by Western blot experiments with
antiserum raised against the B. acidocaldarius enzyme (Fig.
5) and by douple immunodiffusion (data not shown). No
reaction of the cyclase antigen with preimmune serum was
detected.

In addition, in Western blot experiments the antiserum
reacted with 60-kDa proteins from several Streptomyces
species; these proteins probably represent squalene-hopene
cyclase, since these Streptomyces strains contain hopanoids
12).
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FIG. 4. SDS-10% polyacrylamide gel electrophoresis of the frac-
tions obtained during purification of recombinant squalene-hopene
cyclase from E. coli P2. Lanes: 1, 4 pg of the membrane fraction; 2,
4 pg of the outer membrane fraction; 3, 2 pg of the cytoplasmic
membrane fraction; 4, 0.75 pg of partially purified squalene-hopene
cyclase from DEAE-cellulose; 5, 0.75 g of purified enzyme from
Sephacryl S-300. The continuous band below 20 kDa is an artifact
that is not caused by the protein samples in the slot. Size markers
are provided on the right.

Properties of the squalene-hopene cyclase. In a hydropathy
plot determined by the Hycon program, no hydrophobic
transmembrane sequence could be detected. We therefore
suppose, in agreement with previous results (17, 28), that the
protein is anchored in the membrane of B. acidocaldarius by
hydrophobic interactions and is not an integral membrane
protein.

A homology search was made through the SWISS-PROT
data bank. The sequence showed no significant homology
with other known proteins.

To our knowledge, only one similar gene, the epoxy-
squalene-lanosterol cyclase gene of Candida albicans, has
been cloned but not sequenced (11a). Therefore, the
squalene-hopene cyclase gene represents a new gene family.

FIG. 5. Western blot analysis of the recombinant squalene-hopene
cyclase. Proteins were separated on a SDS-10% polyacrylamide gel
and then transferred to nitrocellulose filter. After incubation with
the antiserum, staining was carried out with the chromogenic
substrate S-bromo-4-chloro-3-indolyl-phosphate. Lanes: 1, homoge-
nate of E. coli bearing pUC19 with the 9-kb EcoRI fragment; 2,
homogenate of E. coli bearing pUC19 with the 4.8-kb PstI fragment;
3, homogenate of E. coli BMH71-18; 4, homogenate of B. acidocal-
darius.



302 OCHS ET AL.

ACKNOWLEDGMENTS

We thank Friedrich G6tz and Giinther Jung for fruitful discus-
sions, Cord Tappe for computer assistance, Thomas Hartner for
technical assistance, and L. Hofmann for oligonucleotide synthesis.

This work was supported by the Deutsche Forschungsgemein-
schaft (Po 117/11-3 and SFB 323) and by the Ministerium fiir
Forschung und Technologie (0318925A7).

ADDENDUM

Recently, the content of single hopanoids in Z. mobilis
was found to be constant under different growth conditions
(8a).
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