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A short-chain prenyl diphosphate synthase in an Escherichia coli mutant that lacked the gene
coding for farnesyl diphosphate synthase, ispA, was separated from other prenyl diphosphate syn-
thases by DEAE-Toyopearl column chromatography. The purified enzyme catalyzed the conden-
sation of isopentenyl diphosphate with dimethylallyl diphosphate to form farnesyl diphosphate

and geranylgeranyl diphosphate.
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Isoprenoids are natural compounds synthesized from iso-
pentenyl diphosphate (IPP) via allylic diphosphates with
various numbers of carbons (1). There are three genes cod-
ing for prenyl diphosphate synthases in the chromosome of
Escherichia coli: ispA for farnesyl diphosphate (FPP) syn-
thase (2), ispB for octaprenyl diphosphate synthase (3), and
rth (uppS) for undecaprenyl diphosphate synthase (4, 5).
FPP synthase catalyzes the sequential condensation of IPP
with dimethylallyl diphosphate (DMAPP) and geranyl di-
phosphate (GPP) to form all-E-FPP, which is the substrate
for both octaprenyl diphosphate synthase and undecaprenyl
diphosphate synthase. Both ispB (6) and rth (5) are essential
for growth. However, the isp4-null mutant is viable, although
its growth rate is lower than that of the wild-type strain (7).
There are low enzyme activities in the cell of the mutant for
the condensation of IPP with DMAPP. We studied this ac-
tivity to find enzymes that substitute for FPP synthase in the
mutant.

The E. coli ispA-null mutant SF7 (7) and the wild-type
strain W3110 were cultured in 2xLB medium (8) at 37°C.
The resulting cells were collected by centrifugation at
6000x g for 20 min at 4°C and suspended in 10 mM potas-
sium phosphate buffer (pH 7.4) containing 1 mM 2-mercap-
toethanol, 5 mM EDTA, 2 mM phenylmethanesulfonyl fluo-
ride, and 10 mM octyl-B-thioglucopyranoside. The suspen-
sion was sonicated 10 times for 10s, and centrifuged at
18,000x g for 40 min. The activity for the condensation of
IPP with DMAPP in the supernatant of SF7 was 5% that of
W3110 (7). To identify the enzymes responsible for this
residual activity in the mutant, the cell-free homogenate of
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SF7 was subjected to DEAE-Toyopearl column chromatog-
raphy, and the prenyl diphosphate synthase activity of each
fraction was determined (Fig. 1). Between the two large
peaks of undecaprenyl diphosphate synthase (peak A) and
octaprenyl diphosphate synthase (peak B), there was a small
peak of enzyme activity (peak N: fractions 38—44). These
fractions were pooled and applied to a DEAE-Toyopearl
650 M column again. Three peaks of enzyme activity (N1,
N2, and N3) appeared in the second DEAE Toyopearl col-
umn chromatography (Fig. 2).

We characterized the enzyme corresponding to N1. FPP
was the most effective substrate as allylic diphosphate, and
the activities with GPP and DMAPP were 50% and 11%
that with FPP, respectively. The analysis of the prenols re-
sulting from the treatment of prenyl diphosphates with acid
phosphatase (9) revealed geranylgeraniol in the reaction
with FPP, and farnesol in the reaction with GPP (Fig. 3).
Thus, the reaction products of the enzyme corresponding to
N1 were geranylgeranyl diphosphate (GGPP) in the reac-
tion of IPP with FPP, and FPP in the reaction of IPP with
GPP. Both GGPP and FPP were produced in the reaction of
IPP with DMAPP. This enzyme required magnesium ion for
its activity, and its highest activity was observed at 1 mM
Mg*". No detergent was necessary for the enzyme activity;
however, the addition of 0.05% (w/v) Triton X-100 acti-
vated the enzyme by 1.5-fold. The addition of 0.1% (w/v) or
a higher concentration of Triton X-100 was rather inhibitory
to the enzyme reaction. These results revealed that the en-
zyme corresponding to N1 was a short-chain prenyl diphos-
phate synthase, the reaction product of which is FPP or
GGPP. This enzyme was further purified by Butyl-Toyopearl,
Mono-Q, and Superose-12 column chromatographies. The
specific activity of the fraction from the Superose-12 col-
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FIG. 1. DEAE-Toyopearl 650 M chromatography of the ammo-
nium sulfate fraction of SF7. The cell-free homogenate of SF7 was ad-
justed to 65% saturation with ammonium sulfate and stirred for 30
min. The resulting precipitate was collected and dissolved in 10 mM
potassium phosphate buffer (pH 7.4) containing 1 mM 2-mercaptoeth-
anol (buffer A) and dialyzed extensively against the same buffer. The
resulting solution was applied to a DEAE-Toyopearl column (0.8 x50
cm) equilibrated with buffer A. Elution was carried out with a linear
gradient of NaCl from 0 to 0.3 M in buffer A, as shown in this figure,
and 20-ml fractions were collected. Each fraction was assayed for pre-
nyl diphosphate synthase activity. The reaction mixture contained, in a
final volume of 200 pl, 0.4 umol of MgCl,, 2 umol of 2-mercaptoetha-
nol, 0.1 mg of Triton X-100, 10 umol of potassium phosphate buffer
(pH 7.4), 0.48 nmol of [1-"*C]IPP (specific activity, 2.0 TBg/mol),
6 nmol of FPP, and 20 pl of each fraction. After incubation for 1 h at
37°C, 200 pul of saturated NaCl solution saturated with 1-butanol was
added. The products were extracted with 1-butanol saturated with NaCl
solution, and the radioactivity of the extract was measured. Peak A in-
cluded undecaprenyl diphosphate synthase, and peak B included octa-
prenyl diphosphate synthase. Symbol and lines: closed circles, enzyme
activity; broken line, absorbance at 280 nm; solid line, NaCl concen-
tration.
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FIG. 2. DEAE-Toyopearl 650 M chromatography of N peak frac-
tion. The N peak fraction (fractions 38—44) in the first DEAE-Toyope-
arl 650 M chromatography was collected and dialyzed against buffer
A. The resulting solution was applied to a DEAE-Toyopearl 650 M
column (0.5x23 cm) equilibrated with buffer A. Elution was carried
out at a flow rate of 2 ml/min with a gradient of NaCl as shown in this
figure. Ten ml fractions were collected. Each fraction (150 pl) was used
for the assay of prenyl diphosphate synthase activity. Symbols and line:
closed circles, enzyme activity; broken line, absorbance at 280 nm;
solid line, NaCl concentration.
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FIG. 3. Autoradiograms of TLC of prenyl alcohols obtained by
enzymatic hydrolysis. The reaction of the enzyme corresponding to
N1 was carried out with [1-"*C]IPP and FPP (lane 1) or [1-"*C]IPP and
GPP (lane 2). The products were extracted with 1-butanol and treated
with acid phosphatase (9). The resulting polyprenols were extracted
with hexane and analyzed by reversed-phase thin-layer chromatogra-
phy on an LKC-18 plate with acetone-water (9:1 v/v). Radioactivity
on the plate was detected using a BAS-2000 system. Lines indicate the
positions of authentic prenols as follows: F, (all-E)-farnesol; GG, (all-E)-
geranylgeraniol; Ori, origin; SF, solvent front.

umn was 13.1-fold that of the fraction from the DEAE-
Toyopearl column (Table 1). The molecular mass of the en-
zyme was 6518 kDa, as estimated by Superose-12 chroma-
tography.

Octaprenyl diphosphate was produced in the reaction of
IPP with FPP by both the enzymes corresponding to N2 and
N3. The enzyme corresponding to N3 is considered to be
same as that corresponding to B in Fig. 1 from its elution
profile in the chromatography, and to be octaprenyl diphos-
phate synthase that was described previously (10). The en-
zyme corresponding to N2 is also considered to be octapre-
nyl diphosphate synthase, the isoform of that corresponding
to N3. The Mono-Q chromatography of the enzyme corre-
sponding to N2 gave a single peak, and the chromatography
of the enzyme corresponding to N3 also gave another peak.
Thus, no interconversion between the enzymes correspond-
ing to N2 and N3 was observed, unlike that observed for the
isoforms of mammalian FPP synthases that are intercon-
vertible with each other during column chromatography (11,
12).

The enzymes corresponding to N1 and N2 were described
for the first time in this study. Either one or both of these en-
zymes are considered to also occur in the wild-type strain,
because a corresponding peak was observed in the DEAE-
Toyopearl column chromatogram of cell-free homogenate
of W3110. The enzyme corresponding to N1 was the only
enzyme that catalyzed the synthesis of FPP from IPP and
DMAPP in the ispA-null mutant. This enzyme is considered
to be mainly responsible for the condensation of IPP with
DMAPP in the homogenate of the mutant (7), although both
octaprenyl diphosphate synthase and undecaprenyl diphos-
phate synthase have a weak activity for the condensation of
IPP with DMAPP.

The only gene of E. coli that is significantly homologous



VoL. 103, 2007 NOTES 577
TABLE 1. Purification of short-chain prenyl diphosphate synthase

Ste Total protein Total activity? Specific activity Purification Recovery

P (mg) (pmol/min) (pmol/min/mg) (fold) (%)
DEAE-Toyopearl 93.9 28.8 0.307 1 100.0
Butyl-Toyopearl 11.4 4.60 0.404 1.31 16.0
Mono-Q 1.90 7.26 3.82 12.4 25.1
Superose-12 0.93 3.74 4.02 13.1 13.0

2 Activity was expressed as pmol of IPP incorporated into products per minute.

with ispA is ispB (13). It is unlikely that the newly found en-
zyme contains part of the polypeptide derived from ispA be-
cause the mutant used in this study lacked more than two
thirds of ispA4 (7). The molecular mass of the enzyme corre-
sponding to N1, 65+£8 kDa, is similar to those of octaprenyl
diphosphate synthase, which is a dimer of a 35,217-Da poly-
peptide encoded by ispB (14), and of undecapreny! diphos-
phate synthase, which is a dimer of a 28,444-Da polypep-
tide encoded by rth (15). The identification of the polypep-
tide component of this enzyme will clarify whether a com-
ponent of this enzyme is derived from ispB, rth, or another
gene that have not been characterized yet.

We thank Prof. Yukinobu Nishimura of Toho University for his
interest in the study and for valuable discussions.

REFERENCES

1. Ogura, K. and Koyama, T.: Enzymatic aspects of iso-
prenoid chain elongation. Chem. Rev., 98, 1263-1276 (1998).

2. Fujisaki, S., Nishino, T., Katsuki, H., Hara, H., Nishimura,
Y., and Hirota, Y.: Isolation and characterization of an Esch-
erichia coli mutant having temperature-sensitive farnesyl di-
phosphate synthase. J. Bacteriol., 171, 5654-5658 (1989).

3. Asai, K., Fujisaki, S., Nishimura, Y., Nishino, T., Okada,
K., Nakagawa, T., Kawamukai, M., and Matsuda, H.: The
identification of Escherichia coli ispB (cel) gene encoding the
octaprenyl diphosphate synthase. Biochem. Biophys. Res.
Commun., 202, 340-345 (1994).

4. Apfel, C. M., Takacs, B., Fountoulakis, M., Stieger, M.,
and Keck, W.: Use of genomics to identify bacterial undeca-
prenyl pyrophosphate synthase: cloning, expression, and char-
acterization of the essential uppS gene. J. Bacteriol., 181, 483—
492 (1999).

5. Kato, J., Fujisaki, S., Nakajima, K., Nishimura, Y., Sato,
M., and Nakano, A.: Escherichia coli homologue of yeast
Rer2, a key enzyme of dolichol synthesis, is essential for the

10.

11.

12.

13.

14.

15.

carrier lipid formation in bacterial cell wall synthesis. J.
Bacteriol., 181, 2733-2738 (1999).

Okada, K., Minehira, M., Zhu, X., Suzuki, K., Nakagawa,
T., Matsuda, H., and Kawamukai, M.: The ispB gene en-
coding octaprenyl diphosphate synthase is essential for growth
of Escherichia coli. J. Bacteriol., 179, 3058-3060 (1997).
Fujisaki, S., Takahashi, 1., Hara, H., Horiuchi, K,
Nishino, T., and Nishimura, Y.: Disruption of the structural
gene for farnesyl diphosphate synthase in Escherichia coli. J.
Biochem., 137, 395-400 (2005).

Miller, J. H.: Experiments in molecular genetics. Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY (1972).

Fujii, H., Koyama, T., and Ogura, K.: Efficient enzymic
hydrolysis of polyprenyl pyrophosphates. Biochim. Biophys.
Acta, 712, 716718 (1982).

Fujisaki, S., Nishino, T., and Katsuki, H.: Isoprenoid syn-
thesis in Escherichia coli. Separation and partial purification
of four enzymes involved in the synthesis. J. Biochem., 99,
1327-1337 (1986).

Yeh, L. and Rilling, H. C.: Purification and properties of pig
liver prenyltransferase: Interconvertible forms of the enzyme.
Arch. Biochem. Biophys., 183, 718-725 (1977).

Koyama, T., Saito, Y., Ogura, K., and Seto, S.: Two forms of
farnesyl pyrophosphate synthetase from hog liver. J. Biochem.,
82, 1585-1590 (1977).

Mori, H., Isono, K., Horiuchi, T., and Miki, T.: Functional
genomics of Escherichia coli in Japan. Res. Microbiol., 151,
121-128 (2000).

Kainou, T., Okada, K., Suzuki, K., Nakagawa, T., Matsuda,
H., and Kawamukai, M.: Dimer formation of octaprenyl-
diphosphate synthase (IspB) is essential for chain length de-
termination of ubiquinone. J. Biol. Chem., 276, 7876-7883
(2001).

Ko, T.-P., Chen, Y.-K., Robinson, H., Tsai, P.-C., Gao,
Y.-G., Chen, A.P.-C., Wang, A.H.-J., and Liang, P.-H.:
Mechanism of product chain length determination and the role
of a flexible loop in Escherichia coli undecaprenyl-pyrophos-
phate synthase catalysis. J. Biol. Chem., 276, 47474-47482
(2001).



	Short-Chain Prenyl Diphosphate Synthase That Condenses Isopentenyl Diphosphate with Dimethylallyl Diphosphate in ispA Null Escherichia coli Strain Lacking Farnesyl Diphosphate Synthase
	REFERENCES


