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stearothermophilus: crystallization and site-directed mutagenesis
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The gene for thermostable farnesyl diphosphate synthase from Bacillus
stearothermophilus was cloned, sequenced, and overexpressed in Escherichia coli. The
synthase was purified to homogeneity and crystallized. The enzyme carried only two
cysteine residues in contrast to its counterparts from other sources, which have four
to six cysteine residues. Either or both of the cysteine residues can be replaced with
serine without causing a loss of the catalytic activity. The conserved arginine residue
that occupies the third position from the C-terminus was also replaced with valine
without significant loss of activity, but the valine mutant showed a weakened affinity
for isopentenyl diphosphate.

Farnesyl diphosphate (FPP)' synthase (EC  the condensation of IPP with DMAPP and with
2.5.1.10) one of the prenyltransferases, occupies ~ GPP to give FPP as the ultimate product
the central point of prenyl chain elongation  (Scheme1). Recently, cDNAs or genomic clones
process in isoprenoid biosynthesis. It catalyzes  encoding FPPsynthase have beenisolated from
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Scheme 1. The role of farnesyl PP synthase in isoprenoid metabolism.

['cr whom correspondence should be addressed.

1 The abbreviations used in this paper are: bp, base-pair; DMAPP, dimethylallyl diphosphate; FPP, farnesyl
diphosphate; FPS, farnesyl diphosphate synthase gene; GGPP, geranylgeranyl diphosphate; GPF, geranyl
diphosphate; HPP, hexaprenyl diphosphate; IPP, isopentenyl diphosphate; IPTG,
isopropyl-1-thio-f-D-galactopyranoside; PCMB, p-chloromercuribenzoic acid; SDS-PAGE, sodium
dodecylsulphate polyacrylamide gel electrophoresis.
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various eukaryotes including rat, yeast, and
humans, and their nucleotide sequences have
been determined and compared [1-3]. For pro-
karyotic FPP synthase, however, only the gene
from E. coli has been cloned and sequenced [4].
Therefore, no comparative information be-
tween prokaryotic enzymes is available.

Prenyltransferases are extremely interesting
in that they catalyze the repetition of stereospe-
cific condensation of IPP with prenyl diphos-
phates to give products of definite chain length
and stereochemistry, which determine the spe-
cificity of individual enzymes.

In order to extend the comparative studies on
prenyltransferase structures, and also to obtain
large quantities of a stable prenyltransferase
preparation required for further studies includ-
ing enzymological and X-ray crystallographic
approaches, we isolated and sequenced the
gene for FPP synthase from a thermophilic bac-
teriumn, Bacillus stearothermophilus. We also suc-
ceeded in overproduction of this thermostable
enzyme and its crystallization.

Furthermore we conducted site-directed mut-
agenesis studies to explore the role of several
amino-acid residues.

MATERIALS AND METHODS

Materials

[1—14C1150pentenyl diphosphate (1.95
GBq/mol) was purchased from Amersham
(England). Restriction enzymes and DNA-
modifying enzymes were purchased from Ta-
kara Shuzo (Japan). B. stearothermophilus ATCC
10149 was used as the source of chromosomal
DMNA. E. coli K12 strain [M109 was used as the
host for the B. stearothermophilus DNA library.

Construction of expression vector systems

Construction of expression vector system for
FPP synthase. To subclone the FPP synthase
gene into an expression vector, oligonucleo-
tide-mediated mutagenesis was carried out to
create new restriction sites, Neol- and HindlIl-
sites, just before and after the open reading
frame of the FPP synthase gene, respectively.

Two oligonucleotides of 30 bases each, 5-
GAGCAGGAGTAAGCCATGGCGCAGCTT-
TCA-3" and 5-CGACCATTAAAAGCITAA-
CGCCCGCCCTTG-3', were synthesized to di-
rect the mutation that was to create the Ncol-

and Hindlll restriction sites immediately up-
stream of the translation-initiation codon,
GTG, and 5-bp downstream of the termination
codon, TAA, respectively. After introduction of
the new Neol- and HindlIll-sites, the Neol-Hin-
dlll gene fragment of pAla encoding the FPP
synthase gene was ligated into Neol-HindlIII-
site of pTrc99A (Pharmacia) to construct a rec-
ombinant plasmid, pEX11 (Fig. 1).

Purification of the cloned FPP synthase. E.
coli JM105 cells (30 g) harboring pEX11 were
harvested from a 10-1 culture in M9YG me-
dium by centrifugation. The cells were sus-
pended in 90 ml of 25 mM Tris/HCl buffer, pH
7.7, containing 1 mM EDTA, 10 mM 2-mercap-
toethanol, 0.1 mM phenylmethylsulfonyl flu-
oride and 10 pg phosphoramidon. The cells
were then homogenized at 0°C for 30 min with
Vibrogen Cell Mill (Edmund Biihler) using 180
ml of glass beads (0.1 mm in diameter). After
removal of the glass beads by filtration, the
filtrate was centrifuged at 100000 x g for 30 min.
The supernatant was heated at 60°C for 60 min
and then centrifuged at 100000 x g for 30 min.
The protein fraction precipitated from the
supernatant at 0.35-0.75 ammonium sulfate
saturation was dialyzed against 25 mM
Tris/HCI buffer, pH 7.7, containing 10 mM 2-
mercaptoethanol, and chromatographed on a
Butyl-Toyopearl 650M column (5.0 cm x 45 cm)
equilibrated with 25 mM Tris/HCI buffer, pH
7.7, containing 10 mM 2-mercaptoethanol and
ammonium sulfate at 0.35 saturation. Elution
was performed with a decreasing linear gra-
dient from 0.35 to 0 ammonium sulfate satura-
tion in 25 mM Tris/HCI buffer, pH 7.7,
containing 10 mM 2-mercaptoethanol. FPP syn-
thase fractions were collected and then applied
to a Mono-Q column (10 mm x 100 mm) equili-
brated with 25 mM Tris/HCI buffer, pH 7.7,
containing 10 mM 2-mercaptoethanol and 1
mM EDTA. Elution was performed with linear
gradient of 0-0.5 M NaCl. The FPP synthase
fractions were applied for purity by SDS-PAGE
(14%) by Coomassie Brilliant Blue staining.

Amino-acid sequence analysis was carried
out with a protein sequencer (Applied Biosys-
thems, Model 473A).

Site-directed mutagenesis. To introduce mu-
tations in the structural gene for the FPP syn-
thase of B. stearathermophilus, a BamHI1/Hindlll
DNA fragment from the clone pAla [5] was
subcloned into pTZ18R (Toyobo) yielding
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pEX47. Then single-stranded DNA templates
were isolated with the use of a helper phage,
M13K07. Site-directed mutagenesis was con-
ducted with uracil-enriched single-stranded
DNA, and a series of mutated plasmids,
pMul8, pMu88, and pMu84, were obtained.
The introduction of mutation was confirmed by
sequencing the whole nucleotide sequence
using the dideoxy chain-termination method
with a DNA sequencer (Applied Biosysthems,
model 373A).

RESULTS AND DISCUSSION

Molecular cloning and sequencing

Total DNA isolated from B. stearothermophilus
was subjected to partial digestion with Sau3Al,
and the 2-5 kbp fragments were ligated into the

Pstl-Nrul
fragment

Mr.5 Pr5
N A

BamH]I site of vector pUC118. The recombinant
plasmids were then transformed into E. coli
JM109, and the transformants were screened
for expression of prenyltransferase genes by
taking advantage of the fact that the enzyme of
this thermophilic bacterium is much more
stable than those of the host E. coli. As a result
of screening five thousand colonies, one active
clone producing a thermostable prenyltrans-
ferase was obtained. The clone was found to
carry a 5 kbp Sau3Al insert containing the gene
for FPP synthase. Further analyses of various
regions subcloned from the 5 kbp fragment
located the gene within a 2.0 kbp PstI-Nrul
restriction fragment (Fig. 1).

Sequence analysis of the 2.0 kbp fragment
revealed an open reading frame that encodes a
predicted protein of 297 amino acids with an
M; of 32309 and GTG as the initiation codon.
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Fig. 1. Schematic diagram of construction of the plasmid.
Restriction sites; H, HindIIl; K, Kpntl; Nr, Nrul; P, Pstl; 5, Smal; Ne, Neol. The arrow indicates the coding region of the FPP
synthase and asterisks on the arrow indicate the point-mutated sites.
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Overproduction and purification

An overexpression plasmid for the FPP syn-
thase was constructed by inserting an open
reading frame cassette having ATG, instead
GTG, as the initiation codon into an expression
vector, pTrc99A, which carries the strong hy-
brid promoter (trc) inducible with IPTG (Fig. 1).
The thermostable FPP synthase produced by E.
coli JM105 cells transformed with this plasmid
constituted about 20% of the total protein. Be-
cause of its stability and abundance, the cloned
enzyme was easily purified to homogeneity in
several steps including heat treatment and two
chromatographic procedures (Fig. 2). As ex-
pected, the electrophoretically homogeneous
enzyme showed a satisfactory stability.

The recombinant enzyme was confirmed tobe
immunochemically identical with the enzyme
of B. stearothermophilus (not shown), In addi-
tion, amino acid analysis showed that 10
residues in the N-terminal region of the recom-
binant protein were identical with those de-
duced from the nucleotide sequence.

Crystallization

To 50 pg protein dissolved in 50 mM phos-
phate buffer (pH 5.2, final volume 5 pul) was
added 2-3 pl of 30% polyethylene glycol or 2-3
pl of a saturated ammonium sulfate solution,
and the solution was vapor-equilibrated with a
reservoir solution containing 50 mM phosphate
buffer. When this was left standing at 4°C for a
week, square-bipyramidal crystals appeared as
shown in Fig. 3.

Comparison of amino-acid sequences

In the bacterial FPP synthase from B. stea-
rothermophilus and E. coli [4], 42% of the amino
acids were identical. Comparison with FPP
synthases of eukaryotes, including human, rat
and S. cerevisiae enzymes [1-3], shows 22% to
24% sequence similarities. Furthermore, the se-
quence of B. stearothermophilus enzyme shows
24% and 23% similarities with those of other
prenyltransferases, geranylgeranyl diphos-
phate synthase N. crassa [6] and hexaprenyl
diphosphate synthase of yeast [7], respectively.
As shown in Fig. 4, there are seven regions
which show significant similarities. The
relative positions of the homologous regions,
designated as regions A to G, are nearly the
same in all FPP synthases derived from proka-

ryotic and eukaryotic cells, but the N-terminal
regions of GGPP- and HPP-synthases are
longer by about 100 amino-acid residues than
those of FPP synthases (Fig. 5). Among the
seven regions, regions B and F are best con-
served and characterized by the presence of
aspartate-rich sequences which have been
termed domains [ and 1II by Carattoli et al. [6]
or domains I and II by Ashby & Edwards [7].
The DDXXD motif may serve as binding sites
for the diphosphate groups of the substrates by
forming magnesium salt bridges as assumed by
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Fig. 2. SDS-PAGE analyses of overproduction (A)
and purification (B) of FPP synthase from E. coli
cells harboring pEX11.

(A} Total protein extracts from E. coli [M105. Lane 1,
molecular mass markers (in kDa); lane 2, E. coli [M105
without pEX11; lane 3, E, coli JM105 with pEX11 without
addition of IPTG; lane 4, E. coli IM105 with pPEX11 after
induction with IPTG. (B) Purification of FPP synthase.
Lane 1, 100000 x g supernatant of the cell homogenate;
lane 2, after heat treatment at 60°C for 60 min; lane 3, after
Butyl-Toyopearl chromatography; lane 4, after Mono-0)
chromatography; lane 5, molecular mass markers: soy-
bean trypsininhibitor (21.5kDa), bovine carbonic hydrase
(31.0 kDa), bovine muscle actin (42.7 kDa), bovine serum
albumin (66.2 kDa}, rabbit muscle phosphorylase B (7.4
kDa). Arrowheads indicate the location of FPP synthase.
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Fig. 3. Crystals of B. stearothermophilus FPP syn-
thase.

Ashby & Edwards [7]. They have suggested
that domain II (corresponding to region F in
this report) comprises the allylic diphosphate
binding site [8]. Our preliminary experiments
on site-directed mutagenesis of this thermo-
stable FPP synthase indicate that the conserved
aspartic acids at 86, 87 and 92 in region B and
at 224 and 225 in region F are all critical for the
enzymalic activity (data not shown).

The eukaryotic FPP synthases contain se-
quences similar to that of the region proposed
to be the active site of avian FPP synthase [9]
but, interestingly, such sequences have not
been found in the bacterial enzymes. In the B.
stearothermophilus FPP synthase some of the
amino-acid residues, fully conserved in other
FPP synthases, are replaced by functionally dif-
ferent residues, cysteine, alanine, leucine, glu-
tamine, and lysine, being replaced by aspara-
gine-103, glycine-118, methionine-164, ar-
ginine-223 and histidine-297 (C-terminal), re-
spectively.

It is also noteworthy that the thermostable
FPP synthase possesses only two cysteine
residues, while the other enzymes have four to
six cysteines. In FPP synthases two cysteines
are conserved within region B except in the
thermostable enzyme, in which one of the con-

served cysteine residues is replaced by as-
paragine-103.

Ashby & Edwards [7] have noled that the
C-terminal region is also conserved and is rich
in basic amino acids. In the FPP synthase of B.
stearothermophilus, however, only two out of
thirteen amino acids in this region are con-
served. In addition, there are two basic and two
acidic amino acids in this region.

Effect of substitution for the three carboxyl-
-terminal amino acids

Site-directed mutagenesis studies carried out
by Marrero et al. [9] using rat FPF synthase have
been recently shown that one of the highly
conserved aspartate residues in domain II (re-
gion F in this report) is essential for catalytic
function while another can be replaced with
glutamate without significant change in cata-
lytic properties. However, the significance of
the highly conserved arginine residues remains
unknown, though prenyliransferases have
been shown to be sensitive to arginine-specific
reagents. Among the seven conserved regions
in FPP synthases there are four highly con-
served arginines in regions A, B (two residues)
and G. We conducted site-directed mutagen-
esis studies, using the FPP synthase of B. stea-
rothermophilus, in attempt to explore the role of
the conserved arginine residue that occupies
the third position from the carboxyl terminus.
We also investigated the effects of mutagenesis
in the penultimate and the carboxyl terminus
residues.

Figure 6 shows the C-terminal sequences of B.
stearothermophilus FPP synthase and its mu-
tated enzymes along with the sequences of
mutagenic oligonucleotides.

The arginine residue at position 295, which is
completely conserved in region G, was
changed to valine to produce a less basic mu-
tant (R295V). The aspartic acid at 296 was re-
placed with glycine to make the C-terminal
region less acidic (D296G). Substitution of leu-
cine for the histidine at the C-terminus was
carried out to make the C-terminal region less
basic (H297L).

To construct overexpression systems for these
mutants, we employed plasmid pAla, in which
Neol- and Hindlll-sites were introduced imme-
diately upstream and downstream of the open
reading frame of this FPP synthase gene, re-
spectively. The BamHI/HindIIl DNA fragment
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Fig. 6. Schematic presentation of wild-type and mutant gene sequences corresponding to region G.

EPS stands for the farnesyl diphosphate synthase gene.

from pAla was subcloned into pTZ18R and
then oligonucleotide-mediated mutagenesis
was conducted into the resulting plasmid,
pPEX47, to obtain a series of mutated plasmids,
pMul8, pMu88, and pMu84 (Fig. 7).

The Ncol/HindIIl fragment of each of the
pMu plasmids was ligated into the Ncol/Hin-
dlll site of pTrc99A, and expression plasmids,
pEX121, pEX125, and pEX134 were obtained.

After transformation of E, coli [IM105 with these
plasmids into the FPP synthase mutants,
R295V, D296G, and H297L were overproduced
and purified essentially according to the proce-
dure described in this paper for the production
of wild-type recombinant FPP synthase. This
procedure yielded proteins that gave single
bands on SDS-PAGE and their purity was esti-
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E. coli CI236
M13 Ko7

{~30-mer )

Kunkel Mathod l mutagenle cligonucieotide

HH

Fig. 7. Construction of the plasmids.

H: Hindill
B: BamHI
N: Ncol
H N
Neol ,Hindill pTrc99A
H

l~l

H, Hindlll: B, BamHI; N, Neol. The arrows indicate the coding region of FPP synthase and open circles on the arrow

indicate the point-mutated sites.

mated to be better than 95% by staining with
Coomassie Brilliant Blue (Fig. 8).

Kinetic parameters of the purified FPP syn-
thase mutants are listed in Table 1. All the mu-
tant enzymes showed sufficient catalytic
activities comparable to that of the wild-type
enzyme. H297L was even better than the wild-
typeinterms of specificactivity and Vimax. Even
R295V, in which the highly conserved arginine
had been replaced with valine, showed more
than half the specific activity of the wild-type.
The mutant enzymes showed similar pH-activ-
ity profiles to that of the wild-type enzyme,
having pH optima about pH 8.0-8.5. The mu-

tant enzymes exhibited similar thermostability
to that of the wild-type, retaining sufficient
activity even after heating at 60°C for at least 50
min (not shown).

Product analysis revealed that (all-E)-farnesyl
diphosphate was synthesized by all the mutant
enzymes (not shown).

Thus it was found that none of the three
amino-acid residues in the C-terminal region
(region G) is essential for enzyme activity. It is
noteworthy, however, that the Km values of the
mulated enzymes for IPP are approximately
twice as large as that of the wild-type enzyme,
while those for the allylic substrates, DMAPP
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Fig. 8. Expression and purification of B. stearothermophilus FPP synthase and its mutants as monitored by

5D5-PAGE.

Coomassie Brilliant Blue R stained 14% SDS-PAGE analysis showing the expression of wild-type FI'I' synthase and its
mutants in E. coli (lanes 2, 4, and 6 show soluble extracts for R295V, D296G, and H297L, respectively). Lanes 1, 3, 5, and
7 show purified proteins obtained after Mono Q FPLC chromatography (lane 1, wild-type; lane 3, R295V; lane 5, D296G;

lane 6, H297L). Lane 8, molecular mass markers.

and GPP are similar to those found with the
wild-type enzyme. These results suggest the
possibility that the C-terminal region occupies
a position that weakly affects the IPP binding
site.

The specific activity of R295V is about half
that of the wild type, while the other two mu-
tants show values comparable to that of the
wild type. Therefore, the arginine residue that
is completely conserved at the third position

from the C-terminus seems to be more import-
ant for the enzymatic activity than the other
two residues. The basic nature of the C-termi-
nal region is also suggested by the observation
that the replacement of the penultimate aspar-
tate with glycine improved the Vmax/Km
values for both DMAPP and GPP. However, it
is surprising that the replacement of the C-ter-
minal histidine with leucine is the most effec-
tive of the three in improving the enzymatic

Table 1

Kinetic parameters of mutant FPP synthases of B. stearothermophilus. y
Each value represents the resull obtained in a typical experiment. Km is expressed as pM, Vipax in nmol of [1-7CJIPP
converted to FPP per minute per milligram of the enzyme.

— Specific DMAPP GPP PP IPp®
activity | g Vi K Vonis Km Vi K Do
Wild-type 1600 130 |1750 64 3210 58 |1080 14.3 3560
R295V 1070 166 | 867 6.2 1710 164 | 720 212 1560
D296G 1800 146 |2940 5.1 2800 158 | 1990 196 | 3310
H297L 2140 11.0 1845 52 3260 153 | 2010 | 214 | 3810

Lor the reaction with DMAPP. "For the reaction with GPP.
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activity with respect to both specific activity
and the Vmax/Km values for the allylic sub-
strates.

It is interesting that the arginine residue con-
served at the third position from the C-terminal
is not essential for catalytic activity. However,
this observation might not be surprising in
view of the fact that the corresponding position
is occupied by lysine and alanine in the GGPP
synthase of Neurospora crassa [6], Erwinia herbi-
cola [10] and of Erwinia uredobora [11].

One or both of the arginine residues forming
the RRG motif in region B must be essential and
responsible for the inhibition by arginine-spe-
cific reagents, because this motif is conserved
not only in FPP synthases but also in GGPP
synthases and HPP synthase.

According to the recent resulls of site-directed
multagenesis by Marrero et al. [9] in the aspar-
tate-rich domain I1, which is equivalent to re-
gion F of B. stearothermophilus FPP synthase, the
first aspartate is involved in the catalysis by the
enzyme. These authors found that when the
first aspartate in domain II was replaced with
glutamate, the Km value for IPP increased 23-
fold but that for GPP was unchanged. This
tendency is somewhat similar to our result in
that the Km values of the mutant enzymes for
IPP increased while those for allylic substrates
did not change significantly. Namely, the bind-
ing affinity for IPP is affected more easily by
amino acid substitution than that of the allylic
substrates. Thus, the C-terminal region might

be located in such a space that affects the bind-
ing of IPF, though to a lesser extent than in the
case of region

Effects of mutation at cysteine residues

It has been suggested that cysteine residues
play important roles in the catalytic function of,
or in the substrate binding by several pre-
nyltransferases [12-14]. Moreover, there have
been several reports on the multiple forms of
FPP synthase from porcine liver [15-17] all of
which are attributable to the oxidation-reduc-
tion behavior of cysteine residues of the
enzymes.

Taking advantage of the fact that the B. sfea-
rothermophilus FPP synthase, unlike its counter-
parts from other sources, which have four to six
cysteines, possesses only two cysteine residues,
we studied the effect of mutation at these
residues in this thermophilic synthase.

The cysteine residue at position 73, which is
fully conserved in region B, was changed to
phenylalanine or serine to produce C73F or
73S, respectively. The tysteine residue at po-
sition 289 was also replaced with phenyla-
lanine or serine to produce C289 or C2895,
respectively. A mutant enzyme (C735-C2895) in
which both 73- and 289-cysteine residues were
replaced with serine, was also constructed by
connecting the mutated gene fragments
derived from those of C735 and of C2895.

All of the five mutant enzymes obtained
showed prenyltransferase activity, indicating

Table 2
Kinetic parameters of the wild-fype and mutant enzymies of B. stearol I:ermafhﬂus.
Each value represents the mean of 2 determinations, Km is expressed as pM, Vimax in nmol of [1-2CIIPPE converted to
FPP per minute per milligram of the enzyme.

Specific GPP irr?

Enzyme aﬁit}* K Vi Ko | Vi
45°C® _
Wild-type 2610 5.8 4270 4.7 3410
C73F 1300 49 2650 4.8 2020 |
55°C
Wild-type 4690 8.4 7330 13.0 7200
C289F 350 7.5 2630 130 2760
C735 4300 73 9810 11.6 7850
C2895 3940 6.4 9330 14.3 9170
C735-C289S 3970 5.6 7810 13.3 7540

"For the reaction with GPP. "As C73F loses its activity at 55°C, kinetic data at 45°C were obtained.
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that neither the cysteine residues at position 73
nor at 289 is essential for the enzyme catalytic
function. Table 2 shows kinetic parameters of
the purified mutants along with those of the
wild-type enzyme. The mutant enzymes hav-
ing replacement with serine, C73S, C2895, and
C735-C2895, showed specific activities com-
parable to that of the wild-type enzyme. How-
ever, the specific activities of the mutants
having phenylalanine in place of cysteine, C73F
and C289F, were approximately half and one
thirteenth that of the wild-type enzyme, as as-
sayed at 45°C and 55°C, respectively.

Although the Km values of the mutant
enzymes for GPP are all similar to that of the
wild-type, the Km value of C289F for IPP is
approximately 10 times that of the wild-type
(Table 2).

These facts suggest that the binding affinity
for IPP is affected by the replacement of cys-
teine-289 with phenylalanine. It is likely that
the C-terminal region (region G) containing
cysteine-289 is located in a space that affects the
binding of IPP. This conclusion coincides with
the resulls obtained in our above mentioned
site-directed mutagenesis studies focused on
the three C-terminal amino acids of this
enzyme.

It is noteworthy that cysteine-73, which is
completely conserved in region B of all the FPP
synthases from various organisms, is not im-
portant for the binding of IPP, though it seems
to be involved in the stabilization of the
enzyme. The inhibitory effect observed al
rather high concentrations of PCMB (not
shown) seems to be attributable to a conforma-
tional change of the enzyme protein (not
shown). Probably, the SH reagent inactivates
the enzyme by modifying both cysteine
residues with such bulky groups that the con-
formation of the enzyme protein is largely af-
fected, rather than by causing a loss of the
function of sulfhydryl groups.

C73F lost most of its enzymatic activity after
heat treatment while that of the other mulants,
C735, C289F, C2895, and C735-C2895 remained
as stable as in the wild-type enzyme.
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