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Abstract Sulfolobus acidocaldarius geranylgeranyl diphosphate
synthase yields (all-E)-C20 prenyl diphosphate as a final product.
The three-dimensional model of the enzyme suggested that
removing two bulky residues at 77 and 114 would allow
additional prenyl-chain elongation. To test this, we examined
several mutants with substitutions at 77 and/or 114. As a result,
the mutants, F77G, F77G and H114A, F77G and H114G,
H114A, and H114G gave C30, C45, C50, C30 and C40 as the main
long product, respectively. These observations indicate that
histidine-114 plays a crucial role in chain-length determination
along with phenylalanine-77. ß 2000 Federation of European
Biochemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

In archaea, geranylgeranyl diphosphate (GGPP, C20) is a
key precursor for ether-linked lipids, which constitute their
cell membranes and seem to allow their survival under severe
conditions, e.g. at high temperatures or extreme pHs [1,2].
GGPP is also regarded as a substrate for the biosynthesis of
a diphytanylglyceryl-modi¢ed protein [3,4] and undecaprenol,
which functions as a sugar-carrier lipid, as in bacteria (Hemmi
et al., submitted for publication).

GGPP synthase (GGPS, EC 2.5.1.29) from a thermoacido-
philic archaeon Sulfolobus acidocaldarius catalyzes the consec-
utive condensation of isopentenyl diphosphate (IPP, C5) with
dimethylallyl diphosphate (DMAPP, C5), geranyl diphosphate
(GPP, C10), or farnesyl diphosphate (FPP, C15) to give GGPP
(C20) as a ¢nal product [5,6]. Previous studies of our group
and others have shown that, as for short-chain prenyl diphos-
phate synthases including S. acidocaldarius GGPS, the pro-
cesses of the chain elongation and termination occur as fol-
lows. After binding of the diphosphate moiety of the allylic
substrate via Mg2� to the aspartates of the ¢rst aspartate-rich
motif (FARM), the prenyl chain extends into a hydrophobic

pocket surrounded by K-helices in the enzyme during the con-
secutive condensation of IPP [7,8]. Then, the elongation is
stopped precisely at a de¢nite chain length by the direct in-
teraction of the g-terminus of the product with a bulky amino
acid upstream from the FARM [9^11]. In the case of S. acido-
caldarius GGPS, replacement of some bulky amino acids be-
fore the FARM with less bulky residues causes the expansion
of the hydrophobic pocket to yield the products with a chain
length longer than C20 [12].

We have also previously reported that, concerning S. acido-
caldarius GGPS and Bacillus stearothermophilus FPP syn-
thase, some amino acids not situated upstream from the
FARM a¡ect the regulation of the product chain length
[10,13]. However, it is still unclear how these amino acids
take part in the chain-length determination.

Here, we built up a plausible three-dimensional model
structure of S. acidocaldarius GGPS according to the structure
of avian FPP synthase [7] and assigned the putative amino
acids, which should hinder the chain elongation [12]. The
spatial relationship of these amino acids in the model suggests
that the prenyl chain proceeds through a bent path in the
mutated GGPS with a deeper pocket. This model also gave
us an idea that it might be possible to produce the longer
prenyl chain e¤ciently if a straight path was created in the
enzyme by replacing two amino acids, phenylalanine-77 and
histidine-114, with smaller residues. To test this, we intro-
duced the substitution of alanine or glycine at 77 and/or 114
and analyzed the products of the mutated enzymes.

Histidine-114 is assumed to lie on the same K-helix that
phenylalanine-118 is located on. Our previous study showed
that the mutated GGPS with F118L produced a small amount
of C25 [10]. In addition, regarding B. stearothermophilus FPP
synthase, the mutation of valine-157, which is placed in the
region corresponding to that including histidine-114 and phe-
nylalanine-118 of S. acidocaldarius GGPS, changes the prod-
uct speci¢city [13]. The data obtained in this study would be a
clue to the role of these amino acids not situated before the
FARM in the chain-length determination.

2. Materials and methods

2.1. Materials
[1-14C]IPP was purchased from Amersham Pharmacia Biotech.

Non-labeled IPP, DMAPP, GPP (all-E)-FPP and (all-E)-GGPP
were presented by Dr. Ogura. A precoated reversed-phase thin-layer
chromatography (TLC) plate, LKC18, and a high performance TLC
plate, RP-18, were purchased from Whatman and Merck, respectively.
A plasmid, pBS-GGPS, which encodes the wild-type GGPS, has been
described in our previous paper [10].

2.2. Molecular modeling for GGPS
A three-dimensional model structure of S. acidocaldarius GGPS
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was built based on the structure of avian FPP synthase [7], using the
Insight II Homology software (Biosym Technologies, San Diego, CA,
USA) [14]. The model was then subjected to limited energy re¢nement
with the Insight II Discover 3 software (Biosym Technologies, San
Diego, CA, USA).

2.3. Construction of mutated GGPSs
Site-directed mutagenesis was carried out by the method of Kunkel

[15]. Plasmids, pBS-GGPS-L15, pBS-GGPS-L18 and pBS-GGPS-L19,
were constructed using a single strand DNA of pBS-GGPS and oli-
gonucleotides: oligo-F77G, 5P-CATACTGGTACGCTTGTTCATG-
ATG-3P ; oligo-H114A, 5P-ATATTAGCTGGAGATCTACTAGCTG-
CAAAGGCT-3P ; oligo-H114G, 5P-ATATTAGCTGGAGATCTAC-
TAGGTGCAAAGGCT-3P. A mismatch is indicated by a bold letter,
and a newly introduced restriction site is underlined. A single strand
DNA of pBS-GGPS-L15 was employed for additional mutagenesis
using oligo-H114A and oligo-H114G as a primer to construct plas-
mids, pBS-GGPS-L16 and pBS-GGPS-L17, respectively. All muta-
tions were con¢rmed by DNA sequencing.

2.4. Preparation of the wild-type and mutated GGPSs
Escherichia coli XL1-Blue was transformed with each of the plas-

mids described above, and the wild-type and mutated enzymes were
prepared according to the method reported previously [12].

2.5. Measurement of enzymatic activity and product analysis
The assay mixture contained, in a total volume of 200 Wl, 10 mM

phosphate bu¡er, pH 5.8, 5 mM MgCl2, 0.1% Triton X-100, 25 nmol
of [1-14C]IPP (37 GBq/mol), 25 nmol of an indicated allylic substrate
and a suitable amount of the wild-type or mutated enzyme. The in-
cubation was carried out at 55³C for 30 min and stopped by chilling
quickly. The mixture was shaken with 1 ml of 1-butanol saturated
with H2O to extract the products of prenyl diphosphate synthase. The
1-butanol extract was washed with water saturated with NaCl and the
radioactivity in the 1-butanol extract was measured with a liquid
scintillation counter. The chain lengths and amounts of the products
were determined by the TLC analysis as described previously [12]. For
the determination of the length of some minor products, which have
an extremely long prenyl chain (sC60), the assay mixture was scaled
up by a factor of ten.

3. Results and discussion

3.1. Molecular modeling for S. acidocaldarius GGPS
We have succeeded in purifying S. acidocaldarius GGPS to

homogeneity (Kato et al., unpublished results). However, our
attempt to crystallize the protein for the determination of its
tertiary structure has been so far unsuccessful. Thus, in order
to obtain the information on the structure participating in the
product speci¢city of GGPS, we have tried to build up a
three-dimensional model of this enzyme (Fig. 1) based on
the structure of avian FPP synthase determined by Tarshis
et al. [7]. S. acidocaldarius GGPS and avian FPP synthase
catalyze similar condensations and show a considerable sim-
ilarity in the primary structure (41%). According to this cal-
culated model, two aspartates in the FARM, around which
the condensation reaction occurs [5,8], and three bulky amino
acids, phenylalanine-77, leucine-74 and isoleucine-71, which
were found to play an important role in stopping the pren-
yl-chain elongation [12], lie on a bent line (Fig. 1B). The
mutated GGPS with the replacement of these bulky amino
acids by glycines yielded C40 as the main long product [12].
Considering the model structure of GGPS, it was assumed
that, in the mutated enzyme, the prenyl chain proceeds
through a bent path created by the elimination of these bulky
residues. In addition, the GGPS model depicted a straight line
with the amino acids of two aspartates in the FARM, phenyl-
alanine-77, and `histidine-114' (Fig. 1B). The spatial relation-
ship of these amino acids brought us the prospect that remov-
ing the bulky residues at positions 77 and 114 would create a
straight path in the enzyme for prenyl-chain stretching and
would enable the e¤cient production of a long prenyl chain.
To test this possibility, we introduced substitutions of alanine
or glycine at 77 and/or 114 and analyzed the products of the
mutated enzymes.

Fig. 2. TLC-autoradiochromatograms of the prenyl alcohols obtained by the hydrolysis of the reaction products with the wild-type and the mu-
tated GGPSs. The sample obtained by incubation of [1-14C]IPP and DMAPP (A), or GPP (B, C) with the indicated enzyme was analyzed by
reversed phase LKC18 TLC (A, B) or high performance RP-18 TLC (C). Ori., origin; S.F., solvent front.
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3.2. Measurement of the activity of mutated GGPSs
All mutated GGPSs showed a speci¢c activity comparable

to that of the wild-type enzyme, except for GGPS-L17 (F77G
and H114G) (Table 1). Although its activity was approxi-
mately 2^5% of the wild-type, this double-mutated enzyme
exhibited a detectable activity and a thermostability to resist
15 h of heat treatment at 55³C.

3.3. Product analysis of mutated GGPSs
The reaction products with these mutated enzymes were

analyzed by reversed-phase TLC after hydrolysis of a diphos-
phate moiety by acid phosphatase. When the enzymatic reac-
tion was carried out using 125 WM [1-14C]IPP and 125 WM
DMAPP, the wild-type GGPS produced mostly C20 (molar
ratio, 87%) and never gave products whose chain lengths
were longer than C20 as reported previously [10]. In contrast,
GGPS-L15 (F77G) yielded C30 as a main product (33%), and
GGPS-L16 (F77G and H114A) and GGPS-L17 (F77G and
H114G) gave C45 (15%) and C50 (4.6%) mainly in the long-
chain region (sC20), respectively (Fig. 2A). This result sug-

Fig. 3. Two possible roles that histidine-114 plays in the chain-length determination of S. acidocaldarius GGPS. A: A bottom model. B: A ba-
sis model.
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gests that the prenyl chain elongates through a straight path
in the enzyme molecule formed by the elimination of the
bulky residues at positions 77 and 114, and that the extended
path of the double-mutated enzymes, GGPS-L16 and GGPS-
L17, is longer than that of GGPS-L15, into which the single
mutation was introduced.

It is interesting that the single-mutated enzymes, GGPS-L18
(H114A) and GGPS-L19 (H114G), which were assumed to
have a similar path to that of the wild-type, mainly gave
C30 (15%) and C40 (10%), respectively, regarding the products
over C20 (Fig. 2A). Similar product distributions were ob-
served when GPP, FPP or GGPP was used as the allylic sub-
strate for all the mutated enzymes (Fig. 2B).

As the mutated GGPSs can produce extremely long-chain
polyprenyl diphosphates, we analyzed the precise lengths of
the products with a high performance TLC system (Fig. 2C).
As a result, the longest products with GGPS-L15, GGPS-L16,
GGPS-L17, GGPS-L18 and GGPS-L19 were found to be C85,
C100, C90, C100 and C100, respectively. The hydrocarbon of
these extremely long products seems to have protruded from
the span of the path in the enzymes during the reaction.

3.4. The role of histidine-114 of GGPS in the chain-length
determination

As described in Section 3.3, the single-mutated enzymes,
GGPS-L18 and GGPS-L19, unexpectedly yielded products
longer than C20. Two models are proposed to explain these
results. One is that histidine-114 of the wild-type GGPS forms
a part of the bottom of the reaction pocket as well as phenyl-
alanine-77 (Fig. 3A). The other is that histidine-114 immobil-
izes a broad face of the aromatic ring of phenylalanine-77
against the prenyl chain growing into the hydrophobic pocket.
If this model is correct, in the single-mutated enzyme lacking
the histidine at 114, the aromatic ring might turn around to
make some passage for the prenyl-chain stretching (Fig. 3B).
This `basis model' is supported by the calculated structure of
GGPS (Fig. 1B). GGPS-L18 (H114A) and GGPS-L19
(H114G) showed an increased production of C20 compared
to that of GGPS-L15 (F77G) (Fig. 2A,B). This observation
suggests that a portion of the products interact with phenyl-
alanine-77 when they reach at C20, which agrees with both of
the above-mentioned models.

Although we cannot ¢gure out the precise role of the histi-
dine-114, the results in this paper provide clear evidence that
histidine-114 of S. acidocaldarius GGPS is important for the

formation of the hydrophobic cavity to accommodate hydro-
carbon of the product. Phenylalanine-118, which was previ-
ously shown to in£uence the regulation of the product chain
length [10], might interact with histidine-114 and thereby par-
ticipate in the mechanism of the chain-length determination
(Fig. 1B). For a detailed study of the function of histidine-
114, together with phenylalanine-118, it is indispensable to
determine the crystal structure of S. acidocaldarius GGPS,
and thus, further e¡orts are now in progress.
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Table 1
Speci¢c activity of the wild-type and the mutated GGPSs

Enzyme Speci¢c activity (nmol/min/mg)

DMAPP GPP FPP GGPP

GGPS (C20, wild-type) 6.7 5.4 1.8 NDa

GGPS-L15 (C30, F77G) 8.7 3.1 2.3 0.15
GGPS-L16 (C45, F77G and H114A) 1.3 0.67 0.55 0.056
GGPS-L17 (C50, F77G and H114G) 0.12 0.11 0.083 0.039
GGPS-L18 (C30, H114A) 3.4 1.4 2.0 0.14
GGPS-L19 (C40, H114G) 4.3 0.94 0.65 0.19

Each name of an enzyme is shown with the carbon number of the main long-chain product and the amino-acid replacement(s) in parentheses.
Enzymatic activities were determined by measuring the amount of [1-14C]IPP incorporated into 1-butanol extractable materials when 125 WM
of [1-14C]IPP and 125 WM of the indicated primer substrate were used.
aND, not determined.
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