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ABSTRACT: Farnesyl diphosphate synthase is a homodimer of subunits having typically two aspartate-rich
motifs with two sets of substrate binding sites for an allylic diphosphate and isopentenyl diphosphate per
molecule of a homodimeric enzyme. To determine whether each subunit contains an independent active
site or whether the active sites are created by intersubunit interaction, we constructed several expression
plasmids that overproduce hybrid-type heterodimers ofBacillus stearothermophilusFPP synthases
constituting different types of mutated monomers, which exhibit little catalytic activity as homodimers,
by combining two tandemfpsgenes for the manipulated monomer subunit with a highly efficient promoter
trc within an overexpression pTrc99A plasmid. A heterodimer of a combination of subunits of the wild
type and of R98E, a mutant subunit which exhibits little enzymatic activity as a dimer form (R98E)2,
exhibited 78% of the activity of the wild-type homodimer enzyme, (WT)2. Moreover, when a hybrid-type
heterodimeric dimer of FPP synthase mutant subunits (R98E/F220A) was prepared, the FPP synthase
activity was 18- and 390-fold of that of each of the almost inactive mutants as a dimeric enzymes, (R98E)2

and (F220A)2 [Koyama, T., et al. (1995)Biochem. Biophys. Res. Commun. 212, 681-686], respectively.
These results suggest that the subunits of the FPP synthase interact with each other to form a shared
active site in the homodimer structure rather than an independent active site in each subunit.

In the biosynthesis of isoprenoid compounds, prenyltrans-
ferases, i.e., prenyl diphosphate synthases, catalyze prenyl
chain elongation by sequential condensation of isopentenyl
diphosphate (IPP)1 with allylic diphosphates to produce
prenyl diphosphates (1). These enzymes are extremely
interesting from a mechanistic point of view in that they
catalyze the repetition of stereospecific condensation of IPP
with allylic diphosphates to give prenyl diphosphates with
chain lengths depending on the specificities of the individual
enzymes (2).

Farnesyl diphosphate synthase (EC 2.5.1.10) occupies a
central branch point of isoprenoid biosynthetic pathways. It
catalyzes the condensations of IPP with dimethylallyl
diphosphate (DMAPP) and with geranyl diphosphate (GPP)
to produce (E,E)-farnesyl diphosphate (FPP) as the ultimate

reaction product (2). During the past 12 years, the genes or
cDNAs for FPP synthase have been isolated and character-
ized from various organisms, including rats (3), humans (4),
yeast (5), Escherichia coli(6), Bacillus stearothermophilus
(7), white lupin (8), Arabidopsis thaliana(9), and rubber
tree (10). All these FPP synthases are homodimeric enzymes
of tightly coupled subunits ranging in size from 32 to 44
kDa as well as the other types of prenyl chain-elongating
enzymes except those for the enzymes catalyzing medium-
chain prenyl diphosphate synthesis, which consist of two
dissociable heteromeric subunits (11-13).

Poulter and Sacchettini and their co-workers succeeded
in determining the crystal structure of the avian FPP synthase
to 2.6 Å resolution (14). They have shown that the subunits
of the dimer are related by a perfect 2-fold axis and that in
each of the subunits, 10 core helices arrange around a large
central cavity, in which most of the seven highly conserved
regions (regions I-VII) typical of prenyltransferases (7, 15)
are located in the immediate vicinity of the deep cleft (14).
Via a number of site-directed mutagenesis studies on the
conserved residues in FPP synthases (16-23), regions II and
VI, which contain the typical Asp-rich motifs, DDxxxxDxxxx-
RRG and FQxxDDxxD, respectively, were found to be
crucial for the catalytic function (16, 17, 19, 22, 23). These
facts indicate that there are two large cavities within most
of the conserved regions in one FPP synthase molecule,
implying the existence of two “catalytic sites” in the enzyme.

† This work was supported in part by a Grant-in-Aid for Scientific
Research (09480138 to T.K.) from the Ministry of Education, Science,
Sports and Culture, Japan, and by the “Research for the Future” Program
(JSPS-RFTF 97I00302 to T.K.) from the Japan Society for the
Promotion of Science.

* To whom correspondence should be addressed. Telephone:+81-
22-217-5621. Fax:+81-22-217-5620. E-mail: koyama@icrs.tohoku.ac.jp.

‡ Institute for Chemical Reaction Science.
§ Department of Biochemistry and Engineering.
1 Abbreviations: FPP, (E,E)-farnesyl diphosphate; IPP, isopentenyl

diphosphate; DMAPP, dimethylallyl diphosphate; GPP, geranyl diphos-
phate; HepPP, heptaprenyl diphosphate; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; TLC, thin-layer chroma-
tography; Tris, tris(hydroxymethyl)aminomethane.

463Biochemistry2000,39, 463-469

10.1021/bi991621b CCC: $19.00 © 2000 American Chemical Society
Published on Web 12/17/1999



Reed and Rilling investigated precisely the characteristics
of the substrate binding sites of avian FPP synthase (24).
They demonstrated that the homodimeric enzyme binds two
molecules of each of the three allylic diphosphates, DMAPP,
GPP, and FPP, whereas four molecules of the homoallylic
substrate, IPP, can bind to the enzyme, indicating that each
subunit of avian liver FPP synthase has a single allylic
binding site accommodating DMAPP, GPP, FPP, and even
IPP, and one specific binding site for IPP.

On the other hand, further X-ray structural analysis of
avian FPP synthase by soaking crystals in the substrate
solutions has demonstrated that the allylic diphosphates were
bound through Mg2+ ions to the Asp residues of the first
DDXXD motif, which is in region II, with the hydrocarbon
tails of all the ligands growing down the hydrophobic pocket
of the large cavity (25).

However, it is still difficult to explain the actual feature
of a dynamic phenomenon which is conducted in the catalytic
site during the catalysis even with all of the detailed findings
on the structure of the prenyltransferase. This paper presents
evidence of intersubunit participation in catalysis, which does
not appear to be suggested by the structure itself.

EXPERIMENTAL PROCEDURES

Materials. [1-14C]IPP (1.95 GBq/mol) was purchased from
Amersham Corp. Nonlabeled IPP, DMAPP, and GPP were
the same preparations as used in the previous work (23).
Alkaline and acid phosphatases were purchased from Boeh-
ringer Mannheim. Precoated reversed phase thin-layer chro-
matography (TLC) plates (LKC-18) were products of What-
man. Restriction enzymes and other DNA-modifying en-
zymes were purchased from Takara Shuzo Co., Ltd. (Ohtsu,
Japan), and Toyobo Co., Ltd. (Osaka, Japan), unless other-
wise stated. All other chemicals were analytical grade.

General Procedures. Restriction enzyme digestion, trans-
formation, and other standard molecular biology techniques
were carried out as described by Sambrook et al. (27). The
protein concentration was determined with a protein assay
kit (Bio-Rad) using bovine serum albumin as the standard
protein.

Site-Directed Mutagenesis. Site-directed mutagenesis was
conducted essentially in a manner similar to that described
in our previous paper (20).

The single-stranded DNA template of pEX47 (20) was
isolated with a helper phage, M13KO7. The mutagenic
oligonucleotide employed for the mutagenesis to produce the
R98E mutant subunit was 5′-TTGCGGGAGGGCAAG-3′
(the mismatched base is underlined). Introduction of the
mutation was confirmed by sequencing the whole nucleotide
sequence with a sequencer (Perkin-Elmer model 373A). The
plasmid for production of the F220A mutant, pEXF220A,
was the same preparation as described in our previous paper
(22).

OVerproduction and Purification of FPP Synthase Mu-
tants. The procedures employed for the overproduction and
purification of several sets of FPP synthase mutants, (R98E)2,2

WT/R98E, and R98E/F220A, as well as the wild-type

enzyme, (WT)2, were essentially similar to that for (WT)2

purification previously reported by us (7).
FPP Synthase Assay. The enzymatic activity was measured

by determination of the amount of [1-14C]IPP incorporated
into butanol-extractable prenyl diphosphates. In a standard
assay procedure, the incubation mixture contained, in a final
volume of 200µL, 50 mM Tris-HCl buffer (pH 8.5), 20
mM MgCl2, 50 mM NH4Cl, 50 mM 2-mercaptoethanol, 25
µM allylic diphosphate (DMAPP or GPP), 0.46µM [1-14C]-
IPP (1.95 GBq/mol), and an appropriate amount of enzyme
protein to be examined. The incubation was carried out at
55 °C for an appropriate period of time, and then the reaction
mixture was treated with 1-butanol after addition of 200µL
of H2O saturated with NaCl to extract the product of the
prenyltransferase reaction. The radioactivity in the butanol
extract was measured with an Aloka LSC-1000 liquid
scintillation counter.

For kinetic studies, the concentrations of the enzymes were
kept at 50, 50, 1500, and 20 000 ng/200µL [for (WT)2, WT/
R98E, R98E/F220A, and (R98E)2, respectively], and the
incubation periods were 5, 10, 50, and 60 min, respectively.

Product Analysis. After the enzymatic reaction at 55°C
for an appropriate period of time, the radioactive prenyl
products in the reaction mixture were hydrolyzed to the
corresponding alcohols with potato acid phosphatase ac-
cording to our method (28). The alcohols were extracted with
pentane and analyzed by TLC on a reversed phase LKC-18
plate in a solvent system of acetone and H2O (9:1). The
positions of authentic standard alcohols were visualized with
iodine vapor, and the distribution of radioactivity was
determined by autoradiography. The TLC plates were
exposed on a Fuji imaging plate at room temperature for 1
day, and analyzed with a Fuji BAS 1000 Mac bioimage
analyzer.

Preparation of Expression Plasmids for Heterodimers of
FPP Synthase. WT/R98E. The ApaI-HindIII fragment of
pEX11, which contains thetrc promoter and thefpsgene of
B. stearothermophilus(7), was inserted into theApaI-
HindIII site of pBluescriptKS(+). After EcoRV digestion
of the resulting plasmid, the DNA fragment containingtrc
andfpswas inserted into theEcoRV site residing upstream
of the trc promoter of pR98E, to produce pwt/R98E as
illustrated in Figure 1.

R98E/F220A. In a manner similar to that described above,
pR98E/F220A was prepared from pR98E and pEXF220A
(22).

Separation between the Homodimer and Heterodimer of
FPP Synthase Mutants. Overproduction and purification of
the mixtures of the homo- and heterodimers of FPP synthase
mutants were carried out in a manner similar to that described
in the preceding section except that the incubation temper-
ature of theE. coli harboring the heterodimer expression
plasmid, pwt/R98E or pR98E/F220A, was changed to 37°C,
and IPTG was added to each of the culture media atA600

values of 0.4-0.5. FPP synthase fractions after Mono Q
chromatography, which were found to be near homogeneous
via SDS-PAGE, were applied to a Mono-P HR5/5 column
(Pharmacia Biotech) that had been equilibrated with 25 mM
N-methylpiperazine-HCl buffer (pH 5.72). Elution was
carried out with a descending pH gradient from 7 to 4 formed
by Polybuffer 74 (Pharmacia Biotech) as an eluent (Figure
2).

2 To prevent confusion, homodimers are described by a monomer
subunit in parentheses with a subscript 2. Thus, (R98E)2 means a
homodimer of R98E subunits, and (WT)2 is the wild-type enzyme.
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NatiVe PAGE Analysis. The enzyme samples were elec-
trophoresed on a 14% polyacrylamide gel prepared es-
sentially according to the standard methods for SDS-PAGE
(29) except that SDS and 2-mercaptoethanol were omitted
in all buffers, and the samples were not boiled. Native gels
were pre-electrophoresed for 20 min; the enzyme fractions
after Mono P chromatography were loaded and electrophore-
sed for 6-9 h at a constant current of 20 mA. After the
electrophoreses, gels were stained either with Coomassie
Brilliant Blue or with a silver staining kit (Daiichi Pure
Chemicals, Tokyo, Japan).

RESULTS

Preparation of (R98E)2. To prepare a mutated FPP
synthase that has little catalytic activity and, in addition, has
a pI value different from that of the wild type, we replaced
the Arg at position 98 ofB. stearothermophilusFPP synthase
(7) with Glu. Arg-98 of the bacterial enzyme is the equivalent
to Arg-126 of the avian FPP synthase (15), whose sequence
is 25% identical to that of the bacterial enzyme, and resides
in the conserved basic motif RRG located downstream from
the DDXXD motif in region II. This motif is found in the
outside loop between central helices D and E according to

FIGURE 1: Construction of expression plasmids for homodimeric mutant FPP synthase (pR98E) and heterodimeric FPP synthase (pwt/
R98E).

FIGURE 2: Mono-P chromatograms of homo- and heterodimeric FPP synthases. FPP synthase fractions obtained from each of the Mono-Q
chromatographic runs were subjected to Mono-P chromatography as described in Experimental Procedures: (A) wild-type enzyme, (WT)2,
derived fromE. coli JM 109/pEX11, (B) (R98E)2 derived fromE. coli JM 109/pR98E, (C) FPP synthase mixtures derived fromE. coli JM
109/pwt/R98E, and (D) mutated FPP synthase mixtures derived fromE. coli JM 109/pR98E/F220A.
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the X-ray crystal structure of avian liver FPP synthase (14).
Overproduction and subsequent purification of the mutant
enzyme (R98E)2 were carried out according to procedures
similar to those for the wild-type enzyme reported previously
(7).

During the purification of (R98E)2, the enzyme protein
was resolved into two fractions on Mono Q chromatography
(data not shown), which was similar to the phenomenon
attributed to the oxidoreduction stage of this enzyme
observed in the case of the wild-type enzyme and Cys-
replaced mutants (21). As the latter eluting fraction proved
to be homogeneously purified, we employed this fraction
for further characterization of (R98E)2. As most of the
chromatographic features of the mutated enzyme were quite
similar to those of the wild type as well as the mutated
enzymes that we have prepared (7, 20-23), it is reasonable
to consider that the mutations did not grossly alter the
structure of the proteins.

As shown in Table 1, the mutant enzyme (R98E)2

exhibited akcat value approximately 30000-fold smaller than
that of the wild type. This result reconfirms that the first
Arg residue in the RRG motif in region II is essential for
the catalytic function as reported previously for the rat liver
enzyme (17) as well as for the yeast enzyme (19).

Construction of Expression Plasmids for Heterodimers of
FPP Synthase. To prepare hybrid-type heterodimers of FPP
synthase, WT/R98E, which consist of R98E and wild-type
subunits, we designed an expression plasmid pwt/R98E to
produce the mRNAs of the mutant FPP synthase and of the
wild type at the same time inE. coli cells. By combining
two tandem overexpression plasmids with atrc promotor
immediately upstream of each of thefps genes, we could
obtain a new type of expression plasmid that may yield a
mixture of a hybrid type of FPP synthase, WT/R98E, which
is composed of a hybrid of R98E and wild-type subunits as
well as the homodimer of the mutant enzyme, (R98E)2, and

the wild type, (WT)2 (Figure 1).
In a similar manner, another expression plasmid pR98E/

F220A yields a mixture of a hybrid type of FPP synthase,
R98E/F220A, as well as the homodimers (R98E)2 and
(F220A)2.

Purification of Hybrid-Type Heterodimers of FPP Syn-
thases. The SDS-PAGE analysis of the whole protein
showed that theE. coli cells harboring pwt/R98E that had
been treated with IPTG for induction gave a major protein
band at 32.5 kDa, which was similar to that of the wild-
type enzyme. When the cell-free homogenate of theE. coli
cells was subjected to Mono Q chromatography under
conditions similar to those for the wild-type enzyme (7), the
major protein fraction was eluted as a single peak showing
a moderate FPP synthase activity (data not shown). To obtain
a pure form of the hybrid-type enzyme, we subjected the
“FPP synthase” fraction to Mono-P chromatography. As a
result, three distinct protein peaks were obtained around pH
values of 4.9-5.3 (Figure 2C), which could be tentatively
assigned as the wild type, (WT)2 (peak 1), WT/R98E (peak
2), and (R98E)2 (peak 3). The first two peaks exhibited
distinct enzymatic activities as prenyltransferases, but the
third peak exhibited very little activity, although the amount
of this protein that was produced predominated over the
former two peaks.

Native PAGE of the three protein peaks clearly indicated
that peak 1 and peak 3 exactly coincided with those of (WT)2

and (R98E)2, respectively, both of which had been obtained
as homodimers from each of theE. coli cells harboring the
expression plasmids pEX11 and pR98E, respectively (Figure
3). All of the protein bands exhibited similar movement close
to the wild type in the native PAGE gel. This fact indicates
that the mutant enzymes are really dimers and not higher-
order oligomers, which may move more slowly in the
polyprenyl amide gel. Hence, it is reasonable to assign peak
2 to the hybrid-type heterodimer, WT/R98E, because it

Table 1: Kinetic Parameters of Wild-Type and Mutant Homo- and Heterodimeric FPP Synthasesa

FPP synthase Km(IPP)b (µM) Km(GPP) (µM) Km(DMAPP) (µM) kcat
c × 104 (s-1) krel

d

wild-type, (WT)2 9.10( 1.23 5.54( 1.19 11.1( 1.52 90700( 3800 1
(R98E)2 20.1( 2.93 12.4( 0.64 27.6( 0.20 26.3( 0.8 2.90× 10-4

(F220A)2e 24.9( 3.10 3.5( 0.70 22.5( 8.6 1.18( 0.11 1.30× 10-5

WT/R98E 11.6( 3.21 13.5( 0.02 19.1( 0.75 71100( 4000 0.784
R98E/F220A 28.5( 5.37 9.84( 0.57 17.7( 2.40 466( 6.12 5.14× 10-3

a Each value represents the mean( the standard deviation of two determinations.b For the reaction with GPP.c kcat was calculated from theVmax

value for the reaction with IPP and GPP.d kcat value relative to that of the wild type.e Data from ref22.

FIGURE 3: Native PAGE of purified homo- and heterodimeric FPP synthases: lanes 1 and 9, (WT)2 (fraction 21 of Figure 2A); lanes 2 and
8, (WT)2 (peak 1, fractions 30 and 31 of Figure 2C, respectively); lanes 3, 7, and 13, WT/R98E (peak 2, fractions 35, 36, and 35 of Figure
2C, respectively); lanes 4 and 6, (R98E)2 (peak 3, fractions 40 and 41 of Figure 2C, respectively); lanes 5 and 15, (R98E)2 (fraction 32 of
Figure 2B); lane 10, (F220A)2 (fraction 30 of Figure 2D); and lanes 11, 12, and 14, R98E/F220A (fractions 34-36 of Figure 2D, respectively).
Lanes 1-9 and 10-15 were electrophoresed separately. %T) 14 (silver-stained). Because of a delay of the timing on silver staining, some
diffusion of the protein bands resulted in digitizations.
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exhibits an intermediate pI value between those of (WT)2

and (R98E)2, although the pH values at which the three peaks
eluted during Mono P chromatography were somewhat
unsettled depending on the conditions of the pH gradients
formed during each chromatographic run. As shown in Figure
4, all of the three proteins exhibited essentially the same
mobility in the SDS-PAGE gel, indicating that all the
fractions are homodimers of 32.5 kDa proteins.

In a similar manner, the other hybrid-type heterodimer,
R98E/F220A, was purified from the mixtures of (R98E)2,
R98E/F220A, and (F220A)2, which had been overexpressed
in the E. coli cells harboring pR98E/F220A. As shown in
Figure 2D, formation of the hybrid-type enzyme correspond-
ing to peak 2 predominated. As the (F220A)2 exhibited a pI
value coinciding with that of the (WT)2 as expected, peak 2
was reasonably assigned to the heteromeric enzyme, R98E/
F220A. It is interesting that the R98E/F220A hybrid enzyme
(Figure 3, lanes 11, 12, and 14) exhibits a slightly faster
mobility than the other hybrid, WT/R98E, in the native
PAGE gel (Figure 3, lane 13).

Product Analysis. Figure 5 shows the TLC autoradiogram
of the alcohols derived from the enzymatic reaction products
of various homo- or heterodimeric FPP synthases. Although
the specific activities of the enzymes differ significantly, all
of the homo- or heterodimeric FPP synthases were shown
to produce FPP as the exclusive reaction product.

Kinetic Analysis of the FPP Synthase Hybrid Mutants.
Kinetic parameters of the purified hybrid-type mutants of
FPP synthase as well as the mutant homodimers are listed
in Table 1. The mutagenesis of Arg-98 and Phe-220 in the
homodimer enzyme resulted in approximately 104- and 105-
fold decreases in catalytic activity as mentioned above and
in the previous communication (22), respectively, indicating
further that both of the conserved residues in regions II and
VI are critical for efficient enzymatic function. Hence, it was
necessary to substantially increase both of the enzyme
concentrations and incubation times so that reliable values
of reaction rates for these least reactive mutant enzymes
could be measured. To our surprise, the hybrid-type mutant

WT/R98E exhibited 78% of the activity of the wild type,
(WT)2. Furthermore, even the hybrid, R98E/F220A, exhibited
distinct catalytic activity, showing activities 17.7- and 395-
fold higher than those for (R98E)2 and (F220A)2, respec-
tively.

On the other hand, all theKm values for either the allylic
(GPP and DMAPP) or homoallylic substrate (IPP) of the
mutant FPP synthases resulted in no drastic changes,
exhibiting values comparable to or a few times larger than
(within 3-fold) that of the wild-type enzyme.

DISCUSSION

Substrate binding experiments with avian liver FPP
synthase revealed that each subunit of the liver enzyme has
a single allylic binding site accommodating DMAPP, GPP,
and FPP, and one binding site for IPP (24). Furthermore,
X-ray structural analysis of the avian enzyme has confirmed
the allylic substrate binding site (25). The diphosphate groups
of the allylic compounds were found to be binding to the
aspartate carbonyl oxygens through magnesium bridges
formed by the first aspartate-rich motif (region II), showing
that two divalent metal ions and one GPP or FPP molecule
bound per monomer of the FPP synthase. These findings
verified the existence of the substrate binding sites for each
of the allylic and homoallylic substrates in one subunit of
the enzyme. Hence, there are two sets of binding sites in
one molecule of the FPP synthase having a tightly coupled
homodimer structure. However, it is still difficult to elucidate
the feature of a dynamic “catalytic site(s)” which directly
participates in the prenyltransferase reaction during catalysis
by the homodimeric structure of the enzyme.

FIGURE 4: SDS-PAGE of purified homo- and heterodimeric FPP
synthases: lane 1, molecular mass standards; lane 2, (WT)2 (fraction
21 in Figure 2A); lane 3, peak 1 of Figure 2C [(WT)2, fraction
30]; lane 4, peak 2 of Figure 2C (WT/R98E, fraction 35); lane 5,
peak 3 of Figure 2C [(R98E)2, fraction 40]; and lane 6, (R98E)2
(fraction 32 of Figure 2B). %T) 14 (silver-stained). Because of a
delay of timing on silver staining, some diffusion of the protein
bands resulted in digitizations.

FIGURE 5: TLC autoradiogram of the alcohols derived from the
enzymatic reaction products of various homo- and heterodimeric
FPP synthases. The prenyl alcohols from the incubations of [1-14C]-
IPP and DMAPP with indicated amounts of FPP synthases followed
by acid phosphatase treatment were analyzed by reversed phase
TLC as described in Experimental Procedures. Spots of authentic
standard prenyl alcohols were as follows: FOH, (E,E)-farnesol,
GGOH, (E,E,E)-geranylgeraniol; ori., origin; and s.f., solvent front.
Lanes 1 and 3, (WT)2 [fraction 21 of Figure 2A and fraction 30 of
Figure 2C, respectively (50 ng of enzyme, incubation time of 5
min)]; lanes 2 and 5, (R98E)2 [fraction 32 of Figure 2B and fraction
40 of Figure 2C, respectively (20 mg of enzyme, incubation time
of 60 min)]; lane 4, WT/R98E [fraction 35 of Figure 2C (50 ng of
enzyme, incubation time of 10 min)]; and lane 6, R98E/F220A
[fraction 36 of Figure 2D (1.5 mg of enzyme, incubation time of
50 min)].
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The high catalytic activity observed for the heteromeric
enzyme WT/R98E, in which one of the subunits is the wild
type, implies the presence of an independent catalytic site
in each of the homodimeric subunits. However, the relatively
high recovery of the catalytic activities in the heterodimer,
R98E/F220A, which consists of two heavily inactivated
subunits, suggests the formation of a shared active site at
the interface between the two subunits, in other words,
evidence of intersubunit participation in catalysis as il-
lustrated in Figure 6.

Among many kinds of prenyl chain-elongating enzymes,
medium-chain (E)-prenyl diphosphate synthases, which we
have classified as prenyltransferase II (1), are exceptional
because of their heterodimeric structures. These enzymes
catalyze the condensation of IPP with FPP to form medium-
chain (E)-prenyl diphosphates with prenyl chain length of
C30 or C35, which are responsible for the biosynthesis of the
side chain of menaquinones or ubiquinones of some micro-
organisms. These enzymes comprise two essential protein
components; one has highly conserved regions characteristic
of (E)-prenyl diphosphate synthases, including two aspartate-
rich regions, while the other has no such similar regions.
These two components exist as separate forms that may be
readily dissociated chromatographically. Although neither
component has prenyltransferase activity alone, the enzyme
activity is restored when they are recombined (11, 12).

Our recent reports on the dynamic interaction between the
two dissociable heteromeric components of heptaprenyl
diphosphate (HepPP) synthase fromBacillus subtilishave
indicated that the two components, I and II, allylic substrate
FPP, and Mg2+ form a catalytically active complex which
represents an intersubunit participation between the hetero-
meric components in catalysis (13, 26). These results on the
dynamic feature of the medium-chain prenyl diphosphate
synthase forming a catalytically active ternary complex will
provide some hints for explaining the findings on the
intersubunit participation in the catalytic function of the
homodimeric FPP synthase presented here. In the relationship
between the two heteromeric components of the HepPP
synthase, neither exhibits catalytic activity by itself but both
exhibit catalytic activity via the intersubunit participation
between the two. One can make a plausible explanation of

a combination of two intact regions that have not been
mutated which may participate in the creation of a catalyti-
cally functional site of the heteromeric FPP synthase, R98E/
F220A.

It is likely that a combination between regions II and VI,
which have the first and second DDXXD motifs, respec-
tively, from the counterpart subunit may form the “real
catalytic site” for undergoing the sequential condensation of
IPP with allylic diphosphate.

Although the smaller component of the HepPP synthase,
component I, does not have any similar regions typical of
(E)-prenyl chain-elongating enzymes, including the larger
component of this enzyme, component II (30), we have
recently found that there are three conserved regions, regions
A-C, within the primary structures for component I, the
equivalent component I′ of B. stearothermophilusHepPP
synthase (31), and component A ofMicrococcus luteusB-P
26 hexaprenyl diphosphate synthase (32). We have further
determined that some of the residues in region B of
component I ofB. subtilisHepPP synthase are involved in
the binding of the allylic substrate FPP as well as in
determining the prenyl chain length of the enzymatic reaction
product (26). Photoaffinity labeling experiments with a
benzophenone-containing allylic substrate homologue also
revealed the specific binding of the alkyl group of FPP to
the component I (13).

According to the X-ray structural analysis of avian FPP
synthase (14, 25), region II which contains the first DDXXD
motif plays the role of the allylic substrate binding site, and
region VI which contains the second DDXXD motif is the
putative homoallylic substrate binding site. Hence, it is
probable that within the “active” R98E/F220A mutant
enzyme, the subunit of F220A, which has a fatal mutation
in region VI (22), may provide intact region II as the allylic
binding site, and that the other subunit of R98E, which has
a mutation in region II, may provide intact region VI as the
IPP binding site. The real active site must be formed by a
mutual combination of several critical portions of the
conserved regions to construct a shared active site between
the two subunits. A schematic illustration of the homo- and
heterodimeric FPP synthases used in this study is presented
in Figure 6.

Although the wild-type enzyme (WT)2 has two sets of
intact pairs of active sites in the homodimer structure of the
whole enzyme molecule, the nearly 80% recovery of the
catalytic activity of the hybrid-type heterodimer WT/R98E
implies that the wild-type enzyme does not exhibit its full
catalytic function as a dimeric enzyme with the two
independently functional subunits, which have been implied
to function independently with no relationship with each
other. It is possible that one catalytic site can exhibit its full
activity only when the other site is resting, or that one of
the two catalytic sites is only functional in the homodimeric
enzyme. As Reed and Rilling have reported, with regard to
the precise number of substrates bound to avian FPP
synthase, two sites for allylic and four sites for IPP in the
presence of divalent metal ions (24), the former possibility
seems more probable.

Although all the discussion presented above is essentially
based on the whole structure of avian FPP synthase, which
has been determined by the X-ray crystallographic analysis
to 2.6 Å resolution (14, 25), it is reasonable to apply it to

FIGURE 6: Schematic illustrations of the homo- and heterodimeric
FPP synthases. Each subunit consists of two parts having catalyti-
cally critical regions II and VI. Intact regions II and VI are depicted
as white circles. Mutated subunits having inactive regions are
depicted as black circles.
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the bacterial FPP synthase because there is a considerable
degree of structural similarity with respect to the secondary
structures between the avian andB. stearothermophilusFPP
synthases in addition to the presence of seven highly
conserved regions (33). X-ray diffraction studies with the
FPP synthase ofB. stearothermophilusare now in progress
(34).

REFERENCES

1. Ogura, K., and Koyama, T. (1998)Chem. ReV. 98, 1263-
1276.

2. Koyama, T., and Ogura, K. (1999) inComprehensiVe Natural
Products Chemistry(Barton, D., and Nakanishi, K., Eds.) Vol.
2, pp 69-96, Elsevier Science Ltd., Oxford, U.K.

3. Clarke, C. F., Tanaka, R. D., Svenson, K., Wamsley, M.,
Fogelman, A. M., and Edwards, P. A. (1987)Mol. Cell. Biol.
7, 3138-3146.

4. Wilkin, D. J., Kutsunai, S. Y., and Edwards, P. A. (1990)J.
Biol. Chem. 265, 4607-4614.

5. Anderson, M. S., Yarger, J. G., Burck, C. L., and Poulter, C.
D. (1989)J. Biol. Chem. 264, 19176-19184.

6. Fujisaki, S., Hara, H., Nishimura, Y., Horiuchi, K., and
Nishino, T. (1990)J. Biochem. (Tokyo) 108, 995-1000.

7. Koyama, T., Obata, S., Osabe, M., Takeshita, A., Yokoyama,
K., Uchida, M., Nishino, T., and Ogura, K. (1993)J. Biochem.
(Tokyo) 113, 355-363.

8. Attucci, S., Aitken, S. M., Gulick, P. J., and Ibrahim, R. K.
(1995)Arch. Biochem. Biophys. 321, 493-500.

9. Cunillera, N., Arro´, M., Delourme, D., Karst, F., Boronat, A.,
and Ferrer, A. (1996)J. Biol. Chem. 271, 7774-7780.

10. Adiwilaga, K., and Kush, A. (1996)Plant Mol. Biol. 30, 935-
946.

11. Fujii, H., Koyama, T., and Ogura, K. (1982)J. Biol. Chem.
257, 14610-14612.

12. Fujii, H., Koyama, T., and Ogura, K. (1983)FEBS Lett. 161,
257-260.

13. Zhang, Y.-W., Koyama, T., Marecak, D. M., Prestwich, G.
D., Maki, Y., and Ogura, K. (1998)Biochemistry 37, 13411-
13420.

14. Tarshis, L. C., Yan, M., Poulter, C. D., and Sacchettini, J. C.
(1994)Biochemistry 33, 10871-10877.

15. Chen, A., Kroon, P. A., and Poulter, C. D. (1994)Protein
Sci. 3, 600-607.

16. Marrero, P. F., Poulter, C. D., and Edwards, P. A. (1992)J.
Biol. Chem. 267, 21873-21878.

17. Joly, A., and Edwards, P. A. (1993)J. Biol. Chem. 268,
26983-26989.

18. Blanchard, L., and Karst, F. (1993)Gene 125, 185-189.
19. Song, L., and Poulter, C. D. (1994)Proc. Natl. Acad. Sci.

U.S.A. 91, 3044-3048.
20. Koyama, T., Saito, K., Ogura, K., Obata, S., and Takeshita,

A. (1994)Can. J. Chem. 72, 75-79.
21. Koyama, T., Obata, S., Saito, K., Takeshita-Koike, A., and

Ogura, K. (1994)Biochemistry 33, 12644-12648.
22. Koyama, T., Tajima, M., Nishino, T., and Ogura, K. (1995)

Biochem. Biophys. Res. Commun. 212, 681-686.
23. Koyama, T., Tajima, M., Sano, H., Doi, T., Koike-Takeshita,

A., Obata, S., Nishino, T., and Ogura, K. (1996)Biochemistry
35, 9533-9538.

24. Reed, B. C., and Rilling, H. C. (1976)Biochemistry 15, 3739-
3745.

25. Tarshis, L. C., Proteau, P. J., Kellog, B. A., Sacchettini, J. C.,
and Poulter, C. D. (1996)Proc. Natl. Acad. Sci. U.S.A. 93,
15018-15023.

26. Zhang, Y.-W., Li, X.-Y., Sugawara, H., and Koyama, T. (1999)
Biochemistry 38, 14638-14643.

27. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989)Molecular
Cloning. A Laboratory Manual, 2nd ed., Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY.

28. Koyama, T., Fujii, H., and Ogura, K. (1985)Methods Enzymol.
110, 153-155.

29. Laemmli, U. K. (1970)Nature 227, 680-685.
30. Zhang, Y.-W., Koyama, T., and Ogura, K. (1997)J. Bacteriol.

179, 1417-1419.
31. Koike-Takeshita, A., Koyama, T., Obata, S., and Ogura, K.

(1995)J. Biol. Chem. 270, 18396-18400.
32. Shimizu, N., Koyama, T., and Ogura, K. (1998)J. Bacteriol.

180, 1578-1581.
33. Ohnuma, S., Nakazawa, T., Hemmi, H., Hallberg, A.-M.,

Koyama, T., Ogura, K., and Nishino, T. (1996)J. Biol. Chem.
271, 10087-10095.

34. Nakane, H., Koyama, T., Obata, S., Osabe, M., Takeshita, A.,
Nishino, T., Ogura, K., and Nishino, T. (1993)J. Mol. Biol.
233, 787-788.

BI991621B

Intersubunit Active Site of FPP Synthase Biochemistry, Vol. 39, No. 2, 2000469


