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Chain Length Determination of Prenyltransferases: Both Heteromeric Subunits of
Medium-Chain E)-Prenyl Diphosphate Synthase Are Involved in the Product Chain
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ABSTRACT. Among prenyltransferases, medium-chadiprenyl diphosphate synthases are unusual because
of their heterodimeric structures. The larger subunit has highly conserved regions typicg)- of (
prenyltransferases. The smaller one has recently been shown to be involved in the binding of allylic
substrate as well as determining the chain length of the reaction product [Zhang, Y.-W., et al. (1999)
Biochemistry 3814638-14643]. To better understand the product chain length determination mechanism
of these enzymes, several amino acid residues in the larger suburMgmicoccus luteuB-P 26
hexaprenyl diphosphate synthase @wutillus subtilisheptaprenyl diphosphate synthase were selected
for substitutions by site-directed mutagenesis and examined by combination with the corresponding wild-
type or mutated smaller subunits. Replacement of the Ala at the fifth position upstream to the first Asp-
rich motif with bulky amino acids in both larger subunits resulted in shortening the chain lengths of the
major products, and a double combination of mutant subunits of the heptaprenyl diphosphate synthase,
I-D97A/I-A79F, yielded exclusively geranylgeranyl diphosphate. However, the combination of a mutant
subunit and the wild-type, I-Y103S/II-WT or I-WT/Il-176G, produced a@renyl diphosphate, and the
double combination of the mutants, I1-Y103S/1l-176G, gave a reaction product with longer prenyl chain
up to Gs. These results suggest that medium-ch&)pdrenyl diphosphate synthases take a novel mode
for the product chain length determination, in which both subunits cooperatively participate in maintaining
and determining the product specificity of each enzyme.

Prenyltransferases (so-called prenyl diphosphate synthaseq)FPP) to form the medium-chairE)-prenyl diphosphates
catalyze the sequential head-to-tail condensation of isopen-with chain lengths of g or Css, which are responsible for
tenyl diphosphate (IPP)with allylic diphosphates to give  the biosynthesis of the side chain of ubiquinones or
linear prenyl diphosphates in the biosynthetic pathway of menaquinones of some microorganisms. Among prenyltrans-
isoprenoid compounds. Although the chemical mechanismsferases, medium-chaifE)-prenyl diphosphate synthases are
of these condensation reactions are identical, there are axceptional because of their heteromeric structures, which
number of enzymes having different specificities with respect distinguish them from other classes of prenyltransferases
to the chain length and double bond stereochemistry of the composed of tightly coupled homodimer3).(Hexaprenyl
products {). One of the most interesting subjects on the diphosphate (HexPP 4§ synthase fronMicrococcus luteus
catalytic mechanism of prenyltransferases is to understandg.p 2¢ is composed of two dissociable protein components,
how the individual enzymes determine their product chain A gnd B @, 5). Similarly, two essential components, | and
lengths @). _ 1, constituting heptaprenyl diphosphate (HepPRs) Gyn-

Medium-chain E)-prenyl diphosphate synthases catalyze h5se were separated and characterized Banillus subtilis
the condensation of IPP withE(E)-farnesyl diphosphate (6, 7). These medium-chairEj-preny! diphosphate synthases
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catalytically active complex, which represents an intermedi- other DNA-modifying enzymes were from Takara Shuzo
ary state during catalysis4,( 10). Recently, site-directed Co., Ltd., and Toyobo Co., LtdEscherichia coliK12 strain
mutagenetic studies of the smaller subunit (component I) of TOP10 (Invitrogen) was used as the host for expression of
B. subtilisHepPP synthase have revealed that several aminothe target gene regions. Restriction enzyme digestions,
acid residues in region B are involved in the binding of allylic transformations, and other standard molecular biology tech-
substrate 11). niques were carried out as described by Sambrook et@l. (

Ohnuma et al.12—16) have intensively investigated the ~Bacteria were cultured in SOB or M9YG mediu(). The
chain length determination mechanism of short-chain prenyl Wild-type components dfl. luteusB-P 26 HexPP synthase
diphosphate synthases suchBeillus stearothermophilus ~ andB. subtilisHepPP synthase were overproduce& ircoli
FPP synthase ar8ulfolobus acidocaldariugeranylgeranyl ~ Ccells and purified separately essentially according to the
diphosphate (GGPP) synthase. In their mutational analysesProcedure previously describedQj. All other chemicals
the chain length of the final product of these enzymes was Were of analytical grade.
dramatically changed by replacement of only one aromatic Site-Directed Mutagenesi§o introduce mutations in the
amino acid, situated at the fifth amino acid upstream to the Structural genehexs-bfor the component B protein d¥l.
first aspartate-rich motif (FARM). They suggested that this luteusHexPP synthase, a PCR-amplified fragment including
bulky residue directly blocks the condensation reaction and the hexs-bgene from the clone pHX0®) was subcloned
provides the product specificities of these bacterial enzymesinto pUC119 (Takara Shuzo), yielding pUHexsB. Similarly,
(13). Furthermore, by comparison with eukaryotic short-chain the fragment containingerC3for the component Il protein
prenyl diphosphate synthases, they proposed that the regiorPf B. subtilisHepPP synthase from pSEOIQf was ligated
from the fifth position upstream to the FARM to the end of into pUC119, yielding pUGerC3. Site-directed mutagenesis
the FARM sequence precisely determines the chain lengthswas conducted with the double-stranded DNA template of
of the final products of all short-chain prenyl diphosphate PUHexsB or pUGerC3 according to the protocol of the
synthases6). On the other hand, Tarshis et al7[ have GeneEditor in vitro site-directed mutagenesis system (Prome-
reported that the two aromatic residues, located at the fourthga). The mutagenic oligonucleotides designed to produce the

and fifth positions upstream to the FARM in avain FPP desired point mutations were as follows: Hexs-B/V76G, 5
synthase, form the floor of the putative allylic substrate ACTTGCCATATGACCGAGCTCCAGAG-3 Hexs-B/A7IL,

binding pocket and are important for controlling product S-CTCGTTCATATGCTAAGTCTCGTTCATG-3 Hexs-B/
chain length. These observations indicate that simple com-A79F, 3-CTCGTTCATATGTTCAGTCTCGTTCATG-3
binations of characteristic amino acid residues in the chain GerC3/176G, 5SATGCCATGTGACCCATTTCCAGAGTG-
length determination region confer product specificities upon 3; GerC3/A79L, 5GATTCACATGCTATCTTTGGT-
preny|transferases_ TCATG-3; GerCS/A79F, SGATTCACATGECTCTTTG-
GTTCATG-3 (mismatched bases are underlined). Introduction

The | its of ium-chaig | diphos-
@ larger subunits of medium-chaiB)prenyl diphos of the mutation was confirmed by sequencing the whole

phate synthases have an amino acid residue, Ala, at the fifth

I~ i leotide sequences using the dideoxy chain termination
position upstream to the FARM, which is smaller and more nuc i
flexible compared with those of short-chain prenyl diphos- Method 1) with a DNA sequencer (LI-COR, model 4200).

phate synthases. Recently, the two conserved amino acid Construction of Expression Vector Systems for Wild-Type
residues in the smaller subunits of medium-chapggrenyl ~ nd Mutated Larger Subunité\n expression vector system
diphospahte synthases have been shown to be involved irfor Hexs-B or GerQS was constructgd as .N-t(.armlnal His-
determining the chain length of reaction products)( As tagged fu5|o_n proteins suitable for rapid purification (pTrcHis
each of these enzymes essentially requires the coexistenc€YSt€M. Invitrogen). In both cases, full-length genes were
of both subunits for its catalysis, this may raise the possibility 2TPlified by using the appropriate sense and antisense
that this group of prenyltransferases takes a novel mode forP"'Mers, which were used for introduction oBanH] site

the product chain length determination, in which both a}nd anEcaR| site downstream to 'the stop codon, respec-
subunits are included. To better understand the prenyl chaintiVely: The PCR products were digested wiianH| and
length determination mechanism of medium-ch&grenyl EcdRl, and the resulting fragments were ligated into pTrcHis

diphosphate synthases, we selected several amino acid® (for hexs-b or pTrcHis B (forgng% vector d.igested with
residues in the larger subunits f luteusHexPP synthase e Same restriction enzymes, yielding the wild-type expres-

and B. subtilis HepPP synthase for substitutions by site- SION Plasmid, pHisHexsB or pHisGerC3, respectively. Each
directed mutagenesis and examined their effects on the prenyP! the mutated plasmids (see above) was digestedBgiN|

chain length of reaction products by combination with the @NdECCRI and then separated on an agarose gel. The desired

corresponding wild-type or mutated smaller subunits. This pand was eluted and ligated into the corresponding pH-

paper describes the results, demonstrating that both subunitéSHEXSB or pHisGerC3, respectively, which was digested
are responsible for the chain length determination of medium- With BsWI and EcaRI, to construct each of the mutation

chain E)-prenyl diphosphate synthases. expression plasmids. o ,
Overproduction and Purification of Wild-Type and Mu-

EXPERIMENTAL PROCEDURES tated Larger SubunitsEach of the expression plasmids was
used for transformation dE. coli TOP10, and 10QiL of
Materials and General Procedurgd.-*C]IPP (1.95 TBq/ the overnight culture of the transformant in LB medium
mol) was purchased from Amersham. Nonlabeled IPP, containing 5Qug/mL ampicillin was inoculated into 50 mL
dimethylallyl diphosphate (DMAPP), geranyl diphosphate of SOB medium containing 50g/mL ampicillin. The cells
(GPP), FPP, and GGPP were synthesized according to thevere grown at 37C to an approximatésoo value of 0.5,
procedure of Davisson et all). Restriction enzymes and  isopropyls-p-thiogalactopyranoside (IPTG) was added to a
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Table 1: Kinetic Constants of the Mutated Enzyfes

GPP FPP GGPP PP

Km Vmaxc Km Vmaxc KI’T\ Vmaxc Km

enzyme (M) (nmol min* nmol™t) (M) (nmol mint nmoft) (M) (nmol mint nmof?) (uM)
A-WT/B-WT 56.1+ 8.9 265+ 60 89+ 24 1420+ 120 12.4+ 3.2 920+ 90 18.4+ 3.5
A-WT/B-A79L 95+21 1830+ 110 75+£24 1657+ 134 47.8+12.2 385+ 65 21.6+5.8
A-WT/B-A79F 56+14 2846+ 255 6.7£1.9 2120+ 188 61.4+ 215 342+ 83 18.6+ 4.1
A-WT/B-V76G  46.3+ 10.3 176+ 44 10.5+ 3.4 1564+ 108 17.6£ 4.1 804+ 44 13.7+ 2.4
I-WT/II-WT 66.2+£7.5 255+ 38 7.7+1.8 1252+ 100 16.8£ 4.7 856+ 59 19.8+ 4.6
I-WT/II-A79L 77.8+9.0 301+ 50 12.4+ 2.6 980+ 106 34.4+ 125 280+ 20 259+ 6.7
I-WT/II-A79F 73.4+8.3 372+ 72 8.5+ 2.6 1540+ 189 56.84+ 18.7 410+ 35 14.3+ 3.2
-WT/II-I76G 69.4+12.6 288+ 64 11.6+2.8 874+ 80 19.8+ 3.9 748+ 69 21.4+5.2

aThe combination of the wild-type smaller subunit and an equimolar wild-type or mutated larger subunit was used as the heteromeric enzyme
for kinetic studiesPFor the reaction with FPPNanomoles of IPP converted to products per minute by 1 nmol of enzyme.

FARM

| |
HexsB WT 74 FLVHMASLVHDDYIDNSDMRRG
A79L 74 FLVHMUSLVHDDYIDNSDMRRG

final concentration of 1 mM, and then the incubation was
continued for additiona3 h at 30°C. Overproduction of

the protelns' was confirmed by ;odlum dodecyl sulate A79F 74 FLVHMESLVHDDYIONSDMRRG
polyacrylamide gel electrophoresis (SBBAGE). V766 74 FLGHMASLVHDDYIDNSDMRRG

Each of the His-tagged proteins overproducedkircoli GerC3 WT 74 FMIHMASLVHDDVIDDAELRRG
cells was purified essentially according to the protocol of A79L 74 FMIHMUSLVHDDVIDDAELRRG

. o : : A79F 74 FMIHMESLVHDDVIDDAELRRG
the Xpress protein purification system (Invitrogen), using a 1766 74 FMGHMASLVHDDVIDDAELRRG

Ni** resin column with elution of a gradient oFG00 mM Ficure 1: Amino acid sequences around the FARM of the wild
|m|daqug in 20 .mM phosiphate buffer, pH 60 A porthn of type and mutated HexPP(lynthaseMofuteusB-P 26 and HepPP
the purified fusion protein was treated with enterokinase gynthases oB. subtilis The mutated amino acid residues were
(Novagen) to remove the N-terminal fusion peptide, and the poxed.
resulting protein was used for enzymatic activity assay and
product analysis. Protein concentrations were measured byan aromatic amino acid, Phe or Tyr, at the position of five
the method of Bradford22) with bovine serum albumin  residues before the FARM. In contrast, other GGPP synthases
(BSA) as a standard. and some higher chain length synthases have an aliphatic
Enzymatic Actiity Assay and Product AnalysisThe amino acid residue, Ala, Ser, or Met, at the corresponding
enzymatic activity was measured by determination of the position. Substitution of the aromatic residue at this position
amounts of [1¥C]IPP incorporated into butanol-extractable with an amino acid having a smaller side chain resulted in
polyprenyl diphosphates. A standard assay mixture containedthe conversion oB. stearothermophilu§PP synthase to
in a final volume of 0.3 mL, 15M [1-14C]IPP (37 MBg/ GGPP synthase @. acidocaldariussGPP synthase to the
mol), 25 mM Tris-HCI buffer, pH 8.5, 25 mM NI, 10 enzyme catalyzing the synthesis afGo diphosphatesi,
mM 2-mercaptoethanol, 1 mM Mggl 15 uM allylic 14). Replacements oB. stearothermophiluEPP synthase
substrate, and a suitable amount of enzyme solution. Afterwith other amino acids also brought about different chain
incubation at 37C for 30 min, the reaction products were |engths of the final products, which are inversely proportional
extracted with 1-butanol saturated with water, and the to the accessible surface area of the substituted amino acid
radioactivity in the butanol extract was measured with an (15). Double mutation oB. stearothermophiluSPP synthase
Aloka LSC-1000 liquid scintillation counter. at both the fifth and the eighth positions before the FARM
The radioactive prenyl diphosphate products in the reactionwith Gly yielded a final product with a £ prenyl chain
mixture were hydrolyzed to the corresponding alcohols with |ength (12).

potato acid phosphatase acco_rding to the method'reported On the other hand, medium-chaiB){preny! diphosphate
previously €3) and analyzed with reversed-phase thin-layer synthases catalyze similar condensation reactions, and the
chromatography (TLC) plates (LKC-18, Whatman) with a |5rger subunits of these enzymes have sequence similarities
solvent system of acetone/water (19/1). The positions of {5 short-chain prenyl diphosphate synthases. On the basis
authentic standards were visualized with iodine vapor, and of this information, we changed the Ala at the fifth position
the distribution of radioactivity was detected. The TLC plates g4 val or lle at the eighth position upstream to the FARM
were exposed on a Fuji imaging plate at room temperaturejn \1, juteusHexPP synthase @. subtilisHepPP synthase,

for 1 day, and then the plate was analyzed with a Fuji BAS regpectively, to construct mutant subunits of Hexs-B, B-A79L,

1000 Mac bioimage analyzer. Relative amounts of products g_A79F, and B-V76G, respectively, or of GerC3, 1I-A79L,
were calculated from the intensities of the photostimulated ||_A79F, and 11-176G, respectively (Figure 1).

luminescence on the imaging plate. Kinetic Analysis of the Mutated Enzymé&he mutated

RESULTS larger subunits were combined with the corresponding wild-
Production of Site-Directed Mutants of Larger Subunits type counterpart smaller subunits, A-WT or I-WT, and
of Medium-Chain (E)-Prenyl Diphosphate SynthasAs. kinetic constants of these mutated enzymes were determined
comparison of the deduced amino acid sequence&)pf ( by employing GPP, FPP, or GGPP as allylic substrates (Table

prenyltransferases around the conserved FARM shows al). All mutated enzymes showed Michaelis constakis) (
common profile. Short-chain prenyl diphosphate synthasesfor the homoallylic substrate IPP comparable to that of the
such as FPP synthases and archaeal GGPP synthases hawdd-type, suggesting that these substitutions have little effect
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a b
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Ficure 2: Product analyses of the reaction catalyzed by the wild-type or 79-mutated HexPP synthases (a) and HepPP synthases (b). The
alcohols obtained by enzymatic hydrolysis of the products formed by the incubatiort4@][PP and DMAPP, GPP, FPP, or GGPP with

the wild-type or 79-mutated enzymes were analyzed by reversed-phase TLC as described under Experimental Procedures. The HexPP
synthase mutants (a) or HepPP synthase mutants (b) and the allylic substrates used in each of the enzymatic reactions are indicated at the
top and the bottom of each lane of the TLC autoradiograms, respecitively. The TLC plates were exposed on a Fuji imaging plate, and then
the plate was analyzed with a Fuji BAS 1000 Mac bioimage analyzer. Arrowheads indicate the positions of authentic alggh{Bl&)-C

farnesol; Gy, (all-E)-geranylgeraniol; &, (all-E)-hexaprenol; &, (all-E)-nonaprenol.

on the binding of IPP. When the assay was carried out using a b
GPP or FPP as an allylic primer, the mutated HepPP
synthases having replacements at the 79 position showed Cp s
comparable kinetic constants with those of the wild-type Cpy= - - Cog - - ——
enzyme. On the other hand, the mutated HexPP synthases - - —
having replacements at the same position showeti#fold Cao> Cao™ - :
increasedVma Values and 510-fold decreased,, values e it : .

el

for GPP, which became the most preferred substrate of the
allylic primers. Although these substitutions at the 79 position
resulted in 2-5-fold increasey, values for GGPP, all of

the 79-mutated enzymes showed moderate levels of enzy-
matic activity. However, no significant difference in kinetic
constants was observed between the mutated enzymes having
replacements at the 76 position and the wild type.

Product Analysis of the Mutated Enzymé&%$e chain
length distributions and their amounts of the prenyl alcohols Ficure 3: TLC autoradiograms of the alcohols obtained by
derived from the enzymatic reaction products were analyzedénzymatic hydrolysis of the products formed by the incubation of
by reversed-phase TLC. Both 79-mutated HexPP synthaseg:-ClIPP and FPP with 76-mutated HexPP synthase A-WT/B-

. o . 76G and 76-mutated HepPP synthase I-WT/II-176G (a) or the
could synthesize HexPP as its final products with any of the yoyple-mutated HepPP synthases (b). The mutants of HexPP
four allylic primers (Figure 2a). However, the product synthase or HepPP synthase used in each of the enzymatic reactions

distributions of these mutated enzymes are quite different are indicated at the bottom of each lane of the TLC autoradiograms.
from that of the wild-type HexPP synthase. Replacement of Arrowheads show the positions of authentic alcohols as described
Ala-79 with Leu or Phe resulted in shortening the chain "™ the legend to Figure 2.
length of the major product. A-WT/B-A79L produced Both 76-mutated HexPP synthase (A-WT/B-V76G) and
farnesylgeranyl diphosphate (FGPRBs)@s its major product,  76-mutated HepPP synthase (I-WT/II-I76G) gave octaprenyl
whereas GGPP and FGPP became major by the reaction otliphosphate () as the final products with FPP as an allylic
A-WT/B-A79F. primer (Figure 3a), suggesting that the residue at the eighth
On the other hand, 79-mutated HepPP synthases showegbosition before the FARM is involved in determining prenyl
a significantly different pattern of product distribution from chain elongation in these wild-type medium-chdtj-prenyl
that of the wild type (Figure 2b). Neither I-WT/II-A79L nor  diphosphate synthases. However, these mutants showed
I-WT/1I-A79F could produce HepPP as its final products with increases in production of intermediate products compared
any of the allylic primers. As shown in Figure 2b, these with the wild-type enzymes. It has been reported regarding
mutant enzymes produced HexPP as the final product. I-WT/some prenyltransferases that the amounts of intermediate
II-A79L gave FGPP as the major product, whereas I-WT/ products are affected by reaction conditions including
[I-A79F yielded a mixture of GGPP and FGPP as the major substrate concentration, although the destined final product
product. is not altered 15). Presumably, the mutations cause ad-
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ditional structural changes that affect the affinity of the in the larger subunits dfl. luteusHexPP synthase aril.
enzyme for reaction intermediates. subtilisHepPP synthase with the bulky amino acids resulted

Reaction Catalyzed by Double-Mutated HepPP Synthases.in shortening the chain length of final or/and majqr products
Recently, we have reported that the two mutants (I-D97A ©Of these enzymes. These results support the view that the
and I-Y103S) with respect to region B of component | @mino acid resm_iue at the flfth_ position upstream to the
(GerC1) of B. subtilis HepPP synthase show significant FARM plays an important role in determining the product
changes in chain length distribution from the wild-type chain length of all E)-prenyl diphosphate synthase®).(
enzyme {1). Combination of I-D97A with wild-type com- The conserved region B in smaller subunits of the medium-
ponent I, I-D97A/II-WT, was shown to produce GGPP as chain E)-prenyl diphosphate synthases was shown to be
a main product as well as FGPP, HexPP, and HepPP, whileinvolved in the binding of allylic substrate as well as the
combination of the other mutant, I-Y103S, with wild-type chain length determinationl{). This may raise the pos-
component Il, I-Y103S/II-WT, gave a final product with¢C ~ Sibility that these enzymes have a novel mechanism for
prenyl chain length. To examine the effects of assembly of product chain length determination, in which not only the
the two heteromeric mutant subunits, both of which were larger subunit but also the smaller one are included. It is of
found to give changes in the prenyl chain length of the particular interest to learn the cooperative action of both
reaction product, 1-D97A or I-Y103S was combined with Subunits on product chain length determination. Replacement
I-A79L, 1I-A79F, or 1I-I76G, respectively, to form six  Of the charged residue Asp at the position of 97 with an
combinations of double-mutated HepPP synthases, I-D97A/aliphatic amino acid, Ala, in region B of the smaller subunit
II-A79L, [-D97A/II-A79F, 1-D97A/II-I76G, 1-Y103S/II- of B. subtilisHepPP synthase led to the formation of GGPP
AT79L, I-Y103S/II-A79F, and I-Y103S/II-I76G. The specific ~ as its main product with a considerable amount of longer
activities of these double-mutated enzymes were determinedchain prenyl diphosphates). The mutated HepPP synthase
using GPP, FPP, or GGPP as an allylic primer. When the I-WT/II-A79L produced FGPP as its major product as well
assay was carried out using GPP or FPP, all mutated enzyme&s @ minor amount of GGPP and HexPP, while the combina-
showed comparable levels of prenyltransferase activities with tion of mutated components, I-D97A/1I-A79L, resulted in a
that of combination of the wild-type subunits. On the other markedly different product distribution spectrum, in which
hand, enzyme activities for GGPP are different. The activities GGPP is its main product with a minor amount of FGPP.
of wild-type enzyme and I-Y103S/1I-176G were-3-fold Moreover, the I-D97A/II-A79F enzyme formed GGPP
higher than those of I-Y103S/II-A79L, I-Y103S/Il-A79F, and  €xclusively. These results indicate that the two amino acid
I-D97A/II-I76G, whereas no significant prenyltransferase residues, Asp-97 in the smaller subunit and Ala-79 in the
activity was observed with I1-D97A/II-A79L or I-D97A/ll-  larger one, cooperatively participate in maintaining the
A79F. The enzymatic reaction products of these double- Product specificity ofB. subtilisHepPP synthase. Another
mutated enzymes with FPP andfG]IPP as substrates were mutant, I-Y103S/II-WT, ofB. subtilisHepPP synthase was
analyzed by TLC. To our surprise, significant changes in shown to produce a final product of&prenyl chain length
the product distribution spectra of the mutated enzymes were(11). The combination of the I-Y103S mutated smaller
observed. As shown in Figure 3b, I-D97A/II-A79L gave subunit and the mutated larger one, 1I-A79L or 1I-A79F,
FGPP as the final product and an increase in the productionl-Y103S/1I-A79L or 1-Y103S/II-A79F, gave a product dis-
of GGPP, while I-D97A/II-A79F formed GGPP exclusively. tribution profile similar to that of the combination of wild-
I-Y103S/II-A79L and I-Y103S/II-A79F showed a product type component | and II-A79L or II-A79F, I-WT/II-A79L
distribution pattern similar to those by I-WT/II-A79L or Ofr I-WT/II-A79F. Therefore, it is reasonable to assume that
I-WT/II-A79F. On the other hand, I-D97A/II-I76G formed the Tyr-103 of component | resides in a farther remote
prenyl diphosphates with a product distribution pattern position than the Asp-97 of the same component from the
similar to that of I-D97A/II-WT but different from that of ~FARM of component Il in the heterodimeric structure and
I-WT/Il-I76G. When compared with 1-Y103S/Il-WT and  plays an important role in determining product specificity
IWT/II-I76G, both of which could form G, prenyl diphos-  Of this enzyme. A hydrophobic residue, Val (Hexs-B) or lle
phate, I-Y103S/I1-176G acquired further ability to synthesize (GerC3), at the eighth position before the FARM was shown

longer prenyl chains up to decaprenyl diphosphatg)(C to block the growing prenyl chain in the wild type. However,
DISCUSSION this lle residue is also conserved at the corresponding position

in several enzymes that catalyze the formation of prenyl
Comparison of the primary structures &){prenyltrans- diphosphates with chain lengths longer thag, Gcluding
ferases revealed a commom product chain length determi-octaprenyl diphosphate synthases frd&mn coli (24) and
nation region around the FARM2). The aromatic amino  Treponema pallidun25) and decaprenyl diphosphate syn-
acid residue located at the fifth position upstream to the thases fronBchizosaccharomyces pom@€) andGlucono-
FARM in short-chain prenyl diphosphate synthases was bacter suboxydan@7). The solanesyl diphosphate synthase
shown to form the floor of the allylic substrate binding pocket from Rhodobacter capsulatubas a Leu residue at the
and provide the distinct product specificityq). In contrast, corresponding position 28). Determination of product
higher chain length synthases have an amino acid residuespecificity in B. subtilis HepPP synthase may involve the
with a smaller and more flexible side chain at this position, cooperative action of Tyr-103 of component | and lle-76 of
conferring the catalytic functions to produce longer prenyl component I, because the double-mutated enzyme I-Y103S/
chain products on these enzymes. All of the larger subunitsl-176G yielded a longer prenyl chain product than that
of medium-chain E)-prenyl diphosphate synthases, whose formed by either I-Y103/II-WT or I-WT/ll-I76G. Taken
sequences have been revealed so far, have a common amintmgether, these results give several hypothetical models for
acid residue, Ala, at this position. Replacement of this Ala determining product chain length iB. subtilis HepPP
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a Comp. II/Region I (E)-prenyl diphosphate synthases may accelerate the under-
] standing of the molecular mechanism of these unusual prenyl
L 79 chain elongating enzymes.
Mgt A
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