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ABSTRACT. Heptaprenyl diphosphate synthase Bécillus subtilisis composed of two dissociable
heteromeric subunits, component | and component Il. Component Il has highly conserved regions typical
of (E)-prenyl diphosphate synthases, but it shows no prenyltransferase activity alone unless it is combined
with component |. Alignment of amino acid sequences for component | and the corresponding subunits
of Bacillus stearothermophiluseptaprenyl diphosphate synthase Bticcococcus luteu8-P 26 hexaprenyl
diphosphate synthase shows three regions of high similarity. To elucidate the role of these regions of
component | during catalysis, 13 of the conserved amino acid residues in these regions were selected for
substitution by site-directed mutagenesis. Kinetic studies indicated that substitutions of Val-93 with Gly,
Leu-94 with Ser, and Tyr-104 with Ser resulted in1-fold increases dfy, values for the allylic substrate

and 5-15-fold decreases &fmax Values compared to those of the wild-type enzyme. The three mutated
enzymes, V93G, L94S, and Y104S, showed little binding affinity to the allylic substrate in the membrane
filter assay. Furthermore, product analyses showed that D97A yielded shorter chain prenyl diphosphates
as the main product, while Y103S gave the final product withy@pZenyl chain length. These results
suggest that some of the conserved residues in region B of component | are involved in the binding of
allylic substrate as well as determining the chain length of the enzymatic reaction product.

Prenyltransferase is the generic name for a family of chain lengths of g or Css, which are responsible for the
enzymes catalyzing the consecutive condensation of isopenbiosynthesis of the side chain of menaquinones or ubiquino-
tenyl diphosphate (IPP)with allylic diphosphates to give nes of some microorganisms. Heptaprenyl diphosphate
prenyl diphosphates of different chain length and stereo- (HepPP, Gs) synthase fronBacillus subtilishas been shown
chemistry in the biosynthetic pathway of isoprenoid com- to be composed of two dissociable components, | and Il,
pounds, which are the most structurally diverse family of neither of which has any catalytic activity unless they are
molecules found in naturel{-3). These enzymes can be combined 8). Similarly, two different proteins, components
classified into four groups according to the mode of A and B, constituting hexaprenyl diphosphate (HexPg) C
requirement for enzymatic activity and the chain length and synthase were separated and characterized¥tmmcoccus
geometry of the final product that is determined by the luteusB-P 26 @, 10. Therefore, the two enzymes appear to
distinct specificity of each enzymed), Among these have novel heterodimeric structures with subunits easily
prenyltransferases, medium-chaii)-prenyl diphosphate  dissociable under physiological conditions. However, the two
synthases are unusual because of their heteromeric structuresubunits of the thermophilic bacteriuBacillus stearother-
which distinguish them from the other classes of prenyl mophilusHepPP synthase seem to be associated with each
diphosphate synthases that are tightly coupled homodimersother, because there is no tendency to separate into the two
such as farnesyl5], solanesyl §), or undecaprenyl7) components’land II' during the course of purification of
diphosphate synthase. the native enzyme frorB. stearothermophilusells (L1). It

Medium-chain E)-prenyl diphosphate synthases catalyze has been suggested that the thermophilic natureB.of
the condensation of IPP withE(E)-farnesyl diphosphate  stearothermophiluslepPP synthase is obtained by its tightly
(FPP) to form medium-chairEj-prenyl diphosphates with  associated heterodimeric structufe)(

Y Thi ‘ od | by GrantsinAd for Scientif During the past decade, the structural genes for many kinds
is work was supported in part by Grants-in-Aid for Scientific g ; :
Research (09480138 to T.K. and 11780412 to Y.-W.Z.) from the of prenyliransferases that Cataly@ prenyl C.ham glonga’uon
Ministry of Education, Science, and Culture, Japan, and by the have been cloned and characterizeg).(Multiple alignments
“Research for the Future” Program (JSPS-RFTF 97100302 to T.K.) from of the putative amino acid sequences of thdsgpfenyl

the Japan Society for the Promotion of Science chain elongation enzymes have shown the presence of seven
* To whom correspondence should be addressed. Telephb8g: 9 y P

22-217-5621. Fax:+81-22-217-5620. E-mail: koyama@icrs.tohoku.ac,jp. Nighly conserved regions including two characteristic aspar-
1 Abbreviations: BSA, bovine serum albumin; FPE,B-farnesyl tate-rich DDXXD motifs, which have been shown to be

g!PEOSpRate: ll-iF?SPP, heptapr?né/_l ﬁlph%Sphat?F:)Tléexl?P, %(:]ﬁprenybssential for catalytic function in several site-directed mu-
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dimensional structure of any prenyltransferase. In the crystalgene regions. Restriction enzyme digestions, transformations,
structure of the FPP synthase, most of the conserved regiongnd other standard molecular biology techniques were carried
are found in a large central cavity, which is assigned to be out as described by Sambrook et £4) Bacteria were

the catalytic site. On the basis of the highly conserved amino cultured in Luria-Bertani (LB) or MOYG mediumZ5). The

acid sequences typical of prenyltransferases, we have identitwo wild-type components of HepPP synthaséBosubtilis

fied the genes encoding three medium-chai)-grenyl were overproduced i. coli cells and purified separately
diphosphate synthases including HepPP synthaseB.of as previously described®?). All other chemicals were of
subtilis (19) and B. stearothermophilug20) and HexPP analytical grade.

synthase oM. luteusB-P 26 1), confirming that each of Amino Acid Sequence Alignmektultialignment of amino
these medium-chairE}-prenyl diphosphate synthases com- acid sequences was performed usi@ENETYXgenetic
prises two essential protein components (components | andinformation processing software (Software Development).
Il or components'land Il for HepPP synthase frorB. Site-Directed Mutagenesigo introduce mutations in the
subtilis or B. stearothermophilugespectively, and compo-  structural genegerCl, for the component | protein d3.
nents A and B for HexPP synthase frdvh luteusB-P 26). subtilisHepPP synthase,$pH/Ecarl DNA fragment from

The deduced amino acid sequences show that the largethe clone pSH0122) was subcloned into pUC119 (Takara
subunits (components II,’[land B or GerC3, Heps-2, and  Shuzo), yielding pUHAOL. Site-directed mutagenesis was
Hexs-B) have highly conserved regions that are characteristicconducted with the double-stranded DNA template of
of (E)-prenyltransferases, while the smaller subunits (com- pUHAOQ1 according to the protocol of the GeneEditor in vitro
ponents I, I, and A or GerC1, Heps-1, and Hexs-A) have site-directed mutagenesis system (Promega). Mutagenic
no similarity to the protein sequences registered so far in oligonucleotides (2630 bases long) were designed to change
protein databased9). As each of these medium-chaiB){ the desired residue and generate plasmids (pbUHAMUs; see
prenyl diphosphate synthases essentially requires the coexistTable 1). Introduction of the mutation was confirmed by
ence of both subunits for its catalysis, it has been proposedsequencing whole nucleotide sequences using the dideoxy
that the larger subunit supplies substantial sites for substratechain-termination metho6) with a DNA sequencer (LI-
binding and catalysis, whereas the smaller one plays anCOR, model 4200).

auxiliary but essential role in catalytic functiogQ). Construction of Expression Vector Systems for Mutated

The two components oB. subtilis HepPP synthase ~Component.|Each of the mutated plasmids (pUHAMUs)
(components | and I1) are encoded by two cistrons in a geneWwas digested wittSpH, treated with T DNA polymerase,
cluster of thegerCoperon (9). The studies on the dynamic  and digested again witRst. The resulting fragment was
interaction between the two dissociable components duringligated into pTrc 99A vector (Pharmacia), which was digested
catalysis indicated that the two components, allylic substrate With Ncd, treated with T4 DNA polymerase, and digested
FPP and Mg", form a catalytically active complex which ~ with Pst, to construct each of the expression plasmids,
represents an intermediary state during cataly€®).( PHAEXs (Table 1).

Furthermore, photoaffinity labeling experiments with an alkyl ~ Overproduction and Purification of Mutated Component
group analogue of FPP suggested that component | of thel. Each of the expression plasmids was used for transforma-
enzyme possesses a specific affinity for the hydrophobic tion of E. coli IM109, and the overnight culture & coli
portion of the allylic substrate2@). cells harboring the pHAEX plasmid in LB medium contain-
fing 50 ug/mL ampicillin was inoculated into a 250-fold

Comparison of the deduced amino acid sequences o . _ g
volume of MOYG medium containing 50g/mL ampicillin.

component | (GerC1) oB. subtilis HepPP synthase with .
the corresponding components (Heps-1 and Hexs-A}.of The cells were grown at 301: toan approxmatéeoo value
stearothermophilugiepPP synthase ard. luteusB-P 26  ©f 0.6, and isopropyp-o-thiogalactopyranoside (IPTG) was

HexPP synthase indicates that component | has 38% identityf'j‘dd(Ed o a final co_ncentration of 1 mM, and th:an the
to Heps-1 but shows only 8% identity to Hexs-A. The incubation was continued for an additiériah at 30°C..
conserved amino acid residues among these components Wergverproductlon of the proteins was confirmed by sodium
proposed to be important for catalytic functi@i). To better odecyl sulfate-polyacrylamide gel electrophoresis (SBS
understand the role of these conserved amino acid residue$ACE)- oo
during catalysis, we selected 13 of the conserved residues Each of the mutated components | overproduces.icoli

in component | oB. subtilisHepPP synthase for substitutions cells was purified _essentlally according to the p_ur|f|c_at|0n
by site-directed mutagenesis. This paper describes theProcedure of the wild-type component | as described in our
elucidation of several residues in component | that participate Pr€Vious work £2), including renaturation of these proteins

in the substrate binding and chain length determination during With 8 M urea, followed by stepwise dialyses and three
the HepPP synthase reaction. chromatographic steps. The fractions of the mutated proteins

were analyzed for purity by SDSPAGE with Coomassie
EXPERIMENTAL PROCEDURES Brilliant Blue staining, and the fractions that showed more

than 90% purity were used for further characterization.

Materials and General Procedurgd.-*C]IPP (1.95 TBqg/ Protein concentrations were measured by the method of

mol) and [13H]FPP (2.22 TBg/mmol) were purchased from Bradford @7) with bovine serum albumin (BSA) as the
Amersham. Nonlabeled IPP and FPP were synthesizedstandard.
according to the procedure of Davisson et 28)( Restriction HepPP Synthase Assay and Product Analyidie enzyme
enzymes and other DNA-modifying enzymes were from activity was measured by determination of the amount of
Takara Shuzo Co., Ltd., and Toyobo Co., LEl.coli K12 [1-14C]IPP incorporated into butanol-extractable polyprenyl
strain IM109 was used as the host for expression of the targetliphosphates. A standard assay mixture contained, in a final
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Hexs-A 1: ----——--cmmmmee e MRYLHKIELELNRLTSRYPFF-KKIAFDAEIIKLVDDLNV 39
Heps-1 1 ---—--——--- oo MLDGASTAPSEAERCI 16
GerCl 1: MODIYGTLANLNTKLKQKLSHPYLAK-HISAPKIDEDKLLLFHALFEHADIKNNDRENYI 59
Region A Region B o
Hexs-A 40: DEN-V-KQAIVA §— gSMRMQDFINEDNKDS lx SQPFYQHDFLVL 95
Heps-1 17: IAMMLMQ LDT '1DD-G---GDLRARQL A \\ LJARSGETALIRSF 72
GerCl 60: VTAngg LDT TARVIKRDENKNRQL VLA SEMKDIYMlETL 119
Reglon

ELK

-SIRATITDEIALHNINKQIHYMFIQPYMNNEKVVSYE 143
!\ RLYEKKVERIESLFAAVGTIESALLVKLADRMAAPQWGQFAYSYLLMR 132
kIRLYDRSFKDENDFFESVGIVESALFHRVAEHFNLPRWKKLSSDFFVFK 179

Hexs-A 96: TDCVSR]
Heps-1 73: AEAVRDI
GerCl 120: éTI’éIKE

Heps-1 133: RLLLEQEAFIRTGASVLFEQMAQIAFPRAETLTKGQKRHLLRFCRRYIDGCREALFAAKL 192

GerCl 180: RLMNGNDAFLDVIGS--FIQ----------- LGK-TKEETLEDCFKKAKNSTIESLLPLNS 225
*% &% * * X * % * * * * %k

Heps-1 193: PVNGLLQLRVAVLSGGFQATAKKTVEEG 220

GerCl 226: EIQNI&IN&IKTIEQD—gTYHQﬁ—\*{EEg 251

Ficure 1: Amino acid sequence alignment of component BofubtilisHepPP synthase (GerC1) with the corresponding subuni of
stearothermophilugiepPP synthase (Heps-1) aht luteusB-P 26 HexPP synthase (Hexs-A). The fully conserved residues among the

three subunits are boxed. Asterisks show the residues that are identical only between GerC1 and Heps-1. The residues mutated in this study
were shaded.

volume of 0.3 mL, 0.3@M [1-*“C]IPP (1.95 TBg/ mol), 25  equation 80) to obtain theKq value of the substrate for the
mM Tris-HCI buffer, pH 8.5, 25 mM NHCI, 10 mM enzyme.
2-mercaptoethanol, 1 mM Mggl154M FPP, and a suitable
amount of enzyme solution. After incubation at 32 for RESULTS
20 min, the reaction products were immediately extracted Sequence Alignmenishe GENETYX-MAC (version 8.0)
with 1-butanol saturated with water, and the radioactivity in software was used to align amino acid sequences for the
the butanol extract was measured with an Aloka LSC-1000 smaller subunits (GerC1, Heps-1, and Hexs-A) of the three
liquid scintillation counter. medium-chain E)-prenyl diphosphate synthases, HepPP
The radioactive prenyl diphosphate products in the reaction synthases dB. subtilisandB. stearothermophiluand HexPP
mixture were hydrolyzed to the corresponding alcohols with synthase oM. luteusB-P 26, respectively. This alignment,
potato acid phosphatase according to the method reportecsimilar to the earlier report2(l), revealed three highly
previously £8), and analyzed by reversed-phase thin-layer conserved regions (A, B, and C), which might be important
chromatography (TLC) plates (LKC-18, Whatman) with a for catalytic function. We selected 13 of the conserved amino
solvent system of acetone/water (19/1). The positions of acid residues (shaded in Figure 1) among the 3 smaller
authentic standards were visualized with iodine vapor, and subunits for substitution by site-directed mutagenesis.
the distribution of radioactivity was detected. The TLC plates  Production of Site-Directed Mutants of Component | of
were exposed on a Fuji imaging plate at room temperatureB. subtilis HepPP Synthasdo examine the role of the
for 1 day, and then the plate was analyzed with a Fuji BAS conservative residues in regions A, B, and C, site-directed
1000 Mac bioimage analyzer. mutagenesis studies were carried out with component | of
Measurement of the Dissociation Constants for FPRe B. subtilisHepPP synthase. The hydropathic profile for this
binding of the allylic substrate FPP to the HepPP synthasecomponent protein indicated that regions A and C are
was measured essentially according to the method of Dolencehydrophilic, while region B is hydrophobic (data not shown).
et al. 9). To [1-*H]FPP (18.5 GBg/mmol, 16200 nM) in The conserved polar and charged residues in regions A and
25 mM Tris-HCI buffer, pH 8.5, containing 25 mM Ngl, C were changed to aliphatic amino acids, Ala, Val, and lle
10 mM 2-mercaptoethanol, and 1 mM Kkfg(100 «L final (D73A, T76V, N127A, E128V, and K130l), respectively,
volume) were added component | (13.8 nM) and component so that the regions were made less hydrophilic. The Leu at
Il (13.8 nM). The mixtures were incubated at room temper- 94, 102, or 107 and the Tyr at 103 or 104 in region B were
ature for 15 min. An aliquot (1@L) was removed from the  replaced with Ser (L94S, L102S, L107S, Y103S, and Y104S,
tube and mixed with 6 mL of a liquid scintillation cocktail, respectively), which has a smaller and less hydrophaobic side
Clear-Sol | (Nacalai Tesque Co., Ltd.), to determine the total chain. The Asp at position 97 in region B was changed to
radioactivity of the sample. The remainder of the mixture an aliphatic residue, Ala (D97A). Val-93 and Ser-100 were
was transferred to a preequilibrated membrane filter, Mi- replaced with Gly (V93G and S100G, respectively).
crocon 10 (Amicon), and centrifuged at 14 000 rpm for more  To construct expression systems for these mutants, oli-
than 10 s until 16-15 uL of the solvent had passed through gonucleotide-mediated mutagenesis was conducted into plas-
the membrane. The radioactivity in a LQ aliquot of the mid pUHAO1, in whichSpH and Pst sites were previously
filtrate was counted to determine the concentration of introduced immediately upstream and downstream of the
unbound substrate. The radioactivity was corrected for open reading frame of trgeerClL gene, respectively, to obtain
membrane retention using a correction factor obtained from the mutated plasmids pUHAMU. TiHgph/Pst fragment of
an identical experiment as described above except that twoeach of the pUHAMU plasmids was ligated into tNed/
subunits were omitted. The unbound FPP concentration wasPst site of pTrc99A, and the expression plasmid pHAEX
subtracted from the substrate concentration employed towas obtained (Table 1).
obtain the concentration of enzyme-bound FPP. The data After transformation ofE. coli IM109 with each of the
were then fitted to a Scatchard plot and a standard binding expression plasmids, the component | mutant was overpro-
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Table 1: Site-Directed Mutations in Component |Bf subtilis
HepPP Synthase

nucleotides plasmid region aminoacid  mutant name

GAT to GCT pHAEX73 A Asp73to Ala D73A
ACGto GTG pHAEX76 A Thr76 to Val T76V
GTT to GGT pHAEX93 B Val93 to Gly V93G
CTCto AGC pHAEX94 B Leu94 to Ser L94S
GAT to GCT pHAEX97 B Asp97 to Ala D97A
AGCto GGC pHAEX100 B Ser100 to Gly S100G
CTGto TCG pHAEX102 B Leul02 to Ser L102S
TACto TCC pHAEX103 B Tyrl03 to Ser Y103S
TACto TCC pHAEX104 B Tyrl04 to Ser Y104S
CTAto TCA pHAEX107 B Leul0O7 to Ser L107S
AACto GCC pHAEX127 C Asnl27 to Ala N127A
GAAto GTA pHAEX128 C Glul28 to Val E128V
AAAto ATA pHAEX130 C Lys130to lle K130l

Table 2: Kinetic Parameters for the Wild-Type and Mutated
Enzyme3

Km(IPP) Km(FPP) Vina?
(uM) (uM) (nmol mim*nmol)

wild-type  16.7+ 1.8 7.2+ 0.9 1100+ 30
D73A 16.1+ 1.2 6.4+ 0.4 1248+ 50
T76V 18.3+ 1.0 8.4+ 0.5 985+ 15
V993G 22.6+ 3.3 74.1+ 10.2 70+ 5

L94S 19.4+ 25 50.8+ 8.5 120+ 8

D97A 15.6+ 0.9 6.9+ 1.0 1573+ 25
S100G 14.2£ 0.5 10.3+ 2.0 860+ 14
L102S 20.3-4.6 72+11 1320+ 38
Y103S 18.8+25 9.8+ 15 1042+ 18
Y104S 16.7£ 2.0 20.0£ 3.2 215+ 9

L107S 175t 1.6 5.3+ 0.3 990+ 15
N127A 19.44+ 3.0 8.2+ 0.5 1110+ 18
E128V 17.2+1.6 5.6+ 0.2 12504+ 20
K130l 13.4+ 0.8 72+11 1080+ 16

2 The combination of the wild-type or mutated component | and an

equimolar wild-type component Il was used as the heteromeric enzyme

for kinetic studies® Nanomoles of IPP converted to products per minute
by 1 nmol of enzyme (a combination of 1 nmol of component | and 1
nmol of component II).

duced and purified essentially according to the procedure
for the wild-type component 122). SDS-PAGE analyses

by staining with Coomassie Brilliant Blue showed that the
purities of these mutants were more than 90%.

Kinetic Analysis of HepPP Synthase MutanEnzyme
activity of the purified component | mutant was determined
by supplying the purified wild-type component Il. Michaelis
constantsK,) for the allylic substrate FPP and homoallylic
substrate IPP an¥ma.x were determined for all mutated
enzymes, and the results are listed in Table 2. All mutant
enzymes showed Michaelis constants for the homoallylic
substrate IPP comparable to that of the wild-type. Moreover,
all five mutants with respect to regions A and C, D73A,
T76V, N127A, E128V, and K130I, showed similéy, values
for FPP andVmax values compared to the wild-type. Three
of the mutants in region B, V93G, L94S, and Y104S,
however, had 515-fold lower Vyax values and 310-fold
higherK, values for the allylic substrate FPP than those of
the wild-type enzyme.

Dissociation Constants for FRPMMembrane filter assay
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Ficure 2: Plots of bound versus unbound FPP for determination

of the dissociation constant for FPP with wild-ty®)(V93G (©),
L94S (p), or Y104S @).

o

increased dramatically up to saturation with an increase in
the concentration of FPP. With 13.8 nM enzyme, duplicate
measurements with [3H]FPP at various concentrations
yielded a dissociation constari{4) value of 60+ 10 nM

for FPP. In contrast, little binding of FPP was detected with
the VI93G, L94S, or Y104S mutants at concentrations of FPP
up to 0.2uM (Figure 2).

Product AnalysisAfter enzymatic reaction with FPP and
[1-1“C]IPP as substrates, the radioactive prenyl diphosphate
products were hydrolyzed to the corresponding alcohols. TLC
analyses of the alcohols indicated that 11 mutated enzymes
catalyzed the formation of HepPP as the ultimate product
as well as some intermediate shorter chain prenyl diphos-
phates similar to those in the reaction catalyzed by the wild-
type enzyme (data not shown). On the other hand, D97A
and Y103S gave reaction products that have marked differ-
ences in chain length distribution from the wild-type enzyme
(Figure 3). D97A produced larger amounts of shorter chain
prenyl diphosphates, while Y103S gave octaprenyl diphos-
phate (Go) as the final product by enzymatic prenyl chain
elongation.

Heat Stability of Component | Mutantsleat stabilities
of the component | mutants were examined by analyzing
their remaining activity with a supplement of the wild-type
component Il after heat treatment at various temperatures
for 30 min. All of the mutants exhibited similar thermosta-
bilities to that of the wild-type, retaining almost the original
activities even after heating at 5C for 30 min (data not
shown).

DISCUSSION

HexPP synthase and HepPP synthase constitute a group
of prenyltransferases that catalyze the formation of medium-
chain E)-prenyl diphosphates, each of which has a het-
erodimeric structure. The larger subunit has highly conserved
regions typical of all E)-prenyltransferases; however, it
shows no prenyltranferase activity by itself unless it is
combined with the smaller one. The heterodimeric structures
of these enzymes are distinctive from the other classes of
(E)-prenyltransferases, which show catalytic functions by the
homodimeric structures. Hence, the smaller subunits in the

was employed to determine the dissociation constants of themedium-chain)-prenyl diphosphate synthases confer unique
wild-type and three of the mutated HepPP synthases, V93G,properties on these enzymes as the combinations of the two

L94S, and Y104S, for the allylic substrate FPP. The wild-
type enzyme (a combination of the two wild-type compo-
nents | and IlI) showed a typical affinity for FPP which

subunits.
Several lines of evidence have indicated that the smaller
subunit (component 1) oB. subtilis HepPP synthase is
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SR AR TN binding properties for FPP of the three mutants by adding
Wil : ;-"; DY o , the wild-type component Il using the membrane filter assay.
i I*I i gl g '>+C1S In comparison with théy value of the wild-type enzyme,

; 60 £+ 10 nM, heavy decreases in the affinity for FPP were
*w«l— Cyo observed with V3G, L94S, and Y104S. These facts suggest
that the binding affinity for FPP is affected by the substitu-
tions of Val-93, Leu-94, and Tyr-104 with Gly and Ser,
which have smaller and less hydrophobic side chains.
Component | had been suggested to be involved in the
binding of the hydrophobic prenyl tail of the allylic substrate
FPP by our previous photoaffinity experiments, in that a
photoreactive analogue of FPP, which contains a benzophe-
none group positioned at the tail of the prenyl chain, became
covalently attached specifically to component | in the
presence of component IR2). It is likely that the hydro-
) o : phobic region B containing Val-93, Leu-94, and Tyr-104 of
component | is located in a space that participates in the
St R O §a binding of the prenyl tail of the allylic substrate. Koyama et
; 1S E al. (32 have reported that an aromatic amino acid residue,
R e ! Phe, which is located at the fifth position upstream to the
(Ao G N second DDXXD motif in FPP synthase Bf stearothermo-
e g DUAVIRE i philus is involved in the binding of allylic substrate and
R e ‘_ - ‘ T catalysis by exerting its aromatic hydrophobicity on a methyl
group of DMAPP or/and hydrophobic aromaticity on a prenyl
1 2 3 cation formed at the start of the catalytic reaction through a
Ficure 3: Product analysis of the reactions catalyzed by the wild- cation—u interaction. Thus, it is reasonable to propose that
type and mutant enzymes. The alcohols obtained by enzymaticTyy at position 104 in component | dd. subtilis HepPP

hydrolysis of the products formed by the incubation of{C]IPP . . S .
a%d ng with Wilz-type (lane 1), Dg7 A (lane 2), or Ylltggs (lane synthase may participate in the binding of the allylic substrate

3) were analyzed by reversed-phase TLC as described under@nd catalytic function of the enzyme by performing its
Experimental Procedures. The TLC plate was exposed on a Fujiaromaticity on the hydrophobic prenyl chain moiety to keep

imaging plate, and then the plate was analyzed with a Fuji BAS the binding of allylic substrate. Recently, the crystal structure
1?00 ﬂ':"a(;. blollmarl]g? _analyéeEr. fA"OWhle_ads '”ﬁ'CEate the plos't'ons of avian FPP synthase with allylic substrates bound has been
fana}gl; g; ,I(Ea?l?g)-r?esbtzﬁ)’r(er{ol); :rqgizo(énq_oé)(_?]ongp%g:%r;y ge a_nalyzed 81), and it has been shown that allylic diphosphates
bind through M§" to the aspartates of the conserved Asp-
involved in allylic substrate binding2@). We compared the  rich motif (DDXXD) with the hydrocarbon tails of the
primary structure of this component with the corresponding ligands growing down the hydrophobic pocket. Though
components (Heps-1 and Hexs-A)Bf stearothermophilus  subtilisHepPP synthase is a heterodimer, component Il has
HepPP synthase arM. luteusB-P 26 HexPP synthase and motifs similar to those of avian FPP synthase including the
found three conserved regions, A, B, and C. To elucidate two DDXXD sequences. It is therefore reasonable to assume
the significance of the conserved residues in substrate bindingthat component Il has a tertiary structure similar to the
and catalytic function, 13 kinds of mutated component | were subunit of avian FPP synthase. We predicted the secondary
prepared by oligonucleotide-mediated mutagenesis. structure of component | oB. subtilis HepPP synthase
All these mutant enzymes, as combinations of the mutant according to the methods of Chou and Fasma8) @nd
components | and wild-type component I, showed compa- Robson 84). In the secondary structure, region B of this
rable K, values for the homoallylic substrate IPP to that of component shows two antiparalfgisheets that formed from
the wild-type enzyme, suggesting that none of the 13 residues 8896 and 10%+107, respectively, joined by a
conserved amino acid residues is involved in the binding of connecting loop composed of residues—9D0 (data not
IPP. On the other hand, component II1B®f subtilisHepPP shown). Taken together, we propose a hypothetical model
synthase has two characteristic aspartate-rich DDXXD for the binding of the allylic substrate FPP of the two
motifs, which have been shown to bind the diphosphate components as HepPP synthase (Figure 4). The diphosphate
moieties of the homoallylic and allylic substrates through moiety of FPP seems to bind through Mdo the DDXXD
Mg?* in the crystal structure of avian FPP syntha3®.(In motif of component I, and the prenyl tail of FPP stretches
addition, no association between the two componen®.of into a hydrophobic pocket or wall containing Val-93, Leu-
subtilis HepPP synthase to form a complex in the presence 94, and Tyr-104 in region B of component |.
of Mg?" and IPP was observed in our previous woP)( It is noteworthy that both D97A and Y103S gave reaction
Hence, it is suggested that component | of the enzyme doesproducts that have significant differences in chain length
not directly participate in the binding of the homoallylic distribution from the wild-type, though they showed com-
substrate IPP. parable kinetic properties with those of the wild-type enzyme.
As compared with the wild-type enzyme, three mutants D97A yielded shorter chain prenyl diphosphates as the main
in region B, V93G, L94S, and Y104S, show-30 times products, and Y103S gave an ultimate product with,a C
larger Ky, values for the allylic substrate FPP aned B5- prenyl chain length. Recent repor&l( 35 showed that the
fold lower Vnax values. Furthermore, we examined the aromatic amino acid residue that is located at the fifth
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Ficure 4: Hypothetical scheme for the binding of FPP between
the two components oB. subtilis HepPP synthase. Comp. I,
component I; Comp. Il, component II.

position upstream of the first DDXXD motif in aviaB/
stearothermophilug=PP synthase forms the floor of the
putative allylic substrate binding pocket and is important for
controlling product chain length. When this aromatic residue
was replaced with Ala, Gly, or Ser having a smaller and
more flexible side chain, the mutated FPP synthase could
produce geranylgeranyl (g, geranylfarnesyl (&), and
longer chain prenyl diphosphates. The reason that the
replacements of Asp-97 and Tyr-103 with Ala and Ser led
to altering chain length distribution may be explained by
assuming that the substitutions result in some movement of
the protein side chain and alteration of the size of the binding
pocket for the growing isoprenoid chain.

The present studies revealed a subset of five residues in

region B (Val-93, Leu-94, Asp-97, Tyr-103, and Tyr-104)
that is involved in the binding of allylic substrate FPP and
determining the chain length of reaction products. In contrast,
none of the mutants with respect to regions A and C showed
significantly changed kinetic properties, indicating that these
replacements of the polar or charged residues with the
aliphatic amino acids do not affect the binding of substrates
and catalysis.
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