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Undecaprenyl diphosphate synthase catalyzes the sequential condensation of eight
molecules of isopentenyl diphosphate (IPP) in the cis-configuration into farnesyl
diphosphate (FPP) to produce undecaprenyl diphosphate (UPP), which is indispensa-
ble for the biosynthesis of the bacterial cell wall. This cis-type prenyltransferase
exhibits a quite different mode of binding of homoallylic substrate IPP from that of
trans-type prenyltransferase [Kharel Y. et al. (2001) oJ. Biol. Chem. 276, 28459-28464].
In order to know the IPP binding mode in more detail, we selected six highly con-
served residues in Regions III, IV, and V among nine conserved aromatic residues in
Micrococcus luteus B-P 26 UPP synthase for substitution by site-directed mutagene-
sis. The mutant enzymes were expressed and purified to homogeneity, and then their
effects on substrate binding and the catalytic function were examined. All of the
mutant enzymes showed moderately similar far-UV CD spectra to that of the wild-
type, indicating that none of the replacement of conserved aromatic residues affected
the secondary structure of the enzyme. Kinetic analysis showed that the replacement
of Tyr-71 with Ser in Region III, Tyr-148 with Phe in Region IV, and Trp-210 with Ala
in Region V brought about 10-1,600-fold decreases in the k., /K, values compared to
that of the wild-type but the K, values for both substrates IPP and FPP resulted in
only moderate changes. Substitution of Phe-207 with Ser in Region V resulted in a 13-
fold increase in the K value for IPP and a 1,000-2,000-fold lower k /K  value than
those of the wild-type, although the K, values for FPP showed about no significant
changes. In addition, the W224A mutant as to Region V showed 6-fold and 14-fold
increased K, values for IPP and FPP, respectively, and 100-250-fold decreased &, /K,
values as compared to those of the wild-type. These results suggested that these con-
served aromatic residues play important roles in the binding with both substrates,
IPP and FPP, as well as the catalytic function of undecaprenyl diphosphate synthase.

Key words: circular dichroism, farneyl diphosphate, isoprenoid, prenyltransferase,
site-directed mutagenesis, undecaprenyl diphosphate.

Abbreviations: IPP, isopentenyl diphosphate; UPP, undecaprenyl diphosphate; FPP, (all-E)-farnesyl diphosphate;
DedolPP, dehydrodolichyl diphosphate; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel electrophoresis;
TLC, thin layer chromatography; CD, circular dichroism; Tris, tristhydroxymethyl)-aminomethane.

Isoprenoids are some of the most structurally and func-
tionally diverse compounds ubiquitously occurring in
nature. They are widely distributed in organisms, serv-
ing as steroids, carotenoids, respiratory quinones, pre-
nylated proteins, and glycosyl carrier lipids. More than
23,000 structurally diverse isoprenoid compounds have
been identified and they all share a common biosynthetic
mechanism in that all of their carbon skeletons are con-
structed from linear prenyl diphosphates through the
action of prenyltransferases (prenyl diphosphate syn-
thases). Prenyltransferases catalyze the consecutive (1'-
4)-condensation of isopentenyl diphosphate (IPP) start-
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ing with the elimination of a diphosphate group from an
allylic diphosphate. By repeating the stereospecific con-
densation between IPP and an allylic diphosphate, pre-
nyltransferase can synthesize prenyl diphosphate with a
certain chain length and stereochemistry fixed by the
specificities of individual enzymes. According to the ster-
eochemistry of the products, prenyltransferases are clas-
sified into two sub-groups, trans- and cis-types (1, 2).

In bacteria, undecaprenyl diphosphate (UPP) synthase
catalyzes the sequential cis-condensation of eight mole-
cules of IPP into farnesyl diphosphate (FPP) as an allylic
primer to produce UPP. UPP has been identified as the
direct precursor of the glycosyl carrier lipid that trans-
ports intracellular carbohydrates outside of the cell mem-
brane during the biosynthesis of bacterial cell wall
polysaccharide components such as peptidoglycan and
lipopolysaccharide. In eukaryotic cells, dehydrodolichyl
diphosphate (DedolPP) synthase catalyzes the cis-prenyl
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chain elongation to form DedolPP, which has a much
longer cis-polyisoprenoid chain than the bacterial equiva-
lent, UPP (3). DedolPP is an essential precursor of the
carbohydrate carrier lipid in the biosynthesis of N-linked
glycoproteins or glycosylphosphatidylinositol-anchored
proteins (4).

During the past 16 years, trans-type prenyltrans-
ferases have been widely studied at the molecular level,
and structural genes for many enzymes have been cloned
and characterized. Multiple alignment of the deduced
amino acid sequences of many trans-type prenyltrans-
ferases from a wide range of organisms revealed the pres-
ence of seven conserved regions including two character-
istic aspartate-rich motifs (DDXXD) (5, 6). These DDXXD
motifs have been shown to be essential for the catalytic
function as well as substrate binding by means of site-
directed mutagenesis (7—10). X-ray crystallographic and
intensive site-directed mutagenesis studies (17-16) have
revealed the mechanisms of substrate binding, catalysis
and product chain length regulation for short chain
trans-type prenyltransferases.

On the other hand, no information had been available
on the structure of a cis-type prenyltransferase until our
recent isolation of the gene for UPP synthase from Micro-
coccus luteus B-P 26 (17). Shortly afterwards, homolo-
gous genes for the bacterial enzymes from Escherichia
coli, Haemeophilus influenzae, and Streptococcus pneu-
moniae (18), and eukaryotic enzymes from Saccharomy-
ces cerevisiae (19) and Arabidopsis thaliana (20) were
identified and isolated. Multiple alignment of the
deduced amino acid sequences of these cis-type prenyl-
transferases has revealed five conserved regions, which
are completely different to those of ¢rans-type prenyl-
transferases (3, 18). The DDXXD motifs, which have been
shown to be essential for trans-type prenyltransferases,
are completely absent in cis-type prenyltransferases.
Fujihashi et al. (21) determined the crystal structure of
M. luteus B-P 26 UPP synthase, the first three-dimen-
sional structure of a cis-type prenyl chain elongating
enzyme. To our surprise, this enzyme shows a novel pro-
tein fold, which is completely different from the common
“isoprenoid synthase fold” of the enzymes related to iso-
prenoid biosynthesis (22). Then, Ko et al. (23) reported
the structure of E. coli UPP synthase, which is essen-
tially the same as that of M. luteus B-P 26 UPP synthase
(21). The crystal structures of these cis-type prenyltrans-
ferases have a large hydrophobic cleft around a struc-
tural P-loop, which is believed to be the binding site for
the diphosphate moiety of an allylic substrate. Muta-
tional analysis of UPP synthase has revealed the amino
acid residues (D29, R33 and R80) in the structural P-loop
and RX;RX E motif in Region V along with the FS-motif
in Region III of M. [uteus B-P 26 UPP synthase that are
essential for the binding of the diphosphate moieties of
allylic and homoallylic substrates, respectively (23-27).
These results indicated that cis-prenyl chain elongating
enzymes exhibit a different mode of binding of both sub-
strates, FPP and IPP, from that of trans-type enzymes. It
would be of particular interest to further elucidate the
differences and similarities at the molecular level of
these cis-and trans-type enzymes, which have evolved
from different ancestors.

Y. Kharel et al.

In M. luteus B-P 26 UPP synthase, there are six highly
conserved aromatic residues in conserved Regions III, IV,
and V, as shown in Fig. 1 (3). These aromatic residues are
located near the large cleft or the interface of the
homodimeric structure of the protein, and are thought to
be important for the UPP synthase reaction (21). To
investigate the role of the aromatic residues during catal-
ysis, these residues (Tyr-71, Tyr-148, Phe-207, Trp-210,
Trp-224, and Phe-227) were selected for substitution by
site-directed mutagenesis. This paper describes elucida-
tion of the roles of aromatic residues in the UPP synthase
in substrate binding and catalysis.

EXPERIMENTAL PROCEDURES

Materials and General Procedures—Nonlabeled IPP
and FPP were synthesized according to the procedure of
Davisson et al. (28). [1-1*C]IPP (1.95 TBg/mol) was pur-
chased from Amersham Pharmacia Biotech. Restriction
enzymes and other DNA modifying enzymes were from
Takara Shuzo and Toyobo. Potato acid phosphatase was a
product of Sigma. Precoated reversed phase thin layer
chromatography (TLC) plates, LKC-18, were purchased
from Whatman. E. coli B strain BL21(DE3) was used as
the host for expression of the target gene. Restriction
enzyme digestions, transformations, and other standard
molecular biological techniques were carried out as
described by Sambrook et al. (29). Bacteria were cultured
in Luria-Bertani (LB) or M9YG medium (5). All other
chemicals were of analytical grade.

Protein Sequence Alignment—Protein sequence data-
base SWISS-PROT was searched for amino acid
sequences similar to that of M. luteus B-P 26 UPP syn-
thase. Multiple alignment of amino acid sequences was
performed using GENETYX genetic information process-
ing software (Software Development).

Expression Vector System and Site-Directed Mutagene-
sis—The expression plasmid for M. luteus B-P 26 UPP
synthase (pMIuUEX) was employed as described in the
previous report (26). Site-directed mutagenesis was per-
formed according to the protocol for the GeneEditor in
vitro site-directed mutagenesis system (Promega). The
single-stranded wild-type UPP synthase gene, used as a
template in the mutagenesis reaction, was prepared by
R408 helper phage infection of E. coli JM109 cells
(Takara) that contain pMIuUEX. The mutagenic oligonu-
cleotides designed to produce the desired point mutations
were 5'-AGTTGAAAACGCGGACAGCGTTAAGTAC-3' (for
Y71S, the mismatched pair is underlined); 5-ACGCC-
CACCAGAATTCAGTGCAAACAC-3' (for Y148S); 5'-
ACGCCCACCAAAATTCAGTGCAAACAC-3' (for Y148F);
5-CCAAATTAAAGAGTTACTTAAGCGTTCTTC-3' (for
F207S); 5'-ATATGAACATTGCGCAATTAAAAAGTTAC-3’
(for W210A); 5'-AAAATCCGGCGCGAATTCATCTATAA-
ATAC-3' (for W224A); and 5'-TTCTTCATTAGAATCTG-
GCCAGAATTC-3 (for F227S). Introduction of the muta-
tions was confirmed by sequencing the whole nucleotide
sequences using the dideoxy chain—termination method
with a DNA sequencer (LI-COR, model 4200).

Overproduction and Purification of UPP Synthase
Mutants—The procedures employed for the overproduc-
tion and purification of UPP synthase mutants, Y71S,
Y148S, Y148F, F207S, W210A, W224A, and F227S, as
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Fig. 1. (A) Schematic drawing of the
five highly conserved regions of
cis-type prenyl chain-elongating en-
zymes. Nine conserved residues are
shown in bold. (B) Multiple alignment
of the amino acid sequences of cis-
prenyl chain-elongating enzymes.
Only the residues corresponding to the
conserved Regions III, IV, and V are
shown. Black and gray outlines indicate
identical and similar amino acids resi-
dues, respectively. The conserved aro-
matic amino acid residues of M. luteus

B ] ) B-P 26 UPP synthase mutated in this
Region ITI Region IV study are boxed. Sequences: M. luteus B-
P 26 (GeneBank™ accession number
M. luteys 69: 191  145:ALNYGGRKE-IISA:157 AB004319), E. coli (Swiss-Prot Q47675),
E. coli 66: 188  142:AANYRGGRWD-IVQG: 154 B. substilis (Swiss-Prot Q31751), H.
B. substilis 80: 1102 156:ALNYGGRTE-IVSA:168  jnfyenzae (Swiss-Prot P44938), Myco-
H. influenzae 58: 180  134:AANY[GGCWD-IIQA: 146 bacterium leprae (Swiss-Prot P38119),
M. leprae 116: 1148 193:UN-YGORTE-TAEA:194  Mothanococcus jannaschii (Swiss-Prot
M. jannaschii 97: 1119 175:AIAYGGQQE-IIDA: 187 Q58767), Aquifex aeolicus (Swiss-Prot
A. aeolicus 54: :56  130@:AIDY[GGRDD-ILRA:142 067291), Pyrococcus horikoshii (Swiss-
P. horokoshii 83: 1105 161:ALAYGGRSE-IVDA:173 Prot 059258), Methanobacterium ther-
M. thermoautotrophicum 74: 196 152:AIQYDGRQOE-IVDA:164 moauotrophicum (Swiss-Prot 026334),
B. burdorferi 55: k 077 131:AINY(GGRNE-ILRA:143 Borrelia burgdorferi (Swiss-Prot 051146),
M. tuberculosis 81:FVYLL 1103  158:AVQYGGRRE-IVDA: 170 Mycobacterium tuberculosis (Swiss-Prot
YeastRER2 80 FVIFRE 1102 159:CFAY[TGREE-TLHA:171 053434), yeast RER2 (Swiss-Prot
YeastSRTL 115: NEPKEEVDTLMNL :137 196:CFRYTSRND-MLHT:208  P35196), yeast SRT1 (Swiss-Prot Q03175),
A. thaliana 119: RDKIEIDNEMSL:141 196:AVOYSGKFD-IMHA: 208 and Arabidopsis thaliana (GeneBank™ ac-
cession number AF162441).
Region V
M. luteus 193: IWDCSYSEFVEI--DEAWE 228
E. coli 190: WOIAYAELYET--DV 225
B. substilis 204: WOVAYSEFVET--DV 239
H. influenzae 182: WOLAYAELYFES--DV 217
M. leprae 238: WRAAYTEYILEQ--DK 275
M. jannaschii 223: IWRSSYSELYEC--DI 260
A. aeolicus 172: WNLAYTELYET--DT 207
P. horokoshii 209: YOLAYSELFFV--DV 244
M. thermoautotrophicum 198: WRSSYSELYEC--DS 235
B. burdorferi 175: WRIAYSELLFS--NV 210
M. tuberculosis 207: WRSAY SEMWFTEAH - 242
YeastRER2 203: [IWRASSKGVRIELLDC 240
YeastSRT1 243: WEVHENATI-EFSDT 279
A. thaliana 244 :DLM- -ERTSGEQRISNFFLWOLAYSELFES - -PVHWR 281

well as the wild-type enzyme, were essentially similar to
those previously reported by us (26). Mutant enzymes
were analyzed for purity by SDS-PAGE with Coomassie
Brilliant Blue staining, and the fractions that showed
more than 90% purity were used for further characteriza-
tion. Protein concentrations were measured by the
method of Bradford with bovine serum albumin as the
standard (30).

UPP Synthase Assay and Product Analysis—Enzyme
activity was measured by determining the amounts of [1-
I4C]IPP incorporated into butanol-extractable polypre-
nyl diphosphates. The standard assay mixture contained,
in a final volume of 0.2 ml, 100 mM Tris-HCI buffer, pH
7.5, 0.5 mM MgCl,, 10 uM FPP, 10 uM [1-#C]IPP (37
MBg/mol), 0.05% (w/v) Triton X-100, and a suitable
amount of enzyme solution. After incubation at 30°C for
30 min, the reaction products were extracted with 1-
butanol saturated with water, and then the radioactivity
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in the butanol extract was measured with an Aloka LSC-
1000 liquid scintillation counter.

For kinetic studies, the concentration of allylic sub-
strate FPP or homoallylic substrate [1-14C]IPP was var-
ied, while the other substrate, [1-1*C]IPP or FPP, was
kept constant at 200 or 500 uM, respectively. Calculation
of kinetic parameters was performed using EnzymesKi-
netics software version 1.5 (Trinity Software).

For product analysis, the radioactive prenyl diphos-
phate products in the reaction mixture were hydrolyzed
to the corresponding alcohols with potato acid phos-
phatase according to the method we previously reported
(31). The alcohols were extracted with pentane and then
analyzed by reversed phase TLC with a solvent system of
acetone/water (19:1). The positions of authentic stand-
ards were visualized with iodine vapor, and the distribu-
tion of radioactivity was examined. The TLC plates were
exposed to Fuji imaging plates at room temperature for 1
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Table 1. Kinetic Constants of the wild-type and mutated UPP synthases.

IPP FPP
Enzyme K, (M) ke (x10%) (s ko /K, (suM) K, (uM) kg (x109) (s7) key/K,, (s /uM)
WTe 7.8+ 2.8 1,550+90 198 83+ 1.3 1,220+64 147

Y71S 25.4+ 3.1 110+12 4.3 7.7+ 2.3 111+10 14
Y1488 - - - - - -
Y148F 22.9+ 4.2 115+10 5 28+ 0.6 15+ 2 5

F207S 103.1+ 9.4 10+ 1 0.1 222+ 3.1 3+ 0.26 0.14
W210A 17.5+ 1.1 2+ 0.2 0.12 1.5+ 0.01 2+ 0.08 1.3
W224A 35.6+10.1 7143 2 121.3+36.3 71+ 9 0.6
F227S ND ND ND ND ND ND

aData taken from our previous report (26). ND, not determined. —, no activity.

day, and then analyzed with a Fuji BAS 1000 Mac bioim-
age analyzer.

Circular Dichroism (CD) Spectroscopy—CD spectra of
the wild-type and mutant enzymes were recorded at 22°C
with a JASCO J-720 spectropolarimeter. The results are
expressed as the mean residue ellipticity, [@]ly= (O
10)(M /lc), where O is the observed ellipticity at a given
wavelength, M the mean residue mass, [ the cuvette
path-length in centimeters, and ¢ the protein concentra-
tion expressed as g/ml. The unit for [®]; is deg-cm2-dmol-
1, Far-ultraviolet CD spectra were recorded between 190
and 250 nm in a 0.01 cm path-length quartz cell with pro-
tein concentrations of 0.1-0.5 mg/ml. The signals were
digitized at 10 nm intervals and averaged with a 4 s step
time constant using AVIV 60DS V4 software. All CD
spectra were corrected by subtracting the corresponding
base line spectra obtained under identical conditions. All
measurements were performed in 100 mM Tris-HCl
buffer, pH 7.5, containing 0.5 mM EDTA, and 15 mM
NaCl. The helical contents were estimated at a single
wavelength (208 nm) according to the equation reported
by Greenfield and Fasman (32).

RESULTS

Introduction of Site-Directed Mutagenesis of M. luteus
B-P 26 UPP Synthase—Figure 1 shows the amino acid
sequence alignment of Regions III, IV, and V of several
cis-type prenyltransferases as well as a schematic draw-
ing of the highly conserved Regions of cis-type prenyl-
transferases. Six aromatic amino acid residues [Tyr-71 in
Region III (at S2), Tyr-148 in Region IV (at the loop join-
ing S4 and H6), two Trp residues at positions 210 (at the
loop joining S5 and S6) and 224 (at H9), and two Phe res-
idues at 207 (at the loop joining S5 and S6) and 227 (at
the loop joining H9 and H10) in Region V in M. [uteus B-P
26 UPP synthase (21)] are highly conserved among these
cis-type prenyltransferases. To determine whether or not
these aromatic residues play any role in substrate bind-
ing and catalysis, they were replaced with other amino
acids by site-directed mutagenesis to produce Y71A,
Y148S, Y148F, F207S, W210A, W224A, and F227S. To
construct expression systems for these mutated enzymes,
oligonucleotide-mediated mutagenesis was performed
using the expression plasmid pMluUEx as a template,
which carries the wild-type UPP synthase gene (26). E.
coli BL21(DE3) was transformed with each of the expres-
sion plasmids, and the UPP synthase mutant was over-
produced in E. coli cells and purified by three chromato-

graphic steps according to the procedure that we
previously reported (26). However, one mutant, F227S,
could not be purified because of its insolubility in the
Tris-HCI buffer. All other mutant enzymes showed chro-
matographic properties similar to those of the wild-type
UPP synthase during the purification procedures. All
mutants gave a protein band of identical size on SDS-
PAGE analyses with Coomassie brilliant blue staining,
and the purities of all the mutant enzymes were more
than 90% (data not shown).

Kinetic Analysis of the UPP Synthase Mutants—
Steady-state kinetic data for the mutant enzymes as well
as the wild-type were determined with [1-1*C]IPP and
FPP as substrates, and the results are listed in Table 1.
F207S, W210A, and W224A showed approximately 100—

s.f.
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Fig. 2. Reversed phase TLC radiochromatograms of the prod-
uct alcohols derived on the reaction of the wild-type UPP
synthase and its mutants with FPP and [1-1*C]IPP as sub-
strates. After enzymatic hydrolysis the product alcohols were ana-
lyzed as described under EXPERIMENTAL PROCEDURES.
Arrows indicate the positions of authentic alcohols: Cy;, (E,E)-far-
nesol; Cy, (all-E)-geranylgeraniol; Cy, (all-E)-hexaprenol; Cs;, all-
E-farnesyl-all-Z-octaprenol.
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Fig. 3. Thermostability of the mutant enzymes and wild-type.

2,000-fold decreases in catalytic efficiency (%,/K,,) com-
pared to the wild-type. Hence, it was necessary to sub-
stantially increase both the enzyme concentrations and
incubation times to obtain reliable reaction rate values
for these less reactive mutant enzymes. Three mutant
enzymes, Y71S, F207S, and W210A, showed comparable
Michaelis constants for allylic substrate FPP to that of
the wild-type UPP synthase. Y71S and W210A showed
2-3-fold increased K, values for homoallylic substrate
IPP. Moreover, Y71S showed 10—45-fold decreased &, /K,
values while W210A showed 100-1,600-fold decreased
k./K,, values compared to that of the wild type. On the
other hand, F207S showed a 13-fold increased K, value
for IPP and 1,000-2,000-fold lower % /K, values com-
pare to those of the wild-type. However, W224A showed
increased K, values for both substrates, FPP and IPP
(14- and 6-fold, respectively), and 100-250-fold decreased
k./K,, values compared to those of the wild-type. Y148S
was found to be inactive, although it could be purified to
homogeneity and showed chromatographic properties
similar to those of the wild-type during purification.
Interestingly, Y148F exhibited similar K values for IPP
and FPP, but 30-40-fold lower %,/K,, values as compared
to the wild-type.

Product Analysis—An appropriate amount of each
mutant enzymes as well as the wild-type was used for the
enzymatic reaction to analyze their reaction products.
After enzymatic reaction at 37°C for 3 h using FPP and
[1-1*C]IPP as substrates, the radioactive prenyl diphos-
phate products were hydrolyzed enzymatically to the cor-
responding alcohols. The results of TLC analyses of the
alcohols are shown in Fig. 2. Most of the mutants showed
product distribution patterns similar to that of the wild-
type enzyme, which produced UPP (C;;) as the major
product as well as minor amounts of some intermediates
having shorter prenyl chains and a small amount of a Cg,
product. The major products migrated in a similar man-
ner to that of the authentic Cy;-OH, all-E-farnesyl-all-Z-
octaprenol, indicating that the enzymatic reactions pro-
ceeded through cis-prenyl chain elongation. On the other
hand, the production of only a little UPP was detected in

Vol. 134, No. 6, 2003

823
20000
15000 eatvivel I
—e--- Y718
2 10000 —-a--viss | 4
.g msF
£ 5000 —nm--- F207S 7
5
@ 0
o
g -5000
=)
= -10000
-15000 - -
-20000 ! . . . !

200 210 220 230 240 250
»(nm)

Fig. 4. Far-UV CD spectra of M. luteus B-P 26 UPP synthase
and its mutants. CD spectra were measured under the conditions
given under “EXPERIMENTAL PROCEDURES.”

the reaction with mutant F207S even if the amount of the
mutant enzyme was increased to 5-fold in the reaction
mixture and the incubation time was prolonged to over-
night.

Heat Stability of the UPP Synthase Mutants—The heat
stabilities of the mutant enzymes were examined by ana-
lyzing the remaining activity after heat treatment at var-
ious temperatures (25, 30, 37, 42, and 50°C) for 30 min.
All of the mutants exhibited comparable stability to that
of the wild-type (Fig. 3).

CD Analysis of the Secondary Structure of the Wild-
type and Mutant Enzymes—Far-UV CD spectrum analy-
sis was performed to determine whether or not these aro-
matic mutations affect the secondary structure of the
enzyme. All of the mutants showed similar spectral pro-
files to those of the wild-type, with minima at 209 and
223 nm and a maximum near 195 nm. The a-helix con-
tents of all mutant proteins (43% for Y71S, 39% for
Y148S, 42% for Y148F, 39% for F207S, 38% for W210A,
and 44% for W224A) are found to be essentially the same
as that of the wild-type (45%) indicating that the overall
secondary structure was not appreciably affected by the
point mutations (Fig. 4). The helical content of the wild-
type estimated from the far-UV CD spectra is consistent
with that determined on X-ray crystallography (40.6%).
However, the possibility that the aromatic substitutions
have some effect on the local conformation of small seg-
ments of the protein cannot be excluded.

DISCUSSION

M. luteus B-P 26 UPP synthase has a novel protein fold,
which is totally different from that of trans-type prenyl
chain-elongating enzymes. This fact raised the possibility
that cis-type prenyltransferases may have quite different
modes of substrate binding and catalysis from those of
trans-type enzymes. Our recent finding of homoallylic
substrate recognition sites in M. luteus B-P 26 UPP syn-
thase has confirmed that there is a significant difference
in substrate binding between ¢rans- and cis-type prenyl
chain-elongating enzymes (26).
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Fig. 5. Three-dimensional structure of the M. luteus B-P 26
UPP synthase (PDB ID 1F75) around the locations of the
side chains of the conserved aromatic amino acid residues
investigated in this study. (a) Y71, Y148, and F207, which reside
in close vicinity to the FS-motif. (b) W210 along with the hydropho-
bic residues, 1209, 1154, and 1155, at the interface of the
homodimeric enzyme.

There are six highly conserved aromatic amino acid
residues (Tyr-71 in Region III, Tyr-148 in Region IV, and
Phe-207, Trp-210, Trp-224, and Phe-227 in Region V in
M. luteus B-P 26 UPP synthase) among cis-type prenyl-
transferases, which are located in the interior of a hydro-
phobic cleft or at the interface between two monomers in
the homodimeric enzyme structure (21). We replaced
these aromatic residues with Ala and Ser, respectively,
which have a smaller side chain and are less hydropho-
bic, and examined their roles during catalysis. Although
Y148S could be purified to homogeneity, it showed little

Y. Kharel et al.

enzyme activity. F227S could not be purified after disrup-
tion of the cells due to its insolubility.

Our previous site-directed mutagenesis analyses of M.
luteus UPP synthase indicated that the FS-motif in
Region III plays an important role in homoallylic sub-
strate binding as well as catalysis (26). The FS-motif is
located adjacent to the charged triangle formed by Arg-
197, Arg-203, and Glu-216, and which may recognize the
diphosphate moiety of IPP. In the crystal structure of M.
luteus B-P 26 UPP synthase, Tyr-71, Phe-207, and Tyr-
148 are located in close proximity to the homoallylic sub-
strate binding site (21). The F207S mutant gave a 13-fold
increase in the K value for IPP and 1,000-2,000-fold
decreased catalytic efficiency (k.,/K,), suggesting that
F207 is indispensable for substrate binding as well as
catalysis. Y71S showed a 3-fold increase in the K, value
for IPP and 11-14-fold decreased catalytic activity, which
may be explained by that Y71 is less important for sub-
strate binding but rather important for catalysis. How-
ever, we could not determine the kinetic parameters for
Y148S as it appeared to be an almost inactive enzyme.
Interestingly, the substitution of Tyr-148 with Phe led to
an enzyme, which resulted in similar K, values for IPP
and FPP, and 30-40-fold lower k./K, values as com-
pared to the wild-type. This suggests that the tyrosine
residue at position 148 is very critical for keeping the
enzyme in an active form. In the three-dimensional struc-
ture of the UPP synthase, the Y71, F207, and Y148 resi-
dues are stacked through a triangular interaction man-
ner, and their aromatic side chains face onward the FS-
motif, indicating their implication to support the IPP
binding site (Fig. 5a). Substitution of Phe-207 with a
small and less hydrophobic residue, Ser, may affect the
intervention of the proper orientation of the FS-motif,
which may lead to reduced binding affinity for IPP and
decreased catalytic activity. In fact, Phe-207 and Tyr-71
are located in close proximity and thus can interact with
each other, as shown in Fig. 5a. Replacement of Phe-207
with a smaller and less hydrophobic residue may cause
some movement of Tyr-71, which may result in a change
in the position of Phe-73. Moreover, Tyr-148, which is
completely conserved in all species, seems to be located at
the critical position to support the entire conformation
around Tyr-71. Substitution of Tyr-148 with a smaller
residue Ser, Y148S, must greatly affect the binding and
catalytic function, and thereby change the entire protein
structure into an inactive form. Two Gly residues at posi-
tions 149 and 150, which are located immediately adja-
cent to Tyr-148, make the loop between S4 and H6 struc-
turally restricted. This may suggest that Tyr-148 is
located at a key position, supporting the IPP binding site
to keep an enzymatically active form. This hypothesis is
supported by a report on dehydrodolichyl diphosphate
synthase showing that the rer2 mutant, which has muta-
tion at the residue equivalent to Gly-150 of M. luteus B-P
26 UPP synthase, is deficient in enzymatic activity (19).
This was further supported by replacement of Tyr-148
with Phe, which is active but has highly reduced catalytic
activity, indicating that not only the aromatic ring, but
also the hydroxyl-group of Tyr-148 is important for the
enzymatic activity of UPP synthase.

The W224A mutant showed a 15-fold increased K
value for FPP and a moderate change in the K, value for
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IPP. The k. /K, value was decreased by 100-250-fold
compared to that of the wild-type. W224 is located at the
backside of the structural P-loop motif composed of resi-
dues 30-33 in the crystal structure of M. luteus B-P 26
UPP synthase. The aromatic side chain of W224 points
towards the structural P-loop. The fact that W224A
showed a 15-fold larger K, value for FPP also coincides
with the probable role of the structural P-loop motif in
recognition of the diphosphate moiety of FPP (21).
Because of the difference in size between tryptophan and
alanine, the substitution which alters the hydrophobic
interaction may lead to the movement of a number of cat-
alytic residues around the P-loop, resulting in 15-fold
lower allylic substrate binding affinity and 100-250-fold
decreased catalytic efficiency. These results indicated
that W224 plays a very important role in substrate bind-
ing as well as catalysis.

On the other hand, W210A showed no significant
change in the K value for either allylic or homoallylic
substrates, while the %./K, values decreased by 100-
1,600-fold compared to that of the wild-type. Trp-210 is
located at the interface between two monomers in the
homodimeric enzyme, and is stacked with Phe-180 of the
same monomer, and Ile-209, Ile-154 and Ile-155 of the
other monomer, as shown in Fig. 5b. The dramatic reduc-
tion of the catalytic efficiency of the W210A mutant can
be explained by that substitution of Trp-210 with Ala
may alter the hydrophobic interaction of these amino
acid residues on the interface between two monomers of
the UPP synthase, resulting in alteration of the proper
conformation of the active sites for substrate binding and
catalysis. Determination of the UPP synthase structure
with substrate(s) bound would confirm the hypothetical
mode of substrate binding of the cis-type prenyl chain-
elongating enzymes, which is totally different to that of
the trans-type enzymes.
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