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Abstract

Undecaprenyl pyrophosphate synthase (UPPs) catalyzes eight consecutive condensation reactions of farne-
syl pyrophosphate (FPP) with isopentenyl pyrophosphate (IPP) to form a 55-carbon long-chain product. We
previously reported the crystal structure of the apo-enzyme from Escherichia coli and the structure of UPPs
in complex with sulfate ions (resembling pyrophosphate of substrate), Mg2+, and two Triton molecules
(product-like). In the present study, FPP substrate was soaked into the UPPs crystals, and the complex
structure was solved. Based on the crystal structure, the pyrophosphate head group of FPP is bound to the
backbone NHs of Gly29 and Arg30 as well as the side chains of Asn28, Arg30, and Arg39 through hydrogen
bonds. His43 is close to the C2 carbon of FPP and may stabilize the farnesyl cation intermediate during
catalysis. The hydrocarbon moiety of FPP is bound with hydrophobic amino acids including Leu85, Leu88,
and Phe89, located on the �3 helix. The binding mode of FPP in cis-type UPPs is apparently different from
that of trans-type and many other prenyltransferases which utilize Asp-rich motifs for substrate binding via
Mg2+. The new structure provides a plausible mechanism for the catalysis of UPPs.

Keywords: prenyltransferase; farnesyl pyrophosphate; isopentenyl pyrophosphate; crystal structure; sub-
strate binding; metal ion

Supplemental material: see www.proteinscience.org

Undecaprenyl pyrophosphate synthase (UPPs) is a cis-pren-
yltransferase which catalyzes eight consecutive condensa-
tion reactions of isopentenyl pyrophosphate (IPP) with far-
nesyl pyrophosphate (FPP) to generate C55 undecaprenyl

pyrophosphate (UPP; Allen 1985; A.P.-C. Chen et al. 2002;
Liang et al. 2002). Its biological function is to synthesize
UPP as a lipid carrier for bacterial cell wall peptidoglycan
assembly (Robyt 1998). UPPs along with other cis-prenyl-
transferases catalyze cis-double bond formation during IPP
condensation but synthesize different chain-length products
(Ogura and Koyama 1998). Dehydrodolichyl pyrophos-
phate synthases for glycoprotein lipid carrier biosynthesis
generate products with chain lengths ranging from C55 to
C120 (Sato et al. 1999; Chang et al. 2001). Rubber prenyl-
transferase synthesizes a huge polymer containing thou-
sands of IPP units (Cornish 2001). In contrast, trans-pren-
yltransferases, which generate trans-double bonds in IPP
condensation, synthesize shorter chain-length products,
C15–C50 (Chen et al. 1994; Wang and Ohuma 2000).
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The most striking difference between cis- and trans-
prenyltransferases is that trans-type enzymes use two con-
served aspartate-rich DDXXD motifs for binding with both
FPP and IPP substrates via Mg2+ (Chen et al. 1994),
whereas cis-type enzymes have no DDXXD motif in their
amino acid sequences (Shimizu et al. 1998; Apfel et al.
1999). The crystal structures of both trans-type farnesyl
pyrophosphate synthase (FPPs), which catalyzes the con-
densation between C10 geranyl pyrophosphate (GPP) and an
IPP, and cis-type UPPs have been solved, providing the
structural basis for comparison of the reaction mechanisms
catalyzed by two groups of prenyltransferases (Tarshis et al.
1994; Fujihashi et al. 2001; Ko et al. 2001). In the FPPs
crystal structure, the pyrophosphate head group of GPP is
bound with Mg2+ chelated by the first DDXXD motif
(Tarshis et al. 1994). The pyrophosphate of the other sub-
strate IPP is bound with Mg2+ coordinated by the second
DDXXD. Site-directed mutagenesis studies on FPPs dem-
onstrated the essential roles of the Asp amino acids in the
two DDXXD motifs for substrate binding and catalysis
(Marrero et al. 1992; Joly and Edwards 1993; Koyama et al.
1994, 1995, 1996; Song and Poulter 1994). We recently
solved the 3-D structure of longer-chain C40 octaprenyl py-
rophosphate synthase of trans-type, and its FPP and IPP
substrates were proposed to bind to the first and the second
conserved DDXXD motif mediated by Mg2+, respectively
(Guo et al. 2004).

The apo-UPPs shows a completely different active-site
structure from those of the trans-prenyltransferases. A
structural P-loop (G30—R33) of the UPPs from Micrococcus
luteus BP-26, which appears in the pyrophosphate binding
proteins such as nucleotide triphosphate hydrolase, phos-
phofructokinase, c-AMP binding domain, and sugar phos-
phatase (Kinoshita et al. 1999) was proposed to be respon-
sible for FPP binding (Fujihashi et al. 2001). The Asp29
(equivalent to Asp26 in E. coli UPPs) nearby was specu-
lated to bind Mg2+ for the association of FPP with the
enzyme, just like the Asp in DDXXD of trans-prenyltrans-
ferases (Fujihashi et al. 2001). However, in the structure of
E. coli UPPs in complex with the sulfate ions S1 and S2
(pyrophosphate analog), Mg2+, and two Triton molecules
(product-like), we found only a single Mg2+ coordinated by
Glu213, His199, and waters in each subunit (Chang et al.
2003a). This Mg2+ is near the proposed IPP site (S2) rather
than the putative FPP binding site (S1), and possibly is
responsible for maintaining a proper protein conformation
for IPP binding and the enzyme reaction. In addition,
Arg194 and Arg200 likely provide the positively charged
side chains for binding with IPP. On the other hand, FPP
may be held in place by the enzyme through the side chains
of Arg30 and Arg39. By solving the complex structure of
UPPs with FPP, we can clearly see the amino acids which
have direct contacts with FPP in the pyrophosphate head
group and the hydrocarbon tail. No metal was required for

FPP binding, consistent with previous observations (Y.H.
Chen et al. 2002). Finally, we propose a plausible catalytic
mechanism for E. coli UPPs based on the new structural
information together with previous results.

Results

Overall structure

The refined structure of UPPs complexed with FPP shown
in Figure 1A,B can be well superimposed with the closed
and open forms of previously solved structure of UPPs with

Figure 1. Overall structure of UPPs complexed with FPP, and the mo-
lecular structure of FPP (F1 and F2) and the amino acids surrounding FPP
(F1) and IPP (proposed) in the active site. Monomer A is colored red and
green for �-helices and �-strands, respectively (A); monomer B is magenta
and cyan (B). Two FPP (F1 and F2) molecules (yellow and cyan) are bound
in monomer A (closed form), but only the geranyl part of F2 (yellow) was
detected in monomer B (open form). The �3 helix in monomer A with F1
bound is kinked toward �2 to form a narrower active site (closed form) for
better enzyme-substrate interaction. (C) The molecular structure of the two
FPP molecules in the UPPs active-site tunnel of monomer A, F1 on the top
and F2 on the bottom. The model is superimposed on the final 2FO-FC map
contoured at the 1.0 � level. Densities in the initial Fourier maps were
comparable to the clear densities shown here, especially for the carbons of
hydrocarbon tail. (D) The overall active-site structure represented by solid
surface-charged potential. The surface is colored from red to blue accord-
ing to charge potential from −15 to 15 kBT, where kB is the Boltzmann
constant (1.381 × 10−23 J·k−1) and T is Kelvin temperature. The FPP mol-
ecule (F1) and a hypothetical IPP binding model in the active site are
denoted by a stick in yellow and white, respectively. Amino acids sur-
rounding the active-site pocket and hydrophobic tunnel are labeled.
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sulfates, Mg2+ and Tritons (Chang et al. 2003a), respec-
tively, except that residues 83–86 in the �3 helix of mono-
mer A extended the �3 helix by more than one turn at the N
terminus. Like the reported structures (Ko et al. 2001;
Chang et al. 2003a), the present complex structure reveals a
parallel �/� topology for the UPPs catalytic domain which
contains a total of six �-strands and seven �-helices. The six
�-strands are arranged in a �C-�D-�B-�A-�E-�F topol-
ogy, and all helices are mostly straight except �3, which is
kinked.

Two protein conformations, named closed and open
forms, appear in the two monomers (Fig. 1A,B), respec-
tively, and the �3 is more kinked in the closed conformer
(Fig. 1A). The monomer A containing two molecules of
FPP (F1 on the top and F2 on the bottom of the tunnel)
adopts a closed conformation, whereas the other monomer
(monomer B) with a single FPP (F2) bound on the bottom
(only the electron density of the geranyl fragment of the
FPP could be detected) adopts an open conformation. Un-
like the two FPP molecules, two larger Triton molecules
together in the active site make the tunnel crowded, thereby
forcing it into open form (Chang et al. 2003a). In contrast,
a single Triton occupying at the position similar to that of
F1 renders UPPs to form a narrower active site (closed
conformation) for better UPPs-ligand interactions, in which
�3 moves closer to �2. Moreover, pyrophosphate of F1 is
located coincident with the active-site sulfate ion (S1) in the
UPPs structure (Chang et al. 2003a). This FPP (F1) can be
thus regarded as the reactive substrate. The additional FPP
(F2) bound to the lower portion of the tunnel is through
nonspecific hydrophobic interaction, and its pyrophosphate
head group is located outside of the tunnel, unlikely to react
with IPP. In this paper, we focus only on the interactions of
FPP (F1) with the nearby amino acids.

Structures of bound FPP and UPPs

The electron densities assigned to the two FPP molecules in
monomer A clearly indicate that the double bonds of both
FPP molecules are in trans configuration (Fig. 1C). As
shown in Figure 1D, the FPP (F1) sits in an active-site
pocket with Arg30 and Arg39 near its pyrophosphate head
group, His43 is close to C2, and several hydrophobic resi-
dues, Leu85, Leu88, Phe89, and Val50 surround its hydro-
carbon moiety. Based on the position of the sulfate ion (S2)
in the active site (Chang et al. 2003a), we modeled in an IPP
beside FPP, which is bound with Arg200 and Arg194 (Fig.
1D). A closer look into the FPP site reveals that the oxy-
anions on the pyrophosphate of the FPP molecule form
hydrogen bonds with the backbone NH atoms of Gly29 and
Arg30 as well as the side chains of Asn28, Arg30, and
Arg39 (Fig. 2A). The interactions between the side chains
and FPP lie in the range of 3.2–4.2 Å, as shown in the
Supplemental Material (Table S1).

The catalytic roles of Asp26, Arg194, and Arg200

It was first suggested that Asp29 in M. luteus UPPs (equiva-
lent to Asp26 in E. coli UPPs) in the neighborhood of FPP
may coordinate with Mg2+ for binding with the pyrophos-
phate group of FPP (Fujihashi et al. 2001). However, based
on our study of E. coli UPPs, Asp26 may be responsible for
UPPs catalysis but not for FPP binding, because no metal
was observed to be associated with it (Chang et al. 2003a).
Moreover, the D26A mutation of E. coli UPPs did not
change the FPP Km value but resulted in a 103-fold smaller
kcat value (Pan et al. 2000a). The proposed model for E. coli
UPPs catalysis is that Asp26 likely acts as a general base to
remove a proton from IPP for its nucleophilic attack on FPP
(Chang et al. 2003a). In the present structure of UPP in
complex with FPP, Asp26 is positioned correctly in the
active site by several hydrogen bonds contributed from
Gly27 and Arg194 (Fig. 2B) with its carboxylate group
pointing to the S2 site (IPP site), whereas FPP binds at the
S1 site. The side-chain NH of Arg194 forms a hydrogen
bond with the backbone oxygen atom of Arg200, which in
turn forms a 2.9 Å hydrogen bond with the side-chain oxy-
gen OE2 atom of Glu198. In light of the structure (Fig. 2B),
Arg200 and Glu198 are in close proximity of IPP (S2) and
likely contribute to its binding.

FPP binding does not require Mg2+

To confirm that FPP binding does not require Mg2+, we
added excess EDTA (1 mM) into E. coli UPP solution (1
�M) to remove the metal from the enzyme by dialysis. After
dialysis, only 1% residual activity of UPPs was detected. By
adding 15 �M FPP into the enzyme solution, the intrinsic
fluorescence was quenched in the presence (Fig. 3A) and
the absence of 5 mM Mg2+ (Fig. 3B), indicating that FPP
binding does not require Mg2+. This quenching of intrinsic
fluorescence is due to the reduction of Trp91 fluorescence,
which is located in �3 helix and moves during the confor-
mational change induced by FPP binding (Y.H. Chen et al.
2002). Unlike the result obtained in the presence of Mg2+

(Fig. 3A), the addition of IPP into the UPPs-FPP mixture
without Mg2+ failed to change the fluorescence intensity
(Fig. 3B), suggesting that IPP binding absolutely requires
Mg2+. This fluorescence experiment was performed in a
manner similar to that used in the previous study (Y.H.
Chen et al. 2002), except that the UPPs used here was
dialyzed into the EDTA-containing buffer to remove any
tightly bound metal ion (as indicated by the 1% residual
activity) prior to the measurements of fluorescence spectra.

Amino acids surrounding the
hydrocarbon moiety of FPP

Interactions between the 15-carbon hydrocarbon tail of the
FPP (F1) molecule and the active-site residues of UPPs are

Substrate binding mode and reaction mechanism of UPPs
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mostly hydrophobic. The side chains of Leu85, Met25,
Leu88, Ala47, Val50, Ile141, Ala69, Ala92, and Phe89 of
UPPs are involved in the hydrophobic interactions, as sum-
marized in Table S1. Three of these residues, Leu85, Leu88,
and Phe89, are located in the �3 helix that reorients during
protein conformational change. This helix represents a key
determinant in regulating UPPs activity (Chang et al.
2003b). It moves toward the �2 helix to form the closed
conformation when FPP is bound to the active site, and this
closed form is active (Y.H. Chen et al. 2002; Chang et al.
2003b). In this active closed form, the side chains of Leu85,
Leu88, and Phe89 on the �3 helix (shown as a red ribbon in
Fig. 2C) face and are closer to the bound FPP. In contrast,
these residues (L85�, L88�, F89�, and W91�) are away and
more distant from the position of FPP in the open conformer
(�3 at the position of the purple ribbon in Fig. 2C), and the
open form has a much lower activity (Chang et al. 2003b).
This suggests that Leu85, Leu88, and Phe89 directly par-
ticipate in the catalysis by interacting with FPP.

Discussion

FPP serves as a common substrate for many prenyltransfer-
ases. In nature, there are several classes of prenyltransfer-
ases, including: (1) prenyltransferases such as UPPs (cis-
type) and FPPs (trans-type) which add IPP molecules into
allylic substrate, (2) prenyltransferases catalyzing the cy-
clization of FPP itself, (3) protein farnesyltransferases
(FTase) that catalyze the transfer of FPP to a specific Cys
residue of a protein substrate through a thioether linkage,
and (4) aromatic prenyltransferases catalyzing the formation
of a carbon-carbon bond between a prenyl group and an
aromatic nucleus, which are involved in the biosynthesis of
ubiquinones, menaquinones, tocopherols, and plastoquino-
nes (Liang et al. 2002). As demonstrated in the present
study, the backbone NHs and the side chains of the Asn28,
Gly29, Arg30, and Arg39 of UPPs provide hydrogen bond-
ing and electrostatic interactions to the pyrophosphate of
FPP, making it a good leaving group. In contrast, the nega-

Figure 2. Interactions between FPP pyrophosphate head group and the nearby amino acids in the active side. In A, the pyrophosphate of FPP (F1) is
hydrogen-bound to the backbone NH and side chain of R30, and backbone NH of G29 as well as the side chains of R39 and N28. Oxygen and nitrogen
atoms are shown as red and blue dots, respectively. All of the distances of possible hydrogen bonds are indicated in Å, shown with red dotted lines. In B,
side chain of D26 forms hydrogen bonds with the backbone NH of Gly27 and the side chain of R194 with the distances indicated in Å. Moreover, R194
interacts with R200, which is hydrogen-bound to E198. The segments of UPPs containing residues 23–43 and 192–205 are represented by the red ribbon.
(C) Superimposition of the �A strand and three �-helices (�1, �2, and �3) in the active-site area from the closed and open conformations of UPPs. The
�2 helix is shown in red in the closed conformer and purple in the open conformer. Several amino acids including L85, L88, F89, and W91 on this helix
become closer to the bound FPP compared to their positions (L85�, L88�, F89�, and W91�) in the open form. In D, the Mg2+ (shown in yellow) near IPP
is coordinated with H199 from A subunit, E213 from B subunit, and four waters. The hydrocarbon parts of FPP and hypothetical IPP are represented by
ball-and-stick in yellow and black, respectively. The oxygen and phosphate atoms in the pyrophosphate moiety are shown in red and purple, respectively.
The segments of A subunit of UPPs 23–43 and 192–205 are represented by red ribbon, and segments of B subunit of apo-UPPs 210–215 by cyan ribbon.
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tively charged FPP pyrophosphate is bound to the DDXXD-
coordinated Mg2+ in the trans-prenyltransferases (Marrero
et al. 1992; Song and Poulter 1994). In pentalenene syn-
thase (an FPP cyclase), the top of the active-site pocket
is surrounded by several hydrophilic amino acids, particu-
larly Asp80 and Asp84, which provide carboxylate groups
to complex with Mg2+ for FPP binding (Lesburg et al.
1997). Moreover, all of the aromatic prenyltransferases in-
clude the prenyl diphosphate binding site (N/D)DXXD
similar to that of the trans-prenyltransferases (Suvarna et al.
1998; Collakova and DellaPenna 2001; Meganathan 2001;
Schledz et al. 2001). The X-ray structure of rat FTase illus-
trates that the diphosphate moiety of the FPP molecule is
hydrogen bonded with His248�, Arg291�, and Tyr300�
(Park et al. 1997; Long et al. 1998). The catalytic zinc ion
which activates the thiolate anion as a nucleophile to attack
the peptide substrate is coordinated by Asp297b, Cys299b,
and His362b.

In light of the findings of the present study, UPPs repre-
sents a unique enzyme, because all of the above-mentioned
prenyltransferases require Mg2+ for binding with the pyro-
phosphate of FPP to increase its ability as a leaving group or
facilitate cyclization of farnesyl cation (Lesburg et al. 1997;
Park et al. 1997; Long et al. 1998). Even for Ras FTase, it
has been shown that a Zn2+ is catalytically important to
activate the thiolate anion but a Mg2+ chelating with pyro-
phosphate of FPP increases the FPP transfer activity by
100-fold (Saderholm et al. 2000). In contrast, no metal was
detected in the FPP site of the crystal structure of UPPs in

complex with FPP. Indeed, UPPs lacks the conserved
DDXXD motifs as seen in FPPs and other trans-type pren-
yltransferases for binding with substrates via Mg2+. Al-
though an Asp26 is in the active site, it is not likely to bind
the pyrophosphate of FPP based on the crystal structure.
Moreover, in the presence of EDTA, the FPP can still
quench the UPPs intrinsic fluorescence of Trp91, indicating
that the binding of FPP does not require Mg2+. On the other
hand, IPP binding as well as the subsequent condensation
reaction require Mg2+ (Y.H. Chen et al. 2002).

The amino acids essential for substrate binding and the
enzyme reaction are summarized in Figure 2D. A Mg2+ ion
coordinated by His199 (subunit A) and Glu213 (subunit B)
is near but not in direct contact with IPP in its putative
binding site (S2), which may play a structural rather than a
catalytic role. The plausible reaction mechanism of UPPs
deduced from the present crystallographic studies is out-
lined in Figure 4. Asp26 may serve as a general base that
removes a proton from IPP and later transfers the proton to
the pyrophosphate group of FPP. The importance of Asp26
in catalysis was shown by the 1000-times reduction in the
kcat value of D26A mutant (Pan et al. 2000a). In this model
(Fig. 1D), Asp26 is near the proton at the C2 carbon of IPP
and ready to remove it. The remaining electrons after de-
protonation shift to form a cis-double bond, and the carban-
ion at C4 of IPP attacks the C1 carbocation of FPP to form
a condensation product.

On the other hand, His43 is closed to C2-H of the sub-
strate FPP (Fig. 2). This amino acid probably offers a lone

Figure 3. The fluorescence spectra of EDTA-treated and nontreated UPPs, the sample with FPP, and with further addition of IPP in
the presence and absence of Mg2+. The UPPs solution containing 1 �M enzyme was added with 1 mM EDTA and dialyzed twice
overnight to remove the metal from UPPs. The activity of EDTA-treated was reduced to 1% after dialysis. The fluorescence emission
spectrum of the EDTA-treated (B) and nontreated UPPs (A) was measured (�). The samples were then added with 15 �M FPP and
5 mM MgCl2 (A) and only FPP (B), and the fluorescence spectra were collected (�). The mixtures were further added with 40 �M
IPP (A,B), and the spectra were taken (�). The addition of FPP changed the fluorescence of UPPs in the presence and absence of Mg2+,
whereas the further addition of IPP failed to alter the intrinsic fluorescence of the EDTA-treated UPPs without Mg2+. These results
indicate that the binding of FPP does not require Mg2+, but IPP binding needs the metal ion.

Substrate binding mode and reaction mechanism of UPPs
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pair of electrons to interact with the C2-H, and thus partially
stabilizes the carbocation formed after elimination of the
pyrophosphate group. This partially positively charged
character on C2 of the allylic substrate was also found in
FPPs, as the fluoro-substituted GPP analog was shown to be
a poor substrate for FPPs due to fluorine’s strong electro-
negativity to destabilize the intermediate (Poulter et al.
1977). The mutation of H43A causes the decrease of kcat

value by 1000-fold, suggesting its importance in catalysis
(Chang et al. 2003a).

Leu85, Leu88, and Phe89 in the active site of UPPs en-
sure the correct position and orientation of the allylic sub-
strate FPP for an efficient nucleophilic attack by IPP. It is
notable that these three amino acids located on the �3 helix
interact with the substrate only when FPP is bound and the
closed conformation is formed. It was shown that the flex-
ible loop (amino acids 72–83) preceding the �3 helix may
pull the helix closer to the bound FPP substrate to form a
closed conformation. By inserting extra Ala residues to
freeze the UPPs structure in the open conformation, we
demonstrated that the closed form of UPPs is active and the
open form is 104-fold less active (Chang et al. 2003b). As
shown in the present study, the amino acids such as Leu85,
Leu88, and Phe89 in the �3 helix are near the bound FPP in
the closed conformation.

Materials and methods

Materials

The following materials were obtained from the respective suppli-
ers: Radiolabeled [14C]IPP (55 mCi/mmole), Amersham Pharma-
cia Biotech; FPP, Sigma; reversed-phase thin layer chromatogra-
phy (TLC) plates, Merck; Taq DNA polymerase, Life Technolo-
gies; the plasmid mini-prep kit, DNA gel extraction kit, and
NiNTA resin, QIAGEN; potato acid phosphatase (2 units/mg),
Roche Molecular Biochemicals; FXa and the protein expression
kit (including the pET32Xa/LIC vector and competent JM109 and
BL21 cells), Novagen. All commercial buffers and reagents were
of the highest grade.

Crystallization of UPPs with FPP

We first grew crystals of the E. coli UPPs and later soaked them
with FPP. For purification of UPPs, our previously reported pro-
tocol of using NiNTA column chromatography was followed (Pan
et al. 2000b). The purified UPPs was crystallized using the hang-
ing drop set-up purchased from Hampton Research. The crystal-
lization conditions we used previously were under the high con-
centration of sulfate or phosphate ion in the mother liquid which
prevented FPP and/or IPP from binding to UPPs. Moreover, high
concentrations (>1%) of Triton X-100 caused the detergent to be
bound in the active-site tunnel, which also interferes with the
binding of FPP to UPPs. We therefore used a negatively charged
peptide (an UPPs inhibitor, S.Y. Chang, Y.S. Sun, H.M. Yu,
A.H.-J. Wang, and P.H. Liang, unpubl.) to facilitate the crystalliza-

Figure 4. The proposed reaction mechanism of UPPs. Based on the present crystal structure, Asp26 serves as a general base to subtract
a proton from IPP. This essential active-site amino acid is near the proton at C2 carbon of IPP and ready to remove it. The remaining
electrons after deprotonation shift to form a cis-double bond, and the carbanion intermediate attacks the C1 carbocation of FPP to form
a condensation product. Eight cycles total of IPP condensation generate the UPP product.
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tion of UPPs under both low salt and low Triton X-100. In the end,
2 �L mother liquid containing 25% ethylene glycol at pH 7.5 was
mixed with 2 �L protein solution of 10 mg/mL UPPs, 1 mM
peptide, 0.05% Triton X-100, and 0.5 mM MgCl2. The mixture
was equilibrated against 200 �L of the mother liquid at 25°C.
Crystals started to appear within 5 d. Crystals of UPPs bound with
FPP bound were obtained by soaking the crystals of apo-enzyme in
solution containing the substrate. FPP was soaked into the crystal
by incremental addition to a final concentration of 230 �M in the
mother liquid. This crystallization condition was different from
that previously used (Chang et al. 2003a), but the crystals turned
out to be isomorphous.

Crystallographic data collection
and structural analysis

Diffraction experiments of the UPPs crystal was carried out at
−150°C using an MSC MicroMax-007 equipped with an R-AXIS
IV++ image-plate detector at Academia Sinica (Taipei, Taiwan).
Data were processed and scaled by employing the HKL package
(Otwinowski and Minor 1997). For computational refinement,
manual modification, and analysis of the crystal structure, the pro-
grams CNS (Brunger and Warren 1998), O (Jones et al. 1991), and
CCP4 (Collaborative Computational Project No. 4 1994) were
used. The parameters for ideal protein geometry (Engh and Huber
1991) were used for the refinements, and the stereochemical qual-
ity of the refined structure was checked with the program PRO-
CHECK (Laskowski et al. 1993).

Using 2.4 Å resolution data and the Triton-bound UPPs struc-
ture that we previously solved as a template (Chang et al. 2003a),
without all solvent and cofactor molecules, an initial R-value of
0.53 was calculated, and it was reduced immediately to 0.43 after
rigid-body refinement. Electron density maps in the active-site

tunnel of one subunit (monomer A) clearly showed two FPP mol-
ecules, and those in the other subunit (monomer B) contained one
partial FPP (only the geranyl portion was detected). Subsequently
more water and FPP molecules were added to the models, and the
amino acid side chains were also modified according to the Fourier
maps.

Both R- and Rfree-values were used to monitor the progress of
refinement (Brunger 1992). The final R- and Rfree-values and re-
finement statistics are given in Table 1. Figures were generated
using MOLSCRIPT (Kraulis 1991), RASTER3D (Merritt and
Murphy 1994), and BobScript (Esnouf 1997). The refined model
contains amino acid residues 13–239 in one subunit (monomer A)
and 17–73, 78–240 in the other (monomer B).

Fluorescence experiments

The fluorescence emission spectra of 1 �M UPPs, the UPPs so-
lution with the addition of 15 �M FPP, and the mixture with a
further addition of 40 �M IPP in the presence or absence of Mg2+

were monitored using an F-4500 fluorescence spectrophotometer
(Hitachi). The buffer solution was 100 mM HEPES (pH 7.5), 50
mM KCl, with or without 5 mM MgCl2. The UPPs used in this
study was dialyzed into a buffer containing 1 mM EDTA prior to
the fluorescence measurements to remove any tightly bound metal
in the UPPs. The samples were excited at 285 nm, and the emis-
sion spectra from 300 to 450 nm were recorded.
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Table 1. Data collection and refinement statistics

UPPs + FPP

Data collection
Space group P212121

Unit cell (a, b, c Å) 63.03 69.20 108.26
Resolution (Å) 10–2.35 (2.43–2.35)
No. of observations 95659 (9202)
Unique reflections 19508 (1882)
Completeness (%) 97.1 (95.1)
Average I/� (I) 11 (4.1)
Rmerge (%) 12.9 (36.3)
Refinement
No. of reflections 19026 (1786)
(F > 0 � (F))
Rworking 0.173 (0.215)
Rfree (%) for 5% data 0.254 (0.332)
R.m.s. deviation from ideal bond lengths (Å) 0.021
R.m.s. deviation from ideal bond angles (°) 1.87
Residues in most favored regions of Ramachandran plot (%) 92.8
Residues in additional allowed regions (%) 7.2
Average B-value (Å2) for 1,788 back-bone atoms 30.7

1,769 side-chain atoms 34.2
456 water molecules 50.5
58 FPP atoms (2 FPP + 1 geranyl) 56.3

All refinement and calculation of R-factor were done by CNS using all reflections.
Numbers in parentheses are for the outmost resolution shell.
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