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The Escherichia coli undecaprayl-pyrophosphate syn-
thase (UPPs) structure has been solved using the single
wavelength anomalous diffraction method. The putative
substrate-binding site is located near the end of the
BA-strand with Asp-26 playing a critical catalytic role.
In both subunits, an elongated hydrophobic tunnel is
found, surrounded by four B-strands (BA-BB-BD-BC) and
two helices (¢2 and @3) and lined at the bottom with
large residues Ile-62, Leu-137, Val-105, and His-103. The
product distributions formed by the use of the I62A,
V105A, and H103A mutants are similar to those observed
for wild-type UPPs. Catalysis by the L137A UPPs, on the
other hand, results in predominantly the formation of
the C,, polymer rather than the C;; polymer. Ala-69 and
Ala-143 are located near the top of the tunnel. In con-
trast to the A143V reaction, the C;, intermediate is
formed to a greater extent and is longer lived in the
process catalyzed by the A69L mutant. These findings
suggest that the small side chain of Ala-69 is required for
rapid elongation to the C5; product, whereas the large
hydrophobic side chain of Leu-137 is required to limit
the elongation to the C;; product. The roles of residues
located on a flexible loop were investigated. The S71A,
N74A, or R77A mutants displayed 25-200-fold decrease
in k_,, values. W75A showed an 8-fold increase of the
FPP K, value, and 22-33-fold increases in the IPP K,,
values were observed for E81A and S71A. The loop may
function to bridge the interaction of IPP with FPP,
needed to initiate the condensation reaction and serve
as a hinge to control the substrate binding and product
release.

Prenyltransferases catalyze consecutive condensation reac-
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tions of isopentenyl pyrophosphate (IPP)! with allylic pyro-
phosphate to generate linear isoprenyl polymers. The isopre-
nylates undergo further modification to form a variety of
isoprenoid structures including steroids, terpenes, the side
chains of respiratory quinones, carotenoids, natural rubber, the
glycosyl carrier lipid, and prenyl proteins (1, 2). E- and Z-type
prenyltransferases synthesize ¢trans and cis double bonds, re-
spectively, through the condensation reactions of IPP (3). Each
of the E-type enzymes catalyzes the formation of a product
having a specific chain length ranging from C,, to Cj, (4).

Two conserved DDXXD motifs are observed in E-type en-
zymes (5-7). X-ray structural (8) and site-directed mutagenesis
studies (9—-12) of farnesyl-pyrophosphate synthase (FPPs) have
shown that the first aspartate-rich motif binds the allylic sub-
strate, whereas the second DDXXD binds IPP via Mg?". Mu-
tagenesis studies indicate that the 5th amino acid residue
(Phe-77) upstream from the first DDXXD plays a critical role in
controlling the chain length of the final product formed in the
reaction catalyzed by E-type geranylgeranyl-pyrophosphate
synthase from archaebacterium (13). By substituting this large
residue with the smaller Ser, product synthesis was shifted
from the production of C,, product to Cy5 and Cg, products (14).
Double (F77G/L74G) and triple (F77G/L74G/171G) mutants
were observed to catalyze the formation of even longer chain
products (15). Replacing the active site aromatic residues Phe-
112 and Phe-113 with smaller amino acids produced FPPs
mutants that synthesize C,, geranyl pyrophosphate (F112A),
C,5 geranylfarnesyl pyrophosphate (F113S), and longer prod-
ucts (F112A/F113S) (16). Analysis of the F112A/F113S struc-
ture shows that it contains an enlarged active site that is
possibly related to increased product size.

On the other hand, Z-type isoprenyl-pyrophosphate syn-
thases such as undecaprenyl-pyrophosphate synthase (UPPs)
and dehydrodolichyl-pyrophosphate synthase catalyze the for-
mation of long chain products ranging from Cg to C,, (17, 18).
UPPs, the subject of this paper, generates a Cy; product by
catalyzing the chain elongation of farnesyl pyrophosphate
(FPP) via sequential condensation reactions of eight IPP, which
serves as a carrier in transporting lipid II across the membrane
in bacterial cell wall biosynthesis (19, 20). Despite close simi-
larities in the chemistry catalyzed, no sequence homology ex-
ists between Z-type and E-type enzymes (21, 22). To under-
stand better the Z-type enzyme catalysis, we have studied the
reaction mechanism and kinetics of Escherichia coli UPPs (23),

! The abbreviations used are: IPP, isopentenyl pyrophosphate; FPPs,
farnesyl-pyrophosphate synthase; FPP, farnesyl pyrophosphate; UPPs,
undecaprenyl-pyrophosphate synthase; UPP, undecaprenyl pyrophos-
phate; NiNTA, nickel-nitrilotriacetic acid; PEG, polyethylene glycol;
r.m.s.d., root mean square deviation; PCR, polymerase chain reaction.

This paper is available on line at http://www.jbc.org
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TaBLE 1
Data collection and refinement statistics of the E. coli UPPs crystal
Space group . P2,2,2,
Unit cell dimension (A) a = 64.18; b = 67.33;
= 110.15

Resolution range A) 20-1.80 1.86-1.80
Total number of reflections® 44,770 4420
(Ua(D)) 25.7 6.5
Roerge (%) 6.8 35.6
Completeness (%) 99.6 99.9
Number of reflections >0 o(F)? 44,367 4313
R, for 95% working data set 0.194 0.236
R, for 5% test data set . 0.228 0.247
Estimated coordinate errors (A) using R e Riee

by Luzzati plot 0.20 0.24

by SigmaA plot 0.11 0.12
Deviation from ideal stereochemistry

r.m.s.d. bond (&) 0.012

Angle (°) 1.5

Dihedral (°) 22

Improper (°) 0.95
Ramachandran plot (excluding

prolines and glycines)
Residues in most favored regions 358 (95%)
Residues in additional allowed 19 (5%)
regions

Average B factor for all 4040 atoms 29.1

(A?)
“ Data collected at the inflection point (A = 0.9791 A) of the selenium
absorption edge.
® Prior to use in refinement, 40277 Friedel pairs of reflections were
averaged with an overall R-value of 5.7%.

and we show that some aspartate and glutamate residues may
play a structural and catalytic role and that their mutations
affect the enzyme activity and/or substrate binding (24). Re-
cently, the three-dimensional structure of UPPs from Micrococ-
cus luteus was solved by Fujihashi et al. (25), and it is com-
pletely different from those of E-type prenyltransferases. We
report the structure of E. coli UPPs, which is similar to the
structure of M. luteus UPPs except that two protein conformers
were discovered for E. coli UPPs. The large amino acid residues
Ile-62, Leu-137, Val-105, and His-103, occupying the bottom
portion of an elongated hydrophobic tunnel from the structure
of E. coli UPPs were replaced with Ala using site-directed
mutagenesis to study the mechanism of product chain length
determination. In addition, two amino acid residues, Ala-69
and Ala-143, located near the top of the hydrophobic tunnel in
E. coli UPPs, were substituted with Leu and Val, respectively,
as seen in the Mycobacterium tuberculosis Z-type short chain
FPPs (26) to examine the possible formation of a short chain
product. Furthermore, a flexible loop without observable elec-
tron densities of residues 72—83 was found in both UPPs struc-
tures. Mutagenesis studies of the M. luteus enzyme suggest
that loop residues Asn-77 and Trp-78 are important for catal-
ysis and FPP binding (27). To address the role of this loop in E.
coli UPPs, we generated the loop mutants S71A, E73A, N74A,
W75A, R77A, and E81A and measured the impact of loop
residue replacement on substrate binding and catalysis.

EXPERIMENTAL PROCEDURES

Materials—Radiolabeled [**C]IPP (55 mCi/mmol) was purchased
from Amersham Pharmacia Biotech, and FPP was obtained from
Sigma. Reversed-phase thin layer chromatography (TLC) plates were
purchased from Merck. Tag DNA polymerase was obtained from Life
Technologies, Inc. The plasmid mini-prep kit, DNA gel extraction kit,
and NiNTA resin were purchased from Qiagen. Potato acid phospha-
tase (2 units/mg) was purchased from Roche Molecular Biochemicals.
FXa and the protein expression kit (including the pET32Xa/LIC vector
and competent JM109 and BL21 cells) were obtained from Novagen.
The B834 (DE3) competent cells for the production of seleno-Met UPPs
was also from Novagen. Seleno-DL-methionine was purchased from
Sigma. All commercial buffers and reagents were of the highest grade.

Site-directed Mutagenesis of UPPs—UPPs mutants were prepared by
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Fic. 1. A ribbon representation of the UPPs dimer with the
dyad lying horizontal. The 7 «-helices and 6 B-strands are shown in
red and green for subunit A and in magenta and cyan for subunit B. The
figure was prepared using MolScript (38).

using PCR techniques in conjunction with the E. coli Bos-12 UPPs gene
template in the pET32Xa/Lic vector (23). The mutagenic primers used
were prepared by MDBio Inc. The mutagenic oligonucleotides for
performing site-directed mutagenesis are as follows: 5'-AACGGTGCT-
GAGGCGTTA-3’ for 162A; 5'-CTGCACCGAGCTAACGTG-3' for
H103A; 5'-CATAACGCGCGTCTGCGT-3' for V105A, 5'-ACCGGTGC-
GACGCTGAAT-3’ for L137A; 5'-ACGCTGTATCTCTTTAGT-3’ for
A69L; 5'-ATTGCGCTGAACTACGGT-3' for A143V, 5'-GCCTTTGCTA-
GTGAAAAC-3’ for S71A; 5'-AGTGAAGCCTGGAACCGA-3’ for N74A;
5'-GAAAACGCGAACCGACCA-3’ for W75A; 5'-AACTGGAACGCACC-
AGCG-3' for R77A; and 5'-CCAGCGCAGGCAGTCAGT-3' for E81A.
Subsequently, the forward primer 5'-GGTATTGAGGGTCGCATGTTG-
TCTGCT-3" and reverse primer 5'-AGAGGAGAGTTAGAGCCATCAG-
GCTGT-3' were used in combination with the PCR products obtained
using the above mutagenic oligonucleotides to create the full-length
mutant UPPs genes. The FXa cleavage site (IEGR) and the complemen-
tary sequences to the sticky ends of the linear vector pET-32Xa/LIC
were included in these primers. Thirty cycles of PCR were performed
using a thermocycler (Applied Biosystems) with the melting tempera-
ture at 95 °C for 2 min, annealing temperature at 42 °C for 2 min, and
polymerization temperature at 68 °C for 40 s. The PCR product was
subjected to electrophoresis on 0.8% agarose gel in TAE buffer, and then
the gel was stained with ethidium bromide. The part of the gel contain-
ing the band of the correct size was excised, and the DNA was recovered
using a DNA elution kit. The constructed gene of a mutant enzyme was
ligated to the vector by incubation for 1 h at 22 °C. The recombinant
UPPs plasmid was then used to transform E. coli JM109 competent
cells that were streaked on a Luria-Bertani (LB) agar plate containing
100 pg/ml ampicillin. Ampicillin-resistant colonies were selected from
the agar plate and grown in 5 ml of LB culture containing 100 pg/ml
ampicillin overnight at 37 °C. The mutation was confirmed by sequenc-
ing the entire UPPs mutant gene of the plasmid obtained from the
overnight culture. The correct construct was subsequently transformed
to E. coli BL21 for protein expression. The 5-ml overnight culture of a
single transformant was used to inoculate 500 ml of fresh LB medium
containing 100 pg/ml ampicillin. The cells were grown to A4y, = 0.6 and
induced with 1 mM isopropyl-B-thiogalactopyranoside. After 4-5 h, the
cells were harvested by centrifugation at 7,000 X g for 15 min.
Enzyme Purification—Approximately 3 g of cell paste, collected from
LB broth of E. coli expressing mutant UPPs by centrifugation, was
suspended in 25 ml of lysis buffer containing 25 mm Tris-HCl, pH 7.5,
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and 150 mm NaCl at 4 °C. The cell lysate, prepared with a French®
pressure cell press (AIM-AMINCO spectronic Instruments), was cen-
trifuged at 10,000 X g to remove cell debris. The cell-free extract was
loaded onto a NiNTA column, which had been previously equilibrated
with lysis buffer containing 5 mM imidazole. After exhaustive washing
with this same buffer at 4 °C, the imidazole concentration of the wash-
ing buffer was increased to 30 mM. The protein-containing fractions
eluted by 300 mm imidazole were dialyzed against a buffer containing
25 mm Tris-HCI, pH 7.5, and 150 mm NaCl and then subjected to FXa
digestion to remove the His tag. The mixture was passed through a
NiNTA column for purification. SDS-polyacrylamide gel electrophoresis
analysis was performed to demonstrate the purity of UPPs mutants.

Preparation of Seleno-Met Modified UPPs—To produce seleno-Met
modified UPPs, the plasmid containing UPPs gene was transformed
into B834 (DE3)-competent cell. The single transformant was first
grown overnight at 37 °C in LB containing 100 pg/ml ampicillin. The
cells were then used to inoculate 2 liters of LeMaster Medium (28) with
the supplement of 50 mg/liter seleno-DL-methionine. Isopropyl-B-D-thio-
galactopyranoside was added to a final concentration of 0.75 mm for
induction after the cell density reached A4y, = 0.4. The cells were grown
for another 10 h at 37 °C and then harvested by centrifugation. The
subsequent purification procedure for seleno-Met UPPs was the same
as for UPPs. The NiNTA-purified seleno-Met UPPs was in buffer con-
taining 25 mMm Tris-HCI, pH 7.5, and 150 mMm NaCl. Triton X-100 was
added into protein solution to 0.1%, and the protein was concentrated to
~5 mg/ml.

Crystallographic Analysis—UPPs was crystallized using the hanging
drop set-up from Hampton Research (Laguna Niguel, CA) by mixing 2
wul of the UPPs solution (5 mg/ml in 0.1% Triton X-100) with 2 ul of the
mother liquor (25% PEG400 in 100 mM sodium cacodylate, pH 5.5),
equilibrating with 500 ul of the mother liquor. Crystallization of the
seleno-Met enzyme was achieved under a slightly different condition by
mixing 2 ul of the UPPs solution (5 mg/ml in 0.1% Triton X-100) with 2
ul of the mother liquor (10% PEG8000, 8% ethylene glycol, in 100 mm
KOH-Hepes, pH 7.5), equilibrating with 500 ul of the mother liquor. In
both cases, long rods of crystals appeared in 1 week.

Diffraction data were collected at the National Synchrotron Light
Source beamline X4A (Brookhaven National Laboratory) at four wave-
lengths (low remote, inflection point, peak, and high remote) at and
near the selenium absorption edge. We attempted to determine the
phases using data from all four wavelengths. However, the resulting
MAD-phasing electron density map could not be interpreted. Subse-
quently, phases were determined with the program suite SOLVE (29;
also at website www.solve.lanl.gov) in the single wavelength anomalous
diffraction mode, using only the inflection wavelength data in the
resolution range of 20 to 1.8 A. Six selenium sites (of 10) were found.
Density modification with RESOLVE (30) yielded an overall figure of
merit of 0.53 (with figure of merit = 0.86 in the 20 to 3.0-A range).

The single wavelength anomalous diffraction-phased electron den-
sity map was of good quality at 1.8-A resolution, allowing the polypep-
tide chain to be traced automatically with ARP/WARP of CCP4 (31, 32).
The map clearly revealed that the dimeric structure of UPPs is the
asymmetric unit.

The model was further modified manually using O (33) and refined
by a crystallography and NMR system (34). Selenium atoms were used
for the selenium-Met residues in the refinement. During refinement, we
noticed that the enzyme structure contains a hydrophobic tunnel in
which a 12-atom piece moiety of either the Triton X-100 molecule or the
PEG8000 is visible in subunit A. The final model contains residues
13-71 and 86-240 in subunit A, residues 17-71 and 83-238 in subunit
B, 645 water molecules, and one 12-atom piece of the PEG moiety. In
the final model, all located residues have their ¢/iy angles in the allow-
able regions, and all their side chains were located. The crystal and
refinement data are listed in Table 1.

Measurements of K,, and k., Values for Mutant UPPs—For the
measurements of kinetic parameters, mutant UPPs (0.1 um S71A,
N74A, and R77A and 0.01 um E81A and W75A) was utilized to initiate
the reaction of FPP and [**C]IPP in 200-ul solutions. For IPP K, and
k... determinations, 10 um FPP was utilized to saturate the enzyme,
and IPP concentrations of 0.5-5 K,, were employed. For FPP K, meas-
urements, 0.2-10 um FPP were used along with 20 pum [**C]IPP. All
reactions were carried out in 100 mm KOH-Hepes buffer, pH 7.5, 50 mMm
KCl, and 0.5 mm MgCl, at 25 °C in the presence of 0.1% Triton X-100.
To measure the initial rate, 40-ul portions of the reaction mixture were
periodically withdrawn within 10% substrate depletion and mixed with
10 mMm EDTA for reaction termination. The radiolabeled products were
then extracted with 1-butanol, and the radioactivities associated with
aqueous and butanol phases were separately quantitated by using a
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Fic. 2. A, GRASP representation (39) of the UPPs dimer with one
subunit shown as “worm” tracing and another subunit as molecular
surface with charge potential. The range is approximately —10 to 10
kT and coded red to blue. The unobserved loop is drawn as orange
spheres in the left subunit. The red arrow indicates the location of the
hydropobic tunnel, which is also seen in the right subunit as a hole in
the surface. Several conserved residues in the vicinity of Asp-26, in-
cluding Arg-30, His-43, Phe-70, Ser-71, Arg-194, Glu-198, Arg-200, and
Ser-202, are labeled, as well as three additional positively charged
residues Lys-33, Lys-34, and Arg-39. B, possible active site residues of
UPPs. The ribbon diagram of the protein is viewed close-up in a direc-
tion similar to that of A, centered at the substrate-binding site. The side
chains of nearby conserved residues, including the previous nine and
Asn-28, are shown as ball-and-stick models. The figure is produced
using MolScript and Raster3D (40).

Beckman LS6500 scintillation counter. Initial velocity data were fitted
to Equation 1 to obtain K, and %, values by non-linear regression
(KaleidaGraph computer program). The k., was calculated from
Vinad [E].

Vo = Vinax [SVK,,, + [SD (Eq. 1)

where v, is the initial velocity; [E] is the enzyme concentration; [S] is
the substrate concentration; V.. is the maximum velocity; and K,, is
the Michaelis constant.

Product Formation and Analysis—The reaction rates of the wild-type
and mutant enzymes 162A, H103A, L137A, and V105A were measured
under the same conditions with 0.1 uM enzyme, 5 um FPP, 50 um
[**CIIPP, 0.5 mm MgCl,, 50 mm KCl, and 0.1% Triton X-100 in 100 mm
KOH-Hepes buffer, pH 7.5. Based on the reaction rate, the reaction
mixture containing 0.5 uM mutant UPPs under the above reaction
condition was incubated at 25 °C for 2 and 96 h in the presence and
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absence of 0.1% Triton, respectively, to obtain the products. The reac-
tion was then terminated with 10 mm EDTA, and the radiolabeled
products were extracted with 1-butanol (IPP was in aqueous phase).
After the removal of 1-butanol by evaporation, the 20% propanol solu-
tion containing 4.4 units/ml acid phosphatase, 0.1% Triton X-100, and
50 mM sodium acetate, pH 4.7, was used to convert polyprenyl pyro-
phosphate products to the corresponding polyprenols (35). The polypre-
nols were extracted with n-hexane, and the n-hexane volume was
reduced by evaporation. The residual n-hexane solution was spotted on
a reversed-phase TLC plate, which was then developed using acetone/
water (19:1) as the mobile phase. The plate with radiolabeled products
was analyzed by autoradiography using a bioimaging analyzer (Fujifilm
BAS-1500). The products were identified by the R, values reported
previously (23). The percentages of the intermediates and product
formed in the UPPs reaction were calculated from the measured inten-
sities normalized by the numbers of [**C]IPP incorporated.

Single Turnover Experiments of A69L and A143V—A rapid-quench
apparatus (Kintek, Austin, TX) was employed to terminate the reac-
tions catalyzed by A69L and A143V after a specified reaction time. For
each reaction, 15 pl of enzyme solution, preincubated with FPP, were
mixed with an equal volume of [**C]IPP solution to start the reaction.
The reaction solution contained 10 uM mutant enzyme, 2 um FPP, 50 um
[**C]IPP, 0.5 mM MgCl,, 50 mm KCl, and 0.1% Triton in the buffer of
100 mm KOH-Hepes, pH 7.5, and 25 °C. The reaction was terminated by
the addition of 67 ul of 0.6 N NaOH. It was demonstrated previously
that 0.4 N (after mixing) base was able to stop the reaction immediately
(23). Quenched reaction solutions were analyzed for intermediates and
product by using the TLC method described above.

RESULTS AND DISCUSSION

Overall Structure—Each asymmetric unit of the crystal unit
cell contains one UPPs dimer, which is the active form of the
enzyme. The dimer has a peanut shape of 35 X 70 A when
viewing along the dyad axis direction. When the dimer is
viewed perpendicular to the dyad axis, it has the shape of a
butterfly (Fig. 1). Each subunit contains two domains, a cata-
lytic domain (the butterfly wings) and a pairing domain (the
butterfly body). The dimer has a novel global folding structure
in which the two monomers are tightly associated via an ex-
tensive interface between the edges of the central B-sheet and
between a pair of long a-helices (a5 and a6).

The catalytic domain adopts a parallel o/ topology that
resembles the Rossmann fold. There are six parallel -strands
with the arrangement of a BC-BD-BB-BA-BE-BF topology. The
six-stranded B-sheet adopts an incomplete cone shape with
about 40% of the surface open. The C terminus lies on the
pointed side with a hole of about 10 A in diameter, where the
putative active site is located (see below). The N-terminal end
of the cone has a diameter of about 25 A.

There are 7 a-helices, with a1(Gly-27 to Gly-36), a2 (Arg-39
to Asn-60), a3 (Ser-83 to His-103), a4 (Asn-117 to Gly-133), and
o7 (Asp-225 to Glu-240) on the outer surface of the B-cone, and
a5 and a6 fill the opening of the B-cone. Three 3, helices
connect between a5 and a6 (Gln-168 to Ile-172), BE and BF
(Leu-206 to Ala-210), and BF and a7 (Leu-220 to Phe-224),
respectively. All helices are mostly straight, except for a3,
which is kinked. It is interesting to note that the location of the
kink in @3 is different in the two subunits that may be relevant
to the product release (see below). The conformations of the two
subunits are nearly identical, except for the conformation and
the relative disposition of helix a3.

Helices a5 and o6 and their associated turns are involved in
the dimer formation with the major stabilization coming from
the coiled-coil structure of the a5-a5 hydrophobic interactions.
It is further enhanced by 24 hydrogen bonds involving 11
residues of one subunit, and their equivalents of the other
subunit, plus 6 water molecules. The side chain of Arg-148 is
stacked with that of Trp-207 from the other subunit.

The second region of the interface, constituted by strand BF,
its proceeding turns, and the polypeptide C terminus, also
involves hydrophobic interactions. The patch formed by the
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side chains of Ile-201, Leu-206, Ile-209, Ala-210, Leu-214, and
Phe-216 extends the hydrophobic core of one subunit (on the
concave side of the B-cone) across the molecular dyad to an-
other subunit. There are 42 hydrogen bonds between the
subunits.

Product and Substrate Binding Site—An intriguing question
regarding the mechanism of UPPs is the exquisite ability of the
enzyme to synthesize precisely a product containing 11 prenyl
units (55-carbon). We have examined the three-dimensional
structure of the enzyme to seek a clue to this question. We have
found that there is an elongated tunnel within which the hy-
drophobic amino acids side chains cover the entire surface.
Interestingly, this hydrophobic tunnel, surrounded by 4
B-strands (BA-BB-BD-BC) and 2 a-helices (a2 and a3), is not the
same for the two subunits. In one subunit, the tunnel is narrow
within which an elongated electron density envelope, sugges-
tive of an aliphatic fragment, is clearly visible. In the other
subunit, the tunnel is more open where only water molecules
are found. Fig. 2A shows the surface drawing of the enzyme in
which the more open subunit is oriented in such a way that the
tunnel is clearly visible. On the top of tunnel, there are several
conserved hydrophilic amino acids in the vicinity of Asp-26,
including Asn-28, Arg-30, His-43, Phe-70, Ser-71, Arg-194, and
Glu-198. Fig. 2B shows the detailed arrangement of these
amino acids. This region has been suggested as the FPP- and
IPP-binding site based on site-directed mutagenesis studies
(24, 36).

We compared the two subunits by least squares superposi-
tion shown in Fig. 3A. In this diagram, we are looking into the
tunnel from the side. Most of the backbones are superimposed
very well, except for the two helices a3 and a4, with a r.m.s.d.
of 2.7 and 1.5 A, respectively. Here the magenta and red helices
are associated with the “open tunnel” and “closed tunnel” forms
of the two subunits, respectively. It is interesting to note that
both a3 helices are kinked, but at different locations. The
magenta helix is kinked by ~30° at Glu-96, and the red helix is
kinked by ~45° at Ala-92.

The red helix is translocated upward by about one-half turn
of a-helix (2.7 A) and laterally toward o2 helix by 2.5 A, making
the inside space of the tunnel tighter and shorter. The resulting
tight space allows a better binding of the hydrophobic aliphatic
fragment such that it becomes visible in the electron density
(Fig. 3A). This aliphatic fragment may be coming from either
the Triton X-100 or PEG8000.

The detailed structure of the tunnel may be schematically
illustrated using a cylindrical projection diagram in Fig. 3B. It
can be seen that the interior of the tunnel is completely hydro-
phobic, except near Asp-26 of the upper left corner where the
putative substrate-binding site is. The depth of the hydropho-
bic tunnel is ~30 A, which is sufficient to accommodate the
Css-prenyl chain.

Comparison of UPPs Structures from E. coli and M. luteus—
The structures of UPPs from E. coli and M. luteus are globally
similar to each other, as evident in the root mean square
deviation (r.m.s.d.) of 1.38 A for 377 matched pairs of a-carbon
atoms. The r.m.s.d. is 0.79 A for 274 atom pairs when a match-
ing criterion of 1.5 A is used. The largest deviations are located
in helices @3 and a4, which are relevant to the catalytic func-
tion of UPPs. As mentioned above, two conformations for the
two subunits of E. coli UPPs dimer are observed. In contrast,
the two subunits in M. luteus UPPs have identical structure
that is similar to the closed form of E. coli UPPs. Compared
with the closed form of E. coli UPPs, the a4 helix in one subunit
of the M. luteus enzyme significantly differs by rotation of
about 20° anchored on its C terminus, and the maximal dis-
placement is ~6.5 A at its N terminus, whereas o3 differs by
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Fic. 3. Hydrophobic tunnels of UPPs. A, the two subunits, colored
as in Fig. 1, are superimposed as described in the text. The ribbon
drawing was produced using MolScript and Raster3D. The PEG frag-
ment observed in subunit A is shown as ball-and-stick model. The loop
between strand BD and helix a3 is shown as dashed lines. B is a
schematic cylindrical projection diagram of the opened up tunnel. The
two helices a2 and a3 are rotated such that residues facing the tunnel
is visible. All of the labeled residues contribute to the wall of the tunnel,
except Asp-26 on the opposite side of the B-strand.

only about 2 A. On the other hand, both of the entire helices a3
and a4 are moved by 5-7 A in the other subunit, which show a
manifestation of contrasting open and closed forms. In addi-
tion, helix a6 and the associated loops also show deviation of
1.5-3 A in the two UPPs structures, possibly correlated with
the open-closed conformational change. Because only the closed
form was observed for M. luteus UPPs, Fujihashi et al. (25)
reported a large cleft surrounded by the S2- and S4-strands
and the H2 and H3 helices (equivalent to 8B, 8D, a2, and @3 in
the terminology used in this paper). We observe the open form
in which two additional B-strands (BA and BC) may also con-
stitute the hydrophobic tunnel. These structural deviations
might result from the different crystal packings or different
conditions utilized in protein crystallization. Triton and PEG
were included in crystallization of E. coli UPPs, whereas the
heavy atom derivatives were contained in the soaking buffer of
M. luteus enzyme.

Structure and Mechanism of E. coli UPPs

A

<«— C55
"
.

WT H103A V105A L137A 162A

WT H103A V105A L137A 162A

FiG. 4. The products synthesized by I162A, L137A, V105A, and
H103A in the presence of Triton (A) and in the absence of Triton
(B). The reaction mixture containing 0.5 uM each mutant enzyme, 5 uM
FPP and 50 uMm [**C]IPP, was incubated at 25 °C for 2 h in the presence
of Triton and 96 h in the absence of Triton to complete the reaction. The
final products were extracted and analyzed using TLC and Phosphor-
Imager. Lanes from left to right represent the products for the wild type,
H103A, V105A, L137A, and 162A, respectively. The L137A catalyzes
the formation of longer products compared with the wild-type UPPs
under both conditions.

Products Generated by I62A, H103A, V105A, and L137A
UPPs—The structure of E. coli UPPs reveals a hydrophobic
tunnel formed by 4 B-strands (8A-BB-BD-BC) and 2 helices (a2
and «3), sufficiently large to accommodate the entire UPP.
Large amino acid residues, which include Ile-62, Leu-137, Val-
105, and His-103, occupy the bottom portion of the tunnel (Fig.
3B). We proposed that one or more of these residues might play
a role in determining product chain length, analogous to the
above-mentioned amino acid residue located upstream from the
first DDXXD motif in E-type prenyltransferases. To test this
proposal, site-directed mutagenesis was performed to replace
these large residues with Ala, and the chain lengths of the
products synthesized by the mutant enzymes were examined
by TLC analysis. The activities of H103A, V105A, L137A, and
162A mutants, assayed with 5 um FPP and 50 um [14C]IPP, are
within a 5-fold range of the wild-type UPPs activity. Reactions
of 0.5 um wild-type UPPs and 0.5 um mutant UPPs, with 5 um
FPP and 50 um [*“C]IPP for 2 h in the presence of 0.1% Triton
X-100 and 96 h in the absence of Triton, lead to the formation
of product mixtures shown in Fig. 4, A and B. Previous studies
(23) have shown that Triton X-100 facilitates product release,
and the UPPs reaction is fast in the presence of Triton. The
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Ecoli | ====———m—————- MMLSATQPLSEKLPAHGC EQGKIRA-FEeHKA 45
Mlut ] e - MFPIKKRKAIKNNNINAAQIP QEFMPRI-KeHYE 48
Mtub : MEIIPPRLKEPLYRLYELRLRQGLAASKSDLP SAGYDDVSYEYRM : 60
yeast : METDSGIPGHSFVLEWTENIFSRTLRASNCVP IREKEM-DVEEEHEA : 59

Fic. 5. Alignment of amino acid se-

major product for the wild-type UPPs-catalyzed reaction car-
ried out in the presence of Triton is C5 (C55:Cqp = 96:4, Ist lane
of Fig. 4A). This is also the case for the H103A, V105A, and
162A UPPs-catalyzed reactions (2nd, 3rd, and 5th lanes in Fig.
4A). L137A UPPs, on the other hand, promotes the synthesis of
Cj55 and Cg, polymers mainly and Cgs to a lesser extent (Cyj:
Cg0:Cg5 = 55:41:4, Fig. 4A, lane 4). Because of the slow product
release that occurs in the absence of Triton (Fig. 4B), wild-type,
H103A, V105A, and 162A UPPs cause the formation of C55-C5
products with Cy5 as the major component. As calculated from
the imaging intensity divided by the number of IPP incorpo-
rated in each product, wild-type and H103A show similar prod-
uct distributions (Cz5:Cg0:Cg5:C70:Cr5 = 56:26:11:6:1, 1st lane
for wild-type enzyme and Cg5:C4y:Cq5:Cr0:Crs = 54:25:12:7:2,
2nd lane for H103A). V105A and I62A mutations result in
higher ratios of C4, and Cgy compared with that of the wild-
type UPPs, and V105A synthesizes significant amount of C,
(Cs5:C40:C45:Cr0:Crs = 37:24:22:15:2, 3rd lane for V105A; Cyy:
Cg0:C45:Cr0:Cr5 = 35:33:21:9:2, 5th lane for 162A enzyme). In
contrast, L137A UPPs produces C,, and C,; as the major
products (Cg5:Cg0:Cg5:Cr0:Cr5:Cqp = 3:5:17:40:29:5, Fig. 4B, 4th
lane).

Based on these findings, we hypothesized that the substitu-
tion of the large side chain in Leu-137 with a smaller side chain
in Ala removes the floor of the tunnel, thereby allowing for the
formation of longer chain length products. Based on the crystal
structure, the Ile-62 and His-103 side chains are directed away
from the tunnel, and the side chains of Leu-137 and Val-105 are
pointed toward the tunnel interior. Leu-137 is positioned on the
same side of the a-1 helix used to bind FPP, whereas Val-105 is
not. Apparently, Leu-137 is positioned to prevent further elon-
gation of C5;. However, Val-105 may also play a role in deter-
mining product chain length because its mutations increase the
ratios of Cgq, Cgs5, and C,, but is not as critical as Leu-137. This
conclusion is supported by the observation that dehydrodoli-
chyl-pyrophosphate synthase from Saccharomyces cerevisiae,
which catalyzes formation of longer chain length C,,-Cg, prod-
ucts (37), has an Ala (Ala-154) at the position corresponding to

* & kkk ok

* &
quences of the E. coli UPPs (Swiss- Ecoli : KSVRRAVSFAANNEIEALWLYAF TPAQIIVS LFVWALDSEVKS---LHR : 102
Prot Q47675), the M. luteus UPPs Mlut QTVKKITRYASD KY YA RizJ NY PGDFLNTFLPE---LIE : 105
(GenBank™ AB004319), the Z-type Mtub KIAEMLRWCHEAEIELAWVYL LOSDP EIITDVVEEICAP---ANH : 117
farnesyl-pyrophosphate synthase yeast : VSMSRILELCYE T AFSIIAUFKLSS ESI"MTLARERIRQITERGELACK : 119
Rv1086from M. tuberculosis, and the
yeast dehydrodolichyl-pyrophos-
phate synthase RER2 (Swiss-Prot * ok * *
P35196) (Mlut, M. luteus; Mtub, M. tu- Ecoli : HNYRLRII[EDTSRFNSRLQERIRKSEALWAGNTGLTLNIAANNGERWDIWVQGVR-QLAEK : 161
berculosis). Black and gray outlines in- Mlut : KN{YKVETI[EFIDDLPDHTKKAVLEAKE KHNTGLTI.VFALN EMISAVQ-LIAER : 164
dicate identical and similar amino acid Mtub : WSHYR--TVEDLGLIGEEPARRLRGAVESWPEVASFHYNVAY ;! REMVDAVRALLSKE : 175
m residues, respectively. The asterisks indi- yeast : YGYRIKII[EDLSLLDKSLLEDVRVAVETWKNNKRATLNICFPHTEIEEMLHAMKETIVQH : 179
cate the amino acid residues mutated in
E this study. The amino acid residues cor-
m responding to Ala-69 and Ala-143 of E.
w coli UPPs are Leu-84 and Val-156 in the Ecoli : V@ . 216
< M. tuberculosis FPPs and Ala-72 and Leu- Mlut : YK . 219
146 in the M. luteus UPPs. Leu-137 in E. Mtub : LA . 233
coli UPPs corresponds to Ala-154 in yeast yeast : -K . 231
RER2 protein.
Ecoli : 3 253
Mlut : 249
Mtub : 262
yeast : : 286

Leu-137 in E. coli UPPs (see Fig. 5). Because of the presence of
the small Ala residue, the chain elongation in the yeast enzyme
does not stop at Cz5; but continues to generate longer chain
products.

Intermediates of AG9L and A143V UPPs-catalyzed Reactions
Monitored under Single Turnover Conditions—An unusual Z-
type FPPs, recently found in M. tuberculosis and shown to be
homologous to UPPs in primary sequence, synthesizes a short
chain rather than typical long chain polyprenyl pyrophosphate
product (26). Two amino acid residues, Ala-69 and Ala-143,
located near the top of the hydrophobic tunnel in E. coli UPPs,
are replaced by Leu and Val, respectively, in the M. tuberculo-
sis Z-type FPPs (Fig. 5). We hypothesize that Ala-69 or Ala-143
might be positioned near the FPP-binding site of UPPs about
midway in FPP chain elongation to Cg5. Replacement of these
residues in UPPs with Leu and Val would, in analogy to the M.
tuberculosis enzyme, limit the chain elongation and thus cause
the formation of a short chain product. Site-directed mutagen-
esis methods were used to test this proposal. Upon extended
incubation for 2 h in the presence of 0.1% Triton, the AG69L
mutant converts the substrate to mainly C;, product, whereas
the A143V mutant generates the C;; product (data not shown).
No evidence was found for the formation of short chain prod-
ucts in these reactions. However, when we examined the for-
mation of intermediates, the impact of the amino acid substi-
tutions on the elongation process became clear. For this
analysis, the enzyme is used at high concentration (10 um) with
a limiting amount of substrate in order to maximize the rela-
tive quantities of intermediates formed. Under such conditions,
the reaction proceeds rapidly, and therefore, it is carried out in
a rapid-quench apparatus. This allows for termination of the
enzyme-catalyzed reaction following short incubation periods.

As shown in Fig. 64, the synthesis of C,5 and Cy, using the
A69L mutant is complete in 15 s (extended reaction periods
lead to the slow conversion of C,; to Cg,, data not shown).
Within the 15-s time frame, formation of C,,—C,, intermedi-
ates can be observed. In the wild-type UPPs reaction, interme-
diates are transiently formed and are disappearing, whereas
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Fic. 6. Single turnover experiments of A69L (A) and A143V (B)
to examine the possibility of production of short chain interme-
diates. In the reaction at 25 °C, 10 uM mutant enzyme, 2 um FPP, and
50 pM [**C]IPP were used. The reaction was terminated after a specified
reaction time using rapid-quench instrument, and the intermediates
formed at each time point were analyzed using TLC. A quantitative
expression of the image data for A69L is also shown (C,, (e), Cy5 (O),
C;o (M), Cys (D), Cyy (), Cy5 (O), and Cyy (A)). A, for the single turnover
reaction of A69L, accumulations of Cy, to a greater extent and longer
times compared with the other intermediates were observed. Finally,
A69L synthesized C;, as major product, whereas A143V produced
C,5-UPP.

the next intermediate is gradually formed (23). In contrast, the
C;, intermediate of A69L reaction accumulates to a greater
extent (e.g. Cy0:Cs5:C30:C35:Cy0:Cy5:Cps = 0:14:27:9:7:22:21 for
6-s reaction) and lasts longer (Cyy:Cy5:C50:C35:C40:Cy5:Csp =
0:0:14:2.5:1.5:27:55 at the end of 15 s) than the other interme-
diates. The quantitative time course data of A69L reaction are
shown on the bottom of Fig. 6A. The substitution of Ala-69 with
Leu might also force a slight change of the direction of chain
elongation leading to shorter product Cs,. In contrast, the
A143V-catalyzed reaction displays only the transiently formed
intermediates similar to the wild-type UPPs but with 3-fold
smaller rate constant for IPP condensation (Fig. 6B, quantita-
tive data not shown). Based on the data, the Ala-69 but not

Structure and Mechanism of E. coli UPPs

Ala-143 is positioned in UPPs such that it does not affect the
binding of intermediates shorter than Cg, but interferes with
proper binding of C5, and longer polymers.

It was proposed that the FPP site is probably located in the
area of Asp-26, the upper-left corner of the tunnel shown in Fig.
3B. It is apparent from the crystal structure that Ala-69 is
closer to the binding site of FPP, and Ala-143 is more distant
from this site. In addition, Ala-69 in E. coli UPPs is conserved
in M. luteus enzyme, but the corresponding residue of Ala-143
is a larger residue Leu in M. [uteus UPPs (see Fig. 5). Our
experimental data indicate that a small residue like Ala at
position 69 but not 143 is required for continued chain elonga-
tion to Cy5 catalyzed by UPPs. The accumulation of Cs, in the
single turnover of A69L indicates that the space between
Ala-69 and the FPP-binding site allows the incorporation of
three IPP molecules. However, the mutation of Ala-69 to Leu
does not completely block the chain elongation at this point
(probably due to the large room of the hydrophobic tunnel), and
the reaction continues to produce C 5 and finally Cy,. However,
reversible release and temporary accumulation of the Cg, in-
termediate occur with this mutant.

The Roles of Amino Acid Residues in the Disordered Loop of
72-83—The 72—83 loop is not visible in both x-ray crystal
structures of UPPs (see Fig. 3B), and thus it is not possible to
know what role, if any, these residues play in catalysis. Previ-
ous studies indicated that Asn-77 and Trp-78 in M. luteus
UPPs (corresponding to Asn-74 and Trp-75 in E. coli enzyme)
are important in catalysis and FPP binding. Substitution of
Asn-77 with Ala, Asp, or Gln causes a 102-103-fold reduction in
k.- Replacement of Trp-78 with Ile, Arg, or Asp increases the
FPP K,, by ~5-20-fold (27). In the current study, we sequen-
tially replaced the polar amino acid residues and Trp-75 of the
loop of the E. coli enzyme with Ala and measured the kinetic
properties of the mutant enzymes (Table II). S7T1A, N74A, and
R77A UPPs show markedly decreased %, values. W75A and
E81A UPPs as well as the previously characterized E73A UPPs
(24) display smaller reductions in %.,,. The k., values for S7T1A,
E73A, N74A, W75A, R77A, and E81A are 0.11, 0.3, 2.2 X 102,
1.1, 1.4 X 10" %, and 0.4 s~ 1, respectively, whereas that of the
wild-type enzyme is 2.5 s~ 1. Consistent with the behavior of the
corresponding M. luteus UPPs mutants (27), the N74A muta-
tion in E. coli UPPs results in a 100-fold decrease of %, value
with no increase in FPP and IPP K, values. The substitution of
Trp-75 with Ala increases the K,, values for FPP and IPP 8-
and 11-fold, respectively, in E. coli UPPs reaction. E81A and
S71A have significantly lower IPP affinities as indicated by
their increased (22—-33-fold) IPP K,, values.

These results indicate that the loop is responsible mainly for
IPP binding, and Trp-75 is involved in FPP binding. As shown
in Fig. 2B, Ser-71 (positioned at the end of the loop) together
with Phe-70 are located in the substrate-binding site and may
interact with IPP and place it in a correct position relative to
FPP for the condensation reaction to occur. This hypothesis is
supported by a recent report suggesting that Phe-73 and Ser-74
(equivalent to Phe-70 and Ser-71 in E. coli enzyme) are impor-
tant for IPP binding and catalysis in M. luteus UPPs (36). In
addition, our studies demonstrate that Glu-81 and some other
amino acid residues in the loop, which are invisible in the
crystal structure, are also critical in substrate binding and/or
catalysis in E. coli UPPs.

Two protein conformers are observed in the E. coli UPPs
structure. The major difference is that the a3 helix is kinked to
a greater degree in the conformer that contains Triton or PEG
(used in the crystallization solution). This conformer (closed
form) has a tighter space, which allows for better binding of the
hydrophobic aliphatic fragment. The other conformer (open
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TaBLE II
Kinetic parameters of mutant E. coli UPPs in the region of the flexible loop compared with the wild-type enzyme
UPPs Reas K, (FPP) K, (IPP) relk,
s1 M
Wild type 2.5 *+0.1 0.4 +0.1 4.1+0.3 1
ST1A 0.11 = 0.01 1.0 +0.2 133 = 14 4x10°2
E73A° 0.30 = 0.01 0.4 +0.1 16.2 = 2.2 0.1
N74A (2.20 = 0.03) X 102 0.4 +0.1 8+0.6 1x10°2
WT75A 1.1+0.1 3.2 +0.3 46 = 4 0.5
R77A (14*+01)x10* 1.6 0.3 15.7 =25 5x 1073
E81A 0.4 +0.1 0.4 +0.1 88 =10 0.2

¢ k.o relative to that of wild type.
® Data taken from Ref. 24.

form) only contains water in the substrate binding region. As
shown in Fig. 3B, the a3 helix is linked to the flexible loop
71-83. IPP binding might trigger the movement of the loop
toward the substrate-binding region of Asp-26, and this might
induce a conformational change from the open form to the
closed form that results in enhanced interactions of enzyme
with substrate. After UPP is formed, the closed form can switch
back to the open form to release the product. The loop might be
utilized as a hinge for the interconversion of two conformers
and as a control mechanism for substrate binding and product
release.

Conclusions—The E. coli UPPs structure reported here is
consistent with that of the M. luteus UPPs. However, compared
with the M. luteus UPPs structure, our E. coli enzyme struc-
ture has a better resolution (1.8 versus 2.2 A) and provides
more detail in structural information. Furthermore, two en-
zyme conformers of E. coli UPPs are identified, which may be
related to a gate opening/closing mechanism for the release of
the product. The site-directed mutagenesis studies reported in
this paper provide further insight into the catalytic mechanism
of UPPs by identifying the following: (i) important amino acid
residues that determine the product chain length, and (ii) the
functions of amino acid residues located on the flexible active
site loop. We conclude that the bulky side chain of Leu-137
serves to block further elongation of UPP based on the finding
that substitution of Leu-137 with Ala results in the synthesis of
longer polyprenyl products. The Ala-69 amino acid is located at
a distance corresponding to three isoprene units away from
FPP bound in E. coli UPPs. The substitution of Ala-69 with Leu
results in long lived accumulation of a short chain intermediate
Cso- Thus, the elongation process needed for formation of the
correct C55 product in wild-type UPPs is regulated by the small
size of the Ala residue located at position 69 and the large size
of the Leu resided at position 137.

The amino acid residues of the flexible loop are important for
catalysis as well as substrate binding, particularly IPP binding.
The flexibility of the UPPs structure and the involvement of
several residues in IPP binding are required because the en-
zyme catalyzes multiple IPP condensations leading to a large
and highly hydrophobic product which must exit the active site.

The site-directed mutagenesis studies presented here along
with the previously reported data provide a model (see Fig. 7)
for UPPs catalysis and substrate binding that can be used to
design studies, while the determination of the crystal structure
of the enzyme substrate complexes is in progress. In addition to
the hypothetical FPP and IPP binding mode reported by Fuji-
hashi et al. (25), we provide information on the amino acid
residues involved in the product chain length determination
and the role of a flexible loop in the model. According to this
model, FPP is bound with its PP; group near the Asp-26, Asn-
28, Arg-30, and Glu-198 area, likely with the help of Mg?*
ion(s). The C,5-farnesyl chain is bound with its tail pointing
toward the bottom of the tunnel. The tunnel at this stage is

Mg
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chain elongation

Fic. 7. A model of UPPs catalysis and substrate binding. As
described in the text, FPP and IPP are bound near Asp-26 and Glu-213
in the region located on the top of the hydrophobic tunnel. FPP under-
goes chain elongation by condensation with IPP and reaches the chain
length of Cg5. The Leu-137 is at the most critical position to block the
further elongation of the product.

probably in the closed form, and the 71-83 loop is open and
flexible. An incoming IPP (possibly assisted by the loop of
residues 71-83) attacks the carbocation formed from the bound
FPP. After the reaction, the free PP, leaves and the pyrophos-
phate moiety of the C,y-compound is translocated to the Asp-26
site, ready for the next cycle. The extended Cg, oligoprenyl
chain passes by Ala-69 and condenses with five additional IPP
units until the final product reaches Leu-137 located on the
bottom of the tunnel. When the chain length reaches Cs;, the
dimethyl end is stopped at the end of the tunnel where the
opening is small. At this point, the crowding between the pre-
nyl chain and the 71-83 loop at the top of the tunnel forces the
a3 helix to move away from the closed position into the open
position. The fully synthesized Cg5-PP product can exit easily
from the open gate, especially in the presence of Triton or
membrane lipid bilayer.
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