JOURNAL OF BACTERIOLOGY, Dec. 2005, p. 8137-8148
0021-9193/05/$08.00+0 doi:10.1128/JB.187.23.8137-8148.2005

Vol. 187, No. 23

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Homodimeric Hexaprenyl Pyrophosphate Synthase from the
Thermoacidophilic Crenarchaeon Sulfolobus solfataricus
Displays Asymmetric Subunit Structurest

Han-Yu Sun,'” Tzu-Ping Ko,? Chih-Jung Kuo,? Rey-Ting Guo,"* Chia-Cheng Chou,>?
Po-Huang Liang,"** and Andrew H.-J. Wang"****

Institute of Biochemical Sciences, National Taiwan University, Taipei 106, and Institute of
Biological Chemistry,*> Core Facility for Protein X-Ray Crystallography,® and
Taiwan International Graduate Program,* Academia Sinica,

Taipei 115, Taiwan

Received 20 June 2005/Accepted 26 August 2005

Hexaprenyl pyrophosphate synthase (HexPPs) from Sulfolobus solfataricus catalyzes the synthesis of trans-
C;o-hexaprenyl pyrophosphate (HexPP) by reacting two isopentenyl pyrophosphate molecules with one gera-
nylgeranyl pyrophosphate. The crystal structure of the homodimeric C;,-HexPPs resembles those of other
trans-prenyltransferases, including farnesyl pyrophosphate synthase (FPPs) and octaprenyl pyrophosphate
synthase (OPPs). In both subunits, 10 core helices are arranged about a central active site cavity. Leul64 in
the middle of the cavity controls the product chain length. Two protein conformers are observed in the
S. solfataricus HexPPs structure, and the major difference between them occurs in the flexible region of residues
84 to 100. Several helices (oI, aJ, aK, and part of «H) and the associated loops have high-temperature factors
in one monomer, which may be related to the domain motion that controls the entrance to the active site.
Different side chain conformations of Trp136 in two HexPPs subunits result in weaker hydrophobic interac-
tions at the dimer interface, in contrast to the symmetric -7 stacking interactions of aromatic side chains
found in FPPs and OPPs. Finally, the three-conformer switched model may explain the catalytic process for

HexPPs.

Isoprenoids are among the most diverse and widely distributed
natural compounds (17, 22). Using the 5-carbon isopentenyl
pyrophosphate (IPP) as building blocks, linear isoprenoids are
synthesized by a group of prenyltransferases (PTases), which cat-
alyze the multiple-IPP condensation reaction with allylic sub-
strates, i.e., Cs dimethyl allyl pyrophosphate (DMAPP), C,; far-
nesyl pyrophosphate (FPP), or C,, geranylgeranyl pyrophosphate
(GGPP) for chain elongation (13). These PTases have been clas-
sified as E- and Z-types, which synthesize products with trans and
cis double bonds, respectively. Different enzymes synthesize vary-
ing chain length products, which are then utilized as precursors
for steroids, carotenoids, quinones, dilichols, prenylated proteins,
and archaeal membrane lipids.

Trans-PTases are typically classified into three groups based
on the chain length of their final products, i.e., short (C,, to
C,s), medium (C;, to Css), and long chain (C,, to Cs) (12,
16). The crystal structures of short-chain farnesyl pyrophos-
phate synthase (FPPs) and long-chain octaprenyl pyrophos-
phate synthase (OPPs) have been determined previously (6, 10,
25). These proteins are homodimers. Each subunit contains
several a-helices that form a large central active site cavity with
two conserved DDXXD motifs, located at the rims of the
helices D and H, respectively. On the other hand, the medium-
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chain frans-PTases, including hexaprenyl pyrophosphate synthase
(HexPPs) and heptaprenyl pyrophosphate synthase (HepPPs),
are composed of either homodimers or heterodimers. The
HexPPs from Sulfolobus solfataricus (23), which catalyzes the con-
densation of two IPP molecules with GGPP to yield all-trans-
C5o-HexPP, is a homodimer (8). In contrast, HexPPs from
Micrococcus luteus B-P 26 and HepPPs from Bacillus subtilis are
heterodimers with A and B components (5, 24, 28, 29). HexPPs
synthesizes the precursor of the prenyl side chain of caldariel-
laqunone (3, 30). To date, no structure of medium-chain PTases
has been available to explain the necessity of homodimer-het-
erodimer formation and the mechanism of chain length determi-
nation.

We report here the first crystal structure of a medium-chain
HexPPs from S. solfataricus. On the basis of the crystal struc-
ture of HexPPs, we performed site-directed mutagenesis and
identified the key amino acid for determining the product
chain length. The depths of the active sites in FPPs, HexPPs,
and OPPs were then compared to rationalize the mechanism of
chain length determination in the short-, medium-, and long-
chain enzymes. Furthermore, the dimer interfaces in these
trans-PTases may provide important clues toward understand-
ing the requirement of homo- and heterodimerization for the
medium-chain prenyl-synthesizing enzymes.

MATERIALS AND METHODS

Materials. Exsel DNA polymerase was obtained from Life Technologies, Inc.
The plasmid miniprep kit, DNA gel extraction kit, and Ni-nitrilotriacetic acid
resin were purchased from QIAGEN. Potato acid phosphatase (2 U/mg) was
purchased from Roche Molecular Biochemicals. The protein expression kit
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TABLE 1. Heavy-atom derivatives
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and MIR statistics of HexPPs

Data set® Thimerosal®

C,H,CIHgO, C(HgOOCH,),

Space group
Unit cell dimensions (A)
Resolution (A)

P3,21
a=b=09199 c= 12168
50-2.7 (2.8-2.7)

No. of observations 59,726 (5,980)
Unique reflections 16,805 (1,643)
Completeness (%) 99.6 (99.7)
Rperge (%) 9.0 (48.9)

Avg I/a(I) 13.23 (2.69)
Phasing power 0.28

Mean overall figure of merit 0.71 (50-2.8 A)
No. of sites 4

P3,21
a=>b=09228c=12244
50-2.8 (2.9-2.8)

P3,21
a=>b=9202c=121.28
30-2.64 (2.76-2.64)

49,012 (5,014) 93,050 (9,673)
15,246 (1,500) 17,777 (2,191)
99.3 (99.8) 97.2 (99.5)
10.4 (44.2) 8.7 (47.8)
10.67 (2.79) 17.03 (2.77)
0.45 0.26
1 1

“ Numbers in parentheses are for the highest resolution shell.
® Thimerosal is 2-(CH;CH,HgS)CsH,CO,Na.

[including the pET16b vector and competent JM109 and BL21(DE3) cells] were
obtained from Novagen. The QuikChange Site-Directed Mutagenesis kit was
obtained from Stratagene, Inc. Radiolabeled [**C]IPP (55 mCi/mmol) was pur-
chased from Amersham Pharmacia Biotech, and FPP was obtained from Sigma.
Reverse-phase thin-layer chromatography (TLC) plates were purchased from
Merck. All commercial buffers and reagents used were of the highest purity
available.

Cloning, expression, and purification. The S. solfataricus P2 HexPPs gene was
amplified by PCR from genomic DNA of Sulfolobus solfataricus P2 with primers
HexPPs-Ncol (5'-CATGCCATGGCCCACCACCACCACCACCACTGAGTA
TTATAGAGTTCTGGTTAG-3') and HexPPs-BamHI (5'-CGCGGATCC
GCGTCATTAAATCTTATCTATGTTAGCCTCC-3') (restriction sites are un-
derlined). The 867-bp PCR products were digested with Ncol and BamHI, and
the DNA fragments were cloned into pET16b (Novagen). This construct, with a
hexa-His tag attached to the N-terminal methionine, was transferred into Esch-
erichia coli BL21(DE3) (Novagen)-competent cells, and DNA sequencing was
performed to confirm the appropriate orientation. The HexPPs protein was then
overexpressed in E. coli BL21(DE3) in 6 liters of Difco Luria-Bertani broth
containing 50 mg/liter ampicillin to an optical density at 600 nm of 0.5 and then
induced with 0.5 mM isopropyl-B-p-thiogalactopyranoside. After additional
overnight incubation, the cells were harvested and disrupted by a French press in
a buffer containing 25 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 20 mM
imidazole. The homogenate was centrifuged at 27,000 X g for 30 min, and the
supernatant was recovered as a crude extract which was then heated at 55°C for
30 min. The denatured proteins were removed by centrifugation at 27,000 X g for
30 min. The supernatant containing the heat-resistant HexPPs was recovered,
and the enzyme was purified with an Ni-NTA column and dialyzed, each three
times with 5 liters buffer (20 mM Tris-HCI, pH 8.0) for 6 h. Finally, the HexPPs
enzyme was concentrated by Amicon (Millipore). About 100 mg of HexPPs was
obtained, with a purity of more than 95% as determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.

Site-directed mutagenesis of HexPPs. HexPPs mutants were prepared by using
a QuikChange Site-Directed Mutagenesis kit in conjunction with the HexPPs gene
template in the pET16b vector. The mutagenic primers for D81C, Y124A, Y174A,
L164A, L164G, and WI136E of HexPPs and F117E of OPPs were prepared by
Biobasic Inc. (Canada). The basic procedure of mutagenesis utilizes a supercoiled
double-stranded DNA (dsDNA) vector with an insert of interest and two synthetic
oligonucleotide primers containing the desired mutation. The mutation was con-
firmed by sequencing the entire HexPPs mutant gene of the plasmid obtained from
the overnight culture. The correct construct was subsequently transformed to E. coli
BL21(DE3) for protein expression and purification.

Crystallization and data collection. D81C and W136E mutant crystals were
grown at room temperature by the hanging drop vapor diffusion method from a
reservoir solution containing 10% (wt/vol) polyethyleneglycol 8000, 2.4 M lith-
ium chloride, and 100 mM Tris (pH 8.0). The crystals reached the maximum size
(0.2 mm) in 3 to 5 days. Crystals were frozen after cryoprotection by adding 20%
(wt/vol) ethylene glycol to the mother liquor. The D81C mutant X-ray data were
collected at 100 K on the Taiwan Contract BL12B2 station at SPring-8 (Hyogo,
Japan). The W136E HexPPs mutant, F117E OPPs mutant, and three HexPPs
multiple isomorphous replacement (MIR) data sets were collected in house
using a Rigaku MicroMax007 X-ray generator equipped with an R-Axis IV*™"
image plate detector. The diffraction data were processed and scaled by using
HKL/HKL2000 packages (20). Statistics are shown in Tables 1 and 2.

The X-ray diffraction data sets for the D81C and W136E HexPPs mutants
were collected to 2.4- and 2.7-A resolution, respectively. Both D81C and W136E
crystals belong to the trigonal space group P3,21 with similar unit cell (Table 2).
The Matthews coefficient of 2.28 A3/Da and solvent content of 46% were con-
sistent with one dimer per asymmetric unit.

Structure determination and refinement. The phase angles of D81C HexPPs
crystal were calculated using Thimerosal, C;HsCIHgO,, and C(HgOOCH;),
heavy-atom derivative data by the MIR (multiple isomorphous replacement)
method using SOLVE (27). The MIR map at 2.4 A was subjected to maximum-
likelihood density modification followed by autotracing using RESOLVE (26).
An initial model was built using RESOLVE and XtalView (15). The model was
improved by manual rebuilding using XtalView and was refined using CNS (1).
Refinement statistics of D81C and W136E HexPPs mutants are summarized in
Table 2. A Thermotoga maritima OPPs mutant, F117E, for probing the dimer
interface was similarly refined, and its refinement statistics are also listed in
Table 2.

Substrate specificity of the recombinant HexPPs. The activity of recombinant
HexPPs (1 wM) with 5 wM allylic substrate (geranyl pyrophosphate [GPP], FPP
or GGPP), 50 uM [**C]IPP, 0.1% Triton X-100, 0.5 mM MgCl,, and 50 mM KCI
in 100 mM HEPES buffer (pH 7.5) was measured to test the substrate specificity
of the enzyme. The initial velocity of the enzyme reaction was calculated accord-
ing to the first 10% of the radiolabeled substrate converted to the polyprenyl
products as described previously (21).

Product analysis. The HexPPs reaction containing 1 uM enzyme (wild-type
and mutant HexPPs), 5 uM FPP, 50 uM ["*C]IPP, 0.1% Triton X-100, 0.5 mM
MgCl,, and 50 mM KCl in 100 mM HEPES buffer (pH 7.5) was performed for
72 h at 25°C. EDTA (10 mM) was used to terminate the reactions. Radiolabeled
polyprenyl pyrophosphate products were extracted with 1-butanol. The solution
was then evaporated, and a 20% propanol solution containing 4.4 U/ml acidic
phosphatase, 0.1% Triton, 50 mM sodium acetate (pH 4.7) was prepared to
convert polyprenyl pyrophosphate products to corresponding alcohols according
to the reported procedure (4). After the pyrophosphate hydrolysis catalyzed by
acidic phosphatase was completed, the polyprenols were extracted with n-hex-
ane. The hexane volume was reduced by evaporation. The polyprenols were
separated on reversed-phase TLC using acetone/water (19:1) as the mobile
phase. The radiolabeled products were identified by autoradiography using a
bioimaging analyzer FUJIFILM BAS-1500 (Japan) according to their reported
R, values.

Atomic coordinates and structure factors. The atomic coordinates and struc-
ture factors (code 2AZJ for D81C mutant HexPPs, 2AZK for W136E mutant
HexPPs, and 2AZL for F117E mutant OPPs) have been deposited in the Re-
search Collaboratory for Structural Bioinformatics Protein Data Bank.

RESULTS

Sequence comparison of trans-PTases. The amino acid se-
quences of five representative members of the trans-PTase
family are compared in Fig. 1. Other frans-PTases have 22 to
26% sequence identity to S. solfataricus HexPPs. Two highly
conserved catalytic DDXXD motifs, each located on helices D
and H, respectively, are essential for FPP binding and IPP
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TABLE 2.

STRUCTURE OF SULFOLOBUS HexPPs

Data collection and refinement for D81C, W136E HexPPs, and F117E OPPs mutants

Statistics

D81C WI136E

F117E OPPs

Data collection statistics?
Beam line
Wavelength (A)
Space group
Unite cell dimensions (A)
Resolution range (A)

BL12B2, SPring-8
1.0000
P3,21

50-2.4 (2.49-2.40)

a=>b=29249,c=122.62

Cu Ka radiation

1.5418

1422

a =b =151.51,c = 54.61
50-2.8 (2.9-2.8)

Cu Ka radiation

1.5418

P3,21
a=>b=09253c¢c=127.19
50-2.7 (2.8-2.7)

Total observations 179,327 (17,723) 79,446 (7,627) 59,883 (2166)
Unique observations 24,259 (2,365) 17,750 (1,743) 9.443 (907)
Completeness (%) 99.9 (100.0) 99.8 (99.9) 99.0 (99.3)
Rierge (%) 6.3 (40.9) 8.7 (49.6) 6.4 (52.6)
Avg I/o(I) 31.8 (5.4) 17.9 (3.1) 27.5(4.2)
Refinement statistics”
Reflections 23,468 (2,202) 15,209 (1,648) 8,732 (892)
R/Ryc. (%) 24.0/29.7 24.8/32.2 21.8/27.3
Root mean square deviation from ideal geometry
Bonds (A) 0.0065 0.0083 0.0084
Angles (°) 1.08 1.14 1.25
No. of nonhydrogen atoms/avg B factor (A2)
Monomer A 2,238/39.6 2,235/42.4 2,216/55.6
Monomer B 2,224/71.0 2,235/76.3
Water 394/56.9 168/39.7 287/65.0

“ Numbers in parentheses are for the highest resolution shell.
b All positive reflections are used in the refinement.

condensation reaction (10). The dimer interface (on helices E
and F) is less conserved. Several important amino acids (Fig. 1,
blue asterisk) involved in the structural-based three-metal ion
mechanism for FPPs isoprenoid condensation (10) are also
conserved in HexPPs, except residue 258. The amino acid
located at the fifth position before the first DDXXD, which
was proposed to shield product synthesis in FPPs and GGPPs
(18, 19), is a small amino acid (Ala) in the long-chain 7. maritima
OPPs, E. coli OPPs, and S. solfataricus HexPPs. In contrast, the
short-chain E. coli FPPs and S. solfataricus GGPPs have Tyr and
Phe at this position, respectively. Notably, the F132 seals the
bottom of OPPs’s active site and determines the final product
chain length (6), and the equivalent amino acid in S. solfataricus
HexPPs is Leul29. The roles of residues located in the HexPPs’s
active site were investigated by the mutagenesis study, as eluci-
dated below.

Overall structure of HexPPs. The crystal structure of S. sol-
fataricus HexPPs was determined by a multiple isomorphous
replacement (MIR) method, and the refinement was carried
out using the 2.4-A resolution data of the D81C mutant
(Fig. 2A and Table 2). The first amino acid, D81, of the first
DDXXD motif was mutated to cysteine in order to bind heavy
atoms (mercuric ion) for phase determination. The final re-
fined D81C HexPPs mutant structure consists of residues 1 to
276 in chain A and residues 3 to 276 in chain B. Each asym-
metric unit of the crystal contains one dimer, which is the
active form of the enzyme. Its secondary structures (Fig. 1)
were assigned according to the three-dimensional structure of
monomer A.

The structure is composed entirely of all a-helices joined by
connecting loops. The 10 a-helices (all a-helices, except helix
I) form a large cavity as the active site at the center of each
monomer. The substrate-binding site is formed by two con-

served DDXXD motifs, each located on the respective helices
D and H. The bottom of the central cavity is occupied by two
bulky side chains of Y174 and Y124. A complementary hydro-
phobic interface between helices E and F mainly mediates the
HexPPs dimerization. The two subunits of HexPPs adopt dif-
ferent conformations in residues 84 to 100 comprising two
a-helices, aD and «E (Fig. S1 in the supplemental material).
The N terminus of helix E has two additional turns and the
connecting loop to helix D is stretched out in monomer B,
whereas monomer A exhibits a similar conformation to the
corresponding regions in FPPs and OPPs. In the wild-type
HexPPs structure (data not shown), similar conformation of
monomer B is observed, suggesting that it is not a result of the
D81C mutation. Helix E in monomer B is involved in lattice
contact interactions, which should be responsible for capturing
the HexPPs molecules in such an asymmetric conformation
(Fig. S2 in the supplemental material). The volume of the
active-site cavity is 1331 A> and 804 A in monomers A and B,
respectively (Fig. 2B). In monomer A, these helices are partly
unraveled to create a different active-site cavity from that of
monomer B. Owing to the steric hindrance effect in the dimer
interface, the bulky residue W136 of monomer B protrudes
inward to the active-site cavity. This side chain conformational
change significantly reduces the cavity volume of monomer B.

Flexibility analysis of HexPPs by temperature factors. The
B-factor analysis was performed over the entire sequences and
for different protein subunits (Fig. 3). The results show that the
residues with low B factors occur predominantly in the central
portions of the helix bundles, and the residues with high B
factors are associated with the interconnecting loops between
the helices. This observation suggests that the active-site resi-
dues, in general, are less flexible than the non-active-site res-
idues. The protein can thus provide a hydrophobic pocket
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*HexPPs_S.sol 1
FPPs_Ecol 1
GGPPs_S.sol 1
HexPPs_B M.lut 1
HepPPs_Il_B.sub 1
OPPs_Ecol 1
OPPs_T.mar 1

*HexPPs_S.sol 30
FPPs_Ecol 33
GGPPs_S.sol 33
HexPPs_B M.ut 33
HepPPs_Il_ B.sub 61
OPPs_Ecol 33
OPPs_T.mar 29

*HexPPs_S.sol a7
FPPs_Ecol 92
GGPPs_S.sol 90
HexPPs_B M.lut 90
HepPPs_ll_B.sub 118
OPPs_Ecol 90
OPPs_T.mar 87

#*HexPPs_S.sol 134
FPPs_Ecol 152
GGPPs_S.sol 147
HexPPs_B _M.lut 140
HepPPs_ll_B.sub 168
OPPs_Ecol 140
OPPs_T.mar 137

% HexPPs_S.sol 188
FPPs_Ecol 21
GGPPs_S.sol 206
HexPPs_B M.lut 199
HepPPs_ll_B.sub 227
OPPs_Ecol 199
OPPs_T.mar 192

*HexPPs_S.sol 242
FPPs_Ecol 264
GGPPs_S.sol 263
HexPPs_B_M.lut 259
HepPPs_ll_B.sub 281
OPPs_E.col 256
OPPs_T.mar 243

*HexPPs_S.sol 281
FPPs_Ecol 299
GGPPs_S.sol 323
HexPPs_B M.lut 316
HepPPs_ll_B.sub 339
OPPs_E.col 314
OPPs_T.mar 299
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FIG. 1. Multiple-sequence alignment of the trans-prenyltransferase family and secondary-structure assignment of monomer A from S. solfa-
taricus HexPPs. Amino acid sequences of Cs,-HexPPs from S. solfataricus, C,5-FPPs from E. coli, C,,-GGPPs from S. solfataricus, component B
of C5,-HexPPs from M. luteus B-P 26, component II of Cy5-HepPPs from B. subtilis, C,,-OPPs from E. coli, and C,,-OPPs from T. maritima are
aligned. Identical and similar amino acid residues are shaded in like colors. The two conserved catalytic DDXXD motifs are highlighted in a green
box, and the amino acids associated with different structural conformations in the two HexPPs subunits are highlighted in a red box. The blue
arrows indicate the amino acids mutated in this study, and the blue asterisks indicate the key amino acids that involved in a FPPs isoprenoid
condensation reaction. The amino acids at the dimer interface of HexPPs are underlined. The alignment was prepared with ClustalW.
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Monomer A

FIG. 2. (A) Overall structure of S. solfataricus D81C HexPPs is shown using a cylinder diagram. The residues of two active-site DDXXD motifs
are shown in a ball-and-stick model. (B) The top-view model of S. solfataricus D81C HexPPs is shown as “worm” tracing. The two subunits of
HexPPs are shown in gray and light brown, respectively. Their active-site cavities are shown in red and blue, and the cavity volumes are 1,331 and
804 A3, respectively. The residues 84 to 100 (in yellow) have different conformation in two subunits. These figures were produced using PYMOL.
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A

Monomer A Monomer B

1104 —— Monomer A
100_’ _ —— Monomer B

{ oA oB oC _oD oE  oF oG _oH ol _ol oK

—r——r—r—T—r—r—Tr—T—Tr—7r 7T

0 25 50 75 100 125 150 175 200 225 250 275 300
Amino acid sequence of HexPPs

FIG. 3. (A) S. solfataricus HexPPs is colored from blue to red according to B factor from 10 to 110 A2, The figure was produced using PYMOL.

(B) Temperature factor plot for monomers A and B of HexPPs, independently. The average temperature factor of monomer B (red line) is

apparently higher than monomer A (black line). Notably, the B factor is higher than 100 AZ in the C-terminal region (residues 200 to 276) of
monomer B.
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within the helices along with the stabilization of specific
charged groups at the active site. On the other hand, the
C-terminal region of monomer B (helices I, J, and K) has the
highest B factors (Fig. 3), a result of loose crystal packing
interaction (Fig. S2). Although the overall dispositions of these
helices are not different in the two monomers, since the con-
formational flexibility is likely correlated with B factors, this
region may also adopt alternative conformation during sub-
strate binding or catalysis.

Substrate specificity of the recombinant HexPPs. Prenyltrans-
ferases utilized IPP for chain elongation of allylic substrate
FPP or GGPP. Since in S. solfataricus there is a GGPP but not
FPP synthase enzyme, it was suggested that HexPPs should
utilize GGPP rather than FPP as the substrate. We tested the
reaction products and measured the activity by using C,s-FPP,
C,,-GGPP, and shorter C,,-GPP as a substrate. We found that
all of the above substrates led to the same Cy, final product by
HexPPs. In term of enzyme activity, GGPP (specific activity,
0.016 s ') displayed threefold better activity than that using
FPP (specific activity, 0.005 s~ ') as a substrate under the ex-
perimental conditions. The activity was threefold further re-
duced by using shorter substrate GPP (specific activity, 0.002
s 1). Apparently, GGPP is a native substrate for HexPPs.
However, in the test of the products for the mutant enzymes,
we used FPP, which is available in the laboratory for the
reaction, since both FPP and GGPP gave the same products.

Essential amino acid for product chain length determinant.
On the basis of the crystal structure, we aimed to identify the
key residues for determining the ultimate chain length of
HexPPs. Two large amino acid residues (Y124 and Y174) at
the bottom of the internal cavity, analogous to F132 in OPPs
(6), were initially predicted to be the chain length determinant
of the C5, product. We replaced these large residues with Ala
and examined the chain lengths of the products synthesized by
the mutant enzymes using TLC analysis. Surprisingly, both
Y124A and Y174A mutants generated the same C;, product
(Fig. 4, lanes 2 and 3). Another residue, L164, located in the
middle of the cavity was then predicted to be a suitable can-
didate. Conversion of L164 to alanine, making the L164A mu-
tant, produced only one Cs-prenyl unit longer Cs5 product (Fig. 4,
lane 4).

Comparison of active sites among trans-PTases. The Protein
Data Bank (PDB) (2) was used to search for other structural
homologues of HexPPs using the DALI server (9). The best
match for the A monomer of §. solfataricus HexPPs was ob-
tained from the A chain of the E. coli FPPs ternary complex
(PDB ID code 1RQI), with a Z-score of 23.5, which corre-
sponds to the root-mean-square deviation (RMSD) of 2.4 A
for 233 equivalent C,, atoms. The second highest score goes to
the A chain of the 7. maritima OPPs (PDB ID code 1V4E),
with a Z-score of 23.3, which corresponds to the root-mean-
square deviation (RMSD) of 2.9 A for 242 equivalent C,
atoms. The structures of these three enzymes share the similar
overall fold and topology (Fig. S3 in the supplemental mate-
rial), despite relatively low sequence identity (about 25%).
Most of the backbones are superimposed very well, except for
the two regions in aD-aE and aH-al loops. Notably, con-
served Argl16 and Lys258 emanating from the conformation-
ally variable aD-oE and aH-al loops in FPPs shield the reac-
tion from bulk solvent and stabilize the catalytic base of
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FIG. 4. The products synthesized by wild-type, Y124A, Y174A,
L164A, and L164G HexPPs. The reaction mixture containing 1 uM of
each mutant enzyme, 5 pM FPP, and 50 pM ['*C]IPP was incubated
at 25°C for 72 h to complete the reaction. The final products were
extracted and analyzed using TLC and a phosphorimager. Among the
mutants, L164A and L164G synthesize a slightly longer product (major
product, Css) than that synthesized by the wild type (Cs).

pyrophosphate oxygen by their positive charges (10). FPPs
undergoes the substrate-induced active-site rearrangements
that protect the centrally located cavity from bulk solvent and
position active-site residues in a catalytically competent con-
formation. Similar conformation in the aD-aE loop can be
found in monomer A of HexPPs.

It has been proposed that the size of an elongated hydro-
phobic tunnel in the active site determines the product size of
PTases (6, 7), because a bulky side chain at the distal end of the
cavity blocking the product from penetrating the tunnel. To
further understand the product specificity of FPPs, HexPPs,
and OPPs, we calculated the depth of the active-site cavities for
these three trans-PTases (Fig. 5SA). The direct distances be-
tween the first DDXXD motif and the residue responsible for
chain length determination are 10.36 A, 10.90 A, and 18.69 A
for FPPs, HexPPs, and OPPs, respectively. Although there is
little difference between FPPs and HexPPs in the distance, the
smaller size of A76 in HexPPs compared to the corresponding
residue Y79 in FPPs apparently provides more space for
HexPPs to accommodate longer products. In contrast, OPPs
with deeper active sites provides sufficient space for the C,,
isoprenoid. Figure 5B illustrates that the larger space within
the active-site cavities gives rise to longer chain lengths of the
final products.

Comparison of the dimer interfaces in frans-PTases. The
dimer interface parameters for three trans-PTases were calcu-
lated using the Protein-Protein Interaction Server (11)
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TABLE 3. Parameters of protein-protein interaction for E. coli FPPs, S. solfataricus HexPPs, and T. maritima OPPs*

Interface parameter FPPs HexPPs OPPs Homodimer”
AASA? (A?) 1,800 1,820 1,712 1,685
% AASA 14.12 12.68 11.35
% Polar atoms in interface 28.25 27.05 31.76
% Nonpolar atoms in interface 71.70 72.90 68.20
Hydrogen bonds 9 5 6
Salt bridges 2 0 4
Gap volume* (A?) 3,814 5,809 6,829
Gap volume index 1.09 1.63 2.01 2.2

“ A mean value from the data set of 32 nonhomologous homodimers (11).

> The protein-protein interface has been defined based on the change in their solvent accessible surface (AASA).
¢ The gap volume between the two components of the complexes was calculated using SURFNET.
 Interactions at the dimer interface were analyzed using the Protein-Protein Interaction Server (11).

(Table 3). The accessible solvent areas at the dimer interface
of FPPs, HexPPs, and OPPs are 1,800, 1,820, and 1,712 AZ,
respectively, above the mean 1,685 A2 of many other ho-
modimers. We also measured the “complementarity” between
the interacting surfaces using a gap index, defined as the en-
closed volume between any two molecules divided by the sur-
face area. For FPPs, HexPPs, and OPPs dimers, the gap index
values are 1.09, 1.63, and 2.01, respectively (compared with the
mean value of 2.2 of other homodimers), indicative of a highly
complementary dimer interface. Van der Waals interactions
between hydrophobic residues contribute most to the stability
of these dimers; about 70% of the atoms involved in the dimer
interface are nonpolar. Among the three trans-PTases, the
HexPPs dimer has fewer hydrogen bonds and no salt bridge at
the interface. Most of the dimer surface interactions in the
three frans-PTases are between helices E and F and part of
helix B.

Several planar residues, such as F122 of FPPs, P114 and
W136 of HexPPs, and F117 of OPPs, are found at the dimer
interface through strong stacking interactions (Fig. 6A). In
FPPs and OPPs, the side chains of F122 and F117, respectively,
are involved in the - interaction with the same residues from
the other subunit. In contrast, HexPPs forms the crossing
stacking interaction between W136 on helix F from monomer
A and P114 on helix E from monomer B (Fig. 6A). In an
attempt to disrupt the dimer, the hydrophobic residues in the
dimer interface of OPPs (F117) and HexPPs (W136) (Fig. 6B
and D) were replaced by a negatively charged Glu residue. The
mutants still formed dimers (Fig. 6C and E). Apparently, the
dimer interface is held together by a wide range of hydropho-
bic interactions. A single-site mutation is not sufficient to dis-
rupt the dimer formation, although some side chain conforma-
tional changes occur in the mutational region.

DISCUSSION

Several enzymes, including the crenarchaeal medium-chain
S. solfataricus HexPPs (code XXXX), short-chain E. coli (code
1RQI) FPPs, and long-chain 7. maritima OPPs (code 1V4E),
are shown here to illustrate their similar structural features.
However, a large amino acid occurring at varying locations
along the active site cavity can block the chain elongation of a
defined product. Y105 (the fifth amino acid prior to the first
DDXXD motif), L164, and F132 are the predominant key
amino acids in FPPs, HexPPs, and OPPs, respectively. The
space of the active-site area constrained by the large amino
acid is proportional to the chain length of the product. This
molecular ruler mechanism has been proposed for several
trans-PTases (7, 14, 25).

The size of a C;, product, if arranged linearly, is estimated
to be 32 z&, but the distance from the first DDXXD to L164 is
only about 11 A. This can be explained by the fact that the
C;o-HexPP is flexible enough and can fold to adapt to the cavity
of the active site. In addition, the fifth amino acid before the first
DDXXD motif in HexPPs is A76, smaller than the corresponding
residue Y79 in E. coli FPPs and F79 in S. solfataricus GGPPs. This
provides a wider cavity for HexPPs than those in E. coli FPPs and
S. solfataricus GGPPs. In conclusion, chain length determina-
tion cannot be accurately predicted simply through the active-
site cavity depth alone. The size of the amino acid near the
active site is also significant in determining the product chain
length.

It is interesting that only medium-chain (Cs, and Css) trans-
PTases contain either homodimers or heterodimers in different
species. From the above description, the homodimer of HexPPs
from S. solfataricus is not held as tightly as short- and long-chain
trans-PTases. The sequence of each monomer is homologous to
component B of the heterodimer for other medium-chain #rans-

FIG. 5. Ribbon diagram (A) and electrostatic surface potential diagram (B) are shown from red to blue according to the charge potential from
—15 to 15 kgT. Structural comparison of E. coli FPPs, S. solfataricus HexPPs, and T. maritima OPPs are shown in lime, magenta, and cyan,
respectively. (A) The first Asp of the first DDXXD motif and the key residues for chain length determination are shown in a ball-and-stick model.
The distances between the first DDXXD motif and the residue for chain length determination are 10.36 A, 10.90 A, and 18.69 A for FPPs, HexPPs,
and OPPs, respectively. The active-site cavities of the enzymes become deeper and wider as the lengths of the ultimate products increase. The

diagrams were produced with PyMOL and GRASP.



FIG. 6. (A) Stereo diagram of the Ca backbone in the dimer interface area. E. coli FPPs (in lime), S. solfataricus HexPPs (in magenta), and
T. maritima OPPs (in cyan) are superimposed. The 2Fo-Fc maps are contoured at the 1.0-o level about the residues at the dimer interface. The
model is shown as sticks in gray and gold for the two subunits of HexPPs and in cyan for OPPs. (B) Wild-type HexPPs. (C) W136E HexPPs mutant.
(D) Wild-type OPPs. (E) F117E OPPs mutant. These diagrams were produced with PyMOL.
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FIG. 7. A three-conformer switch model of HexPPs catalysis. As described in the text, three conformations of HexPPs are represented by the
substrate-free conformation (left), the substrate-binding conformation (right), and the product-released conformation (middle) in schematic
cylindrical diagram. Substrate binding and product release might trigger the movement of the aD-aE and aH-aJ loops inward and outward of the
active site. The flexible region (helices H to K) with high B factor observed in monomer B of HexPPs is highlighted in red.

PTases, e.g., HexPPs of Micrococcus luteus B-P 26 and HepPPs of
Bacillus subtilis (Fig. 1). However, component A of the het-
erodimer does not show sequence homology to any other protein.
From the structure presented here, we identified the characteris-
tic interactions at the dimer interface in the homodimeric
HexPPs. This part of the sequence, especially in helix F, is least
conserved in component B of the heterodimeric synthases, pos-
sibly rendering them unable to form a homodimer.

The conformations of the two subunits of S. solfataricus
HexPPs are nearly identical, except in the aD-oE loop, which
is relevant to the catalytic function of HexPPs (Fig. S1). The
loop may mediate the interaction of IPP with GGPP, necessary
to initiate the condensation reaction and to serve as a hinge to
control the substrate binding and product release. In addition,
the B-factor distribution provides information on the protein
dynamics, flexibility, and stability. Therefore, it is tempting to
propose that monomer A with an inward aD-aE loop repre-
sents the substrate-free conformation because of its similar
conformation to the corresponding regions in substrate-free
OPPs (Fig. S3) (10). Monomer B may correspond to the prod-
uct-released conformation with a flexible region (helices H to K)
and two outward loops. It is unlikely that a rigid conformation of
HexPPs releases the final product, since there is no exit hole
through the bottom for the product. The outward loop in mono-
mer B provides a putative conformation for product release.

We conclude here with a three-conformer switch model
(Fig. 7) based on the two conformers observed in HexPPs and

FPPs-substrate complex (Fig. S1 and S3). The monomer A
with the inward aD-oE loop represents a substrate-free con-
formation. As the substrates bind, the aH-aJ loop moves in-
ward toward the active site to facilitate catalysis involving with
some positive-charged amino acids (R90, R91), analogous to
the FPPs-substrate complex. When the product chain length
reaches Cs, the aD-aE and aH-oJ loops at the top of the
active site moves away from the closed position to the open
position and the flexible region (al, oJ, aK) moves outward for
product release. The open conformation will also facilitate
binding of the next substrate molecule. According to this ca-
talysis model, HexPPs can switch among the three conforma-
tions with its flexibility in certain regions of the enzyme.
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