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Prenyl-converting or -transferring enzymes are re-
sponsible for the formation or modification of over
60000 naturally occurring isoprenoid-containing
compounds, approximately half of which are terpe-
noids, while the other half are chimeric compounds
of moieties from other biosynthetic origins coupled
to isoprenoids (meroterpenoids). All organisms pos-
sess essential isoprenoids. The biosynthesis of this
huge class of compounds is of great interest not
only for biochemists and biologists, but also for me-
dicinal and organic chemists.[1–10] Isoprenoids exhibit antimicro-
bial, anti-inflammatory, antiviral, and anticancer activity, with
Paclitaxel (Taxol1) as one prominent example.[11–27] Chemical
synthesis of terpenoids is often complicated and requires a
multitude of synthetic steps.

This is especially true for meroterpenoids and other chimeric
compounds that demand regioselective bond formation be-
tween the isoprene moiety and the non-isoprene component.
Aromatic prenyltransferases catalyze such reactions: that is, the
formation of C�C bonds between an aromatic substrate and
an isoprenoid diphosphate as electrophile (see, e.g. , Scheme 1
for the reaction of UbiA-enzyme).[8, 28]

Understanding the catalytic mechanism and modes of sub-
strate recognition by prenyltransferases might allow new prin-
ciples for chemical synthesis to be elucidated. Biosynthetic en-
zymes might subsequently be improved by applying structure-
based rational protein design, targeted mutagenesis, or direct-
ed evolution.

Prenyl-converting enzymes are classified into terpene syn-
thases (cyclases), prenyltransferases, isomerases, and other
prenyl-converting enzymes not assigned to one of the first
three groups (e.g. , geranylgeranyl hydrogenase or squalene
epoxidase). Prenyltransferases consist of oligoprenyl pyrophos-
phate synthases, protein prenyltransferases, and aromatic
prenyl transferases. X-ray structures are only known for a very

few prenylating enzymes. They give some insight into sub-
strate specificity and allow the deduction of possible catalytic
mechanisms. Only a single X-ray structure from the aromatic
prenyltransferase class is known; however, Orf2 from Strepto-
myces sp.[29] catalyses the prenylation of a diverse set of naph-
thols in vitro. Its natural substrates and products are not yet
known. This soluble enzyme displays a new type of antiparallel
b,a-barrel fold with no structural relation to other terpene cy-
clases or to UbiA-transferase. In contrast to the TIM barrel, the
central solvent-filled barrel of Orf2 contains binding sites for
the aromatic and isoprenoid substrates. From bioinformatic
analyses it is not related to most other aromatic prenyl trans-
ferases.

The membrane-bound p-hydroxybenzoic acid oligoprenyl-
transferase (UbiA) from E. coli consists of 290 amino acid resi-
dues encoded by the ubiA gene and has been known since
1972.[30] The enzyme is involved in the biosynthesis of bacto-
prenol and of prenylated quinones such as ubiquinone, re-

The membrane-bound enzyme 4-hydroxybenzoic acid oligopre-
nyltransferase (ubiA) from E. coli is crucial for the production of
ubiquinone, the essential electron carrier in prokaryotic and eu-
karyotic organisms. On the basis of previous modeling analyses,
amino acids identified as important in two putative active sites
(1 and 2) were selectively mutated. All mutants but one lost their
ability to form geranylated hydroxybenzoate, irrespective of their
being from active site 1 or 2. This suggests either that the two
active sites are interrelated or that they are in fact only one site.

With the aid of the experimental results and a new structure-
based classification of prenylating enzymes, a relevant 3D model
could be developed by threading. The new model explains the
substrate specificities and is in complete agreement with the
ACHTUNGTRENNUNGresults of site-directed mutagenesis. The high similarity of the
active fold of UbiA-transferase to that of 5-epi-aristolochene
synthase (Nicotiana tabacum), despite a low homology, allows a
hypothesis on a convergent evolution of these enzymes to be
formed.

Scheme 1. Chemoenzymatic synthesis of 3-geranyl-4-hydroxybenzoate (GHB) catalyzed
by UbiA-prenyltransferase (n =2).
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quired for cell-wall biosynthesis and respiration, respectively. In
vivo, the enzyme transfers diphosphorylated acyclic trans-oli-
goprenyl moieties (diphosphorylated terpene alcohols) to the
meta-position of p-hydroxybenzoic acid (Scheme 1).[31] Despite
the similar enzymatic reactions of the UbiA enzyme and the
Orf2-prenyltransferase they possess different folds. Secondary
structure predictions (see below) indicate an all a-helix fold for
UbiA, which is membrane-bound and which could not be solu-
bilized without irreversible destruction. As a result, no X-ray
structure for UbiA or for similar (aromatic) prenyltransferases
has been obtained. Similarity searches based on amino acid
ACHTUNGTRENNUNGsequence alignments with all entries in the protein database[32]

gave no relevant homologous proteins. Some years ago, we
suggested a reaction mechanism and a first, tentative model
of UbiA, based on the photosynthetic reaction center as tem-
plate (PDB code: 1PRC, 21% amino acid sequence homolo-
gy).[33] The model indicated two sequentially separated active
sites, one represented by Asp71 and Asp75, and another by
Asp191 and Asp195. The existence of two putative active sites
was also suggested by Ashby and Edwards and by Melzer and
Heide.[34,35]

Two related diphosphate-binding sites are required for iso-
prenoid synthases: one to activate the prenyldiphosphate, and
one to fix the prolonging isopentenyl diphosphate (IPP). In
theory, for (aromatic) prenyltransferases, if they are evolution-
ACHTUNGTRENNUNGarily related, only one of these sites is required: the activating
one. However, from models available at that time it remained
unclear whether one site was dysfunctional, or whether both
sites were still “active” sites, and whether or not they were
ACHTUNGTRENNUNGindependent of each other.

To validate the hypothesis of the existence of two sites in
UbiA enzyme, site-directed mutagenesis of individual amino
acid residues in the putative active sites was performed. Partial
or no loss of enzyme activity on mutation of any single amino
acid believed to be essential for only one of the two sites
would indicate that the other site was independently active
(or, in the worst case, that the mutated residues were not in-
volved in the formation of an active site). Otherwise, an obser-
vation of complete loss of activity, irrespective of the mutation
site being at active center 1 or 2 (misfolding excluded), could
hint either at interdependence of the two sites or at the exis-
tence of a common site, suggesting that the preliminary
model would need revision. Structural classification of a set of
prenyl-converting enzymes belonging to the all a-helical pro-
tein fold family should provide insight into structural and evo-
lutionary relationships within this group of aromatic prenyl-
transferases and related enzymes.

Results

Mutagenesis and enzyme activity

From the first model of the UbiA enzyme, five amino acid resi-
dues (D71, D75, R137, D191, and D195) were assumed to be
crucial for catalytic activity at either of the two sites.[33] They
were mutated to alanine.

By a modified method adapted from Takagi et al. ,[36] the
genes carrying the desired mutations were obtained by using
high-fidelity DNA polymerase.[37–41] Starting from the plasmid
pALMU3[35] containing the UbiA-prenyltransferase gene, the se-
lected residues were replaced to produce the corresponding
D71A, D75A, R137A, D191A, and D195A single mutants. After
plasmid validation by DNA sequencing and recombinant ex-
pression of the enzymes, the catalytic activities of the mutants
were compared to that of the unmodified enzyme obtained
from pALMU3 expression.

All enzymes were tested for their ability to produce geranyl
hydroxybenzoate (GHB) from geranyl diphosphate (GPP) in the
standard assay.[31,39] Only the wild-type showed significant ac-
tivity, while R137A showed strongly reduced formation of GHB,
with 5% relative conversion (Figure 1).

For all other mutants, no (<1%) product was observed,
even on increasing the enzyme concentration. To distinguish a
specific consequence of the mutation from some other effect
based on misfolding, it was not possible to apply methods
useful for soluble enzymes (e.g. , CD spectra). However, UbiA is
also able to hydrolyze GPP in the presence of MgCl2 without
forming GHB. This hydrolysis is not dependent on the aromatic
substrate. This phosphatase activity of UbiA is overlaid by
background activities of abiotic hydrolysis and of residual un-
specific phosphatases, which can be present in the membrane
fraction used. Fluoride unspecifically inhibits most (alkaline)
phosphatases but not UbiA, unless it is used at concentrations
that bind all free Mg2+ as fluoride. To avoid excessive MgF2 for-
mation, fluoride concentrations in the assay were kept below
twice the MgCl2 concentration. Inhibition of unspecific phos-

Figure 1. HPLC (254 nm) of the reaction mixture (cf. Scheme 1): 1) internal
HPLC standard (p-hydroxybiphenyl) ; 2) starting material and byproducts ;
3) product GHB. A) Reaction in the presence of unmodified UbiA enzyme
(from pALMU3) gives GHB (3) at 5.36 min. B) R137A mutant gives reduced
formation of GHB (5% rel.).
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phatases was tested at different NaF concentrations, with a
maximum of inhibitory activity found between 0.5 and 1.0 mm

NaF.
Rudimentary hydrolase activity of the aromatic prenyltrans-

ferase (phosphorylase activity) with the unspecific phosphatas-
es inhibited (Figure 2) should reflect the portion of phospha-

tase activity of UbiA and background hydrolysis. Abiotic back-
ground hydrolysis of GPP was determined by denaturizing the
enzyme extract at 95 8C. Ideally, background hydrolysis should
be equal in all samples, but different contents of proteins, salt,
and buffer give variation between the different clones. In all
cases, residual phosphatase activity above background levels,
not due to unspecific phosphatases, was detected. Phospha-
tase activity stemming neither from unspecific NaF-sensitive
phosphatases nor from UbiA is possible but improbable, be-
cause UbiA enzyme is known for such phosphatase activity
and was highly overexpressed.

Since all aspartate mutants, irrespective of their location in
putative active site 1 or 2, resulted in a complete loss of GHB
formation but still showed some residual hydrolysis activity, all
these residues would appear to be part of one common active
site. The low activity of the R137A mutant, however, indicates
that the residue is located in the vicinity of the active site, per-
haps stabilizing the structure, but possibly not involved in sub-
strate binding. The previously published active site and the
UbiA protein model consequently have to be revised.

Structural classification of prenyl enzymes

On the assumption that all prenyl transfers to carbon p-sys-
tems must follow certain chemical systematics, it was hoped
that there would be unrevealed evolutionary relationships be-
tween the different groups of prenylating enzymes. Some anal-
yses of evolutionary relationships of these enzymes, such as
trans-IPPSs and terpene cyclases, have been published.[11,40–44]

For the start, all prenylating enzyme structures available from

the protein database[32] were classified with the aid of the
SCOP (structural classification of proteins) database.[45] The da-
tabase describes structural and evolutionary relationships of
proteins for which three-dimensional structures are available.
The proteins are divided into domains that are subsequently
classified into a hierarchy of four levels : class, fold, superfamily,
and family. Each level represents a specific degree of similarity:
proteins of the same superfamily often share low sequence
identities, but their structural—and often also functional—
characteristics suggest a probable common evolutionary origin
or a convergent development from different origins. In the
case of UbiA, both secondary structure and the transmem-
brane helix predictions suggest that it belongs to the class of
all-a-helical structures. Accordingly, only this class is discussed
(Figure 3).

Homology modeling of UbiA alone failed to generate a cor-
rect model because of the lack of a related X-ray structure. The
structural classification of prenyl enzymes revealed similar
folds, despite low sequence similarities (Figures 3 and 4). This
offers the chance to model an unknown protein structure on
the basis of secondary structure alignments instead of se-
quence alignments. This more relevant method is called
threading and is available in PRIME,[46] among others.

Terpene cyclases[47] of type I are classified together with dif-
ferent isoprenyl pyrophosphate synthases[48] (IPPSs) such as
trans-IPPSs and squalene synthase. Terpene cyclases of type II
share a common superfamily with the b-subunit of protein
prenyl transferases. Besides the structural similarity, sequences
and reaction mechanisms also hint at common ancestry: both
type I terpene cyclases and the IPPSs shown (not all IPPSs in
general) contain aspartate-rich motifs, which overlap during
structural superposition. In type I terpene cyclases and trans-
IPPSs these motifs bind metal ions, triggering the departure of
a pyrophosphate (OPPi) leaving group,[47,48] as has been pro-
posed for squalene synthase.[43] trans-IPPSs and squalene syn-
thase each contain two aspartate-rich motifs, on helixes D and
H[47] and on helixes C and H,[43] respectively, whereas type I ter-
pene cyclases only contain the motif on helix D. A conserved
sequence on helix H of type I terpene cyclases is poor in
aspartate.[47]

Despite high structural similarity of type I terpene cyclases
and trans-IPPSs the sequence identity (Figure 4) within these
groups is not significantly higher than between the groups;
farnesyl diphosphate synthase (FPPS) of Staphylococcus aureus
(1RTR, group a), for example, is more similar to (+)-bornyl di-
phosphate synthase of the plant Salvia officinalis (1N1B,
group b, 32.4%, 15.9%) than to FPPS of the eukaryote Gallus
gallus (1FPS, group a, 29%, 23.2%). This emphasizes the inde-
pendent evolution of FPPSs in prokaryotes and eukaryotes, as
proposed by Bohlmann, by Meyer-Gauen and Croteau,[11] and
by Tachibana et al.[41] Despite their being structurally related,
the sequence identity of UbiA within the groups a and b is
very low, as are the identities within this group (Figure 4). This
finding, however, offers a completely new view, and an oppor-
tunity for the remodeling of UbiA through the formation of a
similar fold following a classification by SCOP (Figure 3). In
combination with the experimental results on substrate specif-

Figure 2. Degradation of geranyl diphosphate to geraniol by residual phos-
phatase activity of ubiA mutants and wild-type (wt at 37 8C for 2 h in the
ACHTUNGTRENNUNGabsence of 4-hydroxybenzoic acid). White columns: without phosphatase
ACHTUNGTRENNUNGinhibitor. Dark gray columns: 1 mm concentration of NaF (phosphatase in-
hibitor). Light gray columns: abiotic background hydrolysis of GPP by heat-
denaturized enzyme extract.
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Figure 3. Classification of all-a prenyl-converting enzymes determined with the aid of the SCOP database. The numbers below each node of the trees repre-
sent the SCOP codes of a specific entry. For each enzyme a representative PDB entry is shown (e.g. , 1ezf for squalene synthase from Homo sapiens). PDB en-
tries can occur several times if their domains appear in different families. Boxes: a= IPPSs, b= type I terpene cyclases, c= type II terpene cyclases, d=protein
prenyltransferases.
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icity and on amino acid muta-
genesis this gives a starting
point to generate a reasonable
structural model of UbiA.

Modeling of UbiA enzyme

Threading started with predic-
tion of the secondary structure
of the protein to be modeled by
the standard secondary struc-
ture prediction method imple-
mented in PRIME (SSpro).[49]

From the predicted similar struc-
tures, the prenylating enzyme 5-
epi-aristolochene synthase from
Nicotiana tabacum (PDB code:
5EAU) proved to be the most
promising template for model-
ing of UbiA (see the Experimen-
tal Section).[50] The secondary
structure prediction and the
predicted transmembrane heli-
ces (PsiPred server[51,52] and
MEMSAT3[53–55]) for UbiA aligned
with the actual secondary struc-
ture of 5-epi-aristolochene syn-

thase are shown in Figure 5. In contrast to UbiA, 5-
epi-aristolochene synthase is not a membrane-
bound enzyme, and according to the SCOP classifi-
cation it consists of two domains: an N-terminal
domain (Figure 2, family 48240), and a C-terminal
domain (family 48583) starting at amino acid residue
K221 and including the catalytically active site. The
secondary structure alignment starts with E243 and
ends at N523 of the template (cf. Figure 5, corre-
sponding to UbiA residues number 4 to 271, respec-
tively). In the X-ray structure, this sequence is fol-
lowed by an unresolved gap of five amino acids.
Except for a small helix at position 149–156 (num-
bering for UbiA is used), all predicted helices for
UbiA agree with those of the X-ray structure of 5-
epi-aristolochene synthase. The catalytically active
site for the recognition of the pyrophosphate of the
substrate of 5-epi-aristolochene synthase is formed
by the amino acid residues D301 and D305, both

Figure 4. Residue identities of pairwise alignments of prenyltransferases from Figure 3a,
b and UbiA with use of BLOSUM30 as substitution matrix (gap costs : start=7, gap
extent=1). The alignment of two sequences produces two scores: values above the di-
agonal of the matrix give results of the substitution matrix divided by the length of the
chain in the rows, values below the diagonal are formed by dividing by the length of the
chain in the column. 1DI1: aristolochene synthase (Penicillium roqueforti), 1JFG: tricho-
diene synthase (Fusarium sporotrichioides), 1N1B: (+)-bornyl diphosphate synthase,
chloroplast enzyme (Salvia officinalis), 1PS1: pentalenene synthase (Streptomyces sp. ,
strain UC5319, 5EAU: 5-epi-aristolochene synthase (Nicotiana tabacum), 1FPS: farnesyl
pyrophosphate synthetase (Gallus gallus), 1RQJ: farnesyl pyrophosphate synthetase
(Escherichia coli), 1RTR: farnesyl pyro-
ACHTUNGTRENNUNGphosphate synthetase (Staphylococcus
aureus, strain MW2), 1V4E: putative
octoprenyl-diphosphate synthase
(Thermotoga maritima), 1EZF: squalene
synthetase (Homo sapiens), UBIA: 4-hy-
droxybenzoate oligoprenyltransferase
(Escherichia coli) ; gray highlighted back-
ground: upper left area= type I ter-
pene cyclases, lower right area= IPPSs;
bold values mark sequence identities
above 25%.

Figure 5. Alignment of the amino acid sequence of 5-epi-aristolochene synthase (5EAU) for the domain 243–523
with that of UbiA based on secondary structure alignment (H=helix, in rows SS-5 the actual secondary structure
of 5EAU, and in rows SS-U the helical structure of ubiA predicted by PRIME and SSpro). The residues of the pro-
posed active site are highlighted in bold, while the residues subjected to site-directed mutagenesis are
underlined.
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complexing one magnesium cation, D444 and E452 binding a
second magnesium cation, and R264 (highlighted in Figure 5).
There is another glutamate (E379) in close proximity to the py-
rophosphate binding site that shows no direct interaction with
the diphosphate moiety.

All the aspartate residues mutated in UbiA appear relevant
for substrate or Mg2+ binding on consideration of the new
template. From this alignment, a revised model of UbiA was
developed with PRIME. A PROCHECK[56] analysis of the resulting
structure, after energy and loop refinement with the OPLS
force field of PRIME,[57] gave a Ramachandran plot with only
74% of the residues in most favored areas and six in disal-
lowed regions. The model was therefore refined again with
CHARMM22[58] with the Born solvation model[59] implemented
in MOE.[60] Three remaining outliers in disallowed regions of
amino acid residues in the Ramachandran plot occurring in
loop regions outside the active site were corrected manually.
Final ACHTUNGTRENNUNGly, PROCHECK analysis showed 87.6% backbone dihedral
angles in most favored regions, 11.2% in additionally allowed,
and 1.2% in generously allowed regions, planarity of the pep-
tide bonds, realistic hydrogen bond energies, and side chain
dihedral angle distributions. PROSA analysis[61] is based on stat-
istical analyses of several distances (e.g. , Cb–Cb distances) of X-
ray structures of proteins. A potential of mean force was de-
rived and used to evaluate the suggested folding of the UbiA
model (Figure 6). Except for the N- and C-terminal parts, the
energy profiles of the two proteins are similar. While the N ter-
minus of the model of UbiA
shows a more negative energy,
the opposite can be seen at the
C terminus of the template. The
overall negative and similar
energy profile for the two po-
tentials indicates that the model
of UbiA represents a reasonable
native-like fold, especially in the
central region, where the active
site is located.

The secondary structure of
the model of UbiA (Figure 7,
inside top view), includes the
ligand in the active site. The
ACHTUNGTRENNUNGputative location in the mem-
brane is displayed in Figure 8.

The lipophilic potential at the
Connolly surface (Figure 9)
shows a deep lipophilic binding
pocket for the prenyl chain but
also a predominantly lipophilic potential at the outer surface
of the protein, in order to locate it within the membrane. The
active site of UbiA was compared to the template 5-epi-aristo-
lochene synthase with both substrates included (Figure 10).
Geranyl pyrophosphate is bound to UbiA in a similar way as
the non-native substrate trifluorofarnesyl diphosphate in 5-epi-
aristolochene synthase. The pyrophosphate group is com-
plexed through a magnesium cation, which itself is bound by
the two aspartates 71 and 75. Whereas the Pa-phosphate

group of the template forms a salt bridge with Arg264 (right
side), Arg137 in UbiA replaces the second magnesium dication
of the template protein and recognizes the Pa-phosphate
group through hydrogen/ion pair bonding. Salt bridges with
Asp191 and Asp195 fix the conformation of Arg137 itself. Only

these slight differences between the active sites of the two
proteins cause Arg72 to be able to bind the carboxylic acid
group of the second substrate, p-hydroxybenzoate, which
does not need to be accommodated in the template. Unlike in
the template, Asp191 is available for a new function. It sup-
ports binding and activation of the second substrate through
H-bonding to the phenolic hydroxy group.

The geranyl moiety is located in a hydrophobic pocket and
mainly recognized by the electron-rich Trp152, which is ideally

Figure 7. Stereorepresentation of the secondary structure, giving an inside top view of UbiA-prenyltransferase
with the docked substrates 4-hydroxybenzoate (PHB) and geranyl pyrophosphate (hidden under PHB; only the
phosphates can partially be seen) The activated electrophilic prenyl residue appears ideally shielded from water
hydrolysis by PHB.

Figure 6. PROSA plot of the template 5-epi-aristolochene synthase fragment
243–523 (thin line) in comparison with the model of ubiA (bold line).

ChemBioChem 2008, 9, 982 – 992 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 987

Structural Model of the Prenyltransferase UbiA

www.chembiochem.org


positioned to stabilize an intermediate allylic cation formed
after diphosphate abstraction (in a similar way as in the tem-
plate protein; cf. Figure 10A and B),. Additionally, the first iso-
prene moiety of geranyl pyrophosphate stabilizes the binding
and orientation of the p-hydroxybenzoate in the active site. In
this position, p-hydroxybenzoate is ideally placed for reaction
with the activated isoprenyl residue. The prenyl Ca atom
bound to the pyrophosphate is in close proximity to the meta-
position of p-hydroxybenzoate perpendicular to the aromatic
ring system; that is, it has an ideal overlap with the p-orbitals.
Proton transfer from the hydroxy group of p-hydroxybenzoate
to Asp191 would enhance the negative partial charge at the
meta-position and initiate the catalytic reaction.[33] Subsequent
or concerted cleavage of the pyrophosphate from the isopren-
yl residue would be supported by proton transfer from Arg137
to the pyrophosphate Pa. Attack of the Ca atom of the iso-
prene to the aromatic ring would form a s-complex. Proton
transfer from the meta-proton of p-hydroxybenzoate to the Pb-
phosphate group would complete the reaction. Mechanistic

details and substrate specificity of p-hydroxybenzoic acid deriv-
atives have already been explained on the basis of quantum
mechanical calculations.[33] The new protein model and reac-
tion model support those calculations.

The mutational studies (cf. Figure 2) showed a detrimental
effect for the mutants D71A and D75A. The model indicates
that both are responsible for the fixation of the magnesium
ion and with this, the recognition of the diphosphate. Muta-
tions of Asp191, Arg137, and Asp195 to alanine also resulted
in significant losses of activity, which are now equally well ex-
plained. Aspartate 191 directly binds to the p-hydroxybenzoate
and likely activates the intermediate phenolate. The influence
of Asp195 is indirect, through stabilization of the side chain of
Arg137, which itself forms a salt bridge with the disphosphate
and thus contributes to the recognition and correct position-
ing of the prenyl substrate relative to p-hydroxybenzoate. All
results of the mutations are now consistent with the model
and indicate that one unique active site is formed by two
sequentially distant parts.

With longer chain length (e.g. , farnesyl pyrophosphate, gera-
nylgeranyl pyrophosphate) the reaction velocity decreased.[28,62]

Longer oligoprenyl diphosphates in vitro might be less soluble
or might form micelles or vesicles.[28,62–65] Octaprenyl pyrophos-
phate is one of the natural substrates of UbiA, involved in

Figure 8. UbiA secondary and tertiary structure side view with putative loca-
tion of the membrane. Substrates 4-hydroxybenzoate (PHB) and geranyl
pyrophosphate are located in the centre of the membrane bundle.

Figure 9. All-trans-geranylgeranyl pyrophosphate in the proposed active site
of UbiA with lipophilic potential at the Connolly surface. The brown areas
deep in the binding pocket show the stabilizing hydrophobic interactions
between the prenyl ligand and the enzyme, also leaving space for longer
prenyl chains. The aromatic substrate clearly shields the activated prenyl
cation from water attack.

Figure 10. A) Active site of the template X-ray structure of 5-epi-aristolo-
chene synthase (atom-typed) with the artificial ligand trifluorofarnesyl di-
phosphate (magenta). B) Active site of the UbiA model (atom-typed) with p-
hydroxybenzoate (green) and geranyl pyrophosphate (magenta). For clarity,
all hydrogen atoms not essential for substrate recognition are omitted.
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ubiquinone biosynthesis,[66] and can be docked to the active
site of UbiA similarly to geranylgeranyl pyrophosphate
(Figure 11). In a back-folded conformation of the substrate, a
multitude of hydrophobic amino acid residues of the enzyme
can interact with long substrates and may cause decreased
reaction velocity by slower diffusion.

Several geranyl-derived ligands have been synthesized and
tested by Fulhorst et al.[62] Removal even of the distal C-7
methyl group from geranyl pyrophosphate or the reduction of
the distal C-6 double bond reduced the conversion rate to
about 32% of that of geranyl pyrophosphate. Doing the same
at the diphosphate-proximal C2 double bond resulted in total
loss of activity. The proximal isoprene group of geranyl pyro-
phosphate is recognized ideally by the side chain of W152. In
5-epi-aristolochene synthase, the substrate is recognized in a
nearly identical manner but with a spatially differently located
tryptophane. Interactions of isoprene moieties with aromatic
side chains are commonly observed in X-ray structures of pro-
teins (e.g. , 1KZO, 1LTX, or 1N4P). Ab initio calculations with
JAGUAR[67] and a 6-31G** basis set predicted a considerable
ACHTUNGTRENNUNGinteraction energy of 30.6 kJmol�1 between an indole and a
ACHTUNGTRENNUNGdimethylallyl unit. This indicates that aromatic rings can offer
specific recognition properties for isoprenoid chains. Thus, any
modification, such as removal of the C-3 methyl or C-2 double
bond at the proximal isoprene unit of geranyl pyrophosphate
would either reduce the affinity to the enzyme or cause a
change in the electronic stabilization or the docking conforma-
tion (e.g. , by reduction of the double bond), thus disturbing
the ideal positioning of the activated prenyl for a reaction with
p-hydroxybenzoate. In addition, such changes would result in
significantly reduced electronic stabilization of an intermediate
cationic charge. Insertion of any hydrophilic group close to the
diphosphate, such as ether or ester groups in geranyl deriva-
tives, would lead to severe or complete loss of activity because
a stabilizing hydrophobic interaction and the cationic interac-

tion with tryptophan would be prevented or strongly reduced.
In concordance, the hydrophilic all-trans-8-(2-methylamino-
benzoyloxy)-3,7-dimethyl-2,6-octadienyl diphosphate showed a
conversion rate of 19% relative to geranyl pyrophosphate. In
this case, the aromatic moiety can interact with Asp184 and
Arg262, located deeper in the binding pocket (Figure 12). Also,
more modifications are tolerated with increasing distance from
the diphosphate.[62]

Discussion and Conclusions

A new protein model of the oligoprenyl p-hydoxybenzoate
transferase (UbiA) from E. coli has been developed, placing the
enzyme in the SCOP family 48583. The model is supported by
quality analyses with theoretical methods and by site-directed
mutagenesis and by its classification of prenyl-converting en-
zymes based on 3D structural alignments (SCOP), and it ex-
plains the most important aspects of substrate specificity. The
proposed structure represents the first 3D structure of a mem-
brane-bound aromatic prenyltransferase. The earlier suggestion
of the existence of two independent catalytic active sites must
be discarded. The very low sequence homology of UbiA with
other isoprenoid-converting enzymes, but also the (contradict-
ing) existence of two typical active site elements common to
such enzymes—here combined to one site only—suggest a
convergent evolution. This may have started from an early
ACHTUNGTRENNUNGancestor isoprenoid prolongation enzyme with the typical two
substrate sites, with subsequent evolution into a “one-sub-
strate” enzyme as in terpene cyclases, which possess similar
“united” active sites. Eventually, further modifications would
have allowed access and conversion of a nonisoprenoid
second substrate.

Figure 11. Stereoview of all-trans-geranylgeranyl pyrophosphate docked to the active site of UbiA. The hydrophobic tail of the prenyl substrate is bound by
several hydrophobic amino acid residues.
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Experimental Section

Chromatography : HPLC (Lichrosphere 100, 5 mm RP 18) was per-
formed on a Merck D-7000 instrument with integrated photo
diode array detector. Samples were chromatographed with metha-
nol/water mixtures 80:20 containing formic acid (0.2%), flow rate:
1 mLmin�1. GC-MS spectra were performed on a MD800 GC 8000
(Fisons Instruments, column DB-5MS: J&W 20 m R 0.25 mm,
0.25 mm film thickness). The probes were measured at 70 eV EI,
source temperature 200 8C, injection temperature 250 8C, interface
temperature 300 8C, carrier gas He, flow rate (0.8 mLmin�1), split-
less injection. Temperature program: start at 40 8C, hold for 5 min,
raise to 180 8C at 10 8Cmin�1, raise to 290 8C at 50 8Cmin�1, hold at
290 8C for 3 min.

A) Prenyltransferase assay (standard, GHB formation): For the ac-
tivity assays, unlabeled GPP was produced in two steps from gera-
niol.[68] Diethyl ether was freshly distilled from sodium/benzophe-
none. Other solvents and chemicals obtained from commercial
sources were used without purification. The 1 mm assay contained
in a final volume (100 mL, 10 mL) of a 10 mm p-hydroxybenzoic acid
solution; (10 mL DMSO; 10 mL 10 mm MgCl2; 10 mL 10 mm) geranyl
diphosphate, and 50 mL enzyme preparation in 50 mm Tris/HCl
buffer (pH 7.8 in 10 mm 1,4-dithioerythrol) filled to 100 mL total
assay volume with 50 mm Tris/HCl of pH 7.8 (i.e. , 10 mL). After incu-
bation for 2 h (37 8C, shaking), the reaction was stopped by addi-
tion of aqueous formic acid (2%, 20 mL). Products were extracted
with ethyl acetate (0.5 mL), which was removed in vacuo, and the
remainder was dissolved in methanol (100 mL), containing p-hy-
droxybiphenyl (25 mm) as an internal HPLC standard. The samples
were analyzed for the formation of GHB by HPLC.

B) Prenyltransferase assay (geraniol formation, phosphatase in-
hibition): The enzyme preparation contained a suspension of
membrane-bound protein in tris-HCl buffer (pH 7.8, in 10 mm DTT).
NaF solution (10 mm, 10 mL, 100 nmol, in 50 mm Tris-HCl buffer,
pH 7.80), MgCl2 solution (10 mm, 10 mL, 100 nmol, in 50 mm Tris-
HCl buffer, pH 7.80), the enzyme preparation (50 mL), Tris-HCl
buffer (50 mm, pH 7.80, 10 mL), and DMSO (10 mL) were placed in a
1.5 mL Eppendorf tube. Finally, a GPP solution (10 mm, 10 mL,
100 nmol, in 50 mm Tris-HCl buffer, pH 7.80) was added. The result-
ing mixture (final volume of 100 mL) was incubated at 37 8C. After

2 h, the aqueous layer was extracted with ethyl acetate (500 mL).
After rapid centrifugation at 4000 rpm, the organic layer was parti-
ally (450 mL) transferred to a 1 mL vial and concentrated to dryness
under reduced pressure. The evaporation residue was dissolved in
methanol (100 mL), containing limonene as an internal standard,
and analyzed by GC-MS. The formed geraniol was quantified with
the aid of a geraniol calibration curve.

Mutagenesis and protein expression : All site-directed mutagene-
sis experiments used PCR with AccuPrime Pfx Supermix (Invitro-
gen).[36, 38,69] For the production of the single mutants, the proce-
dure was performed with use of the pALMU3-vector as tem-
plate.[35, 70] For replication and expression of the genes, the mutated
constructs were cloned by transforming them into competent
E. coli DH10B cells (Invitrogen), as an intermediate step. All mutat-
ed constructs were validated and approved by sequencing (MWG
Biotech AG, Ebersberg, Germany). The transformed cells were
grown at 37 8C in LB medium (500 mL) supplemented with ampicil-
lin (50 mgmL�1). When the OD600 of the medium was between 0.9
and 1.5, the gene expression was stopped without further induc-
tion. The cells were harvested by centrifugation at 5000 rpm for
10 min. The bacterial pellet was resuspended in Tris/HCl buffer
(50 mm, pH 7.8 in 10 mm 1,4-DTT, pH 7.8) and lysed by treatment
in a French press. All washing and lysis steps were carried out at
4 8C. The membrane fraction containing the UbiA-enzyme was con-
centrated by ultracentrifugation at 40000 rpm and resuspended in
Tris/HCl (50 mm, 10 mm DTT buffer, pH 7.8).

Molecular modeling and bioinformatics : All relevant protein
structures from the protein database[32] were classified with
SCOP[45] (structural classification of proteins; release 1.71). Homolo-
gy modeling was performed with the aid of threading and SSpro
available in PRIME of Schrçdinger’s modeling software tools.[46,49]

From this secondary structure prediction, proteins with experimen-
tal structures showing the greatest similarity were selected. Two of
the predicted structures appeared to belong to the group of
prenyl enzymes of the all-a-domain class assigned by the SCOP
analysis.

These are a pentalenene synthase from Streptomyces sp. UC5319
(PDB code: 1PS1)[44] and a 5-epi-aristolochene synthase from Nicoti-
ana tabacum (PDB code: 5EAU).[50] For both templates, models of
UbiA have been created with PRIME. However, from the alignment

Figure 12. Stereoview of the docking arrangement of all-trans-8-(2-methylamino-benzoyloxy)-3,7-dimethylocta-2,6-dienyl diphosphate, showing the
interactions with Asp184 and Arg262.
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of the secondary structure elements and the known active site of
the pentalenene synthase it became obvious that a model based
on this template cannot be of relevance for UbiA and is therefore
not discussed further.

The model based on 5-epi-aristolochene synthase was refined by
CHARMM22[58] with the Born solvation model[59] implemented in
MOE.[60] The stereochemical quality of the model was verified with
PROCHECK.[56] An analysis with PROSA II is a strong test of whether
the model represents a native-like fold or not.[61] Since UbiA is a
membrane-bound protein, only Ca- and Cb-potentials were used in
the PROSA II analysis. The additionally available surface potentials
parameterized in PROSA II are only valid for soluble proteins and
are therefore irrelevant for UbiA. Geranyl pyrophosphate as the
basic substrate and a magnesium cation were manually placed
into the active site by reference to the corresponding arrangement
of the substrate in the 5-epi-aristolochene synthase, and this was
followed by 10 ps molecular dynamics simulation for relaxation
and final energy minimization of the complex. During this simula-
tion, the protein structure was completely fixed, except for those
side chains pointing into the active site.

Finally 4-hydroxybenzoate was docked with GOLD (Genetic Opti-
mized Ligand Docking, Cambridge Crystallographic Data Centre,
1998, Cambridge, UK) with standard parameter settings.[71–74] The
structure can be downloaded from the internet from http://
www.ipb-halle.de/tools-and-databases/protein-models/. Molecular
graphics figures were created with Pymol[75] and the molecular sur-
face potentials with MOLCAD[76] with the aid of the modeling pack-
age SYBYL.[77]

Abbreviations : PHB, 4-hydroxybenzoic acid; GPP, geranyl diphos-
phate; GHB, geranyl hydroxybenzoate; PCR, polymerase chain reac-
tion; ORF, open reading frame; UbiA, 4-hydroxybenzoic acid oligo-
prenyltransferase encoded by the ubiA gene from E. coli ; IPPS,
ACHTUNGTRENNUNGisoprenyl pyrophosphate synthase; FPPS, farnesyl diphosphate
ACHTUNGTRENNUNGsynthase.
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