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ABSTRACT: Isoprenoids comprise a family of more than 55000 natural products with great structural variety
derived from five-carbon isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP).
Allylic diphosphates such as farnesyl diphosphate (FPP) synthesized from DMAPP and IPP serve as outlet
points for a great variety of products. A group of prenyltransferases catalyzing chain elongation of FPP to
designated lengths by consecutive condensation reactions with specific numbers of IPP are classified as cis and
trans types according to the stereochemistry of the double bonds formed by IPP condensation. The complete
kinetics of the multistep IPP condensation reactions by both types of enzymes has been determined using
steady-state and pre-steady-state approaches. Because their crystal structures were determined in conjunction
with biochemical studies, a more thorough understanding of their catalytic mechanisms, protein conforma-
tional changes, and product chain-length determination mechanisms has been gained recently. Since these
prenyltransferases play important roles, potent inhibitors have been identified and their cocrystal structures
have been determined for drug development. In this review, the current knowledge of these prenyltransferases

that synthesize prenyl oligomers or polymers is summarized.

Isoprenoids make up an important family of natural products
built on the five-carbon isopentenyl diphosphate (IPP)' (1, 2).
More than 55000 naturally occurring isoprenoid molecules have
been discovered, with a large number of new structures reported
each year (3). IPP is synthesized from three molecules of acetyl
coenzyme A through the classic mevalonate pathway, and in
some bacteria and plants from a nonclassic methylerythritol
phosphate pathway (4, 5). IPP is then converted to its isomer
dimethylallyl diphosphate (DMAPP) by IPP:DMAPP isomer-
ase (6). By condensation of DMAPP with one to three molecules
of IPP, Cyj-geranyl diphosphate (GPP), C;s-farnesyl dipho-
sphate (FPP), and C,-genanylgeranyl diphosphate (GGPP)
are synthesized by the respective synthases, GPPs, FPPs, and
GGPPs. These short-chain-length products serve as precursors
leading to a variety of natural isoprenoid products such as sterols,
carotenoids, dolichols, ubiquinones, and prenylated proteins (as
shown in Figure 1A for some of their biosyntheses) found in all
organisms, functioning as hormones, visual pigments, constitu-
ents of membranes, and components of signal transduction (7).
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FPP can be elongated to a variety of linear polyprenyl dipho-
sphates via consecutive condensation reactions with specific
numbers of IPP by a group of prenyltransferases (§—10). These
enzymes are classified as cis and trans types according to the
stereochemistry of double bonds from IPP condensation. trans-
Prenyltransferases identified so far synthesize products with
chain lengths from C;y to Cso. In terms of their biological
functions, C;s-FPP and Cy-GGPP can be used as ligands for
posttranslational modifications of signaling proteins such as Ras,
Rab, nuclear lamins, trimeric G-protein y subunits, protein
kinases, and small Ras-related GTP-binding proteins for anchor-
ing into the cell membrane for cell proliferation and differentia-
tion (17). Therefore, FPPs and GGPPs serve as targets for
cancers and bone resorption diseases such as osteoporosis (12).
The C,y and C,5 compounds by GGPPs and farnesylgeranyl
diphosphate synthase, respectively, can be assembled into ether-
linked lipids in thermophilic archaea (13). The products of Cs
hexaprenyl diphosphate synthase (HexPPs), Css heptaprenyl
diphosphate synthase, Cy, octaprenyl diphosphate synthase
(OPPs), C45 solanesyl diphosphate synthase, and Cs, decaprenyl
diphosphate synthase form the side chains of ubiquinones in
different species (/3). Most short-chain prenyltransferases are
active as homodimers (e.g., the GGPPs structure shown in the
table of contents graphic), whereas homo- and heteromers (e.g.,
HexPPs) have been observed among the medium- and long-chain
enzymes.

In contrast, cis-prenyltransferases catalyzing condensation of
IPP produce larger products (> Csp) with the exception of a short-
chain C5-FPP catalyzed by a cis-type FPPs from Mycobacterium
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tuberculosis (14). The medium-chain Css product of the bacterial
undecaprenyl diphosphate synthase (UPPs), a dimeric enzyme as
shown in the table of contents graphic, serves as a lipid carrier in
cell wall peptidoglycan biosynthesis (15). In that pathway, UPP
undergoes dephosphorylation by phosphatases to undecaprenyl
monophosphate and links with N-acetylmuramyl pentapeptide
and N-acetylglucosamine to form lipid II that is then transported
across the cell membrane via translocase and assembled together
by transglycosylase and transpeptidase to form peptidoglycan (16).
Its homologous dehydrodolichyl diphosphate synthases from
eukaryotes such as yeast Srtlp and Rer2p and human cis-prenyl-
transferase are responsible for making > C,, dolichols to mediate
glycoprotein biosynthesis (/7). In an extreme case, rubber pre-
nyltransferase synthesizes natural rubber containing thousands of
IPP units (18).

We mainly worked on the structural and mechanistic studies of
the short-chain-length trans-GGPPs from Saccharomyces cerevi-
siae and the long-chain-length trans-OPPs from Escherichia coli
as well as the cis-UPPs from E. coli. In this review, the current
understanding of the reaction kinetics, catalytic mechanisms,
conformational changes, and inhibitor design for these and other
prenyltransferases is summarized.

REACTION KINETICS

The prenyltransferases catalyze multiple IPP condensation
reactions, yielding linear prenyl oligomers or polymers. To
determine whether each IPP condensation step proceeds with
similar or different rates and what the rate-limiting step is, the
reaction kinetics of cis-UPPs and trans-OPPs were examined by
using the transient kinetic methods (i.e., rapid-quench and
stopped-flow technologies). The reactions under the single-turn-
over condition, where the E concentration is higher than the FPP
concentration, were stopped on a millisecond time scale using
rapid-quench apparatus, and the intermediates with increased
numbers of ['“CJIPP were analyzed by reverse-phase TLC (19, 20).
The time courses for chain-elongating intermediates deduced from
TLC data were simulated with the kinetic simulation program
(KinSim) to yield the rate constants for IPP condensation steps.
The rate constants for five IPP condensation steps catalyzed by
OPPs are similar, which are approximately 2 s~ ' (Figure 1B), and
those for eight IPP condensation steps catalyzed by UPPs are
~2.5 s~ (Figure 1C). Furthermore, it was shown that 0.1%
Triton X-100 increases the steady-state k., value of UPPs from
0.013 to 2.5 s™', indicating different rate-limiting steps for the
UPPs reaction with and without detergent (/9). In the absence of
Triton, slow product release limits the UPPs steady-state rate,
whereas the detergent facilitates the product release; thus, the rate-
limiting step is shifted to IPP condensation which has a rate of
2.55~ " based on the single-turnover reaction. Slow product release
as the rate-limiting step in the absence of detergent was confirmed
by a burst kinetic profile for the UPP product formation versus
time (/9). It was also demonstrated by using a fluorescent FPP
analogue as a competing agent in the stopped-flow experiments
that UPP product release is slow and its rate matches the steady-
state kinetic constant in the absence of detergent (21).

In contrast, no stimulating effect by Triton or any other tested
detergents was found for the OPPs reaction (20). However, the
kinetic constant measured under steady-state conditions is also
significantly smaller than that obtained under the single-turnover
condition, indicating that a step slower than IPP condensation
limits the k¢, for the OPPs reaction.
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Establishment of the IPP condensation kinetics by transient
kinetic methods for cis- and trans-prenyltransferases provides a
great advantage for kinetic characterization of these prenyltrans-
ferases and their mutants (22). The steady-state k., values can be
measured with 0.1% Triton X-100 (a higher concentration can
inhibit the enzyme activity) to reflect the rate constant of IPP
condensation catalyzed by UPPs. The kinetic measurements also
indicate similar activation energy for cis and trans types of IPP
condensation reactions, although different catalytic strategies are
used as illustrated below.

CATALYTIC MECHANISMS

Two possible mechanisms proposed for prenyltransferase
reactions are (1) a sequential ionization—condensation—elimina-
tion mechanism in which the allylic substrate releases its dipho-
sphate to form a carbocation intermediate, which is attacked by
IPP, and a proton (Hp for the trans type) is removed from IPP C2
to form the adduct and (2) a concerted condensation—elimina-
tion mechanism in which ionization of the allylic substrate and
condensation of IPP occur simultaneously (23). trans-type FPPs
and OPPs have been shown to proceed through a sequential
mechanism as shown in Figure 1B (24, 25). In contrast, cis-type
UPPs may utilize a concerted mechanism as shown in Figure 1C,
which is consistent with the failure to trap the carbocation
intermediate as farnesol under basic conditions from the FPP
substrate in the presence of an IPP analogue, Br-IPP, to slow the
condensation step (25). Under the same conditions, farnesol was
trapped in the OPPs reaction. cis- and trans-prenyltransferases
may utilize different strategies for catalysis, as suggested by the
lack of sequence similarity (26, 27). The known crystal structures
show that frans-prenyltransferases use two conserved DDxxD
motifs to coordinate Mg*" ions for binding with the allylic
substrate diphosphate group (28—35), whereas an Asp in the
conserved P-loop of cis-type prenyltransferases (D26 in E. coli
UPPs) plays the Mg*"-chelating role (36—40).

On the basis of the crystal structure of E. coli FPPs complexed
with the allylic substrate thiol analogue DMSPP and IPP (shown
in the right panel of Figure 1B), DMSPP is bound to FPPs
through a trinuclear Mg”" cluster that is coordinated by three
conserved Asp residues (37). Two Mg”" ions each form six-
membered ring chelated structures with two unesterified pyro-
phosphate oxygens, while the other Mg*" ligates a single
unesterified oxygen of the linking pyrophosphate. The carboca-
tion from the allylic substrate is stabilized by electrostatic
interactions with the released pyrophosphate and also through
the main-chain carbonyl oxygen of Lys202 and the side-chain
oxygens of Thr203 and GIn241. The homoallylic substrate IPP is
bound in a positively charged pocket formed by Lys, Arg, and
His residues. These interactions position the nucleophilic C3—C5
double bond of IPP 3.2 A from the CI atom of DMSPP. A
nonmetal ligated pyrophosphate oxygen (ligated by conserved
Argl16and Lys258) s correctly positioned to abstract the IPP C2
Hy after the condensation reaction (see the left panel of
Figure 1B for the mechanism).

On the other hand, on the basis of the crystal structures of E.
coli UPPs in complex with FsPP (FPP thiol analogue) and IPP
(shown in the right panel of Figure 1C), an Asp26-coordinated
Mg”" ion is bound to the diphosphate group of FsPP (40). When
Asp26 is mutated to Ala, IPP diphosphate is bound to the Mg*",
but Mg*" is at a slightly different position based on the crystal
structure. Thus, a Mg>" transfer mechanism was proposed in
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FiGure 1: Biosynthesis of isoprenoids and proposed mechanisms for zrans- and cis-prenyltransferases. (A) FPP is synthesized from DMAPP and
IPP and serves as a branching point leading to a variety of isoprenoids. The prenyltransferases are grouped in different colors. (B) The reactions of
trans-prenyltransferases proceed with the ionization, condensation, and elimination sequential mechanism. Diphosphate is dissociated from FPP
to form a carbocation, which is then condensed with IPP, and the Hi proton is eliminated from IPP to form the condensation adduct. The rate
constant of IPP condensation for OPPsis 2 s~ (center). The active-site structure of FPPs (PDB entry 1 RQI) is shown in the right panel. (C) In cis-
prenyltransferase reactions, dissociation of diphosphate occurs with IPP condensation in a concerted way, and then the Hg is eliminated from IPP
by a general base to form the condensation adduct. The rate constant of IPP condensation for UPPsis 2.5s~ " (center). The active-site structure of
UPPs (PDB entry 1X06) is shown in the right panel.
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which FPP can first bind to UPPs without Mg*" and the MgIPP
complex from the solution is then bound to the enzyme, allowing
the Mg>" to shift its position toward FPP diphosphate and
facilitate the concerted FPP diphosphate dissociation and IPP
attack (see the left panel of Figure 1C for the mechanism). Next,
Asn74 or Ser71 in E. coli UPPs may act as a general base to
remove the Hg from the C2 atom of IPP according to the crystal
structures. The carboxyl group of Asp26 assists the migration of
Mg*" from IPP to FPP. Unlike in the trans-prenyltransferases
where multiple Mg*" ions are fixed with several Asp residues
from the two conserved DDxxD motifs, the Mg>" chelated by
only one Asp residue is more mobile in catalyzing the UPPs
reaction.

Similar to the trans-prenyltransferases, the evidence of carbo-
cation formation for the allylic substrates was observed in the
prenyltransferases which catalyze FPP cyclization such as penta-
lenene synthase (41), epi-aristolochene synthase (42), aristolo-
chene synthase (43), and trichodiene synthase (44) as well as those
catalyze two-FPP condensation such as squalene synthase (45)
and protein prenyltransferases which catalyze the transfer of the
farnesyl or geranylgeranyl group to cellular proteins at a Cys
residue near their carboxyl termini (46). The diphosphate group
of their FPP substrate is bound either through a metal ion (Mg”>"
required) coordinated by the Asp-rich motifs or via the positively
charged and H-bond-forming amino acids (Mg*" not required)
in the active sites, as both modes existing in the trans-prenyl-
transferases for FPP and IPP binding, respectively.

CHAIN-LENGTH DETERMINATION MECHAN-
ISMS

cis- and trans-prenyltransferases generate products with cor-
rect chain lengths according to a molecular ruler mechanism,
where one or two bulky amino acids occupy the bottom of each of
the enzyme active sites to block extra chain elongation of the
products, thereby determining the ultimate chain lengths. As
revealed by their three-dimensional structures (28—35), the
distances between the first Asp of the first DDxxD motif where
the allylic substrate is bound and F113, W74, V178/D182, Y107/
H139, L164, and F132 at the lower positions of the active-site
crevices in avian FPPs, Thermus thermophilus type I GGPPs,
Salix alba (mustard) type II, S. cerevisiae type-III GGPPs,
Solfolobus solfataricus HexPPs, and Thermotoga maritima OPPs,
respectively, are increasing with longer product chain lengths.
GGPPs are classified into three types based on their amino acid
sequences: type I GGPPs contains a large amino acid at the
fourth or fifth position prior to the DDxxD motif, but type 11
(with insertion of two amino acids within the first Asp-rich motif)
and type III GGPPs found in eukaryotes (except plants) have a
small amino acid at the corresponding position (47). These bulky
amino acids at the bottom of active sites are proposed as “floors”
and can be provided from different secondary structural ele-
ments. As illustrated in Figure 2A, the floor is located at helix D
for FPPs and type-1 GGPPs, but in helix F and G for type-1I and
type-IIT GGPPs, and in helix G for OPPs and HexPPs. Site-
directed mutagenesis studies have proven that substitution
of these floors with small amino acids yields longer products
(29, 30, 33, 48). A “molecular ruler” hypothesis was proposed for
protein prenyltransferases to distinguish between FPP and
GGPP substrates, suggesting it is a general concept for enzymes
that synthesize or transfer hydrocarbons of various chain
lengths (49).
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FIGURE 2: Molecular ruler mechanism of chain-length determina-
tion for trans- and cis-prenyltransferases. (A) Common active-site
crevice surrounded by helices D, F, and G with the bulky amino acids
at the bottom for different trans-prenyltransferases. The key residues
for chain-length determination are F113 for C;5 avian FPPs (PDB
entry 1FPS), W74 for Cyg T. thermophilus type | GGPPs (PDB entry
IWMW), 1121/V125 for C, Pantoea ananatis type 11 GGPPs (PDB
entry 2J1P), Y107/H139 for Cyq S. cerevisiae type 111 GGPPs (PDB
entry 2DH4), L164 for Csy Sol. solfataricus HexPPs (PDB entry
2AZJ), and F132 for Cy T. maritima OPPs (PDB entry 1 V4E), which
are colored green, red, black, cyan, orange, and purple, respectively.
(B) Bulky amino acids for determining the chain length of cis-
prenyltransferases. L137 (blue) serves as a key residue for determin-
ing the chain length of E. coli UPPs and 1187 (orange) for cis-DPPs,
whereas the floor is Leu84 (cyan) for the short-chain cis-FPPs.
Rubber prenyltransferase contains a three-amino acid insertion in
o3, causing expansion of the opening (shown as green dashed lines).

In E. coli UPPs, replacement of a large L137 at the bottom of
an active site with a small Ala results in a larger product,
indicating L137 as the floor (37) (Figure 2B). 1187 in M.
tuberculosis decaprenyl diphosphate synthase (DPPs), which
corresponds to L137 in E. coli UPPs, controls the Cs, chain
length (our unpublished results). The unusual short-chain FPP
catalyzed by the M. tuberculosis cis-FPPs may be shielded by
Leu84 in SB near the top of the tunnel based on the crystal
structure (50) (Figure 2B). The site-directed mutagenesis study
shows that the L84A mutant cis-FPPs produced a product longer
than that of the wild type, confirming Leu84 plays an important
role in product chain-length determination (57). Replacement of
the corresponding A69 in E. coli UPPs or A72 in Micrococcus
luteus B-P 26 UPPs with Leu also results in shorter-chain-length
products (37, 52). For rubber prenyltransferase to yield a polymer
with almost unlimited chain length, it was suggested that three
amino acid residues inserted into the a3 helix sequence extend the
bottom loop which results in the required increase in tunnel
volume (53). Yeast Srtlp and Rer2p and human dehydrodolichyl
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diphosphate synthases, which synthesize products longer than
UPPs, also have three- to five-amino acid insertions in this
region. The recombinant UPPs mutants with insertion of these
amino acids gave longer products (52).

CONFORMATIONAL CHANGES

In trans-prenyltransferases, compared to the unliganded struc-
ture of Staphylococcus aureus FPPs, the structure of the E. coli
FPPs—IPP—DMSPP ternary complex reveals significant sub-
strate-induced active-site rearrangements (3/). Notably, conserv-
ed Argll6 and Lys258 emanating from the conformationally
variable aD—aE and aH—al loops in FPPs shield the reaction
from bulk solvent and stabilize the catalytic base of pyropho-
sphate oxygen by their positive charges. A similar conformation
in the aD—oE loop can be found in monomer A of HexPPs (32).
On the basis of the two conformers observed in HexPPs and the
FPPs—substrate complex, monomer A with the inward aD—aE
loop represents a substrate-free conformation (Figure 3A). As the
substrates bind, the aH—aJ loop moves inward toward the active
site to facilitate catalysis involving with the positively charged
amino acids (R90 and R91). When the product is formed, the
oD—aE and aH—aJ loops at the top of the active site move away
from the closed position to the open position and the flexible
regions (o, oJ, and aK) move outward for product release
(Figure 3A).

For E. coli UPPs, three major conformers were observed as
shown in Figure 3B, where the apoenzyme has a disordered
loop (37), the FPP-bound enzyme adopts a closed form with helix
a3 more kinked toward the bound substrate (39, 40), and the
product-bound enzyme (with two Triton molecules to mimic the
product) displays an open form (38). The loop (amino acids 72—
82) connecting helix a3 and B is highly flexible, so its electron
density is invisible in the apo-UPPs structure but becomes
ordered once FPP is bound. The conformational change is critical
for catalysis as the open conformation fixed by the insertion or
deletion of amino acids in this loop region impedes the enzyme
activity by 10*-fold (54). Fluorescence stopped-flow technology
has been utilized to observe the conformational changes from the
apo form to the closed form by substrate binding and then to the
open form by the crowding of the long-chain product, as shown
by a three-phase trace (55).

INHIBITOR DESIGN

FPPs was recently identified as a target for the bisphosphonate
drugs risedronate and zoledronate used to treat bone resorption
diseases such as osteoporesis due to its functions in cell signaling
pathways by producing FPP for prenylation of small
GTPases (56, 57). However, GGPPs was also proposed as the
main target for the most potent bisphosphonate zoledronate
(Zometa) in human cells (58). While bisphosphonates inhibit the
trans-prenyltransferases by mimicking the diphosphate head-
group of allylic substrates, it was found that some of these
compounds with more bulky side chains can potently inhibit cis-
type UPPs (59). However, different binding modes were found as
revealed by the crystal structures of human FPPs, Trypanosoma
cruzi FPPs, S. cerevisiae GGPPs, and E. coli UPPs in complex
with the bisphosphonate inhibitors (59—61).

Unlike the single bisphosphonate binding mode in FPPs
(diphosphate moieties bind in the DMAPP site), the complexed
structures of yeast GGPPs with the bisphosphonates (chemical
structures shown in Figure 4A) and product display four different
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FiGURE 3: Conformational changes of (A) trans-type HexPPs and
(B) cis-type UPPs. (A) In HexPPs and FPPs, substrate binding and
product release might trigger the movement of the ocD—oE and acH—
oJ loops toward and away from the active site, respectively. Helices
J and K (colored pink) are highly flexible. In panel B, upon FPP
binding, UPPs undergoes a conformational change in helix o3 thatis
more kinked in the substrate-bound form (closed form), but a portion
of electron density in a flexible loop is invisible in the apoenzyme. In
the product-bound form, an open conformation is formed, where
helix o3 is relatively straight. The structures of apo-UPPs, FPP-
bound UPPs, and Triton-bound UPPs were taken from PDB entries
1JP3, 1V7U, and 1UEH, respectively.

binding modes (diphosphate moieties can bind in either the FPP
or IPP sites) as shown in Figure 4B (59). The small bispho-
sphonates including zoledronate and minodronate and the larger
BPH-629 bind in a manner similar to that of FPP (FPP-FPP
mode). Large bisphosphonate inhibitors with long hydrophobic
side chains such as BPH-675 bind like human GGPP product in
the FPP-GGPP mode, where the charged headgroup occupies
the diphosphate-binding site of FPP and the hydrophobic side
chains in the “inhibition site” identified in human GGPPs (53).
BPH-629 also binds to yeast GGPP in another mode called
IPP-GGPP since its headgroup occupies the diphosphate-
binding site of IPP and its side chain extends to the inhibitor
site. Two molecules of the inhibitor are bound in two different
modes, indicating higher flexibility of the GGPPs active site
compared to that of FPPs. The product in yeast GGPPs is bound
in an IPP-FPP mode, with its diphosphate group in the IPP
site and the Cyq side chain in the FPP site. Furthermore, dip-
renyl methylenebisphosphonates, such as digeranyl methylene
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FIGURE 4: Bisphosphonate inhibitors and their binding modes with trans-GGPPs and cis-UPPs. (A) Two small bisphosphonate drugs,
zoledronate and minodronate, and two bulky bisphosphonates with hydrophobic side chains are shown. (B) Complexed yeast GGPPs structures
showing four binding modes: FPP-FPP (with zoledronate colored yellow, PDB entry 2E91; with minodronate colored green, PDB entry 2E92;
with 629-1, PDB entry 2E93), FPP-GGPP (with 675, PDB entry 2E95), IPP-GGPP (with 629-2, PDB entry 2E93), and IPP-FPP (with product,

PDB entry 2E8V). (C) In the UPPs active site, four molecules of BPH-629 are bound (PDB entry 2E98).

bisphosphonate, have potent activity against GGPPs, and thus show these V-shaped bisphosphonates bind to both the FPP and

against the K562 tumor cell line (62). Crystallographic studies GGPP sites (63).
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The bisphosphonate compounds with hydrophobic side chains
also bind to UPPs. Because of the large space of the UPPs active
site, there are four binding sites per monomer of the UPPs for an
inhibitor BPH-629, three of which occupy the top of the active
site, and the fourth site is situated at the bottom (Figure 4C) (59).
Four molecules of the inhibitor were found in chain A, whereas
only one complete molecule and two partial molecules were
observed in chain B. When all bisphosphonate complex struc-
tures are superimposed on the UPPs—Mg—FsPP—IPP structure,
the width (10.3—12.9 A) and length (21—25.2 A) of the funnel-
shaped hydrophobic tunnel are well-defined. Among the
four sites, site 1 corresponds to the FPP (FsPP) substrate binding
site.

Bisphosphonates are potential inhibitors for other prenyl-
transferases. Recently, it was found that a bisphosphonate which
acts as a cholesterol biosynthesis inhibitor, an inhibitor of human
squalene synthase (SQS), can also block St. aureus virulence by
inhibiting its dehydrosqualene synthase (CrtM) (64). Both CrtM
and SQS catalyze the condensation of two FPP, leading to
dehydrosqualene as the precursor of staphyloxanthin in St.
aureus and squalene as a precursor of cholesterol in humans,
respectively, and they also share similar structures.

Some potent inhibitors other than bisphosphonate-related
compounds are under development. It was reported recently that
tetramic, tetronic, and dihydropyridin-2-ones are potent and
selected inhibitors of UPPs (65). Computer screening also
identified inhibitors which exhibit differential activities against
Helicobacter pylori and E. coli UPPs, although their potency has
to be improved (66).

CONCLUSION AND FUTURE DIRECTIONS

This review summarizes the kinetics, mechanisms, structures,
and inhibitors of the cis- and frans-prenyltransferases which
synthesize linear products by condensation with IPP toward
specific chain lengths. Like trans-prenyltransferases, FPP cy-
clases and squalene synthases require Mg>" for activity and
contain Asp-rich binding motifs, which support their common
evolutionary origin. However, cis-prenyltransferases utilize a
Mg*" chelated by a P-loop that is shared by many phosphate-
binding proteins for phosphate binding (67), suggesting they are
evolutionarily distinct from the prenyltransferases containing
Asp-rich motifs. Protein prenyltransferases do not contain Asp-
rich motifs and do not require Mg*" for binding with the FPP or
GGPP substrate, although a high concentration of Mg®" can
increase the enzyme activity by 700-fold (68). Recently, a few
aromatic prenyltransferases which catalyze the transfer of allylic
isoprenyl moieties (DMAPP or GPP) to aromatic acceptors were
identified in the biosynthetic pathways of secondary metabolites
in plants, fungi, and bacteria (69, 70). Unlike the membrane-
bound aromatic prenyltransferases of ubiquinone biosynthesis
such as UbiA in E. coli, which transfers oligoprenyl groups to 4-
hydroxybenzoate using an Asp-rich motif (e.g., NDxxDxxxD)
and Mg*" (71), CloQ, which is involved in the biosynthesis of
clorobiocin via catalysis of a C-prenylation at position 3 of 4-
hydroxyphenylpyruvate using DMAPP as the prenyl donor, does
not contain an Asp-rich motif and does not require a metal ion
for activity (72). However, naphthalene prenyltransferase
(NphB), which catalyzes C-geranylation of the artificial substrate
1,6-dihydroxynaphthalene and of other phenolic substrates, has
sequence similarity with CloQ (also without the DDxxD motif)
but requires Mg>" for activity, which is coordinated by four
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water molecules, one of the GPP a-phosphate oxygens, and one
Asp based on the crystal structure (73).

Substrate-induced conformational changes are often asso-
ciated with the prenyltransferases. The most well characterized
conformational change is for cis-prenyltransferase UPPs, and
this conformational change is essential for catalysis. The trans-
type FPPs also undergoes a conformational change upon sub-
strate binding, as does HexPPs. However, biochemical evidence is
needed to show the importance of the conformational change in
catalysis.

There has been considerable interest in developing specific
inhibitors of some of the prenyltransferases for diseases. How-
ever, so far, only bisphosphonates are potent and useful inhi-
bitors targeting FPPs and GGPPs. More effort needs to be spent
in developing new classes of selective and potent inhibitors
against disease-related prenyltransferases.

In summary, we have updated our knowledge of the prenyl-
transferases which make linear products using allylic dipho-
sphates and IPP substrates. There are many other prenyl-
transferases which are responsible for making a variety of
important isoprenoids still not well characterized and deserve
further study.
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