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Abstract

The UbiA superfamily of intramembrane prenyltransferases catalyzes a key biosynthetic step in
the production of ubiquinones, menaquinones, plastoquinones, hemes, chlorophylls, vitamin E,
and structural lipids. These lipophilic compounds serve as electron and proton carriers for cellular
respiration and photosynthesis, as antioxidants to reduce cell damage, and as structural
components of microbial cell walls and membranes. This article reviews the biological functions
and enzymatic activities of representative members of the superfamily, focusing on the remarkable
recent research progress revealing that the UbiA superfamily is centrally implicated in several
important physiological processes and human diseases. Because prenyltransferases in this
superfamily have distinctive substrate preferences, two recent crystal structures are compared to
illuminate the general mechanism for substrate recognition.
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The UbiA superfamily of intramembrane prenyltransferases

Many essential bioactive compounds must be prenylated to become soluble and functional in
biological membranes [1-3]. The prenylation reaction, which generates the basic skeleton of
these molecules, is catalyzed by intramembrane prenyltransferases, collectively known as
the UbiA superfamily. Since the discovery of the prototype UbiA enzyme [4], a number of
superfamily members, producing a broad spectrum of lipophilic compounds, have been
identified [2,3].

The UbiA superfamily of prenyltransferases (Figure 1) has recently stimulated much
scientific interest because this superfamily is involved in a wide variety of biological
processes and diseases (Table 1, Key Table). The microbial UbiA and MenA [3], and their
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respective eukaryotic homologs COQ?2 [5,6] and UBIADL1 [7], are key biosynthetic enzymes
of ubiquinones and menaquinones, respectively. In humans, mutations in COQ2 cause
infantile multisystem disease [8-13]. UBIAD1 maintains vascular homeostasis by promoting
endothelial cell survival [14], prevents oxidative damage in cardiovascular tissues [15], and
sustains mitochondrial function [16], while dysfunctional UBIAD1 has been linked to
cardiovascular degeneration [14,15], Parkinson’s disease [16], Schnyder corneal dystrophy
[17,18], and urologic cancers [19]. Other superfamily members include DPPR synthase,
which is essential for the cell wall formation in mycobacteria [20]; DGGGP synthase, which
generates the distinctive core structure of archaeal membranes [21]; and eukaryotic COX10,
which produces hemes for terminal oxidases in the mitochondrial respiration chain [22]. In
plants, there are chlorophyll synthase; homogentisate prenyltransferases, which synthesize
plastoguinones and vitamin E; and many other prenyltransferases that generate a large
variety of secondary metabolites [2,3]. In sum, the UbiA superfamily plays a crucial role in
the cellular respiration, photosynthesis, antioxidation, and structural maintenance of almost
all living organisms.

Most UbiA superfamily enzymes catalyze the prenylation of aromatic substrates (Figure 2).
The archetypal enzyme, UbiA, fuses an isoprenyl chain to the meta-position of p-
hydroxybenzoate (PHB; Figure 2A and Box 1) [4,23]. MenA recognizes 1,4-dihydroxy-2-
naphthoic acid (DHNA) and couples prenylation with the decarboxylation of DHNA (Figure
2B) [24]. UBIADL1 is similar to MenA, but probably has a weak activity of cleaving off the
phytyl tail of phylloquinone and replacing it with an isoprenyl tail (Figure 2C) [7]. DPPR
synthase uses a ribose moiety (Figure 2D) as the prenyl acceptor [20], while for DGGGP
synthase the acceptor is a linear substrate (Figure 2E) [25]. COX10 and chlorophyll synthase
fuse prenyl or phytyl tails to acceptors that have large porphyrin rings (Figure 2F and 2G)
[22,26,27]. Homogentisate phytyl- and prenyl- transferases decarboxylate homogentisic acid
and attach different tails (Figure 2H) [28]. Overall, prenyltransferases in the UbiA
superfamily can be distinguished by their distinct preferences for structurally diverse
substrates. However, it remains unclear how these intramembrane enzymes select their
prenyl donor and acceptor substrates. This review therefore discusses the novel structural
mechanism of substrate specificity employed by the UbiA superfamily, as well as the
biological functions, enzymatic activities, and disease involvement of representative
members.

Box 1
A general catalytic mechanism of UbiA superfamily prenytransferases

UbiA catalysis starts with the cleavage of the diphosphate group from the XPP substrate
(Figure 1). The cleavage generates a highly reactive carbocation intermediate at the end of
the isoprenyl chain. To complete the prenylation reaction, the carbocation reacts
regiospecifically at the meta-position of the aromatic PHB substrate to form a C—C bond.
In this superfamily, UbiA and MenA recognize XPPs of various chain lengths, whereas
several other members are specific to a certain XPP length (Figure 2 and Table 1).
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PHB prenyltransferases: COQ2, UbiA and LePGT1

Ubiquinones are electron carriers that are essential for the bacterial and mitochondrial
respiratory chains, and also have potent antioxidant activity that protects membranes against
lipid peroxidation [1]. Ubiquinones have the ideal chemical property for these functions: the
quinone ring allows reversible redox activity, and the isoprenoid side chain confers solubility
in the membrane. Fusion of these two chemical groups is an evolutionally conserved and
rate-limiting step during ubiquinone biosynthesis [1,23]. The reaction is catalyzed by a PHB
prenyltransferase, named UbiA in prokaryotes [4] and COQ2 in eukaryotes [5,6].

COQ2 mutations (Box 2) have been identified as causative for infantile multisystem diseases
and nephropathy [8-13]. In these diseases, COQ2 mutations result in primary deficiency of
ubiquinone-10 (UQ1o; 10 refers to the number of isoprenyl units) [13], which can be
alleviated by UQ1g supplementation at an early infantile stage [29]. Fibroblasts from COQ2-
mutant patients show mild UQ;q deficiency [30,31]; this medium level of deficiency
however generates a maximal response of reactive oxygen species deteriorating to cells [32].
Recently, COQ2 mutations have been suggested to cause multiple system atrophy [33], a
progressive neurodegenerative disorder that displays combined symptoms of autonomic
dysfunction, parkinsonism, and cerebellar ataxia [34]. Although this proposal remains to be
validated [35,36], the identified COQ2 mutants showed lowered enzymatic activity [33],
which might in turn increase the oxidative stress in susceptible brain cells [34]. The Cog2
gene is also strongly associated with statin-induced myopathy, a drug side effect in which
statin reduces the synthesis of a COQ?2 substrate precursor, farnesyl diphosphate, which in
turn hinders UQ1q synthesis [37].

Box 2
Structural interpretation of disease-related mutations

The newly determined archaeal structures offer plausible explanations for disease-linked
mutations in eukaryotic UBIAD1 and CoQ2. In UBIAD1, all reported SCD mutations
[17,18,52,59] are clustered around the central cavity (Figure | A). As a hot spot for SCD
mutations, N102 may be involved in either substrate binding or stabilization of the
carbocation intermediate [90,91]. The mutations of R119G, N232S/H, and D236E may
also affect the binding of the XPP substrate. A second group of mutations, which
includes A97T, G98S. S171P, Y174C, and T175l, is predicted to cluster around the
proposed binding pocket for aromatic substrates [90]. Because of their surface-exposed
locations (Figure | A), other mutations, including D112G/N, G117R/E, D118G, R119G,
L121F, and V122E/G on HL2-3 and K181R, G186R, and L188H on HL4-5, can probably
perturb interactions with proteins involved in lipid metabolism [19,52-54].

Several COQ2 mutations cause infantile multisystem diseases and nephropathy [9].
R197H may affect diphosphate binding, and the larger side chain of A302V (Figure | B)
may clash with one of the Mg2* binding sites to interfere with COQ2 catalysis [90].
However, it is unclear how the Y297C [11], N228S, S146N [12], and M182R mutations
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[13] affect COQ2 activity. In addition, the V393A mutation that potentially associates
with multiple system atrophy [33] is not at the central cavity in this COQ2 model.

Escherichia coli UbiA (EcUbiA) is well characterized in biochemistry (Box 1). ECUbiA
requires divalent metal ions, preferably magnesium, for the enzymatic activity [4,23]. The
apparent K, values of PHB and geranyldiphosphate (GPP) are in the submillimolar range,
whereas longer isoprenyldiphosphates (XPP; X stands for various lengths) have higher
affinity [23]. EcUbIA can hydrolyze GPP in absence of PHB, which suggests that the
diphosphate can be cleaved (Figure 2A) independently of the condensation reaction [38].
The prenylation of PHB is regiospecific and occurs only at the meta-position. However,
EcUbiA can accept a variety of PHB derivatives, providing that the benzoate group is
retained and that the para-benzene group can function as a donor for electrons and hydrogen
bonds [39]. Engineered UbiA is promising for chemoenzymatic applications because it
catalyzes regioselective alkylation in water, which is a challenge to conventional organic
chemistry [39].

UbiA and COQ?2 produce ubiquinones of various lengths that are characteristic of different
organisms, with UQg in Saccharomyces cerevisiae, UQg in E. coli, UQq in rodents, UQg.19
in plants, and UQ1 in humans [40-42]. The UQ chain lengths are determined by the /in vivo
availability to UbiA and COQ2 of different XPP substrates; UbiA and COQ2 are, however,
indiscriminate with respect to chain lengths [43]. There are many examples showing that
UbiA-deficient £. coli or COQ2-deficient yeast could be complemented by COQ2 or UbiA
from organisms producing different UQs [5,40,44]. Similar chain-length promiscuity was
observed /in vitro. XPPs varying from 2 to 10 isoprenyl units were substrates for ECUbiA
[23], and COQ2 from yeast and plants could also take XPPs of various lengths [44].

As an exception to the chain-length promiscuity, the PHB geranyltransferase from
Lithospermum erythrorhizon (LePGT1) uses only GPP as its substrate [45]. Instead of
participating in the UQ biosynthesis, LePGT1 is a key enzyme that generates shikonin, a
plant secondary metabolite with antiviral activities. When chimeric constructs of ECUbiA
and LePGT1 were tested, the N-terminal half of the enzymes influenced the chain-length
specificity [46].

UbiAD1 and MenA

UBIAD1 is associated with many physiological processes and diseases, mostly because
menaquinones, as ubiquinones, are essential in electron transport and antioxidation.
Identification of UBIADL as the prenyltransferase for menaquinone-4 (MK4) biosynthesis
[7] unravels a long-standing mystery: how vitamin K1, the dietary form of vitamin K, is
converted to K2 (i.e. MK4), which is the major storage form in birds and mammals [47-49].
MK4 is required for electron transport in the Drosophila mitochondria. In Drosophila, MK4
is made by the HEIX protein, a UBIAD1 homolog; mutations in the Heix gene cause
mitochondrial dysfunction and exacerbate the phenotype of defective Pink1, a mitochondrial
kinase involved in human Parkinson’s disease [16]. As to antioxidation, UBIADL1 in
zebrafish embryos reduces oxidative stress and cell damage in the heart and blood vessels,
thereby maintaining the survival of vascular endothelial cells; loss of UBIAD1 triggers
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vascular degeneration, cranial hemorrhages, and cardiovascular failure [14,15]. Embryonic
lethality is also observed for Ubiadi-deficient mice [50]. Therefore, UBIAD1 may play a
general role in embryonic development in many species.

In humans, Ubiad1 is the causative gene of Schnyder corneal dystrophy (SCD), a rare
autosomal eye disease characterized by the deposition of cholesterol and phosopholipids in
the cornea [17,18]. The majority of older SCD patients require corneal transplants due to
progressive loss of visual acuity [51]. SCD-causative Ubiadl mutations (Box 2) not only
reduce the MK-4 synthesis [52], but also interfere with the binding of UBIADL to proteins
involved in cholesterol and triglyceride metabolism [19,53]. Several proteins in this pathway,
ApoE [54], TBL2 [19,53], SOAT1, and HMGCR [52], were found to interact with UBIAD1.
In particular, SCD mutations in UBIAD1 make the UBIAD1-HMGCR complex less
dissociable, which may prevent the degradation of HMGCR and result in cholesterol
accumulation [55]. Therefore, UBIAD1 may have important functions other than MK4
biosynthesis [50].

Human Ubiad1is also referred as 7erel, the transitional epithelial response gene. In bladder
and prostate cancers [56,57], 7erel expression is substantially reduced, which in turn may
activate a signaling pathway that induces cancer cell proliferation [58]. Conversely, 7erel
overexpression inhibits the growth and proliferation of cell lines derived from these
urological cancers [56,57]. Terel, or Ubiadl, therefore seems also to be implicated in cell
growth and signaling [58].

In the particular cell types used in the studies here reviewed, UBIAD1 protein occupies
various subcellular locations and exhibits distinct functional roles. In the endoplasmic
reticulum (ER) of human bone cells [7], UBIAD1 shows a weak activity of side-chain
exchange (Figure 2C). UBIADL in human endothelial cells participates in the Golgi
synthesis of UQ1q, which in turn protects the cells from oxidative stress through nitric oxide
signaling [15]. How UBIAD1, a MenA homolog (Figure 1), is linked to UQ1q synthesis
remains to be elucidated (M. M. Santoro, personal communication). In Drosophila, MK4
supplementation rescues severe mitochrondial deficiency induced by Heix mutations,
suggesting that this UBIAD1 homolog is essential for producing MK4 to support
mitochondrial electron transport [16]. In bladder cancer cell lines, UBIAD1/TERE1
synthesizes MK4 in mitochondria but also shows non-mitochondrial localization in the ER
and Golgi [53]. By contrast, UBIADL in corneal keratocytes localizes to mitochondria but
not to the ER [59]. Overall, different subcellular localizations of UBIAD1 may reflect its
various functions in the respiratory chain, lipid metabolism, or antioxidation in different cell

types.

Menaquinones are the quinones most widely used by microbes in their respiratory and
photosynthetic electron transport chains [1]. Facultative bacteria such as E. coli use both
ubiguionone and menaquinone; these quinones serve as electron carriers under aerobic and
anaerobic conditions, respectively. Conversely, gram-positive bacteria, including
Mycobacterium tuberculosis (Mtb) and other pathogens, use only menaquinones for electron
transport [1]. Because menaquinone is essential to gram-positive bacteria, recent studies of
MenA [60-62], the prenyltransferase (Figure 2B) for menaquinone biosynthesis [24], have
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focused on exploring MenA as an antibiotic target in Mtb and other gram-positive
pathogenic bacteria. MenA inhibitors showed significant and specific activity against
nonreplicating Mth, which is particularly interesting because current first-line drugs are
ineffective against latent Mtb infection [62].

Other UbiA superfamily members
DPPR synthase

Mycobacteria and other Corynebacterianeae share a characteristic, highly impermeable cell
wall, in which arabinogalactan covalently tethers an inner peptidoglycan layer to an outer
lipid-rich mycolic acid layer. The DPPR synthase generates an arabinogalactan precursor
(Figure 2D) through catalyzing the first committed step in a decaprenylphosphoryl-D-
arabinose (DPA) pathway [20]. DPPR synthase is required for the survival of Mtb [63];
disruption of this gene results in the loss of cell wall arabinan and associated mycolic acids
[64]. Among genes in the DPA pathway, knockdown mutants of DPPR synthase and DprE
show the strongest phenotype in Mtb [63]; DprE is the target of benzothiazinones, the so-
called “magic drugs” for treating tuberculosis that have much higher efficacy than first-line
drugs targeting the mycobacterial cell wall [65]. Therefore, DPPR synthase is a promising
drug target that catalyzes the fusion of two specific substrates (Figure 2D) not found in
humans [20,66].

DGGGP synthase

The core structure of archaeal membranes is made of glycerol diether and tetraether lipids;
this is a major evolutionary feature that distinguishes archaea from bacteria and eukaryotes
[21]. DGGGP synthase generates the skeleton of diether lipid [25] in an unsaturated form
(Figure 2E), which is the common precursor to most diether lipids (archaeols) and tetraether
lipids (caldarchaeols) in archaea. The prenyl acceptor in DGGGP synthase is a linear
compound, which is an exception to the ring structures used by other prenyltransferases in
the superfamily (Figure 2). To produce the macro-circular tetraether lipids, DGGGP
synthase has been proposed in certain archaea species to accommodate longer DGGGP
derivatives containing ring structures and ether-linked diphosphate groups [67]. DGGGP
synthase’s atypical substrate specificity may be the key to understanding the biogenesis of
the unique archaeal membrane lipids.

Heme O synthase (protoheme IX farnesyltransferase)

Heme A is the prosthetic group of the terminal heme-copper oxidases (e.g., the cytochrome
c oxidase in mitochondria, also known as complex 1V) that reduces oxygen to water in the
respiration chain [22,26]. Heme A is generated by the sequential actions of heme O synthase
(HOS or COX10), which attaches a farnesyl tail to protoheme IX (Figure 2F), and heme A
synthase (HAS or COX15), which converts heme O to heme A in a two-step reaction. In
bacteria, heme O is often directly used as a cofactor for terminal oxidases [22]. Heme O
synthase has been identified and characterized in organisms throughout the tree of life,
including CyoE in E£. coli[68], CtaB [69] in Bacillus subtilis, and COX10 in yeasts and
humans [22]. Human COX10 mutations cause mitochondrial diseases such as Leigh
Syndrome [70,71] and have been suggested as a risk factor in Alzheimer disease [72].
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Heme A synthesis is likely coordinated with the biogenesis of complex IV, because free
hemes are cytotoxic and mitochondria lacks a heme degradation pathway [73]. A core
subunit of complex 1V, COXZ1, is stabilized by the fanesyl tail of heme A [74]. Through
heme A biogenesis, COX10 may participate in the posttranslational maturation of COX1
[75].

Chlorophyll synthase

As the terminal enzyme for chlorophyll biosynthesis, chlorophyll synthase (ChlG) esterifies
chlorophyllide with geranylgeranyl or phytyl diphosphate (Figure 2G) [27]. Like the COX
system [26], ChIG is involved in the cotranslational insertion of chlorophyll into key
proteins of photosystems (PS) | and 11 [76]. The attachment of chlorophylls to these nascent
apoproteins assists their proper folding inside membranes and prevents the accumulation of
free phototoxic chlorophylls [77]. The chlorophyll-binding PSI/11 subunits accumulate only
when the chlorophyll synthesis is carried via ChlG, suggesting a direct transfer of
chlorophyll from ChIG to nascent apoproteins [78]. In addition, ChIG is involved in the
feedback control of the entire chlorophyll biosynthesis pathway, in which reduced ChlG
activity leads to the down regulation of metabolic flux [79]. Biochemically, the orientation
of the chlorophyllide binding has been deduced from modified compounds, with rings C, D,
and E (Figure 2G) binding to the interior of ChlG and rings A and B at the enzyme surface
[27].

Homogentisate phytyl- and prenyl- transferases

In photosynthetic organisms, the branching point leading to the biosynthesis of tocopherols,
tocotrienols, and plastoquinones is marked by homogentisate phytyltransferase (HPT),
geranylgeranyl transferase (HGGT), and solanesyltransferase (HST), respectively (Figure
2H) [28]. Plastoquinones transfer electrons from photosystem Il to the cytochrome bgf
complex and shuttle protons across the photosynthetic membrane. Tocopherols and
tocotrienols are a group of eight potent lipid-soluble antioxidants collectively known as
vitamin E [80]. As critical enzymes in vitamin E biogenesis, HPT and HGGT have been a
focus for metabolic engineering to improve the vitamin E content in transgenic plants [81].

Biochemically, homogentisate transferases differ in the specificity of their donor-substrate
preferences (Figure 2H). HGGT and HPT have a strong preference for geranylgeranyl and
phytyl diphosphate, respectively [82]. HST prefers a longer substrate, solanesyl diphosphate;
when short XPPs are provided, the HST catalyzed prenylation is largely decoupled from
decarboxylation, which suggests that short XPPs bind and react differently in HST [83].

Intramembrane prenyltransferases involved in secondary metabolism

Plants make numerous kinds of prenylated secondary metabolites, including flavonoids,
phenylpropanoids, and coumarins, which have various biological functions with applications
in agriculture and medicine [3,84]. Examples include bitter acids in hops, which give flavor
to beers [85], and phytoalexins, which appear in both legumes [86] and Sopfora flavescens
[87]. In bacteria, aurachins are potent inhibitors of the respiration chain [88]. The fungal
pyripyropene A is a promising cholesterol-control drug [89]. Intramembrane
prenyltransferases have been identified in all these cases, but there are still many genes of
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unknown function (Figure 1), and together they could generate a large variety of secondary
metabolites in many organisms [2].

Among this functional group of enzymes, naringenin 8-dimethylallyltransferase and
genistein 6-dimethylallyltransferase recognize flavanone and isoflavone, respectively [84].
Chimeric proteins have been generated to show that the fifth predicted transmembrane helix
of these enzymes determines the specificity for these two closely related aromatic substrates
[87].

Structural insights into the UbiA superfamily

Crystal structures of archaeal homologs

Crystal structures have recently been determined [90,91] for archaeal homologs from two
hyperthermophilic species, Aeropyrum pernix (Ap) and Archaeoglobus fulgidus (Af). On
the basis of sequence clustering (Figure 1) and alignment (Figure 3A), the Ap homolog is
close to UbiA and COQ2, whereas the Af homolog seems to be relatively distant from
known members of the superfamily. The enzymatic activities of these archaeal homologs are
unknown, as are their cognate native substrates. Despite the uncertainties, both crystal
structures were determined with and without short XPP substrates bound. At 2.4A
resolution, the Af structure is of particularly high accuracy, and shows confirmed positions
of bound Mg?2* ions in the active site. Together, these structures significantly advanced
understanding of the enzymatic mechanism used by this superfamily of enzymes.

The overall structure of the Ap UbiA homolog [90] contains nine transmembrane helices
(TM) that form a U-shaped architecture with a large central cavity (Figure 3B, left). An
extramembrane cap domain is formed over the central cavity and contains most of the
conserved residues (Figure 3A), including two Asp-rich motifs that are essential for the
activity of various enzymes in the superfamily [45,46,66,88,90-92]. The non-cleavable XPP
analog, geranyl thiolodiphosphate (GSPP), binds in the central cavity via an extensive
interaction network of conserved residues. Both Asp-rich motifs coordinate Mg2* ions that
engage the diphosphate group of GSPP. The large central cavity also contains a hydrophobic
bottom wall and a small basic pocket, which were proposed to bind the isoprenyl chain and
an aromatic substrate, respectively [90]. For EcUbiA and LepGT1, the affinity for PHB
changes when residues at this basic pocket are mutated [46,90]. Location of this putative
binding pocket is also consistent with the finding that residues in TM5 determine the
specificity for aromatic substrates [87]. The central cavity opens laterally to the lipid bilayer
(Figure 3B and 3C), creating a unique passage to the active site that may facilitate the
binding and release of long-chain substrates and products in membranes, respectively. This
unrestricted binding chamber also explains the chain-length promiscuity of UbiA, which
accepts a variety of XPP lengths to generate UQg.19 in different species.

The overall architecture of the Af homolog [91] is similar to Ap (Figure 3B, right). However,
the two substrate-binding pockets are significantly different (Figure 3C). In the Af structure,
GPP or dimethylallyl diphosphate (DMAPP) binds to a small pocket, which is restricted by
the protein backbone (Figure 3C, right) and is not capable of accommodating longer XPPs.
Af also has a significantly longer tunnel coming off the active site, which has been proposed
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to bind longer XPPs [91]. However, the prenyl-acceptor substrate of Af should occupy one
of these two binding sites; therefore a more plausible scenario is that the small pocket and
long tunnel bind two linear substrates, as in the case of DGGGP synthase (Figure 2E). With
a membrane opening, the long tunnel in Af is generated by the larger spacing between TM9
and TM8 (Figures 3B, 3C, and 3D). This is accompanied by another change in the Af
structure: TM9 and TM1 are brought close together, thereby blocking the direct opening of
the Af central cavity to lipids. Because the Ap and Af homologs appear to have distinct
substrates and functions (Figure 1), these structural variations imply that the different
positions of TM9 relative to TM1 and TM8 might define the “gates” to control substrate
specificity; this may be a general mechanism used by enzymes in the superfamily. Different
spacing between these transmembrane helices, and size and charge changes in critical
residues, together may create large variations in the two substrate-binding pockets, thereby
allowing different prenyltransferases to use remarkably distinctive substrates (Figure 2).
Conversely, XPP is a donor substrate used by most of the superfamily members (except
DPPR synthase; Figure 2D), therefore structural features that recognize the disphosphate
group of XPP (Figure 3B) are likely to be similar. Future structural studies may also reveal
how these prenyltransferases can carry out different reactions, such as the coupling of
decarboxylation with prenylation (Figures 2B and 2H).

Comparison to soluble prenyltransferases

Intramembrane aromatic prenyltransferases (APT) share no sequence or structure similarity
to soluble APTs, which have a -barrel structure [93]. While soluble APTs are involved in
secondary metabolic pathways, most intramembrane APTSs participate in primary
metabolism [2]. The prenylation of aromatic compounds is essentially a Friedel-Crafts
alkylation, in which the reactive cation generated from XPP cleavage must be shielded from
water [2]. In soluble APTs, the shielding is achieved by a barrel of B-sheets. In
intramembrane APTS, a deep lipophilic pocket surrounded by transmembrane helices may
play a similar shielding role.

Interestingly, there is considerable structural similarity between intramembrane APTs and
the soluble trans-prenyltransferses that catalyze the elongation of isoprenyl chains. The
farnesyl diphosphate synthase (FPPS), which adopts a typical isoprenyl synthase fold [94],
has seven helices (H3-H9) that are superimposable to TM1-7 in the intramembrane APTs
(Figure 3D). FPPS also contains two Asp-rich motifs and shares about 12% sequence
identity with EcUbiA. Although there is no direct evidence of an evolutionary path for these
APTs, it is interesting to postulate how a common ancestor could diverge into soluble and
membrane bound enzymes to perform different but essential cellular functions.

Concluding Remarks and Future Perspectives

Understanding of both structural and functional aspects of the UbiA superfamily is
increasing. It will be particularly interesting to explore UBIAD1’s roles in mitochondrial
electron transport, embryonic development, and vascular homeostasis (see Outstanding
Questions). In addition, it remains to be elucidated how UBIADL1 affects lipid metabolism in
SCD and urological cancers. The microbial enzymes of particular biological and medical
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significance include MenA, which is a close homolog to UBIAD1; DGGGP synthase, which
generates characteristic archaeal lipids; and DPPR synthase, which is essential for the
integrity of mycobacterial cell wall. Finally, structural information is highly desired for a
biochemically tractable, active enzyme to illuminate how the specificity of aromatic
substrates is achieved in this superfamily.

Outstanding Questions Box
Does UBIAD1 generally function in a tissue-specific manner?

A discernible phenotype of UBIAD1 mutations in humans is Schnyder corneal dystrophy,
which is characterized by the deposition of cholesterol and phosopholipids. UBIAD1 has
association with several lipid-metabolism proteins, but it remains unclear why dramatic
lipid deposition only occurs in the cornea.

Are the cardiovascular and neurological roles of UBIAD1, which were discovered in
animal studies, conserved in humans?

While UBIADL is linked to cardiovascular degeneration in zebrafish and neurological
degeneration in Drosophila, these physiological roles, and the related cellular functions,
remain to be demonstrated in humans.

Is there a missing enzyme involved in vitamin K turnover?

A second enzyme may cleave off the side chain of phylloquinone (Figure 2c) and
generate menadione as the substrate for UBIAD1.

Is COQ?2 a genetic risk factor for multiple system atrophy (MSA)?

Establishing this link requires extended analysis of different populations and MSA
subtypes.

Does DGGGP synthase produce the tetraether lipids in Archaea?

These macro-circular lipids, which form unique monolayer membranes, were thought to
be generated by a novel enzyme that catalyzed a highly unusual chemistry: a head-to-
head reaction between non-activated phytyl chains. To circumvent this problem, it has
been proposed that DGGGP synthase can directly produce the tetraether lipids by
accommodating longer precursors.

What is the structural basis of substrate specificity and promiscuity in the UbiA
superfamily?

Prenyltransferases in this superfamily are characterized by their preferences for diverse
substrates. Understanding the structural differences that dictate these preferences is the
key to understand the catalytic mechanisms of these enzymes, which can be subsequently
engineered for chemoenzymatic synthesis.
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Trends

Emerging data reveal that the UbiA superfamily of prenyltransferases,
including UBIAD1, COQ2, DPPR synthase and DGGGP synthase, is
involved in a wide variety of biological processes and diseases.

UBIAD1 catalyzes the vitamin K turnover, prevents oxidative damage in
cardiovascular tissues, sustains mitochondrial function, and plays a role in
lipid metabolism. Dysfunctional UBIADL is linked to cardiovascular
degeneration, Parkinson’s disease, and Schnyder corneal dystrophy.

DPPR synthase is required for the formation of M. tuberculosis cell wall
and thus is a promising target for anti-tuberculosis drugs.

DGGGP synthase is proposed to synthesize the diether and tetraether
membrane lipids, key evolutionary features of archaea.
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Figure 1. Homology clustering and function of UbiA superfamily prenyltransferases
Each dot represents a homolog sequence and each grey line shows the PSI-BLAST [95]

comparison of two sequences, with darker lines indicating higher similarity (lower E
values). Homologs of significant similarity (e.g., all COQ?2 proteins) form clusters (shown in
same color). The UbiA superfamily includes CoQ2 (colored in red) and UbiA (magenta);
UBIAD1 (green) and MenA (yellow green); homogentisate prenyltransferases (HPT, HST,
and HGGT in different pink colors); chlorophyll synthase (blue); COX10 (dark blue);
DGGGP synthase (dark green); and DPPR synthase (cyan). The Ap homolog represents an
archaeal group (orange) close to UbiA and COQ2. The position of the Af homolog
(annotated as bacteriochlorophyll synthase in NCBI) is relatively distinct from functionally
characterized groups of the superfamily. Other members with unknown functions are shown
as grey dots. The sequence clustering was generated by the CLANS (CLuster ANalysis of
Sequences) program [96] and PSI-BLAST searches, which were carried out in an NCBI
protein database of non-redundant proteins filtered for 70% maximum sequence identity
(nr70). The search started from the following sequences: UbiA (NCBI Gl: 85676792) and
MenA (332345926) from Escherichia coli; the ApUbiA homolog (14601492) from
Aeropyrum pernix, COQ2 (14250676), UBIAD1 (7019551), and COX10 (13623563) from
Homo sapiens, the Af homolog (499181604) from Archaeoglobus fulgiadus, chlorophyll
synthases (332645327) and HPT (281193026) from Arabidopsis thaliana, HGGT
(526117663) from Vitis vinifera, HST (699979766) from Medicago sativa, DPPR synthase
(618730398) from Mycobacterium tuberculosis, DGGGP synthase (2495885) from
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Methanocaldococcus jannaschii; naringenin 8-dimethylallyltransferase (SfN8DT-1,;
403399456) from Sophora flavescens, and AuaA (for aurachins; 133919228) from
Stigmatella aurantiaca.
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Figure 2. Reactions catalyzed by the UbiA superfamily enzymes
Key features in different chemical structures are shown in red, and the prenyl or phytyl

chains in green. (A) UbiA cleaves the diphosphate group from XPP and fuses it to the meta-
position of PHB [4,23]. (B) MenA catalysis involves a decarboxylation step [24]. (C)
UBIAD1 catalysis may involve side-chain exchange [7]. (D) DPPR synthase fuses a ribose
to a unique prenyl substrate with several cis-bonds [20]. (E) DGGGP synthase fuses two
linear substrates [25]. (F-G) COX10 and ChlG prenylate heme and chlorophyl acceptors,
respectively, both of which have large porphyrin rings [22,27]. (H) Homogenisate
transferases, HPT, HGGT, and HST, use different prenyl or phytyl diphosphates as donor

substrates [28].
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A HL-23 HL-45 HL-67
43 50 54 58 63 67 115 1Y 182 186
Ap RMAGMAYNNIADLDIDRLNPRTAKR...YP---HAK...SIMDIDFD
60 67 71 75 80 84 132 136 191 195
EcUbiA RAAGCVVNDYADRKFDGHVKRTANR. ..YP---FMK. ..AMVDRDDD
173 180 184 188 193 197 245 249 302 305 309
hCOQ2 RGAGCTINDMWDQDYDKKVTRTANR. ..YP---LMK. . .AHQDKRDD
68 72 76 139 146 198 202
Af MAFSFTINALYDRDVDRLHDGRVKD. ..YSAPPRFK. ..AVSDYEFD
- - = = = QLT

64 68 74 141 146 204 208
EcMenA QILSNLANDYGDAVKGSDKPDRIGP...YT--VGNR. ..NLRDINSD

102 106 112 115 119 174 181 236 240
hUBIAD1 HGAGNLVNTYYDFSKGIDHKKSDDR. ..YTGGIGFK. ..NTRDMESD

B Ap Cap domain X Af Cap domain .
Asp-rich Asp-rich

Central HLe7  HL23 motifs Central motifs
cavity / "
A ‘ -2

Membrane
domain

Unrestricted central cavity Basic pocket Open empty tunnel Closed GPP pocket

’_\,. Twii@;‘cm
7 M9 =
f AR

\—;J

Entrance to

Af long tunnel - " Entrance to

Ap central cavity

Figure 3. Sequence and structural comparison of the Ap and Af homologs illuminates the
mechanism for substrate recognition

(A) Alignment of conserved sequence motifs. The Ap homolog retains key residues (two
Asp-rich motifs colored in red and other residues in blue) in UbiA/COQ2. The Af homolog
lacks some conserved residues (red bars underneath the sequence) found in UbiA/COQ2 and
differs from MenA/UBIADL1 [91] in the first Asp-rich motif (blue bars; DX3D in Af vs.
DXsD in MenA and UBIADL1). (B) Crystal structures of the archaeal homologs. The Ap
(PDB: 40D5) [90] and Af (PDB: 4TQ3) [91] structures are shown in the same orientation,
with the cap domain colored in pink and the TM regions of Ap and Af in blue and green,
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respectively. Locations of the two substrate-binding pockets in each enzyme are indicated by
circled numbers. The positions of TM1 and TM9 (with highlighted colors) are notably
different in Ap and Af. This difference creates alternative openings of pocket @ to lipids
(see C), which is between TM9 and TM1 in Ap and between TM9 and TM8 in Af. (C)
Substrate-binding pockets in electrostatic surface representation. In Ap structure, the central
cavity is directly opened to lipid without restriction; in Af structure, the GPP substrate binds
in a small pocket that restricts the chain length. (D) Structure comparison. The Ap (blue), Af
(green), and FPPS (PDB: 1RQI; purple) [97] structures are superimposed.
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Figure I. Scheme of UbiA catalysis
UbiA is a representative member of the superfamily.
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Figure I. Disease-related mutations in UBIAD1 and COQ?2
The homology models are generated by PHYRE2 [98] using the Ap structure (PDB: 40D5)

as template. (A) SCD mutations in UBIAD1. Mutations around the two putative substrate-
binding pockets are represented by orange spheres, and mutations at a putative partner-
interaction interface in green. (B) COQ2 mutations identified in infantile multisystem
diseases. Residues potentially involved in substrate binding are shown in sticks and
mutations of unknown mechanism in grey spheres.
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