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ABSTRACT: The reactions of two bacterial TIM barrel
prenyltransferases (PTs), MoeOS and PcrB, were explored.
MoeOS, the enzyme responsible for the first step in
moenomycin biosynthesis, catalyzes the transfer of farnesyl
to 3-phosphoglyceric acid (3PG) to give a product contain-
ing a cis-allylic double bond. We show that this reaction
involves isomerization to a nerolidyl pyrophosphate inter-
mediate followed by bond rotation prior to attack by the
nucleophile. This mechanism is unprecedented for a pre-
nyltransferase that catalyzes an intermolecular coupling. We
also show that PcrB transfers geranyl and geranylgeranyl
groups to glycerol-1-phosphate (G1P), making it the first
known bacterial enzyme to use G1P as a substrate. Unlike
MoeOS5, PcrB catalyzes prenyl transfer without isomeriza-
tion to give products that retain the trans-allylic bond of the
prenyl donors. The TIM barrel family of PTs is unique in
including enzymes that catalyze prenyl transfer by distinctly
different reaction mechanisms.

Nature uses prenyltransferases (PTs) to make a wide variety
of primary and secondary metabolites containing prenyl
groups, and there is enormous 1nterest in understanding the
scope and utility of these enzymes.' The best studied classes of
PTs, the polyprenyl synthases and the cyclizing terpene syn-
thases, contain an alpha helical fold, as do the protein farnesyl and
geranylgeranyl transferases.” Recently, the first PT having a
triosephosphate isomerase (TIM) barrel fold was identified in
archaea.” > This PT, geranylgeranylglyceryl phosphate synthase
(GGGPS), catalyzes the transfer of a geranylgeranyl (C20) group
to glycerol-1-phosphate (G1P) during the first step in the
biosynthesis of the ma]or phospholipid component of archaeal
membranes (Figure 1).57 We recently discovered a bacterial
GGGPS homologue, MoeOS, in the gene cluster for the anti-
biotic moenomycin. MoeOS couples 3-phosphoglyceric acid
(3PG) to a farnesyl group to form the starter unit for moeno-
mycin biosynthesis (Figure 1).>° Here, we study the mechanism
of MoeO3, describe key residues that can be used to predict the
acceptor substrate in TIM barrel PTs, apply these criteria to a
bacterial GGGPS homologue of unknown function, PcrB, and
establish its substrates biochemically. We conclude that TIM
barrel PTs are dedicated to the transfer of prenyl groups to
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Figure 1. GGGPS converts glycerol-1-phosphate (G1P, 1) and GGPP
(2) to compound 3. MoeOS farnesylates 3-phosphoglycerate (3PG, 4)
using farnesyl pyrophosphate (FPP, S). The portion of MmA synthe-
sized by MoeOS is highlighted in red.

oxygen on phosphorylated triose acceptors, but the reactions
they catalyze can proceed by two very different mechanisms.*

The TIM barrel PTs, GGGPS and MoeOS5, both make ether-
linked products but with different allylic bond geometries
(Figure 1). Unlike the GGGPS product, which retains the
trans-geometry of the starting material and likely proceeds by a
straightforward displacement mechanism, the MoeOS product
(6) contains a cis-allylic double bond.* MoeOS is the only known
prenyltransferase that forms an intermolecular cis-allylic bond
using a trans-allylic precursor.'® This linkage suggests that bond
isomerization occurs prior to coupling during the catalytic
reaction, and a possible reaction mechanism involving the
intermediacy of nerolidyl pyrophosphate (NPP, 7) is shown in
Figure 2.1

To test this hypothesis, we compared the reaction rates for
FPP (5) and (3S)-NPP (7) using LC/MS. Under initial rate
conditions, the turnover numbers for FPP and NPP were
1ndlst1ngulshable (7.8 4 0.1 min~ ' for FPP and 7.4 + 0.7 min ™'
for NPP)."” In addition, we detected a compound with a
retention time and mass consistent with those of NPP (7) in
reactions of MoeOS incubated with FPP in the absence of 4
(Figure 2B)."> These results support a mechanism in which
MoeOS isomerizes FPP (5) to NPP (7), which undergoes
rotation about the C-2,3-bond to the cisoid conformer prior to
prenyl transfer to phosphoglyceric acid (4, Figure 2).

To gain insight into how MoeOS and GGGPS are capable of
catalyzing prenyl transfer to acceptors in different oxidation
states via fundamentally different mechanisms, we aligned the
sequences of 50 archaeal TIM barrel PTs and MoeOS5 and
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Figure 2. (A) MoeOS catalyzes the formation of 6 from 3PG (4) and
FPP (5) via a mechanism proposed to involve isomerization to NPP (7).
(B) NPP forms during the MoeOS reaction. NPP and FPP have the
same [M — H]™ (381.1237). LC/MS extracted ion chromatograms of
an (a) overlay of NPP and FPP standards (blue and red, respectively)
demonstrating reproducible differences in retention times; (b) MoeOS
reaction of FPP spiked with NPP following quenching of the enzymatic
reaction (green); (c) MoeOS reaction with FPP showing the formation
of a new peak with an RT consistent with NPP (black). 4
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Figure 3. Partial sequence alignments of MoeOS (S. ghanaensis), repre-
sentative archaeal GGGPSs, and PcrB from B. subtilis (BsPcrB). (A)
Alignments of the acceptor binding loop. The tyrosine and arginine
changes in MoeOS are outlined in red. (B) Alignments of the “swinging
door” region of AfGGGPS described in the text.

compared them to the GGGPS crystal structure, which contains
a bound acceptor substrate.> Amino acids in the f3-6-loop-6
region of GGGPS make direct contacts to the acceptor substrate,
and there are several striking changes in this region of MoeOS$
(Figure 3).” For example, E167, which contacts both the C-2 and
C-3 hydroxyl groups of G1P in the GGGPS crystal structure, is
replaced by tyrosine. This change likely prevents repulsive
interactions with the 3PG carboxylate. In addition, S169 is
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Figure 4. (A) Phosphosugar acceptors tested as substrates for PcrB:
GIP (1), 3PG (4), and G3P (8). (B) Prenylpyrophosphate donors
tested as substrates for PcrB: GGPP (2), FPP (5),and GPP (9). (C) The
reactions shown to be catalyzed by PcrB.

replaced by arginine, which may favor attractive interactions
with the substrate carboxylate.

Changes in the acceptor binding loop help explain the changes
in acceptor substrate preferences, but other features are likely
responsible for the ability of MoeOS to catalyze isomerization of
the allylic diphosphate bond of FPP. Notably, MoeOS con-
tains a proline-rich insertion (Figure 3B) between (3-3 and o-
3%, aregion in GGGPS that is suggested to form a “swinging
door” that closes over the prenyl chain.” In addition, while the
GGGPS binding tunnel is largely hydrophobic and acidic, the
MoeOS5 homology model shows a nest of basic and 77-electron
containing residues in the vicinity of the “swinging door” that
could help stabilize a partially ionized nerolidyl intermediate.
Using the absence of glutamate and the presence of arginine in
the acceptor binding loop, combined with the presence of a
proline insertion in the a-3* strand, we have identified several
MoeOS homologues in other bacteria, always clustered
with genes putatively involved in secondary metabolite bio-
synthesis."®

We also investigated the enzymatic function of PcrB, a
putative prenyltransferase with a TIM barrel fold.'® PcrB is
conserved in several Gram-positive genera, including bacilli,
staphylococci, and listeriae. Based on sequence analysis, it has
been speculated that PcrB either is an aromatic prenyltransferase
or has a function similar to GGGPS.*”"” Since PcrB contains an
acceptor binding loop and “swinging door” similar to those in
GGGPS, it seemed likely that PcrB is a eubacterial prenyltrans-
ferase that uses G1P as a substrate.

To test this possibility, we cloned, expressed, and purified
Bacillus subtilis PcrB and incubated it with three potential
acceptors, glycerol-1-phosphate (G1P, 1), glycerol-3-phosphate
(G3P, 8), and 3-phosphoglycerate (3PG, 4), and three potential
prenyl donors, GGPP (2), FPP (5), and GPP (9) (Figure 4A and
B)."* The reactions, analyzed by mass spectrometry, showed
that PcrB uses G1P (1) exclusively as an acceptor but is able to
transfer both the C10 and C20 carbon donors (GPP, 9; GGPP, 2)
at similar rates (Figure 3C, Table S1, turnover: 1.8 £ 0.1 and
0.7 £ 0.1 min ', respectively); furthermore, upon extended
incubation both reactions went to completion.'® In contrast, FPP
(5), which contains 1S carbons, is a poor substrate for PcrB, and
reactions using it as a donor proceeded to less than 10%
conversion. NMR analysis showed that the PcrB product formed
using GPP as a donor has structure 10 (Figure 3, Figures S1—S3)
in which the allylic bond is trans and the ether linkage is to the C3
hydroxyl of GIP."* Hence the reaction is identical to that
catalyzed by GGGPS, except that both short (C10) and long
(C20) prenyl chains are substrates." Although GIP (1) is a
common building block for membrane lipids in archaea, PcrB is
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the first known bacterial enzyme to use it as a substrate.'”*° The
pcrB gene is always found in the same operon as perA,”' which
encodes an essential helicase involved in the replication and
transfer of DNA elements between bacteria.”* This genetic
linkage suggests a possible functional connection. Knowledge
of PcrB’s enzymatic function may facilitate efforts to elucidate its
cellular role.

The reactions catalyzed by GGGPS, MoeOS, and PcrB
suggest that the TIM barrel family of PTs is dedicated to the
transfer of prenyl groups to oxygen acceptors of triose phos-
phates. We have shown that the oxidation state of the acceptor
and the regiochemistry of reaction can vary depending on the PT.
More remarkably, this family of enzymes can catalyze the
formation of products containing either cis- or trans-allylic double
bonds from trans-prenyl donors.'*** Thus, relatively small
changes in three-dimensional architecture lead to prenyl transfer
by two distinct mechanisms, one involving direct displacement
and the other requiring bond isomerization and rotation. This is
unprecedented for a single PT family. Structural information on
MoeOS or its homologues should provide clues to the specific
sequence changes that have led to this dramatic switch in
mechanism.
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