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The peptidoglycan glycosyltransferases (PGTs) catalyze the
polymerization of Lipid II (LP2, 1a) to form the bacterial cell wall.
These enzymes are processive polymerases that catalyze multiple
rounds of chain elongation without releasing the growing glycan
strand, but the molecular basis for processivity is not understood.1,2a

Because the function of these extracellular enzymes is unique and
essential to bacteria, inhibitors of the PGTs could be developed
into new antibiotics. Toward this end, crystal structures of these
enzymes have been determined, both in the apo form and bound to
moenomycin, a natural product inhibitor.2 Although these structures
have provided information about the PGT’s interaction with the
inhibitor, we know comparatively little about the enzyme’s interac-
tions with its substrates, LP2 and the elongating polymer, due in
part to challenges synthesizing mechanistically informative substrate
analogues. Recently, we demonstrated that PGTs elongate the
growing glycan polymer by addition to its reducing end.3 In this
paper we have used differentiated substrates to reveal that the donor
and acceptor sites have distinct lipid preferences and that substrate
lipid length plays a critical role in processive polymerization.

Like many other bacterial cell surface polymers, peptidoglycan
precursors are assembled on undecaprenol, a 55 carbon lipid carrier
(a, Figure 1). The membrane-associated enzymes involved in
undecaprenyl-dependent pathways often accept much shorter (10
to 15 carbon) lipid substituents in Vitro.4 Thus, we were surprised
when early efforts to define the PGT substrate requirements showed
that these enzymes required at least a 35 carbon substituent (1b).5

We had no way to distinguish whether the observed requirement
reflected the preferences of the donor site, of the acceptor site, or
of both.

Distinguishing between the donor and acceptor sites of any
polymerase that converts a single substrate into a polymeric product
is a challenging task.6 To differentiate between the sites, we

synthesized an analogue of the elongating strand, Lipid IV (2b,
LP4).7 LP4, however, was homopolymerized by several PGTs, and
therefore it could not be used to selectively probe the polymer
(donor) site. To generate donor-only substrates, we developed a
method to block the nonreducing end of PGT substrates via
attachment of galactose.3 Access to a combination of blocked (e.g.,
GLP4, 3b) and unblocked PGT substrates containing different lipid
lengths allowed us to directly probe the substrate lipid requirements
in the acceptor site for the first time (Figure 2B).

We have prepared a series of LP2 analogs (1c-g) and used an
SDS-PAGE assay, which separates peptidoglycan chains to single
disaccharide resolution,7b to monitor the ability of the substrates
to react with the blocked Lipid IV donor substrate, GLP4 (3b,
Figure 2B). The LP2 analogues investigated varied in both the
length and geometry of the lipid. For example, 1c and 1e are
shortened analogues of 1b (15 and 25 carbons shorter, respectively)
and they maintain the cis-isoprene bonds of the natural lipid, while
the lipid of 1d is shorter and contains all trans-isoprene units. The
citronellyl derivative (f) and saturated C20 derivative (g) allowed
us to probe the effects of unsaturation and lack of methyl branching.
All the short chain lipid analogues 1c-1g reacted with radiolabeled
GLP4 (3b*) in the presence of the PGT domain from Aquifex
aeolicus PBP1A (AaPBP1A)2a to produce a single major product
with migratory properties consistent with the formation of GLP6
(4, Figure 3A). To confirm this assignment, we analyzed the
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Figure 1. Structures of LP2 (1), LP4 (2), blocked LP4 (GLP4, 3), blocked
LP6 (GLP6, 4). Y ) L-Ala-γ-D-Glu-L-Lys-D-Ala-D-Ala.

Figure 2. PGT homopolymerization (A) and acceptor site (B) assays. (A)
PGTs contain two substrate binding sites: one for a glycosyl donor (D) and
one for a glycosyl acceptor (A). During initiation, one LP2 serves as the
donor and another as acceptor. Following the first turnover (second row),
the elongating strand is the donor and LP2 is the acceptor. In this assay,
LP2 must react from both donor and acceptor sites to form product. (B)
For the acceptor site assay, GLP4 (3b) is the donor and the acceptor is
varied. Formation of GLP6 demonstrates that the LP2 analogue (1c-g)
can be an acceptor.
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products formed by reaction of 3b and 1d by Escherichia coli
PBP1A via high resolution mass spectrometry. A product with an
exact mass identical to that of 4d was identified (Figure S3).

In addition to providing a direct readout of acceptor substrate
specificity, our assay also revealed information about the lipid
requirements in the donor site. Previous work had demonstrated
that lipid analogues 1c-1g do not react in a homopolymerization
assay, which requires LP2 to act as both donor and acceptor (Figure
2A). Since we now know that all these analogues are substrates
for the acceptor site,8 we have concluded that PGTs are promiscuous
with respect to the acceptor lipid but have a stringent requirement
for longer lipids in the donor site. This conclusion explains the
observation that all of the short lipid substrates react to give one
major product, GLP6.9 Since these products contain short lipids,
they are poor donors and chain extension does not readily occur.

In the acceptor assay reactions with 1c, we noted the presence
of a few faint bands in addition to the band for GLP6 (Figure S1).
High resolution mass spectrometry was used to analyze reactions
of GLP4 (3b) with 1c and revealed products that could only arise
from reaction of the C20 derivative from the donor site (C20-GLP8;
Figure S3). To further examine this reactivity, we compared the
products produced via the homopolymerization of 1e, 1c, or 1b
(containing 10, 20, and 35 carbon lipids, respectively) by AaPBP1A.
With the shortest LP2 substrate, C10-LP2 (1e), we did not observe
even a single turnover at high (10 µM) enzyme concentrations
(Figure 3B), indicating that under no circumstances can it function
as a glycosyl donor. In contrast, C20-LP2 (1c), which contains a
lipid chain with two more isoprene units, did react, producing bands
of decreasing electrophoretic mobility that represent products
differing in size by a single disaccharide unit (Figure 3B, panel 2).
The largest product observed had undergone three rounds of
coupling. These results show that C20-LP2 is capable of serving
as a glycosyl donor, but the product distribution is in striking
contrast to that observed for C35-LP2 (1b), which reacts in a
processive manner to give long polymers even at enzyme/substrate
ratios of 1:1.1 Therefore, the length of the lipid in the donor site is
a major determinant of the processiVity of the enzymatic reaction.

Our results show that PGTs have different lipid length require-
ments in the donor and acceptor sites. Although the acceptor site
can tolerate short lipid chains, the donor site requires a lipid longer
than 20 carbons to undergo processive polymerization. Kiessling
and co-workers have recently reported that the glycan polymerase
GlfT2 requires a long lipid “tether” for processive polymerization.4h

Since GlfT2 elongates its glycan polymer at its nonreducing end
while PGTs elongate from the reducing end, the PGTs represent a
different kind of lipid-assisted processivity. During each round of
elongation, the polymer must translocate (white arrow, Figure 2A)
to position the new donor substrate in the active site. It has been
suggested that the primary role of the lipid in PG substrates is to
anchor them to the membrane. Since these experiments were carried
out in the absence of membranes, this lipid-dependent processivity
is a function of intrinsic interactions between the donor lipid and
the enzyme. Recent structures of several PGTs have revealed the
presence of a large hydrophobic patch that funnels down toward
the membrane.2 This hydrophobic patch may play a role in tethering
the growing strand to the donor site during processive polymerization.
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Figure 3. SDS-PAGE analysis of the acceptor site assay (A) and the
homopolymerization assay (B). (A) [14C]-3b and [14C]-1c-g were incubated
in the absence (-) or presence (+) of AaPBP1A.2a In all cases, predomi-
nantly one product was formed, GLP6 (4c-g). (B) Comparison of the
homopolymerization of 1e, 1c, and 1b by AaPBP1A. The C10 derivative
(1e) cannot be homopolymerized, while the C20 (1c) and C35 (1b)
derivatives are homopolymerized via a distributive and a processive
mechanism, respectively.
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