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Peptidoglycan glycosyltransferases (PGTSs) are highly conserved OH OH HO OH
bacterial enzymes that catalyze the polymerization of a disaccharide ?gg R oﬁ% Gal o R %
called Lipid Il (Figure 1) to form the glycan strands of peptidogly- Aeri _SO: AcHNOj_OEO{/:%q_\% o
can. PGTs are regarded as desirable antibiotic targets because they Pentapeptidé ° OH O " n J\Ta
are extracellular, they do not have eukaryotic counterparts, and they Lipid Il R=H, m=8, n=2 2 R=Gal, m=4, n=2 entapeptide - w&iu
play an essential role in a validated therapeutic pattiwsihough 16 Aok, med, nes 2 R=Gal, m=0, n=2 O
their importance has been appreciated for decades, the mechanism D-Ala

of glycan chain polymerization is not yet understood. One aspect

OH OH OH
Q
of the PGT reaction that is central to defining the mechanism is %o 5 omao 3 O&%
the direction of glycan chain elongation (Figure ZAjlere, we —SEO“HN AN | P AcHwogogoHW
describe an approach to test the direction of glycan chain growth. Pentapeptide —pgeﬁfpepﬁ o OH OH ) ,

We have applied this strategy to four different PGTs from both X

Gram-negative and Gram-positive organisms, including two PGTs ig:gf;ﬂ 22:2;1*;13

for which crystal structures were recently reportethe results Figure 1. Natural Lipid Il as well Lipid Il (1), Lipid IV (3), and Lipid
show that all these PGTs polymerize Lipid Il by the addition of VIl (5) substrate analogues and their Gal-labeled versiang, @nd 6).

new disaccharide units to the anomeric (diphospholipid) end of the

elongating polymer (called the “reducing end” by convention,  The experiments described above show that the Gal-labeled
although not a lactol). o . substrates can react at their reducing ends but not their nonreducing
_ Our strategy to determine the direction of glycan polymerization, enqs; however, they do not establish the direction of glycan chain
lllustrated in Figure 2B, relies on the synthesis of nascent o\ merization becausda and 3 self-condense. Since these
peptidoglycan chains that are blocked at their nonreducing endsgpsirates are capable of reactingbath ends, their Gal-labeled
(Figure 2B). If elongation occurs by reaction at the reducing end 5n310gues cannot be used to discriminate between the two possible
of the growing polymer, PGTs should elongate these substrates inyechanisms of elongation (see Figure S3). To establish the direction
the presence of Lipid II (Figure 2B, right). If elongation occurs in ot chain elongation, we needed to identify peptidoglycan substrates
the other direction, then these blocked oligomers will not be hat can be elongated by Lipid Il but dwt react with themselves.
substrates for PGTs (Figure 2B, Ieft): o . Nascent chains containing three or more disaccharide subunits meet

To enable our strategy for probing the direction of chain s criterion®
elongation, we required a facile method to selectively modify the 14 gynthesize the longer Gal-blocked substrates (Figure 3A)
nonreducing ends of the nascent glycan chains. We chose to utlllzerequired to test the direction of chain elongation, we incubated
f-1,4-galactosyltransferase (GalT), an enzyme that transfers ga-compounds with a high concentration o. coli PBP1A. Under
lactose (Gal) from UDP-Gal to the C4-OH of terminak these conditions3 reacted to give a mixture of products in which
acetylglucosamine (GICNAC) residues on a wide variety of mol- e major product, identified by its exact mass, was the octasac-
eculeg‘% Incubation of synthetic Lipid I subst_rate_analogllewnh charide Lipid VIII (5, Figure 1; Table S1). The nonreducing ends
GalT in the presence of UDP-Gal resulted in disappearand®of  f the gligomer mixture were derivatized witHE]Gal by treatment
and the concomitant appearance of a new compound with & massyith GalT. The resulting blocked oligomers were purified by C18
consistent with the structure of the Gall-labeled analogpe chromatography and analyzed by gel electrophoresis (Figure 3B,
(expected and observedn'z 1491.6). To verify that Gal-labeling  |3ne 2)7 Assignment of oligomer sizes was based on exact mass
prevents reaction at the nonreducing end, we prepared heptaprenylyqasurements of the Lipid IV polymerization reactions (Table S1)
[““C]Gal-Lipid 11 (28) and [“C]Gal-Lipid IV (4) by treating and on the electrophoretic mobilities of Gal-labeled oligomers
heptaprenyl-Lipid Il L)% or heptaprenyl-Lipid 1V 8)3 with UDP- (Figure S2).
[*“C]Gal and GalT. No radiolabeled self-condensation products were = 14 assess the direction of chain elongation, the Gal-oligomers
detected when these substrate analogues were incubated with thgere incubated with four PGTs includirig coli PBP1A, E. coli
PGT domain ofA. aeolicusPBP1A. In the presence of Lipid Il,  pgp1B A. aeolicusPBP1A. andS. aureusPBP232508in the
however, the Gal-labeled substrates formed radiolabeled polymeric ) esence and absence of Lipid II. The reactions were analyzed using
products (Supporting Information, Figures S1 and S2). These 5 recently developed gel electrophoresis adséyn the absence
experiments demonstrate that Gal labeling of the nonreducing end Lipid 11, the distribution of oligomers was unchanged (compare
of the Lipid Il or Lipid IV substrates blocks this end from serving  |3nes 3 6. and 8 to control lane 2 Figure 3B). In the presence of
as a glycosyl acceptor. Lipid 1I, the oligomers disappeared and a smear of radioactivity

t Harvard Medical School. appeared higher up in the gel (lanes 4, 5, 7, and 9, Figure 3B),

#Harvard University. indicating that longer peptidoglycan products were formed. Since
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Figure 2. Models for the direction of glycan polymerization: (A) scheme showing that a glycan strand can be extended by adding new units to the
nonreducing end (left) or to the reducing end (right); (B) scheme showing our strategy to test the direction of chain elongation. If the PGT dswritubate
Lipid 1l and a polymer substrate blocked at the nonreducing end Wi@jEal, then the polymer will only be extended if new units add to the reducing end.

A) Lipid IV B) Iﬁigrd - - - s+ - as well as a new experimental strategy. Our results have established
— Ty Seuly ofc ook i that four different PGTs from a diverse set of Gram-negative and
with PGT Gram-positive organisms catalyze the addition of Lipid Il to the

reducing end of the growing peptidoglycan polymer. Given the
structural homology of this enzyme family, we propose that the
entire class uses a reducing-end mechanism for elongation.
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GalT and
UDP-[14C]Gal
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Figure 3. Gel electrophoresis assays to determine the direction of

elongation: (A) scheme for the synthesis of the Gal-oligomer substrates; References
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