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Peptidoglycan is an essential component of bacterial cell wall. The glycan strands of peptidoglycan
are synthesized by enzymes called peptidoglycan glycosyltransferases (PGTs). Using a high-
resolution SDS-PAGE assay, we compared the glycan strand lengths of four different PGTs from
three different organisms (Escherichia coli, Enterococcus faecalis, and Staphylococcus aureus). We
report that each enzyme makes a polymer having an intrinsic characteristic length that is independent
of the enzyme:substrate ratio. The glycan strand lengths vary considerably depending on the enzyme.
These results indicate that each enzyme must have some mechanism, as yet unknown, for controlling
product length. The observation that different PGTs produce different length glycan chains may have
implications for their cellular roles and for the three dimensional structure of bacterial peptidoglycan.

Bacterial cells are surrounded by a polymer matrix comprising crosslinked strands of
peptidoglycan (PG). This matrix, called the sacculus, functions as an exoskeleton, maintainin
cell shape and enabling the plasma membrane to withstand high internal osmotic pressures.
The three dimensional architecture of PG is not yet clear, but is presumed to depend, among
other things, on the lengths of the glycan strands, which are synthesized by processive enzymes
called peptidoglycan glycosyltransferases (PGTs).2 Numerous studies have evaluated lengths
of glycan strands from digested bacterial sacculi, and a range of values have been reported
even for digests from the same organism.3 Because substrates and appropriate analytical
methods were not available until recently, there have been no systematic studies comparing
the lengths of glycan strands produced by different PGTs in vitro. Using a high-resolution gel
electrophoresis assay recently developed in our Iaboratory,2b we report here a comparative
study of the glycan strand length distributions produced by four different PGTs, Escherichia
coli PBP1A (E. coli PBP1A), Escherichia coli PBP1B (E. coli PBP1B), Enterococcus
faecalis PBP2A (E. faecalis PBP2A), and Staphylococcus aureus PBP2 (S. aureus PBP2) (Fig
1). We show that different PGTs produce glycan chains having a characteristic intrinsic length
distribution. The intrinsic lengths are a function of the particular PGT but are independent of
enzyme:substrate ratios. There is a correlation between the intrinsic in vitro product lengths
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and the longest strands isolated from sacculi. The implications of these observations for the
architecture of the bacterial cell wall are discussed.

The four PGTs we studied were overexpressed, purified and subjected under similar conditions
to reaction with heptaprenyl-[14C]-Lipid Il (1) (Fig 1a). 2,456 Unexpectedly, we found that
the four PGTSs produced glycan chains of different limiting lengths (i.e., the size beyond which
the length does not increase even if reaction times are extended and additional substrate is
added) under similar reaction conditions. For E. coli PBP1B, the limiting length was ~50
disaccharide units (Lipid 100), whereas it was ~30 disaccharide units for E. coli PBP1A (Lipid
60), and ~15 disaccharide units for E. faecalis PBP2A and S. aureus PBP2 (Lipid 30) (Fig 2).
These findings suggest that there are intrinsic differences among the enzymes with respect to
the features that control chain length even though the reaction mechanisms are similar.

To probe the factors that affect polymer length, we evaluated whether enzyme:substrate ratios
affect the length distributions. Preliminary experiments showed that the glycan strand length
distributions were identical at different enzyme:substrate ratios for each enzyme.7 The results
for E. faecalis PBP2A are particularly clear because this enzyme makes relatively short glycan
chalns (~15 disaccharide units) that fall within the well-resolved region of the polyacrylamide
gel. 4€ \We found that there were no significant differences in final product lengths even when
the enzyme:substrate ratio varied by a factor of 100 (Fig. 3). It might be expected that an
enzyme:substrate ratio of 1:1 would yield mainly single turnover products (e.g., Lipid IV, n=
2), but instead, a distribution centered around Lipid 30 (15 disaccharide units) was observed.
These results imply that there is a slow step in which a small fraction of the active enzyme in
the reaction couples Lipid 11 subunits to form Lipid 1V, and this slow step is followed by a
rapid elongation process during which Lipid 11 subunits are added until the products reach the
intrinsic length threshold.8 A consequence of the slow initiation-fast polymerization process
is that PGTs produce long glycan chains even when Lipid Il is limiting.

Additional evidence for an intrinsic product length distribution emerges from a comparison of
experiments carried out at 1:10 or 1:100 enzyme:substrate ratios. Under these conditions, E.
faecalis ATMPBP2A produced Lipid 30 chains even when the reaction went to complete
conversion. If the oligomeric products had not released once the intrinsic length was reached,
the observed product length at full conversion for the 1:100 enzyme:substrate ratio would have
been ~Lipid 200 (100 disaccharide units), whereas at the 1:10 ratio it would have been Lipid
20 (10 disaccharide units). Taken together, the enzyme:substrate ratio experiments imply that
E. faecalis ATMPBP2A must have some mechanism to facilitate product release at a length of
about Lipid 30 so that new oligomers can initiate and polymerize until all the Lipid 11 is used
up. The results obtained for E. faecalis ATMPBP2A hold for all the other PGTs studied here,
which also produce glycan strands of a characteristic length regardless of enzyme:substrate
ratios.

The existence of an intrinsic product length for these processive glycan polymerases, which
translocate rather than release products during elongation, implies that there must be a
termination/release mechanism that frees the products once the length threshold is achieved.
The biological significance of different PGTs producing different length distributions is
unclear, but it should be pointed out that most bacteria contain multiple PGTs. Some studles
have suggested that the different PGTs act at different stages of cell growth and division,? and
it is possible that the variation in glycan strand lengths reflects different cellular functions.

In closing, we note that there have been many studies aimed at determining peptidoglycan

chain lengths because this information is required to assess models of cell wall archltecture
12 Two extreme models for the structure of the bacterial cell wall have been proposed: 3a,

11in the classical model, the glycan strands are parallel to the bacterial cell membrane; in the
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more recently proposed scaffold model, they are perpendicular. HPLC profiles of glycan
strands isolated from digests of E. coli sacculi show both long (13 to >31 disaccharide units)
and short (2 to 12 disaccharide units) glycan chains.3P The short strands may result from sample
preparation procedures and/or may reflect processing by lytic enzymes during cell wall
synthesis.Sa Regardless of how these short strands arise, the longer strands isolated from E.
coli sacculi are similar in length to the intrinsic glycan chain lengths produced by the E. coli
PGTs in vitro. These long strands are only consistent with a model for peptidoglycan
architecture in which the glycan chains are parallel to the cell surface. It is possible that the
structure of peptidoglycan varies at different locations in the cell, perhaps explaining the
presence of both short and long strands.11d
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Figure 1.

(a) The chemical structure of the heptaprenyl-[14C]-Lipid Il analogue 1 used in this study.
The 14C radiolabels are incorporated into the GIcNAc residue. (b) Schematic representation
of the SDS-PAGE assay.
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Figure 2.

Length distributions of four full-length PGTs: E. coli PBP1A (Lane 1), E. coli PBP1B (Lane
2), E. faecalis PBP2A (Lane 3) and S. aureus PBP2 (Lane 4). The reactions in lane 1 to 3 were
quenched after 3 minutes and the reaction in lane 4 was quenched after 60 minutes. The product
lengths in each lane were determined by glycan chain ladders for shorter products (data not
shown) or retardation factors for longer products, as described in ref. 2b
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Figure 3.

Effect of enzyme:substrate ratio on glycan chain lengths produced by E. faecalis ATMPBP2A.
Concentrations of Lipid Il and enzyme used in each reaction are shown. Reactions in lane 1
and 2 were quenched after 20 minutes. Reactions in lanes 3 to 6 were quenched after 3, 5, 20
and 65 minutes respectively. The final average lengths at all three enzyme:substrate ratios are
around Lipid 30 (15 disaccharide units).
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