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ABSTRACT: The bacterial cell wall precursor, Lipid II,
has a highly conserved structure among different
organisms except for differences in the amino acid
sequence of the peptide side chain. Here, we report an
efficient and flexible synthesis of the canonical Lipid II
precursor required for the assembly of Gram-negative
peptidoglycan (PG). We use a rapid LC/MS assay to
analyze PG glycosyltransfer (PGT) and transpeptidase
(TP) activities of Escherichia coli penicillin binding
proteins PBP1A and PBP1B and show that the native m-
DAP residue in the peptide side chain of Lipid II is
required in order for TP-catalyzed peptide cross-linking to
occur in vitro. Comparison of PG produced from synthetic
canonical E. coli Lipid II with PG isolated from E. coli cells
demonstrates that we can produce PG in vitro that
resembles native structure. This work provides the tools
necessary for reconstituting cell wall synthesis, an essential
cellular process and major antibiotic target, in a purified
system.

he most important antibiotics in clinical use target the
bacterial cell wall (Figure la), a rigid polymer that is
essential for survival under osmotic stress.” The cell wall
precursor, Lipid II (1, Figure 1b), is synthesized in the
cytoplasm and then assembled into peptidoglycan (PG) outside
the cytoplasmic membrane by high molecular weight, bifunc-
tional penicillin binding proteins (PBPs) that contain PG
glycosyltransferase (PGT) and transpeptidase (TP) domains.
The PGT and TP domains catalyze polymerization of Lipid II
and cross-linking of the resulting glycan strands, respectively
(Figure la). The study of high molecular weight PBPs is
important because these enzymes are the lethal targets of the f-
lactam antibiotics;' however, the required substrate, Lipid II, is
difficult to obtain.”~* Lipid II is a f3-(1,4)-N-acetylglucosamine
(GIcNAc)-N-acetylmuramic acid (MurNAc) disaccharide con-
taining a diphospholipid at the reducing end. A pentapeptide is
attached to the lactyl moiety of the MurNAc sugar. The
structure of Lipid II is conserved in bacteria except for
modifications at the third position of the peptide chain,® which
contains a nucleophilic amine that forms a cross-link with a b-
Ala residue on another peptide side chain during the TP
reaction (Figure la).
Synthesis of a Lipid II precursor containing L-Lys in the third
position of the peptide side chain (1a, Figure 1b) has been
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Figure 1. Bacterial cell wall is assembled from the precursor Lipid II
(1). (a) Schematic of an E. coli cell and the chemical structure of its
cell wall, composed of alternating GIcNAc (blue) and MurNAc
(green) residues with attached peptide side chains that can be cross-
linked. Purified E. coli cell wall typically lacks terminal p-Ala residues
(red). (b) Chemical structure of Gram-positive L-Lys Lipid IT (1a) and
Gram-negative m-DAP Lipid II (1b),% which differ at the third residue
of the peptide side chain. Because R varies depending on the organism,
a flexible route to 1 is needed to study the PG synthesis of various
organisms.

reported previously”>>* and has been useful for studying PG

polymerization.**™*® Although TP-mediated hydrolysis of p-
Ala-p-Ala peptide bonds was detected, no evidence for cross-
linking was observed.*®”*

We report the first chemical synthesis of the canonical Lipid
II precursor for Gram-negative organisms (1b), which contains
meso-diaminopimelic acid (m-DAP) as the third peptide
residue. We show using a newly developed LC/MS assay
capable of detecting both glycosyltransfer and transpeptidation
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products that 1b is converted to cross-linked PG by the two
primary bifunctional PBPs in Escherichia coli, PBP1A and
PBP1B. We further show that PG produced in vitro from
purified E. coli enzymes resembles the structure of native PG
isolated from E. coli cells. These developments will enable
mechanistic studies of PG transpeptidation and the production
of cross-linked material for studies of other bacterial cell wall-

modifying enzymes.

Scheme 1. Synthesis of m-DAP Lipid II (1b)“
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“Reagents and conditions: (a) i. Grubbs second gen. catalyst, DCM,
12h, reflux (50%); ii. H,/Pd, MeOH, 1 h, rt (90%); (b) i. NH,-p-Ala-
D-Ala-OMe, EDC, HOBt, DIEA, DCM, 2h, rt; ii. 4 M HCl in dioxane,
1S min, rt; iii. Boc-L-Ala-y-p-Glu(OH)-OMe, EDC, HOBt, DIEA,
DCM, 2h, rt; iv. 4 M HCI in dioxane, 15 min, rt (54%); (c) i. 3,
DMTNMM, DIEPA, MeOH, rt, 2h; ii. NaOH, H,O, dioxane, 45 min,
rt (48%); (d) UDP-GIcNAc, MurG, buffer, 1h, rt.

We developed a flexible route to generate large quantities of
m-DAP Lipid II (1b) that is amenable to installation of many
different 7peptide side chains. Precursor 3, obtained as
described,”” is devoid of protecting groups and can be
elaborated to make Lipid II substrates from a variety of
organisms by altering the stem peptide in the subsequent
coupling step. Synthesis of the canonical Gram-negative
pentapeptide moiety required access to an orthogonally
protected m-DAP residue. We obtained a suitably masked m-
DAP (6) by olefin cross metathesis of L-vinylglycine 4 and p-
allylglycine $ utilizing the Grubbs second generation catalyst
and subsequent hydrogenation.'® Pentapeptide 7 was formed
from m-DAP by sequential condensation with NH,-p-Ala-p-
Ala-OMe followed by Boc-L-Ala-y-p-Glu(OH)-OMe. The
precursor to Lipid II, Lipid I (8), was obtained through a
DMTMM-promoted condensation” of MurNAc heptaprenyl
pyrophosphate (3) and pentapeptide 7 followed by protecting
group hydrolysis under basic conditions. Lipid I was then
converted to the desired m-DAP-containing PBP substrate,
Lipid II (1b), through MurG-catalyzed glycosylation with
UDP-GlcNAc>*™!'! Unlike chemical glycosylation methods,
the use of MurG provides Lipid II directly from unprotected
Lipid I, providing amounts sufficient for hundreds of enzymatic
reactions.

Existing methods to analyze the reactions catalyzed by high
molecular weight PBPs rely on the use of authentic standards
and radiometry to identify fragments generated after post-
reaction degradation.”**'> We adapted the classical HPLC
method for analysis of cell wall fragments,'> which relies on
nonvolatile salts as the mobile phase additive, so that the
separation conditions are compatible with LC/MS. The
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modified method improved sensitivity and enabled direct
product identification.'* We initially tested two substrates that
varied only at the third peptide residue, L-Lys Lipid II (1a),
which is the precursor for most Gram-positive PG, and m-DAP
Lipid II (1b), which is the precursor for most Gram-negative
PG. Each substrate was incubated with E. coli PBP1A, one of
the organism’s two bifunctional PBPs.®® The reactions were
then treated with mutanolysin, which cleaves MurNAc-GlcNAc
bonds, to digest polymeric products, followed by sodium
borohydride, which reduces the MurNAc termini in order to
simplify the mixture by converging anomers (Figure 2a).
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Figure 2. The m-DAP residue in Lipid II is essential for
transpeptidase-catalyzed cross-linking. (a) Schematic of method for
analyzing PG synthesis by PBPs."* (b) LC/MS extracted chromato-
grams of PBP1A and L-Lys Lipid II (1a) reactions produce only A’,
representing unmodified polymer, in the presence of the inhibitor
penG (i), but both A’ and B’, representing hydrolyzed peptide side
chain, without penG (ii). PBP1A and m-DAP-Lipid II (1b) reactions
reveal fragment C in addition to fragments A and B, indicating the
formation of cross-linked PG (iv); no cross-links are formed in the
presence of penG (iii). The PGT inhibitor moenomycin prevented
formation of all fragment peaks (Figure S1). For chromatograms (i, ii):
(M+2H)/2 ions corresponding to fragments A’ and B’ were extracted:
A’: 485.2; B": 449.7; masses corresponding to predicted cross-linked
fragments were not observed. For chromatograms (iii, vi): (M+2H)/2
ions corresponding to fragments A—D were extracted: A: 507.2; B:
471.7; C: 968.9; D: 933.4.

LC/MS analysis of la reactions revealed exclusively
disaccharide-pentapeptide fragment A’ in the presence of TP
inhibitor penicillin G (penG, Figure 2b, trace i) and a small
amount of disaccharide-tetrapeptide B’ due to TP-catalyzed
hydrolysis in the absence of inhibitor (Figure 2b, trace ii).
Reactions with 1b produced only A in the presence of penG
(Figure 2b, trace iii); however, fragments A, B, and an
additional fragment, C, arising from TP-catalyzed cross-linking,
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were observed without added TP inhibitor (Figure 2b, trace iv).
Hence, although E. coli PBP1A polymerizes both 1-Lys Lipid II
(1a) and m-DAP Lipid II (1b), it can only cross-link glycan
strands containing m-DAP. The fact that only m-DAP (Figure
1a, R = COOH) and not r-Lys (R = H) can act as a nucleophile
in the cross-linking reaction explains in vivo data showing that,
while 1-Lys can be incorporated into PG in E. coli, the e-amine
of Lys was never detected in cross-links.'> This result also
clarifies why cross-links could not be detected previously when
1-Lys Lipid II was incubated with E. coli PBPs in vitro,>"* as the
TP domain is selective for its native substrate. Similar to
PBP1A, E. coli PBP1B polymerizes both 1a and 1b but only
cross-links the m-DAP glycan strands (see Figure S2). These
results verify that the assay detects both glycosyltransfer and
transpeptidation activities of bifunctional PBPs and that the m-
DAP residue in E. coli PG is necessary in the peptide side chain
for cross-linking to occur in vitro.'®

Using the LC/MS assay, we next compared the composition
of synthetic PG to isolated bacterial cell wall. Purified E. coli cell
wall lacks pentapeptide-containing PG fragments, and it was
proposed that this is due partially to the activity of the
carboxypeptidase PBPS,'”* which removes the terminal p-Ala
residue from peptide side chains (Figure 3a)."” We compared
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Figure 3. Composition of PG produced in vitro resembles PG isolated
from E. coli cells. (a) Schematic of experimental procedure for PG
analysis shows that fragments A and C would result from degradation
of PG synthesized in vitro, while B and D would result from prior
hydrolysis of PG by E. coli PBPS,'”® which liberates terminal p-Ala
residues. (b) Treatment of PBPIA and 1b reactions with PBPS
produces hydrolysis fragments B and D (i) in proportions similar to
those found in treated in vivo PG sample (ii). In vitro samples were
prepared as before,"* except quenched PBPIA reactions were treated
with PBPS (0.8 #M) for 2 h prior to analysis. See SI for details on cell
wall isolation. (M+2H)/2 ions corresponding to fragments A—D were
extracted from each chromatogram: A: 507.2; B: 471.7; C: 968.9; D:
933.4.

PBP1A-generated cell wall treated with PBPS (Figure 3b, trace
i) to cell wall isolated from E. coli cultures using standard
protocolsm'18 (Figure 3b, trace ii). In both traces, we observed
cell wall fragments B and D, representing the disaccharide
tetrapeptide (tetra) and the hydrolyzed cross-linked product
(tetra-tetra), respectively.

Unlike reactions that contained only PBP1A (Figure 2b), the
in vitro products treated with PBPS were tetrapeptide-
containing fragments like the major products generated from
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isolated sacculi (Figure S3). Hence, using only a few purified
components and the native E. coli substrate, it is possible to
reconstitute PG that is similar in composition to in vivo
samples.

In summary, we have synthesized the E. coli cell wall
precursor m-DAP Lipid II and used it in an LC/MS assay
designed to analyze cell wall composition. E. coli PBP1A and
PBP1B are able to polymerize both L-Lys substrate 1a and m-
DAP substrate 1b but cross-link only PG containing the
appropriate substituent in the third position of the peptide side
chain (m-DAP). The third residue in the peptide side chain is
important in the TP reaction because it contains the reactive
amine that forms cross-links. Since cell walls from different
organisms are built from precursors with varying peptide side
chains® and PBPs are sensitive to the identity of the reactive
residues, it is important to have an efficient, flexible route to
Lipid II that is amenable to changes in the composition of the
peptide. Hence, the synthesis we described can be applied to
the study of cell wall construction in other organisms, and this
in vitro system can be used to investigate the proteins involved
in the synthesis of different bacterial cell wall structures.
Reconstructing how enzymes build and break PG will provide a
better understanding of the maintenance of a complex cellular
structure and may provide new insight into how to target the
essential bacterial cytoskeleton.
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