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Synthetic Peptidoglycan Motifs for Germination of Bacterial Spores

Mijoon Lee,™ Dusan Hesek,” Ishita M. Shah,” Allen G. Oliver,” Jonathan Dworkin,®

Certain Gram-positive bacteria—as exemplified by Bacillus an-
thracis, the causative agent of anthrax—can produce dormant
and environmentally resistant spores under conditions of nutri-
tional limitation. These spores exit from dormancy by the pro-
cess of germination, which is triggered by exposure to specific
molecules."” While the precise chemical nature of these mole-
cules, known as germinants, varies according to the organism,
they are typically nutrients.” Recently, we reported that super-
natants from cultures of growing bacteria and constituents of
the cell wall could serve as germinants of dormant Bacillus sub-
tilis and B. anthracis spores.” Since fragments of the cell wall
are released in the course of bacterial growth, the presence of
these molecules in the milieu as germination signals might be
physiologically relevant.

The major constituent of the cell wall is the bacterial pepti-
doglycan. The peptidoglycan backbone is comprised of repeat-
ing units of N-acetylglucosamine (NAG) and N-acetylmuramic
acid (NAM). A distinctive pentapeptide is appended to the
NAM unit, which contains unusual amino acids, such as p-Glu,
p-Ala and meso-diaminopimelate (DAP). We describe herein
the study of three Lys- (1a, 2a, and 3a) and three DAP-con-
taining peptidoglycan fragments (1b, 2b, and 3b) as spore
germinants (Scheme 1). This study utilizes synthetic com-
pounds with defined structures, with variations in the number
of rings (1 to 4), different muramic acid moieties (muramic acid
vs anhydromuramic acid), and different amino acids (Lys vs
meso-DAP) at the third position of the stem pentapeptide,
which is important for the recognition events. We document,
for the first time, that the required minimal structural motif for
germination of spores is the presence of one NAG-NAM-
(peptide) unit. Compounds 2a/b and 3 a/b, which possess this
minimal structural motif, are potent spore germinants at the
low nanomolar level.

The DAP-containing compounds 1b, 2b, and 3b were pre-
pared in multistep syntheses. For the synthesis of the penta-
peptide, a preparation of meso-DAP was required. Whereas
syntheses of DAP have been reported, only four publications
have addressed the suitable functionalization of DAP for in-
corporation into peptidoglycan variants.*” Schmidt and co-
worker” used the Wittig-Horner reaction of L-glutamate alde-
hyde and a phosphoryl glycine derivative to produce the de-
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Scheme 1. Structures of synthetic peptidoglycans with L-Lys- and meso-DAP-
containing pentapeptides used for spore germination studies.

sired C-7 carboxylic acid derivative after C=C double bond
reduction and chromatographic separation of diastereomers.
Boons and co-workers™® synthesized meso-DAP using cross
metathesis between allyl glycine and vinyl glycine derivatives,
followed by reduction of the double bond of the resulting
compound. Fukase et al.”! applied the Kocienski-modified Julia
olefination, utilizing an aldehyde and a sulfone, both of which
were derived from bp-serine. The existing methods for DAP
preparations proved not to be suitable in our hands for the
large-scale reactions and orthogonal protection scheme that
were needed. meso-Diaminopimelic acid (meso-DAP) contains
two stereogenic centers with configurations of 2S5 and 6R. Al-
though it is a meso compound, the 25 and 6R carbons should
be differentiated to be incorporated into the pentapeptide
backbone. That is, the 2S carbon serves as the main-chain C,
and is connected to the p-Ala-p-Ala backbone, and the 6R
carbon is part of the side-chain functionality. Hence, for the
synthesis of meso-DAP, we needed to construct two stereogen-
ic centers and the synthesis strategy had to allow for orthogo-
nal protection of the two carboxylates and the two amino
groups.

The convergent syntheses utilized the suitably protected
DAP-based peptide and the corresponding saccharide units.
We incorporated orthogonal protection scheme of meso-diami-

SWILEY

ONLINE LIBRARY

2525



BIO

H
. ref 8 o Q — 1) HslOg, RuCls BnO,C COMe  gaa BnO,C CO,H .
L-Asp T — = i - (R S — -
12 steps Ny NHBoc 2) Eggr, KHCO;3 N s NHBoc text N3 ] NHBoc
O o
1) Ba(OH), ﬁ—o 1) N-hydroxysuccinimde, EDC #‘O E H
4 o COH OWN/YN CO,En
2) 2-methoxypropene, PPTS 2) p-Ala-p-Ala-OBn, iProNEL H T
N; NHBoc 509 N; NHBoc O
7 8
o T 14
i H -9y i BnO,C ~__N._CO,Bi
1) AcOH BnOQCYvYLN/\H,N cOBn 1) TFA; 2) iPraNEY, 56% no; ]/\/\HLH ~r T 2Bn
2) HglOg, RuCl; H et 5 T 2 N; HN._O O
3) BnBr, KHCO, 3 10, R = Boc
47% 9 N-O. .O 5 11.R=H TFA

e}

4
1) H5l0g. RUCly; \}Q

2) 4-0,NBnBr, KHCO3;
3) TFA; 4) 4-O,NPhSO,CI, 4
iProNE, 63%

NO,

e

0 OCH;

Scheme 2. Synthesis of meso-DAP-containing pentapeptide 11.

nopimelic acid to suit the need of our global deprotection
strategy at the end of the synthesis into the method of
Hernandez and Martin,® for construction of the template lead-
ing to the DAP structure. This approach uses L-aspartic acid in
two Wittig reactions, followed by Sharpless epoxidation of allyl
alcohol by using Ti(O-iPr), and ethyl L-tartarate and its selective
epoxide ring opening with azide. This twelve-step route for
the preparation of known compound 4® was amenable to the
multigram scale. The transformations of 4 to the desired pen-
tapeptide 11 are depicted in Scheme 2. We converted com-
pound 4 to the benzyl monoester 5 by periodic acid oxidation
of the diol in the presence of a catalytic amount of ruthenium
trichloride, followed by treatment with benzyl bromide and
potassium bicarbonate. However, selective hydrolysis of the
methyl ester in 5 prior to attachment of p-Ala-p-Ala, proved
challenging. Many conditions,” including potassium trimethyl-
silanolate, barium hydroxide, LiBr in the presence of triethyla-
mine, resulted in the undesirable hydrolysis of the benzyl ester
and the formation of the diacid. Directed hydrolysis of the
methyl ester was tried; this involves deprotection of the Boc
group under acidic condition, conversion of the free amine to
the trifluoroacetamide ((CF;CO),0, THF), intramolecular base-
catalyzed ring closure (NaH, THF) to the corresponding unsta-
ble oxazolidinone, and hydrolytic aqueous work-up to result in
the corresponding carboxylic acid. Although this clever ap-
proach for selective intramolecular hydrolysis of the methyl
ester has proven to be successful for a similar compound in
the literature,"” it did not work for 5 in our hands. Instead of
looking for different ester group for C-1, we decided to attach
p-Ala-p-Ala to C-1 prior to chemistry at C-7 (oxidation and
ester formation).
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After hydrolysis of the methyl ester in 4 with barium hydrox-
ide, the diol was converted to the acetonide 7. The carboxylate
was subsequently activated with N-hydroxysuccinimide and
the fragment was coupled to p-Ala-b-Ala-OBn to give 8. The
treatment of 8 with aqueous acetic acid gave the desired diol
without effecting the Boc group. The resulting diol was subse-
quently transformed to the benzyl ester 9 by a two-step treat-
ment (oxidative cleavage of the resultant diol, and benzyl pro-
tection of the carboxylate). The Boc group in compound 9 was
subsequently removed by treatment with trifluoroacetic acid
(TFA) and the resultant deprotected amine was coupled with
Boc-L-Ala-y-D-GIu(ONHS)-OBn to give the pentapeptide 10.
The Boc group in 10 was removed by TFA treatment, before
the coupling reaction with the suitable saccharide derivatives
(vide infra).

Since the stereocenter at C-6 in the meso-DAP derivatives
was newly formed, its absolute stereochemistry needed to be
established. The diol in 4 was oxidized to the carboxylate. Sev-
eral ester and amine protective groups for C-7 carboxylate and
N-1, respectively, were tried in order to attempt crystallization,
and ultimately, structure determination by X-ray crystallogra-
phy. The effort was successful with compound 12, the X-ray
structure of which confirmed that nitrogen atoms at C-2 and
C-6 exist as syn to each other and their respective configura-
tions were 2S and 6R, as desired.""

Completion of the syntheses of compounds 1, 2, and 3 start-
ed with the orthogonally protected derivatives 13, 14, and 15,
which were individually synthesized from b-glucosamine in 6,
21, and 31 steps, respectively, by methodology developed in
our laboratory.""¥ In each case, the lactyl moiety was activat-
ed by the formation of succinimide esters, which were treated
with 11 to give the corresponding peptidoglycan derivatives
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(16, 17, and 18; Scheme 3). The protective groups in sugar
and peptide moieties were designed for global removal in
one-pot by treatment with acetic acid, followed by hydroge-
nolysis. Compounds 1b, 2b, and 3b were prepared for the
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DAP-containing variants. In contrast, the system with the
S. aureus protein recognized both DAP- and Lys-containing
samples. The synthetic meso-DAP-containing peptidoglycan
analogues 2b and 3b germinated spores expressing either
native PrkC or S. aureus PrkC (Figure 1A and B) at an
ECs, of approximately 10 nm. In contrast, L-Lys-con-
taining synthetic molecules (2a and 3a) only stimu-
lated germination of spores expressing the PrkCs, ho-
mologue (Figure 1B). Thus, both classes of synthetic
compounds are biologically active for the respective

target proteins.
Compounds 1a and 1b lacking the NAG residue
failed to stimulate germination entirely, indicating
that the presence of the NAG-NAM disaccharide is a
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Scheme 3. Synthesis of meso-DAP-containing fragments of the peptidoglycans 1b, 2b,

and 3b.

first time for this study in convergent syntheses involving 29,
44, and 63 synthesis steps, respectively. When L-Lys was used
in place of meso-DAP in the protected pentapeptide during
the coupling reaction with derivatives 13, 14, and 15, com-
pounds 1a, 2a, and 3a were produced.'>"

Germination of B. subtilis spores by the synthetic samples
was assessed. This response requires PrkC, a well-conserved
bacterial Ser/Thr membrane kinase, which contains an extracel-
lular domain capable of binding peptidoglycan.® The B. subtilis
peptidoglycan is DAP-based, and its spores responded only to
meso-DAP-containing  peptidoglycan fragments. However,
B. subtilis spores lacking PrkC but expressing the PrkC homo-
logue from Staphylococcus aureus (PrkCs,), responded to both
L-Lys- and meso-DAP-containing peptidoglycan fragments. We,
therefore, addressed whether the identity of the residue at the
third position (Lys vs meso-DAP) was responsible for this spe-
cificity by assaying the ability of synthetic muropeptides of
both types to germinate spores expressing only one of the
kinase homologues. The B.subtilis system recognized only
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peptidoglycan recognition proteins (PGRPs) from Dro-
sophila to a meso-DAP-containing muropeptide, in
which the side-chain carboxylate of meso-DAP forms
a bidentate salt bridge with a conserved arginine res-
idue in the PGRP."®

Although there is no sequence similarity between
the PGRPs and the extracellular domain of the bacte-
rial kinase that binds peptidogylcan, future structural
studies with different kinases and their respective li-
gands should resolve whether the kinases use a simi-
lar strategy for ligand discrimination. As much as
50% of the bacterial cell wall is turned over in the course of
normal growth through the action of a muralytic family of lytic
transglycosylases. These enzymes facilitate the formation of a
transient oxocarbenium species at the C-1 of the NAM unit,
which entraps the C-6 hydroxyl group, resulting in what is
referred to as NAG-1,6-anhydromuramyl-peptide (19a and
19b).2%* This process releases two sugars at a time from the
polymeric cell wall. Both 19a and 19b have been prepared in
our laboratories,”™ hence we explored if they could serve as
spore germinants. The ability of 19a and 19b to stimulate ger-
mination was significantly less than that of 2 and 3 (Figure 1).
This result indicates that the products of lytic transglycosylases
are not involved in stimulating the kinase activity, and further
suggest that peptidoglycan fragments produced by other mur-
alytic enzymes are responsible for the germination event.

Secreted murein hydrolases analogous to the muralytic re-
suscitation promoting factors, which play an important role in
Mycobacterium tuberculosis pathogenesis, stimulate the activity
of these kinases,” although their reaction products have not
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Figure 1. Dose-response curves for spore germination by using the synthetic
samples. A) Wild-type B. subtilis spores expressing the native PrkC, and

B) B. subtilis spores expressing the S. aureus PrkC protein were incubated
with indicated concentrations of synthetic samples, and percentage germi-
nation was determined. The dashed gray line was used for ECs, determina-
tion. Compound 19a, R=Lys-pentapeptide = L-Ala-y-p-Glu-L-Lys-p-Ala-b-
Ala; compound 19b, R=DAP-pentapeptide = L-Ala-y-b-Glu-m-DAP-p-Ala-p-
Ala.

been characterized. The maximal observed germination with
these synthetic compounds (~45 %) is similar to that reported
previously for purified samples from digested bacterial cell
wall;® this indicates that only a fraction of the spores might
be able to respond. Nevertheless, it is clear that synthetic com-
pounds 2 and 3 are potent stimulants of spore germination.
These peptidoglycan derivatives reveal that two or more sugar
moieties are required in the germinant and that the single-
sugar variants and the anhydromuramyl derivatives, which are
products of turnover of peptidoglycan, fail to stimulate germi-
nation. These reagents will be useful mechanistic tools for fur-
ther exploration of the details of the complex processes in-
volved in germination of bacterial spores. In addition, these
molecules will be useful in elucidating the mechanisms under-
lying the essential function of PrkC homologues in pathogene-
sis and antibiotic resistance of a number of other important
nonspore-forming pathogens, such as S. aureus™®*® and Entero-
coccus faecalis.*”
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Experimental Section

Germination assay: Spore germination assays were performed
with compounds 1a/b-3a/b and 19a/b, at concentrations ranging
from 50 um to 1 fm.”! Briefly, we incubated 10° B. subtilis wild-type
spores or those expressing PrkCs, with a synthetic compound in
germination buffer (50 pL; 10 mm Tris-HCl, pH 8.0, T mm glucose)
for 60 min at 37°C. Since spores that have initiated germination,
but not dormant spores, are temperature sensitive, the response
to the compounds was assessed by subjecting the samples to wet
heat (80°C, 20 min), followed by incubation at 37°C, overnight, in
LB agar plates to determine survival. Percentage germination was
determined by calculating the ratio of the colony forming units
(CFUs) obtained following incubation with germinant to that ob-
tained after incubation with buffer only. ECs, values were deter-
mined for active compounds by using the dose-response curves.

Syntheses of compounds 1b, 2b, and 3b: Detailed chemical syn-
theses of compounds 1b, 2b, and 3b are given in the Supporting
Information.
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