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@ Hijacking the Peptidoglycan Recycling Pathway of
Escherichia coli to Produce Muropeptides

Antoine Rousseau,”” Julie Michaud,” Stéphanie Pradeau,” Sylvie Armand,”” Sylvain Cottaz,”

Emeline Richard,™ and Sébastien Fort*?!

Abstract: Soluble fragments of peptidoglycan called muro-
peptides are released from the cell wall of bacteria as part of
their metabolism or as a result of biological stresses. These
compounds trigger immune responses in mammals and
plants. In bacteria, they play a major role in the induction of
antibiotic resistance. The development of efficient methods
to produce muropeptides is, therefore, desirable both to
address their mechanism of action and to design new
antibacterial and immunostimulant agents. Herein, we engi-
neered the peptidoglycan recycling pathway of Escherichia
coli to produce N-acetyl-f-D-glucosaminyl-(1—4)-1,6-anhy-

dro-N-acetyl-3-D-muramic acid (GlcNAc-anhMurNAc), a com-
mon precursor of Gram-negative and Gram-positive muro-
peptides. Inactivation of the hexosaminidase nagZ gene
allowed the efficient production of this key disaccharide,
providing access to Gram-positive muropeptides through
subsequent chemical peptide conjugation. E. coli strains
deficient in both NagZ hexosaminidase and amidase activities
further enabled the invivo production of Gram-negative
muropeptides containing meso-diaminopimelic acid, a rarely
available amino acid.

/

Introduction

Peptidoglycan (PG), or murein, is a major component of the
bacterial cell wall in both Gram-positive and Gram-negative
species. This heteropolymer consists of glycan strands that are
crosslinked by peptides. The saccharide backbone is composed
of alternating units of N-acetylglucosamine (GIcNAc) and N-
acetylmuramic acid (MurNAc) linked by p-1,4-glycosidic bonds.
The peptide stems are connected to the glycan chains via the
lactyl groups of the MurNAc residues and their composition,
which consists of three to five alternating L- and D-amino acids,
varies with the bacterial species. During their life cycle, bacteria
recycle a large part of their PG.? In E. coli, a series of enzymes
degrade almost 50% of the murein every generation (Figure 1).
The tetrapeptide disaccharide GlcNAc-anhMurNAc-L-Ala-D-iso-
Glu-meso-DAP-D-Ala (meso-DAP stands for meso-diaminopimelic
acid), also referred to as tracheal cytotoxin (TCT) due to its
toxicity to tracheal epithelial cells, is the main intermediate of
PG degradation by lytic transglycosylases (LTs). LTs also produce
the tripeptide disaccharide GlcNAc-anhMurNAc-L-Ala-D-iso-Glu-
meso-DAP, but to a lesser extent. Both products are partly
modified by the periplasmic amidase AmiD, which removes the
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peptide stem, or are transported into the cytoplasm by the
permease AmpG. In the cytoplasm, the tri- and tetrapeptide
GlcNAc-anhMurNAc as well as the GIcNAc-anhMurNAc, which is
also internalized by AmpG, are processed by three key enzymes:
N-acetyl-B-D-hexosaminidase NagZ hydrolyzes the glycosidic
bond between the GlcNAc and anhMurNAc units, the endopep-
tidase AmpD releases the peptide stem from anhMurNAc and
L,D-carboxypeptidase LdcA removes the terminal D-Ala amino
acid from the tetrapeptide.’* These enzymes act mainly in a
sequential manner. Nevertheless, LdcA® and AmiD® also
display noticeable activity on the tri-and tetrapeptide GIcNAc-
anhMurNAc. The resulting elementary blocks are then degraded
through glycolysis or recycled for murein biosynthesis.

A minor fraction (about 7%) of the soluble PG fragments,
also called muropeptides, are not recycled, but released into
the immediate surroundings of the bacteria where they are
perceived as pathogen-associated molecular patterns (PAMPs)
by other species.”’ These muropeptides trigger innate immune
responses in animals, plants and some insects.® TCT has been
identified as a virulence factor of Bordetella pertussis® and
Neisseria gonorrhoeae,"” the causative agents of whooping
cough and gonococcal infection, respectively. In both diseases,
colonization of the host is associated with the secretion of the
tetrapeptide disaccharide, which causes inflammation and cell
death. In the Gram-negative bacterium Pseudomonas aerugino-
sa, the pentapeptide disaccharide GIcNAc-anhMurNAc-L-Ala-D-
iso-Glu-meso-DAP-D-Ala-D-Ala can participate in B-lactam anti-
biotic resistance mechanisms."" The peptide moiety of mur-
opeptides plays a critical role in their activity and host
specificity. The tripeptide disaccharide GlcNAc-anhMurNAc-L-
Ala-D-iso-Glu-meso-DAP triggers the activation of innate im-
munity in humans by interacting with the nucleotide-binding
oligomerization domain 1 (NOD1),"? whereas TCT, the same
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Figure 1. E. coli peptidoglycan recycling pathway. (LTs: lytic transglycosylases; AmiD and AmpD: N-acetylmuramoyl-L-alanine amidases; AmpG: permease;

LdcA: L,D-carboxypeptidase; NagZ: N-acetyl-f3-D-hexosaminidase)

disaccharide bound to the tetrapeptide L-Ala-D-iso-Glu-meso-
DAP-D-Ala is specific to murine NOD1."¥ In addition, TCT
triggers innate immunity in Drosophila by activating the
peptidoglycan recognition protein LC (PGRP-LC), but the bare
disaccharide does not."" The muramyl dipeptide MurNAc-L-Ala-
D-iso-GIn (MDP), produced by Gram-negative species and the
Gram-positive Streptococcus pneumonia, is an active component
of the complete Freund’s adjuvant, the most widely used and
effective adjuvant for experimental antibody production. MDP
binds to the mammalian innate immune receptor NOD2,
inducing the production of pro-inflammatory cytokines." A
recent study in mice showed that MDP produced by intestinal
bacteria is also perceived by hypothalamic neurons to regulate
feeding behavior and body temperature. In this manner,
bacterial microbiota may be used by the brain as an indirect
measure of food intake or as a direct measure of bacterial
expansion or death attributable to food intake. The clinical uses
and therapeutic potential of muropeptides have stimulated
interest in the synthesis of this class of molecules. Since the
seminal works of Sinay etal. in 1973"” and Paulsen etal. in
1986""®, most of the syntheses of PG oligomers and muropep-
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tides reported in the literature relied on a chemical strategy."

Despite its versatility and high yields, this approach requires a
huge number of steps.”®?? In 2000, in the course of their
research on NagZ, Park et al. reported that the enzyme is not
essential to the bacterium and that a nagZ-deficient E. coli
mutant accumulates GlcNAc-anhMurNAc in its cytoplasm.®
However, these findings were exclusively based on chromato-
graphic analytical data using radiolabeled muropeptides, and
the products were not isolated on a preparative scale nor
characterized. Here, we designed four E. coli strains using
metabolic engineering and by cultivating them at high cell
density we produced Gram-negative and Gram-positive mur-
opeptides on a preparative scale. The E. coli AnagZ strain was
prepared to access the disaccharide GIcNAc-anhMurNAc as a
precursor of Gram-positive muropeptides through chemical
conjugation with synthetic peptides. Strains with additional
knockouts of the ampD, amiD and IdcA genes were designed to
produce Gram-negative muropeptides containing a meso-DAP
amino acid, whose chemical synthesis is extremely complex
(Figure 2).
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Figure 2. Synthesis strategy for Gram-negative and Gram-positive GIcNAc-
anhMurNAc-based muropeptides using metabolically engineered E. coli
strains.

Results and Discussion
Production of the disaccharide GIcNAc-1,6-anhMurNAc (1)

To produce the GlcNAc-anhMurNAc disaccharide 1, the nagZ
gene of the E. coli K12 strain DH1 (DSM 4235) was inactivated.
First, bacteria were grown in minimal medium to confirm the
viability of the E. coli AnagZ strain under high cell density
culture conditions and to validate the accumulation of 1. The
impairment of the PG recycling pathway was not lethal to the
bacterium and the presence of the disaccharide in the
cytoplasm was confirmed by mass spectrometry analysis (data
not shown). As a control, the wild type strain was grown under
the same conditions and the disaccharide 1 was not detected.
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High cell density culture of metabolically engineered bacteria in
a bioreactor is an effective approach to produce large amounts
of oligo- and polysaccharides.”**” This process takes place in
two phases: an initial exponential growth phase, which starts at
the inoculation of the bioreactor and lasts until exhaustion of
the carbon sources initially added to the medium, then a fed-
batch phase with a high glycerol feeding rate. The production
of 1 was carried out in 3L bioreactors containing 1.5L of
medium and monitored using high-performance anion-ex-
change chromatography with pulsed amperometric detection
(HPAEC-PAD). The accumulation of 1 in the intracellular fraction
began during the exponential growth phase, at the end of
which its concentration reached 100 mgL™". The production of
1 increased to approximately 300 mgL™' then remained con-
stant after 23 h of the fed-batch phase, although the number of
cells was in constant progression during the culture (Supporting
Information Figure S1). Inversely, the disaccharide concentration
in the extracellular fraction was very low until 23 h of the fed-
batch phase, when it reached 50 mgL™' (Figure 3A). The late
accumulation of 1 in the extracellular medium was likely due to
product diffusion or cell lysis. Attempts to increase the overall
production of the disaccharide by modification of the culture
medium and the culture conditions were unsuccessful. A
proposed explanation for this result is that production of 1 by E.
coli AnagZ occurs at the beginning of the cell division and then
slows down, probably due to PG homeostasis.?**” Because of
nagZ inactivation, the supply of UDP-MurNAc-pentapeptide is
impaired, which may negatively regulate the de novo PG
biosynthesis and restrict the accumulation of 1.°% Considering
the limited amount of 1 in the extracellular fraction with regard
to its overall production and the effort to isolate a negatively
charged disaccharide from a culture medium rich in ionic
species, the culture was stopped 23 h after the beginning of the
fed-batch phase and the disaccharide was purified from the
intracellular compartment exclusively. After cell lysis by heat
shock, 1 was isolated by adsorption on activated charcoal and
then purified successively using silica gel flash chromatography
and size-exclusion chromatography (SEC). The structure of 1,
characterized using 'H and C NMR (Figure 3B and Supporting
Information S2) was in perfect agreement with that reported for
the same compound prepared by chemical synthesis.”® The
average production yield after purification by chromatography
was 200 mgL~". This result, although slightly lower than the
yield estimated by ion-exchange chromatography, was highly
satisfactory considering the difficulty in purifying this class of
compound from a bacterial medium. Finally, the engineered E.
coli AnagZ strain enabled the production of 300 mg of GIcNAc-
anhMurNAc from a 1.5 L culture over two days, which makes
this process very efficient compared with chemical synthesis.
The method has proved reproducible and a culture in a 7L
reactor (4 liters of culture medium) afforded the expected
800 mg of product.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85UB017 SUOWILIOD 3A 110 3|l |dde 8Ly Ag pausenob a1 saoie WO ‘8sn JO SaIn1 10} Aeiq18UIIUO AB|IM UO (SUO IPUOD-PUR-SWB}LI0D A8 | 1M ARe4q)| U1 |UO//SONY) SUORIPUOD PUe SWLB L 38U} 89S *[£202/20/T] Uo Alq1 auljuo AB|1M ‘8oLl UeIy0D Aq T66202202 WeUd/Z00T OT/I0p/Wod A8 |im Axeiq 1 putjuo adoins-Ansiweyp//sdny Wwoy papeo|umod ‘9 ‘e4e ‘S9LET2ST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202202991

A) B)

350 1 )
M Intracellular fraction

300 -m Extracellular fraction

250 A

200 A
150 A
*
100 A
lMNA
LN |
0 +Hm - : :

Concentrationof 1 (mg.L?)

w
o

HO —O0
o CHBIeNAC, MurNAc
OH © 0
HO~ O 5  NHAc
NHAC 4
H,GMMNAL
H—QD'I‘“ CHiﬂ-Lac
H-2MurNac H-6'GleNAc
H-gMurNac H-6"MuNAC
H-; zGlcNA(
H-5MurNAc H-36leNAC, MurNAc
H- 16\:NA( H- GGItNAc H_AGI(NAE
/ H-56lcNA

'

L ’u Ul JU

26 PR PP PREP AP PR PR P PSP PR PR P PSP PP PO PR PR P PR P PRI

Duration of the fed-batch phase (h)

1 (ppm)

Figure 3. A) Quantification of GIcNAc-1,6-anhMurNAc 1 in the intracellular and extracellular fractions, as determined using HPAEC-PAD at different time points
during the fed-batch phase (* 1 starts to accumulate in the intracellular fraction during the batch phase (=16 h)). B) 'H NMR spectrum of 1 in D,0 at 298 K.

Production of Gram-positive disaccharide muropeptides

With a significant amount of GIcNAc-anhMurNAc available, the
preparation of muropeptides was undertaken. Most Gram-
positive bacteria, including the highly pathogenic Staphylococ-
cus aureus, Streptococcus pneumoniae or Enterococcus faecalis
multidrug-resistant strains, display the peptide stem L-Ala-D-iso-
GIn-L-Lys-D-Ala-D-Ala.®" The protected pentapeptide L-Ala-D-
iso-GIn-L-Lys(Fmoc)-D-Ala-D-Ala-OMe was thus prepared using
solution-phase synthesis (Supporting Information S3) and
conjugated to 1 using HOAt/EDC/DIPEA coupling conditions.
After deprotection of the Fmoc using piperidine and saponifica-
tion of the methyl ester in 0.1 M ammonium carbonate, the
pentapeptide disaccharide 2 (Scheme 1) was isolated with a
yield of 31% over the three steps and fully characterized by 'H
and C NMR (Supporting Information S4). During PG synthesis
in Gram-positive bacteria, the peptide stem of the lipid Il
precursor is modified on the second amino acid. The D-glutamic
residue is converted into a D-iso-glutamine by the MurT/GatD
enzyme complex.?? MurT/GatD, whose depletion causes sus-
ceptibility to B-lactams in S. aureus methicillin-resistant strains,
is a target for the development of new antibacterial treatments.
Considering that 1 could be a valuable precursor of lipid Il to
study the MurT/GatD enzyme complex, we conjugated the
pentapeptide L-Ala-D-iso-Glu(OMe)-L-Lys(Fmoc)-D-Ala-D-
Ala(OMe)®¥ to GlcNAc-anhMurNAc. Coupling 1 with the
protected peptide followed by deprotection afforded 3 with a
yield of 42%. Characterization by 'H and "*C NMR (Supporting
Information S5) was in perfect agreement with the data
reported for the same compound produced by total chemical
synthesis.””
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Production of Gram-negative disaccharide muropeptides

The Gram-negative bacterial PG is characterized by the
presence of the non-canonical amino acid meso-DAP residue at
the third position of the peptide stem. The synthesis of this
peptide is a daunting task because an orthogonally protected
meso-DAP must be used. Unfortunately, this building block is
not commercially available and its preparation by chemical®*>"
or chemo-enzymatic®® approaches requires a dozen steps. E.
coli, which is a Gram-negative bacterium, synthesizes and
incorporates meso-DAP in its PG. With the aim of producing
meso-DAP-containing muropeptide disaccharides, we devel-
oped E. coli strains deficient in amidase and L,D-carboxypepti-
dase activities starting from the AnagZ mutant.

Based on an HPLC analysis, Cheng et al. previously reported
that E. coli TP78 AnagZ AampD accumulates a larger amount of
tripeptide disaccharide 4 than 1 in its cytoplasm.”® This result
was later supported by other data showing that AmpD is not
only active on peptide anhMurNAc, but also acts on peptide
GlcNAc-anhMurNAc.® The E. coli AnagZ AampD strain was thus
designed to produce the tripeptide disaccharide 4. High cell
density culture of this strain and purification of the bacterial
cytoplasmic fraction by charcoal adsorption followed by SEC
afforded the disaccharide 1 at 190 mgL™", whereas the tripep-
tide disaccharide 4, whose chemical structure has been
unambiguously confirmed by NMR and mass spectrometry
(Supporting Information S6), was only produced at 32 mgL™
(Table 1). This result contrasts with that reported previously for
1123

Because the transport of the tripeptide disaccharide 4 to
the cytoplasm by AmpG was previously reported to be of the
same order of magnitude as that of disaccharide 1,°7 we
assumed that the low amount of 4 isolated from the AnagZ
AampD strain was due to a partial degradation by AmiD in the
periplasm. The strain E. coli AnagZ AampD AamiD was then
designed to increase the production of 4. Under similar
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carbonate, 31% and 42 % over three steps for 2 and 3, respectively.

fermentation and purification conditions, the production of the
tripeptide disaccharide 4 increased to 305 mgL™' (Table 1) and
that of 1 dropped to 52 mgL™". Suppression of AmiD led to a
significant improvement in the production of 4. The presence
of other periplasmic amidases such as AmiA, B or C*” likely
caused the formation of 1, but in a relatively low amount.
Considering that a knockout of these amidases would not
significantly improve the production of 4, we then focused on
abolishing the activity of LdcA to produce the tetrapeptide
GlcNAc-anhMurNAc 5. In effect, although LdcA shows its
highest activity on the tetrapeptide L-Ala-D-iso-Glu-meso-DAP-
D-Ala, this enzyme also hydrolyzes the terminal alanine residue
on 5.5 High cell density culture of the E. coli AnagZ AampD
AamiD AldcA strain produced a mixture of 1, 4 and 5 (Table 1).
As expected, disaccharide 1 was isolated with a low yield of
28 mgL™" after purification by SEC. The tri- and tetrapeptide

Chem. Eur. J. 2023, 29, €202202991 (5 of 10)

derivatives 4 and 5 were recovered with a yield of 450 mgL™'
culture medium as a 20:80 w/w mixture. This ratio was
determined by 'H NMR and analytical reversed-phase HPLC. We
were able to isolate a pure sample of 5 using SEC to be fully
characterized by 'H and *C NMR (Supporting Information S7).
However, the low difference in molecular weight between 4
and 5 did not allow a total separation of the two products by
this method. Instead, reversed-phase HPLC should be used, as
suggested by the efficient separation of compounds on an
analytical scale (Supporting Information S8).

Conclusion

To conclude, metabolic engineering of the PG recycling path-
way of E. coli provided straightforward access to disaccharide
muropeptides on a preparative scale. High cell density culture
of a nagZ-deficient strain produced GIcNAc-anhMurNAc at
200 mgL~". This disaccharide was further efficiently converted
to Gram-positive muropeptides. E. coli strains lacking the
hexosaminidase NagZ as well as amidases (AmiD, AmpD and
LdcA) led to the production of tri- and tetrapeptide GIcNAc-
anhMurNAc containing a meso-DAP group with similar effi-
ciency. These muropeptides open new perspectives for the
controlled enzymatic synthesis of PG fragments. We recently
reported a lysozyme-derived glycosynthase for this purpose.”*"
The building block reported in the present work will be
converted into glycosyl donors for enzymatic elongation by
acetolysis of the 1,6-anhMurNAc and activation of the anomeric
position. In addition, the Gram-negative muropeptides pro-
duced in vivo may serve as a source of meso-DAP-containing
tri- and tetrapeptides whose chemical syntheses are extremely
challenging. Our findings show that meso-DAP-containing tri-
and tetrapeptides can potentially be synthesized in vitro using
a recombinant amidase AmiD. Finally, the methodology
reported here provides access to useful molecular probes for
studying bacterial cell wall metabolim and antimicrobial
resistance mechanisms.

Experimental Section

General: Reagents for bacterial media were obtained from Euro-
medex (Mundolsheim, France) and Invitrogen (Cergy-Pontoise,
France). Molecular biology reagents were obtained from Invitrogen,
Euromedex, Macherey-Nagel (Hoerd, France) and Thermo Fisher
Scientific (Villebon-sur-Yvette, France). The PrimeSTAR GLX premix
and the ligation mix were from Takara (Saint-Germain-en-Laye,
France). Oligonucleotides were purchased from Eurofins MWG
Operon (city, Germany). Chemicals were of reagent grade, pur-
chased from Sigma-Aldrich (Saint-Quentin-Fallavier, France) or TCl
(Europe) and used directly without further purification.

NMR spectra were recorded at 298 K in D,O with a Bruker Avance lll
400 MHz spectrometer (Bruker, Wissembourg, France). For '"H NMR,
the solvent residual peak was used as an internal standard at
4.79 ppm. Data for '"H NMR are reported in the conventional form:
chemical shift (0 ppm) (multiplicity (s=singlet, d=doublet, t=
triplet, g =quartet, m=multiplet), coupling constant (Hz), integra-
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Table 1. Production yield (in mgL ™' culture medium) after chromatographic purification of Gram-negative peptidoglycan disaccharides produced by high
cell density culture of metabolically engineered E. coli strains. nd =not detected.
E. coli strains
AnagZ AnagZ AnagZ AnagZ
AampD AampD AampD
AamiD AamiD
AldcA
HO —
(0]
1 oH 0 LAQ 200 190 52 28
HO 0 NHA
H&O °
NHAc
meso-DAP-D-iso-Glu-L-Ala )
}O
4 oH e 20 nd 32 305 90
HO 0 NHA
H&/O S
NHAC
D-Ala-meso-DAP-D-iso-Glu-L-Ala &
(6]
5 oR O L0 nd nd nd 360
HO Q NHA
HO o =
NHAc

tion). Compounds 1-5 were completely assigned using a combina-
tion of COSY, HMQC, and HMBC experiments.

Reactions were monitored using thin layer chromatography (TLC)
on silica gel (Merck Silica gel 60 F254, Darmstadt, Germany).
Carbohydrates or peptides were visualized with either a 30%
ammonium bisulfate solution in H,O or diphenylamine-aniline-
phosphoric acid (4 g diphenylamine, 4 mL aniline, 2 mL 37% HCl,
20mL 85% H;PO, in 200 mL ethyl acetate) staining solution
followed by heating with a heat gun.

The intra- and extracellular concentrations of GIcNAc-anhMurNAc 1
were determined against a calibration curve obtained with pure
disaccharide using high-performance anion-exchange chromatog-
raphy with pulsed amperometric detection (HPAEC-PAD, ICS-6000
Dionex) equipped with a CarboPac PA1 guard column and
CarboPac PA1 analytical column (Thermo Fisher Scientific) thermo-
stated at 30°C. Samples were filtered on 0.22 uM filters prior to
injection. Disaccharide 1 was eluted with a 0% to 50% 1 M sodium
acetate gradient in 0.1 M sodium hydroxide for 30 minutes at
1 mLmin~".

Compounds were purified using flash-column chromatography
(wet-packed silica, Merck 0.04-0.063 mm), adsorption on activated
charcoal and preparative size-exclusion chromatography (SEC) or
high-performance liquid chromatography (HPLC). SEC was per-
formed using three Hiload Superdex 30 columns (10-300GL) in
series with a refractive index detector Rl lota 2 (Interchim,
Montlugon, France). Elution was carried out with 0.1 M ammonium
carbonate at a flow rate of 1.2 mL.min~". HPLC was conducted on
an Ultimate 3000 (Thermo Fisher Scientific) equipped with a
thermostated (55 °C) reversed-phase column (Nucleodur C18 Grav-
ity 5uM, 250 mmx4.6 mm) and a UV detector (205 nm). Elution
was performed for 5 min with buffer A (aqueous 0.05% trifluoro-
acetic acid) and then for 45 min with a linear 0 to 100% gradient of
buffer B (aqueous 0.035% trifluoroacetic acid and 10% CH3CN) at a

flow rate of 0.8 mL.min~".
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Low-resolution mass spectrometry analyses (ESI) were recorded
with an ESQUIRE 3000+ ion trap mass spectrometer (Bruker/
Daltonics, Wissembourg, France) and HRMS spectra were recorded
with a LTQ-Orbitrap XL mass spectrometer (Thermo Fisher
Scientific).

Strains and plasmids: E. coli TOP 10 cells (Invitrogen) were used for
plasmid propagation and the E. coli K12 strain DH1 (DSM 4235) was
used for metabolic engineering and muropeptide production. The
plasmids pKO3 and pEXT22 were used for nagZ, ampD, amiD and
IdcA inactivation.

Inactivation of nagZ: To knockout the nagZ gene from the E. coli
K12 strain DH1 (DSM 4235), a 411 bp segment located between
nucleotides 287 and 697 was deleted and replaced with the 5'-
AAGCTT-3' fragment. Two DNA segments flanking the deleted
sequence were PCR amplified from E. coli K12 genomic DNA. The
upstream 843 bp segment was amplified with primers 5'-AATG-
GATCCGGCGCGGTAAAAACGTATTTG-3' and 5'-GGTAAGCTTGTTTGC-
CACCCTCTTCCATTCC-3’, and the downstream 836 bp segment was
amplified with primers 5-CCCCCTTTTAAGCTTCCGTTTTGCGTCAG-
GAACTG-3’ and 5'-
CCCCCCCTTTTGTCGACTTGTGCGTCTGCTCTTCGTC-3.  BamH|  and
Hindlll restriction sites were added to the 5’ and 3’ ends of the
upstream segment, respectively, and Hindlll and Sall restriction sites
were added to the 5 and 3’ ends of the downstream segment,
respectively. The two amplified fragments were then simultane-
ously cloned into the BamHI and Sall sites of the pKO3 suicide
vector (the Hindlll sites being used to ligate both fragments
resulting in the truncated nagZ sequence). Before performing gene
disruption, the E. coli K12 strain DH1 (DSM 4235) having a recA™
genotype was transformed with a pEXT22 plasmid that carried a
functional recA gene and a kanamycin resistance gene. The deletion
was then carried out according to the pKO3 gene replacement
protocol?. After inactivation, the pEXT22 vector was cured by
growing cells without kanamycin and screening for the loss of
kanamycin resistance.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Inactivation of ampD, amiD and IdcA: The same procedure was
used to knockout the three amidases.

The ampD gene was inactivated in the E. coli AnagZ strain. A 456
bp segment located between nucleotides 60 and 515 was deleted
and replaced with the 5-AAGCTT-3' fragment. The upstream 701
bp segment was PCR amplified from E. coli K12 genomic DNA with
primers  5-AAAGGATCCGATCAGGAAGGCATCAGAAA-3' and 5'-
AAAAAGCTTTCGTAATGTGGTGAGGGAAC-3', and the downstream
835 bp segment was amplified with primers 5-GGGGTATATAAGCT-
TACGGTTTCGTGTGCTGGTCA-3'  and  5-GGGGTTTTTGTCGACAC-
GAGGTTTTCTTCGCCATTG-3'".

The amiD gene was inactivated in the E. coli AnagZ AampD strain.
A 546 bp segment located between nucleotides 54 and 599 was
deleted and replaced with the 5-AAGCTT-3' fragment. The up-
stream 722 bp segment was PCR amplified from E. coli K12 genomic
DNA with primers 5-AAAGGATCCAGCAGTGTCGCCAGTTTGTC-3’
and 5'-AAAAAGCTTCACACCCTGCCAATAACAGAG-3', and the down-
stream 722 bp segment was amplified with primers 5'-
CCGGTTTTTAAGCTTTAACTTTTACCTTGCCGGG-3’ and 5'-
GGGGTTTTTGTCGACCGCACGATAAAGTCTTTATTCC-3'.

The IdcA gene was inactivated in the E. coli AnagZ AampD ~ramiD
strain. A 313 bp segment located between nucleotides 532 and 844
was deleted and replaced with the 5-AAGCTT-3’ fragment. The
upstream 762 bp segment was PCR amplified from E. coli K12
genomic DNA with primers 5-AAAGGATCCCTGGCTTATTGGCATC-
CAC-3' and 5-AAAAAGCTTAAGATTGCCTCCCCACAAC-3, and the
downstream 793 bp segment was amplified with primers 5'-
CCGCAAAAAAAGCTTATGCCATTCTGAATAACACCC-3’ and 5'-
CCCCAAAAAGTCGACGTAGTAAATAACCGCCGCC-3.

Media composition: Routine cultures of E. coli were performed in
LB medium (1% tryptone, 0.5% yeast extract, and 0.5% NaCl). High
cell density cultures were carried out in minimal medium with the
following composition: NH,H,PO, (5gL™"), KH,PO, (5gL™), citric
acid (0.5gL™"), KOH (1.65gL™"), NaOH (0.65gL™"), trace mineral
solution (7Z5mLL™"), glycerol (3gL™"), glucose (18gL™"),
MgS0,.7H,0 (1 gL™"); glucose and MgSO, were autoclaved sepa-
rately and added along with thiamine (4 mgL™"). The trace mineral
solution contained nitrilotriacetic acid (13 gL™"), KOH (7 gL™), ferric
citrate (7.5gL™"), MnCl,4H,0 (13gL™"), ZnSO,7H,0 (1.2gL™"),
H,BO; (0.25 gL™"), Na,M00,.2H,0 (0.15 gL™"), CoCl,.6H,0 (0.21 gL™)
and CuCl,.2H,0 (0.13 gL ™). The feeding solution contained glycerol
(750 gL™"), MgS0,.7H,0 (18 gL™") and the trace mineral solution
(375 mLL™).

Culture conditions for muropeptide production: High cell density
cultures were carried out in 3L bioreactors (GpcBio, Perigny,
France) containing 1.5 L of minimal medium. A preculture of the
mutated E. coli strain was first grown in LB medium at 37°C, with
shaking at 180 rpm for 16 h. This preculture was used to inoculate
30 mL of LB, which was kept at 37°C and 180 rpm for 22 h. This
culture was used to inoculate the minimal medium in a bioreactor
for batch fermentation. The pH of the culture medium was
regulated at 6.8 by automatic addition of aqueous ammonia and
the dissolved oxygen was maintained at 40% of air saturation by
manually increasing the airflow rate and automatically adjusting
the stirrer speed. The initial temperature was set at 33 °C. After total
consumption of the initial glucose and glycerol indicated by a
sudden increase in the dissolved oxygen level, the temperature was
set to 28°C and feeding started with an initial flow rate of 9 mLh™".
After 5 h of cultivation, the feeding rate was lowered to 5 mLh™!
and kept constant until the end of the culture.

Analytical methods: Cell growth was monitored by measuring
optical density at 600 nm. Culture aliquots (1 mL) were taken at
different time points throughout fermentation. Samples were
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centrifuged and the culture supernatants (then referred to as
extracellular fractions) were separated from the pellets. Then the
pellets were suspended in water and boiled for 10 min at 100°C to
lyse the cells. After centrifugation, the new supernatants containing
the intracellular species were referred to as intracellular fractions.
For the E. coli AnagZ strain, both intra- and extracellular fractions
were analyzed using HPAEC-PAD and TLC (eluting system:
acetonitrile:water 8:2 v/v). For the other strains, both intra- and
extracellular fractions were analyzed using TLC (eluting system:
butanol:ethanol:water 4:3:3 v/v).

Purification and characterization of GIcNAc-anhMurNAc (1): At
the end of the culture of the E. coli AnagZ strain, the bacterial pellet
was recovered by centrifugation (17,500 g for 30 min at 4°C). The
culture medium was discarded and the cell pellet was resuspended
in distilled water (500 mL). The cells were permeabilized by
autoclaving at 100°C for 45 min. After resuspension in distilled
water (500 mL), the mixture was centrifuged (17,5009, 4°C,
30 min), and supernatant containing 1 was recovered.

The purification was performed in three steps. First, 1 was adsorbed
on charcoal:celite (1:1 w/w). The slurry was filtered and washed
with distilled water. Disaccharide 1 was eluted with aqueous EtOH
(1:1 v/v). Then, 1 was purified by silica gel flash chromatography
(gradient from 9:1 to 7:3 acetonitrile:water) followed by SEC in
0.1 M ammonium carbonate. After freeze-drying, 300 mg of 1 was
recovered from the intracellular fraction of a 1.5 L culture of the E.
coli AnagZ strain. '"H NMR (400 MHz, D,0): 6 5.41 (s, 1H, H-1"™NA),
4.68 (d+m, J=8.4, 2H, H-19NA H-5MMNAY) 424 (d, J=7.6 Hz, 1H, H-
6"™N), 4.18 (g, J=6.8 Hz, TH, H-0°™*), 4.07 (m, TH, H-2"""A), 4,00
(m, TH, H-4""A) 393 (dd, J=1.6 Hz, J=12.4 Hz, 1H, H-6°"*), 3.80-
3.76 (m, 3H, H-26INAc H-g™MuNAC g/GINAS) 13 60 (m, TH, H-3%'NA), 3,55
(m, TH, H-3"™A), 350 (m, TH, H-49N"), 3.48 (m, 1H, H-59), 2.10
(s, 3H, CH®M), 2,08 (s, 3H, CH,"™<), 136 (d, J=6.8 Hz, 3H,
CH;*9; 3C NMR (100 MHz, D,0): 6 179.9 (COP ), 175.2 (CO%NA),
173.4 (COM™*), 101.0 (C-19NA), 99.8 (C-1M™A9), 76.03 (C-5%M),
76.00 (C-3M™A) 75,7 (C-aP ), 73.8 (C-5M™NA), 73.5 (C-4M"™NA), 73.3
(C-36INA) 69,7 (C-49NAY), 64.8 (C-6M™MA), 60.5 (C-6°NA), 555 (C-
ZGI(NA()’ 50.3 (C_zMurNA()l 223 (CH3GI(NA(), 223 (CH3MurNA(), 18.3 (CHSD—Lac);
HRMS (ESI-LTQ Orbitrap) m/z: [M+H]" caled for CioH;0;,N,:
479.18715; found: 479.18594.

Synthesis of
GlcNAc-anhMurNAc-D-Ala-D-iso-GIn-L-Lys-D-A-
la-D-Ala (2) and
GlcNAc-anhMurNAc-D-Ala-D-iso-Glu-L-Lys-D-A-
la-D-Ala (3)

GlcNAc-anhMurNAc-D-Ala-D-iso-GIn-L-Lys-D-Ala-D-Ala (2): To
an ice-cooled solution of 1 (9.8 mg, 20.5 umol) and pentapep-
tide D-Ala-D-iso-GIn-L-Lys(Fmoc)-D-Ala-D-Ala-OMe TFA salt
(21.8 mg, 1.3 eq) in DMF (2 mL) was added a solution of 1-ethyl-
3-[3-(dimethylamino)propyl]carbodiimide] (EDC, 11.8 mg, 3 eq)
and 1-hydroxy-7-azabenzotriazole (HOAt 0.6 M in DMF, 102 pL,
3 eq), followed by N,N-diisopropylethylamine (DIPEA, 14 pulL, 4
eq). After 0.5 h at 0°C, the mixture was stirred overnight at
room temperature. Fluorenylmethoxycarbonyl (Fmoc) deprotec-
tion was carried out by adding piperidine (400 pL). After 30 min
at room temperature, the solution was concentrated under
reduced pressure and the residue was solubilized in H,0 (3 mL)
then centrifuged. The filtrate was purified using SEC in 0.1 M
ammonium carbonate. The methyl ester was deprotected in
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0.1 M ammonium carbonate at 37 °C for 48 h. Pure 2 (6 mg) was
isolated with a yield of 31% after purification by solid phase
extraction on a charcoal cartridge with a 0% to 50% EtOH
gradient in water. 'H NMR (400 MHz, D,0) 6 5.47 (s, 1H, H-
MuNAS) “4.73 (m, TH, H-5M"™A9), 4.69 (d, J=8.4 Hz, 1H, H-16NA),
4.36 (q, J=7.0 Hz, 1H, H-0-""?), 4.30 (m, 2H, H-a°~*?, H-aP~#*>=¢),
4.29 (m, 1H, H-6""™*), 4.25 (m, 1H, H-0""), 4.20 (q, J=7.0 Hz,
1H, H-a®"), 4.12 (q, J=7.0 Hz, 1H, H-0"""~°"), 4,02 (m, 1H, H-
2MuNAY) 4,00 (m, TH, H-4"™A), 3.92 (m, 1H, H-65MN), 3.82 (m,
1H, H-6™™%), 3.78 (m, TH, H-29"*), 3.76 (m, 1H, H-6"9N*), 3,59
(m, 2H, H-36NAc H-3MuNAS) 13 48 (m, 1H, H-4%NA), 3.47 (m, TH, H-
56NAY) 3,01 (t, J=7.5 Hz, 2H, H-e"Y%), 2.42 (m, 2H, H-yP-50¢),
220 (m, TH, H-B°*°"), 2,09 (s, 3H, CH,®M), 2.07 (s, 3H,
CH;"™A9), 1,99 (m, 1H, H-B®~°=%"), 1.80 (m, 2H, H-p), 1.70
(m, 2H, H-8"Y%), 1.44 (m, 2H, H-y*"Y9), 1.46 (d, J=7.5Hz, 3H,
CH,"™), 1.39 (2d, 6H, J=7.0 Hz, CH,°>™"*, CH,°"?), 1.35 (d, J=
7.0 Hz, 3H, CH,>™"°"); 3C NMR (100 MHz, D,0) 0 179.7
(COPMe-%% 17538, 175.7, 175.1, 175.0, 173.9, 173.5 (CQP A t-b=
DrpomGin L-Al D7), 1753 (COM™9), 173.6 (CO™™), 1005 (C-
161NAG) 99,9 (C-1MuNAS), 772 (C-3MuNAY), 76,0 (C-58NA, C-aPt),
742 (C-4"™), 736 (C-5"™A, 733 (C39M), 69.8 (C-49M),
64.8 (C-6""™"), 60.6 (C-6°""), 55.5 (C-2°), 54.0 (C-a" ), 52.7
(C-aP~#0=8", 51,0 (C-aP"2-"), 49.7 (C-a-"?), 49.5 (C-a°*"?), 48.9
(C-2MuNA9), 391 (C-g-79), 31.4 (C-yP*0-%"), 30.4 (C-B-), 26.8 (C-
OO, 263 (C-01), 223 (CH,¥M9), 22,0 (C+9), 21.9
(CH;™™), 18.0 (CH5° 9, 17.4 (CH," "), 16.6 (CH, ), 16.5
(CH,°"); HRMS (ESI-LTQ Orbitrap) m/z: [M+H]" calcd for
C39Hg6015Ng: 948.45203; found: 948.45179.
GlcNAc-anhMurNAc-D-Ala-D-iso-Glu-L-Lys-D-Ala-D-Ala (3):
Muropeptide 3 was prepared at 42% yield from 1 (9.4 mg,
19.7 umol)  and  pentapeptide  D-Ala-D-iso-Glu(OMe)-L-
Lys(Fmoc)-D-Ala-D-Ala-OMe TFA salt (21.5 mg, 25.2 umol, 1.3
eq) in DMF (1.5 mlL) following the procedure described for
compound 2; '"H NMR (400 MHz, D,0): 6 5.43 (s, 1H, H-1Mu™NAq),
4.69 (d, J=5.2 Hz, 1H, H-5""™"), 4,65 (d, 1H, J=8.4 Hz, H-16"),
4.35 (q, J=7.2 Hz, 1H, H-a"™?), 4.31 (q, J=7.2 Hz 1H, H-a®™"?),
4.26 (d, J=8.0 Hz, 1H, H-6""™), 419 (m, 1H, H-a""), 417 (m,
1H, H-a®™9), 4.14 (m, 1H, H-o°~*°~%), 4,07 (q, J=7.6 Hz, 1H, H-
aP 27O 3,98 (m, TH, H-2""™), 3.97 (m, 1H, H-4""™"), 3.88 (d,
J=11.2 Hz, 1H, H-6°M), 3.80 (m, 1H, H-6™"™), 3.74 (1H, H-
201NA) 373 (m, TH, H-6"9M), 3.58 (m, 1H, H-3"™*), 3,56 (m,
1H, H-39NA) 345 (m, 1H, H-49MNA), 3.43 (m, 1H, H-59NA), 2.97
(t, 2H, J=7.5 Hz, H-€""%9), 2.29 (t, 2H, J_7.6 Hz, H-y"*>~%"), 2.12
(m, TH, H-BP7*7%4), 2,05 (s, 3H, CH,®M), 2.03 (s, 3H, CH;"™A),
1.88 (m, 1H, H-pP7°Y), 1.77 (m, 2H, H-B*), 1.66 (m, 2H, H-
8-1%), 1.42 (m, 2H, H-y*™9), 1.42 (d, J=7.2 Hz, 3H, CH;" ), 1.37
(d, J=6.8 Hz, 3H, CH,°*), 1.34 (d, J=7.2 Hz, 3H, CH,°"), 1.30
(d, J=7.2 Hz, 3H, CH,"~"=°"); 3C NMR (100 MHz, D,0): 6 179.8
(COPMa=0%  177.6 (COOHP ™€) 1757 (COP*9M, 1755
(COP~), 175.3 (CO®MA), 174.1 (CO-), 173.8 (CO~"=), 173.58
(COP~9), 173.56 (COM™A), 100.5 (C-19NA), 99.8 (C-1M™NA9), 77.1
(C-3MuNAY) 76,0 (C-a ), 75.9 (C-5°'N%), 74.4 (C-4M™A), 73.6 (C-
5MuNAS) 733 (C-39NA), 69.7 (C-49NA), 64.8 (C-6M™A), 60.5 (C-
6°'NA), 55,5 (C-291NA), 54,2 (C-0-7v), 54.2 (C-oP ), 51.0 (C-
aPAROM), 49.6 (C-0t M), 49.5 (C-a° ™), 48.8 (C-2"™), 39.1 (C-
gb), 31.7 (C-yP 7%, 30.4 (C-B-), 28.0 (C-BP ), 26.2 (C-
8-%), 223 (CH,M™9), 22.0 (Cy°), 21.9 (CH™™), 18.0

Chem. Eur. J. 2023, 29, e202202991 (8 of 10)

(CH;P79), 17.4 (CH;°>~"=°M), 17.0 (CH;2), 16.5 (CH;°~*2); HRMS
(ESI-LTQ Orbitrap) m/z: [M+H]" «calcd for CioHgsOqoNg:
949.43605; found: 949.43655.

Purification and characterization of GIcNAc-anhMurNAc-L-
Ala-D-iso-Glu-meso-DAP (4): After workup and purification by
adsorption on charcoal followed by SEC in 0.1 M ammonium
carbonate, 456 mg of pure 4 was recovered from the intra-
cellular fraction of a 1.5 L culture of the E. coli AnagZ rampD
AamiD strain. 'TH NMR (400 MHz, D,0): 8 5.46 (s, 1H, H-1MuNAq),
471 (d, TH, J=5.6 Hz, H-5M"™), 467 (d, 1H, J=8.4 Hz, H-19),
441 (q, H, J=7.2 Hz, H-a""?), 429 (m, TH, H-6"“™A), 420 (m,
1H, H-0°7*"%"), 419 (m, 1H, H-a°™), 4.15 (m, TH, H-a™° "),
4,01 (m, TH, H-2"NA) 3,99 (m, 1H, H-4"™NA9) 390 (m, 1H, H-
6°'NAY), 3.82 (m, TH, H-6™"™A%), 3,77 (m, 2H, H-281NAc, H-g/GINAY),
3.72 (m, TH, H-g™° ), 3,62 (m, 1H, H-3"""™A), 3,58 (m, 1H, H-
36NAY, 347 (m, TH, H-49NA), 3.46 (m, TH, H-5%N), 2.30 (m, 2H,
H-yP~50=6% 2,12 (m, TH, H-BP~*°~%"), 2.08 (s, 3H, CH,N*), 2.06
(s, 3H, CH,"™A), 1.96 (m, TH, H-BP%), 1.94 (m, 2H, H-
§meoDAP) 1,84 and 1.71 (m, 2H, H-™° ), 1.44 (m, 2H, H-
Ym0 0 1143 (d, 3H, J=7.2 Hz, CH;""*7), 1.40 (d, 3H, J=6.8 Hz,
CHs"9; °C NMR (100 MHz, D,0): & 1789 (COOH-a™** %),
177.7 (CO°*°Y), 1754 (CO°™), 1753 (CO®M™9), 1749
(COP9Y), 1747 (COOH-g™* %), 1738 (CO™**), 1736
(COM™A), 100.6 (C-19%), 99.9 (C-1M™), 77.0 (C-3"™), 76.0
(C-a°79, 75.9 (C-59), 74.6 (C-4"™), 73.6 (C-5"™), 73.3 (C-
3MuNAY) 69,7 (C-49NA), 64.8 (C-6M™), 60.6 (C-6°N), 55.5 (C-
26INAY 54,9 (C-0™°"PAP), 54,6 (C-M° D), 54,5 (C-oP -, 49.4
(C-a-"2), 48.7 (C-2M™NA), 32,0 (C-yP70~S), 31.2 (C-p™=° "), 30.1
(C-OmP), 27.9 (BP0, 22.3 (CH,M), 21.9 (CH," ™),
21.2 (C-y™° ), 17.9 (CH,°™), 17.2 (CH;"™); HRMS (ESI-LTQ
Orbitrap) m/z: [M+H]" calcd for C3,Hss0,6Ng: 851.35165; found:
851.35060.

Purification and characterization of GIcNAc-anhMurNAc-L-
Ala-D-iso-Glu-meso-DAP-D-Ala (5): After workup and purifica-
tion by adsorption on charcoal followed by SEC in 0.1 M
ammonium carbonate, 40 mg of 1 and 450 mg of a mixture of 4
and 5 (20:80 ratio as determined by 'H NMR and analytical
reversed-phase HPLC) were recovered from the intracellular
fraction of a 1.5 culture of the E. coli AnagZ rampD AramiD
AldcA strain. A fraction of pure 5 was isolated using SEC for
characterization. '"H NMR (400 MHz, D,0): 6 5.46 (s, 1H, H-
TMumNASY 470 (d, 1H, J=5.6 Hz, H-5™), 4,67 (d, 1H, /=84 Hz,
H-161NA) 440 (q, TH, J=7.2 Hz, H-a"*?), 4.30 (m, 1H, H-6""™<),
427 (m, TH, H-o™°®*), 420 (m, TH, H-a°™*), 419 (m, 1H, H-
a7 4,14 (m, TH, H-a®™?), 401 (m, 1H, H-2""™A9), 3.99 (m,
TH, H-4""NA), 3.89 (m, 1H, H-69"*), 3.82 (m, 1H, H-6™""*), 3.77
(m, 1H, H-6"°N), 377 (1H, H-2°V), 3.72 (m, 1H, H-gmoPA%),
3.62 (m, 1H, H-3"™A9) 358 (m, 1H, H-39M), 347 (m, 1H, H-
48INASY 346 (m, TH, H-59NA9), 2.32 (t, 2H, J=7.6 Hz, H-y° ),
2.15 (m, TH, H-B°™-%), 2,08 (s, 3H, CH,"N), 2.06 (s, 3H,
CH;"™ ™A, 1.94 (m, TH, H-pP7°¢), 1,93 (m, 2H, H-8™°"*"), 1.84
(m, 2H, H-p™°™ ") 1.49 (m, 2H, H-y™° "), 144 (d, 3H, J=
7.2 Hz, CH;"™?), 1.40 (d, 3H, J=7.2 Hz, CH,;""%), 1.31 (d, 3H, J=
7.2 Hz, CH,°7*%); C NMR (100 MHz, D,0): 6 179.8 (COP~"~o1),
177.6 (COOHP#"¢1), 175.6 (COP ™%, 175.4 (CO°), 1753
(CO%N™), 174.7 (COOH™"P*), 173.8 (CO“ "), 173.6 (COM™*),
173.0 (CO™°P%), 100.6 (C-19M), 99.8 (C-1"™™), 77.0 (C-
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3MuNASY) 76,0 (C-aP7), 75.9 (C-59NA), 74.6 (C-4M™A9), 73,6 (C-
5MuNAS) 733 (C-391NA), 69,7 (C-49NA), 64.7 (C-6M™A), 60.5 (C-
6°INAY), 55,5 (C-201NA), 545 (C-g™°PAP), 54.3 (C-aP %), 53.9
(C-0mee=PA%) /51,0 (C-a®"9), 49.5 (C-a~?), 48.7 (C-2M™NA), 31.7
(C_YD—V'SO—GIU)’ 30.8 (C_Bmeso—DAP), 30.0 (C_ameso—DAP)l 27.9 (C_BD—iso—Glu),
22.3 (CH,SNA9), 21.9 (CH,M™AY), 21,0 (C-y™e°~PA%), 18.0 (CH,°~),
17.4 (CH;°7"), 17.1 (CH;"""); HRMS (ESI-LTQ Orbitrap) m/z: [M +
H]* calcd for C;,Hg,O40N,: 922.38876; found: 922.39023.

Supporting Information Summary

Supporting Information: peptide synthesis protocols, HPLC
chromatograms, NMR spectra of the products.
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