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The peptidoglycan of the bacterial cell wall undergoes a permanent turnover
during cell growth and differentiation. In the Gram-positive pathogen Staphylococcus
aureus, the major peptidoglycan hydrolase Atl is required for accurate cell division,
daughter cell separation and autolysis. Atl is a bifunctional N-acetylmuramoyl-L-alanine
amidase/endo-β-N-acetylglucosaminidase that releases peptides and the disaccharide
N-acetylmuramic acid-β-1,4-N-acetylglucosamine (MurNAc-GlcNAc) from the peptido-
glycan. Here we revealed the recycling pathway of the cell wall turnover product
MurNAc-GlcNAc in S. aureus. The latter disaccharide is internalized and concomitantly
phosphorylated by the phosphotransferase system (PTS) transporter MurP, which had
been implicated previously in the uptake and phosphorylation of MurNAc. Since MurP
mutant cells accumulate MurNAc-GlcNAc and not MurNAc in the culture medium during
growth, the disaccharide represents the physiological substrate of the PTS transporter.
We further identified and characterized a novel 6-phospho-N-acetylmuramidase, named
MupG, which intracellularly hydrolyses MurNAc 6-phosphate-GlcNAc, the product
of MurP-uptake and phosphorylation, yielding MurNAc 6-phosphate and GlcNAc.
MupG is the first characterized representative of a novel family of glycosidases
containing domain of unknown function 871 (DUF871). The corresponding gene mupG
(SAUSA300_0192) of S. aureus strain USA300 is the first gene within a putative
operon that also includes genes encoding the MurNAc 6-phosphate etherase MurQ,

Frontiers in Microbiology | www.frontiersin.org 1 November 2018 | Volume 9 | Article 2725

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2018.02725
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2018.02725
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2018.02725&domain=pdf&date_stamp=2018-11-16
https://www.frontiersin.org/articles/10.3389/fmicb.2018.02725/full
http://loop.frontiersin.org/people/571822/overview
http://loop.frontiersin.org/people/577219/overview
http://loop.frontiersin.org/people/386724/overview
http://loop.frontiersin.org/people/570593/overview
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-02725 November 14, 2018 Time: 16:43 # 2

Kluj et al. MurNAc 6-phosphate-GlcNAc Glycosidase MupG

MurP, and the putative transcriptional regulator MurR. Using mass spectrometry, we
observed cytoplasmic accumulation of MurNAc 6-phosphate-GlcNAc in 1mupG and
1mupGmurQ markerless non-polar deletion mutants, but not in the wild type or in
the complemented 1mupG strain. MurNAc 6-phosphate-GlcNAc levels in the mutants
increased during stationary phase, in accordance with previous observations regarding
peptidoglycan recycling in S. aureus.

Keywords: peptidoglycan recycling, cell wall turnover, Staphylococcus aureus, Atl autolysin, peptidoglycan
hydrolases, 6-phosphomuramidase, exo-N-acetylmuramidase, MurNAc-GlcNAc

INTRODUCTION

Staphylococcus aureus is a small, spherical bacterium (∼1 µm
diameter) belonging to the phylum firmicutes that can
cause life-threatening infections due to the emergence of
multi-drug resistance (Hiramatsu et al., 2014). As a Gram-
positive bacterium, S. aureus is encased in a thick layer of
peptidoglycan (PGN), which maintains cell shape and protects
the cells from rupture due to high turgor pressure (Cabeen
and Jacobs-Wagner, 2005). The general structure of the
PGN is conserved in all eubacteria, consisting of a glycan
backbone of two alternating β-1,4-glycosidically linked sugars
N-acetylmuramic acid (MurNAc) and N-acetylglucosamine
(GlcNAc) and polypeptides, connected to the D-lactyl moiety
of MurNAc, that are partially crosslinked (Vollmer et al.,
2008). The PGN polymer is synthesized by glycosyltransferases
and transpeptidases [involving shape, elongation, division
and sporulation (SEDS) family peptidoglycan synthases and
penicillin binding proteins (PBPs)] through polymerization
of GlcNAc-β-1,4-MurNAc-peptide building blocks, provided
by lipid II precursors (Cho et al., 2016; Meeske et al., 2016).
The overall peptidoglycan structure of S. aureus is different
in some aspects compared to most other bacterial species.
Firstly, pentaglycine (Gly5) bridges are attached to the
ε-NH2 group of L-lysine (L-Lys) of the stem tetrapeptide
L-alanine-D-isoglutamine-L-Lys-D-alanine (L-ala-D-isoGln-
L-Lys-D-Ala) that are extensively cross-linked (degree of
crosslinking of about 80%, dependent on the growth phase
and growth conditions) with neighboring peptide stems via
their carboxyl group of D-Ala (Gally and Archibald, 1993;
Litzinger and Mayer, 2010). Secondly, the glycan chains
are comparatively short. About 80% of the glycan chains
of the mature cell wall have a predominant length of 3–
10 disaccharides, the average degree of polymerization is
6 disaccharides, and only about 15% of the glycan chains
have a degree of polymerization more than 25 (Boneca et al.,
2000).

The coccus-shaped S. aureus divides sequentially in three
orthogonal planes over three consecutive division cycles
(Monteiro et al., 2015). Although elongation-specific cell
wall synthesis machinery is absent, the cells elongate before
initiation and after completion of the division septum
(Monteiro et al., 2015). The final splitting of daughter cells
is accompanied by fast reshaping of the flat septum to finally
yield two coccoid offspring cells. Thus, the peptidoglycan is
remarkably dynamic and it is constantly degraded during the

cell cycle of S. aureus by peptidoglycan hydrolases (potential
autolysins) (Foster, 1995; Ramadurai et al., 1999; Takahashi
et al., 2002; Kajimura et al., 2005; Biswas et al., 2006; Frankel
et al., 2011; Wheeler et al., 2015; Chan et al., 2016). The
major autolysin of S. aureus, called Atl, is a multi-domain
enzyme, composed of a secretion signal peptide, a propeptide
of still unclear function, and two catalytic domains, an
N-terminal N-acetylmuramoyl-L-alanine amidase as well
as a C-terminal endo-β-N-acetylglucosaminidase domain,
which are interrupted by cell wall binding repeats (Sugai
et al., 1995). The enzyme undergoes proteolytic processing
to generate two extracellular peptidoglycan hydrolases,
a 62 kDa N-acetylmuramoyl-L-alanine amidase (AtlAM)
and a 51 kDa endo-β-N-acetylglucosaminidase (AtlGL),
which localize in a ring-like structure on the cell surface
at the septal region, most likely binding to lipoteichoic
acids, extending from the cell membrane (Yamada et al.,
1996; Götz et al., 2014). Both Atl hydrolase entities can
also be secreted and are found in the culture supernatants
of some strains (Sugai et al., 1995). Atl functions during
cell expansion and division, and it is required for proper
daughter cell separation (Sugai et al., 1995; Biswas et al., 2006).
Furthermore, Atl is associated with autolysis processes, e.g.,
during biofilm formation (Biswas et al., 2006; Bose et al.,
2012). Besides AtlGL, S. aureus also possesses three other
N-acetylglucosaminidases, SagA, SagB, and ScaH, which are
important for proper septum formation at the final stage
of cell division. SagB was also found to be responsible for
shortening of newly synthesized glycan strands to their
physiological length, thus ensuring flexibility during the cell
elongation process (Wheeler et al., 2015; Chan et al., 2016).
Interestingly, the S. aureus genome apparently does not
encode any N-acetylmuramidases, with the exception of two
putative lytic transglycosylases, IsaA and SceD (Stapleton
et al., 2007), indicating that the processing of glycan strands in
this organism involves endo-acting N-acetylglucosaminidases,
besides peptidoglycan amidases and endopeptidases (Ramadurai
et al., 1999; Kajimura et al., 2005; Frankel et al., 2011).
The combined activities of these PGN hydrolases generate
MurNAc-GlcNAc and peptides as final peptidoglycan turnover
products.

It was calculated that during the process of PGN turnover
in S. aureus, 15% (Wong et al., 1974) or up to 25%
(Blümel et al., 1979) of cell wall material fragments are
released per generation in the culture medium. However,
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the ability of Gram-positive bacteria in general to recycle
these fragments was questioned for a long time. We recently
elucidated that recycling occurs in different Gram-positive
bacteria such as S. aureus, Bacillus subtilis, and Steptomyces
coelicolor and revealed that the MurNAc 6-phosphate (MurNAc
6P) etherase MurQ (Borisova et al., 2016), responsible for the
intracellular conversion of MurNAc 6P to GlcNAc 6-phosphate
and D-lactate, is required for this process. In addition, we
quantified the intracellular accumulation of MurNAc 6P in
the markerless 1murQ mutant, showed that recycling of
the MurNAc portion of peptidoglycan occurs predominantly
during nutrient limitation within transition and stationary
phase (Borisova et al., 2016). Furthermore we discovered that
peptidoglycan recycling is essential for bacterial survival in
the late stationary phase (Borisova et al., 2016). In S. aureus
strain USA300, the murQ etherase gene (SAUSA300_0193) is
encoded in an operon together with SAUSA300_0194, encoding
the enzyme IIB and IIC domains of the MurNAc PTS-transporter
MurP, SAUSA300_0195, encoding a MurR-like regulator, and
SAUSA300_0192, encoding a protein with unknown function
(Borisova et al., 2016).

We hypothesized that MurNAc-GlcNAc, the product of cell
wall cleavage by Atl, rather than MurNAc, might be taken up
and recycled in S. aureus and proposed a role of the gene
SAUSA300_0192 of unknown function in this process. To prove
this hypothesis, we generated markerless gene deletion mutants
and investigated the intracellular and extracellular accumulation
of specific recycling products in different growth phases by
mass spectrometry. Our study showed that MurNAc 6P-
GlcNAc accumulates in SAUSA300_0192 mutant, predominantly
during stationary phase, and that this compound is generated
by the uptake and phosphorylation of MurNAc-GlcNAc by
the PTS transporter MurP. The SAUSA300_0192 gene was
shown to encode a novel 6-phospho-N-acetylmuramidase,
named MupG that hydrolyses MurNAc 6P-GlcNAc yielding
MurNAc 6P and GlcNAc. MupG is the first characterized
protein of a so far unexplored family of proteins containing
the domain of unknown function 871 (DUF871). Altogether
in this study we revealed the recycling pathway of the
peptidoglycan sugar turnover product of the Atl autolysin in
S. aureus.

MATERIALS AND METHODS

Chemicals, Enzymes, and
Oligonucleotides
Enzymes for DNA restriction and for cloning were purchased
from New England Biolabs (Ipswich, USA) or Thermo Fischer
Scientific (Waltham, MA, United States). The Gene JET plasmid
miniprep kit, PCR purification kit, and Gene Ruler 1 kb
marker were also purchased from Thermo Fisher Scientific
and anhydrotetracycline was obtained from Biomol GmbH
(Hamburg, Germany). Oligonucleotides were purchased from
MWG Eurofins (Ebersberg, Germany) and are listed in
Supplementary Table 1.

Bacterial Strains, Growth Conditions,
and Plasmids
The bacterial strains and plasmids used in this study are listed
in Supplementary Table 2. The construction of mutant strains
and plasmids is also described in the Supplementary Material.
Staphylococcus aureusUSA300 JE2 strain was cultured aerobically
in lysogeny broth (LB broth Lennox, Carl Roth) at 37◦C and with
continuous shaking at 160 rpm or on solid LB supplemented
with 1.5% agar. S. aureus overnight cultures (∼16 h) were used
to inoculate fresh LB medium to yield an initial optical density
at 600 nm (OD600) of 0.05 for growth studies and for the
determination of intracellular accumulation of N-acetylmuramic
acid 6-phosphate-N-acetylglucosamine (MurNAc 6P-GlcNAc) at
different growth phases. BM medium (10 g/l peptone, 5 g/l
yeast extract, 1 g/l glucose, 5 g/l NaCl, 1 g/l K2HPO4) was
used to prepare electrocompetent S. aureus JE2 cells and for
the generation of the markerless 1mupG and 1mupGmurQ
mutants (see Supplementary Data in the Supplementary
Material). Antibiotics were used, when appropriate, at the
following concentrations: 100 µg/ml ampicillin and 30 µg/ml
kanamycin for E. coli and 10 µg/ml chloramphenicol for
S. aureus.

Generation of Cytosolic Fractions and
Reduction of Samples With NaBH4
Overnight cultures of S. aureus JE2 wild type, 1mupG and
1mupGmurQ mutants were used to inoculate LB medium to
an initial OD600 of 0.05. Bacteria were grown at 37◦C with
constant shaking and harvested at mid-exponential growth phase
(OD600 of 2.4, grown for ∼3–3.5 h), at transitional phase
(OD600 of 7.2, grown for 9 h) and stationary phase (OD600
of 5.9, grown for 24 h). Afterward, 50 ml of the culture
were transferred to Falcon tubes, bacteria were centrifuged at
4,000 × g for 10 min, washed with 20 ml deionized water,
and pellets were frozen at −80◦C. Bacterial samples were
thawed at room temperature and suspended in different volumes
of water to prepare cell suspensions with OD600 of 250 per
ml in the different growth phases. Seven hundred microliters
of the bacterial suspensions were transferred to new tubes
containing ∼0.25 g glass beads (0.25–0.5 mm; Roth) and cells
were disrupted in a cell homogenisor (Precellys Evolution,
Bertin Technologies) at 6000 rpm for 30 s. This procedure
was repeated 4 times, with cooling on ice for 1 min after
the second cycle. Lysates were cooled briefly and subsequently
centrifuged for 10 min at maximum speed in a microcentrifuge.
Two hundred microliters of each supernatant was added to
800 µl of ice-cold acetone to precipitate remaining proteins.
After centrifugation (12,000 × g for 10 min), the supernatant
was transferred to a new tube, and samples were dried under
vacuum for 2 h at 55◦C and finally stored at 4◦C prior to LC-MS
measurements.

Reduction solution was freshly prepared for each experiment
by adding 500 µl of 0.5 M borate buffer (pH 9) to 5 mg
of sodium borohydride, as previously described (Schaub and
Dillard, 2017). Thirty microliters of the cytosolic fractions
or the culture supernatants were added to equal volumes
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of the reduction solution and samples were incubated for
20 min at room temperature. Reactions were adjusted to
pH between 3 and 4 by adding 10 µl of 8.5% phosphoric
acid. Samples were dried under vacuum at 45◦C and pellets
were solved in 30 µl of deionized water prior to LC-MS
analysis.

Analysis of MurNAc 6P-GlcNAc
Accumulation by LC-MS
Sample analysis of bacterial cytosolic fractions was conducted
using an electrospray ionization-time of flight (ESI-TOF) mass
spectrometer (MicrOTOF II; Bruker Daltonics), operated in
negative or positive ion-mode that was connected to an
UltiMate 3000 high performance liquid chromatography (HPLC)
system (Dionex). For HPLC-MS analysis cytosolic samples were
dissolved in 50 µl deionized water and 3 µl were injected
into a Gemini C18 column (150 by 4.6 mm, 5 µm, 110 Å,
Phenomenex). A 45 min program at a flow rate of 0.2 ml/min
was used to separate compounds in the cytosolic fractions as
previously described (Gisin et al., 2013). The mass spectra of the
investigated samples were presented as base peak chromatograms
(BPC), differential spectra (DS, obtained by subtraction of
BPCmutant minus BPCwildtype) and extracted ion chromatograms
(EIC) in DataAnalysis program and were presented in Prism
6 (GraphPad). The relative amounts of MurNAc 6P-GlcNAc
in different growth phases and in mupG complementation
experiments were determined by calculating the area under
the curve (AUC) of the respective EIC spectra for MurNAc
6P-GlcNAc.

Construction of pET28a-mupG Plasmid
and Heterologous Expression and
Purification of MupG-His6
For heterologous overexpression in E. coli, the mupG gene was
cloned in a pET28a(+) expression vector as a recombinant
protein with a C-terminal His6-tag. Therefore, genomic DNA
from S. aureus USA300 JE2 strain was used to amplify the mupG
gene by PCR using primer pair MB-67 and MB-68. Both, the PCR
product and vector were digested with NcoI and XhoI restriction
enzymes, ligated by T4 DNA ligase and chemically competent
E. coli DH5α cells were transformed with the ligation reaction
mixture. The pET28a-mupG recombinant plasmid was isolated
from kanamycin-resistant E. coli cells and DNA sequence was
verified by sequencing. BL21(DE3) cells were then transformed
with the pET28a-mupG plasmid and protein was expressed
by addition of IPTG (isopropyl-β-D-thiogalactopyranoside),
controlling the T7 inducible promoter.

For expression of MupG, an overnight culture of E. coli
BL21(DE3) pET28a-mupG cells was diluted to an OD600 of 0.05
with LB medium supplemented with 30 µg/ml kanamycin (final
volume of 1 l) and cells were grown at 37◦C with shaking.
MupG expression was induced by addition of 1 mM IPTG
after the culture reached an OD600 of 0.75. Three hours after
induction, bacteria were harvested by centrifugation (4,000 × g,
4◦C, 20 min) and frozen at −20◦C. Then, cells were solved
in phosphate buffer A (20 mM Na2HPO4, 500 mM NaCl, pH

8), disrupted by sonication (Branson Sonifier 250, 3 times for
2 min, output 5, duty cycle of 50%) and cell debris were
removed by centrifugation (38,000 × g, 4◦C, 20 min). The
soluble fraction was filtered (0.2 µm, Sarstedt) and the His-tagged
protein was purified by Ni2+ affinity chromatograpy system
Äkta Purifier on a 1 ml HisTrap HP column (GE Healthcare).
A linear gradient over 30 min from 96% buffer A and 4%
buffer B (20 mM Na2HPO4, 500 mM NaCl, 500 mM imidazole,
pH 8) to 100% buffer B was used to elute the His-tagged
enzyme from the column. The UV280nm active fractions were
analyzed for MupG protein content on 13% SDS-PAGE gel.
The MupG-His6 containing fractions were pooled and further
purified by size-exclusion chromatography (HiLoad 16/600
Superdex 75 pg, GE Healthcare) with buffer A for elution. Protein
purity was analyzed by SDS-PAGE and the extinction coefficient
at 280 nm of 20,860 M−1 cm−1 was calculated based on amino
acid composition with the ExPASy ProtParam tool. Protein was
stored at−80◦C in 10% glycerol solution.

Phylogenetic Analysis
The phylogenetic tree was based on the Pfam entry PF05913.
A set of 519 amino acid sequences in this entry (for a complete
list of proteins see Supplementary Table 3) were aligned using
MAFFT (Katoh and Standley, 2013) under default settings
and subsequently trimmed with trimAl in automated1 mode
(Capella-Gutiérrez et al., 2009). Pfam PF05913 sequences with
less than 200 amino acids were removed from the analysis. The
maximum likelihood phylogenetic tree was constructed with
RaxML using the Gamma Blosum62 Protein model and rapid
bootstrapping algorithm (Stamatakis, 2014). The visualization
and annotation was done with the program interactive Tree Of
Life (iTOL) v3: an online tool for the display and annotation of
phylogenetic and other trees (Letunic and Bork, 2016).

RESULTS

Accumulation of MurNAc
6-phosphate-GlcNAc in 1mupG and
1mupGmurQ Cells
The gene SAUSA300_0192, named mupG, encodes an
uncharacterized, hypothetical protein that is classified as a
member of a protein family of unknown function (DUF871). It
is located upstream of murQ, murP and murR, encoded in an
operon on the genome of S. aureus strain USA300_FPR3757
(according to the AureoWiki database1) (Fuchs et al., 1990). We
recently showed that the PTS transporter MurP and the MurNAc
6-phosphate etherase MurQ are required for the recovery of the
cell wall sugar N-acetylmuramic acid (MurNAc) in S. aureus
and other Gram-positive bacteria (Borisova et al., 2016). Thus,
we assumed that the enzyme MupG of S. aureus might also be
involved in the recycling of peptidoglycan turnover products,
possibly acting sequentially with MurQ within a joint catabolic
pathway. To prove this hypothesis, we generated markerless

1http://aureowiki.med.uni-greifswald.de/SAUSA300_0192
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FIGURE 1 | Growth kinetics of wild type and peptidoglycan recycling mutants
in LB medium. S. aureus wild type (wt, black triangles), 1mupG mutant (red
triangle), and 1mupGmurQ (green squares) cells were grown in LB medium
under constant shaking and the optical density was monitored at 600 nm
(OD600) up to 24 h. Experiment was performed in triplicates and data were
presented in GraphPad Prism 6 as mean ± SD. Arrows indicate the time
when samples were taken for the generation of cytosolic fractions in different
growth phases.

S. aureus 1mupG and 1mupGmurQ deletion mutants (see
Supplementary Data and Supplementary Figure 1) and we
analyzed growth of these mutant strains in comparison with
the parental (wild type) strain in nutrient-rich LB medium
for 24 h (Figure 1). No significant differences in growth were
detectable in all three strains during exponential growth phase,
when monitoring the optical density at 600 nm (OD600).
However, a slight reduction in OD600 was observed during late
exponential and stationary phase for 1mupG and 1mupGmurQ,
compared to the wild type cultures. A S. aureus USA300 JE2
1murQ mutant, lacking the etherase enconding murQ, which
is located in the same putative operon as mupG also showed
a slight growth defect in these growth phases, as described
previously in Borisova et al. (2016). Therefore, we also compared
the growth of the 1mupG mutant with the 1murQ mutant.
Interestingly, 1mupG cultures reached slightly lower optical
density compared to the 1murQ cultures (see Supplementary
Figure 2).

Mass spectrometric analyses of cytosolic cell fractions of
1mupG and 1mupGmurQ cells revealed the accumulation of
an intracellular recycling product in both mutant strains, which
was absent in wild type cells. The accumulation product in
both mutant strains occurred at the same retention time of
21.2 min and had an identical mass within the error of mass
analysis of <5 ppm (1mupG cells, (M-H)− = 575.151 m/z
and 1mupGmurQ cells, (M-H)− = 575.148 m/z) (Figure 2).

The accumulation of the same compound in both mutants
and the absence of MurNAc 6P accumulation in the double
mutant, which has been reported to accumulate in a 1murQ
single mutant (Borisova et al., 2016), indicated that MupG
and MurQ are indeed operating in the same peptidoglycan
recovery pathway, with MupG presumably acting upstream
of MurQ. The unknown accumulation product has a mass
that is identical within the error of mass analysis with the
theoretical mass of a phosphorylated disaccharide containing
the sugars GlcNAc and MurNAc (calculated mass in negative
ion mode (M-H)− = 575.1495 m/z and positive ion mode
(M+H)+ = 577.164 m/z). To identify the chemical structure of
the phosphorylated disaccharide, i.e., which sugar resides at the
reducing end and which sugar is phosphorylated, we analyzed
the fragmentation patterns obtained by in-source decay during
mass analysis. We analyzed the intact cytosolic extracts of the
1mupG cells containing the accumulation product, as well as
the same samples after reduction with NaBH4 this time in
positive ion-mode (Figure 3). As expected a mass shift of 2
Da occurred after treatment with NaBH4, in agreement with
the expected reduction of a sugar hemiacetal at the reducing
end yielding a sugar alcohol. The accumulation product in
the 1mupG extract with a mass of (M+H)+ = 577.166 m/z
(non-reduced) was diminished [Figure 3A; calculated mass of
a phosphorylated disaccharide containing GlcNAc and MurNAc
in positive ion mode: (M+H)+ = 577.164 m/z)], and a new
mass appeared with (M+H)+ = 579.178 m/z, corresponding
to the same disaccharide reduced to sugar alcohol [calculated
reduced form (M+H)+ = 579.1797 m/z] (Figure 3B). The fact
that the phosphorylated disaccharide is reduced at the anomeric
position indicated that the C1 position is not phosphorylated, but
most likely the C6 position carries the phosphate group. Thus,
four different chemical structures are imaginable, which were
presented in Supplementary Figure 3A.

In the non-reduced sample (Figure 3A), the recycling
product with the mass of (M+H)+ = 577.166 m/z was detected
and also the Na+ and K+ adducts. Fragmentations included
the neutral loss of GlcNAc (-221.092 Da; calculated exact
mass loss of 221.089 Da), and a MurNAc 6P elimination
product (see Supplementary Figure 3B) with a mass of
(M+H)+ = 356.074 m/z (which is identical with the calculated
m/z of this fragment). Besides, the loss of a phosphoryl
group (-79.971 Da) and the loss of water (-18.013 Da),
most likely at the anomeric site, was observed. The latter
fragmentations caused the formation of a dephosphorylated
recycling product [(M+H)+ = 497.195 m/z] and a dehydrated
product [(M+H)+ = 559.152 m/z], respectively. From these
MS result we could conclude that MurNAc, but not GlcNAc,
is phosphorylated. After sample reduction, the mass of the
accumulation product changed to (M+H)+ = 579.178 m/z
(Figure 3B). Na+ and K+ adducts of the reduced compound
were also detected. Compound fragmentation pattern included
the neutral loss of GlcNAc, this time in a reduced form (measured
and theoretical exact mass loss of 223.106 Da) and generated
a compound, as seen in the non-reduced sample, with a m/z
identical within error with a MurNAc 6P elimination product
(356.072 m/z) (Figure 3B; see also Supplementary Figure 3B).
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FIGURE 2 | Analysis of cytosolic extracts from wild type, 1mupG and 1mupGmurQ cells by LC-MS. S. aureus JE2 wild type (wt) and mutant strains were grown in
LB medium for 24 h. Macromolecules were removed from the cytosolic fractions by acetone precipitation and soluble extracts were analyzed by LC-MS in negative
ion-mode. Representative mass spectra from at least three independent experiments are presented as base peak chromatograms (BPC) (×105 counts per s [cps]) in
black and as differential spectra (DS, BPCmutant – BPCwt) (×105 [cps]) in red. DS of both mutants revealed the intracellular accumulation of a compound (absent in
the wt cells) with an observed mass of (M-H)− = 575.151 m/z in 1mupG cells and an observed mass of (M-H)− = 575.148 m/z) in 1mupGmurQ cells.

Fragments indicating the loss of phosphate (-79.968 Da, resulting
in 499.211 m/z, reduced MurNAc-GlcNAc) were detected also
in the reduced sample. However, a fragmentation product
indicating the loss of water was absent, as expected for a
compound reduced at the anomeric position. These latter results
showed that after sample reduction with NaBH4, the mass of the
elimination product of MurNAc 6P did not change, but the mass,
corresponding to GlcNAc, was changed to the reduced form.
Thus, we could conclude that the investigated phosphorylated
disaccharide contains a MurNAc at the non-reducing end that is
phosphorylated and GlcNAc at the reducing end. Taken together,
the fragmentation patterns of the non-reduced and reduced
accumulation products, identified the accumulation of MurNAc
6P-GlcNAc disaccharide in the 1mupG cells.

MurNAc 6P-GlcNAc Is Hydrolyzed by
MupG Yielding MurNAc 6P and GlcNAc
To characterize the in vitro functionality of MupG from
S. aureus, we overexpressed the enzyme in E. coli BL21(DE3)
in the presence of IPTG as a recombinant C-terminal
His6-fusion protein (Figure 4A) and purified the recombinant
enzyme by Ni2+-affinity and gel filtration chromatography
(calculated mass of 41.5 kDa). After purification, a total
amount of 3 and 5 mg protein, respectively, was obtained
from 1 l bacterial culture in two different experiments and
purity of the purified enzyme was confirmed with SDS-PAGE
(Figure 4A). Addition of the recombinant MupG enzyme to
cytosolic extracts, prepared from wild type and 1mupG mutant
cells revealed the specific cleavage of the 1mupG recycling
product ((M+H)+ = 577.166 m/z, measured in positive ion-
mode, and a retention time of 21.2 min), yielding two new
masses (M+H)+ = 222.098 m/z and (M+H)+ = 374.083 m/z
(Figure 4B). These new masses correspond to the theoretical
masses for GlcNAc [(M+H)+ = 222.097 m/z] and MurNAc P
[(M+H)+ = 374.085 m/z], respectively. However, MupG did not
affect any other compound accumulating in the cytosol of the
wild type cells or 1mupG cells (data not shown). Notably, in
extracts of the mutant, we detected a second peak with a mass

of (M+H)+ = 577.165 m/z that eluted with a retention time of
25 min (Figure 4B). This compound was only detectable, when
the MS analysis was conducted in the positive ion-mode, but
was absent when samples were analyzed in negative ion-mode
(see Figures 1, 2 for comparison). Recombinant MupG enzyme
only diminished the compound with a retention time of
21.2 min but not the compound with the same m/z but a
retention time of 25 min (Figure 4B). The identity of this
compound is so far unclear, since the MS fragmentation pattern
indicated that it is neither composed of non-phosphorylated
nor of phosphorylated MurNAc and GlcNAc sugars (data not
shown).

To unequivocally identify MurNAc 6P as the product of MupG
cleavage, we incubated the MupG-treated cytosolic fraction, with
the MurNAc 6P etherase MurQ, which specifically converts
MurNAc 6P to GlcNAc 6P (Borisova et al., 2016). As expected,
MurQ reduced the amount of MurNAc 6P about 4 times, at the
same time a mass with (M+H)+ = 302.062 m/z, corresponding
to the theoretical mass of GlcNAc 6P ((M+H)+ = 302.064 m/z)
was generated (Figure 4B). MurQ treatment did not affect
amounts of GlcNAc, the second product of MupG action. These
results confirmed that the accumulating recycling product is
indeed MurNAc 6P-GlcNAc and that the MupG enzyme acts
as a MurNAc 6P-GlcNAc glycosidase. The recombinant enzyme
was stable for several months at 4◦C without losing significant
activity, even in the absence of DTT reducing agent.

MurNAc 6P-GlcNAc Accumulation
Primarily Occurs in Transition and
Stationary Phase and Is Abolished by
Plasmid-Based Complementation of
MupG
We previously showed that a murQ mutant of S. aureus
accumulates intracellularly MurNAc 6P predominantly in
transition and stationary phases (Borisova et al., 2016). Here, we
examined the growth phase-dependent accumulation of MurNAc
6P-GlcNAc. The time points used for harvesting where mid
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FIGURE 3 | Accumulation of MurNAc 6P-GlcNAc in 1mupG cells. S. aureus 1mupG was grown in LB medium to stationary phase (24 h). Acetone extracts of the
cytosolic fractions were analyzed by LC-MS in positive ion-mode, before (A) and after (B) NaBH4 reduction. (A) Shown are the fragmentation patterns obtained by
in-source decay of the compound that accumulates specifically in 1mupG mutant cells and eluates at a retention time of 21.2–21.4 min, represented as extracted
ion chromatogram with an observed mass of (M+H)+ = 577.166 m/z (EIC × 105 counts per s [cps], upper right corner). Representative mass spectra from three
biological replicates are illustrated. (B) Shown are the fragmentation patterns after reduction of the sample with NaBH4, which results in the formation of a new
compound that elutes at 21.0 min, represented by an EIC with an observed mass of (M+H)+ = 579.178 m/z (upper right corner). The mass spectra fragmentation
patterns of both compounds were presented in Compass DataAnalysis program (Bruker) from 300 to 700 m/z. The obtained fragmentation pattern indicated that
the substrate for MupG is MurNAc 6P-GlcNAc.
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FIGURE 4 | Production of recombinant MupG and enzymatic digest of MurNAc 6P-GlcNAc extracted from 1mupG cytosolic fractions. (A) MupG from S. aureus
JE2 strain was heterologously expressed in E. coli BL21(DE3) cells. Protein expression, before (-IPTG) and after induction for 3 h (+IPTG), and purity (after purification
by Ni2+-affinity and size exclusion chromatography) was controlled by SDS-PAGE (5 µg of the recombinant MupG protein was loaded). MupG-His6 protein has a
calculated molecular weight of 41.5 kDa. (B) S. aureus 1mupG cells were grown in LB medium for 24 h. Acetone extracts of the cytosolic fractions were analyzed
by LC-MS in positive ion-mode. Fifty microliter of the cytosolic fraction from 1mupG was incubated with buffer (no enzyme), with 1 µg recombinant MupG (+MupG)
or with MupG and MurNAc 6P etherase MurQ (both 1 µg) for 2.5 h at 37◦C. Representative mass spectra of the samples from at least three biological replicates
were presented as extracted ion chromatograms (EIC × 104 [cps]) for MurNAc 6P-GlcNAc (observed masses of (M+H)+ = 577.166 m/z) in red, GlcNAc
((M+H)+ = 222.098 m/z) in blue, MurNAc 6P ((M+H)+ = 374.083 m/z) in green and GlcNAc 6P ((M+H)+ = 302.062) in black.

exponential growth phase (3 h), early stationary phase (9 h) and
stationary phase (24 h). These growth phases were defined by
a growth kinetics study with S. aureus wild type and 1mupG
mutant cells in LB medium (cf. Figure 1). The accumulation
of MurNAc 6P-GlcNAc was low at exponential phase, increased
significantly at transition phase and reached the highest level after
24 h of growth (Supplementary Figure 4). Thus, accumulation
of MurNAc 6P-GlcNAc in 1mupG cells confirmed that cell
wall sugar recycling occurs predominantly in the transition and
stationary phase.

We further investigated, whether accumulation of MurNAc
6P-GlcNAc in the 1mupG cells can be abolished by expressing
MupG on a plasmid. We used stationary phase cells for this
study, since highest levels of accumulation were obtained at
this stage (Supplementary Figure 4). S. aureus 1mupG cells
were transformed with a plasmid (named pCtufamp-mupG;
see Supplementary Data) constitutively expressing MupG,
or with empty plasmid (pCtufamp) as a control. Analysis
of the cytosolic fractions of the 1mupG cells showed that
MupG expression leads to complete disappearance of MurNAc

6P-GlcNAc amounts in the cytosol after 24 h of growth
(Figure 5).

MurNAc-GlcNAc Accumulates
Extracellularly in S. aureus Cells Lacking
the MurP Transporter
The PTS transporter MurP of S. aureus was shown to transport
and concomitantly phosphorylate MurNAc, yielding MurNAc
6P (Borisova et al., 2016). However, MurNAc-GlcNAc rather
than MurNAc is the main sugar released from the peptidoglycan
by Atl and other autolysins during cell wall turnover in
S. aureus. Thus, we proposed that MurNAc-GlcNAc might be
primary the natural substrates of MurP, thereby generating
intracellular MurNAc 6P-GlcNAc, the substrate of the MupG
hydrolase. To test this hypothesis, we analyzed the extracellular
extracts of S. aureus wild type and two murP mutant cells
(murP::Tn insertion mutant and 1mupGmurQPR markerless
deletion mutant). The MS analysis of the culture supernatant
indeed revealed the accumulation of a disaccharide turnover
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FIGURE 5 | LC-MS analysis of cell extract from MupG complemented mutant. S. aureus 1mupG cells transformed with the control pCtufamp plasmid
(1mupG + pCtufamp) or with the mupG complementation plasmid pCtufamp-mupG (1mupG + pCtufamp-mupG) were grown for 24 h. Cytosolic fractions were
analyzed by LC-MS in positive ion-mode. (A) Mass spectra of the samples were presented as base peak chromatograms (BPC × 105 counts per s [cps]) in black
and as extracted ion chromatograms (EIC × 105 [cps]) for MurNAc 6P-GlcNAc with observed mass of (M+H)+ = 577.162 m/z in red. (B) MupG complementation
experiment was performed in triplicates and the relative amount of the MurNAc 6P-GlcNAc in the cells was determined by calculating the area under the curve (AUC)
of the respective EIC spectra.

product with a mass identical to MurNAc-GlcNAc (observed
(M+H)+ = 497.197 and 497.195 m/z, respectively, theoretical
mass of (M+H)+ = 497.198 m/z), which was lacking in the
culture supernatant of the wild type cells (Figure 6). To confirm
the identity of the disaccharide, again MS fragmentation analyses
before and after reduction were conducted, as summarized
in Supplementary Figure 5. A compound with the mass
of (M+H)+ = 497.197 m/z was detected also as Na+ and
K+ adducts, as well as it was characterized by the neutral
loss of GlcNAc (-221.087 Da) and the formation of a
MurNAc elimination product [(M+H)+ = 276.111 m/z]. In
addition, we identified a fragmentation product in which
water was eliminated (-18.004 Da) yielding a dehydration
product [(M+H)+ = 479.192 m/z] (Supplementary Figure 5A).
After NaBH4 reduction of the culture supernatant from
the murP::Tn mutant, the mass of the disaccharide product
(M+H)+ = 497.197 m/z disappeared and a product in a

reduced form with a mass of (M+H)+ = 499.214 m/z appeared.
This product was also detected as Na+ and K+ adducts
and, in addition, the fragmentation pattern revealed a mass
corresponding to a MurNAc elimination product (observed
mass of 276.108 m/z) that lost a neutral mass, corresponding
to the exact mass of reduced GlcNAc (-223.107 Da). The
absence of a fragmentation product with a loss of water
is in agreement with a reduction at the anomeric site,
which precludes water elimination. The fragmentation pattern
of the non-reduced and reduced extracellular accumulation
products indicated that MurNAc-GlcNAc, but not GlcNAc-
MurNAc, accumulates in the culture supernantant of 1murP
deletion mutants. This disaccharide was not cleaved by
the recombinant β-1,4-N-acetylglucosaminidase NagZ from
B. subtilis (Litzinger et al., 2010a,b) (data not shown),
which provides a further evidence that GlcNAc-MurNAc
is not the recycling product in S. aureus. The same MS

FIGURE 6 | LC-MS analysis from recycling mutants, lacking MurP transporter. S. aureus wild type (wt) cells, a murP transporter mutant (murP::Tn) and a
murQ-operon mutant (1mupGmurQPR) were grown to stationary phase (24 h) in LB. Bacterial cultures were centrifuged and 1 ml of each supernatant was
transferred to 500 µl of ice-cold acetone to remove macromolecules and proteins from the samples. After centrifugation, culture supernatants were dryed in the
speedvac, solved in 50 µl of Millipore water and 2 µl of the samples were injected to the HPLC column. MS analysis of the culture supernatants was performed in
positive-ion mode and mass spectra are presented as extracted ion chromatograms (EIC × 105 counts per second [cps]) in orange. In the culture supernatants of
both mutants, an additional compound accumulates (murP::Tn, observed mass of (M+H)+ = 497.197 m/z; 1mupGmurQPR, observed mass of
(M+H)+ = 497.195 m/z). The mass of this compound in the supernatant corresponds to a disaccharide made of GlcNAc and MurNAc. This compound was further
analyzed by MS fragmentation and identified as MurNAc-GlcNAc (see Supplementary Figure 5). MS data are shown as representative from three biological
replicates.
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fragmentation pattern was obtained in the culture supernantant
of the 1mupGmurQPR recycling mutant, before and after
reduction of the supernatant (data not shown), showing that
also in this mutant the recycling product MurNAc-GlcNAc
accumulates. Interestingly, in the culture supernatant of the
1mupGmurQPR mutant also other compounds accumulated
and were absent in the supernatant of the wild type cells,
which nature could not be identified so far (data not
shown).

To conclude, the extracellular accumulation of
MurNAc-GlcNAc in both murP mutants, as well as the
intracellular accumulation of MurNAc 6P-GlcNAc in the mupG
mutants and the absence of MurNAc 6P-GlcNAc and MurNAc
6P in the cytosol of 1mupGmurQPR operon mutant revealed
that the disaccharide MurNAc-GlcNAc is the natural substrate
internalized by the PTS transporter MurP, which intracellularly
yields MurNAc 6P-GlcNAc, the substrate of MupG.

DISCUSSION

We discovered in this study how S. aureus reutilizes the sugar part
of the peptidoglycan of its cell wall. The overall scheme of this
novel peptidoglycan recycling pathway is depicted in Figure 7.
Mass spectrometric analysis of sugars compounds, accumulating
in the growth medium of 1murP cells (MurNAc-GlcNAc)
and in the cytoplasm of 1mupG cells (MurNAc 6P-GlcNAc),
measured directly or after reduction of the sugars, unequivocally
demonstrated the chemical nature of these compounds
and allowed to establish the pathway. Thus, the principle
peptidoglycan turnover product of S. aureus is MurNAc-GlcNAc,
which results from the peptidoglycan cleavage by muramoyl-
L-Ala amidases and endo-N-acetylglucosaminidases, whereas
lysozyme-like endo-N-acetylmuramidases would generate
GlcNAc-MurNAc products. Remarkably, the peptidoglycan
of S. aureus is frequently O-acetylated at the C6 hydroxyl
group of MurNAc, thereby rendered lysozyme-resistant (Bera
et al., 2006; Sychantha et al., 2017). An endogenous lysozyme-
like muramidase therefore would not be able to cleave the
peptidoglycan of S. aureus. Accordingly, S. aureus possesses
peptidoglycan-cleaving endo-N-acetylglucosamindases: one of
them is the well-studied major autolysin Atl (Sugai et al., 1995;
Wheeler et al., 2015; Chan et al., 2016).

Since only MurNAc-GlcNAc and not MurNAc was found in
the spent medium of the murP::Tn and 1mupGmurQPR mutants
during growth, the disaccharide appears to be the general
peptidoglycan turnover product of S. aureus and natural substrate
of the PTS transporter MurP. However, MurP had been shown
previously to take up and phosphorylate also MurNAc, if added
to the growth medium (Borisova et al., 2016). Thus, apparently
MurP accepts both sugars, MurNAc and MurNAc-GlcNAc as
substrates. To our knowledge, this is the first report of a PTS
system that is able to take up and to specifically phosphorylate
a disaccharide as well as a monosaccharide (Postma et al.,
1993). Since murP of S. aureus encodes only the enzyme IIBC
components, an enzyme IIA (along with the general components
EI and HPr of the PTS) is required to enable MurP functioning

FIGURE 7 | Scheme of the peptidoglycan sugar recycling in S. aureus. During
growth and division, S. aureus cells constantly degrade and resynthesize their
peptidoglycan. The major autolysin Atl, a bifunctional muramoyl-L-alanine
amidase and endo-N-acetylglucosaminidase, is able to cleave its
peptidoglycan, generating MurNAc-GlcNAc and peptide turnover products.
MurNAc-GlcNAc disaccharide is reutilized: transported in the cells and
concommitantly phosphorylated by the MurP PTS transporter generating
intracellularly MurNAc 6P-GlcNAc. Subsequently, the MurNAc
6-phosphate-GlcNAc glycosidase MupG cleaves this compound, generating
the products MurNAc 6P and GlcNAc. The D-lactyl ether substituent of
MurNAc 6P is specifically cleaved off by the etherase MurQ, previously
characterized in our lab, forming GlcNAc 6P and D-lactate (Borisova et al.,
2016). It is currently unclear how GlcNAc, the second product of the MupG
reaction, is further metabolized in S. aureus cells.

(Figure 7). So far, it is unclear which enzyme IIA operates
together with MurP.

The most important result of this study is the identification
of a novel 6-phosphomuramidase, encoded by SAUSA300_0192
(strain USA300), which we named MupG, for MurNAc-6P
glycosidase. MurNAc 6P-GlcNAc accumulated in 1mupG cells of
S. aureus and recombinantly produced MupG cleaved MurNAc
6P-GlcNAc, releasing MurNAc 6P and GlcNAc. The former
product is subsequently metabolized and was identified by
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specific cleavage by the MurNAc 6P etherase MurQ, yielding
GlcNAc 6P and D-lactate (Borisova et al., 2016). Moreover,
accumulation of MurNAc 6P-GlcNAc in a 1mupG mutant
was abolished by complementation using a MupG-expressing
plasmid. Since only accumulation of MurNAc 6P-GlcNAc and
not of MurNAc 6P was observed in a 1murGmurQ double
mutant (please note that MurNAc 6P accumulates in 1murQ
cells; Borisova et al., 2016), it can be concluded that recycling
of the sugar part of the peptidoglycan during growth of
S. aureus in LB medium exclusively proceeds via the uptake of
MurNAc-GlcNAc disaccharides.

6-phosphoglycosidases commonly act in combination with
PTS glycoside transporters. Such systems were characterized
with specificities for α-glucosides such as maltose, sucrose, and
trehalose (EC 3.2.1.122), or for β-glycosides (EC 3.2.1.86) or
β-galactosides (EC 3.2.1.85), such as cellobiose, chitobiose, and
lactose (Hengstenberg et al., 1993; Mokhtari et al., 2013). For
example, S. aureus (as well as Lactobacillus and Streptococcus
sp.) imports lactose via the specific PTS LacE (enzyme IIBC),
which phosphorylates the disaccharide at the C6 hydroxyl
group of the β-galactose moiety (Hengstenberg et al., 1993). In
addition, it possesses a cytoplasmic 6-phospho-β-galactosidase
(LacG) that hydrolyzes lactose 6P to galactose 6P and glucose
(Staedtler et al., 1995; Yip et al., 2007; Hill and Reilly,
2008). All of the 6P-glycosidases characterized to date are
classified within the CAZy glycosidase families 1 and 4 (Davies
et al., 2005), which operate by very distinct mechanisms
(Witt et al., 1993; Staedtler et al., 1995; Yip et al., 2007;
Hill and Reilly, 2008). MupG, however, displays no significant
similarity with these glycosidases, instead it founds an entirely
new enzyme family. MupG and related proteins so far had
been classified as domain of unknown function proteins
(IPR008589; DUF871). Although they had been grouped
within the glycoside hydrolase (IPR017853) and aldolase-type
TIM barrel (IPR013785) superfamilies, no clear attribution to
glycosidase function had been made by bioinformatic analyses.
The mechanism of members of this novel glycosidase family,
i.e., the stereochemical outcome and catalytic residues remain
enigmatic. Our results, however, indicate that MupG has no
requirement for NAD+ as for family 4 glycosidases (Yip et al.,
2007).

Proteins displaying significant amino acid sequence identities
with MupG of S. aureus can be found in different bacterial
species. Together with MupG these proteins constitute a family
(Pfam PF05913) containing domain of unknown function (DUF)
871, with MupG representing the first characterized enzyme of
this protein family. The distribution of putative orthologous
proteins of MupG is surprisingly narrow and mostly restricted to
the phylum firmicutes. The reason for this narrow phylogenetic
distribution among the firmicutes and a very selective occurrence
within organisms of other phyla, is currently unclear. It
may suggest a recent evolutionary event and in addition the
distribution by horizontal gene transfer, however, additional
studies are required to confirm these assumptions. To learn
more about the distribution of MupG orthologs within bacteria,
we constructed a phylogenetic tree, based on an alignment of
519 amino acid sequences extracted from the protein family
entry Pfam PF05913 (Figure 8) that includes proteins from 115

bacterial genera as well as from five Crenarcheotae and one
nematode species (see Supplementary Table 3 for a complete
list of species or genera containing putative enzymes orthologous
to MupG). Intriguingly, the phylogenetic tree revealed distinct
clades of proteins that include close homologs of MupG and
more distinct MupG-like proteins (Figure 8). Potential orthologs
of MupG of S. aureus are found in various Staphylococcus
sp. (red rectangle, Figure 8) and in many other Bacilli, e.g.,
Bacillales such as Listeria, Paenibacillus, and Bacillus sp., and also
in Lactobacillales, e.g., Streptococcus, Lactococcus, Enterococcus,
Lactobacillus, and Pediococcus sp., as well as in some Clostridiales.
Intriguingly, also some few Fusobacteriales, Chlamydiales and
Spirochetales species as well the nematode Trichuris trichiura
possess a putative MupG ortholog. Some bacterial species,
however, contain up to six putative paralogs of MupG
(Supplementary Table 3), indicating that the PF05913/DUF871
protein family besides MupG orthologs might also contain
proteins of distinct physiological function and with altered
substrate specificity. For example, Coprobacillus cateniformis
contains six putative paralogs, Carnobacterium maltaromaticum
LMA28 five, Lactobacillus plantarum WCFS1 four, Bacillus
anthracis and Enterococcus faecalis V583 three and Lactococcus
lactis IL1403, Bacillus megaterium and many other bacteria
contain two putative paralogs (cf. Supplementary Table 3). We
assume that close homologs of MupG of S. aureus have identical
function (MurNAc-6P glycosidases, see protein clade colored
red in Figure 8) but more remotely related proteins (colored
black in Figure 8) likely contain enzymes of different function.
Remarkebly, some archaea (e.g., Sulfolobus solfatorius and
Sulfurisphaera tokodaii) contain putative MupG-like orthologs.
Since archaea lack a peptidoglycan cell wall it seems likely
that these enzymes have a function that differs from the
hydrolysis of a peptidoglycan turnover product. Many firmicutes
presumably contain a MupG ortholog and supposably possess a
recycling pathway for MurNAc-GlcNAc as that presented here for
S. aureus. Notably, crystal structures of two putative orthologs
of MupG [from Bacillus cereus (1×7f) and Enterococcus faecalis
(2P0O)] were deposited to the protein structure database2. We are
currently investigating whether these enzymes and MupG have
the same specificity and function.

For a long time, the need for cell wall recycling in
Gram-positive bacteria, and particularly in coccoidal bacteria
such as S. aureus, had been questioned. Although, reports
from the 1970s revealed a massive turnover of the cell
wall in S. aureus (Wong et al., 1974; Blümel et al., 1979;
reviewed in Doyle et al., 1988; Reith and Mayer, 2011).
Recent studies, showed that the peptidoglycan of the cell
wall in S. aureus undergoes a massive rearrangement during
growth and division that involves glycan strand trimming by
endo-N-acetylglucosaminidases (Wheeler et al., 2015; Chan et al.,
2016), peptidoglycan degradation by autolysins such as Atl
during cell division and separation (Yamada et al., 1996; Biswas,
2009; Götz et al., 2014) as well as autolysis during biofilm
formation (Bose et al., 2012). We recently demonstrated that
peptidoglycan recycling proceeds in Gram-positive organisms
predominantly occurring during transition and stationary phases

2https://www.rcsb.org/
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FIGURE 8 | Phylogenetic tree showing the relation of MupG orthologs. The phylogenetic tree was constructed with RaxML from an alignment of 519 amino acid
sequences, based on the Pfam entry PF05913, which lists putative orthologs of MupG (DUF871 domain proteins). The genus of Staphylococcus is marked by a red
rectangle and includes MupG of S. aureus USA300, which was characterized in this study as a MurNAc 6P-glycosidase. Putative MurNAc 6P glycosidase (close
orthologs of MupG) constitute a distinct clade, indicated by red lines. More distantly related MupG-like proteins constitute different clades that are indicated by black
lines. Bacterial genera are color coded as indicated. See Supplementary Table 3 for a complete list of the proteins within this phylogenetic tree.

(Borisova et al., 2016). The results of the present study confirmed
these previous observations. Notably, the mupG mutant and
the 1mupGmurQ double mutant showed a weak disadvantage
during growth in stationary phase (cf. Supplementary Figure 2).
This growth defect was stronger than previously observed for
the 1murQ mutant (Borisova et al., 2016), which might be
explained by the inability of the former mutants to recycle
both sugars of the peptidoglycan, GlcNAc and MurNAc,
whereas the latter mutant has a defect only in the recovery
of MurNAc. So far, it remains unclear how the GlcNAc
part of MurNAc 6P-GlcNAc is recovered, after cleavage by
MupG in the cytoplasm. GlcNAc reutilization would require
either a GlcNAc kinase, or alternatively the secretion and a
re-import by the GlcNAc PTS of S. aureus, in both cases
yielding GlcNAc 6P, which can be shuttled into the amino
sugar catabolic pathway (Komatsuzawa et al., 2004). Moreover,
the fate of the peptide part of the peptidoglycan is currently
unknown.

CONCLUSION

Here we elucidated a novel pathway for the uptake and
catabolism of the disaccharide MurNAc-GlcNAc, which
is a specific peptidoglycan turnover product generated by
the joint action of peptidoglycan amidases and endo-N-
acetylglucosamidases, e.g., by the bifunctional autolysin Atl of
S. aureus. The pathway in S. aureus involves the PTS transporter
MurP, required for the uptake and phosphorylation of the
disaccharide yielding MurNAc 6-phosphate-GlcNAc, and MupG,
a unique glycosidase with 6-phospho-N-acetylmuramidase
activity. MupG is the first characterized representative of
a so far unexplored protein family containing domain of
unknown function DUF871, which is distributed mostly
among firmicutes. As many of these organisms also possess
peptidoglycan-cleaving endo-N-acetylglucosaminidases and
MurP-like transporters, besides MupG orthologs, recycling
of the peptidoglycan turnover product MurNAc-GlcNAc
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is presumably a common feature among these firmicutes.
Peptidoglycan recycling is crucial for stationary phase survival
of Gram-positive bacteria (Borisova et al., 2016) and thus, the
pathway identified in this study may serve as a novel target
to treat persistent infections by S. aureus and selectively other
bacteria.
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