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A Lyt at the end of the tunnel? Unraveling
the complex interactions of the
N-acetylglucosaminidase LytG in cell
wall metabolism

Jazmeen Hernandez,a Jett Duval,a Taryn Rauff,a Ethan Hall,a Mika Gallati,a

Brad A. Haubrich,b Monica Thoma,a Elimelec Aponte,a Amit Basu, c

Joseph A. DeGiorgisde and Christopher W. Reid *af

The growth and division of the Gram-positive cell requires the coordinated action of enzymes involved

in the synthesis and degradation of the heteropolymer peptidoglycan. Herein, we present the use of the

diamide masarimycin, an inhibitor of the exo-N-acetylglucosaminidase (GlcNAcase) LytG from Bacillus

subtilis, as a chemical biology probe to elucidate the biological role of this cell wall degrading enzyme.

Using a combination of chemical biology and genetic approaches we provide the first evidence that

LytG activity influences the elongation and division complexes in B. subtilis. Chemical inhibition of LytG

resulted in dysregulated cell elongation and localization of the division plane and the induction of the

cell wall stress response. In the presence of masarimycin, cells show asymmetrical thickening of the cell

wall and dysregulation of division plane localization. The use of genetic and synergy/antagonism screens

established connections to late-stage peptidoglycan synthesis, particularly related to cross-linking

function. These results stand in stark contrast to those observed for the DlytG knockout, which does

not exhibit these phenotypes. Cell-wall labelling with a fluorescent D-amino acid and muropeptide

analysis has highlighted a functional connection between LytG, the carboxypeptidase DacA, and

D,D-endopeptidases. These results highlight the use of chemical probes such as masarimycin to inform

on the biological function of autolysins by providing insight into the role LytG plays in cell growth and

division.

Introduction

Bacillus subtilis is a fast-growing, aerobic, rod-shaped bacter-
ium and is one of the best studied Gram-positive organisms.1

The cell shape of most bacteria is maintained by the cell wall,
which protects the cell from the outward facing turgor
pressure.2 The cell wall of B. subtilis contains two major cell
wall components, the heteropolymer peptidoglycan (PG) and

the anionic polymers wall-teichoic acid (WTA) and lipoteichoic
acid (LTA).3 PG is composed of alternating N-acetylglucosamine
(GlcNAc) and N-acetylmuramic acid (MurNAc) residues linked
by a b-(1 - 4) glycosidic linkage (Fig. 1). Adjacent polysacchar-
ide strands are cross-linked via stem peptides attached to the
C-3 lactyl moiety of MurNAc to form a three-dimensional mesh.2

The current model of PG synthesis in Gram-positive organisms
invokes the ‘essential‘ degrading enzymes for the incorporation
of nascent PG into the stress bearing layer.4–6 In this model,
controlled degradation of PG is required for cell maintenance,
elongation, and division, and this tightly regulated process is
suggested to involve the interplay between synthetic and degra-
dative enzymes.4,7,8 Bacterial autolysins are a highly diverse
group of enzymes capable of cleaving bonds in polymeric
PG, and participate in cell wall growth and its regulation.9

The degradative enzymes fall into 4 broad classes based on
their activity: lytic transglycosylases, N-acetylglucosaminidases
(GlcNAcases) and muramidases, L-alanine amidases, and endo-
peptidases. Deciphering the physiological role of autolysins has
been a formidable task as functional redundancy complicates
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attribution of biological activity.10 Recent biophysical4,11 and
computational studies12 of bacterial autolysins have begun to
unravel their roles in the release of stress in the cell wall to
allow for incorporation of new material. A renaissance in PG
metabolism research has started to provide new chemical
biology tools to study synthesis.13–17 While the cell wall,
and PG in particular, have provided a wealth of clinically
relevant antimicrobial targets,7 our understanding of the
complex interplay between degradative and synthetic steps is
still underdeveloped.

We have previously demonstrated the utility of glycosyl
triazoles18 and diamides19,20 as a scaffold for developing inhi-
bitors of bacterial cell wall hydrolases, in particular GlcNAcases
in B. subtilis and Streptococcus pneumoniae.20 To our knowledge
these are the first inhibitors of autolysins that also inhibit cell
growth. These probes can be used to interrogate Gram-positive
cell wall metabolism in a manner orthogonal to traditional
genetic approaches. Here we report on the application of the
bacteriostatic inhibitor of LytG, masarimycin (Mas)19,20 to
interrogate cell wall metabolism in B. subtilis. LytG is the major
active GlcNAcase during vegetative growth21 yet its exact role
has remained elusive. Mas (Fig. 1, inset) was identified as a
bacteriostatic inhibitor of B. subtilis growth with an MIC of
4 mM. B. subtilis grown in the presence of Mas exhibited a
morphological phenotype akin to sausage links, with strings of
cells linked together without separating completely. In an
in vitro assay of LytG activity, Mas exhibited an IC50 of 48 mM.
These initial studies also indicated that Mas exhibted increased
potency against strains of B. subtilis lacking the autolysins LytC,
LytD, or LytF.19 This was a puzzling result, but suggested a
complex interplay between autolysin activity, and highlighted
the need for additional studies to evaluate the role of Mas and
LytG in bacterial cell wall processing. In this paper, we now

report on the ability of Mas to inform on biological function
when used in tandem with genetic and molecular approaches.
Our results provide fresh insight into the role LytG plays in cell
growth and division.

Methods
Bacterial strains and growth conditions

B. subtilis strains used in this study can be found in Table S1.
All strains were grown in Lauria-Bertani broth (LB) or agar
plates supplemented with the appropriate antibiotics at 37 1C.
When appropriate erythromycin or kanamycin was incorpo-
rated at a concentration of 1 mg mL�1.

Preparation of masarimycin

Masarimycin was prepared as previously described using
microwave-assisted organic synthesis.22 Material showed single
product by TLC and NMR (SI).

Minimum inhibitory concentration (MIC) assay

MIC values were determined using the resazurin method.22,23

Briefly, cells were initially grown from the freezer on LB plates.
For all assays second passage cells of B. subtilis 11774, 3610,
and associated knockout strains (Table S1) were used
and grown overnight in LB broth, and standardized to an
OD600nm = 1.0. For masarimycin, serial dilutions were initially
made in DMSO down to a concentration of 100 mM, further
dilutions were then made into PBS. Plates containing LB broth
were inoculated with a 1/20 dilution of the OD600nm = 1.0 cell
culture with a final concentration of no more than 1% DMSO.
Cultures were grown statically under aerobic conditions for 4 h
at 37 1C, followed by addition of 30 mL of a 0.01% (m/v) solution

Fig. 1 Structure of peptidoglycan showing the cleavage sites of the major autolysins in Bacillus subtilis. Inset, structure of Mas, an inhibitor of the exo-
acting GlcNAcase LytG.
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of resazurin. The plates were incubated for 15 min to allow
stabilization of color production. MICs were read directly off
the plate; MICs were recorded as the lowest concentration that
completely inhibited growth (purple).

Synergy and antagonism assays and fractional inhibitory
concentration index calculation

Fractional inhibitory concentration index (FICIndex) was con-
ducted to determine the interaction between masarimycin and
a range of antibiotics with defined mode-of-action or cell wall
precursors in a 96 well-plate microdilution broth assay.
A checkerboard assay was performed with each masarimycin
pair as previously described.24 Plates were inoculated with 5 mL
of a OD600nm = 1.0 culture of B. subtilis and growth monitored
as previously described for the MIC assays. FICIndex was deter-
mined using the formulae:

FIC ¼ X

MICx
; (1)

where X is the lowest inhibitory concentration of the drug in the
presence of the co-drug, and MICx is the lowest inhibitory
concentration of the drug in the absence of the co-drug.

FICIndex = FICmasarimycin + FICantibiotic (2)

Drug interactions were rated as synergistic (FICIndex r 0.5),
additive (0.5 o FICIndex r 1.0), indifferent (1.0 o FICIndex r 4.0),
and antagonistic (FICIndex 4 4.0), based on published
standards.25

Gene expression analysis

B. subtilis 11774 was grown to OD600nm = 0.2 in LB broth at
37 1C with shaking and inoculated with either 3� MIC Mas
(12 mM), cefoxitin (3 mM), or vehicle control DMSO (0.1% v/v)
and incubated for 20 min. Cells were harvested (8000 rpm,
15 min, 4 1C) and total RNA extracted using Purezol (BioRad)
following manufacturer’s directions. Contaminating gDNA was
removed and cDNA synthesized using iScript gDNA clear and
cDNA synthesis kit (BioRad) and total cDNA quantified using
Qubit ssDNA assay (Invitrogen). All qPCR assays were per-
formed on a BioRad CFX96 Real Time System (BioRad) using
hard-shell thin-wall 96-well plates closed with optically clear
adhesive film. The reactions were performed in a final volume
of 25 mL using a serial dilution of the appropriate template
cDNA (2 mL) and using the iTaq Universal SYBR green supermix
(BioRad). Amplification of target relA was performed with
primers RelA-a 50-TGA GCA TCT TCA GCG TAC AG-30 and
RelA-s 50-TGA CTG CCG AGC AAG TTA TAG-30. Transcript levels
were normalized to the housekeeping gene 16srDNA using
previously published primers 341F 50-CCTACGGGAGGCAGC
AG-30 and 534R (50-ATTACCGCGGCTGCTTGG-3 0).26 No Tem-
plate (NTC) and no reverse-transcriptase (NRT) controls were
included in each assay using DNase and RNase free water.
The PCR cycle used was 95 1C, 3.00 min|95.0 1C, 10 s; 55 1C,
30 s; (39�)|25 1C, 5 s; ramp to 95 1C at 1 1C min�1.
All experiments were performed in biological and technical

duplicate. Results were analyzed using BioRad CMX manager
and GrapPad Prism software.

Isolation of peptidoglycan

Peptidoglycan was isolated following the procedure described
by Schuab and Dillard.27 Briefly, second passage cells of
B. subtilis were grown in 50 mL LB to an OD600nm = 0.2. Cells
were treated with 0.75� MIC of Mas (MIC 4 mM) or an
equivalent volume of DMSO (vehicle control) and incubated
for 2 hours at 37 1C with shaking. Cells were harvested (9000� rpm,
15 min, 4 1C). The cell pellets were resuspended in 25 mM
NaH2PO4 pH 6.0 containing 4% SDS and boiled for 30 min.
Samples were allowed to cool to room temperature and
centrifuged (15 000� rpm, 20 min) to pellet the SDS-insoluble
(cell wall) material. The pellet was washed repeatedly with
25 mM NaH2PO4 pH 6.0 and centrifuged (15 000 rpm, 20 min)
to remove the SDS. Wall teichoic acids were removed with 1 M
HCl for 4 h at 37 1C with shaking followed by neutralization to
pH 6 (litmus paper) and cell wall material isolated by centrifu-
gation (15 000 rpm, 20 min).28 The washed cell wall was
suspended in 1 mL 25 mM NaH2PO4 pH 6.0, 10 mM MgCl2

and digested with DNase and RNase for 2 h at room tempera-
ture with mixing, followed by the addition of proteinase K and
further incubation for 18 h at room temperature with mixing.
Following proteinase K digestion, the sample was centrifuged
(15 000 rpm, 20 min) and the pellet resuspended in 1 mL of
25 mM NaH2PO4 pH 6.0 with 4% SDS and heated at 95 1C for
30 min in a hot block. The purified PG was isolated by
centrifugation (15 000 rpm, 20 min) and washed extensively
in phosphate buffer to remove residual SDS. The resulting
pellets were stored at �20 1C.

Preparation of peptidoglycan fragments and analysis by HPLC

Purified PG pellets were resuspended in 1 mL of 25 mM
NaH2PO4 pH 6.0 by sonication and standardized to OD600nm

prior to digestion with 100 units of mutanolysin overnight at
37 1C with agitation. Insoluble fragments were removed by
centrifugation (15 000� rpm, 20 min) and the supernatant
transferred to a new microcentrifuge tube. The soluble mur-
opeptides were reduced with sodium borohydride in 0.1 M
sodium borate buffer pH 9 for 30 min. The reaction was
quenched by the addition of 1 M H3PO4 to a final pH of
5 (litmus paper). The reduced muropeptides were filtered
through a 5 kDa MWCO spin column prior to analysis. The
reduced muropeptides were separated by RP-HPLC on a
Shimadzu Prominence HPLC equipped with a Phenomenex
Kinetix C-18 column (5 mm, 100 A, 250 � 4.6 mm) equilibrated
in 10 mM NH4H2PO4 pH 5.6 (buffer A). Muropeptides were
eluted with a linear gradient of methanol (0–20%) in buffer a
over 200 min with detection at 205 nm.29

LCMS analysis of muropeptides

Reduced muropeptides were separated by an Advion Avant
UPLC system equipped with an Interchim Ultisphere CS Evolu-
tion C18 column (2.6 mm, 100 � 2.1 mm) and paired with
an Advion compact mass spectrometer with electrospray ion
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source. The column was equilibrated in 98% solvent A (H2O +
0.1% formic acid) and 2% solvent B (MeOH + 0.1% formic
acid). Muropeptides were eluted with the following gradient
over 30 min: 98% A hold for 3 min, 93.2% A 6 min; 91% A
7.5 min; 86% A 9 min; 80% A 11 min; 10% A 25 min, hold at
10% A for 5 min. MS detection was set for switching positive
and negative ion mode.

Incorporation of fluorescent D-amino acid HADA into cell wall

B. subtilis wildtype and knockout strains were passaged three
times using 1/100 inoculum at 37 1C with shaking. Overnight
culture was used to inoculate a 50 mL flask of LB 1/100 and
grown with shaking at 37 1C to an O.D.600nm = 0.2. The cells
were then split into 1 mL samples containing either 1 mM
HADA (7-hydroxycoumarin-3-carboxylic acid-D-alanine)30 or
1 mM HADA with 0.75� MIC (3 mM) Mas. Cells were grown
for 1 h at 37 1C with shaking, followed by addition of Syto-13
(final concentration 1 mM) and harvesting the cell pellets by
centrifugation (9000 rpm, 10 min). The cell pellets were washed
3 � in ice cold 25 mM NaH2PO4 pH 7.5, 100 mM NaCl (PBS).
Washed cell pellets were suspended in PBS and 40 mL was
mixed with 10 mL Diamond anti-fade prior to spotting onto
microscope slides for visualization by confocal fluorescence
microscopy (see below).

Fluorescence microscopy

Phase and fluorescence images were acquired using a Zeiss
LSM-laser scanning microscope equipped with a objective 40�
objective. Zeiss software was used for image acquisition.
Images were scaled without interpolation, cropped and rotated.
Linear adjustment was performed to optimize contrast and
brightness of the images. Figure construction was performed in
CorelDraw.

Electron microscopy

Washed and resuspended bacterial cells were pipetted in 10 mL
drops onto parafilm. Formvar, carbon coated, 400 mesh, copper
grids were floated on top of the droplets for 1 min, floated on
50 mL drop of double distilled water for 1 min, and then floated
on 50 mL drops of 1% uranyl acetate in double distilled water
for 1 min. Grids were picked up with tweezers and the excess
uranyl acetate wicked of onto Whatman filter paper. Grids were
place in a grid box, which was left open overnight to allow
samples to dry. Samples were viewed and imaged with a Jeol
JEM-200 CX transmission electron microscope and an AMT
camera. For thin-section microscopy, bacterial samples were
pelleted by centrifugation. Pellets were resuspended in 4%
paraformaldehyde and 2% glutaraldehyde in phosphate buf-
fered saline (PBS) and incubated at 4 1C overnight. Samples
were washed 3 � 10 minutes in 0.1% sodium cacodylate.
Samples were stained in 1% osmium tetroxide in 0.1% sodium
cacodylate for 1 hour. Samples were washed 3 � 10 min in
distilled water. Samples were stained in 1% uranyl acetate in
water at 4 1C overnight. Samples were dehydrated in a graded
series of ethanol of 50, 75, 85, 95%, in water for 30 minutes
each. Samples were washed with 3 changes of 100% ethanol for

30 minutes each. Samples were incubated in 50, 75, 100, 100%
spurr embedding resin overnight for each step. Samples were
pipetted into an embedding capsule with fresh 100% resin and
the capsules placed in an oven at 80 1C for 48 hours. Samples
were sectioned at 70 nm and section collected on formvar
carbon coated copper EM grids. Samples were visualized and
imaged using a Jeol CX200 transmission electron microscope
and an AMT camera.

Atomic force microscopy

Second passage bacterial cells were grown to OD600 nm = 0.2 in
LB broth and incubated in the presence/absence of masari-
mycin (3 mM, 0.75� MIC) for 2 h with shaking at 37 1C. Cells
were fixed with ethanol (final concentration of 20% (v/v)) and
incubated on ice for 20 min. Cells were harvested (5000 rpm,
10 min, 4 1C) and washed twice with PBS. Cells were resus-
pended in dH2O and 10 mL spotted on a glass coverslip. Images
were recorded on a Redux AFM (ICSPI Corp, Kitchener, ON
Canada).

4-Nitrophenyl-N-acetyl-b-D-glucosaminide assay

B. subtilis second passage cells were grown in LB broth at 37 1C
with shaking to an OD600nm = 0.2 and the cells harvested by
centrifugation (8000 rpm, 10 min). The cells were washed twice
in PBS prior to re-suspending in PBS to an OD600 of 1.0.
All reactions contained 4 mM pNP-GlcNAc and 198 mL of
B. subtilis cells (OD600nm = 1.0) in PBS buffer pH 7.4. Reactions
were incubated for 16 h at 30 1C prior to removal of cells by
centrifugation (8000 rpm, 10 min). Reaction supernatants were
adjusted to pH 9 with the addition of 30 mL NaOH (0.5 M).
Supernatants were then analyzed on a Spectromax 190 micro-
titre plate reader (Molecular Devices) at 405 nm. All samples
were run in biological duplicate and technical triplicate.

Macromolecular synthesis assay

Inhibition of macromolecular synthesis by masarimycin was
monitored by flow cytometry.31 Overnight bacterial cultures
were sub-cultured 1/20 into fresh media and grown to expo-
nential phase growth. Bacterial cultures were incubated with
antibiotics, vehicle control, or masarimycin ranging in concen-
tration from 1/4 to 2� MIC for 1 h. For analysis of total protein
content, cells were incubated with Sypro-red for 4 min. Total
nucleic acid content was measured by incubation with Syto-13
(9 mM) 15 min. Changes to transmembrane potential were
measured with DiSC3.31 Stained cells were analyzed by flow
cytometry performed on a Cytek Aura.

Results
Morphological changes induced by masarimycin – electron and
atomic force microscopy

We have previously shown that sub-MIC Mas-treated B. subtilis
exhibit a sausage-link phenotype.19 To better understand the
physiological changes that give rise to this morphology, cells
were investigated by negative stain and thin-section electron
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microscopy (Fig. 2). Masarimycin induces a morphology in
which B. subtilis cells are elongated, along with an inability to
complete the separation of daughter cells. The average
cell length of 15 mm, is 3 times greater than typical wildtype
B. subtilis cells. Cells presented a pronounced cleavage furrow
(Fig. 2B) indicating an inability to complete constriction of the
septum and electron dense regions at the poles suggest a thinken-
ing of the cell wall (Fig. 2B). This is further supported in thin-
section images (Fig. 2C and D) demonstrating thickened cell wall
at the poles. Additionally, electron microscopy identified cells

with abberant division planes, with daughter cells formed from
the sidewall instead of the poles (Fig. 2A and Fig. S1). These
observations suggest that Mas either directly or indirectly inter-
feres with localization of the FtsZ ring. Further analysis of changes
to the cell surface of B. subtilis by atomic force microscopy
indicate a roughening of the cell surface, consistent with abberant
autolytic activity or an altered distribution of wall teichoic acids
(Fig. 3).

Effect of masarimycin on PG metabolic labeling

Given the disruption in cell shape and impaired separation of
daughter cells, we further evaluated the changes to PG meta-
bolism via metabolic labeling with the fluorescent D-amino
acid analog HADA.30,32 HADA is incorporated exclusively into
muropentapeptides at the fifth position via an extracellular
mechanism using predominantly D,D-transpeptidases.30,32

Additionally, HADA does not appear to be incorporated when
the D-Ala in the fourth position is involved in a cross-link.32

Early exponential phase B. subtilis (OD600nm = 0.2) were incu-
bated with 1 mM HADA for 1 h in the presence of 3 mM Mas
(0.75�MIC) or vehicle control (DMSO), and imaged by confocal
microscopy. Control wild type cells demonstrated incorpora-
tion of HADA into the cell wall with distribution along the
sidewalls (Fig. 4A) with actively dividing cells showing an
increased accumulation of HADA at division sites. In the
presence of 0.75� MIC Mas (Fig. 4B), HADA fluorescence is
weaker, indicating there is an overall loss of HADA incorpora-
tion, along with a lack of incorporation at septa. Previous work
has shown that septa in B. subtilis are enriched in unprocessed
pentapeptides, indicating a reduction in cross-linked PG at the
division site.33 The reduced HADA signal in the presence of Mas
could result from either decreased D,D-transpeptidase activity or
an increase in the presence of cross-linked glycan strands.

While HADA is incorporated into stem-peptides via D,D-
transpeptidases, it can also be removed via the action of
carboxypeptidases like DacA (Pbp5).30 To further investigate
whether the reduction in HADA incorporation in the presence

Fig. 2 Electron microscopy of B. subtilis treated with 0.75� MIC (3 mM)
Mas. (A) and (B) Negative stain EM showing elongated cells and incomplete
septation; (C) and (D) thin section EM showing accumulation of cell wall
material at the poles of Mas treated cells.

Fig. 3 Atomic force microscopy of B. subtilis control (A) and 0.75� MIC masarimycin treated (B) cells. Treatment with masarimycin results in a rough
surface that correlates with the observed thickening of the cell wall in thin-section electron microscopy images.
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of Mas is due to cleavage of the HADA group by carboxypepti-
dases such as DacA, we investigated HADA incorporation in
DdacA and DlytG backgrounds. In the absence of DacA (Fig. S2B),
diffuse incorporation of HADA was observed throughout
the control sample, consistent with prior observations of this
mutant.30,32 Additionally, there is a complete absence of HADA
incorporation at septa. Mas-treated DdacA cells demonstrated
increased HADA fluorescence throughout the cell including at
septa. Fluorescence was stronger in the Mas treated DdacA cells
than in either the DdacA or wildtype control cells. This nullifies
the hypothesis that reduced HADA incorporation in Mas
treated wildtype cells is due to an increase in DacA carboxy-
peptidase activity. Furthermore, these results suggest that there
is an increase in D,D-transpeptidase activity in the DdacA strain
when LytG is inhibited by Mas. In comparison, the DlytG
mutant demonstrates diffuse HADA incorporation along the side
walls with HADA incorporation concentrated at septa (Fig. 4C
and D). Labeling with HADA appears to result in a chaining
phenotype in DlytG that does not appear in unlabeled cells
(Fig. S3). This is also observed in the wild type Mas treated cells
where the Mas-induced phenotype is less pronounced. Upon
treatment of DlytG with Mas, the concentrated HADA labeling
at the septa disapears and overall fluorescence decreases (Fig. 4D).
This is an intriguing result, as Mas should not have any impact on
cells that lack its target protein LytG. This result in the DlytG
strain suggests incomplete suppression of LytG activity. The
results presented here also indicate a coordination of activity
between LytG, DacA and D,D-transpeptidases.

Muropeptide analysis

With the observed changes in HADA incorporation in Mas-
treated cells in the DdacA and DlytG strains, the muropeptide

profiles were analyzed (Fig. 5A and B). Given the number of
D,D-transpeptidases encoded by B. subtilis,34,35 this approach
allowed for the assessment of global transpeptidase activity in
Mas-treated cells. Additionally, this further assessed whether
changes in HADA incorporation are in part due to changes in
cross-linking. B. subtilis was grown to early exponential phase
(50 mL LB, OD600nm = 0.2) and treated with 0.75� MIC Mas or
vehicle control. After 2 h incubation, cells were harvested and

Fig. 4 Confocal fluorescence microscopy (40� objective) of B. subtilis
cell wall stem-peptides metabolically labeled with HADA. Early exponen-
tially growing B. subtilis cells (OD600 nm = 0.2) labeled with 1 mM HADA
and Syto-13 in the absence (A) and (C) or presence (B) and (D) of 0.75�
MIC Mas.

Fig. 5 (A) RP-HPLC muropeptide profile of B. subtilis in the absence or
presence of Mas and comparison to the DlytG and DdacA strains. (B) RP-
HPLC muropeptide profiles in the 60–120 min region. (C) Relative quanti-
tation of relA (ppGpp) synthase as a measure of induction of stringent
response upon treatment with Mas or the cell wall antibiotic cefoxitin.
Experiments were run in biological and technical duplicate. Average
2�DDCq with standard deviation are presented. Asterisk denotes unique
muropeptides.
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PG was isolated using established procedures.27 Soluble mur-
opeptides were obtained by digestion with mutanolysin fol-
lowed by reduction of reducing ends with sodium borohydride.
Separation of muropeptides by RP-HPLC was achieved using a
linear gradient of 10 mM (NH4)2HPO4 pH 5.6 containing 20%
methanol.29 Muropeptide profiles of Mas-treated cells showed
an increase in cross-linking (Fig. 5B) (longer retention times)
compared to control cells.29 It should be noted that mutanoly-
sin cleaves the MurNAc-b(1 - 4)-GlcNAc linkage only when the
MurNAc residue bears a pentapeptide, further supporting the
increased cross-linking hypothesis.36 This increased cross-
linking would impair transpeptidase reactions where HADA is
used as a substrate. Interestingly, the muropeptide profile of
Mas treated cells are distinct from DlytG and DdacA muropep-
tide profiles. LCMS analysis of muropeptides (Table 1) rein-
forces this finding. Mas treated B. subtlis shows a significant
reduction in identified monomers and an increase in unique
dimers and tetramers compared to wild type. A reduction in
monomers was also observed in the DlytG and DdacA strains.This
increased cross-linking would impair transpeptidase reactions
where HADA is used as a substrate. Interestingly, the muropeptide
profile of Mas treated cells are distinct from DlytG and DdacA

muropeptide profiles. The increased cross-linking in the presence
of Mas also demonstrates that it does not inhibit transpeptidase
or carboxypeptidase activity. These results support the hypothesis
that the reduction of HADA incorporation upon Mas treatment is
in part due to increased cross-linking of the cell wall.

Cell wall stress response

The apparent disregulation of PG metabolism, manifesting as a
thickened and irregular cell wall with increased cross-linking in
response to Mas, raises the question of whether the cell wall
stress response is induced upon exposure of B. subtilis to Mas.
The bacterial alarmone (p)ppGpp acts as an important second-
messenger linking both intra- and extracellular environmental
cues with global changes in transcription.37 In B. subtilis
(p)ppGpp levels are predominantly controled by the bifunc-
tional synthase/hydrolase RelA and can serve as a reporter for
cell wall stress.38,39 Levels of (p)ppGpp have been shown to
influence Sigma D (SigD) controlled genes and high levels of
(p)ppGpp are associated with the stringent response.37 Several
SigD controlled autolysins (LytD, LytC, LytF)40 have been shown
to influence sensitivity to Mas.19 Primers for relA produced a
single product of 97bp and demonstrated a linear response to

Table 1 Unique muropeptides identified by LCMS for B. subtilis 11774 in the absence and presence of Mas, and the mutant strains DlytG and DdacA

Ion Observed m/z Calculated m/z Dm/z Muropeptide compositiona

WT
Monomers

[M + 3H]+3 339.3 338.7 0.63 (GlcNAc)1(MurNAc)1Ala3Glu1A2pm1

[M–2H]�2 556.0 556.0 0 (GlcNAc)1(MurNAc)1Ala2Glu1A2pm1

[M + Cl]�1 1034.1 1034.3 0.02 (GlcNAc)1(MurNAc)1Ala2Glu1A2pm1Gly1

[M + K–2H]�1 908.0 909 1.0 (GlcNAc)1(MurNAc)1Ala1Glu1A2pm1

Dimers
[M + 3H]+3 646.4 646.6 0.23 (GlcNAc)2(MurNAc)2Ala5Glu2A2pm2
[M + Na–2H]�1 1815.9 1815.8 0.01 (GlcNAc)2(MurNAc)2Ala3Glu2A2pm2
[M–H2O–H]�1 1846.6 1846.9 0.01 (GlcNAc)2(MurNAc)2Ala4Glu2A2pm2

Trimers
[M–4H]�4 710.6 710.4 0.02 (GlcNAc)3(MurNAc)3Ala6Glu3A2pm3Gly1

Tetramers
[M–2H]�2 1890.4 1890.3 0.1 (GlcNAc)4(MurNAc)4Ala9Glu4A2pm4

WT + Mas
Dimers

[M + 2Na–H]+1 1843.3 1839.7 3.5 (GlcNAc)1(MurNAc)2Ala3Glu2A2pm2

[M–6H]�6 318.7 319.5 0.8 (GlcNAc)2(MurNAc)2Ala6Glu3A2pm3Gly1

[M + 3H]+3 623.0 622.9 0.01 (GlcNAc)2(MurNAc)2Ala4Glu2A2pm2

Tetramers
[M + 5H]+5 757.8 757.5 0.3 (GlcNAc)4(MurNAc)4Ala9Glu4A2pm4

DlytG
Monomers

[M–2H]�2 556.1 556.0 0.1 (GlcNAc)1(MurNAc)1Ala2Glu1A2pm1

Trimers
[M + 4H]+4 712.3 712.4 0.1 (GlcNAc)3(MurNAc)3Ala6Glu3A2pm3Gly1
[M + 4H]+4 680.6 680.4 0.2 (GlcNAc)3(MurNAc)3Ala5Glu3A2pm3

DdacA
Monomers

[M + 4H]+4 218.9 218.7 0.2 (GlcNAc)1(MurNAc)1Ala1Glu1A2pm1

Dimers
[M + Na]+1 1960.0 1959.9 0.1 (GlcNAc)2(MurNAc)2Ala5Glu2A2pm2
[M + 2H]+2 900.3 898.4 �1.9 (GlcNAc)1(MurNAc)2Ala3Glu2A2pm2

[M–3H]�3 640.1 639.9 �0.13 (GlcNAc)2(MurNAc)2Ala4Glu2A2pm2Gly1

a A2pm: diaminopimelic acid.
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template concentration (Fig. S4). Incubation in the presence of
masarimycin for 20 min showed a 7-fold increase in relA
transcript levels (Fig. 5C). The b-lactam cefoxitin was used as
the positive control for cell wall stress response.

Effect of Mas on cell wall knockouts

In light of the changes to the cell wall and induction of cell wall
stress response, we wanted to investigate potential Mas-altered
fitness using a chemical genetics interaction approach.
Previously we screened several B. subtilis SigD controlled auto-
lysins (LytC/D/F) for changes in fitness to Mas, all of which
showed increased sensitivity.19 These results suggested that the
GlcNAcase (LytD), amidase (LytC), and endopeptidase (LytF) are
conditionally required for adaptation to Mas exposure. Given
the clear disruption in cell division and peptidoglycan meta-
bolism in the presence of Mas, an array of B. subtilis strains
lacking autolysins including GlcNAcase, carboxypeptidase,
transpeptidase, and cell wall division proteins (MinC/D) were
screened for altered fitness to Mas (Fig. 6A).

Given the previous biochemical evidence indicating Mas
inhibits the exo-GlcNAcase LytG,19 along with the reduction
in p-nitrophenol release in the presence of Mas in a whole cell
assay (vide infra, Fig. 6), the observation that the DlytG mutant
strain demonstrates reduced sensitivity (increased fitness)
to Mas with no MIC observed up-to a concentration of 40 mM
(10� wild type MIC) is in line with those results. The DlytG
strain does not produce the characteristic sausage-linked
phenotype in the presence of up to 24 mM Mas (6� MIC)
(Fig. S3A and B).

Interestingly, several additional autolysins, transpeptidases,
and cell division mutants also exhibited increased fitness to
Mas. The class A (bifunctional) PbpA (PBP2a) and the class B
PbpH are implicated in elongation and rod shape determina-
tion, which given the Mas-induced phenotype is suggestive of
their involvement.41 Analysis of morphology changes upon Mas
treatment of DpbpA indicated an increase in irregular cell
shapes, with the presence of a bulge in the side wall (Fig. S3C
and D). This bulge was more prominently observed in Mas
treatment of DpbpD and DminC strains (Fig. S3G–J). The DminC
strain also shows a reduction in cell clumping upon treatment
with Mas. The observed bulge is reminiscent of the phenotype
induced in E. coli, upon co-treatment with bulgecin (an inhibitor
of the soluble lytic transglycosylase 70) and a b-lactam.42–44 The
phenotypes presented in Mas-treated B. subtilis wildtype and
mutant strains (Fig. 2 and Fig. S3) and the apparent inability to
complete separation of daughter cells led us to screen mutants
strains lacking cell division associated proteins MinC, MinD,and
FtsH. All strains demonstrated increased fitness to Mas (Fig. 6A).

While this broad based improved fitness to Mas with
elongation and division associated proteins argues that Mas
is targeting cell wall acting proteins, it is also possible that
these effects arise from a non-specific Mas-induced disruption
of membrane polarization or impact global protein, or nucleic
acid levels in the cell. Given this potential promiscuity of Mas,
we screened B. subtilis for disruption in membrane polariza-
tion, total protein and nucleic acid synthesis by flow cytometry

(Fig. S4). In all cases, no disruption to membrane polarization
or protein synthesis was observed up to 2� MIC. This supports
an argument that Mas inhibition of LytG results in disregula-
tion of elongation and division complexes in B. subtilis.

A direct biochemical explanation for the increased fitness
to Mas in these genetic backgrounds is a reduction in exo-
GlcNAcase (LytG) activity in these strains. To explore this
further, wildtype B. subtilis and DpbpA, DminC, DdacA, and
DlytG strains were subject to a whole cell exo-GlcNAcase activity
assay.18 B. subtilis cells were grown to early exponential phase,
washed in PBS and incubated with 4 mM pNP-GlcNAc for
16 h, followed by measurement of released pNP (Fig. 6B).
As expected, exo-GlcNAcase activity of wild-type was reduced
in the presence of Mas. Additionally, the DlytG strain exhibited
residual exo-GlcNAcase activity which supports the argument
that complete abbrogation of exo-GlcNAcase activity is not
achieved in the DlytG knockout. In the DdacA strain a signifi-
cant reduction in exo-GlcNAcase activity was observed compared
to wildtype cells. Upon treatment with 4 mM Mas, exo-GlcNAcase
activity was further reduced due to inhibition. This suggests that

Fig. 6 (A) Chemical genetic screen of autolysin (lytG, dacA) cell division
(minC, minD, ftsH), and transpeptidases (pbpA/H/C/D) mutant strains for
changes in Mas sensitivity. (B) Whole cell assay measuring exo-GlcNAcase
activity in several mutant strains from the genetic screen. Results shown
are the average of 2 biological and technical replicates.
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the observed improved fitness to Mas in the DdacA strain is in part
due to a reduction in exo-GlcNAcase activity in these strains.

Checkerboard assays with Mas

Given the complex interactions at play upon Mas inhibition
of B. subtilis growth through the inhibition of LytG, and the
complicated results from the genetic screen and HADA labeling
experiments, Mas was screened in checkerboard assays to
identify potential synergistic or antagonistic relationships with
antibiotics with well-defined modes-of-action (Table 2).24,25,45

Synergistic interactions can reveal functional connections
among cellular components,24 while antagonistic interactions
can reveal underlying network connectivity.46 Synergy was
observed with ampicillin (FICIndex 0.134), a PBP2a/b (encoded
by pbpA/H) and PBP4 selective b-lactam;47 and vancomycin
(FICIndex 0.235) which binds to the terminal D-Ala-D-Ala in
lipid-II and interferes with the PG maturation process.48

Vancomycin binding obstructs PBP cross-linking activity,
resulting in a compromised cell envelope integrity. In light of
the information that the cellular response to Mas treatment is
an increase in cross-linking, this functional connection with PG
maturation further strengthens a cell wall mode-of-action.
Synergy was also observed with curcumin (FICIndex 0.00375),
an inhibitor of FtsZ protofilament assembly,49 and reversatrol
(FICIndex 0.127) an inhibitor of FtsZ expression and Z-ring
formation.50 These results correlate with the Mas induced
sausage-link phenotype and disrupted division (Fig. 2).19 These
results demonstrate a functional connection between the Mas
target and the effective assembly of the Z-ring.

Antagonism was observed with bacitracin (FICIndex 5.88) an
inhibitor of undecaprenyl-pyrophosphate recycling, cefuroxime
(FICIndex 4.91) a PBP1 selective b-lactam,47 and kanamycin

(FICIndex 4.89) a protein synthesis inhibitor (30 s subunit).
PBP1 serves as the major transglycosylase/transpeptidase in
the cell and is associated with the cell elongation and division
complexes in B. subtilis.51 Bacitracin‘s interference with unde-
caprenyl phosphate recycling impacts the biosynthesis of both
PG and wall teichoic acids. Wall teichoic acids have been shown
to play a role in guiding cell wall interactions through the CHAP
domains of autolysins.52,53 Additionally, wall teichoic acids are
known to physically restrict the exposure of peptidoglycan to
autolysins and ensure limited PG digestion at the septa during
cell division and separation.54,55 Finally, disruption in teichoic
acids have been shown to influence autolytic activity in a variety
of bacteria including B. subtilis.56,57 Bacitracin would impede
synthesis of new lipid II by preventing recycling of Und-PP
while cefuroxime would inhibit PG incorporation into the
existing cell wall. The antagonism with kanamycin was an
intriguing result. While Mas does not interfere with total
protein levels in the cell (Fig. S4), kanamycin has previously
been shown to confer short-term protection to a variety
of functionally unrelated antibiotics, including b-lactams.58

Additionally, the induction of cell wall stress reponse (RelA)
and (p)ppGpp production has been shown to result in the direct
inhibition of translation through inactivation of GTPase initia-
tion factor-2.59

To further interrogate disruption of PG metabolism, we
examined the role of sugar intermediates associated with PG
biosynthesis and assembly and whether they synergized or
antagonized Mas sensitivity. Interestingly, addition of glucosa-
mine to the culture media (3 mM) lowered the apparent MIC of
Mas to 0.244 mM a 16 fold increase in sensitivity. This result
suggests potential toxicity of GlcN, nitrogen toxicity, or feed-
back inhibition of cell wall precursor biosynthesis during Mas

Table 2 Synergy and antagonism screen with masarimycin

Antibiotic MICapp antibiotic (mM) FIC antibiotic MICapp Masa (mM) FIC mas FIC indexb

Cell-wall targeting
Ampicillin 3.12 0.0975 0.460 0.121 0.134
Cefoxitin 4.70 1.04 5.85 1.54 2.59
Cefuroxime 0.49 0.035 18.5 4.87 4.91
Bacitracin 577.5 3.30 10.0 2.63 5.88
Vancomycin 0.293 0.073 0.62 0.164 0.235
Fosfomycin 18.75 2.60 1.40 0.367 2.97

Cell division
Curcumin 0.0001 0.0000023 0.015 0.00375 0.00375
Reversatrol 1 0.005 0.488 0.122 0.127

Protein synthesis
Kanamycin 0.03 2.3 2.31 0.60 4.89
Tetracycline 0.0035 1.25 0.28 0.073 1.8215

Nucleic acid synthesis
Rifampicin 0.08 0.96 3.9 1.03 1.99

Sugar intermediates
GlcN n.d.c — 0.244d — —
GlcNAc n.d. — 4.0 mM — —
MurNAc n.d. — 4.0 mM — —

a MIC masarimycin 4.0 mM. b FIC index: o0.5 – synergistic; 40.5–1 – additive; 41–4 – indifference; 44 – antagonistic. c No MIC observed.
d MICapp for masarimycin in the presence of 3 mM GlcN.
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treatment. To pursue the feedback inhibition hypothesis, we
conducted checkerboard assays in the presence of GlcNAc and
MurNAc, two downstream sugar intermediates in PG biosyn-
thesis. In both cases, no alteration in Mas activity was observed.
This suggests that feedback inhibition is the the cause of the
observed GlcN sensitivity.

Discussion

Unravelling the physiological changes that give rise to the Mas
phenotype using a combination of chemical biology and
genetic approaches has highlighted the complexity of peptido-
glycan and cell wall metabolism. Based on negative staining
EM, genetic screening, and synergy/antagonism assays, our
data shows a connection between Mas treatment and the
disruption of proper FtsZ ring formation and localization. We
have shown that Mas inhibition of LytG results in a thickening
of the cell wall and roughening of the cell surface (Fig. 2 and 3)
and disruption of cell division and division plane (Fig. 2 and
Fig. S1), indicating that Mas impacts the divisome. Support for
this can be found in the observed synergy of Mas with the FtsZ
binding compounds curcumin and reversatrol. Thickening

poles (Fig. 2B and C) could arise from perturbations to the
activity of SepF, which binds to FtsZ and plays a role in
the correct assembly of the cross-wall septum (Fig. 7).60,61

Disrupted septum assembly and function is also supported by
the EM (Fig. 2) and HADA incorporation experiments (Fig. 4).
The increased fitness to Mas in the DminC mutant also impli-
cates FtsZ, as the localization of the FtsZ ring at the mid-cell is
in part controlled by MinC, which prevents FtsZ ring formation
at the poles and regulates the timing of cell division.62

Metabolic labelling with HADA in wild type and DlytG was
impaired in the presence of Mas, while in the DdacA strain
increases in HADA incorporation and distribution were
observed with Mas (Fig. 4B and C, Fig. S2). The Mas-induced
decrease in HADA incorporation in the DlytG strain could arise
from incomplete knockout of the gene, supported by the
residual GlcNAcase activity observed in DlytG. Further compli-
cating the genetic screen results is the finding that several of
the deletion strains also exhibit a decrease in exo-GlcNAcase
activity, suggesting that part of the cause in the observed
increased fitness is a decrease in the confirmed target LytG.
These results indicate that the phenotypes observed in single
genetic knockout strains are not necessarily the result of a
single gene but arise from more complex pleiotropic effects in

Fig. 7 Proposed mechanism of Mas-induced phenotypes through the inhibiton of the the exo-acting GlcNAcase LytG. Antiobiotics demonstrating
synergy with masarimcyn are shown in green while antagonistic relationships are shown in red; Bac: bacitracin, Van: vancomycin, Cef: cefoxitin, Amp:
ampicillin, Mas: masarimycin (A) Under normal growth conditions there is tight coordination between biosynthesis and degradation of PG. PG hydrolases
such as LytG release tension in the outer layers of the cell wall releasing soluble muropeptides this allows for the migration of the essential endopeptidase
LytE to migrate from the inner to the outer wall as the cell grows. This leaves the other essential endopeptidase CwlO as an integral part of the elongation
and divison complexes. (B) In the presence of masarimycin, LytG is inhibited preventing the release of tension in the outermost layers of the cell wall. This
prevents the outward migration of LytE as nacent PG is no longer pulled into the stress-bearing layers. This results in LytE being retained in the cell wall
synthetic complex, resulting in disregulated growth and division manifesting in part by changes in cross-linking through the activity of DacA and
D,D-transpeptidases (D,D-TP). Created in https://BioRender.com.
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response to the gene deletion. This highlights the cautionary
note that the lack of a simple 1-to-1 relationship between target
and inhibitor in observed outcomes can complicate the inter-
pretation of results from screening of cell wall active compounds
against single mutants.

Bacterial cell wall assembly during cell division and cell
growth is regulated by multiple-protein complexes – the division
complex (divisome) and the elongation complex (elongasome).
These complexes control the activity of various autolytic enzymes
required to cleave glycosidic or peptidic bonds during the growth
and remodeling of peptidoglycan. Our observations provide addi-
tional evidence for the link between autolysin activity and divisome
and elongasome activity. This link, which is well established for
the essential D,L-endopeptidases LytE and CwlO, highlights the
need for a tight balance between PG synthesis and hydrolysis.63

CwlO is activated by the membrane protein complex FtsEX,
requires the actin-like protein MbI for function, and is restricted
to the inner part of the cell wall. CwlO activity is tightly coordinated
with PG synthases.64

Unlike CwlO, LytE regulation is less well understood. At the
membrane, LytE is regulated in part by MreB and MreBH of the
cell division apparatus. LytE possesses a cell wall binding
domain that facilitates migration to the outer stress bearing
layers as the cell wall matures. It has been postulated that in
B. subtilis the autolysin LytE is a stress response factor that is
recruited to the elongation complex and interacts with MreB/
MreBH when cell expansion is compromised.64 In the absence
of LytE, CwlO acts as the major elongation endopeptidase,
with PG synthesis well-coordinated with turnover and normal
growth achieved. When LytE is the major endopeptidase in the
biosynthesis complex regular growth and turnover is impaired.

The data presented here shows that upon treatment with
Mas, B. subtilis experiences compromised cell expansion,
resulting in the activation of the cell wall stress response
(via alarmone (p)ppGpp). Since LytG is the major active GlcNA-
case during vegetative growth,21 we speculate that inhibition by
Mas results in impaired release of tension in the outermost
layers of the cell wall, impeding the outward migration of LytE
and keeping it sequestered to the inner portion of the cell wall.
Through inhibition of LytG there is an increase in cell wall
thickness and cross-linking, suggesting a reduction in the
release of tension through the hydrolysis of the outermost
layers of PG. Mas treatment also appears to be linked to DacA
and D,D-transpeptidase activity. This reduction in hydrolysis
prevents nascent PG from being pulled into the stress bearing
layers of the cell wall, which in turn could impede the outward
migration of LytE during growth. This would result in a
sequestering of LytE to the inner face of the cell wall, manifest-
ing in a dysregulation of the elongation complex with CwlO that
would lead to the defects observed in the electron microscopy
images.

Given that there is no change in total protein content,
membrane permeability, or nucleic acid synthesis (Fig. S4) up
to 2� the MIC of Mas, these observed alterations in the septal
ring localization are not a consequence of alterations in macro-
molecular synthesis or membrane permeability. Increased levels

of (p)ppGpp, as measured by relA transcript levels, result in a SigD
‘‘off‘‘ state, which has implications for cell chaining in B. subtilis37

and is likely influencing the Mas-induced sausage-link-like
phenotype and further impeding LytE outward migration. This
is further supported by our previous observation that deletion
of the SigD controlled autolysins LytD, LytC, and LytF result in
increased sensitivity to Mas.19 This ties into prior observations
that PG hydrolases are required for controlling the stiffness of
the Gram-positive cell wall.11 Increased levels of (p)ppGpp and
the corresponding decrease in GTP levels alleviates repression
of the global transcriptional regulator CodY.59 In addition to
activating branched chain amino acid synthesis59 CodY mod-
ulates clhAB2 operon which is involved in cell shape and
regulating autolytic acitivity in B. cereus.65 Based on our find-
ings, we propose that inhibition of LytG by Mas initiates a
cellular response of disregulated cell elongation and division
through a reduction in turnover of the outer layers of PG and
inability to release tension that results in the inability of LytE to
migrate to the outer wall.

Conclusion

PG metabolism is a tightly coordinated, spatially separated
system of biosynthetic and degradative processes. There are
several reports of compounds that inhibit the activity of glyco-
sidic autolysins (lytic transglycosylases, GlcNAcases) reported
in the literature.66–68 Mas is the first of these inhibitors to show
inhibition of bacterial growth. The application of the small
molecule inhibitor of the exo-GlcNAcase LytG, masarimycin, as
a chemical probe to investigate the role of LytG has provided
the first evidence for LytG involvement in the elongation and
division complexes. A possible mechanism for this involves
disruption of the migration of the essential endopeptidase LytE
to the outer cell wall (Fig. 7). Inhibition of autolytic activity on
the outer wall (i.e. LytG) releases tension allowing for newly
synthesized PG inserted into the wall to be pulled into the
stress bearing layer. This inhibition of tension release keeps
LytE on the membrane side of the cell wall in complex with the
elongation/division complex and the other essential endopep-
tidase CwlO resulting in disorganized elongation. This hypoth-
esis is supported by previous observations that single
knockouts in the autolysins LytD, LytC, and LytF act synergis-
tically with Mas inhibition of LytG, suggesting involvement of
these autolysins in releasing tension in the outer cell wall. This
is further supported by the observation of thickened and rough
cell wall in electron and atomic force microscopy.

Using both chemical biology and genetic approaches
we have identified interactions between LytG activity and key
players in cell wall elongation and division. Further, our
combined approach highlights the difficulty in elucidating
the mode-of-action of cell wall targeting molecules utilizing
solely a genetic approach. This is highlighted by the demon-
stration that deletion of cell wall metabolism and division
genes (pbpA, minC, dacA) impacts the levels of exo-GlcNAcase
activity, likely contributing to the increased fitness observed in
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genetic screens. These studies highlight the complex interactions
between cell wall biosynthesis and degradation and the coordina-
tion with the elongation and division machinery. While these
results do not completely elucidate the role of LytG in these
processes, it does clearly identify several lines of inquiry for
future studies.
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