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Binding Mechanism of the Peptidoglycan Hydrolase Acm2: Low Affinity,
Broad Specificity
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ABSTRACT Peptidoglycan hydrolases are bacterial secreted enzymes that cleave covalent bonds in the cell-wall peptido-
glycan, thereby fulfilling major physiological functions during cell growth and division. Although the molecular structure and func-
tional roles of these enzymes have been widely studied, the molecular details underlying their interaction with peptidoglycans
remain largely unknown, mainly owing to the paucity of appropriate probing techniques. Here, we use atomic force microscopy
to explore the binding mechanism of the major autolysin Acm2 from the probiotic bacterium Lactobacillus plantarum. Atomic
force microscopy imaging shows that incubation of bacterial cells with Acm2 leads to major alterations of the cell-surface nano-
structure, leading eventually to cell lysis. Single-molecule force spectroscopy demonstrates that the enzyme binds with low af-
finity to structurally different peptidoglycans and to chitin, and that glucosamine in the glycan chains is the minimal binding motif.
We also find that Acm2 recognizes mucin, the main extracellular component of the intestinal mucosal layer, thereby suggesting
that this enzyme may also function as a cell adhesion molecule. The binding mechanism (low affinity and broad specificity) of
Acm2 may represent a generic mechanism among cell-wall hydrolases for guiding cell division and cell adhesion.
INTRODUCTION
Peptidoglycan is a bacterial polymer made up of glycan
strands cross-linked by short peptides, which provides
remarkable mechanical strength to the bacterial cell wall
(1,2). Glycan chains are composed of repeating units of
the disaccharide N-acetylglucosamine-N-acetylmuramic
acid (GlcNAc-MurNAc), whereas interpeptide bridges are
classically made of alternating L- and D-amino acids
attached to N-acetylmuramic acids, the composition of
which varies from species to species. Peptidoglycan forms
a highly dynamic network that allows the cells to grow
and divide while maintaining their shape and integrity.
Peptidoglycan remodeling during cell division and growth
involves two machineries, one for elongation, the other for
division. The division machinery relies on various proteins,
among which peptidoglycan hydrolases, i.e., bacterial
secreted enzymes that cleave covalent bonds in the cell
wall peptidoglycan at specific times and sites during cell
growth (3,4). These enzymes are known to play a number
of crucial physiological functions, including the regulation
of cell-wall growth, the turnover of peptidoglycan during
growth, the separation of daughter cells during cell division,
and autolysis (4).

Four main classes of peptidoglycan hydrolases have been
distinguished, including the N-acetylglucosaminidases,
which hydrolyze the GlcNAc-MurNAc bond of the glycan
chains. A prominent example of N-acetylglucosaminidase
is Acm2, the major autolysin of the probiotic bacterium
Lactobacillus plantarum (5). Acm2 is a modular protein
composed of an N-terminal alanine-, serine-, and threo-
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nine-rich region (AST domain), a central catalytic domain,
and a C-terminal region made of five SH3b repeats previ-
ously shown to bind peptidoglycan (6,7). However, the bind-
ing mechanism (affinity, specificity) of the SH3b domain
remains poorly understood. In particular, the binding motif
recognized by SH3b is unclear, since several studies have
shown a predominant role of either interpeptidic bridges
or glycan strands (6–8). Also, whether the SH3b domain
is capable of binding targets other than peptidoglycans is
not known.

During the past years, atomic force microscopy (AFM)
has provided new insights into the molecular organization
and interactions of bacterial cell-wall constituents (9–11),
including peptidoglycans (12–14). In particular, single-
molecule force measurements enable researchers to manip-
ulate single-cell proteins, thereby offering a means to
measure their molecular elasticity, unfolding/refolding
pathways, and specific binding forces (15,16). Whether
AFM can unravel the binding strength, affinity, and speci-
ficity of Acm2 is the question we address here. AFM im-
ages of single L. plantarum cells show that Acm2 causes
major changes of the cell-surface structure, leading eventu-
ally to cell lysis. Single-molecule force measurements
reveal that the enzyme binds with low affinity to
L. plantarum cells, peptidoglycan purified from various spe-
cies, chitin, and mucin. Blocking experiments demonstrate
that glucosamine is the minimal binding motif. Collectively,
our results emphasize that Acm2 binds with low affinity and
broad specificity, a feature that could be common to pepti-
doglycan hydrolases of many probiotic and pathogenic
bacteria.
http://dx.doi.org/10.1016/j.bpj.2013.06.035
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FIGURE 1 Phenotype analysis and nanostruc-

tural imaging of the lytic activity of Acm2. (a

and b) Light (bright-field) microscopy images of

L. plantarum cells (CPS null mutant (CPS�))
before (a) and after (b) incubation with

40 mg mL�1 Acm2 in phosphate buffer at pH 5.8

for 2 h at 30�C without agitation. White arrows

in b show cell debris resulting from enzyme activ-

ity. (c and d). AFM deflection images recorded

with a silicon nitride tip, in contact mode, at a min-

imum applied force (<100 pN) for the pole (c) and

side walls (d) of CPS� cells after incubation with

40 mg mL�1 Acm2 in phosphate buffer for 2 h at

30�C. The inset in c shows an image of a non-

treated cell pole, as well as vertical cross sections

taken in height images of the poles of native (solid

line) and treated (dashed line) cells. White arrows

in d show nanoscale perforations in the septum re-

gion. Similar data were obtained with different

cells from independent cultures.
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MATERIALS AND METHODS

Bacterial strains and growth conditions

L. plantarumNZ7100 cells, as well as a capsular polysaccharide (CPS) null

mutant constructed by deleting the four gene clusters potentially involved in

CPS synthesis (17) were grown in Mann-Rogosa-Shape broth (Difco,

Franklin Lakes, NJ) at 30�C without agitation. Overnight cultures were har-

vested by centrifugation and washed three times in phosphate buffer at

pH 5.8. L. lactis recombinant strains were grown in M17 broth (BD Biosci-

ences, San Jose, CA) containing 0.5% glucose (M17-glucose) in the pres-

ence of chloramphenicol (10 mg mL�1) at 30�C. L. lactis strains NZ3900
(pGITR0014) and NZ3900 (pGITR0016) were used for the purification

of Acm2 and its deleted variant Acm2DSH3, respectively (18).
Acm2 production and purification

Acm2-tagged proteins were overproduced in L. lactis using the NICE sys-

tem (18). Expression was induced with Nisin A (Sigma-Aldrich, St. Louis,

MO) at a concentration of 2 ng mL�1. Bacteria were grown to mid-expo-

nential phase (OD600 ¼ 0.8) and harvested by centrifugation at 5000 � g

for 10 min at 4�C. The pellet was washed oncewith 50 mM potassium phos-

phate buffer, pH 8.0, and resuspended at an OD600 of 80 in 50 mM potas-

sium phosphate buffer, pH 8.0. Cells were lysed with glass beads using a

Precellys cell disrupter (Bertin Technologies, Aix en Provence, France) at

5000 rpm for 5 � 30 s and then centrifugated at 20,000 � g for 20 min

at 4�C. To obtain homogeneous preparations of the proteins, these were

subjected to two consecutive purifications. To this end, proteins were modi-

fied N-terminally by a His6-tag and C-terminally by a Strep-tag. They were

then purified successively by affinity chromatography on Ni2þwith the Pro-

Bond Purification System (Inivtrogen, Carlsbad, CA) and with the Strep-

Tactin-Superflow 1 mL columns (IBA, Goettingen, Germany) according

to the instructions of the manufacturers, followed by an overnight dialysis

step against phosphate buffer at pH 5.8. Protein concentration was
measured using the Bio-Rad (Hercules, CA) Protein Assay. The purity

and integrity of the tagged proteins were checked by sodium dodecyl sulfate

polyacrylamide gel electrophoresis before storing at 4�C.
Preparation of peptidoglycan, chitin, and mucin
surfaces

Peptidoglycans from Bacillus subtilis, Staphylococcus aureus, and Micro-

coccus luteus, chitin (from shrimp shells), and mucin (from porcine stom-

ach, type III) (all from Sigma) were covalently immobilized onto gold

substrates. Silicon wafers coated by thermal evaporation with a thin layer

of Cr (~5 nm) followed by a thin layer of gold (~30 nm) were cleaned

for 15 min by ultraviolet-ozone treatment, rinsed in ethanol, and dried

with N2. The clean substrates were immersed overnight in a 1 mM thiol so-

lution of 90% mercapto-1-undecanol and 10% mercaptohexadecanoic acid

(both from Sigma), rinsed in ethanol, briefly sonicated in ethanol solution,

and dried with N2. Substrates were then immersed for 30 min in a solution

of 10 g L�1 N-hydroxysuccinimide (NHS) and 25 g L�1 N-(3-dimethylami-

nopropyl)-N0-ethylcarbodiimide hydrochloride (EDC) (Sigma), rinsed with

MilliQ water (ultrapure water from Millipore (Elga LabWater); resistivity

of 18.2 MU$cm at 25�C), incubated for 1 h with a 100 mg mL�1 solution

of peptidoglycan or chitin, or 10 mg mL�1 solution of mucin, rinsed with

buffer, and immediately used.
AFM measurements

AFM images and force-distance curves were obtained in phosphate buffer

at pH 5.8 at room temperature unless otherwise stated, using a Nanoscope V

Multimode AFM (Bruker, Santa Barbara, CA). When working with live

bacteria, cells were immobilized by mechanical trapping into porous poly-

carbonate membranes (Millipore) with a pore size similar to the bacterial

cell size (19). Before use, membranes were maintained overnight at

110�C and then cooled at room temperature. After filtering a cell culture,
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FIGURE 2 Detecting and localizing single Acm2-peptidoglycan interac-

tions on whole cells. Adhesion-force maps (500 nm � 500 nm; gray scale,

100 pN) (a, c, and e), and adhesion-force histograms (n¼ 1024) (b, d, and f)

with representative force curves, recorded in buffer with an Acm2 tip on the

pole of a native CPS� mutant cell (a and b), and on the side wall of a CPS�

mutant cell before (c and d) and after (e and f) incubation with 100 mg mL�1

Acm2 for 1 h. Similar data were obtained in three independent experiments

using different tip preparations and cell cultures.
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the filter was gently rinsed with the buffer, carefully cut (1 cm� 1 cm), and

attached to a steel sample puck (Bruker) using a small piece of double face

adhesive tape. The mounted sample was transferred into the AFM liquid

cell with care taken to avoid dewetting. For single-molecule force measure-

ments, samples (live bacteria, model substrates) were first imaged using a

bare silicon nitride tip (MSCT, Bruker) under minimal applied force, after

which the tip was changed with an Acm2-functionalized tip (see below).

Adhesion maps on live cells were obtained by recording 32 � 32 force-dis-

tance curves on areas of a given size, calculating the adhesion force for each

force curve, and displaying the value as a gray pixel. For measurements on

model surfaces, the presence and homogeneity of biomolecular layers was

checked by imaging the substrate with a bare tip. The tip was then

exchanged with an Acm2-functionalized tip to perform force measurements

at different locations on the substrates. Inhibition experiments were per-

formed by injecting 1 mM solutions of the monosaccharides D-glucose,

D-glucosamine, N-acetyl-D-glucosamine, muramic acid, and N-acetyl mur-

amic acid (all from Sigma). Unless stated otherwise, all force curves were

obtained using a contact time of ~100 ms, a maximum applied force of 250

pN, and approach and retraction speeds of 1000 nm/s. To account for the

flexibility of the biomolecules, loading rates (pN s�1) were estimated by

multiplying the tip retraction velocity (nm s�1) by the slope of the rupture

peaks (pN nm�1). The spring constants of the cantilevers were measured us-

ing the thermal noise method (Nanoscope software version 7.30, Bruker).
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For force data analysis, we constructed adhesion force histograms and plots

by extracting the maximum adhesion force for each adhesive curve using

the Nanoscope software.

AFM tips were functionalized with Acm2 proteins in a random orienta-

tion, using ~6 nm long PEG-benzaldehyde linkers as described by Ebner

et al. (20). Cantilevers were washed with chloroform and ethanol, placed

in an ultraviolet-ozone cleaner for 30 min, immersed overnight in an etha-

nolamine solution (3.3 g ethanolamine in 6 mL of dimethylsulfoxide), then

washed three times with dimethylsulfoxide and two times with ethanol, and

dried with N2. The ethanolamine-coated cantilevers were immersed for 2 h

in a solution prepared by mixing 1 mg Acetal-PEG-NHS dissolved in

0.5 mL chloroform with 10 mL triethylamine, then washed with chloroform

and dried with N2. Cantilevers were further immersed for 10 min in a 1%

citric acid solution, washed with MilliQ water, and then covered with a

200 mL droplet of Acm2 solution (0.2 mg mL�1) to which 2 mL of a 1 M

NaCNBH3 solution were added. After 50 min, cantilevers were incubated

with 5 mL of a 1 M ethanolamine solution to passivate unreacted aldehyde

groups, then washed and stored in phosphate buffer.
RESULTS AND DISCUSSION

Acm2 induces major alterations of the
L. plantarum surface ultrastructure

Given its role in daughter cell separation and autolysis
(5,18,21,22), Acm2 is expected to alter the cell wall ultra-
structure. To address this issue, L. plantarum cells incu-
bated with free Acm2 were examined using optical
microscopy and AFM imaging. As peptidoglycan is
covered with a layer of polysaccharides in wild-type
(WT) L. plantarum (23), we used a mutant in which the
four gene clusters potentially involved in CPS synthesis
are deleted (Dcps1–4 strain) (17). Earlier phenotype anal-
ysis and AFM imaging showed that cell growth and cell
surface nanostructure of the CPS� mutant are similar to
those of the WT (17). In addition, this mutant strain was
recently shown to improve Acm2 binding due to a better
access to peptidoglycan (24). Optical microscopy images
revealed that incubation of CPS� mutant cells with a solu-
tion of Acm2 (40 mg mL�1, 2 h at 30�C) yielded many
ghost cells and cell debris, reflecting the lytic activity
of the enzyme (Fig. 1, a and b). High-resolution AFM im-
aging demonstrated that Acm2 had a profound impact on
the surface nanomorphology of the cells (Fig. 1, c and d).
Fig. 1 c shows that Acm2 induced a major increase of the
surface roughness of the poles, from ~1.5 nm to ~4.5 nm
(root-mean-square roughness on 500 nm � 500 nm
measured on height images; for comparison, the roughness
of nontreated WT poles was ~0.5 nm). Moreover, nanoscale
perforations were seen in the septum region that were
never observed on native cells (17). Similar structures
were reported for S. aureus at the onset of division and
attributed to regions of the cell wall having high autolytic
activity (25). Also, the increased roughness and pore forma-
tion are reminiscent of the effects observed by treating
S. aureus cells with lysostaphin, an enzyme that hydrolyzes
the pentapeptide cross-linkages of peptidoglycans (26).
Taken together, our AFM images demonstrate that Acm2



FIGURE 3 Strength and dynamics of the Acm2-

peptidoglycan interaction. (a) Strategy for

measuring the interaction between Acm2 and

peptidoglycan. Peptidoglycan purified from

B. subtilis was chosen, as it is structurally similar

to that of L. plantarum, with interpeptide bridges

composed of L-Ala, D-Glu, mesodiaminopimelic

acid (mDAP), D-Ala, and D-lactate as the last moi-

ety (22). Acm2 proteins were attached to AFM tips

using a polyethylene glycol linker, whereas pepti-

doglycan was covalently attached to carboxyl-

terminated surfaces via NHS/EDC chemistry. In

the schematic of the B. subtilis peptidoglycan

structure, red and orange represent GlcNAc and

MurNAc monosaccharides, respectively, whereas

green corresponds to the pentapeptide bridges.

(b) AFM height image (z ¼ 10 nm; a vertical cross

section taken in the center of the image is shown

beneath the image) recorded with a silicon nitride

tip documenting the presence of a smooth, homo-

geneous layer of peptidoglycan. To determine the

layer thickness (~1.3 nm), a small square area

was first scanned at large forces (>10 nN), after

which a larger image of the same area was re-

corded at smaller forces. (c) Adhesion-force histo-

gram, with representative force curves, recorded in

buffer between an Acm2 tip and a peptidoglycan

surface. The data shown correspond to 2000 force

curves obtained from six independent experiments

(different tips and substrates). (d) Similar experi-

ment in which the AFM tip was functionalized

with the deleted variant Acm2DSH3 instead of

the full-length Acm2 protein. (e) Dependence of

the adhesion force on the loading rate applied dur-

ing retraction (mean5 SE of n¼ 200 force curves

for each data point). (f) Dependence of the adhe-

sion frequency on the interaction time, measured

at a constant retraction speed of 1000 nm/s. To

build this plot, only the curves showing single-

molecule adhesion events were considered. Similar

loading-rate and interaction-time plots were ob-

tained in duplicate experiments using different

tips and substrates.
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causes substantial alteration of the cell wall, attributed
to peptidoglycan digestion and leading eventually to cell
lysis.
Acm2 binds to L. plantarum cells

Biochemical and microscopy studies have revealed that the
SH3b domain of Acm2 binds peptidoglycan (24), but the
molecular mechanisms of this interaction are not known.
We used single-molecule AFM with tips functionalized
with Acm2 to detect, localize and quantify single Acm2-
peptidoglycan interactions on L. plantarum cells. Fig. 2,
a–d shows adhesion force maps and histograms, with repre-
sentative force curves, recorded between the Acm2 tip and
the surface of CPS� mutant cells. A substantial proportion
(13%) of force curves showed adhesion events randomly
distributed across the surface, with no major difference
observed between the cell poles and the side walls (Fig. 2,
b and d). The adhesion-force histograms showed maxima
centered at 53 5 8 pN (mean 5 SD; n ¼ 1024 curves;
similar force values were obtained using three different
tips and cell cultures) and 59 5 9 pN on the poles and
side walls, respectively, which, for several reasons, we
believe reflects the rupture of single Acm2-peptidoglycan
complexes. First, the specificity of the interaction was
confirmed by showing a dramatic reduction of adhesion
probability when performing the same experiment in a solu-
tion containing 100 mg mL�1 of Acm2 (Fig. 2, e and f). Sec-
ond, the adhesion values are in the range of those obtained at
fairly comparable loading rates for other receptor-ligand
complexes (27). Third, binding strengths in the same range
were recently measured for the specific interaction between
peptidoglycan and the LysM motif present in the N-acetyl-
glucosaminidase AcmA from L. lactis (13,14). Fourth, we
observed very poor binding between Acm2 and the surface
of WT cells, confirming that in the WT, peptidoglycan is
Biophysical Journal 105(3) 620–629



FIGURE 4 Interaction between Acm2 and struc-

turally different peptidoglycans. (a and c) Structure

of the S. aureus (a) and M. luteus (c) peptidogly-

cans, emphasizing differences in interpeptide

bridges. (b and d) Adhesion-force histograms

(n ¼ 200), with representative force curves, re-

corded in buffer between Acm2 tips and

S. aureus (b) or M. luteus (d) peptidoglycans.

Similar data were obtained in duplicate experi-

ments using different tips and substrates.
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covered with an outer layer of polysaccharides (23). Taken
together, these observations suggest that Acm2 specifically
binds to surface-exposed peptidoglycan in L. plantarum
cells. Note that binding forces up to 100–150 pN were
sometimes observed, reflecting the simultaneous detection
of two or three molecules.
Dynamics of the Acm2-peptidoglycan interaction

To explore the dynamics and specificity of the Acm2 inter-
action, we measured the forces between the enzyme and
peptidoglycan purified from B. subtilis, which is structurally
similar to that of L. plantarum (Fig. 3 a) (22,28). Topo-
graphic imaging showed that the morphology of peptido-
glycan-coated surfaces was homogeneous and stable upon
repeated scanning, indicating strong attachment of the mac-
romolecules (Fig. 3 b). Imaging a small area at large force
removed the peptidoglycan layer and made it possible to
assess its thickness, which was ~1.3 nm (Fig. 3 b, open
square). Force-distance curves recorded at a retraction
speed of 1000 nm/s between Acm2 and B. subtilis peptido-
glycans (Fig. 3 c) showed substantial binding (7%) in the
form of single adhesion events with a magnitude of 56 5
23 pN and a rupture length of ~50 nm. Hence, binding sig-
natures were similar to those measured on L. plantarum
cells (Fig. 2). Given the length of the spacer molecule
(6 nm), the 50 nm rupture distances essentially reflect exten-
sion of the protein and/or peptidoglycan. In contrast, a trun-
cated version of Acm2 lacking the SH3b domain
Biophysical Journal 105(3) 620–629
(Acm2DSH3) showed very poor binding (1%), demon-
strating that this domain is essential for the Acm2-peptido-
glycan interaction (Fig. 3 d).

As specific binding forces between receptors and ligands
depend on the loading rate, i.e., the rate at which the force
is applied to the complex (27,29), we measured the Acm2
binding forces as a function of the loading rate. Fig. 3 e
shows that the mean adhesion force (F) increased linearly
with the logarithm of the loading rate (r), as observed for
other receptor-ligand systems (27,29), including peptido-
glycan-vancomycin (12) and peptidoglycan-LysM interac-
tions (13). The length scale of the energy barrier, xb, was
assessed from the slope, fb (1.1 5 0.2 � 10�11), of the F
versus ln(r) plot and found to be 0.37 nm, i.e., in the range
of values (0.2–1 nm) typically measured by single-mole-
cule AFM (27). Extrapolation to zero forces yielded rF¼0

(8.9 � 10�12) and, in turn, the kinetic off-rate constant of
dissociation at zero force: koff ¼ rF¼0 xb/kBT ¼ 0.8 s�1.
This fast off-rate suggests that Acm2 dissociates rapidly
from its substrate and thus that the interaction is highly
dynamic.

We also found that the binding frequency increased
exponentially with contact time, to reach a constant-value
plateau after only 0.5 s (Fig. 3 f), indicating that formation
of the Acm2-peptidoglycan bond is fast. The time depen-
dency may reflect the time necessary for conformational
changes within both molecules to achieve optimal fitting.
From this plot, we found the interaction time needed for
half-maximal probability of binding, t0.5, to be 0.17 s,
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which in turn allowed us to estimate the association rate
constant, kon ¼ t0.5

�1 NA Veff ¼ 1.6 � 103 M�1 s�1, where
Veff is the effective volume explored by the tip-tethered
Acm2 (approximated here to a half-sphere of 6 nm radius,
i.e., the spacer length). Considering the above rate con-
stants, we then estimated the equilibrium dissociation
constant to be KD ¼ koff/kon ¼ 0.5 mM. This value should
be considered with caution, considering the errors on the
dynamic force spectroscopy data. However, it is several or-
ders of magnitude larger than values obtained for other
protein-ligand systems like antibody-antigen or drug-
protein pairs (in the micromolar to nanomolar range), sug-
gesting that Acm2 binds peptidoglycan with low affinity.
The low binding affinity of Acm2 could enable the
enzyme to rapidly detach and bind new peptidoglycan
target sites, thus helping it to efficiently fulfill its enzy-
matic function.
FIGURE 5 Strength and dynamics of the Acm2-chitin interaction. (a)

Strategy for measuring the Acm2-chitin interaction. (b) AFM height image

(z¼ 15 nm; a vertical cross section taken in the center of the image is shown

beneath the image) recorded with a silicon nitride tip documenting the pres-

ence of smooth, ~1.6-nm-thick layer of chitin. (c) Adhesion-force histo-

gram (n ¼ 200) together with representative force curves, recorded in

buffer between an Acm2 tip and a chitin surface. (d) Same experiment per-

formed in the presence of 1 mM GlcNAc. (e) Dependence of the adhesion

force on the loading rate applied during retraction (mean5 SE). (f) Depen-

dence of the adhesion frequency on the interaction time, measured at a con-

stant retraction speed of 1000 nm/s. Only the curves showing single-

molecule adhesion events were considered. Similar plots were obtained

in duplicate experiments using different tips and substrates.
Acm2 binds to structurally different
peptidoglycans and to chitin

What is the substrate-binding specificity of Acm2? Does it
bind to structurally different peptidoglycans? Does it recog-
nize only the glycan chains, the peptide bridges, or both? To
answer these questions, we measured the binding forces be-
tween Acm2 and peptidoglycans purified from S. aureus and
M. luteus, both structurally different from the B. subtilis and
L. plantarum peptidoglycans. As can be seen in Fig. 4, the
binding properties (binding probability and binding
strength) were in both cases very similar to those observed
on the B. subtilis peptidoglycan. As repetition of the disac-
charide GlcNAc-MurNAc is a common part in the three
peptidoglycans, this finding suggests that Acm2 binds to
this component, the peptide stem residues playing no major
role in the interaction.

To confirm that the glycan backbone is the general struc-
ture bound by Acm2, we measured its interaction toward
chitin, a polymer of GlcNAc reminiscent of the glycan
chain of peptidoglycan (Fig. 5). Force-distance curves re-
corded at a retraction speed of 1000 nm/s between Acm2
and chitin (Fig. 5 c) showed a large fraction (21%) of sin-
gle binding events with a magnitude of 64 5 13 pN and
rupture length of 50–150 nm, which were essentially abol-
ished by addition of free GlcNAc monosaccharides (adhe-
sion frequency drops from 21% to 2%) (Fig. 5 d). In
addition, we observed a strong dependence of adhesion
force and adhesion frequency on the loading rate and inter-
action time, respectively. The slope, fb (1.1 5 0.2 �
10�11), and extrapolation to zero force, rF¼0 (9.2 �
10�12) enabled us to extract values for the energy barrier,
xb ¼ 0.38 nm, and the kinetic parameters koff ¼ 0.8 s�1,
kon ¼ 0.6 � 103 M�1 s�1, and KD ¼ 1.5 mM. These
data suggest that Acm2 binds to chitin and the glycan back-
bone of peptidoglycan with affinities that are in the same
range.
Glucosamine is the minimal binding motif of
Acm2

To determine the minimal binding motif recognized by
Acm2, we performed a series of inhibition experiments
using five monosaccharides of increasing structural
complexity: glucose (Glc); glucosamine (GlcN); muramic
acid (Mur), which is the ether between GlcN and lactic
acid; and the N-acetyl derivatives of GlcN and Mur, GlcNAc
and MurNAc. Fig. 6 shows that the adhesion frequency and
mean adhesion force measured for the Acm2-peptidoglycan
interaction were not altered by addition of Glc. By contrast,
addition of GlcN, Mur, GlcNAc, or MurNAc always led to a
dramatic reduction of adhesion frequency (from 92% to
99%), indicating that these sugars are equally bound by
Acm2. Because GlcN is the common part in these four
Biophysical Journal 105(3) 620–629



FIGURE 6 Inhibition experiments identify the

minimal binding motif of Acm2. (a) Adhesion-

force histogram (n ¼ 600) between an Acm2 tip

and a B. subtilis peptidoglycan surface recorded

in buffer. (b–f) Same type of data (n ¼ 600 in

each graph) obtained after blocking with structur-

ally related monosaccharides (1 mM) Glc (b),

GlcN (c), GlcNAc (d), Mur (e), and MurNAc (f).

For each experiment, the same results were ob-

tained in at least two independent analyses.
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sugars, and Glc had no effect on the interaction, we
conclude that GlcN is the minimal binding motif of
Acm2, and that the amino group on the glucose backbone
is of key importance for recognition.
Acm2 exhibits mucin-binding capacity

As mucin macromolecules that decorate host intestinal cells
are highly glycosylated and rich in GlcNAc and other amino
sugars (30), we postulated that Acm2 may also bind to this
glycopolymer. As can be seen in Fig. 7, force measurements
between Acm2 and mucin showed substantial binding
(12%), with a mean adhesion force of 43 5 6 pN, which
was abolished by addition of free GlcNAc. Varying the
loading rate (slope fb ¼ 1.2 5 0.3 � 10�11; length scale
of the energy barrier, xb ¼ 0.34 nm; and extrapolation to
zero force, rF¼0 (3.1 � 10�11) and interaction time enabled
us to determine the affinity of the Acm2-mucin interaction
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(koff ¼ 2.5 s�1, kon ¼ 3.0 � 103 M�1 s�1, and KD ¼
0.8 mM), which was quite similar to that of the peptido-
glycan interaction. Overall, the slopes and intercepts that
we obtained for the Acm2-peptidoglycan, Acm2-chitin,
and Acm2-mucin systems suggest that these interactions
have dissociation rates that are in the same range. Whether
the mucin-binding capacity measured here is of biological
relevance (e.g., cell adhesion function) remains to be
elucidated.
CONCLUSIONS

Despite the important role that peptidoglycan hydrolases
play in cell wall remodeling, the molecular details of their
interaction with peptidoglycan remain poorly understood.
Also, because there is increasing evidence that cell-wall hy-
drolases can play multiple roles (4,31–33), studying their
multifunctional nature is a topic of growing interest in



FIGURE 7 Acm2 exhibits mucin-binding prop-

erties. (a) Measuring the Acm2-mucin interaction.

(b) AFM height image (z ¼ 30 nm; a vertical cross

section taken in the center of the image is shown

beneath the image) recorded with a silicon nitride

tip documenting the presence of an ~2.6-nm-thick

layer of mucin. (c) Adhesion-force histogram (n ¼
250), with representative force curves, recorded in

buffer between an Acm2 tip and a mucin surface.

(d) Same experiment performed in the presence

of 1 mM GlcNAc. (e) Dependence of the adhesion

force on the loading rate applied during retraction

(mean 5 SE). (f) Dependence of the adhesion fre-

quency on the interaction time, measured at a con-

stant retraction speed of 1000 nm/s. Only the

curves showing single-molecule adhesion events

were considered. Similar plots were obtained in

duplicate experiments using different tips and sub-

strates.
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current cell-wall research. Addressing these issues is an
important step toward understanding the mechanisms by
which peptidoglycan hydrolases control cell division and
other cellular processes. To our knowledge, our single-
molecule experiments provide novel insights into the bind-
ing mechanism of Acm2, and, more specifically, into the
widely distributed (34), yet poorly understood, SH3b pepti-
doglycan-binding domain. Our main findings are as follows.
1), Consistent with its primary functional role, Acm2 causes
major nanoscale alterations of the L. plantarum cell wall
(increased roughness, septal erosion), leading eventually
to cell lysis. 2), Acm2, most likely via its SH3b domain, spe-
cifically binds to bacteria and to purified peptidoglycan with
low affinity (KD in the mM range). 3), Glucosamine is the
minimal binding motif, explaining why Acm2 binds to
structurally different peptidoglycans and to chitin. 4),
Acm2 also recognizes mucin, suggesting that in addition
to its role in cell-wall remodeling, it may also display an ad-
hesive function that could contribute to host colonization.
As many eukaryotic proteins are decorated with amino
sugars (35), we anticipate that Acm2 may bind to a broad
range of glycoproteins.

We believe that the binding mechanism (low affinity,
broad specificity) of Acm2 is of biological significance, as
it may greatly contribute to a definition of Acm2 activity.
On the one hand, like other peptidoglycan hydrolases,
Acm2 has to fulfill two complementary actions, i.e., specific
binding and hydrolysis of its substrate. Our finding that the
enzyme binds its target with broad specificity and low affin-
ity could be a widespread phenomenon among cell-wall hy-
drolases for regulating cell-wall remodeling during growth
and division. On the other hand, bacterial cell-surface pro-
teins mediate tight interactions between probiotics and their
hosts (36). That Acm2 shows mucin-binding capacity there-
fore suggests that it is involved in bacterial-host interactions
and is consistent with the fact that this enzyme is one of
the most abundant cell-surface-associated proteins in
L. plantarum (37).
Biophysical Journal 105(3) 620–629
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The broad functionality of Acm2 suggested here would
be consistent with the behavior of cell-wall hydrolases
from several bacterial pathogens, including S. epidermidis
AtlE and Aae (38), S. saprophyticus Aas (39), S. aureus
Aaa (40,41), and Listeria monocytogenes Ami (42). In these
enzymes, bacterial attachment is promoted by means of
LysM and GW repeat domains. As the SH3b domain is
widely distributed among probiotic and pathogenic species
(34), we suggest that the binding characteristics highlighted
here may represent a general mechanism among bacterial
hydrolases for guiding cell division and cell adhesion.
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