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Background: Autolysins ensure the plasticity of bacterial cell walls, and deletion leads to impaired cell clusters.
Results: High resolution structures of Staphylococcus aureus amidase AmiA shed light on peptidoglycan binding and cleavage.
Conclusion: AmiA distinguishes peptidoglycan mostly by the peptide, and cleavage is facilitated by a zinc-activated water
molecule.
Significance: These structures will inform strategies to develop new therapeutics against MRSA.

The bifunctional major autolysin AtlA of Staphylococcus aureus
cleaves the bacterium’s peptidoglycan network (PGN) at two dis-
tinct sites during cell division. Deletion of the enzyme results in
large cell clusters with disordered division patterns, indicating that
AtlA could be a promising target for the development of new anti-
biotics. One of the two functions of AtlA is performed by the
N-acetylmuramyl-L-alanine amidase AmiA, which cleaves the
bond between the carbohydrate and the peptide moieties of PGN.
To establish the structural requirements of PGN recognition and
the enzymatic mechanism of cleavage, we solved the crystal struc-
ture of the catalytic domain of AmiA (AmiA-cat) in complex with a
peptidoglycan-derived ligand at 1.55 Å resolution. The peptide
stem is clearly visible in the structure, forming extensive contacts
with protein residues by docking into an elongated groove. Less
well defined electron density and the analysis of surface features
indicate likely positions of the carbohydrate backbone and the
pentaglycine bridge. Substrate specificity analysis supports the
importance of the pentaglycine bridge for fitting into the binding
cleft of AmiA-cat. PGN of S. aureus with L-lysine tethered with
D-alanine via a pentaglycine bridge is completely hydrolyzed,
whereas PGN of Bacillus subtilis with meso-diaminopimelic acid
directly tethered with D-alanine is not hydrolyzed. An active site
mutant, H370A, of AmiA-cat was completely inactive, providing
further support for the proposed catalytic mechanism of AmiA.
The structure reported here is not only the first of any bacterial
amidase in which both the PGN component and the water mole-
cule that carries out the nucleophilic attack on the carbonyl carbon
of the scissile bond are present; it is also the first peptidoglycan
amidase complex structure of an important human pathogen.

Gram-positive, spherical staphylococci arrange in clusters
and colonize the skin or mucous membranes, causing severe
infections in infants, the elderly, transplantation patients, and
people suffering from immunocompromising diseases, such as
AIDS. Staphylococci are among the main causes of hospital-
acquired infections (1). Staphylococcus aureus and Staphylo-
coccus epidermidis are the most abundant human pathogens of
the Staphylococcus genus. Both species form a biofilm that pro-
tects them from the human immune system (2) and antibiotics
as well as contributing to persistent infections (3). In the case of
S. epidermidis, this multilayered polysaccharide matrix (4) is
responsible for infections of patients with implants, such as
intravasal catheters, prostheses, or pacemakers (2, 5). This may
require implant replacement and cause severe complications
for the affected patients (6). The biofilm of S. aureus primarily
serves as protection but also contributes to its pathogenicity (7).
S. aureus is responsible for a large number of life-threatening
infections that can result in diseases, such as endocarditis, men-
ingitis, pneumonia, septicaemia, and toxic shock syndrome (8).

Resistance against S. aureus is on the rise, posing a serious
threat to human health. There is therefore an urgent need for
the development of new antibiotics to control emerging meth-
icillin-resistant and vancomycin-resistant S. aureus strains
(MRSA3 and VRSA, respectively). Worldwide numbers are not
available, but with about 132,000 cases in Germany per year (9),
hospital-acquired MRSA currently accounts for �20% of all
staphylococcus infections (10), whereas in the early 1990s, the
MRSA fraction was only �1% (11). In high risk areas, such as
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intensive care units, the MRSA infection rate increases up to
37% (12), causing 5,000 deaths and leading to additional costs of
�380 million € (9) per year in Germany alone. In the United
States, annual S. aureus infections have reached 475,000,
275,000 of which are MRSA-related, with $1–10 billion in extra
expenses for the health care system and �11,000 to �19,000
deaths (13, 14). Targeting staphylococcal enzymes, critical for
survival and growth of the bacterium, represents an attractive
strategy for the development of new antibiotics.

Several hydrolytic enzymes ensure the plasticity of the staph-
ylococcal cell wall by processing the complex PGN network.
One of these, the major autolysin AtlA, is composed of two
enzymes with hydrolytic activity (an amidase (AmiA) and a glu-
cosaminidase (NAGase)) that cleave PGN at different locations
(15). In the precursor AtlA protein, the two catalytic functions
(cat) are each linked to targeting repeats (R1–R3) and also con-
nected to a propeptide and a signal peptide (Fig. 1A). Posttrans-
lational processing generates active AmiA and NAGase, which
both localize at the septal region (16), where they process staph-
ylococcal PGN during cell growth and division. S. aureus AtlA
deletion mutants show a severely impaired phenotype that is
unable to proliferate, forming large cell clusters instead (17).
These findings demonstrate the essential function of AtlA in
the S. aureus life cycle and also highlight a therapeutic potential
for specific inhibition of AtlA.

The staphylococcal Atl domain organization is highly con-
served in all of the species, with the amidase being the most
conserved domain. It has been shown that the Atl-based phy-
logenetic tree correlates well with the corresponding 16 S
rRNA- and core genome-based tree and represents a useful tool
for staphylococcal genus and species typing (18).

The catalytic domain of AmiA (referred to here as AmiA-cat)
is a zinc-dependent amidase that cleaves the amide bond
between the peptide stem and carbohydrate backbone of PGN
(16, 19, 20). The previously proposed mechanism for hydrolysis
of the lactyl-alanine bond was based on in silico docking studies
of the homologous catalytic domain AmiE from S. epidermidis
(19). Further data from structures of a homologous protein
originate from Escherichia coli (21). Consequently, detailed
structural information on amidase-PGN interaction in Gram-
positive bacteria is limited to date.

To determine the specificity of recognition and the mecha-
nism of catalysis of AmiA-cat, we determined crystal structures
of the enzyme in the absence (Fig. 1B) and presence (Fig. 2A)
of the muramyltetrapeptide MurNAc-L-Ala-D-iGln-L-Lys-
NHAc-D-Ala-NH2 (MtetP), a ligand that includes the previ-
ously characterized minimal ligand for the S. epidermidis ami-
dase (muramyltripeptide) (19). Both structures were solved to
high resolution, and they unambiguously establish the specific-
ity of interaction as well as the reaction mechanism used by this
essential cell wall enzyme. Our results form an excellent basis
for the design of new antibiotic lead structures.

EXPERIMENTAL PROCEDURES

Molecular Biology—The cDNA coding for AmiA-cat (resi-
dues 199 – 421) was cloned into a pGEX-4 –3T vector for
expression. The expressed protein contains an N-terminal GST
tag fused to AmiA-cat with a six-amino acid thrombin-cleav-

able linker. Active site mutants were created using site-directed
mutagenesis as described in the QuikChange� protocol (22).

Protein Expression and Purification—Proteins were expressed
in E. coli BL21 (DE3). After induction, cultures were incubated
for 72 h at 20 °C. Harvested cells were then resuspended in
buffer (150 mM NaCl, 50 mM Tris, pH 8.0) supplemented with
PMSF and Roche Applied Science Complete protease inhibitor
mix. Filtered cell lysate was loaded onto a 5-ml GSTrap FF
column (GE Healthcare). 100 units of thrombin were added for
on-column overnight cleavage at 20 °C and release of the fusion
protein. Size exclusion chromatography removed the remain-
ing small impurities and aggregates from the protein. Purity
was confirmed by SDS-PAGE and MALDI-MS.

Protein Crystallization—AmiA-cat crystals belong to space
group C2 and contain two protomers in the asymmetric unit,
giving rise to a solvent content of 41.2%. Crystals were grown
using the hanging drop vapor diffusion method at 20 °C. 1 �l of
protein solution (11 mg/ml) was mixed with 1 �l of a well solu-
tion containing 0.1 M MES/imidazole buffer at pH 6.5 and a mix
of sodium formate, ammonium acetate, sodium citrate, race-
mic sodium/potassium tartrate, and sodium oxamate at con-
centrations of 0.02 M each as well as 12.5% (w/v) PEG 1000,
12.5% (w/v) PEG 3350, and 12.5% (w/v) 2-methyl-2,4-pen-
tanediol (Molecular Dimensions). Microseeding improved
crystal quantity and quality. In order to obtain catalytically
inactive enzyme, the AmiA-cat crystals were first incubated for
72 h in well solution supplemented with 20 mM EDTA to
remove the active site zinc ion. For complex formation, crystals
were next soaked for 60 h in well solution containing 20 mM

EDTA and 20 mM MtetP. Crystals yielding a complex belong to
space group P21 with four protomers in the asymmetric unit
and similar solvent content. All crystals could be directly flash-
frozen in liquid nitrogen because the well solutions contained
sufficient cryoprotectant.

X-ray Diffraction—All data were collected at 100 K on
PILATUS detectors using synchrotron radiation at beamlines
X06DA and X06SA of the Swiss Light Source in Villigen,
Switzerland.

Structure Determination—Indexing, integrating, and scaling
were done with the XDS software package (23). Molecular
replacement for all AmiA-cat structures was performed with
PHASER (24, 25). Initial phases for AmiA-cat were determined
with an AmiE search model (Protein Data Bank accession code
3LAT, 81% identity). The refined AmiA-cat structure was then
used to solve the ligand structure by molecular replacement.
Model building, refinement, and validation were performed
with Coot (26, 27), the CCP4 suite (28 –31), Phenix (32), and the
MolProbity Web page (33). The coordinate and parameter files
for MtetP were obtained from the PRODRG2 server (34). Sim-
ulated annealing (Phenix) was performed to remove model bias
for the ligand structure, especially in the active site. The ligand
was then added manually and modeled according to difference
or simulated annealing omit density maps in Coot. The final
structures contain almost all of the 223 residues, with the
exception of 13–15 poorly ordered N-terminal and 1– 4 C-ter-
minal amino acids. Figures were generated with PyMOL (35),
and electrostatic potentials were calculated with PBD2PQR and
APBS 2.1 (36), implemented in PyMOL.

High Resolution Complex Structure of S. aureus Amidase AmiA

11084 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 16 • APRIL 18, 2014



Purification of Peptidoglycan—PGN was isolated from S. aureus
SA113 (37) or Bacillus subtilis ATCC 6051 using the method of
de Jonge et al. (38) with some modifications. Briefly, cells were
grown to A578 nm of 0.6 and harvested by centrifugation at
3,000 � g for 30 min, boiled with 5% SDS for 30 min, and broken
with glass beads. Insoluble PGN was harvested by centrifuga-
tion at 30,000 � g for 30 min and washed several times with
lukewarm water to remove SDS. Broken cell walls were sus-
pended in 100 mM Tris-HCl, pH 7.2, treated with 10 �g/ml
DNase (Sigma) and 50 �g/ml RNase (Sigma) for 2 h, and sub-
sequently treated with 100 �g/ml trypsin for 16 h at 37 °C. To
remove wall teichoic acid, the PGN preparations were incu-
bated with 48% hydrofluoric acid for 24 h at 4 °C while stirring.
PGN was harvested by centrifugation at 30,000 � g for 30 min
and washed several times with water until complete removal of
hydrofluoric acid. The final PGN product was lyophilized.

Preparation and HPLC/MS Analysis of PGN—Purified PGN
(5 mg) was resuspended in 1 ml of 25 mM sodium phosphate
buffer (pH 6.8) and digested with mutanolysin for 16 h at 37 °C.
The enzyme reaction was stopped by boiling the sample for 5
min at 95 °C, and insoluble contaminants were removed by cen-
trifugation. 50 �l of AmiA-cat, AmiA-H370A, or AmiA gel fil-
tration buffer as a negative control were added to 100 �l of
mutanolysin-digested PGN and incubated overnight at 37 °C
while stirring. HPLC separation of digestion products was car-
ried out on a reversed-phase column (Poroshell 120 EC-C18
4.6 � 150 mm, 2.7 �m; Agilent Technologies, Waldbronn, Ger-
many) fitted with a poroshell EC-C18, 4.6-mm guard column
using an Agilent 1200 system operating ChemStation software.

HPLC was performed using a linear 150-min gradient from
100% HPLC-buffer A (100 mM sodium phosphate, pH 2.2, and
5% methanol) to 100% HPLC-buffer B (100 mM sodium phos-
phate, pH 2.8, and 30% methanol) with a column temperature
of 52 °C. Detection was made at 205 nm. Samples were pre-
pared by mixing 100 �l of the product with an equal volume of
0.5 M sodium borate buffer (pH 8.0) containing freshly dissolved
sodium borohydride (10 mg/ml) and reduced for 30 min at
room temperature. The reaction was stopped, and excess boro-
hydride was deactivated by lowering the pH to �3 using 20%
phosphoric acid. 100 �l of the prepared sample was injected.

LC/MS analysis of these samples was performed with an Agi-
lent HPLC-electrospray ionization-MS system (LC/MSD Ultra
Trap System XCT 6330), using a gradient of A (H2O with 0.1%
formic acid) and B (0.06% formic acid in acetonitrile) as follows:
0 –10% B:A over 25 min, 10% B to 27 min, and 100% B to 30 min
at 0.4 ml min�1 at 40 °C on a Nucleosil 100 C18 3 �m column
(100 � 2-mm inner diameter) with a precolumn (10 � 2-mm
inner diameter, Dr. Maisch, Ammerbuch, Germany). Detection
of m/z values consistent with AmiA-cat digestion products was
conducted using Agilent Data Analysis for 6300 Series Ion Trap
LC/MS 6.1 version 3.4 software (Bruker-Daltonik GmbH).

RESULTS

Overall Structures of Unliganded and MtetP-bound AmiA-cat—
The structures of unliganded and liganded AmiA-cat were
determined at high resolution (1.12 and 1.55 Å, respectively,
Table 1), allowing us to analyze their salient features with con-
fidence. The proteins adopt a globular, mixed �/� fold that is

highly similar to that of the previously reported unliganded
AmiE-cat structure (19). Essential features of this fold are seven
�-helices that surround a central six-stranded �-sheet (Fig. 1B).
The rear of the �-sheet is shielded by two long �-helices,
whereas its front is solvent-accessible and forms the bottom of
a recessed groove. In the case of unliganded AmiA-cat, one end
of this groove accommodates a zinc ion that is required for
catalysis. Residues His-265, His-370, and Asp-384 directly
coordinate the zinc ion (Fig. 1B), and nearby residues Glu-324
and His-382 are positioned to participate in catalysis. To pro-
duce a complex with MtetP, the zinc ion was first removed by
treatment of the AmiA-cat crystals with EDTA, followed by
extensive soaking with MtetP (see “Experimental Procedures”).
Ligand binding was confirmed by a simulated annealing omit
density map that displays unbiased electron density for MtetP
over the entire tetrapeptide and as far as the N-acetylmuramic
acid (MurNAc) moiety of the ligand. The tetrapeptide portion
of MtetP is well defined by electron density (Fig. 2B), showing
that this part of the ligand binds in an extended conformation to
the recessed groove. The lactate moiety of MurNAc linking the
peptide to the carbohydrate as well as the cyclic MurNAc moi-
ety are less well ordered, suggesting higher mobility due to
fewer defined interactions. These differences in mobility are
reflected in the B-factor distribution of the ligand (Fig. 2B). The
MtetP-bound AmiA-cat crystals contain four molecules in
their asymmetric unit, only two of which contain fully occupied
ligand binding sites. The flexible, cyclic MurNAc moiety pre-
sented sufficient electron density for model building in both
copies. The binding sites of the remaining two molecules are
less accessible due to smaller solvent channels. As a result, they
contain electron density features that suggest only partially
bound ligand.

With the exception of the active site region, unliganded and
liganded AmiA-cat exhibit no structural differences. The two
structures can be superimposed with a root mean square devi-
ation of 0.2 Å (DaliLite pairwise (39)) onto each other, demon-
strating that ligand binding does not induce larger structural
changes.

Interactions of AmiA-cat with MtetP—Inspection of the
structure of AmiA-cat in complex with MtetP reveals a sophis-
ticated interaction network that significantly extends knowl-
edge derived from earlier in silico docking (19). The tetrapep-
tide backbone of MtetP is anchored into the binding groove
along its entire length via several direct or water-mediated
hydrogen bonds to protein residues (Fig. 3). In addition, all four
amino acid side chains of MtetP (L-Ala, D-iGln, L-Lys-NHAc,
and D-Ala-NH2) are also involved in individual contacts with
the protein, accounting for specificity. These interactions are
detailed in Fig. 3 and summarized below.

The methyl side chain of the first amino acid of MtetP, L-Ala,
inserts into a small hydrophobic pocket formed by residues
Ala-288 and Val-290 (Fig. 3, A and C). The methyl group of
L-Ala is also only 4.4 Å away from the C� carbon of the con-
served Gly-311. Lack of a side chain at position 311 contributes
to specificity because even a medium sized side chains would
lead to clashes with the L-Ala group.

The short amide side chain of D-isoglutamine (D-iGln), which
is a key determinant of ligand binding (20), projects into a shal-
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low pocket and forms direct hydrogen bonds with the hydroxyl
group of Thr-380 and N� of His-370, as well as two water-
mediated hydrogen bonds to Asp-381 (Fig. 3, B and C). The side
chain of His-382 seals the pocket on one side, whereas Thr-380
is located at the other end.

The side chain of the third amino acid, L-Lys, is acetylated
(L-Lys-NHAc) in MtetP to approximate the physiologic state of
this residue in PGN, where it is linked to additional glycine
residues (see Fig. 7A). Specificity of recognition derives primar-
ily from hydrophobic interactions between the aliphatic side
chain of L-Lys-NHAc and the side chain of Trp-310. The entire
lysine side chain lies parallel to the large indole ring of Trp-310,
with distances below 4 Å (Fig. 3B). In addition, a water molecule
(Wat-7) bridges the carbonyl oxygen of D-Ala and N� of L-Lys-
NHAc, thus helping to fix the orientation of the lysine side
chain. Similarly, the peptide oxygen of Lys-NHAc forms a
water-mediated (Wat-1) hydrogen bond with Asn-317.

The fourth residue, D-Ala-NH2, is engaged in backbone
hydrogen bond formation, but its side chain is at least partially
exposed to solvent. The terminal amide group of D-Ala-NH2
participates in a network of water-mediated hydrogen bonds
that help to fix its orientation with respect to the protein and
the preceding L-Lys-NHAc side chain (Fig. 3, B and C). These
interactions would still be possible in the context of either a
pentaglycine bridge or a free carboxyl terminus.

The carbohydrate moiety of MtetP engages in fewer interac-
tions with AmiA-cat than the peptide moiety, resulting in its

higher flexibility. The N-acetyl oxygen of MurNAc forms an
intramolecular hydrogen bond with the L-Ala nitrogen and via
Wat-4 water-mediated contacts to AmiA-cat. The NAc-methyl
group inserts in the hydrophobic portion (Ala-288, Val-290,
and Phe-293) of the otherwise hydrophilic binding pocket (Fig.
3, A and C). Only Thr-267, Asn-269, and Glu-277 directly bond
with MurNAc. Interestingly, the anomeric carbon is in �-con-
figuration instead of �-configuration.

Active Site—The bound zinc ion in the unliganded structure
marks the center of the active site of the enzyme (Fig. 1B). The
ion is coordinated by the side chains of His-265, His-370, and
Asp-384, with a water (Wat-10) completing its almost perfect
tetrahedral coordination sphere. Although the zinc had to be
removed to prepare the complex with MtetP, its position can be
reliably inferred from superposition. Inspection of the unligan-
ded and liganded structures shows two water molecules (Wat-9
and Wat-10) in each case, at most shifted by 1 Å. Wat-9 is
located next to the position of the zinc ion, as well as Wat-10.
Coordination of Wat-9 involves His-370, Asp-384, and Wat-10
(Fig. 3A). A fourth hydrogen bond is formed between Wat-9
and the carbonyl group of the scissile amide bond between
L-Ala and the lactate of MurNAc in the ligand (Fig. 3, A and C).
The high mobility or partial occupancy of Wat-9, indicated by a
high B-factor, make a vital role unlikely. However, it may sup-
port stabilization of intermediate states during catalysis. The
scissile bond is positioned directly adjacent to Wat-10, suggest-
ing that the reaction mechanism proceeds by a Wat-10-medi-

TABLE 1
Data collection and refinement statistics for AmiA-cat (Protein Data Bank code 4KNK) and liganded AmiA-cat (Protein Data Bank code 4KNL)
Values for the highest resolution bin are given in parentheses.

Parameters AmiA-cat Liganded AmiA-cat

Beamline X06DA (PX III) X06SA (PX I)
Space group C2 P21
Cell dimensions (Å) a � 96.9, b � 81.7, c � 68.7 a � 67.7, b � 82.8, c � 77.6

� � � � 90°. � � 128.8° � � � � 90°. � � 95.9°
Wavelength (Å) 1.00000 1.00605
Detector Pilatus 2M Pilatus 6M
Resolution (Å) 50-1.12 (1.15-1.12) 50.0-1.55 (1.59-1.55)
Measured reflections 885,445 (14,326) 442,448 (27,121)
Unique reflections 146,370 (6,937) 122,742 (8,927)
Rmeas (%) 4.7% (60.3%) 6.5% (82.3%)
Completeness (%) 92.6% (59.7%) 99.5% (98.1%)
Redundancy 6.0 (2.0) 3.6 (3.0)
I/� (I) 21.1 (1.8) 13.9 (1.7)
CC1/2 (%) 100 (71.7) 99.9 (69.7)
Resolution (Å) 40.9-1.12 48.2-1.55
Rwork/Rfree 12.09/13.89 17.12/19.81
No. of atoms 3,894 7,321

Protein 3,318 6,531
Water 535 630
MtetP 102
Zn2� 2
Others 39 58

B-Factors (Å2)
Wilson 13.7 24.5
Mean 16.9 (7.9–41.8) 25.9 (11.9–69.9)
Protein 15.1 (7.9–38.8 ) 25.3 (11.9–69.9)
Water 27.9 (9.0–41.8) 33.1 (14.8–55.9)
MtetP 36.7 (18.0–61.5)
Zn2� 12.5 (12.2–12.8)
Others 27.8 (11.0–38.7) 37.0 (18.8–53.0)

Root mean square deviations
Bond length (Å) 0.009 0.012
Bond angles (degrees) 1.389 1.380

Ramachandran plot
Most favorable (%) 97.4 97.6
Allowed (%) 2.6 2.4
Disallowed (%) 0.0 0.0
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ated nucleophilic attack. Two residues, Asp-266 and Glu-324,
lie next to Wat-10 and probably serve to enhance its nucleophi-
licity, thus favoring an attack on the lactyl amide bond. The
carbonyl atom of the scissile amide bond of MtetP is hydrogen-
bonded to His-382, which helps to orient the lactic acid moiety
in the active site. We note that the His-382 side chain has dif-
ferent orientations in the unliganded and liganded AmiA-cat
structures.

Putative Reaction Mechanism—The architecture of the active
site and the observed interactions between protein and sub-
strate are very much consistent with a reaction mechanism in
which Wat-10 attacks the scissile bond. This water is hydrogen-
bonded to the Asp-266 carbonyl and Glu-324 carboxyl groups,
which would lead to both hydrogens of Wat-10 facing toward
these residues and the free electron pairs of the Wat-10 oxygen
facing toward zinc and the bond connecting the lactyl and pep-
tide moieties (Fig. 4A). The likely role of the zinc ion is to polar-
ize the oxygen of Wat-10, rendering it more reactive. The
remaining free electron pair of the Wat-10 oxygen would then
be able to perform a nucleophilic attack on the scissile bond of
MtetP. His-382 could provide a proton for stabilization of the
resulting oxyanion, whereas Glu-324 could accept a hydrogen
from Wat-10 (Fig. 4B). Stabilization of the tetrahedral interme-
diate would involve the zinc ion and N� of His-382, which could
each interact with one of the resulting hydroxyl groups as well
as the side chains of Asp-266 and Glu-324. In the next step, the

tetrahedral intermediate again forms a carbonyl group but with
the peptide moiety as the leaving group rather than the previ-
ously attacking water molecule, leading to the separation of the
carbohydrate and peptide moieties of PGN (Fig. 4C). At the
same time, the N terminus of the new peptide is poised to
accept a hydrogen from Glu-324, whereas His-382 can accept a
hydrogen atom from the tetrahedral intermediate. Finally, the
cleavage products are released from the active site (Fig. 4D).

Implications for PGN Binding and Cleavage—The MtetP
compound is a substrate for AmiA-cat, which cleaves large
PGN structures in its physiologic setting. It is possible and
indeed likely that additional contacts between PGN compo-
nents and AmiA-cat exist and that the interactions between
PGN and AmiA-cat are somewhat more complex than depicted
here. Nevertheless, analysis of surface properties provides at
least some clues as to how AmiA-cat would engage components
of PGN that extend beyond the muramyltetrapeptide (i.e. the
MurNAc-GlcNAc glycan polymer and the pentaglycine bridge)
(Fig. 5A).

A number of residues largely conserved among bacterial ami-
dases (Fig. 5, B and C) define the spacious carbohydrate binding
pocket. Thr-267 and Glu-277 together with Met-281 and Phe-
293 form the bottom of the pocket, whereas Tyr-280 on one
side and Ala-268, Asn-269, and Ser-273 on the other side
enclose the carbohydrate and form the lateral edges. Analysis of
the complex shows that MurNAc does not engage in many spe-
cific contacts on its own. Based on chemical and geometric
restraints, we therefore modeled a plausible conformation of
GlcNAc-MurNAc-GlcNAc in the carbohydrate pocket (Fig.
5A), which is concurrent with a previously proposed three-di-
mensional structure of PGN (40) and nicely follows the carbo-
hydrate groove. Steric constraints lead to a minor shift of
MurNAc out of the binding pocket in the presence of �-1,4-
linked GlcNAc molecules. Hydrogen bonds formed with O1 of
MurNAc fall away in this model, whereas hydrophobic interac-
tions and hydrogen bonds of the NAc moiety remain. Never-
theless, only the oxygen atoms O6 of preceding and succeeding
GlcNAc may each form additional hydrogen bonds (preceding
GlcNAc with His-382 or Wat-5 and succeeding GlcNAc with
Gly-276, Glu-277, and Wat-66; data not shown). Physiologi-
cally, weaker interactions with MurNAc and the glycan strand
make sense because the enzyme achieves its specificity through
engagement of the tetrapeptide stem and must dissociate from
the PGN after cleavage has occurred.

Investigation of the electrostatic surface of AmiA-cat gives
two plausible orientations in terms of uncharged contact area
for the pentaglycine bridge linked to L-Lys in PGN (Fig. 5A),
although C� and N� would not superimpose with the complex.
In both cases, glycines would be able to loosely interact with
conserved (Fig. 5B) and uncharged AmiA-cat surface residues.
Previous data showed that the presence or absence of the gly-
cine bridge has little effect on catalysis (19, 20), indicating that
interactions of the glycines with AmiA-cat contribute little
binding energy. Nonetheless, the pentaglycine bridge is most
likely important for specificity.

Substrate Specificity—In order to relate the structural data to
functional experiments, we investigated wild-type AmiA-cat
and an active site mutant AmiA-H370A for its ability to digest

FIGURE 1. Prepro-AtlA holoenzyme and structure of AmiA-cat. A, domain
arrangement of AtlA with sites of post-translational cleavage indicated by
arrows. SP, signal peptide; PP, propeptide; cat, catalytic domain; R, repeat
domain. This figure was adapted and modified from Ref. 19. B, mixed �/� fold
of unliganded AmiA-cat in a schematic representation with a transparent sur-
face. The zinc ion (orange) and its coordinating residues (dark gray) are
highlighted.
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PGN from S. aureus as well as B. subtilis. Both PGN structures
were first predigested with mutanolysin, which cleaves the gly-
cosidic bond between GlcNAc and MurNAc, to facilitate the

digestion. AmiA-cat completely hydrolyzed S. aureus PGN,
whereas the AmiA-H370A mutant was inactive (Fig. 6, A–C).
Analysis by HPLC shows that the main product generated by

FIGURE 2. AmiA-cat in complex with MtetP. A, AmiA-cat (semitransparent gray surface) bound MtetP (yellow sticks) in the active site. B, the close-up on MtetP
surrounded by omit density illustrates that the ligand is well defined. Still, the B-factor distribution of MtetP displays the elevated flexibility of its MurNAc
moiety. The difference omit map is shown at a � level of 2.0, and the color scale for B-factors ranges from blue (20 Å2) to red (50 Å2).

FIGURE 3. Interactions between AmiA-cat and MtetP. A, interactions of AmiA-cat with the MurNAc moiety and L-Ala of MtetP at the active site. The zinc ion from the
native structure (orange sphere) is superimposed on the AmiA-cat complex (gray) with MtetP (yellow). B, close-up of the interactions of the peptide moiety of MtetP with
AmiA. C, ChemSketch (57) plot of interactions between MtetP and AmiA-cat. Van-der-Waals interactions are depicted as green arcs, and hydrogen bonds are shown as
black dashed lines. Coordination of Wat-9 involves His-370, Asp-384, and Wat-10 and a hydrogen bond with the carbonyl oxygen of the scissile amide bond in the
ligand, which itself is positioned by interaction with His-382. Wat-10 lies next to Asp-266, Glu-324, Wat-9, and the carbonyl carbon of the scissile bond. MurNAc forms
an intramolecular and four further hydrogen bonds with Glu-277, Thr-267, and Asn-269. Hydrophobic interactions of the methyl groups involve Ala-268 and Phe-293,
respectively. L-Ala inserts into a small hydrophobic pocket formed by residues Ala-288 and Val-290. The amide side chain of D-iGln forms direct hydrogen bonds with
Thr-380 and His-370 as well as two water-mediated hydrogen bonds to Asp-381. The carbonyl oxygen bonds with Gly-313 and Asn-317. L-Lys is stabilized by
interactions with Asn-287 as well as Asn-317, whereas the acetylated side chain engages in hydrophobic interactions with Trp-310. A water (Wat-7 (w7)) bridges N� of
L-Lys-NHAc and the carbonyl oxygen of D-Ala, which engages additional water-mediated interactions with AmiA-cat residues Asn-287, Ala-314, and Gly-379.
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AmiA-cat is the disaccharide GlcNAc-MurNAc, with a mass of
m/z 496 (Fig. 6, B and F). Interestingly, the intensity of the
GlcNAc-MurNAc peak (Fig. 6B) represents the sum of the PGN
oligomers seen in Fig. 6A, indicating that �95% of the PGN
substrate was digested.

In contrast to S. aureus, B. subtilis PGN could not be hydro-
lyzed by AmiA-cat (Fig. 6, D and E). The major differences in
PGN structure of S. aureus and B. subtilis are illustrated in Fig.
7. B. subtilis incorporates D-isoglutamic acid into the peptide
linking the glycan chains (Fig. 7B), whereas S. aureus converts
this amino acid to D-iGln (Fig. 7A). It is, however, unlikely that
this difference is solely responsible for the inability of AmiA-cat
to cleave B. subtilis PGN because the homologous AmiE
enzyme still hydrolyzed synthetic substrates composed of
MurNAc-L-Ala-D-iGlu-L-Lys, albeit with lower efficiency (20).
We consider it more likely that two other alterations in the
PGN structures are responsible for the observed difference in
activity. The B. subtilis PGN carries a meso-diaminopimelic
acid (meso-DAP), which has an amidated �-carboxylate and a
free �-carboxylate and also features a directly cross-linked pep-
tide stem (Fig. 7B), without the pentaglycine bridge found in the
S. aureus PGN. These two major differences probably prevent a
proper fit of the B. subtilis PGN structure into the binding cleft
of AmiA-cat.

DISCUSSION

We have determined high resolution structures of the cata-
lytic region of the S. aureus amidase AmiA in its unliganded
form and in complex with a compound that includes MurNAc
and the tetrapeptide L-Ala-D-iGln-L-Lys-D-Ala. To crystallize
the wild-type enzyme in complex with ligand while avoiding
cleavage, it proved critical to first remove the catalytic zinc ion
through extensive incubation with EDTA and then soak crys-
tals with ligand, whose high concentrations reflect the environ-
ment in PGN. Analysis of the two structures provides insights
into the parameters that govern specificity as well as the cata-
lytic mechanism.

AmiA-cat folds into a compact structure with a long, exposed
ligand binding groove that appears ideally suited to access its
specific cleavage sites within the dense, highly cross-linked
PGN structure. In addition to the catalytically active AmiA-cat
domain, the mature enzyme also contains four repeat domains
(Fig. 1A). Analysis of the highly homologous S. epidermidis
amidase has shown that these repeats probably anchor the pro-
tein to lipoteichoic acid protruding from the staphylococcal cell
wall (41). Importantly, the repeats are flexibly linked to the cat-
alytically active domain, allowing cleavage to proceed effi-
ciently (41). The position of the bound MtetP ligand sheds light

FIGURE 4. Proposed reaction mechanism of AmiA. A, Wat-10 (w10) is hydrogen-bonded to Asp-266 and Glu-324, and its free electron pairs face toward the
scissile bond. Zn2� is complexed by His-265, His-370, and Asp-384 and probably renders Wat-10 more reactive, enabling a nucleophilic attack. B, tetrahedral
intermediate is stabilized by hydrogen bonds of the resulting hydroxyl groups with N� of His-382 as well as Asp-266, Glu-324, and zinc, respectively. C,
reformation of a carbonyl group with the peptide moiety as leaving group. His-382 can accept a hydrogen atom from the tetrahedral intermediate, whereas the
peptide is poised to accept a hydrogen from Glu-324. D, product release.
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on the interaction of amidases with more complex, branched
PGN fragments. Thus, the structure of liganded AmiA-cat
allows us to visualize how the enzyme acts in a physiologic
setting. In addition to the groove that accommodates the tetra-

peptide of MtetP, AmiA-cat contains surface features that
probably allow for binding of MurNAc-GlcNAc polymers at
one end and a pentaglycine bridge at the other end of the
groove. The peptide composition of PGN in staphylococci is

FIGURE 5. AmiA-cat binding to PGN. A, electrostatic surface of AmiA-cat with MtetP (yellow), zinc (orange), and modeled PGN components (dark gray, black,
and light gray). Uncharged (white surface area), positively charged (blue areas), and negatively charged residues (red surface) are shown. The spacious hydro-
philic pocket harboring the zinc ion and active site also accommodates MurNAc. Adjacent GlcNAc rings (dark gray sticks) shift MurNAc slightly when modeled
as a polymer. The lower peptide moiety of MtetP binds in the mostly uncharged region of the binding cleft. Two conformations for the pentaglycine bridge
(black and light gray sticks, respectively) linked to L-Lys of MtetP were modeled according to uncharged surface area and possible hydrogen bonds. B, a
multisequence alignment of bacterial amidases with identical residues colored by conservation from light to dark blue. Residues forming the carbohydrate
binding pocket, marked by dark gray boxes, are highly conserved among all compared amidases. Surface-exposed amino acids near the two pentaglycine
bridges are marked in black and light gray for the respective conformation models. Conservation, especially among staphylococci is high for both. Alignment
was calculated using Clustal Omega (58), and the output was created using Jalview (59). C, conserved residues mapped on the AmiA-cat surface according to
the color scheme used in A and B.
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FIGURE 6. RP-HPLC profile of mutanolysin-digested PGN fragments after incubation with enzyme. A, S. aureus PGN fragments incubated with elution
buffer of AmiA-cat as control. Three peaks around 28 min contain monomer species of one peptide stem with carbohydrates, peaks at 58 min comprise species
with two peptide stems, peaks at 73 min cover fragments with three peptide stems, and continuing accordingly. B, S. aureus PGN fragments incubated with
AmiA-cat result in completely digested polymers with GlcNAc-MurNAc fragments remaining. C, S. aureus PGN fragments incubated with active site mutant
AmiA-H370A show no catalytic activity. D, B. subtilis PGN fragments incubated with elution buffer of AmiA-cat result in a pattern similar to A but with specific
retention times for B. subtilis. E, B. subtilis PGN fragments incubated with AmiA-cat exhibit no activity of the staphylococcal amidase for B. subtilis PGN. F, mass
analysis of the major product shown in B, which corresponds to the disaccharide GlcNAc-MurNAc (m/z 496).

FIGURE 7. Schematic and molecular illustration of the PGN structures. A, in S. aureus, the PGN subunit is composed of D-isoglutamine and L-lysine and
is cross-linked via a pentaglycine bridge (43). It comprises C-terminally either D-Ala-D-Ala or D-Ala-pentaglycine. B, B. subtilis PGN from vegetative cells
(53, 55), however, contains D-isoglutamic acid and amidated meso-DAP and lacks a D-alanine at the meso-DAP �-carboxyl group, and it is directly
cross-linked with D-alanine of the next subunit. In addition, B. subtilis PGN has 1,6-anhydro-MurNAc, shown in gray, at its terminus instead of a reducing
MurNAc.
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well conserved, typically using a pentaglycine bridge that con-
nects D-Ala of one peptide stem with the N� from L-Lys of
another stem (42– 44). Variations in S. aureus and among sub-
species exist (43, 44) but are rare. Also, they concentrate on the
variation of the pentaglycine bridge in terms of length and com-
position. The number of glycines may vary from four to six, or
one glycine may be substituted by a serine or an alanine (43, 44).
Although structures of several bacterial amidases have been
determined (19, 45–52), the amidase AmiD from E. coli is the
only catalytically active amidase for which structural data of an
uncleaved ligand-enzyme complex have been available prior to
this work (21).

The PGN of E. coli and B. subtilis is highly similar (42) and
belongs to the type of variation A1� (43). It differs in amino acid
composition (D-iGln and L-Lys are substituted with D-iGlu and
meso-DAP, respectively) as well as direct cross-linkage of
amino acids 3 and 4 (no interpeptide bridge) from the PGN of
S. aureus (42), which has a PGN of the A3� type of variation
(43). Additionally, E. coli and B. subtilis PGN has anhydro-
MurNAc at the terminus of the carbohydrate backbone (42,
53), whereas PGN of S. aureus always presents reducing
MurNAc (54). Further differences within the E. coli and the
B. subtilis A1� type of variation include deviations in the pres-
ence or absence of an unlinked, terminal D-Ala and amidation
of meso-DAP carboxyl groups (53, 55).

The inability to digest B. subtilis PGN presumably is a cumu-
lative effect because D-iGlu instead of D-iGln is tolerated (20),
and a meso-DAP, which is amidated at its second carboxyl
group, itself is flexible enough to be accommodated at the lysine
binding site of AmiA-cat. In addition, Asn-317 could partially
compensate for a negative charge resulting from the absent,
unlinked, terminal D-Ala of B. subtilis PGN. However, the
direct cross-linkage is most likely to cause a clash with AmiA-
cat due to a high rigidity and bulky side chain compared with a
pentaglycine bridge. Since each of these differences is likely
tolerated on its own, we suggest that the combined differences
account for substrate specificity.

Although the E. coli enzyme AmiD and AmiA both belong to
the amidase 2 family and are zinc-dependent, the two enzymes
share a sequence identity of only 21%, have different substrates,
and exhibit large structural differences (Fig. 8), including differ-
ences in the active site shown by a 2.0-Å root mean square
deviation of �-carbon atoms (Dali server (56)). For example, the
proton donor in AmiD is a lysine instead of a histidine residue
(His-382 in AmiA). His-370 and Thr-380 that stabilize D-iGln
in AmiA are replaced by a histidine and an arginine, which are
better suited to bond with D-iGlu from A1�-PGN variants. The
free carboxylate of meso-DAP or D-Ala could be stabilized by
another arginine of AmiD. Interestingly, this is not the case in
the two available complex structures of AmiD (cocrystallized
with tripeptide L-Ala-D-iGlu-L-Lys (MTP) and soaked with
anhydro-MurNAc-L-Ala-D-iGlu-L-Lys (anhydro-MTP)) due to
crystal contacts. Also, lysine was used as the third amino acid of
the peptide stem instead of meso-DAP. Because anhydro-
MurNAc does not occur in S. aureus PGN and the carbohy-
drate binding pocket of AmiD is smaller than in AmiA, one can
draw only limited conclusions for binding and catalysis of
staphylococcal PGN from these structures. Moreover, the

AmiD complex structure of anhydro-MTP lacks space for both
the zinc ion and a water molecule in the active site, which could
be activated by the zinc ion and attack the scissile bond. Thus,
the structure of AmiA-cat from S. aureus presented here pro-
vides new information both about how the ligand is contacted
and also about how catalysis is performed.

The presented results also significantly extend prior knowl-
edge obtained from in silico molecular docking of a tripeptide
into the highly homologous amidase structure of S. epidermi-
dis, AmiE-cat (19). Although the overall model and the orien-
tation of the ligand agree with our structure, the ligand used for
docking AmiE-cat lacked the C-terminal D-Ala and the acetyl
group at the L-Lys side chain. The latter resulted in a non-
physiologic positive charge due to the protonated N� of the
lysine. Although some of the predicted hydrogen bonds and
hydrophobic interactions could be validated by our complex
structure, the majority of interactions identified in this work
were not projected. Furthermore, the docking model did not
take the nucleophilic water in the active site into account, caus-
ing the substrate to locate closer to the zinc ion. Additionally, a
non-physiological zinc ion caused the backbone to shift at res-
idue 63 (Ala-268 in AmiA-cat), making the carbohydrate bind-
ing pocket smaller.

Inspection of the liganded AmiA-cat structure directly sug-
gests strategies for inhibition. A competitive inhibitor of AmiA
should contain the tetrapeptide stem of MtetP because all four
residues make strong interactions with the enzyme. D-Ala,
however, contributes least and could therefore be omitted or
replaced. The main contact maintained by L-Lys is the hydro-

FIGURE 8. Comparison of the AmiA-cat complex (gray schematic) with
AmiD from E. coli (cyan schematic; Protein Data Bank code 3D2Y). Super-
imposition of the two bacterial amidases reveals a similar fold solely around
the binding and active site. AmiD deviates by a 2.0-Å root mean square devi-
ation (DaliLite pairwise) from the AmiA-cat main chain, amino acids in the
active and binding sites differ, and AmiD contains additional motifs at its N
and C termini. Ligand positioning of anhydro-MTP (green sticks) to AmiD is
comparable with the AmiA-cat complex with MtetP (yellow sticks). However,
anhydro-MTP has an overall shift in relation to MtetP, and interactions of
enzyme with ligand are unalike. Additionally, the MurNAc moiety, including
the scissile bond, lies in the direct vicinity of the zinc binding residues and is in
the anhydro form, which does not occur in staphylococci. Zn2� from the
unliganded AmiA-cat structure in orange was superimposed.
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phobic interaction with Trp-310. L-Ala and especially D-iGln
are conserved in staphylococcal PGN and should be part of a
lead structure. Changes in these residues are not tolerated by
the enzyme (19) and would therefore not lead to a competitive
compound. A reasonable approach would be the introduction
of an noncleavable, peptide-mimicking group at the position
of the L-Ala-lactyl peptide bond. Suitable bioisosteres are
hydroxyethylene or dihydroxyethylene that imitate the tetra-
gonal transition state. Modification of the carbohydrate (e.g. at
C1 to form a salt bridge with Glu-277) would also increase affin-
ity for AmiA-cat. On the other hand, it may be advantageous to
exchange the sugar moiety and end the lead structure with a
non-cleavable lactate analog linked to a cyclic compound
because carbohydrate synthesis is expensive.

In conclusion, we have solved the complex structure of
AmiA-cat with its ligand, the PGN component MtetP, at high
resolution. Inspection of the interactions observed in the com-
plex leads to a plausible model for catalysis and allows us to
predict the binding locations of the adjacent GlcNAc molecules
and the pentaglycine bridge. We show that the crystallized
enzyme is active and that it possesses a narrow specificity that
enables it to digest PGN structures from S. aureus but not from
B. subtilis. The complex structure offers plausible explanations
for these differences in catalytic activity. Our work moreover
provides new data on the mechanism of the crucial amidase
reaction that may help in the development of therapeutics
against MRSA.
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