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We identified a pathway in Bacillus subtilis that is used for recovery of N-acetylglucosamine (GlcNAc)-N­
acetylmuramic acid (MurNAc) peptides (muropeptides) derived from the peptidoglycan of the cell wall. This 
pathway is encoded by a cluster of six genes, the first three of which are orthologs of Escherichia coli genes 
involved in N-acetylmuramic acid dissimilation and encode a MurNAc-6-phosphate etherase (MurQ), a 
MurNAc-6-phosphate-specific transcriptional regulator (MurR), and a MurNAc-specific phosphotransferase 
system (MurP). Here we characterized two other genes of this cluster. The first gene was shown to encode a cell 
wall-associated fl-N-acetylglucosaminidase (NagZ, formerly YbbD) that cleaves the terminal nonreducing 
N-acetylglucosamine of muropeptides and also accepts chromogenic or fluorogenic fl-N-acetylglucosaminides. 
The second gene was shown to encode an amidase (AmiE, formerly YbbE) that hydrolyzes the N-acetyl­
muramyl-L-Ala bond of MurNAc peptides but not this bond of muropeptides. Hence, AmiE requires NagZ, and 
in conjunction these enzymes liberate MurNAc by sequential hydrolysis ofmuropeptides. NagZ expression was 
induced at late exponential phase, and it was 6-fold higher in stationary phase. NagZ is noncovalently 
associated with lysozyme-degradable particulate material and can be released from it with salt. A nagZ mutant 
accumulates muropeptides in the spent medium and displays a lytic phenotype in late stationary phase. The 
evidence for a muropeptide catabolic pathway presented here is the first evidence for cell wall recovery in a 
Gram-positive organism, and this pathway is distinct from the cell wall recycling pathway of E. coli and other 
Gram-negative bacteria. 

Bacteria are covered by an exoskeleton-like cell wall that 
protects the fragile membrane-enclosed cell, the protoplast, 
and withstands the high internal pressure of the cell, the turgor 
pressure (27). Despite its stabilizing function, the cell wall is 
not rigid and static but is highly flexible. It undergoes contin­
uous resynthesis, remodeling, and degradation (turnover) in 
which a substantial amount of the murein (peptidoglycan), the 
stabilizing component of the bacterial cell wall, is released 
during logarithmic growth (5, 47). The Gram-positive model 
organism Bacillus subtilis was shown to release about 50% of its 
murein into the medium in one generation during growth (9, 
42, 43). Gram-negative bacteria have an outer membrane that 
keeps most of the cell wall turnover products in the periplasmic 
space, but Gram-positive bacteria lack such a membrane bar­
rier and therefore cannot retain their turnover products. So 
far, more than 30 peptidoglycan hydrolases of B. subtilis have 
been characterized or identilled as candidate autolysins on the 
basis of amino acid sequence identity (50), but the nature of 
the turnover products remains ambiguous. Moreover, a cell 
wall recycling-recovery pathway has not been identilled in this 
organism or in any other Gram-positive bacterium so far. 
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In contrast, cell wall turnover and recycling in the Gram­
negative model bacterium Escherichia coli have been well stud­
ied (for a recent review, see reference 47). E. coli also degrades 
about 50% of the murein of the cell wall in each generation 
during growth, and the turnover products are efficiently reutilized 
(Le., recycled) (23). The principal degradation products are N­
acetylglucosamine (GIcNAc )-1,6-anhydro-N-acetylmuramic acid 
(anhMurNAc) peptides (anhydromuropeptides), which are re­
leased from the cell wall during cell growth by the action of lytic 
transglycosylases, endopeptidases, and carboxypeptidases, 
yielding primarily GIcNAc--anhMurNAc-L-Ala-)l-D-Glu­
meso-diaminopimelic acid (m-DAP)-D-Ala (for a review, see 
reference 27). Anhydromuropeptides are taken up by the 
AmpG secondary transport system (12) and are degraded fur­
ther in the cytoplasm by NagZ, a f3-N-acetylglucosaminidase 
(11, 59), AmpD, an anhMurNAc-L-Ala amidase (28, 34), and 
LdcA, an LD-carboxypeptidase (53), which together generate 
GIcNAc, anhMurNAc, D-AIa, and L-Ala-)l-D-Glu-m-DAP in 
the cytosol. The tripeptide is directly fed into the murein bio­
synthesis pathway by the muropeptide ligase Mpl, which trans­
fers the tripeptide to UDP-N-acetylmuramic acid (MurNAc) 
(44). The tripeptide may also be degraded to its individual 
amino acids by )I-D-glutaminyl-m-DAP amidase (MpaA) 
and L-Ala-DL-Glu epimerase (YcjG) (49, 54). GIcNAc and 
anhMurNAc are also recycled (46). GIcNAc is converted to 
GIcNAc-6-phosphate by the GIcNAc kinase NagK (55), 
whereas anhMurNAc is first phosphorylated by the kinase 
AnmK, yielding MurNAc-6-phosphate, which is then con-

http://jb.asm.org/
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TABLE 1. Bacterial strains and plasmids used in this study 

Strain or plasmid Relevant characteristics" Reference and/or source 

Sequenced E. coli K-12 strain 
E. coli strains 

M01655 
BL21(DE3) F- ompT hsdSn(rB - mB -) gal dcm (DE3) 

4 
52 

B. subtilis strains 
168 
ybbD::pMUTIN4 

tlpC2; sequenced B. subtilis strain 
pMUTIN4 insertion in BsnagZ, Erm' 

Bacillus Genetic Stock Center 
Bacillus Knockout Collection 

(http://bacil!us.genome.jp!) (38) 

Plasmids 
pET16b E. coli expression vector, PT7 Amp' OtipBR322 lacI, N­

terminal His,o tag 
Novagen 

pASK-IBA32 

pET16b-BsNagZ 
pASK-IBA32-BsAmiE 

E. coli expression vector, Pte( Amp' otin ompA signal 
sequence, C-terminal His" tag 

IBA 

IPTO-inducible cytoplasmic BsNagZ-His" expression vector 
Anhydrotetracycline-inducible periplasmic BsAmiE His" 

expression vector 

This study 
This study 

(I Ampf, ampicillin resistant; Ermr, erythromycin resistant. 

verted to GlcNAc-6-phosphate by the etherase MurQ, which 
cleaves the lactyl ether substituent of MurNAc-6-phosphate 
(24, 35, 36, 56, 57). Besides recycling anhydromuropeptides, E. 
coli was shown to utilize MurNAc as a sole source of carbon 
(13). MurNAc is imported and phosphorylated by the MurP­
specific phospholransferasc system, yielding cytoplasmic 
MurNAc-6-phosphate (13). MurQ, the same lactyl etherase that 
is required for recycling of anhMurNAc, is also essential for 
growth on MurNAc (35). Recently, the transcriptional regula­
tor MurR was characterized, which, in conjunction with the 
catabolite activator protein (CAP), regulates the MurNAc 
etherase operon in E. coli (37). 

In this work we idenlilied a muropeptide rescue pathway in 
B. subtilis and characterized two of the proteins involved. The 
first protein, B. subtilis NagZ (BsNagZ) (formerly YbbD) is an 
ortholog of the cell wall recycling I3-N-acetylglucosaminidases 
of E. coli (EcNagZ), but in contrast to the latter enzymes, it is 
secreted and has an additional C-terminal domain with an 
unknown function. BsNagZ occurs in the late exponential and 
stationary growth phases mainly in a particulate form in the 
supernatant. It cleaves cell wall-derived muropeptides, thereby 
generating a substrate for a second enzyme of the pathway, 
BsAmiE (formerly YbbE), an N-acetylmuramyl-L-alanine ami­
dase. A nagZ deletion strain accumulates muropeptides in the 
medium, and the cells lyse at late stationary phase. We recog­
nized that BsNagZ is identical to an enzyme that was charac­
terized in the early 1970s and was proposed to be involved in 
recycling of the endogenous cell wall during growth (2, 45). 

MATERIALS AND METHODS 

Bacterial strains, plasmids, chemicals, and growth conditions. E. coli and B. 
sub/ilis strains, as well as plasmids used in this work, arc listed in Table 1. 
Bacteria were grown aerobically at 37'C in LB medium. When appropriate, the 
chromosomal drug resistance marker in B. sub/ifis was selectcd with erythromy­
cin (1 'lg/ml). E. coli cells carrying plasmids were sclectcd with ampicillin (100 
'Lg/ml). 4-Mcthylumbelliferyl-[3-D-glucosaminide (4-Mu-i3-GlcNH2) was synthe­
sized (sec the supplemental material). GlcNAc-MurNAc was obtained from 
Carbosynth Ltd., Berkshire, United Kingdom. All other reagents were obtained 
from Sigma-Aldrich unless otherwise stated. 

Cloning of nagZ and amiE. DNA preparation, restriction enzyme digestion, 
ligation, and transformation werc performed using standard techniqucs. BsnagZ 
was amplified by pCR without a signal sequence using 30 ng of chromosomal 
DNA of B. suMlis 168, 5 U Pwo DNA polymerase (Genaxxon Bioseiences, 
Biberach, Germany), and the following primers: BsNagZIFP (5'-AAA ACC 
ATG GGC CAT ATG 1Tf TIC GGG GCC AGA CAG AC-3') and 
BsNagZ/RP (5'-T1TfCTC GAG TIAAAG CGGTCTTCC CGT1Tf G-3') 
(underlining indicates the recognition sites for restriction endonucleases NdeI 
and XhoI, respectively). BsamiE was amplified without a signal sequence using 
Phusion DNA polymerase (Finnzymes ay, Espoo, Finland) and the following 
primers with recognition sites for restriction endonuclease BsaI (underlined): 
AmiEIFP (5'-ATC GTC GGT CTC AGG CCC AAA CAG CAG GCA ACT 
TGA TIG AG-3') and AmiE/RP (5'-ATC GTC GGT CTC AGC GCT CTC 
CAT CGC TIC ATA AAT CGC G-3'). Thirty cycles of 15 s at 94'C, 30 s at 
55'C, and 120 s at 72'C for nagZ and 35 cycles of 10 s at 98°C, 30 s at 50'C, and 
30 s at 72'C for amiE wcre performcd with a thermal eycler, and the results 
revealed single 1.9-kb (nagZ) and 1.3-kb (amiE) fragments as analyzed by aga­
rose gel electrophoresis. BsnagZ was cloned into the vector pET16b under 
control of the T7 promoter (pET16b-BsNagZ), and its product was ovcrex­
pressed in E. coli as a cytoplasmic N-terminal His,,,-tagged fusion protcin. 
BsamiE was cloned into the vector pASK-IBA32 (pASK-IBA32-BsAmiE) under 
control of the tetracycline promoter, and its product was overexprcsscd in E. coli 
as a periplasmic C-terminal His,,-tagged fusion protein. 

Overexpression and purification of NagZ and AmiE. E. coli strain BL21(DE3) 
harboring pET16b-BsNagZ and E. coli strain BL21(DE3) harboring pASK­
IBA32-BsAmiE were grown at 37'C in LB medium supplemented with ampicillin 
(100 'Lg/ml) with vigorous shaking. Expression of BsNagZ was induced at log 
phase (optical density at 578 nm [OD'7,J, 0.5 to 0.6) by addition of isopropyl­
[3-D-thiogalaetopyranoside (IPTG) at a linal concentration of 1 mM; expression 
of BsAmiE was induced at an OD,7' of 1.5 by addition of 200 JJ.g Iiter- I 

anhydrotetraeycline. Then the cultures were incubated for another 3 h. Cells 
were harvested by centrifugation (4,000 x g for 30 min at 4'C), resuspended in 
ice-cold sodium phosphate buffer (20 mM Na2HPO, . 2H20, 500 mM NaCl; pH 

7.5), and disrupted by passage through a French pressure cell three times. Debris 
and unbroken cells were removed by centrifugation at 100,000 x g for 1 h at 4'C. 
The His-tagged proteins in thc supernatant were purified by Ni 2 + affinity chro­
matography with a 5-ml HiTrap HP column (Amersham-Pharmacia, Freihurg, 
Germany) preequilibrated with 20 mM sodium phosphate buffer (pH 7.5) and 
were eluted from the column with elution buffer (sodium phosphate buffer 
supplemented with 500 mM imidazole, pH 7.5). The purity of the enzymes was 
assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS­
PAGE). Peak fractions containing purc protcin wcrc concentrated and desalted 
by dialysis at 4'C against sodium phosphate buffer for enzymatic assays. The 
protein concentrations were determined by UV absorption at 280 nm (the ca I­
culalCd molar extinction cocllicicnts [£2"OJ for NagZ and AmiE arc 36,330 M-I 
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cm"~ J and 50,770 M-I cm "J, rcspectively) and by the Bradford method with 
bovine scrum albumin as the standard (6). 

Sedimentation of NagZ and extraction with salt. Eight-milliliter portions of 
12-h cultures of B. subtilis grown in 50 ml of LB medium in 300-ml Erlen­
meyer llasks a{ 37°(.' with vigorous shaking were fractionatcd by centrifuga­
tion at 1,200 x g for 10 min, at 30,000 x g for 30 min, or at 100.000 x g for 
30 min. The pellets were resuspended in 1 ml C1ark and Lubs buffer (0.1 M 
KH2PO", 0.1 M NaOH; pH 5.8), and the supematants were concentrated to 1 ml 
using ;\micon Ultra-15 centrifugal filter devices (Millipore). The amounts of the 
enzyme present in each supematant and in each pellet after centrifugation were 
determined as described below. 

Two-millilitcr portions of the 12-h cultures were mixed with 6 ml of aqueous 
solutions of NaCI at different concentrations in 0.05 M Tris-HCI buffer (pH 8.0). 
The cell suspensions were incubated at room temperature for 20 min and then 
centrifuged at 30,000 x g for 30 min, using a previously described protocol (45). 
The sedimented cells were resuspended in 1 ml Cl ark and Lubs buffer (pH 5.8), 
and the amounts of NagZ remaining in the pellets were determined as described 
below. 

Expression of NagZ during growth. NagZ expression was assayed in B. subtilis 
strain 168 and the ybbD::pMUTIN4 strain; both strains were grown in 1 Iiter LB 
medium at 3TC in 5-litcr shaking llasks. (Jrmvth was monitored by measuring 
the optical density at 600 nm using an Ultrospec 3000 spectrophotometer (Phar­
macia Biotech). A volume that was equivalent to an 00',1)1) of 10 per ml was 
collected at different time points, and cells were sedimented by centrifugation at 
30,000 x g for 30 min. The cell sediment was suspended in 1 ml of Cl ark and 
Lubs buffer (pH 5.8) (sce above), and the enzyme activity was determined as 
described below. 

Enzyme assays. NagZ activity was determined using 300-~J reaction mixtures 
containing equal volumcs of an enzyme solution (cell suspcnsion or supernatant), 
Clark and Lubs buffer (pH 5.8) (sce abovc), and substrate (either 3 mM 4-meth­
ylumbelliferyl-f,-N-acetyl-D-glucosaminide [4-Mu-[3-GlcNAcJ or 4-nitrophenyl­
[3-N-acetyl-D-glueosaminide [pNP-[3-GlcNAcJ) that were incubated at 37°C in 
96-well plates (Greiner Bio-one) for 5 to 30 min. The reaction was initiated by 
addition of preheated substrate. The release of 4-methylumbelliferone was de­
termined hy measurement of fluorescence with a Spcctramax M2 microplatc 
reader (Molecular Oevices) with an excitation wavelength of 362 nm and an 
emission wavelength of 448 nm. The release of 4-nitrophenol was determined 
with the same device by measuring the absorption at 400 nm. Onc unit was 
defined as the amount of enzyme [hat hydrolyzed I ).lmol of substrate per min at 
pIT S.H and 37°e. The extinction coefficient was determined by calibration using 
4-methylumbelliferone and 4-nitrophenol standards. Kinetic parameters were 
determined using different concentrations of 4-Mu-I3-GlcNAc in Clark and Lubs 
buffer (pH 5.8) and were evaluated by nonlinear regression of the reaction 
curve using the program Prism4 (GraphPad). The pH activity profile of Nag:Z 
was determined by using 0.1 M citric acid-0.2 M disodium phosphate buffer 
(Mcllvaine) having pHs ranging from 4.0 to 8.0, 0.2 M sodium acetate acetic acid 
buffer having pHs ranging from 4.0 to 5.6, and Clark and Luns buffer having pHs 
ranging from 5.8 to 8.0. The 300-ILI enzyme reaction mixtures containing 1.5 mM 
4-Mu-[3-GlcNAc and 1.5 x 10-3 mg ml- I NagZ were incubated for 5 to 30 min 
at 37°C, and the reactions were stopped by adding 9 volumes of a 0.2 M Na"COl 

solution (pH 10.0). 
Preparation of peptidoglycan from E. coli and B. sub/ilis. Peptidoglycan was 

isolated from B. subtilis 168 and E. coli MG1655 cells as described previously (20, 
25,61). In brief, bacteria were grown at 3rC and harvested at an OD'7' of 0.5 
to 0.7. Cells were rapidly cooled to 4°C, which was followed by centrifugation at 
4,000 x g for 30 min at 4°e. Cell pellets were resuspended in ice-cold distilled 
water (0.2 g/ml) and added dropwise with vigorous stirring to an equal volume of 
boiling 8% sodium dodecyl sui fate (SDS). When all of the cells had been added, 
the suspensions were boiled for 30 min to solubilize the membranes and degrade 
the ONA. The lysate was then cooled to room temperature (RT), and the 
SOS-insoluble material was collected by centrifugation (100,000 x g for 60 min 
at RT). The pellet was rcsuspcnded in H 20 and dialyzed against H 20 until most 
of the SDS was removed. The SOS content in the supematant was controlled by 
using the methylene blue assay as described previously (26). Then the pepti­
doglycan preparation was pelleted again by ultraecntrifugation and resuspended 
in a minimal volume of H 20. Contaminating high-molecular-weight glycogen 
trapped in the peptidoglycan preparation (39) was degraded by adding 100 ILg/ml 
«-amylase (Bacillus licheniformis type XII-A in 10 mM Tris-HCI [pH 7.0], 10 mM 
NaCl) and incubating the preparation for 2 h at 37°e. To inhibit lysozyme 
contamination in the Cl-amylase preparation, 0.32 M imidazole (in 10 mM Tris­
HCI [pH 7.0], 10 mM NaCl) was added. After this, Iipoproteins covalently bound 
to E. coli peptidoglycan (7, 8) were degraded by incubation with 200 ).lg/ml 
pronase (in 10 mM Tris-HCI [pH 7.0J, 10 mM NaCI) for 1.5 h at 60°C. Pronase 

(type XXV from Streptomyces griseus) was pretreated by incubation for 2 h at 
600 e. The sample was then added to an equal volume of boiling 8% SOS and 
boiled for 15 mill. Then the purified peptidoglycan was ullraCClllrifugcd, and the 
SDS was removed by dialysis as describcd above. 

Preparation of muropeptides. Muropcptides were prepared by digestion of 
peptidoglycan at 3rC ovemight with 1 Ilg/40 pJ mutanolysin (from Streptomyces 
globispo/Us; 1 mg/ml in 20 mM sodium phosphate buffer, pH 5.5). The enzyme 
reaction was stopped by boiling the mixture for 5 min, insoluble contaminants 
were removed by centrifugation, and the released muropeptides in the supema­
tant were stored at -20°C. After digestion with mutanolysin, the muropeptides 
released from the peptidoglycan contained MurNAc as the terminal reducing 
sugar, which could be labeled with 8-aminonaphthalene-I,3,6-trisulfonic acid 
(ANTS) and separated by polyacrylamide gel electrophoresis as described below 

(61). 
Muropeptidcs were also prepared from spent medium. B. subtiUs wild-type and 

nagZ mutant cells were grown for 2 days in minimal salt medium supplemented 
with 0.2% succinate as the carbon source. Ten milliliters of spent medium was 
dried with a SpeedVac, the dried material was dissolved in 0.5 ml water, and 20 
).ll was subjected to high-performance liquid chromatography (HPLC) analysis. 

Muropeptide degradation by NagZ and AmiE. Muropeptides, as well as intact 
peptidoglycan from E. coli or B. subtilis. were incuba[cu with purified NagZ and 
AmiE (5 IIg/40 ".J) at 37°C for 2 h, and each reaction was monitored by using 
reversed-phase IIPLC (RP-IIPLC) and ftuorophore-assisted carbohydrate elcc­
trophoresis (FACE). An RP-C18 column (Gemini 5 ).l C IX; 150 by 4.60 mm; 
Phenomenex) was used to separate the muropeptides and other cell wall com­
ponents, which were monitored at multiple wavelengths (205, 235, and 280 nm) 
using a UV detector (UltiMate 3000 photodiode array detector). Samples (25 ).ll) 
were applied to the HPLC column, and elution was performed for 5 min with 
huffer A (0.05% tritluoroaeetic aCid) and then for 50 min with a linear gradient 
from 0 to 100% bufler B (O.O~5% triftuoroacc[ie acid and 107r CH,CN) at a flow 
rate of 0.5 ml/min (as described previously [11 J). The peaks obtained were 
collected and lyophilized. One part of the samples was tagged with ANTS and 
separated by FACE, as described below, and another part was analyzed by 
matrix-assisted laser desorptioo ionization (MALDI)-[ime of fligh[ (TOF) mass 
spectrometry. For analysis by the MALDI-TOF method the samples were dis­
solved in acetonitrile, and 0.7 1'.1 of a sample solution was mixed with 0.7 ).ll of a 
matrix solution (a saturated solution of cyano-4-hydroxycinnamic acid in aceto­
nitrile) directly on the MALOI target. MALDI-TOF mass spectra were recorded 
with a Brukcr Binex lIT s)lcctrometcr in positive reflcetron mode with a delayed­
extraction MALDI source and a pulsed nitrogen laser (337 nm). 

Fluorescent labeling of carbohydrate standards and mnropeptides. Reducing 
carbohydrates and muropeptides were tagged at their terminal semiacetal with 
the charged. Ilnorescent molecule 8-aminonaphthalene-l,3,6-trisulfonir acid 
(ANTS) as described previously (32, 51). Carbohydrate stock solutions (10 mM) 
were prepared from D-glucose, maltose, maltotriose, maltotetraose, maltopen­
taose, maltohexaosc, maltoheptaose, GJcNAc, MurNAc, and GlcNAc-MurNAc 
in water. One-micromole aliquots of the carbohydrate solutions and 40-ILI ali­
quots of the muropeptides and cell wall fragments were dried with a Speed Vac 
(31). The dried carbohydrate and muropeptide samples were suspended in 5.0 ILl 
of 0.2 M ANTS dissolvcd in acetic acid-water (3:17, vol/vol) and 5.0 ILl of 1.0 M 
sodium cyanoborohydride (NaCNBH,) dissolved in dimethyl sulfoxidc (OMSO). 
After incubation for 16 h (overnight) at 37OC, the samplcs were dried again with 
a Speed Vac at 45°C for 4 h. The carbohydrate standards were suspended at a 
concentration of 100 pmol/).ll in loading buffer (62.5 mM Tris-HCI [pH 6.8J, 20% 
glyccrol) and stored at -80°e. The cell wall samples were dissolved in 50 ).ll 
loading buffer and diluted subsequently in loading buffer as required, and sam­
ples were also storcd at -80°e. 

Electrophoresis and visualization of ANTS-Iabeled muropeptides. FACE was 
performed as described by Goins and Cutler (21). Gels that were 8.3 cm wide, 7.2 
cm high, and approximately 0.75 mm thick were prepared. The resolving gel 
contained 32% acrylamide and 2.4% bisacrylamide (21). For 10 ml ofresolving 
gel (two acrylamide gels), 5 pJ of N,N,N',N'-tetramethylethylenediamine 
(TEMED) and 50 ILl of 10% ammonium persulfate (APS) werc added. The stacking 
gel consisted of 8% acrylamide and 0.6% bisacrylamide containing 5 ).ll TEMEO 
and 50 ).ll APS for 5 ml of stacking gel. The gel buffer was 0.42 M Tris-HCI (pH 
8.5), and the running buffer contained 0.025 M Tris base and 0.192 M glycine (pH 
8.4) (21). Eight-hundred-picomole portions of the carbohydrate standards and 
muropeptides were loaded on the acrylamide gel. Trace amounts of bromphenol 
blue in loading buffer were loaded in a single well as a visual reference. Elec­
trophoresis was performed at 30 mA for 3 h using a cooled system. Fluorescently 
labeled carbohydrates and muropeptides were visualized by exposing the gel to 
312-nm UV light, and images were obtained with a gel-imaging system. 
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FIG. 1. Diagram of the proposed muropeptide rescue and recovery pathway of B. sub/Ws and organization of the corresponding gene cluster. 
Autolysins release approximately 50% of the endogenous cell wall in one generation during growth (50). During this process long-chain 
peptIdoglycan fragments arc generated, to which NagZ is noncovalcntly bound and which arc processed further by an unidentified muramidase. 
Soluble muropeptides generated in this way are processed by NagZ, which cleaves the i3-1,4-glycosidic bond, and subsequently by AmiE, which 
cleaves the muramyl-L-A1a amide bond, releasing GlcNAc, MurNAc, and peptides. Recovery of MurNAc then proceeds like MurNAc dissimilation 
in E. coli; this process involves a MurNAc-specific phosphotransferasc system (YhbF/MurP), by which MurNAc is taken up and simultaneously 
phosphorylated, yielding MurNAc-6-phosphate. In the cytoplasm, the etherase YbbI (MurQ) converts MurNAc-6-phosphate to GlcNAc-6-
phosphate, YbbH (MurR) is a putative MurNAc-6-phosphate-specific transcriptional regulator, ancl the function of YbbC is unknown. CM, cell 
membrane; EIIA, enzyme HA; El, enzyme I; PEP, phosphoenolpyruvate; PTS, phosphotransferase system. 

RESULTS 

Identification of a pathway for muropeptide rescue in B. 
subtilis. We identified a putative operon IybbIHFEDC) on the 
chromosome of B. subtilis whose genes exhibit high levels of 
sequence similarity with genes involved in MurNAc dissimila­
tion and cell wall recycling in E. coli (Fig. 1). The first three 
genes, ybbI, ybbH, and ybbF, are orthologs of the genes encod­
ing the MurNAc-6-phosphate etherase (murQ), the MurNAc-
6-phosphate-specific transcriptional repressor (murR), and the 
MurNAe-specific phosphotransferase system (murP) of E. coli, 
respectively. The levels of amino acid sequence identity of the 
Bacillus proteins and the E. coli orthologs are 47%, 26%, and 
38%, respectively. The growth of ybbI (BsmurQ) and ybbF 
(BsmurP) mutants on MurNAc was impaired (S. Litzinger, 
unpublished results), and a function in the utilization of 
MurNAc like that in E. coli is proposed for the B. subtilis genes 
(13, 35-37). The functions of the three other genes of the 
Bacillus gene cluster, ybbE, ybbD, and ybbC, have not been 
determined previously, but ybbD encodes an ortholog of the 
cell wall-recycling N-acetylglucosaminidase NagZ of E. coli 
and was therefore renamcd BsNagZ. In contrast to EcNagZ, 
the Bacillus ortholog is secreted and has a signal sequence with 
a putative signal peptidase cleavage site (MRPVFPLILSA VL 

FLSCFFGARQTEASA-SK [the putative signal peptidase 
cleavage site is indicated by bold type]). In addition, BsNagZ 
differs from the E. coli ortholog by having a C-terminal domain 
with an unknown function. 

nagZ encodes an exo-GlcNAcase. BsNagZ was overexpressed 
as a cytoplasmic construct in E. coli and was purified by Nj2+ 
atTinity chromatography to appan;nt homogeneity (see Fig. SI 
in the supplemental material). This protein had a molecular 
mass of about 70 to 75 kDa, as analyzed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and 
displayed N-acetylglucosaminidase activity. Kinetic parameters 
for NagZ were determined with the chromogenic and fluoro­
genic substrates pNP-f3-GIcNAc and 4-Mu-f3-GIcNAc, respec­
tively (see Table SI in the supplemental material). Notably, 
this enzyme did not show activity with 4-Mu-f3-GIcNH2 (see 
the supplemental material for a description of synthesis and 
characterization of this compound). This suggests that acety­
lation is important for the enzyme function. In another paper 
(S. Litzinger, S. Fischer, P. Polzer, K. Diederiehs, W. Welte, 
and C. Mayer, submitted for publication) we dcscribe the crys­
tal structure and mechanistic studies of NagZ, which revealed 
that the N-acetamido group of the substrate is important for 
hinding to the enzyme and hence specilicity but is not directly 



3136 

TABLE 2. Sedimentation of f3-N-acetylglucosaminidase activity 
from cultures of B. slIbtilis" 

Treatment 

1,200 X g for 10 min 
30,000 x g for 30 min 
100,000 x g for 30 min 

% of enzyme remaining 
in supematant 

This study 
Study of 

Ortiz et al. 

81 
37 
25 

87 
31 
26 

., Twelve-hour cultures (8 ml) of B. subliUs wild-type strain 168 were harvested 
by centrifugation as indicated. The amounts of enzyme present in the pellets and 
the supernatants remaining after centrifugation were determined as described in 
Materials and Methods. The values obtained were compared with data for a 
partially purified N-acetylglucosaminidase previously described by Ortiz et al. 
(45). No activity was detected in the NagZ mutant. 

involved in the hydrolysis mechanism, in contrast to the prop­
erties of other N-acetylglucosaminidases (41, 60) but similar to 
Nag3A of Cellulomonas fimi (43a). The purified protein was 
stable for several months at 4°C at pH 4.0 to 8.0. We also 
studied the pH depcndence of purificd NagZ using a discon­
tinuous assay with 4-Mu-f3-GIcNAc as the substrate, as de­
scribed in Materials and Methods. Plotting kea! against pH 
resulted in a bell-shaped curve with an optimum pH in the 
range from 5.8 to 6.2 (see Fig. S2 in the supplemental mate­
rial). 

NagZ is associated with particulate material. In B. subtilis 
N-acetylglucosaminidase activity was found to be associated 
primarily with particulate material in the culture supernatant 
(Table 2). About 20% of the activity was associated with cells 
(1,200-x-g sediment), and 25% of the activity was found in the 
soluble fraction. The majority of the enzyme activity, however, 
was in a sedimentable form. The percentages varied with cul­
ture age, but about two-thirds of the N-acetylglucosaminidase 
activity was found in the 30,000-x -g sediment of a 12-h culture. 
Most N-acetylglucosaminidase activity was related to NagZ 
since the N-acetylglucosaminidase activity in the nagZ mutant 
was less than 5% of the activity in wild-type Bacillus cells. 
NagZ was released from particulate material by treatment with 
NaCl. With 750 mM NaCI about 75% of the enzyme was 
released from sedimented material. Treatment of the sedi­
mentable form of NagZ with lysozyme made it soluble, which 
indicates that this material contained murein. Notably, a sig­
nificant amount of N-acetylglucosaminidase activity (about 
20% of the total activity) remained cell wall associated (Table 
2) and could not be removed with salt. 

NagZ is induced during late exponential phase and station­
ary phase, and deletion of NagZ is associated with a lytic 
phenotype. We also studied the expression of NagZ during 
growth of B. suMlis by measuring the activity with 4-Mu-f3-GIcNAc 
in wild-type cells and a deletion strain (ybbD::pMUTIN4). The 
GIcNAcase activity appeared during the late exponential or 
early stationary phase of wild-type B. suMlis cells growing 
vegetatively (Fig. 2). However, the level of expression was 
6-fold higher after 25 h, when the cells entered the autolysis 
phase. In this growth phase the GIcNAcase activity of the 
deletion strain was marginal (less than 5% of the wild-type 
activity). Intriguingly, there was a substantial decrease in the 
optical density of the nagZ mutant culture during late station­
ary phase that was associated with cell autolysis. Upon pro-

longed incubation both wild-type Bacillus and NagZ mutant 
cells lysed; however, the mutant lysed significantly earlier. 

NagZ is identical to a r3-N-acetylglucosaminidase reported 
in the 1970s. The results described above indicate that NagZ is 
identical to a f3-N-acetylglucosaminidase reported in the early 
1970s that was produced toward the end of growth and was 
found mainly in a sedimentable form in the growth medium 
(45). This enzyme was partially purified and characterized by 
Berkeley and colleagues (2) and had kinetic parameters similar 
to those that we determined for thc recombinant NagZ. A 
comparison of the characteristics of the protein described by 
Berkeley et al. (2) and our results for BsNagZ is shown in 
Table SI in the supplemental material, and on the basis of 
these characteristics it was concluded that the two enzymes are 
identical. 

NagZ cleaves muropeptides but not peptidoglycan. To de­
termine the activity of NagZ with natural substrates, muropep­
tides were released from peptidoglycan of E. coli and B. subtilis 
by mutanolysin treatment. The degradation products were 
treated with isolated NagZ, and differences between the mu­
ropeptide composition before digestion and the muropeptide 
composition after digestion were analyzed by using two inde­
pendellt methods, fluorophore-assisted carbohydrate electro­
phoresis (FACE) and reversed-phase HPLC (RP-HPLC) (see 
Materials and Methods). For FACE the products were labeled 
with the fluorescent dye ANTS at their rcducing ends and then 
separated by polyacrylamide gel electrophoresis and visualized 
by using UV light. Figures 3A and 4A show the results for the 
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FIG. 2. Occurrence of NagZ during growth of wild-type B. sllbtilis 
and a nagZ mutant. Filled squares and bars, wild-type strain; open 
squares and bars, nagZ mutant (ybbD::pMUTIN4). The symbols indi­
cate the optical densities of the cultures (left y axis), and the bars 
indicate the sedimentable (30,000 x g) N-acetylglucosaminidase activ­
ity (right y axis). The soluble N-acetylglucosaminidase activity was 
about 25% or less of the total activity (Table 2). The N-acetylglu­
cosaminidase activity appeared in the exponential phase during growth 
of wild-type B. slIbtilis cells at 37°C in LB medium, increased in sta­
tionary phase (filled squares), and was highest in the late stationary or 
decay phase (25 h). The activity in the late stationary or decay phase 
was defined as 100% and was 7.4 X 10-5 U/OD"oo unit as determined 
with the fluorescent substrate 4-Mu-f~-GlcNAc. Note that the N-acetyl­
glucosaminidase activity in the nagZ mutant (ybbD::pMUTIN4) was 
less than 30% of that in wild-type B. subtilis during early stationary 
phase and less than 5% of that in wild-type B. slIbtilis in the late 
stationary or decay phase. The nagZ mutant had a lytic phenotype after 
prolonged cultivation (25 h). 



ADp7 
Dp 6 
Dp5 
Dp4 

Dp 3 

Dp 2 

Dp 1 

C 
Identifier 

Std G 

Fragment 
._-----.-----

Multim~ric 
1,2 muropeptides: 

e.g. Tetra-Tetra 

Tetra 

Tri-(Arg-Lys) 

4 Tri 

Multimeric 
5,6 MurNAe-peptides: 

e.g. MurNAc-
tetrapeptide dimer 

7 MurNAc 
tetrapeptide 

MurNAc tripeptide 
Witll Arg-Lys 

MurNAc-tripeptide 

3137 

M GM L LZ LE LEZ 

Identification Structure 

(GlcNAe-MurNAc-L-Ala-
o-Glu-m-DAP-o-Alah 

Calc.: 962.4 (M+Nal', 978.4 (M+Kl' GlcNAc-MurNAc-
Found: 962.3 (M+Na]+, 978.3 [M+K]' L-Ala-o-Glu-m-Dap-o-Ala 

Calc.: 1154.6 [M+H]'; GlcNAc-MurNAc-
Found: 1153.5 [M+H]' L-Ala-o-Glu-m-Dap-

(L-Lys-L-Arg) 

Calc.: 891.4 [M+NaJ' ; GlcNAc-MurNAc-L-Ala-
Found: 891.3 (M+Nal' o-Glu-m-Dap 

(MurNAc-L-Ala-o-Glu-
m-DAP-o-Ala), 

Calc.: 759.3 [M+Na]+, 775.3 [M+K)'; MurNAc-L-Ala-o-Glu-
Found: 759.2 [M+Nal', 775.1 [M+Kl' m-DAP-D-Ala 

Cale.: 951.5 [M+1I)' ; MurNAe-
Found: 950.3 [M+1I], L-Ala-D-Glu-m-Dap-

(L-Lys-L-Arg) 

Calc.: 688.3 [M+Nal' ; MurNAe-L-Ala-o-Glu-
Found: 686.9 [M+Na]' m-DAP 

FIG. 3. Fluorophore-assisted carbohydrate electrophoresis (FACE), HPLC, and mass spectrometry of muropeptides of E. coli degraded with 
NagZ and/or AmiE_ (A) Muropeptides and amino sugars derived from peptidoglycan of E. coli by mutanolysin digestion were treated with NagZ 
and/or AmiE, labeled with the iluorophore ANTS, and separated by electrophoresis in a 32% polyacrylamide gel. The numbers on the left indicate 
the degrees of polymerization of a maltodextrin standard mixture (lane Std) (Op 1, glucose; Op 2, maltose; Op 3, maltotriose; Op 4, maltotetraose; 
Op 5, maltopentaose; Op 6, maltohexaose; Op 7, maltoheptaose). The other lanes show the results for GlcNAc (lane G), MurNAc (lane M), 
GlcNAc-MurNAc (lane GM), mutanolysin-treated cell walls from E. coli (lane L), the sample in lane L also digested with NagZ (lane LZ), the 
sample in lane L also digested with AmiE (lane LE), and the sample in lane L also digested with NagZ and AmiE (lane LEZ). (B and C) 
Muropep(idcs were identified by HPLC separation and UV detection (B) and by mass spectrome(ry (C), as well as by comparison with previously 
described data (40, 61). The numbers next (0 the bands in panel A and above the HPLC peaks in panel B are identifiers for muropeptide fragments 
(C). Tri, disaccharide-tripeptide monomer; Tetra, disaccharide-tetrapeptide monomer; Tetra-Tetra, dimer of two Tetra monomers. Tri-(Arg-Lys) 
and MurNAc-tripeptide-(Arg-Lys) resulted from cell wall fragments that were covalently linked to lipoprotein via the C-terminal Lys residue and 
deaved by pronase before Arg. A section ~ign indicate, that fragments were identified on the basis of relention in FACE analy~es as described 
previously (40, 61). 
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Identifier Fragment Identification Structure 

9 muropeptides: 
e.g. Tri-Tetra 

with 2 amidations 

O-Glu-m-DAP)­
(O-Ala-m-DAP-O-Glu-L-Ala­

MurNAc-GlcNAc) 

10 Tri Calc.: 890AlM+Na)', 906.4 [M+Kr; GIcNAc-MurNAc-L-Ala-o­
Glu-m-DAP with I amidation Found: 890.5 [M+Naj', 906.5IM+Kt 

11, 12 Multimeric 
MurNAc-peptides: 

e.g. MurNAc­
tripeptide­
MurNAc­

tetrapeptide 

(MurNAc-L-Ala-o-Glu­
m-DAP)-(o-Ala-m-DAP­
o-Glu-L-Ala-MurNAc) 

13 MurNAc-tripeptide Calc.: 666.3 [M+NaJ" 688.3 (M+Kj'; MurNAc-L-Ala-o-Glu-m-DAP 
Found: 666.1 [M+Nar,688.1 [M+KJ' 

FIG. 4. Fluorophore-assisted carbohydrate electrophoresis (FACE), HPLC, and mass spectrometry of muropeptides of B. subtilis degraded 
with NagZ and/or AmiE. (A) Muropeptides and amino sugars derived from peptidoglycan of B. subtilis by mutanolysin digestion were treated with 
NagZ and/or AmiE, labeled with the fluorophore ANTS, and separated by electrophoresis in a 32% polyacl)'lamide gel. The lanes contained a 
maltodextrin standard mixture (lane Std; for details see the legend to Fig. 3), GIcNAc (lane G), MurNAc (lane M), GIcNAc-MurNAc (lane GM), 
mutanolysin-treated cell walls from E. coli (lane L), the sample in lane L also digested with NagZ (lane LZ), the sample in lane L also digested 
with AmiE (laoc LE). and the sample in lane L also digested with NagZ and ArniE (lane LEZ). (13 and C) Muropeptidcs wen; identified by HPLC 
separation and UV detection (B) and by mass spectrometry (C), as well as by comparison with previously described data (1, 61). The numbers next 
to the bands in panel A and above the HPLC peaks in panel B are identifiers for muropeptide fragments (C). Tri, disaccharide-tripeptide 
monomer; Tetra, disaccharide-tetrapeptide monomer; Tri-Tetra, dimer of a Tri monomer and a Tetra monomer. A section sign indicates that 
fragments were identified on the basis of retention in FACE analyses as described previously (40, 61). 

NagZ activity with muropeptides generated from E. coli (Fig. 
3A) and B. subtilis (Fig. 4A) cell walls as determined by the 
FACE method. The muropcptides were identified by compar­
ison with previously described data for muropeptide FACE 
analyses (40,61) and by mass spectrometry (the composition of 
the muropeptides is summarized in Fig. 3C). The major mu­
ropeptides obtained from E. coli cell walls by mutanolysin 
treatmcnt were identified as multimeric muropeptides, like 
disaccharide-tetrapeptide dimer Tetra-Tetra (identifiers j and 

2) (Fig. 3A and C), as well as monomeric muropeptides, like 
Tetra (identifier 3) and disaccharide-tripeptide monomer (Tri) 
(identifier 4). In B. subtilis two prominent bands were visualized 
after mutanolysin treatment of isolated peptidoglycan (Fig. 
4A). Thcsc muropcptides were identified hy comparison with 
the vegetative cell wall peptidoglycans of B. subtilis described 
by Atrih et al. (1) and by mass spectrometry (Fig. 3C) as 
Tri-Tetra with two amidations (identifier 9), which accounted 
for 27.7% of the muropeptides, and Tri with one amidation 
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FIG. 5. Fluorophore-assisted carbohydrate electrophoresis (FACE) 
of the disaccharide GlcNAc-MurNAc degraded with NagZ. The lanes 
contained a maltodextrin standard mixture (lane Std; for details see 
the legend to Fig. 3), GlcNAc (lane G), MurNAc (lane M), GlcNAc­
MurNAc (lane GM), and GlcNAc-MurNAc digested with NagZ for 
30,60, and 120 min (lanes Z 30, Z 60, and Z 120, respectively). 

(identifier 10), which accounted for 20.5% of the total cell wall 
fragments (1). A gel with a lower polyacrylamide concentration 
revealed that the Tri-Tetra (identifier 9) band consisted of at 
least two fragments, probably Tri-Tetra and other multimeric 
muropeptides (data not shown). NagZ was able to hydrolyze 
muropeptides generated from both E. coli and B. subtilis pep­
tidoglycan, releasing GlcNAc (Fig. 3A and 4A). Multimeric 
muropeptides of E. coli cOlllaining Tetra-Tetra (identifiers 1 
and 2) (Fig. 3A), as well as the monomeric muropeptides Tetra 
(identifier 3) and Tri (identifier 4), were converted to the 
following corresponding products lacking the terminal GlcNAc 
residues: a dimer of two MurNAc-tetrapeptide monomers 
(identifiers 5 and 6), a MurNAc-tetrapcptide (identifier 7), and 
a MurNAc-tripeptide (identifier I). MALDI-TOF analysis of 
Tetra (identifier 3) (Fig. 3A) and the MurNAc-tetrapcptidc 
(identifier 7) (Fig. 3A) revealed additional masscs that 
matched those of Tri-Arg-Lys and MurNAc-tripeptide-Arg­
Lys. These peptidoglycan fragments originated from pepti­
doglycan that had been covalently bound to Braun's lipopro­
tein (8). In B. subtilis multimerie muropeptides containing 
Tri-Tetra (identifier 9) and amidated Tri (identifier 10) werc 
converted to multimeric MurNAc-peptides, including MurNAc­
tripeptide-MurNAc-tetrapeptide (identificrs 11 and 12) and 
MurNAc-tripeptide (identifier 13). Some muropeptides of B. 
subtilis were amidated (identifier 10) (Fig. 3C), most likdy at 
the m-DAP residue, which is a modification that was recog­
nized previously (58). NagZ also released GlcNAc from mu­
ropeptides prepared from Micrococcus {utcus peptidoglycan 
(data not shown) and cleaved the disaccharide GlcNAc­
MurNAc (Fig. 5). This indicates that NagZ is not restricted by 
the peptide composition of the muropeptide substrate and that 
it does not depend on the peptides for activity. However, no 
GlcNAc was released from insoluble peptidoglycan (from any 
source) by NagZ. 

Using a second approach, the muropcptidc spccificity of 
NagZ was analyzed by RP-HPLC. Under the conditions used 
muropeptides and cell wall sugars or sugar pep tides were de­
tected as two peaks related to their (X- and f3-anomeric forms. 
Figures 3B and 4B show the RP-HPLC elution patterns of 
muropeptides derived from mutanolysin-digested peptidogly­
can of E. coli (Fig. 3B, line L) and B. subtiUs (Fig. 4B, line L). 
NagZ-catalyzed hydrolysis of muropeptides of E. coli (Fig. 3B, 
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line LZ) and B. subtiUs (Fig. 4B, line LZ) was shown by the 
decrease in the peak heights or by the complete loss of several 
peaks, as well as by the appearance of new compounds, includ­
ing GlcNAc. The main peaks before and after hydrolysis by 
NagZ were collected and analyzed by FACE, and the release 
of GlcNAe and the conversion of muropeptides into MurNAc­
peptides as shown in Fig. 3C and 4C were confirmed. Although 
not all of the peaks in the RP-HPLC analysis could be identi­
fied, the specifieity of NagZ cleavage of the f3-1,4-glycosidic 
bond between GlcNAc and MurNAc and the broad spccificity 
for peptide substitutions at MurNAc were shown by the two 
autonomous methods. 

AmiE functions as an N-acetylmuramyl-L-alanine amidase. 
Muropeptide mixtures were not affected by incubation with 
AmiE, as shown by FACE analysis (Fig. 3A and 4A, lanes LE). 
Consistently, the RP-HPLC elution pattern of muropeptides of 
B. subtiUs after treatment with AmiE had only minor differ­
ences when they were compared to the muropeptide pattern 
obtained after mutanolysin treatment alone (Fig. 4B, line LE). 
This indicates that AmiE was not able to hydrolyze muropep­
tides containing GlcNAc at the nonreducing end. In contrast, 
this enzyme was active after previous digestion of the mu­
ropeptides with NagZ (Fig. 3A and 4A, lanes LE; Fig. 4B, line 
LEZ). The release of MurNAc from muropeptides by diges­
tion with both NagZ and AmiE showed that AmiE functions as 
an N-acetylmuramyl-L-alanine amidase that hydrolyzes the 
amide bond between MurNAc and the L-alanine residue of the 
stem peptide. In contrast to NagZ, AmiE did not degrade 
muropeptides of M luteus, although these compounds were 
substrates for NagZ (data not shown). 

Muropeptides accumulate in the spent medium of a IUlgZ 
mutant. Differences in the muropeptide pattern for the spent 
medium of wild-type Bacillus and nagZ mutant cells were iden­
(died (Fig. 6). Two compounds (Fig. 6, peaks c and d) were 
present only in the spent medium of the nagZ mutant. After 
treatmenl with purified NagZ, these compounds disappeared 
and two other compounds appeared (Fig. 6, peaks a and b). 
For the peak c compound the mass determined by mass spee­
trometry was consistent with the theoretical mass of GlcNAc­
MurNAe-Ala-Glu (calculated: 719.3 [M'Na]", 757.3 [M + Na/ 
K)'; found: 719.5 [M'Nar', 757.5 [M'K] '). The peak d 
compound could not be unequivocally identified by mass spec­
trometry; however, it eluted with a retention time similar to 
that of Tri-Tetra muropeptides (Fig. 4). The peak a and b 
compounds, which were generated from the peak c and d 
compounds by treatment with NagZ, eluted with retention times 
typical of MurNAc-peptides and MurNAc-peptide dimers, re­
spectively, consistent with the presumed identities of these com­
pounds (MurNAc-Ala-Glu and MurNAc-tripeptide-MurNAc­
tetrapeptide). 

DISCUSSION 

Similar to flndings for E. coli, the rate of cell wall turnover in 
some Gram-positive bacteria (e.g., B. subtilis W-23 [42] and 
Bacillus megaterium, Bacillus cereus, and Lactobacillus acidoph­
ilus [5, 9, 14]) is up to 50% of the cell wall material per 
generation. Curiously, however, the current view is that Gram­
positive bacteria, in contrast to Gram-negative bacteria, do not 
recycle the peptidoglycan of the endogenous wall. This char-
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FIG. 6. HPLC analysis of B. subtilis spent medium. The HPLC elution profile of spent medium of B. subtilis nagZ mutant cells (line AZ) has 

two minor peaks at retention times of 27 min (peak c) and 42 min (peak d) that are not present in the profile of the spent medium of wild-type 
cells (line wt). After treatment of the spent medium of nagZ cultures with recombinant NagZ protein for 5 min (line tI) and 60 min (line t2), these 
peaks disappeared and two peaks appeared at 20 min (peak a) and 40 min (peak b). which correspond to peaks that are found in the profile of 
spent medium of wild-type Bacillus cells (line wt) but not in the proflle of the control containing minimal medium plus succinate and NagZ protein 
(line m). 

acteristic was assumed based on early studies showing that cell 
wall turnover products accumulate in the culture medium (42, 
43). However, if the turnover products were not recovered, 
there would be a tremendous loss of resources, since pepti­
doglycan usually accounts for more than 20% of the total cell 
mass of Gram-positive bacteria. It is obvious that cell wall 
turnover products would be a fortuitous carbon and energy 
source, particularly for cells entering a starvation phase (e.g., 
stationary phase or beginning of sporulation). 

In E. coli, anhydromuropeptides are the primary turnover 
products that are continuously generated during growth and 
transported into the cytoplasm by the permease AmpG, where 
further processing involves the recycling enzymes AmpD, the 
anhMurNAc amidase, and AnmK, the anhMurNAc kinase, 
among others (12, 28, 33, 34, 57). Although anhMurNAc has 
been recognized in Bacillus, anhydromuropeptides and the 
lytic transglycosylases which generate them play only a minor 
role in peptidoglycan turnover in this organism (1). Moreover, 
B. subtilis apparently lacks orthologs of the recycling proteins 
AmpG, AmpD, and AnmK. Peptidoglycan recycling in B. sub­
tilis, therefore, must differ from peptidoglycan recycling in E. 
coli. At least 35 cell wall lytic enzymes (autolysins) have been 
identified in B. subtilis. but their precise specificities and func­
tions, particularly those of muramidases and lytic transglyco­
sylases, are for the most part unknown (50). There are three 
putative G-type Iysozymes or lytic transglycosylases (family 23 
glycosidases): YocA (BSU19130), YjbJ (BSU11570), and YomI 
(BSU21350). Furthennore two additional enzymes which belong 
to the SLT family have been annotated: YqbO (BSU26030, 

P45931) and XKDO (P54334). Recently, the putative lytic 
transglycosylase CwIT (Y ddH, BSU04970) was shown to act as 
a lysozyme-like muramidase rather than a lytic transglycosylase 
(19). CwIT is a bifunctional two-domain enzyme; the N-termi­
nal domain functions as an N-acetylmuramidase, and the C­
tenninal domain has LD-endopeptidase activity and is capable 
of hydrolyzing o--y-glutamyl-m-DAP linkages. This protein re­
leases mostly peptidyl tetra-, hexa-, and octasaccharides from 
the peptidoglycan and only small amounts of the disaccharide 
GIcNAc-MurNAc-L-Ala--y-o-Glu (19), the product that accu­
mulates in the spent medium of the nagZ mutant. Clearly, the 
origin of the substrate of NagZ (GlcNAc-MurNAc pep tides) 
needs to be investigated further. In addition to CwlT, a muram­
idase that in conjunction with NagZ would lead to complete 
degradation of peptidoglycan fragments is unknown. One can­
didate, an exomuramidase, was discovered in crude enzyme 
preparations and was able to hydrolyze the disaccharide 
MurNAc-GIcNAc (15), but so far neither the enzyme responsible 
nor the corresponding gene has been identified. Two of the 
most abundant autolysins in B. subtilis, the amidase LytC and 
the endo-N-acetylglucosaminidase LytD, as well as LytF, a 
-y-o-glutamate meso-diaminopimelate muropeptidase, are not 
involved in cell wall turnover but were shown recently to act as 
peptidoglycan-remodeling autolysins in flagellum synthesis 
(10). 

Our group identified a pathway for the recovery of MurNAc 
consisting of the MurNAc-specific phosphotransferase system 
(MurP), the MurNAc-6-phosphate etherase (MurQ), and the 
MurNAc-6-phosphate-sensitive transcriptional repressor MurR 



(13, 35-37). Recently, Plumbridge showed that NagE, a 
GlcNAc-specifk phosphotransferase system enzyme, is involvcd 
in murein recycling in E. coli (48). B. subtilis possesses a NagE 
ortholog, as wdl orthologs of the MurNAc-specific phospho­
transferase system (ybbF/murP) and the MurNAc-6-phosphate 
etherase (murQ/ybbI). Therefore, recovery of the cell wall 
amino sugars GlcNAc and MurNAc in B. subtilis may proceed 
though transport and concomitant phosphorylation involving 
speciiic phosphotransferase systems (NagE and MurP), yield­
ing the amino sugar 6-phosphate and resulting in further con­
version of MurNAc-6-phosphate to GlcNAc-6-phosphate by 
an etherase (MurQ). GlcNAc-6-phosphate can then deacety­
lated by the NagA enzyme, yielding glucosamine-6-phosphate, 
which either is deaminated by NagB, yielding fructose-6-phos­
ph ate that enters glycolysis, or is converted to glucosamine-1-
phosphate by the phosphoglucosamine mutase GlmM, which 
enters the amino sugar and cell wall biosynthesis pathway. 

Interestingly, MurQ and MurP are encoded by genes in a 
putative operon in B. subtilis together with an ortholog of the 
NagZ [3-N-acetylglucosaminidase of E. coli that was designated 
BsNagZ (formerly ybbD). This protein was annotated as a 
lipoprotein; however, a signal sequence for signal peptidase 1 
was identified that potentially cleaves the N-terminal cysteine 
that would be required for covalent binding to phospholipids. 
Our results showed that BsNagZ occurs in the culture super­
natant of B. subtilis mainly in a sedimentable form and can be 
solubilized with NaCl. Therefore, it is not a lipoprotein. In this 
study we characterized NagZ and AmiE (formerly YbbE), 
which together are able to release MurNAc from muropep­
tides. Notably, both of these proteins act outside the cell. NagZ 
cleaves GlcNAc residues from the nonreducing end and acts 
on muropeptides generated from B. subtilis, E. coli, or M 
luteus peptidoglycan. It could also release GlcNAc from larger 
muropeptide fragments, such as that produced by CwIT; how­
ever, it was not able to degrade isolated peptidoglycan. As 
there may be some GlcNAc at the nonreducing ends of pep­
tidoglycan strands, this indicates that peptidoglycan is not a 
substrate of NagZ. A small amount of GlcNAc might not be 
detectable by the FACE gel assay; however, FACE analysis can 
detect as little as 2 to 5 pmol muropeptide (40, 61), and hence 
it should be possible to detect even small amounts of GlcNAc 
released from the nonreducing end of peptidoglycan chains 
with this method. 

NagZ is associated with the cell wall and cell wall-derived 
particulate material, likely via ionic interactions of the posi­
tively charged protein (calculated pI, 9.37) with the negatively 
charged Bacillus cell wall, and it can be released from the wall 
by high concentrations of salt. AmiE can cleave peptides 
from MurNAc-peptides of E. coli and B. subtilis but not 
from MurNAc-peptides of M luteus, likely due to differences in 
the peptide composition. In M luteus the peptide subunits have 
the sequence N-(L-alanyl--y-[ a-D-glutamylglycine ])-L-lysyl-D­
alanine, whereas in E. coli and B. subtilis the pep tides consist of 
N-(L-alanyl--Y-D-glutamyl-m-DAP-D-alanine). Furthermore, in 
M luteus the peptidoglycan is cross-linked by peptide bridges 
consisting of repeating tetrapeptide sequences. 

NagZ is the major exo-[3-N-acetylglucosaminidase of B. sub­
tlis, since a NagZ mutant shows severely decreased activity with 
the substrate analogue 4-Mu-[3-GlcNAc. Using stationary-phase 
cells, less than 5% of the wild-type B. subtilis N-acetylglu-
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cosaminidase activity was found in the nagZ mutant. During 
the mid-exponential growth phase the nagZ mutant had resid­
ual activity compared to the wild type, indicating that a second 
exo-acting enzyme was present (Fig. 2). This activity may be 
associated with the exo-acting N-acetylglucosaminidase LytG 
that is expressed mainly during this growth phase under control 
of the (JA-dependent promoter (29). A lack of LytG resulted in 
appearance of GlcNAc at the nonreducing terminus, and hence 
LytG may have a role in modifying glycan strand length, since the 
glycan strands of mature peptidoglycan have a MurNAc at the 
nonreducing end in B. subtilis (Fig. 1). 

The regulation of the gene cluster of B. subtilis involved in 
MurNAc dissimilation was not examined in this study. How­
ever, we recognized a (JA-dependent promoter in the region 
upstream of ybbI (murQ). In addition, the expression of this 
cluster likely is regulated by carbon catabolite repression, since 
a highly conserved catabolite response element (ere) is located 
upstream of the (JA-dependent promoter. Glucose starvation 
should result in a switch to utilization of alternative carbon 
sources mediated mainly by the catabolite control protein 
CcpA. Furthermore, accumulation of MurNAc-6-phosphate 
might induce transcription of the operon, as is the case in E. 
coli (37). Eichenberger et al. have shown that ybbFEDC is also 
part of the (TE regulon, which influcnces the transcription of 
more than 250 genes during sporulation in B. subtilis (17). 
NagZ is expressed during the transition to stationary growth, 
but the highest level of activity was found in the late stationary 
or decay phase, which can be attributed to uE at the onset of 
sporulation. 

The nagZ mutant displayed normal cell morphology, and no 
change in the growth rate was observed during exponential 
growth in rich medium. However, a substantial decrease in the 
optical density was observed for the nagZ mutant compared to 
the wild type in stationary phase. The reason for this lytic effect 
is currently unclear but is being studied. One possibility is that 
the nagZ mutation affects sporulation. B. subtilis responds to 
nutritional limitation by entering the sporulation phase (16, 
30). This is an energy- and time-intensive process, and there­
fore B. subtilis cells exhibit a cannibalistic tendency by killing 
their sister cells and feeding on the released nutrients to delay 
sporulation (18, 22). Recently, Bernhardt et al. showed that 
after a few hours of glucose starvation a few sporulation-spe­
cific proteins appeared (3), which indicated that at lcast a 
portion of the cell population initiated sporulation. The in­
creased lysis of a nagZ null mutant during the late stationary 
phase compared with the wild type may have been a result of 
a connection, either direct or indirect, with sporulation, spore 
germination, cannibalism, or autolysis. 
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