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Supporting Experimental Procedures  

 
Synthesis of pNP-MurNAc and pNP-iso-MurNAc 

The synthesis of the chromogenic substrate para-nitrophenyl-2-acetamido- 3-O-(D-1-carboxyethyl)-2-

deoxy-β-D-glucopyranoside (pNP-MurNAc) and its stereoisomer para-nitrophenyl-2-acetamido-3-O-(L-1-

carboxyethyl)-2-deoxy-β-D-glucopyranoside (pNP-iso-MurNAc) was carried out according to modified 

literature procedures starting with p-nitrophenyl 2-acetamido-2-deoxy-β-D-glucopyranoside (pNP-

GlcNAc) (1). 

 
 

p-Nitrophenyl 4,6-benzylidine-GlcNAc. According to the literature procedure, (2) pNP-GlcNAc (220 mg, 

0.64 mmol) in DMF (3 mL) was treated with benzaldehyde dimethyl acetal (120 µl, 0.78 mmol) and 

TsOH·H2O (9 mg). The suspension was rotated on a rotary evaporator (50 °C, 40 mbar) for 2.5 hours. The 

clear solution was treated with NaHCO3 (saturated aqueous solution, 40 ml) and stirred at room temperature 

for 30 minutes. The precipitate was collected by filtration and washed with water and ether to yield the title 

compound (214 mg, 77%) as a colourless solid. 1H NMR (500 MHz, DMSO-d6) δ 8.20 (d, J = 9.3 Hz, 2H), 

8.02 (d, J = 8.8 Hz, 1H), 7.50 – 7.36 (m, 3H), 7.23 (d, J = 9.2 Hz, 2H), 5.64 (s, 1H), 5.39 (d, J = 8.4 Hz, 

1H), 4.29 – 4.19 (m, 1H), 3.88 – 3.79 (m, 1H), 3.79 – 3.68 (m, 3H), 3.56 (t, J = 8.9 Hz, 1H), 1.81 (s, 3H). 
13C NMR (126 MHz, DMSO-d6) δ 169.52, 161.90, 142.05, 137.66, 128.98, 128.12, 126.39, 125.86, 116.64, 

100.77, 98.43, 80.80, 70.16, 67.67, 66.19, 55.89, 23.06. Analytical data in agreement with the literature 

(3).  

 
 

p-Nitrophenyl 3-O-(D-1-methoxycarbonylethyl)-4,6-benzylidine-GlcNAc. p-Nitrophenyl 4,6-

benzylidene-GlcNAc (171 mg, 0.4 mmol) was taken up in toluene (20 ml) and evaporated to dryness. The 

residue was dissolved in dioxane (90 ml) and warmed to 60 °C, whereupon NaH (135 mg, 60% dispersion 

in mineral oil) was added. The solution was stirred for 15 minutes, then treated with 2-chloropropionic acid 

(675 µl) in dioxane (4.5 ml). The suspension was stirred for 2 hours at 70 °C, then treated portionwise with 

NaH (1.8 g) and dioxane (6 ml). The thick mixture was stirred at 50 °C for 16 hours, then treated cautiously 

with water (20 ml) to decompose excess NaH. The mixture was concentrated in vacuo to give a slurry which 

was diluted with water (15 ml) and washed with CHCl3 (15 ml). Ice and CHCl3 (45 ml each) were added, 

and the mixture treated with HCl (3M) until pH = 3. The layers were separated and the chloroform layer 

was further washed with ice-water (3 x 45 ml), dried, filtered, and concentrated in vacuo. 
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The crude product (140 mg) was dissolved in DMF (5 ml) and was treated with iodomethane (0.2 

ml, 3.2 mmol) and K2CO3 (300 mg, 2.2 mmol). The mixture was stirred for 16 hours at room temperature, 

whereupon water and ethyl acetate (100 ml each) were added. The aqueous layer was further extracted with 

ethyl acetate (2 x 50 ml), and the combined organic layers were dried (Na2SO4), filtered, and concentrated 

in vacuo. The residue was purified by flash chromatography on silica gel (5% to 30% ethyl acetate in 

dichloromethane) to yield a smaller amount of the iso-muramic acid derivative (see below) and the title 
compound (colourless solid, 44 mg, 85 µmol, 21%). 1H NMR (500 MHz, DMSO-d6) δ 8.20 (d, J = 9.2 Hz, 

2H, 2 x ArH), 7.97 (d, J = 8.1 Hz, 1H, NH), 7.47 – 7.36 (m, 5H, 5 x ArH), 7.24 (d, J = 9.2 Hz, 2H, 2 x ArH), 

5.72 (s, 1H, benzylidene CH), 5.47 (d, J = 7.7 Hz, 1H, H-1), 4.34 (q, J = 6.7 Hz, 1H, Lac-α), 4.29-4.25 (m, 

1H, H-6a), 3.91 – 3.82 (m, 2H, H-2, H-3), 3.81 – 3.73 (m, 3H, H-4, H-5, H-6b), 3.61 (s, 3H, OMe), 1.81 

(s, 3H, NAc), 1.27 (d, J = 6.7 Hz, 3H, Lac-Me). 13C NMR (126 MHz, DMSO-d6) δ 172.64 (C=O, CO2Me), 

169.55 (NCOMe), 161.74 (C), 142.15 (C), 137.50 (C), 128.93 (CH), 128.28 (2 x CH), 125.90 (2 x CH), 

125.86 (2 x CH), 116.67 (2 x CH), 100.15 (benzylidene CH), 98.05 (C-1), 80.82 (C-4), 77.71 (C-3), 75.43 

(Lac-α), 67.60 (C-6), 65.64 (C-5), 54.29 (C-2), 51.76 (OMe), 23.01 (NCOMe), 18.75 (Lac-Me). HPLC-MS 

m/z: [M+H]+ Calcd for C25H29N2O10: 517.18; Found 517.15. 

 

 
 

p-Nitrophenyl MurNAc. p-Nitrophenyl 3-O-(D-1-methoxycarbonylethyl)-4,6-benzylidine-GlcNAc (27 

mg, 52 µmol) in 60% acetic acid (13 ml) was stirred at 100 °C for 45 minutes. The reaction mixture was 

concentrated in vacuo, diluted with sodium hydroxide solution (0.5 M, 5 ml), and stirred at room 

temperature for 1 hour. The reaction mixture was neutralized with Amberlite resin, filtered and lyophilized. 

The residue was purified by HPLC (5% to 95% acetonitrile in water + 0.1% formic acid) to yield the title 

compound (14.5 mg, 35 µmol, 67%) as a colorless solid. 1H NMR (300 MHz, D2O) δ 8.11 (d, J = 9.3 Hz, 

2H, 2 x ArH), 7.06 (d, J = 9.3 Hz, 2H, 2 x ArH), 5.20 (d, J = 8.4 Hz, 1H, H-1), 4.32 (q, J = 6.8 Hz, 1H, Lac-

α), 3.97 (t, J = 9.2 Hz, 1H, H-2), 3.91 – 3.83 (m, 1H, H-6a), 3.71 (dd, J = 12.3, 4.1, 1 H, H-6b) 3.66 – 3.48 

(m, 3H, H-3, H-4, H-5), 1.89 (s, 3H, NHAc), 1.35 (d, J = 6.9 Hz, 3H, Lac-Me). 13C NMR (75 MHz, D2O) 

δ 177.83 (C=O), 175.26 (C=O), 162.32 (C), 143.22 (C), 126.69 (2 x CH), 117.10 (2 x CH), 99.16 (C-1), 

83.14 (C-3), 78.20 (Lac-α), 76.67 (C-5), 69.87 (C-4), 61.02 (C-6), 55.22 (C-2), 22.84 (NHAc), 19.25 (Lac-

Me). HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C17H23N2O10: 415.1347; Found 415.1345. 
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p-Nitrophenyl-iso-MurNAc. 

p-Nitrophenyl 4,6-benzylidene-GlcNAc (57 mg, 0.13 mmol) was taken up in toluene (20 ml) and 

evaporated to dryness. The residue was dissolved in dioxane (30 ml) and warmed to 60 °C, whereupon NaH 

(45 mg, 60% dispersion in mineral oil) was added. The solution was stirred for 15 minutes, then treated 

with 2-chloropropionic acid (225 µl) in dioxane (1.5 ml). The suspension was stirred for 2 hours at 70 °C, 

then treated portionwise with NaH (0.6 g) and dioxane (2 ml). The thick mixture was stirred at 50 °C for 

16 hours, then treated cautiously with water (20 ml) to decompose excess NaH. The mixture was 

concentrated in vacuo to give a slurry which was diluted with water (5 ml) and washed with CHCl3 (5 ml). 

Ice and CHCl3 (15 ml each) were added, and the mixture treated with HCl (3M) until pH = 3. The layers 

were separated and the chloroform layer was further washed with ice-water (3 x 15 ml), dried, filtered, and 

concentrated in vacuo to yield the crude product (50 mg). 

A portion of the crude product (23 mg) was dissolved in 60% acetic acid (10 ml) and was stirred at 100 °C 

for 15 minutes. The reaction mixture was concentrated in vacuo and azeotroped with toluene. The residue 

was purified by HPLC (5% to 15% acetonitrile in water + 0.1% formic acid) to yield pNP-MurNAc (2.9 

mg, analytical data as described previously) and the title compound (1.7 mg, 4.1 µmol, 7%) as a colorless 

solid. 1H NMR (500 MHz, CD3OD) δ 8.26 (d, J = 9.3 Hz, 2H, 2 x ArH), 7.20 (d, J = 9.3 Hz, 2H, 2 x ArH), 

5.34 (d, J = 8.5 Hz, 1H, H-1), 4.23 (q, J = 7.0 Hz, 1H, Lac- α), 4.12 (dd, J = 9.9, 8.5 Hz, 1H, H-2), 3.94 (dd, 

J = 12.6, 1.7 Hz, 1H, H-6a), 3.80 – 3.75 (m, 1H, H-6b), 3.70 – 3.60 (m, 3H, H-3, H-4, H-5), 2.05 (s, 3H, 

NHAc), 1.37 (d, J = 7.0 Hz, 3H, Lac-Me). 13C NMR (126 MHz, CD3OD) δ 180.29 (C=O), 175.40 (C=O), 

162.25 (C), 143.36 (C), 126.74 (2 x CH), 117.19 (2 x CH), 98.81 (C-1), 83.27 (C-3), 78.90 (Lac-α), 76.79 

(C-5), 69.90 (C-4), 60.99 (C-6), 55.37 (C-2), 22.67 (NHAc), 19.41 (Lac-Me). HRMS (ESI-TOF) m/z: 

[M+H]+ Calcd for C17H23N2O10: 415.1347; Found 415.1343 
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Supporting Tables 

 
 

Table S1 | Structures and exact monoisotopic masses 

 

Overview of peptidoglycan degradation products and chromogenic glycosidase substrates and their exact 

masses of proton, sodium, potassium adducts in positive ionization mode and the deprotonated species in 

negative ionization mode. 

 

Structure Name Formula exact 

mono- 

isotopic 

mass [M] 

[M+H]+ [M-H]- [M+Na]+ [M+K]+ 

 

GlcNAc C8H15NO6 221.0899 222.0972 220.0826 244.0791 260.0531 

 

MurNAc C11H19NO8 293.1111 294.1184 292.1038 316.1003 332.0743 

 

anhydro 

MurNAc 

C11H17NO7 275.1005 276.1078 274.0932 298.0897 314.0637 

 

GlcNAc-

MurNAc 

C19H32N2O13 

  

496.1904 497.1977 495.1831 519.1796 535.1536 

 

MurNAc-

GlcNAc 

C19H32N2O13 496.1904 497.1977 495.1831 519.1796 535.1536 

 

GlcNAc- 

anh 

MurNAc 

C19H30N2O12 478.1799 479.1872 477.1726 501.1691 517.1431 

 

MurNAc-

GlcNAc- 

anh 

MurNAc 

C30H47N3O19 753.2804 754.2877 752.2731 776.2696 792.2436 
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Structure Name Formula exact 

mono- 

isotopic 

mass [M] 

[M+H]+ [M-H]- [M+Na]+ [M+K]+ 

 

pNP- 

MurNAc 

 

 

C17H22N2O10 414.1274 415.1347 413.1201 437.1166 453.0906 

 

pNP- 

iso- 

MurNAc 

 

C17H22N2O10 414.1274 415.1347 413.1201 437.1166 453.0906 

 

pNP- 

O-methyl- 

MurNAc  

C18H24N2O10 428.1431 429.1504 427.1358 451.1223 467.1063 

 

pNP- 

GlcNAc 

C14H18N2O8 342.1063 343.1136 341.0990 365.0955 381.0695 

 

oNP- 

Gal 

C12H15NO8 301.0798 302.0871 300.0725 324.0690 340.0430 

L-Ala-iso-D-Glu-mDAP tripeptide 
(with one 

amidation) 

C15H27N5O7 389.1910 390.1983 388.1838 412.1803 428.1542 

L-Ala-iso-D-Glu-mDAP-

D-Ala 
tetra- 

peptide 
(with one 

amidation) 

C18H32N6O8 460.2282 461.2354 459.2209 483.2174 499.1913 

L-Ala-iso-D-Glu-mDAP- 

D-Ala 
                               /      

L-Ala-iso-D-Glu-mDAP 

tri-tetra- 

peptide 

(with two 

amidations) 

C33H57N11O14 831.4086 832.4159 830.4014 854.3979 870.3718 

L-Ala-iso-D-Glu-mDAP-  

D-Ala 
                               /      

L-Ala-iso-D-Glu-mDAP 

tri-tetra- 

peptide 

(with one 

amidation) 

C33H56N10O15 832.3927 833.3999 831.3854 855.3819 871.3559 
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Table S2 | List of Oligonucleotides 

 

  Primer Sequence- 5'-3' Application 

nagZ_500_fw GCGGCTTCCATTGCGTATGCC construction of ΔnagZ 

nagZ_500_rev GCGTTATTCAATTCCCTAACATCCGC construction of ΔnagZ 

namZ_500_fw GCTTCAGTTTGGCTAATTCCG construction of ΔnamZ 

namZ_500_rev CAAACCCGTATCCCTCAGC construction of ΔnamZ 

ybbC_FW GGCATATGTCACCCGATTCAAAGAATC amplification of namZ 

 ybbC_RV GGCTCGAGATAAATGAGATACTT amplification of namZ 

RK-24 GCTCCATGGCGGTTAAAATTTTTATTGATCCTGG

ACAT  

amplification of cwlC 

RK-20 GCTAGCTCGAGTGATTCTAGGATCACAATAGC amplification of cwlC 

 69_Atl_gluc_Fw CAGCTCCATGGCTTATACTGTTACTAAACCAC amplification of atlGlc 

 70_Atl_gluc_Rev GCGCCTCGAGTTTATATTGTGGGATGTCGAAG amplification of atlGlc 

 AmiE_Bs_for GCGCCATGGCGCAAACAGCAGGCAACTTGATTG amplification of amiE 

 AmiE_Bs_rev GCGCTCGAGCTCCATCGCTTCATAAATCGC amplification of amiE 

introduced restriction sites are underlined 
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Supporting Figures 
 

 
Figure S1 | Comparison of the growth of B. subtilis WT, ΔnagZ and ΔnamZ in LB medium under 

aerobic conditions. The ΔnagZ and ΔnamZ mutants reached lower optical density (A600) in the transition 

to stationary phase (24 h) and an alleviated lytic behavior following prolonged stationary phase (52 h) when 

compared to WT. Cells were grown in 500 ml flasks with chicane in a final volume of 40 ml LB under 

constant shaking. 
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Figure S2 | Purity of recombinant B. subtilis NamZ revealed by SDS-PAGE and identification of its 

dimeric state in solution by SEC-MALS analysis. (A) SDS-PAGE analysis of NamZ; lane 1, protein 

standard; lane 2, E. coli cell extract before induction (- IPTG) and, lane 3 after induction (+ IPTG); lane 4, 

pure recombinant NamZ protein after Ni2+ affinity and size exclusion chromatography (24 µg). The protein 

yield was 8 mg per L culture and appeared at a molecular mass consistent with the theoretical molecular 

mass of the monomer of 44.77 kDa. (B) SEC-MALS profile of NamZ. Recombinant NamZ was subject to 

a size-exclusion chromatography coupled with multiangle light scattering (SEC-MALS). The scattering 

data (dotted line) for the NamZ peak area was determined in three independent experiments resulting in an 

average of 89.3 ± 7.4 kDa at the peak maximum, which corresponds to the dimeric-mass of the monomer 

(44.77 kDa). The distribution of molar mass across NamZ peak was broad and ranged from ≈ 114.5 to 65.9 

kDa, under native conditions.  
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Figure S3 | Temperature and pH stability and optima of NamZ. Enzyme stability (blue squares) and 

enzyme optimum activity (red circles) were assayed using pNP-MurNAc (0.2 mM) for 30 min at different 

(A) temperature and (B) pH conditions, using purified, recombinant NamZ (0.05 g/l). Standard errors 

(SEM) are indicated and calculated out of three biological replicates. 

 

 



13 

 



14 

Previous page 

Figure S4 | Separation from peptides and purification of MurNAc-GlcNAc by semi-preparative 

HPLC on a RP-C18 column. Peptidoglycan was digested overnight with CwlC and AtlGlc and the reaction 

mixture was separated via HPLC (A). The elution profile is shown at absorption of 202 nm. The main peaks 

(labeled 1-4) were identified by their m/z using LCMS (B). Peaks 1-3 and 5 were identified as 

peptidoglycan-derived peptides: peak 1, at a retention time of 8.9 min, showed amidated tripeptide, peak 2, 

at a retention time of 9.9 min, showed amidated tetrapeptide, peak 3, at a retention time of 11.6 min, showed 

tri-tetrapeptide with two amidations, and peak 5, at a retention time of 14.3 min, showed tri-tetrapeptide 

with one amidation (Supporting Table S1). Peak 4, at a retention time of 21 min, solely contained MurNAc-

GlcNAc. LCMS was also used to control the purity of the MurNAc-GlcNAc pool before (left) and after 

(right) purification by HPLC. Results are presented as base peak chromatograms (BPC). The mass spectrum 

of the MurNAc-GlcNAc pool after separation (peak 4; B) was further analyzed for purity by LCMS (C). 

Main mass was (M+H)+ 497.196 m/z consistent with the theoretical mass of MurNAc-GlcNAc of (M+H)+ 

497.1977 m/z). All other masses also could be assigned to MurNAc-GlcNAc: a dimer (2M+H)+ of 

MurNAc-GlcNAc, sodium and potassium ion adducts, as well as water and MurNAc elimination products.  

 

 

 

 
Figure S5 | NamZ hydrolyzes MurNAc-GlcNAc yielding MurNAc and GlcNAc. Purified MurNAc-

GlcNAc (0.1 mM) was incubated for 30 minutes at 37°C with NamZ (20 ng). Samples were analyzed by 

LC-MS in positive ion mode. Data are shown as base peak chromatograms (BPC; black, left y-axis) and 

extracted ion chromatograms (EIC; right y-axis). For MurNAc-GlcNAc without NamZ (A) a peak 

corresponding to MurNAc-GlcNAc at a retention time of 21.1 min with an observed mass of (M+H)+ 

497.196 m/z could be detected (grey). For MurNAc-GlcNAc incubated with NamZ (B) two peaks could be 

detected: one for GlcNAc at a retention time of 10.0 min and with an observed mass of (M+H)+ 222.097 

m/z (red) and the other corresponding to MurNAc at a retention time of 21.8 min and an observed mass of 

(M+H)+ 294.118 m/z (blue).  
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Figure S6 | NamZ specifically requires MurNAc at the non-reducing end of a disaccharide. GlcNAc-

MurNAc (0.1 mM) was incubated for 30 minutes at 37°C with either NamZ (+ NamZ) or NagZ (+NagZ) 

(each 20 ng), respectively. Samples were analyzed by LC-MS. Data are shown in base peak chromatograms 

(BPC; black, left y-axis) extracted ion chromatograms (EIC; right y-axis). For GlcNAc-MurNAc without 

NamZ (A) a peak corresponding to GlcNAc-MurNAc at a retention time of 21.8 min with an observed mass 

of (M+H)+ 497.198 m/z could be detected (brown). For GlcNAc-MurNAc with NamZ (B) a peak 

corresponding to GlcNAc-MurNAc at a retention time of 21.6 min with an observed mass of (M+H)+ 

497.198 m/z could be detected (brown). For GlcNAc-MurNAc with NagZ (C) a peak corresponding to 

GlcNAc at a retention time of 10.1 min with an observed mass of (M+H)+ 222.097 m/z (red) and a peak 

corresponding to MurNAc at a retention time of 21.6 min with a mass of (M+H)+ 294.118 m/z (blue) could 

be detected. 
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Figure S7 | Sequential digest of peptidoglycan with NagZ, AmiE and NamZ of B. subtilis. Purified 

peptidoglycan was sequentially digested by the action of the three recombinant enzymes and analyzed by 

HPLC-MS. Measurement was performed in both positive and negative ion mode. Shown are the mass 

spectra of released peptidoglycan carbohydrates (A – C) and peptides (D – F). (A) GlcNAc release was 

identified by the appearance of the mass of (M+H)+ 222.098 m/z. Also masses for the sodium adduct 

((M+H)+ 244.079 m/z) and water elimination products appeared. (B) MurNAc release was identified by the 

appearance of a mass of (M-H)- 292.104 m/z. Also the mass for MurNAc dimer ((2 M-H)- 585.214 m/z) 

appeared. (C) AnhMurNAc could be identified by the appearance of a mass of ((M-H)- 274.094 m/z). Also 

the mass for anhMurNAc dimer ((2 M-H)- 549.197 m/z), which occurs due to ionization conditions. (D) 

Tripeptide with one amidation could be identified with a mass of (M-H)- 388.187 m/z. (E) Tri-tetrapeptide 
with one amidation could be identified with a mass of (M-H)- 831.388 m/z. (F) Tri-tetrapeptide with two 

amidations could be identified with a mass of (M-H)- 830.406. See Supporting Table S1 for theoretical m/z 

values. 
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