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Treatment of peptidoglycan monomer (1) from Brevibacferium divaricatum 
with aqueous ammonia led to cleavage of the C-3 ether linkage in the N-acetyl- 
muramoyl residue to give the D-lactoylpentapeptide and a saturated disaccharide. 
By using 13C-n.m.r. spectroscopy, the disaccharide was identified as 
chitobiosamine. Alkaline treatment of model compounds under similar conditions 
showed that N-acetylmuramoyl derivatives with C-l unsubstituted undergo cleav- 
age at C-3 to give the corresponding 2-acetamido-2-deoxy-D-glucopyranose deriv- 
ative. The reaction of 1 with ammonia was monitored by ‘H-n.m.r. spectroscopy 
and, from the data obtained, rate constants and the activation energy were calcu- 
lated. 

INTRODUCXION 

In 1960, Perkins reported’ that, on heating, a triethylamine-water solution 
(pH 9.5) of the disaccharide-peptide from Micrococcus lysodeikticus cell-wall yields 
a compound which gives a purple colour with the Ehrlich reagent; similar treatment 
of UDP-N-acetylmuramoyl-pentapeptide2 splits off the lactoylpentapeptide. 
Ghuysen et cd3 showed that treatment of the peptidoglycan monomer from Strep- 
tococcus fueculis with alkali results in p-elimination with the formation of lactoyl- 
peptide and an unsaturated disaccharide which gives a purple colour with the 
Ehrlich reagent. Tippet’ found that, under mild alkaline conditions, N-acetyl- 
muramic acid and its derivatives give a product with a characteristic Morgan-Elson 
absorption spectrums. Peptidoglycan monomer from Streptococcus fueculis was 
claimed to undergo p-elimination in 0.05~ NaOH6T7 and 4~ NH,0H6. After treat- 
ment of the peptidoglycan polymer from Bacillus licheniformiti and the peptido- 
glycan monomer from Brevibucterium divuricutum9 with ammonium hydroxide, the 
respective lactoylpentapeptide fragments were detected. 

The reaction of the repeating unit of the Brevibucterium divuricutum cell-wall 
in mild alkaline solutions is now reported. The immunoadjuvant1° repeating-unit 
was previously fully characterised9J1J2 as [2-acetamido-4-O-(2-acetamido-2-deoxy- 
~-D-glucopyranosyl)-2-deoxy-3-0-(D-ethyl-l-carbonyl)-D-glucopyranose]-L-alanyl- 
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D-isoglutaminyl-[(L)-meso-diaminopimeloyl-(D)-amide-(L)-D-alanyl-D-alanine] (1). 

RESULTS AND DISCUSSION 

When 1 was treated with aqueous ammonia, the ‘H-n.m.r. spectrum of the 

reaction mixture did not reveal the formation of a glucal structure from the N- 

acetylmuramoyl moiety; the signal at -6 p.p.m. characteristic’” I4 for H-3 of 2,3-un- 

saturated 2-amino sugars was absent. However, the intensity of the IH signal for 

the N-acetyl group of the N-acetylmuramoyl residue gradually decreased to zero, 

whereas that for the N-acetyl group of the 2-acetamido-2-deoxy-D-glucopyranosyl 

residue increased to twice its initial value (Fig. 1); a 2-day reaction sample revealed 

(‘H-n.m.r., t.1.c.) the complete absence of 1. 
The 13C-n.m.r. spectra (Table I) of the reaction mixture were compared with 

those of 111,i2 and the pentapeptide”,” {L-alanyl-D-isoglytaminyl-~L)-meso- 

diaminopimeloyl-(D)-amide-(L)-D-alanyl-D-alanine] (2)) and the disaccharide” {2- 

acetamido-4-0-(2-acetamido-2-deoxy-P_D-glucopyranosyl)-3-O-[l-(S)-carboxy- 

ethyl]-2-deoxy-D-glucopyranose (3)) obtained by hydrolysis of 1 with N-acetyl- 

muramoyl-L-alanine amidase15. In the reaction mixture. the signals of the D-lactyl 

residue and C-3 and C-4 of the N-acetylmuramoyl pyranose ring were changed. 

The ring signal and that of Q-C of the D-laCty1 residue were shifted to higher fields 

(by 9.75 and 9.85 p.p.m., respectively), whereas those of C-4 and /3-C and CO of 

the D-lactyl moiety were shifted downfield (by 3.35, 1.20, and 2.50 p.p.m., respec- 

tively). These shifts (Table I) indicate that. in the N-acetylmuramoyl moiety, the 

cleavage of the ether bond between C-3 of the pyranose ring and (Y-C of the D-lactyl 

residue had been cleaved. 

The Me signals in the ‘H-n.m.r. spectrum of the D-lactoylpentapeptide 4 {2- 

hydroxypropionyl-L-alanyl-D-isoglutaminyl-[(L)-~e~~-diaminopimeloyl-(D)-amide- 

(L)-D-alanyl-D-alanine]}, isolated from the reaction mixture of 1 by column 

chromatography on Sephadex G-10, were assigned as follows: C-terminal D- 

alanine, 1.38; peptide-bound D-alanine, 1.32; N-terminal L-alanine, 1.30; and D- 
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Fig. 1. The cleavage of 1 in NHdOH-D,O (1:3): *H-n.m.r. spectra (303 K) of the methyl signal area of 
the 2-acetamido groups of the GIcNAc-(1~4)-MurNAc moiety of 1. Expansion of spectra: 24x (area, 
1.9-2.1 p.p.m.). 

lactyl residue, 1.32 p.p.m. These values agree with published data12,16. In the 13C- 
n.m.r. spectra, the signal shifts of 4 were identical to those found in the spectra of 
the reaction mixture of 1 (Table I). 

In the lH-n.m.r. spectra of the disaccharide component (isolated from the 
reaction mixture of 1 by preparative paper chromatography), only the methyl signal 
of the Z-acetamido-2-deoxy-D-glucopyranosyl residue could be determined pre- 
cisely, but the ‘C-n.m.r. spectra indicated the compound to be 2-acetamido-4-O 
(2-acetamido-2-deoxy-~D-glucopyranosyl)-2-deoxy-D-glucopyranose (5) and the 
shifts were in agreement with those published~?. In the acid hydroIysate of 5, -90% 
of 2-acetamido-2-deoxy+glucopyranose was identified by the carbohydrate 
analyser. Stoffyn-Jeanloz digestion l8 demonstrated the exclusive formation of D- 

arabinose (paper chromatography in solvents B and C), which is the degradation 
product of 2-amino-2-deoxy-D-glucopyranose. 
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TABLE I 

‘%-N M R DATA FOR COMPOUNDS 1-5 AN” FOR THE PRODUCT MlXTURE FORMED DURING “EGRADATlON OF 

1 WI-H AMMONtUM HYDROXIDE --_ ~_.._._ .~ 
Assignment Compound 

1 Product 2 
mr*ture 
from 1 

~_ 
3 

2-Acetamtdo-2-deoxy-o-glucasyl restdue 
C-l 100.4 
C-2 56.05 
C-3 73.6 
c-4 70.4 
c-s 75 35 
C-b 61.25 
CH,CO 173.5” 
CH,CO 22 3 
N-Acetylmuramoyl resrdue 
c-1p 95 1 
C-la 90 2 
c-2 53.7 
c-3 79.55 
C-4 76.35 
C-5 71.1 
C-6 59 9 
CH,CO 174 0 
CH,CO 22 2 
CH 77.45 
CH, 18.4 
co 174 9’ 
L-Alanyl restdue 
CH 49.6 
CH, 16.8 
co 174 6’ 
v-lsoglutammyl residue 
CO 175.2 
CW 53.7 
CH, 27.15 
CH, 31.55 
co 175 7 
v.L-Diammoplmeloyl restdue 
co 173.5 
CH 52.75 
CH, 30 6 
CH2 20.75 
CH, 30 7 
CH 52.75 
co 174 9’ 
o-Alanvl residue 
CH 49 b 
CH, 16.75 
CO 173 4h 
v-Alanyl residue 
CH 49.‘) 
CH, 17 7 
co 175 7’ 

100 7 1003 loo.7 
56 15 56.3 55 75 
73 4 73 6 73.35 
70.4 70.5 70.4 
76.11 75.7 76 1 
60.65 61 4 60 65 

174.8 174.5 173.7 
21.2 22 1 23 1 

95 25 95.4 94.8 
90.2 89 Y 8Y.9 
53 Y 5-1 7 53 9 
bY 8 78 Y 69.8 
7Y.7 76.3 79.7 
71 1 71.3 71.1 
5’) 8 59.7 5Y 8 

174.8 174 4 174.7 
27.2 22 1 22.1 
67 6 77.4 67.6 
19 b 18 5 19.7 

177.1 1x2.1 177.4 

4Y 55 49 2 49.55 
16.65 16.8 16.65 

175.1’ 174 8 175.1’ 

173 4” 173.5 173 35 
53.9 53.7 53.95 
26.9 27.0 26 9 
31.5 31 3 31.5 

175.8 175.5 175 75 

173 7d 173 5 173.7 
52 8 52 8 52.85 
30 7 30 4 30.8 
20.95 20 7 20.9 
30 7 30.5 30 x 
52.8 53 0 52 85 

175 1e 174 x 174 9/ 

49 55 49 2 4Y 55 
16 65 16 8 16.7 

173 4” 173 5 173 5 

49 9 49 5 49 Y 
17.6 17.3 17.6 

175 8’ 175 5 175.75 

I_-_- 
4 5 

“Chemical shifts (6 values) m p.p.m. from tetrdmethylsdane: 6 (Me,S) = 6 (1.4.dmxane) + 6b 6 p p m 
‘~‘Asslgnments may be mterchanged. 
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TABLE II 

PSEUDO-RRST-ORDER RATE CONSTANTS FOR CLEAVAGE OF THE C-3 ETHER BOND OF 1 WITH EXCESS OF 

NH,OH 

Temperature [NH,OHl [Nff&‘H1f&Ol k,bs k,bs fT + IO&,, Vi 
(degrees) (M) (s-1) x lot 

10 3.34 1:3 4.1 f0.3 
20 3.34 1:3 7.5 kO.8 1.81 
30 3.34 1:3 13.9 kO.3 1.85 
40 3.34 1:3 24.2 kl.l 1.74 

30 1.67 1:7 1.6 kO.3 
30 6.69 1:l 18.9 k1.5 

Average value 1.80 

The C-3 ether cleavage of 1 was further studied at various temperatures and 
concentrations of ammonia; from the data obtained, the rate constants were calcu- 
lated (Table II). The reaction rates were measured under pseudo-first-order reac- 
tion conditions at 30” with increasing concentrations of ammonia. The dependence 
of kobs on the concentration of ammonia was linear within the experimental error, 
with a second-order rate constant of 3.2 x 10-5mol-1.s-1. 

Temperature intervals of lo” were used to determine the acceleration factor 
of the chemical reaction (Table II). The value of the factor (1.80) changed very 
little in the temperature range examined, thus indicating that the reaction 
mechanism remained the same. 

The measurements of the reaction rate constants at various temperatures 
allowed the use of the Arrhenius equation for determining the activation energy: 

kobs = A.eeEfiT, 

where A is the frequency factor, E, is the activation energy, R is the universal gas 
constant, kobs is the reaction rate constant, and T is the absolute temperature. The 
calculated activation energy of 43.8 kUmo1 can be considered as a relatively small 
value (Table II). 

To obtain some information about the mechanism of the reaction, model 
compounds were treated under the same conditions as 1. 2-Acetamido-2-deoxy-3- 
O-[l-(S)-carboxyethyl]-D-glucopyranose (N-acetylmuramic acid, 6) underwent al- 
most complete reaction in a few hours; in the 13C-n.m.r. spectra of the mixture, the 
signals for free lactic acid and 2-acetamido-2-deoxy-D-glucopyranose, together with 
minimal amounts (S-10%) of its epimers (probably 2-acetamido-2-deoxy-n-allo- 
and -manno-pyranose), were detectable. As expected, N-acetylmuramoyl-L-alanine 
(7) was cleaved to lactoyl-r_-alanine and 2-acetamido-2-deoxy-D-glucopyranose. 
The r3C chemical shifts for C-terminal alanine and 2-acetamido-2-deoxy-D- 
glucopyranose were in agreement with literature data19-21. The rate of cleavage of 
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2-acetamido-2-deoxy-3-O-methyl-D-glucopyranose (8) was at least five-fold lower 

than that of 6, as judged from the ‘“C-n.m.r. signals of methanol and 2-acetamido- 

2-deoxy-D-glucopyranose. On the other hand, when N-[2-O-(benzyl 2-acetamido- 

2,3-dideoxy-cY-D-glucopyranoside-3-yl)-D-lactoyl]-L-alanine methyl ester (9) was 

treated as above, no cleavage of the ether bond could be observed. 

The data presented are not sufficient for a mechanistic explanation of the 

cleavage reaction studied. However, considering the well-known reaction of amino 

sugars in alkaline mediaZZJ3, some suggestions can be made. The fact that the 

glycosidic model compound 9 did not undergo the ether cleavage at C-3 indicates 
that opening of the sugar ring precedes the cleavage reaction. 

The high degree of retention of the ~-glum configuration in the resulting 

sugar argues against a simple displacement mechanism, since an inversion of con- 

figuration would be expected. One can envisage a scheme including a double-dis- 

placement mechanism, i.e., with anchimeric assistance at the amide nitrogen (2- 

acetamido group) 24,25 through an aziridinium cation if uncatalysed, or an aziridine , 

ring if base-catalysed. However, such an intermediate should be susceptible to 

nucleophilic attack at C-2 and C-3, giving 2-acetamido-2-deoxy- and 3-acetamido-3- 

deoxy-D-glucopyranose. respectively, but the formation of the latter compound was 

not detected. An alternative mechanism involves the formation of a carbonium ion 

at C-3 of the N-acetylmuramoyl residue which, due to its allylic position, should be 

susceptible to resonance stabilisation (10-11). The final step is the return to the 

keto form of the open sugar and closure to the saturated pyranose ring. 

CHIOH CH*OH 

I--------, k, OH I_,- OH - 
+ 

RO I;-- / Lo __L 5 +4 

RO 

R = 2.ocetamldo- 2-deaxy-D-gl”copyranosyl residue 

Thus, the results obtained indicate that alkaline treatment of C-l-free N- 

acetylmuramoyl derivatives leads to the cleavage of the C-3 lactyl-ether linkage to 

give the corresponding 2-acetamido-2-deoxy-D-glucopyranose derivatives. 

EXPERIMENTAL 

T.1.c. was performed on Kieselgel 60 F,,, (Merck), and paper chromatog- 

raphy on Whatman No. 1 and ~MM papers. The solvent systems used were: A, 
isobutyric acid-aqueous 25% ammonia-water (66:2:23); B, l-butanol-ethanol- 

water (4: 1: 1); and C, l-butanol-pyridine-water (6:4:3). Detection was performed 
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with ninhydrin, alkaline silver nitrate, and a peptide reagent (1: 1 aqueous 1% KI- 
aqueous 1% soluble starch). 

Model compounds were prepared as follows: 7 was obtained by the method 
of Merser et ~1.~~; 8, m.p. 184-186” (from methanol-isopropyl ether), was prepared 
by debenzylidenation (aqueous 60% AcOH, 95”, 1 h) followed by catalytic hy- 
drogenolysis (10% Pd/C) of benzyl 2-acetamido-4,6-O-benzylidene-2-deoxy-3-0- 
methyl-cY-o-glucopyranoside 27; 9, m.p. 176177” (from chloroform-light petro- 
leum), was obtained by treatment of N-[2-0-(benzyl 2-acetamido-4,6-O-ben- 
zylidene-2,3-dideoxy-a-D-glucopyranoside-3-yl)-D-lactoyl]-L-alanine methyl ester28 
with aqueous 60% AcOH. 

N.m.r. spectra were recorded (5-mm o.d. tubes) with a JEOL FX 90 Q 
Fourier-transform spectrometer operating at 89.55 (‘H) and 22.5 (13C) MHz, 
respectively. The sweep width used for lH spectra was 1000 Hz, the pulse width 
was 29 ps, the acquisition time was 2.1 s, and the digital resolution was 0.0027 
p.p.m. The sweep width used for t3C spectra was 5200 Hz, the pulse width was 5 
ps, the acquisition time was 2 s, and the digital resolution was 0.056 p.p.m. Chem- 
ical shifts were measured relative to internal 1,4-dioxane, set at 3.7 (‘H) and 66.6 
p.p.m. (13C), respectively, downfield of Me,Si. 

The peptidoglycan monomer (1; 10 mg, 0.01 mmol) was weighed into an 
n.m.r. tube and dissolved in NH,OH-D,O (0.4 mL; l:l, 1:3, and 1:7), and 1,4- 
dioxane (0.01 mL) was added. The desired temperature of the tube (loo, 20”, 30”, 
or 40”) was achieved in the instrument after a lo-min interval. The ‘H spectra were 
recorded at intervals (5, 10, or 15 min) during 2-3 h. Each set of measurements 
included 6-12 time-points. Expansion of the range between 1.9 and 2.1 p.p.m. 
allowed integration of the signals for the 2-acetamido groups of N-acetylmuramoyl 
and 2-acetamido-2-deoxy-D-glucopyranosyl residues. The ratio of the integrals of 
these groups indicated the degree of conversion of N-acetylmuramic acid into 2- 
acetamido-2-deoxy-o-glucopyranose. The decrease of the N-acetylmuramoyl con- 

centration was used to compute the rate constant for the reaction by the least- 
squares method using non-linear regression. The first computation gave approxi- 
mate values for the rate constants, and, after removing the data points that deviated 
strongly from the calculated values, the final values for the rate constants were 
obtained. 

The ammonia-treated samples of 1 were then passed through a column (65 x 

1.5 cm) of Sephadex G-10; elution with water gave the D-lactoylpentapeptide9, 
whereas the disaccharide was retained on the column and was eluted with 0.1~ 
LiCl. The disaccharide could not be separated from the salt by ultrafiltration 
through Amicon UM-05 membrane, and was isolated by preparative paper 
chromatography (solvent A) [elution from the paper with ethanol-water (1: l)] 

Hydrolysis of a dried sample of disaccharide with 6~ HCl (1000, 6 h) gave 
exclusively 2-acetamido-2-deoxy-D-glucopyranose, identified by using a carbo- 
hydrate analyser (Biotronic LC-2000, five-buffer system, detection with copper-bi- 
cinchoninate). D-Arabinose, a degradation product of 2-amino-2deoxy-D- 
glucopyranose, was determined according to the Stoffyn-Jeanloz method18. 
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