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Alkali-Catalyzed Elimination of b-Lactic Acid

from Muramic Acid and Its Derivatives

and the Determination of Muramic Acid*

D. J. Tipper

ABSTRACT: Treatment of muramic acid and of deriva-
tives of muramic acid whose reducing group is free with
alkali at 37° results in the elimination of the p-lactate
moiety. A chromogen which reacts directly with p-di-
methylaminobenzaldehyde to give a typical Morgan-—
Elson absorption spectrum is formed from reducing de-
rivatives of N-acetylmuramic acid. The lactic acid de-
rived from muramic acid in hydrolysates of several cell
walls has been demonstrated to have the D configura-
tion. Determination with bD-lactate dehydrogenase

’Ee repeating unit in the cell wall peptidoglycan of
Staphylococcus aureus strain Copenhagen consists of
a disaccharide (4-O-3-N-acetylglucosaminyl-N-acetyl-
muramic acid) linked by the carboxyl group of its D-
lactate residue to a tetrapeptide (L-alanyl-p-isoglu-
taminyl-L-lysyl-D-alanine) which is in turn substituted by
a pentaglycyl unit on the e-amino group of its lysine resi-
due. The disaccharides are polymerized by 8-1,4 link-
ages to form the glycan, and the peptide units are cross-
linked by p-alanyl-glycine linkages. This peptidoglycan,
together with the teichoic acid which is covalently
linked to it, makes up at least 959 of the cell wall
weight in this organism. The Chalaropsis B enzyme
solubilizes these cell walls by hydrolyzing all of their
N-acetylmuramyl linkages giving a glycopeptide con-
sisting of oligomers of the disaccharide-peptide unit
still interlinked by their intact p-alanyl-glycine cross-
bridges. Some of this glycopeptide remains linked to
teichoic acid (Tipper ez al., 1964).

The purpose of this paper is to describe how mild
alkali treatment of this glycopeptide causes quantita-
tive elimination of p-lactyl peptide with concomitant
formation of an unsaturated disaccharide which has
been tentatively identified as the 4-O-3-N-acetylglucos-
aminy! derivative of A-2,3-2-acetamido-2-deoxy-D-glu-
coseen, the predicted result of 8 elimination. The un-
saturated sugar, when unsubstituted, is a Morgan~El-
son chromogen with a very high molar extinction co-
efficient. While the work presented here was in prog-
ress, it was learned that similar conclusions had been in-
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of the p-lactate liberated by this procedure can be used
to quantitate muramic acid in hydrolysates of cell wall
materials. Elimination is more rapid when the lactic
acid moiety is peptide substituted, and the chromogen
isolated from such a material after incubation at 37°
and pH 10.5 has been tentatively identified as A-2,3-N-
acetylglucosamine (A-2,3-2-acetamido-2-deoxy-p-gluco-
seen), the predicted result of nucleophilic attack on the
C, proton and consequent elimination of the Cj sub-
stituent.

dependently reached following work in the laboratory
of Dr. J.-M. Ghuysen on the structure of the cell walls
of Streptococcus faecalis (Ghuysen et al., 1967). It is
now also demonstrated that alkali treatment of free
muramic acid results in quantitative elimination of p-
lactate whose specific determination with D-lactate de-
hydrogenase can be used to quantitate muramic acid in
hydrolysates of complex mixtures. The presence of
lactic acid in the acid hydrolysis products of a peptide
fragment obtained by alkali treatment of an N-acetyl-
muramy] peptide derived from Corynebacterium poinset-
tiae was briefly mentioned by Perkins (1967).

Materials and Methods

S. aureus glycopeptide was prepared from cell walls
of S. aureus strain Copenhagen by solubilization with
Chalaropsis B enzyme as previously described (Tipper
et al., 1964, 1965). After reduction of the products with
NaBH,, none of the muramic acid remained, demon-
strating that hydrolysis of N-acetylmuramyl linkages
had been complete. The teichoic acid free S. aureus
glycopeptide (about 759 of the total) was separated
from the teichoic acid-glycopeptide complex by chro-
matography on ECTEOLA-cellulose and the glyco-
peptide was fractionated into oligomers by G-50 and
G-25 Sephadex chromatography as previously described
(Tipper, 1966; D. J. Tipper and J. L. Strominger, sub-
mitted for publication). The disaccharide decapeptide
fraction is called glycopeptide monomer, glycopeptide
oligomers being peptide-linked multiples of this unit.
UDP!-N-acetylmuramyl pentapeptide from penicillin-

1 Abbreviations used that are not listed in Biochemistry 3,
1445 (1966), are: DMAB, p-dimethylaminobenzaldehyde;
GlcNAc-MurNAc disaccharide, 4-0-8-N-acetylglucosaminyl-
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FIGURE 1: Release of chromogen from N-acetylmuramic acid
at various pH values., N-Acetylmuramic acid (64 mumoles)
or N-acetylglucosamine (150] mumoles) was incubated in
130 gl of buffers at the indicated pH values at 37°, Aliquots
(10 pl) were removed at intervals, acidified with 0.2 m
acetic acid (5 ul), and Morgan-Elson chromogen was
subsequently quantitated by the direct procedure (cf.
Methods). The dashed line is the release of chromogen from
N-acetylglucosamine at pH 12.5. Buffers used were sodium
carbonate-bicarbonate (10, 10.5, and 11.0), ionic strength
0.1, and 0.04 M sodium phosphate (11.5, 12.0, and 12.5).

treated cells of S. aureus was a gift of Dr. J. L. Stro-
minger. GlcNAc-MurNAc disaccharide was prepared
from S. aureus glycopeptide by digestion with the
Streptomyces albus N-acetylmuramyl-L-alanine ami-
dase as previously described (Ghuysen and Strominger,
1963). Muramic acid and N-acetylglucosamine were
commercial preparations from Cyclo Chemical Corp.
and Sigma Chemical Corp., respectively, and N-acetyl-
muramic acid was a gift from Lederle Laboratories.
The muramic acid had a specific optical rotation of
+115°, indicating that all of its lactic acid moiety had
the b configuration. p-Lactate dehydrogenase (1.7 mg/
ml) isolated from Leuconostoc mesenteroides was a gift of
Dr. N. O. Kaplan. L-Lactate dehydrogenase was a com-
mercial preparation from Sigma Chemical Corp. These
enzymes are specific for the stereoisomers of lactic acid
indicated. B-N-Acetylglucosaminidase was a prepara-
tion from pig epididimis as previously described (San-
derson et al., 1962). Treatment with this enzyme was per-
formed in 0.01 M sodium citrate buffer (pH 4.2) con-
taining 0.01%7 (w/v) bovine serum albumin and 0.2 M
NaCl, at 37°. This enzyme preparation (10 ul) in 250
ul of this buffer was able to hydrolyze 1 mole of
GlcNAc-MurNAc disaccharide in 2 hr at 37°, p-Lac-
tate (K* salt) and L-lactate (Lit+ salt) were commercial
preparations from Calbiochem. APDPN was a com-
mercial preparation from Pabst Laboratories.

Gel filtration on columns of Sephadex G-50 and
G-25 (Pharmacia Fine Chemicals, Inc.) and Bio-Gel P2
(Bio-Rad Laboratories) was performed at room tem-
perature using deionized water as eluent. Reducing
power, total hexosamines, total phosphates, and N- and

N-acetylmuramic acid; APDPN, the 3-acetylpyridine analog
of DPN, diphosphopyridine nucleotide; APDPNH, the reduced
form of APDPN; A-2,3-GlcNAc, A-2,3-2-acetamido-2-deoxy-D-
glucoseen; GIcNAc-A-2,3-GlcNAc¢ disaccharide, 4-0-8-N-acetyl-
glucosaminyl-A-2,3-2-acetamido-2-deoxy-D-glucoseen.

BIOCHEMISTRY

C-terminal amino acids were determined as previously
described (Ghuysen et al., 1966). Determination of
periodate uptake and formaldehyde production during
periodate oxidations were performed as previously de-
scribed (Ghuysen et al., 1966). Total amino acids were
determined on a Beckman-Spinco amino acid analyzer
after hydrolysis for 16 hr at 105° in 6 N HCI. Total glu-
cosamine and muramic acid were similarly determined
following hydrolysis for 6 hr at 100° in 3 N HCI using a
hydrolyzed sample of GIlcNAc-MurNAc disaccharide
as standard. Hydrolysates were not dried but were ap-
plied directly to the column after dilution with appro-
priate buffer.

Determination of N-Acetylhexosamines and Derivu-
tives by Morgan—Elson Procedures. 1. HEATING PRO-
CEDURE (7 MIN). Samples in 15 ul of 1% (w/v) K,B.O;-
5H,O were heated for 7 min in a boiling-water bath,
cooled, mixed with 90 ul of the DMAB reagent previ-
ously described (Ghuysen ef al., 1966), and incubated for
20 min at 37°. Absorbance was measured at 585 mu.

2. HEATING PROCEDURE (30 MIN). Samples in 40 ul of
0.5% (w/v) K;B,O;-5H;0 were heated for 30 min in a
boiling-water bath, cooled, lyophilized, redissolved in
water (15 ul), and then treated as in the 7-min procedure.

3. DIRECT PROCEDURE. Samples (15 ul) were mixed
with 90 ul of DMAB reagent and treated as in the 7-min
procedure.

Determination of D- and L-Lactates. Samples were
hydrolyzed in 3 N HCI for 8 hr at 100° in sealed tubes
and neutralized with 10 N NaOH. The subsequent pro-
cedure followed closely that described by Dennis (1962)
but using smaller volumes. Aliquots were diluted with
water to 75 ul, 1.0 M Tris-HCI buffer (pH 9.0) (10 ul),
and 10 mg/ml of APDPN solution (10 ul) were added.
The reaction was started by addition of p-lactate de-
hydrogenase (4 ul of a 1.7-mg/ml solution) or L-lactate
dehydrogenase (1 ul of a 5-mg/ml suspension) and the
reduction of APDPN followed by the increase in absorb-
ancy at 363 my at room temperature. Under these condi-
tions the reactions were half complete by 2 min but
further rapid reduction of APDPN on addition of L-
or D-lactate to the appropriate incubation mixture
showed the enzymes to be stable for at least 1 hr. Multi-
ple D-lactate samples were quantitated by measuring
the change in absorbance at 363 my on incubation for
30 min at 37°. Standard curves were approximately
linear up to 16 mumoles of D-lactate with an extinc-
tion coefficient of 5800, corresponding to 74 % oxida-
tion of lactate, since APDPNH has an extinction co-
efficient of 7800 (Kaplan and Ciotti, 1956). Racemiza-
tion of D- and L-lactates under these conditions of hy-
drolysis (or on incubation at pH 12.5 for 2 hr at 37°,
see below) was less than 397 and liberation of D-lactate
from free N-acetylmuramic acid or from S. aureus gly-
copeptide was less than 5%. Destruction of p- and L-
lactates in this procedure was less than 7 %;.

Results

Elimination of D-Lactyl Peptide from S. aureus Gly-
copeptide. S. aureus glycopeptide (7.8 umoles of total
glutamic acid, chain length greater than two disaccha-
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FIGURE 2: Release of chromogen at 37° from 4-O-8-N-
acetylglucosaminyl-N-acetylmuramic acid disaccharide and
S. aureus glycopeptide at pH 12.5. N-Acetylmuramic acid
(128 mumoles), G1cNAc-MurNAc disaccharide (150 mu-
moles), and S. aureus glycopeptide (150 mumoles) were
separately incubated at 37° in 260 ul of 0.04 m phosphate
buffer (pH 12.5). Duplicate aliquots were removed at
intervals, acidified with acetic acid, and frozen. One set of
each was then hydrolyzed for 3 hr at 37° at pH 4.5 in 20
wul of 0.01 M citrate buffer with 0.4 ul of the 8-N-acetyl-
glucosaminidase solution. Morgan-Elson chromogen was
then determined in both aliquots by the direct procedure.
The N-acetylmuramic acid aliquots gave identical curves
with and without preincubation with §-N-acetylglucosamini-
dase (dashed line). The lower two lines are the release of
chromogen from (A) glycopeptide and from (B) disaccharide.
The upper two lines are the release of chromogen from (C)
glycopeptide and (D) disaccharide when the alkali-treated
samples were subsequently hydrolyzed with p-N-acetyl-
glucosaminidase.

ride~-peptide units) was incubated in 200 ul of 4 M NH;,
for 2 hr at 37° and lyophilized. The product was frac-
tionated on a column (100 X 2.5 cm) of Sephadex G-25.
A single symmetrical peak with Kp? = 0.9 contained all
the reducing power and total hexosamines and was
pooled. Analysis of hydrolysates of this material on the
Beckman-Spinco amino acid analyzer showed it to con-
tain 7.9 umoles of glucosamine and no other compo-
nents (it was subsequently found that the unsaturated
GIcNAc derivative which should also have been
present did not give a peak on the analyzer after hydrol-
ysis; see below). Peptide was detected in aliquots of frac-
tions by measurement of free amino groups after hy-
drolysis for 18 hr in 6 N HCl at 105°. Two peaks with
Ky values near zero contained virtually all the peptide
and were pooled. This fraction contained glutamic acid,
alanine, glycine, and lysine in the molar proportions of
1:2:1:5, respectively, but no amino sugars or N-ter-
minal alanine. This material also contained 1.02 moles
of p-lactate and 0.03 mole of L-lactate per mole of glu-
tamic acid. Thus treatment with ammonia resulted in
quantitative elimination of p-lactyl peptide with loss of

2Kp = (Ve — Vy)/Vi, where ¥, is the elution volume, Vo the
void volume (¥, for Blue Dextran), and ¥; the internal volume
of the gel. Vo + Vi = ¥, for NaCl.
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FIGURE 3: Release of chromogen from N-acetylmuramy
peptide oligomer at various pH values. Samples of N-
acetylmuramy! peptide oligomer (35 mumoles) were incu-
bated in 150 ul of buffers at the indicated pH values at 37°.
The release of Morgan-Elson chromogen was quantitated
in aliquots (14 wl) at intervals by the direct procedure.
UDP-MurNAc pentapeptide (0.3 umole) was hydrolyzed
for 5 min at 100° in dilute HC! (pH 1.5-2.0, 140 ul) followed
by neutralization with NaOH to give a 1.7 mm solution of
MurNAc pentapeptide. Aliquots (20 ul) of this solution
were treated as above, and gave virtually identical curves for
Morgan-Elson chromogen production.

the disaccharide moieties and disappearance of all of
the muramic acid.

Production of Morgan-Elson Chromogen from N-Ace-
tylmuramic Acid Derivatives at 37°. Alkali-catalyzed
8 elimination of C-3 substituents from N-acetylmur-
amic acid derivatives should yield A-2,3-GIcNAc as
the initial carbohydrate product. This is one of the
structures proposed for Morgan-Elson chromogen I
by Kuhn and Kruger (1956).

The facile production of chromogen from free N-
acetylmuramic acid was confirmed by incubation at
pH values from 10.5 to 12.5 at 37° as shown in Figure
1. The rate of chromogen production increased with
pH, but the maximal color yield was reduced at pH 12.5.
No similar production of chromogen occurred at 37°
in the presence of 4 M NHj;, although as shown above,
elimination probably occurred under these conditions.
There was negligible production of chromogen at 37°
from N-acetylglucosamine at pH 12.5. Production of
chromogen at 37° from GlcNAc-MurNAc disaccha-
ride and S. aureus glycopeptide at pH 12.5 could not be
directly demonstrated (Figure 2). However, if the prod-
ucts were hydrolyzed with N-acetylglucosaminidase,
it became apparent that chromogen production had
occurred cryptically (Figure 2). After hydrolysis of S.
aureus glycopeptide with N-acetylglucosaminidase to
give N-acetylmuramyl peptide oligomer, chromogen
production in alkali could be directly demonstrated
(Figure 3).

A fraction of S. aureus glycopeptide with a chain
length of five disaccharide peptide units (1.4 umoles)
was incubated at 37° in 80 ul of citrate buffer (pH 4.2)
containing 10 ul of the B-N-acetylglucosaminidase
preparation. The liberation of free N-acetylglucosamine
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was followed by determination of 7-min Morgan-El-
son color at intervals and was maximal at 6 hr. A fur-
ther 10 ul of enzyme was added and incubation was con-
tinued for 6 hr. The mixture was then fractionated at
room temperature on a column (120 X 2 cm) of Seph-
adex G-50. The column was eluted with water at 0.3 ml/
min and aliquots (30 ul) of the fractions (4 ml) were
analyzed for reducing power. A peak of reducing power
was found with Kp = ca. 0.27, as expected for mate-
rial with the molecular weight of glycopeptide pentamer.
The only other peak had a Ky of 1 and consisted of free
N-acetylglucosamine, as demonstrated by paper chro-
matography. The earlier peak was pooled and is called
N-acetylmuramyl peptide oligomer. An aliquot of this
material was hydrolyzed for determination of total
amino acids and hexosamines. It contained glutamic
acid, lysine, alanine, glycine, and muramic acid in the
molar proportions of 1.0:0.97:2.31:4.83:0.92, but it
contained no detectable amounts of glucosamine.

The rate of Morgan—Elson chromogen production
from this material at pH 10 (Figure 3) was approxi-
mately the same as at pH 12 with unsubstituted N-ace-
tylmuramic acid (see Figure 1). The approximate rel-
ative initial rates of chromogen production at pH 12.5
from GlcNAc-MurNAc disaccharide, N-acetylmur-
amic acid, S. aureus glycopeptide, and N-acetylmur-
amyl peptide oligomer were 0.25, 1.0, 5.5, and 15, re-
spectively.

Preparation of A-2,3-GleNAc from Alkali-Treated S.
aureus Glycopeptide and Its Identification. A. ISOLATION.
S. aureus glycopeptide-teichoic acid complex® (520-
umoles total phosphate and 50 umoles of disaccharide
peptide units) was dissolved in carbonate-bicarbonate
buffer (pH 10.5) (ionic strength-0.1, 12 ml) and incu-
bated at 37°. Aliquots (2 ul) were removed at intervals,
neutralized with 0.1 M acetic acid (10 ul), and frozen for
subsequent determination of Morgan—Elson chromogen
by the direct procedure after hydrolysis with 8-N-ace-
tylglucosaminidase. The pH was constantly adjusted by
the addition of 2 N NaOH to maintain a value of 10.5.
Chromogen release was maximal after 3 hr. After 4.5
hr the pH was adjusted to 6.0 with HC1 and the mix-
ture was concentrated to 4 ml and desalted on a column
(3 X 45 cm) of Sephadex G-10. The column was eluted
with water and fractions of 2 ml were collected each at
12min. Analysis of the fractions showed good separation
of total phosphate and reducing power from salt (de-
tected with silver nitrate). All fractions (excluding the
salt peak) were recombined, concentrated to 5 ml, and
applied to a column (4 X 100 cm) of Sephadex G-50
(Vo = 185 ml; V; = 210 ml). The column was eluted
with water and fractions of 2.8 ml were collected each at
8 min. The fractions were analyzed for total phosphate,
reducing power, and total amino groups after hydrol-
ysis (6 N HC1, 16 hr, 105°).

An initial peak containing organic phosphate (520
umoles, teichoic acid) at the excluded volume of the

3 Glycopeptide-teichoic acid complex was used as the starting
material for this preparation since it was available in large
amounts. It was the gift of Dr. Mary Jo Carter.

BIOCHEMISTRY

column also contained free amino groups after hydrol-
ysis (450 umoles, polypeptide) and reducing power
(24 umoles, corresponding to about 1 mole of disaccha-
ride or unsaturated disaccharide per mole of teichoic
acid of chain length 30 ribitol phosphate units; ¢f.
Ghuysen et al., 1965). A peak of reducing power (50
umoles), devoid of phosphate and peptide, was eluted
with a mean Kp of 0.75 (disaccharide). Total eluted re-
ducing power (74 umoles) is equivalent to 50 umoles of
disaccharide (see Table I). The disaccharide peak was
pooled and concentrated to 5 ml. An aliquot (0.9 ml)
was incubated with B-N-acetylglucosaminidase solu-
tion (100 ul) in 2.5 ml of citrate buffer (pH 4.2). The
liberation of chromogen was determined by the direct
Morgan-FElson reaction. A maximum of 7 umoles (ex-
tinction coefficient 49,500, see below) was released
after 3 hr, and after 9 hr the mixture was applied to a
column (1.7 X 26 ¢m) of Bio-Gel P-2 and eluted with
water at 0.3 ml/min. The fractions (3 ml) were analyzed
for reducing power and for Morgan-Elson chromogen.
Retardation of the unsaturated sugar by the column
allowed its separation from N-acetylglucosamine. A
peak of reducing power without chromogen at Kp =
0.6 (free N-acetylglucosamine), partially overlapped a
peak with both reducing power and chromogen at
Kp = 0.72 (A-2,3-N-acetylglucosamine). The fractions
containing chromogen were pooled, concentrated, and
fractionated on a second Bio-Gel P-2 column (1.7 X
77 c¢cm) as before, resulting in almost complete resolu-
tion of the two compounds. Those fractions with a con-
stant ratio of chromogen to reducing power were pooled
(A-2,3-GIcNAC).

B. PREPARATION OF THE 7-MIN MORGAN-ELSON CHRO-
MOGEN. N-Acetylglucosamine (7.0 mg) was dissolved in
5% K:B,O7- 5H:0O (200 ul) and heated for 7 min in a
boiling-water bath. After neutralization with glacial
acetic acid (5 ul), the solution was lyophilized and then
dried three times from solution in dry methanol, to
volatilize methyl borate. The residue was dissolved in
water to give a solution 10 mm with respect to the orig-
inal quantity of N-acetylglucosamine. As expected,
the extinction coefficient of this material in the direct
Morgan-Elson reaction was equal to that of N-acetyl-
glucosamine itself in the 7-min procedure (Table I).

C. EXTINCTION COEFFICIENTS OF A-2,3-GLcNAc,
GLcNACMURNAC DISACCHARIDE AND GLCNAC-A-2,3-
GLcNAC DISACCHARIDE IN THE MORGAN-ELSON REAC-
TIONS. After hydrolysis for 3 hr at 100° in 3 N HC],
A-2,3-GIcNACc gave no recognizable peak on the Beck-
man-Spinco amino acid analyzer. It was therefore pos-
sible to quantitate the GIcNAc-A-2,3-GlcNAc disac-
charide by measurement with the amino acid analyzer
of the glucosamine released on its hydrolysis. On this
basis, the unsaturated disaccharide had the same ex-
tinction coefficient in the 30-min Morgan-Elson reac-
tion as did GlcNAc-MurNAc disaccharide (Table I).
This result was predictable since presumably the reac-
tions occurring at 37° at pH 10.5 occur very rapidly in
borate at 100° and are the first steps in production of
the 7- and 30-min Morgan-Elson chromogens. A-2,3-
GI1cNAc is thus also expected to have the same extinc-
tion coefficient in the 7-min Morgan-Elson procedure
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TABLE 1: Molar Extinction Coefficients in Morgan-Elson and Reducing Power Procedures and Results of Periodate

Oxidations of GIcNAc, A-2,3-GIcNAc, and Derivatives.s

Periodate Oxidation

Extinction Coefficients X10-3 Formalde-
Morgan-Elson Reactions Reducing Prl;éiie d
(585 mu) Power (0.001 m _,IO“ Uptake (0.01 m)
Substance Direct 7 min 30 min (690 mu) 10,7) 0.1 hr Shr 50hr
GlcNAc 0 20.0 15.8 100 <0.05 <0.1
MurNAc 0 20.0 15.6 78 <0.05 <0.1
GlcNAc-MurNAc di- 0 2.0 9.4 150 <0.05 <0.1
saccharide
GIcNAc-A-2,3-GIcNAc 0.8 5.0 9.4 159 0.15
disaccharide
A-2,3-GlcNAc 49.5 20.0 15.0 77 1.01 0.8 1.35 3.0
7-min Morgan~Elson 19.6 18.4 15 88
chromogen
Reduced GlcNAc 0 0 0 1.0 3.0 3.15 3.9
Reduced MurNAc 0 0 0 1.0
Reduced GIcNAc-Mur-
NAc disaccharide 0 0 2 1.1 1.1 2.25 2.8
Reduced GlcNAc-A-
2,3-GIcNACc disac-
charide 0 0 56 1.2 1.2 2.0 4.0
Reduced A-2,3-GIcNAc¢ 0.2 0 4 1.2 1.7 2.0 3.6

s Details of procedures are given in the text. Periodate oxidation data are expressed as moles of formaldehyde
produced or periodate consumed per mole of substance. Blank spaces indicate not determined.

as GIcNAc, and this was confirmed as follows. First,
hydrolysis of GlcNAc-A-2,3-GIcNAc  disaccharide
with 3-N-acetylglucosaminidase resulted in the max-
imal liberation of the expected 2.0 moles of 7-min
Morgan-Elson color relative to a standard of N-ace-
tylglucosamine. The maximum yield of direct Morgan-
Elson color was 2.4 moles/mole, relative to a standard
of 7-min Morgan-Elson chromogen. Second, N-acetyl-
muramyl peptide oligomer gave a maximal extinction
coefficient of 30,000 in the direct Morgan—Elson pro-
cedure at pH 10.5-11.5 at 37° (Figure 3). However, if
the products formed after any time of incubation at
these pH values were submitted to the 7-min procedure,
extinction coefficients of 20,000 were uniformly found.
Third, the A-2,3-N-acetylglucosamine, whose isolation
has been described above, quantitated on the basis of an
extinction coefficient of 20,000 in the 7-min Morgan-
Elson reaction, gave the predicted yield of 1 mole of
formaldehyde on periodate oxidation (see below). On
this basis, this material had an extinction coefficient of
49,500 in the direct Morgan—Elson reaction (Table T).
D. EFFECT ON COLOR PRODUCED IN THE DIRECT
MORGAN-ELSON REACTION FROM A-2,3-GLcNAC OF
FURTHER INCUBATION AT ALKALINE PH. Samples of A-
2.3-GlcNAc were incubated at 37° in buffers at pH
values 10.5-12.5 as before. Determinations of residual
chromogenicity in the direct Morgan-Elson reaction

were made at intervals (Figure 4). A control sample
incubated at pH 6.5 lost no chromogenicity, but at
higher pH values the loss was progressive.

E. CHROMATOGRAPHY OF N-ACETYLGLUCOSAMINE,
A-2,3-N-ACETYLGLUCOSAMINE, AND THEIR DERIVATIVES,
Samples of GlcNAc¢, MurNAc, GlcNAc-MurNAc di-
saccharide, GlcNAc-A-2,3-GIcNAc disaccharide, 7-min
Morgan-Elson chromogen, and A-23-GlcNAc were
chromatographed on paper and on thin layers of
silica gel G (prepared in 0.1 M boric acid) in the solvents
listed in Table II. All compounds were detectable on
paper by fluorescence after heating in alkali as described
by Sharon (1964). The monosaccharides were detect-
able on paper with silver nitrate and NaOH, and both
procedures demonstrated the presence of several com-
ponents in the preparation of 7-min Morgan-Elson
chromogen. A-2,3-GIcNAc gave a single spot in all
solvents, and by all detection methods. This spot was
detected most efficiently, both on paper and thin layers,
by the DMAB reagent described by Salton (1959).
Only the fastest moving component of the 7-min
Morgan-Elson chromogen was detectable with this re-
agent, and this spot was chromatographically indis-
tinguishable from A-2,3-GIcNAc.

F. REDUCTION AND PERIODATE OXIDATION OF A-2,3-
N-ACETYLGLUCOSAMINE AND UNSATURATED DISACCHA-
RIDE. Samples (0.4 umole) of GIlcNAc, MurNAc,
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FIGURE 4: Effect of incubation at various pH values on
color produced in the direct Morgan-Elson reaction from
A-2,3-N-acetylglucosamine. A-2,3-GIcNAc (21 mumoles)
was incubated in buffers (110 ul) at the indicated pH values
at 37°. Aliquots (12 ul) were removed at intervals, acidified
with 0.2 N acetic acid (6 ul), and frozen. Chromogen was
subsequently determined by the direct Morgan-Elson
reaction,

GlcNAc-MurNAc disaccharide, GIlcNAc-A-2,3-Gle-
NAc disaccharide, and A-2,3-GlcNAc were reduced for
9 hr at room temperature in 0.2 M NaBH, (50 l). The
pH of the solutions was adjusted to about 4.5 by the

TABLE 1I: Ry Values for Paper (A-C) and Thin-Layer
(D and E) Chromatography of GIcNAc, A-2,3-Gle-
NAc, and Their Derivatives.=

A B C D E
GIcNAc 0.24 0.52 0.47
MurNAc 0.52 0.52 0.21
GInNAc-Mur- 0.25 0.38 0.11
NAc disac-
charide
GleNAc-A-2,3- 0.35 0.55 0.38
GlcNAc di-
saccharide
A-2,3-GIcNAc  0.55-0.8 0.63 0.65 0.61 0.41
7-min Morgan- 0.55-0.8 0.63 0.65 0.61 0.41
Elson chro-
mogen

« The figures given for the 7-min Morgan-Elson
chromogen are for the spots detected with DMAB
reagent. The solvents used were: (A) butanol-acetic
acid-water (3:1:1), (B) isobutyric acid-1 N ammonia
(5:3), (C) butanol-pyridine-water (6:4:3), (D) methyl
ethyl ketone-acetic acid-water (28:10:12), and (E)
butanol-ethanol-water (65:15:20).
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FIGURE 5: Absorption spectra of A-2,3-N-acetylglucosamine
and derivatives. (A) A-2,3-GIcNAc (blank, N-acetylglucos-
amine), (B) reduced A-2,3-GlcNAc (blank, N-acetylglucos-
aminitol), (C) GleNAc-A-2,3-GlcNAc disaccharide (blank,
GlcNAc-MurNAc disaccharide), and (D) reduced GlcNAc-
A-2,3-GIcNAc disaccharide (blank, reduced GIcNAc-
MurNAc disaccharide). The absorption spectrum of only
one of the blanks, GlcNAc-MurNAc disaccharide, is given
(curve E, blank water). The other blanks were all similar in
shape, but lower in intensity at all wavelengths.

addition of 4 M acetic acid (5 kl), and the resulting solu-
tions were analyzed for reducing power and in the
Morgan-Elson procedures (Table I). Low residual re-
ducing power indicated that reduction of all had been
at least 959 complete with the exception of GlcNAc-
A-2,3-GlcNAc disaccharide. Conversely, digestion of
the reduced GlcNAc-A-2,3-GlcNAc disaccharide with
B-N-acetylglucosaminidase resulted in the liberation of
only 0.85 mole of 7-min Morgan—Elson color, and no
direct Morgan-Elson color, indicating that complete
reduction had occurred (see Discussion).

Aliquots (10 pl) of the solutions of reduced materials
were oxidized in 110 xl of 0.001 M NalO, at room tem-
perature in the dark. Aliquots (80 mumoles) of unre-
duced GlcNAc-A-2,3-GIcNAc disaccharide and A-2,3-
GIlcNAc were similarly oxidized. Determinations of re-
leased formaldehyde were made at intervals, and
reached constant levels which are given in Table I. All
compounds yielded 1 mole of formaldehyde after re-
duction but only A-2,3-GlcNAc yielded a mole of
formaldehyde prior to reduction.

Some of these samples were also oxidized in 0.0l M
NalO, (32 pl) under the same conditions, and uptake of
I0,~ was determined at intervals by the decrease in
absorbancy at 224 mu. Corrections were applied for the
absorbancies of the oxidized materials using blanks
determined by addition of excess ethylene glycol after
50-hr oxidation. The data obtained at 0.1, 5, and 50 hr
are given in Table I,

G. ULTRAVIOLET AND INFRARED SPECTRA. Absorb-
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FIGURE 6: Infrared adsorption spectra of N-acetylglucosamine
(upper tracing) and A-2,3-N-acetylglucosamine (lower
tracing) in KBr pellets. The wavelength of each run was
calibrated from the 6.24-u peak of polystyrene.

ancies of solutions (0.1 mm) of reduced and unreduced
GleNAce, GleNAc-MurNAc disaccharide, GlcNAc-A-
2,3-GlcNAc disaccharide, and A-2,3-GIcNAc were
determined over the range of 200-290 mu using a
Zeiss PMQ II spectrophotometer (Figure 5). Samples
of reduced and unreduced A-2,3-GlcNAc were also
oxidized for 1 hr at 37° in 0.005 M IO,~, after which
excess 10, was reduced with ethylene glycol, and
spectra were determined as before, using a solution
containing no carbohydrate as blank. The products,
still absorbed at about 230 my, but with lower extinec-
tion coefficients (3000 and 6700, respectively).

Samples (0.4 umole) of GlcNAc and A-2,3-GlcNAc
were dissolved in water (200 ul) containing KBr (15 mg)
and lyophilized. Samples (ca. 5 mg) of the residues were
compressed into micropellets and analyzed in a Beck-
man Model IR5 spectrophotometer. The spectra of
similar amounts of the two compounds are given in
Figure 6.

Determination of Muramic Acid in Hydrolysates of
Cell Wall Materials. D-Lactate was quantitatively
eliminated from muramic acid and its N-acetyl deriva-
tive at pH 12.5, 37°, at very similar rates (Figure 7).
Measurement with D-lactate dehydrogenase of the D-
lactate released on treatment of acid hydrolysis prod-
ucts with alkali was therefore used for the determina-
tion of the muramic acid content of hydrolysates of
cell wall materials. In order to test the effects of var-
ious cell wall constituents (teichoic acid, neutral poly-
saccharides, and proteins) on determination of D-lac-
tate with D-lactate dehydrogenase, samples of muramic
acid (50 mumoles) were mixed with the following com-
pounds and hydrolyzed for 18 hr at 100° in 4 N HCI.
(a) Teichoic acid extracted with trichloracetic acid from
cell walls of S. aureus strain Copenhagen (150 mumoles
total phosphate); (b) galactosamine-containing type-
specific polysaccharide isolated by mild acid treatment
of cell walls of Lacrobacillus casei strain R094 (50-mu-
moles total hexosamines); (¢) protein solubilized by
autolysis from washed and trypsin-digested cell walls of
Bacillus sphaericus strain 9602 (160 ug); and (d) N-
acetylglucosamine (150 mumoles).

Similar amounts of these materials were hydrolyzed
in duplicate without added muramic acid, and muramic
acid (50 mumoles) was added to one of each pair of
duplicates subsequent to hydrolysis. The hydrolysates
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FIGURE 7: Release of p-lactate from free muramic acid and
N-acetylmuramic acid at pH 12.5. Samples of muramic acid
and N-acetylmuramic acid (50 mumoles) were incubated in
0.04 M Na;PO, buffer (pH 12.5) (50 ul), and the D-lactate
content of aliquots (10 wl) was determined at intervals.
(A) Muramic acid and (B) N-acetylmuramic acid.

were neutralized and incubated in 0.04 M phosphate
buffer (pH 12.5) (60 ul) for 1 hr at 37°. p-Lactate was
then determined on aliquots (20 ul).

In the absence of added muramic acid none of these
compounds released D-lactate on hydrolysis. The yield
of D-lactate from added muramic acid varied from 95
to 10297, whether the muramic acid was added before
or after the hydrolysis.

The muramic acid content of several cell walls was
quantitated by the Beckman—Spinco amino acid ana-
lyzer and in each case was virtually identical with the
glutamic acid content of the cell wall peptidoglycan.
Samples of cell walls, containing about 50 mumoles of
total muramic acid, were hydrolyzed under the same
conditions as above, neutralized, and incubated at pH
12.5 as above (final volume 60 ul).

Determination of the p-lactate content of aliquots
(10 wl) gave figures for the muramic acid contents of the
original cell walls almost identical with those determined
by the amino acid analyzer (Table IIT). Similar results
were obtained with larger aliquots (20 xl) except in the
case of L. casei, where brown color, probably resulting
from interaction of neutral sugars and amino acids,
caused interference. None of these materials were
found to contain appreciable amounts of L-lactate.

TABLE 111 Analyses of Muramic Acid in Bacterial Cell
Walls.e

Detd by Detd by
Amino Acid p-Lactate
Bacterial Strain Analyzer Liberated
S. aureus strain 0.42 0.40
copenhagen
B. subtilis strain 168 0.32 0.30
B. sphaericus strain 0.25 0.24
9602

L. casei strain R094 0.2 0.21

« Data are given as micromoles per milligram dry
weight.
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Discussion

All of the N-acetylmuramic acid residues in S. aureus
glycopeptide had their reducing group free, and treat-
ment with alkali resulted in quantitative 8 elimination
of D-lactyl peptide from these residues. Similarly, al-
kali treatment of the products of acid hydrolysis of
four cell walls resulted in the production of D-lactate
in amounts equal to their muramic acid content. Thus
the configuration of the lactyl moieties in the muramic
acid residues of these organisms has been directly con-
firmed, since configuration of lactate should be con-
served during 3 elimination (see Figure 8). This pro-
cedure is potentially useful for the determination of
muramic acid in complex materials. Configurations of
lactyl residues in muramic acid samples have previously
depended on comparison of their specific r~tations with
that of stereospecifically synthesized muramic acid
(¢f. Matsushima and Park, 1962).

The primary carbohydrate product of alkali-catalyzed
(8 elimination of substituents on position 3 of N-acetyl-
muramic acid derivatives should be A-2,3-GlcNAc (see
Figure 8). Kuhn and Kruger (1956) proposed the furan-
ose form of this compound and its A-3,4 analog as two
alternatives for the structure of Morgan-Elson chromo-
gen I, which is converted into D-5-dihydroxy-3-acet-
amidofuran (chromogen III) on further alkali treatment
(Kuhn and Kruger, 1957). Mild alkali treatment of
MurNAc derivatives was indeed found to produce
Morgan-Elson chromogen, and a $-elimination mech-
anism for its production is consistent with the effect
of C-3 substituents on the rate of chromogen produc-
tion from these derivatives, on the basis of the relative
efficiencies of such substituents as electron-accepting
leaving groups. Thus OH~ (in GIcNACc) is less efficient
than CH;CHO-COO~ (in MurNAc) which is also pre-
dictably less efficient than CH;CHO-CONHR (in
MurNAc peptide oligomer). Kuhn and Kruger demon-
strated that C-4 substituents prevent the formation of
chromogen from GIcNAc, and hypothesized that de-
hydration to an unsaturated derivative occurred only
in the furanose form. The present studies demonstrate
that while the presence of a 4-0-3-N-acetylglucos-
aminyl substituent in S. aureus glycopeptide and Glc-
NAc-MurNAc disaccharide retards the formation of
unsaturated sugar (and the elimination of lactyl pep-
tide or lactate) from MurNAc by a factor of 3-4, it
does not prevent it. However, it masks the chromo-
genicity of the product which is only revealed on sub-
sequent hydrolysis with (3-N-acetylglucosaminidase.
Chromogenicity may therefore depend on rearrange-
ment to a furanose form.

Chromogen is formed most rapidly from peptide
derivatives of MurNAc, and so the S. aureus glyco-
peptide was used for the preparation of A-2,3-GlcNAc
under the mildest possible conditions. The reactions
involved are depicted in Figure 8. The product pre-
dictably had the same molar extinction coefficients in
the 30- and 7-min Morgan-Elson determinations and
in the reducing power determination as MurNAc
(Table I) while it reacted directly with DMAB to give
an absorption spectrum superimposable upon that

BIOCHEMISTRY

given by the 7-min Morgan-Elson Chromogen (peaks
at 547 and 487 my and a shoulder at 510 mu) but with

CONHR
A, S. aureus glycopeptide
lalkali

GlcNAc—O

H NHCOCH,

B, unsaturated disaccharide
(+ plactyl peptide)

l B-N-acetylglucosaminidase

CH.,OH

|
gOH
H NHCOCH,
C, A-2,3-N-acetylglucosamine
(chromogen I) (+N-acetylglucosamine)

lalkali

CHOH

~ -~ 8
OH
H NHCOCH,

D, chromogen II1

FIGURE 8: Action of alkali on S. aureus glycopeptide, prepara-
tion of A-2,3-GlcNAc, and its conversion into chromogen
II1. S. aureus glycopeptide (structure A, NHR indicating
the peptide) is converted into a mixture of p-lactyl peptide
and unsaturated disaccharide (structure B), presumably by
a B-elimination mechanism involving nucleophilic attack on
the C; proton as illustrated. The A-2,3-GlcNAc residue in the
unsaturated disaccharide exists in solution predominantly
as a pyranose ring form, but on liberation by the action of
-N-acetylglucosaminidase, it appears to assume prefer-
entially a furanose ring form (structure C) in which it can
interact with DMAB to give a Morgan-Elson color. Further
treatment with alkali converts this material into chromogen
HI (structure D) probably by a second nucleophilic attack,
this time on the C, proton.
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a much higher extinction coefficient. Chromogenicity
decayed on further incubation in alkali (Figure 4), the
two stages in this process being distinguishable in the
production of chromogen from MurNAc peptide olig-
omer (Figure 3) but not from MurNAc itself, where
the initial reaction is too slow (Figure 1). This decay of
chromogenicity probably involves a second nucleo-
philic attack on the furanose form of A-2,3-GlcNAc,
whose relative planarity would favor the introduction
of a second double bond (Figure 8). This process is
initially rapid even at pH 10.5 (Figure 4), and is prob-
ably inhibited during production of the unsaturated di-
saccharide, in which the A-2,3-GlcNAc residue cannot
assume the furanose configuration. However, the
presence of the double bond in the unsaturated disac-
charide should labilize its glycoside linkage to alkali.
Hence after vigorous alkali treatment, as in the 30-min
Morgan—-Elson and reducing power determinations,
GlcNAc-MurNAc disaccharide is hydrolyzed and has
a strong Morgan-Elson reaction and a high reducing
power. In contrast, MurNAc-GlcNAc disaccharide,
with no easily eliminated B3 substituent, has a low
Morgan-Elson reaction and reducing power (¢f. Ghuy-
sen et al., 1966). The unsaturated disaccharide, in con-
trast to GlcNAc-MurNAc¢ disaccharide, also retained
considerable reducing power after complete reduction
(Table I).

The purity of the A-2,3-GlcNAc preparation is in-
dicated by its chromatographic behavior and the equal-
ity of its reducing power to that of MurNAc, since
chromogen III is nonreducing. It also contained none
of the nonchromogenic components in the 7-min
Morgan-Elson chromogen preparation, although it was
not distinguished chromatographically from the chro-
mogenic component of this preparation. The periodate
oxidation data confirm its purity and are consistent
with its existence (predominantly) in a closed pyranose
ring form in the unsaturated disaccharide and in a fur-
anose ring form when free. Unreduced GlcNAc,
MurNAc, GlcNAc-MurNAc disaccharide, and un-
saturated disaccharide all gave rise to very little formal-
dehyde on oxidation in 0.001 M periodate, but all rap-
idly gave rise to approximately 1 mole after reduc-
tion (Table I). In contrast, A-2,3-GIlcNAc rapidly gave
rise to 1 mole of formaldehyde under these conditions
both before and after reduction (Table I), and in 0.01
M periodate, rapidly consumed 1 mole of periodate
before reduction and about 2 moles after reduction
(Table I). At 50 hr, consumption by A-2,3-GIcNAc was
3 moles, as reported for chromogen I by Kuhn and
Kruger (1956).

The ultraviolet spectrum of A-2,3-GIcNAc is con-
sistent with conjugation of its double bond with a car-
bonyl grouping. It has a peak at 230 mu (Figure 5) as
observed for chromogen I (Kuhn and Kruger, 1956)
and as described earlier by Aminoff et al. (1952) for
Morgan-Elson chromogens. A similar absorption
peak is given by 3-0-(3-p-A-4,5-glucoseenpyranosyl-
uronic acid)-N-acetylglucosamine, the product of bac-
terial hyaluranidase digestion of hyaluronic acid (Lin-
ker et al., 1956). The unsaturated disaccharide had a

similar absorption peak at 230 mu but with a Jower ex-
tinction coefficient (Figure 5), so that conjugation is
less efficient when a 4-substituent fixes the pyranose
ring form of A-2,3-GIcNAc. Reduction with NaBH,
reduced the 230-mu absorption of A-2,3-GlcNAc, but
had little effect on that of the unsaturated disaccharide,
which is probably due to interaction with the acetamido
group. The infrared absorption spectrum of A-2,3-Glec-
NAc (Figure 6) resembled that published by Kuhn and
Kruger (1956) for chromogen I, and had typical acet-
amido absorption peaks at 6.05 and 6.5 u (Figure 6).
Its spectrum resembled that of N-acetylglucosamine
also in having minor absorption peaks at 7.2 and 7.8 u,
and a major peak (COH stretching) at 9.6 u. However,
like chromogen I, the 8.9-u peak (ether CO stretching)
found in N-acetylglucosamine, and presumably due to
the pyranose ring oxygen, is not apparent.

Rigorous identification of the structure of A-2,3-
GlcNAc will depend on the isolation of larger amounts
for more extensive analyses. This isolation is in
progress.
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