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ABSTRACT
STROMINGER, JACK L. (Washington University School of Medicine, St. Louis, Mo.),

AND CLAIRE H. BIRGE. Nucleotide accumulation induced in Staphylococcus aureus by
glycine. J. Bacteriol. 89:1124-1127. 1965.-High concentrations of glycine induce accu-

mulation of four uridine nucleotides in Staphylococcus aureus. Investigations of their
structure suggest that these compounds are uridine diphosphate (UDP)-acetylmuramic
acid, UDP-acetylmuramyl-gly-D-glu-L-lys, UDP-acetylmuramyl-L-ala-D-glu-L-lys and
UDP-acetylmuramyl-gly-D-glu-L-lys-D-ala-D-ala. The mechanism by which glycine
may induce uridine nucleotide accumulation and protoplast formation is discussed.

The peculiar effects of glycine on bacteria have
been known since 1943 (Gordon and Gordon,
1943). High concentrations of glycine induce
bacteriolysis or morphological alterations, in-
cluding L-form transformation, in various bac-
teria (Maculla and Cowles, 1948; Gordon, Hall,
and Stickland, 1949; Dienes and Weinberger,
1951; Dienes and Zamecnik, 1952; Rubio-Huer-
tos and Gonzalez-Vazquez, 1960). These effects
are similar to and additive with the effects of
penicillin and D-cycloserine (Welsch, 1958;
Welsch and Osterrieth, 1958; Michel and
Hijmans, 1960). In hypertonic sucrose, sphero-
plast formation in Escherichia coli occurs, pre-
sumably due to some interference with cell-wall
synthesis (Welsch, 1958; Welsch and Osterrieth,
1958). Glycine also induces in Staphylococcus
aureus accumulation of uridine diphosphate
(UDP) acetylamino sugar compounds, presum-
ably precursors of the cell wall (Park, 1958). The
accumulated nucleotides were not identified,
however. In the present paper, the isolation and
studies of the structure of these nucleotides are
presented.

MATERIALS AND METHODS

The organism employed was S. aureus strain
Copenhagen. Log-phase cells (200 ml) were sus-
pended in growth medium (Strominger, 1957)
containing 0.5 M glycine, incubated at 37 C with
vigorous shaking for 90 min, and then harvested
again. Measurement of uridine nucleotide ac-
cumulation, isolation of accumulated nucleotides
by two-dimensional paper chromatography, and
analyses of nucleotides were carried out as de-
scribed in the preceding paper (Wishnow et al.,
1965).

RESULTS

Glycine-induced nucleotide accumulation. The
extract of cells harvested from a 1-liter culture
treated for 90 min with 0.5 M glycine contained
26,moles of acetylamino sugar ester, presumably
uridine nucleotide (compared with 0.5 to 1
,umole/liter in the control culture). The nucleo-
tides in this extract were recovered by charcoal
adsorption and elution. The eluates were reduced
to a volume of 0.4 to 0.5 ml, and brought to
about pH 4 with isobutyric acid. When this
material was subjected to two-dimensional paper
chromatography, a number of ultraviolet-absorb-
ing materials was observed (Fig. 1). [The sharp
separation of compounds 1, 2, and 3 was difficult
to obtain. Optimal results were obtained when
the eluates were neutralized with isobutyric acid,
rather than HCl, and when the chromatograms
were developed at a low temperature (about
18 C). At this temperature, the first dimension
required 48 to 72 hr for development.] Compounds
1 to 4 had the typical spectra of a uridine nucleo-
tide in both 0.05 N HCl and 0.1 N NaOH. These
compounds were eluted from two chromatograms
(similar to that shown in Fig. 1), each represent-
ing 200 ml of culture. The eluates of each of the
compounds were pooled, subjected again to
two-dimensional paper chromatography, eluted,
and analyzed. The amounts of these compounds
recovered from 400 ml of culture were: compound
1, 0.82 umole; compound 2, 0.42 ,mole; com-
pound 3, 0.76 ,umole; and compound 4, 1.66
,umoles. Thus, the recovery (3.7 ,umoles) was
about 35%. About one-third of the material
was lost in adsorption and elution from charcoal,
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and the other third was lost during the separa-
tion.

Analyses of accumulated uridine nucleotides. All
four uridine nucleotides contained 2 moles of
phosphate and 1 mole of acetylamino sugar per
mole of uridine (Table 1). Samples were subjected

FIG. 1. Nucleotides accumulated in cells treated
for 90 min with 0.5 M glycine. The numbers are the
same as those used in Table 1.

to acid hydrolysis and then analyzed on a Beck-
man Spinco amino acid analyzer. Compound 4
contained no amino acids. In the hydrolysate of
this compound, muramic acid was found, but no
glucosamine was present (although UDP-acetyl-
glucosamine has nearly the same position as
UDP-acetylmuramic acid in this system). Com-
pounds 1, 2, and 3 also contained muramic acid,
and in addition contained amino acids in the
following ratios: compound 1: gly-glu-lys, 1: 1: 1;
compound 2: gly-glu-lys-ala, 0.2: 1:1 :1; and
compound 3: gly-glu-lys-ala, 1: 1: 1:2. Analyses
for D- and L-alanine were carried out. Compound
2 contained mainly L-alanine and compound 3
only D-alanine (Table 1). The amino terminal
group in compounds 1, 2, and 3 was found, in
each case, to be E-amino-lysine.

DIscussIoN
The data obtained are compatible with the

following structures: compound 1, UDP-acetyl-
muramyl-gly-D-glu-L-lys; compound 2, UDP-
acetylmuramyl-L-ala-D-glu-L-lys; compound 3,
UDP-acetylmuramyl-gly-D-glu-L-lys-D-ala-D -ala;
and compound 4, UDP-acetylmuramic acid. It is
assumed that the glutamic acid and lysine have
the same configuration as has been found in other
nucleotides isolated from this organism, and that
the sequences follow the general pattern pre-
viously established (see Strominger, 1962).
Compound 2 was present in small amounts, and

TA BLE 1. Analyses of accunmulated uridine nucleotidesa

Compound posbAcetyl-Muraaa ic G1ycine Glucosed Lysined Alanined D-Alanine" L-Alanine, Free amino

1 1.90 1.04 0.82 0.98 1.02 0.97 0 - - e-Amino
lys

2 1.96 0.92 0.70 0.23 0.94 1.01 0.93 0.12 0.84 e-Amino
lys

3 1.90 0.91 0.78 0.94 0.94 1.03 1.95 1.90 0.03 e-Amino
lys

4 1.92 0.94 0.80 0 0 0 0 _

a Results are presented as moles per mole of uridine (measured from its 262-m, absorbane by use of
e = 9,890).
bMeasured by the method of Lowry et al. (1951).
c Measured by the modified Morgan-Elson- method after mild acid hydrolysis (Ressig, Strominger,

and Leloir, 1955; Strominger, 1957).
d Measured after acid hydrolysis on the ]Beckman Spinco amino acid analyzer. The low values for

muramic acid are due to some loss of this sugar during the hydrolysis.
-Measured by use of the specificity of D-amino acid oxidase and L-alanine-a-ketoglutarate trans

aminase (Strominger and Threnn, 1959).
f Measured, after dinitrophenylation and acid hydrolysis; by thin-layer chromatography by use of

an unpublished method of D. J. Tipper.
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was overlapped on the chromatograms by com-
pounds 1 and 3. The analytical data obtained are
compatible with the structure indicated for
compound 2, if it is assumed that the material
analyzed was contaminated by 15% of com-
pounds 1 and 3. Further purification would
obviously be needed to establish the composition
of compound 2 with certainty. Compound 2 is,
however, in exactly the same position on the
two-dimensional paper chromatogram as UDP-
acetylmuramyl-L-ala-D-glu-L-lys from D-cycloser-
ine-treated cells (see Fig. 6 of Wishnow et al.,
1965). It is also of interest that compound 1
(UDP-acetylmuramyl-gly-D-glu-L-lys) has the
same mobilities in the two solvents relative to
compound 2, as does compound 3 (UDP-acetyl-
muramyl-gly-D-glu-L-lys-D-ala-D-ala) relative to
UDP-acetylmuramyl-L-ala-D-glu- L - lys -D - ala - D-
ala from penicillin-treated cells (see Fig. 5 of
Wishnow et al., 1965).
Compound 4, UDP-acetylmuramic acid, is the

major compound which accumulated. This fact
suggests that inhibition of cell-wall synthesis by
high concentrations of glycine is probably due to
inhibition of the reaction in which L-alanine is
added to UDP-acetylmuramic acid (Ito and
Strominger, 1962a, b). Although glycine may
have other effects on cell-wall synthesis, inhibi-
tion of the L-alanine adding enzyme would be a
sufficient explanation of its physiological effects
in bacteria, i.e., morphological alterations and
nucleotide accumulations. Some glycine is appar-
ently incorporated into the uridine nucleotides
in place of L-alanine (compounds 1 and 3). It is
not known whether these glycine-containing
nucleotides can be utilized for cell-wall synthesis
or whether cell walls containing glycine linked to
acetylmuramic acid would be as stable as the
normal cell wall.

These observations recall that D-methionine
and D-serine, when present in the growth medium
at high concentrations, are both incorporated
into cell wall, presumably in place of some normal
constituent (Lark and Lark, 1961; Whitney and
Grula, 1964). Also, hydroxylysine can be incor-
porated in place of lysine (Tsung et al., 1962).
Moreover, a compound isolated from a partial
acid hydrolysate of normal cell walls of AMicrococ-
cus lysodeikticus contained acetylglucosamine,
acetyhnuramic acid, and glycine in equimolar
amounts, together with a small amount of alanine,
glutamic acid, and lysine (Perkins and Rogers,
1959). A linkage of glycine to muramic acid was
not established in this compound, owing to the
small amount of material which was obtained.
No similar material was encountered during
studies of the cell wall of S. aureus (Ghuysen and
Strominger, 1963a, b).

This study was undertaken in the hope that
investigation of the effects of high concentrations
of glycine might lead to some information regard-
ing the mechanisms of glycine cross-bridge for-
mation in the cell wall of S. aureus. These bridges
are built on the e-amino groups of lysine (Mandel-
stam and Stromin ger, 1961). It is apparent, how-
ever, that no clues relative to cross-bridge forma-
tion have been uncovered, because the c-amino
groups of lysine are unsubstituted in all of the
compounds found. Apparently, glycine found in
the isolated nucleotides is substituted for another
amino acid, L-alanine.
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