Reversal of Cycloserine Inhibition by D-alanine.*
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Bondi et al.(1) showed that the inhibitory
action of cycloserine (D-4-amino-3-isoxazoli-
done) (2,3) on several strains of Staphylococ-
cus aureus is competitively antagonized by D-
or L-alanine. According to findings of Ciak
and Hahn(4) natural D-cycloserine can cause
protoplast formation in Escherichia coli and
accumulation of N-acylamino sugar in Staph.
aureus, while the synthetic L-isomer does not
produce these effects. These authors have re-
lated the similarity of action of D-cycloserine
and penicillin on bacterial cell wall formation
to their similarity in chemical structure. Park
(5) has suggested that cycloserine might “pre-
vent normal incorporation of D-alanine into
the wall.” During studies with Streptococcus
faecalis, we found that the inhibitory action
of natural cycloserine on cells that are not ac-
tively growing but are making cell wall sub-
stance(6) is specifically reversed by the D-
form but not by the L-form of alanine.

Methods. Growth of S. faecalis (ATCC
9790) in complete synthetic medium(7) was
stopped during logarithmic growth phase by
rapid chilling and the cells harvested and
thoroughly washed aseptically at 0 to 2°C.
Aliquots of cell crop were then placed in “Wall
Medium” which contained/ml : L-glutamic
acid, 0.3 mg; L-aspartic acid, 0.1 mg; L-ly-
sine, 0.1 mg; DL-alanine 0.2 mg; L-cystine,
0.2 mg; guanine, 0.03 mg; uracil, 0.03 mg;
ammonium sulfate, 0.6 mg; sodium acetate,
1.2 mg; glucose, 10 mg; sodium phosphate
buffer, pH 6.5, 0.3 m mole; magnesium sul-
fate 0.1 mg; ferrous sulfate 5.5 ug; mangan-
ous sulfate 6.8 pg. The cells were incubated
at 38°C and their optical density read at fre-
quent intervals(8). In later experiments the
organism was grown in Vit. By deficient me-
dium (less than 10-% pg/ml measured as pyri-
doxamine with §. faecalis) with one-third of
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DL-alanine concentration (0.2 mg/ml) previ-
ously employed. While this amount is suf-
ficient to give logarithmic growth to high tur-
bidities, it significantly reduces amount of in-
tracellular alanine which, in absence of added
alanine, is available for cell wall synthesis.
Under these conditions a study was made of
the effect of penicillin and cycloserinet on cell
wall synthesis.

Results. When S. faecalis cells are taken
from the log phase and incubated in the rela-
tively simple “Wall Medium” a turbidity in-
crease that is accompanied by synthesis of
additional cell wall substance takes place(6).
When synthesis of additional wall substance
is prevented, such as by lack of a nutrient es-
sential to the cell wall, cells taken from log
phase are prone to autolysis either in growth
medium or in “Wall Medium”(7,8). Fig. 1
shows turbidity increase in “Wall Medium”
and the inhibitory effect of several levels of
penicillin (Fig. 1a) on this process. In com-
plete growth medium growth of the same
quantity of cells will not be inhibited by 33
ug/ml of penicillin. Contrary to the penicil-
lin effect, as much as 200 ug/ml of cycloserine
causes little inhibition in complete “Wall Me-
dium” (Fig. 1b, curve 2). When alanine is
omitted from this medium the overall response
is only slightly depressed (curve 3) but it is
now sensitive to cycloserine (curve 4), and in
fact, 25 ug/ml of the antibiotic will lead to
rapid lysis. Presence of L-alanine (curve 4)
has no effect while addition of D-alanine par-
tially reverses the cycloserine inhibition
(curve 5). Further tests indicated that D-
alanine was effective in far lower concentra-
tion than was L-isomer (i.e., 1.6 ug/ml of the
D-form was approximately equivalent to 12.5
pg/ml of the L-form in reversing the action
of 25 ug/ml of cycloserine). Since Vit. Bg
is involved in synthesis and racemization of
alanine, Bg deficient cells were employed in

t Cycloserine was supplied by Eli Lilly and Co.
(trade name Seromycin).
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FIG. 1. Effect of penicillin (Fig. 1a) aud eveloserine (Fig. 1h) on incubation of log phase
8. faecalis cells in ““Wall Mediun, ' Amounts indieated are gg/ml. Results expressed as 9% of
turbidity of incubated tubes at time 0. DL-alanine was omitted from ¢ Wall Medinm’’ for
curves 3 to 5 of Fig. 1b, with supplements as indicated.

FIG. 2, Effeet of cveloserine on ineubution of Vit. B, deficient 8. faecalis cells in < Wall
Medium*? without DL-alanine. Tndividual alawine isomers were added as indicated. Amounts
are gg/ml; CS indicates eveloserine, Curves | to 3, with square symbols represent experimental
tuhes without cxeloserine, curves 6 to 9 (civeles) with eyeloserine (100 pg). Curve 6 also repre-
sents 3.1 pg L-alanine, 0 gg D-alanine, 100 4g (S, Results expressed as in Fig. 1.

F1G. 3. Effect of L-alanine coneentration on reversal of cyeloserine effect by D-alanine dur-
ing incubation in ““Wall Medium.'' Results expressed as % of turbidity attained after 3 hr
inecubation (Fig. 2) of identical control tubes without eyeloserine, Cyeloserine coneentration,
100 gg/ml. Square symbols represent, per ml, the presence of 3.1 ug L-alanine, the eireles 50

ug L-alanine.

further experiments. B, deficient cells require
both alanine isomers for wall synthesis (Fig.
2,curves 1 to 5). Curves 6 to 9, Fig. 2, show
the effect of increasing concentration of D-
alanine, in presence of a constant amount of
L-alanine (3.1 pg/ml). on inhibition produced
by 100 pg,/ml of cycloserine. Fig. 3 demon-
strates that reversal of cycloserine action by
D-alanine is independent of concentration of
L-alanine over a wide range (3.1 to 50 pg/ml).
and that inhibition is reversed by D-alanine
at one-fourth the amount of antibiotic by
about 90%. D-alanine was proportionally ef-
fective over the range of cycloserine concen-
trations tested (25 to 500 pg/ml), indicating a
competitive relationship(9).

Discussion. The reversal of cycloserine in-
hibition seems to be specific for D-alanine. It
seems probable that the small effect of the L-
isomer, particularly at high concentrations, is
due to a low level of contamination of the
product used with D-alanine or Vit. By active
substances.f None of the amino acids of the

{ Vit. B, active substances were found in 3 high
quality commercial L-alanine products and in 1 L-
alanine sample obtained from Dr. J. Greenstein in
1951, and these were removed from the D- and L-
alanine used in present experiments by treatment
with activated charcoal(10).

“Wall Medium” antagonized the action of
penicillin, nor was the action of cycloserine
antagonized by any of the amino acids except
D-alanine.

Cycloserine seems to be one of the few ex-
amples of an antibiotic that is a logical antag-
onist. It is a derivative of D-serine and a
structural analog of a number of neutral D-
amino acids of which only D-alanine has thus
far been found to play an active part in bac-
terial cell synthesis. It would not be surpris-
ing if a number of neutral D-amino acids were
found to act in a manner similar to cycloser-
ine. The action of neutral D-amino acids in
producing protoplast-like structure of Alkali-
genes faecalis(11) may be such an example.

The competition of cycloserine and D-ala-
nine is not at a permeability site as indicated
by the reversing effect of intracellular D-ala-
nine. As postulated by other workers(4,5),
it may take place at site of incorporation of
D-alanine into a wall precursor(12). Despite
their structural similarity(4,13), and despite
the fact that both interfere with the same bio-
synthetic process, penicillin and cycloserine
differ in their mode of action. Their synergis-
tic effect(2) may be due to sequential block-
ing of cell wall synthesis.

Summary. D-alanine, but not L-alanine,
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competitively reverses the inhibitory action of
cycloserine on S. faecalis cells that are synthe-
sizing cell wall substance. Both cycloserine
and penicillin can inhibit cells that are not
growing but that are making cell wall sub-
stance. However, they differ in mode of ac-
tion.

I am indebted to P. Conover for skillful technical
assistance and to Dr. G. Toennies for helpful advice.
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In recent studies of Arthus-type vascular
inflammatory reactions(1,2), a rough correla-
tion was found to exist between disappear-
ance of antigen from the vessel and a decrease
of inflammation in the reaction. This was
noted both macroscopically, and in the vessels,
microscopically. These results suggested that
removal or perhaps some form of isolation of
the antigen-antibody complex eliminated the
phlogogenic stimulus and allowed healing of
the damaged vessels to take place. However,
such factors as a possible exhaustion of cellu-
lar or humoral components essential to devel-
opment of the reaction, and/or production of
inhibitors locally might account for the de-
crease in inflammatory reaction also. In or-
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der to find if these latter factors played an
essential role in the decline of inflammation,
experiments were performed in which antigen
was reintroduced into healing Arthus sites at
various times. This was performed under the
supposition that any inflammation secondary
to the presence of the reinjected antigen and
its corresponding antibody would be pre-
vented or at least decreased in intensity, if an
exhaustion of essential materials had occurred,
or if inhibitors played an important role.
Materials and methods. Antigen: Bovine
serum albumin (BSA), Armour Laboratories,
Lot #T-68204 was used to elicit the Arthus
reactions. Aside from BSA, other antigens
used for control purposes or to obtain anti-
bodies for the fluorescent antibody studies in-
cluded rabbit serum albumin (RSA) and rab-
bit serum globulin (RSG), (Fraction II),
Pentex, Inc., Lot #6901 and human gamma
globulin (HGG), (Fraction IT), Squibb Lab-
oratories, Lot #1615. Awntisera: Antibodies to
the antigens mentioned above were produced,
characterized and absorbed to remove con-



