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Gardimycin, a new antibiotic, at 100 .Ag/ml, specifically inhibited cell wall
synthesis and induced accumulation of uridine 5'-diphosphate-N-acetylmur-
amylpentapeptide in whole cells ofBacillus subtilis. The antibiotic was active in
a particulate enzyme preparation from Bacillus stearothermophilus: 60 pg/ml
caused 50%, and 200,ug/ml caused 100%, inhibition of peptidoglycan synthesis,
Suppression of peptidoglycan synthesls was accompanied by parallel accumula-
tion of the lipid intermediate. This mechanism of action is discussed in compari-
son with those of other antibiotics that are known to inhibit bacterial cell wall
biosynthesis.

Gardimycin is a new sulfur-containing pep-
tide antibiotic recently isolated from the fer-
mentation broth ofActinoplanes garbadinensis
sp. nov. (9). It is active against gram-positive
bacteria and has very low toxicity. Its chemical
characteristics (3) and biological properties (2)
have been reported elsewhere. Preliminary ex-
periments indicated that gardimycin interferes
with bacterial cell wall biosynthesis. In fact,
the drug is inactive on cell wall-lacking bacte-
ria such as Mycoplasma and on the L-form of
susceptible Staphylococcus aureus.

In this paper, a more detailed analysis of its
mechanism of action is reported, which con-
frmns the effect of gardimycin on cell wall bio-
synthesis and indicates that its primary site of
action is on the transfer of the disaccharidic
pentapeptide unit from the lipid carrier to the
acceptor site of the cell wall.

MATERIALS AND METHODS
Bacterial strains. The effects of gardimycin on

living cells were studied in Bacillus subtilis SB25
(try- his-) and PB 556/1 (thy-). Bacillus stearother-
mophilus (calidolactis) ATCC 10149 was used as the
source of particulate enzyme for the studies of in
vitro peptidoglycan synthesis.

Bacterial growth. B. subtilis was usually grown
in flasks at 37°C, with reciprocal shaking, and B.
stearothermophilus was grown at 550, in fermenters
with forced aeration.

Radiochemicals. [5-3Hluracil, 24.2 Ci/mmol; [2-
'4C]thymidine, 61 mCi/mmol; [U-_4C]phenylalanine,
225 mCi/mmol; L-[U-_4C]alanine, 173 mCi/mmol; [1-
3HIN-acetylglucosamine (GlcNAc), 4 Ci/mmol; and
[1-14C]GlcNAc, 58 mCi/mmol; were all obtained from
Radiochemical Centre, Amersham, England.

Incorporation of labeled compounds into cell
wall and protein fraction. Exponentially growingB.
subtilis was transferred to Davis minimal medium

supplemented with 0.5% glucose, 50 ,ug of trypto-
phan per ml, 50 ,ug of histidine per ml, and the
appropriate labeled compound and incubated for 20
min at 37°C. Cells were harvested, washed with
buffer [0.1 M tris(hydroxymethyl)aminomethane
(Tris)-hydrochloride, pH 7.4], heated for 5 min, and
sonicated for 10 min. Unbroken cells were removed
by centrifugation at 6,000 x g for 10 min. Total
incorporated radioactivity was determined at this
stage by precipitating a sample of the sonicated cell
suspension with cold 10% (wt/vol) trichloroacetic
acid; acid-insoluble material was collected on glass-
fiber filters (Whatman GF/C) and washed with
ethanol and diethyl ether; dried filters were counted
for radioactivity. The radioactivity incorporated in
the cell wall or the protein fraction of the'cells was
determined after fractionation as follows. A sample
of sonicated cells was treated with pancratic ribo-
nuclease and deoxyribonuclease I for 30 min, with
trypsin for 2 h, and finally with pepsin at pH 2 for 2
h. Trichloroacetic acid-insoluble material, which
consists of cell walls, was collected and the radioac-
tivity was determined.
A different sample of sonicated cells was incu-

bated with lysozyme in the presence of 0.05% (wt/
vol) sodium dodecyl sulfate for 1 h and then with
ribonuclease and deoxyribonuclease for 30 min, and
the radioactivity of the trichoroacetic acid-insoluble
material, which represents "cellular protein," was
determined. All the enzymes were used at a concen-
tration of 1 mg/ml, and the incubation temperature
was 37°C.
The specificity of the fractionation procedure was

checked as in previous experiments by determining
the origin of the radioactivity found in the two frac-
tions obtained from cells grown in the presence of
['4C]phenylalanine and [3H]GlcNAc as protein and
cell wall precursors, respectively.

Extraction and determination of uridine nucleo-
tide in cells. Cell wall precursors were extracted
from exponentially growing B. subtilis SB25 incu-
bated in Pennassay (PY) broth (Difco) as described
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by Garret (4). N-acetylhexosamine was determined
by the procedure of Reissig et al. (10).

Identification of the accumulated cell wall pre-
cursors. To an exponentially growing culture of B.
subtilis SB25 in PY medium containing 22% (wt/
vol) sucrose, 0.4 IACi of [3HIGlcNAc per ml and gar-
dimycin at 200 iLg/ml were added. After a further 40-
min incubation, the cells were harvested and
washed with 22% sucrose in 0.1 M Tris-hydrochlo-
ride, pH 7.9. Then, nucleotides were extracted and
separated by descending chromatography on What-
man no. 1 filter paper, with a mixture of 95%
ethanol and 1 M ammonium acetate, pH 7 (7.5:3), for
16 h. After drying, the paper strip was cut into 0.5-
cm segments, and the radioactivity on each segment
was counted.
Preparation of uridine 5'-diphosphate N-ace-

tyl['4C]muramylpentapeptide (UDP-MurNAc-pen-
tapeptide). Cells ofB. subtilis SB 25 were treated as
described above, except that 0.1 ,uCi of [14C]GlcNAc
per ml and 100 ,ug of vancomycin per ml were used.
The pooled nucleotides were applied to a Dowex 1
column (Cl- form), 100 to 200 mesh, and eluted with
a linear gradient ofNaCl (from 0.05 to 0.3 M) in 0.01
N HCl. A main peak absorbing at 260 nm and con-
taining most of the radioactivity was obtained. The
fractions making up this peak were pooled and ly-
ophilized. The product thus obtained was homogene-
ous by paper chromatography and had a specific
activity of 104,000 cpm/,lmol.

Preparation of particulate enzyme. Cells of B.
stearothermophilus were grown at 550C in a medium
containing 1% (wt/vol) tryptone, 0.5% (wt/vol) yeast
extract, 0.25% (wt/vol) K2HPO4, and 0.1% (wt/vol)
glucose, harvested in the middle of the exponential
phase, washed, suspended in buffer (0.05 M Tris-
hydrochloride, pH 7.9, and 0.01 M Mg acetate), and
frozen. The frozen-cell paste was ground in a homog-
enizer with an equal volume of Superbrite (Minne-
sota Mining & Manufacturing) for three periods of 5
min while being cooled in ice. The Superbrite was
removed by filtering on a sintered-glass funnel. The
cell suspension was centrifuged twice at 6000 x g for
10 min, and the supernatant was centrifuged at
38,000 g for 20 min. Then, the pellet was washed
twice and resuspended in buffer. The suspension
was stored under liquid nitrogen.

In vitro synthesis of peptidoglycan. The reaction
mixtures contained 100 mM Tris-hydrochloride, pH
7.9, 25 mM MgCl2, 0.5 mM UDP-GlcNAc, 0.5 mM
['4C]UDP-MurNAc-pentapeptide and the particu-
late enzyme at a concentration of 8 pag ofprotein per
ml (determined with the Folin-Ciocalteau reagent).
Final volume was 100 ,l.. After 40 min of incubation
at 3000, the entire reaction mixture was spread on a
3-cm line at the origin of a strip of Whatman no. 1
chromatographic paper and dried with hot air.
Chromatograms were developed in a descending di-
rection with a mixture of isobutyric acid-i M
NH40H (5:3). Acc.'-ding to Strominger et al. (13),
the synthesized pef ltoglycan remains at the point
of origin, while tht substrate and intermediate
move down.

Radioactivity measurement. Filter disks and pa-
per segments were counted in a Philips liquid scin-

tillation analyzer with Instagel (Packard) as scintil-
lation fluid; chromatograms were analyzed by a
Packard chromatography scanner, and the distribu-
tion of radioactivity was determined from the peak
areas.

RESULTS
Effect on growth and viability. The minimal

inhibitory concentration of gardimvcin against
B. subtilis SB25 is 100 Ag/ml. Addition of the
antibiotic at this concentration to a growing
culture causes an immediate decrease in ab-
sorbance, indicating cell lysis (Fig. 1). The ef-
fect of gardimycin on cell viability is shown in
Fig. 2. When the antibiotic is added at 200 ,g/
ml to a growing culture, an irreversible loss of
viability takes place. At a lower concentration
(50 ,ug/ml), however, there is a resumption of
growth after 1 h of incubation. A similar effect
of subinhibitory concentrations has already
been reported for other antibiotics that inter-
fere with cell wall biosynthesis (5). Addition of
gardimycin (200 ug/ml) to resting cells de-
prived of a carbon source, however, does not
affect cell viability.
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lIIG. 1. Effect ofgardimycin on growth. Two cul-
tures of B. subtilis were incubated in PY medium,
and the growth was determined by absorbance at 595
nm. At the time indicated by the arrow, gardimycin
was added to one of the cultures to a final concentra-
tion of100 pg/ml. Symbols: (0) Control, (0) gardi-
mycin.
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FIG. 2. Effect ofgardimycin on cell viability. The
solid line indicates the number of colonies grown on
an agar plate after suitable dilution ofa culture ofB.
subtilis growing in PY medium. The dashed line
indicates the number of colonies formed after cell
washing and incubation in buffer containing 0.15 M
NaCl, 0.1 M Tris-hydrochloride (pH 7.9), and 0.01
M MgC12. Symbols: (-) Control; (*) gardimycin, 50
pglml; (0) gardimycin, 200 pglml.

Effect on macromolecular synthesis in
vivo. To identify the cellular macromolecular
synthesis primarily affected by gardimycin, the
rate of incorporation of radioactive precursors
was measured in the presence or absence of the
antibiotic.
As shown in Fig. 3, the addition of gardimy-

cin (200 ,ug/ml) to a growing culture immedi-
ately suppressed the incorporation ofGlcNAc, a
specific precursor of peptidoglycan. The
syntheses of deoxyribonucleic acid, ribonucleic
acid, and protein, measured as incorporation of
thymine, uracil, and phenylalanine, respec-
tively, were only slightly affected for the first
20 min, thus suggesting that cell wall synthesis
is the primary target of the drug. To ascertain
that the target of gardimycin is peptidoglycan
synthesis and not merely GlcNAc uptake or

utilization, the distribution of labeled alanine,
a component of both peptidoglycan and protein,

between the cell wall and the protein fractions
of bacteria grown in the presence or absence of
gardimycin was determined. As a control, the
same distribution was also determined in bacte-
ria grown in the presence ofthe protein synthe-
sis inhibitor, tetracycline. The results of such
an experiment are shown in Fig. 4.
Gardimycin did not reduce the amount of

alanine incorporated into the protein fraction
as compared with the control culture, whereas
it strongly decreased its incorporation into the
cell wall. As expected, tetracycline inhibited
alanine incorporation into the protein fraction,
but not into the cell wall fraction.
Accumulation of cell wall precursors. Most

antibiotics interfering with peptidoglycan syn-
thesis cause an endocellular accumulation of
UDP nucleotides linked to N-acetylaminohex-
oses.
As shown in Fig. 5, such accumulation also

occurs in a growing bacterial culture treated
with 50 ,ug of gardimycin per ml. Figure 6
shows the relationship between the antibiotic
concentration and the amount of N-acetylami-
nohexose accumulated over a 30-min period of
incubation. To identify the accumulated pre-
cursors, the nucleotides extracted from cells
grown in the presence of [3H]GlcNAc plus 200
gg of gardimycin per ml were co-chromato-
graphed with UDP-NAc['4C]Mur-pentapeptide,
obtained from cells treated with vancomycin.
Only one main peak of tritium radioactivity
was found, with an Rf identical to that of the
14C radioactivity peak, thus indicating that
UDP-NAcMur-pentapeptide was the main cell
wall precursor accumulated in the presence of
gardimycin. The target of the antibiotic is,
therefore, the peptidoglycan polymerization
process.

Effect on in vitro synthesis of peptidogly-
can. The effect of gardimycin on peptidoglycan
biosynthesis was studied with a particulate en-
zyme preparation from B. stearothermophilus,
capable of synthesizing cross-linked peptidogly-
can (11). Gardimycin inhibits the incorporation
of labeled MurNAc-pentapeptide into cross-
linked peptidoglycan, while causing an accu-
mulation of a phospholipid intermediate (Fig.
7). The same results were obtained when la-
beled UDP-GlcNAc was used, thus suggesting
that the accumulated phospholipid intermedi-
ate contains the disaccharide unit GlcNAc-
MurNAc-pentapeptide. The effect of gardimy-
cin was compared, in the same experiment,
with that ofthe known peptidoglycan synthesis
inhibitors vancomycin and bacitracin. All three
antibiotics inhibited precursor utilization. Al-
though vancomycin caused a reduction ofpepti-
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FIG. 3. Effect of gardimycin on the incorporation of macromolecule precursors into whole cells of B.
subtilis 556/1. Cells were grown in Davis minimal medium supplemented with 0.2% Casamino Acids (Difco),
0.5% glucose, and 10 pg of cold thymine per ml in the presence of either [14C]thymine (0.025 ,Cilml),
[14C]phenylalanine (0.025 pLCilml), [3H]uracil (0.05 ,uCilml), or [3H]GlcNAc (0.05 ,uCi/ml). At intervals,
aliquots were transferred to cold 5% trichloroacetic acid, and the acid-insoluble material was collected on
membrane filters (Millipore Corp.), washed with cold 2% trichloracetic acid, dried, and counted for radioac-
tivity. The arrows indicate the time ofantibiotic addition. Symbols: (a) Control; (0) gardimycin, 200 pg/ml.
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FIG. 4. Effect of gardimycin and tetracycline on

the distribution of["4C]alanine in the cell wall and in
the protein fraction of B. subtilis. Exponentially
growing cells were incubated for 20 min in Davis
minimal medium supplemented with 0.5% glucose,
50 pg oftryptophan per ml, 50 pg ofhistidine per ml
and 0.8 IACi of["'C]alanine per ml. Total radioactiv-
ity incorporated and the radioactivity incorporated
into cell wall and protein fraction were determined as
described in Materials and Methods. Three 10-ml
cultures were run: the first was kept as a control, 500
pg of gardimycin per ml was added to the second,
and 20 pg of tetracycline per ml was added to the
third.
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FIG. 5. Time course of accumulation of cell wall
precursors. The amount of N-acetylaminohexoses is
expressed as nanomoles per milliliter of culture.
Symbols: (0) Control; (0) gardimycin, 50 pgIml.

VOL. 11, 1977

A1
O 4

0

2

Eu:



400 SOMMA, MERATI, AND PARENTI

E

0--

P
u

I-

J

49
0
a
4

I-
49

pg/ml

FIG. 6. Effect ofgardimycin concentration on cell
wall precursor accumulation. On the ordinate are
nanomoles ofN-acetylaminohexoses per milliliter of
culture, whereas the abscissa shows antibiotic con-
centrations. Incubation was for 30 min.

doglycan synthesis with a concomitant accumu-
lation of phospholipid intermediate, bacitracin
inhibited the formation of the latter, while al-
lowing some synthesis of peptidoglycan (Table
1). These effects were to be expected from the
known mechanism of action of the two antibiot-
ics. Gardimycin behaved in this system exactly
like vancomycin, suggesting that its target is
the same or similar to that of vancomycin.

DISCUSSION
The results reported in this paper clearly

indicate that gardimycin inhibits growth of B.
subtilis by inhibiting cell wall biosynthesis.
This conclusion is supported by the following
evidence. First, gardimycin inhibits the incor-
poration of GlcNAc, a specific precursor, into
the cell wall; also, it inhibits incorporation of
alanine into the cell wall but not into protein.
Second, it induces accumulation of cell wall
precursors in growing cells, suggesting that
their further utilization is inhibited. Third, the
drug has a bactericidal effect on growing cells,
but not on resting cells, a phenomenon charac-
teristic of, although not exclusive for, many cell

0 50 100 20
Po/2ml

FIG. 7. Effect ofgardimycin on in vitro synthesis
of peptidoglycan, catalyzed by a particulate enzyme
preparation from B. stearothermophilus. The radio-
activity incorporated into the peptidoglycan (0) and
into the lipid intermediate (*) is plotted against gar-
dimycin concentration.

TABLE 1. Comparison of effects ofgardimycin,
vancomycin, and bacitracin on in vitro synthesis

ofpeptidoglycan a

% of radioactivity added

Antibiotic UDP- LipidMurNAc- ipidr Pepti-
pentiadpep mediate doglycan

None 0 29.0 71.0
Bacitracin 56.0 21.5 22.5
Vancomycin 51.5 48.5 0
Gardimycin 45.5 54.5 0

a Antibiotics were present at a concentration of
240 ,ug/ml.

wall inhibitors. As already mentioned, cell
wall-lacking bacteria, such as Mycoplasma and
L-forms ofS. aureus, are unsusceptible to high
concentrations of the drug.
The synthesis of cell wall peptidoglycan may

be conveniently divided into four stages,
namely: (i) the syntheis of uridino-diphospho-
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N-acetylmuramic acid; (ii) the sequential at-
tachment onto it of a pentapeptide side chain;
(iii) the synthesis of a disaccharidic pentapep-
tide unit and its transfer to the growing poly-
saccharide chains; and (iv)- their cross-linking.
Treatment with gardimycin elicits the accu-

mulation of UDP-MurNAc-pentapeptide, indi-
cating that the drug interferes with reactions at
stage (iii) or stage (iv) of cell wall biosynthesis.
Stage (iii) consists of several discrete reactions:
the binding through a pyrophosphate linkage of
UDP-MurNAc-pentapeptide to an isoprenyl
phosphate carrier called C.,, which is associ-
ated with cell membrane. UDP-NAc is then
attached to this intermediate, with formation of
a disaccharidic pentapeptide unit, which is
transferred to a cell wall acceptor, with release
of C55-pyrophosphate, which is- then dephospho-
rylated and starts a new reaction cycle.
Gardimycin, added to a cell-free system that

is able to carry out all these reactions, results
in accumulation of disaccharide-C,5 intermedi-
ate, thus indicating.that it is active at the site
of the further reaction, namely, its transfer to
the cell wall acceptor. In fact, gardimycin be-
haves like vancomycin, a known inhibitor of
such a transfer reaction (1, 14).

Ristocetin (1, 5), xnacabomy6cin (14), diumy-
cin (6, 7)t enduracidim (6), meonomycin, prasin-
omycin, 11L837 RP (8), janemycin, and subtilin
(6) have also been reported tof interfere with
this reaction. The mechanism ofaction ofgardi-
mycin differs from that ofbacitracin (12), which
prevents the dephosphorylation of C55-pyro
phosphate, from that of nisin (6), which does
not induce accumulation of the phospholipid
intermediate, and from that of the penicillin's
and cephalosporins, which interfere with trans-
peptidase and carboxypeptidase activity in-
volved in the cross-linking (5).
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