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Anwar (7). Enzyme activity (2.5 pmollmin/mg of extract
protein) was completely inhibited by 100 jig of fosfomycin
per ml. The same concentration of daptomycin reduced
activity by less than 20%.
The study by Mengin-Lecreulx et al. (14) raised the
possibility that daptomycin might interfere with one or more
of the reactions leading to the formation of UDP-N-acetylglucosamine. UDP-N-acetylglucosamine pyrophosphorylase
catalyzes the conversion of N-acetylglucosamine-1-phosphate to UDP-N-acetylglucosamine. Using the soluble extracts discribed above and the chromatographic procedure
described by Strominger and Smith (19), we investigated the
effects of daptomycin on this reaction. N-Acetylglucosamine-i-phosphate in the presence of [14C]uridine-5'triphosphate was converted to the radioactive nucleotidelinked amino sugar at a rate of 703 pmol/min/mg of extract
protein. Daptomycin at concentrations of 2 to 50 ,ug/ml had
no effect on this reaction.
On the basis of the argument that B. megaterium synthesizes UDP-N-acetylglucosamine by the same pathway as

Daptomycin (LY146032), a cyclic lipopeptide antibiotic,
has diverse effects on growth and metabolism of grampositive bacteria. A closely related derivative of daptomycin, A21978C1 (5), was shown to inhibit peptidoglycan
formation in Streptococcus faecalis without affecting DNA,
RNA, or protein synthesis (6). Similar results with daptomycin were reported for Staphylococcus aureus (3). In both S.
aureus and B. megaterium, inhibition of peptidoglycan synthesis was predicted to be due to an effect on an early event
in the biosynthetic pathway, because the formation of nucleotide-linked sugar-peptide precursors (e.g., UDP-N-acetylmuramyl-pentapeptide) needed for peptidoglycan formation was blocked (3). Scanning electron microscopy showed
that daptomycin caused gross morphological alterations to
the surface of gram-positive cocci (20), which could be
related to the permeabilizing effect daptomycin has on the
cytoplasmic membrane, which leads to release of intracellular potassium (3). A series of reports (9-11) demonstrated
that daptomycin (or closely related congeners) is capable of
specific, calcium-dependent interactions with planar bilayer
membranes and phospholipid vesicles. Recently, Canepari
et al. (4) concluded that the primary target of daptomycin is
the biosynthesis of lipoteichoic acid.
Each of the effects reported could be related to the action
of daptomycin on the cytoplasmic membranes of grampositive bacteria (1). As reported elsewhere (2), treatment of
S. aureus with daptomycin results in a calcium-dependent
disruption of membrane energetics; in particular, daptomycin dissipates the membrane or electrical potential (At
component of the electrochemical gradient). We have attempted to determine whether the effects of daptomycin on
cell wall formation are due to a direct effect on peptidoglycan
biosynthesis enzymes or to an indirect effect resulting from
a disruption of membrane energetics.
Effects of daptomycin on peptidoglycan biosynthesis enzymes. Although it was earlier demonstrated that daptomycin inhibited the formation of UDP-N-acetylmuramyl-pentapeptide in B. megaterium and S. aureus (3), a subsequent
study (14) provided no evidence for daptomycin-induced
accumulation of sugar-peptide precursors occurring earlier
in the pathway. We have employed soluble extracts from B.
megaterium to measure the fosfomycin-sensitive phosphoenolpyruvyl:UDP-N-acetylglucosamine-enolpyruvyl transferase reaction (8) by the procedure of Gunetileke and
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UDP-N-acetylglucosamine [21]), we used the methodolof Strominger and Smith (19) to further examine soluble
extracts for acetyl coenzyme A (CoA)-dependent conversion
of glucosamine-1-phosphate, glucosamine-6-phosphate, and
N-acetylglucosamine-6-phosphate to UDP-N-acetylglucosamine. Conversion of glucosamine-1-phosphate in the presence of acetyl-CoA occurred at a rate comparable to that of
the pyrophosphorylase reaction (607 pmol/min/mg of extract
protein), but acetyl-CoA-dependent conversion of both glucosamine-6-phosphate and N-acetylglucosamine-6-phosphate occurred at considerably lower rates (12 and 41
pmol/min/mg of extract protein, respectively). Nevertheless,
daptomycin at 2 to 50 ,ug/ml did not inhibit any of these
reactions. Taken together, the results do not support the
notion that daptomycin directly inhibits any of the enzymes
involved in peptidoglycan biosynthesis.
Effects of daptomycin on membrane potential and active
transport of amino acids. Figure 1 demonstrates that daptomycin, in the presence of calcium, dissipates membrane
potential (,At) in B. megaterium. Accumulation of [14C]tetraphenylphosphonium bromide was measured by flow dialysis following the procedure exactly as described in a
previous report (2), using B. megaterium in Mueller-Hinton
II broth (containing 40 to 50 jig of calcium per ml; Baltimore
Biological Laboratories). The high concentration of dapto-
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Daptomycin inhibits the formation of UDP-N-acetylmuramyl-pentapeptide in Bacillus megaterium by
inhibiting active transport of amino acids incorporated into the pentapeptide. The ability of daptomycin to
inhibit active transport and peptidoglycan formation may be due to its ability to disrupt the transmembrane
electrochemical gradient.
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FIG. 1. Effects of daptomycin on accumulation of ['4C]tetraphenylphosphonium bromide by B. megaterium at pH 7.5. The concentration of daptomycin used was 100 ,ug/ml. See text and a previous
report (2) for description of methods.
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mycin was necessary as a result of the high cell concentration required in the flow dialysis experiment. As previously
explained (2), the concentration ratio of daptomycin to cells
was actually several orders of magnitude less than that
encountered at the MIC in a standardized broth susceptibility determination.
The effect on AP suggested to us that the effects of
daptomycin on peptidoglycan biosynthesis and, in particular, the inhibition of formation of nucleotide-linked sugarpeptide precursors could result from an effect on membrane
energization needed to drive active transport. Active transport was measured as uptake of radiolabeled amino acids by
B. megaterium in a medium containing the following (in
grams per liter): glucose, 2; KH2PO4, 6; K2HPO4, 6; NH4CI,
2; MgSO4 * 7H20, 0.05; FeSO4 7H20, 0.01; chloramphenicol, 0.1; and the radiolabeled amino acid being measured.
The medium was then supplemented with 1.25 mM CaCl2,
and the pH was adjusted to 6.8. This medium contains
chloramphenicol to block amino acid incorporation into
protein. It is similar to the medium used in our earlier studies
(3) but lacks uracil and two of the three amino acids needed
for peptidoglycan biosynthesis. Amino acid uptake in these
experiments could be eliminated by lowering the temperature to 4°C, adding 10 mM sodium azide, or omitting glucose
from the medium.
The results in Fig. 2 show that 1 jig of daptomycin per ml
inhibited uptake of [14C]diaminopimelic acid by approximately 50%. Previous studies have shown that 50% inhibition of peptidoglycan synthesis in B. megaterium required
2.5 ,ug of daptomycin per ml (3). Uptake of L-[14C]alanine
and L-[14C]glutamic acid was also inhibited by daptomycin
but higher concentrations of antibiotic were required (Fig.
3). Uptake of glutamic acid was stimulated by concentrations of daptomycin up to and including 5 ,ug/ml. Uptake of
all three cell wall amino acids was inhibited 90% or more by
25 ,ug of daptomycin per ml.
Uptake of each of the cell wall amino acids was completely inhibited by both carbonylcyanide-m-chlorophenylhydrazone (CCCP; 1 ,g/ml [5 ,uM]) and N,N'-dicyclohexylcarbodiimide (DCCD; 20 ,ug/ml [0.1 mM]), but was unaffected by the addition of 1 mM sodium or potassium arsenate. Assuming that arsenate entered the cells, these effects
are consistent with the belief that amino acid transport in B.
megaterium depends on chemiosmotic energy (18). The

0
ah

0

10

20 30
Minutes

FIG. 2. Effects of daptomycin on uptake of diaminopimelic acid.
B. megaterium X67 (ATCC 8245) was grown in CGPY broth (12) to
mid-log phase, harvested by centrifugation, washed, and resuspended
to give a final optical density of0.5 (measured at 600 nm) in the uptake
medium (see text). Diaminopimelic acid uptake in the presence and
absence of daptomycin was determined by adding (DL + meso)-2,6diamino[14C]pimelic acid (0.5 ,uCi/ml; 25 Ci/mol; final concentration,
20 ,uM) to the cell suspension and incubating at 37°C in a shaking
water bath. Cell-associated radioactivity was measured by removing
aliquots and collecting cells on membrane filters (type HA; pore size,
0.45 ,um; Millipore Corp.). Filters were washed twice with 5 ml of 0.2
M potassium phosphate buffer (pH 7) and counted. Uptake is
expressed as concentration per optical density unit (ODU) of cells.
The concentrations of daptomycin tested are shown on the figure.

stimulation of glutamic acid uptake by 1 to 5 pug of daptomycin per ml could be related to the apparent specificity of
daptomycin for the At component of the electrochemical
gradient (2). If dissipation of At caused a compensatory
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FIG. 3. Effects of daptomycin on uptake of diaminopimelic acid,
glutamic acid, and alanine. B. megaterium cells were grown and
prepared as described in the legend to Fig. 2. Data for 10-min uptake
of diaminopimelic acid in the presence and absence of daptomycin
were taken from the experiment shown in Fig. 2. The same methodology was used to determine the effects of daptomycin on uptake of
L-[14C]glutamic acid (0.02 uCi/ml; 1.0 Ci/mol; final concentration, 20
,uM) and L-['4C]alanine (0.5 ,Ci/ml; 2.5 Ci/mol; final concentration,
20 ,M). Uninhibited uptake of diaminopimelic acid, glutamic acid,
and alanine during the 10-min incubation was 1.9, 9.8, and 3.7 nmol
per optical density unit of cells (measured at 600 nm), respectively.
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FIG. 4. Effect of daptomycin, nisin, and CCCP on accumulated
diaminopimelic acid. B. megaterium cells were grown and prepared
as described in the legend to Fig. 2. Accumulation of ['4C]diaminopimelic acid (0.1 ,uCi/ml; 5 Ci/mol; final concentration, 20 ,uM)
was monitored for 10 min. At this point, the culture was subdivided,
inhibitors were added (indicated by the arrow), and amino acid
uptake was monitored for another 10 min. Cell-associated radioactivity was measured as described in the legend to Fig. 2. ODU,
optical density unit.

stimulation of ApH, a concomitant increase in uptake of an
anionic substrate (e.g., glutamic acid) might be expected
Effects of daptomycin on accumulated amino acids. The
effect of daptomycin on the active accumulation of diaminopimelic acid was immediate. Addition of daptomycin (5
,ug/ml) to cells after they had accumulated ['4C]diaminopimelic acid for 10 minutes resulted in complete cessation
of uptake (Fig. 4). The uncoupler CCCP (1 ,g/ml) had the
same effect. Nisin (10 ,ug/ml), a peptide antibiotic which
destroys the transmembrane electrochemical gradient in
gram-positive bacteria (17), also blocked further uptake.
However, nisin caused release of accumulated radioactivity,
whereas daptomycin did not. Similarly, daptomycin did not
cause a sustained release of accumulated methyl-ot-glucopyranoside in S. aureus (3).
Effects of daptomycin on glucose transport. The experiment
shown in Fig. 5 shows that the lowest concentrations of
daptomycin that inhibit diaminopimelic acid uptake have no
effect on the transport of a nonmetabolizable glucose analog.
Glucose is transported in B. megaterium by the phosphoenolpyruvate:sugar phosphotransferase system (PTS) (16),
which is driven by phosphate bond energy from phosphoenolpyruvic acid. The fact that doses of 1 and 5 ,g of
daptomycin per ml had little effect on the transport of
methyl-a-D-[14C]glucopyranoside argues that daptomycin
has a selective action on the electrical potential (At) without
directly affecting the PITS or its energy requirements. At 25
,ug/ml, daptomycin inhibited both amino acid and carbohydrate transport, perhaps as a result of more-complete membrane destruction.
The results from this study in conjunction with those
appearing elsewhere (2) indicate that the target site for
daptomycin is the energized cytoplasmic membrane. We
propose that the effects of daptomycin observed previously
on an early step in cell wall biosynthesis (3) result from a
calcium-dependent action on the cytoplasmic membrane
which dissipates the electrical potential (At). Under conditions where exogenous amino acid availability is limiting for
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FIG. 5. Effect of daptomycin on PTS. B. megaterium cells were
grown and prepared as described in the legend to Fig. 2, except that
cells were energized for 5 min in the presence of 0.2% glucose,
centrifuged, and resuspended in the uptake medium (see text)
lacking glucose. Transport of PTS carbohydrates was measured as
uptake of methyl-a-D-[(4C]glucopyranoside (0.1 ,uCilml; 5 Ci/mol;
final concentration, 20 ,uM). Cell-associated radioactivity was measured as described in the legend to Fig. 2. The daptomycin concentrations tested are shown on the figure. ODU, optical density unit.

peptidoglycan formation (such as the conditions used to
measure formation of the nucleotide-linked sugar-peptide
precursors [3]), the collapse of AT by daptomycin would
prevent active transport of cell wall amino acids, inhibit
formation of sugar-peptide precursors, and shut down the
biosynthesis of cell wall peptidoglycan. The collapse of AtI
undoubtedly interferes with energy-dependent transport of
other nutrients as well (15) and may explain observed effects
of daptomycin on other macromolecular biosyntheses in
gram-positive bacteria, such as the inhibition of lipoteichoic
acid biosynthesis (4).
We thank L. E. Bryan, T. R. Parr, and T. I. Nicas for useful
discussions and suggestions.
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