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Addition of cell walls to the peptidoglycan synthetase-acceptor system containing
vancomycin (50 ,g/ml) prevented the inhibition by the antibiotic. In addition, the
inhibition of incorporation of ['4C]muramyl-pentapeptide into peptidoglycan in the
presence of vancomycin was reversed by the addition of cell walls to the assay mix-
ture at 60 min. Cell walls previously saturated with vancomycin lost their ability to
reverse the inhibition by the antibiotic. The inhibition of peptidoglycan synthesis by
ristocetin was partially reversed by the addition of cell walls. The initial stage in
peptidoglycan synthesis is catalyzed by phospho-N-acetyl(NAc)muramyl-penta-
peptide translocase (uridine 5'-phosphate) according to the reaction:

UDP-NAc-muramyl-pentapeptide + acceptor > acceptor-
phospho-NAc-muramyl-pentapeptide + UMP

where acceptor is C55-isoprenoid alcohol phosphate. Vancomycin stimulates
the transfer of phospho-NAc-muramyl-pentapeptide to the acceptor, and the
addition of cell walls to this assay mixture prevented the stimulation of transfer. In
addition to the transfer reaction, the enzyme catalyzes the exchange of [3H]uridine
monophosphate (UMP) with UDP-NAc-muramyl-pentapeptide. The exchange
reaction is effectively inhibited by vancomycin. For example, 60 ,ug of vancomycin
per ml inhibited the rate of exchange by 50%. Addition of cell walls restored the
exchange of UMP with the UMP moiety of UDP-NAc-muramyl-pentapeptide. Thus,
cell walls appeared to have a higher affinity for vancomycin than did either the
peptidoglycan synthetase-acceptor system or phospho-NAc-muramyl-pentapeptide
translocase. These results provide support for the proposal made by Best and Dur-
ham that the effective binding of vancomycin to the cell wall could result in the in-
hibition of transfer of membrane-associated peptidoglycan chains to the growing
wall.

Vancomycin inhibits the biosynthesis of bac-
terial cell walls. The inhibition is accompanied
by the accumulation of uridine diphosphate-
N-acetyl-muramyl-L - alanyl-D - isoglutamyl- L- ly -
syl-D-alanyl-D -alanine (UDP-NAc -muramyl-L-
ala-D-isoglu-L-lys-D-ala-D-ala) in Staphylococcus
aureus (17). This nucleotide and UDP-NAc-
glucosamine are precursors of peptidoglycan,
the major structural polymer of bacterial cell
walls. The site of action of vancomycin has been
investigated in several laboratories. Best and

1 Presented in part at the 67th Annual Meeting of
the American Society for Microbiology, New York,
N.Y., 30 April-4 May 1967.

2 Present address: Bose Institute, Calcutta, India.
3 Supported by U.S. Public Health Service Research

Career Development Program Award 1-K3-AI-6950
from the National Institute of Allergy and Infectious
Diseases.

Durham (5) proposed that adsorption of vanco-
mycin to acidic groups on the cell wall could
inhibit the addition of new cell wall components
to the existing peptidoglycan. The inhibition of
teichoic acid biosynthesis by vancomycin in
Bacillus subtilis and Bacillus licheniformis has
been reported by Burger and Glaser (7). In 1965,
Jordan (13) found that the inhibition of cell wall
synthesis by vancomycin occurs earlier than that
of membrane biosynthesis. It was concluded that
the primary effect of vancomycin in intact cells
of staphylococci is an inhibition of wall peptido-
glycan synthesis and that inhibition of membrane
biosynthesis is a secondary effect. Anderson et al.
(1-3) established that peptidoglycan synthetase
is effectively inhibited by both vancomycin and
ristocetin. Moreover, vancomycin also affects
phospho-N-acetyl-muramyl pentapeptide trans-
locase (23, 24). Chatterjee and Perkins (8)
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discovered an additional nucleotide in which
vancomycin is bound to UDP-NAc-muramyl-
pentapeptide when S. aureus, Micrococcus
lysodeikticus, and Corynebacterium poinsettiae
are grown in the presence of the antibiotic.
Recently, these investigators (9) reported that
the vancomycin-nucleotide compound causes a
greater inhibition of peptidoglycan formation in
cell-free systems than a corresponding amount of
free vancomycin. It was suggested that the nucleo-
tide-vancomycin adduct may be a necessary
intermediate for the function of the antibiotic (9).

Thus, there are a multiplicity of action sites
for vancomycin. Inhibition at one or more of
these sites could lead to the observed accumula-
tion of UJDP-NAc-muramyl-pentapeptide and
inhibition of peptidoglycan synthesis. This in-
vestigation was undertaken to establish which
component, the peptidoglycan synthetase-ac-
ceptor system or the cell wall, has the higher
affinity for vancomycin. A study of the relative
affinities for this antibiotic in in vitro experiments
will contribute to our understanding of the
primary site of action.

MATERIALS AND METHODS
Materials. D-[14C]alanine was the product of Cal-

biochem, Los Angeles, Calif. UDP-NAc-glucosamine
and Sephadex G-25 were purchased from Sigma
Chemical Co., St. Louis, Mo., and Pharmacia Fine
Chemicals, Inc., New Market, N.J., respectively.
Triton X-100 and Antifoam 66 were the products of
Rohm and Haas, Chicago, Ill., and General Electric
(Silicone Products Department), Waterford, N.Y.,
respectively. The plastic beads (styrene-divinyl ben-
zene copolymer, 20 to 50 mesh, 8% cross-linked)
were a gift from Dow Chemical Co. M. lysodeikticus
(ATCC 4698) was purchased from American Type
Culture Collection, and S. aureus Copenhagen was
kindly provided by J. L. Strominger. Vancomycin and
ristocetin (Spontin) were given by Eli Lilly & Co.,
Indianapolis, Ind., and Abbott Laboratories, North
Chicago, Ill., respectively. Bacitracin was purchased
from Nutritional Biochemicals Corp., Cleveland,
Ohio.

UDP-NAc-muramyl-L-ala-D-isoglu-L-lys and UDP-
NAc -muramyl - L -ala-D-iSoglU-L-lys-D-[1 4C]ala-D-["4C]
-ala were prepared as previously described (16) and by
the procedure of Stickgold and Neuhaus (25).
Enzyme preparations. The preparation of phospho-

NAc-muramyl-pentapeptide translocase from S.
aureus Copenhagen has been previously described
(24). The membrane preparation which catalyzes the
synthesis of peptidoglycan was isolated from M.
lysodeikticus (ATCC 4698). The bacteria were grown
at 37 C with shaking for 24 hr in medium containing
1% glucose, 0.5% K2HPO4, 1% yeast extract, 1%
peptone, and 1%G of a salt solution containing 4%
MgSO4 7H20, 0.2% FeSO4 -7H20, 0.16% MnSO4,
and 0.2% NaCl (4). The yield of bacteria was 7 g
(wet weight) per liter. The cells were washed in 0.02 M
Tris-chloride (pH 7.8) and resuspended to 15% (wet
weight) in 0.005 M Tris-chloride (pH 7.8) containing

TABLE 1. Analysis of cell wall preparation from
M. lysodeikticusa

CzrasiGhuysenAmino acid (sugar) This work Czerkawski and SaltonI

Alanineb ........... 2.01 1.94 2.98
Glutamic acid ...... 1.00 1.00 1.00
Lysine ............. 1.06 1.02 1.21
Glycine.... 0.98 1.09 0.91
Muramic acid ...... 0.80 0.76 1.08
Glucosamine ....... 1.00 0.97 0.91

a The results are expressed as molar ratios.
b A wide variation of alanine-glutamic acid

ratios has been reported for M. lysodeikticus:
Whitney and Grula (27), 2.1; Salton and Pavlik
(20), 2.6; Sharon et al. (21), 2.7, in addition to
those reported above.

1 M KCI. The cells were disrupted according to the
procedure described by Struve et al. (25). The cell
walls and unbroken cells were removed at 4,340 X g
for 30 min, and the particulate enzyme fraction was
sedimented by centrifugation at 144,000 X g for 30
min. The sediment was suspended in 0.005 M Tris-
chloride (pH 7.8) containing 1 M KCI, and the centrifu-
gation between 4,340 X g for 30 min and 144,000 X g
for 30 min was repeated four times. The final pre-
cipitate was suspended in three times its weight of
0.005 M Tris-chloride (pH 7.8) containing 1 M KCI.
The enzyme preparation was stored at -196 C.

Cell wall isolation. Cell walls from S. aureus Copen-
hagen were prepared according to the method pre-
viously described (24). For the preparation of cell
walls from M. lysodeikticus, the cells were disrupted
as described above. Unbroken cells and cell walls
were sedimented at 12,000 X g for 30 min. The sedi-
ment was suspended in 0.005 M Tris-chloride (pH 7.8)
containing 1 M KCl and centrifuged at 3,000 X g for
30 min. The supernatant fraction containing the cell
walls was centrifuged at 12,000 X g for 10 min. The
walls were washed three times with the above buffer
containing 1 M KCl. The final precipitate (5.8 g, wet
weight) was suspended in 18 ml of 0.005 M Tris-
chloride (pH 7.8).
The purity of the cell walls was established by

analyzing for amino acids, yellow pigmentation, and
nucleic acid (18). For amino acid analysis, 0.7 mg
(dry weight) of the walls was hydrolyzed in 0.5 ml of
5.7 N HCl under nitrogen for 12 hr at 110 C. The
amino acids were determined on the Beckman model
120 amino acid analyzer (Table 1) according to the
methods described by Spackman et al. (22). Neither
yellow pigmentation nor nucleic acid was detected in
the wall preparations.

Assay for phospho-N-acetyl-muramyl-pentapeptide-
translocase (UMP). This assay involves the transfer
of phospho-N-acetyl-muramyl-[14C]pentapeptide to a
lipid acceptor according to the following reaction:
UDP-NAc-muramyl-[14C]pentapeptide
+ acceptor > acceptor-phospho-NAc-

muramyl-['4C]pentapeptide + UMP (1)
The amount of lipid intermediate was measured as a

VOL. 96, 1968 375



SINHA AND NEUHAUS

perchloric acid precipitable fraction as described
previously (24). In addition, the translocase has been
assayed by the exchange of uridine monophosphate
(UMP) with the [3H]UMP moiety of [3H]UDP-NAc-
muramyl-pentapeptide according to the procedure
described by Heydanek et al. (in press).

Assay for peptidoglycan synthesis. This assay meas-
ures the incorporation of muramyl-[14C]pentapeptide
from UDP-NAc-muramyl-['4C]pentapeptide into pep-
tidoglycan. The assay mixture contained: 0.05 M Tris-
chloride (pH 7.8), 0.01 M MaC12 , 1.5 X 10-5 M
UDP-NAc-muramyl-['4C]pentapeptide (7.5 X 103
counts/min per nanomole), 5 X 10-5 M UDP-NAc-
glucosamine, and the membrane preparation (1.1 mg,
dry weight) from M. lysodeikticus in a total volume of
0.1 ml. The incubation was carried out for 3 hr at
25 C. The reaction was terminated by placing the tube
in a boiling-water bath for 2 min, and the suspension
was applied to Whatman 3MM paper and developed
in a solvent system of isobutyric acid = NH40H-water
(66:1:33, v/v). The peptidoglycan remained at the
origin of the chromatogram. It was excised and
counted in a Tri-Carb liquid scintillation spectrometer
(Packard Instruments Co., Downers Grove, Ill.). The
scintillation fluid was toluene containing 0.3% 2,5-
diphenyloxazole. The assay is similar to that described
by Anderson et al. (3), with the exception that we have
used Mn2+ and have omitted adenosine triphosphate
(ATP).

Adsorption of vancomycin and ristocetin by cell walls.
The adsorption of antibiotics to the cell walls was
assayed by a procedure similar to that described by
Best and Durham (5). The assay mixture contained
0.05 M Tris-chloride (pH 7.8), 0.01 M MnCl2, cell
walls, and either 1,000 lAg of vancomycin or 500 ,g of
ristocetin per ml in a total volume of 1 ml. The adsorp-
tion was carried out at 25 C for 30 min. The cell walls
were removed by centrifugation at 12,000 X g for 5
min. The amount of antibiotic in the supernatant
solution was measured spectrophotometrically at
280 mrn.

RESULTS

Synthesis of peptidoglycan. The requirements
for the incorporation of radioactivity from
UDP-NAc-muramyl-['4C]pentapeptide into pep-
tidoglycan are illustrated in Table 2. The in-
corporation of NAc-muramyl-pentapeptide was
dependent on a divalent cation, UDP-NAc-
glucosamine, and membrane fragments. Neither
ATP nor glycine or the combination enhanced
the formation of product with the enzyme prepa-
ration from M. lysodeikticus. The addition of
lysozyme to the incubation markedly inhibited
the incorporation of radioactivity from UDP-
NAc-muramyl-pentapeptide into peptidoglycan.
These results essentially confirmed those reported
by Anderson et al. (3). Since Mn2+ was a more
effective activator than Mg2+ at low concentra-
tions (Fig. 1), 0.01 M Mn2+ was used in the
routine assay for peptidoglycan synthesis. The
kinetics of incorporation into peptidoglycan were
compared with the formation of the lipid inter-

TABLE 2. Requirements for the synthesis
ofpeptidoglycana

Incorporation of
Additions 114C1 muramyl-

pentapeptide

pmoles/3 hr

Complete ............. 219
- Mn2.......................... 8
- UDP-NAc-glucosamine ....... 3
Boiled enzyme................... 2
+ ATP (2X 10-4 M) ....... 175
+ Glycine (3 X 10- M) ...... 225
+ Glycine (3 X 10 4 M) + ATP

(2 X 104 M) ......... ......... 169
+ Lysozyme (1 X 104 M) ...... 12
+UMP (5X1-5M)............ 10

a The complete assay mixture contained: 0.05 M
Tris-chloride (pH 7.8), 0.01 M MnCl2, 5 X 105 M
UDP-NAc-glucosamine, 1.5 X 105 M UDP-
NAc-muramyl -L-ala -D- isoglu -L-lyS -D- [14C] ala-D-
['4C]ala (7.5 X 103 counts/min per nanomole), and
1.1 mg of enzyme preparation in a total volume
of 0.01 ml. The mixture was incubated for 3 hr
at 25 C. The reaction was terminated by placing
the tubes in a boiling-water bath.

2 4 6 8 10
[CATION] (10-2M)

FIG. 1. EjIect of Mg2+ and Mn2+ on the incorpora-
tion of muramyl-[14C]pentapeptide into peptidoglycan.
The standard assay was used with 1.4 mg ofmembran2es.

mediate (Fig. 2). The structure of the lipid inter-
mediate has been established as lipid-diphosphate-
disaccharide-pentapeptide where the lipid moiety
is a C55-isoprenoid alcohol (12). The reactions
for the synthesis of peptidoglycan are summarized
in the discussion. The addition of UMP to the
incubation mixture decreased the synthesis of
peptidoglycan by inhibiting the first reaction,
phospho-NAc-muramyl-pentapeptide translocase
(24).

Effect of antibiotics on peptidoglycan synthesis.
The inhibition of peptidoglycan synthesis in
membrane preparations from S. aureus Copen-
hagen by vancomycin, ristocetin, and bacitracin
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was observed by Anderson et al. (1-3) and con-
firmed by Struve et al. (23, 24). The effect of 250
vancomycin, ristocetin, and bacitracin on the
synthesis of peptidoglycan with our enzyme
preparation from M. lysodeikticus is shown in 200
Fig. 3. The amount of antibiotic required for 50%

a

inhibition of the incorporation is as follows: @U VANCOMYCIN
ristocetin, 7.5 ,ug/ml; vancomycin, 20 ,g/ml; 50
bacitracin, 11 ,ug/ml. At a concentration of 50 M

0jug/ml, ristocetin, vancomycin, and bacitracin z RISTOCETIN
inhibited 96%, 85%, and 74%, respectively. In , \
similar incubations, Anderson et al. (3) observed ilooe
that the amount of antibiotic required for 50% 1
inhibition was 15, 10, and 30 ,ug/ml for ristocetin, / BACITRACIN
vancomycin, and bacitracin, respectively. 50

Reversal of the inhibition by vancomycin and 50
ristocetin. The effect of walls on the inhibition of
incorporation of NAc-muramyl-['4C]pentapep-
tide into peptidoglycan by vancomycin, ristocetin, 50 100 150 200
and bacitracin is shown in Fig. 4. Addition of ANTIBIOTIC (,Qg/mI)
cell walls (0.7 mg) to the assay mixture containing FIG 3 Effect of vancomycin, ristocetin, and bacitra-
vancomycin prevented most of the inhibition by cIn on thei nco mycin, ridocand sta-
the antibiotic. In contrast, addition of walls (0.7 cmn on the incorporation into peptidoglycan. The stand-
mg) to an incubation containing bacitracin and ard assay was used with 1.1 mg of the enzyme prepara-
ristocetin did not reduce the inhibition to the
same extent.
The inhibition of incorporation of NAc-

muramyl-[14C]pentapeptide into peptidoglycan o
by vancomycin can be reversed by the addition CONTROL
of cell walls. Vancomycin at a concentration of 200
50 ,ug/ml inhibited the rate of incorporation by VANCOMYCIN

85% (Fig. 3). When cell walls were added after z
1 hr to an assay mixture containing vancomycin, BACITRACIN
the rate of incorporation was restored in propor- 0w
tion to the amount of cell walls that were added
(Fig. 5A). For example, in the presence of 0.70
mg of cell walls, the velocity in the system con- RISTOCETIN

,, 0.2 0.4 0.6
300 CELL WALLS (MG DRY WT)

FIG. 4. Effect of cell-wall concentration on the
inhibition by antibiotics. The standard assay was used
with 1.1 mg of the enzyme preparation. The following

$ 200 _ antibiotics were added to the assay mixture: (0) none;
(AL) vancomycin (50 i.g/ml); (0) ristocetin (50 ,ug/ml);

o PEPTIDOGLYCAN and (a) bacitracin (50 gg/mm).

taining vancomycin is 80% of that observed in
3 0 the absence of vancomycin. When 0.07 and 0.35

A
mg of cell walls were added at 60 min, the veloci-
ties were 16 and 56% of that observed in the

LIPID INTERMEDIATE absence of vancomycin. Cell walls previously
,, saturated with vancomycin lost their ability to

60 120 180 reverse the inhibition by the antibiotic.
MINUTES The inhibition of peptidoglycan synthesis by

FIG. 2. Kinetics of incorporation into peptidoglycan ristocetin can also be reversed by the addition of
and the lipid intermediate. The standard assay was used cell walls (Fig. 5B). For example, the addition of
with 1.1 mg of membranes as described in the text. 0.35 mg and 0.70 mg of cell walls restored the
The lipid intermediate was measured by the method rate of incorporation to 30 and 45 % of that
described by Struve et al. (24). observed in the absence of antibiotic. As in the
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MINUTES

FIG. 5A. Reversal of the inhibition by vancomycin
of peptidoglycan synthesis with cell walls from M.
lysodeikticus. The standard assay was used with 1.1 mg
of membranes. In the control (A), 0.35 mg of cell
walls from M. lysodeikticus was added to the standard
assay (0). To the assay mixture containing 50 ,ug of
vancomycin per ml, the following additions of cell walls
were made at 60 min: (M) none; (@) 0.07 mg; (A)
0.35 mg; and (0) 0.7 mg.

60 120
MINUTES

FIG. 5B. Reversal of the inhibition by ristocetin of
peptidoglycan synthesis with cell walls from M. lyso-
deikticus. The procedure was identical to that described
for Figure SA. To the assay mixture containing S0 ,ug
of ristocetin per ml, the following additions of cell walls
were made at 60 min: (U) none; (0) 0.35 mg; (A)
0.7mg.

case of vancomycin, the reversal was dependent
on the amount of cell walls added to the assay
mixture.

Effect of vancomycin and cell walls on phospho-
NAc-muramyl-pentapeptide translocase (UMP).
In previous studies (24), vancomycin was shown
to stimulate the transfer of phospho-NAc-
muramyl-['4C]pentapeptide from UDP-NAc-mu-
ramyl-['4C]pentapeptide to a lipid acceptor ac-
cording to the reaction:

UDP-NAc-muramyl-pentapeptide + lipid-
phosphate ; lipid-diphosphate-NAc-

muramyl-pentapeptide + UMP (2)

The addition of cell walls to the assay mixture
containing membrane fragments, UDP-NAc-
muramyl-pentapeptide, and vancomycin pre-
vented the stimulation of transfer by vancomycin.

200 400 600 800 1000
VANCOMYCIN (&g/ml)

FIG. 6A. Reversal of the vancomycin effects (transfer
assay) on the translocase by cell walls. The reaction
mixture for the transfer assay contained 1.5 X 105 M
UDP-NAc-muramyl-[14C]pentapeptide (9.5 X 103
counts/min per nanomole), 0.05 m Tris-chloride (pH
7.8), 0.01 M MgCI2, and 0.55 mg ofmembrane prepara-
tion from S. aureus Copenhagen in a total volume of
0.1 ml. The mixture was incubated for 15 min at 25 C.
The following additions of cell walls were made: (0)
none, (0) 0.15 mg, (A) 0.30 mg, (A) 0.60 mg, (0)
1.5mg.

200
VANCOMYCIN (pg/ml)

FIG. 6B. Reversal of the vancomycin effects (ex-
change assay) on the translocase by cell walls. The reac-
tion mixture for the exchange assay contained 0.05 M
Tris-chloride (pH 7.8); 0.01 m MgC12, 3.2 X 105 m
[3H]UDP-NAc-muramyl-pentapeptide (3.7 X 101
counts/min per nmole), 3.3 X 10-4 m UMP, vancomy-
cin, and 0.82 mg of membrane preparation from S.
aureus Copenhagen in a total volume of 0.06 ml. The
following additions of cell walls were made: (0) none,
(0) 0.18 mg, and (0) 0.7 mg. The mixtures were
incubated at 25 C for 10 min and the reactions were
terminated by placing the tube in a boiling-water bath
for 2 min. The anount of [3H]UMP was quantitated
by the procedure describedby Heydanek et al. (in press).
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The effect of increasing amounts of vancomycin
on the translocase is shown in Fig. 6A. With
increasing levels of cell walls, the concentration
required for maximal stimulation was shifted
toward higher concentrations of the antibiotic.
At a cell wall concentration of 1.5 mg/0.1 ml,
the inhibitory and stimulatory effects of vanco-
mycin were prevented. Vancomycin at low con-
centrations was observed to enhance the transfer
assay (Fig. 6A). In contrast, low levels of the
antibiotic inhibited the exchange assay (Fig. 6B).
For example, 60 ,ug of vancomycin per ml in-
hibited the rate of exchange by 50%. Addition
of cell walls restored the exchange of UMP with
the UMP moiety of UDP-NAc-muramyl-penta-
peptide.

Adsorption of vancomycin and ristocetin to cell
walls. Best and Durham (5, 6) described the
adsorption of these antibiotics to cell walls iso-
lated from B. subtilis. It was concluded that
electrostatic interaction between acidic groups
on the wall and basic groups on the antibiotic
were involved. Mg'+ and other cations competed
with the antibiotic for the binding sites on the
wall (5).
To correlate the reversal of inhibition with

the extent of binding, adsorption of ristocetin
and vancomycin to walls of M. lysodeikticus was
measured. Since divalent cations (Mn2+) were
present in the assay mixtures for peptidoglycan
synthesis, the adsorption of antibiotic was meas-
ured in the presence and absence of Mn2+ (0.01
M) .
With vancomycin (Fig. 7A), 95% of the anti-

biotic was adsorbed in the absence of Mn2+,
whereas in the presence of 0.01 M Mn2+, 82%
of the antibiotic was adsorbed from the assay
mixture. The concentrations of cell walls required
for half-maximal adsorption of 1,000 jAg of

A01
80

0
co 60-

~40 +0.O M Mn

20 ~

vancomycin were 0.28 and 0.68 mg/ml in the
absence and presence of 0.01 M Mn2+, respectively.
With ristocetin (Fig. 7B), 83% of the antibiotic
was adsorbed in the absence of Mn2+, whereas
in the presence of 0.01 M Mn2+, 62% of the anti-
biotic was adsorbed from the assay mixture. The
concentration of cell walls required for half-
maximal adsorption of 500 Mug of ristocetin was
0.23 and 2.94 mg/ml in the absence and presence
of 0.01 M Mn2+, respectively.

DISCUSSION
The elucidation of the enzymatic reactions

(Fig. 8) involved in the synthesis of peptidoglycan
has provided additional loci for testing the action
of vancomycin and ristocetin. Strominger and
co-workers (1-3) concluded that the last step
in the cycle, transfer of the modified disaccharide-
hexapeptide dimer from the lipid carrier to the
membrane acceptor, is the component most
sensitive to ristocetin and vancomycin in M.
lysodeikticus. The nature of the terminal acceptor
associated with the membrane has not been
established. Jordan and Reynolds (14) suggested
that the in vitro experiments of Strominger and
co-workers will not distinguish between the
inhibition of peptidoglycan synthetase itself and
the blockage of addition sites on the acceptor
associated with the membrane.
The effective binding of vancomycin and

ristocetin to the wall as described by Best and
Durham (5, 6) could result in the inhibition of
transfer of membrane-associated peptidoglycan
chains to the growing wall. Since vancomycin
is readily adsorbed to the wall, Best and Durham
(5) suggested that the inhibition by vancomycin
of the membrane-associated reactions may be of
secondary importance. This proposal is based
primarily on the fact that vancomycin reaches

1.0 2.0 3.0 4.0 2.0 4.0 6.0
CELL WALLS (MG/ML) CELL WALLS (MG/ML)

FIG. 7. Adsorption of vancomycin (A) and ristocetin (B) to cell walls from M. lysodeikticus in the presence
and absence ofMnI+.
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UDP-NAc-muramyl-
pentapeptide

lipid

P;

acceptor-NAc-muramyl-
(hexapeptide) -NAc-glu-
cosamine

lipid-diphosphate-NAc-
muramyl-pentapeptide

UDP-NI
glucosamr

UDP

lipid-diphosphate-NAc-
muramyl- (pentapeptide) -

NAc-glucosamine
late

glycine + ATP

lipid-diphos-
phate-NAc- ADP + Pi
muramyl-(hexa-
peptide) -NAc-
glucosamine

acceptor

FIG. 8. Lipid cycle in the biosynthesis ofpeptidoglycan (15)

the membrane after the available sites on the cell
wall have been saturated.

Thus, the experiments presented in this paper
were initiated in an attempt to establish whether
the peptidoglycan synthetase-acceptor system
or the cell wall has the higher affinity for vanco-
mycin. In addition to peptidoglycan synthetase,
the initial enzyme of the cycle, phospho-NAc-
muramyl-pentapeptide translocase, has been
tested for the reversal of the effects by vanco-
mycin.
The addition of cell walls to an incubation

mixture containing vancomycin prevented the
inhibition of incorporation of NAc-muramyl-
['4C]pentapeptide into peptidoglycan. In the
case of ristocetin and bacitracin, the inhibition
was partially prevented. Moreover, if cell walls
were added at 60 min to an incubation mixture

AC-
nine

containing vancomycin, the inhibition of in-
corporation was reversed. The extent of reversal
was dependent on the concentration of cell walls
added to the incubation. Thus, cell walls appear
to have a higher affinity for vancomycin than
does the peptidoglycan synthetase-acceptor
system associated with the membranes. Although
the concentration of walls required for reversal
appears high (7 mg/ml), it must be emphasized
that a higher concentration of membranes (11
mg/ml) must be incorporated into the incubation
mixture to observe the activity of peptidoglycan
synthetase. On a percentage of dry weight com-
parison, the ratio of wall to membrane in M.
lysodeikticus is approximately one (18, 19). Thus,
the concentration of walls that were added to an
incubation mixture to observe reversal of the
antibiotic effects is not excessive.
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Best and Durham (5) observed that Mg2+ and
other cations compete with vancomycin for
binding sites on the cell wall. This observation
was confirmed in the present investigation with
walls from M. lysodeikticus. An attempt was
made to correlate the reversal of inhibition
of incorporation of NAc-muramyl-[114Cpenta-
peptide into peptidoglycan by walls with the
extent of binding of vancomycin to cell walls.
However, it was not possible to perform the
adsorption assay for vancomycin in the presence
of membranes. Thus, the concentrations of walls
required to adsorb a given amount of antibiotic
was less in the absence of membranes than in the
presence. In the presence of 0.01 M Mn2+, only
82% of the vancomycin was adsorbed from the
assay mixture. The maximal reversal of inhibition
by vancomycin was 80% (Fig. 5A). These ob-
servations are consistent with the experiments
described by Best and Durham (5). They ob-
served that only 80% of the vancomycin could
be adsorbed from solution. (These results were
established in the absence of divalent cations.)
Additional cell walls could not adsorb the re-
maining 20%. On the basis of these results, it
was suggested (5) that vancomycin may exist
as two components in an 80:20 ratio.
The first reaction in the cycle, phospho-NAc-

muramyl-pentapeptide translocase, is also affected
by vancomycin (24). The addition of low levels
of vancomycin to the assay mixture results in an
enhancement of transfer while increasing concen-
trations result in an inhibition of the transfer
reaction. In contrast, if the exchange assay is
used, a pronounced inhibition is observed at low
concentrations of vancomycin. Heydanek et al.
(in press) proposed that the transfer of phospho-
NAc-muramyl-pentapeptide to the C55-isoprenoid
alcohol phosphate precedes via an enzyme-
phospho-NAc-muramyl-pentapeptide intermedi-
ate according to the following reaction sequence:

E + UMPPMp EUMPPMp (3)

EUMPPMp > EPMp + UMP (4)

EPMp + Acceptor Acceptor-PMp + E (5)

where E is enzyme, UMPPMp is UDP-NAc-
muramyl-pentapeptide, and acceptor is C55-
isoprenoid alcohol phosphate. The stimulation-
inhibition observed in the transfer assay (reactions
3, 4, and 5) results from a combination of the
detergent and inhibitory effects of the antibiotic.
Thus, inhibition in the transfer assay is only
observed at high concentrations of vancomycin
(500 Ag/ml). In contrast, the exchange reaction
(reactions 3 and 4) is inhibited 50% by 60 ,ug/ml
of antibiotic. For comparison, the peptidoglycan

synthetase-acceptor system is inhibited 50%
by 20 ,ug of vancomycin per ml. Since the con-
centrations of antibiotic required to inhibit
these enzymes differ by only threefold, the
translocase may still be considered as a potential
site of vancomycin action. It is apparent from
the results that cell walls prevent the enhancement
of transfer and the inhibition of exchange activity.
When S. aureus is grown in the presence of

either vancomycin (17) or ristocetin (26), the
major nucleotide that accumulates is UDP-
NAc-muramyl-pentapeptide. In addition, lower
amounts of UDP-NAc-muramyl-L-ala were ob-
served to accumulate in both cases. Chatterjee
and Perkins (8) observed an additional nucleotide
in which vancomycin is bound to UDP-NAc-
muramyl-pentapeptide. However, Best, Sinha,
and Neuhaus (unpublished data) were not able
to detect a vancomycin-nucleotide adduct when
vancomycin was added to a culture of S. aureus
Copenhagen. The synthesis of this complex is
effected by incubating vancomycin and UDP-
NAc-muramyl-pentapeptide (H. R. Perkins,
Biochem. J. 106:35P, 1968). This observation
has been confirmed by Best, Sinha, and Neuhaus
(unpublished data). Although the exact role of the
vancomycin-nucleotide complex has not been
established, this type of complex formation may
provide the key to the mechanism of vancomycin
action. The minimal structure that is required
for complex formation is D-isOglu-L-lyS-D-ala-D-
ala (H. R. Perkins, Biochem. J. 106:1 35P, 1968).
This structure corresponds to the noncross-
linked terminus where new peptidoglycan is
being added. The binding of vancomycin to this
sequence in the wall could prevent addition of
new peptidoglycan strands according to the
proposal of Best and Durham (5).
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