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Penicillin-Induced Secretion of a Soluble, Uncross-Linked 
Peptidoglycan by Micrococcus luteus Cells? 

David Mirelman,* Rivka Bracha, and Nathan Sharon 

ABSTRACT: Incubation of Micrococcus luteus cells in the 
presence of penicillin G leads to accumulation in the culture 
medium of a linear uncross-linked peptidoglycan. The 
amount of secreted peptidoglycan was dependent on the 
concentration of penicillin and paralleled the rate of cell 
wall synthesis, and the secretion was not accompanied by 
any cell lysis. Analysis of the peptidoglycan revealed that 
over 84% of its weight could be accounted for by N-acetyl- 
glucosamine, N-acetylmuramic acid, Ala, Glu, Gly, and 
Lys in  the molar ratios of 2:2:3:1:1:1. The product was di- 
gested by lysozyme to yield mainly the disaccharide 
GlcNAc-P-( 1 +4)-MurNAc and the disaccharide-hexa- 
peptide GlcNAc-P-( 1 +4)-MurNAc-~-Ala-~-i-Glu(Gly)- 
L-Lys-D-Ala-D-Ala. The molecular weight of the secreted 
peptidoglycan, estimated by ultracentrifugation, was found 
to be 38,000, corresponding to a chain length of approxi- 

3 tudies on the biosynthesis of bacterial cell walls have in- 
dicated that two types of enzymatic reactions are involved 
in the attachment of newly synthesized peptidoglycan to the 
preexisting one in the wall: (1) penicillin-insensitive trans- 
glycosylation reactions which build up linear peptidoglycan 
strands by a series of transfers from the two nucleotide pre- 
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mately 50 disaccharide units, half of which are substituted 
by the hexapeptide on their N -  acetylmuramic acid residues. 
A similar value for the molecular weight of the peptidogly- 
can was obtained from periodate oxidation and @-elimina- 
tion studies. Muramic acid was found at  the reducing end of 
the peptidoglycan. In addition to the uncross-linked pepti- 
doglycan, penicillin also promoted the secretion of a hexa- 
peptide in equimolar amounts to that of unsubstituted mu- 
ramic acid residues in  the secreted peptidoglycan. I t  is con- 
cluded that the secretion of the peptidoglycan is due to the 
inhibition by penicillin of the attachment of newly synthe- 
sized peptidoglycan strands by transpeptidation to the 
preexisting cell wall. The secretion of the free hexapeptide 
is assumed to be the result of the action of a penicillin-in- 
sensitive amidase which acts on the newly synthesized pep- 
tidoglycan strands. 

cursors, UDP-GlcNAc and UDP-MurNAc-pentapeptide, 
and a lipid carrier (Strominger, 1970) and (2) penicillin- 
sensitive transpeptidation reactions which bind the newly 
synthesized linear peptidoglycan chains to suitable acceptor 
sites on the preexisting peptidoglycan of the cell wall (Mir- 
elman et al., 1972, 1974a; Fiedler and Glaser, 1973). 

If in  fact both types of reactions operate in the biosynthe- 
sis and assembly of the bacterial cell wall peptidoglycan, i t  
could be expected that in the presence of penicillin, bacteri- 
al cells will continue to synthesize linear peptidoglycan 
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chains. However. since penicillin would inhibit the attach- 
ment of the newly synthesized chains by transpeptidation to  
the preexisting cell wall, part of these chains should accu- 
mulate either in the cells or in the medium. A search was 
therefore undertaken for such linear peptidoglycan chains 
using Micrococcus luteus cells pulsed for short periods of 
time with radioactive L-lysine and then chased with unla- 
beled L-lysine in the presence of penicillin. We have indeed 
found that cells incubated in the presence of penicillin se- 
crete into the medium a soluble linear peptidoglycan with a 
composition and structure very similar to that present in  the 
walls of M .  luteus. In addition to the peptidoglycan, peni- 
cillin also caused the secretion of a free hexapeptide, the 
structure of which is 

L -Ala -D- i -Glu - L - L ~ s  -D-Aia - D-Ala 
I 

GlV 

I n  this paper we report on the conditions required for the 
formation of these materials and describe some of their 
chemical and physical properties. 

Experimental Section 

Materials. Penicillin G and 6-aminopenicillanic acid 
were gifts from the Beecham Research Laboratories, Betch- 
worth, England, and vancomycin was a gift from Ely Lilly- 
Co. U D P - M U ~ N A C - L - A I ~ - D - ~  - G l u - ~ -  [ I4C] Lys-D- Ala-D- 
Ala was prepared according to the literature (Chatterjee 
and Park, 1964). Uniformly labeled ~ - [ ' ~ C ] l y s i n e ,  L - 
[14C]alanine, and D-[ 14C]glucose, all more than 99% pure. 
were obtained from the Radiochemical Centre, Amersham, 
England, and NaBT4 was from New England Nuclear, Bos- 
ton, Mass. Streptomyces amidase was a gift from Dr.  J .  M. 
Ghuysen. All other compounds were commercial products 
of the highest purity available. 

Incorporation of Radioactive Precursors. Early logarith- 
mic phase cells of M .  luteus NCTC 2665, grown as de- 
scribed before (Mirelman et al., 1974b), were harvested by 
filtration on a Millipore filter (pore size 0.45 k )  and washed 
with phosphate buffer (0.08 M, pH 6.8). Cells (2 X 1OX/ml) 
were resuspended in 20 ml of a minimal medium suitable 
for wall synthesis but inadequate for growth. The minimal 
medium contained glycine ( 1  mM), L-glutamic acid ( 1  
mM), and D-glucose (0.0285 M) together with salts and co- 
factors as described (Chatterjee and Park, 1964). 

Pulse-chase experiments were carried out using the early 
logarithmic phase cells of M .  luteus. During the pulse peri- 
od (10 min) the cells (2 X 1OX/ml) were suspended with 
shaking in 20 ml of the minimal medium to which L-alanine 
(0.5 mM) and L-[t4C]lysine (24 nmol/ml, 10 mCi/mmol) 
were added. In some of the experiments penicillin G (10 
pg/ml) was also added. At the end of the pulse. the cells 
were rapidly harvested by filtration on a Millipore filter 
(pore size 0.45 p) and extensively washed on the filter for 1 
min with prewarmed (32") unlabeled minimal medium (20 
ml). The radioactive cells ( 4  X 10') were then resuspended 
in 20 ml of the unlabeled minimal medium, the suspension 
was divided into two equal parts, and penicillin G (10 pg/  
ml) was added to one of these. The samples w'ere reincubat- 
ed under the above conditions and aliquots (2  ml of cells) 
were taken at  IO-min intervals and filtered on Millipore f i l -  
ters and the cells extensively washed with water (10 ml). 
The cells were then suspended by shaking i n  5 in1 of hater .  
An aliquot was taken for the determination of total radioac- 
tivity and the bulk of the cells used for the preparation of 
walls. as described before (Mirelman et al . ,  1974b). 

For the study of the incorporation of radioactive ]--lysine, 
unlabeled L-alanine (0.5 mM) was added to the minimal 
medium together with penicillin G ( I O  pg/ml) and after in -  
cubation of the cells for 3 min with shaking a t  32', uni- 
formly labeled i~ - [ '~C] lys ine  (sp act. 3 18 mCi/mmol) was 
added to a final concentration of 450 pmol/ml. I n  some ex- 
periments unlabeled ~-1ysine was added together with the 
~ . - [ ' ~ C ] I y s i n e  so that the final concentration of the amino 
acid was 98 nmol/ml (sp act. 1.6 mCi/mmol). For studies 
involving the incorporation of radioactive L-alanine, unla- 
beled  lysine ( 1  mM) was added to the minimal medium 
together with penicillin G (10 pg/ml) and, after incubation 
for 3 min with shaking a t  32", uniformly labeled I.- 
[ '4C]alanine (sp act. 159 mCi/mmol) was added to a final 
concentration of 1.2 nmol/ml. For the study of the incorpo- 
ration of radioactive glucose, unlabeled D-glucose in the 
rninimal medium was replaced with uniformly labeled D- 
14C]glucose (sp act. 31 1 mCi/mmol) at  a final concentra- 
tion of 2.25 nmol/ml. and penicillin G (10 pg/ml) was 
added. I n  all cases the cells were incubated with shaking at  
32" for different periods of time (usually for 30 min) and 
the optical density of the culture was monitored i n  a Klett 
Summerson spectrophotometer using filter No. 66. After 
the incubation, the cells were rapidly harvested by filtration 
on a Millipore filter (pore size 0.45 p ) .  The cells were 
washed with 20 ml of phosphate buffer (pH 6.8, 0.08 M )  
and the culture filtrate and washings were collected. 

Isolation of Secreted Peptidogljran. RADIOACTIVELY 
LABEI-ED. The radioactive filtrate, obtained after harvest- 
ing the cells incubated in one of the labeled minimal media, 
was routinely analyzed by paper chromatography (solvent 
11, 20 hr) using 0.5-mI aliquots. The bulk of the filtrate was 
concentrated to 3 ml and fractionated by gel filtration on a 
Sephadex G-100 (fine) column (2.3 X 57 cm) using water 
as eluent. Tubes containing 2.5 ml were collected and ali- 
quots (100 pl) taken for determination of radioactivity. 

L'NLABEL-ED PEPTIDOGLYCAN. Early logarithmic cells 
(4  I. ,  2 X I O 8  cells/ml) were harvested by centrifugation 
(6000g, 10 min), washed twice a t  room temperature with 2 
I .  of phosphate buffer (0.08 M, pH 6.8), and then resus- 
pended in 1 1. of unlabeled minimal medium containing 
penicillin G (10 pg/ml). After incubation with shaking at  
32' for 30 min, the cells were collected by centrifugation 
(600Og, 10 min) and the supernatant was further clarified 
by passing through a Millipore filter. The volume of the su- 
pernatant was reduced to 100 ml by evaporation in vacuo a t  
2 5 O ,  and the concentrated solution was extensively dialyzed 
in the cold against 4 X 10 I .  of water using Visking No. 1 8  
dialysis bags which exclude compounds of a molecular 
weight below 8000. The nondialyzable material was evapo- 
rated to a final volume of 10 ml. I t  was applied to a Sepha- 
dex G-100 column (2.3 X 57 cm) and eluted with water. 
The effluent from the column was monitored spectrophoto- 
metrically a t  220 nm, and fractions (2.5 ml) were collected. 

.dnalytical Methods. Reducing groups (Park and John- 
son, 1949), total neutral sugars (Dubois et al.. 1956), and 
organic and total phosphate (Bartlett, 1959) were deter- 
mined by procedures described in the literature. Nitrogen 
was determined by the micro-Kjeldahl technique. For the 
assay of neutral sugars, samples were hydrolyzed in 1 M 
H 2 S 0 4  for 6 h r  a t  100' and the hydrolysate was neutralized 
with BaCOI.  After evaporation, the dried residue was dis- 
solved i n  water and aliquots were subjected to descending 
paper chromatography in solvent I ,  Reducing compounds 
were detected on paper chromatograms by the silver nitrate 

5046 B I O C H E M I S T R Y .  b o 1  1 3 ,  h o  2 4 .  1 9 7 4  



P E N I C I L L I N - I N D U C E D  S E C R E T I O N  O F  P E P T I D O G L Y C A N  

reagent (Sharon and Jeanloz, 1960). Amino acids and 
amino sugars were detected with ninhydrin. For amino acid 
analysis, hydrolysis was carried out in sealed tubes with 6 M 
HCI a t  110’ for 18 hr, and analyses of the hydrolysates 
were done on the Beckman 120 C amino acid analyzer 
using the integration constants described (Mirelman and 
Sharon, 1967). Radioactivity in the hydrolysate was moni- 
tored by passing the effluent from the amino acid analyzer 
column directly through a flow scintillation spectrometer 
(Packard Tricarb 3200). 

The extent of cross-linkage a t  the t-NH2 group of the L- 
[I4C]lysine incorporated into the peptidoglycan was deter- 
mined by the nitrous acid deamination procedure (Mirel- 
man et al., 1974b), and cross-linkage a t  the a -NH2 moiety 
of the L-alanine residue was determined after partial acid 
hydrolysis according to Schleifer and Kandler (1972) as 
modified by us (Mirelman and Bracha, 1974). 

The ratio of radioactive D-alanine to L-alanine in acid 
hydrolysates was determined with the aid of D-amino acid 
oxidase (Ghuysen et al., 1966). Assays for glycerol, glu- 
cose, and pyruvic acid in hydrolysates of the peptidoglycan 
were done by enzymatic techniques according to established 
procedures (Wieland, 1963). Uronic acid was analyzed by 
the carbazole reaction using D-glucono-y-lactone as stan- 
dard and pentoses were assayed by the orcinol reaction 
using D-ribose as standard (Dische, 1962). Reduction with 
NaBT4 (244 mCi/mmol) was done by the procedure of 
McLean et al. (1973). The product was purified by gel fil- 
tration, hydrolyzed, and analyzed by chromatography in 
solvent I or on the amino acid analyzer to which the flow 
scintillation counter was attached. The disaccharide-penta- 
peptide GP-2 (Mirelman and Sharon, 1967) and N-acetyl- 
D-ghcosamine were used as standards in the experiments 
with NaBT4. 

Periodate oxidation and P-elimination studies were done 
as described (Ward and Perkins, 1973). Digestion with 
Streptomyces amidase and lysozyme were done as de- 
scribed (Mirelman and Sharon, 1967). 

Radioactivity was routinely determined by counting 
aqueous samples i n  an ethoxyethanol containing fluid 
(Bray, 1960) with an efficiency of 72%. Samples on paper 
or on filter were counted in a toluene containing fluid 
(counting efficiency 74%). 

Paper Chromatography and Paper Electrophoresis. De- 
scending paper chromatograms were run on Whatman No. 
I ,  with solvent I ,  n-butyl alcohol-acetic acid-water (4:1:5, 
v/v, upper phase); 11, isobutyric acid-ammonia ( I  M )  (5:3); 
111, ethyl acetate-pyridine-water (5:2:7, v/v, upper phase). 
Paper electrophoresis was carried out on Whatman No. 
3 M M  paper in pH 3.5 buffer (pyridine-acetic acid-water) 
a t  50 V/cm for 90 min. 

Radioactive compounds on paper chromatograms were 
detected by exposure of the chromatogram to an X-ray film 
for 24-72 hr. Compounds were eluted from chromatograms 
as earlier described (Eshdat and Mirelman, 1972). 

Determination of Molecular Weight. The experiments 
were performed with a Spinco Model E analytical ultracen- 
trifuge equipped with an RTIC unit and Schlieren phase 
plate optics. Sedimentation velocity measurements of the 
soluble peptidoglycan ( I %  solution in 0.9% NaCI) were per- 
formed a t  20’ and a t  59780 rpm. Apparent sedimentation 
coefficients were calculated by the least-squares method 
and corrected to standard conditions ( ~ ~ 2 0 , ~ )  (Schachman, 
1957). The intrinsic diffusion coefficient (doro,w) was deter- 
mined with a synthetic boundary cell according to Ehren- 

CHASE - CHASE - i 

‘ CELLS 4 
+F??ncillm 

\ CELLS 
’ Penicillin 

’r 

INCUBATION TIME ( m i d  

FIGCJRE 1 :  Effect of penicillin G on the incorporation of lysine into in- 
tact cells and cell walls of M .  luteus in pulse-chase experiments. (A) 
Cells (2  X I O 8  cells/ml) were pulsed with ~ - [ ‘ ~ C ] l y s i n e  (10 mCi/ 
mmol, 24 nmol/ml) as described in  text, after which the cells were 
washed. The radioactive cells (4 X I O 9 )  were resuspended in 20 ml of 
the unlabeled minimal medium, the suspension was divided into two 
equal parts, and penicillin G (10 pg/ml) was added to one of these 
parts. The pulsed cells were then reincubated ( t  = 0) and samples (4 X 
IO8 cells) were taken at  IO-min intervals and analyzed as described in 
the text. ( B )  As i n  A, except that the pulse was done in  the presence of 
penicillin CJ ( I O  pg/ml). Results are expressed in pmol/2 X 108 cells 
(0). or cell walls from the same number of organisms (+). 

berg ( 1  957). The value for the partial specific volume of the 
secreted peptidoglycan was taken as i j  = 0.69 (Mirelman 
and Sharon, 1967). 

Results 
When cells were pulsed with ~ - [ ‘ ~ C ] l y s i n e  for 10 min in 

the absence of penicillin and then reincubated (“chased”) 
for 30 min in an unlabeled minimal medium in the absence 
of penicillin, no change in the radioactivity of the intact 
cells was observed (Figure 1A). However, after such a 
chase, there was a threefold increase in the radioactivity 
found in the cell walls. A different result was obtained when 
the chase was done in the presence of penicillin (10 wg/ml); 
under these conditions the total radioactivity of the cells de- 
creased by 15% while the net increase in the radioactivity of 
the cell walls during the chase was only 30%. Furthermore, 
the amount of radioactivity found in the cells after a chase 
done in the presence of penicillin (Figure 1A) was very 
close to that found a t  the end of a pulse of ~ - [ ~ ~ C ] l y s i n e  
done in the presence of penicillin G (10 pg/ml) (Figure 1 B). 

Secretion of Soluble Peptidoglycan. EFFECT OF PENI- 
CILLIN CONCENTRATION. The minimal medium con- 
taining ~ - [ ’ ~ C ] l y s i n e ,  in which the M .  luteus cells were in- 
cubated for 30 min in the presence of different concentra- 
tions of penicillin G, was analyzed by paper chromatogra- 
phy in solvent 11. At penicillin concentrations of 10 pg/ml, 
the amount of material which remained a t  the origin of 
chromatograms, as calculated from its L-[ 14C]lysine con- 
tent, was approximately 40 pmol/ml of culture medium. 
This amount was close to the difference found between the 
amount of radioactive lysine that was incorporated into the 
cell walls in the absence of penicillin (66.8 pmol/ml, Table 
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TABLE I :  Effect of Antibiotics on the Secretion of the Soluble 
Peptidoglycan into the Culture Medium." 

Radioact. per nil 

Fil- Chroma- 
tered tograph- - .  

CUI- ically 
ture Immobile 

L-[ TILysine" 

Antibiotic Intact Cell Me- Peptido- 
Added pgjml Cells Walls dium glycan 

None 262 66 8 101 0 50 
Penicillin G 0 1 258 69 0 88 2 68 
Penicillin G 1 232 62 1 135 8 95 
Penicillin G 10 136 21 4 230 38 20 
Penicillin G 100 122 13 6 243 35 40 
6-Aminopenicil- 100 215 38 3 154 11 03 

Vancomycin 100 270 14 9 33 0 05 

- ~- - _  

lanic acid 

_- - - - _ _  
Cells (5 ml, 2 x 1O8/ml) were incubated for 30 min in a 

minimal medium containing L-[ 14C]lysine (450 pmol/ml, sp 
act 318 mCi/mmol). Cells and cell walls were obtained as 
described under Methods. Results are expressed in picomoles 
of L-lysine in 2 X 108 cells or of cell walls obtained from the 
same number of cells '' An aliquot of the culture fluid (0 5 
ml) after lyophilization was chromatographed in solvent I1 
for 20 hr Material remaining at  the origin of the chromato- 
grams was counted Results are expresaed in picomoles of L- 

lysine in culture medium (1 ml) or in the chromatographically 
i mmobi I e pepti dog1 yca n 

I )  and the amount that was incorporated in the presence of 
10 pg/ml of penicillin G (21.4 pmol/ml). At penicillin con- 
centrations below 10 pg/ml, the amount of material which 
remained a t  the origin of chromatograms was considerably 
smaller (Table I ) .  Paper chromatographic analysis of the 
radioactive culture medium revealed that in  addition to the 
material remaining at  the origin, three other radioactive 
spots were present. One of these migrated as authentic I.- 
[ '3C]lysine and another as  the UDP-MurNAc-pentapep- 
tide ( R p  0.17, solvent 11). The third compound migrated a t  
a rate similar to the free hexapeptide ( R . A . ~ ~  0.30 in solvent I 
and H,c 0.70 i n  solvent 11). (For further identification of  
this compound see below.) 

I n  addition to penicillin G ,  6-aminopenicillanic acid was 
also found to cause the secretion of soluble peptidoglycan 
which did not migrate on paper chromatography (Table I ) .  
However, no such peptidoglycan was found i n  the medium 
of cells incubated i n  the presence of vancomycin at  a con- 
centration as high as 100 pglrnl. although this antibiotic 
caused a very marked inhibition of incorporation of 1.- 
["'CC]Iysine into the cell wall (Table I ) .  

SORS. Incubation of the cells with penicillin C; (10 pg/ml) 
i n  the minimal medium labeled with radioactive lysine, for 
different periods of time, caused the secretion of the chro- 
matographically immobile material as early as after 1 niin 
of incubation. The amount of th is  material increased with 
time (Figure 2). Measurement of the amount of label in the 
whole cells revealed a very rapid incorporation during the 
first minute of incubation, followed by a slow decrease i n  
the radioactivity of the cells. Maximal secretion of soluble 

EFFECT OF T I M E  A N D  C 0 N C t : h T R A T I O N  OF P R E C U K -  
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r 7- 1 T 7-1- - -r- 7-1 
4501 

4001- 

t I G U R t ;  2: Effect of lime on the incorporation of l.-[ '4C]Iy~ine into in -  
tact cells in the presence of penicillin G ( I O  Fg/ml) and on the secre- 
tion of soluble peptidoglycan into the medium. Isolation of the  peptido- 
glycan is described in the text: (0--0) secreted peptidoglycan (pico- 
moles/milliliter culture medium); (+---+) amount of ~ - [ ' ~ C ] l y s i n e  in 
intact cells ( p m o ~ / t  x 108 cells) 

peptidoglycan into the medium in the presence of penicillin 
G ( I O  pg/ml) by 2 X 1 O8 cells/ml in 30 min was observed 
a t  approximately 90 nmol/ml of L.-lysine (Figure 3). 

Isolation of Labeled Peptidoglycan. Fractionation of 
culture fi! rates (20 ml) from 4 x I O 9  cells on coIumns of 
Sephadex Ci-100 (2.3 X 57 cm), separated between the high 
molecular weight, nondialyzable peptidoglycan and the low 
molecular weight compounds present in the medium. Four 
columns were run, two for the medium labeled with lysine 
a t  different concentrations (Figure 4B,C) and one each for 
l_-alanine (Figure 4A) and D-glucose (Figure 4D). The two 
radioactive peaks which were obtained from each of the col- 
umns were pooled and lyophilized. Analysis of peak 1 from 
the [ 14C]alanine-labeled niediurn (Figure 4.4) by paper 
chromatography in solvents I and 11 revealed that the radio- 
activity remained exclusively at  the origin of chromato- 
grams (40 pmol/nil of culture medium). Analysis of peak 11 
from the same column on paper electrophoresis (pH 3.5) 
and paper chromatography (solvents I and 11) revealed the 
presence of three radioactive compounds (1, 2, and 3). 
Compounds 1 and 2 were identified as alanine and UDP- 
MurNAc-pentapeptide (7 pmol/ml of culture medium) by 
comparison of their rates of migration in the above two sol- 
vent systems with those of authentic compound! Com- 
pound 3 migrated on paper chromatography ( R F  0.70, sol- 
vent 11) and paper electrophoresis (M*id 3.0, pH 3.5) at the 
same rate as the radioactive hexapeptide 

-Ala - u-  i -Glu - L - L ~ s  - u-Ala - I) -Ala 
I 

G l y  

isolated from amidase digests of the [ 14C]alanine-labeled 
soluble peptidoglycan (Figure 4A, peak I ) .  Moreover, the 
migration of compound 3 in these systems was very close to 
that of the pentapeptide 

L - A l a  - D -  i-Glu - c--Lys -u-Ala 
I 

Giy 
isolated by digestion of GP-2 with Strcpronzyces amidase 
( RF 0.68 in solvent 11) (Mirelman and Sharon, 1967). 
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FIGURE 3: Effect of concentration of ~ - [ ' ~ C ] l y s i n e  on the secretion of 
the soluble, chromatographically immobile peptidoglycan by M .  luteus 
(2 X IOs  cells/ml) incubated for 30 min in the presence of penicillin G 
(10 gg/ml). Results expressed in picomoles of peptidoglycan per milli- 
liter of culture medium. (A) Amount of chromatographically immobile 
product obtained when cells were incubated in the absence of penicillin 
G .  

Acid hydrolysates of the [14C]alanine-labeled hexapep- 
tide isolated from the culture medium showed that it con- 
tained two D-[14C]alanine residues for every ~ - [ ' ~ C ] a l a n -  
ine. Furthermore, partial acid hydrolysis (4 M HCI, 90 min, 
1 OOO) of the hexapeptide, followed by fractionation on the 
amino acid analyzer, afforded the same pattern of radioac- 
tive peptide fragments as that obtained from partial acid 
hydrolysates of cell walls labeled with ['4C]alanine in the 
presence of 10 pg/ml of penicillin G (Mirelman and Bra- 
cha, 1974). In particular, the dipeptide D-[14C]Ala-D- 
[I4C]Ala was found in both hydrolysates. 

Upon paper chromatographic analysis in solvents 1 and I1 
of peak I1 from the [14C]lysine-labeled media (Figure 
4B,C) the same radioactive spots were obtained as from the 
[ ''C]alanine-labeled medium. In the [ ''C]glucose-labeled 
medium (Figure 4D), however, no radioactive spot that cor- 
responded to the hexapeptide was detected in peak 11. 

I n  one of the experiments (Figure 4C), the specific activi- 
ty of the labeled soluble peptidoglycan, as well as that of the 
free hexapeptide, was measured and found to be 1.47 mCi/ 
mmol, a value very close to the specific activity of the L- 
['4C]lysine added to the medium (1.6 mCi/mmol). 

Analysis of acid hydrolysates (6  N HCI, 20 hr, 1 IOo) of 
the soluble peptidoglycan obtained from cells incubated 
with D-['4C]glucose in the presence of penicillin G (10 
fig/ml) revealed that radioactivity resided mainly in  glu- 
cosamine (48%) and muramic acid (41%). The rest of the 
radioactivity ( 1  1%) was found in an unidentified compound 
which migrated at a rapid rate on paper chromatograms 
(R ~l~ 2.5, solvent I) and appeared as a nonionic compound 
on the amino acid analyzer (eluted after 25 min as com- 
pared to 65 min for muramic acid and 110 min for glucosa- 
mine). 

Analysis of the labeled peptidoglycan done after acid hy- 
drolysis under milder conditions (3  N HCI, 2 hr, looo), ei- 
ther on paper chromatography (solvent I)  or on the amino 
acid analyzer, afforded a smaller proportion (7%) of the un- 
identified compound, indicating that it may be a degrada- 
tion product of the labeled amino sugars. Indeed, paper 

rt.Dt rimer 1 ,(e r l  imt,?, 

FIGURE 4: Gel filtration of the radioactively labeled culture filtrate ob- 
tained after incubation of M .  luteus cells (20 ml, 2 X los cells/ml) in 
the minimal medium to which penicillin G ( I O  Ig /ml )  and different 
radioactive precursors were added. For experimental details, see text. 
Fractionation was on a Sephadex G-100 column ( 2 . 3  X 57 cm) using 
water as eluent. Fractions containing 2.5 ml were collected and ali- 
quots (100 gl) taken and counted for radioactivity. The radioactive 
precursors were: (A) ~ - [ ' ~ C ] a l a n i n e  ( 1  59 mCi/mmol, I .2 nmol/ml); 
(B) ~ - [ ' ~ C ] l y s i n e  (318 mCi/rnmol, 0.45 nmol/ml); (C) ~.-[ '~C]lysine 
(1.6 mCi/mmol, 98 nmol/ml); and (D) D-['4C]glucose (31 I mCi/ 
mmol, 2.25 nmol/ml). 

chromatograms (solvent I) of acid hydrolysates (6 N ,  HCI, 
2 hr, 1 1 0 O )  of the authentic disaccharide GlcNAc-Mur- 
NAc afforded, in  addition to glucosamine and muramic 
acid, a reducing compound which migrated at the same rate 
as the above compound 

Periodate oxidation of the sugar-labeled peptidoglycan 
followed by reduction with NaBT4 afforded a radioactive 
compound which migrated as glycerol (RF 0.70 in solvent 
111). The radioactivity found in this spot represented 0.4% 
of the total radioactivity in the labeled polymer and is pre- 
sumably derived from oxidation of a GlcNAc moiety at the 
nonreducing end of the peptidoglycan. 

The uncross-linked, linear structure of the secreted pepti- 
doglycan was established by deamination with "02 of the 
L-[ ''C]lysine-labeled polymer (Figure 4B) followed by 
analysis of its acid hydrolysate (Mirelman et al., 1974b). 
More than 99% of the ~ - [ ' ~ C ] l y s i n e  residues were deami- 
nated by this procedure and converted into a-aminocaproic 
acid. Partial acid hydrolysates (Schleifer and Kandler, 
1972; Mirelman and Bracha, 1974) of the ['4C]alanine-la- 
beled peptidoglycan (Figure 4A) failed to reveal the pres- 
ence of any radioactive D-Ala-1.-Ala, suggesting the ab- 
sence of cross-linkages involving this dipeptide. Of the total 
amount of radioactive alanine present in the soluble pepti- 
doglycan, 34.8% was of the L configuration and 65.2% of 
the D configuration. Treatment of the ['4C]alanine-labeled 
peptidoglycan under conditions leading to p elimination (4 
M ammonia, 37O, 6 hr) followed by paper chromatography 
(solvent 11) revealed that approximately 4.5% of total radio- 
activity was released in the form of a fast moving low mo- 
lecular weight compound ( R F  0.72, solvent 11) which mi- 
grated a t  a rate almost identical with that of the free hexa- 
peptide (RF 0.7 1) obtained by Streptomyces amidase di- 
gestion of the same polymer. 

Digestion of the Labeled Peptidoglycan with Lytic En- 
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FIGURE 5: Paper chromatography autoradiogram of enzymatic digests 
of labeled linear peptidoglycan. (A) Peptidoglycan labeled in its amino 
sugar constituents (Figure 4D, peak I): (I) Slrepromyces amidase di- 
gests of the soluble peptidoglycan: radioactive material remaining at 
the origin of the chromatograms accounted for 12.5% of total radioac- 
tivity; (2) intact soluble peptidoglycan; (3) lysozyme digests of soluble 
peptidoglycan. Radioactive material remaining at the origin accounted 
for I I% of total radioactivity. Markers: the disaccharide is GlcNAc- 
,9( I-d)-MurNAe and tetrasaccharide i s  its corresponding dimer. GP- 
2 i s  the disaccharide-pentapeptide and GP-I i s  the disaccharide-pen- 
tapeptide dimer (Mirelman and Sharon. 1967). The trisaccharide is 
the GlcNAc-MurNAc-GlcNAc (Chipman el 01.. 1968). (B) Lysazyme 
digests of the alanine-labeled peptidoglycan (Figure 4A, peak I). Spots 
I, 11, and 111 have not yet been fully identified and may represent 
transglycosylation products (Chipman ef ol.. 1968). Material remain- 
ing at the origin accounts for only I .5% of the total radioactivity. 

zymes. Lysozyme digests of the polymer obtained from D- 
['4C]glucose as the radioactive precursor (Figure 4D, peak 
I) afforded a variety of radioactive compounds (Figure 5A). 
The free disaccharide (44%) and tetrasaccharide (3.5%) to- 
gether accounted for approximately 50% of total radioactiv- 
ity, and the disaccharide-hexapeptide for 45%. This is con- 
sistent with the analysis of the polymer (see Table I I )  which 
indicated a ratio of two disaccharide units per hexapeptide. 
Streptomyces amidase digests of the polymer labeled in the 
glycan moiety afforded a variety of oligosaccharides (Fig- 
ure 5A): however, the amidase preparation is known to con- 
tain some glycosidase activity (J. M. Ghuysen, personal 
communication). The most abundant radioactive compound 
obtained by lysozyme digestion of the alanine-labeled poly- 
mer (Figure 4A) was the disaccharide-hexapeptide (85% of 
total radioactivity) which migrated very similarly to the di- 
saccharide-pentapeptide GP-2 (Figure 5B) in solvent I 
(Mirelman and Sharon, 1967). The minor compounds (Fig- 
ure 5B, I, 11, and 111) may be transglycosylation products of 
the lysozyme-catalyzed reaction (Chipman ef al.. 1968). 

Preparation and Properties of L'nlabeled Soluble Pepti- 
doglycan. The nondialyzable, high molecular weight mate- 
rial which was secreted into the medium by cells (2 X 
IO"/l.) incubated in the presence of penicillin G (IO pg/ 
ml) was separated by gel filtration on Sephadex G-100 (2.3 
X 57 cm). Fractions of 2.5 ml were collected and the col- 
umn was monitored by measuring the ultraviolet absorption 
a t  220 nm. A number of overlapping peaks were eluted. The 
fast migrating peak (tubes 21-32) was pooled and after ly- 
ophilization it gave 7.8 mg of dried material. Peak I I  (tubes 
33-55) which yielded 10.5 mg of material and peak Ill, 

Tube number 

FIGURE 6: Gel filtration of the soluble peptidoglycan (3.4 mg) on a Se- 
phadex C-100 column (2.3 X 57 cm) before and after reduction with 
NaBT4. Elution of the soluble peptidoglycan was followed by measur- 
ing the optical density at 220 nm and that of the reduced peptidoglycan 
(2.4 mg) by measurement of radioactivity in IOO-lrl aliquot% 

which contained remnants of low molecular weight constit- 
uents of the culture medium together with material absorb- 
ing a t  260 nm, were discarded. The material obtained from 
the first peak was rechromatographed on the same Sepha- 
dex column and emerged in tubes 21-32 as a single sym- 
metrical peak with a recovery by weight of over 90% (Fig- 
ure 6). This material was used for further analysis. It did 
not migrate on paper chromatography (solvent I) and gave 
a positive ninhydrin reaction. 

The Schlieren pattern in the analytical ultracentrifuge 
showed a single symmetrical peak with an ~ ~ 2 0 , ~  of 1.54 
(Figure 7). Diffusion measurements gave a value of 
3.45, and the calculated molecular weight was 38,000. The 
ultraviolet spectrum of this material (at 1 mg/ml) showed 
no absorption above 240 nm. The amino acid and amino 
sugar composition of the purified material i s  given in Table 
I I .  The sum of components by weight and the recovery of 

TABLE 11: Chemical Composition of the Purified Soluble 
Peptidoglycan."' ' 

Component nmol/mg Molar Ratio 

Glucosamine 1190 1.97 
Muramic acid 
Glutamic acid 
Glycine 
Alanine 
Lysine 
Neutral sugarC 
Phosphate 
Glucose 
Glycerol 
Nitrogen 

1110 1 84 
603 1 0 0  
573 0.95 
1650 2.73 
553 0.91 
180 0.29 
<5 
<10 
110 

8.53z 

Total recovery 84.1% 

Analysis was carried out on dry unlabeled peptidoglycan 
secreted after incubation of cells in the presence of penicillin 
in a minimal medium. For details see text. 'Samples were 
acid hydrolyzed and analyzed on the amino acid analyzer as 
earlier described (Mire!man and Sharon, 1967). Neutral 
sugar determination was by the phenol-sulfuric acid pro- 
cedure using glucose as standard ( D u b i s  et al., 1956). 
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nitrogen are  over 84%. indicating that only a small amount 
of nonpeptidbglycan matter is present in the preparation. 

Analysis by paper chromatography. of an acid hydroly- 
sate (6  N HCI, 20 hr, 1 IOo) of the polymer revealed in addi- 
tion to muramic acid and glucosamine, a reducing eom- 
pound which migrated rapidly on paper (RGI. 2.5, solvent 
I), similar to the compound obtained earlier from acid hy- 
drolysates of the labeled polymer. The polymer contained 
only traces of phosphorus (<0.16 &g of P/mg of polymer). 
Only minute amounts (less than IO nmol/mg of polymer) of 
glycerol, pyruvic acid, or glucose were detected by enzymat- 
ic analysis. Glucose was not detected on paper chromato- 
grams of acid hydrolysates ( I  M H2S04, looo, 6 hr) of the 
polymer. Determination of neutral sugars by the phenol- 
sulfuric acid procedure (Dubois e2 a/.. 1956), using D-glu- 
cose as standard, gave a value of 180 nmol/mg of polymer. 
N o  uronic acids or pentoses were detected in the polymer. 

Reduction of the unlabeled polymer (2.4 mg) with 
NaBT4 (2 mg, 13 mCi), followed by acid decomposition of 
the unreacted NaBT4 and gel filtration on the Sepbadex 
GI00 column to remove traces of tritium-labeled com- 
pounds not bound to the peptidoglycan, afforded a high mo- 
lecular weight product (containing 1.8 X IO6 dpm) the elu- 
tion pattern of which was the same as that of the unmodi- 
fied polymer (Figure 6). A large amount of radioactivity 
(5.5 X IO6 dpm) was eluted in tubes 65-80 (not shown in 
figure). 

Paper chromatographic analysis in solvent I of acid hy- 
drolysates (3N HCI, 2 hr, looo) of the 'H-labeled polymer 
revealed the presence of two radioactive compounds with 
RF 0.05 and R p  0.17 as compared to ['H]glucosaminitol 
(RF 0.16) and ['HJmuramicitol (RF 0.18). Analysis of the 
same acid hydrolysates on the amino acid analyzer revealed 
the presence of ['HJmuramicitol (eluted after 35 min) and 
a basic compound which is eluted after 120 min as com- 
pared to 1 IO min for [3H]glucosaminitol. The nature of this 
reduced compound has not yet been established. 

Discussion 
Our present studies indicate that the difference found be- 

tween the amount of radioactive precursors incorporated 
into intact cells of M. luteus in the presence and absence of 
penicillin is mainly due to a leakage or secretion of radioac- 
tive material into the culture medium. The amount of L- 
[14C]lysine which was incorporated into the cell wall during 
a pulse-chase experiment in the absence of penicillin G was 
approximately twice the amount which was incorporated 
when the pulse was in the absence and the chase was in the 
presence of the antibiotic (Figure IA). Studies aimed a t  the 
detection of labeled cell wall components released from 
cells incubated in the presence of penicillin revealed that 
the antibiotic induces the secretion into the medium of a 
soluble, high molecular weight material which did not mi- 
grate on paper chromatograms in three different solvents. 
Such a radioactive polymer was formed in the presence of 
penicillin when the incubation was carried out in the pres- 
ence of either radioactive L-lysine, L-alanine, or D-glucose 
(Figure 4). Radioactive lysine and alanine were present un- 
changed in the soluble polymer whereas radioactive glucose 
was converted into glucosamine and muramic acid (over 
90%). The secreted polymer was completely digested by ly- 
sozyme and by Streptomyces amidase (Figure 5). The main 
products identified in the lysozyme digest (over 85%) were 
the free disaccharide GlcNAc-@-(I-4)-MurNAc and the 
disaccharide-hexapeptide which on paper chromatography 

FlcuRE 7: Schlieren patterns of the soluble peptidoglycan (I% in 0.9% 
NaCI). The photographs were taken approximately 16 (left) and 88 
min after attaining a maximal speed of 59,180 rpm in the analytical ul- 
tracentrifuge. 

migrated a t  an almost identical rate as the disaccharide- 
pentapeptide GP-2 (Mirelman and Sharon, 1967). 

From the amount of free di- and tetrasaccharide found in 
the lysozyme digests, it was concluded that approximately 
50% of the muramic acid residues in the polymer were not 
substituted by a peptide chain. Digestion of the peptidogly- 
can with Streptomyces amidase which is contaminated by 
N-acetylmuramidase afforded a mixture of oligosacchar- 
ides (mainly di- and tetrasaccharide) as well as a free hexa- 
peptide which, according to all indications, had the struc- 
ture 

L -Ala -0- i -GI" - L-Lys -o-Ala -D-Ala 
I 

Gly 

The soluble peptidoglycan contained two D-alanine resi- 
dues for each L-alanine residue. All the c-amino groups of 
the lysine present in the soluble peptidoglycan were deami- 
nated by the nitrous acid technique (Mirelman et ai.. 
1974a,b). Furthermore, no evidence for the presence of a 
D-Ala-L-Ala linkage was detected in partial acid hydrolys- 
ates of the polymer (Mirelman and Bracha, 1974). These 
findings clearly demonstrate that the soluble peptidoglycan 
is uncross-linked. Periodate oxidation of the peptidoglycan 
labeled in its glycan moiety, followed by reduction with 
NaBT4, gave rise to radioactive glycerol suggesting that 
N-acetylglucosamine occupies the nonreducing end of the 
glycan chain. From the amount of the radioactive glycerol 
formed (0.4% of the total radioactivity of the glycan chain) 
it was concluded that the polymer has a chain length of ap- 
proximately 50 disaccharide units. 

To  obtain more information on the nature of the secreted 
material, unlabeled peptidoglycan was prepared on a large 
scale a t  a yield of approximately 8 mg of polymer per liter 
(2 X IO" cells) of minimal medium. Analysis of this mate- 
rial indicated that typical peptidoglycan components ac- 
count for 85% of its weight (Table 11). The polymer dis- 
played a single band in the analytical ultracentrifuge (Fig. 
ure 7) with a molecular weight of 38,000 indicating a gly- 
can chain of approximately 50 disaccharide units, half of 
them having a hexapeptide substituted on the carboxyl of 
muramic acid (Figure 8). The soluble peptidoglycan did not 
contain any phosphate, glucose, or aminomanuronic acid- 
compounds known to be components of a heteropolysac- 
charide covalently bound to the peptidoglycan of M. luteus 
cell walls (Campbell et ai., 1969; Page and Anderson, 
1972). The absence of phosphate is in line with the finding 
that no radioactivity was present in the polymer secreted 
from cells grown in a '2P-labeled minimal medium (D. Mir- 
elman, unpublished results). 

Studies with tritiated sodium borohydride showed that 
muramic acid is present a t  the reducing end of the polymer, 
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since (3H]inuramicitol was identified in acid hydrolybates 
of the 3H-labeled peptidoglycan (65% of total radioactivi- 
ty). Another, as yet unidentified, radioactive conipound 
with basic properties was also present i i i  the hydi-olysate so 
that the possibility that not all glycan chains terminate iri 
iV-acetylmuramic acid cannot be exciuded. Further e\ i -  
dence that muramic acid-hexapeptide is at  the reducing 
end of the soluble peptidoglycan was obtained from $-eliitii- 
nation studies of the [ 14C]alanine-labeled polyiner that led 
to the release of a labeled peptide moiet).. The amount ot  
peptide released by /3 elimination (4.5%)) i s  also in agree-  
ment with the molecular size of the polymer as deterriiincti 
by ultracentrifugation and periodate oxidation studies. 

The secretion of the soluble peptidoglycan by '44. Lu/eii.\ 
cells was dependent on the concentration of pcnicilliri and of 
cell wall precursors in  the medium. Maximal secretion (hX0  
pmol/ml of medium, see Figure 3) was obtained at antibiat 
ic concentrations over I O  pg/ml, and w h e n  the concentra- 
tion of the four cell wall amino acids in the rirediuni L V J ~  a t  
least 90 /IM (Figure 3). No polymer, hoMever, wiib detected 
in the medium in the absence of the antibiotic. The x c r e  
tion is very fast: small amounts of peptidog1)c~in could bc 
detected in the culture medium as early as after 1 i i i in of in.- 
cubation in the presence of penicillin (Figure 2 ) .  T h e  po\si- 
bility that the secretion could be the result ofsoriie aiitolqbis 
of cells occurring during the incubation in the minimal m e -  
dium in the presence of penicillin was not overlooked. \ o  
reduction i n  the turbidity of the cell cultures b a s  obserled 
during the short incubation periods ( u p  t u  30 iriiii) used. 
Moreover, whenever measured. the specific radioactivit iea 
of the secreted I4C-labeled polymer as well a s  of the free 
hexapeptide were almost the sattie as  that of the IL-[ l 4 ( . ] 1 !  \ .  

ine precursor in the medium. 
Penicillin G was found to promote riot only the secretion 

of the linear peptidoglycan, but of two other compounds :is 
well. These were identified as the free hexapeptide. \\ Iiicli 
had the same chromatographic and electrophoretic propel - 
ties as  the hexapeptide released from [ '3C]alanine-labeled 
soluble peptidoglycan by the . S ' ~ r q ~ m ~ , ~ ~ c e . \  aniidaw x n d  
small amounts of IJDP-MurNAc-pentapeptide. 

The secretion of the hexapeptide is apparentl) the result 
of a selective digestion of the peptidoglycan by ;i peiiicillin- 
insensitive .Y-acetylmuranyl-t.-alaiiine amidase. u hich spe- 
cifically utilizes the  newly synthesized, linearlq growing 
peptidoglycan strand as its substrate. I t  is possible that the 
hj,drolytic action of this enzj'me unmasks the U-terminal 
[.-alanine residues of the hexapeptide. which :ire tlien t i i i  

lized i n  the transpeptidation reaction leading to the foriiia- 
tion of the D-Ala-l.-.;Zla peptide cross-linkage f(J1lnd i i t  this 
organism (Mirelman and Bracha. 1974). Studies iirc I I ~ M  

underwaj to determine the Pate of these cleaved. f'rcc h e x a .  
peptides i n  the cell and whether the) m a y  participate in an 

111 \)itro penicillin-sensiti~e transpeptidation reaction using 
t he system developed by u b  for the study of cell wall biosyn- 
thesis (Mirelniarr rf a/. ,  1972). 

M .  lurru.5 cells appear to be very low in ,  or devoid of, 
lytic enzyrnea, and it is unlikely that endogenous glycosidas- 
K S  cleaved the peptidoglycan prior to its secretion. Thus, the 
chain leiigth deterrriiried i r i  the soluble pulymer may repre- 
sent the average original hiie of a glycan chain i n  the w;ills 
of this organism 

A n  interesting corielatiori was observed between the 
a l i l o u r i t  of soluble peptidoglycan secreted at  a n y  given perii- 
cillin ccmxntratiori and the amount of labeled precursor 
that was incorporated into the cell walls of organisms grown 
iri the presence of  the same concentration of antibiotic. The 
ainount of  r'idioactivity found in the soluble peptidoglycan 
together bi th  that incorporated into the cell \ b a l l  was ap- 
px"niately cqtial to the amount of label wThich was iricor- 
poraled i n t o  the cell walls of organisms grown in the ab- 
s e n e  of penicillili (Table 1 ) .  Ihese results strongly suggest 
that the soluble peptidoglycan is secreted into the medium 
because pciiici11iri inhibits its attachinent bl  transpeptida- 
t i o n  to the preexistiiig cell wall. These findings lend further 
support io  o u r  previously proposed model, according to 
which cell ~ n l l  elongation and  growth iire the result of a 
cunLel trd d L t I O I I  by both trdnsglyWs) lation dlid transpep- 
tidation. tlie latter serving for the covalent binding of newly 
s j  trrhesi2ed lintai pcptidoglycan strands t < J  free aniino 
group accsptors on the preexisting cell w3all (Mirelinan er 
u . ,  1'972, 1 9 7 4 ~ ) .  

I wo t)~pes of peptide cross-linkages are present in  M. I i r -  
leiii ceJI rballs. the t - 1 , ) s   ala tqpe and the r,-Alu -+I.- 
Ala trnt: (Sctrlcifer and Kandler. 1972). U'K have recently 
found thal the tianspeptidation reactions leading to the for- 
ri idtioii  of thcse t w o  cross-linkages markedly differ i n  their 
sensititit) twvard penicillin. I'hus, M hereas the formation o f  
the t .  L 1 s  * I )  Ala ~ross-linkage is inhibited by 50% at 0.06 
pg/ i~ i l .  a ioricentrdtion which also inhibits by %J% the 
gr(JLr t h  ot  '$4. 1irrrtr.r c:eJls. the  ala ---*i.-AIa cross-linkage 
is inhibitcti bq 5 0 %  at a niuch higher concentration of peni- 
cilli~i (+.S big/iiil) (X4irelinaii and Bracha, 1974). Our prcs- 
e ~ t  rcsults, ~ h i c h  show that the amount of soluble peptido- 
g l y ~ d i i  he<:iKtKd a t  low concentrations of penicillin ( 0 . 5  /IS/ 
1 1 1 l j  \ \ a s  1 ~ i i r i 1 1  smaller than at  higher coricentration of thc 
antibiotic. (1 ablz I ) ,  riiaq indicate that the two transpep- 
i i d a t i o r i  i't'ac:tioii> which a i r  responsible for the covalent 
biriding of the linear strands to their respective acceptors on 
the preexistiiig cell  all maj, function independently. 

Whilc this report u a s  in preparation, a paper appeared 
(kcglcv iG c f  u / . ,  1974) describing the excretion or a pepti- 
doglycan c:oiriple~ frurn a mutant of Brerihacreriii/ri di\ar i -  
w t i t r r r  grouii in  tlie presence of penicillin G .  The nature of 
[ f ie  ckcretcd ~~ep~idciglycan i:omplex beurs xmie 1.e.ie111- 
blurice to the soluble peptidogllcan secreted b> the M. / u -  
/ru. i  cells5 though i t  apparently also contains appreciable 
a inounts  ( i f  phosphate. neutral sugars. and cell u a l l  a u t u l -  
\ s i3  ploJuct!, 

-1 t ie r i i c i h n i i i b i i t  t)) \+liich the soluble linear peptidogly- 
t:an chkiills a r e  secreted from the cells is not yet understood. 
I t  is qirjic possible, houever, that the penicillin promoted se- 
cl'etiori of wluble peptidoglycan coniplexes is of more geii- 
era1 occurrenc'e in bacteria. Indeed, preliminary data show 
that i t  o c ~ u r s  t o  some extent also in .TtnphL:oL.oc,crrs uurerds 
t i  (1).  Mirelrnan, unpublished results) though not in  Eschc- 
richici ( o L i  U 7 ( L J ,  Scliuarr, uripublished results). 

Ttir reasL,ns I'm thr secretion of the linear peptidog1)can 
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from the cells could be similar in the various cases and the 
antigenic as well as the clinical implications involved in the 
potential penicillin-induced secretion of macromolecules by 
penicillin-susceptible bacteria should be borne in mind. 
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Acyl Transfer Relictions of Retina? 

J. G. Swartz* and J. E. Mitchell 

ABSTRACT: Whole homogenate and subcellular fractions of 
the bovine retina incorporated labeled palmitate, oleate, 
and linoleate into phosphatidylcholine and phosphati- 
dylethanolainine with and without added lysophosphatide 
acceptors. ATP and CoA were required, with the optimal 
concentration of CoA varying with the fatty acid supplied. 
Net phospholipid synthesis was noted with fatty acids and 
the lysophosphatides. Supplying multiple acyl donors as op- 

T h e  demonstration of phospholipase activity in  a number 
of tissues from various species (Waite, 1973; Franson et al., 
1971; Cooper and Webster, 1970; Blaschko et al., 1967; de 
Haas et al.. 1971; Ottolenghi, 1964; Gatt, 1968) continues 
to raise questions concerning the removal of the inonoacyl 
phosphoglycerides formed in these tissues. The high degree 
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posed to a single donor gave results indicating varying de- 
grees of substrate preference and positional specificity of 
the transfer mediator(s) for the two lysophosphatides stud- 
ied. Rod outer segments did not incorporate the fatty acids 
under the conditions of uptake by other retinal fractions but 
apparently an exchange of fatty acids occurred between ly- 
solecithin molecules; this exchange was enhanced by addi- 
tion of the 105,000g supernatant. 

of specificity exhibited by the phospholipases and transacy- 
lases from different subcellular fractions (Robertson and 
Lands, 1964; Waite and Sisson, 1971) points to intricate 
cellular and subcellular mechanisms for the control of the 
concentration of fatty acids, lysophosphatides, and phos- 
pholipids with definite fatty acyl substituents (Wood and 
Harlow, 1969; Montfoort et ai., 1971). 

Alterations in the fatty acid composition of structural 
phospholipids have been correlated with changes in the per- 
meability of cell membranes (Walker and Kummerow, 
1964) and Waite et al. (1969) demonstrated changes in 
membrane structure to accompany hydrolysis of mitochon- 
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