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ABSTRACT Cell-wall preparations of Micrococcus luteus
(lysodeikticus) catalyze in vitro peptidoglycan synthesis
from UDP N. acetyl-l)-glucosamine, UDP N-acetylmuramic
acid-pentapeptide, and glycine. Newly synthesized pep-
tidoglycan is partially cross-linked by a transpeptidation
reaction with concomitant release of C-terminal D-al-
anine. Penicillin not only strongly inhibits release of D-
alanine (98%c' at 1 Ag/ml), but also markedly inhibits in-
corporation of acetylglucosamine and N-acetylmuramic
acid-pentapeptide into the preformed cell-wall peptido-
glycan. The simplest explanation for the results is that in-
corporation of newly synthesized strands of peptidoglycan
and their attachment to "older" cell-wall peptidoglycan
proceeds mainly by transpeptidation and that transgly-
cosylation is responsible only for part of the elongation of
the pre-existi rg peptidoglycan. Another possibility is that
incorporation occurs by transglycosylation, but it cannot
continue without concurrent formation of peptide cross-
bridges.

Use of UDP-N-acetyl-D-glucosamine(GlcN\Ac) and UDP-
N-acetylmuramic acid (MIurNAc)-L-Ala-D-isoGlu-L-Lys-D-
Ala-D-Ala (UIDP-AMurNAc-pentapeptide) by a particulate
enzyme fraction from Micrococcus luteus (lysodeikticus) cells
for synthesis of a chromatographically immobile, or acid-
precipitable, product has been reported (1, 2). Incorporation
of the precursors into the product was not affected by penicil-
lin G (1300 ,ug/ml), and it was assumed that it proceeds by
transglycosylation of the activated disaccharide-pentapeptide
to the growing end of the linear peptidoglycan. Moreover,
no evidence for transpeptidation has been reported with
extracts of 3l. luteus (3, 4).
A new system for studying the last stages of peptidoglycan

biosynthesis was described (5). Cell-wall preparations of
Staphylococcus aureus incorporated nucleotide precursors
into the preformed peptidoglycan. Incorporation was ac-
companied by the penicillin-sensitive release of C-terminal
D-alanine from the AlurNAc-pentapeptide. In line with cur-
rent concepts of pel)tidoglycan biosynthesis (3, 6, 7), we
assumed that the release of D-alanine is the result of the ter-
minal biosynthetic step i.e., the transpeptidation reaction
between two adjacent peptide chains that results in forma-
tion of a cross-linked, three-dimensional polysaccharide-pep-
tide network.
We now relport that cell-wall preparations of if. luteus

incorporate GlcNAc, MurN-Ac-pentapeptide, and glycine

into pre-existing cell-wall peptidoglycan with concomitant
release of C-terminal D-alanine, from the MIurNAc-penta-
peptide. Penicillin not only inhibited the release of D-alanine
but also the incorporation of GlcNAc and M\urNAc-penta-
peptide into the preformed cell-wall peptidoglycan.

METHODS AND MATERIALS

If. luteus ATCC 2665 was grown to early log phase at 32°
in a medium containing 0.5% bactopeptone, 0.2% yeast
extract, 0.5%7NaCl, and 0.5% glucose. Crude cell walls,
used as source of enzyme and as acceptor for lel)tidoglycan
biosynthesis, were l)rel)ared as described for S. aureus (5).
Such preparations contained tightly attached fragments of
the cell membrane (8). In the crude cell-wall preparations
Ala, Glu, Lys, and Gly account for about 88% of the total
amino acids present; the remaining 12% were accounted for
by small amounts of other amino acids. The protein content,
estimated by a modification of the Lowry et al. method (8), was
55 ,ug/mg of cell-wall. These preparations also contain about
0.12 Mmol Pi/mg cell wall. Purified cell walls, after heating
and extensive washings with detergents, contained only 0.038
Amol Pi/mg cell wall; they did not contain any protein, and
more than 98% of the total amino acids are from l)eptido-
glycan.

UDP-MIurNXAc-pentapeptide, UDP-M\urNAc- [L-'4C ]Lys-
pentapeptide, and UDP-MAIurN\Ac - L-Ala - D -isoGlu-L- Lys
(UDP-MIurNAc-tripeptide) were prepared (9, 10). D-Ala-
[D-'4C]Ala was chemically synthesized (Burstein and Pat-
chornik, paper in lprel)aration) and was used for enzymatic
synthesis of UDP-MIurNAc-pentapeptide with C-terminal
[D-'4C ]Ala (10). UDP-MIurNAc- [D-14C ]Ala-p)entapel)tide was
purified by high voltage paper electrophoresis (pH 3.5, 50
V/cm, 45 min) followed by paper chromatography (48 hr)
in solvent I (isobutyric acid-1 MI ammonia, 5: 3). Upon amino-
acid analysis of the product, the following molar ratios were
found: Ala2.9, Glul.o, Lyso.92, Muro.89; the specific activity
was 26 cpm/plmol.
UDP-[14C]GlcNAc (260 Ci/mol) and labeled amino acids

were obtained from the Radiochemical Centre, Amersham,
England. Streptomyces amidase was a gift from Dr. J. -M.
Ghuysen.
Aminoacid analyses of UDP-MIurNac-pental)ep)tide and

of cell-wall peptidoglycan were done with a Beckman 120C
aminoacid analyzer (11). Radioactive amino acids and pl)ep-
tides were detected with a Packard Tri-carb flow analyzer
scintillation spectrometer 3022 connected directly to a column
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Abbreviations: MIurNAc, X-acetylmuramic acid [2-acetamido-
3-O-(D-1-carboxvethy1)-2-deoxy-D-glucose]; GlcNAc, NA-acetVl-D-
glucosamine.
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FIG. 1. (left) Effect of time on incorporation of [14C] GlcNAc
and MurNAc-[i_14C] Lys-pentapeptide into the purified cell-
wall. Incorporation was measured in separate incubation mix-
tures.
FIG. 2. (right) Incorporation of [14C]GlcNAc and MurNAc-

[I14C] Lys-pentapeptide into purified cell walls. Different
amounts of cell-wall preparations were used and the determina-
tion was done in separate incubation mixtures. 0, GlcNAc; X,
MurNAc-pentapeptide.

(19 cm) of the aminoacid analyzer and run with the first buffer
(citrate, pH 3.25). [D-14C]alanine is eluted after 27 min and
D-Ala- [D-14C ]Ala after 60 min.

Assay of Enzymatic Activities. Incubation mixtures, in a

final volume of 180 ,1u, contained: 50 mM Tris buffer, pH

Minutes

Fig. 3. Flow scintillation charts of the effluent from the
amino acid analyzer (see text). (A) [D-"4C]Ala standard. (B)
Complete incubation mixture containing UDP-MurNAc-[D-14C]
Ala-pentapeptide as the labeled substrate together with UDP-
GlcNAc and glycine. Peak 1, unmodified substrate; peak 2, deg-
radation product. (C) Complete incubation mixture as in B con-

taining penicillin G (0.1 ,ug/ml). (D) Incubation mixture without
the addition of UDP-GlcNAc.

7.8,100mM NH4Cl, 20mM MgCl2, 15mM ATP, 1 mM 2-mer-
captoethanol, and about 5 mg (dry weight) of crude cell walls.
Complete reaction mixtures also contained UDP-GlcNAc,
UDP-MurNAc-pentapeptide, and glycine, either radioac-
tively labeled or unlabeled. Reaction mixtures were routinely
incubated at 250 for 30 min after which 0.5 ml of cold water
was added and the suspension was centrifuged for 4 min at
8000 X g in an Eppendorf 3200 microcentrifuge. The clear
supernatant was carefully removed, and, in experiments where
UDP-MurNAc-[D-14C]Ala-pentapeptide was used, the super-
natant fluid was analyzed on the aminoacid analyzer for
[D-14C]alanine. The remaining cell-wall pellet was resus-
pended in cold TMM buffer [50 mM Tris buffer, pH 7.8, 20
mM MgCl2, and 1 mM 2-mercaptoethanol containing 1%
sodium dodecyl sulfate (0.5 ml) ], and washed four times with
the same buffer solution. The pellet was resuspended in TMM
buffer (0.5 ml) and heated at 1000 for 15 min. The heated
cell-walls were washed in TMM buffer (0.5 ml) and finally
washed in water (0.5 ml). The purified cell-walls were then
resuspended in water (0.5 ml), and their radioactivity was
determined in a Packard Tri-carb liquid scintillator 3003
with a scintillation fluid for aqueous solutions (12). For paper
chromatographic analysis of the reaction products, separate
tubes were incubated as described above, and 40 ul of their
contents were chromatographed on Whatman No. 1 paper.
After chromatography in solvent I, radioactive compounds
were located by autoradiography (Kodak, Royal Blue x-ray
film), and the radioactive spots were cut and counted.

Purified cell-walls were digested with lysozyme, Strepto-
myces amidase, and Pronase (11). The digests were chro-
matographed on Whatman No. 1 paper in solvent II (n-
butanol-acetic acid-water, 3:1:1, v/v). Free amino groups
were estimated by dinitrophenylation (13). The configura-
tion of the alanine released by transpeptidation was deter-
mined with D-amino acid oxidase (Worthington Co.) (13).

RESULTS

Incorporation of UDP-[14C]GlcNAc and of UDP-MIurNAc-
[L-'4C]Lys-pentapeptide into Cell-Walls and Its Inhibition by
Penicillin. Complete incubation mixtures contained crude
cell-walls as enzyme source, together with UDP-[14C]GlcNAc
(10 nmol, 15 cpm/pmol), UDP-MurNAc-pentapeptide (100
nmol), and glycine (500 nmol) or with UDP-MurNAc-[L-
14C]Lys-pentapeptide (50 nmol, 4.2 cpm/pmol), UDP-
GlcNAc (200 nmol), and glycine (500 nmol). Upon analysis
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FIG. 4. Inhibitory effect of different ,3-lactam antibiotics on
release of [D-14C] Ala by the transpeptidation reaction. 0, penicillin
G; 0, 6-amino penicillanic acid; X, methicillin; +, cephalori-
dine.

Proc. Nat. Acad. Sci USA 69 (1972)
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TABLE 1. Incorporation of labeled peptidoglycan precursor into Micrococcus luteus cell-walls*

Inhibi-
tion of
incorpor-

Isotope incorporated ation
Isotope incorporated into cell walls in the into cell

Unlabeled substrate into purified cell walls Molar presence of penicillin G Molar wallst
'IC-labeled substrate added (pmol/5 mg of cell walls) ratio* (pmol/5 mg of cell walls) ratiot (%0)

UDP-MurNAc-L-Ala-D-Glu- UDP-GlcNAc; 822 1.0 268 1.0 67
[I,14C] Lys-D-Ala-D-Ala glycine

UDP-[14C]GlcNAc UDP-MurNAc- 771 0.85 262 0.97 66
pentapeptide;
glycine

UDP-MurNAc-i1Ala-D-Glu- 61 52
[LA4C] Lys-D-Ala-D-Ala

UDP-[14C]GlcNAc - 27

[D-14C] alanine [D-14C] alanine

At- At-
tached tached

Re- to cell Re- to cell
leased wall Sum leased wall Sum

UDP-MurNAc-LiAla-D-Glu- UDP-GlcNAc; 620 232 852 1.03 <10 248 248 0.93 None
L-Lys-D-Ala- [D-14C] Ala glycine

UDP-MurNAc-i-Ala-D-Glu- 38 63 101 <10 54 54
i-Lys-D-Ala- [D-14C] Ala

* Incubation mixtures in a final volume of 180 Al contained: Tris buffer pH 7.8 (50 mAM), NH4Cl (100 m'M), MIgCl2 (20 m-M), ATP
(15 mM), 2-mercaptoethanol (1 mM), and crude cell walls (about 5 mg dry weight) containing 275 Ag of protein. Labeled and unlabeled
substrates were added as indicated. Incubations were done at 250 for 30 min.

t Molar ratio incorporated is calculated relative to 1.0 for the incorporation of MurNAc-[L-14C]Lys pentapeptide.
t By penicillin G (1 Ag/ml).

by paper chromatography in solvent I, radioactivity was
found in "origin material" (RF = 0) and in lipid intermedi-
ates (RF = 0.9). Formation of these radioactive products
required the presence of the two uridine derivatives and, as
shown earlier (1, 2), was not inhibited by penicillin G (1 jig/
ml).

In parallel experiments, also with complete incubation
mixtures, incorporation of either ['4C]GlcNAc or MurNAc-
[L-14C]Lys-pentapeptide into cell-wall peptidoglyean was
measured. Incorporation of GlcNAc paralleled incorporation
of MurNAc-pentapeptide, was time-dependent (Fig. 1), and
was proportional to the amount of cell-wall preparation added
(Fig. 2). The Km for UDP-GlcNAc was 5.6 X 10-5 M, and
the Km for UDP-MurNAc-pentapeptide was 9.0 X 10-s NM.
These incorporations were unaffected by the presence or ab-
sence of ATP. Penicillin G (1 ,ug/ml) strongly inhibited (65-
70%) incorporation of both [14C]GlcNAc and MurNAc-[L-
14C]Lys-pentapeptide into purified cell walls (Table 1). Only
slightly higher inhibition (75-80%) was observed when the
concentration of penicillin G was raised to 100 Ag/ml.

In experiments in which UDP- [4C ]GalNAc replaced UDP-
[14C]GlcNAc, no incorporation of [14C]GalNAc into cell
walls or lipid intermediates was observed.

Incorporation of UDP-M1urNAc-L-Ala-D-isoGlu-L-Lys-D-
Ala-[D-14C]Ala. Analysis by paper chromatography (solvent
I) of complete incubation mixtures in which the labeled pre-
cursor was UDP-MurNAc-[D-14C]Ala-pentape)tide, revealed
radioactivity in "origin material" and in the lipid-bound
intermediates. In addition, free [D-14C]Ala (RF = 0.67) re-

leased into the medium by transpeptidation, was detected
both on paper chromatograms and by aminoacid analysis
(Fig. 3B). In the absence of UIDP-GlcNAc in the reaction mix-
ture, the amount of radioactivity incorporated into "origin
material" was only 10-15% of that found in the complete
mixture and only traces of free [D-14C]Ala were detected
(Fig. 3D).
Minute amounts of penicillin G strongly inhibited the release

of free [D-14C]Ala (Fig. 3C). About 50% inhibition was observed
at 0.06 ,g/ml of penicillin G, and 98% at 1 jug/ml (Fig. 4).
Other 3-lactam antibiotics tested had a considerably smaller
effect on the release of D-alanine (Fig. 4). Inhibition of the
release of D-alanine by penicillin G was irreversible. Crude
cell-wall preparations were incubated for 5 min with penicil-
lin (10 /g/ml) at 20°, after which the penicillin was thoroughly
washed off (four times with TMAI buffer) and any excess was
destroyed by l)enicillinase (100 units, 10 min at 250). Upon
incubation of the penicillin G-pretreated cell-walls with lUDP-
MIurNAc- [D-14C ]Ala-pentapeptide, UDP-GlcNAc, and gly-
cine, only minute amounts of [D-14C]Ala were released (43
p)mol/5 mg of cell walls), compared to 620 )mol/5 mg of cell
walls in the uninhibited preparation. Crude cell-wall prepara-
tions that were pretreated with penicillin also exhibited a
lower incorporation of [14C]GlcNAc into the peptidoglycan
(30%), compared to the untreated cell walls, but the incor-
poration of MIurNAc- [D-14C ]Ala-p)entapvel)tide was only
slightly affected. The same results were obtained ill the pres-
ence of penicillin with crude cell walls that had not been pre-
treated with the antibiotic.

Proc. Nat. Acad. Sci. USA 69 (1972)
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FIG. 5. Model of growth of cell-wall peptidoglycan. Newly
synthesized peptidoglycan strands are attached to the pre-existing
peptidoglycan of the cell-wall by two pathways: (A) transgly-
cosylation to the nonreducing end of a glyean chain; (B) transpep-
tidation to an acceptor on the pre-existing peptide with concomi-
tant release of D-alanine. Pre-existing glycan strands (GlcNAc-
MurNAc),& - ;and the peptide, (Ala-Glu-Lys-Ala- Ala),)

Gly
Newly synthesized peptidoglyean is in black. The repeating
unit, single or polymerized, that is incorporated by transpeptida-
tion, is depicted in B as lipid-linked, although it is possible that
the lipid moiety is removed before incorporation.

The molar ratio of [14C]GlcNAc to MurNAc-[L-'4C]Lys-
pentapeptide incorporated either in the presence or absence
of penicillin G (1 ,ug/ml), is about one (Table 1). The molar
proportion of MurNAc-[D-'4C]Ala-pentapeptide incorporated
into the peptidoglycan was much lower (about 0.3 mol of
[D-'4C]Ala/1.0 mol of ['4C]GlcNAc). However, when the
amount of [D-'4C]Ala that was released by transpeptidation
is added to the [D-14C]Ala that remains attached to the wall,
the molar amount obtained is about equal to the value ob-
tained for the other two nucleotides. In the presence of penicil-
lin G, release of [D-14C]Ala was completely inhibited, but
the amount of [D-14C]Ala that was incorporated into the
peptidoglycan remained the same as that observed in the
absence of penicillin, and was similar to the molar amounts
found for the other two nucleotides under the same condi-
tions.
The incorporation of MurNAc-[D-14C ]Ala-pentapeptide

and the release of [D-'4C]Ala into the medium, increased
with time (up to 2 hr), were proportional to the amount of
crude cell wall added (0.5-10 mg of cell wall), and were un-

affected by the presence or absence of ATP. Mg++ was re-

quired (optimal concentration 20-30 mM), and the optimal
temperature for release of D-Ala was 300, whereas maximal
incorporation of D-Ala into the cell-wall peptidoglycan was

at 37°. The optimal pH range of the incorporation was be-
tween pH 7.8 and 8.6.
Aminoacid analysis of incubation products from experi-

ments in which only unlabeled substrates were added re-

vealed that the total amount of alanine released by the re-

action was 1.8 nmol/10 mg cell wall. No free alanine (<0.3
nmol/10 mg) was obtained when cell-wall preparations were

incubated in the absence of the two nucleotide precursors.

The amount of alanine released was higher than that cal-
culated from the release of [D-14C]Ala under the same con-

ditions (1.2 nmol/10 mg), thus suggesting that some dilu-
tion with unlabeled alanine occurred. This dilution may orig-
inate from peptide chains in the pre-existing peptidoglycan
that still contain the D-Ala-D-Ala terminal structure and
serve as donors for the transpeptidation reaction (see Fig.
5B).

Incorporation of [14C]Glycine. Paper chromatographic
analysis (solvent I) of incubation mixtures that contained
200 nmol of UDP-GlcNAc, 100 nmol of UDP-MurNAc-
pentapeptide, and 50 nmol of [14C]glycine (8 cpm/pmol) re-
vealed that radioactivity was incorporated into both lipid
intermediates (RF = 0.9) and "origin material" (RF = 0).
[I4C]Glycine (520 pmol/5 mg of walls) was also found in the
purified cell-walls isolated from the incubation mixtures. In
the presence of penicillin G (10 jg/ml), incorporation of [14C]-
glycine into cell-wall peptidoglycan was inhibited 57%.
Lysozyme digests of purified cell walls labeled with [14C]
glycine, contained about 92% of the radioactivity in a soluble
form. No Dnp-[14C]glycine was found in acid hydrolysates
of dinitrophenylated cell walls labeled with ['4C]glycine.
Enzymatic Digestion of Purified Cell Walls. Purified cell

walls were almost completely solubilized (>95%) with either
lysozyme or Streptomyces amidase, but were resistant to
Pronase digestion. Streptomyces amidase digests of [14C]-
GlcNAc-labeled cell walls afforded two major radioactive
compounds that were identified by their migration on paper
electrophoresis (pH 6.5) and paper chromatography (solvent
II). They were identical with the disaccharide, GlcNAcB(1

- 4)MurNAc, and the corresponding tetrasaccharide (11).
Lysozyme digests of cell walls labeled with [14C]GlcNAc
contained several radioactive compounds. Two of the com-
pounds obtained were identical in their migration to the
authentic disaccharide-pentapeptide, GP-2, and its dimer,
the crosslinked bis-disaccharide-decapeptide, GP-1 (11).
In addition, small amounts of radioactive disaccharide were
present in the lysozyme digests.
Paper electrophoretic comparison of lysozyme digests of

cell-walls labeled with ['4C]glycine in the presence or ab-
sence of penicillin G (10 ,g/ml) showed different patterns.
The glycopeptide fragments, which contain a higher degree
of peptide crosslinks, migrate faster (11). Digests of walls
labeled in the presence of penicillin G contain a considerably
smaller proportion of the faster moving glycopeptide frag-
ments, compared to the. digests of walls labeled in the ab-
sence of penicillin.

DISCUSSION

Our results show that cell-wall preparations of M. luteus
serve both as source of enzyme and as acceptor for newly
synthesized peptidoglycan, and thus provide us with a system
for the study of the terminal stages of cell-wall biosynthesis.
In this respect, these crude cell-wall preparations are similar
to those obtained from S. aureus (5).
MurNAc-pentapeptide, labeled either in the lysine or in

the terminal D-alanine, was found attached to the cell-wall
peptidoglycan, although in different molar ratios. This differ-
ence could be accounted for by the amount of D-alanine re-
leased by transpeptidation so that the molar surm of [D-14C]-
alanine found in the purified walls, together with the free
[D-14C]alanine released into the medium, was equivalent to
that of the [L-'4C1lysine found in the walls (Table 1). In-
corporation of UDP-MurNAc-pentapeptide was dependent

Proc. Nat. Acad. Sci. USA 69 (1972)
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on addition of UDP-GlcNAc, and only traces of D-alanine
were released in the absence of UDP-GlcNAc. These findings
strongly suggest that a transpeptidase is present in the crude
cell-wall preparations and that these preparations are devoid
of D-carboxypeptidase activity. Although D-carboxypeptidase
activity is commonly found in rod-like organisms containing
diaminopimelic acid (7, 14-16), it has not yet been detected
in spherical organisms, which contain lysine in their peptido-
glycan (5,17).

It is generally assumed that cell-wall biosynthesis from
the two nucleotide precursors proceeds by formation of linear
peptidoglycan strands by a transglycosylation reaction, fol-
lowed by the crosslinking of the linear strands by a specific
transpeptidase, to form a two- or three-dimensional network
(3, 7). These two reactions differ in their sensitivity to peni-
cillin, the transpeptidase being highly sensitive to the anti-
biotic whereas the transglycosylation reaction is presumably
insensitive.
The data presented here show that small concentrations of

penicillin inhibit both the release of D-alanine and the incor-
poration of labeled nucleotides into the pre-existing cell-wall
peptidoglycan (Table 1). This finding is in contrast to the
earlier observations of Anderson et al. (1, 2). The reason for
this discrepancy becomes clear if the nature of the product
obtained with their membrane system (1, 2) is compared to
that obtained with the crude cell-walls we used. With isolated
membranes only linear, non-crosslinked peptidoglycan is
synthesized, apparently by the penicillin-insensitive trans-
glycosylation reaction. However, with crude cell-walls an
additional event takes place by which newly synthesized
linear strands are attached to the pre-existing cell wall. This
attachment is accompanied by release of the terminal D-
alanine and is strongly inhibited by penicillin (Table 1, Fig.
4). Part of the attachment, however, proceeds by transgly-
cosylation, as can be deduced from the extent of incorporation
of radioactive precursors into the preformed cell wall in the
presence of penicillin (Fig. 5A).
The simplest explanation for these results is that the role

of the transpeptidase is not only for the formation of inter-
peptide crosslinks, subsequent to the transfer and attachment
of linear glycan strands to pre-existing wall, but mainly for
the attachment of new strands to "older" ones (Fig. 5B).
This explanation agrees with the observation that penicillin
exerts a marked inhibitory effect on incorporation of glycine
into purified cell-walls of S. aureus (5). Further support for
the proposal that penicillin interferes with attachment of
newly synthesized peptidoglyean to pre-existing cell wall is
derived from observations (18, 19) that small concentrations
of penicillin G (5 jig/ml) interfere in the in vivo incorporation
of L-lysine or glycine into cell walls of S. aureus. The dramatic
killing effect of penicillin at very low concentrations (2) may
be more clearly understood if it affects attachment of newly
synthesized strands to existing ones and not only formation
of interpeptide bridges. A new role may also be envisaged for
the cell-wall endopeptidases that act, in many bacteria, on
the peptide moiety of the cell-wall peptidoglycan (20). One
function of these enzymes may be to liberate free amino
groups to serve as acceptors for attachment of newly syn-

thesized strands of peptidoglycan by transpeptidation. That
such a cleavage by an amidase may occur in .1I. luteus cell-
walls (11, 21, 22) is supported by our finding of the radio-
active disaccharide in lysozyme digests of purified cell walls
that had been labeled with [14C ]GlcNAc.
The simple assumption that the main function of the trans-

peptidase is to attach linear peptidoglyean strands to pre-
existing ones is very appealing. However, since little is known
about the formation of the three-dimensional structure of
the cell wall and its orderly controlled growth, we cannot over-
look another, more complex explanation for our results. It is
possible that the organization of the enzymes involved
in the last stages of cell-wall biosynthesis is such that extensive
elongation of peptidoglyean chains by transglycosylation
cannot proceed if concomitant formation of peptide cross-
bridges is prevented. Thus, inhibition of transpeptidation
by penicillin would result in inhibition of transglycosyla-
tion.

We thank Mr. N. Kaldor and his collaborators for growing the
Al. luteus cells and Mr. D. Levanon for preparation of the UDP-
MlurNAc-tripeptide.
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