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Isolated membranes of Streptococcus faecalis ATCC 9790 exhibit DD-carboxypeptidase activity 
(standard reaction : Ac,-L-Lys-~-Ala-~-Ala + D-alanine + Ac,-L-Lys-D-&a) and LD-trans- 
peptidase activity (standard reaction : Ac,-L-Lys-D-Ala + acceptor + n-alanine + Ac,-L-LYs- 
acceptor). The DD-carboxypeptidase activity has a considerable specificity for peptides with a 
C-terminal L-R,-D-Ala-D-Ala sequence where R, is an amino acid residue and a long side-chain 
a t  the L-R, position. A corresponding DD-transpeptidation reaction yielding the product Ac,-L- 
Lys-~-Ala-~-[~~C]Ala from the system Ac,-L-Lys-D-Ala-D-Ala + ~-[l~C]alanine was not detected. 
The LD-transpeptidase activity has a considerable specificity for peptide donors that have an 
27”-substituted, C-terminal L-R,-n-Ala sequence with a free o-amino group a t  the end of a long 
side-chain at the L-R, position, and a considerable specificity for amino group acceptors that are 
located on a D-carbon in a-position to a free carboxyl group. In  the absence of acceptor, hydrolysis 
of the dipeptide Ac,-L-Lys-D-Ala (m-carboxypeptidase activity) was not observed. Both DD- 
carboxypeptidase and LD-transpeptidase activities are inhibited by /?-lactam antibiotics, but 
their relative sensitivity differs according to the particular antibiotic used. 

Three enzyme activities, transpeptidase, DD- 
carboxypeptidase and LD-carboxypeptidase are in- 
volved in the synthesis and the control of the cross- 
linking between the peptide units during the bio- 
synthesis of the bacterial wall peptidoglycans. (a) 
The transpeptidase activity catalyses the transfer 
of the penultimate C-terminal D-alanine residue of a 
peptide donor ending in a L-R,-D-Ala-D-Ala sequence, 
to the w-amino group a t  the L-R, position of a 
peptide acceptor of the same composition [1,2]. 
Nw-(D-Ala)-L-R, interpeptide bonds are formed (at 
least in peptidoglycans of chemotypes I, I1 and I11 
[3]) and equivalent amounts of D-alanine are released 
from the peptide donor. This transpeptidation 
reaction makes the peptidoglycan network insoluble. 
(b) The DD-carboxypeptidase activity (also called 
carboxypeptidase I) catalyses the hydrolysis of the 
C-terminal D-alanyl-D-alanine peptide bond without 
concomitant transfer reaction [4]. This activity 
probably limits the number of peptide donors avail- 
able for transpeptidation. The relationship between 
transpeptidase and DD-carboxypeptidase activities 
is still a matter of speculation. Thus far, no mem- 

Abbreviations. The nomenclature of the amino acids is 
according to the rules of the IUPAC-IUB Commission on 
Biochemical Nomenclature, Eur. J .  Biochem. 27, 201 -207 
(1972). 

brane-bound transpeptidase has ever been isolated, 
purified and characterized. Strains of Xtreptomyces, 
however, excrete during growth single polypeptide 
enzymes which catalyse concomitant hydrolysis 
(DD-carboxypeptidase activity) and transfer (trans- 
peptidase activity) reactions and the proportion of 
enzyme activity that can be channelled into either 
pathway depends upon the experimental conditions 
[5-71. It is thought that these enzymes might be 
the exoforma of the membrane-bound transpeptid- 
ases. DD-Carboxypeptidases which seem to be unable 
to catalyse transfer reactions and which therefore 
function as simple hydrolases also exist [8 -101. 
They may be “uncoupled)’ transpeptidases lacking 
the binding site for peptide acceptors. (c) The LD- 
carboxypeptidase activity (also called carboxy- 
peptidase 11) catalyses the hydrolysis of the C- 
terminal L-R,-D-alanine peptide bond exposed by 
prior action of a Dwcarboxypeptidase [8]. Based on 
the known primary structures of the wall peptido- 
glycans [3,11], there was no indication until recently 
(vide infra) that LD-carboxypeptidases might func- 
tion as LD-transpeptidases and catalyse transfer 
reactions in vivo. The possible physiological function 
of this activity is therefore obscure. 

The present paper describes investigations carried 
out on the membrane-bound, peptide crosslinking 
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system in Streptococcus faecalis ATCC 9790 (8. 
faecium). In  this organism, a major portion of the 
peptide moiety of the wall peptidoglycan is com- 
posed of Na-(L-alanyl-D-isoglutaminyl)-L-lysyl-D-ala- 
nine tetrapeptides that are crosslinked through 
single D-iSOaSparaginyl residues extending from the 
C-terminal D-alanine of one tetrapeptide to the NE- 
L-lysine of another [12]. The bonds made by trans- 
peptidation are thus N"-(D-alanyl)D-isoasparaginyl 
linkages. Evidence for the presence of a heretofore 
unknown LD-transpeptidase activity in the isolated 
membranes of this organism will be presented. 

MATERIALS AND METHODS 
Growth Conditions 

Growth medium contained per 1: l o g  yeast 
extract Difco; 10 g Bactopeptone Difco; 0.442 g 
KH2P04; 0.305 g K,HPO,; 25.65 g Na,HP04; 
16.45 g NaH,PO,; 20 g glucose. S. faecalis was 
grown at 37 "C without shaking in 1-1 flasks contain- 
ing 500 ml medium. 

Plasma Membranes 
Unless otherwise stated, all the operations were 

carried out a t  4 "C. Cells of 8. faecalis (6 1 of  culture 
near the end of the exponential growth phase; 
absorbance a t  550 nm = 1.0) were collected by 
centrifugation, washed once with 500 ml 40 mM 
ammonium acetate buffer pH 7 and suspended in 
150 ml of the same buffer supplemented with 0.5 M 
sucrose, 1 mM magnesium acetate and 133 pg/ml 
(final concentration) of hen's egg-white lysozyme. 
The suspension was maintained a t  37 "C for about 
1 h. During the incubation, 20-pl samples were 
diluted with 500 p1 1 mM sodium phosphate buffer 
pH 7 and the absorbance at 550 nm was measured. 
Maximum osmotic fragility was considered to be 
attained when the absorbance of the diluted suspen- 
sion was 5 -lOO/, of its original value. The protoplasts 
were collected by centrifugakion a t  40000 x 9 for 
1 h and suspended in 30 ml 1 mM phosphate buffer 
pH7.  To the suspension 30ml water, 120pl 1 M  
magnesium acetate and a few crystals of DNAse and 
RNAse were added and the suspension was homo- 
genized and maintained at room temperature for 
10-15 min. The lysate (checked for the presence of 
intact cells or protoplasts by phase-contrast micro- 
scopy) was centrifuged a t  40000 x g for 1 h and the 
pellet was suspended in 60ml 1 mM phosphate 
buffer pH 7 supplemented with 2 mM magnesium 
acetate. The suspension was first centrifuged a t  
3000 x g  for 10 min to  remove debris and intact cells 
and then at 40000 x g for 1 h : the procedure yielded 
about 180 mg membrane protein (as estimated by the 
Lowry technique [13]). Membranes were suspended in 
water (about 20 mg protein/ml) and stored in 0.5-ml 

aliquots at -20 "C. NID loss of activity was observed 
after months of storakge. 

Amino Acids 
The non-radioactive amino acids were purchased 

from Merck, Calbiochem, Fluka AG and General 
Biochemical Inc. Monoacetyl-LL-diaminopimelic acid 
was prepared as described in [14]. D-[l*C]Manine 
(48.5 mCi/mmol) and [14C]glycine (1 13 mCi/mmol) 
were purchased from Radiochemical Center (Amer- 
sham, U.K.). 

Peptides 
All peptides, except those listed below were used 

in previous studies [7,9,14-17]. Gly-Gly was pur- 
chased from E. Merck. D-Ala-D-Ma, L-Ma-D-Ala and 
D-Ala-L-Ala were purchased from Cyclo Chemical 
Corp. D-Ala-Gly, Gl.y-~-Ala, L-Lys-D-Ala, OIAC- 
L-Lys-D-Ala, Ac,-~-L;gs-~-Ala, Ac,-~-Lys-Gly, Ac2- 
L-Lys-L-Ma, Ac,-L-L:ys-D-Leu, Ac-Gly-D-Ala, Ac- 
D-Ala-D-Ala, Ac-L-Ala-D-Ma, Ac,-L-A,bu-D-Ala and 
Ac,-L-Orn-D-Ala were. prepared as described in [ 181 
and the dipeptide Ac,-L-L~s-D-A~~ radioactively 
labelled with 14C in the acetyl groups (specific activ- 
ity: 8.36 mCi/mmol), its described in [14]. 

The disaccharide pentapeptide Na-(/l-1,4-N-ace- 
tylglucosaminyl -N-  acetylmuramyl- L - alanyl - D - iso- 
glutamiuyl)-Ne-(D-iso:isparaginyl) -L - lysyl- D - alanine 
was prepared by rem1:)ving the C-terminal D-alanine 
residue from the corresponding D-alanyl-D-alanine- 
ending disacharide bexapeptide [ 151 by treatment 
with the R39 Do-carboxypeptidase-transpeptidase [7] 
in 0.05 M Tris-HC1 buffer pH 7.5, under conditions 
where the enzyme functions as EL hydrolase. A mixture 
of Na-(lactyl-L-alanyl- D-isoglutaminyl)-IP-@ and oc- 
D-aspartyl)-L-lysyl-D-danine, in which the /?-isomer 
greatly predominated, was prepared by treating the 
above disaccharide pentapeptide with 0.05 N NaOH 
a t  37 "C under condi.tions known to catalyse the 
/?-elimination of the lactylpeptide together with the 
deamidation of the isoasparaginyl residue and the 
interconversion of the peptide into a mixture of 
NE-(/l- and a-asparty])-lysyl peptides [12]. The two 
lactylpeptides were riot separated from each other 
but were purified by paper electrophoresis a t  pH 6.5 
(at this pH, both are anionic and equally charged). 

Estimation of Free Amino  Acids 
This was made by using the fluorodinitrobenzene 

technique [I91 without prior elimination of the mem- 
branes from the reaction mixtures. Free D-alanine 
was also estimated mzymatically. Membrane-con- 
taining reaction mix Lures (20 -40 p1) were diluted 
with water to 100 pl final volumes, centrifuged a t  
20000 x g  for 20 min and the D-alanine present in 
50-p.1 supernatant s.amples was estimated with 
D-amino acid oxidase [I191 as described in [20]. 
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Table 1. Inhibition of growth of S .  faecalis (minimal inhibitory concentration or M I C  va,lues) and of membrane-bound DD-carboxy- 
peptidase and An-transpeptidase (ID,, values) by /l-lactam antibiotics ( i n  p M )  
For determination of minimal inhibitory concentration and ID,, values, see text 

Group Antibiotics MIC values DD-Carboxypeptidase LD-Transpeptidase 

ID,, ID,./MIC ID.. IDJMIC 
~~~ 

ILM ILM 
I PcnicilIin V 1 1 1 140 140 

Ampicillin 10 6 0.6 2400 240 
Carbenicillin 25 40 1.6 1200 48 

Benzy Ipenicillin 2 1.2 0.6 190 95 

- 

I1 Methicillin 250 1070 4.3 280 1.1 
6-Aniinopenicillinic acid 1000 800 0.8 3400 3.4 

~~ - 
I11 Cephalothin 12.5 190 15 46 3.7 

Oxacillin 25 740 30 180 7 
C 1 ox a c i 11 in 50 420 8.4 40 0.8 
Cephalexin 250 12500 50 970 4 

Cephalosporin C 2000 3 000 1.5 230 0.11 
IV  Cephaloglycin 225 850 3.8 15 0.067 

Estimation of Radioactive Compounds 
To each membrane-containing reaction mixture 

(40 y1) 10 yl of a 20°/, (w/v) Triton X-100 solution 
was added and the entire volume was spotted on a 
strip of Whatman No. 3 MM paper. Radiocative 
compounds were separated from each other by electro- 
phoresis a t  pH 6.5 (collidine-acetic acid-water, 
9.1 :2.65: 1000, v/v/v) or at pH 2 (formic acid 0.5 N) 
for 2 to 4 h at 60 V/cm, using a Gilson high voltage 
(10000 V) electrophorator model DW. The radio- 
active compounds were located on the strips using a 
Packard radiochromatogram scanner and the radio- 
activity was estimated as described in [7]. 

Antibiotics 
D-Cycloserine was purchased from Calbiochem. 

The various B-lactam antibiotics were those pre- 
viously used [21]. 

3Iinimal Inhibitory Concentrations 
Minimal inhibitory concentrations values were 

determined by inoculating tubes containing 6 ml 
broth (see Growth Conditions in Materials and 
Methods) and various concentrations of each anti- 
biotic with 0.1 ml of a 1/1000 dilution of a late log 
phase culture of S. faecalis. The minimal antibiotic 
concentrations which prevented growth were record- 
ed after 18 h of incubation a t  37 "C (stationary 
cultures). The value for each antibiotic is given in 
Table 1. 

RESULTS 
The Membrane-Bound ~~-Carboxypeptidase Activity 

Standard Reaction Catalysed. When exposed to the 
isolated membranes, the tripeptide Ac,-L-Lys-D-Ala- 
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D-Ala was hydrolysed into D-alanine and the di- 
peptide Ac,-~-Lys - D -&a. 

Optimal Conditions for Activity. The tripeptide 
Ac,-L-Lys-D-da-D-Ala (1.5 mM, final concentration) 
was incubated with 125 yg membrane proteins (final 
volumes, 40 y1) a t  37 "C for 30 min under various 
conditions, after which time free D-alanine was esti- 
mated. In  buffers of 0.01 ionic strength, the rate 
of the reaction was maximal a t  pH 6 in sodium 
cacodylate buffer or a t  pH 7 in sodium barbital 
buffer (Fig. 1) .  At pH 6, the rate of the reaction was 
maximal in 50 mM cacodylate buffer (Fig.2). Under 
these latter conditions, EDTA (up to  lOmM), 
MgCl,, MnCl, and CaC1, (5 mM) had no effect; ZnSO, 
and FeSO, (5 mM) decreased the activity by 350/,; 
Triton X-100 a t  concentrations higher than 0.10/, 
(w/v) enhanced it (Fig.3). 

DD- Carboxypepptiduse Unit. One unit (U) catalys- 
ed the degradation of 1 pmol Ac,-~-Lys-~-Ala-~-Ala 
into D-alanine and Ac,-L-Lys-D-Ala per min a t  
37 "C when 38 mM tripeptide (i.e. 10 x the K ,  value, 
vide infra) was incubated with the membranes in 
50 mM sodium cacodylate buffer pH 6. Specific 
activity of the isolated membranes was about 16 DD- 
carboxypeptidase mU per mg protein. 

Specificity. The substrate requirements of the 
membrane-bound DD-carboxypeptidase were studied 
on peptides of the general type X-L-R,-R,-R, (OH) 
where R,, R, and R, are amino-acid residues and X an 
N"-substituent of the R,residue, in 20 p1 (final volumes) 
of 50 mM sodium cacodylate buffer pH 6 (Table 2). 
The rate of hydrolysis (liberation of the R, residue) 
was measured at a fixed, 3-mM concentration of 
peptide. For each peptide, the amount of membrane 
and the incubation time a t  37 "C were such that less 
than 25O/, of the tripeptide was hydrolysed (Table 2). 
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Fig.1. Effects of pH on (A )  DD-carboxypeptidase and (B)  
LD-transpeptidase activities. For conditions, see text: the 
buffers (0.01 ionic strength) mere: (8-8) cacodylate; 
( X- X )  phosphate; (0-0) barbital; (a-m) 
acetate; (A----A) Tris. For DD-carboxypeptidase, results 
were expressed as percentage of Ac,-L-Lys-D-Ala-D-Ala 
hydrolysed. For LD-transpeptidase, results were expressed as 
percentage of Ac,-L-Lys-D-Ala converted into Ac,-L-L~s- 
D -[ l*C]Ala 

The S. faemlis membrane-bound DD-carboxypeptid- 
ase showed a considerable specificity for peptides 
with a C-terminal L-R,-D-alanyl-D-sequence (com- 
pare peptides no. 1-7) and a long side-chain a t  the 
L-R3 position (compare peptides no. 8-11). Intro- 
duction of a charged amino group a t  the end of the 
L-R3 side-chain slightly increased the rate of reaction 
(compare peptides no. 1 and 12). The nature of these 
N”-terminal groups as well as the nature of the Na- 
substituent of the L-R,-D-Ala-D-Ala sequence (the X 
residue or groups) seemed to exert little influence 
(compare peptides no. 13, 15, 16, 17). The diacetylat- 
ed pentapeptide no. 14, however, was a poor sub- 
strate. Interestingly, the disaccharide hexapeptide 
no. 17, in which the peptide moiety was that of the 
wall peptidoglycan precursor of S. faemlis (see Intro- 
duction), was an excellent substrate, whereas the 
dimer no. 18 was hydrolysed more slowly. 

K, and V Values. The K ,  (in mM) and 17 (in 
pmol x mg membrane protein-I x min-I) were deter- 
mined for a few peptides (in the absence of Triton 
X-100) on the basis of initial velocity measurements. 
Typical Michaelis-Menten kinetics were observed. 
K ,  values were 3.8, 7.5 and 1.45 mM for peptides 1, 
14 and 17 (Table 2), respectively. V values were 
0.020 pmol x mg-l x min-1 for these three peptides. 

t 
-//- - 

, 

[Sodium tacodylate] (mM) 

Fig.2. Effects of wncentrcition of sodium d y l a t e  buffer 
pH 6 on (e-e) DD-Cari>Oxypeptidase and (8-  - - -4) LD- 
transpeptidase activities. For conditions, see text. Results 
wcrc exprcssed as in Fig. 1 
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Fig.3. Effects of Triton X-100 at pH 6 on (e-8) DD- 
carboxypeptidase and (8--.--e) LD-transpeptidase activities. 
For conditions, see text. Rimdts were expressed as in Fig. 1 

Effects of t9-Lactarib Antibiotics (IDbo values). 
Ac,-L-Lys-D-Ala-D-da (3 mM, final concentration) 
and membranes (250 pg protein) were incubated in 
20p.l (final volumes) of 50mM sodium cacodylate 
buffer pH 6 for 45 min at 37 “C, in the absence and 
in the presence of various concentrations of anti- 
biotics. I n  the absence of antibiotic, goo/, of the 
tripeptide was hydrolysde. The concentrations of 
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Table 2. Specificity of the S. faecalis DD-curboxypeptidase 
Release of the R, residue from peptides X-L-R,-R,-R,(OH). Por conditions, see text. Peptide concentrations were 3 mM. 
Origin of the peptides: No. 8, see Materials and Methods; No. 14, see 1161; No. 17 and 18, see [15]; all the other peptides, 
see [9]. Disaccharide: ~-1,4-N-acetylgli1cosaminyl-N-acetylmuramyl 

No. Peptides Activity 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

14 

15 

16 

17 

18 

D-olAsn 

D-aAsn 

nmol x mg 
protein-l 
x min-1 
7.60 
1.10 
0.07 
0 
0.09 
0 
0 
0 
0.40 
1.65 
4.50 
8.85 
9.42 

1.30 

14.10 

9.40 

11 

3.20 

antibiotics which inhibited the enzymic activity by 
50°/, (ID5o values) were listed in Table 1 and compar- 
ed with the minimal inhibitory concentration values. 
The ID,, values ranged from 1-2pM (benzyl- 
penicillin and penicillin V) to  12.5 mM (Cephalexin). 

Assays of Transfer Reaction. Attempts to catalyse 
transfer reactions with the 8. faecalis membranes 
were undertaken under the following conditions. 
The tripeptide Ac,-L-Lys-D-Ala-D-Aa (1.5 mM) was 
incubated with 500 pg membrane protein at 37 "C in 
40 (1.1 50 mM sodium cacodylate buffer pH 6, in the 
absence and in the presence of various concentrations 
of D-[14C]alanine (up to  30mM). In  the absence of 
~-[l~C]alanine, hydrolysis of the tripeptide was 
complete in about 45min. In  the presence of D- 
[14C]slanine, concomitant hydrolysis and transfer 
reactions occurred. However, the product of the 
transpeptidation reaction was not the expected 
Ac,-~-Lys-~-Ala-o-[~~C]Ala, but was the dipeptide 
A c , - ~ - L y s - ~ - [ ~ ~ c ] ~ & .  Using a molar ratio of tri- 

peptide to D-[14C]alanine of 1 to 5, 6 O / ,  of tripeptide 
was converted into radioactive dipeptide after 18 h of 
incubation. The formation of this radioactive di- 
peptide resulted from a sequence of two reactions. 
First, the tripeptide was hydrolysed into D-alanine 
and the dipeptide Ac,-L-Lys-D-Ala by the action of 
the DD-carboxypeptidase. Second, the Ac,-L-L~s 
residue was transferred from this latter dipeptide to  
D-[14C]ahnine by an LD-transpeptidase. 

The Membrane-Bound Lo-Transpept ihe Activity 
Standard Reaction Catalysed. Incubation of Ac,- 

L-Lys-D-Ala and ~- [~~C]a lan ine  with the membranes 
resulted in the formation of the radioactive dipeptide 
Ac, -~-Lys-~- [~~c]Ala .  I n  the absence of D-[~~C]-  
alanine, the dipeptide was not hydrolysed. 

Optimal Conditions for Activity. Dipeptide Ac,- 
L - L ~ s - D - A ~ ~  (1.5 mM, final concentration) and D- 
[14D]alanine (specific activity: 1 mCi/mmol; 5 mM, 
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Table 3. Specificity of the S. faecalis LD-transpeptidase for peptide donors 
Transpeptidation between non-radioactive peptide donors and 5 mM D-[14C]alanine acceyl tor is measured as a percentage of 
n-[14C[alanine incorporated. For conditions of incubation and electrophoresis, see text. !Lhe transpeptidation products with 
peptides 1 to 3 and 5 to 9 were anionic at pH 6.5. The products with peptides 10,14 and 15 were cationic at p H  2. Origin of pep- 
tides: No. 1-13 and 15, see Materials and Methods; No. 14, see [17] 

No. Peptide donors Transpeptidation for peptide donor/ Mobility of transpeptida- 
~-[l~C]alanine molar ratios of: tion product relative to 

1 to 1 5 to  1 10 to .l Ac,-L-L~s- D-Alanine 
D-Ala a t  a t  p H  2 
p H  6.5 

.- 

"0 .- 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

15 

Ac,-L-Lys-D-Ala 
Ac,-~-Lys-Gly 
Ac,-L-Lys-L- Ala 
Ac,-L-Lys-D-Leu 
Ac,-L-Orn-D-Ala 
Ac,-L-A,bu-D-Ala 
Ac-L-Ala-D-Ala 
Ac-n-Ala-D-Ala 
Ac-Gly-D- Ala 
aAc-L-Lys-D-Ala 
L-Lys-D-Ala 
L- Ala-D-Ala 
D-Ala-D-Ala 
Disaccharide-L- Ala-D-aGln 

Disaccharide-L-Ala-D-aGln 
IL-Lys-D-A1a 
JL-?-D-Aia D - d s n  

14 
1 
0.4 
0 
3.3 
1.3 
3 
1.3 
- 

53 
0 
0 
0 

38 

32.5 

42 
1.8 
3.0 
0 

2.2 

4.4 
1.0 

82 
0 
0 
0 

64 

- 

14 

- 

53 
2.3 
4.4 
0 
- 
- 
26 
10 
1.6 

0 
0 
0 

- 

- 

- 

1 
1 
1 

1 
1.1 
1.4 
1.4 
1.49 

- 

- 
- 
- 
- 
- 

- 

final concentration) were incubated with 500 pg 
membrane proteins in 40 pl (final volumes) for 18 h 
at 37 "C under various conditions. The transpeptida- 
tion product Ac , -~-Lys-~- [~~c]&a and the excess of 
~-[W]alanine were separated by paper electro- 
phoresis and the radioactive dipeptide was estimated 
(Materials and Methods). I n  buffers of 0.01 ionic 
strength, the rate of the reaction was maximal a t  
pH 6 in sodium cacodylate (Fig. I). At pH 6, the 
rate of the reaction decreased at concentrations of 
sodium cacodylate higher than 1OmM (Fig.2). I n  
10 mM sodium cacodylate buffer pH 6, the addition 
of 1 mM EDTA resulted in a 3001, increased activity; 
the addition of Triton X-100 a t  concentrations higher 
than 0.20/, (w/v) strongly inhibited the activity 
(Fig.3). CaCI,, MgC1, and FeSO, (up to  10 mM) had 
no effect on the reaction while 0.02 mM CuSO,, 
0.2 mM MnC1, and 0.4 mM ZnSQ, decreased the 
activity by 50°/,. 

Specificity for Peptide Donors. The substrate 
requirements of the membrane-bound LD-tranS- 
peptidase for peptide donors were studied on peptides 
of the general type X-L-R,-R,(OH) by using D- 
[14C]alanine as acceptor. The general reaction catalys- 
ed was X-L-R,-R,(OH) + ~-[14C]alanine -+ R, 
+ X-~-R, -~- [ l~c lAla .  A fixed concentration of D- 
[Wlalanine (5 mM, final concentration) and various 
concentration of each peptide donor (5,25 and 50mM) 

were incubated with I mg membrane protein for 18 h 
a t  37 "C in 40 p1 (fin.al volume) of 10 mM sodium 
cacodylate buffer pH 6 supplemented with 1 mM 
EDTA. The transpoptidation products X-L-R,- 
~- [ l~C]Ala  were estimated and the yields of the reac- 
tions were expressed AS percentage of D-[l4C]a1anine 
incorporated into proclucts (Table 3). The S .  faecalis 
m-transpeptidase shcl wed a considerable specificity 
for peptide donors with a C-terminal L-R,-D-AI~ 
sequence and a long s ide-chain a t  the L-R, position. 
Replacement of the C-terminal D-alanine residue in 
the standard dipeptide Ac,-L-Lys-D-Ala (peptide 
no. 1 in Table 3) by glycine, L-alanine or D-leucine 
(peptides no. 2, 3 ancl 4, respectively) resulted in a 
much decreased effectiveness or in a complete lack of 
donor function. A similar effect was observed when 
the length of the side-chain of the L-R, residue was 
decreased (compare peptide no. 1 with peptides no. 5, 
6 and 7). Replacement of the L-alanine residue in the 
dipeptide Ac-L-A~~-D -Ala by D-alanine or glycine 
also resulted in a decreased donor function (peptides 
no. 7-9). The introduction of a charged amino group 
at the end of the L-R, side-chain (peptides no. 10, 14, 
15) markedly increased the rate of the reaction. The 
nature of the N"-substituent of the L-R,-D-ALa 
peptide seemed to  exert little influence (peptides 
no. 10,14,15). Howemr, N"-unsubstituted dipeptides 
such as L-Lys-D-Ala, L-&a-D-Ala or D-da-D-Ma 
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Table 4. Specificity of the S. faeoalis LD-transpeptidase for acceptors: transpeptidation between amino acid and peptide acceptors and 
3 mM Ac,-L-Lys-D-Ala donor 
For conditions of incubation and electrophoresis, see text. All transpeptidation products were anionic except with peptides no.7 
and 13. Origin of the peptides: No. 1 to 18 and 25, see Materials and Methods; No. 19, 20, see [14]; No. 21 to 24, see [7] 

No. Acceptors Transpeptidation at acceptor/Ac,-L-Lys-D-Ala Mobility of 
molar ratios of: transpeptidation 

product relative 
1 to  1 5 to 1 10 to 1 to Ac,-L-L~s- 

D-Ala 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

21 

22 

23 

24 

25 

D-Alanine 
D-Alanine (f 30 mM D-cycloserine) 
L- Alanine 
L-Alanine (+ 30 mM n-cycloserine) 
D-Aspartic acid 
L-Aspartic acid 
D-Lysine 
L-Lysine 
meso-Diaminopimelic acid 
LL-Diaminopimelic acid 
Ac-m-A,pm 
Glycine 
Glycinamide 
D-Cycloserine 
D- Ale-L- Ala 
D-Ala-Gly 
Gly-D-Ala 
Gly-Gly 
Ac-~-Lys(Gly) 
Ac-m-A,pm(Gly) 

"0  

6.6 
8.8 
3.5 
0 
0.75 
0 
8.8 
0 
4.7 
0 
0 
2.3 
0.5 
0 

1.0 

2.2 

Disaccharide-L- - ~ - A l a  0.8 

1 
D 

L L-Ala-D-Glu -& 0 

L-T-D-A1a 
(amide) D 

Lactyl-L- Ala-D-cwGh 0 

7.6 8.3 
12 22 

0.9 2.2 
0 0 

10.7 10.8 
0 0 
7.6 8 
0 
0 
5 7 
1.7 3.2 
0.7 1.9 

0 
0 
0 
0 
0 
0 

2.0 

2.8 

2.0 

0 

0.5 

1.00 
1.00 
1.00 
1.00 
1.65 

-0.15 

0.81 

1.00 
-0.12 

0.73 

1.13 

0.55 

1.15 

1.15 

(peptides no. 11-13) were not utilized at all by the 
enzyme. Among the best substrates was the major 
disaccharide peptide unit (peptide no. 15) found in 
the wall peptidoglycan of S. faecalis ATCC 9790. 

Specificity for Acceptors. The substrate require- 
ments of the s. faeculis membrane-bound LD-tranS- 
peptidase for acceptors were studied by using Ac,- 
L - L ~ s - D - A ~ ~  as the peptide donor and various amino 
acids, di- and oligopeptides as acceptors. A fixed 
concentration of Ac,-~-Lys-~-Ala donor (3 mM) and 

various concentrations of each acceptor (3, 15 and 
30 mM) were incubated with 500 pg membrane pro- 
tein for 18 h at 37 "C in 40 pl (final volume) of 
1 mM EDTA in 10 mM sodium cacodylate buffer 
pH 6. Radioactive [14C]Ac,-~-Lys-~-&a (specific 
activity : 0.91 mCi/mmol) and non radioactive accep- 
tor were used except when D-alanine, glycine and 
L-alanine were tested as acceptors in which cases 
non-radioactive Ac,-L-Lys-D-Ala and the 14C-labeled 
amino acid were used. The transpeptidation products 
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([14C]Ac,-~-Lys-acceptor, Ac , -~-Lys-~- [~~c]Ala  or 
Ac,-~-Lys-[~~C]Gly) were isolated by paper electro- 
phoresis and estimated. The yields were expressed as 
percentage of Ac,-~-Lys-~-Ala converted into trans- 
peptidation products (Table 4). 

D-Amino acids and glycine were utilized as accep- 
tors (acceptors no. 1, 2, 5, 7, 9, 12). D-Alanine and 
D-lysine were especially good substrates. D-CYClO- 
serine (acceptor no. 14) was also an acceptor. It has 
been argued that because of its zwitterion properties, 
D-cycloserine has charges similar to  those of an 
a-amino acid [14]. The addition of 30mM D-CyClO- 
serine to the systems Ac,-L-Lys-D-Ala + D-[14C]- 
alanine (no. 2) or Ac,-Lys-D-&a + ~-[~~C]a lan ine  
(no. 4) resulted in an increased rate of transfer with 
D-alanine and in the complete absence of reaction 
with L-alanine. These results suggested the presence 
of an alanine racemase in the isolated membranes and 
demonstrated that L-alanine was, like the other 
L-amino acids tested (no. 6,8,10, l l ) ,  not a substrate. 
Since L-amino acids including LL-diaminopimelic 
acid were not acceptors, the transpeptidation reaction 
observed with meso-diaminopimelic acid (no. 9) 
probably involved the amino group located on the 
D -carbon. 

The presence of an amide group on glycine (no. 13) 
decreased its effectiveness as an acceptor (compare 
with no. 12). The dipeptides no. 15-20 where the 
amino group potentially available for transfer reac- 
tion was not in a-position to  a free carboxyl group, 
were not utilized as acceptors. Particularly the di- 
peptides D-Ala-Gly (no. 16) and Gly-~-Ala (no. 17) 
remained unutilized even when tested in the presence 
of 0.1 mM benzylpenicillin, a concentration below 
that which inhibited the LD-transpeptidase activity 
(vide infra) but sufficient to  completely inhibit the 
DD-carboxypeptidase activity (Table 1). Inhibition of 
DD-carboxypeptidase with benzylpenicillin would 
prevent the hydrolysis of the tripeptides [l4C]Ac2- 
L-Lys-D-Ala-Gly and [14C]Ac,-~-Lys-Gly-~-Ala if 
these peptides were formed by a transfer reaction. 

The tripeptide L-alenyl-y-D-glutamyl-(L)-meso-di- 
aminopimelic acid (no. 21) functioned as an acceptor. 
Acceptor activity was seen even when the glutamic 
acid residue was amidated and a C-terminal D-alanine 
was present (peptide no. 22) ; and when and N-terminal 
disaccharide was added (peptide no. 23). However 
acceptor function was abolished by the amidation 
of the carboxyl group of meso-diaminopimelic acid in 
a-position to the amino group acceptor (peptide 
no. 24). Finally the lactylpentapeptide no. 25 func- 
tioned as a poor acceptor. It should be noted however 
that this peptide no. 25 as well as peptides no. 22 and 
23, contained L- D-alanine sequences suitable for 
donor function. 

Apparent K m  Values. Both double-reciprocal 
plots l / v  ws l/[Ac,-~-Lys-~-Ala] at a fixed, 5 mM, 
concentration of ~-[l~C]alanine and l / v  vs 1/[D- 

[14C]Ala) at a fixed, 3 mM, concentration of Ac,- 
L-LYs-D-A~~ gave rise to  straight lines from which 
apparent Km values of 40 mM for Ac,-L-Lys-D-Na 
and of 140 mM for D-[l4C]a1anine could be calculated. 
The incubations were carried out for 18 h at 37 "C 
with 500 pg membrane proteins in 10 mM sodium 
cacodylate buffer pH. 6, 1 mM EDTA and 15 mM 
D-cycloserine (final volume: 40 pl). 

Effects of /l-Lactum Antibiotics (ID,, Values). 
Ac,-~-Lys-~-Ala (5 ntM, final concentration) and 
D-[14C]alanine (5 mM]i were incubated with 500 pg 
membrane protein for 18 h at 37 "C in 40 pl (final 
volume) of 10 mM sodium cacodylate buffer pH 6 
and 1 mM EDTA, in the absence and in the presence 
of various concentrations of the antibiotics. In  the 
absence of antibiotic, 6.5O/, of the non radioactive 
dipeptide was converited into Ac,-L-Lys-~-[~~c]Ala. 
The concentrations of antibiotics which inhibited the 
enzyme activity by 50°/, (ID5,J values were listed in 
Table 1. The ID,, values ranged from 15 pM (cephalo- 
glycin) t o  3.4 mM (Gaminopenicillinic acid). The 
same ID,, values for benzylpenicillin, oxacillin and 
cephaloglycin as those given in Table 1 were obtained 
when the time of incu bation was decreased from 18 h 
to 3 h indicating that the observed ID,, values did not 
depend upon the time of incubation. 

DISCUSSION 
The S. faecalis membranes contained a DD- 

carboxypeptidase activity which catalysed the hydro- 
lysis of Ac,-L-Lys-D-,Qla-D-Ala into D-alanine and 
Ac,-L-Lys-n-Ala. The specific activity of the enzyme 
was about 16mU per mg membrane protein. This 
value was close to  the 6 DD-carboxypeptidase m u  per 
mg protein found for membranes of E. coli K12 
[using UDP-N-acetylriiuramyl-L-alanyl-y-D-glutamyl 
@)-meso - diaminopimelyl- (L) - D -alanyl- D - alanine as 
substrate] 122 -241. Specific activities of the purified 
exocellular DD-carboxypeptidase from Streptomyces 
were 86 units (R61 enzyme [25]) and 15 units (R39 
enzyme, unpublished results) per mg protein (using 
Ac,-L-LyS-D-Ala-D-Al;t as substrate). The S. faeculis 
DD-carboxypeptidase had a considerable specificity 
for peptides with a C-terminal L-R,-D-&a-D-da 
sequence and a long riide-chain at the L-R, position. 
The occurrence of charged amino groups at the end of 
this side-chain exerted relatively little influence. 
Such a specificity pro tile was very similar to those of 
the DD-carboxypeptidases from streptomyces strains 
R61 and R39 [16,26]. Unlike these latter enzymes, 
however, the S. faecalzs membranes failed to  catalyse 
transfer reactions at, least with the system Ac,- 
L-Lys-D-Na-D-Ala + ~-[~~C]a lan ine  and under the 
incubation conditions used. I n  view of the nature 
of the peptide crosslinking in the peptidoglycan of 
S. faecalis ATCC 9790, the apparent absence of a 
DD-transpeptidase adcivity in the membrane prep- 
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arations seems remarkable. However, other sub- 
strates and conditions of incubation must be ex- 
amined before the absence of such an activity could 
be stated. 

Exposure of Ac,-L-L~s-D-A~~,  i.e. the end- 
product of DD-carboxypeptidase activity, to #. 
faecalis membranes did not result in the liberation of 
D-alanine. Hence the membranes appeared to  be 
devoid of Lwcarboxypeptidase activity. However, 
when the same Ac,-L-L~s-D-A~~ dipeptide and 
various suitable amino acids or peptide were simulta- 
neously exposed to the membranes, transfer reactions 
occurred according to the reaction Ac,-L-LYs- 
n-Ala + acceptor --f n-alanine + Ac,-L-LYs- 
acceptor. Hence the 8. faecalis membranes exhibited 
the transpeptidase activity that one would expect 
for an LD-carboxypeptidase reacting with an amino 
nucleophile (instead of H,O as it occurs in simple 
hydrolysis). The S. faecalis LD-transpeptidase showed 
a considerable specificity for peptide donors present- 
ing a Nu-substituted, C-terminal L-R,-D-A~ 
sequence with a free co-amino group located a t  the 
end of a long side-chain at the L - R ~  position, and for 
amino acid and peptide acceptors with an amino 
group located on a D-Carbon in a-position to a free 
carboxyl group. 

If functional in vivo, the S. faecalis LD-tmnS- 
peptidase could catalyse the transfer of the penulti- 
mate C-terminal L-lysine of a pentapeptide donor 
Na- (L-alanyl-D-iSOglUtaminyl) -Ne((B-D-aspartyl) - ~ - l y -  
syl-D-alanine (ke. the end-product of DD-carboxy- 
peptidase activity on a hexapeptide precursor) to  
the amino group of the D-aSprtrtiC residue of another 
pentapeptide acceptor. Note that amidation of the 
cc-carboxyl group of D-aspartic acid would abolish 
the acceptor function but not the donor function. 
The resulting interpeptide bond would be a C- 
terminal L-LYS-D-ASP linkage. Previous studies [I21 
showed the presence of L-Lys-D-Ala-D-ccAsn inter- 
peptide linkages as a major component of the wall 
peptidoglycan of exponential phase cells (see Intro- 
duction). The occurrence of L -L~s -D-As~  linkages as 
minor peptidoglycan component might have escaped 
detection or the synthesis of this latter type of inter- 
peptide bond might prevail under different culture 
conditions, as those which lead to  wall thickening 
[27]. Recent investigations support the idea that 
atypical types of peptide crosslinking which might 
result from LD-transpeptidase activities, occur in 
peptidoglycans of some bacteria. LL-Diaminopimelyl- 
glycyl-LL-diaminopimelyl was proposed as the struc- 
ture of a minor type of crosslinking in Streptomyces 
albus G and Clostridium perfringens type A (see 
Fig. 10 in [28]). Similarly, meso-diaminopimelyl- 
meso-diaminopimelic acid is the proposed structure 
for a minor type of crosslinking in the peptidoglycan 
of Mycobacterium smegmutis (J. Wietzerbin et al., 
unpublished results). 

Depending upon the antibiotic (Table l), inhibi- 
tion of growth occurred either at (a) concentrations 
which were about the same as those which inhibited 
the DD-carboxypeptidase but much lower than the 
concentrations required to inhibit the m-transpeptid- 
ase (group I ) ;  (b) concentrations which were about 
the same as those which inhibited both the DD- 
carboxypeptidase and the LD-transpeptidase (group 
11); (c) concentrations which inhibited the LD- 
transpeptidase but were considerably lower than 
those required to inhibit the DD-CarbOXypeptidaSe 
(group 111). These results would suggest that both 
enzymes might be killing targets of the (B-lactam 
antibiotics and that inhibition of either of them 
would result in inhibition of cell growth. This con- 
clusion, however, was not supported by the obser- 
vation that inhibition of the m-transpeptidase by 
cephaloglycin and cephalosporin C (group IV) 
occurred at lower concentrations than those required 
to inhibit growth and DD-carboxypeptidase. m a t e v e r  
the possible physiological function of the m-trans- 
peptidase, its inhibition by B-lactam antibiotics in 
vitro is not consistent with the hypothesis [I] that the 
penicillin molecule would act as an analogue of a 
C-terminal D-alanyl-D-ahine sequence. 
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