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The Peptidoglycan in Walls of Butyribacteriurn rettgeri" 

Micheline Guinand,t Jean-Marie Ghuysen, Karl H. Schleifer,$ and Otto Kandlert 

ABSTRACT: The wall peptidoglycan in Butyribacterium 
rettgeri is composed of N"-(L-seryl-y-D-glutamyl)-L- 
ornithyl-D-alanine subunits. The peptide subunits are 
cross-linked by means of a D-lysine or a D-ornithine resi- 
due, extending from the a-carboxyl group of the glu- 
tamic acid of one peptide subunit, to which D-lysine is 
linked through its e-amino group or D-ornithine through 
its &-amino group, to the carboxyl group of the C- 
terminal D-alanine residue of another peptide subunit. 
D-LySine and D-ornithine bridges occur in the ratio of 
2:1. 

I n many eubacteria, the peptide subunits N=-(L- 
alanyl-D-isoglutaminyl)-L-lysyl-D-alanine (Muiioz et al., 
1966) and L-afanyl-y-D-glutamyl-(L)-mesodiaminopi- 
rnelyl-(~)-~-alanine (van Heijenoort et al., 1969) are 
the building blocks of the peptide moiety of many wall 
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The Streptomyces KM endopeptidase hydrolyses 
the N"-(D-alanyl)-D-lysine and Nu-(D-alanyl)-D-orni- 
thine linkages and causes wall solubilization. The walls, 
as they are prepared, have a low degree of cross-linking. 
About 59% of the peptide subunits occur as monomers 
(1 8 z), dimers (24 %), and trimers (17 %). Higher oligo- 
mers account for the remaining 41 %. The disaccharide 
units obtained after sequential treatment with Strepfo- 
myces Ft endo-N-acetylmuramidase and Streptomyces 
N-acetylmuramyl-L-alanine amidase are all 8-1,4-N- 
acetylglucosaminyl-N-acetylmuramic acid. 

peptidoglycans. These subunits are interlinked by pep- 
tide bridges which extend from the e-amino group of 
L-lysine or from the amino group on the D-carbon of 
meso-diaminopimelyl of one peptide subunit, to the 
carboxyl group of the C-terminal D-alanine of another 
peptide subunit. According to the species, the bridges 
consist of direct peptide linkages between peptide sub- 
units or they are built up of additional intervening 
amino acids such as glycine, L-amino acids, or D-iS0- 
asparagine (Ghuysen, 1968). 

In some micrococcal species (Schleifer and Kandler, 
1967; Ghuysen et ai., 1968; Campbell et a/ . ,  1969) the 
peptide subunits N"-(~-alanyi-y-a-~-glutamylglycine)- 
L-lysy!-n-alanine are cross-linked by means of two types 
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of linkages: N'-(Dalanyl>L-lysine linkages which again 
extend from the eamino group of L-lysk to the car- 
boxyl group of D-alanine and D-alanyl-L-alanine link- 
ages which assemble several identical peptide subunits 
in "head-to-tail" sequences. 

In Corynebacterium poimttiae and some other re- 
lated Corynebacteria (Perkins, 1%5, 1%7), peptide 
subunits glycyly-Dglutamylhomoseryl-Dalanine are 
bridged by means of a wrnithine residue linked 
through its &amino group to the a-carboxyl group of 
the glutamic acid of one peptide subunit and through 
its a-amino group to the carboxyl-terminal Dalanine of 
another peptide subunit. Previous studies (Miller et al., 
1966, 1968) have indicated that the wall peptidoglycan 
in Butyribacterium rettgeri presents similar peculiarities. 
The nucleotide precursor accumulated in the presence 
OF rxycloserine has the sequence N"-(UDP-N-acetyl- 
muramyl-L-seryl-~-~glutamyl>L-ornithine. Moreover 
partial acid hydrolysis of the walls yielded significant 
concentration of peptides, the established structures of 
which were consistent with the hypothesis that the acar- 
boxyl group of  glutamic acid is substituted by the c- 
amino group of an L- or Dlysine residue. This paper re- 
ports the results of studies involving chemical and enzy- 
matic degradations of the peptidoglycan of B. rettgeri 
by which means a direct establishment of its structure 
has been obtained. 

Materials and Methods 

Cell walls of B. rettgeri ATCC 10825 were prepared 
as previously described (Miller et al., 1966) from a cell 
suspension previously heated 30 min at 100" to inacti- 
vate autolytic enzymes. 

Analytical Methods. They have been previously de- 
scribed (Ghuysen et al., 1966) and are summarized else- 
where in this journal (Campbell et al., 1969; van Hei- 
jenoort et al., 1969). 

Chromatographic Soloents. (I) Chloroform-methanol- 
acetic acid (88 : 10:2, v/v), (11) chloroform-methanol- 
acetic acid-water (65 :25 : 13 :8, v/v), 011) l-butanol- 
pyridine-acetic acid-water (30:10:20:30, v/v), (IV) iso- 
propyl alcohol-acetic acid-water (75 : 10: 15, v/v), (V) 
a-picoline-concentrated ",OH-water (70 : 2 :28, v/v), 
and (VI) 1-butanol-acetic acid-water (3 : 1 : 1 ,  v/v). 

Chromatographic Separation of Amino Acid Deriva- 
tiues and Peptides. (1) DNP-Ser, DNP-Glu, di-DNP- 
Orn, DNP-Ala, and di-DNP-Lys were separated on 
thin-layer plates of Stahl's silica gel (Merck) using sol- 
vent I; (2) Nu-DNP-Om, Nu-DNP-Lys, N*-DNP- 
Om, and N'-DNP-Lys (cited in order of increas- 
ing RF) were separated (Figure 1) on silica gel using 
solvent 11; (3) separation of peptide subunits (aide infra) 
was carried out on plates of cellulose MN 300 HR 
(Macherey, Nagel and Co., Diiren) using solvent 111. 

Paper electrophoresis was carried out on Whatman 
No. 3MM paper in a Electrorheophor apparatus Pleu- 
ger, Antwerp, Belgium, at pH 4 in pyridine-acetic acid- 
water (2.5 :9: 1O00, v/v), at 20 V/cm for 2 hr. 

Enzymes and conditions for isolation of products by 
gelfiltration are described in Ghuysen et al. (1968) and 
Campbell et al. (1969). The Streptomyces KM endo- 

7 Ne DNP Lys 
N' DW Om- 8 
N' DNP Lys 

Nd DNP Om L A B  

I T r n r  
0 0  

FIGURE 1: Separation of NO-DNFWm, W-DNP-Lys, N - 
DNP-Orn, N'-DNP-Lys by silica gel thin-layer chromatog- 
raphy (solvent 11). A = synthetic mixture; B = derivatives 
after dinitrophenylation of the KM endopeptidasetreated 
walls and hydrolysis. 

peptidase used in the course of the present studies was 
prepared as described in Ghuysen et al. (1969). 

Isomeric Configuration of D-Alanine,  lysine, and 
D-Ornithine. ENZYMATICALLY. &Alanine concentration 
was estimated using mamino acid oxidase (electro- 
phoretically purified DAOFF, 6506, Worthington Bio- 
chemicals) by (a) quantitating the amount of pyruvate 
formed (Ghuysen et at., 1966) or by (b) following the 
loss of total alanine by the fluorodinitrobenzene tech- 
nique (Ghuysen et al., 1966). This latter method was 
also used for Domithine determination. The specificity 
and completion of the reaction were confirmed by con- 
trols consisting of a synthetic mixture of D L - ~ ,  DL- 
Om, DL-G~u, DL-LYS, and ~-Ser (25 mpmoles of each) 
incubated for 2 hr at 37" in the presence of FAD (1 pg) 
and Damino acid oxidase (170 pg) in a final volume of 
SO pl of 0.1 M KZs0, (PH 8.3). O ~ C W Y .  The con- 
figuration of the lysine and the ornithine was deter- 
mined by measuring the optical rotation of the di-DNP 
derivatives, using a Perkin-Elmer Model M polarimeter 
with tubes of 1 dm and about 1-ml content. 

Experimental Section 

Estimation of the Number of Disaccharide Peptide 
Units. Analyses showed the presence in millimicromoles 
per milligram of walls of: glucosamine, 360; total 
hexosamines, 730; L-serine, 320; D-glutamic acid, 350; 
b-alanine, 290; m-ornithine, 370; and D-lysine, 210. 

If one assumes that, on the average, there are two 
diamino acids, i.e., 2 ornithine or 1 ornithine and 1 
lysine per peptide subunit, the above figures indicate the 
Occurrence of about 320 mpmoles of disaccharide pep 
tide units/mg of walls, with the following ratio: disac- 
charide, 1.12; L-Ser, 1; D-Glu, 1.10; D-Ala, 0.94; LD- 

Om, 1.16; and ~ L y s ,  0.66. 
Enzymatic Degradation of Walls of B. rettgeri. Strep- 

romyces F, endo-N-acetylmuramidase (50 pg of enzyme/ 
mg of walls, final volume 1 ml, 24 hr at 37", in water) 
completely solubilizes the walls. At completion of the 
reaction 260 mpmoles of reducing groups equivalent to 
B- 1,4-N-acetylglucosaminyl-N-acetylmuramic acid di- 
saccharides are liberated, i.e., 8Oz of the total number 
of disaccharide peptide subunits. 

Streptomyces KM endopeptidase also completely 20 1 
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TABLE I: Terminal Groups of Walls of B. rettgeri after Enzymatic Degmdations.~ 
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FI endeN-acetylmuramidase 0.18 0 .92  0.26 0 0.47 0.55 0.62 

Results expressed in moles per mole-af peptide subunit. On the average, peptide subunits are composed of L a ,  

KM endopeptidase 0.35 0.90 0.62 0 0.90 0.60 0.58 

1; D-Glu, 1.10;  ala, 0.94; LDOm, 1.16; andDLys, 0.66. Allthelysineresiduesare thusC t d n a l .  

TABLE n: Yields of Peptide Fragments Fmduced by Enzymatic Degradation of Walls of B. rerrgeri." 

Monomer oligomer 
with 

Enzymatic Treatment Total MI MI Ms Dimer Trimer K ~ 0 . 4  

Fl + amidase 18 4 8 6 24 17 41 
KM endopeptidase + FI + amidase 78 13 26 39 0 0 22 

a The yields are expressed per 100 total glutamic acid residues in the original walls. 

solubilizes the walls. Under the following conditions, 
80 pg of enzyme/mg of walls, final volume 1 ml in water, 
complete clarification of the wall suspension and maxi- 
mum liberation of N- and C-terminal groups occurred 
after 12-hr incubation at 37'. Table I presents the quan- 
titation of N- and C-terminal groups after exhaustive 
wall degradation with Fl enzyme, i.e., those groups 
present in the native walls and with KM endopeptidase. 

Egg-white lysozyme only partially solubilizes the 
walls. However, lysozyme treatment of a KM endopep- 
tidase digest of the walls (100 pg of enzyme/mg of de- 
graded products in 300 p1 of 0.03 M acetate buffer (PH 
5.4), 24 hr at 37') resulted in the liberation of 260 m- 
equiv of disaccharide units. Similar results were ob- 
tained with the Fl endo-N-acetylmuramidase. 

Streptomyces N-acetylmuramyl-L-alanine amidase 
acting (under standard conditions) on walls previously 
degraded either with FI enzyme alone or with KM endo- 
peptidase and lysozyme used in sequence liberated 

FIGURE 2: Sephadex filtration in LiCl of B. rettgeri walls de- 
graded with Streptomyces K endo-N-acetylmuramidase and 
N-acetylmunrmyl-L-alanine amidase. Solid line: terminal 
amino group. Dotted line: reducing group. 

terminal amino groups of serine. However, the quanti- 
tation of these amino groups was not reliable because 
of incontrollable variations in the amount of DNP- 
serine destroyed under the experimental conditions. 
Actual data ranged from 150 to 260 mmoles per mg of 
walls. 

Isolation of Peptides and Disaccharide Fragments from 
Walls of B. rettgeri. PROCEDURE I. The degraded prod- 
ucts from 100 mg of walls treated sequentially with FI 
endo-N-acetylmuramidase and N-acetylmuramyl-L-ala- 
nine amidase were fractionated by gel filtration in 0.1 
M LiCl on two linked Sephadex G-50 and Sephadex 
G-25 columns under the conditions previously de- 
scribed (Ghuysen et al., 1968; Campbell et al., 1969). 
The elution profile of the amino and reducing groups is 
shown in Figure 2. Calculation of the KD values and 
comparison with results of similar experiments carried 
out in previous studies (Ghuysen et al., 1968; Campbell 
et al., 1969) permitted the identification of a peptide 
monomer (mixed with free disaccharide units), a p e p  
tide dimer, and a peptide trimer. The peptide dimer and 

FIGURE 3: Separation of peptide monomer (solid line) and di- 
saccharide units (dotted line) by filtration on Sephadex G-25 
in water. 
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mm 4: Elution prof&, from Sepbada G-504-25 in 0.1 
M LiCI, of B. rerrgni walls degraded with Srrapromyces~KM 
codornidasq Srprommyce~ R endo-N-+yhwmIUhe 
and Srmpromyces N & y ~ y I - ~  amidase Solid 
Line: taminal amino grow. Dotted line: reducing groups. 

the ppt idc  trimer wac purified by mhromatograghy 
on the linked Sephadex columns in 0.1 M LiCl and were 
desalted on Sephadex G-25 in water. This latter fltra- 
tion also effected the separation of the peptide mono- 
mer and of the free disaccharideunits (Figure 3). 

treated with KM endopeptidase, Streptomyces FI endo- 
N-acetylmuramidase, and N-antylmuramyl-Lalaninc 
amidase. The elution profile of the degraded products 
filtered in 0.1 M LiCl on the two linked Sephadex G-50 
and Sephadex G-25 columns is shown in Figure 4. 
Peptide monomer and disaccharide units were sew- 
rated and purified by filtration on Sephadex G-25 in 
water. Peptide monomer, dimer, and trimer migrate as 
single cationic enti t is  by paper electrophoresis at PH 
4 (see Materials and Methods) but were not separable 
under those conditions. Table I1 presents the yields with 
which the four peptide fractions were obtained. 

Characterization of the Peptide Monomer, Dimer, and 
Trimer. Cellulose thin-layer chromatography of the two 
peptide monomer fractions in solvent 111 (Figure 5 )  
revealed the presence of four distinct compounds and 
yielded three fractions: M, (the compound with smaller 
Rp) ,  Mt (the compound with higher R,), and MI (a 
mixture of two compounds M A  and MJ3 which could 
not be separated from each other under the p e n t  
conditions). Table I1 also presents the yields with which 
MI, M,, and MI were obtained after enzymatic degrada- 
tion of cell walls. Table Ill shows the amino acid and 
terminal group compositions of the two peptide mono- 
mers M, and M, and of the peptide dimer and trimer, as 
well as the terminal group compositions afta a subse- 
quent treatment of peptide dimer and peptide trimer 
with KM endopeptidase. Although not shown in Table 
111, terminal amino groups of serine were present in all 
the cases in amounts ranging from 0.6 to 0.9 per p e p  
tide subunit. As pointed out above, quantilation Of thse 
amino groups was not satisfactory and the data were 
not used as criteria for structural determination. Cellu- 
lose thin-layer chromatography using solvent Ill 
showed the peptide dimer and the peptide trimer to be 
quantitatively degraded into a mixture of M,, M ,  and 
Ma monomers by the action of KM endopeptidase 
wable IV). Conditions for these degradations were as 

PROCEOW 11. walls (loo Ing) were SCqwntiallY 

mm 5:  Separation of the monomer fraction into cam 
pounds MI, M,A + MrB, and M., by preparative a l l u l m  
thidaycrchromatography using solvent 111. 

follows. Peptide subunit (1 w u i v )  was incubated at 
37", for 15 hr, with 150 118 of enzyme in a final volume 
of 500 pl of 0.01 M Veronal buffer (pH 9). Edman deg- 
radation of the peptide trimer yielded the data re- 
ported in Table V (see Discussion). 
Coty78urafion ofLysine and Ornithine. The lysine and 

ornithine residues present in acid hydrolysates of walls 
(6 N H a ,  100". 18 hr) were separated by equilitirium 
chromatography at 30" on an Amberlite 03120 H+ 
co~umn (0.9/45 cm) using 0.38 N (in Na+) sodium ace 
tale buffer (pH 4.25). Dsalting of lysine and ornithine 
was performed by adsorption on Dowex 50-X2 HC and 
subsequent elution with 1 N aqueous ammonia. After 
freeze drying and dinitrophenylation, DNPOH was 
removed from di-DNP diamino acids by sublimation. 
Molar optical rotation, of di-DNP-Lys and of 
di-DNP-Orn in ant ic  acid was measured and found to 
qual  +I30 & 13" and -I97 i 46", respectively. Ac- 
cording to Rao and Soher (1954). t,% for di-DNP-m 
lysine is +Ino and for di-DNP-L-ornithine is -339O. 
All of the lysine residues of the wall peptidoglycan arc 
thus D isomers. The major part of the ornithine residues 
occur as the L form but some D isomers are also present. 
The configuration of the ornithine residues p m t  in 
acid hydrolysates of the peptide monomers MI and M, 
was also determined quantitating the loss of wrnithine 
(using the fluordinitrobenzene technique) after reac- 
tion with >amino acid oxidas. The results are pre- 
sented in Table nl. 

PICURD 6: Chromatomam ofa partial acid hydrolysate of di- 
nitrophenylated dl walls of E .  rerlgeri. 1 = ornithine; 2 = 
lysine; 3 = glutamic acid; 4 = alanine; 5 = wine;  6 = m u -  
amic acid; 7 = glucosamine; 8 = ~ - S e ~ m G l u ;  9 = P-0. 
Ala-WLys; 10 = N'-mGlu-mLys; I2 = NP-[L-S~~-.I-(NL 
o-~Glu-mLys)~Nd-DNP-L~-o-Ala;  13 = h"'.(~-Ser- 
, - ~ - G I u ) - N " - D N P - ~ - o ~ - ~ A ~ ;  14 = N~-(Mu~-L.s~~-,.-w 
GIU)-N"-DNP--WAI~. 203 
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TABLE IV: Yields of Peptide Monomers Produced by 
KM Endopeptidase Degradation of Dimer and Trimer 
Fractions. 

Actual Yields. Theoretical Yield* 

Fraction MI Mz Ma MI Mz Ms 
Dimer 10 44 46 8 42 50 
Trimer 12 42 46 6 38 56 

a The yields are expressec(per 100 total gutamic acid 
residues for each fraction. *Theoretical yields are 
calculated assuming that each of the two peptides 
present both in the dimer and in the trimer fractions 
(see Figure 8 for the trimer) is itself a mixture of two 
compounds, in equimolar amounts, terminated at the 
C termini either by a D-alanine or by a L-ornithine resi- 
due. 

Partial Acid Hydrolysis of Dinitrophenylated Cell 
Walls. It has been reported by Miller et al. (1966) that 
partial acid hydrolysis (4 N HC1, loo", 1 hr) of B. reft- 
geri walls yields the dipeptide L-Om-D-Ala .  This dipep- 
tide has been isolated by bidimensional paper chroma- 
tography under the conditions described in Figure 6 
(spot 9). A new analysis carried out on the extracted no. 
9 material showed also the presence of a small amount 
of a lysine-containing peptide. In order to ascertain the 
identity of this latter compound, dinitrophenylated 
walls (using the technique of Takebe, 1965) were sub- 
mitted to partial acid hydrolysis (4 N HCI, loo", 1 hr). 
Bidimensional paper chromatography (Figure 6 )  re- 
vealed, at position 9, a spot of low intensity. Complete 
acid hydrolysis of the extracted material yielded alanine, 
lysine, and traces of ornithine; on the other hand, di- 
nitrophenylation followed by acid hydrolysis yielded 
Ne-DNP-lysine and DNP-alanine (in smaller amounts, 
which is probably due to the formation of diketopiper- 
azine), thus demonstrating the presence in the walls of 
the sequence N*-Ala-Lys. 

Bidimensional paper chromatography of the partial 
acid hydrolysate of the dinitrophenylated walls also 
yielded several dinitrophenyl derivatives. Identification 
of free amino acids and DNP-amino acids after com- 
plete acid hydrolysis and identification of dipeptides 
arising from partial acid hydrolysis of compounds 

TABLE v: Release of N-Terminal Amino Groups by 
Repeated Cycles of Edman Degradation of the Peptide 
Trimer. 

~ ~ ~~ 

N"- N"- 
Cycle N-Glu Om N*-Om Lys N'-Lys 

1 1 0 0.18 0 0 
2 0 0 0.30 0 0.30 
3 0 0 0.10 0 0.10 
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12-14 led to their tentative identifications (see legend 
of Figure 6). 

The Disaccharide Units. Authentic &1,4-N-acetyl- 
glucosaminyl-N-acetylmuramic acid disaccharides iso- 
lated from Micrococcus fysodeikticus (Leyh-Bouille 
et ul., 1966) and the B. rettgeri disaccharide were found 
indistinguishable under the following conditions : (1) 
paper chromatography in solvent VI, (2) estimation of 
glucosamine and muramic acid, (3) quantitative hy- 
drolysis into N-acetylglucosamine and N-acetylmuramic 
acid with the help of the pig epididymis exo-B-N-acetyl- 
glucosaminidase, and (4) estimation of the molar ex- 
tinction coefficient with the Morgan-Elson reaction 
(acetamido. groups) and with the Park-Johnson reac- 
tion (reducing groups). 

Discussion 

In a previous work by Miller et ul. (1966), a nucleo- 
tide precursor of cell wall peptidoglycan had been 
isolated from B. rettgeri after inhibition by Dcyclo- 
serine. Determination of the configuration of the amino 
acids, end-groups analyses, and identification of hy- 
drazinolysis and partial acid hydrolysis products es- 
tablished the peptide sequence N"-(L-SU~-D-G~U)- 
L-Om (Figure 7A). As is expected from the known 
mechanism of action of D-cycloserine (Roze and Strom- 
inger, 1966), the peptide moiety of the nucleotide pre- 
cursor is a tripeptide, i.e., a complete precursor lacking 
the usual dipeptide D-Ma-D-Ala. The expected se- 
quence for the peptide subunits located at endo posi- 
tions in the wall peptidoglycan is N"-(L-Sery-D-Glu> 
L-Om-D-Ala (Figure 7B). This peptide monomer was 
not isolated from the wall enzymatic lysates, but was 
found as themono-DNP derivative in the acid partial hy- 
drolysate of dinitrophenylated walls (Figure 6). From 
the enzymatic lysates, two peptide monomers, namely 
MI and Ma, were isolated and identified. MI is a tetra- 
peptide (Table III), Le., the tripeptide of the nucleotide 
precursor containing an additional D-ornithine residue 
(Figure 7C). The two ornithine residues are C terminal. 
The L-ornithine residue has the &amino group free while 
the D-ornithine residue has the a-amino group free. The 
structure of this tripeptide monomer is thus N"-[L-Ser- 
r-(N'-ff-~-Glu-~-Orn)]-~-Om. Ma is a pentapeptide 
(Table 111), i.e., the tripeptide of the nucleotide precur- 
sor containing an additional D-lysine residue with its 
a-amino group free and an additional D-alanine residue 
which is C terminal (Figure 7D). The structure of this 
pentapeptide monomer is thus NQ-[L-Sery-(Nf-a-D- 
Glu-~-Lys)]-~-Orn-~-Ala. The DNP derivative of this 
peptide was also isolated from the partial acid hydroly- 
sate of dinitrophenylated walls (Figure 6). Another pep 
tide monomer fraction, the M2 fraciion, was isolated 
from the enzymatic lysates. Chromatographic proper- 
ties are compatible with the presence of two peptide 
monomers: tetrapeptide M2-A (Figure 7E), that is to 
say tetrapeptide MI with a D-lysine instead of a D- 
ornithine, and pentapeptide M2-B (Figure 7F), that is 
to say pentapeptide MI with a D-ornithine residue in- 
stead of a D-lysine. It should be understood that peptide 
monomers M2-A and -B were not characterized because 

DY D-Dnl 
L-Scr-D-Glu f L-kr-D-Olu 

L o r n  LL-O~-D-& 
D:Mooom Mj - C : M o n o m  M, - 

FIGURE 7: Structure of a precursor and of peptide fragments 
from walls of B. rettgeri. 

the two compounds could not be separated from each 
other in a satisfactory way. In the native walls, about 
18% of the peptide subunits are not cross-linked and the 
four monomeric species occur in approximately equiv- 
alent proportions: MI, 4% ; M1, 6x7,; and MrA + MrB, 
8% (Table 11). 

Degradation of the walls with KM endopeptidase 
liberates C-terminal malanine. Parallel to this, a-ter- 
minal amino groups of lysine and a-terminal amino 
groups of ornithine are liberated in the proportion of 
2:l (Table I). It is thus evident that the mlysine resi- 
dues and the Domithine residues which substitute the 
a-carboxyl group of the glutamic acid residues are, in 
the native walls, linked to C-terminal Dalanine residues. 
Another evidence for the existence of this kind of cross- 
linkage has been the isolation of N"-(D-AIaM-Lys from 
the wall partial acid hydrolysate (Figure 6). In other 
words, D-lysine is the bridge between peptide subunits 
for a major part of the peptidoglycan (2:3) and D-orni- 
thine for a minor part (1 :3). These "bridge" amino acids 
extend from the a-carboxyl group of glutamic acid of 
one peptide subunit, to which they are linked through 
their E- and S-amino group, respectively, to the C-ter- 
minal D-alanine of another peptide subunit. The link- 
ages specifically hydrolyzed by the KM endopeptidase 
are thus N"-(D-Ala)-D-Lys and N"-(mAla)-D-Orn. After 
degradation of the walls with KM endopeptidase, about 
78% of the peptide subunits were found as monomers. 
The increase in monomer MI, from 4 to 13% after treat- 
ment with KM endopeptidase (Table II), is low. Evi- 
dently, in the native walls these subunits are at the C ter- 
minal of peptide oligomers, since they lack the terminal 
D-alanine residue. The peptide monomers liberated by 
the endopeptidase are for the most part M3 monomers 
and, in all probability, the homolog M2-B. In the na- 
tive walls, these monomers occur in the endo position 
as well as at the N termini. 

Degradation of the walls with F, endo-N-acetylmur- 
amidase yielded a peptide dimer and a peptide trimer 
(Table 111). Both fractions are heterogeneous with re- 
spect to the nature of the C-terminal amino acid (a D 205 
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FIGURE 8: Structural model for the peptide trimer fraction. 
For explanation, see text. (a) = site of action of the KM 
endopeptidase. 

alanine or a L-ornithine residue). The analytical data 
(amino acids and terminal groups composition) for a 
dimer fraction and for a trimer fraction in which bridg- 
ing through D-lysine and through D-ornithine occurs 
in the ratio of 2:1, respectively, were calculated (see Ta- 
ble 111, proposed models). In these calculations it was 
assumed that all the glutamic residues had their a-car- 
boxyl groups substituted by one of the aforementioned 
D-diamino acids. On the other hand, the data relative to 
total D-alanine, C-alanine, and C-omithine were cal- 
culated for the two extreme cases, that is to say assum- 
ing that the C terminal of the peptide oligomers is either 
malanine or L-ornithine. Figure 8 represents the struc- 
ture of such a peptide trimer fraction. As shown in Ta- 
ble 111, the actual and theoretical data relative to the 
peptide dimer and the peptide trimer fractions agree 
within the limit of experimental errors. This, together 
with the enzymatic degradation of the isolated peptide 
dimer and peptide trimer into monomers (Table IV), 
provides clear evidence that the proposed structural 
models are valid. 

The foregoing structural demonstrations rest upon 
the assumption that the glutamic acid residue in the wall 
peptidoglycan is linked through its y-carboxyl group 
to the L-ornithine residue as it is in the nucleotide pre- 
cursor. Edman degradation of the peptide trimer frac- 
tion offered a way to confirm this thesis, at least with 
respect to that peptide trimer in which a D-lysine resi- 
due is used for peptide bridging. Indeed, in a prepara- 
tion containing two peptide trimers bridged by D-lysine 
and one peptide trimer bridged by D-ornithine (Figure 
8), four D-lysine residues and two D-ornithine residues 
per nine glutamic acid residues are in endo positions 
Consequently, their e- and &amino groups, respectively, 
should be exposed after the second cycle of an Edman 
degradation. Thus, for each terminal amino group of 
glutamic acid which appeared after the first cycle of the 
degradation, one could expect 0.44 N'-*lysine and 
0.22 N'-D-ornithine to be exposed by the subsequent 206 

degradation cycle. Table V shows that Ne-lysine was 
exposed with an actual yield of 70% of the theoretical 
one. N6-Omithine was also exposed. The actual yield, 
however, is difficult to estimate since after the first deg- 
radation cycle about 18% of the original N'-ornithine 
group had persisted. The wall of B. rettgeri, a species 
of the Propionibacteriaceae family, and that of Coryrie- 
bacterium poinsettiae and other related plant pathogenic 
Corynebacteria (Perkins, 1%5, 1967), are thus similar 
in that the interpeptide bridges of the peptidoglycan 
consist of a single D-diamino acid residue extending from 
the a-carboxyl group of the D-glutamic acid residue 
to the carboxyl group of the D-alanine residue. It had 
also been proposed that, in Microbacterium lacticum 
(Schleifer et ul., 1967, 1968), glycyl-threo-3-hydroxy- 
glutamyl-L-lysybalanine subunits are cross-linked by 
means of N"-(gIycyl)lysine dipeptides extending from 
threo-3-hydroxyglutamic acid to D-alanine. It is not nec- 
essary to envisage any unusual reactions for the biosyn- 
thesis of this type of peptide bridging. It is known 
that pentapeptide subunits N"-(L-Ala-y-D-Glu)-L-Lys- 
D-Ala-D-Ala, while in the form of lipid intermediates, 
undergo various modifications such as amidation of 
the a-carboxyl group of glutamic acid (in Staphyl- 
ococcus uureus; Siewert and Strominger, 1968) or the 
substitution of the same carboxyl group of a glycine res- 
idue (in Micrococcus lysodeikticus; Katz et al., 1967). 
Similar substitutions by a D-lySine, a D-ornithine, or an 
N"-(glycy1)lysine grouping can thus be readily hy- 
pothesized. The final closure of the bridge between pep- 
tide subunits would then result from a transpeptidation 
(Wise and Park, 1965; Tipper and Strominger, 1965) 
involving the D-Ala-D-Ala dipeptide of a hexa- or octa- 
peptide subunit, and an acceptor consisting of a second 
peptide subunit with the concomitant loss of the ter- 
minal malanine. This acceptor would be the a-amino 
group of D-ornithine in the case of C. poinsettiae, of D- 
lysine or o-ornithine in the case of B. rettgeri, or the e 
amino group of L-lysine in the case of M. lacticum. 
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Structure of the meso-Diaminopimelic Acid Containing 
Peptidoglycans in Escherichia coli B and 
Bacillus megaterium KM” 

Jean van Heijenoort, Lydia Elbaz, Philippe MI&, Jean-Francois Petit, Evanghelos Bricas, 
and Jean-Marie Ghuysen 

ABSTRACT: The peptide subunit of the peptidoglycan of 
the envelope of Escherichia coli B has the sequence 
L-Ala-y-D-Glu-(L)-meso-diaminopime~ic acid-(L>DAla. 
D-Ala-(D)-meso diaminopimelic acid linkages are in- 
volved in the cross-linking between peptide subunits. A 
major part of the wall peptidoglycan of Bacillus megater- 
ium KM is composed of the same aforementioned pep 
tide Jubunits and peptide cross-linkages. In this latter 
case, however, the D-Ala-(D)-meso-diaminopimelic acid 
linkages are not the only important ones. As previously 
shown, about 15% of the diaminopimelic acid residues 

T he peptidoglycan portion of the envelope of Er- 
cherichia coli is a thin layer, 20-30 A thick, sandwiched 
between the underlying plasma membrane and an enor- 
mous multiple track layer of lipoprotein and lipopoly- 
saccharide (Murray et aI., 1965). Weidel and his col- 
leagues (Weidel and Pelzer, 1964) were the first to suc- 
ceed in isolating this peptidoglycan as a “rigid layer,” i.e., 
a sacculus with protein globules attached to it as tuft- 
like appendages. Subsequently, these proteins could be 
removed by protease treatment. The isolated peptido- 
glycan was shown to contain two main elements: (1) di- 
saccharide peptide monomers: N-acetylglucosaminyl- 
N-acetylmuramyl-L-Ala- D - Glu - meso - diaminopimelic 
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are DD and they seem to be involved in another type o 
peptide cross-linkage. Streptomyces KM endopeptidase 
solubilizes the walls of BaciIlus megaterium. Although 
this enzyme is not lytic upon Ewherichia coli envelope, 
it liberates disaccharide peptide monomer from a bis- 
disaccharide peptide dimer, isolated from the same 
envelope. This dimer is composed of two 8- 
1,4-N-acetylglucosaminyl- N-acetylmuramyl-L-Ala-~- 
D-Glu-(L>meso-diamimopimelic acid-(L)-DAla units, 
joined by a DAla-(D>meso-diaminopimelic acid link- 
age. 

acid-o-Ala;’ some of these lack the terminal  ala resi- 
due, probably as a consequence of the action of an auto- 
lytic carboxypeptidase (pelzer, 1963); and (2) bisdisac- 
charide peptide dimers in which two dischaccharide pep 
tide monomers are joined by a peptide linkage involv- 
ing one amino group of meso-diaminopimelic acid. In  
situ, the peptidoglycan was visualized as a monolayer 
network. Glycan strands are substituted by peptide sub- 
units of which about 50% are cross-linked to form dimers 
so that the disaccharide units of two adjacent chains are 
paired. 

‘In order to spefiry on which one of the two asymmetric 
carbons of mcsc+diaminopimelic acid are placed the substituted 
amino groups. we advocate the use of the notation (L) or (D) 
written immediately bcfwe memdiaminopimelic acid. Similarly 
we propose the use of (L) or (D) immediately u&r mesediamino- 
pimelic acid to distinguish between the carboxyl-substituted 
groups. 207 
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