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In studies on the immunoadjuvant activities
of the cell walls of over 35 species of gram-
positive or acid-fast bacteria, we found that the
walls of Corynebacterium poinsettiae, Cory-
nebacterium betae, Corynebacterium insidiosum,
Microbacterium lacticum, Eubacterium Iimosum,
Micrococcus  lysodeikticus, Staphylococcus epi-
dermidis, Arthrobacter atrocyaneus and Arthro-
bacter sp. had little or no adjuvancies to stimu-
late humoral and cellular immune responses.
In contrast other cell walls had definite ad-
juvant activities both in induction of delayed-
type hypersensitivity and in stimulation of
serum precipitin levels towards a test protein
antigen when administered to guinea pigs as a
water-in-mineral oil emulsion (Kotani et al.
1975a; 1977a).

A survey on the chemical structures of the
cell walls without adjuvant activity listed above
showed that their peptidoglycans had a com-
mon structural feature (Schleifer and Kandler,
1972); namely, the a-carboxyl groups of the
p-glutamic acid residues in their stem peptide
subunits were either combined with glycine

(M. lysodeikticus), glycine amide (4. atro-
cyaneus) or D-alanine amide (Arthobacter sp.)
or involved in cross linkings between two neigh-
bouring stem peptide subunits (the walls from
C. insidiosum and other bacteria whose pep-
tidoglycans are group B type according to the
classification of Schleifer and Kandler). An
exception was S. epidermidis cell walls, which
had no adjuvant activity by themselves, but
which became highly active when solubilized
with either endo-/N-acetylmuramidase or endo-
peptidase (Kotani et al., 1977b). In contrast,
in the cell walls with adjuvant activity and
those of S. epidermidis, the a-carboxyl groups
of p-glutamic acid residues in the peptidogly-
cans are not combined with amino acids, their
amides or peptides (Ghuysen, 1968; Schleifer
and Kandler, 1972).

On the basis of the fact that N-acetyl-
muramyl-L-alanyl-p-isoglutamine (or -p-gluta-
mic acid) is the minimum structure required
for the immunoadjuvancies of bacterial cell
walls (Ellouz et al., 1974; Kotani et al., 1975b;
Audibert et al., 1976; Azuma et al., 1976b;
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Yamamura et al., 1976; Adam et al., 1976;
Tanaka et al., 1977), we studied the effects of
chemical modifications of the p-glutamic acid
residues in N-acetylmuramyl dipeptides and
N-acetylmuramyl tetrapeptide on the im-
munoadjuvant activities of the resulting mole-
cules.

For the syntheses of test N-acetylmuramyl
peptide derivatives with modified p-glutamic
acid residues (IIla-f, see Table 1 for this
and the following symbols), we used the
same principles as in previous work on N-
acetylmuramyl dipeptides (Kusumoto et al.,

by stepwise elongation from the C-terminal
with dicyclohexylcarbodiimide or 1-succini-
midyl ester, using #-butoxycarbonyl (Boc) and
benzyl groups for protection of amino and
carboxyl groups, respectively. However, some
modifications were required for the syntheses
of Ib and Ie; namely, since glycine amide
and its peptides are so soluble in water that
they are difficult to handle, we prepared a
tripeptide containing glycine ethyl ester, i.e.,
ethyl Boc-L-alanyl-y-benzyl-D-glutamylgly-
cinate, and converted it to Ib by hydrogenolysis
followed by ammonolysis. Another difficulty

1976). The peptide portions were prepared was encountered in the synthesis of If for
TaBL 1. Yields and physical constants of t-butoxycarbonyl and N-acetylmuramyl peptide deri-
vatives
I II II1
R;:Boc , R;=protect3ed MurNAc R!'=MurNAc
. - — —_ 2_R3I—
Synthetic compound R*=Bzl, R=7 R*=Bzl, R’=Z RE=R*=H
Yield mp (C) Yield a
mp (C) [alp® (%) (dec) [a]p® (%) [alp
OR?
|
a) Ri-L-Ala-p-Glu-Gly-OR? 107 +6.53% 74 220 +67.6°%7 60  4+38.5%
OH
l
b) Ri-L-Ala-p-Glu-Gly-NH, 183 -10.5°™ 77 243 +99.6% 94  +38.1°
(dec)
N
¢) Ri-L-Ala-p-Glu-p-Ala-NH, 182.5-183.5 —4.98° 72 275 +83.0°% 98  +47.9°
(dec)
OR?
l
d) R-Gly-p-Glu-Gly-OR? syrup® 79 203 173.2°0 95 +41.9°
R3
f
—1L-Lys-pD-Ala-OR?
e) Ri-L-Ala-D-Glu-Gly-OR? 173-174¢ +0.50° 75 220 +55.8°% 90 +18.6°
NHC,Hg-n
f) R'-L-Ala-p-Glu-NH, 194.5-195 —8.49° 82 280-282 +88.2° 90¢  +31.2°
(dec)
@ ¢ 2 in N, N-dimethylformamide (DMF) at 26-28 C. ?c 1at 19C. ¢ H-Gly-p-Glu(OBzl)-Gly-OBzl

HCI salt (mp 133-134 C) derived from Id gave satisfactory results on elemental analysis.
7 at 19C.
! precipitated from methanol-absolute ether; mp 183~

€ ¢ 0.5 in DMF at 25-28 C
Eat 15C.

ing at 167 C.
7 ¢ 0.5 in HyO at 26-28 C after 24 hr.

185 C (dec). ™ dicyclohexylammonium salt.

¢ with soften-

9¢1. ®c0l1 *in N, N-dimethylacetamide.

Boc=t-butoxycarbonyl ; Bzl=benzyl; Z=benzyloxycarbonyl;

protected MurNAc=1-a-O-benzyl-4, 6-O-benzylidene-N-acetylmuramyl ; MurNAc= N-acetylmuramyl.
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construction of a branched part; we used the
following novel procedure to avoid a, -
transpeptidation at the glutamic acid residue
in preparation of the key intermediate benzyl
Boc-p-glutamylglycinate (IV). When Boc-p-
glutamic anhydride was treated with benzyl
glycinate and then dicyclohexylamine was
added, the desired a-peptide (IV) precipitated
in fairly good yield (439) as its amine salt,
while the isomeric y-peptide, benzyl Boc-
7-D-glutamylglycinate remained in solution.
Condensation of the y-carboxyl group of IV
with benzyl N:-benzyloxycarbonyl-L-lysyl-p-
alaninate afforded the branched tetrapeptide,
which was treated with trifluoroacetic acid and
then coupled with Boc-L-alanine to give Ie.

The Boc groups in the peptides (Ta-f) were
removed with trifluoroacetic acid and the
product was treated with 1-a-O-benzyl-4,6-O-
benzylidene-N-acetylmuramic acid 1-succini-
midyl ester (V) to yield the protected N-
acetylmuramyl peptides (II). The water solu-
ble ambident tripeptide, L-alanyl-D-glutamyl-
glycine amide, obtained from Ib gave better
results when treated with 5-norbornene-2,3-
dicarboxyimidyl ester of protected muramic
acid in aqueous tetrahydrofuran, than the 1-
succinimidyl ester (V).

The final hydrogenolytic deprotection of
IIa-f proceeded satisfactorily, as described
previously, and IITa-f were isolated as hygro-
scopic colorless solids by lyophilization. Fur-
ther details of the synthesis will be reported
in a separate paper (Kusumoto, Ikenaka and
Shiba, in preparation).

To assay the immunoadjuvant activities of
test muramyl peptides, the methods previously
described (Kotani et al. 1975a) were followed
with some modifications (Kotani et al., 1977d).
In brief, groups of 5 female albino guinea
pigs were injected in the left hind footpad with
0.2 ml of water-in-mineral oil emulsion con-
taining one mg of ovalbumin and test muramyl
peptide specimens equivalent in moles to 50
and 100 pg of N-acetylmuramyl-L-alanyl-p-
isoglutamine per animal.

The results summarized in Fig. 1 show that

combination of the a-carboxyl group of the p-
glutamic acid residue in either N-acetyl-
muramyl-L-alanyl-p-isoglutamine (the a-amide
of p-glutamic acid) or N-acetylmuramyl-L-
alanyl-p-isoglutaminyl-L-lysyl-p-alanine with
glycine results in considerable decrease of the
immunoadjuvancies of the respective mole-
cules in both induction of delayed-type hyper-
sensitivity towards ovalbumin and stimulation
of serum anti-ovalbumin precipitating antibody
levels. Combination of the a-carboxyl group of
the p-glutamic acid residue with glycine amide
or D-alanine amide, on the other hand, caused
no or only slight reduction in the adjuvancies
of the molecules. We found further that N-
acetylmuramyl-glycyl-p-glutamyl-glycine was
almost completely devoid of adjuvancies, indi-
cating that the low adjuvancies of N-acetyl-
muramyl-glycyl-p-isoglutamine (Adam et al,,
1976; Kotani et al., 1977¢) were further reduc-
ed by blocking the a-carboxyl group of the p-
glutamic acid residue. Incidentally we found
that the y-butylamide of N-acetylmuramyl-1-
alanyl-D-isoglutamine retained only a part of
the adjuvant activities of N-acetylmuramyl-L-
alanyl-p-isoglutamine to stimulate both humor-
al and cellular immune responses, although the
dose-response relationship was irregular.

The aim of this work was to find out whether
the absence of immunoadjuvant activities in
the cell walls of the bacterial species listed in
the opening paragraph of this paper are due
to combination of the a-carboxyl groups of
the D-glutamic acid residues in their pep-
tidoglycans with amino acids, or their amides
or peptides. The present findings suggest that
the inhibitory effects of binding a single amino
acid or amide cannot completely explain the
absence of immunoadjuvancies of the cell
walls. Binding of the a-carboxyl groups of
the p-glutamic acid residues in the peptidogly-
cans of group B types with amino acids or
peptides involved in cross-linking probably
results in stronger inhibitory effects on the
adjuvancies of the cell walls than binding with
a single amino acid or amide.

In a separate study we found that when M.
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lysodeikticus cell walls, which have no ad- weak but definite immunopotentiating activities

juvant activity by themselves, were solubilized (Kotani et al., 1977b). This difference is
with L.-11 endopeptidase, but not mutanolysin probably because the inhibitory effect of com-
endo-N-acetylmuramidase, they developed bination of the a-carboxyl groups of the p-
0 1.0 20 30 CR 0 1.0 20 3.0 CR
I T T T l T T i
Test adjuvant 10 20 30 40 SR 1.0 20 30 40 SR
I T H T 1 | T H T ]
0 200 400 600 Ab 0 200 400 600 Ab
OH T T T 1 T T T 1

|
MurNAc— L —Ala—~ D —Glu—~NH> &

C,)H
MurNAc— L — Ala—D —Glu—Gly—OH

?H
MurNAc—L —Ala—D —Glu~Gly~NH,

(,)H
MurNAc~ L~ Ala— D — Glu—D — Ala—NH;

(')H
MurNAc— Gly — 0 — Glu— NH, *

OH
MurNAc—Gly—D —Glu—Gly—~OH

-L—Lys—D—Al
MurNAc— L —Ala— D ~Glu~NH;

r ~Lys—p—Ala
MurNAc—L —Ala—0 —Glu~Gly—QOH

%J

-NH-CeHo—n
MurNAc—L — Ala~D —Glu—~NH.

None E

None E

Dose : Equivalent in moles to 50 pg Dose : Equivalent in moles to 100 pg
of MurNAc— L —Ala— D —isoGin of MurNAc—L —Ala— D —isoGIn

«L.OT No.161

Ficure 1 Changes in immunoadjuvancies by chemical modifications of the p-glutamic acid residues in the ad-
juvant-active N-acetylmuramyl peptides. CR, [ ] corneal response (48 hr reading), SR, skin response
(induration, 48 hr reading), Ab, E= serum antibody level (g antibody nitrogen/m! serum, determined by the
quantitative precipitin reaction), ¥ +1 standard error, and @ the corneal response of an individual animal.
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glutamic acid residues in M. Ilysodetkticus
walls with glycine is greater in the mutanolysin
digest than in the endopeptidase digest, since
the immunoadjuvancies of bacterial cell walls
can sometimes be enhanced by solubilization
with appropriate peptidoglycan-degrading en-
zymes and since the adjuvancies of constituent
muramyl peptide subunits are more effectively
exhibited in a form polymerized through a
rather long glycan chain than in the form of
monomers or dimers (Kotani, 1976).

The finding that the walls of A. atrocyaneus,
in which the a-carboxyl groups of the p-
glutamic acid are combined with glycine amide,
exhibit detectable adjuvant activities (Kotani
et al., 1977a) seems to be consistent with the
results reported in this paper.

It was shown in previous studies (Adam et
al., 1976; Kotani et al., 1977c) that replacement
of the L-alanine residue by glycine in N-acetyl-
muramyl-L-alanyl-p-isoglutamine caused con-
siderable decrease in adjuvancies of the mole-
cule. This fact, together with the present find-
ing that N-acetylmuramyl-glycyl-D-glutamyl-
glycine has very weak adjuvant abilities, strongly
suggests that the inabilities of cell walls with
group B type peptidoglycans to act as immuno-
adjuvants may be explained by the combined
inhibitory effects of replacement of the L-
alanine residue adjacent to the muramic acid
residue by glycine and combination of the a-
carboxyl group of the p-glutamic acid residue
with amino acids or peptides in cross-links
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