402 THE JOURNAL OF ANTIBIOTICS

Structure-activity Relationships of Cephalosporin
Derivatives against Methicillin-resistant
Staphylococcus aureus and Enterococcus faecalis

Himeakt HANAKIT, HIROSHI AKAGITT,
SauicHr NoMURA 1T, Norio Unemr 7T
and Kercur Hiramatsu't

'Dept. Bacteriology, Juntendo Univ.
2-1-1, Hongo, Bunkyo-ku, Tokyo 113, Japan
t*Otsuka Chemical Co. Ltd.,
463, Kagasuno, Kawauchi-cho, Tokushima 771-01, Japan
1 Tajho Pharmaceutical Co. Ltd.,
224-2, Ebisuno, Hiraishi, Kawauchi-cho,
Tokushima 771-01, Japan

(Received for publication November 24, 1995)

Over the past few years, a number of cephalosporin
antibiotics having a broad spectrum and stability to
B-lactamase have been developed?. These drugs have
a heterocyclic group at the C-3 position for broad-
spectrum activity and an alkoxyimino-aminothiazol
group at the C-7 position for stability to f-lactamase.
But, these drugs do not show strong antibacterial activity
against Gram-positive bacteria, especially methicillin-
resistant  Staphylococcus aureus (MRSA)?~%  and
Enterococcus faecalis, against which almost all cephem
antibiotics are ineffective. Therefore, we investigated the
activity of various cephalosporin derivatives toward

Table 1. Investigation of C-3 side chain.
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Abbreviations: S.a., Staphylococcus aureus FDA 209P;
MRSA, methicillin resistant Staphylococcus aureus; E.f.,
Enterococcus faecalis ATCC-12968; E.c., Esherichia coli
NIHJ JC-2; S.m., Serratia marcescens IFO-12648; P.a.,
Pseudomonas aeruginosa E-2.

*  MICgo: MIC for 80% of clinically isolated MRSA (45
strains).
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MRSA and E. faecalis. We already reported that
hydroxyimino-aminothiazol at the C-7 position of
2-thioisocephem having a vinyl-thio linkage at C-3
showed strong activity against MRSA and E. faecalis®
and that the same on 1-thiocephem showed the strong-
est activity against MRSA and E. faecalis®~®. In this
present communication, we describe that the anti-MRSA
and anti-E. faecalis activities of 1-thiocephem having
hydroxy-imino-aminothiazol at the C-7 position and the
vinyl-thio linkage at C-3 were changed by varying the
C-3 side chain.

Biological Results and Discussion

Minimum inhibitory concentration (MIC) was de-
termined by the 2-fold serial agar dilution method with
approximately 10° CFU/ml of test organism after in-
cubation for 18 hours at 37°C on Muller-Hinton agar
(Difco). S. aureus FDA 209 P, Enterococcus faecalis
ATCC-12968, Escherichia coli NIH] JC-2, Serratia
marcescens IFO-12968, and Pseudomonas aeruginosa E-2
were used as the standard test organisms in this study.
The MRSA strains used were originally isolated from
clinical specimens in Japan in 1992. The MIC of these
strains against methicillin was over 12.5 ug/ml.

All synthesized compounds in this study showed good
antibacterial activity against Gram-positive and Gram-
negative bacteria except Pseudomonas aeruginosa (Tables
1 ~6). Against P. aeruginosa, these compounds were
ineffective. Table 1 summarizes the antibacterial activities
of 1-thiocephem having hydroxyimino-aminothiazol at,
the C-7 position, the vinyl-thio linkage at C-3, and
various heterocyclic C-3 side chains. The MICg,, which
is the concentration required to inhibit 80% of the strains
tested, was 12.5 ug/ml for all heterocyclic compounds
tested against MRSA. The MICg,’s of these compounds
against MRSA were 4-fold lower than the MICg, of
flomoxef. Against E. faecalis ATCC-21212, against
which most of the previously developed cephalosporins
were ineffective, these synthesized compounds exhibited

Table 2. Investigation of linkage style and side chain at C-3
position.
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high activity compared with other general cephalo-
sporins.

Table 2 shows the effects on the MIC of the linkage
style at the C-3 position, and the effects on the MIC of
pyridine and pyridinum at the C-3 side chain on 1-
thiocephem with hydroxyimino-aminothiazol at the C-7
position. The MICg, of compounds 5 and 6 against
MRSA was the same (12.5 pug/ml). But, that of compound
7 against MRSA was 1.56 ug/ml; i.e., this compound was
more 8-fold active than compounds 5 and 6, and 32-fold
or more active than the reference compounds (Table 6).
Against E. faecalis ATCC-21212, The MIC’s of com-
pounds 5, 6, and 7 were 0.1, 0.39, and 0.1 ug/ml, re-
spectively. Especially, compounds 5 and 7 showed great

Table 3. Investigation of C-3 side chain.
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Table 4. Investigation of C-3 side chain.
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activity against E. faecalis. Thus, compound 7 displayed
the strongest activity against both MRSA and E. faecalis,
indicating that the vinyl-thio-pyridinum at C-3 was
necessary for good activity against both types of bacteria.

Next, using compound 7, we investigated the effect of
changing the site on pyridinum for the vinyl-thiol linkage
(Table 3). Against MRSA, MIC,,’s of compounds 7, 8,
and 9, in which the respective binding site of pyridinum
was at C-4, C-3, and C-2 were 1.56, 1.56, and 3.13 ug/ml,
respectively. The antibacterial activity of compounds 7,
8, and 9 against E. faecalis ATCC-21212 was the same
(MIC=0.1 ug/ml). From the results of Table 3, we
concluded that the binding site of pyridinum for the best
activity against both MRSA and E. faecalis was at either
the C-4 or C-3 of pyridinum.

Table 4 shows the antibacterial activity of carboxylic
acid derivatives of pyridinum in compound 7. MICg,’s
of compound 10 and other compounds against MRSA
were 25 and 12.5 pg/ml, respectively. Thus, the anti-
bacterial activities of carboxylic acid derivatives of
pyridinum against MRSA and E. faecalis were lower
than those of the compounds shown in Table 3.

Table 5 shows the effect of pyridyl-N-alkyls as C-3
side chains against MRSA and E. faecalis. The MICqg,’s
of compounds 7, 15, 16 and 17 against MRSA were 1.56,
3.13, 3.13 , 3.13 ug/ml, respectively. Compounds 15, 16,
and 17, which were more lipophilic than compound 7,
showed lower activity than compound 7 against MRSA.
These results might indicate that lipophilicity is not
related to anti-MRSA activity. Against E. faecalis,
compounds 15 and 17 showed almost as strong activity
as compound 7. Compound 16 was not tested against E.
faecalis.

Finally, we investigated the other pyridyl-N-alkyls
shown in Table 6. MICg,’s of N-methyl (compound 7),

Table 5. Investigation of C-3 side chain.
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Abbreviations: N.T.=not tested; see footnote in Table 1
for meaning of other abbreviations.

Abbreviations: N.T.=not tested; see footnote in Table 1
for meaning of other abbreviations.
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Table 6. Investigation of C-3 side chain.
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Abbreviations: See footnote for Table 1.

N-carbamoylmethyl (compound 18), N-hydroxyethyl
(compound 19), N-acetoxymethyl (compound 20),
cefmetazole, flomoxef, and cefpirome against MRSA
were 1.56, 1.56, 3.13, 3.13, 50, 50, and 100 ug/ml,
respectively. The N-methyl and N-carbamoylmethyl
compounds showed the same and stronger activity
against MRSA than compounds 19 and 20°~®. Com-
pounds 19 and 20 were at least 16-fold more active
than cefmetazole, flomoxef, and cefpirome against
MRSA. Against E. faecalis ATCC-21212, these com-
pounds showed the almost same strong activity, and
were at least 125-fold more active than the reference
compounds.

Of the compounds we synthesized, compounds 7, 8,
and 18 showed the strongest activity against both MRSA
and E. faecalis. These results indicate that the vinyl-thio
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linkage style at the C-3 position and the C-3 side chain
of N-methyl- or N-carbamoylmethyl-pyridinum linked
at the 3- or 4-position of pyridinum on 1-thiocephem
with hydroxyimino-aminothiazol at the C-7 position
vields the greatest anti-MRSA and anti-E. faecalis
activity.

We hope that these data will lead to the development
of even more efficacious anti-MRSA and anti-E. faecalis
drug in the future.

References

1) DruckHemMer, W.; F. Apam, G. FiscHerR & R.
KIRRSTETTER: Recent developments in the field of cephem
antibiotics. In Advances in Drug Research. Ed., B.
TESTA, pp. 61 ~234, Academic Press, 1988

2) ToniNn, E. & A. Tomasz: f-lactam-specific resistant
mutants of Staphylococcus aureus. Antimicrob. Agents
Chemother. 30: 577~ 583, 1986

3) HArTMAN, B. J. & A. Tomasz: Low-affinity penicillin-
binding protein associated with beta-lactam resistance in
Staphylococcus aureus. J. Bacteriol. 158: 513~ 516, 1984

4) Haves, M. V.; N. A. C. Curis, A. W. WYkE & J. B.
WaRrD: Decreased affinity of a penicillin-binding protein
for beta-lactam antibiotics in a clinical isolate of
Staphylococcus aureus resistant to methicillin. FEMS Lett.
298: 133~ 136, 1981

5) Hawnaki, H.;, H. Akaci, M. Yasur & T. OtaN:
Structure-activity relationships of 2- thioisocephem
against methicillin-resistant Staphylococcus aureus. J.
Antibiotics 48: 901 ~903, 1995

6) Hanaki, H.; H. Akaact, C. SuiMizu, A. Hyopo, N. UNewm,
M. Yasur & Y. Hara: Active new cephalosporin, TOC-39.
TOC-50, against multi-resistant MRSA. Program Abstr.
33rd Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. 889

7) Hiramastu, K.; K. Asapa, E. TATEDA-SUuzZUKI & K.
KuwaHARA-ARAL TOC-39 and TOC-50, a novel class of
cephalosporins having a high binding affinity to the
MRSA-specific penicillin-binding protein, PBP2’. Pro-
gram Abstr. 33rd Intersci. Conf. Antimicrob. Agents
Chemother., abstr. 888

8) Hanaky, H.; H. Akaci, M. Yasur, T. Otani, A. Hyopo
& K. Hiramatsu: TOC-39, a novel parenteral broad-
spectrum cephalosporin with excellent activity against
methicillin-resistant Staphylococcus aureus. Antimicrob.
Agents Chemother. 39: 1120~1126, 1995



