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I. INTRODUCTION

Among the widespread searches for chemotherapeutic antibiotics which fol-

lowed the demonstration of the clinical value of penicillin (47) was one

by Professor G. Brotzu of Cagliari, Sardinia. In 1945 Brotzu isolated from the

sea near a sewage outfall off the Sardinian coast an antibiotic-producing organism
which he identified as a species of Cephalosporium similar to Cephalosporium
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acremonium. When this organism was subcultured on nutrient agar, or on a sta-

tionary liquid medium, it secreted material which inhibited the growth of a num-

ber of gram-positive and gram-negative bacteria, including Staph. aureus and

Saim. typhi. Brotzu reported that culture fluids containing the active material

exerted a beneficial effect when used locally to treat staphylococcal infections in

man, or given systemically to patients with typhoid fever.

In an account of his work, which appeared only in a local and little known

journal (32), Brotzu remarked that the antibiotic which he had encountered was

likely to prove difficult to purify and he expressed the hope that it would be

studied in laboratories with better facilities than were available in Sardinia.

In 1948 Brotzu’s experiments were brought to the attention of Sir Howard

Florey by a former British Public Health Officer in Sardinia and, in consequence,

work on the Cephalosporium sp. and its products was undertaken first at Oxford

and subsequently at the Medical Research Council’s Antibiotics Research

Station at Clevedon, Somerset.

Although Waksman and Horning had stated in 1943 that some members of

the Fusarium-Cephalosporium group were decidedly antagonistic to the growth

of bacteria on a solid medium (107), Brotzu appears to have made the first

specific study of an antibacterial substance from a species of Cephalosporium.

However, in 1951 the production of an antibiotic by a member of the genus

Tilachlidium and by Cephalosporium charticola was reported in the U. S. A.

(50). It subsequently appeared that the Tilachlidium was a new species of

Cephalosporium. This species was named Cephalosporium salmosynneniatum

(92) and the antibiotic it produced was named first synnematin (50) and later

synnematin B (82).

In the first experiments at Oxford, N. G. Heatley found that an acidic anti-

biotic which was readily extractable into organic solvents was present in culture

fluids of the Sardinian Cephalosporium sp. (Commonwealth Mycological Insti-

tute, Kew [C.M.I.1 No. 49, 137). This substance was isolated by Burton and

Abraham (33) from culture fluids produced at the Antibiotics Research Station,

Clevedon, where it was named cephalosporin P because it was active mainly

against gram-positive bacteria. Structural studies on cephalosporin P showed

later that it probably belonged to the steroid group.

Some of the properties of cephalosporin P appeared to differ from those of

the active material described by Brotzu. It was therefore not surprising when a

second and entirely different antibiotic was discovered in culture fluids from

which cephalosporin P had been extracted (33, 39). The new substance, which

was an acid and extremely hydrophilic, was named cephalosporin N because it

showed activity against gram-negative, as well as gram-positive, bacteria. Its

isolation proved to be troublesome but it was eventually obtained by Abraham,

Newton and Hale (4) in a nearly pure form. Its properties indicated that it was

a new type of penicillin with a side-chain derived from D-a-aminoadipic acid

(3, 75, 76). Synnematin B was subsequently shown to be identical with cephalo-

sporin N (12).

Partially purified preparations of cephalosporin N were found by Newton and
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Abraham (78) to be contaminated with a chemically related substance, named

cephalosporin C, which could be readily isolated as a crystalline sodium salt.

Cephalosporin C resembled cephalosporin N in its antibacterial range, but against

most organisms it was considerably less active than the latter. Because of its

low activity and because it was produced in only very small amount by Cephalo-

sporium sp. C.M.I. 49,137, cephalosporin C could not be detected, at the time

of its discovery, in the culture fluids from which it was concentrated during the

purification of cephalosporin N. It would thus have escaped separate notice in a

conventional screening programme for antibiotic activity.

In 1957 Grosklags and Swift reported that they had observed the perfect

stage of Cephalosporium salmosynnematum and they classified this organism as a

new species of the genus Emericellopsis van Beyma (E. salmosynnematum) (51).

A number of species of Emericellopsis were then shown to produce cephalosporin

N (synnematin B) (51, 67). Only cephalosporin P was found in culture fluids of

E. humicola. Cephalosporin C was not reported to be formed by any of the species

of Emericeilopsis that were studied (67). Cephalosporin N is also formed by a

member of the genus Streptomyces (71a).

Since cephalosporin P is unrelated in structure to cephalosporin N and cephalo-

sporin C it will be considered separately here. Cephalosporin N, as a true peni-

cillin, may appropriately be named penicillin N (45).

II. CEPHALOSPORIN P

A. Production and isolation

Cephalosporin P was produced in deep and strongly aerated cultures of

Cephalosporium sp. C.M.I. 49,137 in a medium containing corn steep liquor and

glucose (39). The culture fluid was extracted with butyl acetate, at pH 6.5, and

the active material in the extract was purified by countercurrent distribution in

a system composed of hexane, diisopropyl ether, acetone, and phosphate buffer,

pH 6.0, followed by chromatography on Florisil in solvents of increasing polarity

(33). During this work it was found that the active material consisted of one

major component (P1) and at least four minor components (P2 to P5). Cephalo-

sporins Pi, P2, and P4 were isolated in crystalline form, but only P1 was obtained

in sufficient quantity for detailed investigation.

B. Chemical structure

Burton, Abraham and Cardwell (34) showed that cephalosporin P1 (C32H�O8)

was a monocarboxylic acid containing two acetoxyl groups, two hydroxyl groups,

one easily reducible double bond, and one double bond which was difficult to

reduce. The ultraviolet absorption spectra of the antibiotic and its dihydro

derivative indicated that the second double bond was part of an a ,f3-unsaturated

carboxylic acid grouping. After hydrolysis of the antibiotic with alkali, acidifica-

tion yielded a dideacetyl lactone. These findings indicated that cephalosporin

P1 was a tetracyclic compound with a C29 skeleton and suggested that it might

be a steroid.
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Further work by Baird et al. (18) showed that ozonolysis of cephalosporin P1

methyl ester yielded acetone and that ozonolysis of dihydrocephalosporin P1

methyl ester yielded a ketone which afforded an a ,�3-unsaturated ketone on

treatment with acid. Monodeacetylcephalosporin P1 was shown to contain an

a-glycol grouping. The results of these and other studies, in which use was

made of nuclear magnetic resonance spectra and optical rotatory dispersion to

throw light on the nature of degradation products, were consistent with the

structure I for cephalosporin P1.

HO2C

14

HO Hi H

C. Biosynthetic relationships

When [2-’4C} mevalonic lactone (II) was added to the culture fluid of the

Cephalosporium sp., it was incorporated into the cephalosporin P1 formed (18).

CII, OH

/\

CIT2 “CH2

� �O

0

II

This was consistent with the proposed steroid structure for the antibiotic.

Mevalonic acid is known to be a precursor of members of the sterol-triterpene

family in both animal cells and micro-organisms (106). In the formation of

lanosterol, mevalonic acid is converted, via isopentenyl pyrophosphate (III),

to squalene (IV) and the latter undergoes a concerted shift of electrons, accom-

panied by the 1,2-migration of two methyl groups, to yield a tetracyclic structure

(V). Lanosterol is converted to cholesterol by processes which include the removal

CH2-O-(P2061L)

�H2

C

CIT2 CH1
III
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of methyl groups at C-4, 4 and 14. However, structure I contains a 14fl instead of

a 14a methyl group and in this its skeleton resembles tirucallane rather than

lanostane. Structure I is also unusual in containing an acetoxy group, rather

than a methyl group, at C-13. Special problems therefore arise in connection

with its biosynthesis.

Several acidic steroids are produced by fungi, including eburicoic acid which

has a carboxyl group at C,1 (58). But only one fungal steroid with strong anti-

bacterial activity appears to have been isolated before cephalosporin P1. This is
helvolic acid (C,,H4208), which was obtained by Chain, Florey, Jennings and

Williams in 1943 from the culture fluid of Aspergillus fumigatus mut. helvola

Yuill (35, 109). Burton, Abraham and Cardwell (34) showed later that helvolic

acid was a tetracyclic compound which contained two acetoxy groups and an

a ,�3-unsaturated carboxyl group, but that it had one more double bond than

cephalosporin Pi and two keto groups in place of the two hydroxyl groups of

the latter. In 1956 Cram and Allinger tentatively proposed a structure for

helvolic acid which was unusual in that it contained no oxygen function at C-3

(38). Later Allinger and Coke suggested the new structure VIa (14). The side-

chain of this structure is similar to that of the structure proposed for cephalo-

sporin Pi (I), but the two structures differ considerably in other respects.

HO2C 11020

o��”(

OAc

0 HO

VIa

More recently, a strongly antibacterial acidic steroid named fucidin has been

shown to be produced by Fusidium coccineum (K. Tubaki) (50a). Fucidin has
been tentatively assigned the structure VIb. It thus appears to have the same

side-chain as cephalosporin Pi and helvolic acid. It differs from cephalosporin
P,, however, in containing only one acetoxy group and in the distribution of

other substituents on the steroid ring system.

D. Antibacterial properties

Low concentrations of cephalosporin P1 inhibited the growth in vitro of staphy-

lococci, corynebacteria, and Cl. tetani. For example, in tests with a small inoculum

the antibiotic was inhibitory to a number of strains of Staph. aureus at 1 j�g/ml

or less. On the other hand, it had little effect on streptococci, gram-negative

bacteria, or Myco. tuberculosis. In general, the antibacterial range of cephalo-

sporin P1 is similar to that of helvolic acid and fucidin. But, while cephalosporin

P1 is about twice as active as helvolic acid against a number of organisms (91),

it is only about one-tenth as active as fucidin (19a, 55a). Combinations of
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cephalosporin P1 and benzylpenicillin or of fucidin and benzylpenicillin act

synergistically against many strains of penicillinase-producing staphylococci

(19a).

Staphylococci rapidly acquired resistance to cephalosporin Pi, as they did to

helvolic acid, when subcultured in the presence of the drug. Organisms that had

acquired resistance to cephalosporin P1 showed cross resistance to helvolic acid

and vice versa (33). The facility with which resistant organisms emerged from a

large population of staphylococci may have been responsible for the fact that

both substances were considerably more effective in suppressing the growth of

a small inoculum than that of a large one. Resistant staphylococci also emerge

readily in the presence of fucidin and these organisms show cross resistance to

cephalosporin P1 (19a).

1)ihydrocephalosporin P1, in which the double bond in the side-chain of struc-

ture I had been saturated, was as active against Staph. aureus as was cephalo-

sporin P1 itself. On the other hand, monodesacetylcephalosporin P1 showed

only about 12% of the activity of the parent compound (34). Both cephalosporin

P1 and helvolic acid were inactivated by an enzyme, or enzymes, present in a

crude preparation of penicillinase and in culture filtrates of several strains of

aerobic spore-forming bacilli (33). It seems possible that the loss of activity

was due to the removal of one or both of the 0-acetyl groups in the molecule.

E. Pharmacological and therapeutic properties

When given intravenously, cephalosporin P1 was less toxic than aureomycin,

the LD5O for mice being between 500 and 750 mg/kg. It was well absorbed

from the gastrointestinal tract and after oral administration serum levels were

readily obtained which were higher than those required to inhibit the growth

in vitro of Staph. aureus. Nevertheless, the drug was considerably less effective

than aureomycin or terramycin in protecting mice from staphylococcal infec-

tions. It increased the length of life, but not the number of animals which ulti-

mately survived unless the infections were produced with small inocula (45, 91).

In this respect, the results of the protective experiments resembled those obtained

earlier with helvolic acid (47).

The reason for the relatively poor performance of cephalosporin P1 in animals

was not ascertained. It did not appear to be due to the development of resistant

organisms, since staphylococci recovered from treated mice were as sensitive to

the drug as the organisms used for infection. Possibly cephalosporin P1 is handi-

capped by the fact that it is predominantly bacteriostatic rather than bactericidal

in low concentrations (2). Possibly it is inactivated in animals by the action of an

acetyl esterase, for although it disappeared from the blood rather quickly, little

appeared in the urine or bile. The question arises whether analogues of cephalo-

sporin Pi, in which, for example, the acetoxy groups have been replaced by other

substituents, would be more effective chemotherapeutic agents than the parent

antibiotic. It is of interest in this connection that fucidin, which has a higher

activity in vitro than cephalosporin P1, has been used successfully in the treat-
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ment of infections caused by penicillin-resistant staphylococci in man (50a,

96a, 102a).

III. CEPHALOSPORIN N (PENICILLIN N) AND CEPHALOSPORIN C

A. Production and purification

1. Production of penicillin N. Penicillin N was produced by Cephalosporium

C.M.I. 49,137 in deep culture with high rates of aeration in a medium containing

sucrose, corn steep liquor, and ammonium acetate (48). With E. salmosynnema-

tum a medium was used which contained maize and soya bean meal, ammonium

sulphate, and calcium carbonate (86). Chemically defined media were also used

(26, 53). The yield of penicillin N was increased by the addition to the medium

of betaine or choline chloride (53) and particularly of methionine (66, 71).

D-Methiornne was more effective than the L-isomer with both Cephalosporium

C.M.I. 49,137 and E. salmosynnematum. However, two species of Emericellopsis

which produced penicillin N were reported not to respond to methionine (67).

2. Production of cephalosporin C. The yield of cephalosporin C in fermentations

with Cephalosporium C.M.I. 49,137 was much smaller than that of penicillin N.

A series of mutants of this organism, produced by irradiation with ultraviolet

light, was therefore screened at the Antibiotics Research Station, Clevedon, and

a strain was eventually isolated (mutant 8650) which yielded many times as

much cephalosporin C (but not penicillin N) as did the parent in the same

medium. With the isolation of this mutant the production of cephalosporin C in

quantity first became a practicable undertaking.

3. Isolation of penicillin N. The methods that could be used for the purifica-

tion of penicillin N were restricted by the lability of the substance at pH values

below 5 or above 9 and by its insolubility in most organic solvents. One process

involved adsorption of the antibiotic from the culture fluid onto a column of

activated charcoal equilibrated with phosphate buffer, pH 6, and elution with

80 % aqueous acetone, followed by chromatography on acid-washed alumina in

80 % aqueous acetone and elution with 20 % aqueous acetone or dilute alkali.

Subsequent countercurrent distribution in a carbon tetrachloride-phenol--water

system, pH 6, containing collidine sulphate as a buffer and carrier, led to a barium

salt which appeared to be about 80% pure (4). Other methods involved adsorp-

tion onto and elution from charcoal (84) and chromatography on ion-exchange

resins (37). Fusari and Machamer (49) used chromatography in 70 % isopropanol

on cellulose powder and obtained a preparation of penicillin N that was almost

pure. The N-acetyl derivative of this product yielded a crystalline N, N-dihenzyl-

ethylenediamine salt (C32H43O7N5S).

4. Isolation of cephalosporin C. Cephalosporin C was isolated more easily

than penicillin N because it was much more stable than the latter in dilute

acid solution and readily formed a crystalline sodium salt. It was first encoun-

tered during chromatography on Amberlite IR4B of the crude penillic acid

obtained by keeping a solution of partially purified penicillin N at pH 2.7.

With ammonium acetate or ammonium formate buffer as eluents, cephalosporin
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C emerged from the column, after the penillic acid, as a band of ninhydrin-

positive material the ultraviolet absorption spectrum of which showed Amax.

at 260 mj� (79). Subsequently it was isolated directly from culture fluids of

(‘ephalosporium sp. C.M.I. 49,137 (mutant 8650). Penicillin N formed during

the fermentation was converted to its penillic acid by incubation of the culture

fluid at pH 3. Cephalosporin C was separated from the penillic acid and other

products by chromatography in pyridine acetate or ammonium acetate buffer

on anion exchange resins and was obtained in crystalline form as a sodium

salt (105).

Cephalosporin C was separated less easily from penicillin N than from the

isomeric penillic acid, but the two antibiotics were partly resolved by chroma-

tography on Amberlite IR4B and completely resolved by chromatography on

paper (79). Cephalosporin C can be located on paper chromatograms by bioassay,

by coloration with ninhydrin, by its absorption of ultraviolet light (79), and by a

procedure which depends on the fact that it is inactivated by alkali with the

formation of a product which absorbs about four equivalents of iodine (13, 99,

103).

B. Chemical structure and properties

1. Structure of penicillin N. Soon after it had been distinguished from cephalo-

sporin P, penicillin N was found to be inactivated by a crude preparation of

the enzyme penicillinase. At the time, however, the significance of this finding

was uncertain. The enzyme preparation that was used also inactivated cephalo-

sporin P and therefore contained at least one enzyme in addition to penicillinase.

Moreover, no penicillin previously encountered had such strongly hydrophilic

properties as the product of the Cephalosporium. The first convincing evidence

that the latter was indeed a penicillin came from the identification of the amino

acid penicillamine as a product of hydrolysis of partly purified material (3, 75).

Penicillamine (D-�-thiolvaline, VII) is a characteristic degradation product of

the penicillins.

HS

C(CH,)2

H2N-�H. CO,H

VII

Penicillin N contained a free amino group and behaved on electrometric

titration as a monoaminodicarboxylic acid (77). Elementary analyses of a highly

purified barium salt of the antibiotic (77) and of the crystalline dibenzylethylene-

diamine salt of its N-acetyl derivative (49) were consistent with a molecular

formula C14H2106N$. On the assumption that penicillin N was an N-acyl

derivative of the characteristic penicillin nucleus, which has been named 6-amino-

penicillanic acid (6-APA) and has the structure VIII, six carbon atoms and one

H,N.CH-CH 2C(CH3)2

�o-�c� ��H.CO2H
VIII
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nitrogen atom remained to be accounted for in the side-chain. This picture was

consistent with the finding that the antibiotic yielded D-a-aminoadipic acid

+

H,N

CH#{149}CH2�CH2�CH,�CO2H
-/
02C

Ix

(IX), in addition to penicillamine and CO,, on acid hydrolysis. The a-amino-

adipic acid appeared to be linked to the rest of the molecule through its 5-carboxyl

group, since penicillin N showed a positive ninhydrin reaction and an ionizable

group the pKa of which was 9.8. This pKa value was close to that for the amino

group of free a-aminoadipic acid, and considerably higher than would have been

expected if the a-carboxy group of the a-aminoadipic acid residue had been

involved in peptide linkage.

H3X

CII. CII, . CII, . CII, . CO .NH. CII, . CO,H
-/
ole

x

The way in which the side-chain was joined to the nucleus was finally established

by the characterization of a product that was formed when penicillin N was

subjected to acid hydrolysis and the neutral fraction of the hydrolysate was

oxidized with silver oxide. This product was shown to be D-#{244}-(a-aminoadipoyl)-

glycine (X) and its structure was confirmed by synthesis (5). Its formation was

accounted for by hydrolysis of the penicillin ring system to yield penicillamine

and a f�-aldehydo acid, loss of CO, from the latter, and oxidation of the aldehyde

group to a carboxylic acid.

These and other properties of penicillin N have left no doubt that this sub-

stance is D-(4-amino-4-carboxybutyl)penicillrn (XI) (8, 77). Like other penicillins

#{247}
H,N S

/\
CH�CH,�CH,.CH,�CO �NH�CH-CH C(CH,),

-/
O2C CO-N----CH�CO2H

D

XI

it is an N-acyl derivative of 6-aminopenicillanic acid (VIII) (20, 97). Unlike

the common penicillins, however, it contains a zwitterionic side-chain which

gives it extremely hydrophilic properties. The amino group of this side-chain can

readily be acylated under conditions which do not affect the remainder of the

molecule (77).
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In aqueous solution at pH 3, penicillin N isomerized to the corresponding

CO,H

S
+ /\/\

H,N N CII C(CH,)2

�CH. CH2� CII,. CII, . CO2H
-/
02c

XII

penillic acid (XII), the ultraviolet absorption spectrum of which showed Xmax.

at 240 m�t. On treatment with mercuric chloride the penillic acid was converted

to a penillamine (XIII) which was isolated as a crystalline S-benzyl derivative

(77). In these reactions penicillin N resembled benzylpenicillin (6-phenacetamido-

penicillanic acid).

CII HS
+ /% \

II3N N CII C(CH3),
II I___

CII.CII,�CH,�CH,.C-N CH.CO2II

XIII

2. Structure of cephalosporin C. Cephalosporin C (C16H,108N3S) contained

two carbon atoms and two oxygen atoms more than penicillin N(6). Like

penicillin N, cephalosporin C behaved as an amino dicarboxylic acid and showed

an infrared absorption spectrum with a strong band at 5.61 � A band in this
position is characteristic of the infrared absorption spectra of the penidillins and

is associated with the stretching vibration of the C=O moiety of the fused

�3-lactam ring.

A number of degradation products of cephalosporin C indicated that it con-

tained the partial structure XIV. Thus, it yielded D-a-aminoadipic acid and

+

H,N S
/\

CH�CH2�CH,�CH,.CO.NII.CII-CII C7H10O4

O2C CO-N

XIV

CO2 on hydrolysis with hot acid, and D-a-aminoathpic acid and L-alamne, among

other products, when the hydrolysis was preceded by hydrogenolysis with Raney

nickel. On treatment with Raney nickel and partial hydrolysis of the product

with acid, it yielded a dipeptide of D-a-aminoadipic acid and a ,�3-diaminopro-

+

II,N

‘�CH�CII,.CII,.CH2�CO .NII.CH-CH2
-/
02C CO,H NIT,

XV
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pionic acid (XV) (64). When kept in neutral aqueous solution at 37#{176}cephalo-

sporin C was partly converted to D-2-(4-amiflo-4-carboxyhutyl)thiazole-4-

carboxylic acid (XVI), the structure of which was confirmed by synthesis (64).

The formation of this thiazole from the partial structure (XIV) could be ac-

counted for by opening of the �3-lactam ring, fission of the bond between sulphur

and the remainder of the molecule, and a nucleophilic attack of the sulphur on

the amide carbon of the side-chain.

+

H3N S-CH
/

CH#{149}CH,CH,#{149}CH,#{149}C

O,C N-CCO,H

XVI

Two of the seven unplaced carbon atoms of the partial structure XIV were

present in an acetoxyl group. The remaining five atoms formed the carbon

skeleton of valine, since DL-Valine and some a-ketoisovaleric acid were obtained,

in addition to D-a-aminOadipic acid and L-alanine, when the antibiotic was

subjected to hydrogenolysis with Raney nickel and the product hydrolysed

with hot acid. On similar treatment, penicillin N yielded D-valine by removal of

sulphur from the penicillamine fragment of the molecule.

The way in which a valine-yielding fragment was incorporated into the struc-

ture of cephalosporin C proved somewhat difficult to elucidate. Cephalosporin

C differed strikingly from penicillin N in that it produced no penicillamine on

hydrolysis but yielded sulphur-containing products which were non-nitrogenous.

A first hypothesis was that a residue of a-hydroxypenicillamine (or its 0-acetyl

derivative) was present in the molecule (6). However, this hypothesis made no

provision for the presence of a chromophore which was necessary to account for

the strong absorption of cephalosporin C at 260 m� (#{128}= 9,600) and in due

course it was abandoned.

An important step forward was made when a nuclear magnetic resonance

spectrum of cephalosporin C, determined by Dr. R. E. Richards and Mr. T.

Higham, showed that no gem-dimethyl group (C(CH,),) was present in the

molecule. The presence of a single C-CH3 group, which had been revealed by a

Kuhn-Roth determination, was accounted for by the acetoxyl group. At this

stage the structure XVII was suggested by Abraham and Newton for cephalo-

sporin C as a working hypothesis (10, 11). Structure XVII contained a fused

dihydrothiazine-f3-lactam ring system in place of the thiazolidine-f3-lactam ring

system of the penicillins. It accounted for the fact that cephalosporin C yielded

no penicillamine on hydrolysis but yielded DL-valine and a-ketoisovaleric acid

when hydrolysis was preceded by hydrogenolysis with Raney nickel. It contained

a conjugated double bond which would result in an absorption band in ultra-

violet light; although such a chromophore might not have been predicted to

show Xmax. at as long a wavelength as 260 m/2, no ring system was known on

which a close analogy could he based. Structure XVII also accounted for the

formation of a neutral compound, known as cephalosporin Cc, when cephalo-
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sporin C was kept in N HC1 at room temperature. This compound, which showed

no net charge when subjected to electrophoresis at pH 7, could be formulated

as the lactone of deacetylcephalosporin C (XVIII). Deacetylcephalosporin C

itself was obtained by the action of an acetyl esterase from orange peel on cephalo-

sporin C. The deacetyl derivative lactonized readily in N HC1 (65).

+

H,N S
/\

,CII�CII,.CII,.CH,�CO.NH#{149}CII-CH CII,

02C SO-N �-CII,.O.COCH,

C

O,H

XVII

+

H,N S

CII.CII,.CH,�CII,.CO.NH#{149}CH-CII CII,
-/ I

O,C CO-N

C CII,

XVIII

Soon after structure XVII was first suggested, Professor Dorothy Hodgkin

and Dr. T. M. Maslen, who had been undertaking an X-ray crystallographic

study of cephalosporin C sodium salt, began to discern the presence of a sulphur-

containing six-membered ring in the molecule. From then on both chemical

and X-ray studies made rapid progress and placed structure XVII on a firm

basis. New degradation products of cephalosporin C, obtained after hydro-

genolysis with Raney nickel, included ‘y-hydroxyvaline (XIX) and a-hydroxy-

j3-methylbutenolide (XX). One of the sulphur-containing products formed on

acid hydrolysis of cephalosporin C appeared to have the structure XXI (10).

OH, CH2OH CII, CII, CII, CII2-S-CII, CII,

CH C \ C C \
I II II II

OH C / C C /
\ /\ /\/

H,N CO,H ITO CO CO OH HO CO
XIX XX XXI

The X-ray crystallographic analysis enabled the positions of all the atoms in

the molecule to be determined (57). It showed that the hydrogen atoms attached

to the fl-lactam ring are cis, as they are in the penicillins.

3. Reaction of cephalosporin C with heterocyclic bases. Cephalosporin C, unlike

penicillin N, reacted with pyridine in neutral aqueous solution to yield a new

compound with antibacterial activity which showed no net charge on electro-

phoresis at pH 5 to 7 and was named cephalosporin CA (pyridine). The properties
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of this compound indicated that the allylic acetoxy group in cephalosporin had

been replaced by a pyridinium ion to give the structure XXII. Analogous

quaternary compounds were formed when cephalosporin C reacted with a

+

II,N S

CII#{149}CII,�CII,CH,�CO�NII�CH-CH CII,
-/ I I I
O,C CO-N C-CH,---N

XXII

number of substituted pyridines, including sulphapyridine, and with sulpha-

thiazole (52). Deacetylcephalosporin C, as was to be expected, did not react

with pyridine (65).

4. 7-Aminocephalosporanic acid (7-ACA) and its derivatives. Cephalosporin C

was much more stable than penicillin N in aqueous solution at pH 2 to 3 and

did not isomerize to yield a compound of the penillic acid type. In solutions of

lower pH one of the first products to be formed was deacetylcephalosporin C

lactone (XVIII), but, together with the latter, there appeared small amounts of

compounds formed by hydrolytic removal of the a-aminoadipoyl side-chain from

cephalosporin C, including the cephalosporin C nucleus (XXIII) and its corre-

sponding deacetyl lactone (XXIV) (70). The nucleus (XXIII) was named

7-aminocephalosporanic acid (7-ACA) since its relationship to cephalosporin C

was similar to that of 6-aminopenicillanic acid (6-APA) to penicillin N. A pyridin

S S
/1\

II2N.CIT-CII ‘CII, II,N�CII-CH CII,
I��I I I I

CO-N, ,C-CII,#{149}O.COCH, CO-N

C C CII,

�O,II

XXIII XXIV

S
/\

II2N.CII-CH CII,

�O-� �-CII-V� 2

C

XXV

ium derivative of 7-ACA (XXV) was obtained by hydrolysis of cephalosporin

CA (pyridine) with dilute acid at room temperature or by treatment of 7-ACA

with aqueous pyridine.

Treatment of 7-ACA with acid chlorides in aqueous sodium bicarbonate

resulted in the acylation of the 7-amino group. In this way it was possible to
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obtain a new series of compounds containing the nucleus of cephalosporin C but

different side-chains. Thus 7-phenacetamidocephalosporanic acid, prepared from

7-ACA and phenylacetyl chloride has a structural relationship to benzylpenicillin

(6-phenacetamidopenicillanic acid) which is similar to that of cephalosporin C

to penicillin N (70).

C. Biosynthesis

1. Biosynthesis of penicillin N and other penicillins. The structure of penicillin

N, like that of other penicillins, can be dissected into residues of D-valine, L-

cysteine, and a carboxylic acid side-chain (RCO,H) as shown by the broken

lines in XXVI. Studies by Arnstein and by Stevens and their colleagues with

a’

L /�.
R#{149}CO I NIT. CH-C�T ,“ C(CH,)�

I �O74�-�H.C02H

XXVI

labelled precursors have shown that L-valine, L-cysteine, and phenylacetic acid

are incorporated into benzylpenicillin (R = C6H5CH2) by Penicillium chryso-

genum. L-Valine undergoes a change in configuration at its a-carbon atom (to

yield a D-penicillamine residue) during the biosynthesis of the thiazolidine ring.

This change probably occurs through the formation of an a,�3-dehydrovaline

residue and the subsequent addition of sulphur to the double bond (15, 42). In

the absence of an added side-chain precursor, 6-aminopenicillanic acid (6-APA,

VIII) accumulates in fermentations with P. chrysogenum (21). 6-Aminopenicil-

lanic acid also appears to be formed by Emericellopsis minima, Cephalosporium

salmosynnematum, and Cephalosporium sp. C.M.I. 49,137, in some media,

together with penicillin N. Whether the N-acylation of 6-APA represents a final

step in the biosynthesis of the penicillins is uncertain. Penicillin amidases occur

widely in micro-organisms and can bring about the formation of 6-APA from a

number of different penicillins (36, 59, 93). However, although E. minima

produced an amidase which removed the side-chain of penicillin V (phenoxy-

methylpenicillin), this enzyme had no effect on penicillin N (21).

There is no reason to doubt that L-valine and L-cysteine are used for the bio-

synthesis of penicillin N, as they are for that of benzylpenicillin. The question

then arises why the only penicillin which appears to be synthesized by certain

species of the genus Cephalosporium or Emericellops-is is one with a side-chain

derived from D-a-aminOadipiC acid, while P. chrysogenum can synthesize peni-

cillins with non-polar side-chains derived from a variety of acids, such as phenyl-

acetic and phenoxyacetic, when the appropriate acid is added to the culture

medium as a precursor. a-Aminoadipic acid is one of the less common naturally

occurring amino acids. It has been isolated, in an unstated optical configuration,

from Vibrio cholerae (28). L-a-AminOadipic acid occurs in certain plants (23, 108),

Aspergillus oryzae (108), and Penicillium chrysogenum (17) and has been impli-
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cated in the metabolism of lysine in Neurospora crassa (72, 1 10) , the guinea pig

(30), and man (31). But D-a-amlnOadipic acid appears to have been obtained,

hitherto, only from penicillin N and cephalosporin C. Biosynthesis of both the

L- and D- forms of the amino acid may involve condensation of acetyl coenzyme

A with a-ketoglutarate to yield a-ketoadipate by a series of reactions analogous

to those by which a-ketoglutarate is formed from acetyl coenzyme A and oxalo-

acetate in the citric acid cycle (102, 105).

An indication that a-aminoadipic acid plays a role in the biosynthesis of

penicillins other than penicillin N came from the finding of Arnstein et al. (16)

that the tripeptide #{244}-(a-aminoadipoyl)cysteinylvaline (XXVII), or the corre-

sponding disulphide, was present in the mycelium of P. chrysogenum. This

tripeptide shows a formal resemblance to glutathione (�y-glutamylcysteinylgly-

cine) and by analogy with the latter its biosynthesis would be expected to involve

the coupling of a-aminoadipic acid with cysteine followed by the coupling of the

resulting dipeptide with valine.

+

H,N SH
/

CII�CII,�CH,�CH2�CO.NH.CII-CH, CII(CH,),

� O-NII��II. CO,II

XXVII

Arnstein and Morris (17) suggested that the tripeptide XXVII might be an

intermediate in the biosynthesis of benzylpenicillin, the a-aminoadipic acid

residue being exchanged for a residue of phenylacetic acid, under the action of a

transferase, at some stage of the process. This provided a possible explanation

of the finding that isotopically labelled L-cystinyl-L-valine was a relatively ineffi-

cient precursor of benzylpenicillin, since L-cysteiflyl.L-valine might not be on

the main biosynthetic pathway to the tripeptide. The absence of an appropriate

transferase might account for the fact that penicillin N, but no other penicillin,

has been obtained from species of Cephalosporium or Emericellopsis. In this

connection it may be significant that a-aminoadipic acid isolated from the

mycelium of P. chrysogenum was preponderantly the L-form, while that in

penicillin N is the D-fOrm. It has been reported that P. chrysogenum metabolises

L-a-aminoadipiC acid but not the D-isomer (98).

Further evidence that a-aminoadipic acid is involved in the biosynthesis of

benzylpenicillin, as well as of penicillin N, was obtained by Somerson et al. (100).

They found that DL-a-aminOadipiC acid stimulated the synthesis of henzyl-

penicillin by resting cells of P. chrysogenum in a synthetic medium. In a complex

medium, allowing growth of the fungus, penicillin production was inhibited by

lysine and this inhibition was reversed by DL-a-aminOadipic acid. It seemed

possible that lysine inhibited the formation of a-aminoadipic acid or the incor-

poration of the latter into #{244}-(a-aminoadipoyl)cysteinylvaline.

2. Biosynthesis of cephalosporin C. The structural relationships of penicillin N

and cephalosporin C suggest that the two substances are synthesised from similar

units by pathways which have features in common. Thus C-6, C-7, C-8, and the

sulphur atom of cephalosporin C (XVII) could he derived from cysteine, while
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C-2, C-3, C-4, C-9, and C-l0 could come from a valine residue which was raised

to a higher level of oxidation at some stage of the biosynthetic process. ‘y-Hy-

droxyvaline, which could also be formed by the oxidation of valine or one of its

precursors, has been found to be present in certain plants (87). Thus a final

step in the biosynthesis of cephalosporin C might be ring closure of an inter-

mediate such as XXVIII.

+ e
II,N S OR

/ /
CII.CIT,.CH,.CII,#{149}CO#{149}NII.CH-CH CII,

-/ I I I
O,C CO-N C-CII,#{149}OR

0211

XXVIII

An interesting problem is raised by the ability of methionine, and in particu-

lar the D-isomer, to increase the production of penicillin N and cephalosporin C.

Demain and Newkirk (43) have suggested that methionine may repress its own

biosynthesis, as it does in E. coli (96), by inhibiting the formation of cystathio-

nase, and that this may help to maintain cysteine at an optimum concentration

in the cell for the synthesis of penicillin N and cephalosporin C. Cystathionase,

in addition to its action on cystathionine, appears to degrade cysteine to pyruvate.

Despite the progress that has been made, our views on the details of the reac-

tion sequences leading to the formation of penicillin N and cephalosporin C are

still largely in a speculative stage. The interpretation of the results of experi-

ments in this field is likely to be complicated by the existence of permeability

barriers between the cell and the medium, and an important step forward will

have been made when some of the reactions concerned can be studied in cell-free

systems.

D. Derivatives of 6-APA and 7-ACA as substrates, inhibitors, and inducers of

penicillinase

1. Maximum rates of hydrolysis. Cephalosporin C (the #{244}-(D-a-aminoadipoyl)

derivative of 7-ACA, XXIII) was found to be very much less susceptible than

penicillin N (the corresponding derivative of 6-APA, VIII) to inactivation by

the enzyme penicihinase (1, 6, 7, 79). A similar difference in sensitivity to peni-

cillinase was subsequently observed between other N-acyl derivatives of 7-ACA

and the corresponding derivatives of 6-APA (41). During the course of work in

this field, however, it became clear that penicillinase produced by strains of

B. cereus differed strikingly, in some respects, from that produced by strains of

Staph. aureus (11).

+
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Na�

XXIX
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With a given concentration of penicillinase from either B. cereus 569 or a

strain of Staph. aureus the maximum rate of hydrolysis (Vmax.) of penicillin N

to its corresponding penicilloate (XXIX) is about half that of benzylpenicillin.

In contrast, Vmax. for cephalosporin C is only about 10� times that for benzyl-

penicillin with purified penicillinase from B. cereus 569 and less than 10� times

that for benzylpenicilhin with the crude enzyme from a strain of Staph. aureus.

A similar resistance to hydrolysis by these penicillinases is shown by the phenyl-

acetyl derivative of 7-ACA (41). Deacetylcephalosporin C is even more resistant

to hydrolysis than cephalosporin C itself. On the other hand, Vmax. for cephalo-

sporin CA (pyridine) (XXII) is greater than that for cephalosporin C, and Vmax.

for deacetylcephalosporin C lactone (XVIII) is of the same order as that of

benzylpenicillin. The exceptional behaviour of the lactone may be correlated

with the fact that the fi-lactam ring of this substance is much less stable in

aqueous solution at pH 7 in the absence of penidilhinase than is the �3-1actam ring

of either benzylpenicillin or cephalosporin C.

�. Competitive inhibition. Although cephalosporin C is highly resistant to

hydrolysis by penidillinase from B. cereus, it is a competitive inhibitor of the

action of the enzyme on benzylpenicillin. If E represents the enzyme concentra-

tion, S the substrate concentration, P the product of the reaction, I the inhibitor

concentration, Km the Michaelis content of the enzyme-substrate system, and

Ki the dissociation constant of the enzyme inhibitor complex, then according to

the simple Michaelis-Menten equation

E+S��ES�E+P and Km�2�

while E + I El and K9 =

With cephalosporin C as inhibitor and benzylpenicillin as substrate, the value

of Ki/Km was found to be close to 3. Similar values of Ki/Km were obtained

with the phenylacetyl and other derivatives of 7-ACA as inhibitor or with peni-

cillin N as substrate. These results indicate that the affinity for the enzyme of a

number of different N-acyl derivatives of 7-ACA is of the same order as that of

the corresponding derivatives of 6-APA, and that the affinity is not greatly

affected by considerable changes in the nature of the N-acyl residue.

In contrast to its effect on the enzyme from B. cereus, cephalosporin C has no

significant inhibitory effect on the hydrolysis of benzylpenicillin by a staphylo-

coccal penicillinase. The phenylacetyl derivative of 7-ACA, however, is a power-

ful competitive inhibitor of the staphylococcal enzyme, Ki/Km being 1.7 X

10_2 with benzylpenicillin as substrate and 0.8 X 10� with penicillin N as sub-

strate. It thus appears that the affinities of N-acyl derivative of 6-APA and

7-ACA for penicihinase from Staph. aureus are greatly increased when the acyl
+

H,N

residue is changed from CH . CH,� CH,. CH2� to C6H5CH2� (41). The value

-/
02C
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of Km for benzylpenicillin with a staphylococcal enzyme has been reported to

be 2.5 X 10-6 M (80), whereas the value with penicillinase from B. cereus is

about 4.9 X 10’ M. On the other hand Km for penicillin N is about 5 X 10�

M with either enzyme.

Although very high concentrations of penicillinase from B. cereus are able to

catalyse the hydrolysis of cephalosporin C and the phenylacetyl derivative of

7-ACA at a measurable rate, the rate has been found to decline after relatively

short contact between enzyme and substrate. It appears that these compounds,

in addition to acting as competitive inhibitors, are able to inhibit the enzyme in

a non-competitive manner (41).

3. Cephalosporinase. Relative to benzylpenicillin, cephalosporin C and de-

acetylcephalosporin C are more susceptible to hydrolysis by culture filtrates

of B. cereus than by highly purified penicihlinase obtained from these culture

filtrates. It appears that B. cereus produces a cephalosporinase to which the

$-lactam ring of cephalosporin C and some of its derivatives is less resistant than

it is to the enzyme responsible for most of the penicillinase activity in purified

preparations (41). Whether the cephalosporinase and purified penicillinase

represent different conformations of a single protein remains to be determined.

4. Enzyme induction. Like the penidillins, cephalosporin C and other deriva-

tives of 7-ACA induce the synthesis of penicillinase by B. cereus 569. In optimum

concentration cephalosporin C is a more powerful inducer than benzylpenicillin,

but the optimum concentration is much higher for cephalosporin C (about 100

JLg/ml) than for benzylpenicillin (about 1 �ug/ml) or for the phenylacetyl deriva-

tive of 7-ACA (about 1 /2g/ml) (41, 89). In contrast, the concentration of benzyl-

penicillin required to induce the synthesis of penicillinase at a given rate by a

strain of Staph. aureus is higher than the corresponding concentration of cephalo-

sporin C and much higher than that of the phenylacetyl derivative of 7-ACA.

The apparent efficiency of the derivatives of 7-ACA as inducers of the staphy-

lococcal enzyme may be attributed, at least in part, to their stability in the

presence of the enzyme. The induction of staphylococcal penicillinase appears to

require the continued presence of the inducer in the medium surrounding the

cells.The induction of penicihlinase by benzylpenicillin in B. cereus 569 is unusual

in that brief contact of the inducer with the cells enables the latter to synthesize

enzyme for a considerable time at a constant rate (88).

E. Antibacterial properties

1. Activity of penicillin N. Penicillin N is much less active than many other

penicillins against gram-positive bacteria. For example, its activity against

certain strains of Staph. aureus, when measured by the serial dilution method,

is less than 1% of that of benzylpenicillin. A strain of Staph. aureus which

had acquired an increased resistance to benzylpenicillin in vitro, by subculture

in the presence of the drug, was found to be more resistant to penicillin N than

the parent strain. Unlike benzylpenicillin, however, penicillin N is at least as

active against many gram-negative bacteria as it is against gram-positive bac-

teria. In consequence, its activity against a number of gram-negative organisms
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is several-fold that of benzylpenicillin, and against some of the salmonellae

more than ten-fold (4, 54, 56, 61, 81).

The striking influence on antibacterial activity of the positively charged amino

group in the side-chain of penicillin N is illustrated by the changes which accom-

pany acylation of this group. N-Benzoyl penicillin N is several times as active

as penicillin N itself against Staph. aureus, and about one tenth as active against

Salm. typhi.

2. Activity of cephalosporin C and other derivatives of 7-ACA. Cephalosporin C

resembles penicillin N in showing a wide range of activity, but with many

bacteria, including the salmonellae and penicillin-sensitive strains of Staph.

aureus, the minimum concentration at which it inhibits growth in vitro is about

ten times that of penicillin N. Deacetylcephalosporin C and the corresponding

lactone are less active than cephalosporin C, and the activity of 7-ACA is very

low. As with penicillin N, acylation of the amino group of cephalosporin C is

accompanied by an increase of several-fold in activity against Staph. aureus, and

a decrease in activity against Salm. typhi.

Cephalosporin CA (pyridine) (XXII) is more than ten times as active as

cephalosporin C against many strains of penicillin-sensitive and penicillin-

resistant staphylococci, but shows an activity similar to that of cephalosporin C

against Saim. typhi (52, 62). Staphylococci which had acquired resistance to

cephalosporin CA (pyridine) by subculture in the presence of the antibiotic

were reported to have an increased resistance to cephalosporin C but not to

benzylpenicillin. The resistance thus acquired decreased on subculture of the

organism in normal medium (62).

A particularly striking change in antibacterial activity accompanies the

replacement of the a-aminoadipoyl group of cephalosporin C (XVII) by a

phenylacetyl group or group of similar structure. Thus the phenylacetyl deriva-

tive of 7-ACA is several hundred times as active as cephalosporin C against

certain strains of Staph. aureus, showing an activity which is of the same order

of magnitude as that of benzylpenicillin. Cephalosporin C and the phenylacetyl

derivative of 7-ACA show activities against penicillinase-producing strains of

staphylococci which are similar to their activities against strains which do not

produce penicillinase (45).

The ability of these compounds to maintain their activity against the peni-

cillinase-producing strains is due largely to the very low values for their maximum

rates of hydrolysis by the enzyme. In this they differ from 2: 6-dimethoxyphenyl-

penicillin (methicillin), the activity of which against the penicillinase-producing

staphylococci is determined, to a considerable extent, by its very low affinity

for the enzyme (80, 94). Cephalosporin C and benzylpenicillin were found to act

synergistically when used together in vitro against one penicillinase-producing

strain of Staph. aureus (40). It was at first thought that the synergism might be

attributed to a competitive inhibition by cephalosporin C of the enzymic inacti-

vation of the penicillin; but the subsequent finding that cephalosporin C does

not compete effectively with benzylpenicillin for extracellular penicillinase from

Staph. aureus, as it does for penicillinase from B. cereus, indicated that this
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hypothesis might become untenable (11, 41). With other penicillinase-producing

strains of Staph. aureus no significant synergism has been observed (73). Experi-

ments with the N-phenylacetyl derivative of 7-ACA have shown that only a

very powerful competitive inhibitor is likely to give sufficient protection to

benzylpenicillin from staphylococcal penicillinase to exert a marked synergistic

effect (41). However, synergism between derivatives of 7-ACA and 6-APA might

arise from non-competitive, as well as competitive, inhibition.

3. Mode of action. Penicillin N and cephalosporin C exert a rapid bactericidal

effect on growing sensitive organisms. Like benzylpenicillin, they appear to

interfere with the synthesis of the bacterial cell wall, for they bring about the

lysis of growing staphylococci and lysis is preceded by the accumulation in the

cells of nucleotides containing uridine-5’-pyrophosphate and the N-acetyl

derivative of 3-O�a-carboxyethyl-D-glucosamine (muramic acid) (9). In the

main nucleotide, muramic acid is linked to the peptide L-alanyl-D-glutamyl-L-

lysyl-D.alanyl-D-alanine. Muramic acid and the amino acids of the peptide occur

in the cell wall of Staph. aureus in the same proportions as they do in the nucleo-

tide. It has thus been suggested that the nucleotide mediates the incorporation

of the N-acetylmuramic acid peptide into new cell wall and that the nucleotide

accumulates when this process is blocked (85). A strain of Vibrio cholerae used for

the assay of cephalosporin C has been found to form spheroplasts in subinhibi.

tory concentrations of the antibiotic (29).

F. Pharmacological ar4 chemotherapeutic properties

1. Pharmacological properties of penicillin N. Heatley and Florey (54) found

that penicillin N sodium salt was even less toxic than sodium benzylpenidilin

when given intravenously to mice and that it was also less toxic than benzyl-

penicillin when given intracisternally to rabbits. They also found that penicillin

N was excreted somewhat less rapidly in the urine than benzylpenicillin when

given intravenously to rats and that it was absorbed less readily from the intes-

tine. These findings have been confirmed and extended by others. The acute

intravenous toxic dose of sodium penicillin N in rats approaches that of sodium

chloride (60). Like benzylpenicillin, however, penicillin N is much more toxic to

the guinea pig than to other species. Penicillin N appears to diffuse readily into

the extracellular space but not into the cerebrospinal fluid. It is excreted in the

dog mainly by glomerular filtration and is not concentrated by the gall bladder.

In man it is poorly absorbed from the gastrointestinal tract but well absorbed

after intramuscular injection.

Several patients who were sensitive to benzylpenicillin and a number of other

penicillins were reported to give no reaction on intradermal injection of penicillin

N (25, 45); the use of a passive transfer technique appeared to show that serum

reagins to benzylpenicillin or phenoxymethylpenidillin did not react with peni-

cillin N (24). These results suggested that the side-chain of the penicillin mole-

cule might play a role as an antigenic determinant. They were consistent with

the hypothesis of Levine and Ovary (68) that the antigenic determinants respon-

sible for hypersensitivity to benzylpenicillin are produced by reaction of D-benzyl-
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penicillenic acid (XXX), a transformation product of the penicillin, with the

c-amino groups in the lysine residues of tissue proteins. This reaction leads to the

formation of conjugated proteins containing e-N-(D-a-benzylpenicilloyl)lysine

groups (XXXI).

ITS
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Other findings, however, indicate that the final picture may be more compli-

cated and that a variety of different antibodies may be involved. Human ery-th-

rocytes which had been sensitized by exposure to either benzylpenicihin or

penicillin N were found to be agglutinated by certain sera from a small proportion

of patients who had received penicillin therapy (69). Toni and Kohoriuchi (104)

reported that a conjugate obtained by incubating benzylpenicillin with egg

albumin was able to induce a specific anaphylaxis in guinea pigs, and that benzyl-

penicifiin could not be replaced successfully by benzylpenicillenic acid. They

concluded that abnormal protein, with a strong capacity for binding penicillin,

was present in the sera of patients who showed anaphylactoid reactions. Stewart

(101) has stated that patients sensitized to benzylpenicillin showed cutaneous

sensitivity not only to a number of other penicillins but also to 6-aminopeni-

cillanic acid.

2. Therapeutic properties of penicillin N. Olson and Jennings (83) found that

penicillin N, given subcutaneously, was able to free mice from otherwise lethal

infections with Salm. typhimurium and Salm. typhi and to free chicks from infec-

tion with Saim. pullorum. In further experiments penicillin N was shown to

protect mice from infection with E. coli, Proteus vulgaris, and P. mirabilis as well

as with Saim. typhimurium; it was more effective than chioramphenicol, strepto-

mycin, or benzylpenicillin against infections with Salm. typhimurium and was

the only one of these antibiotics that was capable of controlling all four types of

infection. Moreover, two of the organisms against which penicillin N was effec-

tive in vivo, E. coli and P. vulgaris, were relatively resistant in vitro, and the

activity of penicillin N in vivo against Staph. aureus and Str. pyogenes, when

compared with that of benzylpenicillin, was greater than would have been ex-

pected from its activity in vitro (56, 90).

Penicillin N has been used, on a small scale, for the treatment of typhoid
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fever in man. From a clinical trial with 15 patients the conclusion was reached

that it was an effective drug for the treatment and control of the disease and

that it was more effective than chioramphenicol in clearing Saim. typhi from the

faeces (22). One patient with a severe systemic typhoid infection which had been

treated unsuccessfully with benzylpenicillin and chioramphenicol improved

rapidly after receiving penicillin N and did not become a carrier (55). Penicillin

N has also been used for the treatment of gonorrhoea and syphilis in patients

sensitive to benzylpenicillin (25).

3. Pharmacological properties of cephalosporin C and derivatives. Cephalosporin

C (XVII), like penicillin N, is remarkably innocuous to the mouse, a dose of 100

mg given intravenously producing no noticeable ill effect (45). It evoked no

reaction in patients sensitized to benzylpenicillin who showed cutaneous sensi-

tivity to three other penicillins and to 6-APA (101). Cephalosporin CA (pyridine)

(XXII) may be somewhat less innocuous but its acute toxicity is nevertheless

very low. Cephalosporin C and CA (pyridine) are absorbed into the blood after

subcutaneous injection, and after subcutaneous or intravenous injection are

excreted almost quantitatively in the urine. They are poorly absorbed, however,

from the gastrointestinal tract (62).

4. Therapeutic properties of cephalosporin C and derivatives. Eight 3-hourly

doses of 1 mg of cephalosporin C, given subcutaneously, completely protected

mice infected intraperitoneally with Strep. pyogenes, while all the control animals

died within 12 hours (46). Nine doses of 0.125 mg of cephalosporin CA (pyridine)

completely protected mice from a similar infection (62). Doses of 2 mg of cephalo-

sporin C given at 3-hourly intervals completely protected mice from an infection

with a penicihinase-producing strain of Staph. aureus which did not respond to

treatment with benzylpenicillin (46). Smaller doses of the phenylacetyl derivative

of 7-ACA gave similar protection (63). It has been reported that the dose of

cephalosporin C or cephalosporin CA (pyridine) required to protect mice which

have been infected intraperitoneally with penicillinase-producing staphylococci

is reduced by at least 50 to 75 % when the cephalosporin is given with an equal

amount of benzylpenicillin, although such mice are not protected by benzyl-

penicillin alone (63).

IV. CONCLUDiNG REMARKS

The antibiotics that have now been isolated from culture fluids of species of

Cephalosporium or Emericellops-is show a highly selective toxicity and have

structures which are novel variants of those of previously well-known groups of

natural products.

Cephalosporin P stands out as one of the very few members of the steroid

group that are known to have significant antibacterial activity. Its mode of

action, like that of the chemically related fungal product, helvolic acid, is still

not understood. It comes near to being a useful chemotherapeutic agent for

staphylococcal infections, but it is less effective in vivo, in comparison with several

other antibiotics, than might be expected from its activity in vitro and from the

ease with which it can be obtained in antibacterial concentration in the blood.
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Further advances in the chemistry of cephalosporin P may be necessary before

the possibility of improving on its therapeutic activity by structural modifica-

tions can be adequately explored. But the successful use in man of the chemically

related substance, fucidin, suggests that this is a field worth further investigation.

Penicillin N has the normal penicillin nucleus (6-aminopenicillanic acid), but

a polar side-chain of a type not previously encountered. Its discovery revealed

that striking and useful changes in antibacterial activity and other biological

properties could accompany an appropriate alteration in the side-chain of benzyl-

penicillin. More recently, the isolation of 6-aminopenicillanic acid has made it

possible to produce penicillins not previously accessible, including those with

side-chains derived from 2, 6-dimethoxybenzoic acid (methicillin) (94), 5-methyl-

3-phenylisoxazole-4-carboxylic acid (44), and D- a-phenylglycine (ampicillin,

Penbritin) (95), and has opened the way to an extensive exploration of the vari-

ation of biological properties with changes in the side-chain.

Penicillin N itself is clinically effective and appears to be superior to chior-

amphenicol for the treatment of typhoid fever. Indeed, there are indications

that it is more effective in vivo than would be anticipated from its activity in

vitro. The reasons why it has not found a place among the antibiotics generally

available to the physician are probably mainly commercial. The production of

pure penicillin N is relatively difficult and expensive, and the incentive to produce

it on a large scale has been insufficient in relation to the magnitude of the prob-

lems involved.

Cephalosporin C resembles penicillin N in containing a side-chain derived from

D-a-amiflOadipic acid but differs from it in that the side-chain is condensed with

a �3-lactam-dihydrothiazine ring system (7-aminocephalosporanic acid, 7-ACA)
instead of with a $-lactam-thiazolidine ring system (6-aminopenicillanic acid,

6-APA). It is clear that cephalosporin C and penicillin N are related biosyn-

thetically, but the details of this relationship remain to be elucidated. There is

no evidence that the biosynthesis of a-aminoadipic acid is a rate-limiting process

in the formation of penicillin N or cephalosporin C, and the indication that this

amino acid is involved in the biosynthesis of penicillins by Penicillium chryso-

genum needs further exploration. Biochemical problems also arise in connection

with the sulphur metabolism of Cephalosporium and Emericellopsis sp. and the

stimulation of their ability to produce penicillin N and cephalosporin C by D-me-

thionine (27, 43).

The N-acyl derivatives of 7-ACA appear to be as innocuous to animals as the

corresponding derivatives of 6-APA, but to be from five to ten times less active

than the latter against a number of bacteria in vitro and, in some cases at least,

to be less readily absorbed from the gastrointestinal tract. Certain changes in

the N-acyl group, such as a change from a-aminoadipoyl to phenylacetyl, are

accompanied by striking changes in the antibacterial activity of derivatives of

7-ACA and in the affinity of these derivatives for staphylococcal penicillinase.

Similar differences in properties are found among the corresponding N-acyl

derivatives of 6-APA. The various derivatives of 7-ACA and 6-APA appear to

have essentially similar modes of action. Some of the large differences in their
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antibacterial activities may perhaps be attributed to an influence of the side-

chain on the ease with which they reach, or combine with, a specific receptor in

the cell (2, 89). It has been reported that penicillin N is bound at a much slower

rate than benzylpenicillin by resting cells of Staph. aureus (74).

Despite the similarities between the two families of compounds, the N-acyl

derivatives of 7-ACA are sharply distinguished from the corresponding deriva-

tives of 6-APA (penicillins) by certain properties that are conferred on them by

the $-lactam-dihydrothiazine ring system. The derivatives of 7-ACA are rela-

tively stable in dilute acid, and they are highly resistant to hydrolysis by purified

penicillinase from B. cereus, or penicillinase from Staph. aureus, irrespective of

the nature of their side-chains and their affinity for the enzyme. The activities

of 2: 6-dimethoxyphenylpenicillin and the N-phenylacetyl derivative of 7-ACA

against penicillinase-producing strains of Staph. aureus appear to depend mainly

on two different properties. The former substance has a low affinity for the en-

zyme, and its rate of hydrolysis is far below the maximum at the minimum

concentrations in which it shows antibacterial activity, while the latter substance

has a high affinity but also a very low rate of hydrolysis in concentrations suffi-

cient to saturate the enzyme.

The penicillinase-producing strains of Staph. aureus raised a serious clinical

problem because these strains survived and spread in hospitals when other strains

were suppressed by the use of the natural penidilins. This problem was magnified

by the ability of the staphylococcus to acquire resistance to antibiotics of other

types with great facility. Thus the production of new penicillins or penicillin-

like compounds which were resistant to penicillinase became an objective of

some practical importance. 2: 6-Dimethoxyphenylpenicillin and an isoxazolyl

derivative of 6-APA have already been shown to be clinically valuable. The

properties of some of the N-acyl derivatives of 7-ACA, including their very low

toxicity and their resistance to penicillinase, suggest that this group of substances

may also provide useful additions to the drugs now available for the treatment

of staphylococcal infections. The fact that organisms which do not produce

penicillinase have retained their sensitivity to benzylpenicillin during its con-

tinued use in medicine provides ground for hope that the new compounds will

not rapidly lose their usefulness. But it would be unwise to assume that any

single derivative of 7-ACA or 6-APA will provide a permanent solution to the

staphylococcal problem. Penicillinases from different organisms are known to

differ in their enzymic properties, and it is conceivable that strains of Staph.

aureus will eventually emerge which will produce penicillinases with new specifici-

ties. The discovery of the penicillin amidases has indicated that the amide linkage

of the side-chain, as well as that of the �3-lactam ring, is a potential source of

weakness in some N-acyl derivatives of 6-APA and 7-ACA. Moreover, although

it is the penicillinase-producing strains of Staph. aureus which have hitherto

restricted the value of benzylpenicillin for the treatment of staphylococcal

infections, the possibility remains that new pathogenic strains will appear with

a resistance to penicillins and related compounds which depends on factors

other than an ability to produce penicillinase (19).



THE CEPHALOSPORINS 497

Penicillinase is produced not only by staphylococci and gram-positive bacilli

but also by gram-negative bacilli. The resistance of certain strains of E. coli,

Pr. vulgaris, and A. aerogenes to the penicillinase-sensitive, “broad spectrum,”

6[D(-)a-aminophenylacetamido]penicillin (Penbritin) may be due to the destruc-

tion of the antibiotic by penicillinase produced by these organisms (95). It

remains to be seen whether some of the penicillinase-resistant derivatives of

7-ACA will prove useful for the treatment of infections with such gram-negative

bacteria.

The production of new drugs that are effective against penicifiinase-producing

bacteria may not represent the only outcome of value to medicine from further

work in this field.The isolation of 6-APA and 7-ACA has enabled detailed studies

to be made, among the N-acyl derivatives of these compounds, of relationships

between chemical structure and biological properties. In 7-ACA, the acetoxy-

methyl group attached to the dihydrothiazine ring, as well as the 7-amino group,

provides a modifiable centre from which new series of active substances may be

accessible. Properties known to be variable, in some cases independently, among

6-APA or 7-ACA derivatives, include range of antibacterial activity in vitro

and in vivo, efficiency of absorption when given by mouth, and ability to evoke

hypersensitivity reactions, as well as affinity for penicillinase, rate of hydrolysis

by penicillinase, and ability to induce the formation of penidillinase. The results

of current investigations are likely to make interesting additions to what is now

known about the influence of structural changes on such properties. But some

time may elapse before the extent of their impact on chemotherapy can be

adequately assessed.
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