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Itis over 50 years since the publi-
cation of Fleming's original work
on penicillin. In that time a variety
of naturally occurring f-lactam
structural types have been report-
ed, particularly in the last twelve
years or so.'-2 |t is also over 40
years since the first detailed des-
cription ofthe enzyme ff-lactamase,
which was soon followed by the
recognition of its involvement in
the development of resistance by
bacteria to p-lactam antibiotics?
The following review describes
and illustrates the various f-lactam
structural types that have been
identified and developed over
these years. Their susceplibility or
resistance to the major classes of
f-lactamases that have been re-
cognised as contributing to the
problems of resistance are dis-
cussed for certain representative
examples. Related topics such as
penetration and binding to target
site enzymes will be mentioned
where appropriate but are not dis-
cussed indepth. Certain p-lactams
are also potent inhibitors of f-
lactamases and their structures
and effects on the microbioclogical
properties of certain penicillins
and cephalosporins are mention-
ed.

Naturally occurring fi-lactam struc-
tures have generally been de-
fined and classified by a frivial
nomenclature (e.g. as penicillins,
cephalosporins, cephamycins,
clavulanic acid, olivanic acid,
thienamycin, the nocardicins and
the monobactams), the name of a
compound usually relating to the
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producing organism and a chemi
cal feature of the newcompound?
More recently, f-lactams have
been categorised by a further
system based on a defined parent
f-lactam skeleton (Figure 1), i.e.
penicillins and cephalosporins
have been derived from the penam
(1) and cephem (2) nuclei respec-
tively, clavulanic acid from the
clavam nucleus (3), while thiena-
mycin and the olivanic acids are
called carbapenems (4); other g-
lactam antibiotics are based on
the penem (5), oxacephem (6), and
monobactam (7) ring systems.

f-Lactamases and resistance

f-Lactamases hydrolyse the cyclic
amide bond of penicillins, cephalo-
sporins and related compounds
to produce antibacteriallyinactive
degradation products (Figure 2).
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Of the p-lactamases produced by
Gram-positive organisms,onlythe
staphylococcal enzyme has clini-
cal relevance. The p-laclamases
from Gram-negative bacleriaarea
diversegroupofenzymes forwhich
Richmond and Sykes?® first pro-
duced a comprehensive classifi-
catlion system which was later
modified® 7 These classifications
are based on the ability of the
enzyme to hydrolyse a range of -
lactam substrates (substrate pro-
file)and onthegeneticoriginofthe
enzyme (plasmidal or chromo-
somal).

The largels lor g-lactam antibiotics,
the penicillin binding proteins
(PBPs), are located on the inner
cytoplasmic membrane of the
Gram-negative cell wall. The outer
membrane of this wall limits the
rate of entryofsome fi-lactamsinto
the periplasmic space between
the twomembranes. f-Laclamase
inthe periplasmic space hydrolyses
thelowconcentrationsofincoming
antibiotic with an efficiency de-
pending on the Vpa, and Ky
values of the enzyme for that parti-
cular substrate. A high value of
K/ Vmax Or a low value of Via,/ Ky
will indicate good stability at the
low concentrations which are likely
to be obtained in the periplasm.8.?
Hence, these measurements
serve as a better guide than just
Vmax rates when considering the
role of f-lactamase in the resis-
tance of clinical bacteria. Alterna-
tively, stabilitydata obtained atlow
substrate concentrations provides
a more relevant measurement
than Vinax values. Unfortunately,
much of the published dala has
been obtained for substrate pro-
file comparisons atconcentrations
which give maximum rates of
hydrolysis.

PENAMS (Figure 3)
Penicillins are defined as N-
acylated derivatives of 6i-amino-

penicillanic acid(9: 6-APA), which
is a derivative of the penam
nucleus (Figure 1:1); this is a bi-
cyclic ring system derived by the
fusion of azetidinone and thia-
zolidine rings. Figure 3 lists a num-
ber of chemotherapeutically use-
ful penicillins. The type of acyl-
amino side chain presentin these
lactamase but resistance has
emerged by changes in intrinsic
penicillins varies considerably.

Early penicillins were benzyl-
penicillin(10) and phenoxymethyl-
penicillin (11) which have activity
primarily against Gram-positive
cocci. These penicilling are sus-
ceplible to virtually all bacterial -
lactamases although a -lactamase
from E. coli was recently shown to
have little activity against benzyl-
penicillin®® The introduction in
1960 of 28-dimethoxyphenyl
penicillin,methicillin(12), followed
by isoxazolyl penicillins such as
cloxacillin (13) and flucloxacillin
(14) which were stable to staphy-
lococceal f-lactamase, eliminated
the clinical relevance of p-
lactamase-mediated resistance
inthese organisms. Itisinteresting
that after twenty years, staphylo-
cocci have not evolved a new -
sensitivity  (methicillin-resistant
staphylococci). Although methi-
cillin and isoxazolyl penicillins
have high resistance to many
Gram-negalive f-lactamases they
have little antibacterial activity
against the organisms which pro-
duce them. They have, however,
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proved useful in the characterisa-
lion of p-lactamases; enzymes
which hydrolyse alkoxyaryl and
isoxazolyl penicillins include the
plasmid mediated OXA types and
PSE-2, as well as chromosomal
enzymes from Klebsiella (Class
IV), Class lc cephalosporinases
and the unusual cephalosporinase
from E. coli JD41.

The first broad spectrum peni-

Table 1. The hydrolysis of penicillins by fi-lactamase.
Producing Enzyme Rates of hydrolysis (Vined) relative to benzylpenicillin (-~ 100)
organism  |Re.|  5.6.7.
Class. Benzyl
penicillin | Methicillin | Cloxacillin | Ampicillin | Carbenieillin | Cephaloridine
Enmerobacter
clogear P9 7 Ta 100 30 0 a 0 GO0
Eschenchio
eoli 255 LR} It 100 <2 <l <l 270
Pscudomonas
GN9IR 7 e 100 5 5 o . 770
Maorganella
monganii 7,33 * 100 5 $ <8 ] 6821000
Proteus o)
vilparris 0 = é 100 <1 107 14 714
Bactersider E
Srugilis 34,37 le n.g 100 125:165 <380 30-60 16 312513800
Proteus s I 100 8 198 102 §
mmirubilis penicil
C8RY linase
Kicbsiclla E70 | 38 v s_ 100 b] 191 18 55
Kiebsiclla 1082E | 39 v ié 100 2 ] 83 1 83
=
Branhamelia 3 g
catarrhalis 16 W/ g5 100 15 98 125
RE] TEM 1 100 0 0 106 10 76
i1 TEM-2 100 ] 0 107 10 74
] SHV-| 100 <2 212 8 6
LE} OXAL 100 132 190 82 10 a0
Crrarm negative i ] OXA-2 100 21 200 179 15 n
plasmud mediausd | 38 OXA-} 100 29 150 178 10 44
[ lactamase L] PSE 1 100 <2 <2 90 927 I8
8 PSE2 100 803 m 267 121 2
8 PSE-§ 100 3 L 253 10
L3 PSE-4 100 16 <2 B8 150 40
Staphylococcus* Plasmud
atircts Russell | 35 | mediated 100 1 I 213 8 ]
Eram posilive
penicillinasc®
* Inducible




Table 2. The hydrolysis of mezlocillin and azlocillin by
Pseudomonas and Klebsiella NCTC 8172 p-lactamases

Incubation time Residual antiblotic (%)

(h)

Pseudomonai - factamase Kiebsielia /i factamase (Class IV)

(Class I)

Azlocillin Ticarcillin Mezlocillin | Ampicillin Cefazolin Carbenicillin
0 85 100 100 100 100 100
0.25 70 100 70 58 100 100
0.5 48 100 32 32 100 100
1.0 0 100 0 0 100 100

Substrates at 50pg/ml. Data from reference 41.

cillins were the orallyadministered
a-aminopenicillin, ampicillin (15),
and the parenteral ae-carboxy-
penicillin, carbenicillin(17). These
and the later analogues, amoxy-
cillin (16) and ticarcillin (18), have
little stability to ptasmidal or Class
Il chromosomal enzymes (Table
1). Whilst e-aminopenicillins 15
and 16 are substrates for broad
spectrum chromosomal enzymes
(Class IV), the a-carboxypenicillins,
such as 17, are relatively stable to
Class IV Klebsiella p-lactamases
(Table2). Like mostsemi-synthetic
penicillins, 15 and 16 are hydro-
lysed by Class |c cephalosporin-
ases (cefuroximases) from Proteus
vulgaris, Bacleroides and Pseudo-
monas cepacil.

Cephalosporinases of Class la, b
and d have litlle effect on semi-
synthetic penicillins, with a-car-
boxypenicillins being the most
stable (Table 1). This stability ex-
tends the antibacterial spectrum
of the a-carboxypenicillins (o
cover Indole-positive Proteus,
Enterobacter, Serratiaand Pseudo-

(Table 2). This instability is seen
when minimuminhibitoryconcen-
tration (MIC) values are obtained
using high inocula, butthe clinical
relevance of this effect has yet to
be determined. Acylureido-peni-
cillins have very high affinity for
PBP-3 and their ability to rapidly
inhibit septation at low concen-
trations may explain their activity
despite having poor fi-lactamase
stability.

Mecillinam (24), a 6-p-amidino-
penicillanic acid derivative, is an
unusual structural type amongst
commercially available -lactams.
Its activity is limited to the Entero-
bacteriaceaeanditissimilartothe
semi-synthetic penicillins in terms
of p-lactamase stability. It is re-
latively stable to cephalosporinases
and has lower Vya values than
ampicillin against TEM and Class
IV f-lactamases. Havinga K, value
significantly higher than that of
ampicillin for TEM f-lactamase it
is more stable at low concentra-
tionsand,asaresult is moreactive
than ampicillin against Entero-

Table 3. The hydrolysis of mezlocillin and piperacillin by various fi-lactamases;
hydrolysis rate relative to benzylpenicillin (100).
Strain [ Lactamase; Benzyl-
studicd Richmond and penicillin Ampicillin Mezlocillin Piperacillin
Sykes group.

1. E cloacae £
1051 E Group | 100 0 0 15

2 E coli D31 100 0 0 4
1541 E

3 Baet. fragilis Group | 100 92 304 B2
1781

4. K coli TEM-| 100 127 92 ki
193K Giroup 111

5. K. preu SHV.| 100 189 133 147
moniae Crroup 111
1976E

6. K. aerogenes Kl 1% 67 60 25

Group IV

1. E coli OXA L 100 403 16 52
11 3RE

Data from Reference 40 - pemcillin concentration S0pg/ ml

monas organisms producing bacleriaceae which produce

Class | enzymes, as well as 1o
Klebsiella which produce Class IV
p-lactamases. The high stability of
semi-synthetic penicillins, such
as cloxacillin, methicillin and a-
carboxypenicillins, combined with
their high affinity for Class |
cephalosporinases, allows them
to act as competitive inhibitors of
cephalosporinases whence mod-
erately stable acyl-enzyme inter-
mediates are often formed. In
some cases, even the a-amino-
penicillinsare capableofactingin
this way. The spectrum of potent
p-lactamase inhibitory activity is
extended to cover TEM and Kleb-
siella enzymes by the alkoxy sub-
stituted naphthylpenicillins, naf-
cillin (19) and BRL 1437 (20). The
limited or poor synergislic activity
ofthese semi-synthetic penicillins
in antibacterial tests may reflect
their poor permeability and thus
theirinabilityto inhibit periplasmic
p-lactamase.

The acylureido penicilling, such
as azlocillin (21), mezlocillin (22)
and piperacillin (23), are deriva-
tivesofampicillinandare unstable
to staphylococcal and Gram-
negative p-lactamases (Table 3).
These compounds, however,
have an antibacterial spectrum
similartothe a-carboxypenicillins,
but they are more active despite
their poorer stability lo f-lacta-
mases, including those produced
by Pseudomonas and Klebsiella

moderate amounts of this plasmid-
mediated f-lactamase. Mecillinam
specifically inhibits PBP-2 and
produces asmaotically stableround
cells. This specific action on cell
wall biosynthesis produces a
synergistic effect when mecillinam
is combinedwith normal penicillins
and cephalosporins.

Until recently it seemed unlikely
thatapenicillinwould be obtained
with stability to a broad range of
Gram-negative f-lactamases and
yel retaining sufficient intrinsic
antibacterial activity to make it
therapeutically useful. The intro-
duction of temocillin (25: BRL
17421) has provided a penicillin
with  useful chemotherapeutic
properties and high stability to
virtually all bacterial -lactamases.
Temocillin is a 6a-methoxy peni-
cillin and its stability compared to
other a-methoxy-f-factams will be
discussed later.

CEPHEMS (Figure 4)

Cephalosporins are N-acylated
derivatives of 7p-aminocephalo-
sporanicacid(26: 7-ACA) whichis
derived from the cephem nucleus
(Figure 1:2); a cephem is the bi-
cyclicring system obtained by the
fusion of an azetidinone with a
dihydrothiazine ring. Representa-
tive samples are listed in Figure 4.
In addition to varations being
made in the structure of cephalo-
sporins atC-7, further modifications

at C3 can lead to dramatic
changes in chemotherapeutic

properties. Thus, the acyl side-
chain of cephalosporins can vary
fram e-aminoadipoyl, as incephalo-
sporin C(27), through the 2-thienyl-
acetyl substituent of cephaloridine
(28) and cephalothin (29), the
a-amino-, a-hydroxy, and a-
sulphono-phenacetyl groups of
cephalexin (30), cefamandole (31)
and cefsulodin (32), and the
acylureido function of cefopera-
zone (33), to the a-oximino-a-
aminothiazole and e~turan units of
cefotaxime (34), ceftazidime (35)
and cefuroxime (36). Likewise, the
C-3 substituent can be varied con-
siderably in these compounds, as
seen in Figure 4.

The term cephalosporinase was
introduced by Abraham and
Newton for the cephalosporin C
hydrolysing enzyme they detected
in crude extracts of Baciflus cereus.
Most chromosomally mediated
enzymes in the Gram-negative
bacteria are cephalosporinases.
Thethree earliestcephalosporins,
cephalothin(29) and cephaloridine
(28) both used parenterally, and
the orally administered cephalexin
(30) have comparable antibacterial
properties. Cephaloridine and
cephalothin are readily hydrolysed
by Class | cephalosporinases,
Class IV enzymes and plasmidal
p-lactamases (Table 4), bul like
most cephalosporins are relatively
stable to staphylococcal p-lacta-
mase. Cephalexin is relatively
stable to plasmid and Class IV
enzymes(Tabled) havinglowV .«
values and low affinity. Even
cephaloridine can have reason-
able MIC values against strains
producing moderate amounts of
TEM p-lactamase because it has
very poor affinity for this p-lacta-
mase. Attempts to improve the
aclivity of cephaloridine resulted
in cefazolin (37) with better intrinsic
Gram-negative activity but little in-
creased resistance to pg-lactamase
(Tables 4 and 5). Further improve-
mentsinantibacterial activitywere
obtained with ceforanide (38) and
celotiam (39). Lower V5, values
for some enzymes, as seen for
cefotiam in Tables 4 and 5, are off-
sel by higher alffinity and more
efficient hydrolysis at lower con-
centrations and sothiscompound
cannot be considered as any
more stable than cefazolin.

Orally absorbed cephalosporins,
such as cephalexin (30), have
acylamino side-chains similar to
those of amoxycilin  and
ampicillin and stable substituents
at C-3, e.g. a methyl group. Addi-
lions to this group since the advent
of cephalexin have all had similar
antibacterial activity and poor
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stability to cephalosporinases,
with cephaloglycin(40), cefatriazine
(41) and cefaclor (42) having mar-
ginally improved intrinsic anti-
bacterial activity. Little has been
achieved therefore in the search
for an orally active p-lactamase
stable cephalosporin.

Good stabilityagainstsome Class
I enzymes was first achieved with
cefuroxime (36) and cefamandole
(31), as shown in Tables 4 and 5.
Cefuroxime, however, has signifi-
cantly better stability against
broad spectrum p-lactamases of
the TEM and Class IV types than
does cefamandole. They have
similar  intrinsic  antibacterial
activity and their spectra are ex-
tended, compared to earlier
cephalosporins, o coverstrains of
Haemophilus, Neisseria, E. coli,
Klebsiella and Enterobacter, but

despite exhibiting stability to the
Sabath and Abraham enzyme(ld),
they lack activity against Pseudo-
monas. Enzymes which fall into
the Ic category of the Richmond
and Sykes classification hydrolyse
cefuroxime and cefamandole
prompting Mitsuhashi' to term
this group ‘cefuroximases’.

Cefonicid (43) is structurally re-
lated to cefamandole but is re-
ported to have better stability to B.
fragilis p-lactamase.'? Il also has
lower Viax Values than cefaman-
dole with TEM p-lactamase, butits
higher affinity probably resulls in
similar stability at physiological
concentrations. The Class | stabil-
ity of cefuroxime is achieved des-
pite a very high affinity for this type
ofenzyme. The K; values of cefure-
xime approachthose of cloxacillin
and helps explain why cefuroxime

Table 4. Comparison of the relative rates of hydrolysis of cephalosporins by clinical f-lactamases.
Relative rates of hydrolysis
Produci En I 2 £ E o
r'0duf:|ﬂg nzyme R = L z g ¥ B £ = g £ £ S .
organism type S i) 2% S g -] g £ E g ] 5 °g = 3 H
" e " = 3 = 'S
2 4 & B & EiE SR ERS e s
g 8 3 8 8 3 3 g g 3 8 8 3 8 3 =
Emerobacter la 100 125 45 0.1 0 0 0 I 7 <1 <1 3 0 Bl | <l <l
cloacac P99
Cirrobacter 1 100 32 38 8 15 | ] <l
intermedius
Pseudomonas Id 100 60 70 110 0 0 0.1 0 14 15 0 15 | | <l 0
aeruginasa
Bacteraides le 100 31 22 14 <} IS 1 | 0 <|
JSragilis (STH4)
Klebsiella v 100 68 0.5 8 60 i3 0 3 22 4 7 7 | 3 <1 |
preumoniae (K1)
TEM-| 0o 25 0.5 15 20 0. 0 54 5 2 <) <) <l (4] <1 0
TEM-2 100 - - 61 I 3 | 0 1 0 | 0
SHV-1 100 il 3 6 I 0 <1 0 0 0
OXA- 100 22 25 2 8§50 22 122 7 0 0
Plasmid mediated in OXA2 100 80 3 3 0 2 0 0 0
Gram-negative OXA3 100 47 9 6 0 6 0 0 0
bacteria PSE-| 100 16 8 47 247 27 0 0 20 0
PSE-2 100 165 258 320 264 16 44 30 12 11
PSE-3 100 225 285 7 0 <1 36 8 0 8
PSE-4 100 4 2 0 3 | 0 74 0 0
Staphylococeus Gram-positive | 100 . - 62 0 38 39 0 0 30 0 0
duresEGe) penicillinase Data from references 42 and 43*




FIGURE5.
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is an inhibitor of these f-
lactamases. The a-methoxyimino
group in the cefuroxime side
chain is the structural feature
whichisthoughttoberesponsible
forits p-lactamase stability.

Further e-methoxyimino cephalo-
sporins include cefotaxime (34),
cefmenoxime (44) and ceftizoxime
(45). In these compounds the furyl
ring in the 7-acylamino side chain
of cefuroxime is replaced by the
5-aminothiazol-3-yl group which
had been shown earlier to give
good intrinsic antibacterial activity

in cefotiam
These compounds are extremely

active against the Enterobac-
teriaceae but only have marginal
aclivity against Pseudomonas.
Like cefuroxime they are stable to
Class | enzymes, excluding lc,
(Tables 4 and 5) and are also
hydrolysed lo some extent by
plasmid-mediated enzymes. As
shown in Table 4, OXA-1 and 2
hydrolyse these a-methoxyimino
cephalosporins under Va5 con-
ditions with ceftizoximeappearing
to have the best stability overall.

Cephalosporins  with  activily
against Pseudomonas have only
been obtained recently. Cefsulodin
(32) has antibacterial activily
limited to virtually only Pseudo-

monas, despile having a wider
range of p-lactamase stability
(Tables4 and5). Itis hydrolysed by
cefuroximases and the PSE group,
whichisreflectedinits MICvalues
against carbenicillin-resistant
Pseudomonas strains producing
PSE types. Cefoperazone (33) is
structurally quite different from
cefsulodin having a side chain

A novel modification of the a
methoxyimino substituent was
achieved by replacing the methyl
group with 22-dimethylacetic
acid, as in ceftazidime (35). This
cephalosporin, at present under
development, is an exceptionally
broad spectrum Gram-negalive
antibacterial with excellentactivity
against Pseudomonas. Itis highly
stable to the cephalosporinases,
including the Ic type enzyme from
Proteus vulgaris, but low rates of
hydrolysis by B. fragilis ¥-lacta-
mase may be responsible for the
reduced activity against this
anaerobe. Low rates of hydrolysis
have been reported with OXA-1,
Klebsiella K1 and PSE-2-3 and
staphylococcal p-lactamases
(Table 4).

7a-METHOXY-CEPHEMS,
OXACEPHEMS (Figure 5) and
6a-METHOXY-PENICILLINS

The discovery of cephamycin C
(46), a 7Ta-methoxy-cephem, pro-
vided a cephalosporin with stabil-
ity to a wide range of Gram-
negative p-lactamases. The mar-
keted analogue, cefoxitin (47), has
moderate antibacterial activity
and its spectrum includes Kleb-
siella, Indole-positive Proteus,
Citrobacter, £ coli and Bacteroides.
Activity against Enterobacter and
Pseudomonas is poor although
cefoxitinis relatively stable to their
p-lactamases. This spectrum re-
flects its good p-lactamase stabil-
ity(Tables4 and5) which includes
stability to the lc enzymes and

Table 5. The hydrolysis of cephalosporins by Class 1 i-lactamases.
Vmax rates relative to cephaloridine ( 100).
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Povpaciu 100 156 38 lel 452 10 16l 239 174 2 <) IsL X}
B fragilis 10X (i <| o f 7 i} 50 7 2 | 3 <1

verysimilartothatof theacylureido
penicillin, piperacillin. This anti-
biotic has poorerstabilitytoClass |
enzymes than, say, cefuroxime
and is hydrolysed readily by plas-
mid enzymes. Despite broad
spectrum intrinsic activity, which
includes Pseudomonas, il per-
forms poorly against many pg-
lactamase-producing bacteria.

L. Pacudomonas cepacha
2, Cltrobacter koscri

oG DIses

i. Escherichia coll
4. [oterobacter acrogenes

Ve 5 [ 7 B
9, Shigella 7. Salmonella enteriditis
6. Pacudomonas acruglnosa 8. Proteus vulgarls
reaction at 6 hours incubation
Diagnostic Disc ONPG
Code DD13

A rapid micro-test for lactose ferment-
ation which reliably differentiates be-
tween late-lactose fermenting organ-
fermenting

isms and non-lactose

organisms.

helps explain its unusual activity
against Bacteroides.

The 7a-methoxy group is the
structural feature which gives
good stability, its presence affect-
ing the reactivity of the p-lactam
ring towards g-lactamases. The
7a-methoxy group does not
necessarily reduce affinily as
cefoxitin has low K; values for

Code SR110

Legionella BCYE Growth Supplement

This growth supplement when added tc Legionella
CYE Agar Base CMB55 stabilises the pH at6.9 and

provides essential growth factors.

Table 6. The f-lactamase stability hmodltin. aea-meﬂioxyauhsﬂmd
‘penicillin, in comparison to cefuroxime, cefotaxime and cefoxitin.
‘Source of f-lactamase Substrate remaining after 1h (%)»
cefoxitin _cefuroxime _cefotaxime  BRL 17421
Plasmid mediated: i - ‘ ]
TEM-1 100 22 0 100
TEM-2 100 0 0 100
PSE-4 (pMG19) 100 60 47 100
OXA-1 (pGN238) 100 0 0 100
OXA3(PSTb) 85 100 17 100
SHV-1 (pR1010) 100 34 0 100
HMS-1 (pR997) 100 65 34 100
Chromosomally mediated: p
Escherichia coh’ (5)b 47-100¢ 0-100 0-70 100
Enterobacter spp (10) 0-100 0-75 0-85 100
Citrobacter spp(5) 100 100 18-100 100
Serratia marcescens (3) 100 0-32 0-17 100
Pseudomonas aeruginosa(5) 32-100  24-100 32100 100
Providencia spp(10) 90-100 0-100 0-100 0-100
Proteus spp(G) 80-100 0-100'- 0-100 100
Kiebsiella pnewmoniae (4) 100 0-100 0-8 100
Miscellaneous:
Acinetobacter S ot y
caleoaceticus (5) 100 75-100 30-100 100
Bacteroides fragilis (3) 100 0 0 100
Staphylococcus aureus (2) 100 100 100 100
* aSubstrate concentration, 200ug/ml, temperature 37°C, pH 7.0, same enzyme
concentration for all substrates.
b Number of strains tested. '
¢ Range of results for strains tested. Data from reference 44.
Class | enzymes and acts as an ~ CARBAPENEMS (Figure 6)

inhibitor. The 7a-methoxy substi-
tuentactuallyreducestheintrinsic
anlibacterial activity but achieves
abalance betweenactivityand re-
sistance to p-lactamase. The
methoxy group in the a-methoxy-
imino cephalosporins perhaps
mimics the methoxy group of the
cephamycins and explains the
stability of this series and that of
ceftazidime. Newer cephamycins
such as cefotetan (48) and
cefmetazole(49) havespectraand
stability similar to cefoxitin but are
reported 2-4 times more active
(Table 4).

By replacing the sulphur atom of
cephem (Figure 1:2) with oxygen,
a series of analogues called the
oxacephems (Figure 1:6) have
been synthesised. The most
notable example of this series is
latamoxef(50: moxalactam) which
possesses a 7a-methoxy group.
This p-lactam is significantly more
active than the cephamycins and
shares their high stabilityto a wide
range of -lactamase types(Table
4) with improvements over cefoxitin
instabilitytosome Class | enzymes
(Figure 8). Latamoxef, like the new
cephalosporins, has relatively
poor aclivity against staphylococci
but like the cephamycins has
some aclivily against Bacteroides,
with a spectrum extended to in-
clude Pseudomonas. Latamoxef
has belter p-lactamase inhibitory
activity than cefoxitin against
Class | enzymes and like cefoxitin
can react to form relatively stable
enzyme-inhibitor complexes.
Temocillin (25: BRL 17421) is an
a-carboxy penicillin with a Ba-
methoxy substituent!® This com-
pound is highly stable to p-lacta-
mases even when compared to
cefoxitin (Table 6); only an in-
ducible enzyme from Providencia
has beenshowntoslowlyhydrolyse
this f-lactam but the organism
was slill sensitive to the antibiotic.
Temocillin is aclive against the
Enterobacteriaceae and f-lacta-
mase-producingstrainsof Haemo-
philus and Meisseria, but lacks
activity against Gram-positive
organisms and Bacteroides.
Temocillin,unlike the cephamycins
and latamoxef, has poor affinity for
f-lactamases and has no p-lacta-
mase inhibitory activity. This poor
affinity may explain its greater
stability at low concentrations to
Class | enzymes when compared
to the 7a-methoxy-cephems.

A carbapenem (Figure 1:4) is the
ring system obtained by replacing
the sulphur atom of a penem by a
(CH») group; this g-lactam type is
illustrated by the thienamycin (51)
and olivanic acid families.® The
analogous saluratedringis called
a carbapenam. Il is a notable
feature of the carbapenemsinboth
naturally occurring and synthetic
series that the substituents at C-6
and C-2 are considerablydifferent
fromthose of the penam (penicillin)
and cephem (cephalosporin)
classes of p-lactams. Of the car-
bapenems a thienamycin deriva-
tive, MKO787 (52: N-formimidoyl-
thienamycin), is the most interest-
ingchemotherapeutically,though
itis not without problems of meta-
bolic instability.'s

Thienamycin is highly stable to
most p-lactamases and its 6a-
hydroxyethyl side chainis believed
to mimic the 6a-methoxy group of
the cephamycins by sterically
hindering hydrolysis. However, it
is not completely stable and a
penicillinase from Pseudomonas
maltophiilia hydrolyses the deriva-
tive MK Q787.'¢ Bacillus cereus I
f-lactamase has been reported
also to hydrolyse some
carbapenems?*? Whilst thiena-
mycin and MK 0787 have some
moderate  inhibitory  activity
against Class | enzymes the
sulphated olivanic acids MM 4550,
MM 17880 and MM13902 (53)
are extremely potentinhibitors ofa
wide range of -lactamases " for
which they have high affinity, in-
teracting to form relatively stable
enzyme-inhibitor complexes.'?
StereochemicaldifferencesatC-6
and C-8, and the sulphate ester
group, influence enzyme inhibitory
properties.  Similarly, stereo-
chemislry influences the anti-
bacterial activity of carbapenems.
Furthermore, acetylation of the
2-cysteamine side chain of thien-
amycin reduces activity against
Pseudomonas in paricular. Thien-
amycinand MKO787 are extremely
potent broad spectrum f-lactam
antibiotics, which includes activity
against Pseudomonas and Gram-
positive bacteria. The olivanic
acids, such as MM 13902 (53),
have good antibacterial activity
but are generally less active than
thienamycin and have no useful
effect on Pseudomonas.

The p-lactamring of carbapenems
is hydrolysed by the mammalian



renal dlpeptudase dehydropepn-
dase |, to yield an antibacterially
inactive degradation product.'® It
is ironic that g-lactams with such
high stability to bacterial -lacta-
mases should prove susceptible
lo a mammalian p-lactamase
which has no effect on traditional
penicillins, cephalosporins, or
clavams. The co-administration of
specific, non-p-lactam inhibitors
of this enzyme with MK 0787 is
being considered.

PENEMS

The penem nucleus (Figure 1:5) is
an unsalurated analogue of the
penam ring system. So far, no
naturally occurring penem deriva-
tive has been reported, though
many synthetic examples have
been prepared and one, Sch
29482 (54), has been investigated
insome depth;'? thiscompound is
the result of trying to combine the
chemical and microbiological
features of the penicillin and
thienamycin families (Figure 6).
Likethe carbapenems, Sch29482
is highly stable to nearly all -
lactamases, including the lc
enzymes. Slight hydrolysis by
TEM p-lactamase has been re-
ported?® and also by Ps. malto-
philia f-lactamase, which hydro-
lyses carbapenems. Though simi-
lar to cefotaxime in spectrum and
lacking Pseudomonas activity, it
has the distinction of being an oral
antibiotic unlike all other g-
lactamase-stable -lactams which
are administered parenterally. Itis
highly serum bound and MIC
values increase dramatically in
50% serum, which may suggest
some instability. The clinical rele-
vance of these properties remains
lo be seen. A major drawback with
Sch 29482 isthatitis metabolised
to ethyl mercaptan.

MONOBACTAMS, and other

azetidinone derivatives (Figure 6)
Azetidin-2-one(Figure 1:7) deriva-
lives were known before the dis-
covery of penicillin. However,
despite considerable study it is
only recently that naturally occurr-
ing azetidinones with potentially
useful properties have beenisolat-
ed from bacterial species and
Nocardia. The monobactams 2!
and the nocardicins 22 are N-acyl
derivatives of 3-amino-monobacta-
mic acid(55:3-AMA) arid 3-amino-
nocardicinic acid (56: 3-ANA),
respectively, and thereforeclosely
resemble the penicillins and

H

H

A CH,0H
):T _>=/ (59) Clavulanic acid; BRL 14151
L) “coom
H
.0
i R
PE=

R =COOH (60) Clavam-2-carboxylate
R =CH,CH,0H (61) 2-(2-Hydroxyethyl)clavam
R =CH,CHCOOH (62) 2-Alanylclavam

NH,

H O,

Ll (64) 6/ lodopenicillanic acid
o] W “COOH (65) 6/-Bromopenicillanic acid
H o,
co.cu.
g-lcouﬂ
NH,
(66) Sultamicillin
CH,_ .9 B
(67) Ro 15-1903.
N 6-Acetymethylene
[+}

FIGURE 7. i-LACTAMASE INHIBITORS
AND OTHER CLAVAMS

(63) Sulbactam; CP 45,899

R=|

H COOH penicillanic acid

cephalosponns 3a-methoxy
derivatives are also known,
though notin the nocardicin family.
Azthreonam(57)isanexampleofa
monobactam with potentially use-
ful chemotherapeutic properties.
The synthelic azetidinone (58)
prepared by Allen and Hanbury
(British Patent 1201,720) is a pro-
gressive inhibitor of staphylo-
coccal fi-lactamase only and has
no antibacterial activity. Nocardi-
cins have weakin vitro antibacterial
activity with stability to staphylo-
coccal and some E. coli f-lacta-
mases2® but apart from this little
data is available.

Most of the naturally occurring
monobactams have a3-a-methoxy
group analogous to that found in
the bicyclic cephamycins which
confers high stability to a number
of p-lactamases, whilst the
desmethoxy analogues are sub-
strates. Azthreonam is a prospec-
tive commercial development of
these natural products butitlacks
the 3-a-methoxy group.

Stability to -lactamase and anti-
bacterial activity have been attain-
ed by attaching the ceftazidime
side chain to C-3 of the mono-
bactam nucleus. Substituents at
C-4 also influence p-lactamase
stabilityand the4 g-methylanalogue
of azthreonam (4a-methyl) is even
more stable than azthreonam to
some enzymes. Azthreonam is
very stableto mostClass |enzymes
but not Ic types, though Proteus
vulgaris strains remain susceptible.
It has good stability to most plas-
mid-mediated enzymes but is
slowly hydrolysed by PSE-2 and
the Class IV Klebsiella K1 g-lacta-
mase. Like cefoxitin and latamoxef
it has a high affinity for, and is a
progressive inhibitor of, Class |
enzymes, the inhibition being
achieved by the formation of
moderately stable acyl inter-
mediates (half-life = 6.8h with E
cloacae P39 enzyme). Azthreonam
(57) has a narrow antibacterial
spectrum being limited to aerobic
Gram-negative bacteria. It has
some activity against Pseudo-
monas, although it is inferior to
ceftazidime and MK 0787. It
appears particularly active against
Serratia, Morganella, Providencia
and Proteus strains, being re-
ported as better than ceftazidime
in vitro.

B-LACTAMASE INHIBITORS (Fig7)
Clavam (Figure 1:3) is the parent
ring system found in the potent -

lactamase inhibitor, clavulanic
acid (59), isolated from Strepto-
myces clavuligerus;?* il can be
considered as the bicyclic ring
system formed by the fusion of an
azelidinone and an oxazolidine.
Simpler derivatives of this nucleus,
e.g. clavam-2-carboxylate (60), 2-
(2-hydroxyethyl) clavam (61) and
2-alanylclavam(62), are produced
by Streptomyces spp but have an
absolute stereochemistry at C-5
which is opposite to that of clavu-
lanicacid?s Clavem(8) isrelatedto
clavam (3) as penem (5) is to
penam (1) - see Figure 1; only
synthetic examples of (8) are
known.

Clavulanic acid isa potentinhibitor
of all plasmid-mediated enzymes
including staphylococcal -
lactamase2é It sinhibits chromo-
somal enzymes of Class Il, e.g.
Proteus mirabilis,and broad spec-
trum enzymes (Class IV) such as
are found in Klebsiella and Bran-
hamella. It also inhibits cephalo-
sporinases of Class Ic (cefuroxi-
mases) but does not have signifi-
cantaclivityagainstothermembers
ofthe large Class | group of Gram-
negative fi-lactamases. An oral
formulation of amoxycillin and
potassium clavulanate is now in
clinical use?? It extends the spec-
trum of the widely used p-lactam
antibiotic amoxycillin to cover -
lactamase-producing staphylo-
cocci, TEM-producing Haemo-
philus, Neisseria gonorrhoea, E.
coli and other members of the
Enterobacteriaceae possessing
plasmid-mediated f-lactamases.
In addition, strains of K aerogenes,
P. mirabilis P. vulgaris, Branhamella
catarrhalis and Bacteroides spp,
which produce chromosomal
enzymes and are not susceptible
toamoxycillin,arereadilyinhibited
by the combination. A formulation
ofthe a-carboxy penicillinticarcillin
and potassium clavulanate is
underdevelopment28 Ticarcillinis
used for the treatment of serious
Gram-negative and Gram-positive
infections and its formulation with
clavulanic acid will extend its
spectrum to cover strains produc-
ing plasmid-mediated f-lacta-
mases or Class Il penicillinases.
Ticarcillin, of course, already has
intrinsic resistance to most Class |
cephalosporinases and to Class
IV p-lactamases from Klebsiella.
The f-lactamase inhibitors, peni-
cillanic acid sulphone(63: sulbac-
tam; CP 45,899), 6p-iodo and 6-
bromopenicillanic acids, (64) and

(65) respectively, are examples of
simple derivatives of the penam
nucleus?®:30 Sulbactam is gen-
erally less active as a f-lactamase
inhibitor than clavulanic acid,
especially against TEM p-lacta-
mase. Its spectrum, however, in-
cludes some moderate activity
againstClasslenzymesandthisis
reflected in formulations of sul-
bactam and ampicillin where
some activity has been obtained
against Enterobacterand Serratia
spp producing Class | enzymes.
The oral pro-drug, sultamicillin
(66), is under development and
comprises ampicillin (15) co-
valently linked byan esterbond to
sulbactam(63) which on hydrolysis
inthe blood releases the separate
components3!

A formulation of sulbactam with
cefoperazone (33) is also under
consideration. Cefoperazone, as
discussed earlier,has good broad
spectrum intrinsic activity butis -
lactamase labile.

The 64-halo penicillanic acids, 64
and 65 have similar potency and
spectra o clavulanic acid, butlike
sulbactam they have some mod-
erate activity against cell-free
preparations of Class | cephalo-

sporinases, yet this has not been

evident in antibacterial synergy
tests*® A new inhibitor, 6-acetyl-
methylene penicillanic acid (67:
Ro 15-1903), has been described
recently. 32 [t inhibits Class |
enzymes tothe same extentassul-
bactam and was also reported lo
be significantly more active than
clavulanic acid against plasmid-
mediated, Class |V and staphylo-
coccal f-lactamases when pre-
incubated with cell-free enzyme
preparations. The in vitro and in
vivo antibacterial results for this
compound combined with ampi-
cillin were disappointing in com-
parison to its reported inhibitory

FIGURE 8. Comparison of the f-lactamase
stability of a-methoxyimino and 6a~-methoxy
cephalosporins usingMasuda's double disc
test. Central disc centains 30,g of antibiotic
flanked by two discs containing 30pul of -
lactamase from various Gram-negative
organisms. Data from reference 45.

aclivily.

Conclusion

As mentioned earlier, the nomen-
clature used in this short review is
part trivial, part systematic. This is
because the use of fully systematic
nomenclature for these f-lactams
is rather complex and cumber-
some, as illustrated for the parent
penam, cephem, clavam, oxa-
cephemand carbapenemringsin
Figure 1. Significant progress has
been made toward solving the
problem of g-lactamase mediated
resistance either by structural
modifications of existing -lactam
series, by the discovery of novel -
lactam structures, or by the use of
p-lactamase inhibitors. The adapt
ability of the bacterial population
may, however, provide further
challenges to the medicinal
chemist in the years ahead either
by the development of alternative
resistance mechanisms or by the
selection of strains which produce
f-lactamases suited to these new
p-lactams. The inhibitors and
stable compounds of today may
be the substrates of tomorrow.
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