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Bacteria can develop a number of ways of resisting the lethal conse- 
quences of exposure to $-lactam antibiotics, but one of the most effective 
is the production of an enzyme, the 6-lactamase, that rapidly hydrolyzes 
the 6-lactam to the 8-amino acid derivative. These enzymes are extremely 
efficient catalysts, they may be constitutive or inducible, they can be 
coded for chromosomally or by readily transferable plasmids, and they may 
be largely intracellular, largely extracellular, or (for Gram-negative 
bacteria) predominantly periplasmic. While it is clear that the permea- 
bility of the cell's membrane to the antibiotic sharply affects 6-lactam 
potency (for instance, it has been shown that a plasmid 6-lactamase in 
E.coli protects the bacterium from penicillin G but not from cephaloridine, 
even though the enzyme hydrolyzes the latter 50% faster') , it appears that 
most commonly-encountered resistance to f3-lactams derives from the pres- 
ence of the B-lactamase.2 Although the central role of the B-lactamases 
in resistance has been clear for some time, efforts to overcome this 
resistance by using f3-lactamase inhibitors have not proved very fruitful 
because the specificity of B-lactamases is wide and broad-spectrum 6- 
lactamase inhibitors were not available. This situation is changing how- 
ever, and the tactical inclusion of 8-lactamase-inhibitory function into 
an antibiotic, or the use of a f3-lactamase inhibitor in synergy with a 
susceptible but effective antibiotic, is becoming attractive. This short 
review is devoted to two topics: (a) Properties of some of the better- 
studied 6-lactamases; (b) the interaction with the E.coli RTEM f3-lactamase 
of a number of recently-discovered 6-lactams containing unusual structural 
features . 
General - The f3-lactamases (E.C. 3.5.2.6: penicillin amido-f3-lactam 
hydrolase; E.C. 3.5.2.8: cephalosporin amido-B-lactam hydrolase) are mo- 
nomeric enzymes typically of molecular weight around 30 000, that catalyze 
the hydrolysis of the @-lactam ring of a variety of penam (I) and cephem 
(11) derivatives. The enzymes are extremely efficient in catalyzing the 
hydrolysis of their more susceptible substrates showing values 
approaching that for a diffusion-limited reaction (e.g., 5 x l o 7  M-l s-l 
for the E. coli RTEM 6-lactamase with benzylpenicillin) . Pollock4 has con- 
sidered the evolutionary origins of the f3-lactamasesI bearing in mind that 
organisms known to have been dormant since before the clinical introduc- 
tion of 6-lactams have been shown to produce f3-lactamase activity. He 
concluded that they are straightforward detoxification enzymes. 8-Lac- 
tamases have been purified from a number of sources,5 most of the 
detailed work having been done with the enzymes from Staphylococcus 
aureus, Bacillus cereus, Bacillus licheniformis, and Escherichia a. 
Since it is not yet clear to what extent the characteristics of the 
enzyme from one source are applicable generally, we shall discuss the 
enzymes from these sources in turn. 
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6-Lactamases from Gram-Pos i t ive  Bac ter ia  

S tap l i l ococcus  a u r e u s  - The l3-lactamase from S . a u r e u s 6  may be i n d u c i b l e  
thouqh most s t u d i e s  have  used  a penicillinase-constitutive s t r a i n '  whi.ch 
p r o d u c c s  l a r y c  amounts o f  t h e  enzyme, 60% o f  which  i s  e x t r a c e l l u l a r . '  
s equence  o f  t h e  257 amino a c i d s  o f  t h i s  enzyme i s  known,9 and X-ray c r y -  
s t a l l o g r a p h i c  s t u d i e s  have  been  s t a r t e d .  '' 
enzyme i s  l a r g e l y  d e s t r o y e d  by  i o d i n e  and by  t e t r a n i t r o m e t h a n e ,  r e a c t i o n  
w i t h  t h e  l a t t e r  l e a d i n g  t o  p r e f e r e n t i a l  n i t r a t i - o n  o f  t y r o s i n e - 8 2 .  '' 
t r e a t m e n t  w i t h  g u a n i d i n e  h y d r o c h l o r i d e ,  t h e  enzyme is  r e v e r s i b l y  d e n a t u r e d  
v i a  a d e f i n a b l e  p a r t i a l l y  u n f o l d e d  s t a t e .  '* 
e v i d e n t l y  a r a t h e r  ' f l o p p y '  mo lecu le .  The S . a u r e u s  enzyme is  a b e t t e r  
p e n i . c i l  l i n a s e  t h a n  c e p h a l o s p o r i n a s e  and t h e  a c t i v i t y  towards  a number o f  
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6 - a c y l a m i n o p c n i c i l l a n i c  a c i d s  (I) depends  u n s u r p r i s i n g l y  on  t h e  n a t u r e  of 
t h e  6 -acy l  s u b s t i t u e n t .  I t  h a s  been s u g g e s t e d  t h a t  t h e  i n h i b i t i o n  o f  t h e  
enzyme by r e s i s t a n t  [ i - lac tams s u c h  as d i c l o x a c i l l i n  ( I ,  R=b-), c epha lo -  
q l y c i n  (11, R = d )  and 7-aminocep,lialosporanic a c i d  (11, R=H)  i s  a f u n c t i o n  
of t h e  p r c i n c u b a t i o n  t ime  o f  enzyme and i n h i b i t o r .  '14 

Two d e t a i l e d  m e c h a n i s t i c  s t u d i e s  have been  made w i t h  t h e  S - a u r e u s  
6 - l ac t amase .  F i r s t ,  H a l f o r d  (see r e f .  1 0 )  h a s  s t u d i e d  t h e  h y d r o l y s i s  of a 
chromoqenic c e p h a l o s p o r i n  substrate by f a s t  k i n e t i c  methods ,  and h a s  con- 
c l u d e d  from t h e  absence  o f  a D20 s o l v e n t  k i n e t i c  i s o t o p e  e f f e c t  t h a t  t h e  
c a t a l y t i c  s t e p  (which i n v o l v e s  p r o t o n  re lease)  may also i n c l u d e  a ra te-  
l i m i t i n q  cnzyme c o n f o r m a t i o n a l  chanqe  t h a t  is  i n s e n s i t i v e  t o  s o l v e n t  
i s o t o p e .  In t h e  sccond s t u d y ,  V i r d e n ,  e t  a l .  a l lowed  t h e  S . a u r e u s  
enzyme t o  h y d r o l y z e  t h e  poor  s u b s t r a t e  q u i n a c i l l i n  ( I ,  R = e ) ,  and quenched 
t h e  r e a c t i o n  from t h e  s t e a d y  s t a t e  u s i n g  d e n a t u r a n t s .  They conc luded  t h a t  
0 . 3 - 0 . 7  moles  o f  q u i n a c i l l i n  become c o v a l e n t l y  l i n k e d  t o  t h e  enzyme i n  t h e  
s t e a d y - s t a t e .  Al though t h e  k i n e t i c  competence o f  t h e  complex w a s  n o t  es- 
t a b l i s h e d ,  t h e  a u t h o r s  s u q g e s t e d  t h a t  t h i s  w a s  an  acyl-enzyme i n t e r m e d i a t e  
i n  t h e  normal c a t a l y t i c  c y c l e  o f  t h i s  0-lactamase. One o t h e r  i n t r i g u i n g  
o b s e r v a t i o n  on  t h e  S. a u r e u s  enzyme s h o u l d  be ment ioned .  Some p r e p a r a t i o n s  
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of this B-lactamase have been found to contain what appears to be two 
moles of non-covalently bound cell wall peptide. While this may be 
fortuitous, it is tempting to suggest that there may be some steric analo- 
gy between this peptide and penicillin, equivalent to the relationship be- 
tween penicillin and the cell wall peptide originally suggested by Tipper 
and Strominger16 and recently discussed by Boyd. l 7  

Bacillus cereus - B.cereus produces two f3-lactamases18 
for by separate genes and which do not cross-react immunologically. 6- 
lactamase I is rather similar to the enzymes from other Gram-positive 
organisms, and its specificity is similar to the enzymes from S.aureus and 
B. licheniformis. B-Lactamase I1 is, in contrast, a zinc metalloenzyme20 
of 22 000 daltons, which shows a broader specificity including high acti- 
vity towards cephalosporins. The B.cereus enzyme I has been largely 
sequencedz1 and it is homologous with the enzymes from B. licheniformis 
(60% homology) and S.aureus (40% homology). A small-scale purification 
using an affinity column has been reported.22 
made to identify catalytically essential amino acids, using both amino 
acid-selective reagents (e.g., iodine, tetranitromethane, carbodiimide, 
triethyloxonium fluoroborate, E-bromosuccinimide, diethylpyrocarbonate) 
and enzyme specific reagents (e.g., the diazotization products of 6-amino- 
pcnicillanic acid (I, R=H) or of ampicillin (I, R=d).23-27 Until the 
m0di.f ied proteins from such studies have been properly characterized , only 
circumstantial statements can be made about the essentiality of particular 
ami.no acids. 

which are coded 

Several attempts have been 

In the presence of poor substrates that contain large aromatic 6-acyl 
side chains, B.cereus B-lactamase I becomes more susceptible to inactiva- 
tion by such diverse treatments as heat, urea, or iodine.5 
to the view that the B-lactamase is a 'floppy' enzyme, and the phenomenon 
has been studied by hydrogen-exchange. '* 
methicillin (I, R=c) or cloxacillin (I, R=a) accelerate the rate of 
exchange of the enzymels amide protons with those of the medium, which 
suggests that the protein conformation may be altered by the binding of 
these ligands. This conformational alteration apparently has kinetic 
consequences, too, and Samuni and Citriz9 have shown that while the hydro- 
lysis rate of the 'natural' substrate benzylpenicillin (I, R=f) is linear 
from t=O, substrates such as methicillin (I, R=c) or cloxacillin (I, R=a) 
skiow biphasic "burst" kinetics, On the basis oT this work it has been 
suggested that the enzyme conformation adjusts to accommodate the more 
stcrically-hindered substrates giving a lower I&, value, and in doing so 
some catalytic capability is sacrificed by the enzyme.30 The molecular 
details of these changes are unknown. Finally, some substrate-analogue 
competitive inhibitors have been investigated, and the pH-dependence of 
the steady-state parameters for benzylpenicillin (I, R=f) and for ampicil- 
lin (I, R=d) - have been reported.26r31 

Bacillus licheniformis - There are two 6-lactamases from B.licheniformis, 
one of which is extracellular and the other a membrane-bound enzyme." 
T h e  extracellular enzyme has been sequenced. The membrane-bound form 
has been shown to be a precursor of the extracellular enzyme and is a 

This has led 

For instance, the poor substrates 
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phospholipoprotein having an extra - N-terminal pcptide of 24 amino ac i  c i s  
ending in phosphatidylserine. 3 4  While trypsin cleaves 25 amino acids from 
thc - N-terminus of the membrane enzyme (leaving an enzyme that differs only 
from ttie exo-enzyme in that it lacks !-terminal L y s )  , Aiyappa and Lampen3' 
have isolated a 'penicillinase-releasing protease' that removes the 24 - N- 
terminal amino acids. The B.licheniformis enzyme, like many other Gram- 
positive 6-lactamases, has low activity aqainst cephalosporin derivatives. 
This has been exploited in the use of Sepliarose-bound cephalosporin C (11, 
R=q) as an affinity matrix for the purification of this enzyme.36 

6-Lactamases from Gram-Negative Bacteria 

R-Lactamases from Gram-negative orqanisms arc generally const i tutivci, 
plasmid-coded, and are usually more effective in the hydrolysis of cephalo- 
sporins than are their Gram-positive counterparts. 37 3 8  

dealing with R-lactamases in the Enterobacter , 3 9  It' Acinetobacter l 4  

Klebsiells groupsLt2 have appeared. 
opportunistic strains that are generally susceptible to carbenicillin 
(I, R=h) , though P. aeruginosa strains containinq the RTEM enzymeIt or 
penicillinases that efficiently hydrolyze ~arbenicillin~~ , I r 5  are well- 
known. Labia and co-workers have suggested that the inhibition of a 
number of Gram-negative cephalosporinases by carbenicillin results from 
the formation of a rather stable non-covalent complex (3 = 0.01 pM) . l t 6  

Several papers 
and 

The Pseudomonas are particularly 

Escherichia coli - Although some chromosomal enzymes are known from 
E.coliLt7 most of the B-lactamases from Gram-negative organisms are encoded 
by plasmids. The enzyme from E.coli W3310 carryinq the plasmid R6K (also 
called the TEM R-factor) has been and the almost comiletr! 
amino acid sequence'+ 
sequence of the structural gene from the plasmid pBR322." 
homology with the enzymes from Gram-positive species. The enzyme has been 
crystallized, and an X-ray map at 5.5 A has been published.51 
simple !-acyl penams benzylpenicillin (I, R=f) is the best substrate 
(relative Vmax = 1.00; K, = 0.02 mM) followed by ampicillin (I, R=d) - 

(0.95; 0.02 m M ) ,  6-aminopenicillanic acid (I, R=H) (0.79, 0.19 mM), 
phenoxymethylpenicillin ( I ,  R=i) (0.50, 0.02 mM) and carbenicillin (I, 
R=h) (0.15, 0.05 mM).  The cephalosporins suffer in terms of both Vmax 
and [cephaloglycin (11, R = d )  (0.11, 0.46 m M ) ,  cephalothin (11, R=k) 
(0.06, 0.15 m M ) ,  and cephalosporin C (11, R = g )  (0.014, 0.68 mM)l. In 
general, the RTEM enzyme is much better behaved kinetically than the 
B-cereus enzyme. 
kinetically anomalous penicillins (susceptibility relative to 6-amino- 
pcnicillanic acid) is not applicable to the RTEM 6-lactamase, as all but 
two of the penams and cephems listed above are hydrolyzed more slowly 
than 6-aminopenicillanic acid,without any observable deviation from 
Michaelis-Menten kinetics. Experiments involving the sequential addition 
of different substrates indicate a greater conformational stability for 
the RTEM enzyme. Protein modification has been achieved using tetranitro- 
methane, photooxidation, iodoacetic acid, and the C-3 isocyanate of 
benzylpenicillin. 52-54 

~- 

has been favorably compared with the complete 
There is some 

Of the 

The criterion used by Citri and c o - ~ o r k e r s ~ ~  to identify 
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New Classes of 6-Lactam and Their Interaction with the RTEM 8-Lactamase 

The recent discovery of a number of novel 6-lactam-containing anti- 
b i o t i c ~ ~ ~  and the development of structures that both inhibit bacterial 
cell wall synthesis inhibit 6-lactamases, suqgest that the interaction 
of these new structures with 6-lactamases should be investiqated at the 
molecular level. Interaction of these compounds with the RTEM B-lactamase 
is discussed below. The choice of the enzyme is dictated by the following: 
(a) By virtue of its plasmid origin, this is now the most widely dis- 
tributed 6-lactamase among the enteric Gram-negative bacteria. (b) The 
plasmid has the disturbing capability for transfer into previously sus- 
ceptible species (e.g., N-gonorrhoeae and H.influenzae). (c) Infections 
derived from Gram-negative bacteria are becoming increasinqly important 
clinically. 

Mecillinam - The 6fi-imidopenicillanic acids, exemplified by mecillinam 
(III), were the first class of 8-lactams recognized to possess antibiotic 
activity in the absence of an y-acyl side chain.5G The 66-imidopenicil- 
lins are also unusual in terms of their bacteriocidal mechanism: they are 
lethal to certain Gram-negative bacteria (particularly E.coli) where thc 
morphological change they elicit is the conversion of the cell rod to an 
ovoid. 57 Filamentation, which is the normal initial development in the 
expression of most other a-lactams, is not observed. Mecillinam binds 
specifically to a single penicillin binding protein (PBP2) of the inner 
membrane of E.coli,58 and there is no significant binding to the other PBP 
species.59rGU Mecillinam is 500 times more potent than ampicillin (I, 
R = d )  against ampicillin-resistant (i.e., 6-lactamase-producing) strains of 
E.coli, and has been shown to act synergistically with other 6-lactam 
antibiotics. Curiously, mecillinam is hydrolyzed very rapidly by 6- 
lactamase, having the highest kcat for any substrate yet discovered for 
this enzyme. The susceptibility of 6-lactamase-producing strains of 
E.coli to this 6-lactam must be dependent on factors other than the 6- 
lactamase, and the killing locus (or loci) must scavenge the antibiotic 
very effectively before it is destroyed by the enzyme. 

Nocardicin A - Nocardicin A (IV) is singular among 6-lactam antibiotics 
in retaining antibiotic activity while having the relatively unreactive 
monocyclic 6-lactam system. An account of its discovery, a summary of 
its antibiotic properties, and a total synthesis, has recently been pre- 
sented by K a m i ~ a . ~ ~  This compound is particularly effective in ~ i t r o ‘ ~ ~ ~ ~  
and in vivoG7 (subcutaneous injection) against P. aeruginosa, the Proteus 
(with the exception of P.morganii) and the Neisseria groups, in comparison 
with carbenicillin (I, R=k). The in vitro inhibition behavior generally 
underestimates the efficacy of nocardicin A in vivo, and this is believed 
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to be a consequence of the ability of nocardicin A to modify the cell sur- 
face structure and facilitate recognition and ingestion of the bacteria by 
polymorphonuclear leukocytes. From the antibacterial potency of a number 
of nocardicin derivatives it appears that the oxime in a -relationship 
to the acylamino group, and the 3-amino-3-carboxypropoxy side chain are 
both necessary for optimal activity.68 r6' 

The $-lactam ring of nocardicin A is rather resistant to 8-lacta- 
mases, and only the chromosomal cephalosporinase from P.vulgaris and the 
E.coli RTEM 8-lactamase show appreciable activity towards it.65 
substrate for the RTEM enzyme, nocardicin A has a Vmax of 0.02 relative 
to benzylpenicillin. The product frm the enzymatic action has not been 
fully characterized, although its properties are consistent with a normal 
hydrolytic cleavage of the 8-lactam. 

As a 

Penems - The total synthesis of a number of penems substituted at C-2 and 
C-6 (V) has been accomplished by Ernest, et al.70 The rationale for their 
synthesis was to incorporate the A 3  double bond of the cephalosporins into 
the penicillin nucleus. These penems exhibit antibacterial activity. The 
observation that penems fragment in dilute acid to the ketene and the 
thiazole, 71 rather than suffer the normal P-lactam hydrolysis, suggested 
them as possible enzyme inactivators. It appears however, that the 
parent penem (V, Rl=R2=Rs=H) is a normal substrate for the RTEM 8-lacta- 
mase. This $-lactam is hydrolyzed at a relative Vmax of 0.36, with a K, 
of 310 pM. No loss in 8-lactamase activity is detectable, even after 
50,000 turnovers. The products from the enzymatic reaction have not yet 
been identified. 

Cefoxitin - The finding that the addition of a 7cr-rnethoxyl substituent 
enhanced cephalosporin antibacterial activity (whereas 6a-methoxy-penam 
is less effective than the parent penam), culminated in the synthesis of 
cefoxitin (VI). This 8-lactam possesses an unusually broad activity 
spectrum, partly due to its exceptional resistance to hydrolys'is by the 
$-lactamases. 72-74 Introduction of the 7cr-methoxyl group depresses the 
rate of enzymatic hydrolysis by a factor of 3 x l o 4  for cefoxitin (VI) 
relative to cephalothin (11, R=Z). 
substituent extend beyond a simple reduction in Vma, and the characteris- 
tics of the hydrolytic pathway are changed. 
aminodesacetoxy cephalosporanic acid (7-aDcA), which shows an almost 
identical kcat. If a portion of enzyme solution catalyzing 7-m- 
hydrolysis is diluted into a solution containing phenoxymethylpenicillin 
(I, R=i), the new substrate is hydrolyzed with a linear time course, at 
the predicted rate. If, however, cefoxitin replaces 7-ADCA as the first 
enzyme substrate, the rate of phenoxymethylpenicillin hydrolysis becomes 
biphasic, and accelerates over about 15 minutes to a new limiting velocity. 
No irreversible inactivation of the enzyme is detectable. 
behavior is reminiscent of the observations of Citri and co-workers3 
with the B.cereus B-lactamase, which have been interpreted in terms of a 
substrate-induced conformational change of the enzyme. 
explanation may be offered, however, that is consistent with the kinetic 
behavior of clavulanic acid (VII, Rl=CH20H, R2=H). The biphasic kinetics 

However, the effects of the methoxyl 

Compare cefoxitin and 7- 

This kinetic 

An alternative 
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induced i n  t he  hydro lys is  of t h e  b e t t e r  s u b s t r a t e  (phenoxymethylpenicillin) 
by pre incubat ion  w i t h  c t . foxi t in  may d e r i v e  from t h e  slow decomposition of 
a t r a n s i e n t l y - i n h i b i t e d  form of the erizyme ( s e e  below).  

- i ' lavulanic Acid - T h i s   inu usual compound ( V I I ,  R l = C H ? O H ,  R z = H )  was t h e  
f i .rst  n a t u r a l  6-lactam shown t o  have s p e c i f i c ,  i r r e v e r s i b l e  fi-lactamase 
i n h i b i t o r y  a c t i v i t y .  7 5 - 7 9  
c-lavulanate a c t s  s y n e r g i s t i c a l l y  a t  concen t r a t ions  a s  low a s  5 pg/mL t o  
1owc.r t he  MIC f o r  a number of t e s t  organisms by as much a s  10-fold ( e . q . ,  
c a r b e n i c i l l i n  with P.aeruginosa Dagla ish)  t o  103-fold ( e . g . ,  a m p i c i l l i n  
w i t h  S .aureus Russe l ) .  There are t h r e e  even t s  t h a t  c h a r a c t e r i z e  the  
i n t c r a c t i o n  of c l avu lana te  wi th  the  RTEM B-lactamase. F i r s t ,  c l avu lana te  
i s  des t royed  by the  enzyme i n  what appears  t o  be a normal hydro ly t i c  
r eac t ion  of t he  E-lactam. Secondly,  two c a t a l y t i c a l l y  i n a c t i v e  forms a r e  
produced, ont? of which i s  an i r r e v e r s i b l y  i n a c t i v a t e d  spec ie s  , and the  
o t h e r  i s  only t r a n s i e n t l y  i n h i b i t e d  and s lowly decomposes t o  a c t i v e  
enzyme. The t r a n s i e n t  complex i s  formed from the  Michael is  complex a t  a 
r a t c  which i s  some 3-fold f a s t e r  than t h e  r a t e  of formation of t he  i r r e v -  
e r s i b l y  i n a c t i v a t e d  complex. The t r a n s i e n t  complex i s ,  t h e r e f o r e  , t he  
principle enzyme form p resen t  a f t e r  s h o r t  t ime pe r iods .  I n  t h e  presence 
of excess  c l avu lana te ,  however, all t he  enzyme accumulates i n t o  the  
i r r e v e r s i b l y  inac t iva t ed  form. The number of c l avu lana te  turnovers  t h a t  
occur be fo re  complete enzyme i n a c t i v a t i o n  i s  115. I f  t h e  enzyme i s  
t o t a l l y  i r r e v e r s i b l y  i n a c t i v a t e d  by incubat ion  wi th  a l a r g e  (>, 300-fold) 
molar excess  of c l avu lana te ,  t h r e e  d i f f e r e n t  spec ie s  of i n a c t i v e  enzyme 
a r e  d iscerned  on i s o e l e c t r i c  focusing.  Incubat ion of t h i s  mixture  wi th  
liydro?c).lamine r e s u l t s  i n  t he  recovery of about one- th i rd  of t h e  c a t a l y t i c  
a c t i v i t y ,  and one of t he  t h r e e  bands on i s o e l e c t r i c  focusing now runs as 
na t ive  enzyme. I t  seems c l e a r  t h a t  c l a v u l a n i c  ac id  i s  a ' s u i c i d e  
r eayen t '  and t h a t  t he  enzyme qene ra t e s  from i t ,  one o r  more a c y l a t i n g  or  
a l k y l a t i n g  agents  t h a t  r e s u l t  i n  enzyme i n a c t i v a t i o n . 8 0  P8' 

A moderately a c t i v e  a n t i b i o t i c  i t s e l f ,  

c ' lavulanic  Acid Der iva t ives  - Althouqh only a s i n g l e  na tu ra l ly -occur r ing  
d e r i v a t i v e  of c l avu lana te  ( V I I ,  Rl=CH?OH, R ? = H )  is known ( V I I ,  R 1 =  
CH-@CO;H-CH-OH, - -  R,=H)  ,8' a l a rge  number of d e r i v a t i v e s  have been prepared 
t- i thei  by d i r e c t  chemical f u n c t i o n a l i z a t i o n  of c l avu lana te  o r  by t o t a l  
s\rntl iesis.  The dihydro" and d e ~ o x y ~ ~  ( V I I ,  R l = C H 3 ,  R ? = H )  c l avu lana te s  
hdve been prepared,  as wel l  a s  t he  su l f a t ed* '  ( V I I ,  Rl=CH?OS03H, R 2 = H )  and 
e s t e r  i f i e d  (VII ,  R1=CH20COR,  R ? = H )  d e r i v a t i v e s .  86 
1wc.n replaced w i t h  n i t roqenP7  and wi th  s u l f u r . "  The double bond of 
c l avu lana te  has been both p h o t o i ~ o m e r i z e d ~ ~  and cleaved w i t h  ozone. 9 1  
dx ida t ion  provides  e i t h e i  t h e  conjuqated aldehyde o r  t he  uns t ab le  hept-2- 
cnc (VIII) . '' Addi t iona l l c ,  a number of o t h e r  7-0x0-4-oxa-1-azabicyclo- 
[ 3.2.OIhept-2-ane and hept-2-ene d e r i v a t i v e s  ( e . g . ,  I X )  have been 

The a l l y l i c  oxygen has 
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synthesized by the Beecham group. 9 3 - 1 0 0  
tioned is claimed to be a 6-lactamase inhibitor and to act synergistically 
with other @-lactam antibiotics. A quantitative assessment of their 
efficacy is awaited. A procedure to hydrolyze clavulanate 3-esters to the 
free carboxylates in 0.1 M basel" appears to belie earlier estimates of 
the instability of oxygen analogs of penicillins. l o 2  

Virtually every derivative men- 

Thienamycin - Of a l l  of the novel 6-lactams recently isolated, the carbo- 
cyclic B-lactams thienamycinlo3 (X) and olivanic acid (XI, Rl=Rz=H) emerge 
as the 6-lactam structures most responsible for rescuing this field from 
the quiescent state it had lapsed into in the years following the disco- 
very of the cephalosporins. Thienamycin is truly a broad spectrum anti- 
biotic, active against both Gram-negative and Gram-positive bacteria at 
MIC values lower than carbenicillin, ampicillin or the aminoglycosides. 
Thienamycin possesses a high affinity for the PBPs of the E.coli 
inner membrane, causing ovoid formation at low concentrations and cell 
lysis at 0.6 uq/mL and above.78 
ethyl side chain is curious, and the suggestion has been made that the 
backbone mimics the 7a-methoxyl of the cephamycins while positioning the 
hydroxyl in the site normally occupied by the 68-amide.lo4 While this 
interpretation is supported by the lack of bacteriocidal activity in 0- 
methylated thienamycin and in the N-methylated penicillins, it can only 
be part of the answer. Both the cis and trans hydroxyethyl penicillins 
and cephalosporins have been synthesized: 
thouqh interestingly, the cis compounds are the more active. l o 5  

The Ga-configuration of the E-hydroxy- 

all are very weak antibiotics, 

H OH " 
H3C gms-;"3 

- - 0 0 - 

Ix x E0; 
XI 

"; 
Olivanic-= - The structures of the O-lactam antibiotics and 6-lactamase 
inhibitors MM13902 (XI, K1=SO3H, R2=COCH3, n=O) and MM4550 (XI, R1=SO3HI 
R2=COCF13, n = l )  a l s o  known as MC696-SY2-A) have been simultaneously dis- 
closed by two qroups. O 6  O7 These antibiotics are present in several 
Streptomyces strains (but isolated from S.olivaceus and S.fuloviridis), 
and the trivial name olivanic acid has been suggested for the parent com- 
pound (XI, RI=R2=H, n=O). Their structural similarity to thienamycin is 
apparent, and a dihydroolivanate derivative (m17880) has a l so  been 
isolated. l o '  
two classes is the stereochemistry at C-6, with olivanic acid possessing 
t h e  accustomed 66-configuration. MM4550 and MM13902 are several-fold 
better than clavulanic acid as antibiotics for most test organisms (but 
still several-fold poorer than thienamycin). In synergy with ampicillin, 
MM4550 is equipotent with clavulanate towards K.aerogenes A ,  while 
clavulanate is marginally better than MM4550 in ampicillin synergy with 
S . aureus Russel. 

The only structural difference of consequence between the 
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