Pharmaceutical Research 1985

REVIEWS

The Molecular Basis for the Mode of Action of
Beta-Lactam Antibiotics and Mechanisms of Resistance

Barrie W. Bycroft'? and Richard E. Shute’

Abstract: This review on the molecular basis for the mode of action of
B-lactam antibiotics and mechanisms of resistance is divided into three
main sections. Firstly, a brief introduction to the S-lactam antibiotic
family is presented from the standpoint of their natural product
origins. The second section is concerned with bacterial cell wall
structure and biosynthesis, and the mode of action of B-lactam
antibiotics. It includes an attempted rationalization of the multiple
enzyme targets of penicillin, the so-called “penicillin binding pro-
teins”’, into one or two lethal sites of action and the interaction of these
enzymes with B-lactams in terms of their analogy to the natural
substrate and to the substrate-enzyme transition state. The final part
covers the phenomenon of bacterial resistance to 8-lactam antibiotic
therapy and deals with the two most important manifestations of
resistance; permeability and the production of B-lactamases. This
latter more crucial factor is then expanded with particular reference to
the irreversible inhibition of these enzymes by suicide inactivators; a
general theory for irreversible B-lactamase inhibition is discussed and
the future prospects within this whole area are briefly overviewed.

Since Fleming’s initial observations on penicillins were pub-
lished more than half a century ago (1), the 8-lactam antibio-
tics have continued to be one of the most intensely investigated
areas of pharmaceutical research. The past decade has witnes-
sed the isolation from natural sources of several new types of
highly active B-lactam structures, and seen considerable ad-
vances in the biochemistry associated with the target and de-
activating enzymes, the so-called penicillin binding proteins
(PBP’s) and B-lactamases, respectively (2). The following
article illustrates the various structural types of B-lactam
antibiotics and attempts to review critically and concisely the
current state of knowledge concerning the molecular basis for
their mode of action.

Structural Types of B-Lactam Antibiotics

From the late fifties to the present time numbers of semi-
synthetic penams and cephems® have been, and continue to be,
prepared by attaching a wide variety of side-chains at the 6-
position of 6-aminopenicillanic acid (6-APA, 3) and the 7- and
3-positions of 7-aminocephalosporanic acid (7-ACA, 11). This
semi-empirical approach has been successful in generating not
only compounds with enhanced and broader antibacterial ac-
tivity, particularly against Gram negative organisms, but also
compounds with improved pharmacokinetic properties, and
with greater stability to a wide range of S-lactamases, the

"Department of Pharmacy, University of Nottingham, U.K.

2 Correspondence to be addressed to Professor B. W. Bycroft, Depart-
ment of Pharmacy, University of Nottingham, Nottingham, NG7
2RD, UK.

*The basic bicyclic ring systems of the penicillins and cephalosporins
are referred to as penams and cephems respectively (3).
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Fig. 1 Penicillin structural types.

major cause of resistance in an increasing variety of organisms.
Some of the more notable examples are illustrated in Fig. 1
and 2.

However, attempts to modify the basic bicyclic system with
retention of notable activity were unsuccessful until the discov-
ery of the naturally occurring 7-methoxycephem cephamycin C
(18) (4). This compound presented a modified cephem with
stability to a wide spectrum of Gram negative 3-lactamases and
led to the development of a number of semi-synthetic 7-meth-
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oxycephems, 7-methoxyoxacephems (5) and 6-methoxy-
penams (6) (Fig. 3). In addition, this discovery provided the
impetus for a renewed interest in micro-organisms as sources
of novel B-lactams. Streptomycetes have proved particularly
fruitful in this respect, yielding thienamycin (24) (7) and the
olivanic acids (23) (8) which are the most prominent members
of the now well-established carbapenem family (Fig. 4) (7-10).
These antibiotics are currently the most significant in terms of
breadth of antibacterial spectrum, potency and stability to 8-
lactamases. Unfortunately, owing to their inactivation by
mammalian renal dehydropeptidases (11), the clinical poten-
tial of the carbapenems has been somewhat compromised. Re-
cently, considerable effort has been directed towards the
development of inhibitors of the dehydropeptidases with the
objective of enhancing their activity by combination therapy irn
vivo (12). The modified thienamycin, Imipenem (MK 0787)
(28) (13) in combination with a non B-lactam inhibitor is
currently a strong clinical candidate (14) but because of the low
titres of the parent compound thienamycin from all the produc-
ing strains, MK 0787 is presently manufactured by total
chemical synthesis (15).

Further sophistication in screening methods and an expan-
sion of types of micro-organisms investigated led to the
discovery of B-lactam containing antibacterial agents not only
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in fungi and streptomycetes, but also from bacteria them-
selves. Novel structures that have been isolated include two
new classes of monocyclic 8-lactam antibiotics the nocardicins
(16), eg. Nocardicin A (29), from Nocardia, another actinomy-
cete, and the monobactams (17, 18), eg. Sulfazecin (30), from
Pseudomonas spp., Gluconobacter and Acetobacter (Fig. 5).

Both classes possess features already encountered in semi-
synthetic penicillins and cephalosporins, eg. a syn-oxime in
Nocardicin A and an a-methoxyl group in Sulfazecin, but it is
the structural differences, their origins and their unusual
antibacterial properties that make these compounds of particu-
lar interest. Clinically useful monobactams have been pro-
duced by utilizing the semi-synthetic experience of penicillins
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Fig. 5 Monocyclic B-lactam antibiotics.

and cephalosporins and the more advanced chemical proce-
dures now available and has resulted in the derivative
Aztreonam (31) (19). This compound possesses a high degree
of stability to B-lactamases and low activity against Gram
positive organisms but exhibits potent activity against Gram
negative organisms (20).

It is thus apparent that nature has, to date, provided four
major structural types of B-lactam antibiotic, the penams, the
cephems, the carbapenems and the monocyclic B-lactams.
Despite these structural variations, microbiological and
biochemical studies have established a common mode of action
and deactivation mechanisms.

The Mode of Action of B-Lactam Antibiotics

Early work on the morphological and lytic effects of penicillin
(21, 22) led to the conclusion that B-lactams selectively inhibit
bacterial cell wall biosynthesis. The penicillin-induced accu-
mulation of several novel uridine nucleotides (23, 24) related
to those known to be involved in cell wall synthesis (25) provid-
ed support for this theory. In all bacteria it is the cell wall which
serves to define the characteristic shape of the organism and to
provide protection against disturbances in osmotic pressure
and other potentially fatal environmental changes. Its detailed
structure and biosynthesis have been exhaustively reviewed
(26-28), and only a very brief résumé will be presented here.

Peptidoglycan Structure and Biosynthesis

The cell wall is a macromolecule which envelops the bacterial
cytoplasm. Within it are long linear polysaccharide or “glycan”
strands that are cross-linked by branched peptide chains, and
this structure is termed “peptidoglycan”. The glycan strands
are made up of alternating N-acetyl-glucosamine and N-acetyl-
muramic acid, connected by B-1,4 glycosidic linkages. The
short peptide cross-links are attached to the carboxyl groups on
the N-acetyl-muramic acid residues. They vary in length and
composition depending on the particular bacteria, but often
have the sequence:

L-Alanyl-D-Glutamyl-y-L-X-D-Alanyl

“X” is most often L-lysine (eg. in Staph. aureus) or meso-
diaminopimelic acid (eg. in E. coli and B. subtilis).

The peptide units on adjacent glycan strands are linked
together, and the interpeptide bridges in the majority of
bacteria extend between the C-terminal D-alanine of one
tetrapeptide and the free amino group of the L-X moiety of an
adjacent tetrapeptide (see Fig. 6). The actual extent of cross-
linking varies with the bacterial species and growth conditions.
The range can be as low as 25 % in E. coli to greater than 90 %
in Staph. aureus; therefore, by no means all the N-acetyl-
muramyl-peptide residues are interlinked.

The early stages in the biosynthesis of peptidoglycaninvolve
the formation of an uncrosslinked nascent glycan polymer on
the outer face of the cell membrane. These reactions are not
penicillin sensitive, whereas the primary transpeptidase pro-
cess leading to the insolubilization of the new peptidoglycan by
covalent linkage to the pre-existing peptidoglycan network is
highly penicillin sensitive. It is this ‘“‘anchoring reaction”
coupled with the subsequent cross-linking and further modifi-
cations which control all aspects of cell shape and growth and
which are essential for survival. These reactions are catalyzed
by a range of peptidases which can be divided into three broad
categories; DD-transpeptidases catalyze the cross-linking of
adjacent N-acetylmuramyl-pentapeptide strands with the loss
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Table I. PBP’s of E. coli —
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of a terminal D-alanine residue, DD-carboxypeptidases medi-
ate the cleavage of the terminal D-alanine from pentapeptide
side chains without concomitant transpeptidation, and endo-
peptidase activity catalyzes the hydrolysis of the interpeptide
link formed in the transpeptidation reaction.

The observation that several proteins in the bacterial mem-
brane bind penicillin covalently (29), led to the introduction of
the term “Penicillin Binding Protein” (PBP), and first sug-
gested that a range of B-lactam sensitive enzymes were
involved in bacterial cell wall biosynthesis.

Penicillin Binding Proteins

The full spectrum of PBP’s are most easily observed by first in-
cubating bacterial membranes with radiolabelled penicillin
followed by gel electrophoresis and fluorography (30). The
most widely studied organism is E. coli (30-32) and, because of
the conservation of peptidoglycan structure amongst Gram
negative bacteria the observations can be applied generally.
For E. coli seven separable PBP’s have been isolated (30) with
apparent molecular weights ranging from 40,000 daltons
(PBP 6) to 90,000 daltons (PBP 1A). The properties of these
proteins and their proposed functions are listed in Table I. The
enzymes also differ significantly in their ability to bind various
other B-lactam antibiotics, in their relative abundance,
activities and importance for cell survival.

In general penicillins, particularly benzylpenicillin (1) have
a broad affinity for all the PBP’s. Cephalosporins, however,
have a considerably greater affinity for the high molecular
weight PBP’s 1-4 with very poor affinity for the low molecular
weight proteins 5 and 6. However, the most interesting obser-
vations result from the binding of non-classical B-lactam
antibiotics, particularly the amidinopenicillin Mecillinam (32)
(33) which binds exclusively to PBP 2 (34). The morphological
consequence in E. coli is the formation of large osmotically
stable round cells which lyse after several hours of growth.
Thienamycin (24) (7) and the natural B-lactamase inhibitor
clavulanic acid (33) (35) also have a high affinity for this
protein (30).

Properties and Roles in Cell-Wall Metabolism (37)

PBP Apparent M.W. Abundance Morphological effects  Activities Cell Survival/ Proposed in vivo
(daltons) (% total of inactivation (where known) Viability function
PBP’s) (where known)
1A 90,000 6 - - Non-essential Minor transpeptidase,
can compensate for
PBP 1B’s
1B 87,000 2 Rapid lysis Transpeptidase and  Essential Major trans-peptidase
possible trans- of cell elongation
glycosylase
2 66,000 0.7 Ovoid cell formation - Essential Cell shape determina-
tion
3 60,000 2 Filamentation - Essential Implicated in cell divi-
sion and specifically
in cross-wall forma-
tion
4 49,000 4 - Carboxypeptidase ~ Non-essential Secondary trans-pep-
Transpeptidase tidase to increase
Endopeptidase cross-linking
5 42,000 65 - Carboxypeptidase ~ Non-essential
(transpeptidase) Regulation of cross-
linking
6 40,000 21 - Carboxypeptidase ~ Non-essential

(transpeptidase)
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Classical B-lactam antibiotics generally have a high affinity
for PBP 3. The morphological changes associated with binding
to this protein involve filamentation and inhibition of cell
septation and cell division (31).

The low molecular weight PBP’s 5 and 6 are the major
PBP’s, in E. coli accounting for 90 % of the binding capacity
(30). By comparison the high molecular weight PBP 1 accounts
for 8 % and PBP 2 less than 1 % (30). In the case of PBP2 in E.
coli, this may amount to only 15 to 20 molecules per cell.

By the technique of B-lactam affinity chromatography (36)
specific PBP’s can be isolated and their activities investigated.
This has only really been successful for the low molecular
weight PBP’s that have been shown to have primarily DD-
carboxypeptidase activity (32). The actual functions in vivo of
the various PBP’s have been investigated in two ways (31);
either by analysis of genetic mutants with altered PBP pat-
terns, or by correlation between the ir vitro and in vivo effects
of B-lactams. However, any proposed relationship between in
vitro and in vivo activity should be treated with caution. It
should be noted that desired single point mutations to delete
one specific protein are rare and deletion of a particular
protein is usually accompanied by other mutations leading to
very weak strains whose viability is already compromised. The
second approach is exemplified by mecillinam and its specific
binding to PBP 2; unfortunately there is a dearth of agents
which bind specifically to other PBP’s and this offers a
direction of pharmaceutical research which is yet to be fully
exploited.

Extensive binding and genetic studies (30-34, 36) suggest
that the high molecular weight PBP’s 1, 2 and 3 are essential for
cell survival (see Table I). On the other hand the low MW
PBP’s can be inactivated or deleted without killing the organ-
ism (32). Thus the observation that cephalosporins have low
affinity for the low MW PBP’s, yet retain their lethal effects,
further implies that these proteins are non-essential.

In E. coli, PBP 1 is a complex of enzymes that can be further
resolved into two groups 1A and 1B and appears to be involved
in cell elongation. Deletion of either 1A or 1B can lead to
viable cells, but deletion of both leads to lysis (37). The role of
PBP2 in determining cell shape is particularly well studied
owing to the action of mecillinam (34). Inhibition of PBP3,
particularly by classical 8-lactam antibiotics, leads to filamen-
tation and prevention of cross wall formation and causes inhi-
bition of cell division (37). It should be noted that specific -
lactams can kill by inactivation of a single PBP (eg. mecillinam,
PBP 2 and cephalexin (13), PBP 3); however, most 8-lactams
have affinity for several target enzymes.

PBP 1B is likely to be the most crucial PBP because inhi-
bition or deletion by genetic mutation leads to cell lysis (31);
nevertheless, viable PBP 1B-lacking mutants have been
claimed (37). Also, the fact that 8-lactams can kill by binding
to PBP 2 or PBP 3 exclusively indicates that inactivation of the
major transpeptidase, possibly PBP 1B, is not the only means
by which these agents kill bacteria.

In summary, therefore, 8-lactam antibiotics appear to exert
their lethal effects by binding to, and thereby inactivating the
“penicillin-sensitive enzymes’’ that in E. coli, correspond, to
PBP 1B, 2 and 3 (31).

The situation in Gram positive bacteria is rather more
complex owing to the wide variation in peptidoglycan structure
(26). From the studies of various Gram positive PBP’s a few
general observations can be made (38). The PBP patterns show
wide variation and multiple morphological effects when inhi-
bited by B-lactams. Mecillinam does not show specificity for

any one PBP nor does it produce ovoid cells. Finally, the major
PBP is a low molecular weight DD-carboxypeptidase (cf. PBP’s
5and 6 of E. coli) in all Gram positive bacteria but in none is it
the “killing target” (39). For some specific Gram positive
bacteria this target has been suggested (36) but no general rule
can be proposed.

The final consideration in this section involves the question
of whether penicillin-induced lysis is the direct result of the
inactivation of an essential PBP or whether this primary action
leads to a secondary irreversible effect. The implication of
peptidoglycan hydrolases or “autolysins’ in the killing action
of penicillin is based on the work of Tomasz (40) who has
shown that in some pneumococci, inhibition of the autolytic
activity protects the organism from the lytic effects of cell wall
inhibitors. In the case of penicillin, this “tolerance” is not
accompanied by a change in growth sensitivity suggesting that
the primary targets, i. e. the PBP’s have not been altered. Thus
in a normal organism there is a balance between peptidoglycan
biosynthesis and autolytic activity and that in certain organ-
isms, any disruption of cell wall metabolism upsets that balance
in favor of autolysis resulting in destruction of peptidoglycan
and eventual cell lysis.

The Interaction of Penicillin Binding Proteins with 3-Lactams

In the late 1960’s Tipper and Strominger proposed (41) that
penicillin behaved as a substrate analogue for the dipeptide
terminus (acyl-D-Ala-D-Ala) of nascent peptidoglycan (see
Fig. 6). A comparison of one particular conformation of acyl-
D-Ala-D-Ala and the rigid penicillin molecule is shown in
Fig. 7, illustrating the coincidence of the highly reactive B-
lactam peptide bond with the peptide bond of the dipeptide.
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Fig. 7 Conformational representation of Penicillin and Acyl-D-Ala-
D-Ala showing proposed structural similarity and indicating the coin-
cidence of the peptide bond cleaved by the enzymes of the peptido-
glycan biosynthetic machinery with the highly reactive B-lactam
bond.

This hypothesis led initially to the suggestion that the prim-
ary effect of B-lactam antibiotics was the facile acylation of
some functionality in the active site of essential PBP’s, and that
therefore, penicillin could be considered as an active site-
directed acylating agent (42).

Studies subsequently showed that relatively stable stoichio-
metric penicillin-PBP complexes could be isolated (42), and it
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Fig. 8 Proposed mechanism for interaction of Acyl-D-Ala-D-Ala (top) and penicillin (bottom) with PBP’s showing participation of an active
site serine residue, involvement of an acyl- or penicilloyl-enzyme intermediate and possible subsequent reactions.

is now established that the covalently-bound penicillin is in the
form of a penicilloyl moiety bound via an ester linkage (43) toa
serine residue which is present in the several enzymes investi-
gated (42, 44) (see Fig. 8). This residue can also be shown to
bind D-Ala-derived peptides in an acyl-enzyme complex (42).

Criticism of the theory has centered around discrepancies
based on important differences between B-lactams and acyl-D-

Ala-D-Ala.

As can be seen from Fig. 9 the fused bicyclic systems of most
B-lactam antibiotics force the B-lactam nitrogen to adopt a
pyramidal geometry, whereas the analogous nitrogen within
the peptide bond of acyl-D-Ala-D-Ala is, as expected, planar.
In the course of the enzymic process the elimination of the
terminal D-alanine will inevitably involve a change in geometry

Ampicillin ;4

Fig. 9 Computer-modelled molecular graphics representation of
ampicillin (4, left) and 6-aminopenicillanic acid (3, right) showing
near-planarity of B8-lactam ring and “wedge shape™ associated with

tetrahedral ring junction nitrogen.

6-APA ,3

from planar to pyramidal at this nitrogen (cf. Serine proteases
(45)). Consequently, penicillin can be regarded as a “Transi-
tion-State Analogue” rather than a Substrate Analogue (46).

The fused bicyclic system of penicillins and cephalosporins
also causes reduced amide character of the 8-lactam bond thus
labilizing the system towards nucleophilic attack. This is
reflected in a longer C-N and shorter C-O bond lengths and a

greater C-O stretching frequency in the IR spectrum (47). In

cephalosporins, enamine resonance acts further to decrease
amide character (48). The non-planarity of the bicyclic system
favors penicillin recognition by the enzyme in terms of the
tetrahedral transition state. Once within the active site, the
combination of four-membered ring strain and the proposed
loss of amide resonance confers considerable reactivity on the

molecule and facilitates the acylation of the nucleophilic serine
residue to form the observed enzyme-penicilloyl complex
associated with penicillin binding to the enzyme (43). In the
cephalosporins the situation is more complex owing to the
presence of a leaving group at C-3, and thus the potential to

that

form an exocyclic double bond at this position further increases
B-lactam reactivity and biological activity (48).

Secondly, a further conformational comparison between -
lactam antibiotics and acyl-D-Ala-D-Ala (see Fig. 7) suggested
6c-methylpenicillins
should be closer structural analogues and should have en-
hanced activity. Subsequent synthesis of these compounds (49,
50) demonstrated their considerably reduced activity, com-
pared to the parent molecules.

The isolation (4) and semi-synthetic derivatization (see
Fig. 3) of 7a-methoxycephalosporins followed by the synthesis
of 6a-methoxypenicillins [e. g. Temocillin (22) (5)] and the
observation of their increased activity illustrate the difficulties
in drawing conclusions from a comparison of rigid analogues
with a conformationally mobile substrate. Retrospectively,
attempts have been made to account for these anomalies in
terms of more detailed conformational analysis (51). How-
ever, until detailed molecular data become available on the
nature of the substrate-PBP binding and hence the relevant
conformation of acyl-D-Ala-D-Ala, the prospects of reliable

and 7a-methyl-cephalosporins

structure-activity predictions will remain unlikely. This pointis
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further illustrated by the pronounced activity of compounds
belonging to both the thienamycin and the olivanic acid fam-
ilies which differ only in the configuration of their 6-hydroxy-
ethyl side chain (7, 8).

Until relatively recently it was believed that monocyclic 3-
lactams were not sufficiently susceptible to nucleophilic attack
to act as enzyme acylating agents. The recent isolation of the
highly active monobactams (17, 18) and extensive synthesis of
analogues (19) has dispelled this view. Even though X-ray data
indicate planar geometry for the ring nitrogen (52), they are
potent acylating agents and possess high B-lactam carbonyl
stretching frequencies. These properties have been attributed
to the powerful electron-withdrawing effect of the sulphonic
acid residue reducing the amide character of the B-lactam
bond.

Thus, in conclusion, the high potency and specific inhibitory
properties of B-lactam antibiotics are derived from two impor-
tant features. Firstly, recognition by the enzyme, and all the
specific steric and geometrical requirements that that entails;
and secondly, a strong acylating ability to form a covalent
inhibitor-enzyme complex at the active site.

The Resistance of Bacteria to 8-Lactam Anti-
biotics

It has been known for the past 40 years that bacteria which may
be initially susceptible to 8-lactam antibiotics can suddenly or
progressively develop resistance (53). The possession or acqui-
sition of resistance to drug therapy provides a further crucial
factor in the understanding and treatment of infection.

A number of factors have been advanced to account for bac-
terial resistance to B-lactam antibiotics (37, 38). Those most
significant clinically and which have been most studied are
permeability and the production of B-lactamases.

The inability of antibiotics to penetrate the bacterial cell
wall is of particular concern in relation to Gram negative
bacteria and is associated with their outer cell wall. The outer
membrane consists of a complex lipopolysaccharide-phospho-
lipid-protein structure stabilized by Mg?* ions (54). Tt presents
a significant permeability barrier to many types of antibiotics
and is responsible for the high resistance of the problem patho-
gens Ps. aeruginosa and Klebsiella spp. to B-lactams. This can
be contrasted with the high sensitivity of E. coli to -lactams
even though their PBP profiles are essentially the same (55).

The outer cell membrane acts as a molecular sieve excluding
compounds of molecular weight greater than approximately
600 daltons. These sieving properties are a function of trans-
membrane proteins called “porins” (56), which are usually
made up of three sub-units enclosing a water-filled channel.
Studies (57, 58) have indicated several types of porins which
can undergo conformational changes to “open” or “close’ a
channel (59), thus providing a further barrier, even to mole-
cules of molecular weight less than 600 daltons. Uptake is also
affected by the physical properties of the compound, particu-
larly electrical charge and lipophilicity. In general, increasing
the anionic character or lipophilicity leads to significantly
slower permeation (37, 38). Consequently the penetration of
B-lactam antibiotics (60, 61) into Gram negative bacteria is
constrained both within defined MW limits and the balance
between ionic and lipophilic character.

The more crucial factor in bacterial resistance is the ability
to produce B-lactamases. Since their discovery (53) these
enzymes have increased in importance, and they now repre-

sent the most serious threat to the continuing therapeutic
utility of B-lactam antibiotics.

The chemical, biochemical and genetic aspects, and clinical
consequences of this group of enzymes, their classification,
distribution and properties have all been extensively reviewed
(62-64), and it is to these texts that the reader is referred for
more detailed information.

B-Lactamases catalyze the hydrolysis of the 8-lactam ring of
a variety of antibiotics, most particularly penicillins and
cephalosporins, thereby leading to inactive products. They are
widely distributed throughout lower micro-organisms (65),
and the different types have been classified on the basis of their
so-called “substrate profiles” (The Richmond-Sykes-Matthew
classification system, see Table IT) (63, 66). Although exten-
sive physical and chemical studies have been conducted on a
number of these enzymes (62) providing considerable informa-
tion, a fully refined X-ray analysis is still eagerly awaited. To
date the aforementioned studies indicate the intermediacy of
an acyl-enzyme complex involving the hydroxyl group of a
serine residue within the active site (67-69). Thus it would
appear that B-lactamases are a sub-class of serine proteases
and have probably evolved from enzymes of the peptidoglycan
biosynthetic machinery (41).

Table II. Richmond-Sykes-Matthew Classification System (63, 66)

Enzyme class Properties

I Predominantly cephalosporinases. Inhibited by
Cloxacillin (9). Resistant to p-chloromercuribenzo-
ate (p-CMB).

II Predominantly penicillinases. Inhibited by Clox-
acillin. Resistant to p-CMB.

111 Broad spectrum penicillinase and cephalosporin-
ase. Inhibited by Cloxacillin. Resistant to p-CMB.

v Broad spectrum pB-lactamase. Not inhibited by
Cloxacillin, which is a poor substrate. Sensitive to
p-CMB.

v Broad spectrum pB-lactamase. Not inhibited by

Cloxacillin, which is an excellent substrate. Resis-
tant to p-CMB.

NB: — Gram positive B-lactamases can be classed as Richmond type II
enzymes.

A number of reasons have emerged to account for the stabil-
ity of particular 8-lactam antibiotics to certain S-lactamases.
Firstly, the drug may be a poor substrate, i. e low affinity for
the active site (high K, values), e.g. Cefoxitin (19) and
thienamycin-type compounds (70). Alternatively, the antibio-
tic may have a high affinity for the enzyme active site (low K,)
but the overall rate of hydrolysis is extremely slow; such drugs
are behaving as competitive inhibitors, €. g. cephalosporins
and the staphylococcal 8-lactamase (64). Similar inhibition can
occur with antibiotics which have a high affinity for the active
site but for which only the deacylation step is slow, thusleading
to accumulation of an acyl-enzyme intermediate which slowly
hydrolyzes (71). Penicillin and cephalosporin antibiotics which
are good competitive inhibitors of B-lactamases have, in
general, reduced antibacterial activitiy (72); however, combi-
nation of such an inhibitor with a potent, but susceptible, 3-
lactam has found some clinical utility, e.g. the isoxazoly-
penicillins/ampicillin (62, 73).
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The Irreversible Inhibition of B-Lactamases

In the early 1970°s it was recognized that the irreversible
inactivation of B-lactamases by agents which themselves might
possess only minimal antibacterial activity, could extend the
concept of combination therapy. The break-through in this
area occurred with the isolation from a streptomycete of
clavulanic acid (33) (35), which was shown to be a potent
irreversible inhibitor of many B-lactamases (74-76) and which
was found to restore the antibacterial activity of ampicillin
against resistant bacteria (77). Subsequently, it was noted that
other, semi-synthetic reagents e.g. 63-bromopenicillanic acid
(34) (78, 79) and penicillanic acid sulphone (Sulbactam) (35)
(80, 81) also irreversibly inhibited B-lactamases (82).

Irreversible enzyme inhibition by substrate analogues has
since received considerable attention. This type of inactivation
has been termed both “Active site-directed” or ““‘Suicide”
inhibition, the latter because the enzyme, essentially, catalyzes
its own inactivation (83, 84). Extensive studies on the mode of
action of clavulanic acid (74-76) and the semi-synthetic inhi-
bitors (79, 80) have been interpreted in terms of a general
theory of irreversible B-lactamase inhibition (82).

The sequence of transformations outlined in Fig. 10 sum-
marizes the proposals for a general S-lactamase inhibitor and is
largely based on detailed kinetic data obtained from charac-
teristic UV spectral changes associated with the intermediates
indicated. It was evident from this data that the inhibitors are
good substrates for the enzymes and indeed are turned over to
the ring-opened compounds in varying degrees (Pathway (i)

H H H
pny e VY
HN
o‘\;“‘\) oM~ oo f
H

Acylation
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“Deacylation”). However, competing elimination reactions
(Pathways (ii) and (iii)) of the acyl-enzyme complex (“E. C.””)
lead to reactive intermediates that can further interact with
other nucleophiles, as yet undefined, affording a covalently
bound fragment within the active site, and thus irreversibly
inactivating the enzyme.

The rate of reaction for the three pathways (i), (ii) and (iii)
shown in Fig. 10 determines the effectiveness of the particular
vnhibitors. The most potent are ones forming stable, long-
lived acyl-enzyme complexes, which then fragment preferen-
tially to the reactive Michael acceptor species. Consequently,
to be an irreversible inactivator, a compound should (82) have
a high affinity for the enzyme active site and form a relatively
stable acyl-enzyme intermediate. Furthermore, it would
appear essential that the molecule possess a proton at C-6 with
the correct configuration and sufficiently acidic, as determined
by the groups X and Y to allow the 8-elimination (iii) across C-
5 and C-6 to take place; and in addition possess a suitable
leaving group, Y, to facilitate this elimination.

These findings were successfully applied to the design of
new in vitro {-lactamase inhibitors. Methicillin (8) and
Quinacillin (36), which were known to form long-lived acyl
enzyme complexes, on oxidation to the corresponding sul-
phone yielded potent irreversible 8-lactamase inhibitors (81).
This strategy of oxidation of the sulphur of a penam has since
been extensively utilized for the synthesis of novel inhibitors
(85-87).

On the basis of more recent work on the novel inhibitor 6-
acetylmethylene penicillanic acid (37) (88), it has been pro-
posed that its mechanism of inhibition deviates at the acyl-
enzyme stage from that outlined in Fig. 10 and involves a
complex series of rearrangements (89, 90). Similarly, the
mechanism of irreversible inhibition by some sulphated carba-
penems involves a complex rearrangement at the acyl-enzyme

€00~ | Coo~ | €00~ stage (91, 92) as opposed to a more simple elimination
eg_H ~~Ser _ o orlglqally proposed (82) (see Fig. 11). _
I (i) Deacylation -ie. It is noteworthy that all the above studies have been con-
~~Ser~~ Covalent Acyl - Normal 3-lactam- ducted on the so-called Class A serine B-lactamases. There
Enzyme Complex ase activity presently exists a further class of these enzymes, namely the
E.C. Class C (93). They occur in two bacteria, a mutant Ps. aeru-
/\ ginosa and E. coli K12, and they differ from the Class A typein
N that they are not inhibited by clavulanic acid (94, 95) and can
Eliminations utilize lower alcohols as the nucleophile in the deacylation of
/ the acyl-enzyme complex, as well as water. The clinical signi-
(i) (i) ficance of these enzymes has yet to be fully evaluated.
@ H (\ « H Y x H H v-
X Y —_— Oﬁ(’\] M0 0; \0 + H3F\i
0 o(’]‘ 0 oclen 0 oo
e |
- Ser~ ~Ser~~ ~~Ser~~
Non - Chromophorically
NA_Isomer,sm Inactivated Enzyme
f3-Elimination ~Enz~~ Fig. 10 Interaction of hypothetical 8-
H X -y Michael Addition Y lactamase inhibitor with serine 8-lactam-
~ @ _ by secondary group ase. X = electronegative group or hyd-
X — = 0 N in active site 0 N rogen, Y = leaving group. Diagram indi-
0 OHN o H Co0- o H  Coo cates (i) normal B-lactamase deacylating
, Co0~ | activity; (ii) and (iii) elimination rear-
~Sera ~~Seran ~eGar rangements, fragmentations and further

Chromophorically
Inactivated Enzyme

nucleophilic entrapments
chromophoric  or
inactivated enzyme.

leading to
Non-Chromophorically non-chromophoric

Inactivated Enzyme
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Acyl-Enzyme
Complex

COOH

~~Ser~~

R = —CHECH—NH—COCH;
n =0,1

Wl\atlon
AZ- Pyrroline

Products

Tautomerization @J r

A'-Pyrroline

Products
A{Va\hon

Fig. 11 B-Lactamase inhibition by sulfated carbapenem showing acyl-enzyme intermediate, “A” preferred %-pyrroline tautomerization to
more tightly bound a'-pyrroline adduct “B” and “C” originally proposed for B-elimination of side-chain sulfate to putative inactivating

species, an a, -unsaturated acyl-enzyme; now disproved.

Finally, there is one other B-lactamase enzyme which does
not operate by means of an active site serine. Thisis the Class B
metallo-B-lactamase II from B. cereus (62, 93). It has a broad
specificity for penicillins, cephalosporins and other B-lactams,
and none of the current inhibitors is effective against it. Struc-
tural and biochemical studies to date indicate a molecular
weight of approximately 22,000 daltons, a requirement for a
Zn (II) cofactor and a cysteine and three histidine residues as
active site groups. The detailed mechanism of action remains
to be unravelled but does not involve a covalent acyl-enzyme
intermediate.

The extensive work on irreversible inhibitors of the serine 8-
lactamases has been prompted by the realization of their consi-
derable clinical potential. This is based on early observations
of notable in vitro and, more importantly, in vivo synergism
between clavulanic acid and susceptible B-lactams against 3-
lactamase producing bacteria (77) and has resulted in the intro-
duction into the clinic of an amoxycillin/clavulanic acid combi-
nation (96). Although similar pharmacokinetic properties
have meant that a combined formulation of the two compo-
nents has been possible (96) an alternative has recently been
advanced in place of combination therapy. This involves the
chemical attachment of the inhibitor to the antibiotic via an
ester linkage which is broken down by non-specific esterases in
vivo regenerating the two active components. Such com-
pounds have been termed ‘mutual prodrugs’ (97, 98) and an
example currently under development is sultamicillin (38)
which comprises sulbactam (35) and ampicillin (99).

B-Lactamase inhibitors have, therefore, come of age over
the last five years not only as clinical candidates but also as bio-
chemical tools. In these respects, such compounds are likely to
assume increasing importance in the future firstly in the
treatment of resistant bacterial infection and secondly as aids

towards a greater understanding of the nature of bacterial
resistance due to 8-lactamase production. Thus, it appears that
a rich future for agents of this type is guaranteed.

Future Prospects

Since almost all the fundamental advances have to date
stemmed from investigations on the secondary metabolites of
micro-organisms, it is reasonable to suppose that detailed
examination of nature’s resources may well provide further
quantum leaps in terms of new B-lactam systems which will
then require fine tuning by medicinal chemists. Considerable
ingenuity and effort has already been, and undoubtedly will
continue to be, expended on the modification of the known
natural B-lactam systems to improve their antibacterial spec-
trum or to render them stable to the various hydrolytic
enzymes. Efforts in this direction regarding the susceptibility
of the potently active carbapenems to the renal dehydropeptid-
ase are already well advanced. The totally synthetic derivative
of thienamycin (45) which retains almost full biological activity
but is stable to the dehydropeptidase is illustrative of the
growing sophistication of the synthetic chemistry now avail-
able in this area (100).

The design and synthesis of potentially useful compounds
based on systems not found in nature has been, on the whole,
unsuccessful. The two principal exceptions are the oxa-
cephems, e.g. moxalactam (21), and the penems (Fig. 12). The
latter were first reported in the mid 1970’s (101) and are
currently attracting considerable attention (102). These mole-
cules can be regarded as synthetic hybrids of the penicillins,
cephalosporins and thienamycin structures and appear to com-
bine the advantages and disadvantages of all three systems in
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terms of activity and stability (103). The orally active penem
Sch 29482 (46) (104) is presently the derivative that has been
investigated in the most depth (105). Preliminary reports on
the properties of derivatives based on a novel 6-substituted
penicillin skeleton (47), as yet not encountered in nature,*
could represent another important advance in this area (106).
However, more detailed clinical evaluation is awaited with
anticipation.

So far all these impressive advances have been achieved
without any detailed knowledge of the structures of the target
enzymes or the nature of the interaction with their natural sub-
strates or inhibitors. These deficiencies will undoubtedly be
overcome within the next few years. An X-ray crystallographic
analysis aimed at establishing the structure and the binding site
of penicillins and cephalosporins for Streptomyces R61 D-Ala-
nyl-carboxypeptidase-transpeptidase is well underway (107)
and crystallographic structure analyses of [-lactamases,
though less advanced, are progressing. It is to be hoped that
such information, coupled with the advances in the computer
modelling of molecular interactions, will enable the more
rational design of novel B-lactams and perhaps even non-g-
lactam systems with both antibacterial and $-lactamase inhibit-
ory activity.

4 Subsequent to the preparation of this manuscript, the natural occurr-
ence of two 7-X-formamidocephalosporins from a Flavobacterium sp.
have been described [Singh, P. D., Young, M. G., Johnson, J. H.,
Cimarusti, C. M., Sykes, R. B., (1984) J. Antibiotics 37, 773-780).
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Properties of Film-Formers and Their Use in
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Abstract: For the manufacture of film tablets a variety of polymers
with different properties are used in organic and aqueous systems. In
the present review, the most important film-forming agents and
application systems are discussed with regard to their chemical
qualities and physical formulation properties. Furthermore, general
phenomena and differences among these agents are illuminated by
means of models from macromolecular chemistry.

Film Formation

Film-formers are polymers capable of hardening to coherent
films. In addition, they require chemical structures in their
molecules that provide a given solubility in certain media. The
physical property of these polymers essential for coating is the
ability to form films. How does this kind of film formation
occur?

All coating materials used so far in the pharmaceutical
industry are physically drying preparations. During the drying
procedure either the solvent evaporates from the dissolution or
the water evaporates from the dispersion or dissolution. Here
the polymers first are present as isolated coils. If the solvent
evaporates slowly, the coils approach until, at a certain poly-
mer concentration, they begin to penetrate each other. This
concentration is identical with the reciprocal value of intrinsic
viscosity.
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A film is allowed to form provided the individual sprayed
droplets are able to coalesce in any one flowable state to permit
the macromolecular coils to penetrate each other. For this it is
necessary that at least segments of the coils be mobile, i. e. they
must be present above the glass transition temperature.

Like the polymer coils the particles of a dispersion may also
approach each other. Depending on the temperature, the latex
particles either aggregate through additives (emulsifying
agents, protective colloids) or they adhere directly to each
other.

The penetration of the macromolecular chains and the re-

sulting properties of the film are best illuminated by the
differentiated network model shown in Fig. 1.
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Fig. 1 Differentiated network model of polymers (1).

Here, the polymer or the film, respectively, is thought to be
composed of an uninterrupted entanglement of coiled molecu-
lar chains. In this network two areas can be distinguished:

1. ordered, crystalline areas;

2. amorphous areas in which several chains form a loose coil
stabilized by weak forces only. If a mechanical strain is applied
above the glass transition temperature, i. €. at a temperature at
which segments of chains become mobile, these coils will
loosen slowly, the chains gliding past each other. Penetrationis
thus rendered possible. These amorphous areas show more or
less appreciable variations in the distribution of free volume,
which are characterized by a lack of major intermolecular
forces.

The overall behavior of the film depends on the mesh size of
the network and on bond strength, but above all on the degree
of entanglements. If no amorphous areas form but only
ordered structures, this will very easily result in domain
formation and thus cracking, orange peel, etc.

Besides the capacity of penetration, film-formers must
present a certain adhesiveness to the material to be coated.
The adhesion to the dosage form and, in the further course of
the coating process, to the polymers themselves, depends on
the chemical and physical interactions between polymers,
plasticizer, solvent and surface as well as on diffusion
phenomena. To put it more simply, the surface properties and
energies of dosage form and coating material, their interfacial
tension, geometry of the cores, viscosity of the solution,
substances absorbed in the dosage form, such as water, etc.,



