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T HE past 50 years have seen the continued development of new
antimicrobial agents of natural, semisynthetic, and synthetic nature, and
it has been possible to elucidate the biochemical basis of their action. The
basic mechanisms of antimicrobial activity have been demonstrated to be due
to inhibition of cell walls, damage to cytoplasmic membranes, inhibition of
ribosome function, and inhibition of nucleic acid synthesis. Although many
antimicrobial agents are available, bacteria over the past four decades have
developed many mechanisms to overcome the action of antimicrobial agents.
These mechanisms have involved the modification or duplication of target
enzymes, prevention of access of antimicrobial agents to the targets, and syn-
thesis of enzymes that modify or destroy the antimicrobial agents. Bacterial
resistance has become a serious problem in many parts of the world because
resistance genes exist on plasmids and transposons that can be widely dis-
seminated. Mechanisms to overcome resistance have included molecular
modification of antimicrobial agents and use of combinations of antimicrobial
agents. Understanding how antimicrobial agents affect bacteria and how re-
sistance develops is extremely important if we are to prevent bacteria from
overwhelming man during the coming decades.

Man and microorganisms coexist in a very tenuous relationship just as na-
tions exist in delicately balanced relations. Some organisms are naturally
pathogenic, some organisms produce disease only when host defences are
disrupted, and some microorganisms protect us from the deleterious effects
of other bacteria or fungi. In considering the role of antimicrobial chemother-
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Fig." 1. Sites of action of various antimicrobial agents

apy one must remember that chemotherapeutic agents may affect not only
the intended pathogens, but they may have profound effects on the micro-
ecology of the environment.

Improvements in fermentation techniques and advances in medicinal
chemistry have provided many new chemotherapeutic agents that are novel
molecular modifications of existing compounds. Great progress has been
achieved in the development of new and novel antibacterial agents.

BioCHEMICAL BASIS OF ANTIMICROBIAL ACTION

As bacterial cells multiply and divide, they make new molecules of DNA,
RNA, and protein, and obtain from their environment the smaller units such
as amino acids or sugars present in their walls and membranes. Antimicrobial
agents have specific targets (Figure 1), which can be separated into such
groups as inhibitors of cell walls, distorters of cytoplasmic membranes, in-
hibitors of nucleic acid synthesis, inhibitors of ribosome function, and in-
hibitors of intermediary cell metabolism (Table 1). Antimicrobial agents may
be either bactericidal or bacteriostatic. Ideally, bacteria should be killed, but
even agents which only inhibit growth of bacteria can be extremely benefi-
cial since they permit the normal defenses of the host to destroy the microor-
ganisms.

Bull. N.Y. Acad. Med.
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TABLE I. MECHANISMS OF ACTION OF ANTIMICROBIAL AGENTS

A)

B)

C)

D)

Inhibition of bacterial cell wall synthesis

1) Inhibition of biosynthetic enzymes
Fosfomycin
Cycloserine

2) Antibiotics which combine with carrier molecules
Bacitracin

3) Antibiotics which combine with substrates of wall
Vancomycin

4) Inhibition of polymerization and attachment of new peptidoglycan to cell wall
Penicillins
Cephalosporins
Thienamycins
Monobactams

Inhibitors of cytoplasmic membranes

1) Drugs disorganizing cytoplasmic membrane
Tyrocidins
Polymyxins

2) Drugs producing pores in membranes
Gramicidins

Inhibitors of nucleic acid synthesis

1) Agents which impair DNA template function: intercalating agents
Chloroquin (parasites)
2) Inhibitors of DNA replication
Nalidixic acid
Ciprofloxacin, ofloxacin, norfloxacin, enoxacin
Nitroimidazoles
3) Inhibitors of RNA polymerase
Rifampin

Inhibitors of ribosome function

1) Inhibitors of 30S units

Streptomycin

Kanamycin, gentamicin, tobramycin

Spectinomycin

Tetracyclines

Inhibitors of 50S units

Chloramphenicol

Lincomycins

Erythromycin

Fusidic Acid

3) Inhibition of folate metabolism
Inhibition of pteroic acid synthetase
Sulfonamides
Inhibition of dihydrofolate reductase
Trimethoprim

2

~
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Fig. 2. Characteristics of Gram-positive and Gram-negative bacteria

BACTERIAL CELL WALL INHIBITORS

Bacteria are divided into Gram-positive and Gram-negative organisms on
the basis of staining characteristics. Gram-positive bacterial cell walls con-
tain peptidoglycan, teichoic, or teichuronic acid. They may or may not be
surrounded by a protein or polysaccharide envelope. Gram-negative bacte-
ria contain peptidoglycan, lipopolysaccharide lipoprotein, phospholipid, and
protein (Figure 2). The critical attack site of anticell wall agents is the pep-
tidoglycan layer, which is essential for bacterial survival.

Peptidoglycan synthesis occurs in three stages.! The first stage occurs
within the cytoplasm where low molecular weight precursors UDP-GlcAc
and UDP-MurNAc-L-ala-D-glu-meso-Dap-D-ala-D-ala are synthesized. A
number of antimicrobial agents interfere with early steps in cell wall bi-
osynthesis. UTP and GluNAcI-P are converted to UDP-GIuNAc, which is
subsequently converted to UDP-MurNAc by the enzyme phosphoenolpyru-
vate: UDP-GIcNAc-3-enol-pyruvyl transferase. Fosfomycin and fosmidomy-
cin block this transfer by direct nucleophilic attack upon the enzyme.? Hu-
man enolase, pyruvate kinase, and carboxykinases and shikimate enoloases
are not inhibited by these compounds, hence fosfomycins have no effect on
mammalian metabolic pathways.
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The dipeptide D-alanyl-D-alanine is synthesized from two molecules of
D-alanine by the enzyme D-alanyl-D-alanine synthetase. D-alanine is
produced from L-alanine by an alanine racemase. Cycloserine is a compound
which inhibits both alanine racemase and D-alanine-D-alanine synthetase due
to the structural similarity of cycloserine to D-alanine.?

The second stage of cell wall synthesis is catalyzed by membrane bound
enzymes. The non-nucleotide portion of precursor molecules are transferred
to a carrier in the cytoplasmic membrane which is a phosphorylated un-
decaprenyl alcohol. Bacitracin is a peptide antibiotic that specifically inter-
acts with the pyrophosphate derivate of the undecaprenyl alcohol prevent-
ing transfer of the muramylpentapeptide from the precursor nucleotide to
the nascent peptidoglycan.4

The third stage of the synthesis of cell wall involves polymerization of the
subunits and attachment of nascent peptidoglycan to the cell wall by a trans-
peptidase reaction that involves peptide chains in both polymers. The trans-
peptidase enzyme cleaves the peptide bond between two D-alanyl residues
in the pentapeptide and becomes acylated via the carbonyl group of the penul-
timate D-alanine residue. This reaction is inhibited by beta-lactam antibi-
otics, penicillins (penems), cephalosporins (including oxacephems and
cephamycins), penems, thienamycins (carbapenems), and aztreonam
(monobactams) (Figure 3).5 These drugs, by binding to the enzymes in-
volved in this final process of cell wall formation, are called penicillin-
binding proteins since they were discovered by use of radioactive penicil-
lin G. The enzymes markedly differ in Gram-positive and Gram-negative
bacteria and in anaerobic species.® These differences in penicillin-binding
proteins explain differences in antibacterial activity of the beta-lactam an-
tibiotics. The penicillin-binding proteins to which a particular beta-lactam
antibiotic binds also affects the morphological response of the bacterium to
the agent. Some antibiotics bind to a penicillin-binding protein involved in
septum formation producing long filaments which eventually die. Binding
to another penicillin-binding protein results in rapid lysis of a bacterium be-
cause the wall bulges due to weakened peptidoglycan and the bacterium
bursts.

Vancomycin and other glycopeptides such as teichoplanins also interfere
with cell wall synthesis by combining with the D-ala-D-ala termini of grow-
ing peptidoglycan attached to the undecaprenyl pyrophosphate and prevent
interaction of muramidases with the glycan chain. The specificity of van-
comycin and other antibiotics of the teichoplanin class for the acyl-D-ala-
D-ala site explains the lack of resistance to these antibiotics.’
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Fig. 3. Synthesis of bacterial cell walls

ANTIBIOTICS AFFECTING FUNCTION OF CYTOPLASMIC MEMBRANES

Bacterial cytoplasmic membranes. Membranes are composed of lipid, pro-
tein, and lipoprotein. The cytoplasmic membrane acts as a diffusion barrier
for water, ions, and nutrients, as well as for transport systems. Membranes
are a lipid matrix with globular proteins randomly distributed to penetrate
through the lipid bylayer and partly through the aqueous component of the
membrane. Some antibaterial agents such as the polymyxins, polymyxin B,
and colistemethate (polymyxin E) can cause disorganization of the membrane.
These compounds are octapeptides characterized by high molecular weights.
The agents inhibit Gram-negative bacteria which have negatively charged
lipids at the surface. Since the activity of the agents can be antagonized by
cations Mg2+ and Ca?*, it is probable that the polymyxins competitively
displace Mg2* or Ca?* from the negatively charged phosphate groups pres-
ent on membrane lipids.? Basically polymyxins disorganize membrane
permeability so that nucleic acid material and cations leak out of the bac-
terial cell.

Inhibition of DNA directed DNA polymerase. Rifamycins are a class of
antibiotics which inhibit DNA-directed RNA polymerase activity.® RNA

Bull. N.Y. Acad. Med.
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polymerase is an enzyme that possesses four alpha and beta subunits. Poly-
peptide chains attach to the component which confers specificity for the
recognition of the correct promoter sites to initiate transcription of the DNA.
Rifampin binds to a beta subunit and interferes specifically with the initia-
tion process, but has no effect after polymerization has begun.

Inhibition of DNA replication. DNA gyrase is an enzyme that changes
negative supercoiled strands of DNA into closed circular duplex DNA, and
it is essential for replication of circulation chromosomes. It also is involved
in breakage and reunion of DNA strands. The gyrase consists of two com-
ponents A and B, with the A subunit more abundant. Nalidixic acid, a quino-
lone, binds to a component of DNA gyrase and inhibits its action. Recently
other drugs that belong to the quinolone class but which are fluorinated car-
boxy derivatives have been synthesized. Nalidixic acid inhibited only Gram-
negative species whereas the newer agents, ciprofloxacin, ofloxacin, enox-
acin, and norfloxacin inhibit Gram-positive species as well, and some of the
new agents also inhibit anaerobic bacteria and mycobacteria.!® The DNA
gyrase (3 subunit can be inhibited by other agents, but none have clinical util-
ity at present.

Nitroimidazoles and metronidazole inhibit anaerobic bacteria and protozoa.
The nitro group of the nitrosohydroxyl amino group of the compound is
reduced by bacteria which use anaerobic metabolism.!!' The drugs diffuse
into bacteria where they are concentrated, reduced by an electron transport
protein, and cause strand breaks in the DNA. Mammalian cells are unharmed
because they lack the enzymes to reduce the nitro group of these agents.

ANTIMICROBIAL INHIBITORS OF RIBOSOME FUNCTION

Bacterial ribosomes contain 65% protein and 35% RNA. They can be dis-
sociated into subunits referred to as 50S and 30S ribosomal subunits. Since
it is possible to dissociate ribosomes into subunits, it is possible to localize
the action of antibiotics to one or both units (Figure 1). It is also possible
to isolate specific proteins in the ribosome units to which the agent binds
and to isolate mutants of bacteria which can be shown to lack a specific
ribosomal protein and thereby be resistant to a particular agent.

Aminoglycosides are complex sugars connected in glycosidic linkage. The
compounds differ by virtue of both the nucleus, which can be streptidine
or 2-deoxystreptidine, and the aminohexoses linked to this nucleus. Essen-
tial to the activity of these agents are free NH4 and -OH groups by which
aminoglycosides bind to specific ribosomal proteins.

Streptomycin binds to a specific S12 protein in the 30S ribosome.!? The
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outcome of in vitro binding is achieved at much higher concentrations than
are possible in vivo. Many textbooks continue to discuss the misreading of
the genetic code caused by aminoglycosides. Although this occurs in vitro,
it is unlikely to occur in vivo.

Other aminoglycosides such as gentamicin, tobramycin, and amikacin bind
to the S12 protein of the 30S ribosome, but they also bind to the L6 pro-
tein of the 50S ribosome.!3 This later binding is quite important in respect
to the resistance of bacteria to aminoglycosides. Aminoglycosides probably
have multiple binding sites on the 30S ribosomes and ultimately cause death
of bacteria by formation of aberrant initiation complexes sequestering the
ribosomes from the ribosome pool.

Tetracyclines inhibit binding of aminoacyl tRNA on the 30S bacterial ribo-
some, but the binding is a transient affair and tetracyclines are bacterio-
static.!4

Three important classes of drugs affect the larger 50S ribosome subunit.
Chloramphenicol inhibits peptide bond formation by binding to a peptidyl
transferase enzyme on the 50S ribosome. Macrolides and lincinoids bind to
50S ribosomes and impair a peptidyl transferase reaction, translocation, or
both reactions. !> Both of these classes of antibiotics are bacteriostatic and
only inhibit the formation of new peptide chains although both macrolides
and lincinoids can be bactericidal for some Gram-positive species and will
kill some intracellular bacteria. Chloramphenicol also is bactericidal for S.
pneumoniae and H. influenzae.

DRruUGS WHICH INHIBIT OTHER BIOCHEMICAL TARGETS

Both trimethoprim and sulfanomides interfere with folate metabolism in
the bacterial cell by competitively blocking biosynthesis of tetrahydrofolate,
a precursor of folinic acid (Figure 4).!6 Unlike mammals, bacteria and pro-
tozoan parasites usually lack a transport system which would enable them
to use preformed folic acid abundant in their environment. Most organisms
must synthesize folates, although some are capable of using exogenous thymi-
dine and circumventing the need for folate metabolism.

Sulfonamides competitively block the conversion of pteridine and para-
aminobenzoic acid (PABA) to dihydrofolic acid. Sulfonamides have a greater
affinity for the enzyme that performs the conversion than does PABA.
Trimethoprim has an affinity for the enzyme dihydrofolate reductase and in-
hibits synthesis of tetrahydrofolate. This latter compound acts as a co-factor
for carriers of 1-carbon fragments and is necessary for the ultimate synthe-
sis of DNA, RNA, and bacterial cell wall proteins.

Bull. N.Y. Acad. Med.
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Fig. 4. Mode of action of sulfamethoxazole and trimethoprim within the bacterial cell

BACTERIAL RESISTANCE

Bacteria have proved particularly adept at becoming resistant to each new
antimicrobial agent that is discovered in nature or synthesized by medici-
nal chemists. There are several ways whereby bacteria can be or become
resistant to antimicrobial agents (Table II).!7 Early studies of bacterial re-
sistance focused on single step mutational events of chromosomal origin. Sul-
fonamide resistance resulted from a single amino acid change in the enzyme
dihydropeteroic synthetase that caused sulfonamides to bind less well than
para-aminobenzoic acid. A mutational event resulted in a single step muta-
tion that altered a ribosomal protein, and bacteria were able to resist the ac-
tion of streptomycin. However, in the late 1950s Japanese workers found
that enteric bacteria such as Shigella dysenteriae had become resistant not
only to sulfonamides but to the tetracyclines and chloramphenicol. This re-
sistance was not a chromosomal change, but was due to the presence of ex-
trachromosomal DNA which was transmissible. This resistance is referred
to as plasmid resistance, and was formerly called R-factor, that is, resistance
factor resistance.

Resistance conferring plasmids have been identified in virtually all bac-
teria (Table III),'8 and have been widely dispersed in nature, appearing in
Haemophilus influenzae in 1974 and subsequently in 1976 in Neisseria gonor-
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TABLE II. RESISTANCE MECHANISMS

1) Modification of a target enzyme so that it is insensitive to an inhibitor but still functions

2) Reduction in physiological importance of a target

3) Duplication of a target enzyme

4) Prevention of access to the target

5) Depression of metabolic activity that normally converts an inert agent into an active agent

6) Synthesis of enzymes that:

a) Inactivate an antimicrobial agent
b) Modify the agent to alter entry or binding to a receptor

TABLE III. R-PLASMID-MEDIATED RESISTANCE

Antibiotic Mechanism Organisms
Penicillin, ampicillin Beta-lactamase Gram (+), (—)
carbenicillin, etc. hydrolysis
Oxacillin, methicillin, Beta-lactamase Gram (—)
etc. hydrolysis
Cephalopsorins Beta-lactamase Gram (+), (-)
Chloramphenicol Acetylation Gram (+), (—)
Tetracyclines Permeability block Gram (+), (-)
Aminoglycosides
Streptomycin Acetylation,
Neomycin Phosphorylation, or Gram (), (—)
Kanamycin Adenylation—
Gentamicin Alters binding to
Tobramycin ribosomes and uptake
Amikacin of drug
Macrolides-Lincinoids
Erythromycin Altered Gram (+), (-)
Clindamycin 23S RNA
Trimethoprim Altered dihydro- Gram (—)
folate reductase
Sulfonamides Altered tetrahydro- Gram (-)
pteroic synthetase
Nitrofurans Unknown Gram (—)
Fosfomycin Altered glucose Gram (+), (-)

transport system
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rhoeae. Unfortunately, many bacteria contain transposons, so-called jump-
ing genes which can enter plasmids or the chromosome. It is possible that
plasmids will pick up chromosomal genes of resistance and transfer these
genetic elements to species not currently resistant.

Whether anitmicrobial agents are the major selective pressure upon the
development of both chromosomal- and plasmid-mediated resistance is dis-
cussed elsewhere in this issue. The use of antibiotics in an environment,
whether the hospital as a unit or an individual patient as a small ecosystem,
will destroy antibiotic-susceptible bacteria and permit the proliferation of bac-
teria which are intrinsically resistant or which have acquired ex-
trachromosomal resistance. Plasmid resistance, from an epidemiological
viewpoint, is the most important resistance because it is transmissible, usually
highly stable, confers resistance to many different classes of antibiotics simul-
taneously, and often is associated with other characteristics that enable a
microorganism to colonize and to invade a susceptible host. But, as noted
elsewhere in this issue, resistance also can be a deleterious factor since
growth is slower.

MECHANISMS OF BACTERIAL RESISTANCE

The basic mechanisms by which microorganisms become or are resistant
to antimicrobial agents are development of altered receptors for a drug, de-
crease in the amount of a drug that reaches the receptor by altering entry
or increasing removal of a drug, destruction or inactivation of a drug, and
synthesis of resistant metabolic pathways. Bacteria can possess one or all
of these mechanisms simultaneously.

RESISTANCE BASED ON ALTERED RECEPTORS FOR A DRUG

Beta-lactams. Analysis of changes in receptors for beta-lactams by com-
petition experiments in which '*C penicillin is inhibited from binding to
penicillin-binding proteins has explained a number of cases of resistance of
bacteria to penicillins and cephalosporins. In 1977 Streptococcus pneumo-
niae resistant to penicillin G were encountered in South Africa.! These or-
ganisms appeared in ill patients in Johannesburg and Durban and did not pos-
sess beta-lactamases but had altered penicillin-binding proteins.20--22 The
newly synthesized penicillin-binding proteins have a decreased affinity for
penicillins, but interestingly the aminothiazolyl cephalosporins such as
cefotaxime, etc. bind to the new penicillin-binding proteins at concentrations
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that can be achieved in blood, tissue, and cerebrospinal fluid. Resistance of
S. pneumoniae to penicillin has been increasing, and there are relatively resis-
tant isolates (MIC 0.1-lug/ml) in many parts of the world because of altered
penicillin-binding proteins.

Altered penicillin-binding protein receptors are why some Staphylococcus
aureus, the so-called methicillin-resistant,?3 are resistant to beta-lactamase
stable penicillins and cephalosporins. Methicillin-resistant Staphylococcus
aureus contain a new penicillin-binding protein 2.! This new enzyme is in-
duced by beta-lactams such as nafcillin, methicillin, oxacillin, etc.24?7 The
cephalosporins also induce the new penicillin-binding protein 2 but less ef-
fectively and hence the laboratory may inadvertently report a S. aureus resis-
tant to oxacillin but susceptible to cephalothin. This is an artifact of the an-
timicrobial test system. If the agar medium contains 2.5 to 5% NaCl,
incubation is performed at 30°C and the plates not read before 24 hours,
the true resistance will be noted. Only S. aureus or S. epidermidis with a
cephalothin Mic of >1 ug/ml should be considered resistant. Semisynthetic
penicillin susceptibility should be determined with oxacillin, not nafcillin,
since nafcillin Mics may be falsely below 8 ug/ml. The precise mechanism
of methicillin resistance in S. epidermidis has not been worked out, but it
seems probable that the beta-lactam resistance of S. epidermidis is also the
result of altered penicillin-binding protein.

The resistance of enterococci of the group D streptococci to beta-lactam
antibiotics also results from lower affinity of the penicillin-binding protein
for the penicillins and particularly for cephalosporins which do not inhibit
these species.?8.2 Neisseria gonorrhoeae resistance which is chromosomally
mediated can be correlated with diminished affinity of the target penicillin-
binding proteins.3 Altered penicillin-binding proteins in Enterobacteriaceae
and Pseudomonas aeruginosa can produce resistance, but isolation of such
organisms in nature is extremely uncommon.3!:32

Macrolide-lincinoid resistance. The occurrence of macrolide-lincinoid-
streptogramin resistance in clinical isolates of staphylococci and streptococci
has been recognized for the past several decades. The mechanism of resis-
tance is methylation of two adenine nucleotides in the 23S component of 50S
RNA, the genetic basis of the resistance is plasmid, and the resistance is pres-
ent on transposons.3> A methylating enzyme normally repressed in nonresis-
tant bacteria is induced by the compounds. Methylated ribosomal RNA binds
macrolide-lincomycin-type drugs less well than does unmethylated
RNA..33-36 Induction of resistance varies by bacterial species and by inducer.
For example, erythromycin is a more effective inducer of resistance in most
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Gram-positive species than is clindamycin. There is extensive structural
similarity of the plasmids in streptococci and staphylococci that mediate
macrolide-lincinoid resistance, indicating that these plasmids readily pass be-
tween these species.37-3

Rifampin resistance. Resistance of bacteria to rifampin is on the basis of
an altered DNA directed RNA polymerase.® Change of one amino acid in
the beta subunit of DNA directed RNA polymerase alters the binding of
rifampin to the enzyme. The degree of resistance is related to the degree
that the enzyme is changed, but does not correlate strictly with enzyme in-
hibition. This form of resistance exists at a low level in any population of
bacteria so that resistance is seen to develop during therapy. Appearance of
such resistance is not due to a mutational event, but rather to selection of
a subset of the bacterial population which possessed an RNA polymerase
with poor affinity for rifampin. Such organisms are more common among
the Enterobacteriaceae, explaining why organisms causing urinary tract in-
fection rapidly became resistant to rifampin. Resistance of Neisseria menin-
gitidis to rifampin appeared in closed military settings in which rifampin was
used as prophylaxis at the time of outbreaks.40

Sulfonamide-trimethoprim resistance. The presence of an altered or new
dihydropeteroic synthetase that binds PABA better than sulfonamides is the
basis of resistance to these compounds.4! Sulfonamide resistance of this type
can result from a point mutation or from the presence of a plasmid which
causes synthesis of a new enzyme.? Resistance to trimethoprim is plasmid
and transposon mediated*>> and due to production of an altered dihydrofo-
late reductase which has markedly reduced affinity for trimethoprim.

Since the genetic information for synthesis of the enzymes resides on trans-
posons, we can anticipate even greater resistance to trimethoprim in the future
in developing countries.46

Quinolone resistance. Resistance of bacteria to older quinolone antibiotics
such as nalidixic acid, cinoxacin, and oxalinic acid probably was due to ei-
ther altered DNA gyrase or, in some bacteria, to failure of entry of the
agent.*’ This is not a plasmid-mediated form of resistance but a mutational
event or selection of such strains from the bacterial population similar to the
rifampin resistance. The mechanism of the resistance of bacteria to the new
fluorinated carboxyquinolones such as norfloxacin, ofloxacin, and ciproflox-
acin has not yet been elucidated. These agents are active against DNA gy-
rase A mutants resistant to nalidixic acid, but the concentration of the drug
needed to inhibit naladixic acid-resistant bacteria is much greater. It is prob-
able that resistance of some isolates is due to permeability, but it may also
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be due to other factors such as increased inhibition of quinolone action by
higher intracellular Mg2+ concentrations or by failure to activate DNAses
which cleave excision fragments produced by quinolone binding.

DECREASED ENTRY OF A DRUG

Tetracycline uptake by Enterobacteriaceae is a biphasic process with an
initial energy-independent rapid phase thought to represent binding of the
drug to cell surface layers with passage by diffusion through the outer layers
of the cell wall. The second phase of uptake is energy dependent as the
tetracycline crosses the cytoplasmic membrane, probably by means of a pro-
ton motive force. The precise transport system has not been identified.

Tetracycline resistance is common in both Gram-positive and Gram-
negative bacteria and is plasmid encoded and inducible. Chromosomal, con-
stitutive resistance to tetracyclines is present in some species such as Pro-
teus.*8:49 So far, five plasmid-specified tetracycline resistance determinants
have been found in enteric bacteria and one of these determinants, Tet B,
the most common, is also present in H. influenzae and some N. gonorrhoeae.
Tetracycline resistance in S. aureus is primarily due to small plasmids that
exist in multiple copies, and chromosomal resistance is rare. Tetracycline re-
sistance is found in S. faecalis on nonconjugative plasmids and in the chro-
mosomes of S. pneumoniae, S. agalactiae (group B streptococci), and oral
streptococci such as S. mutans. Clostridium sp. such as C. difficile harbor
chromosomal genes for resistance to tetracycline.

Basically, tetracycline resistance is due to a decrease in drug accumula-
tion because of a drug efflux mechanism.3%-3! Probably decreased uptake
and efflux occur simultaneously. Tetracycline-resistant bacteria bind less
tetracycline, and the tetracycline they do accumulate is lost by an energy-
dependent process that pumps the drug out when bacteria are in a drug-free
milieu.

Plasmid resistance to tetracyclines can be partially overcome in Gram-
positive species by molecular modification of the tetracycline nucleus. Thus,
minocycline and doxycycline in particular will inhibit at achievable concen-
trations some streptococci such as S. pneumoniae and some S. aureus. Mo-
lecular modification has not been successful in overcoming tetracycline re-
sistance of Enterobacteriaceae and Pseumdononas nor of most Bacteroides
sp.

Tetracycline resistance has been a major concern since tetracycline resis-
tance is located on plasmids near insertion sites, and it appears that tetracy-
cline plasmids can readily acquire other genetic information to be resistant
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to other antibiotics. Although other forms of resistance, such as altered bind-
ing site on 30S ribosomes, can occur, this is much less frequent.

In Enterobacteriaceae and Pseudomonas sp., the aminoglycosides pass
through the cell wall by going through channels through which cationic
molecules enter the periplasmic space. Aminoglycosides which reach the in-
ner cytoplasmic membrane are moved across the membrane by a proton mo-
tive force to enter the cytoplasm where they bind to ribosomes situated just
below the membrane. The initial uptake of aminoglycoside into the mem-
brane is energy dependent. Aminoglycosides which enter the cell will bind
only to ribosomes actively engaged in protein synthesis. Binding to the ribo-
somes induces a protein involved in the uptake of the aminoglycosides.3*

Bacteria may contain enzymes in the periplasmic space that will actety-
late, phosphorylate, or adenylate aminoglycosides to varying degrees depend-
ing upon the molecular configuration of the molecule. Whether the enzymes
are free in the periplasmic space or bound to the cytoplasmic membrane is
not completely clear. Aminoglycosides acetylated, phosphorylated, or
adenylated do not bind well to ribosomes, and hence uptake is poor or does
not occur since there is no induction of the transport protein.

Aminoglycoside modifying enzymes have been found in Gram-positive spe-
cies such as S. aureus, S. faecalis, S. pyogenes, and S. pneumoniae. These
enzymes are particularly prevalent in Enterobacteriaceae and P. aer-
uginosa.>

Anaerobic species such as Bacteroides sp are resistant to aminoglycosides
because of the lack of an oxygen-dependent transport system to move the
drug into and across the cytoplasmic membrane.5¢ Although most resistance
of S. aureus to aminoglycosides is due to modifying enzymes, small colony
variants of staphylococci are resistant, and the resistance appears to be due
to a defect in adenyl cyclase or in cyclic-AMP binding proteins so that those
bacterial cells which have a reduced growth rate do not transport aminoglyco-
sides into the cytoplasm.3¢ Finally, some Enterobacteriaceae and P. aer-
uginosa appear to be resistant because of altered porin channels, and no drug
reaches the periplasmic space or cytoplasmic membrane to be transported
within the cell.’’

DESTRUCTION OR INACTIVATION OF A DRUG

Chloramphenicol resistance. Many Gram-positive and Gram-negative bac-
teria, including recently some Haemophilus influenzae, are resistant to chlo-
ramphenicol because they possess the enzyme chloramphenicol transacety-
lase.® This enzyme, unlike the aminoglycoside inactivating enzymes and
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Fig. 5. Site of action of beta-lactamases

beta-lactamases, is an intracellular enzyme of larger molecular weight and
of subunit structure. It is in most instances plasmid mediated. The chloram-
phenicol acetyltransferase acetylates hydroxyl groups. Basically, acetylated
chloramphenicol binds less well to the 50S ribosome and protein synthesis
continues normally.

Beta-lactam resistance. The best known mechanism of bacterial resistance
is that of the beta-lactamases. In the 1940s resistance of staphylococci was
shown to be due to a penicillinase.>® With the advent of other beta-lactam
compounds such as cephalosporins, carbapenems, and monobactams, it is
more appropriate to designate these enzymes as beta-lactamases since their
attack on the beta-lactam nucleus is the most important aspect of their ac-
tivity (Figure 5). Beta-lactamases are widely distributed in nature and can
be classified in various ways, but usually are referred to on the basis of the
principal compounds they destroy, hence they are penicillinases or
cephalosporinases.®0-62 Beta-lactamases can be chromosomally or plasmid
mediated, constitutive, or inducible enzymes.

In Gram-positive species beta-lactamases are exoenzymes, excreted into
the milieu around the bacteria (Figure 2). Virtually all hospital isolates of
staphylococci, both S. aureus and S. epidermidis, possess beta-lactamases,

Bull. N.Y. Acad. Med.



ANTIMICROBIAL AND BACTERIAL RESISTANCE 311

and 50 to 80% of community staphylococcal isolates produce beta-lactamases.
In Gram-negative species, beta-lactamases are contained in the periplasmic
space (Figure 2).

At present 10 to 35% of H. influenzae in the United States produce beta-
lactamase. The beta-lactamase enzyme of Haemophilus is the same as that
in E. coli, Salmonella, Shigella, and N. gonorrhoeae. The enzyme has gener-
ally been called the TEM enzyme, so named after the Greek girl from whom
an E. coli which contained a plasmid beta-lactamase was isolated by Datta
and Kontomichalou in 196463 These enzymes are also called Richmond-
Sykes class IIIa enzymes from a classification proposed by Richmond and
Sykes in 1973.90 This beta-lactamase is also present in N. gonorrhoeae. By
far the most common plasmid beta-lactamase found in nature is the TEM-1
enzyme which has been reported to account for 75-80% of plasmid medi-
ated beta-lactamase resistance worldwide.®-67 There are at present some 22
plasmid mediated beta-lactamases.

Chromosomally mediated beta-lactamases are present in many Enterobac-
ter, Citrobacter, Proteus-Providencia, and Pseudomonas. All Klebsiella sp.
possess a beta-lactamase which acts primarily as a penicillinase and which
is chromosomally mediated. Constitutively produced beta-lactamases are also
present in most Bacteroides sp.

Table IV illustrates the major beta-lactamases of clinical importance. Beta-
lactamases vary in their ability to destroy penicillins and cephalosporins. It
is extremely important to realize that beta-lactamase activity studies with iso-
lated or purified beta-lactamases may not reflect the activity of a compound
against Gram-negative bacteria since resistance of Gram-negative bacteria
to beta-lactams is a combination of decreased entry, B-lactamase stability,
and affinity of the compound for penicillin-binding proteins.

SYNTHESIS OF RESISTANT METABOLIC PATHWAY

No synthesis of a new type of cell wall resistant to beta-lactams has oc-
curred, but some bacteria, particularly some streptococci, lack hydrolytic
enzymes necessary to form a new cell wall, and thus beta-lactams do not
cause lysis of these bacteria. An altered cell wall hydrolytic system thus con-
verts a bactericidal antibiotic into a bacteriostatic agent. Whether such re-
sistance occurs in Gram-negative species is not clear.

Some thymidine-requiring streptococci are not inhibited by trimethoprim
and sulfonamides. These organisms cause some urinary tract infections, albeit
rare, but such organisms fail to undergo thymineless death that occurs nor-
mally with bacteria exposed to these agents. Other bacteria produce adequate
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TABLE V. MECHANISMS TO REDUCE ANTIBIOTIC RESISTANCE

1) Improved hygiene in hospitals and among hospital personnel and reduced movement of
patients might eliminate the dissemination of resistant organisms within hospitals.

2) Avoid topical use of antimicrobial agents with the exception of silver-sulfadiazine.
3) Use antibiotics chemically modified not to select plasmid resistance.

4) Use antimicrobial agents in a pharmacologically proper way to reduce rapidly the num-
ber of bacteria.

5) Adjust therapy to prevent loss of normal flora when the infecting pathogen has been iden-
tified.

dTMP by alternate methods and as a result survive exposure to these folate
inhibitors. Some rare anaerobic bacteria do not convert imidazoles to their
metabolic derivate that can damage DNA.

CONCLUSION

Bacteria continue to evolve new mechanisms of resistance to old and to
new antimicrobial agents. Some bacteria such as P. aeruginosa are partic-
ularly adept at utilizing a number of different mechanisms simultaneously
to become resistant to agents in virtually every class and agents which have
such diverse sites of action as cell wall, protein biosynthesis, or DNA and
RNA synthesis. It is probable that the developments in other areas of medi-
cine will keep patients alive who become nosocomially infected by resistant
pathogens.

Proper selection of new antibiotics will be a major force in slowing the
development of antimicrobial resistance. Proper hygienic practices will re-
duce plasmid transfer and the establishment of multiply drug resistant bac-
teria in the hospital and delay the appearance of such species in the com-
munity (Table V). The health care provider must be continually alert to the
appearance of antibiotic resistance within the hospital and community. A bet-
ter understanding of the mechanisms of action and mechanisms of resistance
will permit us to avoid some of the problems of resistance which have oc-
curred in the past four decades. But the advances in health care delivery will
make it impossible to avoid bacterial resistance completely. In many com-
munity situations, as noted elsewhere in this issue, most bacteria are sus-
ceptible to many antibiotics. Hospitals dealing with patients with markedly
deranged immunological and white cell defenses or with patients who are
immunologically depressed by chemotherapy will develop infection due to
resistant bacteria. Stopping use of antibiotics is not the answer, but better
hygenic practices will keep the problem controlled.

Vol. 63, No. 3, April 1987



314 H.C. NEU

SUMMARY

Over the past 45 years a large number of antimicrobial agents have been
found in nature or synthesized. Antibacterial agents inhibit cell wall forma-
tion, disrupt cytoplasmic membrane function, prevent DNA synthesis, in-
terfere with protein synthesis and halt folate synthesis. Resistance to antibi-
otics has been due to three major mechanisms: prevention of the antibacterial
agent from reaching its receptor site, production of altered targets or destruc-
tion or modification of the agents. Bacterial resistance has been on the ba-
sis of chromosomal changes or the presence of plasmids and transposons.
Resistance to beta-lactams is the result of beta-lactamases, the production
of altered penicillin-binding proteins and due to altered cell wall permeability.
Important examples of these resistance forms occur in staphylococci with
altered penicillin-binding proteins and in Enterobacter, Pseudomonas, Ser-
ratia, which produce chromosomally mediated beta-lactamases. Resistance
to aminoglycosides is due to enzymes that acetylate, adenylate, or phosphory-
late the compounds causing poor binding to ribosomes. Tetracycline resis-
tance is due to plasmids which cause efflux of the agent from the cytoplasm.
Macrolide resistance is the result of an altered 23S ribosomal component of
the 50S ribosome. Sulfonomide and trimethoprim resistance is due to produc-
tion of altered synthetase and reductase enzymes in the folate cycle. Although
resistance is a major problem, production of molecularly modified com-
pounds, beta-lactamase inhibitors, or novel agents has provided compounds
that provide agents to treat highly resistant bacteria.
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