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• NOT involved in DNA replication

TopoII 

DNA Gyrase (Topo II)- breaks & reseals BOTH strands

 

 

Separating replicated DNA 

• Circular and linear chromosomes require “detangling” after replication 

• Topo IV is involved in decatenation of circular chromosomes 

• Topo II does linear chromosomes

Coordinating Chromosome Replication with Cell Division 

• A conundrum 

    – It takes 42 minutes to make a copy of the whole E. coli chromosome 

    – But E. coli cells divide every 20 minutes - HOW?

 

Replication can reinitiate at the origin BEFORE completion of the first round

Chromosome replication in eukaryotes 

• Takes place during S-phase 

 

The genome is not static 

• Recombination 

Primary target= DNA gyrase

fluorquinolones stabilize cleaved DNA intermediate
=> leads to chromosome fragmentation and induction 

 of the SOS response

Secondary target = Topoisomerase IV (chromosome 
partitioning)
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Fluoroquinolone resistance

Target site mutations:

Missense changes at a limited number of sites 
render gyrase and/or Topoisomerase IV 
resistant to inhibition

Damage tolerance (homeostasis):

Fluoroquinolone inhibition of gyrase, 
topoisomerase IV

DNA damage

SOS induction

Repair of DNA damage

Important consequence: Increased mutation rate
due to error-prone replication
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which has been approved in the United States in the first quarter 
of 2000.
DNA replication and repair
The fluoroquinolones, such as ciprofloxacin (Fig. 2b), are synthetic
antibiotic structures that kill bacteria by targeting the enzyme DNA
gyrase11 (Box 1), the enzyme responsible for uncoiling the inter-
twined circles of double-stranded bacterial DNA that arise after each
round of DNA replication. DNA topoisomerases are classified as type
I or type II according to whether transient single-strand breaks (type
I) or transient double-strand breaks (type II) are made in the DNA

substrate to pass the DNA double helical strands through each other
and reduce the linking number (the number of superhelical twists in
DNA). Bacterial DNA gyrases are type II topoisomerases and the
transient cleavage of both DNA strands involves the reversible attach-
ment of the 5! ends of the cleaved DNA to tyrosyl residues on each of
the two GyrA subunits in the active (GyrA)2(GyrB)2 tetramer12.
Quinolone antibiotics such as ciprofloxacin are mechanism-based
inhibitors of DNA gyrase and act by forming a complex with the
enzyme and the doubly cleaved DNA that is covalently tethered to the
GyrA subunits11. In the ciprofloxacin complex, the gyrase cannot
religate the cleaved DNA and, as a consequence, double-strand
breaks accumulate and ultimately set off the SOS repair system that
leads to bacterial cell death. A second type II topoisomerase, known
as topoisomerase IV, is also an important target and probably the 
primary one in Staphylococcus aureus infections13.

In each of the three main targets — cell wall, and protein and DNA
biosynthesis — the antibiotics use comparative biochemical 
differences between prokaryotic machinery and eukaryotic machin-
ery to act selectively. New classes of antibiotics that may work on
additional and new targets will have to display equivalent therapeutic
indices and efficacy-to-toxicity ratios to gain regulatory approval and
widespread acceptance.

Bacterial survival strategies to combat antibiotics
Once an antibiotic is proven to be effective and enters widespread
human therapeutic use, its days are numbered. Clinically significant
resistance appears in periods of months to years14. For penicillin,
resistance began to be noted within two years of its introduction in
the mid 1940s, which is typical for a resistance mechanism involving
the action of one gene product and its time of spread through bacter-
ial populations. Vancomycin resistance, in the context of surging
sources of life-threatening vancomycin-resistant enterococci (VRE)
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Figure 1 Blockade of transpeptidation and transglycosylation steps of cell-wall
biosynthesis by penicillins and vancomycins. a, Interruption of the normal crosslinking
and strength-conferring enzymes by antibiotics that inhibit the enzyme (penicillins) or
sequester the substrate (vancomycin). b, Inhibition of transpeptidase activity by
penicillins through formation of a slowly hydrolysing covalent acyl enzyme intermediate.
c, Complexation of the D-Ala-D-Ala termini of peptidoglycans by vancomycin in a
network of five hydrogen bonds.
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resistant to the erythromycin class of macrolide antibiotics22,23.
Destroy the antibiotic warhead
Although the above mechanism prevents the antibiotic from accu-
mulating in the desired compartment, it leaves the antibiotic
unchanged; a second strategy of resistance is destruction of the
chemical warhead in the antibiotic. The classic case is the hydrolytic
deactivation of the !-lactam ring in the penicillins and
cephalosporins by elaboration of the hydrolytic enzyme !-lactamase
by resistant bacteria24 (Fig. 3b; and see discussion in refs 1, 20).
Because the four-membered, strained lactam ring is the chemically
activated functionality in the drugs that acylate and irreversibly 
modify the cell wall-crosslinking PBPs, the hydrolysed, ring-opened
penicilloic acid product is now deactivated and nonfunctional as a
PBP pseudosubstrate and useless as an antibiotic. The lactamase-
producing bacteria secrete this enzymatic weapon into the periplasm
to destroy !-lactam antibiotics before they can reach the PBP targets
in the cytoplasmic membrane. A single !-lactamase molecule can
hydrolyse 103 penicillin molecules per second. So if 105 enzymes are
secreted per resistant cell, then 100 million molecules of penicillin are
destroyed every second, which is clearly an effective strategy.

Other antibiotic classes, such as the aminoglycosides, do not con-
tain such hydrolytically labile groups. These protein-synthesis
inhibitors are still neutralized by deactivating enzymes but now the
enzymes decorate the periphery of the aminoglycosides with three
types of chemical substituents25 that interrupt the binding to the
RNA targets in the ribosome. As shown in Fig. 3c, aminoglycoside-
resistance enzymes can be adenylyl transferases, which add AMP
moieties, phosphoryl transferases, which add -P03 groups, or acetyl
transferases, which acetylate the amino groups of the antibiotic. 
The modified aminoglycoside products have considerably lower
affinity for RNA and so do not bind and interrupt protein synthesis.

The X-ray structure of an antibiotic phosphotransferase indicates an
evolutionary relationship to a protein kinase26, defining a route by
which bacteria may have recruited an enzyme for the resistance
brigade. 
Reprogramme the target structure
A third resistance strategy focuses not on removal or destruction of
the antibiotic but on a reprogramming or camouflaging of the target
in the now resistant bacteria. In the erythromycin-resistance mani-
folds, in addition to efflux pumps, resistant bacteria have emerged
that have learned to mono- or dimethylate a specific adenine residue,
A2058, in the peptidyl transferase loop of the 23S RNA component of
the ribosome. This modification is carried out by a methyl 
transferase enzyme Erm27 that does not impair protein biosynthesis
but does lower the affinity of all the members of the erythromycin
class of drugs for the RNA, as well as for the pristinamycin class
described below. The Erm mechanism is the main resistance route in
drug-resistant clinical isolates of S. aureus and is present in 
erythromycin-producing organisms as a self-immunity mechanism.

An additional example of the reprogramming strategy is used by
VRE to escape from vancomycin. In VRE the vanHAX genes encode a
new pathway of enzymes that reduces pyruvate to D-lactate (vanH),
adds D-alanine and D-lactate together to produce D-Ala-D-Lac
(vanA), and then hydrolyses the normal metabolite D-Ala-D-Ala
while sparing D-Ala-D-Lac (vanX)17. In this cell, only the D-Ala-D-Lac
accumulates and serves as a substrate to be elongated and presented
at the termini of the peptidoglycan strands (Fig. 3d). The reprogram-
ming of peptidoglycan to end in D-Ala-D-Lac rather than the normal
D-Ala-D-Ala has no effect on the crosslinking efficiency carried out by
the transpeptidating PBPs, but the switch from the D,D-dipeptide 
terminus to D,D-depsipeptide terminus lowers the binding affinity 
of vancomycin by 1,000-fold28 and enables the VRE to grow at 
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Figure 3 Principal resistance strategies for bacterial survival. a, Drugs such as tetracyclines or erythromycins are pumped back out of bacterial cells through efflux pump proteins to
keep intracellular drug concentrations below therapeutic level. b, The antibiotic is destroyed by chemical modification by an enzyme that is elaborated by the resistant bacteria. This
is exemplified here by the !-lactamase secreted into the periplasmic space to hydrolyse penicillin molecules before they reach their PBP targets in the cytoplasmic membrane of this
Gram-negative bacterium. c, The aminoglycoside antibiotic kanamycin can be enzymatically modified at three sites by three kinds of enzymatic processing — N-acetylation, 
O-phosphorylation or O-adenylylation — to block recognition by its target on the ribosome. d, The target structure in the bacterium can be reprogrammed to have a low affinity for
antibiotic recognition. Here the switch from the amide linkage in the D-Ala-D-Ala peptidoglycan termini to the ester linkage in the D-Ala-D-Lac termini is accompanied by a 1,000-fold
drop in drug-binding affinity.

© 2000 Macmillan Magazines Ltd

beta-lactam resistance:

  Damage tolerance Action of aminoglycosides
 (e.g., kanamycin)

Phosphorylation

Aminoglycoside resistance
  antibiotic modification

Aminoglycoside resistance
  target modification

specific methylase

16S ribosomal RNA

aminoglycoside sensitive

methyl-16S ribosomal RNA

aminoglycoside resistant



Genetic elements associated with resistance

1. Transposons

1I. Integrons

1II. Plasmids

1V. Integrative conjugative elements

I. Transposons- examples

IS10

Tn10

IS10
tetr

IS50 IS50
kanr   bler    strr

Tn5

II. Integrons- elements of bacterial evolution

II. Integrons- example

intI1 aacA4 qacF cmIA2 oxa9 sul1qacE∆

Integrase 3′ conserved segment

attC sites

VCR

infC

IF3 L35 L20 Integrase

rplT intIA
rpmI

(130 kb, 3% of the genome, 176 cassettes)

Variable region, 45–128 nucleotides

RYYYAAC
R′′

GTTRRRY
R′

>85% identical, 114–116 nucleotides

RYYYAAC GTTRRRY
R′′ R′attI site attC sites VCR (Vibrio cholerae repeats)

a

b

Insertion sequence
(IS) A small (<2.5 kb), generally 
phenotypically cryptic segment 
of DNA that has a simple 
organization and is capable of 
insertion at multiple sites in a 
target DNA molecule. 
Examples include IS1, IS608 
and IS911.

Conjugative plasmid
A plasmid that can move from 
one cell to another during the 
process of conjugation.

SXT element
Vibrio cholerae-derived 
integrating and conjugative 
element (also referred to as a 
conjugative transposon or 
constin).

Compound transposon
A segment of DNA flanked by 
two similar insertion 
sequences, in direct or inverted 
orientations. Examples include 
Tn5 and Tn10.

transposition of the integrons did not depend on the 
activity of the integron-encoded integrase, which only 
mobilizes the gene cassettes within integrons. However, 
with the discovery of other types of integron, either car-
ried by transposons or present as immobile components 
of bacterial genomes, the definition of an integron has 
evolved towards the definition outlined at the start of this 
section. All integrons can be divided into two distinct 
subsets: the mobile integrons, which are linked to mobile 
DNA elements and are primarily involved in the spread 
of antibiotic-resistance genes; and the superintegrons.

Mobile integrons
At present, five classes of mobile integrons are known to 
have a role in the dissemination of antibiotic-resistance 
genes. These classes have been historically defined based 
on the sequence of the encoded integrases, which show 
40–58% identity. All five classes are physically linked to 
mobile DNA elements, such as insertion sequences (ISs), 
transposons and conjugative plasmids, all of which can 
serve as vehicles for the intraspecies and interspecies 
transmission of genetic material. Three classes of mobile 
integrons are ‘historical’ classes that are involved in the 
multiple-antibiotic-resistance phenotype8. Class 1 inte-
grons are associated with functional and non-functional 
transposons derived from Tn402 (REFS 9,10) that can be 
embedded in larger transposons, such as Tn21. Class 2 
integrons are exclusively associated with Tn7 deriva-
tives9,11, and class 3 integrons are thought to be located 
in a transposon12 inserted in as-yet-uncharacterized 
plasmids13–15. The other two classes of mobile integrons, 
class 4 and class 5, have been identified through their 

involvement in the development of trimethoprim resist-
ance in Vibrio species; one (class 4) is a component of 
a subset of SXT elements found in Vibrio cholerae16, and 
the other (class 5) is located in a compound transposon 
carried on a plasmid in Vibrio salmonicida (H. Sørum 
et al., unpublished observations).

Class 1 integrons are found extensively in clinical 
isolates, and most of the known antibiotic-resistance-
gene cassettes belong to this class. To date, and con-
sidering only those cassettes that differ in nucleotide 
sequence by more than 5%, over 80 different gene 
cassettes from class 1 integrons have been described. 
Between them, these elements confer resistance to all 
known β-lactams, all aminoglycosides, chlorampheni-
col, trimethoprim, streptothricin, rifampin, erythro-
mycin, fosfomycin, lincomycin and antiseptics of the 
quaternary-ammonium-compound family (reviewed 
in REFS 17,18). By contrast, only six different resist-
ance cassettes have been found that are associated 
with class 2 integrons19,20. This reduction in diversity 
is probably owing to the fact that the gene encoding 
the integrase in class 2 integrons contains a nonsense 
mutation in codon 179 (ochre 179), thereby yielding 
a truncated, non-functional protein21. Mutation of the 
ochre 179 codon into a glutamic-acid-encoding codon 
is sufficient to produce an integrase with full recom-
binase activity21. However, it is not known whether 
the differences in cassette content in the different Tn7 
derivatives are due to occasional natural suppression 
of the ochre 179 codon, leading to an active integrase, 
or due to the trans-acting recombination activity of 
another integrase, such as the class 1 integrase (IntI1), 

Figure 1 | Mobile integrons and superintegrons. Structural comparison of a ‘classical’ mobile integron and the 
superintegron from Vibrio cholerae strain N16961. a | A schematic representation of the class 1 integron In40. The various 
resistance-gene cassettes carry different attC sites. The following antibiotic-resistance cassettes confer resistance to the 
following compounds: aacA4, aminoglycosides; cmlA2, chloramphenicol; oxa9, β-lactams; qacF and qacE, quarternary 
ammonium compounds. The sul gene, which confers resistance to sulphonamides, is not a gene cassette. b | A schematic 
representation of the chromosomal superintegron in V. cholerae; the open reading frames are separated by highly 
homologous sequences, the V. cholerae repeats (VCRs). infC, encodes translation initiation factor IF3; rpmI and rplT encode 
ribosomal proteins L35 and L20, respectively.

REVIEWS

NATURE REVIEWS | MICROBIOLOGY  VOLUME 4 | AUGUST 2006 | 609

III. Plasmid- example

Conjugal plasmid RI
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encodes both CopB and RepA. CopB represses PrrepA, which then 
limits the production of RepA and the rate of R1 replication. The 
other gene, copA, encodes an antisense RNA that limits the trans-
lation of RepA, especially when PrrepA is fully repressed (Fig 1B; 
Nordström, 2006).

Copy number is a quantitative genetic trait of plasmids, but it 
fluctuates depending on the host and growth conditions. Indeed, 
the frequency of R1 replication is inversely proportional to its copy 
number. Control of RepA synthesis allows R1 to correct these fluc-
tuations. This might be essential during conjugation, when a sin-
gle copy of R1 is transferred into plasmid-free cells and needs to 
equal the number of oriCs rapidly in order to survive. This is pos-
sible because recipient cells lack CopB, allowing de-repression of 
PrrepA until R1 reaches its normal copy number.

Despite its benefits for plasmid survival, low copy number could 
reduce the chances of R1 being transmitted to daughter cells. To 
counteract this, the plasmid has evolved three stability systems: 
parA, parB and parD. ParA is a partition system that segregates cop-
ies of R1 to daughter cells. It is organized as a bicistronic operon 
that encodes proteins ParM (M for motor) and ParR (R for repressor). 
ParR binds to parC, an upstream cis-acting centromere-like region 
that also contains the promoter of parA (PrparA). Binding of ParR 
to parC generates a partition complex that represses transcription 
from PrparA in vivo and induces plasmid pairing in vitro (Fig 2A; 
Ebersbach & Gerdes, 2005).

ParM is an ATPase. When bound to ATP, it polymerizes into fila-
ments that grow at an equal rate from each end. Hydrolysis of ATP 
within the filaments destabilizes the polymers, but polymeriza-
tion and de-polymerization do not occur simultaneously. Filament 
growth occurs for some time before the process switches to uni-
directional decay. This switch seems to be stochastic and, once 

initiated, disintegration of ParM filaments proceeds to completion 
and new polymerization requires the rejuvenation of ParM–ADP 
by nucleotide exchange. Such dynamic instability is important for 
the search, capture and bipolar alignment of R1 copies. Capture 
occurs through (parC–ParR)–ParM interactions and requires paired 
R1 sister copies. It inhibits filament disintegration and stimulates 
polymer growth at the ParR–ParM interface, promoting constant 
growth of ParM filaments and pushing plasmids to opposite cell 
poles. Overall plasmid–filament contacts during partition are sus-
tained by lateral interactions between parallel proto-filaments that 
grow asynchronously (Fig 2B). Although prolonged stability of 
ParM filaments requires pairing of sister copies of R1, segregation 
does not depend on plasmid replication per se, but on its outcome 
and location: it requires two paired R1 copies positioned at mid-
cell. This regulates R1 segregation both temporally and spatially 
(Ebersbach & Gerdes, 2005, and references therein).

ParB is a post-segregational killing (PSK) system (Franch 
et al, 1997). It kills host cells that, despite all the efforts made 
by R1, still lose the plasmid during cell division. ParB encodes 
Hok (Host killing), a toxin that kills cells by damaging their mem-
brane. Hok translation is coupled to the translation of upstream 
Mok (Mediator of killing) from a mok–hok messenger RNA. 
Folding of this mRNA hides the Shine–Dalgarno sequence of mok 
(SDmok) from ribosomes, which impedes the translation of both 
genes (Fig 3A). Partial 3’-processing of this transcript induces 
refolding, exposing SDmok to ribosomes, and enabling transla-
tion of Mok and Hok to trigger cell death. However, this is not 
possible in cells that contain R1 because of the action of sok 
(suppressor of killing), the third component of parB. sok is an anti-
sense RNA complementary to sokT, a sequence downstream of 
SDmok. Different folding allows recognition of sokT by sok only 
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Fig 1 | R1 and copy-number control. (A) A map of R1 showing antibiotic resistance genes (green), insertion sequences (white), its basic replicon (yellow), 
conjugation genes (blue) and stability systems (red). (B) PrcopB produces some RepA as well as CopB, a repressor of PrrepA, which keeps R1 copy number low. 
In the absence of CopB, stronger PrrepA increases RepA and R1 copy number. Antisense RNA copA limits translation of RepA and is less effective when PrrepA is 
active. Red circles on RNA denote UUACU sites. Cop, copy-number control gene; ori, origin of replication; Pr, promoter; Rep, replication initiation factor.
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