Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Critical Reviews in Biochemistry and Molecular Biology, 26(3/4):335-375 (1991)

DNA Gyrase: Structure and Function

Richard J. Reece* and Anthony Maxwell

Department of Biochemistry, University of Leicester, Leicester, LE1 7RH, UK

Referse: James C. Wang, Dept. of Biochemistry and Molecular Biology, Fairchild #263, Harvard University, 7

Divinity Avenue, Cambridge, MA 02138-2092

ABSTRACT: DNA gyrase is an essential bacterial enzyme that catalyzes the ATP-dependent negative super-
coiling of double-stranded closed-circular DNA. Gyrase belongs to a class of enzymes known as topoisomerases
that are involved in the control of topological transitions of DNA. The mechanism by which gyrase is able to
influence the topological state of DNA molecules is of inherent interest from an enzymological standpoint. In
addition, much attention has been focused on DNA gyrase as the intracellular target of a number of antibacterial
agents and as a paradigm for other DNA topoisomerases. In this review we summarize the current knowledge
concerning DNA gyrase by addressing a wide range of aspects of the study of this enzyme.
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|. INTRODUCTION
A. General Introduction

The bacterial enzyme DNA gyrase (E.C.
5.99.1.3) was discovered in 1976 and found to
possess the unique ability to catalyze the intro-
duction of negative superhelical turns into closed-
circuit double-stranded DNA.' Since then, this
enzyme has been the focus of a great deal of
attention concerning its structure, mechanism of
action, interaction with antibacterial agents, and
physiological role. Apart from the intrinsic in-
terest of gyrase, it also serves as a useful model
system for the study of DNA-protein interactions
and biological energy coupling.

DNA gyrase belongs to a class of proteins
called DNA topoisomerases that share the prop-
erty of catalyzing interconversions between dif-

ferent topological forms of DNA. All topoiso-
merases are able to relax negatively supercoiled
DNA, but only gyrase can also introduce negative
supercoils into DNA. In this review we aim to
summarize what is known to date about DNA
gyrase, focusing our attention on the more recent
developments.

B. DNA Supercoiling

In the well-known double-helical structure of
DNA, the two antiparallel strands are coiled
around each other.? A direct consequence of this
intertwining is that, if a double-stranded DNA
molecule is circular in form with no discontinuity
in the backbone of either strand, the comple-
mentary single-stranded rings are linked. The to-
pological state of covalently closed-circular DNA
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can be described by a simple equation:*¢
Lk = Tw + Wr (1

Lk is the linking number, and specifies the num-
ber of times the two strands of a DNA duplex
circle are interwound. Lk is an integer and is
invariant as long as the two strands remain intact.
One way to arrive at the value of Lk is to con-
strain the duplex circle to a plane and count the
excess of right-handed over left-handed crossings
of one strand over the other. The value of Lk
will generally be positive as DNA is normally a
right-handed helix. Tw is the twist, and is de-
termined by the local pitch of the DNA helix; it
is equivalent to the number of ‘‘Watson-Crick’’
turns of the double helix. Wr is the writhe and
is a measure of the contortion of the helix axis
in space; this corresponds to the intuitive concept
of supercoiling as a spiraling of the axis of the
double helix.

Another formulation of linking number takes
into account the fact that the axis of DNA does
not necessarily lie in a plane, for example, when
wrapped around a protein.” Here the linking num-
ber of surface-wrapped DNA is expressed as:

Lk = SLk + & 2

where SLk is the surface linking number, which
takes account of the effects of the surface con-
figuration on twist and write, and ® is the wind-
ing number, which is a function of the helical
repeat relative to the surface on which the DNA
axis lies. Both SLk and & are integers. For more
rigorous definitions of these parameters see White
et al.’

If nicked-circular DNA, i.e., a DNA mole-
cule under no torsional constraint, is closed by
a DNA ligase the resulting DNA molecules are
said to be relaxed and have linking numbers ap-
proximately equal to the number of duplex turns
in the nicked DNA (Tw°). Twe is equal to the
number of base pairs of the DNA (N) divided by
the number of base pairs per helical repeat, often
taken to be 10.5.%!"

Twe = N/10.5 3)

In fact, under such conditions, a series of DNA
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topoisomerases is formed, where the linking
number of each topoisomer differs from its neigh-
bors by one.'>!* These can be visualized as a
ladder of bands on an agarose gel.'* The con-
centration distribution of the DNA topoisomer-
ases in relaxed DNA is Gaussian with a standard
deviation of V' (RT/2K) centered at Tw®, where
R is the gas constant, T the absolute temperature,
and K is a constant roughly inversely proportional
to the length of the DNA.!'? In relaxed plasmids,
the linking number of the most abundant relaxed
topoisomer, Lk°® approximates to Tw°.

Naturally occurring closed-circular DNA
molecules generally have linking numbers, Lk,
which are less than Lk°. The difference between
these values, ALk = Lk — Lk°, is the linking
difference of a DNA molecule.'®* Values of ALk
may be either positive or negative depending on
whether a DNA molecule is overwound or un-
derwound with respect to its relaxed state. If the
linking number of a given molecule exceeds Lk°,
ALk is positive and the DNA is said to be po-
sitively supercoiled. Similarly, a negative value
of ALK defines negatively supercoiled DNA. To
compare the topological properties of DNA mol-
ecules of different sizes, the superhelical density,
ALK/Lk® (more accurately called the specific
linking difference), is usually quoted and nor-
malizes the linking differences with respect to
the length of the DNA circle in question. For
small DNA circles (say <500 bp), the approxi-
mation Lk° = Twe° will not generally be true, in
this case the specific linking difference is more
accurately expressed as (Lk — Tw®)/Twe,!® this
is because the most abundant relaxed topoisomer
has a linking number that can often be very dif-
ferent from Tw®.

A nicked DNA molecule is able to change
its twist or writhe under conditions affecting the
geometry of the DNA helix, for example, in the
presence of intercalating agents such as ethidium
bromide. However, the only way in which a
closed-circular DNA can respond to such con-
ditions is by altering both its writhe and twist in
a coordinated fashion according to Equation 1
above. The linking number must remain un-
changed.'>'* The linking number of a closed-
circular DNA molecule can only be changed by
the breakage and resealing of the phosphodiester
backbone. For plasmid DNA molecules, it is
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thought that moderate changes in linking number
affect writhe more than twist.'%-!!

The supercoiling of DNA has been impli-
cated in many in vivo processes, €.g., DNA rep-
lication, recombination, and transcription.?-3!
Supercoiling reduces the overall three-dimen-
sional volume of closed-circular DNA, so aiding
its packaging into the cell. Negatively super-
coiled DNA is more easily unwound, and may
allow RNA polymerase to bind more readily to
the DNA, since this process involves unwinding
of the helix, hence promoting enhanced tran-
scription of certain genes,* although the tran-
scription of some genes may be suppressed by
increased negative supercoiling of the DNA
template. >3-4

C. DNA Topoisomerases

The topological state of closed-circular DNA
molecules can be altered by a class of enzymes
called DNA topoisomerases. These enzymes are
able to catalyze changes in the tertiary structure
of DNA both in vitro and in vivo (for reviews
see References 17 to 25). There are two classes
of topoisomerase enzymes (termed type I and
type II) that can be distinguished by an opera-
tional difference; the type I enzymes catalyze
DNA interconversions during which the linking
number changes in steps of one, while the type
II enzymes perform reactions during which Lk
changes in steps of two.

DNA topoisomerases have been isolated from
viral, prokaryotic, and eukaryotic sources. The
first activity of a topoisomerase to be described
was the relaxation of negatively supercoiled
closed-circular DNA by prokaryotic topoisomer-
ase 1.6 The only topoisomerase so far shown to
be able to introduce negative supercoils into DNA
is prokaryotic topoisomerase II, also called DNA
gyrase.! A ‘‘reverse gyrase’’ that introduces po-
sitive superhelical turns into DNA in the presence
of ATP has been isolated from the thermophilic
bacterium Sulfolobus.?’-*®

A series of recent reports suggests that pro-
karyotic DNA topoisomerases are involved in the
relaxation of supercoils during transcription of
the DNA template.?'-**3¢ Some of the eukaryotic
topoisomerases are thought to be the intracellular

targets for certain anticancer drugs.*”-*® Immu-
nofluorescence studies of chicken topoisomerase
IT have suggested the enzyme is part of the mitotic
chromosome scaffold.?**° Recent experiments
demonstrate that topoisomerase II is required for
chromosome condensation and that its role is
likely to be structural.*! The possible in vivo roles
of gyrase are discussed in greater detail below
(see Section V).

D. DNA Gyrase
1. Genetic Data

DNA gyrase was first discovered in 1976 by
Gellert and co-workers,' who were attempting to
establish the Escherichia coli host factors re-
quired for bacteriophage A site-specific integra-
tion. One of these host factors was shown to be
an ATP-dependent enzyme capable of introduc-
ing negative supercoils into closed-circular du-
plex DNA, and was named DNA gyrase. The
discovery of gyrase had been preceded by work
on two classes of DNA synthesis inhibitors, the
quinolones (e.g., nalidixic acid, oxolinic acid,
and ciprofloxacin; see Figure 5A)*? and the cou-
marins (e.g., novobiocin, coumermycin, chlo-
robiocin; see Figure SB).** The cellular target of
each of these antibacterial classes has since been
found to be DNA gyrase.**” Subsequently, gyr-
ase has been found to be composed of two sep-
arate proteins, coded for by genes previously
identified as genetic loci determining resistance
to either nalidixic acid or coumermycin (nalA
and cou). With the discovery of gyrase these
genes are now referred to as gyrA and gyrB, and
are located at 48 minutes and 83 minutes, re-
spectively, on the standard E. coli K-12 chro-
mosome map.*® Temperature-sensitive and drug-
resistant mutations of both the gyrase proteins (to
be discussed in greater detail later) have been
identified and found to map to the loci indicated
here.**-*° The gyrase enzyme has also been iden-
tified in other organisms (see Table 1). In a num-
ber of cases, where both the gyrA and gyrB genes
have been identified, they have been found to be
contiguous within the genome. For example, the
Bacillus subtilis gyrase genes are both located
near to the origin of replication and are separated
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TABLE 1

Characteristics of the DNA Gyrase Genes from Different Organisms

Length Distance Amino Size of
of gene between acids In protein
Organism Gram* Gene (bp) genes (bp) protein (kDa) Ref.
Escherichia coli - gyrA 2625 ~1.510° 875 97 51
gyrB 2412 804 90 52
Citrobacter freundii - gyrA 107 53
gyrB 96
Pseudomonas - gyrA ~400° 54
aeruginosa gyrB
P. putida - gyrA 806 90 234
gyrB 2418
Klebsiella - gyrA 2628 876 97 55
pneumoniae gyrB
Borrelia burgdorteri - gyrA 2430 14 810 90
gyrB 1917 639 7
Mycoplasma - gyrA 5’ only® 1 bp overlap 56
pneumoniae gyrB 1953 650 72
Haloferax - gyrA 5' only¢ 1 640 57
gyrB 1920 71
Neisseria - gyrA
gonorrhoea gyB 2313 7N 86° 235
Bacillus subtilis + gyrA 2463 214 821 92 58
gyrB 1914 638 71
Micrococcus luteus + gyrA 115 59
gyrB 97
Staphylococcus + gyrA 2667 39 889 100 60
aureus gyrB 3’ only*
Streptomyces + qyrA >3000 61
sphaeroides gyrB 79°

—, a Gram-negative organism; +, a Gram-positive organism.

®* Molecular weight of intact gyrase complex.

¢ Data of W. M. Huang, personal communication.
¢ Only partial sequence information is available.
* Resistance gene cloned.

' Data of L. M. Fisher, personal communication.

by only 214 base pairs.*® One exception to this
is E. coli where the gyrase genes are widely sep-
arated (Table 1). The two gyrase subunits can be
purified to near homogeneity from E. coli,%* and
both the genes have been cloned into plasmids
that allow their overproduction.®3-63

The synthesis of gyrase is itself controlled
by the level of DNA supercoiling within the cell.3
Agents that block DNA gyrase activity, and thus
decrease the level of intracellular supercoiling,
can increase the in vivo rates of synthesis of the
A and B subunits up to tenfold.3* A systematic
deletion analysis of the gyrase promoters indi-
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cates that a DNA sequence some 20 bp long, that
includes the —10 consensus region, the tran-
scription start point, and the first few bases of
the gene, are responsible for the property of in-
duction by DNA relaxation.

Both the gyrA and gyrB genes of E. coli have
been sequenced®'“2¢’ and have been found to
encode proteins of 874 (M, 97,000) and 804 (M,
90,000) amino acids, respectively. The molec-
ular mass values are in close agreement with those
predicted from SDS-polyacrylamide electropho-
resis.®® The A protein seems to have its major
role in the breakage and reunion of DNA,*¢ while
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TABLE 2

Properties of Escherichia coli DNA Gyrase

A Protein B Protein
Gene gyrA (2625 bp, formerly gyrB (2412 bp, formerly
nalA) cou)
Mol. wt, 96,887 (875 amino acids) 89,893 (804 amino acids)
Measured pl 4555 ~6
Calculated pl 4.9 5.6
Major role Breakage and reunion of ATPase activity
DNA

Drug interactions  Likely target of quinolone Target of coumarin drugs
drugs (e.g., nalidixic acid,  (e.g., coumermycin A,,

ciprofloxacin)

novobiocin)

DNA Gyrase: mol. wt. = 373,560
Subunit structure —A_B,

the B protein has an ATPase activity.*”-°® Some
of the physical properties of the E. coli gyrase
proteins are listed in Table 2. The Micrococcus
luteus DNA gyrase appears to resemble the E.
coli enzyme very closely.*® From the results of
protein cross-linking experiments, the active en-
zyme from M. luteus is thought to be a tetramer
of A,B,.%° The tetramer structure has subse-
quently been confirmed for E. coli by small-angle
neutron scattering, which yielded an estimated
molecular mass of 353 kDa (the A,B, structure
has a calculated molecular mass of 374 kDa).”®
In general, both subunits are required for all the
reactions of gyrase (see Table 3), although the
A subunit does appear to bind DNA in the ab-
sence of the B subunit,”"-7* and the B subunit of
gyrase is found to have a weak ATPase activ-
ity;”*-7¢ the ATPase activity of the gyrase B pro-
tein is only fully stimulated in the presence of
the A protein and DNA."¢

2. Reactions of Gyrase

DNA gyrase performs a number of topo-
logical interconversions of DNA molecules. First
noted for its negative supercoiling reaction,' gyr-
ase is also capable of relaxing negatively super-
coiled DNA in the absence of ATP,%%¢ as well
as catenating and decatenating two duplex DNA
circles”% and resolving a topologically knotted

single DNA duplex.’®#! In the presence of ATP,
or the nonhydrolyzable analog 5'-adenylyl-B,vy-
imidodiphosphate (ADPNP), gyrase can also re-
lax positively supercoiled DNA (thereby reduc-
ing its linking number) in a reaction considered
analogous to the introduction of negative super-
coils.®” The characteristics of each of these re-
actions are outlined in Table 3.

a. Supercoiling and Relaxation

The DNA supercoiling reaction requires, in
addition to ATP, a divalent cation, such as Mg?*,
and is stimulated in the presence of spermidine.’
Incubation of gyrase with a single purified DNA
topoisomer has indicated that the enzyme alters
the linking number in steps of two (characteristic
of the type II topoisomerase mechanism).’8#* This
has been interpreted mechanistically in terms of
the translocation of a DNA segment through a
double-stranded DNA break.

DNA gyrase can supercoil DNA in a pro-
cessive manner. One molecule has been esti-
mated to produce a linking number difference of
about 100/min at 30°C.%? Since supercoils are
introduced in steps of two per reaction, the turn-
over number for the supercoiling reaction is thus
about one per second under these conditions.
There is a limit to the degree of negative super-
coiling that can be introduced into a DNA mol-
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TABLE 3
The Reactions of DNA Gyrase

Inhibited by Iinhibited by
Subunits required ATP required quinolones coumarins
Supercoiling A B Yes Yes Yes
Relaxation
Negative supercoils AB No Yes No
Positive supercoils A B Yes* Yes N.D.®
Catenation A B Yes Yes Yes
Decatenation A B Yes Yes N.D.®
Unknotting A B Yes Yes Yes
DNA cleavage A B No* No¢ No
ATPase ° Yes No! Yes

No data available.

- a o o s

presence of the A protein and DNA.

-

ecule. When the plasmid pBR322 is isolated from
E. coli cells it is found to have a specific linking
difference of approximately —0.06, correspond-
ing to a linking number deficit of 25.% However,
the maximum specific linking difference achiev-
able by gyrase is —0.11,!-'¢%5 which corresponds
to a linking number deficit of about 46 or 47 for
pBR322 DNA. This limit of specific linking dif-
ference has been found to be the same for small
(150 to 400 bp) and large (4 kb) DNA circles.'®
The in vivo level of supercoiling may reflect the
antagonistic effects of gyrase and topoisomerase
1,8 recent reports suggest that transcription and
other processes may also affect the level of su-
percoiling in vitro®' (see Section V).

The negative supercoiling of relaxed DNA is
ATP-dependent, and is competitively inhibited
by ADPNP.¥” ADPNP will, however, support
limited negative supercoiling by gyrase. Incu-
bation of relaxed DNA with high levels of gyrase
in the presence of ADPNP leads a linking dif-
ference (ALk) of —0.6 per gyrase tetramer.*’
This may suggest that the binding of nucleotide
to gyrase is sufficient to allow a single cycle of
supercoiling, but that the hydrolysis of ATP is
required to return the enzyme to its starting state
for another round of supercoiling. The super-
coiling induced by ADPNP is less than stoichi-
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The nonhydrolyzable ATP analog ADPNP will also support this reaction.

ATP can alter the DNA cleavage specificity and efficiency.

The quinolone antibiotics are required to see efficient DNA cleavage by gyrase.

The B subunit has low-level ATPase activity; full ATPase activity is only observed in the

Quinolones do affect the ATPase activity of the B protein in the presence of A and DNA.

ometric to the amount of gyrase added; the fact
that ALk is not — 2 per gyrase could be due either
to a proportion of inactive protein, or to some
slippage occurring between the binding of nu-
cleotide and DNA strand passage. Attempts to
show stoichiometric reactions with negatively su-
percoiled substrates have indicated that for a neg-
ative specific linking difference greater than 0.04,
ADPNP is unable to induce any supercoiling,?*
again suggesting that slippage occurs, and that
beyond this point nucleotide binding and strand
passage are largely uncoupled. It has been found
that ADPNP can promote a catalytic relaxation
of positive supercoils by gyrase.®” It is possible,
therefore, that ADPNP is able to promote the
formation of a complex in which the DNA has
been cleaved and the gap is being stabilized by
the enzyme. This postulate is given further cre-
dence by the observation that ADPNP can induce
limited double-stranded cleavage of DNA by gyr-
ase when the complex is disrupted by sodium
dodecyl sulfate (SDS).2*” The ATPase activity of
gyrase will be discussed in more detail later.

The negative supercoiling reaction per-
formed by gyrase is inhibited by both quinolone
and coumarin drugs. The action of drugs on gyr-
ase will be discussed in greater depth later (see
Section IV).
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In the absence of ATP, gyrase will relax neg-
atively supercoiled DNA.454¢ The relaxation ac-
tivity of gyrase is much less efficient than the
supercoiling reaction, with about 20 to 40 times
as much enzyme required for a comparable
rate.52% Gyrase relaxation is inhibited by the
quinolone drugs, but not by the coumarins.*-#
It is possible that DNA relaxation is simply the
reverse of the supercoiling reaction, and that ATP
hydrolysis is required to drive DNA strand pas-
sage in one direction only.

b. Catenation, Decatenation, and
Unknotting

Gyrase can catalyze the formation and res-
olution of DNA catenanes and can unknot knotted
DNA. In principle, it would seem that gyrase
should also be able to knot double-stranded DNA
circles, but this reaction has not been reported.
These reactions require ATP and are inhibited by
the coumarin and quinolone drugs (see Table 3).
Catenation and decatenation are stimulated by
spermidine.”” In principle, catenation and deca-
tenation reactions would be not predicted to re-
quire ATP hydrolysis as, under appropriate DNA
concentration regimes, these reactions are ener-
getically favorable. It is found, however, that
both these reactions require ATP. Indeed it has
been shown that the nonhydrolyzable ATP analog
ADPNP will not support gyrase-catalyzed de-
catenation.?®® One possibility is that these reac-
tions proceed via a mechanism akin to DNA su-
percoiling, where ATP hydrolysis ensures
efficient DNA strand passage. If the reactions
were to proceed by the ATP-independent relax-
ation pathway, they might be too slow to detect
by conventional methods.

Il. STRUCTURE

The topoisomerase enzymes in general, and
DNA gyrase in particular, offer intriguing prob-
lems to the enzymologist. The manner in which
gyrase is apparently able to translocate a section
of DNA through at least part of its structure, the
nature of the protein-protein interactions within
the enzyme complex, and the conformational

changes likely to take place during the DNA su-
percoiling reaction are important problems.
However, substantial progress in these areas is
likely only with the advent of high-resolution
structural information. To date, the three-dimen-
sional structure of a topoisomerase has not been
reported. Some success, however, has been
achieved with yd-resolvase, a protein that cata-
lyses site-specific recombination and also pos-
sesses type I topoisomerase activity. Crystals of
both the intact resolvase protein® and a putative
catalytic domain®"®' have been obtained. Re-
cently, the structure of the catalytic domain has
been solved at 2.7 A resolution. % Although this
part of the protein does not bind independently

.to DNA, it contains residues involved in catalysis

and protein-protein interactions. In the case of
gyrase, a number of relatively low-resolution
structural techniques have been applied to the
enzyme and to the enzyme-DNA complex. More
recently, the first reports of crystals of the gyrase
proteins have been communicated. These data are
discussed in greater detail below.

A. Experimental Evidence for the
Gyrase-DNA Complex

1. Biochemical

The A,B, structure of DNA gyrase has been
supported by a number of biochemical studies.
Mixing different ratios of the gyrase proteins with
DNA, followed by separation of the DNA-pro-
tein complex from free protein by gel filtration,
showed that the gyrase-DNA complex contains
equivalent amounts of the A and B proteins.®’
Sedimentation analysis of gyrase complexed with
DNA fragments of about 140 bp in length sug-
gested that a particle of molecular mass 470 kDa
was formed, suggesting that an A,B, complex is
bound to the 140 bp of DNA.% This complex
was also found to contain roughly equal propor-
tions of the gyrase A and B proteins. Attempts
to cross-link M. luteus gyrase, using dimethyl
suberimidate, yielded a number of protein com-
plexes of molecular masses 420 kDa, 330 kDa,
and 230 kDa.®® These species have been tenta-
tively assigned as the A,B,, A,B, and A, com-
plexes, respectively. Cross-linking of the puri-
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fied A protein also yielded the 230-kDa species,
again suggesting the presence of A, dimers, while
the purified B protein gave no cross-linked
products using dimethyl suberimidate. However,
ATPase experiments using the E. coli gyrase B
protein show a nonlinear dependence of enzyme
activity on protein concentration, consistent with
oligomerization of this subunit.”*’® More re-
cently, the molecular mass of E. coli gyrase has
been calculated from small-angle neutron scat-
tering by measuring the scattering intensity at
zero angle™ (see below). The value obtained, 353
kDa, is again strongly suggestive of an A,B,
composition for the active enzyme complex. The
apparent disagreement in the molecular weights
of the A,B, complexes from M. luteus and E.
coli may be accounted for by the apparent dif-
ferences in sizes of the A and B subunits from
these two species (see Table 1).

The characteristics of the gyrase-DNA com-
plex were initially probed by Liu and Wang.*
During their studies on the M. luteus enzyme,
they incubated gyrase with a nicked-circular DNA
species. In the absence of ATP, the nicks were
sealed with DNA ligase and the DNA was sub-
sequently found to be positively supercoiled. This
suggested that the DNA is wrapped around the
enzyme with a unique handedness. By calcula-
tion from the data of Liu and Wang* a positive
linking difference of about 0.4 to 0.6 is intro-
duced into the DNA per gyrase molecule present.
In a similar experiment, using the highly purified
E. coli enzyme, a value of 0.8 per gyrase was
obtained.’ It has been assumed that this number
is actually 1, corresponding to one complete po-
sitive superhelical turn of DNA around the gyrase
molecule.'?*®* However, there is no necessity for
this number to be an integer. First, the wrapping
of DNA around gyrase could indeed be less (or
more) than one complete turn, i.e., the DNA does
not necessarily enter and exit the complex at the
same point; there are currently no data that ex-
clude these possibilities. Second, the wrapped
DNA need not lie in a plane; indeed this is not
possible if one complete turn is wrapped around
gyrase. If the DNA wrap is out of plane, the
apparent linking change in the ligation experi-
ment will be affected. In addition, it is possible
that there is an alteration of twist in the wrapped
segment. Such arguments have been considered

342

in discussions of the wrapping of DNA around
the histone octamer in the nucleosome.*

Further evidence supporting the notion that
DNA is wrapped around the protein in the gyrase-
DNA complex has been obtained from the diges-
tion of complexes with nucleases. Digestion of
a nicked-circular DNA species with staphylo-
coccal nuclease in the presence of either E. coli
or M. luteus gyrase leads to the formation of
DNA fragments of about 140 bp in length.* Fur-
ther digestion of this DNA-protein ‘‘core com-
plex’” with DNase I leads to the formation of a
set of DNA fragments differing in length by ap-
proximately 10 nucleotides. The length of DNA
resistant to digestion, and the periodicity of the
DNase I cleavage pattern are consistent with the
wrapping of the DNA around the enzyme. This
type of nuclease digestion pattern is reminiscent
of that obtained for DNA associated with the
eukaryotic nucleosome (reviewed by van Holde,
Reference 94), where the DNA is wrapped around
the outside of the histone octamer.

The gyrase-DNA complex has also been sub-
jected to analysis by DNase I footprinting tech-
niques.®7-9% Gyrase protects approximately 100
to 155 bp of DNA from nuclease attack, with a
central region, of some 40 to 50 bp, being most
strongly protected. The DNA flanking this region
is less well protected, and there is evidence for
sites of enhanced sensitivity to DNase I spaced
10 to 11 bp apart; these sensitive sites are stag-
gered by two bases on the complementary DNA
strands. Taken together, these data provide evi-
dence for the wrapping of the DNA around the
outside of the protein. Gyrase protects approxi-
mately 102 bp of DNA from digestion by DNase
Iin a 172-bp linear DNA fragment;* the bound
gyrase is also found to hinder access of restriction
endonucleases whose recognition sites lie within
this 102-bp DNase I-protected region.'® Given
the nuclease protection data, a somewhat sur-
prising result is that little or no protection of the
DNA to methylation by dimethy! sulfate is af-
forded by gyrase,®® suggesting that the entire
length of the DNA in the gyrase-DNA complex
is accessible to solvent.

Gyrase-DNA complexes can also be de-
tected by their retention on nitrocellulose fil-
ters.76.98.101-103 The complex, consisting of equal
amounts of the gyrase A and B proteins, appears
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to be very stable, with a half-life at 23°C of 60
to 70 h and an equilibrium dissociation constant
of 0.1 to 0.5 nM.7!% Based on these data, an
association rate constant (k,) of the order of 10*
to 10° M~! can be calculated; this can be com-
pared to a k, for the lac repressor of 100 M~!
s~','% and may-suggest that the binding of gyr-
ase to DNA does not proceed via a facilitated
mechanism. It was also noted that gyrase binds
more strongly to relaxed or linear DNA than to
supercoiled DNA by about a factor of ten.'%?

The strength of binding of gyrase to a par-
ticular linear DNA is dependent on the length of
the fragment used. Morrison et al.'® found that
a more stable complex was formed between gyr-
ase and a 509-bp DNA fragment than with a 176-
bp fragment, while no detectable complex was
formed with a 76-bp DNA fragment. Maxwell
and Gellert’® noted that gyrase readily forms
complexes with fragments of 117 bp or larger,
but will only form a complex with a 55-bp frag-
ment at high DNA concentrations. The binding
curve for gyrase and the 55-bp fragment was
consistent with at least two DNA molecules bind-
ing to a single gyrase molecule in a cooperative
manner. It is therefore possible that gyrase con-
tains two or more DNA binding sites.’®'%

Both the gyrase A and B proteins are rela-
tively large (97 kDa and 90 kDa, respectively).
Therefore the possibility exists that the proteins
are arranged into discrete domains, which may
be functional and/or structural entities. The first
indication that a domain organization exists within
the gyrase proteins came from the observation
that purification of the B protein from certain
bacterial strains resulted in the isolation of a pro-
tein of approximate molecular mass 50 kDa.®%¢
This protein (termed B’ or v) was found to com-
plement the A protein to generate a complex (to-
poisomerase II'), which was unable to supercoil
DNA, but that had the ability to relax both neg-
ative and positive supercoils in the absence of
nucleotides. Proteolytic digestion patterns of B’
suggested that it was a fragment of the B pro-
tein.®® When the gyrB gene was sequenced, it
became apparent that B’ was the C-terminal half
of the intact B protein (extending from residue
394 to the C-terminus)®’ and may be produced
by proteolysis during cell lysis. > It appeared that
this fragment had lost either its ATPase activity

or the energy transduction process that couples
ATP hydrolysis to DNA supercoiling. Hence it
was inferred that the ATPase activity of the B
protein is located, at least partially, in the N-
terminal portion of the B protein, while the C-
terminal part is required for interaction with the
A protein and DNA.*? Using genetic manipula-
tion techniques, the N-terminal portion of the B
protein (residues 1 to 393) has been produced as
a direct gene product.'® This protein has been
found to possess a novobiocin-sensitive ATPase
activity and shown to bind novobiocin with a
similar affinity to the intact B protein,* thus
confirming the above inference.

Incubation of E. coli gyrase with an ATP
analog, pyridoxal 5’-diphospho-5'-adenosine,
results in the labeling of two lysine residues of
the B protein.!?” These residues (Lys 103 and
110) are both located in the N-terminal region of
the gyrase B protein. In addition, a novobiocin-
resistant gyrase B protein from Haloferax has
amino acid changes located in the N-terminal
portion of the protein.>” Therefore, taken with
the evidence outlined above, all the amino acids
required for the hydrolysis of ATP, and for the
interaction with coumarin drugs, are apparently
located within the N-terminal fragment. It is likely
that the N- and C-terminal portions of the gyrase
B subunit represent domains of the protein. Fig-
ure 1 shows a diagrammatical representation of
the domain organization of both the gyrase A and
B proteins.

Treatment of the gyrase A protein with either
trypsin or chymotrypsin results in the generation
of two large fragments, of approximate molecular
masses 64 kDa and 33 kDa, which are relatively
stable to further digestion.”*'°® The 64-kDa tryp-
tic fragment (comprising residues 7 to 571 of the
intact protein) was found, in the presence of the
gyrase B protein, to support a low rate of DNA
supercoiling while still able to perform quino-
lone-directed DNA cleavage as efficiently as the
intact A protein. This 64-kDa protein contains
both the active-site tyrosine residue (amino acid
122) involved in the covalent attachment of the
protein to the DNA® and all the sites in the A
protein to which quinolone-resistant mutations
have been mapped.'®'"! The 33-kDa fragment
(residues 572 to 875), however, was unable to
support any of the reactions of gyrase, but the
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Trypsin

A protein: cleavage
7 67106
83)122 523 571 875
Il T
N- 59 kDa Q1 a3kDa [-C
' o
- — »
DNA breakage-reunion Complex stability
Interaction with quinolones
In vivo
B protein: cleavage
103‘ ° 394 804
1
l [
N 43 kDa 47 kDa -C
- — >
Interaction with ATP Interaction with A and DNA

and coumarins

FIGURE 1. Proposed domain organization of Escherichia coli DNA gyrase. The gyrase pro-
teins are represented as linear blocks with various amino acid positions indicated. A protein:
the site of trypsin cleavage at amino acid 571 is shown.'®® The smallest protein fragment found
to be capable of catalyzing DNA breakage and reunion is between residues 7 and 523."*
Sites of some of the mutations leading to quinolone resistance (67, 83, 106) are indicated
(see also Table 5), as is the site of DNA-protein covalent bond formation, Tyr-122.% B protein:
the site of proposed in vivo proteolysis®” and the position of two lysine residues (103 and 110)
proposed to be involved in ATP interaction'®” are shown.

DNA supercoiling reaction catalyzed by the 64-
kDa fragment was found to proceed more effi-
ciently in the presence of the 33-kDa fragment.''2
This result has also been noted using the 33-kDa
protein overproduced as a direct gene product.'’?
It has therefore been suggested that the N-ter-
minal portion of the A protein is principally in-
volved in the breakage and reunion steps of the
gyrase reaction, and may in fact form a breakage
and reunion domain, while the C-terminal portion
of the A protein seems to impart stability to the
enzyme-DNA complex.!® The C-terminal do-
main of the A protein has recently been shown
to bind DNA in a magnesium-independent man-
ner, in contrast to both the binding of A,B, and
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the A protein alone to DNA.'"? In addition, the
33-kDa protein on its own can be shown to induce
positive supercoiling of DNA. It is possible that
this portion of the protein provides a nonspecific
DNA-binding function that is involved in the
wrapping of DNA around DNA gyrase.'"*

The limits of the domain boundaries within
the A protein have been defined further by the
construction of deletion derivatives of the gyrase
A protein.!'? The 64-kDa protein, made as a di-
rect gene product, was found to have the same
properties as the trypsin-generated fragment. It
has been shown that the N-terminal 6 amino acids
of the A protein are completely dispensable for
enzymic activity. However, deletion of the N-
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terminal 69 amino acids results in the inactivation
of the A protein. A number of deletion mutants
from the C-terminal end of GyrA have been con-
structed. The smallest fragment of the protein
able to perform quinolone-directed cleavage of
DNA was found to be GyrA (7 to 523), i.e.,
includes amino acid residues 7 to 523 of the intact
A protein.''?

2. Biophysical

Gyrase and complexes between gyrase and
DNA can be analyzed by electron micros-
copy.’?73:100.11¢ The active gyrase protein (A,B,)
appears as a particle some 200 to 250 A in di-
ameter. It has been reported that the gyrase A
protein, in the absence of the B protein, will also
form associations with DNA.” The A protein
alone has also been shown to form a complex
with linear DNA fragments using a gel retarda-
tion assay.’*!!* Therefore, although both the A
and B proteins are required for the catalytic ac-
tivities of gyrase (see Table 3), the A protein is
apparently capable of interacting with DNA on
its own.

Moore et al.” noted that gyrase was often
located at the intersection of two DNA duplexes
in electron microscopy images, forming looped
structures with closed-circular DNA, suggesting
the presence of multiple DNA binding sites on
gyrase. However, this phenomenon has not been
observed by other groups (e.g., Reference 114)
and may be a consequence of differences in the
conditions used to form complexes, or in the way
they were prepared for electron microscopy. Gyr-
ase and its complexes with DNA have also been
studied using high-resolution electron micros-
copy.” These data suggest that the A,B, complex
is “‘heart-shaped’’ with the A proteins forming
the upper, and larger, lobes of the structure. The
size of the particle was estimated to be approx-
imately 260 to 280 A from top to bottom; these
values not being corrected for platinum decora-
tion. Estimates of the amount of DNA associated
with gyrase in these complexes, by electron mi-
croscopy, range from 90 to 115 bp (if the distance
between the DNA entry and exit points on the
protein particle are measured) or from 155 to 161
bp (measuring only the free DNA),”*'® the dif-

ferences being attributed to the length of DNA
across the diameter of the gyrase particle. These
values are in reasonable agreement with the ex-
tent of DNA protected by gyrase from nucleases.

Complexes between gyrase and linear DNA
fragments, ranging in size from 127 to 256 bp,
have been analyzed by transient electric dichro-
ism.*® The results, together with complementary
nuclease digestion data, support a model whereby
the DNA makes a single turn of about 120 bp
around the gyrase particle. The entry and exit
points of the DNA are thought to be close to-
gether, and the average angle between the DNA
tails emerging from the protein particle is about
120°. The nonhydrolyzable ATP analog ADPNP,
which is known to induce noncatalytic super-
coiling by gyrase,* was found to induce a di-
chroism change when added to the gyrase-DNA
complex. This change has been interpreted as a
consequence of the DNA tails being wrapped
onto the protein surface. The quinolone drugs,
which inhibit gyrase and promote gyrase-directed
double-stranded cleavage of DNA under certain
conditions,*>*¢ apparently had little effect on the
gyrase-DNA complex when monitored by these
methods.*® However, the presence of the quin-
olone drugs did prevent the presumed confor-
mational change from occurring in the presence
of ADPNP. This observation may reflect in-
creased stability and altered properties of gyrase-
DNA complexes in the presence of quinolone
drugs.'®® The electric dichroism data suggests that
the gyrase-DNA complex is a globular particle
approximately 170 A in diameter.®® A compact
globular protein of molecular mass 374 kDa com-
plexed with DNA should have a diameter of about
120 A. The apparent size of the particle suggests
that the gyrase tetramer is not a compact struc-
ture. It was therefore postulated that gyrase may
contain cavities or channels within its structure.
An earlier indication that gyrase may contain cav-
ities was given by the data of Klevan and Wang,*
who performed sedimentation analysis of gyrase
complexed to approximately 140 bp of DNA and
obtained a value for the ratio of the frictional
coefficient to that of the hydrated equivalent
sphere of 1.9, suggesting that there may be ex-
tensive bound and entrained solvent associated
with the complex.

Gyrase and its complexes with DNA have
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been characterized by small-angle neutron scat-
tering and dynamic light scattering.” A model
consistent with the scattering data comprises an
oblate particle with approximate dimensions 175
A wide by 52 A thick. The calculated radius of
gyration of the particle (64 to 67 A) is consid-
erably greater than that which would be expected
for a 400-kDa compact globular protein (esti-
mated to be 43 A). This again suggests that gyr-
ase molecules contain channels or cavities, pos-
sibly of the order of 15 A wide.™ The radius of
gyration of the particle was not found to change
significantly on the binding of DNA, which may
suggest that the DNA 1is not wrapped around the
outside of a protein core as it is in the
nucleosome'!® but may be somewhat embedded
into the protein.

A potential problem with both the dichroism
and scattering experiments is that there may not
be a unique interpretation of the data, i.e., the
conclusions are highly model dependent. There
are also other drawbacks to using these tech-
niques, for example, in electric dichroism ex-
periments of this type, only data from the DNA
can be directly obtained; information about the
protein must be inferred. During small-angle neu-
tron scattering experiments the molecules are able
to take up all possible orientations in solution and
therefore the data obtained are spherically aver-
aged. The structures for gyrase obtained by these
methods should hence be treated with a degree
of caution.

The gyrase proteins have been subjected to
analysis by differential scanning microcalori-
metry.?*! As the temperature of a protein in so-
lution is raised, it will begin to unfold and den-
ature. At a sufficiently high temperature, the
noncovalent interactions, holding the protein’s
secondary and tertiary structural elements, will
break down, and the protein will take up a ran-
dom coil structure. If a protein consists of two
or more domains, it is possible that they will
unfold at different temperatures, depending on
the relative thermal stability of each domain. The
unfolding of a protein domain requires energy,
which can be detected in a scanning microcalor-
imeter as a difference in temperature between a
buffer blank and the protein-containing sample.
Such an approach has been used successfully to
elucidate the domain structure of the A repres-
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sor.''* Both the gyrase A and B proteins show
two thermal unfolding transitions when analyzed
in this way. The N-terminal fragments of each
of the proteins unfold with a single, almost sym-
metrical transition. The unfolding temperatures
of both the N-terminal fragments can be equated
with unfolding transitions occurring in the intact
protein. This provides strong supporting evi-
dence for the organization of each of the gyrase
proteins into two distinct domains, as suggested
by Reece and Maxwell''? and Jackson et al.,'®
based on biochemical evidence.

B. Crystallography

A number of groups have attempted chrys-
tallographic analysis of the gyrase proteins with
little or no success. However, reports have re-
cently appeared suggesting that crystal structures
of at least part of the proteins will be possible.
Using a lipid monolayer to which novobiocin is
covalently attached, Lebeau et al.!'” have suc-
ceeded in forming two-dimensional crystals of
the B protein under physiological conditions of
pH and ionic strength. Electron diffraction data
of the two-dimensional crystals at 27 A resolution
have been interpreted in terms of the B protein
having a ‘‘bean’’-like appearance with two asym-
metric lobes. These data also suggest that the B,
dimer is a head-to-tail arrangement of two of the
bean-shaped molecules. It is possible, however,
that this B, structure may have arisen as a result
of the packing of the B molecule on the novo-
biocin-lipid membrane rather than reflecting the
true structure.

Reece et al.''® and Jackson et al.'% have re-
ported the crystallization and preliminary X-ray
analysis of N-terminal fragments of the A and B
proteins, respectively (see Figure 1 for the lo-
cation of these fragments). The N-terminal do-
main of the A protein can be crystallized from
ammonium sulfate solutions, and crystals have
been obtained which diffract to 4.5 A resolution.
The N-terminal 393 residues of the B protein, in
association with ADPNP, can be crystallized from
polyethylene glycol solutions, and crystals have
been obtained which diffract to high resolution.
Indeed, the structure of the N-terminal portion
of the B protein-ADPNP complex has been re-
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FIGURE 2. Space-filling model of the N-terminal frag-
ment of the gyrase B protein. The two monomers are
picked out in different shades of gray. The N-terminal
domains are in the upper part of the figure and the C-
terminal domains are in the lower part, forming the
sides of the hole between the two monomers.

cently solved at 2.5 A resolution.'’® A space-
filling model of this structure is shown in Figure
2. The protein monomer consists of two domains:
a N-terminal domain (residues 2 to 220) that con-
tains the bound ADPNP and a C-terminal domain
(221 to 392). The protein is proposed to be a
dimer with most of the monomer-monomer con-
tacts occurring between the N-terminal domains.
This includes a N-terminal arm that protrudes
from the surface of the monomer and wraps around
the N-terminal domain of the other subunit (Fig-
ure 2). The C-terminal domains form the sides
of a hole through the protein dimer approximately
20 A wide. It is possible that this hole forms part
of a gateway through which DNA is passed dur-
ing the supercoiling reaction (see Section III).
Again, it is important to stress that the proposed
dimer contacts for the N-terminal B fragment
could be a consequence of crystal packing.

C. Models for the Gyrase-DNA Complex

The most detailed models of the gyrase-DNA

complex have been suggested by Kirchhausen et
al.” and Krueger et al.,”® based on interpretations
of electron microscopy and scattering data, re-
spectively. Kirchhausen et al.” suggested that
the gyrase complex is heart shaped and that the
DNA wrapped around the protein such that the
center of the DNA is located between the heart’s
upper lobes. Small-angle neutron scattering pre-
dicted a model for the gyrase-DNA complex that
is similar to the electron microscopy model and
suggested that channels or cavities exist within
the particle.”

Figure 3 shows a proposed model of the gyr-
ase-DNA complex. It is based on those of Kirch-
hausen et al.”® and Krueger et al.” and can be
regarded as an update of those earlier models.
This model is intended to emphasize certain fea-
tures of the gyrase-DNA complex: the wrapping
of DNA around the protein, the presence of sol-
vent-filled channels, and the possible domain or-
ganization. It can be regarded as a slice through
the center of the oblate particle; no significance
should necessarily be attached to the shapes of
the A and B subunits in this model.

In the gyrase-DNA complex about 120 bp of
DNA are wrapped around the protein. The DNA
entry and exit points are located close together,
and the DNA tails are thought to be at an angle
of 120°.%° A 120-bp segment of B-form DNA
should have a length of approximately 410 A. If
we assume that the DNA is smoothly wrapped
around gyrase, then the diameter of the resulting
circle, at the outside edge of the DNA, will be
about 150 A. The size of the gyrase particle has
been estimated to be 175 A by 52 A.” Therefore,
the DNA is likely to be embedded into the protein
structure, which will extend beyond the wrapped
DNA. The shape of the subunits shown is arbi-
trary, but the B protein has been drawn as bean
shaped, as suggested by Lebeau et al.'"’

The N-terminal two thirds of the A protein
has been shown to be involved in the cleavage
and reunion of DNA is capable of interacting with
the B protein and has the ability to dimerize (our
unpublished observations). The C-terminal third
of the molecule seems able to contribute to
the stability of the DNA-protein complex.'®® The
N-terminal half of the B protein possesses an
ATPase activity, and is probably able to form
dimers,?*? while the C-terminal half of the protein
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175 A

DNA cleavage site

175 A

FIGURE 3. Proposed structure of the DNA gyrase-DNA complex. (A) The DNA is
shown as a shaded loop wrapped around the A and B subunits. The A proteins are
in the upper part of the model and the B proteins in the lower. —N and - C indicate
the amino- and carboxy-terminal domains of the proteins. The black dots represent
the sites of covalent attachment between the enzyme and the DNA. (B) A transverse
section of the model indicating the DNA around the protein complex.
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interacts with both the A protein and with
DNA %288 Both electric dichroism and small-an-
gle neutron scattering data have suggested that
gyrase contains cavities or channels within its
structure that could be around 15 A wide.”®%
These have been represented in Figure 3 as inter-
subunit channels. Such structures would provide
a route for the translocated DNA to pass through
the protein structure.

The sites of DNA cleavage by gyrase mostly
occur approximately in the center of the nuclease-
protected regions.®*®® Gyrase cleaves DNA in
both strands to yield phosphotyrosine linkages
with amino acid 122 of the A protein, with a
four-base stagger between the single-stranded
breaks.%'2° The cleavage site is shown in Figure
3 on one side of the DNA only. However, since
DNA is helical, with about 10.5 bp per turn in
the B form, a difference of four bases will mean
that nucleotides in different strands will be on
approximately the same side of the helix, and
separated by about 15 A. Therefore the cleavage
site could be at the mouth of the channel as shown
in Figure 3A.

Figure 3B shows a side-on section of the
proposed gyrase-DNA complex. The DNA is
wrapped at an angle around the oblate gyrase
particle. In this configuration, the DNA should
be accessible to nuclease attack, yet the binding
of DNA to gyrase would not appreciably alter
the size or shape of the particle, in agreement
with the neutron-scattering data.”

High-resolution X-ray diffraction data will
probably be required in order to elucidate the
precise structure of the gyrase complex. The frag-
ments of the protein crystallized so far comprise
the DNA breakage and reunion, and ATPase ac-
tivities of the enzyme.!%:!'81"% Three-dimen-
sional structural information concerning these
domains should give a much clearer indication
of how gyrase interacts with both DNA and ATP,
but the structure of the whole complex may need
to be solved before the exact mechanism of the
supercoiling reaction (i.e., ATP-coupled DNA
strand passage) can be determined. Perhaps one
of the most important potential uses of three-
dimensional structural information of the gyrase
proteins would be for rational drug design of both
quinolones and coumarins, which could lead to
important advances in antibiotic development.

iil. MECHANISM
A. Introduction

DNA gyrase is unique among the topoiso-
merase family in being the only enzyme capable
of catalyzing the negative supercoiling of DNA.
It has been suggested that a negative supercoiling
activity exists within Xenopus oocytes,'?"'* but
these reports have not been substantiated with
further evidence. Recently, a factor from the pos-
terior silk gland of Bombyx mori has been de-
scribed that is thought to complement eukaryotic
topoisomerase II to produce a supercoiling activ-
ity;'? this factor is required in considerable molar
excess over the DNA before the supercoiling re-
action can be observed. It is not clear how su-
percoiling is achieved by this factor, but one pro-
posal is that it may dictate the coiling of DNA
around topoisomerase II.'>* It is likely that the
observations of these activities in eukaryote cells
represent ‘‘passive’’ supercoiling, as distinct from
the active supercoiling of DNA gyrase.

All topoisomerase reactions involve the bind-
ing of the protein to DNA, DNA cleavage, strand
passage, DNA reunion, and in a number of cases
ATP hydrolysis, and the enzymes are likely to
share a similar mechanism of action to gyrase.?
Although DNA gyrase conforms to the general
topoisomerase mechanism, it must also possess
unique mechanistic features that determine its
ability to actively supercoil DNA. The observed
reactions of DNA gyrase are listed below:

1.  ATP-dependent negative supercoiling of
closed-circular double-stranded DNA

2.  ATP-independent relaxation of negatively
supercoiled DNA

3. Nucleotide-dependent relaxation of posi-
tively supercoiled DNA

4.  Formation and resolution of catenated DNA

5. Resolution of knotted DNA

6. Quinolone or calcium ion-induced double-
stranded breakage of DNA

7. DNA-dependent ATP hydrolysis

It is likely that each of the above reactions is an
aspect of a single reaction mechanism occurring
with different substrates, or under different con-
ditions. Therefore, we shall consider the mech-
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anism of the negative supercoiling reaction by
gyrase (about which most is known) and attempt
to explain the other reactions in terms of this
mechanism.

B. DNA Binding, Cleavage, and Reunion

The binding of gyrase to DNA results in the
formation of an organized DNA-protein complex
in which approximately 120 bp of DNA are
wrapped around a protein core. The nature of this
complex has already been discussed in some de-
tail (see Section II), and will not be dealt with
further here.

In the presence of quinolone drugs (e.g., ox-
olinic acid, ciprofloxacin), and following sub-
sequent addition of a protein denaturant, such as
SDS, E. coli DNA gyrase induces double-stranded
DNA cleavage with a 4-bp stagger at the cut
site.*3.46.87.96.98.120 Epllowing cleavage, the pro-
tein is covalently associated with the DNA. Little
DNA cleavage by M. luteus gyrase is induced
by the quinolone/SDS treatment, but the addition
of alkali promotes cleavage by this enzyme.'*
Linear, relaxed, and supercoiled DNA are all
substrates for cleavage by E. coli gyrase,* but
the cleavage of single-stranded DNA has not been
reported. This is consistent with the observation
that single-stranded DNA is not bound by gyr-
ase.*® Cleavage does not require ATP, but ATP
or ADPNP can change the efficiency of cleavage
and alter the pattern of preference among cleav-
age sites.*”%%'%! Although DNA is usually broken
in both strands, a small proportion of single-
stranded breakage can also be detected.** If uni-
formly radiolabeled DNA is used in a cleavage
experiment, then, after protein denaturation and
digestion of the DNA, the protein can be shown
to be labeled. Paper chromatography of the acid-
treated labeled protein shows that there is a co-
valent attachment between gyrase and the cleaved
DNA via a phosphotyrosine linkage.?*'? The la-
beled protein in such an experiment is the A
subunit of gyrase. The 5'-ends of the cleaved
DNA are blocked to labeling by T4 polynucleo-
tide kinase, while the 3'-hydroxyl ends of the cut
site remain free and able to prime a DNA po-
lymerase reaction.'?® The precise point of attach-
ment between the protein and the 5’-end of the
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DNA cleavage site has been identified by a series
of proteolytic digestions and sequencing of the
labeled peptides as tyrosine residue 122 of the A
subunit of gyrase.*

Efficient DNA cleavage by gyrase can also
occur in the absence of quinolone drugs if Ca?*
is substituted for Mg?* in reaction mixtures.'%®
Cleavage induced by Ca** occurs at the same
loci as that induced by oxolinic acid but with
different relative efficiencies.??

The site of DNA cleavage by gyrase gener-
ally occurs approximately in the center of the
region protected from nuclease action.’*%® Anal-
ysis of oxolinic acid/gyrase-induced DNA cleav-
ages sites in vivo'® has suggested the following
consensus sequence (also shown is the preferred
cleavage site at position 990 in pBR322 DNA):

N
consensus seq. 5'-RNNNRNNRTGRYCTYNYNGNY-3'
{G} G {T}

A
pBR322 seq. 5'-GGCTGGA TGGCCTTCCCCAT-3’
990

T and G at the 13th position of the consensus
sequence are equally preferred and the G and T
in brackets are preferred secondarily to T and G,
respectively. DNA cleavage occurs at the site
indicated by the arrow. Although there are many
degeneracies, this sequence is approximately
symmetrical and is consistent with many sites
found in vitro.*¢% In the plasmid pBR322 there
is a preferred cleavage site at nucleotide position
990 (see above), but a total of 74 quinolone-
induced cleavage sites have been mapped in vivo
using this plasmid.'2¢

Invivo treatment of E. coli cells with oxolinic
acid and subsequent addition of SDS leads to the
formation of chromosomal DNA fragments in the
size range 25 to 100 kb.!#"'28 Snyder and Drlica'?’
suggested that the whole E. coli genome has 45
to 50 major cleavage sites, corresponding to about
one cleavage event per topological domain within
the chromosome. A large number of weaker
cleavage sites also exist within the genome. A
10-kb region of the E. coli chromosome has been
examined and found to contain 24 cleavage
sites,'? i.e., the entire E. coli chromosome could
have in excess of 10,000 cleavage sites, of which
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less than 0.5% have been identified as major
sites. A possible explanation, assuming that the
cleavage sites represent a major fraction of the
places where gyrase interacts with DNA, is that
a small number of strong interaction sites are used
by gyrase to maintain superhelical tension in the
chromosome as a whole, and the weaker, dis-
persed sites allow gyrase to provide local swiv-
eling needed for transcription and replication'*
(see Section V). However, it is possible that there
is a limited amount of gyrase distributed among
a large number of possible cleavage sites in the
E. coli chromosome and that only a small pro-
portion of the sites are utilized at any one time.

Recent data support the notion of a limited
number of major gyrase binding sites in the E.
coli chromosome, and suggest that local tran-
scriptional activity may modulate the extent of
oxolinic acid-induced cleavage at these sites.'*!
One proposal is that major gyrase binding sites
(*‘toposites’’) may represent DNA-membrane at-
tachment sites and thus serve as nucleotide do-
main boundaries'*!-!3? (see Section V).

There have been several proposals for the
existence of specific sites of interaction of DNA
gyrase on DNA. In E. coli and Salmonella ty-
phimurium there exists a family of repetitive ex-
tragenic palindromic (REP) sequences. There is
evidence that gyrase binds preferentially to these
sites and that they may be important sites of gyr-
ase action in vivo.'* In plasmid pSC101, the par
locus has been proposed as a gyrase binding site'*
(see Section V), and in bacteriophage Mu a cen-
trally located sequence is proposed to be a strong
DNA gyrase binding site that is required for ef-
ficient replicative transposition. '**

The major site of quinolone-induced gyrase
cleavage in pBR322 (centered at nucleotide 990)
has been studied in detail. Mutations at this site
can reduce or abolish the cleavage activity.'¢ It
has also been shown that a 34-bp fragment en-
compassing the cleavage site is not a substrate
for the cleavage reaction, but if this sequence is
extended by 85 bp in either direction quinolone-
induced cleavage at the site will then occur,'*®
i.e., the sequences immediately surrounding the
cleavage site are insufficient to support cleavage
without flanking DNA. This phenomenon is likely
to reflect the length of DNA required by gyrase
to form a DNA-protein complex.’® It is possible

that factors other than the DNA sequence, such
as the flexibility of the flanking DNA, may in-
fluence the cleavage reaction at a particular site.

The gyrase-related enzyme topoisomerase 11’
(composed of the A protein and the C-terminal
fragment of the B protein) also demonstrates
quinolone-dependent DNA cleavage in a similar
fashion to the complete enzyme.82-88

The mechanism of DNA reunion after cleav-
age by gyrase is not known. There is no direct
experimental evidence available to suggest how
this reaction occurs. However, if samples are
briefly heated to 80°C before the addition of SDS
in a quinolone-directed cleavage reaction, the su-
percoiled substrate remains intact.*® This result
suggests either that cleavage occurs only after
SDS addition, or, more probably, that the broken
DNA ends are efficiently resealed prior to pro-
tein-DNA dissociation.

C. ATPase Activity

ATP is required for most of the reactions of
DNA gyrase. The hydrolysis of ATP to ADP and
inorganic phosphate is greatly stimulated by lin-
ear, nicked-circular, and relaxed closed-circular
double-stranded DNA % but is reported to be less
well stimulated by highly negatively supercoiled
DNA %137 However, subsequent experiments?*
have suggested that there is no difference be-
tween the stimulation of the ATPase reaction by
relaxed and highly negatively supercoiled DNA.
The number of superhelical turns introduced into
an initially relaxed circular DNA has been calcu-
lated to be approximately equal to the number of
ATP molecules hydrolyzed by gyrase.'*” There-
fore it can be suggested that two ATP molecules
are hydrolyzed per cycle of reaction by gyrase,
leading to the introduction of a linking differ-
ence of —2. This seems logical since there are
two B subunits in the active enzyme. The energy
required to introduce superhelical turns into a
closed-circular DNA is dependent on the super-
helical density difference between the substrate
and the product. It has been calculated that the
free energy required to perform the final step in
the supercoiling of pBR322 by gyrase is 114
kJ/mol; the maximum specific linking difference
achievable by gyrase is —0.11, equivalent to a
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linking difference of —46 or —47.'* This is
similar to the free energy that can be derived
from the hydrolysis of two ATP molecules (— 120
kJ/mol),'*® suggesting a straightforward corre-
spondence between the endergonic and exergonic
reactions. In studies of the supercoiling of small
DNA circles (174 to 427 bp) by gyrase, it was
found that a similar limit of specific linking dif-
ference was achieved (—0.11).! However, cal-
culation of the free energy of supercoiling for
such small circles indicates a larger value than
that derived from the hydrolysis of two ATP
molecules. For example, the calculated free en-
ergy change for the gyrase reaction on a 189-bp
circle is almost twice that determined for the final
supercoiling step in pBR322.'¢ One possible ex-
planation for such a result is that more than two
ATP molecules are hydrolyzed by gyrase in this
case, although it is difficult to envisage how the
enzyme can store the energy obtained from mul-
tiple rounds of ATP hydrolysis. Other explana-
tions, concerned with the difficulty in deriving
the free energy relations for supercoiling of small
DNA circles, are also possible.

The gyrase B subunit alone has been found
to have a very low level of intrinsic ATPase ac-
tivity,”® which is appreciably stimulated when
both the A subunit and double-stranded DNA are
present. This stimulation is dependent on the
length of the DNA used, but generally inde-
pendent of DNA sequence. DNA molecules of
less than about 70 bp in length can only stimulate
the ATPase at high concentration. It has been
proposed that DNA must bind to at least two sites
on the gyrase tetramer before the ATPase reaction
can be stimulated.’s'* Hence, two short DNA
molecules must bind to gyrase before ATP can
be hydrolyzed, and thus short DNA pieces only
activate the ATPase at high concentration. With
longer stretches of DNA, however, a single DNA
molecule can bind to two or more sites on the
enzyme, and thus activate the ATPase at much
lower DNA concentrations.’-10%

The kinetics of ATP hydrolysis by DNA gyr-
ase have been studied by several groups using
steady-state methods.*”-75:76.105.137 The B protein
alone was found to have a K,, for ATP of 1.7
mM and a turnover number of about 1/5.7 The
presence of the A protein and DNA lowers the
Ky to 0.3 to 0.5 mM,47.75.76.137 the exact value
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possibly depending upon the DNA species uti-
lized;’® the turnover number is apparently un-
changed. A variety of nucleotide analogs have
been found to be competitive inhibitors of the
ATPase reaction,'*’ these include ADPNP, ADP,
and AMP. Both novobiocin and coumermycin
A, have also been reported to be competitive
inhibitors of ATP hydrolysis,*’-’*'* but there are
some reservations about these data (see Section
V).

Maxwell et al.'% have analyzed the kinetics
of ATP hydrolysis by gyrase in the presence of
ADP, and found a marked deviation from Mi-
chaelis-Menten behavior. These data can be mod-
eled to a scheme involving the binding of two
molecules of ATP to each gyrase molecule prior
to hydrolysis. Recent experiments addressing the
rate of ADPNP binding to gyrase in the presence
and absence of ATP suggest positive cooperativ-
ity in nucleotide binding to the two B subunits.?*
Such data cast doubt on the steady-state analyses
described above and on the kinetic parameters
obtained. It would seem perhaps that a better way
to analyze the kinetics of ATP hydrolysis by gyr-
ase would be to use a pre-steady-state approach.

D. Mechanistic Models
1. Earlier Models

A number of mechanistic models have been
proposed for the supercoiling reaction of DNA
gyrase (reviewed by Maxwell and Gellert, Ref-
erence 25). Any model must take account of the
following features:

1. ADNA segment of about 120 bp is wrapped
around the enzyme in a single turn with a
positive superhelical sense

2. DNA is cleaved in both strands and the 5'-
phosphory! termini of the DNA are cova-
lently attached to the A protein

3. The linking number of DNA is altered in
steps of two

4.  The enzyme is able to supercoil, relax, un-

knot, catenate, and decatenate closed-cir-
cular duplex DNA

Two early models of DNA supercoiling by
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gyrase proposed the binding of DNA to two parts
of the enzyme and the generation of positive and
negative supercoils in different regions of the
DNA molecule.*%-%8-88 The enzyme was then pro-
posed to selectively relax the positive supercoils
via the breakage-reunion activity, resulting in the
generation of a negatively supercoiled DNA
molecule.

Forterre'*® suggested a model for DNA su-
percoiling by gyrase in which the DNA is wrapped
around the protein and a negative writhe is in-
troduced elsewhere in the closed-circular mole-
cule. The strands of the DNA are then cleaved
and held tightly by the gyrase A subunits such
that no relative movement of the newly formed
DNA ends occurs. The A subunits are then pro-
posed to rotate with respect to each other and the
DNA is rejoined after a complete rotation, which
unwraps the bound DNA. After rejoining, the A
subunits rotate again, but in the opposite sense,
to renew the wrapping of DNA around the en-
zyme. However, there is no evidence for the gross
conformational changes that must take place in
the gyrase molecule to allow the full rotation of
the A subunits.

Later models of gyrase action have taken into
account the ability of the enzyme to catenate and
decatenate DNA, and to resolve knotted DNA.
It has been inferred from these reactions that gyr-
ase has the ability to translocate one double-
stranded segment of DNA through another. Two
models™#® assume that the translocated DNA
passes through the entire complex (wrapped DNA
and protein). One model assumes that the trans-
located DNA could come from a distant or nearby
part of the DNA.# The other model proposed
that the translocated DNA lies within the wrapped
segment;’® this proposal would ensure the direc-
tionality of strand transfer during supercoiling.

Two further models address the question of
how the broken DNA ends remain in place during
the DNA translocation event, by splitting the
translocation process into two parts. The DNA
is first translocated through the double-stranded
break into the interior of the complex, and then
later released through a transient aperture in the
protein structure. One of these models'*!'*? pro-
posed that the wrapped DNA segment remains
in place, with its superhelical sense unchanged,
throughout the supercoiling cycle. The DNA seg-

ment to be translocated can come from a nearby
or remote part of the same molecule or from
another DNA molecule. The other model®”'+*
postulates a torus-shaped gyrase model with an
interior space. The model suggests that the DNA
is wrapped around the outside of the protein ring;
DNA cleavage then occurs and a DNA duplex is
translocated into the center of the protein. The
DNA is then proposed to unwrap, at least par-
tially, and the translocated DNA is subsequently
released from the center of the complex via the
same route by which it entered. However, a model
in which the DNA becomes unwrapped and must
rebind to gyrase before further turnover of the
enzyme can occur is unattractive in the light of
the processive nature of the supercoiling reaction
performed by gyrase.

2. Summary Model

A possible scheme for the supercoiling re-
action of relaxed closed-circular DNA by gyrase
based on previous models and recent experimen-
tal evidence is shown in Figure 4. Gyrase is rep-
resented as an ovoid structure (as suggested by
Reference 70), which is able to bind to DNA;
120 bp is wrapped around the protein with a
positive superhelical sense. This necessitates the
formation of a negative writhe elsewhere in the
molecule to relieve the strain generated by the
positive writhe. Gyrase then cleaves the wrapped
DNA segment in both strands. The 5'-ends of
each of the break sites are covalently attached to
the A subunits of gyrase via phosphotyrosine
residues.® The 3’-ends of the broken DNA must
be held by noncovalent forces, which may in-
clude direct interactions between the enzyme and
the free 3'-hydroxyl groups, forces between the
wrapped DNA segment and the protein, and the
integrity of the DNA double helix itself. Such
interactions stabilize the break site and will not
allow the DNA to untwist to relieve the strain of
the negative writhe.

DNA strand passage then occurs through the
break site, and also presumably through at least
part of the protein structure. We propose that
intersubunit channels within the protein structure
facilitate this process (Figure 3) and suggest that
the translocated DNA segment is close to, or
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FIGURE 4. The mechanism of DNA supercoiling by DNA gyrase. For an expianation of this

figure please refer to the text.

possibly part of, the wrapped DNA (Figure 4).
Thus the DNA passes into the interior of the
protein complex. It is not clear how the trans-
located DNA is released. One possibility is that
the DNA leaves from the opposite side of the
complex to the breakage-reunion site, i.e., close
to the entry and exit points of the wrapped DNA
(Figure 3). This would entail vectorial passage
of the translocated DNA through the gyrase com-
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plex and would presumably require large protein
conformational changes. Evidence for the exist-
ence of a DNA channel between the gyrase B
subunits has recently been provided by X-ray
crystallographic analysis of the N-terminal por-
tion of the B protein''? (see Section IT). However,
this aspect of the gyrase mechanism is poorly
understood and requires further investigation.
The passing of a DNA duplex through the
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double-stranded break causes the linking number
of that DNA to be reduced by 2 (indicated in the
diagram as three negative writhes in the DNA
and one positive writhe that is a consequence of
wrapping of the DNA around gyrase). We sug-
gest that the wrap remains unchanged after this
strand translocation step. There are now two pos-
sibilities. First, the break in the DNA could be
resealed and the gyrase dissociate from the DNA
as indicated. This would result in distributive
supercoiling since the gyrase would have to bind
again in order to carry out further reactions. Sec-
ond, the break may or may not be resealed and
the gyrase remain associated with the DNA to
perform other reaction cycles. This would result
in the processive supercoiling reaction which is
frequently observed for gyrase.'9%1% If the break
is not resealed then gyrase will remain covalently
attached to the DNA and another DNA strand
passage event could occur to further reduce the
linking number of the molecule. If the break is
resealed after each cycle of reaction, then the
DNA must be broken again before further strand
passage can occur. At some point in the reaction
two ATP molecules are hydrolyzed. However, it
is not known how the ATP energy is utilized, or
for exactly which part of the reaction it is re-
quired. One possibility, based on the experiments
involving ADPNP (see Section I), is that nu-
cleotide binding promotes the protein confor-
mational changes that lead to one round of su-
percoiling but that hydrolysis is required for
further catalytic cycles.!®

The relaxation of positive supercoils by gyr-
ase is likely to occur by the same mechanism as
that of negative supercoiling, the only difference
being the starting state of the DNA and the fact
that the reaction is energetically favorable. Ca-
tenation and decatenation can be viewed as the
intermolecular counterparts of the supercoiling
reaction, the major difference being that the DNA
segment to be translocated comes from another
DNA molecule. As discussed above (Section I),
ATP hydrolysis may merely serve to increase the
efficiency of these reactions. Unknotting can pro-
ceed via the same type of mechanism. With re-
spect to the relaxation of negative supercoils, it
is possible that this reaction proceeds by a mech-
anism that is essentially the reverse of the su-
percoiling reaction described in Figure 4, where

TABLE 4
Comparative Effects of Quinolones on
Bacterial Growth

MIC,, (rLg/mi)

Organism NAL NFX CFX
Citrobacter spp. 7 0.4 0.1
Escherichia coli 8 0.2 0.08
Klebsiella pneumoniae 20 0.6 0.2
Mycoplasma pneumoniae N.D® 10 1
Neisseria gonorrhoeae 1 0.05 0.007
Pseudomonas aeruginosa 100 3 0.6
Salmonelia spp. 10 0.2 0.09
Serratia marcescens 30 2 0.7
Staphylococcus aureus 100 3 1
Streptococcus 100 3 1

pneumoniae

* Concentration of drug required to inhibit bacterial
growth by 90%. NAL, nalidixic acid; NFX, norflox-
acin; CFX, ciproflioxacin.

® No data available.

Data from References 151, 153, 158 to 160.

DNA passes through the enzyme and the break
site in the opposite direction. However, it is also
possible that this reaction occurs by a distinct
mechanism.

IV. INTERACTION WITH ANTIBIOTICS

The indispensable nature of gyrase in the bac-
terial cell and the apparent lack of gyrase activity
in eukaryotes make DNA gyrase an ideal drug
target. Indeed a large number of gyrase specific
antibacterial agents have so far been reported.
Most of these can be classified into two groups,
the quinolones and the coumarins, although there
are other compounds that fall outside these two
classes. We will discuss here only those drugs
that appear to specifically affect gyrase; drugs
that bind nonspecifically to DNA and affect the
action of other proteins in addition to gyrase (e.g.,
ethidium bromide) will not be discussed.

A. Quinolone Drugs

There are now more than 5000 antibacterial

355

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Basic 4-quinolone structure

0]

HsC N T
CoHg

Nalidixic acid

0]
F COOH
|
e
HN\) CoHs

Norfloxacin

H

i

0
y COOH o COOH
I 4 |
0] N
I

CoHs
Oxolinic acid

O
F. COOH
|
i

Ciprofloxacin

Figure 5A

FIGURE 5 (A). Structures of quinolone antibiotics. (B) Structures of coumarin antibiotics.

compounds based on the 4-oxo-1,4-dihydroqui-
noline skeleton (Figure 5A), collectively called
‘‘4-quinolones’’'** or simply ‘‘quinolones’’.
There is an enormous literature concerning these
compounds, including a number of reviews. Here
we will deal with the aspects of these drugs per-
tinent to their interaction with DNA gyrase. Other
reviews dealing with these aspects include those
by Pedrini,'** Gellert,'* Smith,'#*!4¢ Drlica and
Franco,'*” and Drlica and Coughlin.!* The reader
is also directed to reviews dealing with other
aspects of these drugs, such as their chemis-
try,'#-148-150 pharmacology,'*!-!** and bacteriol-
ogy. 46154156

It is important to note that the quinolone drugs
are not natural products but are entirely synthetic.
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The first of the group to be synthesized was nal-
idixic acid,'*” which was found to be active against
many species of Gram-negative bacteria, but not
against eukaryotic cells. However, due to the
development of bacterial resistance, the clinical
use of this drug has declined. There are now
many quinolones with antibacterial activities up
to 1000 times that of nalidixic acid (Table 4), in
particular those of the fluoroquinolone class. The
development of these new drugs has brought many
bacteria, which were refractory to the action of
the earlier quinolones, within the treatment range
of these agents. The considerable success of the
new quinolones can be attributed to their broad
spectra of activity, minimal toxicity to eukar-
yotes, ease of penetration into bacterial cells, and
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good pharmacokinetic properties.

Systematic substitutions at various positions
of the quinolone nucleus have suggested features
that contribute to antimicrobial efficacy. For ex-
ample, the carboxylic acid group at position 3
and the carbonyl group at position 4 appear to
be essential to antibacterial activity and may be
involved in enzyme-drug or DNA-drug interac-
tion (see below). The substituent at position 1 is
also important, and is generally a small aliphatic
group such as ethyl (e.g., oxolinic acid and nor-
floxacin) or cyclopropyl (e.g., ciprofloxacin). The
presence of a fluorine atom at position 6 signif-
icantly increases bacterial potency's' and vir-
tually all new analogs include this substituent.
Nalidixic acid itself exhibits a relatively narrow
spectrum of antibacterial activity, being limited
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to certain Gram-negative species (Table 4). The
newer fluoroquinolones show much broader
spectra of activities which include both Gram-
positive and Gram-negative bacteria'*® (see Table
4).

Unlike many other types of antibiotics, the
quinolones do not appear to be subject to trans-
ferable plasmid-mediated resistance. When re-
sistance does occur the mutation is chromosomal
and is often found to be in the gyrA gene, the
structural gene for the DNA gyrase A protein.
Several quinolone-resistant mutations in the E.
coli gyrA gene have now been identified at the
DNA sequence level (Table 5). These all fall
within a small area of the gyrase A protein, be-
tween amino acids 67 to 106, which has been
termed the *‘quinolone resistance-determining re-
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gion.’’'¢? Purification of the DNA gyrase A pro-
tein from strains bearing such mutations has led
to the demonstration that the protein has quino-
lone-resistant supercoiling activity when com-
plexed with the wild-type B protein in vitro."'*'"!
Such data would seem to strongly support the
notion that the gyrase A protein is the target of
the quinolones. However, quinolone-resistant
mutations have been found to map elsewhere,
including gyrB.'* Indeed two quinolone-resist-
ant mutations in the E. coli gyrB gene have been
identified at the DNA sequence level (Table 5).
In a recent analysis of 25 spontaneous quinolone-
resistant mutations of E. coli KL16, 13 had gyrA
mutations and 12 had mutations in gyrB.'% These
data suggest that the target of the quinolones may
be both subunits of gyrase. However, such data
require qualification. Among a group of clini-
cally isolated quinolone-resistant E. coli strains
five had gyrA mutations and only one had a gyrB
mutation.'ss In a similar study of Pseudomonas
aeruginosa strains, 33 spontaneous mutants had
gyrA mutations and none carried mutations in
gyrB; among clinical isolates 12 had gyrA and
only 1 had gyrB mutations.'®** The quinolone-
resistant gyrB mutations so far studied do not
exhibit high-level resistance to the drugs,52!%4-165
in contrast with some of the quinolone-resistant
gyrA mutations that can exhibit much higher lev-
els of resistance!'®!'° (Table 5). Indeed one gyrB
quinoline-resistant allele, nal-31 (Lys(447)-Glu),
shows resistance to nalidixic acid but hypersen-
sitivity to pipemidic acid, one of the newer
quinolones. 5216

In addition to the quinolone-resistant muta-
tions mapped to the E. coli gyrA genes, Sreed-
haran and Fisher'® have determined the amino
acid changes leading to quinolone resistance in
three Staphylococcus aureus mutants. These mu-
tants carry the changes Ser(84)-Leu and/or
Ser(85)-Pro. Sequence alignment shows these
mutations to be analogous to the E. coli changes
Ser(83)-Leu and Ala(84)-Pro (Table 5).

One interpretation of these data is that the
gyrase A protein is the primary target of the quin-
olone drugs and that mutations in gyrB have sec-
ondary effects on quinolone interaction mediated
via protein-protein contacts. However, it is cer-
tainly a possibility that the drugs interact directly
with both subunits. In addition to mutations in
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the gyrA and gyrB genes, there have been other
resistance mutations mapped elsewhere, many of
these appear to confer resistance to cells by al-
terations in drug permeation. Examples of these
include norB, norC, nfxB, and c¢fxB,'¢"'* which
decrease expression of the porin outer-membrane
protein OmpF. More detailed discussions of
quinolone-resistant mutations mapping at loci
distinct from gyrA and gyrB may be found in
other recent reviews. %170

One property of quinolone-resistant muta-
tions of the gyrase genes is that they are recessive
to the sensitive alleles. Thus, cells containing
nalidixic acid-resistant (Nal®) and nalidixic acid-
sensitive (Nal®) alleles of the gyrA gene are phe-
notypically drug sensitive.'”* The observation of
dominance of quinolone-sensitive over quino-
lone-resistant gyrase genes hints that the mode
of action of the drugs in vivo is not simply the
inhibition of DNA supercoiling by gyrase (see
below).

The addition of a quinolone drug to an in
vitro reaction containing DNA gyrase, relaxed
closed-circular DNA, and ATP leads to the in-
hibition of DNA supercoiling.*-*¢ As discussed
above, if such a reaction is terminated by the
addition of a protein denaturant, such as SDS,
the DNA is found to be cleaved in both strands
with the gyrase A protein covalently attached to
the newly formed 5’-phosphoryl termini. Other
reactions of gyrase that are inhibited by quino-
lones include DNA relaxation, catenation, and
decatenation.*”” It appears that these drugs will
arrest any gyrase reaction involving double-strand
DNA breakage. The DNA-dependent ATPase re-
action is not inhibited by quinolones,” although
there is some evidence of altered kinetic
parameters.?43

The ability of quinolones to induce DNA
cleavage by gyrase has been exploited in a num-
ber of ways. The gyrase-induced DNA cleavage
reaction may be used as a measure of the efficacy
of a particular drug as a gyrase inhibitor.'”> This
reaction has been taken as evidence for the in-
volvement of a double-stranded cleavage event
during the normal DNA supercoiling mechanism.
It is proposed that the quinolone drugs block the
supercoiling process at the DNA cleavage step.
However, it is not clear whether DNA cleavage
occurs before or after SDS treatment. Omission
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TABLE §

Quinolone-Resistant Mutations of Escherichia coll DNA

Gyrase

Subunit Mutation
Wild type
GyrA Ala(67)-Ser
GyrA Gly(81)-Cys
GyrA Ser(83)-Ala
GyrA Ser(83)-Leu
GyrA Ser(83)-Trp
GyrA Ala(84)-Pro
GyrA Asp(87)-Asn
GyrA Asp(87)-Val
GyrA Gin(106)-Arg
GyrA Gin(106)-His
GyrB Asp(426)-
Asn
GyrB Lys(447)-Glu

_MIC (ng/mly
NAL CFX Ref.
3.13 0.0125 162
25 0.05 108
50 0.1 162
N.D*> 0.06 11
400 0.39 109, 163
400 0.39 109, 110,
163
25 0.1 109
400 0.2 162
31 0.06 163
N.D. 0.05 11
12.5 0.05 162
50 N.D. 52
100 N.D. 52

s Minimum inhibitory concentration (MIC) of nalidixic acid
{NAL) or ciprofloxacin (CFX) required to inhibit growth of

bacteria bearing this mutation.

®* No data available.

of SDS, or incubation of the gyrase-DNA-quin-
olone complex at 80°C prior to SDS addition,
blocks the DNA cleavage reaction.*® Thus it is
possible that quinolone drugs arrest the super-
coiling reaction either prior to, or following,
phosphodiester bond hydrolysis. In this respect,
it is useful to draw comparisons with eukaryotic
type II topoisomerases that are the target of a
number of anti-tumor drugs whose mode of ac-
tion on these enzymes appears similar to that of
quinolones on DNA gyrase.'#’-'* Here, it is
thought that the drugs inhibit the DNA re-ligation
step of the topoisomerase reaction, suggesting
that DNA cleavage occurs before the addition of
protein denaturant.'72*.172

Quinolone-induced cleavage by gyrase oc-
curs at preferred sites on DNA 87.88.96-98.102.120 g
is often assumed that these sites of quinolone-
induced cleavage represent sites of action of DNA
gyrase on DNA. However, such an assumption
is difficult to prove and it has been shown in at
least one case that a preferred gyrase binding site
(adjudged by filter binding) does not correspond
to a site of quinolone-induced cleavage.*® A large

number of quinolone-induced gyrase cleavage
sites have been sequenced both in vitro and in
vivo (e.g., References 87, 96, 98, 120, 125, and
126) and a loose consensus cleavage site has been
derived (see Section III). The degenerate nature
of this cleavage consensus may suggest that fac-
tors other than base pair recognition, such as
DNA flexibility, may govern cleavage site se-
lection. It is not clear whether the quinolones
themselves play a role in determining the cleav-
age site; the suggestion of direct DNA-quinolone
interaction supports this possibility'”* (see below).
Despite the wealth of information about the
quinolone drugs, exactly how gyrase-DNA-quin-
olone interaction leads to cell death is not clear.
Comparisons of the concentration of drug re-
quired to inhibit supercoiling by gyrase in vitro
or in vivo with that required to inhibit cell growth
show that the former exceeds the latter by a factor
of between 10 to 100.4%-1%-17¢ Such observations
seem paradoxical. One would expect the purified
target enzyme to be more (not less) sensitive to
the drug. This suggests a mechanism of antibac-
terial action that does not necessarily involve in-
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hibition of DNA supercoiling. One early hy-
pothesis was that the quinolone-gyrase complex
forms a DNA lesion* that acts as a ‘‘poison”’
and initiates the events that lead to cell death.
For example, the gyrase-DNA-quinolone com-
plex could form a barrier to polymerases and thus
block the processes of DNA replication and tran-
scription. It is known that quinolones are inhib-
itors of both these processes in vivo.'”*'’¢ Such
a poison hypothesis has also been advanced to
explain the effects of certain antitumor drugs on
eukaryotic DNA topoisomerase Il in vivo,'7":!78
If gyrase-quinolone complexes do form such DNA
lesions, then these are likely to be significant
when only a small proportion of enzyme mole-
cules are drug bound, i.e., the concentration of
drug required to initiate the events leading to cell
death would be significantly lower than that re-
quired to affect DNA supercoiling, thus account-
ing for the paradoxical discrepancies between the
in vivo and in vitro effects of quinolones. The
poison hypothesis can also explain the observed
dominance of quinolone-sensitive over quino-
lone-resistant gyrA alleles in partial diploids.'"
Thus, a cell containing quinolone-susceptible
gyrase A protein, even in small amounts, will
always be sensitive, irrespective of the presence
of quinolone-resistant gyrase A protein.

In addition to the uncertainties surrounding
the antibacterial action of quinolones, their mode
of action on DNA gyrase is also unclear. The
occurrence of point mutations in gyrA leading to
quinolone resistance suggests that the drugs bind
to the gyrase A subunit, but the existence of
mutations in gyrB that also lead to quinolone-
resistance raises the possibility of the involve-
ment of the B subunit (Table 5). Shen and Pernet
have investigated norfloxacin binding to gyrase
and DNA using equilibrium dialysis and a mem-
brane filtration method.'” By either technique
they found insignificant binding to the gyrase A
or B subunit or to the gyrase holoenzyme (A,B,),
but found evidence of drug binding to DNA.
More efficient binding was found to single- com-
pared with double-stranded DNA. Further bind-
ing experiments by Shen and co-workers using
membrane filtration and a spin-column technique
showed that binding of norfloxacin to double-
stranded DNA could be stimulated by the pres-
ence of DNA gyrase,'” i.e., the drug can bind
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to a gyrase-DNA complex. Further characteri-
zation of the binding of norfloxacin to DNA
showed a preference for guanine-containing ho-
mopolymers, and indicted that binding to double-
stranded DNA was weak and cooperative.'®
These data have been interpretated as suggesting
three different modes of quinolone binding to
DNA: weak, noncooperative binding to relaxed
double-stranded DNA, noncooperative binding
to a single-stranded DNA, and highly cooperative
binding to a saturable site in supercoiled DNA.
Gyrase seems to enhance the binding of quino-
lones to double-stranded DNA. These observa-
tions have led to the formulation of a model for
the interaction of quinolones with the DNA gyr-
ase-DNA complex.'®! The model proposes that
gyrase binds to double-stranded DNA, and cleaves
the DNA in both strands to reveal a binding site
for the quinolone drugs. The drugs are proposed
to bind to the exposed single-stranded region at
the enzyme’s active site. Binding to DNA is pro-
posed to occur via hydrogen bonding between
donors on the DNA (in particular guanine resi-
dues) and the carbonyl and carboxyl side chains
common to all quinolones. Binding of the drug
is thought to be cooperative with four or more
drug molecules binding in the DNA pocket, in-
teracting with each other by ring stacking. In-
teraction with gyrase is proposed to occur via the
group at C-7 on the quinolone. It is also claimed
that binding of the drug to gyrase complexed with
relaxed DNA requires the presence of ATP.'#!
This model explains a number of features of
gyrase-DNA-quinolone interaction and rational-
izes the observations regarding preferential bind-
ing of quinolones to single-stranded DNA.!”
Some support for the Shen model has been pro-
vided by the data of Tornaletti and Pedrini, 8183
who showed that nalidixic acid and norfloxacin
can cause DNA unwinding in the absence of DNA
gyrase. However, there are reports from other
laboratories that are in conflict with the data of
Shen and co-workers. Bourguignon et al.'® found
no detectable binding of nalidixic acid to calf
thymus DNA using absorption spectroscopy,
measurement of DNA melting temperatures, and
equilibrium dialysis, and Palu et al.'®* failed to
detect quinolone-DNA interaction from fluores-
cence spectroscopy and equilibrium dialysis ex-
periments. Although these data have been criti-

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

cized,'’-'% they do raise doubts concerning the
Shen model.

There are also other comments that can be
made concerning the Shen model. It is proposed
that the interaction of quinolones with gyrase and
relaxed DNA requires ATP.'®' However, it is
well documented that quinolone-induced cleav-
age of relaxed DNA by gyrase can occur in the
absence of nucleotide (e.g., Reference 45). The
interaction between the drug and the enzyme is
proposed to occur between the substituent on the
C-7 position of the quinolone and DNA gyrase.'®'
However, the C-7 position is variable, having,
for example, a methy! group in nalidixic acid, a
piperazine ring in norfloxacin, and an alkoxy
group in oxolinic acid (Figure 4A). Given that
enzyme-ligand interactions are generally highly
specific it seems surprising that so much vari-
ability would be tolerated. Sequencing of a num-
ber of quinolone-resistant mutations in gyrA has
shown that several of these amino acid changes
lead to the removal of hydrogen bond donor or
acceptor residues.'-!"! Therefore, it might be
expected that enzyme-drug interaction would in-
volve hydrogen bonding. That a pair of essential
substituents on the quinolone nucleus (C-3 car-
boxyl and C-4 carbonyl) have hydrogen-bonding
potential suggests that these might be involved
in enzyme-drug interaction.''!-'** However, the
Shen model proposes that hydrogen bonding oc-
curs between the C-3 and C-4 groups on the quin-
olone and hydrogen bond donors in DNA. '8! The
strongest interactions are proposed to occur be-
tween guanine bases in DNA and the carboxyl
and carbonyl groups in quinolones. There is some
preference for GC over AT in the four base pairs
between the cut sites (see Section IV), but only
by a factor of 2:1.'% In addition, there does not
seem to be a straightforward correlation between
““strong’’ gyrase-induced cleavage sites and a high
content of GC in these four bases.'?® However,
factors other than the sequence in the vicinity of
the cleavage site are also likely to influence
cleavage site preferences.

Despite the reservations regarding the Shen
model there have been no other models forth-
coming. At the very least the Shen model pro-
vides a framework to formulate experiments test-
ing hypotheses of quinolone-gyrase-DNA
interactions.

B. Coumarin Drugs

Coumarin drugs are antimicrobial agents
originally isolated from Streptomyces species. The
first of these to be identified was novobio-
cin,'®”-'88 which was later followed by coumer-
mycin A,,'®*'% and chlorobiocin;'®’ many syn-
thetic derivatives of these compounds have also
been made.'*? In general, the coumarins are found
to be more active against Gram-positive than
Gram-negative organisms.

The coumarins have been shown to inhibit
bacterial DNA, RNA, and protein synthesis, with
the primary effect being on the synthesis of
DNA..* Early experiments mapped coumermycin
and chlorobiocin resistance close to the dnaA
gene in E. coli (83 min).*>'** In an attempt to
identify the target protein, Ryan employed a no-
vobiocin affinity column and noted that a 37-kDa
protein was retained from crude protein extracts
prepared from coumermycin-sensitive cells.*
This protein was not retained when extracts from
coumermycin-resistant cells were used. It was
concluded that the 37-kDa protein was the likely
site of action of the coumorin drugs.** With the
discovery of DNA gyrase,! it was shown con-
clusively that this enzyme is the target for the
coumarin drugs.* Later, it was shown that a mu-
tation conferring resistance to chlorobiocin
mapped close to gyrB (formerly cou) the struc-
tural gene for the E. coli gyrase B protein.'®* One
possibility for the identity of the 37-kDa protein
identified by Ryan is that it was a N-terminal
proteolytic fragment of the gyrase B protein. As
discussed in Section II, it is the N-terminal por-
tion of the B protein that binds ATP and coumarin

drugs and such a proteolytic fragment would be
likely to bind to a novobiocin affinity column.
In vitro, novobiocin has been shown to fully
inhibit the supercoiling activity of DNA gyrase,*
while the ATP-independent relaxation of nega-
tively supercoiled DNA is unaffected.**¢ This
result implies that the coumarin-sensitive gyrase
subunit (the B protein) is responsible for the ATP
hydrolysis reaction. It was later shown that the
B subunit bound ATP, and that this binding could
be inhibited by novobiocin.®® It was further shown
that the B subunit alone possessed a novobiocin-
sensitive, DNA-independent ATPase activ-
ity.”7 Thus it is clear that the gyrase B protein
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is the site of ATP hydrolysis and that the likely
effect of the coumarin drugs is to inhibit this
reaction.

The exact mode of inhibition of the gyrase
ATPase reaction by coumarins is not clearly es-
tablished. Steady-state kinetic experiments have
suggested that novobiocin and coumermycin are
competitive inhibitors of both DNA supercoiling
and ATP hydrolysis by gyrase.*”'3” However,
examination of the structures of the coumarin
drugs (Figure 5B) reveals no striking resem-
blance to ATP, although there are some common
elements (such as a sugar ring). Therefore it seems
unlikely that these drugs would behave as ATP
analogs and thus competitively inhibit the AT-
Pase reaction. Indeed gyrase is highly specific
for ATP, other nucleoside triphosphates are very
poor substrates for, and inhibitors of, the ATPase
reaction, ' !¥ although certain adenosine mono-,
di-, and triphosphate derivatives are found to be
effective inhibitors. In addition, the kinetics of
the DNA supercoiling reaction are difficult to
monitor by the gel electrophoretic methods gen-
erally used to assay this reaction, and the kinetics
of ATP hydrolysis by gyrase have been shown
to be distinctly non-Michaelian in other experi-
ments.'% This latter observation would invalidate
the analysis of the ATP hydrolysis by classic
Michaelis-Menten steady-state kinetics. There-
fore the notion of coumarins as simple compet-
itive inhibitors of the gyrase reaction must be
regarded with some caution, and more work in
this area is clearly required.

So far there have been no reports of the map-
ping of coumarin-resistance mutations in the E.
coli gyrase B protein at the amino acid level.
However, Holmes and Dyall-Smith®” have se-
quenced the gene of a novobiocin-resistant gyrB
allele from Haloferax. This protein has the amino
acids changes Asp(82)-Gly, Ser(122)-Thr, and
Arg(137)-His, although it is not clear which of
these mutations confers the resistance phenotype.
The corresponding amino acids in the E. coli B
protein are Gly(81), Ser(121), and Arg(136). It
is interesting to note that none of these amino
acids is directly implicated in the binding of nu-
cleotide in the X-ray structure of the N-terminal
fragment of the B protein'!® (see Section II), cast-
ing further doubt on the notion of coumarin drugs
as competitive inhibitors of the ATPase reaction.
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Chemically, novobiocin can be subdivided
into three distinct entities (Figure 4B), 3'-iso-
pentenyl-4'-hydroxybenzoic acid (A), a cou-
marin residue (B), and the sugar noviose (C). It
has been found that novenamine (B + C), no-
vobiocic acid (A + B), or any of the individual
subentities are essentially devoid of any antibac-
terial activity against whole cells.!"® However,
when assayed for their ability to inhibit DNA
replication in toluenized E. coli cells, or super-
coiling by M. luteus gyrase in vitro, novenamine
was found to have activity roughly equivalent to
that of novobiocin. This result implies that parts
B and C are the minimum elements required for
interaction with gyrase.'** However, later exper-
iments have shown that both chlorobiocic acid,
an analog of novobiocic acid (A and B), and 3-
(carbobenzoxyamino)-4,7-dihydroxy-8-methyl-
coumarin, an analog of coumarin (B), are inhib-
itors of DNA supercoiling by M. luteus gyrase
in vitro.'®® Taken together, these data point to
the importance of the coumarin portion (B) in
interaction with gyrase, but suggest that appro-
priate substituents may be required for biological
activity.

As stated earlier, novobiocin is produced by
Streptomyces species. In a study of the novobio-
cin-producing strain S. sphaeroides, evidence for
two gyrase B proteins has been found.®' One of
these proteins (molecular mass 79 kDa) is re-
sistant to novobiocin, suggesting that this strain
has genes encoding both novobiocin-sensitive and
-resistant versions of the gyrase B protein. By
expressing the resistant allele at the appropriate
time, it is likely that the strain can avoid suicide
when producing the antibiotic.

In vitro the gyrase B protein has a high af-
finity for the coumarin drugs: the B protein and
the 43-kDa N-terminal B fragment can be eluted
from novobiocin affinity columns at high con-
centrations of urea.”®2%¢ In addition, the apparent
K, values for novobiocin and coumermycin A,
are at least four orders of magnitude lower than
the apparent K, for ATP, measured by ATPase
kinetics.*”!37 Despite this, the coumarins have
not enjoyed the pharmaceutical success of the
quinolones. This is probably a consequence of
three major factors. First, the activity of the drugs
against bacteria (particularly Gram negatives) is
relatively low, probably because of their poor
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penetration into bacterial cells. Second, the cou-
marins have been observed to have effects in
eukaryote systems, e.g., inhibition of topoiso-
merase II,%' inhibition of DNA polymerase
o,'971% and inhibition of mitochondrial activ-
ity,'**2® which would tend to compromise their
usage as therapeutic agents. Third, the emer-
gence of coumarin-resistant bacterial strains.
However, two lines of research may now help to
improve the pharmacological prospects of cou-
marins. First, the systematic dissection of the
coumarins’ structural elements and assessment of
their antibacterial and antigyrase properties in-
dependently should help to identify the important
parts of the molecule with respect to interaction
with gyrase and membrane penetration. Second,
high-resolution structural work on the 43-kDa N-
terminal domain of the gyrase B protein should
lead to identification of the drug-binding site and
detailed analysis of drug-protein interaction.
Taken together, these two lines of work may
permit a rational drug design program to optimize
the performance of the coumarin drugs.

C. Other Drugs

There are very few gyrase inhibitors that fall
outside the quinolone and coumarin classes. It
seems that certain antitumor compounds that in-
hibit eukaryotic topoisomerase II also show some
activity against gyrase. For example, m-AMSA
(4'-[9-aridinylamino] methane-sulfon-m aniside)
can weakly stimulate DNA cleavage by gyrase.>*
It is interesting to note that DNA cleavage by T4
topoisomerase II is stimulated by both oxolinic
acid and m-AMSA 20202 Such results suggest that
the quinolones and the eukaryotic type II topo-
isomerase inhibitors may have common mecha-
nisms of action.

Recently, two antibiotics distinct from quin-
olones and coumarins have been suggested to
have DNA gyrase as their intracellular target.
Cinodine, which is produced by Nocardia spe-
cies, is an antibiotic of the glycocinnamoylsper-
midine class. This drug has been shown to bind
to DNA? and to inhibit DNA supercoiling by
M. luteus DNA gyrase in vitro.?* Significant
inhibition of supercoiling could be detected at

0.1 pg/ml drug. Importantly, neither the restric-
tion enzyme BamHI nor calf thymus topoiso-
merase I was inhibited at ten times this concen-
tration. Whether cinodine is truly a specific
inhibitor of bacterial gyrase is a question requir-
ing further investigation.

Microcin B17 is a glycine-rich peptide (ap-
proximate molecular mass 3.2 kDa) that is pro-
duced by enterobacteria carrying pMccB17 or
related plasmids.?® These plasmids contain six
structural genes for the production of the anti-
biotic, and a seventh gene that confers immunity
to this antibiotic. Microcin B17 is active against
many enterobacteria, and has previously been
shown to be an inhibitor of DNA replication lead-
ing to the rapid arrest of DNA synthesis, induc-
tion of the SOS response, DNA degradation, and
cell death.?® Vizdn et al. have mapped two in-
dependently isolated microcin B17-resistance
mutants of E. coli, and found them both to con-
tain a single point mutation in the gyrB gene that
converts Trp(751)-Arg in the B protein.?*’ Mi-
crocin B17 was also found to be able to induce
DNA cleavage, in a similar fashion to the quin-
olones (i.e., after protein denaturation), when
incubated with DNA and cell-free extracts of sen-
sitive, but not resistant, bacterial strains. It has
therefore been suggested that the cellular target
for the antibiotic is DNA gyrase. Further exper-
imentation is required to elucidate the exact mode
of action of this antibiotic.

V. IN VIiVO ROLE OF GYRASE
A. Introduction

There is a plethora of in vitro information
about the reactions of DNA gyrase, but its precise
in vivo function remains somewhat obscure.
Originally detected as a host factor required for
bacteriophage X site-specific integration,' gyrase
has also been implicated in the processes of DNA
replication, transcription, the control of overall
chromosomal superhelical tension, and a number
of other cellular processes. The in vivo role of
topoisomerases has been reviewed previ-
ously, %2082 therefore we shall limit our dis-
cussion to issues pertinent to gyrase.
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B. DNA Replication

DNA gyrase is essential for DNA replication
in vivo. Clearly, replication would be expected
to be promoted by negative supercoiling given
the DNA unwinding at the replication fork. The
antibiotics that inhibit gyrase are also inhibitors
of DNA replication. In addition, temperature-
sensitive mutants of the gyrA and gyrB genes in
E. coli block DNA replication at the nonpermis-
sive temperature.*®-* It appears that gyrA and
gyrB mutants affect different aspects of repli-
cation. A gyrB mutant was found to inhibit the
initiation of replication, but not chain elonga-
tion,>® whereas a gyrA mutant led to a rapid arrest
of chain elongation.* It is not clear why muta-
tions in gyrA and gyrB have different effects,
but only a limited number of mutations have been
studied. Nevertheless it seems that gyrase has a
dual function in DNA replication and is required
for both initiation and elongation. It has been
suggested that gyrase acts in elongation at a site
close to replication forks facilitating fork move-
ment, possibly by preventing the accumulation
of positive supercoils ahead of the advancing
fork.2!° The precise role of gyrase at the initiation
of replication is unknown. Lother et al.!'* have
shown that there is a preferred gyrase binding
site at the E. coli origin of replication (oriC).
However, an exact role for a gyrase molecule
acting at this site has not been forthcoming. One
possibility is that gyrase facilitates the formation
of the DNA-protein complex at the initiation site.

Following the replication of chromosomal
DNA in E. coli, chromosome partition occurs.
This process can be divided into two aspects:
topological resolution or decatenation of repli-
cated chromosomes, and topological segregation
or local separation of daughter chromo-
somes.?!!?12 The ability of gyrase to decatenate
DNA has already been mentioned (see Section
D), and indeed experimental evidence supports a
role for gyrase in the decatenation of daughter
chromosomes. For example, nucleoids obtained
from cells carrying a gyrB temperature-sensitive
mutation are found to be doublets when isolated
at the nonpermissive temperature.?'* These doub-
lets can be resolved by gyrase in vitro. Mutants
defective in chromosome partitioning are termed
Par mutants, and five loci (named parA to E)
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have so far been identified. Several of these have
now been linked in various ways to DNA gyrase.
The ParA phenotype has been shown to be at-
tributable to a mutation in gyrB, and thus is likely
to be a consequence of a defect in decatenation.2'
The ParD phenotype has been shown to be a
consequence of two mutations, one of which maps
to gyrA and is thought to be primarily responsible
for the partition defect.?'52'® Again this defect
may be attributable to an impaired decatenation
reaction.

Recently, the E. coli parC and parE genes
(which map at about 65 min) have been se-
quenced and found to encode proteins of molec-
ular masses 75 and 67 kDa, respectively.?'” The
ParC protein shows homology to the gyrase A
subunit, while ParE shows homology with the B
subunit. Preliminary experiments indicate that
ParC and ParE in combination can relax nega-
tively supercoiled DNA and may represent a new
type II topoisomerase in E. coli, which has been
named topoisomerase IV.?"7 It is not clear whether
gyrase and topoisomerase IV have distinct func-
tions in the partition process; in vitro experiments
on purified topoisomerase IV will be required to
address this question.

Evidence also exists for a role for DNA gyr-
ase in the partitioning of plasmids in E. coli. For
example, Wahle and Kornberg have analyzed the
par locus of plasmid pSC101 and propose that it
contains a strongly preferred binding site for gyr-
ase.'* They suggest, from sequence analysis, that
this preference is due, in part, to the intrinsic
bendability of the par DNA, which favors the
wrapping of DNA around the gyrase particle. The
role of gyrase in binding to the pSC101 par locus
is proposed to be structural rather than catalytic.'3*

C. Transcription

Topoisomerases are also involved in the reg-
ulation of transcription of a number of prokar-
yotic genes. Negatively supercoiled DNA can be
shown to have enhanced transcriptional ability
over relaxed, nicked, or linear DNA and the drugs
that inhibit DNA gyrase activity can affect the
level of gene expression.3?* Transcription can
be both activated and inhibited by negative su-
percoiling. The expression of the gyrase genes

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

themselves is activated by a reduction in negative
supercoiling. This may be part of a homeostatic
mechanism of supercoiling control in E. coli.**

Recently, evidence has been growing for a
role for topoisomerases in the transcription pro-
cess itself. Translocation of an elongating RNA
polymerase complex along right-handed double-
helical DNA will result in the relative rotation of
the RNA polymerase complex around the DNA.
During coupled transcription and translation, the
rotational resistance of the large RNA polymer-
ase complex (and associated ribosomal proteins)
will be great, and twisting of the DNA axis is a
more likely result. This process will generate po-
sitive supercoiling ahead of the advancing po-
lymerase complex, and negative supercoiling be-
hind it.3! The transcription of a plasmid containing
two genes in opposite orientations (e.g., the tet
and bla genes of pBR322) means these two ef-
fects will reinforce each other and positively and
negatively supercoiled ‘‘domains’’ will arise in
the DNA. It has therefore been suggested that
the role of gyrase during the transcription process
is to relax the positive supercoils ahead of the
transcription complex, while topoisomerase I re-
laxes the negative supercoils behind it.*'2!8

Two previously observed phenomena can now
be readily explained in terms of this *‘transcrip-
tional buffering’’. First, Lockshon and Morris?!®
noted that after treatment of E. coli cells with
inhibitors of DNA gyrase (oxolinic acid or no-
vobiocin), positively supercoiled pBR322 DNA
could be isolated. This supports the idea that
gyrase is involved in the relaxation of the positive
supercoils generated as transcription proceeds.
Second, pBR322 DNA isolated from topA mu-
tants (encoding topoisomerase I) is found to be
highly negatively supercoiled.?*?*! This high de-
gree of negative supercoiling was found to be
dependent on the transcription of the tet gene of
pBR322 DNA. If the above model is correct,
then in the absence of topoisomerase I only the
positive supercoils will be relaxed by gyrase, and
this will lead to a net accumulation of negative
supercoils. Inversion of the fet gene relative to
the bla gene in pBR322 (so that the two genes
are no longer divergent) causes a significant de-
crease in the degree of negative supercoiling of
the plasmid when it is isolated from a topA
background.?*

Although the above experiments suggest that
the transcription of two genes in opposite ori-
entations (e.g., fet and bla) is required to generate
supercoiling in plasmids, this may also occur as
a consequence of the transcription of a single
gene whose protein product is anchored to the
membrane. Lodge et al.!*? have found that high
negative supercoiling of pBR322 in topA cells
does not require the transcription of the bla gene.
Indeed it appears that the supercoiling effect can
be observed when only the N-terminus of the
TetA protein (e.g., 98 amino acids) is produced.
Given that TetA is an inner membrane protein,
this result can be explained by a model in which,
during coupled transcription and translation, the
N-terminus of TetA is anchored to the membrane
and another barrier to rotation, such as the bind-
ing of the replication origin to the membrane,
occurs elsewhere. This situation could lead to two
domains of supercoiling and consequently to high
negative supercoiling of the plasmid in a topA
strain.'3?

An in vitro investigation of the transcriptional
buffering model has been performed by Tsao et
al.?*? They found that, in the presence of E. coli
topoisomerase I, transcription from a single pro-
moter resulted in the rapid positive supercoiling
of the template DNA. The accumulation of po-
sitive supercoils appears to require the presence
of nascent RNA chains on the RNA polymerase
complex, suggesting that the active polymerase
complex is resistant to rotational movement so
the DNA becomes supercoiled. The magnitude
of the supercoiling introduced into the DNA tem-
plate during transcription suggests that transcrip-
tion may be one of the principal factors influ-
encing intracellular DNA supercoiling.??

It therefore appears that both topoisomerase
I and DNA gyrase play a role in controlling the
topology of the DNA template during transcrip-
tion. Whether DNA gyrase normally functions
as a supercoiling enzyme or as an enzyme that
relaxes positive supercoils in vivo remains at is-
sue. Although the introduction of negative su-
percoils and the removal of positive supercoils
are likely to be mechanistically equivalent, it has
been suggested that, under certain conditions,
these two processes are separable.??? Further ex-

perimentation is obviously required to resolve
these questions.
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D. Other Roles for Gyrase

DNA gyrase is a host factor required for phage
\ site-specific integration into the E. coli chro-
mosome.' Gyrase can be dispensed with in this
reaction if the A DNA (carrying aP phage at-
tachment site) is already negatively super-
coiled.?>* The DNA carrying a#B (the bacterial
attachment site) need not be supercoiled in order
for the recombination process to occur. It has
been suggested that a#P wraps around the Int
protein (a phage-encoded recombination protein)
and that supercoiling favors this interaction in a
manner similar to the wrapping of DNA around
histones in the nucleosome.**

DNA gyrase is also thought to have a role in
other types of recombination. Generalized re-
combination is mediated by the recA gene prod-
uct, a protein that is known to unwind DNA in
vitro.?** Therefore, it is possible that the negative
supercoiling generated by gyrase facilitates RecA
binding, thereby aiding RecA-dependent recom-
bination. Recombination in gyrB mutants is re-
duced compared with that of wild-type cells.?*

Illegitimate recombination is a DNA rear-
rangement between nonhomologous and nonspe-
cific DNA sequences (for a recent review see
Reference 226). In vitro illegitimate recombi-
nation has been demonstrated to occur when
pBR322 DNA is present in a A phage packaging
system, with ampicillin-resistant transducing
phages arising with a frequency of approximately
1077 per total plaque-forming units.?*’ These hy-
brid plaques are formed by the insertion of the
pBR322 bla gene into A DNA, or by the substi-
tution of a A DNA segment by the plasmid DNA.
The addition of quinolone drugs to the packaging
system stimulates the recombination process some
tenfold; this stimulation is blocked by coumarin
drugs. It is therefore suggested that the quino-
lone-induced recombination is mediated by gyr-
ase. The structure of the recombinants formed in
the presence of quinolone drugs between pBR322
and A have been analyzed.?*®*? It is found that
there is no homology greater than 4 bp between
the recombination sites. Some of the sites where
illegitimate recombination occurs resemble the

consensus for gyrase-induced DNA cleavage.?*
It is possible that illegitimate recombination oc-
curs through subunit exchange between different
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gyrase complexes. An A protein with DNA at-
tached may swap with an A protein from a dif-
ferent gyrase tetramer at another site, resulting
in the formation of the recombination product.
Illegitimate recombination does occur in vivo (re-
viewed in Reference 226), but the role of gyrase
in this process has not been conclusively dem-
onstrated. Gyrase has also been implicated in the
spontaneous deletion of DNA that can occur in
Viv0.231'232

In E. coli, deletion of the topA gene (en-
coding topoisomerase I) is Iethal. However, other
mutations can occur that compensate for the loss
of this enzyme and allow the cells to grow.?*
Some of these secondary mutants have been
mapped to the gyrase genes: gyrA and gyrB. This
suggests that excessive supercoiling is lethal to
the cell, and that the expression of the topoiso-
merase genes must be under tight control. The
gyrase genes themselves are thought to be under
homeostatic regulatory control. Increased super-
coiling of the DNA template downregulates the
expression of the gyrase genes and a decrease in
the superhelix density of the template leads to
expression of the genes.>*%

The action of quinolone drugs on gyrase, and
the subsequent addition of a protein denaturant,
can lead to fragmentation of the DNA both in
vitro and in vivo. Approximately 45 to 50 major
gyrase cleavage sites have been estimated for E.
coli.'® This is roughly equal to the number of
supercoiled loops found in the E. coli chromo-
some. This may just be coincidence or gyrase
binding may be involved in controlling the over-
all tertiary structure of the chromosome by sep-
arating loops of different superhelical density
within the chromosome. This could also involve
a structural role for gyrase in anchoring DNA
within the cell. A structural role has also been
suggested for eukaryotic type II topoisomerases.*

VI. CONCLUDING REMARKS

DNA gyrase was first discovered over 15
years ago and, as this review testifies, a great
deal is now known about the enzyme. The wide
range of scientific journals in which papers about
gyrase can now be found attests to the broad
spectrum of workers interested in this enzyme;
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these include biophysicists, biochemists, micro-
biologists, medicinal chemists, and clinicians.
However, our picture of DNA gyrase is far from
complete and it is possible to identify key areas
where our knowledge is deficient and where
progress clearly needs to be made. First, high-
resolution structural information is vital to the
study of a number of aspects of DNA gyrase.
Some success has been achieved with fragments
of the gyrase proteins, but this must be regarded
as a stepping-stone en route to the structure of
the DNA-protein complex. Second, the mecha-
nism of DNA supercoiling by gyrase has pro-
vided a continued source of fascination for work-
ers in this field, but crucially important elements
of this reaction remain largely unexplained, e.g.,
the strand-passage step and the mechanism of
energy coupling. These processes can be found
in other enzymes, and understanding these ele-
ments of the gyrase reaction would have far-
reaching implications. Third, many workers have
been drawn into the gyrase field through the study
of antibacterial agents, particularly those of the
quinolone class. Despite the attention that these
drugs have received, their mode of action is still
largely obscure. Clearly, it is important to un-
derstand how these gyrase-specific drugs act in
order to potentiate the design of more active de-
rivatives. Fourth, the indispensability of gyrase
to the bacterial cell is well known, but its exact
in vivo role is a contentious issue. The possibility
that its primary function may not be the main-
tenance of in vivo supercoiling raises fundamen-
tal questions about the organization of the bac-
terial chromosome.

It is hoped that during the next few years,
through the combined efforts of workers from a
variety of disciplines, progress in these areas will
be made, and our picture of this remarkable en-
zyme will become more complete.
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