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Background 

The two polynucleotide strands of 

duplex DNA wind around each other in a 

right-handed helix containing about one 
helical turn every ten base pairs. Super- 
coiling, the coiling of the helix axis itself, 
was discovered by Vinograd et al. in a 

study of closed, circular DNA (4). The 
sense of supercoiling can, in principle, 
be either the same or opposite to that of 
the helical twists which, by convention, 
are designated as positive. Remarkably, 
all supercoiled DNA isolated from natu- 
ral sources is twisted opposite to the di- 
rection of the double helix, with about 
one negative supercoil per 15 double he- 
lical twists (5). There is a fundamental 

The co protein relaxes positively super- 
coiled DNA very poorly (8, 10). This 
may seem a trivial deficiency since DNA 
in the cell is negatively supercoiled. It is, 
in fact, important in the cell to maintain 
negative supertwists and to relieve posi- 
tive twisting stress that is generated by 
processes, such as DNA replication, that 
unwind the double helix. Champoux and 
Dulbecco discovered a topoisomerase in 
mouse cells, which relaxes positively 
and negatively supercoiled DNA with 
equal facility (I1). Similar topoisomer- 
ases have since been identified in many 
eukaryotic organisms, and enzymes with 
the restricted relaxation pattern of co are 
limited to bacteria where their function 
remains an enigma (12). 

Summary. Negative supercoiling of bacterial DNA by DNA gyrase influences all 
metabolic processes involving DNA and is essential for replication. Gyrase supercoils 
DNA by a mechanism called sign inversion, whereby a positive supercoil is directly 
inverted to a negative one by passing a DNA segment through a transient double- 
strand break. Reversal of this scheme relaxes DNA, and this mechanism also ac- 
counts for the ability of gyrase to catenate and uncatenate DNA rings. Each round of 

supercoiling is driven by a conformational change induced by adenosine triphosphate 
(ATP) binding; ATP hydrolysis permits fresh cycles. The inhibition of gyrase by two 
classes of antimicrobials reflects its composition from two reversibly associated sub- 
units. The A subunit is particularly associated with the concerted breakage-and-re- 
joining of DNA and the B subunit mediates energy transduction. Gyrase is a prototype 
for a growing class of prokaryotic and eukaryotic topoisomerases that interconvert 

complex forms by way of transient double-strand breaks. 

topological constraint on any DNA 
molecule, such as closed, circular DNA, 
whose polynucleotide strands cannot ro- 
tate freely about the helix axis: the alge- 
braic sum of the number of supercoils 
and the number of double helical turns is 
a constant, the linking number (6). Thus, 
unwinding of the double helix must be 
compensated by an equivalent winding 
up-that is, removal-of negative super- 
coils. Since the supercoiled configura- 
tion is strained, the removal of super- 
coils is highly energetically favorable. 
Negative supercoiling thereby promotes 
the binding of any protein that locally 
denatures (unwinds) DNA; this occurs 
with a number of enzymes of DNA me- 
tabolism (7). 

Wang initiated the enzymology of su- 
percoiling with the discovery of E. coli o 

protein (8). Requiring no nucleotide co- 
factor, ct removes (that is, relaxes) most 
of the negative supercoils in DNA. Since 
the linking number is changed in this re- 
action, a transient break in the DNA is 
required. The w protein is the archetype 
of the important class of enzymes known 
as topoisomerases, which catalyze the 
interconversion of DNA molecules that 
differ only in linking number (9). Thus E. 
coli c protein has been designated Eco 
DNA topoisomerase I (topo I). 

DNA gyrase (topo II) is the only 
known topoisomerase that catalyzes su- 
percoiling of DNA. It was discovered in 
a remarkably logical way. Purified int 
protein from bacteriophage X requires 
negatively supercoiled DNA to promote 
recombination in vitro (13). However, 
relaxed DNA sufficed with a crude prep- 
aration of int if adenosine triphosphate 
(ATP) was provided (14). The search for 
an ATP-dependent supercoiling activity 
contaminating the int preparation was re- 
warded by the discovery of DNA gyrase 
(1, 14). The importance of DNA gyrase 
in both DNA replication and in the in- 
troduction of negative supercoils was 
soon established. Gellert et al. found 
that novobiocin and coumermycin A,, 
two closely related inhibitors of nucleic 
acid synthesis in vivo, were inhibitors of 
DNA gyrase in vitro (15). Moreover, 
coumermycin Al inhibited the super- 
coiling of circular X DNA in vivo. Both 
of these effects were abolished by a mu- 
tation in the cou gene, which controls the 
cellular level of sensitivity to these drugs 
(16). 

My involvement with DNA gyrase re- 
sulted from a study of the mechanism of 
a different pair of inhibitors of DNA rep- 
lication-nalidixic acid and the more po- 
tent analog, oxolinic acid. The target 

protein for these drugs in E. coli, the 
nalA gene product, was purified (17) by 
means of a complementation assay for 
qX174 DNA replication (18, 19). The 
discovery that gyrase from wild-type but 
not nalA mutant cells was inhibited by 
nalidixic acid (17, 20) established the sur- 
prising link between the nalA protein and 
DNA gyrase. 

Structure of Gyrase 

The physical basis for the segregation 
of gyrase inhibitors into two classes is 
the construction of the enzyme from two 
subunits, A and B, which are the target 
proteins for nalidixic acid and novobio- 
cin, respectively (21, 22). Micrococcus 
luteus gyrase subunits a and f are func- 
tionally analogous to A and B, respec- 
tively (23, 24). Establishment of the com- 
position of gyrase was hampered by low 
purification yields until independent 
studies on the very different micro- 
organisms E. coli (25) and M. luteus (23) 
revealed that only a small proportion of 
the subunits are associated in extracts. 
Mixing of the subunits under appropriate 
conditions efficiently reconstitutes gy- 
rase activity and provides a convenient 
assay that has been used in the prepara- 
tion of both subunits in physically ho- 
mogeneous form (25, 26). There is per- 
haps ten times more subunit A than sub- 
unit B in cells (25); as discussed below, 
subunit A is also part of another topo- 
isomerase. Subunit A is a homodimer of 
105,000-dalton nalA protomers and sub- 
unit B consists of 95,000-dalton cou pro- 
tomers (25). The small amount of consti- 
tuted enzyme in E. coli cell extracts has 
been purified as such and contains just 
the same two polypeptides (25, 27). 

Convincing evidence for the structural 
gene assignments led to the renaming 
(28) of nalA and cou as gyrA and gyrB. 
First, by two-dimensional electropho- 
resis under denaturing conditions, sub- 
unit A and radioactive gyrA gene prod- 
uct are identical (21), as are subunit B 
and authentic gyrB gene product (28). 
Second, subunit A from a gyrA mutant 
conferring nalidixic acid resistance and 
subunit B from a novobiocin-resistant 
gyrB mutant each reconstitute a gyrase 
with the expected drug resistance (25). 
Third, subunit A purified from a gyrA 
temperature-sensitive mutant is ther- 
molabile (29, 30). Fourth, attachment of 
a reactive ATP derivative to subunit B of 
gyrase is specifically inhibited by no- 
vobiocin (27). 

Although the protomer structure of gy- 
rase is not rigorously established, it al- 
most surely is of the form ac232. There is 
good evidence that gyrase contains two 



gyrA protomers, each of which has an 
active site (21, 31), and that gyrase con- 
tains equivalent amounts of gyrA and 
gyrB protomers (27, 31). Equal molar 
amounts of subunits A and B reconsti- 
tute gyrase activity, and subunit A, at 
least, is a homodimer (17, 25). Finally, 
the best estimate for the molecular 
weight of the holoenzyme is 400,000, the 
value expected for an a2f32 structure (27, 
32). 

Activities of DNA Gyrase 

Gyrase remains bound to its DNA sub- 
strate, supercoiling it processively (33) 
and catalytically (25, 27). One molecule 
introduces about 100 supertwists per 
minute at 30?C. Under standard reaction 
conditions, the supercoiling of Col El 
DNA reaches a limit at one and a half 
times the density of Col El DNA super- 
coiled in vivo (1). Both positively super- 
coiled and relaxed DNA can be negative- 
ly supercoiled (21, 24). 

The supercoiling reaction has two 
components. Since the linking number of 
the DNA is changed, there must be a 
transient break of one or both strands 
(5). In addition to this concerted break- 
age-and-reunion activity (34), gyrase 
must have a coupled energy transduction 
component since supercoiling is an en- 
dergonic reaction. Some of the reactions 
of gyrase described below isolate one of 
these components uncomplicated by the 
other. All the reactions have been impor- 
tant in understanding the enzyme. 

Adenosine triphosphatase (ATPase). 
Like many enzymes of DNA metabolism 
(35), gyrase hydrolyzes ATP to adeno- 
sine diphosphate (ADP) and Pi in the 
presence of DNA (19, 26, 27, 36). The 
reaction is highly specific for ATP among 
naturally occurring nucleotides, as is su- 
percoiling. Duplex DNA is about a ten 
times better effector than single-stranded 
DNA in accord with the preferential 
binding of gyrase to duplex DNA. A 
simple interpretation of the effector ac- 
tivity of DNA is that its binding stabiliz- 
es an enzyme conformation that has 
ATPase activity. The ATP hydrolysis is 
not necessarily coupled to supertwist 
formation and continues after maximum 
coiling of a DNA effector. The potent in- 
hibition of ATPase by novobiocin but 
not by oxolinic acid makes it likely that 
the energy transduction component is as- 
sociated intimately with the B subunit of 
gyrase (37). 

Relaxation. Gyrase spontaneously re- 
laxes negative supercoils in the absence 
of ATP (17, 20) but cannot relax positive 
supercoils (23, 24). This asymmetry may 
reflect the importance of handedness in 

the sign inversion mechanism for gyrase. 
The rate of relaxation is an order of mag- 
nitude lower than the rate of super- 
twisting (25) and therefore under- 
estimates the breakage-and-reunion ca- 
pacity of gyrase. A plausible explanation 
is that breakage-and-reunion is usually 
coupled to supertwist formation and thus 
is stimulated by ATP. Relaxation is in- 
hibited by nalidixic acid but not by no- 
vobiocin, just the opposite to results 
with ATPase. Therefore, subunit A is 
particularly important for the breakage- 
and-reunion component of DNA gyrase. 

Cleavage. Nalidixic acid inhibits gy- 
rase by interfering with the breakage- 
and-reunion component of supercoiling. 
Addition of a protein denaturant to a 
nalidixic acid-treated gyrase reaction re- 
sults in breakage of both polynucleotide 
strands and concomitant attachment of 
enzyme to the cleaved DNA. Gyrase dis- 
rupts the DNA strands at points stag- 
gered by four base pairs, creating termini 
that each possess a free 3' hydroxyl 
group and a 5' extension attached cova- 
lently to a gyrA protomer (31, 38). These 
termini therefore provide a template-pri- 
mer for DNA polymerases but are com- 
pletely resistant to 5' terminal labeling 
with bacteriophage T4 polynucleotide ki- 
nase (38). Gyrase thus contains two gyrA 
protomers each of which makes up a crit- 
ical portion of the breakage-and-reunion 
active sites. The covalent interaction be- 
tween gyrase and DNA can be under- 
stood in terms of Wang's model (8) for 
the way in which topoisomerases, unlike 
classical DNA ligases (39), reseal tran- 
sient breaks in DNA without infusion of 
energy from a nucleotide cofactor. In- 
stead of irreversible hydrolysis of a 
phosphodiester bond, it is proposed that 
strand breakage occurs in a transfer re- 
action in which the enzyme itself be- 
comes attached covalently to the broken 
end. Resealing in the reverse transfer re- 
action releases free enzyme. This 
scheme is supported by the general ob- 
servation that various conditions un- 
couple breakage from reunion by topo- 
isomerases and result in covalent joining 
of enzyme to DNA (12). The discovery 
of breakage of both DNA strands by gy- 
rase (17, 20) set it apart from other topo- 
isomerases that nick only one strand, 
and implies that the mechanism of gyrase 
is fundamentally different. 

A further distinction of gyrase from 
nearly all other topoisomerases is that 
cleavage is highly site-specific (17, 20, 
38). With less than one gyrase molecule 
per DNA substrate of about 4 to 5 x 106 

daltons, most often cleavage is at one or 
a few sites. The balance occurs with 
widely varying frequency at a number of 
other positions so that potential cleavage 

sites occur, on the average, about once 
per 100 base pairs (38). At each site, the 
cuts are specific at the nucleotide level. 
Cleavage can be induced by reaction per- 
turbants other than nalidixic or oxolinic 
acid and is observed at low frequency in 
the unperturbed reaction (21, 24, 40). All 
these different conditions result in cleav- 
age at the same sites (24). These sites are 
also the ones cut by M. luteus and Ba- 
cillus subtilis gyrases, by a hybrid gyrase 
constructed from M. luteus and E. coli 
subunits, and by E. coli topo II', an en- 
zyme related to gyrase (24, 41). This con- 
servation suggests that site specificity 
plays a critical role in supercoiling (42). 

The cohesive end sequences of six gy- 
rase cleavage sites have been determined 
(38, 43). The dinucleotide TG (T, thy- 
mine; G, guanine), straddling the gyrase 
cut on one of the DNA strands, provided 
the only common bases within a 250 
base-pair region surrounding the sites. 
Analysis of other sites showed that cut- 
ting between a TG doublet is common to 
nearly all gyrase cleavages. Other bases 
common to some of the sequenced sites 
are clustered nonrandomly around the 
TG doublet and may be variable com- 
ponents of the cleavage sequence, but no 
simple set of related sequences has been 
identified that unfailingly predicts sites 
of cleavage. This pattern of site specifici- 
ty in the absence of a unique determining 
sequence is emerging as a common fea- 
ture in nucleic acid-protein recognition. 

In contrast to the conservation of sites 
of cleavage, the degree of cleavage at 
any site varies with reaction conditions. 
ATP specifically incites a redistribution 
of cleavage pattern, stimulating cleavage 
at some sites while reducing it at others 
(36). This phenomenon might have sug- 
gested movement of gyrase between 
cleavage sites, either by solution or by 
translocation along the DNA. Such 
movement was ruled out (33), however, 
since cleavage site redistribution was 
unaffected by competitor DNA and since 
ATP still stimulated cleavage at individ- 
ual sites isolated in small (176 to 509 base 
pairs) DNA fragments. Furthermore, 
ATP did not alter the binding of gyrase to 
small DNA fragments although it stimu- 
lated cleavage by as much as an order of 
magnitude. Gyrase is thus envisioned as 
remaining stationarily bound to DNA at 
discrete locations; ATP effects a con- 
formational change in the enzyme that 
alters, in a fashion dependent on the 
local DNA sequence, the proportion of 
bound gyrase that cleaves its substrate. 

Binding to DNA. The binding of gy- 
rase to radioactively labeled DNA is eas- 
ily measured by the resulting retention of 
the label by nitrocellulose filters (21, 44). 
This complex of gyrase with DNA, un- 



like that formed by cleavage, is stabi- 
lized by noncovalent bonds that are dis- 
rupted by high ionic strength or protein 
denaturants. It is nonetheless a stable 
complex, since gyrase dissociates from 
linear Col El DNA with a half-life of 

days at 23?C. Neither gyrase subunit by 
itself binds detectably to DNA. 

Gyrase binds to DNA site specifically. 
The sites at which gyrase cleaves DNA 
are generally a faithful reflection of 
where it binds, since, almost 90 percent 
of the enzyme bound noncovalently can 
also cleave the DNA (33). Site-specific 
binding implies that gyrase also acts in 
vivo only at certain sites. The limited 
cleavage following oxolinic acid addition 
in vivo is consistent with this conclusion 
and may provide an opportunity to map 
the sites of gyrase action in the cell (45). 
Given that gyrase acts at discrete 
chromosomal locations, there may be re- 
gional differences in processes that gy- 
rase facilitates, depending on the loca- 
tion and strength of both gyrase binding 
sites and the barriers that delineate su- 
percoiling domains in the cell (46). 

Gyrase binds less tightly to DNA that 
is negatively supercoiled than to relaxed 
DNA (44), and thus the stable complex 
with relaxed DNA dissociates rapidly 
when addition of ATP provokes super- 
coiling (33). This feedback loop provides 
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Fig. 1. The activities of DNA gyrase. The reactions depicted are supercoiling (reaction 1), 
binding (reaction 2), relaxation (reaction 3), cleavage (reaction 4), ATPase (reaction 5), and 
catenation and uncatenation (reaction 6). The DNA substrate is shown as relaxed, duplex, 
circular DNA for reaction 1, negatively supercoiled DNA for reactions 3 and 6, and as linear 
DNA for reaction 4. Oxolinic acid is abbreviated Oxo and sodium dodecyl sulfate as Na- 
DodSO4. Nalidixic acid has the same inhibition spectrum as oxolinic acid, and coumermycin A1 
has the same spectrum as novobiocin. Second-order effects, such as the low stimulatory activity 
of single-stranded DNA for ATPase and the inhibition of ATPase by oxolinic acid under certain 
conditions (26), are not presented. 
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Energy Coupling and the Mechanism of 

Action of Novobiocin 

The key feature of the mechanism of 
energy coupling by gyrase was discov- 
ered serendipitously (36). A nonhydro- 
lyzable analog of ATP, adeny 1-5'-yl-imi- 
dodiphosphate [App(NH)p], caused a 
shift in cleavage pattern similar to that 
evoked by ATP. This was surprising be- 
cause hydrolysis of ATP was known to 
be required for other gyrase reactions, 
such as supercoiling (36). However, 
DNA gyrase can turn over in the super- 
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coiling reaction (25, 27) but not in the 
cleavage reaction, which requires en- 
zyme denaturation. The paradox would 
be resolved, then, if the binding of ATP 
[or of App(NH)p] leads to a single round 
of supercoiling, but ATP hydrolysis is 
needed for enzyme turnover. This strong 
prediction was confirmed; with substrate 
levels of gyrase, App(NH)p led to super- 
coiling stoichiometric with the number of 
enzyme molecules (36). The derived 
stoichiometry of a little less than one su- 
percoil per gyrase molecule is a lower 
limit since it neglects inactive enzyme 
and the back reaction of relaxation. 

To explain these results, it is proposed 
that binding of ATP or of App(NH)p re- 
sults in a conformational transition that 
drives a crucial part of the supercoiling 
cycle (36). For gyrase to return to its 
original conformation, that is, for turn- 
over, nucleotide desorption is required, 
and this is facilitated by hydrolysis of 
ATP to the less tightly bound ADP. 

This type of energy coupling was origi- 
nally proposed to explain chemical ener- 
gy-fueled movement in other processes, 
such as muscle contraction, transfer 
RNA translocation, active transport, and 
oxidative phosphorylation (52-55). It 
should be contrasted with the bioener- 
getic pattern first conceived by Lipmann 
(56) and Kalckar (57) in which a high-en- 
ergy intermediate is formed that consists 
of part of a nucleoside triphosphate co- 
valently bonded to a substrate of the en- 
dergonic reaction, such as aminoacyl 
adenosine monophosphate in protein 
synthesis. A monetary analogy clarifies a 
major difference between the two bioen- 
ergetic schemes. The conformational 
coupling pathway is like using a credit 
card since one can "buy now" (super- 
coil) but "pay later" (hydrolyze ATP); 
the Lipmann-Kalckar mechanism has 
the parsimony of pay-as-you-go. Recent 
experiments suggest that the T4 topo- 
isomerase (51) and the E. coli recA pro- 
tein (58) also employ credit-card energet- 
ics. There are many other ATP-depen- 
dent enzymes in DNA metabolism (35), 
and these may also follow the gyrase 
model. 

Novobiocin selectively interferes with 
the energy transduction component of 
gyrase; reactions independent of ATP 
are immune (Fig. 1). The basis for this 
specificity was suggested by the finding 
that novobiocin prevents reorientation of 
the cleavage pattern by ATP or by 
App(NH)p (36). Thus, the antibiotic 
must act prior to ATP hydrolysis. Com- 
petitive inhibition with respect to ATP in 
both the supercoiling and ATPase reac- 
tions showed that the sensitive step is 
ATP binding (36). The same conclusion 
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Fig. 2. The sign inver- 
sion model for enzy- 
matic supercoiling of Stailize 

positive DNA. The enzyme node 
maintains and acts at 
the upper node; the 1 
(+) and (-) symbols 
refer to the sign of the 
nodes. 

was reached from the prevention by no- 
vobiocin of labeling of subunit B by an 
ATP analog (27). Novobiocin is an im- 
pressive inhibitor-the Ki (inhibition 
constant) of 10-8M is several orders of 
magnitude less than the Km (Michaelis 
constant) for ATP of 0.3 mM (36). De- 
spite the selective and competitive effect 
of novobiocin on ATP binding, there is 
no obvious structural similarity between 
them. Novobiocin may block ATP ac- 
cess without sharing binding sites, or the 
enzyme conformations competent for 
binding ATP and novobiocin could be in- 
compatible. 

Mechanism of Supercoiling 

Early models for gyrase postulated 
that negative supercoils are introduced 
in two steps. An initial segregation of 
positively and negatively supercoiled re- 
gions of a DNA molecule is followed by 
selective relaxation of the positive super- 
coils, leaving just the negative supercoils 
(17, 23, 27). The critical observation con- 
cerning supercoil segregation is that the 
binding of gyrase per se generates posi- 
tive supercoils in the absence of ATP; 
these are adjacent to the enzyme since 
they are immune to relaxing enzymes 
(21, 23, 47). Compensating negative su- 
percoils result in other regions of the 
molecule since the linking number must 
be unchanged. Addition of App(NH)p 
not only causes limited negative super- 
coiling stoichiometric with the number of 
gyrase molecules but also an equivalent 
reduction in protected positive super- 
coils (21). An explanation for this corre- 
lation is a causal link between removal of 
the positive supercoils of binding and in- 
troduction of negative supercoils. 

The second step in supercoiling, selec- 
tive relaxation of positively supercoiled 
regions, has usually been described in 
terms of the traditional topoisomerase 
model of nicking of one strand, rotation 
about the helix axis to dissipate the posi- 
tive stress, and resealing of the nick (59). 
Recent work, however, has established a 
categorically different mechanism called 
"sign inversion" because the positive 
supercoils are not relaxed but actively 
inverted to negative supercoils (2). This 

mechanism is illustrated in Fig. 2 and 
consists of the following steps. 

1) Gyrase binds to a DNA molecule 
such that the bound segments cross to 
form a right-handed node (the upper 
node in Fig. 2). This stabilizes a positive 
supercoil and induces a counterposing 
negative supercoil represented by the 
lower (-) node. 

2) Gyrase introduces a double-strand 
break in the DNA at the back of the 
right-handed node and passes the front 
segment through the break, inverting the 
handedness and thus the sign of the 
node. 

3) The break is resealed on the front 
side of the now left-handed node. 

Gyrase could then release one of the 
two crossing segments of the negative 
node, the negative supercoils would dis- 
tribute along the DNA, and the cycle 
could begin again. The net result of the 
steps illustrated in Fig. 2 is to reduce the 
linking number of the DNA by two (60). 
Reversal of these steps, that is, starting 
with a left-handed node and inverting it 
to a right-handed one, increases the link- 
ing number by two and is the proposed 
path for relaxation of negative supercoils 
by gyrase. 

The unique prediction of the model 
has been verified; both supercoiling and 
relaxation of DNA change the linking 
number in steps of two (2). Since no odd- 
numbered changes in linking number 
were observed, the ends of the double- 
strand break in the intermediate do not 
rotate relative to one another and this en- 
sures that supercoils are not dissipated. 
Catenation, unknotting, and uncatena- 
tion substantiate the other characteristic 
feature of the model, passing of DNA 
through a transient double-strand break 
(40, 51). These three related reactions 
are, in turn, readily explicable by the 
sign-inversion model. Catenation, for ex- 
ample, results when the two crossing 
segments of the node are contributed by 
different DNA molecules. 

The following somewhat speculative 
elaboration of the sign inversion mecha- 
nism incorporates the gyrase energy 
transduction scheme and features of gy- 
rase as revealed by studies of DNA bind- 
ing and cleavage. Gyrase binds to DNA 
at specific DNA sequences, forming a 
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right-handed node. A positive coiling of 
the DNA around the enzyme is a plau- 
sible means for ensuring the proper 
handedness (23, 47), but the sequence of 
the crossing segments could provide the 
necessary information (2). The sub- 
sequent binding of ATP by each of the 
gyrB protomers changes the con- 
formation of gyrase to one that stabilizes 
a left-handed node. The resultant strain 
is relieved by passing the front segment 
of DNA through a double-strand break 
made in the back segment. Remarkably, 
this is accomplished while gyrase holds 
both ends of the break so that they can- 
not rotate. The gyrA protomers are at- 
tached by covalent bonds to each 5'- 
phosphoryl terminus of the break. The 
energy of the broken phosphodiester 
bonds is conserved in this covalent com- 
plex and is used to reseal the break after 
sign inversion. The cohesive ends of the 
break aid the proper alignment for re- 
sealing. Gyrase then catalyzes hydroly- 
sis of ATP, and the segment that was 
passed through the break is released so 
that resetting is possible. The desorption 
of the loosely bound ADP causes the en- 
zyme to return to its initial con- 
formation, the more stable one in the ab- 
sence of a nucleotide effector. Gyrase re- 
mains bound at the same specific DNA 
sites (those at which it cleaves), acting 
processively through cycles of sign in- 
version until binding is sufficiently weak- 
ened by the increased negative super- 
twist density so that the enzyme is re- 
leased. 

New Topoisomerase Activities 

Related to Gyrase 

Equimolar amounts of subunits A and 
B are needed to reconstitute both the su- 
pertwisting and relaxing activities of gy- 
rase. It was therefore puzzling that the 
ratio of oxolinic acid-sensitive relaxa- 
tion activity to supertwisting activity de- 
clined (to a nonzero plateau value) with 
increasing purity of the enzyme (17, 21, 
25). One explanation for this apparent 
paradox would be contamination of less 
pure preparations with a relaxing en- 
zyme distinct from gyrase but sharing 
the gyrA product that controls oxolinic 
acid sensitivity. 

Such an activity has been identified 
and is designated topo II' (24). It is con- 
structed from subunit A and a 50,000- 
dalton protein called v. Since subunit B 
and v peptide maps are quite similar, v 
may be a processed form of subunit B or 
derived from a transcript of part of gyrB. 
Whatever the ontogeny of v, available 
evidence implies that topo II' exists nor- 
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mally in the cell rather than being de- 
rived from subunit B during purification. 
Four separate purifications each detect- 
ed an order of magnitude more v than 
subunit B (24), and similar levels of v are 
found in the dissimilar E. coli K and B 
strains (61). Among E. coli topoisomer- 
ases, topo II' alone relaxes positive su- 
percoils as efficiently as it relaxes nega- 
tive supercoils. Topo II' has no negative 
supercoiling activity and is not affected 
by either ATP or novobiocin but closely 
resembles gyrase in its' other properties, 
including sensitivity to oxolinic acid, sta- 
bilization of positive supercoils, double- 
strand cleavage at the same DNA sites, 
and catenation and uncatenation of DNA 
rings. If the structural homology of v and 
subunit B is confirmed, then it appears 
that subunit B is divided into functional 
domains. One domain represented by v 
is sufficient for binding subunit A and re- 
constitution of breakage and reunion. 
The other domain contains the ATP 
binding site or allows its expression in 
energy-requiring reactions. Its absence 
in topo II' somehow uncouples positive 
node inversion from ATP binding and al- 
lows relaxation of positive supercoils. 

The discovery of a novel topoisomer- 
ase in T4-infected cells explains some 
puzzling results (50, 62). DNA synthesis 
directed by almost all other bacterio- 
phages is strikingly reduced by inhibition 
of topo II and topo II', but the reduction 
in T4-infected cells was only about five- 
fold and sometimes less (30, 63). How- 
ever, mutants in genes 39, 52, or 60, so- 
called DNA delay genes, are totally de- 
pendent on the host gyrase by the same 
tests (64). The products of these three 
genes are the protomers of a T4 topo- 
isomerase that requires ATP not to su- 
pertwist DNA but to relax it, whether it 
is negatively or positively supercoiled 
(50, 62, 65). Very high levels of T4 topo- 
isomerase catenate supercoiled DNA in- 
tramolecularly (that is, knot it) in an 
ATP-independent reaction; in the pres- 
ence of ATP the same enzyme can untie 
the knot catalytically, even after relaxa- 
tion or nicking (51). 

Gyrase and T4 topoisomerase can 
probably perform the same function in 
T4 metabolism since each enzyme spares 
the requirement for the other. The lack 
of supertwisting by the phage enzyme is 
therefore intriguing. Perhaps what is cru- 
cial for the phage is an activity shared by 
both topoisomerases, such as uncatena- 
tion or relief of positive twisting stress. 
Alternatively, there is substantial cir- 
cumstantial evidence that genes 39, 52, 
and 60 are required for proper initiation 
of T4 DNA replication (66). It has been 
suggested (48) that the T4 enzyme might 

be an origin-specific gyrase and thus su- 
pertwist such DNA. 

Whereas no eukaryotic enzyme has 
yet been shown to supercoil DNA, gy- 
rase and the T4 enzyme are prototypes 
of the new class of topoisomerases that 
interconvert complex topological forms 
of DNA and make transient double- 
strand breaks. It was in an extract of a 
eukaryote (Xenopis laevis) that a cate- 
nation activity was actually first identi- 
fied several years ago by Attardi et al. 
(67); this activity has been shown to be 
ATP dependent (68). A topoisomerase 
from early embryos of Drosophila can 
catenate DNA (69) and untie knots pro- 
duced by T4 topoisomerase in circular 
DNA (51); both reactions require ATP. 
A vaccinia virus-induced enzyme and 
trypanosome extracts can resolve the gi- 
ant catenated networks of trypanosome 
kinetoplast DNA (70). 

Functions of Gyrase 

The physiological role of gyrase has 
been studied with the use of specific 
drugs, structural gene mutations, and in 
vitro DNA replication and recombina- 
tion systems. The isolation of gyrA and 
gyrB conditional lethal alleles demon- 
strated that DNA gyrase is an essential 
enzyme for E. coli growth. The emerging 
conclusion is of a widespread impor- 
tance of the enzyme in DNA metabo- 
lism. 

There is now good evidence that gy- 
rase is responsible for introducing at 
least most of the negative supertwists in 
vivo. Gyrase inhibitors block super- 
twisting of infecting phage X DNA (15, 
20, 71) and drastically reduce the super- 
helicity of the folded E. coli chromosome 
(46, 47, 72). Intercalating agents remove 
negative supercoils and cause curing, 
that is, a preferential loss of plasmids 
(73). Sublethal doses of novobiocin can 
similarly cure (74, 75), and genetic im- 
pairment of gyrase enhances sensitivity 
to the intercalating agent, acriflavin (28). 
In fact, the discovery of gyrase and its 
effect on supertwisting has provided the 
most compelling evidence that super- 
coils do exist in the cell and are not an 
artifact of protein loss or ionic changes 
on isolation of the DNA. Analogously to 
supercoiling in eukaryotes (discussed be- 
low), the bacterial histone-like proteins 
could make some contribution to super- 
twisting or help stabilize gyrase-induced 
supercoils (76). 

The striking physiological effect of in- 
activation of gyrase is the complete inhi- 
bition of replicative DNA synthesis. This 
inhibition occurs after treatment with 
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nalidixic acid or coumermycin A1 (77) 
and temperature shift upwards of a gyrA 
temperature-sensitive mutant (29, 30). 
The rapidity of the inhibition implies a 
role in the elongation phase of replica- 
tion. Gyrase could function as an active 
version of the replication "swivel" first 
postulated by Cairns (78) to relieve the 
positive twisting stress generated by the 
unwinding of the double helix during rep- 
lication (79). Alternatively, or additional- 
ly, the maintenance of negative super- 
helicity by gyrase may be required for 
the binding of replication proteins. This 
is exemplified in the early finding that 
DNA gyrase is required for kX174 DNA 
replication. Supercoiling of 0X174 repli- 
cative form DNA is needed for the initial 
nicking by cisA protein (80), and thus 
DNA synthesis is blocked by nalidixic 
acid or novobiocin (81). In the recent 
achievement of replication of XX174 
DNA with the use of only purified pro- 
teins, DNA gyrase completed the requi- 
site set of enzymes (82). Novobiocin has 
an interesting selective effect on B. sub- 
tilis DNA synthesis (83). Only a limited 
segment of the chromosome at the origin 
is replicated in the presence of the drug 
and this allowed precise mapping of this 
region. 

Gyrase is required for other metabolic 
processes involving DNA as substrate or 
template. In their evolution, such pro- 
cesses may have taken advantage of the 
supercoiling of DNA for recognition and 
activity (22). This seems to be the case 
for at least some aspects of DNA tran- 
scription, repair, and recombination. 

Treatment with gyrase inhibitors or 
mutational inactivation of gyrase gener- 
ally results in only a partial inhibition of 
overall RNA synthesis (29); however, 
nalidixic acid completely blocks phage 
S13 transcription (84). The resolution of 
this puzzle seems to be that the depen- 
dence of transcription on gyrase varies 
for different operons (85-90). The very 
same gene may be either sensitive or re- 
sistant, depending on the promoter it is 
read from (87, 88, 90). An illuminating 
example is that of phage N4 early tran- 
scription, which is obliterated by nalidix- 
ic acid, coumermycin A1, or gyrA condi- 
tional lethal mutations (86, 91). The puri- 
fied N4 RNA polymerase transcribes on- 
ly single-stranded N4 DNA in vitro. 
However, in the cell it is likely that su- 
percoiling of duplex N4 DNA facilitates 
local denaturation of the duplex and 
binding of the polymerase to the appro- 
priate strand. A similar explanation may 
apply to other instances of gyrase effects 
on transcription, and the assistance 
needed could vary depending on the ease 
of helix unwinding at the promoter site. 
29 FEBRUARY 1980 

Consistent with this is the report that gy- 
rase inhibitors selectively interfere with 
the initiation of transcription (90). Pro- 
moters are generally associated with pa- 
lindromic DNA sequences and these 
loop out to form hairpin-like structures 
when contained in supercoiled DNA 
generated by gyrase (22). 

The role of gyrase in X int-promoted 
recombination has been demonstrated 
and, indeed, led to the initial discovery 
of supertwisting activity. Coumermycin 
A1 effectively blocks both supercoiling of 
X DNA and int-promoted recombination 
in vivo and in vitro, and both effects are 
absent in a drug-resistant gyrB mutant 
(71, 92). Furthermore, the requirement 
for gyrase in this recombinational pro- 
cess is simply to provide negative super- 
helicity, since the enzyme is totally dis- 
pensable when a supertwisted DNA sub- 
strate is provided (14). An involvement 
of gyrase in other recombination path- 
ways is also possible. The quintessence 
of recombination is transient double- 
strand breaks that are inherent in the gy- 
rase reaction mechanism, and a logical 
start point for recombination is the inter- 
action of single-stranded DNA with a ho- 
mologous supertwisted DNA duplex 
(93). The properties of DNA cleavage by 
gyrase have also led to a suggested role 
in the transposition of genetic elements, 
an example of nonhomologous recombi- 
nation (94). 

Whereas early experiments implied 
that repair of damaged DNA was resist- 
ant to gyrase antagonists (77), a recent 
more sensitive study based on the resto- 
ration of infectivity of ultraviolet-irra- 
diated phage X DNA has shown clear in- 
hibition (95). It is likely that only certain 
repair pathways are dependent on gy- 
rase-in fact, nalidixic acid induces the 
recA gene product and an error-prone 
DNA repair pathway (96). 

An exciting possibility is that the new- 
ly discovered catenation, uncatenation, 
knotting, and unknotting activities of 
DNA gyrase (40, 51) are also physiologi- 
cally relevant. Catenanes are present 
wherever there are DNA rings and have 
been suggested as intermediates in the 
termination of replication and in recom- 
bination (48). Convincing evidence for 
their resolution into constituent mono- 
mers has been lacking (49), but the dis- 
covery of efficient uncatenation by gy- 
rase provides the first enzymatic mecha- 
nism for the process. DNA can be knot- 
ted during packaging into phage heads 
(97) and, upon infection, the knots need 
to be untied, presumably by a topo- 
isomerase such as gyrase. 

While a fundamental role of gyrase in 
various physiological processes is clear, 

there are several complications to con- 
sider in interpreting physiological stud- 
ies. First, the gyrA gene product is not 
just a part of gyrase but also of topo II' 
(24). It is thus important to determine the 
involvement of both gyrase subunits in 
any process. Second, it is likely that nali- 
dixic acid does not just inactivate its tar- 
get protein but corrupts it, converting it 
into a poison (30). Phage T7 is ex- 
quisitely sensitive to nalidixic acid, but 
mutational inactivation of either the 
gyrA or gyrB gene product has no effect 
on T7 growth or DNA synthesis and, 
more importantly, prevents inhibition by 
nalidixic acid (30, 98). Therefore, results 
with drugs must be cross-checked with 
mutants. Third, an enzyme in vitro might 
need superhelical free energy to facilitate 
binding to DNA, but in the cell some oth- 
er factor may enhance binding. These 
three limitations suggest caution but, for- 
tunately, the convergence of different 
approaches has solidified many aspects 
of gyrase function. 

Comparison of Origin of Supercoiling in 

Prokaryotes and Eukaryotes 

With rare exceptions, circular DNA 
isolated from all natural sources is nega- 
tively supercoiled to about the same de- 
gree (5). Supercoils in the chromatin of 
eukaryotes almost surely arise from neg- 
ative coiling of the DNA around histone 
octets to form nucleosome units (99) fol- 
lowed by enzymatic relaxation of com- 
pensatory positive supercoils (100, 101). 
Thus, as seems to be true for gyrase, the 
ultimate motive force for supercoiling in 
chromatin is spontaneous wrapping of 
DNA around a protein core. Even the 
extent of wrapping seems the same. Gy- 
rase and the histone octet each protect 
about 140 base pairs of DNA from diges- 
tion by staphylococcal nuclease and an 
estimated one and a quarter supercoils 
from relaxation (21, 23, 47, 99). This sim- 
ilarity is surprising since the 400,000-dal- 
ton gyrase is much larger than the 
110,000-dalton histone assembly. 

The similarities in formation of super- 
coils by prokaryotes and eukaryotes 
seem to result not from evolutionary ho- 
mology but from convergence to perform 
the same function. A distinguishing fea- 
ture of histones is their basicity, and 
both gyrase subunits are acidic (21, 28). 
The topoisomerase and the spool for 
DNA are separate entities in chromatin 
but are united in gyrase. Gyrase acts cat- 
alytically and requires ATP, whereas su- 
percoiling in chromatin is stoichiometric 
with the number of nucleosomes. The 
most fundamental difference is that gy- 
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