
A Sign Inversion Mechanism for Enzymatic Supercoiling of DNA 

Abstract. Both the introduction and the removal of supertwists by DNA gyrase 
change the linking number of DNA in steps of two. This surprising finding provides 
strong evidence that gyrase acts by a mechanism, called sign inversion, whereby a 
positive supercoil is directly inverted into a negative one via a transient double- 
strand break. 

Superimposed on the right-handed 
coiling of the two strands of the DNA 
double helix around their axis is a higher 
order coiling of the helix axis itself, 
called supercoiling (1). Supercoils can be 
positive (right-handed) or negative (left- 
handed). Virtually all naturally occurring 
duplex DNA is negatively supercoiled, 
and this supercoiling plays an important 
role in its replication, transcription, and 
recombination. The algebraic sum of the 
number of supercoils and the number of 
double-helical turns in a closed circular 
duplex DNA, that is, the total number of 
revolutions of one single strand about 
the other, is an integer called the linking 
number (2). The linking number cannot 
be changed without breaking one or both 
strands of the double helix. DNA mole- 
cules that differ only in linking number 
are called topoisomers, and enzymes 
that alter the linking number of DNA are 
called topoisomerases (3, 4). 

DNA gyrase (5) is a unique topoiso- 
merase that reduces the linking number 
of DNA and thus introduces negative 
supercoils, in a reaction coupled to the 
hydrolysis of adenosine triphosphate 
(ATP). The gyrase of Escherichia coli, 
the subject of this report, is composed of 
two copies each of the gyrA and gyrB 
gene products, and plays a major role in 
maintaining the negative supercoiling of 
E. coli DNA (6). Most models (7-9) for 
the mechanism of DNA gyrase postulate 
an energy-dependent segregation of 
DNA into positively and negatively su- 
percoiled domains (with no change in 
linking number), followed by a selective 
relaxation of the positive supercoils 
(which reduces the linking number). This 
relaxation has usually been viewed in 
terms of a topoisomerase model for 
which the o protein of E. coli (10) is the 
archetype, entailing nicking of one 
strand of the double helix, rotation of the 
free ends around the helix axis to relieve 
the supercoiling, and resealing of the 
nick (11). 

We propose that gyrase acts by a cate- 
gorically different mechanism. This mod- 
el was initially developed to explain two 
observations. First, when a complex of 
gyrase with DNA is treated under certain 
conditions with a protein denaturant, 
double-strand breaks are introduced in 
the DNA with a gyrase protomer at- 
tached covalently to each 5' phosphoryl 
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end (7, 12, 13). This implicates a tran- 
sient double-strand break in the gyrase 
reaction mechanism, in contrast to the 
proposed nicked intermediate in the re- 
actions of the prokaryotic o protein (14) 
and the eukaryotic topoisomerases (4). 
Second, when gyrase binds to DNA in 
the absense of ATP, positively super- 
coiled regions are generated in the DNA 
(8, 15). These positive supercoils must 
be stabilized by the bound enzyme, since 
they cannot be relaxed. 

Our model, called sign inversion, is il- 
lustrated in Fig. 1 and consists of the fol- 
lowing steps. 

1) Gyrase binds to a DNA molecule at 
two points such that the two bound seg- 
ments cross to form a right-handed node 
(the upper of the two nodes depicted in 
Fig. 1). This is sufficient to stabilize a 
positive supercoil and induce a counter- 
posing 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. 

The net result of this procedure is to 
reduce the linking number of the DNA 
by two (16). Reversal of these steps, that 
is, starting with a left-handed node and 
inverting it to a right-handed one, would 
lead to an increase of two in the linking 
number. We propose that this reverse 
process is the path by which gyrase, in 
the absense of ATP, relaxes negatively 
supercoiled DNA. The simplest way to 
convert the sequence shown in Fig. I in- 
to a cycle is to release one of the seg- 
ments of DNA from the enzyme after the 
third step and return to the initial config- 
uration, but with the linking number re- 
duced by two. 

The sign inversion model provides a 
natural explanation for critical existing 
data and makes a unique prediction that 
we have verified experimentally-both 
supercoiling and relaxation by gyrase 
change the linking number of DNA in 
steps of two. Another essential predic- 
tion, that gyrase can introduce a double- 
strand break, pass DNA through the 
break, and reseal the break, in an effi- 
cient, concerted reaction, has also been 

verified-gyrase can catenate (interlock) 
and uncatenate DNA circles (17). Liu et 
al. (18) have also obtained evidence for 
transient double-strand breaks in some 
topoisomerase reactions. 

The usual DNA substrate for gyrase 
reactions is a heterogeneous set of to- 
poisomers with a roughly Gaussian dis- 
tribution of linking numbers (19). The 
observed effect of gyrase is simply to 
shift the center of this broad distribution 
such that the unit of change in linking 
number cannot be discerned. To deter- 
mine this unit, we therefore used a sub- 
strate that was uniform with respect to 
linking number, a purified relaxed to- 
poisomer of the plasmid p15A (20). The 
small size of this plasmid enhanced the 
electrophoretic resolution of its topoiso- 
mers. DNA supercoiling by gyrase under 
optimal conditions is both processive 
and fast. Therefore, to observe the initial 
reaction products, the rate was reduced 
by limiting the ATP concentration to 
30 AuM, about one-tenth the Km (21), and 
the reaction products were sampled at 
early times. To synchronize the reaction, 
gyrase, in roughly twofold molar excess 
over DNA, was bound to the DNA in a 
3-minute preliminary incubation at 30?C 
before the addition of ATP. Reaction 
products were deproteinized (22) and 
displayed by electrophoresis through a 
1.2 percent agarose gel (5). 

The only products of the reaction were 
topoisomers differing in linking number 
(Lk) from the starting material by multi- 
ples of 2 (Fig. 2). This was most clearly 
seen after 5 seconds (lane c), when the 
major product had a linking number re- 
duced by 2 (ALk = -2), and products 
with ALk = -4 and -6 were also vis- 
ible. Bands corresponding to odd-num- 
bered ALk's, which are present in the 
reference set (lanes d, g, and 1), were 
strikingly absent. At later times (lanes e, 
f, and h to j), the linking number of the 
products was progressively reduced, but 
the every-other-band distribution was 
maintained. In another experiment (not 
shown), with the ATP concentration fur- 
ther reduced to 10 ,M, the ALk = -2 
topoisomer was virtually the only dis- 
cernible product of a 10-second reaction. 
Thus, when DNA is supercoiled by gy- 
rase, the quantum of change in the link- 
ing number is 2. 

The quantum of change in linking 
number is also 2 for relaxation by gyrase. 
After a 5-minute incubation with gyrase 
in the presence of ATP, the DNA was 
highly supercoiled (lane j). At this time, 
novobiocin, which inhibits supertwisting 
but not relaxation by gyrase (7, 12) was 
added to the reaction mixture, and the 
incubation was continued for 30 minutes. 
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The DNA was relaxed, giving a set of to- 
poisomers differing in linking number 
from the starting material by multiples of 
2 (lane k). This "recall" experiment also 
showed that the unresolved topoisomers 
in the highly supercoiled band differed in 
linking number from the starting material 
by multiples of 2. The consequence of 
the double-strand break in the sign in- 
version mechanism is a quasi-linear 
DNA molecule maintained as a circle 
only by noncovalent bonds between gy- 
rase protomers, two of which are cova- 
lently attached to the 5' termini. The 
DNA ends must be prevented from rotat- 
ing relative to one another during sign 
inversion, lest supercoils be dissipated. 
The recall experiment is a stringent test 
for such slippage. It clearly showed 
that none occurred (unless by steps of 
2), since there were no bands differ- 
ing in linking number from the starting 

material by an odd number even after 
a cycle of supertwisting and relaxation. 

As a control (not shown), the super- 
twisted DNA shown in lane j was relaxed 
by adding E. coli w protein after heat-in- 
activating gyrase. The product consisted 
of a distribution of relaxed topoisomers 
differing in linking number by 1 rather 
than 2. 

Gyrase changes the linking number of 
DNA in steps of two. This property, the 
observation that gyrase makes double- 
strand breaks rather than nicks in DNA, 
and the demonstration that gyrase can 
catenate DNA and therefore can pass a 
DNA duplex through a transient double- 
strand break constitute strong evidence 
that sign inversion is the essential feature 
of the mechanism of DNA gyrase. Cate- 
nation follows directly from sign inver- 
sion when the two crossing segments of 
the node are contributed by different 

Fig. 1. The sign in- 
version model for en- 
zymatic supercoiling stabilize break reseal 
of DNA. The enzyme positive (+) back break on ( 

maintains and acts at node segment front side . 
the upper node; the 2 3 
(+) and (-) symbols \ ( ( 
refer to the signs of 
the nodes (27). Since 
the second and fourth 
structures in the sequence each have a vertical dyad axis of symmetry which passes through the 
two nodes, breaking the front segment and resealing it on the back side is an operation equiva- 
lent to the one shown. 
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Fig. 2. Gyrase changes the linking number of DNA in steps of two. The 150-/1l gyrase reaction 
mixture contained 30 mM tris-HCl (pH 7.4), 25 mM KCl, 8 mM MgCl2, 2 mM spermidine-HCl, 
5 mM dithiothreitol, 50 /zg of bovine serum albumin per milliliter, DNA gyrase reconstituted 
from 300 units each of subunits A and B of E. coli DNA gyrase (the gyrA and gyrB gene prod- 
ucts, respectively), and 1 /g of the purified p15A topoisomer. After 3 minutes at 30?C (a) to 
allow gyrase to bind to the DNA, ATP was added, and 17-,1l samples were removed at the start 
(b), at 5 (c), 10 (e), 20 (f), 40 (h), 80 (i), and 300 seconds (j). After 300 seconds, 10 uM novobiocin 
was added and the incubation was continued for 30 minutes to allow gyrase to relax the DNA 
(k). The reactions were stopped, deproteinized, and subjected to electrophoresis through a 1.2 
percent agarose gel to resolve topoisomers. As a reference, a mixture of topoisomers of pl5A 
ranging from fully relaxed to highly negatively supercoiled (28) was run in lanes d, g, and 1. 
Adjacent bands in these channels represent topoisomers differing in linking number by one. The 
difference in linking number (ALk) relative to the substrate topoisomer is indicated to the right 
of lane 1. Small amounts of linear and nicked circular DNA were produced during the purifica- 
tion of the substrate. 
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DNA molecules. Alternative explana- 
tions for supertwisting in steps of two, 
such as the segregation of two positive 
twists followed by their relaxation, fail to 
explain why relaxation of negative su- 
percoils should alter the linking number 
only by multiples of 2 and do not account 
for double-strand breaks or catenation. 

The critical first step in the sign in- 
version mechanism is the generation of a 
right-handed node. We consider two 
nonexclusive ways of ensuring that the 
node has the proper handedness. The 
first is positive wrapping of the DNA 
around the enzyme; the wrapped DNA 
could be the upper loop in Fig. 1. Such a 
structure has been proposed by Liu and 
Wang (8) to account for the stabilization 
of positive supercoils by bound gyrase. 
Supporting evidence for the coiling of 
DNA around gyrase is provided by the 
similarity in the pattern of protection 
from nucleases afforded by gyrase to that 
obtained with nucleosomes where wrap- 
ping has been established (23). 

A more speculative alternative means 
for determining node handedness re- 
quires two asymmetric sequences in the 
substrate DNA-one to orient the seg- 
ment of the node that will be transiently 
broken and the other to orient the seg- 
ment that will be passed through the 
break. Gyrase purified from diverse bac- 
terial species binds to and can cleave 
DNA at the same limited set of asymmet- 
ric sequences (24). The use of DNA se- 
quences in determining handedness 
would offer a reasonable explanation for 
this puzzling site specificity. A conse- 
quence of this scheme for determining 
handedness is that catenated products 
would have a unique handedness. Fur- 
thermore, this scheme predicts that re- 
versing the relative orientation on a 
DNA molecule of the two node-orienting 
sequences could "trick" gyrase into in- 
troducing positive supercoils by in- 
verting a left-handed node. 

The initial positive node is converted 
by sign inversion into a negative node. 
There are at least two possible routes by 
which the gyrase-DNA complex could 
return to its original conformation. The 
simplest is for gyrase to release one of 
the two segments comprising the node 
before returning to the positive node- 
binding conformation. Since gyrase 
binds stably at the sites at which it can 
cleave DNA (25) the segment that was 
passed through the break would likely be 
the one released. An alternative is to re- 
generate a positive node directly by ro- 
tating the front segment of the negative 
node 180? counterclockwise relative to 
the back segment, about the axis of the 
node (26). Regardless of the reset mecha- 
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nism used, there is evidence that gyrase 
remains bound at the same site on the 
DNA, acting processively through cy- 
cles of sign inversion until binding is suf- 
ficiently weakened by the increased su- 
pertwist density that the enzyme is re- 
leased (25). 

In contrast to other models, super- 
coiling is necessarily quantized in the 
sign inversion scheme. The change in 
linking number per cycle is always two, 
even though the work required to change 
it increases with increasing supertwist 
density. Therefore, if the number of ATP 
molecules bound per cycle is constant, 
the thermodynamic efficiency of the re- 
action must progressively increase. A 
lower limit on the number of ATP mole- 
cules hydrolyzed per cycle can be esti- 
mated from the work (19) required to re- 
duce by two the linking number of the 
most negatively supercoiled DNA mole- 
cule which can be further supercoiled by 
gyrase. Such an analysis suggests that at 
least two ATP's must be hydrolyzed for 
each round of sign inversion. 

Most other models for supertwisting 
invoke an initial energy-requiring segre- 
gation of positive supercoils followed by 
their passive relaxation. Sign inversion is 
an active process in which breakage-and- 
rejoining is intrinsically coupled with the 
mechanical energy-requiring step of 
DNA traversal. The following is present- 
ed as a plausible sequence of events link- 
ing ATP binding and hydrolysis (6) to su- 
pertwisting. Gyrase binds to DNA form- 
ing a right-handed node. The subsequent 
binding of ATP by the gyrB protomers 
changes the conformation of gyrase (21) 
to one that stabilizes instead a left-hand- 
ed node. To relieve the resultant strain, 
gyrase performs the remarkable feat of 
passing the front segment of DNA 
through a double-strand break in the 
back segment, and perhaps through the 
enzyme itself, while holding both ends of 
the break so that they cannot rotate. The 
energy of the broken phosphodiester 
bonds, conserved as a protein-DNA 
bond, is used to reseal the break after 
sign inversion. After resealing the break, 
gyrase catalyzes the hydrolysis of ATP. 
Release of adenosine diphosphate (ADP) 
and Pi allows the enzyme to return to its 
initial conformation so that a new cycle 
of sign inversion can begin. 
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mentally defined; however, the presence 
of a specific transport system may be in- 
ferred. 

Cerebrospinal fluid (CSF) and brain 
extracellular fluid (ECF) are identical or 
virtually identical (6). The concentration 
of Na+ and K+ in the nascent CSF se- 
creted by the choroid plexus has been 
shown to be dependent on a ouabain- 
sensitive process, indicating that Na+, 
K+-adenosinetriphosphatase is involved 
in the transport (7, 8) and that transport 
of Na+ is a major energy-dependent step 
in the formation of the fluid. Although 
the CSF and brain ECF are contiguous at 
the ventricular wall, where movement of 
even large solutes is not impeded (9), it is 
unlikely that the secretory mechanisms 
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Cerebral Vessels Have the Capacity to 

Transport Sodium and Potassium 

Abstract. The activity of Na+,K+-activated adenosinetriphosphatase and the up- 
take of a potassium analog, rubidium, were found to be similar in cerebral micro- 
vessels and choroid plexus when measured in vitro. This similarity suggests that 
sodium and potassium concentrations in the nascent brain extracellular fluid are 
determined by the same active process that regulates their concentration in nascent 
cerebrospinal fluid. The brain microvessels may thereby play an active role in brain 
potassium homeostasis and brain extracellular fluid formation. 
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