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Multiple modes of Escherichia coli DNA gyrase activity

revealed by force and torque
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E. coli DNA gyrase uses the energy of ATP hydrolysis to introduce essential negative supercoils into the genome, thereby working
against the mechanical stresses that accumulate in supercoiled DNA. Using a magnetic-tweezers assay, we demonstrate that small
changes in force and torque can switch gyrase among three distinct modes of activity. Under low mechanical stress, gyrase
introduces negative supercoils by a mechanism that depends on DNA wrapping. Elevated tension or positive torque suppresses
DNA wrapping, revealing a second mode of activity that resembles the activity of topoisomerase IV. This ‘distal T-segment
capture’ mode results in active relaxation of left-handed braids and positive supercoils. A third mode is responsible for the
ATP-independent relaxation of negative supercoils. We present a branched kinetic model that quantitatively accounts for all

of our single-molecule results and agrees with existing biochemical data.

The level of negative (denoted as (—)) DNA supercoiling of the E. coli
chromosome is tightly regulated in the cell and influences processes
such as replication, transcription, repair and recombination. DNA
topoisomerases are enzymes that interconvert different topological
forms of DNA: they can add or remove supercoils, catenations and
knots by catalyzing the passage of one DNA segment through a tran-
sient break in another. This reaction changes the linking number (Lk)
of DNA, defined for topologically closed DNA circles as one-half the
number of signed crossings of the two DNA strands in any projection
of the molecule. Topoisomerases are divided into two classes depending
on whether one (type-1) or two (type-2) DNA strands are broken
during the topoisomerization reaction!. Prokaryotic topoisomerases
are the primary targets of many important antibacterial drugs?.

E. coli has two type-2 topoisomerases, DNA gyrase and topo-
isomerase IV (Topo IV). Topo IV ensures proper unlinking of sister
chromosomes after replication. DNA gyrase is unique among topo-
isomerases in its ability to introduce negative supercoils into DNA.
Gyrase also shows low levels of decatenation and unknotting activities
and is able to relax (—) supercoiled DNA in an ATP-independent
manner®™. The (—) supercoiling activity by gyrase has been explained
by a ‘sign inversion’ mechanism, in which one duplex DNA segment
(transport or T segment) passes through a transient double-strand
break in a second DNA segment (gate or G segment), producing a net
change in Lk of -2 (ref. 10).

Gyrase is a heterotetramer composed of two A and two B subunits
(GyrA,GyrB,). DNase I footprinting and exonuclease III digestion
experiments have shown that gyrase binds a DNA fragment of ~ 140
base pairs (bp) and cleaves it nearly at its center in an ATP-
independent manner!!~!3, The binding of gyrase to DNA has been
shown to stabilize positive (denoted as (+)) supercoils'*!> generated
by the chiral wrapping of DNA around the C-terminal domains of the
GyrA subunits (GyrA-CTD)!416-18 (Fig, 1a). The C-terminal domains
of GyrB are responsible for interacting with DNA and GyrA'>!°. The
N-terminal domains of GyrB are responsible for binding and hydro-
lyzing ATP?%?!, These domains form the entrance gate (N gate) for the
T segment and dimerize upon nucleotide binding (Fig. 1a).

A simplified catalytic cycle for the introduction of (—) supercoils by
gyrase?? is shown in Figure 1b. First, the G segment is bound and can
be cleaved in an ATP-independent fashion (1). A proximal T-segment
DNA then forms a chiral wrap around the enzyme (2). This process
brings the T segment into the N gate. The N gate is closed
upon T-segment capture and ATP binding (3), triggering a conforma-
tional change in the enzyme structure that transports the T segment
through the gap in the cleaved G segment (4). The transported
T segment and the products of hydrolysis are released (5) and the
enzyme is reset to start a new cycle of catalysis. We define this mode of
catalysis as the o mode, to reflect the path of DNA wrapping around
GyrA-CTD.
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We recently studied the o mode by tracking the rotation of a sub-
micrometer bead (rotor bead) attached to the side of a stretched linear
DNA molecule?®. Changes in DNA tension over a range of a few tenths
of piconewtons (pN) did not appreciably change the rate of super-
coiling but greatly affected the processivity of the reaction. We
explained this behavior by a mechanochemical model in which the
processivity of the reaction is determined by a kinetic competition
between tension-sensitive DNA wrapping and dissociation of gyrase
from the DNA.

The o mode of gyrase activity describes the (—) supercoil-
introduction reaction but cannot account for the other activities of
gyrase. Here, we use magnetic tweezers to investigate (—) supercoil
introduction and relaxation, (+) supercoil relaxation, and decatena-
tion activities of E. coli gyrase. We found that small changes in force
and torque on the DNA can cause gyrase to switch among these
different modes of activity. Under low mechanical stress, gyrase uses a
wrapping-mediated proximal T-segment capture mode to introduce
(—) supercoils into DNA. However, at forces and torques that inhibit
DNA wrapping, gyrase favors a wrapping-independent distal
T-segment capture mode that provides an explanation for the low

level of decatenation activity of gyrase in vivo’.

RESULTS

Single-molecule assay

Precise amounts of force and supercoiling density can be applied to
single topologically constrained DNA substrates by using a magnetic-
tweezers setup. We tethered a single constrained DNA molecule to a
glass slide on one end and to a paramagnetic bead on the other end?*
(Fig. 2). Tension and twist were applied to the DNA molecule by
translating and rotating a pair of permanent magnets. We define the
linking number of a topologically constrained linear DNA molecule as
the linking number of the idealized DNA molecule that is obtained by
circularizing the duplex DNA ends attached to the bead and to the
glass slide surface. ALk is the difference between the Lk of a molecule
and that of the same molecule in an unconstrained, relaxed state (Lkg).
We define supercoiling density (o), a length-independent measure of
the degree of DNA supercoiling, as the number of turns (n) intro-
duced into the DNA molecule from its relaxed state divided by the
total number of DNA helical repeats (number of base pairs/10.5). By
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Figure 1 Gyrase subunit composition and mechanism of action.

(a) Gyrase is a heterotetramer composed of two monomers of GyrA (blue)
and two of GyrB (yellow). The N-terminal domains of GyrA (dark blue)
interact with DNA and GyrB and form the DNA exit, or C gate.

The C-terminal domains of GyrA (GyrA-CTDs, blue spheres) fold
independently and are linked to the N-terminal domain of GyrA by a
flexible linker, which gives them rotational and translational flexibility*”
(arrows). GyrA-CTDs are responsible for DNA binding and wrapping. GyrB
interacts with DNA and GyrA, is responsible for ATP binding and hydrolysis,
and forms the DNA entrance, or N gate. (b) Model for introduction of

(—) supercoiling by gyrase. A gyrase complex binds a DNA fragment, called
the G segment (1). From this state, there is a force-dependent kinetic
competition between DNA wrapping and dissociation. After wrapping (2) and
ATP binding (3), the enzyme can proceed with the strand-passage reaction
(4), which leads it to a state (5) that can be reset to commence a new
catalytic cycle.

convention, ¢ is positive for (+) supercoiled DNA and negative for
(—) supercoiled DNA.

The changes in DNA twist and writhe produced by tension and
torque are well understood®. The properties of the extension-super-
coiling curves were used to calculate ALk from given values of DNA
extension and force. The torque on the DNA in the plectonemic
region was approximated by t = (2BF)"/2, where B = ~230 pN - nm?
is the bending rigidity of DNA and F is the tension on the DNA.

It is sometimes assumed that a single mechanism is responsible for
the relaxation of (+) supercoils and the introduction of (—) supercoils
by gyrase. Here we show that, under mechanical stress, gyrase can also
relax (+) supercoils by a DNA interaction mode that is different from
the one it uses to introduce (—) supercoils. Therefore, we define gyrase
activities on the basis of the starting substrate to avoid making
assumptions about the underlying mechanism responsible for each
activity: relaxation of (+) supercoils converts a (+) supercoiled
substrate to a relaxed DNA product, whereas introduction of (—)
supercoils converts a relaxed substrate to a (—) supercoiled product.

Gyrase activities at low force

We first investigated whether gyrase was able to relax (+) supercoils
and introduce (—) supercoils into a constrained DNA molecule at low
forces, as expected for the canonical wrap-mediated pathway. At
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Figure 2 Magnetic tweezers experimental setup. A magnetic trap consists of
a magnetic bead (sphere) tethered to a glass surface by one DNA molecule
(string). Magnets above the sample (triangles) can be rotated and translated
to exert tension and torque on the DNA molecule. (+) plectonemic DNA
structures are formed by the application of torque. The relaxation of

(+) supercoils by gyrase can be measured by monitoring the extension of the
DNA tether in real time. Introduction of (—) supercoils into a relaxed DNA
substrate by gyrase forms (—) plectonemic DNA regions that make the DNA
extension decrease.
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saturating ATP concentrations (1 mM), gyrase relaxed (+) supercoiled
DNA processively (Fig. 3a), causing the extension of a supercoiled
molecule to increase as plectonemes were removed. Under the same
conditions, gyrase was also able to introduce (—) supercoils into
relaxed DNA molecules (causing decreases in extension), but only
against low forces and torques (Fig. 3b). The wrapping-mediated
activity that leads to (—) supercoiling introduction is also likely to be
responsible for the processive relaxation of (+) supercoils at these low
forces. Ensemble measurements taken in standard gyrase reaction
conditions (1.8 mM spermidine, 37 °C) yielded similar results to
experiments done under conditions optimized for single-molecule
analysis (0.2 mM spermidine, 25 °C; Supplementary Fig. 1 online).

Gyrase relaxes (+) supercoils at high force

The experiments described above showed that gyrase was able to relax
(+) supercoils at low forces in the presence of ATP (Fig. 3a). In our
previous work, the processivity and initiation rate of the o mode
decreased rapidly as the force increased over ~1 pN, owing to the
inhibition of DNA wrapping?’. Wrapping was strongly inhibited by
tension but only mildly affected by torque. Accordingly, we did not
expect gyrase to be able to relax (+) supercoils at high forces

Figure 4 Activity of gyrase at high DNA tensions. (a) Processive relaxation of
(+) supercoiled DNA at high forces. Curves show representative single-gyrase
relaxation traces of (+) supercoiled DNA molecules (¢ = +0.022) at

4.5 (solid) and 2.5 pN (dashed). Here, ~30 (+) supercoils were relaxed in
single bursts of activity. Raw data are plotted as dots and 1-s moving
averages are shown as solid curves. (b) Relaxation of (+) supercoils at high
forces requires (+) crossings. In the absence of enzyme (solid line), the
introduction of (+) supercoils from ¢ = O leaves the DNA extension
unchanged up to the buckling transition and decreases extension linearly
thereafter. In the presence of 1 nM gyrase and 1 mM ATP, 110

(+) supercoils were introduced in a topologically constrained DNA molecule.
After plectonemic DNA relaxation ceased, 110 new (+) supercoils were
mechanically introduced while the DNA extension was monitored in real
time (dashed curve). Raw data are plotted as dots and piecewise linear fits
are shown as solid curves.

Figure 3 Activities of gyrase at low forces. (a) Processive relaxation of

(+) supercoiled DNA. Shown is a representative single-gyrase-molecule
relaxation of a (+) supercoiled DNA molecule (¢ = +0.025) at 0.5 pN. In
this case, ~34 (+) supercoils were relaxed in a single burst of activity. Raw
data are plotted as dots and a 1-s moving average is shown as a solid curve.
(b) Processive relaxation of (+) and introduction of (—) supercoils by a single
gyrase enzyme at 0.1 pN of tension. In the first burst of activity (at ~40 s),
gyrase relaxed ~40 (+) supercoils, changing ¢ from +0.03 to ~O0. Later, in
a second burst of activity (at ~90 s), gyrase processively introduced ~ 20
(—) supercoils, changing ¢ to its final value of ~ —0.015. Raw data are
plotted as dots and a 1-s moving average is shown as a solid curve.

(>1-2 pN). To test this hypothesis, we mechanically introduced
(+) supercoils into a topologically constrained DNA molecule at
high force (>2 pN) and monitored the activity of gyrase (1 nM) in
the presence of 1 mM ATP. To our surprise, gyrase was able to relax
(+) supercoils processively at tensions up to 4 pN (Fig. 4a and
Supplementary Fig. 2 online). The coexistence of B-DNA and
P-DNA in (+) supercoiled substrates at high torques?®?” prevented
the straightforward interpretation of relaxation experiments at forces
higher than 4 pN. The velocity of relaxation (the number of cycles per
unit time during a processive burst of activity) was found to be
independent of force between 1.5 and 4 pN (see below). This gyrase
activity could be explained by a wrapping-independent mode of
catalysis that, in contrast to the o mode mechanism, involves the
capture of a distal as opposed to a proximal T segment. We define this
activity as the  mode. Such an activity would not have been observed
in our previous single-molecule assay?® because of the absence of
plectonemic crossings that juxtapose DNA segments.

Next, we investigated whether high force (+) supercoiling relaxation
activity requires (+) DNA crossings. At low supercoiling densities, the
extension of the DNA is not appreciably affected by the number of
turns in the DNA. After the buckling transition, however, the DNA
extension decreases linearly with the number of (+) turns introduced.
(+) supercoiled plectonemic DNA was generated in the presence of
gyrase at high tension (F = 3 pN). After complete removal of
plectonemic crossings by gyrase, the change in DNA extension was
measured by mechanically introducing new (+) supercoils. If gyrase
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