nature
chemical biology

ARTICLES

https://doi.org/10.1038/541589-018-0037-0

Dynamic coupling between conformations and
nucleotide states in DNA gyrase

Aakash Basu"?3, Matthew Hobson3#, Paul Lebel"?#, Louis E. Fernandes?>°, Elsa M. Tretter®'°,
James M. Berger3¢ and Zev Bryant?”*

Gyrase is an essential bacterial molecular motor that supercoils DNA using a conformational cycle in which chiral wrapping
of > 100 base pairs confers directionality on topoisomerization. To understand the mechanism of this nucleoprotein machine,
global structural transitions must be mapped onto the nucleotide cycle of ATP binding, hydrolysis and product release. Here we
investigate coupling mechanisms using single-molecule tracking of DNA rotation and contraction during Escherichia coli gyrase
activity under varying nucleotide conditions. We find that ADP must be exchanged for ATP to drive the rate-limiting remodel-
ing transition that generates the chiral wrap. ATP hydrolysis accelerates subsequent duplex strand passage and is required
for resetting the enzyme and recapturing transiently released DNA. Our measurements suggest how gyrase coordinates DNA
rearrangements with the dynamics of its ATP-driven protein gate, how the motor minimizes futile cycles of ATP hydrolysis and

how gyrase may respond to changing cellular energy levels to link gene expression with metabolism.

needed to elucidate general principles of directed nanoscale

motion and to uncover the specific physical mechanisms
underlying cellular processes. DNA gyrase is a molecular motor
belonging to the gyrase-Hsp90-MutL (GHL) family of ATPases’,
structurally and mechanistically distinct from P-loop motors” such
as kinesin, myosin and F1 ATPase. Gyrase couples the hydrolysis of
ATP with negative supercoiling of DNA** and affects diverse super-
coiling-dependent genomic transactions’ such as chromosome con-
densation, DNA replication and both global® and local” regulation
of gene expression. The enzyme is essential for bacterial life and is
an important target of antibiotic drugs®.

For gyrase to function, separate chemical cycles of DNA cleavage
and ATP hydrolysis must be coordinated with each other and with
large conformational changes in the enzyme heterotetramer (Fig. 1)
and the associated DNA. To provide a physical description of this
process, we must define a cycle of global gyrase:DNA conforma-
tions and identify specific conformational transitions coupled to
specific substeps in the ATP hydrolysis cycle. By characterizing the
response of the motor to chemical and mechanical perturbations,
we may rigorously probe models of energy transduction’ and also
establish how gyrase motor function can be regulated by changing
cellular conditions'*'".

A model based on sign inversion has been developed to explain
the introduction of negative supercoils by DNA gyrase>"” (Fig. 1).
The enzyme binds a segment of DNA known as the gate- or
G-segment to its cleavage core and chirally wraps flanking DNA
around the C-terminal domain (CTD) of the enzyme, leading to
the capture of a second proximal segment of DNA, the transfer
or T-segment, within the ATP-operated N-terminal entrance gate
(N-gate) cavity. The trapped T-segment is then passed through a
transient break in the G-segment, inverting the node between the

D ynamic studies of diverse examples of molecular motors are

two segments and introducing two negative supercoils. The passed
T-segment is released by an opening in the exit gate. Decades of
biochemical and structural investigations have established elements
of this model for the gyrase mechanism, with detailed insights con-
tributed by crystal structures of domains and subcomplexes® and by
arecent low resolution cryo-EM view of the gyrase: DNA complex in
a single trapped conformation". However, dynamic measurements
of active complexes are uniquely suited to defining the coordinated
motions of the holoenzyme required for function.

Single-molecule measurements have identified conforma-
tional intermediates and ATP-dependent structural transitions in
the enzymatic cycle of gyrase*'*'”. Three distinct nucleoprotein
configurations—&, « and v—were identified using rotor bead track-
ing (RBT), a method that measures real-time changes in the exten-
sion and rotation of a single stretched DNA molecule'*-” (Fig. 1).
In the Q configuration, which dominates the kinetics of supercoil-
ing, DNA appears to be bent around the CTDs without trapping
a T-segment. Binding of two ATP molecules accelerates a global
rearrangement of the nucleoprotein complex to form the a configu-
ration, in which the DNA is chirally wrapped around the CTDs.
Chiral wrapping, which prepares the enzyme for directional strand
passage, is thus seen to be a multistep process modulated by ATP
binding'®. High-speed RBT further identified the v configuration,
a transient state in which sequestered DNA is apparently released
from the CTDs of the complex after strand passage, before being
recaptured to begin the next cycle'.

Here we use RBT'*" and a new set of chemical and mechanical
perturbations to dissect the complete mechanochemical cycle of
DNA gyrase. ADP and the non-hydrolyzable analog adenylyl imi-
dodiphosphate (AMPPNP) are used to probe the roles of nucleotide
exchange and hydrolysis, and tension is used to stabilize the short-
lived v state, making it possible to study its geometry and ATP-coupled
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dynamics. We find that ADP/ATP exchange specifically modulates
the rate-limiting Q-to-o transition, sensitizing the overall supercoil-
ing rate to the [ADP]/[ATP] ratio. Preventing ATP hydrolysis spe-
cifically slows forward progress from the a state, mirroring effects on
strand passage seen in yeast topoisomerase II (topo II)". Finally, our
characterization of the v state leads to a model in which rapid conver-
sion of v to Q serves to efficiently coordinate T-segment capture with
closure of the entrance gate, helping to tightly link ATP consumption
with supercoil introduction. Our results reveal that mechanochemi-
cal coupling, coordination and energy efficiency are achieved via a
highly branched kinetic pathway, which may be representative of the
GHL ATPase family to which gyrase belongs®.

Results

The rotor bead tracking assay. We used RBT to examine structural
dynamics in DNA gyrase (Fig. 1b). In this assay', a DNA molecule
is stretched using a magnetic bead, and a polystyrene ‘rotor’ bead is
attached to the side of the molecule. In the current implementation,
the rotor is imaged from below using evanescent darkfield micros-
copy"”. The angle of the rotor can be used to track changes in linking
number as well as supercoils trapped by structural intermediates'®.
The height of the rotor above the surface can be measured simul-
taneously using evanescent nanometry'’, reporting on changes in

DNA extension when DNA is bent or sequestered in the gyrase
nucleoprotein complex'>'¢.

The supercoiling reaction can be followed by recording the angle
and the height (z) of the rotor as a function of time. In a typical
example of a gyrase encounter with DNA under 0.8 pN tension in the
presence of 1 mM ATP (Fig. 1c), z contracts as a result of the seques-
tration of DNA in the gyrase complex, while rotations accumulate
as the enzyme processively introduces two negative supercoils per
cycle. Under appropriate conditions, dwells in all previously observed
conformations—v, Q and a—can be detected in the RBT assay used
here. Q can be identified as a dwell at ~0 rotations with extensive z
contraction, while two variants of the « state, a,,, and «, ., can be
identified as dwells at ~1 and ~1.7 rotations, respectively (Fig. 1d,e).
Transient decreases in the amount of z contraction during angu-
lar dwells at ~0 rotations are also seen under some conditions and
ascribed to dwells in the v state (Fig. 1f) as discussed below.

Conformational isoforms trap different amounts of DNA. Before
analyzing dynamics, we characterized the geometry and steady-
state distributions of nucleoprotein conformations using an initial
analysis that discards temporal information. As in earlier work'®, we
have constructed two-dimensional histograms of paired (angle, z)
values to visualize the structural properties and relative weights of
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Fig. 1| Gyrase mechanochemical cycle and single-molecule rotor bead tracking assay. a, Diagram of the gyrase tetramer showing approximate
relationships between protein domains, block diagram of gyrase subunits, and schematic of the supercoiling reaction cycle. Labels indicate the GHKL
(gyrase, Hsp90, histidine kinase, and MutL) ATPase domain, TOPRIM (topoisomerase-primase) domain, and WHD (winged-helix domain). ALk indicates
change in linking number. b, Schematic of the RBT assay. A DNA template containing a strong gyrase site (SGS) is stretched using magnetic tweezers.
Angle and z are measured by imaging the rotor from below using evanescent scattering”. ¢, Plot of cumulative rotor angle and z, showing processive
supercoiling during a single gyrase binding event (1mM ATP, 0.8 pN tension). d-f, State transitions between Q, « and v are detected on the basis of fits

to the angle trace (black line) and application of a threshold to the z trace (dashed horizontal line). d, 75 uM ATP, 0.8 pN tension; e, no nucleotide, 0.8 pN
tension; f, 2mM ATP, 1.4 pN tension. Dwells in the v state were scored when z was contracted by less than 15nm. A total of 1,415 gyrase encounters such
as those shown in c-f were analyzed for this study; see Supplementary Table 4 for detailed statistics.
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Fig. 2 | Conformations of the DNA:gyrase complex probed using RBT. a-d, Distributions of DNA:gyrase conformations under varying nucleotide and
tension conditions. Gyrase binding events, together with flanking data reflecting free DNA (unless otherwise indicated), were excised from angle and z
traces and pooled to construct histograms of paired (angle, z) values. See also Supplementary Table 1. The number of gyrase encounters included in each
histogram is as follows: a, N=38 (0 ATP, 0.8 pN), N=19 (0 ATP, 1.4 pN); b, N=20 (75 pM ATP, 0.8 pN), N=48 (75uM ATP, 1.4 pN); ¢, N=9 (1mM ATP,
0.8 pN), N=74 2mM ATP, 1.4 pN); d, N=26 (2mM ADP), N=16 (2mM AMPPNP). e, Diagram showing conformations of the nucleoprotein complex in
the angle-z plane, together with state transitions (arrows) characterized in this study.

conformational states (Fig. 2a—-d and Supplementary Table 1). With
improved z measurements, we now find that the two distinct chi-
rally wrapped configurations, o, and &, ., differ not only in the
number of supercoils trapped but also in the extent of z contrac-
tion (Fig. 2a). We propose that the differences in both angle and z
between a,,,, and a, ., are explained by chiral wrapping around one
or both CTDs, either of which is sufficient to present a T-segment
(Fig. 2a, bottom).

Our RBT measurements also provide sufficient sampling to
localize the v state on the angle-z plane. With DNA under 1.4 pN

tension and in the presence of 2 mM ATP, there is a population at ~0
rotations and contracted in z by ~7 nm (Fig. 2c and Supplementary
Table 1). These values of angle and z are consistent with a simple
planar bend in the path of DNA (Supplementary Fig. 1). We pro-
pose that these conditions have stabilized the previously observed v
state'” and that this state contains a G-segment bend similar to that
seen in crystal structures of the gyrase cleavage core or other type
II topoisomerases in complex with DNA*"*?, without wrapping of
flanking DNA around the CTDs, as depicted in the v state cartoons
in Figs. 1 and 2. Based on the measured change in extension, we used
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approximate theoretical results*® and comparisons to simulations*
to estimate the bend angle in the v state (Supplementary Fig. 1),
yielding estimates in the range 111°-126°. These angles are slightly
smaller than the 150° bend observed in crystal structures®-*, larger
than the 70° G-segment bend modeled in a cryoelectron micros-
copy study of the complete gyrase:DNA complex”, and similar
to bend angles measured for several type II topoisomerases using
atomic force microscopy and fluorescence resonance energy trans-
fer (FRET) approaches®.

Tension or nucleotides can redistribute conformations. Tension
may be expected to redistribute the relative populations of states that
differ in the extent of DNA contraction, with high tension favoring
less contracted states. We found that the v state, which is substan-
tially less contracted than o or Q, was undetectable within our spa-
tiotemporal resolution at 0.8 pN, but observed at 1.4 pN (Fig. 2c and
Supplementary Table 1). In addition, having discovered that the o,
state was less contracted than «, ,,, or Q, we examined the relative
populations of these three states under differing tensions (Fig. 2a,b).
The relative population of a,,,, was indeed increased at elevated ten-
sion, as expected (Supplementary Table 1); the repartitioning is in
approximate quantitative agreement with thermodynamic expecta-
tions (Supplementary Table 2).

Nucleotide conditions also redistribute the populations of
observed states, illuminating how structural transitions may be
coordinated with the ATPase cycle. In the absence of nucleotide,
as seen earlier, 2D histograms show three interconverting species:
Q, o, and o, (Fig. 2a). Increasing [ATP] favored Q when DNA
was under low tension (0.8 pN), as in previous work. However,
under high (1.4 pN) tension, we found that high [ATP] favored v
(Fig. 2¢), providing the first evidence that the dynamics of this state
are directly coupled with the nucleotide cycle. The non-hydrolyzable
ATP analog AMPPNP stabilized o (Fig. 2d), consistent with pre-
dominantly trapping a T-segment in a locked N-gate to stabilize the
chiral wrap. Finally, we found that ADP, unlike ATP or AMPPNP,
did not change the population distribution between © and o with
respect to the apo condition (Fig. 2a,d and Supplementary Table 3).

Figure 2e places all of the observed conformations in the angle-
z plane and indicates possible nucleotide- and tension-dependent
transitions between them. With this framework in hand, we pro-
ceeded to perform kinetic analysis to develop an underlying mecha-
nistic model in which the dynamics of conformational transitions
are coordinated with substeps in the ATPase cycle.

The rate-limiting transition distinguishes ATP from ADP. Gyrase
substep dynamics were previously investigated under varying [ATP]
alone’®. Here we have observed active supercoiling while varying both
[ATP] and [ADP], to examine the fundamental role of ADP release
in the mechanochemical cycle (Fig. 3). In the absence of ADP, we
observed an ATP concentration-dependent dwell at the ~0 rotation
mark, as in earlier work'®. With DNA under moderate tension (0.8 pN),
v states were not detected and the dwell at ~0 rotations was dominated
by the Q state. The length of this dwell (t,) decreased with increas-
ing [ATP] (Fig. 3a). When ADP was included in dynamic supercoiling
measurements, we found that increasing [ADP] primarily lengthened
the Q dwell at ~0 rotations (Fig. 3b), showing that the kinetics of chiral
wrapping is affected by ADP occupancy, and consistent with competi-
tion between ADP and ATP for binding to the Q state.

The Q-to-a transition is accelerated by binding of two ATP
molecules, but can proceed at a slow rate in absence of nucleo-
tide'. We have shown that ADP can bind to Q and slow the
Q-to-a transition, explained by preventing the fast pathway by
competition with ATP. We further asked whether the presence
of bound ADP has any effect on the ATP-independent slow rate
of transition from Q to a observed in the absence of nucleotides.
We measured Q-to-o transition kinetics in the presence of 2mM

568

ADP and in the apo state and found them to be indistinguishable
(Supplementary Table 3).

The ability to distinguish ATP from ADP is central to the mecha-
nisms of ATPase motors. Bulk experiments showed that strand pas-
sage in gyrase requires ATP and is not supported by ADP?, implying
that a step before completion of strand passage distinguishes ATP
from ADP. In the context of our model (Fig. 1), this could have
been the Q-to-a transition, exit from o via strand passage, or both.
We now conclude that both steps discriminate between ADP and
ATP: ADP must be exchanged for ATP to allow rapid formation of
the chiral wrap via the Q-to-a transition, and ATP is also required
for subsequent strand passage. Mechanistically, our results may
be explained by an inability of ADP binding to drive N-gate clo-
sure. This conclusion agrees with solution FRET studies of N-gate
dimerization, which found that both the apo and the ADP-bound
complex reside in an open N-gate configuration, distinct from the
closed N-gate configuration of the ATP-bound complex?.

Kinetics of chiral wrapping depend on [ADP]/[ATP]. The
Q-to-a chiral wrapping transition can distinguish between ATP
and ADP: ATP accelerates this transition while ADP, or absence
of any nucleotide, supports the transition at about one-tenth the
rate. The [ADP]- and [ATP]-dependent kinetics (Fig. 3c) may be
quantitatively fit using an extension of a previous [ATP]-dependent
model (Supplementary Fig. 4), in which the Q state exists in an
equilibrium between its apo form and all possible combinations
of ATP- and ADP-bound forms, with binding equilibria for ATP
and ADP defined by K,;, and K, respectively (Fig. 3d, Table 1
and Methods). Only the Q,,;, state, with two bound ATP mol-
ecules, can access the fast pathway for conversion to o (with rate
constant k,), whereas all other nucleotide states of Q can convert
to o via the same slow nucleotide-independent pathway (with rate
constant k,). Because the kinetics of state transitions in the ADP-
saturated enzyme is indistinguishable from that of the apo enzyme
(Supplementary Table 3) and ADP does not support strand pas-
sage’’, we make the simplifying assumption that ADP has no effect
on enzyme dynamics apart from site occlusion; we cannot rule out
more complex models in which asymmetrically occupied enzymes
(for example, 1 ATP+1 ADP) have distinct kinetic properties.

ADP thus functions as a competitive inhibitor, as also reported
earlier for DNA gyrase on the basis of bulk measurements®. This
type of model predicts that the rate-limiting exit from €, and con-
sequently the overall supercoiling velocity, should depend only on
the [ADP]/[ATP] ratio over a large range of nucleotide conditions.
Our data agree with this prediction: the supercoiling velocity col-
lapses onto the same curve as a function of [ADP]/[ATP] under
independent titration of either species over this broad range of
concentrations (Fig. 3e). Finally, we found that bulk measurements
of ATPase rates showed the same dependence on [ADP]/[ATP]
as single-molecule supercoiling rates (Fig. 3e and Supplementary
Fig. 3), as expected for tight coupling between ATP consumption
and supercoiling.

The « state is prolonged in the absence of hydrolysis. We used
the non-hydrolyzable analog AMPPNP to investigate the specific
role of hydrolysis. On the basis of pre-steady-state kinetic measure-
ments on the related yeast topo II enzyme", hydrolysis might be
expected to accelerate strand passage in DNA gyrase, although it is
not strictly required for this step. In our mechanochemical model,
strand passage is required for forward progress from the chirally
wrapped o state. We therefore predicted that binding of AMPPNP
might cause long dwells in « attributable to delayed strand passage.

In the presence of high [ATP] and 300 uM AMPPNP, we indeed
saw long dwells at the ~1 or ~1.7 rotation mark (Fig. 4a) corre-
sponding to the o state. Owing to limited spatiotemporal resolution,
only a dwells that are long enough to be discerned from adjacent
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Fig. 3 | Structural dynamics of DNA gyrase associated with ADP/ATP exchange. All data were collected under 0.8 pN tension. a, Excised regions from
traces of cumulative rotations as a function of time with varying [ATP]. Even rotations are indicated by dotted lines, in phase with the equilibrium value

of angle before enzyme binding. Inset: after fitting angular traces to detect stepwise changes in equilibrium angle’®, T, was defined as the duration of

the major dwell at the ~0 rotation mark. b, Angular traces acquired in TmM ATP with varying [ADP]. See Supplementary Table 4 for the numbers of

such angular traces N,,... analyzed for each condition in this study. ¢, [ATP] and [ADP] dependence of <7,> =, where angle brackets denote the mean.
Data are plotted as the inverse of the mean duration of the ~O rotation dwell +s.e.m. (see also Supplementary Fig. 2). See Supplementary Table 4 for the
number of dwells N, averaged for each condition. Solid lines are fits to a mechanochemical model (d) in which the Q state is modeled with all possible
combinations of ATP and ADP binding in equilibrium to the two nucleotide binding pockets (see also Methods). The dissociation rate k. from all Q states
is omitted from the diagram for simplicity. Reversible nucleotide binding transitions are modeled with single-site ATP and ADP affinities Ky and Kpop
respectively; overall dissociation constants for binding transitions, incorporating site statistics due the presence of two independent binding sites, are
indicated. Pink arrows connect sets of interconverting states grouped within pink dashed lines. Parameter values are quoted in Table 1. €, Dependence of
supercoiling velocity on the [ADP]/[ATP] ratio. Data are coplotted for single-molecule RBT experiments in which either [ATP] (black) or [ADP] (red) was
fixed, and bulk malachite green assays where [ADP] was fixed (cyan; see Supplementary Fig. 3). The solid lines are predictions of the model in d. Data are
plotted as mean +s.e.m. See Supplementary Table 4 for the number of cycle times N, averaged for each single-molecule condition. For bulk experiments,
three independent experiments were averaged for each data point.

angular dwells can be scored with confidence'®. At moderate [ATP]  In contrast, after addition of 300 uM AMPPNP, the ratio of the num-
in the absence of AMPPNP, observations of scored a states were  ber of scored dwells in o to the number of complete cycles was 0.22
rare and short-lived: at 1mM ATP and 0 AMPPNP, the ratio of (12 of 55), with a mean dwell time in o of 5+2s.

the number of scored dwells in o to the number of complete cycles Under these conditions of added AMPPNP, the mean life-
was only 0.01 (3 of 220), with a mean dwell time in o of 0.5+0.2s.  time of scored dwells in a (Fig. 4a) averaged over all observed
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Fig. 4 | Structural dynamics of DNA gyrase associated with ATP hydrolysis. a, Excised regions from traces of cumulative rotations as a function of time

in the presence of indicated [ATP] and 300 uM AMPPNP, illustrating long dwells in the chirally wrapped a state (arrows). b, [ATP] dependence of the

rate of exit from a states (<t,>"") in absence of AMPPNP (red) and in presence of 300 uM AMPPNP (black). <, > is related to measurable quantities
by <t,> = <1,- 8>, where 7, is the duration of the ~1 or ~1.7 rotation dwell and § is the detection threshold. Dwells at -1 and ~1.7 rotations were scored by
automated analysis only if they exceeded a detection threshold of 1s or 4 s, respectively, allowing discrimination from adjacent major dwells. The abscissa
of the horizontal black line is < t,> " averaged over all [ATP] conditions. Data are plotted as inverse of the mean lifetime in the « state + s.e.m. See also
Supplementary Fig. 5. ¢, Two categories of on-pathway « states can be observed: those followed by completion of a single cycle and dissociation from the
subsequent angular plateau and those followed by completion of the cycle and further Q-to-a transitions. d, [ATP]-dependent probability that a scored
on-pathway a state is followed by termination of the processive run (solid lines). Dashed lines represent the basal probability that any cycle is followed by
dissociation, which is identical to 1 - P;, where P; is the transition processivity (see Methods and Supplementary Fig. 4). Probabilities are plotted + standard
error [P0=P) e Branched mechanochemical model. After formation of an « state with two ATPs bound, hydrolysis can accelerate strand passage, which
occurs with rate k. In the absence of ATP hydrolysis, the enzyme can still access a slower pathway for strand passage with rate k:; after which it is
incapable of processively beginning another cycle. F denotes the tension in the DNA tether. See Supplementary Table 4 for detailed statistics of the
number of gyrase encounters N, ... analyzed for each condition in presence of 300 mM AMPPNP (a,c), the number of a dwells N, averaged for each
lifetime measurement (b) and the number of on-pathway a dwells N, ., used for each probability measurement (d).

a,on

concentrations of ATP was 4.9+0.9s (N=110), closely matching Inhibiting hydrolysis terminates processive supercoiling. We

the slow rate of strand passage in the absence of hydrolysis measured
for yeast topo II". The duration of these dwells was independent of
[ATP] (Fig. 4b), suggesting that ATP and AMPPNP do not rapidly
exchange in o and that binding of AMPPNP specifically lengthens o
by slowing the rate of exit from a via strand passage.

570

further investigated how hydrolysis affects enzyme dynamics sub-
sequent to strand passage. If hydrolysis is necessary for enzyme
reset, then AMPPNP should inhibit processivity. In the presence of
a mixture of ATP and AMPPNP, long dwells in o are an indicator of
AMPPNP binding and should thus be predictive of processive run
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termination. Indeed, in the presence of AMPPNP, we observe that
scored on-pathway a states had an enhanced probability of being
followed by termination of the processive run (Fig. 4c,d). Run ter-
mination could correspond to either enzyme dissociation or the
formation of an inactive N-gate-locked DNA-associated intermedi-
ate. In controls in the absence of AMPPNP, there was no substantial
difference between the probability that supercoiling would halt after
a scored o state and the basal probability that any completed cycle
would be the last cycle of the processive run.

Overall, our observations suggest a model in which preventing
the hydrolysis of one or more bound ATPs slows forward prog-
ress from a via strand passage; the enzyme may then complete the
cycle, but is prevented from successfully resetting to begin another
cycle. We incorporate the roles of both ATP binding and hydrolysis
into a mechanochemical model that contains repeated branching
(Fig. 4e). First, the Q-to-a transition can happen quickly when ATP
is bound at both ATPase sites (or happens slowly otherwise); next,
strand passage can happen quickly when ATP is hydrolyzed (or hap-
pens slowly otherwise); finally, hydrolysis of both ATPs is required
for enzyme reset.

High [ATP] prolongs transient releases of DNA. Single-molecule
measurements of nucleotide-dependent substep kinetics to date
have focused on the dynamics of the Q and « states. The v state
has been identified as an additional conformation in which DNA
contour is transiently released from the enzyme', and we have
now determined that this conformation contains only a central
G-segment bend (Fig. 2¢). The v-to-Q transition thus represents
a global rearrangement of the nucleoprotein complex that results
in the sequestration of most of the DNA contour involved in the
subsequent Q-to-a chiral wrapping transition. While earlier work
has established that the Q-to-a transition is accelerated by ATP
binding'®, inadequate resolution has made it difficult to determine
whether the v-to-Q transition is also modulated by ATP. Here we
have shown that increasing tension stabilizes the v state (Fig. 2c and
Supplementary Table 1), providing a method for slowing and study-
ing the nucleotide dependence of the v-to- transition.

When DNA is under higher tension (1.4 pN), increasing [ATP]
from 1mM to 2mM lengthens the dwell t,—a trend opposite to
what is observed at low tension (0.8 pN) (Fig. 5). Since v states are
stabilized under high tension and lie at ~0 rotations (Fig. 2¢), T,
includes contributions from dwells in both v and Q under high
tension while only Q dwells contributes significantly to t, under
low tension. Hence, the opposite trend of the dependence of t, on
[ATP] at high tension may result from v dwells having a depen-
dence on [ATP] that differs qualitatively from the [ATP]-dependent
dynamics of Q.

We directly probed ATP-modulated dynamics of the v state by
analyzing the [ATP] dependence of the v state lifetime. In these
experiments, DNA was held at the higher tension value of 1.4 pN.
We can identify v states by the characteristic low z contraction and
angle ~0 rotations (Fig. 5b). Decreasing [ATP] reduced the contri-
bution of v and increased the contribution of Q to <, (Fig. 5b). At
lower tension, v states were not detected (Supplementary Fig. 6).
Estimation of the dwell times in v (Fig. 1f) shows a decreasing rate
of exit from the v state (t,”') with increasing [ATP] (Fig. 5¢). As an
apparent consequence of the opposing trends of [ATP]-dependent
v and Q lifetimes, the overall supercoiling rate under high tension
showed a non-monotonic dependence on [ATP] (Fig. 5¢): at low ATP
concentrations, v states are short lived and Q dominates the 7, dwell
and the supercoiling rate, while the situation is reversed at high [ATP].

A coordination mechanism is disrupted at high tension. To explain
the [ATP]-dependent kinetics of the v state, we propose a model in
which ATP binding to the v state drives dimerization of the N-gate
in the absence of a trapped T-segment. The enzyme must then go

ARTICLES

Table 1| Values of parameters appearing in the
mechanochemical model for DNA gyrase under 0.8 pN and
1.4 pN tension

Parameter 0.8 pN 1.4 pN
Ksrp 196 uM 196 UM
K e 46 pM

K, 0.065s™ 0.14s™
k. 0.12s™ 0.091s™
k, 195 21s

ks 0.0072 pM~"s™! 0.0072 pM~"'s™!
Ko 0.064 s 0.35s7"
k; 2.0s™
k. 0.0205s™
k, 8.657'

kg 0.57s™

Values of parameters appearing in the mechanochemical model for DNA gyrase under 0.8 pN
(Fig. 3) and 1.4 pN (Fig. 5) tension. K,s and K,y are single-site affinities for nucleotide binding
modeled as rapid equilibria; effective rate constants k; through ks correspond to labeled transitions
in the model figures.

through a round of futile hydrolysis to reopen the gate. These unpro-
ductive cycles are ordinarily avoided at low tension due to rapid
exit from the v state. By stabilizing the v state under high tension,
we may have thus disrupted and uncovered a natural mechanism for
ensuring efficient coupling between nucleotide cycles and supercoil-
ing. Previous bulk measurements suggested that gyrase has a high
fuel efficiency on relaxed DNA even at saturating ATP, hydrolyzing
only 1-2 ATPs per cycle, in contrast to the reported inefficiency
of 7-8 ATPs per cycle for yeast topo II under a saturating [ATP]*.
We further investigated coupling between ATP consumption and
supercoiling by measuring bulk ATPase rates under varying [ATP]
and comparing the measurements to single-molecule supercoil-
ing velocities (Supplementary Figs. 3 and 5c). Scaled ATPase rates
showed remarkable agreement with the 0.8 pN supercoiling velocities
over a wide range of [ATP] (Fig. 5¢), implying a fixed coupling ratio
that must arise from a coordinated mechanism. The best fit scaling
factor (1.23 ATPs per cycle for the NADH-coupled assay shown in
Fig. 5¢) likely represents a lower limit on the coupling ratio, as a result
of the presence of inactive enzymes in the bulk assay*; our results are
thus consistent with consumption of two ATPs per cycle.

To explain the fuel efficiency of DNA gyrase, we have previ-
ously hypothesized that the properties of the Q state prevent N-gate
closure even when ATP is bound'®. This coordination enforces a
sequence in which N-gate closure occurs only during or after the
Q-to-a transition and hence follows T-segment capture. We now
propose that futile N-gate closure in the absence of a trapped
T-segment is permitted during dwells in v. Futile hydrolysis is nec-
essary for the gate to reopen and allow formation of the Q state.
This kinetic model can quantitatively explain the observed [ATP]-
dependent kinetics of gyrase under high tension (Fig. 5c,d and
Methods) and leads to both low fuel efficiency and low velocity
(Fig. 5¢) at 1.4 pN relative to 0.8 pN.

The kinetic model in Fig. 5d predicts that preventing ATP
hydrolysis under high tension can lock the enzyme in the v, state
awaiting ATP hydrolysis to reopen the N-gate. We have tested this
prediction of the model by recording angle and z as a function of
time under 1.4 pN tension (favoring v states) in the presence of 75 uM
AMPPNP (Supplementary Fig. 7a). We observed very long dwells
lasting as much as ~1,0005s in states that were weakly contracted in
z and lay at the ~0 rotation mark. Consistent with the model, we
identify these as long dwells in v awaiting N-gate opening, which
is inhibited in the absence of hydrolysis (Supplementary Fig. 7b).
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Fig. 5 | Structural dynamics of DNA gyrase affected by tension, and [ATP]-dependent analysis of the v state. a, Excised angular traces under 1.4 pN
tension. b, Angle and z measured under varying [ATP] and 1.4 pN tension. ¢, [ATP] dependence of 7,7, 7,7 and the overall supercoiling velocity, comparing
1.4 pN and 0.8 pN conditions (see also Supplementary Fig. 5). ATPase rates measured using a bulk NADH-coupled assay (Supplementary Fig. 3) are
plotted with supercoiling velocity data. Data are plotted as inverse of the mean dwell time +s.e.m. (left), mean velocity + s.e.m. (right, bulk measurements)
or inverse of the mean cycle time +s.e.m. (right, single-molecule measurements). Solid lines are fits to a mechanochemical model (d) incorporating the

v state. Reversible ATP binding transitions are modeled with single-site affinity K, Some reverse transitions are ignored because of fast forward progress.
All kinetic parameters other than K,» and k5 have been allowed to vary from values determined at 0.8 pN and have been determined using measurements
of processivities, state lifetimes and branching ratios (see Methods). Parameter values are quoted in Table 1. See Supplementary Table 4 for the number

of gyrase encounters (a,b) analyzed for each condition and for the numbers of v dwells, ~O rotation dwells and cycle times averaged for each lifetime or
supercoiling velocity measurement (c). For the bulk coupled assay, three independent measurements were made at each [ATP] (see Supplementary Fig. 3

for a plot of individual observations).

Discussion

Here we have measured structural dynamics and mechanochemical
coupling in the gyrase:DNA complex, establishing both the geom-
etries of conformational intermediates and the substeps in fuel con-
sumption that drive transitions between them. We have mapped out
a heavily branched kinetic pathway that underlies motor function.
The proposed coupling mechanisms may be visualized in a land-
scape representation®, wherein each nucleotide state gives rise to a
distinct free energy surface as a function of mechanical coordinates
(Supplementary Fig. 8).

572

Large-scale DNA:protein interactions are repeatedly formed,
broken and rearranged during the gyrase cycle. Our measurements
suggest that the DNA is bent around both CTDs in the € state, chi-
rally wrapped around one CTD in a,,, or both CTDs in «, ,,,,, and
released from both CTDs in the v state (Fig. 2). High-resolution
structures of intact gyrase bound to its complete DNA substrate
in functional conformations are yet to be obtained. A model based
on a low-resolution cryoelectron microscopy reconstruction’ of a
stabilized conformation resembles our depiction of ., but the
length of included DNA appears to be insufficient to present a
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T-segment. The v state, which we have here shown to be stabilized
by ATP (Fig. 5) or AMPPNP (Supplementary Fig. 7) and to exhibit
the extension signature expected for a simple planar bend (Fig. 2c
and Supplementary Fig. 1), may most closely resemble a reported
structure of Saccharomyces cerevisiae topo 11 in the presence of DNA
and AMPPNP, showing a bent G-segment and closed N-gates in the
absence of a T-segment’’.

While molecular motors are stochastic machines, they have
evolved coordination mechanisms to favor ordered progression and
efficient fuel consumption. Our measurements of v state kinetics
(Fig. 5) support a model'® for coordination between N-gate closure
and T-segment capture in the Q state. Rapid v-to-Q transition pro-
tects the enzyme from premature closure of the N-gate. Without
this coordination, hydrolysis is decoupled from strand passage,
compromising both fuel efficiency and overall supercoiling veloc-
ity. Examples of coordination between the DNA conformation
and the N-gate have also been seen in prior studies’>*, including
FRET studies revealing that chiral wrapping of DNA around the
C-terminal domain induces narrowing of the N-gate”’.

The response of a molecular motor to mechanical and chemical
perturbations not only reveals fundamental coupling mechanisms,
but also provides insight into regulatory mechanisms available to
the cell. Very modest changes in DNA tension are seen here (Fig. 5)
and in previous work™** to have dramatic effects on gyrase function
and may be used to regulate gyrase in the chromosome. Moreover,
the effect of the [ADP]/[ATP] ratio on gyrase substep dynamics
(Fig. 3) suggests a mechanism underlying a long-appreciated link
between cellular energy stores, genomic supercoiling and specific
gene expression programs. Supercoiling has been proposed to act
as a secondary messenger that transmits information about the
environment to regulatory networks in the cell>***. Changes in the
intracellular [ADP]/[ATP] ratio—which reflect changes in cellu-
lar metabolism induced by environmental factors such as nutrient
availability®, oxygen® and osmotic shock—trigger changes in the
superhelical density of the genome. This change in turn alters gene
expression patterns®'’ to help the cell adapt to the new environmen-
tal conditions. A possible role for gyrase in creating a dependence
of the superhelical density on the [ADP]/[ATP] ratio, thus serving
as a link between cellular metabolism and gene expression, has been
recognized but not understood in mechanistic detail**. The physio-
logical [ADP]/[ATP] ratio under various conditions in E. coli can lie
between 0.06* and 0.5* or 17, coinciding with the sensitive region
of the response curve we have experimentally explored (Fig. 3e).
Gyrase thus is capable of sensing environmental conditions and
adjusting the rate of a slow conformational step to throttle its super-
coiling rate, which may consequently fine-tune the steady-state
superhelicity that controls downstream transcriptional programs.

Single-molecule measurements of substep dynamics have previ-
ously revealed the detailed coupling mechanisms of only a handful
of motors, including the P-loop motors F1 ATPase* and ¢29 pack-
aging motor”. Here we have observed substeps coupled to ATP
binding, hydrolysis and product release in an archetypal member of
the GHL ATPase family. To complete our understanding of gyrase
mechanism, it will be important to determine the detailed three-
dimensional architectures of the gyrase states described here, fully
define the atomistic basis of allosteric transitions and investigate the
possible role of alternative supercoiling mechanisms that require
cleavage of only one DNA strand®. Future work will be needed to
establish whether mechanisms of coupling and coordination are
widely shared among the diverse family of GHL ATPases, which
serve a wide range of functions from DNA repair to protein folding*.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/541589-018-0037-0.
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Methods

Preparation of DNA, proteins and beads. DNA constructs for RBT containing a
variant of the p phage strong gyrase site* were prepared as described previously'®.
Magnetic beads were prepared by crosslinking 1-pm carboxy-modified
superparamagnetic beads (MyOne, Invitrogen) with rabbit anti-fluorescein
(Invitrogen A889)'“'. Rotor beads were Power-Bind* streptavidin-coated
polystyrene spheres (Thermo Scientific; 300-nm beads). E. coli GyrA and GyrB
subunits were individually expressed and purified as described*” (Supplementary
Fig. 9), mixed to reconstitute tetramers and stored at =80 °C in 50 mM Tris-HCI,
pH 7.5, 100mM potassium glutamate, 2mM DTT, 1 mM EDTA and 10%

(v/v) glycerol.

Bulk ATPase assays. DNA-stimulated ATPase activity was measured with 200nM
gyrase tetramer in the presence of saturating sheared salmon sperm DNA

(100 ng/pl) in GB (35 mM Tris-HCl pH 7.8, 24 mM potassium glutamate, 2mM
DTT, 0.25 mg/ml BSA, 0.2 mM spermidine, 0.1% Tween-20 and 8 mM MgCl, with
additional equimolar MgCl, included for concentrations of ATP above 1 mM). Two
different assay methods were used: (i) an established enzyme-coupled assay*® was
used to characterize ATPase as a function of [ATP] with high signal-to-noise ratio,
and (ii) since the enzyme-coupled assay regenerates ATP from ADP, a malachite
green assay'’ was used to compare ATPase kinetics in the presence and absence of
ADP. For both assays, measurements were performed in 75-pL reactions conducted
in triplicate at 25°C.

In the enzyme-coupled assay, ATP regeneration is coupled to the oxidation
of NADH. The ATP-regeneration/NADH-oxidation system consisted of 2mM
phosphoenol pyruvate (PEP), 0.2 mM NADH and excess pyruvate kinase and
lactate dehydrogenase enzyme mix (Sigma). The rate of ATP hydrolysis was
measured as the decrease in the absorption at 340 nm using a CLARIOStar plate
reader and fit to a linear model assuming one NADH is consumed for each ATP
hydrolyzed.

In the malachite green assay, ATPase activity is measured by detecting free
phosphate. After a 10-min incubation, 175 pL of malachite green reagent (0.034%
malachite green, 10 mm ammonium molybdate, 1 N hydrochloric acid, 3.4%
ethanol and 0.01% Tween-20) was added to each reaction and incubated at room
temperature in the dark for 5min. Malachite green molybdate complexes with free
phosphate, creating a product that absorbs strongly at 620 nm. To relate 620-nm
absorption to phosphate concentration, we generated a standard curve using a
CLARIOStar plate reader by measuring the absorbance at 620 nm while varying
sodium phosphate concentration from 0 to 50 pM in assay buffer. To correct for
free phosphate contained in our commercially bought ATP and ADP stocks,
we also conducted set of measurements that were identical to our ATPase assay
conditions but in the absence of gyrase. ATPase rates in units of pM s™! were
calculated by measuring the phosphate concentration at the end of the incubation
time, accounting for the presence of free phosphate contributed by nucleotide
stocks, and dividing by the incubation time.

Single-molecule assays. Flow chambers were assembled using Nescofilm gaskets
and hole-punched coverslips, with the objective side of the coverslip spin-

coated with 0.1% (w/v) nitrocellulose in amyl acetate. To prepare rotor-DNA
complexes, polystyrene spheres were centrifuged, washed in 400 uL PB1 (5mgml~!
acetylated BSA (Invitrogen) in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,
and 2mM KH,PO,, pH 7.5)), centrifuged, resuspended in PB1 to match their
original suspended volume, sonicated (20 min), and incubated (1h) with DNA
(~5 pM). Chambers were incubated with 0.79 pg ml~" anti-digoxigenin (Roche
11333089001) in PBS (30 min), washed with 400 pL PB1 and incubated in PB1
(1h) followed by rotor-DNA complexes (1h). Chambers were then washed with
400 puL PB1, incubated with magnetic beads in PB1 (30 min) and finally washed
with 400 pL of 0.5 mgml~" BSA (NEB) in PBS. Gyrase tetramer (0.6-6 nM) was
added in GB containing the indicated ATP, ADP and AMPPNP concentrations.
Phosphocreatine and creatine phosphokinase (Calbiochem) were added to final
concentrations of 10mM and 1.23 pM, respectively, for the purpose of ATP
regeneration, except in cases where external ADP was added. When ADP was
added, all data were collected in the first ~20 min after mixing gyrase with ATP.

Instrumentation. The instrumentation and methods for data collection and drift
stabilization were adapted from those reported earlier'””. Magnetic tweezers were
implemented on a modified Nikon TE2000 inverted microscope. The polystyrene
bead was imaged via evanescent scattering using an intensity-stabilized, 845-nm
fiber-coupled single-mode diode laser (Lumics) as a source. A custom mount was
used to support small, diametrically opposed mirrors below the back pupil of the
microscope objective (Nikon 60x/1.49 TIRF) to introduce the laser excitation and
subsequently remove the totally internally reflected return beam. The return beam
was directed onto a position-sensitive detector (PSD) (Pacific Silicon) to provide
a signal for focus stabilization using an xyz piezo stage (Mad City Labs). The
scattered light from the rotor was imaged through an optical path splitter

(Cairn, Optosplit IT) onto an EMCCD camera (Andor iXon DV860).

Data acquisition and PSF fitting. Rotor bead images were recorded at 250 Hz.
A quasi-real-time acquisition and analysis loop was run in Matlab at a loop rate of
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1 Hz. During each loop, all available images were downloaded from the camera and
fit using a 2D Gaussian fitting function, which was written in C and compiled as

a Matlab executable. Fit parameters included an additive offset c, peak height A, x
position x,, y position y,, x s.d. 6, and y s.d. o,

=x? yp)?

202 20}

f=c+Ae

Angle and z measurement. The rotor bead angle was determined by computing
the four-quadrant inverse tangent of each corrected pair of (x,y) coordinates
and then unwrapping the result to determine the cumulative angle. DNA tethers
showing unconstrained rotor bead angles or sticking of the rotor bead were
rejected from further analysis. The rotor bead height (z) was determined using
evanescent nanometry as described previously'’, using Az =—Alog(I/I,) where
I is the instantaneous scattering intensity as determined by the 2D Gaussian fit
(I=Ao,0,) and I, is the intensity at an arbitrary reference z height. The decay
length A was calibrated using dual focus imaging as described previously'”.

Spatiotemporal resolution. Thermal fluctuations of harmonically constrained
rotors are described by an angular variance <A@*> =kT/x and a relaxation time
T=y/k, where k is the torsional stiffness of the tether and y is the rotational drag

of the rotor. The value of T was obtained by fitting the mean square deviation of
the rotor angle as described'®. At 0.8 pN, we measured <A#”> = 3.8 +0.6 rad’®

and 7=0.23+0.06 s (mean +s.d., N=10). At 1.4 pN, we measured
<A@*>=3.7+0.5rad’ and 7 = 0.24+0.06 s (mean +s.d., N=10). These values are
similar to the values obtained earlier using fluorescent rotors'°.

Substep analysis. The angular trace was modeled as a series of stepwise changes
in the equilibrium rotor angle as described previously'. The instantaneous
rotor angle follows the equilibrium angle with a lag, modeled as an exponential
relaxation with the characteristic decay time T determined independently for
each rotor as described above. Step locations were obtained by least-squares
fitting, assuming that each forward cycle contains a dwell at 0 rotations and may
contain either a detectable (>1s) dwell at 1 rotation, a detectable (>4s) dwell at 1.7
rotations, or no detectable midcycle pause. The measured value of T, was shifted by
the detection limit cutoff to correct for undetected short pauses. To score v states
at 1.4 pN, first the dwells T, were identified by fitting the angle trace. Subintervals
within the dwell t, where the amount of z contraction was less than 15 nm were
identified as dwells in v and other subintervals were identified as Q. If two adjacent
v dwells within the same angular dwell 7, were separated by an Q dwell where the
amount of z contraction was less than 20 nm, then all three states were merged
into a single v dwell. Data for z shown in Fig. 5 and used for v dwell analysis were
downsampled using a moving average of 100 or 300 frames. Both of the extreme
conditions used in v lifetime estimation (at 75 uM and 2mM ATP) were processed
using 100 frame averaging, and model fit parameters were not substantially altered
when only these lifetimes were included.

Occasionally, very long dwells were observed that may reflect paused states.
To avoid substantial shifts in reported mean dwell times, we excluded these dwells
from analysis for cases in which a single dwell time represented >30% of the total
summed dwell times for a given condition containing N> 15 measurements.
These criteria were satisfied only 3 times in the full dataset; in these cases, the
corresponding trace was also removed from the associated angle-z 2D histogram.

Kinetic modeling of DNA gyrase at 0.8 pN tension. The kinetics of gyrase at
0.8 pN tension were calculated using the model depicted in Fig. 3d, which simplifies
to the model depicted in Supplementary Fig. 4 in the absence of ADP and is closely
adapted from previous work'®. In these calculations, nucleotide binding transitions
depicted with double arrows were approximated as rapid equilibria, modeled using
dissociation constants only. Other transitions were modeled as rate processes
using the labeled kinetic constants. The central feature of the model, retained from
previous work, is a branched mechanism in which the Q-to-a transition can occur
via a fast pathway if and only if two ATP molecules are bound. The probability
of having two bound ATP molecules depends on [ATP] and [ADP], calculated
according to binding equilibria. In the current work, we model nucleotide binding
assuming independent binding sites, relying only on the single-site dissociation
constants K, and K, Effective binding constants for transitions between
nucleotide occupancies for the GyrB dimer may then be calculated on the basis of
site statistics. For example, the transition between €,rp and 1, is governed by
an effective ATP dissociation constant of K,,/2. This may be understood by noting
that 1, has two available empty sites and thus an effective ATP binding rate of
2k,,, while Q, 41, has only one bound ATP and thus an effective ATP dissociation
rate of kg, together giving an effective dissociation constant K = k/2k,, = K,p/2.
When ADP is omitted (Supplementary Fig. 4a), the rate of exit from  is given by

k. = Ky [ATP)?
Q = 2 2
[ATP]? + 2KA Tp[ATP] + KZTp
4 R@KATpIATP] + KZ1p)
[ATP]? + 2KpTp[ATP] + KZ1p

off
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and can be related to measurable quantities by k, =< 7,>". Fitting the

measured dependence of kg, on [ATP] to this expression (Supplementary Fig. 4b)
yields values for the fitting parameters k, + k ¢, k| + k& and K, The transition
processivity, defined as the probability that an enzyme in Q will transition to o
before dissociation, is given by

k
Po=1-—°f
kﬂ

and can be related to measurable quantities by Py =1— < g+, >, where
ng, and ny,, are the number of futile excursions and forward steps, respectively,
per processive burst, ignoring binding events for which ng, +n = 0. Fitting the
dependence of P; on [ATP] to this expression (Supplementary Fig. 4c) yields a
value for the parameter kg Taken together, the two fits in Supplementary Fig. 4
provided values for the parameters ki, k,, K, and k. To obtain the remaining
parameters of the model, we obtained k_, as given by the measured value of k,
under apo conditions (Supplementary Table 3), set 2k,/Kyp to the value obtained
earlier (previously'® denoted k,/K;), and used this quantity together with the fit
value K to calculate k;.

Similar expressions can be written for the mechanochemical model in
presence of ADP (Fig. 3d), with one additional parameter K, defined as the
single-site dissociation constant for ADP. Equilibrium constants for transitions
between nucleotide occupancies are again calculated using site statistics, assuming
independent binding sites (Fig. 3d).

The [ATP] and [ADP] dependence of the rate of exit from Q is given by

ko=kys+k,Py +k(1-F )

DATP DATP

where

Py, 1p=Kipp [ATP]?
2 2 2 2 2 -1
< KireKapp + 2Ky pKipp [ATP] + Ky pp [ATP] *+

2K 1pKspp [ADP] + K p [ADP]? + 2K,y 15Ky [ADP][ATP]

The value of K,,, was obtained by fitting the data in Fig. 3¢ to this expression
while keeping all other parameters fixed. All parameter values are quoted in
Table 1.

The [ATP] and [ADP] dependence of the rate of exit from the o state is
given by

ko =k_,+k,[ATP]P,

ATP
where
p _ 1
ATP 4 Katp | [ADPIKy7p [ADP)?Korp , [ADP]
2[ATP] © [ATPIKApp = 2(ATP|KZpp  KaDP

The [ATP] and [ADP] dependence of the overall supercoiling velocity V (equal to
the inverse of the mean cycle time) may also be calculated from this model, yielding

-
VEah

ko = ka
where

_ ki (1=Fg, 1)
ky(1=Fo,, ) + koo,

;

and

fm e
2 k_ +k, [ATPIR, , p

Supercoiling velocity was calculated from the parameters of the model without

any further fitting, and is plotted in Figs. 3e and 5c.

Kinetic modeling of DNA gyrase at 1.4 pN tension. The parameters for the
branched kinetic model for DNA gyrase with DNA under 1.4 pN tension

(Fig. 5d) were determined by fitting model predictions to measurements of

state lifetimes and statistics as a function of [ATP]. We first assumed that K,

and k; are independent of tension, and used parameters determined at 0.8 pN
tension. k_, was then set to the inverse of the mean lifetime of the o state at 0 ATP,
<7,>=1143s(N=27). To determine k, k,, k_, ks and kg, we then made use of the
following expressions related to measurable quantities:

First, the transition processivity P; can be expressed and related to
measurements as above. At 2mM ATP,

_ kZPgZATP +hy(1- PQZATP)
kzPQ2ATP +k(1- PﬂzATP) +kog

P =1—-<ng+ nfm>71
where we measured <ng, + 1y, >=6.0+1.6 (N =74). At 0 ATP,

__ K
- key+ ko

-1
T =1-<ng>

where we measured <ng, >=1.4+0.2(N=20)

Second, an analogous v branching ratio P, is defined as the probability that an
enzyme in Q will transition to v rather than a. An expression for P, can be related
to measurable quantities at 0 ATP:

ko, __m
ky+k_, n,+n,

pP=

v

where we measured n,=4 and n,=28, the total number of v and « states observed
among all 20 traces at 0 ATP.
P, can be also be related to measurable quantities at 2mM ATP:

nv[rev]

p= k3P92ATP +ho,( 1_PﬂzATP)
YT Pay o ks k) + (1=Py, ) (k)

My rev) +1g

wheren, .., counts only v states that result from a reversion from Q to v rather
than an on-pathway a-to-v transition. We counted these states only approximately
within the time resolution of our assay, by scoring v states as reversion events if
they occurred >2 s after the beginning of the cycle, yielding measured 1., = 101
and n, =369 dwells at the ~0 rotation mark among all 74 traces obtained at 2mM
ATP.

The rate of exit from Q may be expressed as

kg =P, ., (ky+ke) + (=P, ) (ki+k_5) +kg

and was set equal to the inverse of the mean lifetime of ~0 rotation dwells that did
not contain v dwells. We measured 1/k, = 0.39 + 0.02s (N=112) at 2mM ATP.

After setting all other parameters by solving the equations above, we obtained
k. and k, by fitting 7, and 7, as a function of [ATP] to the corresponding mean
first passage times calculated from the full kinetic model (Fig. 5¢,d and Table 1).
Supercoiling velocity was then calculated as the inverse of the mean cycle time
from the full model without any further fitting.

Data collection statistics. For single-molecule measurements, a total of 1,415
gyrase encounters on 76 independent DNA tethers were analyzed for this study;
a detailed breakdown of single-molecule statistics is provided in Supplementary
Table 4. All bulk ATPase measurements were performed in triplicate
(Supplementary Fig. 3).

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability. Datasets generated for this study are available from the
corresponding author upon reasonable request, including source data for the
following panels: Figs. 1c-f, 2a-d, 3a-c,e, 4a-d and 5a-c and Supplementary
Figs. 1,2, 3,4b,c, 5,6 and 7.

Software and code availability. Data acquisition, analysis and real time feedback
were carried out using custom scripts in Matlab (MathWorks) and C. Figures were
prepared using Matlab and Adobe Illustrator. Scripts used for data acquisition and
analysis are available from the corresponding author upon reasonable request.
Code for a previous implementation of basic evanescent scattering rotor bead
tracking data acquisition functions is available in the supplementary material

for ref. 7.
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