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Abstract

DNA supercoiling must be precisely regulated by topoisomerases to prevent DNA entanglement.
The interaction of type I1A DNA topoisomerases with two DNA molecules, enabling the transport
of one duplex through the transient double-stranded break of the other, remains elusive owing to
structures derived solely from single linear duplex DNAs lacking topological constraints. Using
cryo—electron microscopy, we solved the structure of Escherichia coli DNA gyrase bound to a
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negatively supercoiled minicircle DNA. We show how DNA gyrase captures a DNA crossover,
revealing both conserved molecular grooves that accommodate the DNA helices. Together with
molecular tweezer experiments, the structure shows that the DNA crossover is of positive chirality,
reconciling the binding step of gyrase-mediated DNA relaxation and supercoiling in a single

structure.

For most organisms, DNA adopts a state of negative supercoiling [(-)SC], a condition
known to promote unwinding of the DNA helix, facilitating access to genetic information
for the molecular machinery involved in critical cellular processes (1). By contrast, positive
supercoiling [(+)SC] is generated ahead of the DNA replication and transcription machinery
(2). In the absence of topoisomerases that relax (+)SC, these fundamental processes become
hindered (3). The type 1A DNA topoisomerases (TopollA) are evolutionarily conserved
macromolecules that modulate DNA topology by transporting a DNA duplex through a
transient double-strand break, enabling DNA relaxation, decatenation, and unknotting (4).
TopollA enzymes are major targets for therapeutics used for infectious diseases and cancer
treatments (5, 6).

Supercoiled DNA can adopt a broad range of possible conformations (7-10). How
topoisomerases recognize such a structurally diverse molecule has been the subject

of much debate. TopollA preferentially binds DNA crossovers (hodes) or DNA-DNA
juxtapositions (11). Were TopollA to act indiscriminately at every DNA juxtaposition,
increased entanglement would result, which would be potentially disastrous for the cell (12).
How TopollA enzymes recognize DNA crossovers that indicate a problematic entanglement
requiring resolution is a question that has fueled numerous models (13-16).

Structural studies of the full-length bacterial DNA gyrase, yeast Topo Il, and the human
enzyme (hTopolla) have revealed the evolutionarily conserved quaternary organization

of these modular enzymes (17-19). The TopollA catalytic core consists of three dimer
interfaces called the N-gate, the DNA-gate, and the C-gate. The enzymes exhibit
conformational flexibility and allostery to regulate these interfaces, facilitating DNA
binding, cleavage, and strand passage through ATP hydrolysis (figs. SLA and S2) (4, 20).
The structural diversity among TopollA subtypes across various organisms is predominantly
found within the C-terminal domain (CTD), which is thought to contribute to DNA binding
and sensing of DNA topology (21-24). The CTD of DNA gyrase exhibits a distinctive
B-pinwheel domain that is essential for the ability of the enzyme to introduce (-)SC into
DNA (25-27).

It was long ago hypothesized that DNA gyrase could introduce negative supercoils by first
wrapping DNA to form a transient (+)SC DNA crossover (28). Gyrase-mediated passage of
one of the crossover helices, named the T-segment for transport, through the other, called the
gate or G-segment, converts the (+)SC to a (-=)SC crossover, thus causing a sign inversion
(fig. S1, B and C). Previous molecular structures of Topoll A enzymes were obtained bound
to short linear duplex DNA, the G-segment only, and in a completely closed conformation of
the protein gates (17-19). Consequently, how the enzymes recognize the T-segment of DNA
is unknown.
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In this study, we report high-resolution cryo—electron microscopy (cryo-EM) structures of
Escherichia coli DNA gyrase bound on a (=)SC DNA minicircle at a DNA crossover. Our
reconstruction of the complex reveals that at the binding step, the adenosine triphosphatase
(ATPase) domain of gyrase is completely open. The structure coupled with single-molecule
experiments unveil, just as proposed 44 years ago, that the enzyme captures and stabilizes

a positive DNA crossover, supporting the sign-inversion mechanism (28). Our structure
reveals how a DNA crossover is recognized by the enzyme, with the G- and T-segment
double helices shielded from each other and embedded in conserved protein grooves of
TopollA. Our reconstruction also shows how the C-terminal f-pinwheel domain enables the
capture of a (+)SC DNA crossover in a molecule that is overall (-)SC.

Cryo-EM structures of E. coli DNA gyrase bound to negatively supercoiled DNA minicircles

We first formed a complex between the wild-type (WT) and active £. co/i DNA gyrase
(A2B») heterotetramer, purified as in (18), and a (-)SC DNA minicircle of 601 base pairs
(bp) with a change in linking number (ALK) of —1 prepared by using a protocol derived
from (9, 29) (fig. S3A), but we saw no gyrase-minicircle complexes. To prevent DNA
relaxation and dissociation of the complex, we used an inactive A(Y122F),B, heterotetramer
in which the catalytic tyrosine was mutated to phenylalanine. We also increased the negative
supercoiling in the minicircles to ALk = —2. To verify the Lk, we relaxed this minicircle with
either a type | £. colitopoisomerase 1 (EcTopl) that relaxes (=)SC in Lk steps of one, or the
type 1A enzyme, hTopolla, that relaxes Lk in steps of two (Fig. 1A). As expected, EcTopl
partially relaxed the ALk = -2 substrate to ALk = -1. Relaxation with hTopolla yielded
only relaxed DNA (ALk = 0), confirming the Lk designation of the substrate.

We immobilized the minicircle-gyrase complexes on streptavidin affinity grids (SAGs) using
the ALk = -2 minicircle, containing one biotinylated nucleotide, incubated with a 20-fold
excess of the mutant gyrase and adenylyl-imidodi-phosphate (AMP-PNP) (Fig. 1B and fig.
S3B) (30). Two datasets of the complex were collected on a transmission cryo—electron
microscope leading to two high-resolution three-dimensional (3D) reconstructions (Fig. 1C,
figs. S4 and S5, and table S1).

One reconstruction (at 3.0 A resolution) was the most abundant particle observed: gyrase

on a DNA crossover formed between contiguous DNA T- and G-segments encompassing
118 bp (Fig. 2, A and B). The DNA was wrapped around one of the C-terminal p-

pinwheel domains, and the ATPase domains were completely open (Fig. 2). The other 3D
reconstruction was gyrase on a linear part of the DNA minicircle (at 2.9 A resolution) (figs.
S4, S5, and S6A). This structure had less well-defined density for both B-pinwheel domains,
suggesting higher flexibility of this region than when bound to the DNA crossover.

The catalytic core of gyrase, composed of the ATPase and DNA binding-cleavage domains,
are superimposable between the two 3D reconstructed conformations with a 0.23 A root
mean square deviation (RMSD) over all residues (Fig. 2 and fig. S6, A and B). The
dimeric conformation of the DNA binding-cleavage domain upon DNA crossover binding
is reminiscent of a precleavage conformational state observed in previous crystal structures
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(1.4 A RMSD over all residues) (fig. S6D), with a similarly bent G-segment DNA (figs. S6F
and S7, A and B) (17, 18, 31, 32).

Despite the presence of AMP-PNP in our sample, which we expected to “lock” the enzyme
at the N-gate, the ATPase domains of the GyrB subunit were opened and positioned adjacent
to the remainder of the enzyme core in both reconstructions (Fig. 2 and fig. S6, A to C).

The linkers connecting the ATPase domain to the topoisomerase-primase (TOPRIM) domain
were also apart from each other on each side of the DNA G-segment, which is in contrast to
their crossed position bound to the G-segment DNA only (18).

The ATPase domains interact with the rest of the protein throughout three protein-protein
interfaces, mainly involving the TOPRIM domain (fig. S6C). In total, six hydrogen bonds
were established with different residues in the TOPRIM domain, and eight were established
specifically with the £. coliinsertion-TOPRIM domain (33).

DNA crossover interactions with gyrase

The reconstruction allowed us to observe the complete wrapping of DNA around a p-
pinwheel domain of the gyrase CTD, leading to the formation of an intramolecular DNA
crossover (Fig. 2 and fig. S8A). Density for the second CTD could not be observed in

the cryo-EM map, indicating that the DNA crossover forms around and stabilizes a single
B-pinwheel.

As reported for previousstructures (17, 18, 31,32), the G-segment of the DNA minicircle
binds to the main groove of the enzyme DNA-gate formed by the TOPRIM, winged helix
domain (WHD), and Tower domains, and with a similar sharp bend as that observed in

the complex with only one linear DNA (fig. S6F). We could not obtain the DNA sequence
register despite the 2.4 A local resolution, which indicates that gyrase may bind to multiple
different sites.

One of the informative features in the structure is the presence of the DNA T-segment
forming a complete DNA crossover of two superposed DNA helices. In contrast to previous
structures (18, 24), the presence of the T-segment stabilized the p-pinwheel blades, forming
a flat and fully closed disk (fig. S8, B to D) similar to the structure of the isolated GyrA-
CTD from B. burgdorferi (26). The p-pinwheel domain adopted a new position, tilted by
30° compared with its position in the cryo-EM structure of £. col/i DNA gyrase alone (fig.
S8E) (18). DNA wrapping is enforced by interactions with the GyrA-box motif within blade
1 of the CTD B-pinwheel. The basic residues R561, R562, and K565 of the GyrA-box
intercalate into successive grooves of the T-segment and, together with additional major
groove interactions of R613 and R615 from blade 2, stabilize an overall 360° DNA wrap
(fig. SBA). Because of the single-particle approach and the presence of the streptavidin
crystal array, the rest of the DNA minicircle beyond the gyrase binding sites could not be
observed. [Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C,
Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.]
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The B-pinwheel domain of gyrase is positioned to orient the T-segment in a second groove
of the DNA-gate formed by the TOPRIM, WHD, and Tower domains, directly above

the DNA-gate (fig. S11A). The T-segment interacts through positively charged residues
stabilized by acidic residues with four protein regions: the p-pinwheel, the linker between
the transducer and TOPRIM domains, the lysine-rich loop (“K-loop”) of the transducer
domain, and loop regions in the tower domain (Fig. 3A and fig. S8). In contrast to the

yeast structure, the K-loop is contacting the T-segment, instead of the G-segment as seen

in the yeast structure (17). As a result, the full length of the T-segment is sitting at the
protein dimeric interface, with a slight (~160°) bending in the middle of the T-segment,
with fewer protein contacts (Fig. 2C). The G- and T-segments intersect at a 60° angle, as
previously anticipated from structures with longer linear DNA (18, 34). The DNA segments,
however, do not sit directly on top of each other as commonly represented in schematics

of the catalytic cycle of TopollA enzymes. Instead, they are shielded by protein residues.
Consequently, they are vertically separated by an average of ~20 A, ranging from ~25 A
when exiting the B-pinwheel to a minimum distance of ~17 A on the opposite side (Fig. 2C).

Chirality of the DNA crossover

Another feature of the structure is that the geometry of the enzyme-binding grooves imposes
the formation of a positive supercoil, even against the topological torsion from the (-)SC
DNA minicircle (Fig. 3B). To verify this observation, we assessed the chirality using
magnetic tweezers. A linear DNA was tethered to a magnetic bead with controllable rotation
and force at one end and to a glass surface at the other. The bead position was monitored

to determine the DNA end-to-end extension of the DNA, which changes with supercoiling
(35).

If gyrase constrains a positive wrap in the (-)SC DNA, an additional negative supercoil

must be formed elsewhere in the DNA, thus decreasing the DNA extension (Fig. 4A). Upon
addition of the catalytically inactive [A(Y122F),B,] gyrase to (-)SC DNA, by using buffer
conditions similar to those used for cryo-EM, the extension was reduced by an average of

75 nm (Fig. 4B), which is equivalent to the bead extension decrease observed upon the
addition of 1.25 negative supercoils in a calibration experiment (fig. S9). As a comparison,
we performed a similar experiment with (+)SC DNA. Upon DNA binding to an already
existing positive node, the B-pinwheel should wrap and tighten the positive supercoil and
release excess DNA length, therefore resulting in an increase in DNA extension (Fig. 4C).
After addition of the mutant gyrase to (+)SC DNA, we observed an ~75 nm increase in DNA
extension, which is consistent with the release of about 1.25 supercoils (Fig. 4D and fig. S9).
Altogether, these experiments suggest that DNA gyrase shapes DNA of different chirality in
the same manner, by stabilizing a positive crossover (or node), as observed in the cryo-EM
structure.

Contribution of the CTD B-pinwheel domain to the catalytic activities of DNA gyrase

To probe the contribution of the gyrase-specific CTD to its catalytic activities, we removed
the B-pinwheel domain of the GyrA subunit (ACTD). Similar to results for other TopollA
enzymes and as previously demonstrated for gyrase (23), the mutant gyrase retained the
ability to relax (-)SC DNA in the presence of adenosine triphosphate (ATP) (fig. S10B).
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This result demonstrates that the CTD of DNA gyrase is not essential for crossover binding
or DNA strand passage during the relaxation of negative supercoils.

Unlike the eukaryotic TopollA enzymes, which require ATP for effective DNA strand
passage activities, full-length gyrase relaxes (=)SC in the absence of ATP in vitro (23).
Removal of the CTD incapacitates the ATP-independent relaxation activity of gyrase (fig.
S10B) (23). Our data, together with previous results, suggest that stabilization of the T-
segment by the CTD B-pinwheel allows strand passage even in the absence of ATP. When
the CTD B-pinwheel is absent, and the T-segment is no longer stabilized, dimerization and
closure of the ATPase domain upon ATP addition is required for strand passage.

Discussion

Molecular basis of DNA crossover binding by a TopollA enzyme

The structural data presented here provide unequivocal evidence for the capture of a DNA
crossover by £. coli DNA gyrase. Recognition of the DNA crossover is determined primarily
by the binding of the T- and G-segments, which are concealed within two protein grooves
that our structure unveiled.

DNA wrapping around the CTD to generate a positive crossover appears to be specific to
DNA gyrase. The structure reveals how the GyrA-box spatially stabilizes the T-segment in
a DNA crossover, highlighting the critical role of this peptidic pattern in “the end of wrap”
mechanism that biochemical evidence had suggested (36-38).

The CTDs of the eukaryotic TopollA enzymes structurally diverge from the bacterial
homologs. The eukaryotic CTDs are predicted to be intrinsically disordered and dispensable
for DNA relaxation (19, 39, 40). The conventional TopollA DNA relaxation activity
observed with ACTD gyrase suggests that DNA wrapping around its CTD is responsible

for the negative supercoiling and ATP-independent relaxation activities that are specific to
gyrase (fig. S10) (23). These activities may require additional interactions provided by the
CTD to maintain and transport the T-segment even against any torsional constraints in the
DNA substrate.

Other TopollA enzymes may use a similar mechanism to bind DNA crossovers. Their amino
acid sequence conservation and our modeling of a DNA crossover on the cleavage domain
of other TopollA enzymes suggest that the T-segment might bind with the same orientation
as that for gyrase. Other enzymes have a more positively charged TOPRIM domain than

that of gyrase, which perhaps compensates for the absence of pinwheels (figs. S11 and

S12). Provided that the orientation of the DNA grooves defines the chirality of the captured
DNA node, the fact that other enzymes may have this T-segment groove may explain the
preference of some TopollA enzymes for binding and relaxing (+)SC over (-)SC DNA (21,
41).

Structural implication of the open conformation upon DNA crossover binding

In our structure, the open conformation of the ATPase GHKL subdomain, which is the
region hosting the ATP binding pocket, interacts with the GyrB TOPRIM domain (Figs. 2A
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and 3B and fig. S6C). Fluorescence resonance energy transfer (FRET) experiments showed
that a catalytically inactive mutant of Bacillus subtilis gyrase had an open N-gate, which is
consistent with our structural data (42). The ATPase domains of Mycobacterium tuberculosis
gyrase also were found to be open in a crystal structure but in a higher position (43) than in
our structures (fig. S7C). Although the M. tuberculosis gyrase conformation was determined
in absence of DNA, it is incompatible with the binding of a DNA crossover; it could thus
represent a separate intermediate preceding DNA binding.

Recent crystal structures of the ATPase domain of Streptococcus pneumoniae Topo IV
indicate that the T-segment could be captured by and reside in the cavity of the N-gate (44).
Our data show that gyrase can capture the complete DNA crossover, without needing to
close the N-gate. At this step, the conformation of the ATPase domains appears to impede
the binding of AMP-PNP at the active site (fig. S7, D and E). In addition, the position of the
T-segment is presently incompatible with a dimerization of the ATPase domains in an upper
position because of steric hindrance (fig. S6E). In the eukaryotic enzymes, the dimensions
of the ATPase domain cavity would be unlikely to accommodate a DNA double helix (45),
which suggests that simultaneous capture of a G- and T-segment, with an opened N-Gate,
would be a favored mechanism for other TopollA.

After DNA crossover binding, N-gate closure could be triggered by the movement of

the TOPRIM domain upon DNA cleavage and accompanying DNA gate opening. The
TOPRIM domain could promote this upward movement of the ATP-binding domain by
pulling on the linker of the transducer helices (fig. S2). In £. coli gyrase, the TOPRIM
insertion could act as a “steric buttress” to promote communication between the functional
domains, as previously mentioned (33). The insertion in £. coli gyrase maintains the ATP-
binding monomers in a position facilitating their ascent across the TOPRIM domain. This
positioning could in turn facilitate the closing of the N-gate, which may explain the high
processivity of £. coli DNA gyrase for relaxation of (+)SC DNA in contrast to other
TopollA, without an insertion in the TOPRIM domain (fig. S12) (46).

Structural basis for the sign-inversion mechanism of DNA gyrase

One of our most unexpected results is that a positive crossover was formed, even though the
DNA substrate used was negatively supercoiled. Disruptions to base pairing caused by the
negative supercoiling result in hyperflexible sites in the DNA (46, 47), which may facilitate
the tight wrapping of the DNA around the CTD (47, 48). The use of supercoiled minicircles,
coupled with the streptavidin immobilization strategy, probably explains why we were able
to capture a DNA crossover—direct evidence of DNA wrapping that has remained elusive
for more than 40 years.

The first model trying to explain the supercoiling activity of DNA gyrase proposed the
involvement of DNA wrapping (49). A second model based on a sign-inversion reaction
was suggested to describe introduction of (=)SC by this enzyme (28). This model proposed
that the enzyme binds to a positive crossover followed by a DNA strand passage through a
DNA double-strand break that results in a sign inversion. Our results bring together the two
models (fig. S13): DNA wrapping is the first crucial step for negative supercoiling, which is
achieved by the inversion of the stabilized positive node.
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Fig. 1. DNA minicircle and cryo-EM strategy.
(A) Relaxation activities by type | (£c Topl) and type 1l topoisomerases (hTopolla) of ALk

= -2 DNA minicircles. Controls are shown as N, nicked; Rel, relaxed; and ALk= -1, +1,

or —2 601-bp DNA minicircles. (B) Schematic representation of the SAG immobilizing the
DNA minicircle-DNA gyrase complexes. (C) (Left) Cryo-EM micrograph and (right) power
spectrum, with the diffraction pattern indicating the presence of 2D crystals. (D) Close-up
on (ALk=-2) SC DNA minicircles observed on micrographs after subtraction of the signal
from the streptavidin crystals. Corresponding schematics of the DNA shapes are represented
on the side.
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Fig. 2. Cryo-EM map and molecular model of E. coli DNA gyrase on a DNA crossover.
(A) Schematic representation of the GyrA and GyrB subdomains. The conserved catalytic

tyrosine is located at position 122 in the GyrA subunit. The C-terminal tail of GyrA is
indicated with a dotted line. (B) Cryo-EM composite map and molecular model of DNA
gyrase bound to a DNA crossover (beige) with the same color coding as in (A) (movie S1).
(C) T-segment orientation on DNA gyrase. The cryo-EM map of DNA gyrase is shown in
outline, and the bound DNA crossover is rendered dark blue.
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Fig. 3. DNA gyrase bindsto a positive crossover.
(A) Molecular interactions around the T-segment. Conserved arginines in the p-pinwheel

blade 1 “GyrA-box” and blade 2 are shown in pink and purple, respectively. The focused
map around the T-segment (beige) appears as a white surface (local resolution, 4.2 A).
Residues decorating the surface of the groove belong to the Transducer/TOPRIM linker
(green), TOPRIM domain (yellow), and Tower domain (dark blue). Depicted are positively
charged residues and aspartic acids involved in hydrogen bond networks (dotted lines) at
the beginning and end of the T-segment (gray), with residues also bridging the G-segment
(cyan). (B) Surface representation of DNA gyrase bound to the positive DNA crossover and
schematic representation of the DNA node sign convention (50). A DNA node or crossover
is the point of contact of a strand of supercoiled DNA where it loops back on itself. The
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geometry of the node (or crossover) can be of opposite chirality depending on the respective
orientation of the 2 DNA molecules.
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Fig. 4. Single-molecule assay of DNA gyrase binding to positively or negatively supercoiled DNA.
(A and C) Sketch of the experimental setup showing the DNA molecule tethered between a

glass surface and a magnetic bead, which is manipulated by a magnetic trap. (A) Gyrase
wraps DNA around a pinwheel by forming a positive supercoil. In compensation, an
additional negative supercoil is formed in the rest of the molecule, reducing the DNA
extension. (C) Upon binding to positive DNA supercoils, the DNA wraps around one
pinwheel, resulting in the release of DNA relative to an unbound supercoil, which results in
an increase of DNA extension. (B and D) Time trace for the extension of a DNA containing
(B) five negative supercoils or (D) five positive supercoils in the presence of the gyrase
catalytically inactive mutant and 10 uM ATP. The force applied on the magnetic bead is 0.4

pN.
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