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ABSTRACT

Reverse gyrase is a topoisomerase that introduces
positive supercoils into DNA in an ATP-dependent
manner. It is unique to hyperthermophilic archaea
and eubacteria, and has been proposed to protect
their DNA from damage at high temperatures.
Cooperation between its N-terminal helicase-like
and the C-terminal topoisomerase domain is
required for positive supercoiling, but the precise
role of the helicase-like domain is currently
unknown. Here, the characterization of the isolated
helicase-like domain from Thermotoga maritima
reverse gyrase is presented. We show that the heli-
case-like domain contains all determinants for
nucleotide binding and ATP hydrolysis. Its intrinsic
ATP hydrolysis is significantly stimulated by ssDNA,
dsDNA and plasmid DNA. During the nucleotide
cycle, the helicase-like domain switches between
high- and low-affinity states for dsDNA, while its
affinity for ssDNA in the ATP and ADP states is simi-
lar. In the context of reverse gyrase, the differences
in DNA affinities of the nucleotide states are smaller,
and the DNA-stimulated ATPase activity is strongly
reduced. This inhibitory effect of the topoisomerase
domain decelerates the progression of reverse
gyrase through the nucleotide cycle, possibly pro-
viding optimal coordination of ATP hydrolysis with
the complex reaction of DNA supercoiling.

INTRODUCTION

Reverse gyrase is the only topoisomerase that introduces
positive supercoils into DNA at the expense of ATP hydro-
lysis (1). It is unique to hyperthermophilic archaea and
eubacteria. Deletion of the reverse gyrase gene in a

hyperthermophilic archaeon leads to growth retardation
at higher temperatures, but the organism is still able to
survive at 90°C, demonstrating that reverse gyrase is not
strictly required for hyperthermophilic life (2,3). The in vivo
function of reverse gyrase is not clear. A heat-protective
DNA chaperone activity (4) and a DNA renaturase activity
(5) have been reported, indicating that reverse gyrase
protects DNA from damage at high temperatures.

Reverse gyrase consists of an N-terminal helicase-like
domain, fused to a C-terminal topoisomerase I domain.
While most reverse gyrases are monomeric, a covalent
connection between the two domains is not required for
positive supercoiling activity. The Methanopyrus kandleri
reverse gyrase is a dimeric enzyme, with the helicase-like
and part of the topoisomerase domain in one subunit, and
the remainder of the topoisomerase domain provided by
the second subunit (6,7). Furthermore, an active reverse
gyrase can be reconstituted by mixing separately produced
helicase-like and topoisomerase domains (8; Hilbert,M.
and Klostermeier,D., unpublished data). Nevertheless, a
functional cooperation of helicase-like and topoisomerase
domains is required for positive supercoiling by reverse
gyrase (8.9).

The helicase-like domain shares the three-dimensional
structure with helicases of the superfamily (SF) 2, namely
two tandem RecA-folds (H1, H2) connected by a linker
(Figure 1). In reverse gyrase, the subdomain H2 is inter-
rupted by the so-called latch domain (H3) that shows
homology to the region of the transcription termination
factor Rho that is involved in RNA binding (10). The
reverse gyrase helicase-like domain comprises all signature
motifs of SF2 helicases, but the sequences of these motifs
show large deviations from the consensus (Supplementary
Figure S1). These sequence variations may be responsible
for the lack of unwinding activity by reverse gyrase or the
isolated helicase-like domain (8). Reverse gyrase does not
catalyze relaxation in the absence of nucleotides, whereas
the topoisomerase domain on its own can relax DNA in
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Figure 1. Reverse gyrase and its helicase-like domain. (A) Full-length
reverse gyrase, consists of an N-terminal helicase-like domain [H1, light
blue, H2, cyan, H3 (latch), blue] and a C-terminal topoisomerase
domain (orange). The helicase-like domain construct comprises the heli-
case-like domain (H1 and H2), and the latch-domain H3 that is
inserted into H2. The positions of K106 in the Walker A motif and
of the catalytic tyrosine, Y851 (black), and the putative zinc fingers
(gray) are indicated. (B) Structure of A. fulgidus reverse gyrase [PDB-
ID 1GKU, Ref. (10)], color-coded as in (A). The regions carrying the
putative zinc fingers are missing in the electron density.

the absence of nucleotides, but lacks supercoiling activity
(8,11). It has been suggested that the latch domain sup-
presses relaxation in reverse gyrase in the absence of
nucleotides (12).

Based on the crystal structure of the reverse gyrase from
Archaeoglobus fulgidus (10), a mechanism for positive
supercoiling has been postulated that is based on a con-
formational change of the helicase-like domain as the initi-
ating step, leading to a closure of the cleft between the two
RecA-like subdomains. This conformational change may
then allow for release of the latch domain, and for swing-
ing-up of the ‘lid’ region in the topoisomerase domain,
which is required for strand passage (Figure 1B). We
have recently shown that such a conformational change
occurs in SF2 helicases in response to the cooperative
binding of ATP and nucleic acid substrates (13).
Furthermore, we have demonstrated that reverse gyrase
can use ATP or ATPyS as the energy source for positive
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supercoiling, suggesting that both nucleotides can power
the conformational cycle (14). This ATPyS-dependent
activity has also been observed for the translation factor
elF4A, a member of the SF2 helicase family (15), which
further indicates mechanistic similarities of the reverse
gyrase helicase-like domain and SF2 helicases. Although
the helicase-like domain is a crucial element for ATP-
dependent positive supercoiling by reverse gyrase, its
role is currently not well understood. We present here
the characterization of nucleotide binding, ATP hydroly-
sis, DNA binding and DNA-stimulation of the ATPase
activity for the isolated helicase-like domain of
Thermotoma maritima reverse gyrase and compare it
to the properties of reverse gyrase. The helicase-like
domain confers nucleotide-dependent DNA binding to
reverse gyrase. The isolated domain is an efficient DNA-
stimulated ATPase, but the topoisomerase domain in
reverse gyrase exerts a moderating effect onto the
ATPase activity, slowing down the nucleotide cycle by a
factor of 10. This intra-molecular inhibition suggests that
the helicase-like domain is harnessed by reverse gyrase to
provide efficient coupling of ATPase activity with the
supercoiling reaction.

MATERIALS AND METHODS
Cloning, mutagenesis, protein production and purification

The region encoding the helicase-like domain of reverse
gyrase (ES59-R541, rGyr_hel) was PCR-amplified from
the full-length gene and cloned into pET28a using Ncol
and Xhol restriction sites. Site-directed mutagenesis was
performed according to the Quikchange protocol
(Stratagene, La Jolla, CA, USA).

rGyr_hel was produced at 37°C in Escherichia coli
Rosetta (DE3) (Invitrogen, Paisley, U.K) in autoinducing
medium (16), and cells were harvested after 24 h. All pur-
ification steps were performed at room temperature. Cells
were disrupted in a Microfluidizer in 50 mM Tris/HCI, pH
7.5, 1M NaCl, 10mM MgCl,, 10uM Zn(OAc),, 2mM
BME and the crude extract was cleared by centrifugation.
The NaCl concentration of the supernatant was adjusted
to 0.2M, and it was applied to a SP sepharose column
equilibrated in 50mM Tris/HCI, pH 7.5, 0.2M NaCl,
10mM MgCl,, 10uM Zn(OAc),, 2mM BME. rGyr_hel
was eluted in a linear gradient from 0.2-1 M NaCl, dia-
lyzed against 50mM Tris/HCl, pH 7.5, 0.2M NacCl,
10mM MgCl,, 10 uM Zn(OAc),, 2mM BME, and applied
to a Q sepharose column equilibrated in the same buffer.
rGyr_hel was collected in the flowthrough. Final purifica-
tion was achieved via size-exclusion chromatography on a
calibrated S200 column in 50 mM Tris/HCI, pH 7.5, 0.2 M
NaCl, 10mM MgCl,, 10uM Zn(OAc),, 2mM BME.
rGyr_hel elutes as a monomer from a calibrated size-
exclusion chromatography column (apparent molecular
weight: 49.8 kDa, calculated: 56.3 kDa). Protein concen-
tration was determined photometrically using the calcu-
lated extinction coefficient at 280 nm of 56 309 M ~'em ™"
From 11 of bacterial culture, 4 mg of rGyr_hel with >98%
purity (as judged from SDS-PAGE with Coomassie stain-
ing) were obtained. The pure protein was concentrated,
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shock-frozen in liquid nitrogen, and stored at —80°C. Full-
length reverse gyrase was purified as described (14).

Adenine nucleotides and RNA and DNA substrates

Adenine nucleotides were purchased from Pharma
Waldhof (Mannheim, Germany) or Jena Bioscience
(Jena, Germany), and checked for impurities by reverse-
phase HPLC on a C18 column in 0.1 M sodium phosphate,
pH 6.5. Oligonucleotides for ssDNA or dsDNA substrates
were obtained from Purimex (Grebenstein, Germany). The
sequence of the 60-base ssDNA was 5'-(fluorescein)-AAGC
CAAGCT TCTAGAGTCA GCCCGTGATA TTCATT
ACTT CTTATCCTAG GATCCCCGTT-3, and the
dsDNA substrate was formed by annealing the comple-
mentary strand. These substrates contain a preferred
cleavage site (17,18) for reverse gyrase; cleavage occurs
between the two underlined nucleotides. PolyU-RNA was
purchased from Sigma (Hamburg, Germany).

ATPase assays

Steady state ATPase activity was measured in a spectro-
scopic enzymatic assay that couples ADP production to
the oxidation of NADH as described (14). Assay condi-
tions were S0 mM Tris/HCL, pH 7.5, 0.15M NacCl, 10 mM
MgCl,, 100 uM Zn(OAc),, 2mM BME, 0.4 mM PEP and
0.2mM NADH, 23 pgml~' LDH, 37 pgml~' PK. ATPase
activity at 75°C was determined in 50 mM Tris/HCI, pH
7.5, 0.15M NaCl, 10mM MgCl,, 100puM Zn(OAc),,
2mM BME, 10% (w/v) PEG 8000 by mixing 1uM
enzyme, 2mM ATP and the respective nucleic acid sub-
strate, taking aliquots at different time points, and analyz-
ing the nucleotide composition by reverse-phase HPLC as
described (14).

Fluorescence measurements

Dissociation constants of rGyr_hel/nucleotide complexes
were determined in fluorescence equilibrium titrations at
37°C using 1 uM of the fluorescent ADP analog mantADP
(19) and in competitive titrations of the mantADP/
rGyr_hel complex with ADP, ATPyS, ADPNP, ADPCP
and ATP, and analyzed as described (14).

Dissociation constants of reverse gyrase/DNA com-
plexes were determined using 5'-fluorescein-labeled DNA
and the steady-state anisotropy of fluorescein as a probe
for binding. The DNA concentrations were 25nM for
titrations with rGyr_hel, and 10 nM for rGyr_fl, unless
stated otherwise. Dissociation constants were obtained
by analysis of the data using the solution of a quadratic
equation describing a one-site binding model as described
(14), or with the Hill equation.

Helicase assay

Helicase activity was tested via the displacement of a
10-mer from a 10/50-mer substrate (2nM) by 10uM
rGyr_hel in 20mM HEPES/NaOH, pH 7.5, 70mM
KCl, 1mM MgOAc, 10% (v/v) glycerol, 2mM DTT
and 1 mg/ml BSA as described for eIF4A (20). The ATP
concentration was 2mM.

RESULTS

Nucleotide binding and ATPase properties of the
helicase-like domain

The role of the helicase-like domain for DNA supercoiling
by reverse gyrase is currently unknown. A detailed under-
standing of nucleotide binding and hydrolysis by the heli-
case-like domain and its interaction with DNA, isolated
and in the context of reverse gyrase, is a pre-requisite to
delineate its function within reverse gyrase. To this end,
we subcloned a DNA fragment coding for amino acids
59-541 of T. maritima reverse gyrase (rGyr_hel). This con-
struct comprises the two RecA-like domains HI and H2,
and the so-called latch domain H3, but lacks the N-term-
inal putative zinc finger (Figure 1). The nucleotide binding
properties of rGyr_hel were investigated in fluorescent
equilibrium titrations using the fluorescent ADP analog
mantADP (Figure 2), which we previously used as a
probe for nucleotide binding to reverse gyrase (14).
Upon binding to rGyr_hel, the mant fluorescence increases
1.5-fold (Figure 2A). The fluorescence signal returns to the
value for free mantADP upon displacement with ADP,
confirming that mantADP binds to the ADP binding
site and is thus suitable to study nucleotide binding to
rGyr_hel. The Ky value of the mantADP/rGyr_hel com-
plex determined from the titration curves is 1.1 £0.1 uM.
In the displacement titration with ADP (Figure 2B), a Ky
value of 2.6 0.8 uM was determined for the ADP com-
plex. The K4 value of the rGyr_hel/AMP complex is three
orders of magnitude higher (1600 £ 231 uM), demonstrat-
ing that interactions with the B-phosphate provide high
affinity binding of adenine nucleotides to rGyr_hel. The
ATP analogs ATPyS, ADPNP and ADPCP are bound less
tightly than ADP (Figure 2B), with Ky values for the com-
plexes of 10.9 0.8 uM (ATPyS), 20£4.9uM (ADPNP)
and 18+£3.8uM (ADPCP), respectively, indicating that
the binding energy from additional interactions with the
v-phosphate is converted into conformational changes.
The corresponding Ky values for the full-length reverse
gyrase (rGyr_fl) are virtually identical in the case of the
mantADP, ADP and AMP complexes, and of the ATP
analog ATPyS, and 2- to 4-fold higher for the complexes
with the nonhydrolyzable ATP analogs ADPNP and
ADPCP (14). The similar K4 values confirm that all deter-
minants for nucleotide binding are contained in the
helicase-like domain. A summary of the Ky values for
rGyr_fl and rGyr_hel is given in Table 1.

In a steady state ATPase assay, rGyr_hel exhibits a low
intrinsic ATPase activity (Figure 3). As with rGyr_fl (14),
the rate constant kg, of ATP hydrolysis by rGyr_hel is
independent of the protein concentration (<10 uM, data
not shown), consistent with a monomer as the active spe-
cies. The dependence of the ATP hydrolysis rate on ATP
concentration follows Michaelis—Menten behavior, with a
keat for ATP hydrolysis of 30 (£ 2) x 107°s™!, and a Ky
value for ATP of 77 +£23 uM. The corresponding values
for reverse gyrase are very similar with a k., of 20 (£ 0.8)
x 1072s7" and a Ky of 44+ 6 M (14).

These results demonstrate that the nucleotide binding
properties and the intrinsic ATPase activity of reverse
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Figure 2. Interaction of rGyr_hel with nucleotides. (A) Titration of
I uM mantADP with rGyr_hel. Description of the binding curve
using a one-site binding model yields a Ky of the mantADP/rGyr_hel
complex of 1.1 £0.1 uM. (B) Displacement titrations of the mantADP/
rGyr_hel complex with ADP (circles), ADPCP (triangle), ADPNP
(inverted triangle), and ATPyS (diamond). The Ky values are summar-
ized in Table 1.

Table 1. Dissociation constants for nucleotide complexes of full-length
reverse gyrase and the helicase-like domain

Nucleotide rGyr_fl rGyr_hel  rGyr_fl rGyr_hel
Kq (0,M) Ky (uM)  K106Q/YS8SIF K106Q K4 (uM)
Ky (uM)
mantADP  1.0+0.1* 1.1+0.1 2242 67+5
AMP 1549 £375 1600+231 ND ND
ADP 1.6£0.2* 2.6+08 36+5 150 +85
ATP ND ND 98 £ 12 570+ 300
ATPyS 14.34+1.5% 10.9+0.8 ND ND
ADPNP  43242.0" 19.84+49 ND ND
ADPCP 747+73 17.5£38 ND ND

“Data from Ref. (14).
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Figure 3. Steady state ATPase activity of rGyr_hel. rGyr_hel is a
Michaelis-Menten enzyme with a ke of 30 (£2)x 1072 57!, and a
Ky oatp of 77£23 uM.

gyrase are a property of the helicase-like domain and are
not significantly affected by the topoisomerase domain.

Stimulation of the rGyr_hel and rGyr_fl ATPase
activities by nucleic acids

Reverse gyrases are DNA-stimulated ATPases (21). To
investigate the effect of nucleic acid substrates on the
ATPase activity of rGyr_hel, steady state ATPase assays
were performed in the presence of a 60-base ssDNA sub-
strate, a 60 bp dsDNA, pUC18 plasmid DNA, and polyU-
RNA at saturating ATP concentrations (Figure 4A). All
substrates led to a significant acceleration of ATP hydro-
lysis. Saturating concentrations of ssDNA or linear
dsDNA increased the k., by a factor of 40-50, with a
slightly higher stimulation by dsDNA. The apparent Ky
values are 0.07 +0.04 uM for ssDNA (corresponding to
4uM in terms of bases) and 0.18 £0.03 uM for dsDNA
(11 uM base pairs), respectively. In the presence of nega-
tively supercoiled pUC18 plasmid, the k., value increased
22-fold (Ky 0.046 +0.006 uM, corresponding to 124 uM
base pairs).

Interestingly, polyU-RNA also stimulated the intrinsic
ATPase activity of rGyr_hel tremendously (~100-fold).
With 25uM (bases), the apparent Ky; value for polyU-
RNA was in the same range as for the pUCIS8 plasmid.
PolyU-RNA binding might reflect nonspecific interactions
with the negatively charged phosphoribose backbone, and
we therefore repeated the steady state ATPase assay in the
presence of increasing concentrations of heparin as a
model for a negatively charged polymer. Indeed, heparin
increased the k., of rGyr_hel for ATP hydrolysis ~80-
fold and thus had a comparable effect to the polyU-
RNA. The Ky value for heparin was 0.20+0.05uM
(8 M monomeric units) and thus also similar to polyU.

To compare ATPase properties of the helicase-like
domain with reverse gyrase, the steady state ATPase
rates in the presence of ssDNA, dsDNA, pUCI18 and
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Figure 4. Effect of nucleic acid substrates on the steady state ATPase activity of rGyr_hel and rGyr_fl. (A and B) The effect of nucleic acid substrates
on the ATPase rate at saturating (1 mM) ATP. (C and D) The ATP-dependence of the ATPase rate at saturating concentrations of nucleic acids.
Substrates are indicated as follows: ssDNA (cyan, triangles), dsSDNA (blue, inverted triangles), pUCIS8 (black, circles), polyU-RNA (orange, squares)
and heparin (red, diamond). The open symbols in (C and D) indicate data in the absence of DNA. All steady state ATPase parameters are
summarized in Tables 2 and 3. (A) Stimulation of the rGyr_hel ATPase by nucleic acids and heparin. The ATPase activity is significantly stimulated
by all substrates. (B) Stimulation of the rGyr_fl ATPase by nucleic acids and heparin. The ATPase activity is significantly stimulated by all
substrates, but in contrast to rGyr_hel, no saturation is observed with pUCIS8. (C) Cooperativity between ATP and nucleic acid binding in
rGyr_hel. The steady state ATPase activity was measured as a function of ATP concentration in the presence of saturating concentrations of
ssDNA (2uM,), dsDNA (2.5uM), pUCI18 (300 nM), polyU-RNA (1.5mM monomers) and heparin (40 pM monomers). (D) Cooperativity between
ATP and nucleic acid binding in rGyr_fl. The steady state ATPase activity was measured as a function of ATP concentration in the presence of
saturating concentrations of ssDNA (2uM,), dsDNA (5uM), pUCI18 (300nM), polyU-RNA (0.5mM monomers) and heparin (60 utM monomers).

polyU-RNA  were also determined for rGyr_fl
(Figure 4B). As with rGyr_hel, linear ssDNA and
dsDNA showed a similar effect on the ATPase rate of
rGyr_fl. Importantly, the stimulation of the ATPase activ-
ity by ssDNA and dsDNA was only 7- to 8-fold. The
ATPase rate of rGyr_fl increases linearly up to a pUCI1S8
concentration of 400 nM (1.1 mM bases), and saturation is
not observed (14). In contrast to rGyr_hel, pUCI8 only
showed a moderate stimulation of the rGyr_fl ATPase
rate (7-fold at 400nM pUCI18, compared to 22-fold at
saturation for rGyr_hel). As with rGyr_hel, polyU-RNA
showed the highest degree of stimulation of the reverse
gyrase ATPase activity, with k¢, increased 25-fold (Ky
30 uM bases), and heparin showed a 6-fold stimulation
(Kp 6 UM monomeric units). These data indicate that
interactions with nonspecific substrates are similar for
rGyr_hel and rGyr_fl. The k., values for rGyr fl and

rGyr_hel in the absence and presence of nucleic acids
and the apparent Ky values are summarized in Table 2.
Reverse gyrase is an enzyme unique to hyperthermophi-
lic organisms, which thrive at temperatures of 75°C and
higher. To investigate if the results from experiments at
37°C reflect the properties of reverse gyrase at its optimum
temperature, the ATPase activity was determined at 75°C
in the absence of DNA, and in the presence of ssDNA,
dsDNA and pUCI18 (Figure 5). In the absence of DNA,
the ATPase activities of rGyr_fl and rGyr_hel are similar,
with initial rates of 0.28 uM s~' (rGyr_hel) and 0.48 pM
s~! (rGyr_fl). While we have determined the affinities for
DNA substrates at 37°C and could therefore ensure satur-
ating DNA concentrations in ATPase assays, a quantita-
tive comparison of the ATPase stimulation at 75°C is
difficult as the corresponding Ky values cannot easily be
determined, and the DNA concentrations may not



Table 2. Steady state ATPase parameters for rGyr_hel and rGyr_fl,
and the influence of nucleic acid substrates

Nucleic acid ke (1073571 Kmpna (WM) Ky (UM base/bp)
rGyr_hel - 30+2 NA NA
ssDNA 1160+ 188 0.07 £0.04 42424
dsDNA 1450 + 64 0.18£0.03 10.8+1.8
pUCI18 673 +21 0.046 £ 0.006 124+ 16
polyU-RNA 3264 +304 NA 25+10
Heparin 2420 £ 160 0.20£0.05 8.0£0.04
rGyr_fl - 20+0.8 NA NA
ssDNA 160+6.7 0.45+0.06 27+4
dsDNA 148 £9.1 2.2+0.30 129+ 18
pUCIS No saturation for conc. <400 nM
polyU-RNA 507 +27 NA 30+7
Heparin 120+ 10 0.154+0.06 6+2.4

be saturating. In addition, the thermodynamic stability of
the 60 bp duplex is limited (73, = 70°C), and at 75°C more
than 50% single strand are expected. Qualitatively, the
rGyr_hel ATPase activity at 75°C is stimulated to a simi-
lar extent by ssDNA and dsDNA at 75°C, and about
2-fold less by pUCIS8. Overall, the ATPase activity is
increased only 3-fold by DNA substrates, compared to
50-fold at 37°C. The rGyr_fl ATPase is most efficiently
stimulated by ssDNA, and to a smaller extent by
dsDNA or pUCIS. As observed at 37°C, the overall sti-
mulation is smaller for rGyr_{fl than for rGyr_hel. Thus,
the rGyr_hel and rGyr_fl ATPase activities at 75°C show
the same response to DNA as at 37°C.

In summary, the basal ATP hydrolysis rates are very
similar for rGyr_hel and rGyr_fl, confirming that all deter-
minants for ATP binding and hydrolysis are confined
to the helicase-like domain. The intrinsic ATPase of
rGyr_hel is efficiently stimulated by ssDNA, dsDNA
and plasmid DNA. All substrates also stimulate the intrin-
sic ATP hydrolysis of rGyr_fl, but generally to a lesser
extent. These data point towards an inhibitory effect of
the topoisomerase domain on the ATPase activity of the
helicase-like domain in the presence of DNA substrates.
The apparent Ky values for DNA are higher for rGyr_fl
than for rGyr_hel. This effect seems to be slightly more
pronounced for dsDNA, leading to a 5-fold higher appar-
ent Ky for dsDNA over ssDNA for rGyr_{fl, compared to
an only 2.5-fold difference for rGyr_hel. Both enzymes
thus appear to interact more tightly with ssDNA.
Interestingly, the apparent Ky, values for polyU-RNA
and heparin are identical for rGyr_fl and rGyr_hel, indi-
cating similar interactions with nonspecific substrates.

Coupling between DNA and ATP binding to rGyr_hel
and rGyr_fl

The interaction of SF2 helicases with ATP and their DNA
substrate is cooperative: ATP binding increases the affinity
for the DNA substrate, and vice versa (13,22-24). To test
whether any of the nucleic acid substrates shows such a
cooperative effect on ATP binding to rGyr_hel or rGyr_fl,
we determined the effect of DNA on Ky, values for ATP
by measuring the steady state ATPase rate with increasing
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Figure 5. DNA-stimulated ATPase activity at 75°C. ATPase activity of
rGyr_hel (A) and rGyr_fl (B) at 75°C in the absence of enzyme (open
triangles), in the presence of 1uM enzyme without DNA (inverted
triangles) and in the presence of ssDNA (100nM, squares), dsDNA
(100 nM, circles), or pUC18 (15 nM, triangles). The ATP concentration
was 1 mM.

concentrations of ATP and saturating concentrations of
the nucleic acid (Figure 4C and D). In all cases, the ke,
values are in good agreement with the values in the DNA-
dependent experiments at saturating ATP concentrations
(Table 2), confirming that saturation is reached in both
series of experiments. In the presence of ssDNA, the
apparent Ky atp value of rGyr_hel is decreased 16-fold,
demonstrating cooperative binding of ATP and ssDNA to
rGyr_hel. For dsDNA, this cooperativity is lower than for
ssDNA, with Ky arp decreased 7-fold. The effect of
pUCIS8 plasmid is intermediate, with a 10-fold decrease
in the apparent Ky arp. Hence, all DNA substrates
promote ATP binding to rGyr_hel. PolyU-RNA and
heparin only affect the apparent Ky arp slightly
(1.8-fold and 2.5-fold, respectively) and thus do not
show significant cooperativity. These data corroborate
the notion that the stimulating effect of polyU-RNA and
heparin on the ATPase activity of rGyr_hel is due to a
nonspecific interaction.
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For rGyr_fl, limited cooperativity of DNA and ATP
binding was detected (Figure 4D). The reduction of the
Ky atp was 3.8-fold for ssDNA and 2.8-fold for dsDNA.
Hence, as for rGyr_hel, the cooperativity with ATP bind-
ing is highest for ssDNA. However, the cooperativity of
DNA and ATP binding to rGyr_fl is smaller for ssDNA
and dsDNA compared to rGyr_hel. For pUCIS, it was
not possible to perform the experiment under saturating
conditions. At 300 nM pUCI18, Ky atp Was reduced 2.8-
fold. This is similar to the effect of linear dSDNA, whereas
for rGyr_hel, pUCI18 shows intermediate cooperativity to
ssDNA and dsDNA. However, a more pronounced effect
of pUC18 on Ky atp for rGyr_fl at higher plasmid con-
centrations cannot be excluded. Overall, rGyr_fl shows
cooperative interactions with DNA and ATP, but to a
lesser extent than rGyr_hel. PolyU-RNA and heparin
had a negligible effect on ATP binding (1.4-fold and 1.2-
fold, respectively), consistent with a nonspecific interac-
tion. The k., and Ky arp values are summarized in
Table 3.

Altogether, the interaction of rGyr_hel and rGyr_fl with
polyU-RNA or heparin and ATP is noncooperative and
most likely reflects a nonspecific interaction. Substantial
cooperativity is observed for ssDNA, dsDNA or plasmid
DNA and ATP binding to rGyr_hel. rGyr_fl also binds
ssDNA or dsDNA and ATP cooperatively, but the effect
of the DNA on Ky atp is only 3- to 4-fold, compared to
7- to 16-fold for rGyr_hel. Again, this points towards a
moderating effect of the topoisomerase domain on the
helicase-like domain in full-length reverse gyrase.

Influence of the nucleotide state on DNA binding to rGyr_hel

During their nucleotide cycle, SF2 helicases switch
between low affinity and high affinity states for their
nucleic acid substrate (22,25,26). We therefore investi-
gated the influence of the nucleotide state of rGyr_hel
and rGyr_{l on their interaction with DNA. To this end,
the affinity of rGyr_hel for nucleic acids was determined in
fluorescence anisotropy titrations of a 5'-fluorescein-
labeled 60-base ssDNA or a fluorescein-labeled 60 bp
dsDNA in the absence of nucleotides, and in the presence
of saturating concentrations of ADP, ADPCP, ADPNP
and ATPyS (Figure 6, Table 4).

First, we characterized binding of ssDNA to rGyr_hel
(Figure 6A). The K4 value for the rGyr_hel/ssDNA com-
plex was 0.20 £0.03 uM in the absence of nucleotide, and
varied only moderately with the nucleotide state. The non-
hydrolyzable ATP analogs ADPNP and ATPyS showed
the largest effect on ssDNA binding, with 3-fold (ADPNP)
or 6-fold (ATPyS) increased Ky values, respectively, indi-
cating that the affinity for ssDNA is slightly reduced in the
ATP state of rGyr_hel. The ADP state of rGyr_hel binds
ssSDNA 1.5-fold less tightly than the nucleotide-free state,
but 2- to 4-fold more tightly than the ATP-state
(mimicked by ADPNP and ATPyS). ADPCP has a similar
effect on ssDNA binding as ADP, suggesting that ADPCP
is not a suitable mimic for ATP.

When the concentration of ssDNA in the titration with
rGyr_hel was increased to 2uM, a sigmoidal binding
curve was obtained, indicating that more than one

Table 3. Steady state ATPase parameters for rGyr_hel and rGyr_fl: the
influence of nucleic acid substrates on Ky atp

Nucleic acid (saturating) ke (1073571 Kmate (HM)
rGyr_hel - 3042 77+23
ssDNA 992+ 12 48+1.0
dsDNA 1435+ 57 11+4
pUCI18 818+ 10 74+1.1
polyU-RNA 3402+ 79 42455
Heparin 2869 + 63 31+4
rGyr_fl - 204+0.8 44+6
ssDNA 108 +£2.1 12£1.5
dsDNA 117+1.6 16+1.5
pUCI8 (300 nM) 199+ 1.6 15.6+£0.9
polyU-RNA 565+£19 32+£5.1
Heparin 133+7 37+£6.7
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Figure 6. DNA binding and coupling to nucleotide binding (rGyr_hel).
Titrations of DNA with rGyr_hel in the absence of nucleotide (black,
circles), and in the presence of ADP (100 uM, blue, squares), ADPCP
(500 uM, orange, inverted triangles), ATPyS (500 uM, red, triangles)
and ADPNP (500 uM, cyan, diamonds). All Ky values and Hill coeffi-
cients are summarized in Table 4. (A) ssDNA (25nM). The binding
curves are described with the Hill equation. The inset shows the
stoichiometric titration of 2uM ssDNA with rGyr_hel. (B) dsDNA
(25nM). The binding curves are described with a one-site
binding model.



Table 4. DNA binding properties of different nucleotide states of
rGyr_hel

Ky (LM) nucleotide-free ADP state ATP state
ssDNA
wt 0.2040.03" ADP 0.3140.04* ADPNP  0.60+0.07°
0.2040.01° 0.28£0.01° 0.46 +0.03°
n=14+0.1 n=16=%0.1 n=14+0.1
ADPCP  0.3840.05* ATPyS  1240.2%
0.33+0.01° 0.92+0.21°
n=1.6+0.1 n=12+02
K106Q  0.18£0.03" 0.25+0.03" 0.19£0.02°
0.1840.03° 0.24£0.02° 0.2040.02°
n=13+02 n=13+0.1 n=1.1+0.1
dsDNA
wt 3.94+0.6° ADP 3.74+0.5" ADPNP  0.19+0.03*
ADPCP  4.2+0.3° ATPYS  1.0+0.1°
K106Q 3.8+0.6° 29+0.6° 1.74£02°
“One-site.

Hill analysis.

rGyr_hel molecule interacts with each ssDNA (Figure 6A,
inset). The data were well-described by the Hill equation,
with a Hill coefficient of 1.6+0.1, and a K3 of
2.9+0.1 uM. Analysis of all ssDNA titration curves
with the Hill equation gave similar K4 values as the ana-
lysis with the one-site binding model (Table 4), and Hill
coefficients of 1.2-1.6, indicating that the cooperativity is
moderate.

Next, binding of rGyr_hel to dsDNA was characterized
(Figure 6B, Table 4). DsDNA was bound 10- to 20-fold
less tightly by rGyr_hel than ssDNA, consistent with the
observed higher Ky; value for dsDNA. The Ky value for
dsDNA was ~3.9uM in the absence of nucleotide, or in
the presence of ADP or ADPCP. Only in the presence of
ADPNP or ATPyS was a significant change observed: the
K4 value of the dsDNA/rGyr_hel complex was decreased
20-fold by ADPNP, or 4-fold by ATPyS. This decrease is
consistent with ADPNP and ATPyS mimicking the ATP
state. Overall, the ATP state of rGyr_hel thus binds
dsDNA 4- to 20-fold more tightly than the ADP state.

Comparison of DNA binding to different nucleotide
states (Table 4) reveals that the nucleotide-free form of
rGyr_hel shows 20-fold higher affinity for ssDNA over
dsDNA. In the ATP state, the affinity for ssDNA remains
similar, but the dsDNA affinity increases compared to the
nucleotide-free state. Thus, the ATP state exhibits similar
affinities for sSDNA and dsDNA. In the ADP state, the
affinity for ssDNA is similar to the nucleotide-free or ATP
states, but the affinity for dsDNA is reduced compared
to the ATP state. As a consequence, ssDNA binding is
favored 11- to 13-fold in the ADP state. Hence, during
the nucleotide cycle, rGyr_hel does not discriminate
between ssDNA and dsDNA prior to ATP hydrolysis,

but will preferentially interact with ssDNA after
hydrolysis.
Due to thermodynamic coupling, the observed

increased affinity of the ATP state for dsDNA requires
a reciprocal effect of DNA on ATP binding.
Comparison with the steady state ATPase data
(Figure 4A and C, Table 3) shows that this coupling is
indeed present: the Ky atp of rGyr_hel is decreased 7-fold
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in the presence of dsDNA, which is in good agreement
with the 4- to 20-fold increased dsDNA affinity in the
ATP state of rGyr_hel. The comparison for the ssDNA
seems to be inconsistent: the ATP state of rGyr_hel binds
ssDNA 3- to 6-fold less tightly than the nucleotide-free
form, but Ky atp is decreased 16-fold when ssDNA is
bound. However, the observed differences most likely
reflect differences of the ADPNP or ATPyS states com-
pared to the ATP state. This is partly supported by experi-
ments with a hydrolysis-deficient mutant (see below),
where ATP binding does not reduce the ssDNA affinity.

Influence of the nucleotide state on DNA binding to rGyr_fl

To test whether the helicase-like domain also acts as a
nucleotide-dependent switch with different affinities for
dsDNA in the ATP and ADP states in reverse gyrase,
we performed DNA binding experiments with rGyr_fl
(Figure 7). Quantification of DNA binding to rGyr_fl is
complicated by the existence of several potential DNA
binding sites that could be located in the helicase-like
domain, in the cleft of the topoisomerase domain near
the catalytic tyrosine, and possibly at the two putative
zinc fingers. To ensure equilibrium conditions, we used
the Y851F mutant of reverse gyrase in DNA binding
experiments, which is deficient in covalent binding to
the DNA.

Again, we first addressed binding of ssDNA to rGyr_fl
(Figure 7, Table 5). In a titration of the 60-base ssDNA
with rGyr_fl(Y851F), a sigmoidal dependence of the fluor-
escence anisotropy on the concentration of enzyme was
observed (Figure 7A). The binding isotherm was well-
described by the Hill equation, with a Hill coefficient
of 2.3 (£ 0.2) and a Ky of 36 £ 1nM for nucleotide-free
rGyr_fl(Y851F), pointing towards cooperative binding of
at least two reverse gyrase molecules to the DNA. To
confirm the existence of cooperativity, the titration was
repeated at 300 nM of ssDNA, where the sigmoidality
became much more prominent (Figure 7A, inset).
Description with the Hill equation yielded Ky =
0.33£0.02uM, and n = 2.0£0.14). In the presence of
saturating concentrations of ADP, ADPCP, ADPNP
or ATPyS, binding isotherms for ssDNA to rGyr fl
remained sigmoidal (Figure 7A), with Hill coefficients
from 1.8+£0.10 to 2.140.16, again consistent with two
reverse gyrase molecules binding to one ssDNA molecule.

Overall, rGyr_fl binds ssDNA 6-fold more tightly than
rGyr_hel. In the presence of ADP, the interaction with
ssDNA is only slightly affected, and it is virtually
unchanged in the presence of nonhydrolyzable ATP ana-
logs. Consequently, the affinity of rGyr_fl for ssDNA is
not significantly modulated by the nucleotide state.

Next, the interaction of rGyr fl(Y851F) with dsDNA
was characterized (Figure 7, Table 5). Interestingly, the
cooperativity was less pronounced for rGyr_fl binding to
dsDNA (Figure 7B). In this case, the binding isotherm
could be described by a simple one-site model with a Ky
of 490+£60nM. Thus, rGyr_fl interacts 8-fold more
tightly with dsDNA than rGyr_hel. dsDNA bound to
rGyr_fl was displaced upon addition of an excess of
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Figure 7. DNA binding and coupling to nucleotide binding (rGyr_fl).
Titration of DNA with rGyr_fl in the absence of nucleotide (black,
circles), and in the presence of ADP (100 uM, blue, squares), ADPCP
(500 uM, orange, inverted triangles), ATPyS (500 uM, red, triangles)
and ADPNP (500 uM, cyan, diamonds). All K4 values and Hill coefficients
are summarized in Table 5. (A) ssDNA (10 nM). The binding curves are
described with the Hill equation. The inset shows the stoichiometric titra-
tion of 300 nM ssDNA with rGyr_fl. (B) dsDNA (10 nM). The binding
curves are described with a one-site binding model.

ssDNA (data not shown), demonstrating that both types
of nucleic acids interact with the same binding site.

In the presence of nucleotides, the cooperativity of
dsDNA binding appeared to increase slightly, as indicated
by a slightly improved fit with the Hill equation. Hill
coeflicients varied between 0.7 and 1.7, consistent with a
lower cooperativity compared to ssDNA (or a reduced
number of binding sites). However, the experimental
data were already reasonably well described with the
one-site binding model. The presence of ADP, ADPNP,
ADPCP or ATPyS affects the affinity of rGyr fl for
dsDNA <2-fold.

Comparison of DNA binding to different nucleotide
states of rGyr_fl (Table 5) shows that the nucleotide-free
form binds dsDNA 14-fold less tightly than ssSDNA. In the
ATP or state, ssDNA or dsDNA binding are not affected.
However, the ADP state binds dsDNA 2-fold more tightly
than the nucleotide-free and the ATP states. In the nucleo-
tide cycle, both the ATP and the ADP state bind ssDNA
more tightly than dsDNA. The preference for ssDNA is
slightly reduced after hydrolysis (from 10-fold in the ATP
state to 4-fold in the ADP state). The small effect of
nucleotides on DNA binding to rGyr fl is consistent
with the small effect of ssDNA and dsDNA on ATP bind-
ing according to the steady state ATPase data (Figure 4B
and D, Table 3).

In summary, the ATP state of rGyr_hel binds ssDNA
and dsDNA with equal affinities, whereas the ADP state
interacts preferentially with ssDNA. rGyr_fl binds DNA
~10-fold more tightly than rGyr_hel, but the differences
between the nucleotide states are far less pronounced.
Both the ATP and the ADP states bind preferentially to
ssDNA.

DNA binding to different nucleotide states of a hydrolysis-
deficient mutant of rGyr_fl and rGyr_hel

As complexes with the nonhydrolyzable ATP analogs
might not perfectly mimic the ATP states, we analyzed
the effect of nucleotides on the interaction with DNA
using hydrolysis-deficient mutants of rGyr_hel and
rGyr_fl. A conserved lysine in the Walker A motif of

Table 5. DNA binding properties of different nucleotide states of rGyr_fl

Ky (uM) nucleotide-free ADP state ATP state
ssDNA
Y851F 0.035 +0.005° ADP 0.060 £0.015 ADPNP 0.041 +0.009°
0.03640.001° 0.045 £+ 0.002° 0.038+0.002°
n=23+02 n=21+02 n=21+02
ADPCP 0.049 +£0.012* ATPYS 0.046 40.008
0.039 +0.001° 0.041 +0.001°
n=21+0.1 n=18=+0.1
K106Q/Y851F 0.047 4 0.005° 0.053 +0.007* 0.037 40.004*
0.044 4 0.003° 0.044 £+ 0.002° 0.03540.002°
n=14+0.1 n=15+0.1 n=14+0.1
dsDNA
Y851F 0.49 £0.06* ADP 0.25+£0.04% ADPNP 0.33+£0.07*
ADPCP 0.59 +0.06* ATPyS 0.534+0.07*
K106Q/Y851F 0.71+£0.11% 0.46£0.07% 0.49 £0.09*
%one-site.

°Hill analysis.
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Figure 8. Binding of ssDNA and dsDNA to rGyr_hel(K106Q) and rGyr_fl(K106Q/Y851F). Titrations of ssDNA (A, C) and dsDNA (B, D) with
rGyr_hel(K106Q) (A, B) or rGyr_fl(K106Q/Y851F) (C, D) in the absence of nucleotide (black, circles), and in the presence of ADP (2mM, blue,
squares) or ATP (4 mM, red, triangles). The DNA concentration was 25 nM in (A and B), and 10 nM in (C and D). The K4 values are summarized

in Table 5.

ATPases contacts the B- and y-phosphates of ATP, and
stabilizes negative charges during ATP hydrolysis. In the
rGyr_fl(K106Q) mutant, ATP hydrolysis is abolished, but
nucleotides are still bound, albeit with reduced affinity
(14). The rGyr_fl(K106Q/Y851F) double mutant was cre-
ated to stably generate ATP and ADP states of reverse
gyrase that do not covalently bind to DNA. The absence
of ATP hydrolysis was confirmed, and the K, values of the
nucleotide complexes were determined to be 22+2uM
(mantADP), 36 £ 5uM (ADP) and 98 £12uM (ATP) in
equilibrium titrations (Table 1). Overall, nucleotide bind-
ing to rGyr_fl(K106Q/Y851F) is reduced ~20-fold com-
pared to wild-type.

The DNA binding properties of this ATP-hydrolysis-
and DNA-cleavage-deficient mutant were studied using
the 60-base ssDNA and 60bp dsDNA as a substrate
(Figure 8, Table 5). ssDNA was bound independent of
the nucleotide state, with Ky values of 444+3nM (no
nucleotide), 44 +£2 nM (ADP state) and 35+2 nM (ATP
state). Ky values for the corresponding dsDNA complexes
were higher, consistent with the lower affinity of rGyr_fl
for dsDNA. Similar to ssDNA binding, interaction
of rGyr_fl(K106Q/Y851F) with dsDNA is independent
of the nucleotide state. The Ky values of the dsDNA

complexes are 0.71+0.11pM  (no  nucleotide),
0.46+0.07uM (ADP state) and 0.494+0.09uM (ATP
state). Consistent with the wild-type data, the hydrolysis-
deficient mutant of rGyr_fl thus shows ~10-fold tighter
binding of ssDNA to all nucleotide states.

The data for the wild-type enzyme and nonhydrolyzable
ATP analogs (Figure 7, Table 5) support a slightly
decreased preference for ssDNA after hydrolysis. The
increased preference for ssDNA in the ADP state of
rGyr_fi(K106Q/Y851F) results from a 2-fold increased
Ky of 0.46 uM for the dsDNA complex, compared to a
Kq0f0.25uM for rGyr_fl(Y851F), and suggests differences
between the ADP state of wild-type rGyr_fl and the
K106Q/Y851F mutant. Previous work already pointed
towards such a difference: Reverse gyrase relaxes negatively
supercoiled DNA in the presence of ADP, whereas the
K106Q mutant lacks such a relaxation activity (14). Most
likely, lysine 106 functions as a nucleotide sensor that trig-
gers an ADP-dependent conformational change that is
required for relaxation. If this conformational change is
absent in the K106Q mutant, the ADP state will be differ-
ent, leading to different DNA binding properties.

To compare the DNA binding properties of the nucleo-
tide states of rGyr_hel with rGyr_fl, the corresponding
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K106Q mutation in the Walker A motif of rGyr_hel was
introduced, and the absence of hydrolysis was confirmed
(data not shown). Fluorescence equilibrium titrations
revealed a Ky value for the mantADP complex of
67+£5uM, and 150£85uM and 570£300uM for the
ADP and ATP complexes, respectively (Table 1). Thus,
the nucleotide affinity of the K106Q mutant of rGyr_hel
is ~60-fold reduced compared to the wild-type. This effect
is more pronounced than for rGyr_fl (20-fold).

rGyr_hel(K106Q) binds ssDNA 20-fold more tightly
than dsDNA (K4 = 0.18£0.03 and 3.8 £0.6 uM, respec-
tively). In the presence of ADP or ATP, ssDNA binding
is not significantly affected, and dsDNA binding is only
slightly increased (ADP: 1.3-fold, K4 = 2.9+0.6uM;
ATP: 2.2-fold, K4=17+0.2uM). As a consequence,
ssDNA interacts more tightly than dsDNA with both
nucleotide states (12-fold, ADP state; 9-fold, ATP state),
implying a slightly stronger preference for ssDNA after
ATP hydrolysis. Similarly, the data from wild-type
rGyr_hel suggest a stronger interaction with ssDNA after
ATP hydrolysis. However, wild-type rGyr_hel in complex
with nonhydrolyzable ATP analogs binds ssDNA and
dsDNA with similar affinities, while the ATP state
of rGyr_hel(K106Q) interacts 9-fold more tightly with
ssDNA. This discrepancy arises from a reduced affinity
of the rGyr_hel(K106Q) ATP state for dSSDNA compared
to the ADPNP or ATPyS state of the wild-type rGyr_hel
(Figure 6, Table 4), suggesting structural differences
between the ATP state of rGyr_hel(K106Q) and the corre-
sponding complexes of wild-type with nonhydrolyzable
analogs.

Altogether, rGyr_hel shows similar affinities for ssDNA
and dsDNA in the ATP state, and a 10-fold preference for
ssDNA in the ADP state due to a decrease in dsDNA
affinity. Thus, the helicase domain switches from a
‘high affinity’ state with respect to dsDNA to a ‘low affi-
nity’ state upon ATP hydrolysis, and back to the ‘high
affinity’ state after nucleotide exchange, while the
ssDNA affinity remains constant. In rGyr_{fl, both nucleo-
tide states show a preference for ssDNA, indicating that
the switch to the ‘low affinity’ state for dsSDNA upon ATP
hydrolysis is suppressed in the full-length enzyme.
Figure 9 summarizes the properties of rGyr_hel and
rGyr_fl. The K106Q mutants of rGyr_hel and rGyr_fl
show similar DNA preferences, with a 10-fold higher affi-
nity for ssDNA compared to dsDNA in both nucleotide
states. These results argue for a critical role of lysine 106
as a nucleotide sensor in the helicase domain, and for
inter-domain communication between the helicase-like
and the topoisomerase domains.

DISCUSSION

The helicase-like domain confers nucleotide-dependent
DNA binding to reverse gyrase

We have shown here that the nucleotide binding proper-
ties of reverse gyrase are a function of the N-terminal
helicase-like domain. Nucleotide affinities and ATP
hydrolysis rates are virtually identical for the isolated heli-
case-like domain and for the full-length enzyme in the
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Figure 9. Overview of the nucleotide cycle of rGyr_hel and rGyr_fl.
The Ky values of the nucleotide states for ssDNA (red) and dsDNA
(blue) are displayed as bars with a size proportional to their value.
Analogously, a red bar denotes the k., value in the presence of
ssDNA, a blue bar corresponds to the k., value in the presence of
dsDNA. For reference, an additional bar represents the intrinsic kg,
in the absence of DNA. A cartoon indicates possible conformations of
the helicase-like domain in the different nucleotide states of rGyr_hel
and rGyr_fl. rGyr_hel (upper panel) shows similar affinities for ssDNA
and dsDNA in the ATP state, and a preference for ssDNA in the ADP
state due to a decrease in dsDNA affinity. This corresponds to a switch
from a ‘high affinity’ state with respect to dsDNA to a ‘low affinity’
state upon ATP hydrolysis. Both dsDNA and ssDNA efficiently stimu-
late ATP hydrolysis (arrow). Most likely, the helicase-like domain
switches between a closed conformation (cartoon) in the presence of
DNA and ATP that hydrolyzes ATP efficiently, and an open confor-
mation in the ADP state, as observed for SF2 helicases. In rGyr_fl
(lower panel), both nucleotide states show a preference for ssDNA,
indicating that the switch to the ‘low affinity’ state for dSDNA upon
ATP hydrolysis is suppressed in the full-length enzyme. The ATPase
stimulation by DNA is 10-fold smaller than in rGyr_hel. Possibly,
steric hindrance by the topoisomerase domain prevents a complete
closure of the helicase-like domain (cartoon) in the context of full-
length reverse gyrase. The progression through the nucleotide cycle
with moderate velocity may be required for efficient coupling of ATP
hydrolysis and positive supercoiling.

absence of nucleic acids. Thus, all determinants for
nucleotide binding and hydrolysis are contained within
the helicase-like domain, and its characteristics are unal-
tered in the context of reverse gyrase. The similar ATPase
rates suggest that the conformations of the helicase-like
domains are similar, indicating that the arrangement of



the catalytic residues in the isolated helicase-like domain
and in context of reverse gyrase are the same.

Our results demonstrate that the helicase-like domain
mediates nucleotide-dependent interactions of reverse
gyrase with ssDNA and dsDNA, and with plasmid DNA.
In the ATP state, dsSDNA and ssDNA are bound with
similar affinities, whereas after ATP hydrolysis, ssDNA
is preferentially bound. The DNA substrates influence the
rate of switching between these states by stimulating the
intrinsic ATPase activity of the helicase-like domain.
Thus, the helicase-like domain is a module that confers
nucleotide-dependent DNA binding to reverse gyrase.
The topoisomerase domain has no influence on nucleotide
binding and hydrolysis by the helicase-like domain in the
absence of DNA, but modulates the ATPase properties in
the presence of DNA. In the context of reverse gyrase, the
ATPase activity of the helicase-like domain is still stimu-
lated by the same DNA substrates, but to a much lesser
extent. The DNA-stimulated ATPase activity of reverse
gyrase is 10-fold lower than that in the isolated domain,
demonstrating that the activity of the helicase-like domain
is strongly suppressed by the topoisomerase domain.

The nucleic acid-stimulated ATPase activity of SF2 heli-
cases results from a conformational change upon binding
of both ligands that leads to a closure of the cleft between
the two helicase subdomains. In this closed conformation,
the catalytic residues are correctly positioned for efficient
ATP hydrolysis. It has been proposed that such a confor-
mational change in the helicase-like domain initiates
supercoiling by reverse gyrase (10,14). The observed simi-
lar ATPase activities of the helicase-like domain and
reverse gyrase suggest a similar open conformation of
the helicase in both enzymes (Figure 9). In the presence
of DNA, the isolated helicase-like domain adopts a closed
conformation that rapidly hydrolyzes ATP. Possibly, in
full-length reverse gyrase the topoisomerase domain pro-
vides a steric hindrance for the conformational change in
the helicase-like domain. This steric hindrance may con-
fine the helicase-like domain to a more open form even in
the presence of nucleic acids, and consequently to less
efficient ATP hydrolysis by reverse gyrase compared to
the isolated helicase-like domain. A restriction of this con-
formational change by the topoisomerase domain would
also readily explain the lower cooperativity between ATP
and nucleotide binding in rGyr_fl.

Inter-domain communication in reverse gyrase: DNA
binding and ATPase stimulation

The helicase-like domain and reverse gyrase interact more
tightly with ssDNA than with dsDNA. This preference for
ssDNA is reminiscent of other type I DNA topoisome-
rases (27). The high affinity of reverse gyrase for ssDNA
may allow for sensing of single-stranded regions (5), and
lead to stabilization of these regions for strand cleavage
and the subsequent strand-passage reaction during cataly-
sis. It has been shown previously that the presence of
single-stranded regions in the DNA substrate favors posi-
tive supercoiling by reverse gyrase (5). Reverse gyrase con-
tains several potential interaction sites for nucleic acids,
located in the helicase-like domain, or in a cleft close to
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the catalytic tyrosine. In addition, the latch region may
contact DNA (10,12), and a transient interaction of the
putative zinc fingers with the DNA during supercoiling
has been proposed (10). However, nucleic acid binding
to these different interaction sites of reverse gyrase has
not been characterized in detail. By using the Y851F
mutant of reverse gyrase in DNA binding studies, we
excluded the covalent binding of DNA via the catalytic
tyrosine. In general, the DNA affinity of reverse gyrase
is about 10-fold higher than that for the helicase-like
domain. This increased affinity could either reflect tight
DNA binding to the helicase-like domain in reverse
gyrase, or point towards simultaneous interactions
of DNA with the topoisomerase domain that increase
the overall affinity. Clearly, a more detailed analysis of
DNA binding to reverse gyrase would be required to
further understand the relation between DNA binding
to different sites and stimulation of ATP hydrolysis.
However, in this context it is important to note that the
cooperativity observed for ssDNA binding does not reflect
two DNA molecules binding to one molecule of reverse
gyrase (as would be possible if one ssSDNA molecule inter-
acts with the helicase-like domain and one with the topo-
isomerase domain). Instead, the data is consistent with the
interaction of two reverse gyrase molecules with one
ssDNA molecule, pointing towards a possible interaction
between reverse gyrase molecules on the same substrate
DNA. The fact that this cooperative effect is more pro-
nounced for the full-length enzyme than for the isolated
helicase-like domain, and only observed for ssDNA but
not for dsDNA, suggests a functional role of this protein—
protein interaction during the supercoiling reaction.

Is the ATPase activity of the helicase-like domain
modulated to achieve optimal coupling of ATP hydrolysis
to positive supercoiling?

Our results demonstrate that the helicase-like domain of
reverse gyrase meets most criteria for a bona fide helicase:
it has a DNA-dependent ATPase activity, and the nucleo-
tide-state determines its affinity for ssDNA and dsDNA.
However, as already reported for other reverse gyrase
homologs, we did not detect DNA unwinding activity
for the helicase-like domain of T. maritima reverse
gyrase (data not shown). Altogether, the helicase-
like domain of reverse gyrase acts as a nucleotide-
dependent switch reminiscent of the nonprocessive
DEAD box helicases that constitute a subfamily of SF2
helicases (28).

Helicase domains frequently occur in conjunction with
additional domains that mediate substrate specificity or
the interaction with protein partners, or regulate helicase
activity (29-33). For instance, the DEAD box helicase
RIG-I consists of a helicase domain and two N-terminal
caspase activation and recruitment domains that connect
the helicase function to the caspase signaling pathway,
and these additional domains inhibit the RIG-I helicase
activity (33). Conversely, the internal helicase domain of
dicer inhibits its RNase activity (32), demonstrating that
the domains can mutually influence their respective activ-
ities. Likewise, the ATPase activity of the helicase-like
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domain in the presence of DNA is attenuated in the con-
text of reverse gyrase, and the differences in nucleic acid
affinities of the nucleotide states are smaller (Figure 9).
A repression of relaxation activity of the topoisomerase
domain in the absence of nucleotides by the helicase-like
domain, mediated by the latch region (11,12), has been
demonstrated earlier. The inhibition of the helicase-like
domain we describe here seems to be the reciprocal
effect. Deletion of the latch region increases the ATPase
activity of reverse gyrase in the presence of ssDNA (11),
suggesting a simultaneous role of the latch for the inhibi-
tory effect of the topoisomerase domain on the helicase-
like domain. Both effects emphasize the importance of
communication between the reverse gyrase domains. The
fact that the differences between switching of the helicase-
like domain and reverse gyrase are mostly lost in the
K106Q mutants suggests a critical contribution of the
Walker A motif to inter-domain communication.

As a consequence of the inhibitory effect of the topo-
isomerase domain on the helicase-like domain in reverse
gyrase, the progression through the nucleotide cycle in the
presence of DNA is strongly decelerated. DNA supercoil-
ing is a complex multi-step process, and the current model
of DNA supercoiling by type IA topoisomerases such as
reverse gyrase involves DNA cleavage, strand passage and
re-ligation of the cleaved strand. This reaction will most
likely require substantial conformational changes in
reverse gyrase, and supercoiling is therefore an intrinsi-
cally slow process. Thus, a rapid cycling between the
nucleotide states may not be necessary or could even be
detrimental for supercoiling. Instead, the precise coordina-
tion of ATP hydrolysis and supercoiling may require
matching rates for both processes, and hence a moderate
ATP turnover. The inhibitory effect of the topoisomerase
domain on the helicase-like domain emphasizes the role of
inter-domain communication for efficient coupling
between ATP hydrolysis and positive DNA supercoiling
by reverse gyrase.
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