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ABSTRACT. The interaction of DNA gyrase with ATP has been probed using a range of thiophosphate
ATP analogs. ATPRS is not detectably hydrolyzed by gyrase but can support limited, probably catalytic,
DNA supercoiling. ATR'S is a good inhibitor of both ATP hydrolysis and ATP-supported supercoiling.

In contrast, both ATRS(R;) and ATRBS(R,) have been shown to be good substrates for the ATPase
reaction of gyrase and to support catalytic DNA supercoiling. The correspofgdigstereoisomers do

not support significant levels of supercoiling and are not readily hydrolyzed, but are shown to be reason-
able inhibitors of gyrase. For ATES(R,), the supercoiling and ATPase activities appear to be tightly
coupled with the thionucleotide being apparently a better substrate than ATP in terms of both DNA
supercoiling and nucleotide hydrolysis. In the case of A${;), DNA supercoiling and nucleotide
hydrolysis appear to be uncoupled in that B{R,) is almost as good a substrate as ATP for the ATPase
reaction of both intact gyrase and the 43 kDa GyrB fragment, whereas it only supports slow DNA
supercoiling; the mechanistic consequences of these observations are discussed in terms of a new model
for energy coupling in gyrase. DNA gyrase has been shown to be capable of catalyzing DNA supercoiling
in the presence of Mg, Ca&", and Mrft but not Zi*, Cc&t, Ni?*, or C®*. The pronounced
diastereoselectivity seen in both the DNA supercoiling and ATPase activity witho&8Téhd ATBS
together with evidence from the X-ray structure of the 43 kDa GyABPNP—Mg complex is consistent

with metal ion coordination at both of these sites, and probably tp4figosphoryl center during turnover.
Thus, the absolute configuration of the catalytically active?MgATP complex is likely to involve
coordination to thgro-Soxygens at both & and K3, leading to then,3,y-tridentate Mg-ATP complex

with the A-exo configuration.

DNA gyrase catalyzes the introduction of negative super- ATP. In the presence of the nonhydrolyzable ATP analog
coils into closed-circular DNA using the Gibbs energy ADPNP (8-adenylyls,y-imidodiphosphate), limited super-
derived from ATP hydrolysis [for reviews, see Reece and coiling can be achieved, suggesting that nucleotide binding
Maxwell (1991) and Wigley (1995)]. The enzyme from promotes one cycle of supercoiling and that hydrolysis is
Escherichia coliconsists of two proteins, GyrA and GyrB, required for enzyme turnover [reviewed in Maxwell and
encoded by thgyrAandgyrBgenes. The molecular masses Gellert (1986), Reece and Maxwell (1991), Roca (1995), and
of the A and B proteins are 97 and 90 kDa, respectively, Wigley (1995)].
and the active enzyme is an@y complex. Gyrase is an essential enzyme in bacteria but is not present
in eukaryotes. It is therefore an ideal target for antibacterial
agents. Two major groups of gyrase-specific drugs have
been identified, the quinolones and the coumarins, both of
which inhibit the DNA supercoiling reactian vitro (Drlica
& Coughlin, 1989; Radl, 1990; Reece & Maxwell, 1991;

The mechanism of DNA supercoiling by gyrase involves
the following steps: (i) wrapping of a segment of DNA
(~130 bp) around the enzyme in a positive superhelical
sense, (ii) cleavage of the wrapped DNA in both strands with

the formation of covalent bonds between the newly formed Maxwell, 1992, 1993). The quinolones (e.g. nalidixic acid
5'-phosphates and Tyr122 of the A subunits, (iii) passage of g cipr,ofloxa;:in) are thought to act at the A subunit and
another segment of DNA through this double-strand break, jnterfere with the DNA breakage and reunion process.
and (iv) resealing of the broken DNA, leading to a change |cubation of gyrase with DNA in the presence of a
in the linking number of—2 (ALk = —2). Catalytic  guinolone drug and termination of the reaction by the
supercoiling is coupled energetically to the hydrolysis of addition of SDS result in the irreversible covalent attachment
of the cleaved DNA to the enzyme. The coumarins (e.qg.
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wrapping. The N-terminal 43 kDa domain of GyrB contains cedure of Goody and Eckstein (1971). The pBgeaand S,
the ATPase site and the binding site for coumarin drugs. epimers of ATIBS were prepared from ADFS by exploiting
The structure of this 43 kDa protein complexed with ADPNP the stereospecificity of kinase action at prochiral centers using
has been solved by X-ray crystallography to 2.5 A resolution high-energy phosphorylating agents. Procedures were based
(Wigley et al., 1991), and the structure of a 24 kDa on those reported by Eckstein and Goody (1976). Pyruvate
subdomain of this protein complexed with novobiocin and kinase was used to give predominantly tBeepimer of
a cyclothialidine analog has recently been solved (Lewis et ATPSS, while hexokinase was used to degrade contaminating
al.,, 1996). The C-terminal 47 kDa domain of GyrB is amounts of théR, epimer. The reaction conditions for the
thought to be involved in the binding to GyrA and DNA. pyruvate kinase-catalyzed reaction were as follows: 50 mM
The existence of these domains within the structure of the Tris-HCI (pH 8.0), 200 mM KCI, 1 mM DTT, 4 mM MgGl
intact proteins has been confirmed by differential scanning 2 mM ADPSS, 2.2 mM phosphoenolpyruvate, and 0.7 mg
microcalorimetry (Blandamer et al., 1994). of pyruvate kinase (350 units, Sigma), in a final volume of
In common with all energy-coupled enzyme-catalyzed 27 mL. The reaction mixture was incubated at°Z5for 4
processes, the crucial problem in understanding the gyraseh, and the reaction was stopped by extraction with an equal
mechanism concerns the nature of the coupling between thevolume of chloroform/isoamyl alcohol (24:1) and the aqueous
hydrolysis of the nucleotide and the energy-requiring process,layer loaded onto a DEAE-Sephadex (Pharmacia) column
namely DNA supercoiling. Recent work from this laboratory and eluted with a linear gradient of TEAB (100 to 600 mM).
has focused on the mechanism of the gyrase ATPase reactionThe isolated ATBPS contained significant amounts of the
This has involved kinetic analysis of ATP hydrolysis and R, epimer which was degraded to AP® using the following
nucleotide binding by the 43 kDa fragment (Ali et al., 1993, conditions: 50 mM Tris-HCI (pH 8.0), 100 mM KCI, 1 mM
1995), identification of the active site residues (Jackson & DTT, 4 mM MgCL, 1 mM ATPSS(S,), 1 mM glucose, and
Maxwell, 1993), and analysis of the energy coupling (Cullis hexokinase (250 units, Sigma), in a final volume of 25 mL.
et al.,, 1992). Nucleotide thiophosphate analogs in which The reaction was stopped by passage through Chelex 100
one or more of the nonbridging phosphoryl oxygens is (Sigma), and the pure ATS(S,) was purified by ion-
substituted by sulfur have been widely used to probe enzyme-exchange chromatography on DEAE-Sephadex, eluting with
catalyzed reactions at phosphorus, and these studies hava linear gradient of TEAB (100 to 600 mM). After removal
been extensively reviewed (Cohn, 1982; Eckstein, 1985; of TEAB, the triethylammonium salt of ATFS(S,) was
Frey, 1989). In the present study, we have exploited the stored at—20 °C as a frozen aqueous solution.
thiophosphoryl ATP analogs (i) to probe the mechanism of  Acetate kinase was used to catalyze the phosphorylation
the ATPase reaction of DNA gyrase and the 43 kDa domain of ADPSS to give almost entirely thR, epimer of ATFSS,
of GyrB, (ii) to probe the nature of the coupling between while any S, contaminant was degraded with myosin S1
nucleotide hydrolysis and DNA supercoiling, and (iii) to fragment (gift of R. Ankrett, Department of Biochemistry,
define the structure of the active metalucleotide complex.  Leicester University). The reaction conditions for the acetate
The metal ion coordination is of particular interest since, kinase-catalyzed reaction were as follows: 50 mM Tris-HCI
for a number of nucleoside triphosphate-handling enzymes, (pH 8.0), 7.2 mM MgC}, 1 mM DTT, 3.6 mM ADRSS, 30
for example the Ha-Ras p21 protein (Pai et al.,, 1990; mM acetyl phosphate, and acetate kinase (400 units, Sigma).
Schlichting et al., 1990), important changes in protein The reaction mixture was incubated at 25 for 4 h and
conformation associated with regulation appear to be trig- stopped by extracting with an equal volume of chloroform/
gered through interactions with the coordinated metal ion. isoamyl alcohol. The ATPS was purified by ion-exchange
Therefore, in the case of DNA gyrase, interactions with the chromatography as described for ti% epimer. Any
metal ion might play a crucial role in mediating interactions contaminating ATBS(S,) was removed using the following
between the various domains and hence in energy transduceonditions: 50 mM Tris-HCI (pH 8.0), 4 mM Mggl1 mM
tion itself. DTT, 1 mM ATPSS(R,), and myosin S1 (4 units). The
reaction was stopped by passage through Chelex 100
EXPERIMENTAL PROCEDURES (Sigma), and the pure ATFS(R;) was purified by ion-
Synthesis of Thiophosphate ATP AnalodgsTPaS was exchange chromatography. After removal of TEAB, an
synthesised as a racemic mixture by the method of Ludwig aqueous solution of the triethylammonium salt of A8
and Eckstein (1989). THhe, andS, epimers of ATRS were (Rp) was stored at-20 °C. The isomeric purity of botiR,
isolated from the racemic mixture by preparative reverse andS, ATPSS was confirmed by analytical reverse phase
phase HPLC using a linear gradient of acetonitrile (0 to 20%) HPLC using a linear gradient of O to 5% acetonitrile in 100
in 100 mM triethylammonium bicarbonate (TEAB) with the mM TEAB containing 20 mM MgGl.
S epimer eluting before th&, epimer. Generally, HPLC NMR Data. 3P NMR proton-decoupled spectra were
resolution of the thionucleotides used in this study was recorded at 121.5 MHz on a Bruker AM300 instrument. For
achieved using conditions based on those of Ludwig and ATPaS, samples consisted of 2 mM nucleotide dissolved in
Eckstein (1989), Lazewska and Granowski (1990), and 100 mM CAPS buffer (pH 9.6) containing 10%,0® and
Marquetant and Goody (1983). Fractions corresponding to 10 mM EDTA, in a final volume of 0.5 mL. AT&S(S,):
single peaks on the chromatogram were pooled, concentrated'P NMR (121.5 MHz, RO) 6 + 42.75 (d,J = 28 Hz; Rx),
repeatedly with additions of methanol to remove TEAB, and —23.11 (overlapping dd,®, —6.20 (d,J = 20 Hz, B).
stored at-20°C as aqueous solutions. The isomeric purity ATPaS(R,): 3P NMR (121.5 MHz, DO) 6 +42.44 (d,J
of the samples was confirmed by analytical reverse phase= 28 Hz, Ry), —23.13 (overlapping dd,®, —6.19 (d,J =
HPLC and by*'P NMR. 20 Hz, P/). For ATP3S, samples consisted of 11.9 mM
The triethylammonium salt of adenosine-G-(2-thio- nucleotide dissolved in 200 mM Tris-HCI (pH 8.8) contain-
diphosphate) (ADBS) was synthesised following the pro- ing 10% D,O and 10 mM EDTA, in a total volume of 0.5
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mL. ATPSS(S): 3P NMR (121.5 MHz, RO) ¢ —12.20 Scheme 1
(d,J =27 Hz, Rx), +28.59 (overlapping dd,/, —6.89 (d,

a

o b
J=28Hz, B). ATPSS([Ry): 3P NMR (121.5 MHz, RO) | (|) o*
0 —12.19 (d,J = 26 Hz, Rv), +28.54 (overlapping dd,/, o//”\o‘\“.__..,.P\ ‘““FI,
—6.93 (d,J = 28 Hz, P)). J 0 No Ad
Enzymes and DNAThe DNA gyrase A and B proteins ° ° Ad = adenine

were prepared as described by Hallett et al. (1990), and the  atp,s O 2 replaced by S
A2B, complex was reconstituted as described by Bates and  ATPBS(Sp): O ° replaced by S
Maxwell (1989). The N-terminal 43 kDa fragment of GyrB ATPBS(Rp) : O ° replaced by S HO  OH
was purified as described by Ali et al. (1993). Protein  ATPaS(Rp): O :’ep'aced by §

ATPaS(Sp): O °replaced by S

concentrations were determined by the method of Bradford
(1976). Relaxed plasmid pBR322 DNA was prepared as
described previously (Bates & Maxwell, 1989).

Enzyme AssaysDNA supercoiling assays were carried
out as described by Cullis et al. (1992). Three ATPase assays
were used. (i) A pyruvate kinase/lactate dehydrogenase (PK/

Table 1: Inhibition of ATP-Dependent Supercoiling by ATP
Analogs

concentration giving 50% inhibition
of supercoiling (mM)

LDH)-linked assay was carried out as described previously __"ucleotide 0.3 mMATP 0.03 mM ATP
(Tamura & Gellert, 1990; Ali et al., 1993). The reaction ATPyS 0.02 -
conditions were the same as for DNA supercoiling assays ﬂggggg 83 E
except that in addition 250M NADH, 400 mM phospho- ATPBS(S) 06 _

enolpyruvate, pyruvate kinase (1.1 units, Sigma), and lactate

dehydrogenase (1.4 units, Sigma) were present and the tOtaliiastereoisomers that are distinguished in the following

assay volume was 150". (ii) A continuous enzyme-linked discussion by reference to their absolute configurations at
phosphate assay coupling the release of phosphate to th?he thiophosphoryl center

nucleoside phosphorylase-catalyzed phosphorolysis of 7-
methylguanosine (fBuo) to 7-methylguanine (fGua) based  pNA Supercoiling
on the method of Banik and Roy (1990) was carried out as - N
described by Ali et al. (1993). (iii) A single-time point ~ ATPyS. Under the standard supercoiling assay conditions
malachite green assay involving the formation of a phos- With ATPyS at 1 mM replacing ATP, a gyrase concentration
phomolybdate complex with ;Pwhich can be detected Of 25 nM, and a DNA concentration of 3.4 nM, a change in
spectrophotometrically atsoo—Asso (Lanzetta et al., 1979; the linking number of—10 was observed_ in 120 min.
Chan et al., 1986) was used. For most experiments, a scaled3ecause gyrase catalyzes a change in the linking number of
down version of the assay in microtiter plates was used. DNA in steps of two, and the enzyme to DNA ratio was
Thirty microliters of ATPase reaction mixture was incubated approximately 7, the maximueLk achievable by stoichio-
for various times (usually 5 h), and successive 2-fold Metric supercoiling would be approximately14. In
dilutions were made in a microtiter plate. One hundred and Practice, the real limit is likely to be below this because of
fifty microliters of malachite green reagent was added to each the fraction of the enzyme that is known to be inactive in
well. The plate was incubated on ice for 30 min, an¢i20  Supercoiling (Ali et al., 1995). In addition, recent work by
of 0.5% Tween 20 was added to each sample. After 15 min Bates et al. (1996) would suggest that the coupling prob-
at room temperature, the plate was read at 630 nm in a@bility with relaxed DNA is ~0.25; i.e. stoichiometric
microtiter plate reader. An internal calibration of phosphate Supercoiling would introduce ALk of approximately—4.
standards was incorporated on each plate. The fact that the observetiLk of —10 is above this level
The hydrolysis of ATRS was investigated usingS- suggests that the supercoiling supported by AS#s likely

labeled ATR'S (Amersham International). In these experi- [© D€ catalytic rather than stoichiometric. .
ments, gyrase (75 nM) was incubated with A (1 mM, To provide evidence that ATIS does_, mdged bind to
ca. 100 000 cpm) and DNA (linear pBR322, 4¢/mL) and gyrase, we have also Ip_oked at the inhibition of ATP-
the reaction progress monitored by separation of the productd€Pendent DNA supercoiling. At an ATP concentration of

by thin layer chromatography on PEtellulose plates and ~ 9:3 MM, 50% inhibition of supercoiling by ATFS was
quantitation by scintillation counting of the spots corre- ©Pserved at a concentration ©0.02 mM (Table 1), i.e. at
sponding to ATRPS and F5S. an approximately 10-fold lower concentration, confirming

ATPase data for the 43 kDa GyrB fragment were fitted to thaAtT'ggjstz\ds (r:ac\)srgpsira::/cili)llir?gzg)s/afosgvzzrlzec.arrie d out
a steady state rate equation (Ali et al., 1993) using Mac- in the r.esenceg)i)f ATP pand i 9 and y diastereoiso-
CurveFit 1.2 (Kevin Raner Software, Australia). Gyrase P e, S

ATPase data were fitted to the Michaetislenten equation nmuecrlséc())tfi (ﬁeTgérS]ée:]Jtrr]gt?(;r:hviaztigd?rgoﬁzfaar)]lt (;Otnld'rtr']?\/rlls\/;ﬁt]ri}g
using Kaleidagraph (Abelbeck Software). P

the enzyme concentration was varied. The concentration of
RESULTS AND DISCUSSION enzyme required to convert approximately 50% of the relaxed
plasmid pBR322 to the supercoiled form 1 h at 25°C
The various nucleotide thiophosphate analogs that havewas compared for each nucleotide. The results show a
been prepared and investigated are shown in Scheme 1. Irstriking preference for th®, diastereoisomer over ths,
the case of both AT&S and ATEBS (but not ATR'S), the diastereoisomer of ATdS (Table 2); indeed, under these
substitution of one of the nonbridging oxygens by sulfur conditions, ATRS(R,)-supported supercoiling was indis-
generates a new chiral center, leading in each case to twainguishable from that of ATP, while no activity with tts
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Table 2: Comparison of the Epimers of A@B versusATP as
Substrates for Gyrase

nucleotide gyrase concentration for relative effectiveness
(1 mM) 50% supercoiling (NM) as substrate
ATP 1.5 1
ATPaS(Ry) 15 1
ATPoS(S) >150 <0.01

epimer of ATRS was evident. At2 mM ATRS(S), a very

low level of supercoiling was apparent with a change in Lk
of approximately—2, but this was observable only at very
high gyrase concentrations (150 nM) which could represent
a stoichiometric reaction (data not shown).

Cullis et al.

catalytic, hydrolysis of ATBS(S,) (see below) supports the
possibility that the supercoiling reaction is also catalytic but
very slow.

The failure to support efficient supercoiling may arise from
poor binding of ATRS(S,) to DNA gyrase or from inef-
ficient hydrolysis or energy coupling. In order to explore
the binding of this analog to the enzyme, its properties as
an inhibitor of the ATP-dependent supercoiling reaction were
investigated. The concentration of A&B(S,) was varied
at a constant ATP concentration of 0.03 mM in a gyrase-
catalyzed supercoiling reaction. Approximately 50% inhibi-
tion occurred at a concentration of 1.0 mM AT®(S,), i.e.
~35-fold higher than the ATP concentration (Table 1). This

The nucleotide dependence of the rate of supercoiling cansuggests that ATd#S(S,) is a comparatively poor competitive

be estimated from laser densitometry of the supercoiled DNA

inhibitor of ATP and that this will contribute to its failure

band resolved by agarose gel electrophoresis. The rate oo support significant DNA supercoiling.

the ATRLS(Ry)-supported DNA supercoiling reaction was
investigated by determining the effects of nucleotide con-
centration at a fixed enzyme concentration and directly
comparing this with ATP. At nucleotide concentrations
below 1 mM, ATR.S(R,) appeared to be a better substrate
than ATP. For example, the progress of the supercoiling
reaction was very similar for ATP at 1 mM and A&B(R,)

at 0.1 mM. With ATP at 0.1 mM or ATRS(R,) at 0.01
mM, the supercoiling rates were again very similar but
greatly reduced from reactions at the higher nucleotide
concentrations. Significantly, above 1 mM, the rates of
supercoiling supported by ATP and by AGB(R,) were very
similar. These data are suggestive of a difference in binding
affinity of approximately 1 order of magnitude between ATP
and ATRxS(R,), with the latter having the higher affinity.

A comparison of the apparent rate of supercoiling for ATP
and the analog at 0.1 mM reveals that AIFR,)-supported
supercoiling is~4—5 times faster than that with ATP. These
apparent rates are not linear but curve off with increasing

ATP3S. With ATPSS, gyrase again exhibited a marked
preference for th&, diastereoisomer over tHg diastereo-
isomer. In a standdr1 h supercoiling assay (1 mM
nucleotide), no activity was observed for ATR(S,) while
a slow introduction of superhelical turns was noted with
ATPSS(R,). At a high enzyme concentration (75 nM), a
ALk of about—6 was produced with th&, diastereoisomer
under these conditions. As a rough indication of the efficacy
of ATPBS(R,) in supporting DNA supercoiling, at a gyrase
concentration of 75 nM, ATPS(R;) gave less supercoiling
than ATP in the presence of a gyrase concentration of 0.75
nM; i.e. over 100-fold more enzyme was required for
ATPBS(Ry). Thus, the effectiveness of APB(R,) was
<0.01 compared to ATP under these conditions.

The low level of supercoiling with ATBS(R,) was further
investigated by monitoring the progress of the supercoiling
reaction over a long time course. Aftem 8 h incubation,

a ALk of approximately—8 was seen which corresponds to
four rounds of supercoiling. Since the proportion of enzyme

time. This reflects the difficulties in measuring the kinetics , pnA was roughly 7:1 (a DNA concentration of 3.4 nM

of supercoiling and the fact that the supercoiled band on an

agarose gel consists of many topoisomers with specific
linking differences of roughly-0.04 or more. Thus, the
experiment described here only monitors the formation of
moderately supercoiled topoisomers and cannot follow
further supercoiling; i.e. the quantitation of supercoiling by
this method is not accurate.

The S, epimer of ATRLS supports very limited supercoil-

ing even at high concentrations. Given that ADPNP has been

shown not to be hydrolyzed by gyrase (Tamura et al., 1992)
and to promote stoichiometric supercoiling (Sugino et al.,
1978; Bates et al., 1996), in principle, A&B(S,) could
support either stoichiometric or catalytic supercoiling. At-
tempts to distinguish these two possibilities were inconclu-
sive. For stoichiometric supercoiling\Lk should reach a
maximum, after sufficient time, which is proportional to the
gyrase concentration. This was not observed for 43P
(S), and instead, a slow but steady increasé\lrk up to
about—8 was seen in 12 h with 150 nM gyrase and 3.4 nM
DNA (data not shown). Because of the high levels of
enzyme required to detect activity with A&B(S,), this level

of supercoiling is still below the level that could in principle
arise from stoichiometric supercoiling [even allowing for a
proportion of inactive GyrB in the preparation, see Ali et al.
(1995); and for low coupling efficiencies, see Bates et al.
(1996)]. Hence, it does not unequivocally indicate enzyme
turnover. However, the observation of slow, but apparently

and an enzyme concentration of 25 nM), it would seem that
the low level of supercoiling observed could in principle be
ascribed to a stoichiometric mechanism. However, the
hydrolysis of ATRBS(R,) by gyrase is comparatively efficient
(see below), which would be consistent with a catalytic
supercoiling reaction, albeit at a very slow rate.

Both the modest supercoiling supported by AB{R;) and
the lack of activity with ATIBS(S,) could again arise be-
cause of poor binding of the nucleotide to the enzyme. This
was addressed by investigating the ability of both diastere-
oisomers of ATIBS(S,) to inhibit ATP-dependent supercoil-
ing (Table 1). The results show that under these conditions
both diastereoisomers of APS are moderate inhibitors and
suggest that ATPS(R,) is bound by gyrase approximately
as tightly as ATP while ATBS(S,) was bound roughly 2-fold
more weakly than ATP. Clearly, the poor supercoiling
seen with ATIBS(R,) and the lack of supercoiling with
ATPSS(S,) must arise from factors other than weak binding.
Of course, it is possible that when inhibiting the ATP-in-
duced supercoiling reaction the two AF® diastereoisomers
could in each case be bound in a nonproductive binding
orientation.

ATPase Actiity

ATPyS. The ability of gyrase to hydrolyze ATFS was
investigated using both a malachite green assay (relying on
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the conversion of inorganic thiophosphate to phosphate under 0.05
acidic conditions) and®S-labeled ATRS. Using both
methods, no significant hydrolysis could be detected. Under
the conditions of these assays, it would have been possible
to detect=1% hydrolysis, from which it can be concluded
that if ATPyS is hydrolyzed by gyrase the rate must be
<1072 the rate of ATP hydrolysis. However, it is clear that
the level of hydrolysis of ATPS that would be required to
account for the DNA supercoiling discussed above falls well
below the limits of detection in these assays.

To confirm that ATR'S is capable of binding to gyrase,
the inhibition of ATP hydrolysis by ATPS was briefly

0.04

0.03 r

0.02 r

Initial rate of ATP hydrolysis (tM/sec)

investigated. At 0.3 mM ATP, the concentration of A% 0

required to inhibit Pformation by 50% was roughly 0.03 0 0.5 ! L3 2 =
mM, in good agreement with the igvalues determined in [ATP] (mM)

the DNA supercoiling assays (see above). 0.06

ATPuS and ATBS. Monitoring the ATPase reaction with
thiophosphate analogs is not entirely straightforward. The
pyruvate/lactate dehydrogenase-coupled ATPase assay has
been previously used with DNA gyrase for ATP itself
(Tamura & Gellert, 1990; Ali et al., 1993) and relies on the
easy monitoring of the regeneration of ATP by the coupled
enzymes. This convenient assay is not appropriate for
monitoring the hydrolysis of AT®S and ATIBS. With
ATPSS, both theR, andS, diastereoisomers are hydrolyzed
to ADPBS which is now prochiral at & Since the
stereospecificity of pyruvate kinase is not absolute (Cohn,
1982; Eckstein, 1985), both tl& and S, diastereoisomers ‘ , ‘ , ,
of ATPAS will be regenerated with a progressive loss of 0 02 0.4 0.6 0.8 | 12
stereochemical integrity, thus altering the kinetics in a
complex manner. With AT&S, hydrolysis yields ADRS
which still retains its chirality and therefore, in principle, 0.025
the PK/LDH assay should be suitable. However, the fact
that the sulfur analogs of ADP [especially ARB(R;)] are
much worse substrates for pyruvate kinase than ADP would
require that large amounts of coupling enzyme be used so
as not to be rate-limiting.

A coupled assay measuring phosphate release that utilizes
nucleoside phosphorylase to catalyze the phosphorolysis of
7-methylguanosine to give 7-methylguanine and ribose
1-phosphate has been developed (Banik & Roy, 1990). This
reaction is associated with a convenient change in fluores-
cence. We have used this assay to monitor the hydrolysis
of ATPaS and ATEBS by gyrase for comparison with ATP. 0
Control experiments indicated that the coupling system was
active in the gyrase supercoiling buffer, giving a linear [ATPbS] (mM)
decrease in fluorescence with increasing phosphate concenFicure 1: Hydrolysis of ATP and the thiophosphate analogs by

trations up to about 2@M (data not shown). It was found DNA gyrase. ATPase assays were carried out in the presence of
excess linear pBR322 DNA using the fluorescence assay (Banik

to be necessary to omit BSA. from the reaction as this gave ¢ Ray, 1990) or the PK/LDH assay (Ali et.all993) as indicated.
a large fluorescence quenchlng effect. (_:ontrol supe_rcomng Panel A shows the hydrolysis of ATP by gyrase as measured by
and PK/LDH ATPase experiments with gyrase in the the fluorescence assay (filled circles) and the PK/LDH assay (filled
presence and absence of BSA gave identical results. Whersquares). Curves were fitted to the Michaelidenten equation and

y 9 yt: 0.40 mM andVma2°P = 0.051uM s~1; PK/LDH assay KPP =

it was four_1d that the rate was proportional to the gyrase 0.47 MM anVima,P= 0.0464M s, Panel B shows the hydrolysis
concentration over the range tested (up to 150 nM). of ATPaS(R,) by gyrase as measured by the fluorescence assay:
The steady state kinetics of ATP hydrolysis by DNA K2 = 0.038 mM andVp,,?"° = 0.054uM s~1. Panel C shows
gyrase in the presence of DNA, investigated by both the PK/ the hydrolysis of ATBS(R;) by gyrase as measured by the
fluorescence assayK® = 0.58 mM andVpy,,2° = 0.026 uM

LDH assay and the fluorimetric phosphate assay, are Showns*l. In all experiments, the gyrase concentration was 50 nM,

in_ Figur.e 1A A hyperpolic curv_e of the form of the yielding ke#°P values of 1 and 0.973 for ATP and 1 and 0.5
Michaelis-Menten equation was fitted to the data, and a for ATPaS(R,) and ATBBS(R,), respectively.

least-squares nonlinear regression program was used to obtain

values forVm,,&P and Ky2P. In this analysis, the presence the two sites were not considered (Maxwell et al., 1986;
of two ATP sites and the probable cooperativity between Tamura et al., 1992). It can be seen that there was a
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reasonable comparison between the two assays, giving A .16 ©
similar values foKy2*P andk.,#"°which compared favorably
with those reported in the literature, e.g. Maxwell and Gellert
(1984). Panels B and C of Figure 1 show the initial rates of
hydrolysis plotted against nucleotide concentration for
ATPaS(R,) and ATRBS(R,); no hydrolysis was detected for
the S, epimers which explains their inability to substitute
for ATP in the supercoiling reaction. ATS(R,) was
hydrolyzed well by gyrase and gaveka#fP similar to that

of ATP of ~1 s7%, while theKy#Pwas almost 11-fold lower
than that of ATP. These kinetic properties of AARR,)

are reflected in its effectiveness as a substrate for supercoil- 0 ; — : —
ing, where ATRS(R,) had an activity equivalent to that of 1.6 2.4 3.2
ATP at a concentration roughly 10-fold lower. Furthermore, [Substrate] (S) mM

at high concentrations (1 mM) of ATP and AGB(R;), well
above their respectiviKy2"%s, their effectiveness in the
supercoiling reaction was roughly equivalent, which corre-
sponds to the similar rates of hydrolysis at saturating levels
of nucleotide. An additional correlation between hydrolysis
and supercoiling with these nucleotides is available from a
comparison of the rates of supercoiling at different nucleotide
concentrations and the rates of hydrolysis; for example, in
the supercoiling experiments, the rate with 0.1 mM ABP

(Ro) is between 4 and 5-fold faster than that with 0.1 mM
ATP, and correspondingly, under these conditions, A$P
(Ro) is hydrolyzed~4-fold faster than ATP. Thus, in this 0
respect, the hydrolysis of this analog appears to be well 0 0.08 0.16 024 032
coupled to the supercoiling reaction. )

To confirm the stereoselectivity of gyrase with AG®, _ _

the hydrolysis of a racemic mixture of AT was analyzed ~ 'SURE 2. Hydrolysis of ATP and thiophosphate analogs by the

X 43 kDa fragment. ATPase assays were carried out using the
over a long time course by reverse phase HPLC (data notqgrescence assay with 18M protein. Data were fitted to the
shown). Reaction mixtures were comprised of 150 NnM steady state rate equation (Ali et,21993) derived from Scheme
gyrase and 1 mM nucleotide in a total volume of 3D. 2. Panel A shows the hydrolysis of ATP (open circles) and ASP
After 112 min, amostal o &, epimer of ATRIS was () (e S8, B0 S1oue e DO 04008 e
hydrolyzed to the corresponding epimer of AB® with ~ [PPPT BICE éov;’r']parisoé (dasﬁ(;’d line), yarolysi P
virtually no hydrolysis of ATRS(S,). This gives an average
turnover rate over this period of about 0.5.s After 1320 43 kb4 protein exhibits a greater than first-order dependence

min, a low level of hydrolysis of ATRS(S,) was detected, 4 protein concentration, consistent with the active form of
up to about 15%. This corresponds to aboutRBATPaS- the protein being a dimer (Ali et al., 1993). Using the

0.127

0.087

Initial rate(v)uM/sec

0.04-

o
o
o

o]

0.45—

0.3

Initial rate(v)uM/sec

0.157

[Substrate] (S) mM

(i) hydrolyzed and an average tumover rate of £.30°° fluorescence ATPase assay described above, we observed a
s Thus, hydrolysis of ATRS(S) is slow but clearly  gjmjjar dependence of the rate on enzyme concentration (data
catalytic. not shown). To simplify the analysis, all ATPase experi-

The detection limit for formation of iPby either the  noniq \ith the 43 kDa fragment were carried out at a protein
malachite green or the nucleoside phosphorylase single-¢qncentration of 15M. At constant enzyme concentrations,
time point assay '&5 #M. No hydrol_y5|s of _ATR}_S(SD) the ATPase reaction displays approximately hyperbolic
was detected by either assay aie5 hincubation with 75 inetics. Figure 2 shows the steady state kinetics of ATP
nM gyrase and 1 mM nucleotide, giving an upper limit of  y drolysis by the 43 kDa fragment at this protein concentra-
ATPBS() hydrolysis of 3.7 x 10° s Using the oyt has previously been shown (Ali et al., 1993) that
nucleoside phosphorylase assay, ABER;) was also shown e ATPase reaction of the 43 kDa fragment of GyrB can

to be a reasonably good substrate in terms of the gyrasey, 5ccommodated by the following scheme:
ATPase activity, with &y?°P similar to that of ATP and a

Keaf®? only ~2-fold lower than that of ATP (Figure 1C);  gcheme 2

i.e. ATPBS(R,) is hydrolyzed by gyrase 260 times faster than .
ATPSS(S). However, ATIBS(R,) was a poor substrate for E+S k:H ES
supercoiling, supporting only a very slow reaction. Intrigu- B
ingly therefore, the hydrolysis of ATFS([R,) by gyrase
appears to be substantially uncoupled from DNA super-
coiling.

k+
ko ES,——> 2E +2P

e

k.
E+S?I‘ ES

Nucleotide Stereospec_ificity of the N-Terminal Fragment In this scheme, nucleoside triphosphate (S) binds to the

of GyrB (43 kDa Protein) 43 kDa protein (E) to form a monomeNTP complex which
The ATPase activity of DNA gyrase lies within the 43 can then dimerize. Only this dimer form f&) can

kDa domain of GyrB. The rate of ATP hydrolysis by the hydrolyze NTP to release products (P) and the free enzyme.
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A steady state rate equation has been derived on the basi§,pe 3 Rates of Hydrolysis of ATP, AT, and ATBS with
of this scheme, and values for the rate constants have beemg?+ and Cd* by the 43 kDa Protein
determined (Ali et al., 1993). Under the conditions of these

rate

experiments (i.e. enzyme concentrations in the micromolar rate of rate of °f Mg
range), the maximum velocity of the reaction is determined ~ [nucleotide] [Mg?*] hydrolysis [Cd?*] hydrolysis rate
largely byk, (the dimerization rate constant)iz. dimer- nucleotide — (mM) — (mM) @Ms™) (mM) (uMs™) ofCd
ization is rate-limiting under these conditions. The data ATP 2.0 198 0162 219  0.067 24
shown in Figure 2 for ATP can be accommodated by SchemeATPaS®,) 0.3 057 049 038 0014 35
2 with rate constants similar to those previously derived. The Areeo® 03 057~ 038 - -

L p sly : ATPBSR) 1.0 172  0.10 0.93  0.023 4.4
hydrolysis of ATR.S(R,) by the 43 kDa protein can also be  ATPSS(S) 1.0 172 - 093 - -

accommodated by Scheme 2, but in this case, significant
changes to the rate constants must be made. These data cdactivity comes from experiments with hexokinase, where it
only be fitted with increases ik, (the dimerization rate  was found that ATBS(R,) was the better substrate with
constant) of more than a factor of 2. In addition, the Mg?t while ATPSS(S,) was favored with C# (Jaffe &
equilibrium dissociation constant for nucleoside triphosphate Cohn, 1978b, 1979). This reversal of stereoselectivity was
(Kg = k-1/ky1) has to decrease by about 10-fold. Hence, taken as evidence of the coordination of the metal to the
ATPaS(R,) would appear to bind-10-fold tighter to the B-phosphate of ATP in the enzyme reaction. In similar
enzyme and stimulate an increase in the rate of dimerizationexperiments with ATRS, no reversal of stereoselectivity was
of the 43 kDa fragment. observed, and it was concluded that, in the hexokinase
In the case of ATBS([R,), the ATPase data shown in Mg—ATP complex, the metal is probably not coordinated
Figure 2 can be fitted to Scheme 2 with rate constants veryto the a-phosphate.
similar to those derived for ATP. In particular, there does  In an attempt to determine whether reversal of stereose-
not appear to be any significant changeKirequired:; i.e. lectivity could be demonstrated in the presence of softer
the affinity of the enzyme for ATBS(R,) is similar to that metal ions, the ability of other metals to substitute fori¥g
for ATP. It must be pointed out that there is insufficient in gyrase-catalyzed reactions was investigated. In super-
data in Figure 2 to uniquely define the rate constants in coiling assays in the presence of ATP, it was found that
Scheme 2, but it is clear that significant alterations in the Mg?*, C&*, and Mr#* supported the reaction while €g
rates of one or more of the steps must occur with &8P Ni*, Zr?*, and Cd* did not. ATRyS(R,) showed behavior

(Ro). similar to that of ATP, but with ATBS(S,), only very low
levels of supercoiling could be detected with Wgand
Metal lon Studies nothing with Cd*. One difficulty in interpreting these data

- . . concerns the multiple roles of metal ions in the supercoiling

Mg*" can bind to the phosphate oxygens of ATP, in (aaction, where they are involved in the interaction of gyrase
principle, giving rise to either mono-, bi-, or tridentate \ith not only ATP but also DNA. The DNAmetat-protein
chelates. Coordination to the andg-phosphates generates ntieraction may obscure the nucleotidetal-gyrase in-
new chiral centers, and thus, there are several potential metaja 4ction.
chelates in solution from which an enzyme will usually be |, order to focus on the nucleotig@rotein interaction,
specific for just one (Huang & Tsai, 1982). Studies using aTpase assays with different metal ions were carried out
nucleotide thiophosphate analogs can probe the nature angyiih the 43 kDa fragment which does not require DNA as
structure of the nucleotidemetal chelation involved in 54 effector. The fluorescence phosphate-coupled assay
catalytic turnover. offered a way of measuring the hydrolysis of ATP and the

It has been shown by NMR spectroscopy (Jaffe & Cohn, phosphorothioate analogs with different metal ions, since the
1978a) and subsequently by measurements of metal coupling reaction, namely the nucleoside phosphorylase-
thionucleotide stability constants (Pecoraro & Cleland, 1984) catalyzed phosphorolysis of ‘@uo, does not appear to
that, in complexes with phosphorothioate nucleotide analogs, require a divalent metal ion. This was confirmed by control
Mg?* prefers to chelateia oxygen whereas softer metals experiments which showed an identical decrease in fluores-
such as C# prefer sulfur [as would be expected from a cence on addition of a given amount of phosphate in the
consideration of hard and soft Lewis acids and basespresence and absence of #gons. The effect of C# ion
(Pearson, 1966; Cotton & Wilkinson, 1972)]. Thus, for concentration on the activity of nucleoside phosphorylase
example, theS, epimer of ATR:S (or ATRSS) when  in the coupled assay was also investigated. It was found
complexed to Mg" has the same relative configuration [as that, up to 0.5 mM C#, there was no measurable effect on
defined by Cornelius and Cleland (1978)] as the?Cd  the activity of the phosphorylase enzyme. However, at
complex of theR, epimer (i.e. they have the same relative higher concentrations, €t was found to be inhibitory,
configuration in terms of the metal chelate). reducing the rate of formation of i@ua such that this step

Through studies on a wide range of phosphoryl transfer was partially rate-limiting. The effect of Ctlions on the
enzymes, it has been shown that often where metal chelatior43 kDa protein was also examined. At high?Cdoncentra-
occurs to either the- or 5-phosphoryl residues this can be tions (2 mM and above), the protein (1) was clearly
reflected in a marked stereoselectivity for one of the seen to precipitate. In order to avoid these problems, the
thiophosphoryl diastereoisomers in each case. Unambiguousconcentration of free Cd in experiments with the 43 kDa
evidence for metal coordination at a particular site is only protein was kept below 0.2 mM. The rates of hydrolysis of
available if reversal of the diastereoselectivity is observed ATP and the thiophosphate analogs by the 43 kDa protein
on substitution of M§" by a softer thiophilic metal such as in the presence of Mg or Cc** are shown in Table 3. The
Cd?*. The classic example of such a reversal of stereose-concentration of each nucleotide was chosen to be near
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saturating, and an excess metal ion concentration wastive reaction pathway because of the reduced electrophilicity
calculated to ensure that 90% of the nucleotide was com- of the thiophosphoryl center.

plexed to the metal. It can be seen from Table 3 that Cd The studies with ATBS indicate a pronounced preference
ATP gives a rate of hydrolysis only 2.4-fold slower than for one of the two diastereoisomers. TRediastereoisomer
that of Mg—ATP. With the phosphorothioate ATP analogs, is a very good substrate for DNA supercoiling and nucleotide
the R, isomers for both ATRS and ATIBS were better  hydrolysis catalyzed by gyrase, and in terms of the ATPase
substrates in the presence of Mdut were hydrolyzed at  activity of the 43 kDa GyrB protein. The results are all
measurable rates in the presence of'Cdror ATRuS(R,), broadly similar. With DNA supercoiling, the data are
there was a 35-fold preference for the Mg complex, while consistent with a~10-fold increased affinity of gyrase for
for ATPBS(Ry), the preference for the Mg complex was only ATPaS(R,) compared with that for ATP. In the gyrase
4.4-fold. Since these data were obtained at just one ATPase reaction, the data suggestdd&°° value reduced
nucleotide concentration, the effects on the rate could resultby a factor of~11, while in the case of the 43 kDa protein,
from changes in binding or hydrolysis steps (Scheme 2). The the ATPase data were consistent witka/alue for ATRxS-

two corresponding, diastereoisomers, ATES and ATEBS, (Rp) ~10-fold lower than that for ATP. Taken together, it
showed no measurable activity with either Wgr Cc+. seems that the enzyme has -af0-fold higher affinity for
Had the diastereoselectivities arisen solely from the sites of ATPaS(R,) than for ATP. There are likely to be several
metal ion coordination atd?and/or BB, then in each case possible explanations for this apparent increased affinity.
Mg?* and Cd* would show opposite stereoselectivities with  First, the Mg-ATP complex in solution will be an equilib-

the epimers of ATRS and/or ATBS. rium between the various coordinated states and diastereoi-
someric forms, only one species of which will be recognized
CONCLUSIONS as a substrate for gyrase. The substitution of phe-R

) . _nonbridging oxygen atdefor sulfur reduces the number of

Catalytic DNA supercoiling catalyzed by DNA gyrase is  gjternative Mg complexes by favoring coordination to the
known to require the hydrolysis of ATP, with a single round oxygen at & [see also Goody and Hoffman (1980)]. The
of supercoiling requiring the hydrolysis of 2 mol of ATP. It tighter binding of ATRS(R,) may also reflect the expected
is also clear from studies with the nonhydrolyzable ATP gasjer desolvation of thiophosphate esters as compared to
analog ADPNP that a single round of supercoiling can be that of phosphate esters (Hine & Mookerjee, 1975; Wolfend-
induced by nucleotide binding and that catalytic turnover ep et al., 1979) which could result in a more favorable free
ATPoS(Ry), we reported that the extent of supercoiling |t js also not possible to exclude the possibility of a specific,
supported by this ATP analog was consistently slightly fortyitous favorable interaction between the protein and the
greater than that for ATP itself (Cullis et al., 1992). We gyifur ligand of ATRISR,).
were able to show that ATES(R,) had a slightly larger free In stark contrast, ATRS(S,) does not support significant
energy of hydrolysis than ATPAAG = 1 kJ mol*), and  |evels of DNA supercoiling, although some supercoiling is
we argued that this was sufficient to account for the getectable at very high gyrase concentrations. In keeping
additional supercoiling, suggesting that the extent of super- yith this, ATRxS(S) is not appreciably hydrolyzed by either
coiling catalyzed by DNA gyrase is limited by the free energy jntact DNA gyrase or the 43 kDa GyrB protein. It is not
of hydrolysis of the nucleotide. In this present study, we possible to exclude the possibility that the low level of
have looked at the full range of thiophosphate analogs of sypercoiling seen at high gyrase concentrations could arise
ATP in an attempt to probe further the nature of the coupling from a stoichiometric reaction since ABB(S) has been
between nucleotide hydrolysis and DNA supercoiling. shown to bind to the protein, although the binding is

In the case of ATPS, substitution of sulfur at the reactive relatively weak. The results with the A®S diastereoiso-
phosphoryl group leads to almost complete abolition of the mers are consistent with a tight coupling between nucleotide
various gyrase activities. Within the limits of detection, there hydrolysis and DNA supercoiling. The differences between
is no hydrolysis of ATRS catalyzed by DNA gyrase, the two diastereoisomers is likely to be due, at least in part,
although ATRE'S does support low levels of DNA super- to metal ion coordination (see below).
coiling. The extent of supercoiling observed in these latter For the diastereoisomers of ABB, again a marked
experiments could be accounted for by stoichiometric su- preference for thdR, isomer was observed. For ABB-
percoiling, analogous to that seen with ADPNP. However, (R,), a slow supercoiling reaction was observed, whereas,
given that the extent of supercoiling exceeds that which under the same conditions, for ABB(S;), no DNA super-
would be found with ADPNP, we are inclined to suggest coiling could be detected. In terms of the ATPase reaction
that ATPyS supports a slow catalytic reaction. We have of gyrase and of the 43 kDa GyrB protein, AT®R,) is
also shown that ATPS is a reasonable inhibitor of both the hydrolyzed almost as efficiently as ATP, whereas £5P
ATPase and the ATP-dependent DNA supercoiling reactions (S,) is not hydrolyzed under these conditions. The diaste-
of gyrase, with IGp values in the range of 2680uM. The reoselectivity seen for ATFS can be rationalized in terms
extremely slow rate of hydrolysis of AT/ by DNA gyrase of coordination of M§" to this center. The intriguing
inferred from these observations has precluded attempts touncoupling of the nucleotide hydrolysis from DNA super-
determine the stereochemical course of the ATPase reactiorcoiling is less easy to account for. Experiments with yeast
but is consistent with a number of other phosphatases whereDNA topoisomerase Il (topo Il) support a reaction mecha-
the corresponding thiophosphate analogs are not hydrolyzedhism in which the enzyme contains two protein “gates” (Roca
at any appreciable rates. There are likely to be many possible& Wang, 1992, 1994; Berger et al., 1996). One of these
explanations for this, but in purely mechanistic terms, gates is an ATP-operated clamp which serves to capture a
thiophosphates are considerably less reactive via an associaDNA segment (the “transport” or T-segment) which may
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structure which can undergo conformational changes upon
ATP binding and hydrolysis. ATP binding closes the entry
gate and may trap a DNA segment which can be translocated
through the double-standed break in the G-segment. The
T-segment can be considered as being in equilibrium between
the entry and exit gates. It is not clear what is required to
translocate the T-segment from the entry gate to the exit gate,
but it is likely that this might depend on the torsional stress
of the DNA. The role of ATP hydrolysis in the process is
not entirely clear; it may have a role in the translocation
process or may merely serve to “reset” the enzyme to the
starting conformation. With reference to recent work by
Bates et al. (1996) where the coupling probability (the

R . . . probability of completing a strand-passage event) was found
Ficure 3: Diagrammatic representation of the catalytic cycle of PN .
DNA gyrase. The solid bar (gray) represents the segment of DNA to depend on the specific linking dlffer.e-.nce)(of the .
that is transiently cleaved (G-segment), and the crossed circle isSubstrate DNA, we can suggest that positively supercoiled
the translocated DNA segment (T-segment). Gyrase is representedNA is more likely to drive the T-segment to the exit gate
as the “scissor” structure that must undergo a conformational changeyhereas negatively supercoiled DNA may favor the T-

that operates the entry and exit gates in a cycle that is controlled P ;

by the ATPase domain as depicted. The T-segment can be regarde egment. remaining in the entry gate. In this Igtter case, ATP
as being in equilibrium between the entry and exit gates in steps 2 Nydrolysis and product release may result in loss of the
and 3. T-segment from the entry gate and failure to complete a

round of DNA supercoiling. This is consistent with the low
AdQ coupling probability found for negatively supercoiled DNA
\ substrates (Bates et al., 1996). In other work (Tingey &
—0 Maxwell, 1996), we have found that mutation of a putative
0 / DNA-binding residue in the entry gate (Arg286 of GyrB)
Y abolishes DNA supercoiling and the DNA-dependent ATPase
reaction of gyrase. These results are also consistent with
g the model proposed in Figure 3 and suggest that capture of
o'// L the T-segment by the clamp (the entry gate) is a prerequisite

2(ADP + Pi)

P for DNA-dependent ATP hydrolysis.
o,/"' =0 In the case of ATBS(R,), it is interesting to speculate on
Ad = adenosine the uncoupling between the ATPase and supercoiling reac-
Ig = other ligand (water or enzymic functional group) tions in the context of the model in Figure 3. For example,
FicUrRe 4: Absolute configuration of the catalytically actiag3,y- it .is feasible that the bindi_ng_and hydmlySi.S of the nucleoside
tridentate complex between ATP and MgThis A-exo configu-  {fiphosphate are very similar to that with ATP but that

ration (Cornelius & Cleland, 1978) has both the and 3-phos- product release is altered. If AIBB dissociated rapidly
phoryl residues coordinated through fire-Soxygens in each case  (compared with ADP) and thus disfavored the translocation
seemers o e . eapasiy oo ! he T-Segment ram the enty Gate 1o the ext gate, hen
to they-phosphoryl group is invoked’on r?wechan)i/étic grounds and DNA supercoiling would be meﬁ'c'e_m; .. premature
is supported by the X-ray structure of the 43 kDa protein fragment Product release would allow the protein gates to open and
complexed to ADPNP (Wigley et al., 1991). the loss of the T-segment through the entry gate. Preliminary
studies on inhibition of DNA supercoiling by ADP and
then pass through a double-stranded break in another piecéDPSS have shown that the latter is indeed less tightly bound
of DNA (the gate or G-segment) held open by the enzyme. by at least a factor of 2 which would be consistent with the
This ATP-operated clamp is equivalent to the 43 kDa above proposal (data not shown).
N-terminal GyrB fragment of gyrase which is known to The marked stereospecificities seen with both ABRand
undergo cycles of associationissociation driven by the  ATPSS could be interpreted in terms of the structure of the
binding and hydrolysis of ATP (Wigley et al., 1991; Aliet metal-nucleotide complex dictated by the preference of
al., 1993). In the case of topo Il, the T-segment leaves the Mg?" to coordinate with the nonbridging oxygen rather than
enzyme through a second protein gate (Roca & Wang, 1994;the sulfur. However, only in the case where it is possible
Roca et al., 1996). Itis very likely that a similar mechanism to demonstrate that the diastereoselectivities are reversed
operates in the case of DNA gyrase. Such a mechanism iswhen the metal ion is changed from ffgto a softer metal
depicted diagrammatically in Figure 3. In this figure, no such as C# is this conclusion unequivocal. In the case of
attempt has been made to illustrate the detailed proteinDNA gyrase, the Mg" ion is also implicated in interation
structure as much of this is unknown. For simplicity, we between DNA and the protein which complicates the
show gyrase existing in two conformational states: a interpretation of metal ion changes. But, even in the case
nucleotide-free state where the DNA is intact and the “entry” of the ATPase reaction of the 43 kDa GyrB protein which
and “exit” gates are both open and an ATP-bound state wheredoes not involve DNA, no metal ion-dependent change in
the DNA is cleaved and the protein gates are closed. In diastereoselectivity for AT&S or ATR3S could be detected.
reality, a number of other states must exist, but we have usedThe S, isomers in both cases were effectively nonsubstrates.
a minimal scheme sufficient to account for the data in this Even in cases where there is a lack of reversal of diastereo-
study. Here the enzyme is represented as an X-shapedselectivity, this could still be compatible with coordination
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at this site. In these cases, the enzyme presumably mustGoody, R. S., & Hoffman, W. (1980). Muscle Res. Cell Motil.,1

enforce coordination to one of the oxygens at & Pj3
independent of the nature of the metal ion.

101-115.
Hallett, P., Grimshaw, A. J., Wigley, D. B., & Maxwell, A. (1990)
Gene 93139-142.

Although the absence of metal ion-dependent reversal of yine '3 & Mookerjee, P. K. (1975). Org. Chem. 40292—298.
diastereoselectivity in this study means that the interpretationHuang, S. L., & Tsai, M. D. (1982Biochemistry 21951—959.

is equivocal, the fact that both ADIS(R,) and ATRBS(R,)

Jackson, A. P., & Maxwell, A. (1993roc. Natl. Acad. Sci. U.S.A.

are such good substrates for gyrase and the 43 kDa GyrB_ 90, 11232-11236.

protein we believe is, in part, due to the metal ion coordina-
tion. We feel justified in drawing this tentative conclusion

Jaffe, E. K., & Cohn, M. (1978aBiochemistry 17652—657.
Jaffe, E. K., & Cohn, M. (1978h). Biol. Chem. 2534823-4825.
Jaffe, E. K., & Cohn, M. (1979). Biol. Chem. 25410839-10845.

because of the nature of the metal coordination seen in theLanzetta, P. A., Alvarez, L. J., Reinach, P. S., & Candia, O. A.

X-ray structure of the 43 kDa GyrB protein complexed with
ADPNP-Mg@" in which a tridentate complex is evident
(Wigley et al., 1991). If this conclusion is valid then the
kinetic data with the thionucleotides are consistent witfFMg
being coordinated to thero-S oxygens of both 8 and 5,
and on mechanistic grounds probably, Biving rise to the
prediction that the\-exo configuration of the.,3,y-tridentate
ATP—Mg?t [Figure 4; nomenclature of Cornelius and
Cleland (1978)] is involved in catalytic turnover. This is
the same absolute configuration as seen with ADPNIg?",

(1979) Anal. Biochem. 10095-97.

Lazewska, D., & Granowski, A. (199Mucleic Acids Res. 18
6083-6088.

Lewis, R. J., Singh, O. M. P., Smith, C. V., Skarynski, T., Maxwell,
A., Wonacott, A. J., & Wigley, D. B. (1996EMBO J. 151412~
1420.

Ludwig, J., & Eckstein, F. (1989). Org. Chem. 54631-635.

Marquetant, R., & Goody, R. S. (1983) Chromatogr. 280386—
389.

Maxwell, A. (1992)J. Antimicrob. Chemother. 3@109-416.

Maxwell, A. (1993)Mol. Microbiol. 9, 681-686.

Maxwell, A., & Gellert, M. (1984)J. Biol. Chem. 25914472~

suggesting that this nonhydrolyzable analog in this case is 14480.

serving as a good surrogate for ATP.
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