Biochemistry1999,38, 1415714164

14157

Locking the DNA Gate of DNA Gyrase: Investigating the Effects on DNA
Cleavage and ATP Hydrolysis

Nicola L. Williams and

Anthony Maxwell*

Department of Biochemistry, Urersity of Leicester, Leicester LE1 7RH, UK
Receied June 28, 1999; Resed Manuscript Receéd August 17, 1999

ABSTRACT. Supercoiling by DNA gyrase involves the passage of one segment of double-stranded DNA
through another. This requires a DNA duplex to be cleaved and the broken ends separated by at least 20
A. This is accomplished by the opening of a dimer interface, termed the DNA gate, which is covalently
attached to the broken ends of the DNA. After strand passage, the DNA gate closes allowing the reunion
of the broken ends. We have cross-linked the DNA gate of gyrase using cysteine cross-linking to block

gate opening. We show that this locked gate mutan
However, locking the DNA gate prevents strand

t can bind quinolone drugs and perform DNA cleavage.
passage and the ability of DNA to stimulate ATP

hydrolysis. We discuss the mechanistic implications of these results.

DNA gyrase is a molecular machine comprising of a series
of protein gatesi—3). These gates open and close guiding
a segment of DNA through a double-stranded break else-

GyrA (97 kDa) contains an N-terminal 64 kDa domain
(GyrA64) and a C-terminal 33 kDa domain (GyrA33). The
crystal structure of a 59 kDa fragment of GyrA64 (GyrA59)

where within the same DNA duplex. Strand passage can behas been solved], revealing a heart-shaped dimer with a

ATP-dependent or -independent, resulting in the introduction
or removal of negative supercoils, respectively.

Escherichia colDNA gyrase is active as an,B; tetramer,
composed of two pairs of subunits, GyrA and GyrB. (The
subunits can be subdivided into domains each with specific
functions (Figure 1A). GyrB (90 kDa) contains an N-terminal
43 kDa domain (GyrB43) and a C-terminal 47 kDa domain
(GyrB47). The crystal structure of GyrB43 complexed with
a nonhydrolysable ATP analogue, ADPNP, has been solved
and reveals a GyrB43 dimes)( The N-terminal subdomains
of GyrB43 both bind a molecule of ADPNP and form
extensive dimer contacts (Figure 1A). The C-terminal
subdomains form the sides of a 20 A wide cavity within the
dimer, proposed to bind a DNA duple, ©). This structure

30 A central cavity (Figure 1B). A pair of N-terminal
subdomains forms a dimer interface known as the “DNA
gate” (Figure 1A). This gate is proposed to bind a segment
of DNA, perform double-stranded cleavage, and then pull
the broken ends of the DNA apart. A pair of C-terminal
subdomains also form extensive dimer contacts (Figure 1A);
this dimer interface is also proposed to open and close,
constituting the “exit gate” of gyras@). At the C-terminus
of GyrA, the GyrA33 domains are proposed to induce the
wrapping of DNA around gyrase in a positive superhelical
sense 4).

Both domains within GyrA have been cloned and are
available as separate gene produ@&s1(0). A functional
gyrase can be reconstituted by mixing GyrA33 and GyrA64

constitutes an ATP-operated clamp within gyrase that closeswith GyrB, to form A64A33,B, (10). Alternatively, a

upon the binding of ATP or ADPNP and reopens upon ATP
hydrolysis (). At the C-terminus of GyrB, a pair of GyrB47
domains is proposed to interact with a GyrA dimer, forming
a second DNA binding channer)(
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truncated version of gyrase, lacking the ability to wrap DNA,
can be formed by mixing GyrA64 and GyrB to generate the
A64,B, complex (L1). This complex is unable to perform
the normal supercoiling and ATP-independent relaxation
activities of gyrase, due to the absence of GyrA33. However,
unlike full-length gyrase, this complex binds preferentially
to supercoiled DNA and can perform ATP-dependent
relaxation.

Supercoiling by DNA gyrase involves the cleavage of a
short segment of DNA (termed the “gate” or G segment)
bound across the DNA gate. The DNA contiguous with the
G segment is wrapped around gyrase via the GyrA33
domains, presenting at least one segment of DNA (termed
the “transported” or T segment) to the open ATP-operated
clamp (1). Upon ATP binding, the ATP-operated clamp
closes capturing the T segmen®]. The DNA gate opens,
pulling the broken ends of the G segment apart, and
facilitating the passage of the T segment through the gap.
To complete the strand-passage cycle, the G segment is
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Ficure 1: (A) Diagrammatic representation of the domain organization within the sequence and structure of DNA gyrase. Dashed lines
enclose regions that form dimer contacts within the structure. Double-headed arrows identify the protein gates. The GyrA33 domains have
been omitted from the structural representation since their precise location is unknown. (B) Ribbon representation of the crystal structure
of GyrA59 (8). The location of the Asf3, Pro’®, Ala’, and Cy&°4 are shown as cyan, yellow, green, and white space-filling representations.

The pair of antiparalled-helices and the two recognition helices are shown in red and dark blue, respectively. (C) Detailed top view of the
DNA gate. The location of the mutated residues andZ?(magenta) are shown in ball-and-stick representations. The structure of PDM

is represented approximately to scale (inset).

religated upon closure of the DNA gate, the T segment is DNA strands and the formation of a pair of phospho-
expelled via opening of the exit gate, and the ATP-operated tyrosine linkages between each broken end of the DNA and
clamp re-opens upon ATP hydrolysis. The removal of either side of the DNA gate. Hence, opening of the DNA
negative supercoils by gyrase (DNA relaxation) is thought gate pulls the broken ends apart. Double-stranded cleavage
to be the reversal of supercoiling)(and can proceed in the is thought to be transient, since only low levels are revealed
absence of ATP. In vitro, the exit gate can open allowing a upon enzyme denaturation with SDS. Despite this, there are
T segment to enter the interior of the enzyme. The DNA a number of ways to stabilize the cleaved conformation.
gate can also open, pulling the broken ends of the G segmentQuinolone drugs target DNA gyrase and are thought to bind
apart, and allowing the T segment to pass through. The Tto the G-segment bound DNA gate, stabilizing DNA cleav-
segment is then free to leave through the open ATP-operatedage. Incubation of the drug with gyrase and DNA, in vitro,
clamp. reveals extensive double-stranded cleavage upon the addition
DNA cleavage is an essential part of the strand passageof SDS (5, 16). In vivo, formation of the ternary complex
mechanism of gyrase. The hydroxyl groups of a pair of is thought to block the translocation of enzymes along the
tyrosine residues, one on either side of the DNA gate, attackDNA, ultimately leading to cell deathl{, 18). Quinolone-
a pair of 3 phosphodiester bonds within the G segment, that stabilized cleavage can also be performed by the truncated
are 4 bp apart13, 14). This leads to the breakage of both version of gyrase (A64,) lacking the DNA-wrapping



Locking the DNA Gate of DNA Gyrase Biochemistry, Vol. 38, No. 43, 19994159

domains 11). This suggests that quinolone action does not and GyrA contamination using preparative SDS-PAGE as
necessarily require the presence of GyrA33 or the wrapping previously described3], except that electro-elution was

of the DNA around the enzyme. DNA cleavage by gyrase performed using a Mini Whole Gel Eluter (Biorad). After
can also be revealed, in vitro, by incubation with*Car separating the cross-linked and uncross-linked GyrA64 using
ADPNP followed by subsequent treatment with SOS, ( SDS-PAGE, all the bands were electro-eluted simultaneously
20). Unlike quinolone- and Ca-stabilized cleavage, the into 50 mM Tris and 25 mM boric acid and collected as
extent of ADPNP-induced cleavage is determined by the separate fractions. Hence, staining and excision of the cross-
topological state of the DNA, most cleavage being observed linked band was not required. In addition, electro-eluting into

with negatively supercoiled substrates. 50 mM Tris and 25 mM boric acid removes excess SDS,
DNA gyrase has an intrinsic rate of ATP hydrolysis that omitting the need to dialyze overnight agai@sM urea.
is increased in the presence of DN2L. Evidence suggests Enzyme AssaySupercoiling, relaxation, quinolone- and

that the DNA must be of sufficient length to facilitate both  Cz*-stabilized cleavage, and ATPase assays were performed
DNA wrapping and T-segment presentation to the ATP- as previously describe@), ADPNP-induced cleavage assays
operated clamp. A mutation on the inner surface of the ATP- were performed as described previoug9)( DNA binding
operated clamp of GyrB (Af§°to GIn) has been shown to  was assessed by incubating DNA gyrase with an end-labeled
block the DNA stimulation of ATP hydrolysi$j. Together 198 bp fragment of pBR32212) in 5 mM MgCl,, 30 mM
these results imply that the wrapped T segment must bekCl, 1 mM EDTA, 35 mM TrisHCI (pH 7.5), 6.5%
captured by the ATP-operated clamp to enhance the rate ofglycerol, and 4 mM DTT at 25C for 1 h. Samples were
ATP hydrolysis. DNA cleavage activity is also required to |oaded onto a 5% polyacrylamide gel (37.5:1 acrylamide/
stimulate ATP hydrolysis. Gyrase containing a mutation bjs) containing 90 mM Tris, 90 mM boric acid, and 5 mM
within the active site of GyrA (Ty#? to Ser) is unable to  MgCl,. Gels were run in the same buffer for 45 min at 150
cleave DNA @2) and is also unable to exhibit DNA- v, transferred to Whatmann 3MM paper, dried under vacuum
stimulated ATP hydrolysis20). at 65°C, and exposed to a Phosphorlmager screen (Molec-
In previous work, we have exploited the technique of ular Dynamics) overnight. Gel images were gquantitated on
cysteine cross-linking to investigate the role of the exit gate a Phosphorlmager (Molecular Dynamics) using Imagequant
in DNA gyrase 8). Using similar techniques, we have now software. In all procedures described above involving di-
cross-linked the DNA gate. Cysteine residues have beensulfide cross-linked protein, DTT was omitted. If appropriate,
introduced on either side of the DNA gate and have been DTT was also removed from buffers containing GyrB and
subsequently cross-linked using disulfide bonds or a cysteine-GyrA33 by gel filtration (Nick spin columns, Pharmacia)
specific cross-linking reagent. We report that locking the immediately prior to use.
DNA gate does not block DNA binding or G-segment
cleavage; however, strand passage and the DNA-stimulationRESULTS
of ATP hydrolysis is blocked. We also confirm that quino- ) )
lones can bind to gyrase when the DNA gate is closed, Design and Properties of the DNA Gate Mutants.
stabilizing double-stranded cleavage. This suggests that DNAPrevious work, the exit gate of DNA gyrase was cross-linked

gate opening is not required for quinolone action. using a disulfide bond or cysteine-specific cross-linking
reagents J). This technique has now been successfully
EXPERIMENTAL PROCEDURES applied to the DNA gate of gyrase. The high-resolution

) ) ) crystal structure of the 59 kDa fragment of GyrA has been

Materials. 1,10 phenanthroline, trypsin and PDM were examined in order to design DNA gate mutants for cross-
purchased from Sigma, DTT was from Melford Laboratories, |inking (8). Pairs of amino acids separated by less than 6 A
mutagenesis and sequencing were obtained from PNACLpy cysteine residues. GyrA contains four native cysteine
(Leicester University). Negatively supercoiled and relaxed resjdues that are known to participate in unwanted cross-
forms of plasmid pBR322 were gifts of A. J. Howells |inking, in conditions that favor disulfide bond formatioB)(
(University of Leicester). GyrB (gift of A. J. Howells, ¢ gvercome this problem, the novel cysteines were intro-
University of Leicester), GyrA33 and GyrA64 were purified  qyced into the N-terminal 64 kDa domain of GyrA (GyrA64).
as described previousl9,(10, 23), except that GyrA64 was  This domain contains a single native cysteine that was
expressed irE. coli DH5aFIQ cells. replaced with alanine (C¥¥ to Ala) with no effect on

Site-Directed Mutagenesigmino acid changes within  supercoiling activity 8). Novel cysteine residues were
GyrA64 were performed by site-directed mutagenesis of introduced into this cysteine-less version of GyrA64. Re-
plasmid pRJIR2429), following the QuikChange protocol  placement of Asf? with Cys gave rise to a double mutant
(Stratagene). Successful mutagenesis was confirmed by DNA(GyrA64C1944/0829 that in the dimer, produced a single pair
sequence analysis performed by PNACL (Leicester Univer- of cysteine residues in close proximity across the dimer
sity). interface (B-CpS separation of5 A, Figure 1, B and C).

Protein Cross-Linking.Disulfide bonds were formed Replacement of Pféand Alé” both with Cys gave rise to
across the DNA gate in the absence of DTT with or without a triple mutant (GyrA6494AP79CIAT§ that, in the dimer,
the addition of copper(ll) phenanthroline and reduced in the produced two pairs of cysteine residues. The®Cgsd Cy$°
presence of DTT as described previousdy. PDM cross- residues on opposite sides of the dimer interface are located
linking was also performed in the absence of DB). Cross- very close together (&-Cp separation of~5 A, Figure 1,
linked GyrA64 was separated from uncross-linked GyrA64 B and C). The GyrA64 mutants were reconstituted with GyrB
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Table 1: Activities and Cross-Linking Efficiencies of Mutant agent (DTT) was removed by gel filtration (Nick spin

Proteins columns, Pharmacia) from buffers containing GyrA64. The
amino acids C194A  C194A P79C formamon oflln'Fersubunlt disulfide bonds betyveen the nov_el
changed within GyrA64 D82C AG7C cysteines within GyrA64 was assessed using nonreducing
. 194A/D82C ibi 0, i i _
supercoiling activity 50% 50% SDS PAGE. GyrA64% exhlbl_ted 3_0 _/o_dlsulflde Cross
ATP-independent relaxation activity ~ 10% 35% linking (Table 1). The use of the mild oxidizing agent, copper
ATP-dependent relaxation activity 10% 25% (1) phenanthroline, has been found to promote disulfide bond
22‘25 btlng_llr_lg 3ff"|ﬂltya it iggjo ig‘?y formation @). However, mild oxidation of GyrAg#e+A/Ds2C
-stanllized cleavage acuviy () () H H H : : H PP
quinolone-stabilized cleavage actiity 50% 10% did not increase dl_sglflde bond_ formatlon in tr_ns instance
disulfide bond formation-¢DTT)¢ 30% 50% (Table 1). More efficient cross-linking was achieved using
disulfide bond formation-{ CuPher) 30% 95% the cysteine-specific cross-linking reagent PDM (Table 1).
PDM cross-linking 60% 90% PDM comprises two maleimide functional groups on adjacent

aCompared to wild-type AG6433:B,. ® Compared to wild-type carbons of a phenyl ring (Figure 1C) and reacts selectively
AB4;B.. ¢ Percentage of cross-linked dimer compared to total protein and irreversibly with the thiol side chains of cysteine
content determined by SBSAGE analysis. residues. In contrast, the cysteine-less mutant, GyFA64
exhibited no disulfide bond formation or PDM cross-linking
with or without GyrA33 to form mutant versions of (data not shown). This suggests that the observed cross-
A64,A33,B, and A64B., respectively. linking of GyrA64°194Ab82C jnyolves the novel cysteine
The two DNA gate mutants were tested for activity in the residues introduced on either side of the DNA gate.
presence of 4 mM DTT, prior to cross-linking. In the absence  Gel filtration experiments suggest that GyrA64 exists as
of the DNA wrapping domains (GyrA33), AG#*ADs2CR, a stable dimer in solution (data not shown). Hence, separation
exhibited a 10-fold reduction in ATP-dependent relaxation of cross-linked and uncross-linked GyrA64 dimers was not
activity compared to wild-type (Table 1). This may reflecta possible using native purification techniques. Hence,
reduction in G-segment binding. In contrast, A&4A/P82C- GyrAB4c194aDE2C cross-linked using PDM was separated
A33;B, exhibited only a 2-fold reduction in supercoiling from uncross-linked GyrA64 using preparative SDS-PAGE
activity and DNA binding compared to wild-type (Table 1). (Figure 2A). The cross-linked band was excised and electro-
The adverse effects of poor G-segment binding may be eluted to extract the protein. The sample was then fully
compensated for by the more extensive DNA binding denatured in the presence of urea and allowed to refold
provided by the GyrA33 domains. AB#*AP82GA33,B, also following the removal of urea by dialysis. Similar gel
exhibits a 10-fold reduction in C&-stabilized cleavage and  purification and refolding of both GyrA64 and uncross-
ATP-independent relaxation activity (Table 1), suggesting linked GyrA641%4Ab82Cdid not affect supercoiling activity
that the Asf to Cys mutation may also perturb DNA (data not shown).
cleavage. Despite this, the proposed reduction in G-segment In the absence of reducing agent, GyrA&4//P7oC/A67C
binding and cleavage is not reflected in the quinolone- formed 50% disulfide cross-linked dimers, as assessed by
stabilized cleavage activity, which is only reduced 2-fold nonreducing SDS-PAGE. However, upon mild oxidation
(Table 1). However, this result is not unexpected since with copper (Il) phenanthroline 95% disulfide bond formation
quinolones stabilize DNA binding to the comple2d). Taken was observed (Table 1 and Figure 2C). Likewise, 90% cross-
together, these results suggest that the®AgpCys mutation linking was observed upon incubation with the cysteine-
gives rise to an active form of gyrase, albeit with reduced specific cross-linking reagent PDM (Table 1 and Figure 2D).
G-segment binding and cleavage activity compared to wild- Further purification by preparative SDS-PAGE was not
type. required due to the very high levels of cross-linking obtained.
In contrast, characterization of gyrase, containing thé®Pro Locking the DNA Gate Blocks Strand Passage.
to Cys and AI& to Cys mutations reflects a less signif- AB4C194APTICIASTGAZZ B, cross-linked via disulfide bonds or
icant reduction in G-segment binding and cleavage. PDM exhibits a~90% reduction in supercoiling activity
ABACIAAPTICIAGIGAZZ B, exhibits full C&*-stabilized cleav-  (Table 2). The low level of supercoiling activity observed is
age, a 2-fold reduction in DNA binding, and a 2- and 3-fold most likely due to a population of uncross-linked GyrA64.
reduction in supercoiling and ATP-independent relaxation, GyrA64°1%4AP8Cthat was gel-purified following PDM cross-
respectively (Table 1). In the absence of the DNA wrapping linking, i.e., contains no uncross-linked GyrA64 contamina-
domains, AG&194APTSCIAGTGR , exhibits a 4-fold reduction in  tion, exhibits complete abolition of supercoiling activity
ATP-dependent relaxation activity (Table 1). In contrast, following reconstitution with GyrA33 and GyrB (Figure 2B
quinolone-stabilized cleavage is reduced 10-fold comparedand Table 2). These results confirm that the DNA gate must
to wild-type A64B, (Table 1), and is likely to reflect a  open to allow strand passage.
reduction in quinolone binding. This was anticipated since  Quinolone-Stabilized Cleage is Exhibited by Cross-
one of the novel cysteines (Cysis located at the same Linked A64B,. We have found that locking the DNA gate
position as a quinolone resistance mutation fAta Ser) of GyrAB4C194APTICIASTCyig disulfide bond formation does
(25). Taken together, these results suggest that the combinedhot block quinolone-stabilized cleavage by AB4 (Figure
Pro®to Cys and Al& to Cys mutations give rise to an active 3A and Table 2). In contrast, locking the DNA gate with
form of gyrase, albeit with reduced quinolone-binding PDM does block this reaction (Figure 3A and Table 2). The
affinity. low level of linear product observed is most likely due to
Cross-Linking the DNA Gate of Gyrase using Disulfide the 10% un-cross-linked GyrAG¥4AP79CIASTCyyithin the
Bond Formation or a Cysteine-Specific Cross-Linking Re- sample, as seen in Figure 2D. This finding may reflect the
agent.To promote disulfide bond formation, the reducing difference in size between the PDM cross-linker and a
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AGACIMADEC & As4CIDIC mutant. The drug-bound enzyme exhibits an apparent dis-
;E > sociation constant(;?*") of 3.8 + 0.9 and 5.9+ 0.9 uM,
kDa Mk -PDM +PDM GyrA Mk X < -PDM+PDM respectively, in the presence and absence of the PDM. This

212 3 rel suggests that quinolone binding is not significantly perturbed
170 1. by the presence of the cross-linker, indicating that quinolones
116 can bind to the closed conformation of the DNA gate. The
76 observed reduction in the maximal level of quinolone-
: stabilized cleavage in the presence of PDM may reflect a
53 reduction in G-segment binding.
e Ca*"-Stabilized Cleaage by Gyrase Cross-Linked at the
A) (B) DNA Gate.GyrA64C194AP79CIA6Craconstituted with GyrB
| ApdemImERTE. AGqTIITERIC exhibits C&"-stabilized cleavage. However, cross-linking
o~ = ” < > GyrAB4C194APTeCIASTqsing disulfide bonds or PDM severely
f%a Mk AG4” +DTT “DTT +CuP Mk AG4” PDM +PD inhibits this reaction (Figure 3B and Table 2). In contrast,

AB4CIMADEGR, exhibits C&'-stabilized cleavage in the
presence or absence of the PDM cross-linker (Figure 3B and
Table 2). This was further investigated by monitoring
cleavage by full-length gyrase (A§433,B,) at a range of
CaCl concentrations (Figure 4B). The extent of double-

: - : stranded cleavage increases with Ga&incentration and

© (D) approaches saturation. If these data are interpreted as a simple
FIGURE 2: (A) GYrA64C1944D82¢ (10 ;M) was incubated in non- binding isotherm, the Ca-bound gyrase complex exhibits
reducing conditions in the presence or absence of PDMu{@b aKgPPof 1.7+ 0.3 or 1.1+ 0.2 mM in the presence or

for 1 h at 37°C. The reaction was then quenched with DTT (4 gpsence of PDM, respectively. These results show that

mM). The cross-linked sample was purified as described in . .
Experimental Procedures. Samples, including GyrA, were comparedOpenlng of the DNA gate and separation of the broken ends

against a range of high molecular weight markers by SDS-PAGE. of the G-segment are not required to stabilize DNA cleavage
(B) Supercoiling assay using cross-linked gyrase. Relaxed pBR322in the presence of Ca Moreover, although Ca binding

(7.2 nM) was incubated alone (X) or with GyrA33 (200 nM) and PR ; .
GyrB (300 nM), with the addition of GyrA6422S un-cross-linked affinity is apparently reduped, the maXImf’;\I !evel of double
GyrABACIS4ADEZCor gel purified GyrA6#194A82Ceross linked with  Stranded cleavage exhibited by gyrase is increased almost

PDM, in the presence of 1.4 mM ATP at 3T for 1 h. Samples  2-fold in the presence of PDM (Figure 4B). This implies
were analyzed on a 1% agarose gel. (C) GyrAB#A67C/C1944(10 that the presence of the PDM cross-linker confers additional

uM) was incubated in the presence of DTT (4 mM), the absence oAt ;
of DTT o the presence of copper (1) phenanthroline (138 as stabilization of DNA cleavage in the presence ofCa

indicated, fo 1 h at 37°C. Copper phenanthroline was quenched ~ ADPNP-Induced Clezage is Exhibited by Cross-Linked

by the addition of EDTA to 1 mM. Samples, including GyrA84 = Gyrase. DNA cleavage by gyrase, reconstituted with

were compared against a range of high molecular weight markers . . .
(MK) by ngnreduc?ng e (Dg)] Gyr A6290/A67C/C1994A(10 GyrAB4°184482C can be revealed upon the incubation with
uM) was incubated in nonreducing conditions in the presence or ADPNP and subsequent denaturation with SDS (Figure 5

absence of PDM (2aM) for 1 h at 37°C. The reaction was then and Table 2). Likewise, PDM cross-linked gyrase also
quenched with DTT (4 mM). Samples, including GyrA84vere exhibits an enhanced level of cleavage in the presence of
g%'g‘i?;i%égamg a range of high molecular weight markers by \ppNp. it has been proposed that ADPNP-induced cleavage
' reflects T-segment capture by the ATP-operated cla2gp (
disulfide bond. The presence of two relatively large PDM Unexpectedly, a low level of cleavage by cross-linked gyrase
molecules may perturb the quinolone-binding pocket, result- can be observed upon SDS denaturation in the absence of
ing in the observed loss in quinolone-stabilized cleavage ADPNP (Figure 5). This suggests that the presence of the
activity. cross-linker perturbs the cleavage-religation equilibrium in
Gel-purified GyrA64194482C cross-linked with PDM and  favor of DNA cleavage. A similar effect was observed by

reconstituted with GyrB exhibits a Sl|ght reduction in cross-linked gyrase when MgQNaS rep'aced by Caglas
quinolone-stabilized cleavage compared to the uncross-linkedyeviously shown in Figure 4B.

complex (Figure 3A and Table 2). In this location, the _ .
presence of a single PDM cross-linker does not seem to block Cross—l__mklng the DNA Gate BIOCkS DNA-Stimulated ATP
Hydrolysis.The rate of ATP hydrolysis has been measured

quinolone action, as seen with the other mutant. To further ) X
investigate the effect of cross-linking the DNA gate, qui- 07 AB4A33;B in the presence and absence of DNA (Figure
6 and Table 2). Wild-type gyrase exhibits an3-fold

nolone-stabilized cleavage by AfB} has been performed ) i 9y
at a range of ciprofloxacin concentrations (Figure 4A). For Stimulation of ATP hydrolysis in the presence of DNA.
both cross-linked and uncross-linked complex, the appear-Gyrase reconstituted with GyrA6%#+A82Cexhibits slightly
ance of linear pBR322 increases as a function of ciproflox- 1€ss DNA stimulation, perhaps reflecting a reduction in DNA
acin concentration, exhibiting saturation at high drug con- binding. In contrast, gyrase reconstituted with GyrAg#pszC
centrations. This resembles a simple binding isotherm. Sincethat has been cross-linked with PDM does not exhibit a
quinolone-stabilized cleavage is dependent upon quinolonesignificant increase in ATPase rate upon the addition of
binding, this can be interpreted in terms of the quinolone- DNA. A similar result is obtained for the active site mutant
binding affinity of the cross-linked and uncross-linked of gyrase reconstituted with GyrA&%2S (Figure 6).

116 |
76 |

53 |
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Table 2: Properties of Cross-Linked Proteins

P79C/ P79C/

location of novel cysteines D82CA67C A67C

type of cross-linker PDM PDM  DiS
SDS-PAGE purified Yes No No
supercoiling activity None 10% 10%
quinolone-stabilized cleavage by A% Yes No Yes
Ca*-stabilized cleavage by A6B, Yes No No
ADPNP-induced cleavage by A§433,B, Yes NTP NT
DNA-stimulated ATP hydrolysis by No NT NT

A64,A33,B;
aCompared to uncross-linked mutant A883,B,. ® Not tested.

] C194ADEIC
AMCIMNPWCFM?C AMC]NAFPTDCIMTC Asd

< ~ & N & ~
< - < - < e
X -PDM +PDM -DiS +DiS -PDM +PDM

(A)

Ficure 3: Quinolone- and CGd-stabilized cleavage by cross-linked
A64,B,. Negatively supercoiled pBR322 (7.2 nM) was incubated
alone (X) or with GyrB (180 nM) and disulfide cross-linked
GyrAB4C194aPTCIAGTC (reduced or nonreduced; 180 nM) or
PDM cross-linked or un-cross-linked GyrAG44AP79C/AG7C gr
GyrA64C194AID82CINn the presence of (A) ciprofloxacin (56M) or

(B) CaClk (4 mM) for 1 h at 37°C. Reactions were terminated
upon incubation with SDS (0.2%) and proteinase K (0.1 mg/mL)
for 30 min at 37°C. Samples were analyzed on a 1% agarose gel
(sn: singly nicked, lin: linear, -sc: negatively supercoiled). Note:
The low level of relaxation exhibited in the presence of‘Chy
AB4CL4APTICIAGTGR, cross-linked with PDM can be attributed to
GyrA contamination of GyrB (data not shown). The observed
doublets of linear DNA are a photographic artifact.
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FicUrRe 4: Quinolone- and Ca-stabilized cleavage by PDM cross-
linked A64B, and A64A33,B,, respectively. (A) Negatively
supercoiled pBR322 (7.2 nM) was incubated with GyrB (60 nM)
and GyrA6£82C/C194A(90 nM) or PDM cross-linked GyrAG82C/C194A

(90 nM) in the presence of ciprofloxacin (0 to z®) for 30 min

at 37 °C. Reactions were terminated upon incubation with SDS
(0.2%) and proteinase K (0.1 mg/mL) for 30 min at°®. Samples
were analyzed on a 1% agarose gel. (B) Relaxed pBR322 (7.2 nM)
was incubated with GyrB (60 nM), GyrA33 (90 nM) and
GyrA64P82CIC194A(90 nM) or PDM cross-linked GyrAG#2C/C194A

(90 nM) in the presence of Cag to 4 mM) for 30 min at 37C.
Reactions were terminated upon incubation with SDS (0.2%) and
proteinase K (0.1 mg/mL) for 30 min at 3. Samples were
analyzed on a 1% agarose gel containinggdmL chloroquine.
Quantitation of ethidium-stained bands was performed using Gene
Tools (Syngene). The percentage of linear pBR322 compared to
total DNA was determined and fitted to a simple binding isotherm.

40 50 60 0 1 2 3 4 5

£CaCly] (mM)

via a disulfide bond or a short cross-linking reagent, PDM
(Figure 1C). At the top of the dimer interface, two “recogni-
tion” helices make a head-to-head antiparallel dimer contact
at Asp? (8). The two side chains may be bridged by
hydrogen bonds or the participation of a cation. &dpas
been mutated to Cys, and the two symmetry-related residues
subsequently cross-linked by PDM (Figure 1C).
Consequences of Gyrase Madification by the Introduction
of Navel Cysteine Residues and Subsequent Cross-Linking.
When interpreting the cross-linking results, it is important
to distinguish the consequences due to the introduction of
the novel cysteines and the presence of the cross-linkers from
the inability to open the DNA gate. This is particularly
important since the cross-linkers are situated very close to
both the breakage-reunion site and proposed quinolone-
binding pocket. It is likely that modifying this area with a
cross-linker may perturb cleavage and/or the interaction of
guinolones. Such effects have been encountered in this study.

DNA gyrase catalyses the breakage of a DNA duplex and Introduction of novel cysteine residues at positions'Pand
the passage of a second duplex through the break. The DNAAIa®” significantly reduced quinolone-induced cleavage
gate of gyrase opens during the strand passage cycle, pullingTable 1). This was anticipated since position 67 is a site of

the broken ends of one DNA duplex apart, allowing the

a known quinolone-resistance mutation (&lao Ser).

second DNA duplex to pass through. We have investigated However, the formation of two disulfide bonds between the

the opening and closing of the DNA gate by restricting it to

two pairs of cysteine residues does not have an additional

the closed conformation. This has been achieved by theeffect on the interaction with quinolones. In contrast, addition
introduction and subsequent cross-linking of novel cysteine of the PDM cross-linking reagent blocks quinolone action

residues on either side of the DNA gate. The inability to

completely. This highlights the sensitivity of this site to

open the DNA gate blocks strand passage and the DNA modification. Supercoiling activity and €astabilized cleav-

stimulation of ATP hydrolysis, although quinolone binding
and quinolone- and Castabilized cleavage are still possible.
Location of the DNA Gate Cross-LinkSrystal structure
information regarding the DNA gate is availab®),(reveal-
ing a total buried surface area 6f1400 2. The dimer
interface is dominated by two antiparaliehelices that pack
very closely (mean center-to-center distance of 7 A)7Pro
and Al&7 are located at either end of each helix (Figure 1C).

age are not significantly affected by the introduction of the
novel cysteines, suggesting that DNA binding and cleavage
are not greatly altered in the mutant (Table 1). However, all
attempts to cross-link these residues leads to the abolition
of Ca&t-stabilized cleavage (Table 2). This most likely
reflects perturbation of the cleavageeligation equilibrium
caused by the presence of the cross-linker rather than the
enzyme’s inability to open the DNA gate.

Both residues have been mutated to cysteine, enabling the The second mutant involves the replacement offAsgjith

pair of o-helices to be cross-linked together at either end

Cys. This residue is situated on the end of the recognition
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DNA alone D82C  D82C+PDM B/A33 of ATP hydrolysis is normally the rate-limiting step in the

DS D> > > gyrase supercoiling reactio@6). However, it is feasible that

- + -+ -+ - + ADPNP DNA cleavage is rate limiting in the ATP-independent
relaxation of gyrase and that this may explain why

sn AB4CIMADE2GAZ3.B, shows only a 2-fold decrease in
supercoiling activity compared to a 10-fold reduction in ATP-

lin independent relaxation. Cross-linking this pair of novel
cysteines with PDM does not seem to affect quinolone
binding, although quinolone-stabilized cleavage is impaired
(Figure 4A). In contrast, cleavage in the presence of both
C&" and Mg@" is enhanced by the introduction of PDM

G W ok S Gl sl Gnd e B (Figures 4B and 5). Again, this suggests that the presence

of the cross-linker perturbs the cleavageligation equilib-

rium, this time stabilizing the cleaved conformation.

! The 59 kDa Crystal Structure of Gyrase is likely to

(A)

B o - M -avene 7] Represent an Acate Gate-Closed Conformatiofio date, no
+ADPNP 8 high-resolution structural information is available for the
4k - gyrase-DNA complex. However, the crystal structure of a

% linear

59 kDa fragment of GyrA alone reveals a strongly basic
, L § concave surface at the top of the DNA gate, with the active-
site tyrosines (Ty#? located on either side, 30 A apa8)(
. i This has allowed a DNA duplex to be modeled onto the DNA
' gate such that both “recognition” helices lie in the major
Dg§2C D82C+PDM groove of the G segment. The closed DNA gate brings
Ficure 5: ADPNP-induced cleavage exhibited by PDM cross- together a cluster of conserved residues proposed to form
linked gyrase. (A) Relaxed pBR322 (10 nM) was incubated alone the site for DNA cleavage-reunion. T§# and Arg?* from
or with GyrB (500 nM), GyrA33 (500 nM) with or without  gne side of the dimer interface are very close t*Hiarg??

GyrA64P82CiC194A+ pDM (500 nM) at 37°C for 20 min. Samples 2 :
were further incubated in the presence or absence of ADPNP (2.5and Lys?from the other side. One unexpected consequence

mM) for 30 min at 37°C. Reactions were terminated upon of this model is that the active site tyrosines (F§rare~7

incubation with SDS (0.2%) and proteinase K (0.1 mg/mL) for 30 A away from the phosphate backbone of the modeled G
min at 37°C. Samples were analyzed on a 1% agarose gel in the segment. This may suggest that the 59 kDa crystal structure
presence of 3g/mL chloroquine (sn: singly nicked, lin: linear, represents a gate-closed conformation that is unable to

rel: relaxed). (B) Graphical representation of ADPNP-induced . - . :
cleavage for cross-linked and uncross-linked gyrase. The intensity perform DNA cleavage. It is possible that alternative dimer

of the linear band was measured using Gene Tools (Syngene) andfontacts form within active gyrase, which bring the active
expressed as a percentage of the total DNA. The background levelsite residues closer together. However, this is now disfavored
of cleavage exhibited by GyrB/GyrA33 alone (3.2%) has been because cross-linked gyrase can bind and cleave DNA.
?(;Jrl;t]?(;:tgd tor i‘g‘;‘r’] tt?]?g extent of AD dPNkf -mducefdtrc]:leavage_l_pﬁr- Cross-linking the DNA gate using disulfide bonds or a short
y 9y presence and absence of the cross-in er'cross—linking reagent locks gyrase in the gate-closed con-
r | ] T T 7 formation observed in the crystal structure. This is likely to
% -DNA _| restrict any large-scale conformational changes at the dimer
o T interface. Hence, it is likely that the 59 kDa structure does
i % a provide a fairly accurate picture of the gate-closed conforma-
06 = tion and the active site cluster. To accommodate this
structure, the major groove in the G segment may widen,
04 = locating the scissile phosphodiester bonds closer to the active
site tyrosines.
Quinolone-Stabilized Cleage does not Require DNA
Gate Openinglt is well-established that gyrase cleaves DNA
0 : via a transesterification reaction in which the hydroxyl group
Biass wro bme Del i of Tyr!22 attacks the phosphoryl backbone of the DNA. In a

FIGURE 6: Analysis of the rate of ATP hydrolysis by cross-linked similar manner, religation involves the attack of the phos-

gyrase in the presence or absence of DNA. GyrB (50 nM) and Photyrosine linkage b}/ Fhe. hydroxyl group of thelbro.kén 3
GyrA33 (80 nM) were incubated alone or with GyrA64 DNA strand. Hence, it is likely that a cleavageeligation

g&??ﬁiﬁ;“’”ﬁéiE&Mérogb(?éfnﬁﬁeﬁ;ﬁ?n(égf %@3\%“( SAIISI)% - equilibrium is established between these two reactions.
°C. Initial ra?es of ATP hydrolysis were morﬁtored using the PK/ Religation is thought to predominate, since only IOW. Ievel_s
LDH linked assay. of cleavage are revealed upon enzyme _de_naturatlon with
SDS. Quinolone drugs perturb this equilibrium such that
helix (Figure 1C), which is thought to interact directly with  DNA cleavage is favored. Quinolone binding, close to the
the bound G segmen8). As anticipated, this mutation does active site, may distort the bound DNA such that tHe 3
seem to reduce G-segment binding, although does not abolisthydroxyl group is moved away, thus blocking religation.
it. It appears that DNA cleavage is also reduced by the Alternatively, quinolones may bind to an open conformation
mutation. It has been suggested that the product release stepf the DNA gate, such that the broken DNA ends remain

ATPase (s7)

0.2
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separated and religation is blocked. Recent evidence disfavoravrapped T segment upon closure of the ATP-operated clamp.
the latter hypothesis. It has been shown that DNA cleavageDespite this, the rate of ATP hydrolysis is not enhanced.

is not necessary for quinolone bindirZg); a mutation within
the active site of GyrA (Ty#? to Ser) blocks G-segment

This suggests that opening of the DNA gate is an essential
prerequisite for the DNA-stimulation of ATP hydrolysis by

cleavage by gyrase but does not affect quinolone binding. gyrase.

In addition, the rate of quinolone binding is faster than the
corresponding rate of quinolone-induced cleavagé).(
Together, these observations strongly suggest that quinolone
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