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DNA gyrase is a bacterial type II topoisomerase which couples the free energy of ATP hydrolysis to the
introduction of negative supercoils into DNA. Amino acids in proximity to bound nonhydrolyzable ATP analog
(AMP - PNP) or novobiocin in the gyrase B (GyrB) subunit crystal structures were examined for their roles in
enzyme function and novobiocin resistance by site-directed mutagenesis. Purified Escherichia coli GyrB mutant
proteins were complexed with the gyrase A subunit to form the functional A,B, gyrase enzyme. Mutant proteins
with alanine substitutions at residues E42, N46, E50, D73, R76, G77, and 178 had reduced or no detectable
ATPase activity, indicating a role for these residues in ATP hydrolysis. Interestingly, GyrB proteins with P79A
and K103A substitutions retained significant levels of ATPase activity yet demonstrated no DNA supercoiling
activity, even with 40-fold more enzyme than the wild-type enzyme, suggesting that these amino acid side chains
have a role in the coupling of the two activities. All enzymes relaxed supercoiled DNA to the same extent as the
wild-type enzyme did, implying that only ATP-dependent reactions were affected. Mutant genes were examined
in vivo for their abilities to complement a temperature-sensitive E. coli gyrB mutant, and the activities
correlated well with the in vitro activities. We show that the known R136 novobiocin resistance mutations
bestow a significant loss of inhibitor potency in the ATPase assay. Four new residues (D73, G77, 178, and T165)
that, when changed to the appropriate amino acid, result in both significant levels of novobiocin resistance and

maintain in vivo function were identified in E. coli.

Bacterial DNA gyrase is an established target for the devel-
opment of new antibiotics (19, 28), being an essential type II
topoisomerase involved in maintenance of the negative super-
helicity of the chromosome during replication and transcrip-
tion. The enzyme consists of two subunits (subunits A and B)
that combine into the heterotetrameric A,B, complex to form
the functional enzyme. The GyrB subunit is comprised of an
N-terminal domain (43 kDa) which contains the ATPase active
site and a C-terminal domain (47 kDa) which is involved in the
interaction with both the GyrA subunit and DNA. A DNA
supercoiling model for gyrase was proposed on the basis of the
work by Mizuuchi et al. (31) and Roca and Wang (37, 38).
Many aspects of the gyrase supercoiling model have been ex-
amined experimentally (22-24, 35, 46, 48-50). In brief, gyrase
binds to a short segment of DNA and cleaves the double-
stranded DNA, which creates a DNA gate. These activities are
mediated via GyrA subunits. DNA contiguous with the DNA
gate is wrapped around the GyrA subunits and presents a
segment of DNA (termed the transport segment or T segment)
to the open N-terminal GyrB subunits (termed the ATP-oper-
ated clamp). Upon ATP binding, the ATP-operated clamp
closes, capturing the T segment. The DNA gate opens, pulling
the broken ends of the DNA gate apart and facilitating the
passage of the T segment through the gap. To complete the
strand-passage cycle, the DNA gate is religated upon closure,

* Corresponding author. Mailing address: Vertex Pharmaceuticals
Incorporated, 130 Waverly St., Cambridge, MA 02139. Phone (617)
444-6768. Fax: (617) 444-6766. E-mail: Christian_Gross@vrtx.com.

1037

the T segment is expelled via opening of the exit gate (C-
terminal GyrA subunits), and the ATP-operated clamp re-
opens upon ATP hydrolysis. These actions by the enzyme
change the superhelical state of the DNA substrate.

There are known synthetic (e.g., quinolone) and natural
product (e.g., coumarin) inhibitors of bacterial gyrase. These
two types of antibiotics act on gyrase through different mech-
anisms; the quinolones inhibit the strand breakage and rejoin-
ing function of the A subunit. The coumarin-containing anti-
biotics, of which novobiocin and its dimer coumermycin A, are
representative examples, inhibit the ATP-dependent strand-
passage function of the B subunit (28). Clinical use of quino-
lone antibiotics is likely to become restricted due to the emer-
gence of resistant organisms (2, 12, 20). The poor activities of
the coumarin-containing antibiotics against gram-negative bac-
teria, the high frequencies of development of resistance to
these antibiotics, and the mammalian cytotoxicities of these
antibiotics have limited their use in the clinic (28). However,
despite the limitations of the coumarin-containing antibiotics,
their potent inhibitory activities against gyrase and their anti-
bacterial activities stress the importance of GyrB as a well-
validated antibacterial target that has yet to be fully exploited.
In addition, inhibitors of GyrB are likely to be effective against
bacteria resistant to GyrA inhibitors, because GyrA subunit
mutations are expected to have little effect on GyrB function.

The emergence of bacterial resistance to the presently used
antibiotics is prompting a new wave of drug discovery efforts.
Bacteria can acquire antibiotic resistance by multiple mecha-
nisms including a reduction in cell permeability, active efflux of
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the antibiotic, degradation or modification of the antibiotic,
antibiotic sequestration by protein binding, metabolic bypass
of the reaction inhibited by the antibiotic, overproduction of
the antibiotic target, and target-based resistance (8, 33). In the
case of target-based resistance, the protein target is altered
such that the inhibitor no longer effectively binds to it (43).
Target-based resistance results from inhibitors that make es-
sential binding contacts with amino acid residues that are non-
essential for enzyme catalysis or function. Under these circum-
stances, spontaneous resistant mutants with alterations in
these nonessential target residues can readily arise, rendering
the antibiotic ineffective. Similarly, the emergence of target-
based resistance to inhibitors (e.g., novobiocin) which do not
entirely overlap the substrate binding site or which extend into
nonessential subsites within the enzyme is also more likely
(43).

In an effort to design inhibitors of the GyrB subunit ATP
binding site and minimize target-based resistance, we were
interested in identifying those amino acid residues which are
critical for function. We reasoned that target-based resistance
to novel GyrB inhibitors which make the strongest contacts
with these essential residues may be far less likely and that such
inhibitors may have a greater potential for a broad spectrum of
action due to the conservation of these residues among differ-
ent bacterial species. Using site-directed mutagenesis we found
seven amino acid residues in the Escherichia coli GyrB ATP
active site that are essential for enzyme function in vitro. These
seven residues are also essential for in vivo function, as dem-
onstrated by their inability to complement an E. coli gyrB
temperature-sensitive mutant. In addition to the known novo-
biocin resistance mutation at R136 (9, 13, 36, 39), this study
identifies four new amino acid positions in E. coli (D73, G77,
178, and T165) that, when altered, allow significant levels of
novobiocin resistance while simultaneously maintaining in vivo
function.

MATERIALS AND METHODS

Cloning of E. coli GyrA and GyrB subunits. The gyr4 and gyrB genes were
amplified from purified E. coli K-12 chromosomal DNA by PCR with Taq
polymerase (Qiagen). Oligonucleotide primers complementary to the 5" and 3’
ends of the open reading frames were designed to introduce the Ndel and
BamHI restriction sites, respectively. The PCR products were digested with Ndel
and BamHI and ligated to the T7 promoter-based expression vector pET15b
(Novagen). The resulting plasmids, pET15b-gyr4 and pET15b-gyrB, respectively,
produced both Gyr proteins with an amino-terminal His, tag. The gyr gene in
each expression construct was completely sequenced to ensure its integrity, and
the sequence of the gyrB gene was identical to the sequence with GenBank
accession number AE000447.

Mutagenesis of E. coli GyrB subunit. Site-directed mutations and a silent
subcloning and diagnostic restriction site were introduced into the gyrB gene by
PCR by the two-stage overlap extension method. All fragments were completely
sequenced to confirm the presence of the site-directed mutations and the ab-
sence of unwanted mutations introduced by PCR.

Expression and purification of WT and recombinant proteins. Plasmid
pET15b-gyrA and the wild-type (WT) and mutant pET15b-gyrB plasmids were
transformed into recombination-deficient E. coli (recA) expression strain
BLR(DE3) (Novagen) to avoid gene rearrangements. Recombinant protein pro-
duction was carried out as described previously (15). Briefly, 1-liter expression
cultures were grown at 30°C for 18 h in 4X YT medium (32 g of Bacto Tryptone
[Difco] per liter, 20 g of Bacto Yeast Extract [Difco] per liter, 5 g of NaCl per
liter) without induction. Frozen cell pellets were resuspended in 75 ml of buffer
A (20 mM Tris HCI [pH 8.0], 10 mM NaCl) containing four tablets of EDTA-
free complete protease inhibitor (Roche). Buffer A (45 ml) containing 120 mg of
lysozyme was added to each resuspension, followed by the addition of 30 ml of
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buffer B (50% glycerol, 1.5 M NaCl, 0.5% Triton X-100), and then the mixture
was incubated on ice for 30 min. The lysates were sonicated to reduce viscosity
and then centrifuged at 10,000 rpm in a Beckman JA-17 rotor for 30 min. The
soluble fractions were mixed for 1 h with Talon (Clonetech) resin slurry that had
been equilibrated with buffer C (20 mM Tris-HCI [pH 8.0], 300 mM NaCl, 10%
glycerol, 0.1% Triton X-100). The Talon resin was recovered by centrifugation.
The resin was resuspended in buffer C, and the slurry was poured into a column.
The packed column was washed with buffer C containing 0, 10, 50, and 500 mM
imidazole. The protein subunits eluted in 500 mM imidazole, as judged by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Coomassie blue
staining. The fractions that eluted in 500 mM imidazole were diluted 32-fold in
buffer D (50 mM Tris HCI [pH 8.0], 2 mM dithiothreitol (DTT), 1 mM EDTA,
10% glycerol) and then applied to phosphocellulose (Millipore) columns that
had been equilibrated in buffer D. The columns were eluted stepwise with buffer
D containing 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 1 M NaCl. The 90-kDa GyrB
proteins were recovered in the steps with 0.3 to 0.5 M NaCl, whereas the 97-kDa
GyrA protein was recovered in the steps with 0.2 to 0.4 M NaCl. All protein
fractions were concentrated in Ultrafree-15 Biomax-100 membrane centrifugal
filter units (Millipore) to 18 to 93 wM protein. The protein concentrations were
determined by the Bio-Rad dye binding assay with bovine serum albumin as the
standard and by measurement of the absorbance at 280 nM by using the calcu-
lated extinction coefficient of the WT GyrB (68,020 M~ cm™!). Yields of
purified protein varied from 4 to 35 mg of protein per liter of culture. To form
the functional gyrase A,B, heterotetrameric enzyme, equal molar amounts of
GyrB and GyrA were mixed together at the highest achievable protein concen-
tration (>15 wM) 15 min prior to the start of the assay. The enzyme concentra-
tion stated in the assays is calculated on the basis of the molecular mass of the
functional gyrase A,B, heterotetrameric enzyme (374,000 g/mol).

ATPase assay and determination of kinetic parameters. For all in vitro assays
the WT and mutated GyrB subunits were complexed with the WT GyrA subunit
in a ratio of 1 to 1 for 15 min on ice at the highest possible protein concentration
(>15 uM). This ratio of GyrA and GyrB was chosen because it was optimal in
the DNA supercoiling assay (data not shown). Substitutional effects on ATPase
activity (V/K values) by each mutation were determined from the slope of the
linear portion (i.e., low substrate concentration) of a plot of the rate of ATP
hydrolysis (micromolar per second) versus the ATP concentration (micromolar);
this value is a good approximation of each enzyme’s overall catalytic efficiency
(i.e., Vimax/K,,) (10). For this study, /K values (Table 1) are reported in place of
Vimax/K,» values because many of the proteins did not achieve ATP saturation,
and therefore, V,,,, and K,,, values could not be determined directly.

ATP hydrolysis rates were monitored spectrophotometrically on a Molecular
Devices plate reader by monitoring the decrease in NADH absorbance during
the reaction in a coupled-enzyme assay, as described previously (11). The stan-
dard coupled-enzyme reactions were carried out at 30°C (reaction volume, 100
wl) with the following components: 100 mM Tris-HCI (pH 7.6), 1.5 mM MgCl,,
150 mM KClI, 2.5 mM phosphoenolpyruvate, 0.2 mM NADH, 1 mM DTT, 0.03
mg of pyruvate kinase per ml, 0.01 mg of lactate dehydrogenase per ml, 4%
dimethyl sulfoxide (DMSO), 900 pM ATP, and various amounts of gyrase
enzyme to generate a rate of 2 pM/min. Novobiocin (Sigma) was dissolved in
DMSO. For the spectrophotometric ATPase assay, the level of sensitivity was 2%
of the WT activity.

DNA supercoiling and relaxation assays. The DNA supercoiling reaction
mixtures (25 ul) contained the following components: 100 mM Tris-HCI (pH
7.6), 40 mM KCl, 4 mM MgCl,, 1 mM DTT, 250 mM potassium glutamate, 14
nM relaxed pBR322 plasmid, 4% DMSO, 1.5 mM ATP, and E. coli DNA gyrase
at concentrations that were ramped from 5 to 400 nM. Inhibitor was added to the
buffer, DNA, and enzyme mixture; the mixture was incubated for 10 min at 37°C;
and then ATP was added to initiate the reaction for 20 min at 37°C. The reaction
was stopped with 5 pl of quench buffer (250 mM EDTA, 50% glycerol, 25 pg of
bromophenol blue per ml). The samples were loaded on a 1% agarose gel (12 cm
[length] by 14 cm [width]) containing no ethidium bromide and run for 16 h at
20 V in a Buffer Puffer gel box (Owl Scientific) that continuously circulates the
1Xx Tris-acetate-EDTA (TAE) running buffer. The gels were stained with
ethidium bromide for 30 min and then destained in 1X TAE buffer for 4 h. The
gels were visualized and quantified with a Bio-Rad gel documentation system.

The DNA relaxation assay mixture had the following components: 100 mM
Tris-HCI (pH 7.6), 40 mM KCl, 4 mM MgCl,, 1 mM DTT, 14 nM double-banded
CsCl, purified supercoiled plasmid pBR322, and E. coli DNA gyrase enzyme at
concentrations that were ramped from 50 to 400 nM. The reaction mixtures (25
wl) were incubated for 30 min at 37°C, and the reactions were initiated with the
addition of gyrase enzyme. The reactions were stopped and processed as de-
scribed above for the DNA supercoiling reaction.
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TABLE 1. Amino acid substitution effects on in vitro gyrase
activities and cell viability

DNA supercoiling

VIK (% ATP K, Ts Relaxation
AT oW MY Res eonen ompd (4
(nM)®
WT 100 830 + 10 + +
E42A <2 - >400 - +
E42D 103 120 + 100 — +
E42Q <2 - >400 - +
V43A 37 2,700 + 25 + +
N46A <2 - >400 - +
N46D <2 — >400 - +
N46E <2 - >400 - +
N46Q <2 - >400 — +
E50A 3 >5,000 - >400 - +
ES0D 3 >3,600 — >400 — +
ES0Q 18 2,900 — >400 +
D73A <2 — >400 - +
D73E 3 >3,600 + 100 W +
D73N <2 — >400 - +
R76A 20 ~5,000 — >400 +
R76K 15 >3,600 — >400 — +
G77A 5 >5,000 + 100 W +
G778 10 >3,600 + 100 W +
178A 3 >5,000 + 100 + +
178L 17 >3,600 + 100 + +
178V 56 1,600 + 25 + +
P79A 36 2,300 — >400 — +
GS81A 95 990 + 25 + +
194A 65 740 + 25 + +
A100S 101 570 + 10 + +
K103A 57 640 — >400 — +
K1031 12 850 - >400 - +
K110A 96 520 + 25 + +
V120A 343 260 + 10 + +
V120M 35 >3,600 + 50 + +
S121A 79 1100 + 50 + +
R136A 48 1300 + 50 + +
R136H 42 1300 + 25 + +
R136L 27 >3,000 + 25 + +
R136S 60 940 + 25 + +
T165A 19 4,400 + 50 + +
T165S 71 1,200 + 10 + +
T165V 59 2,600 + 25 + +
V167A 51 1,600 + 25 + +
P171A 92 940 + 10 + +

“The V/K ratio is expressed as the percentage of that for the WT enzyme
(100%) (WT V/K = 0.5 mM ™ '/s™1).

® K, values are apparent.

¢ Enzyme concentrations necessary to completely supercoil 1.25 pg of DNA at
37°C in 20 min.

4Ts comp., complementation of the temperature-sensitive strain (+) and
noncomplementation (—) by mutations; W, weak growth.

¢ Enyzme at a concentration of 100 to 200 nM was able to completely relax 1.25
wg of negatively supercoiled plasmid DNA at 37°C in 20 min.

Data analysis. For the WT and mutant enzymes, the /K values were derived
from the linear portion of a plot of the rate of ATPase hydrolysis (in micromolar
per second) versus the ATP substrate concentration (in micromolar) (i.e., the
slope of the line). The apparent K,,, for ATP was determined in cases in which
apparent saturation had been achieved by fitting rectangular hyperbolae to a plot
of linear rates of ATP hydrolysis (in micromolar per minute) versus increasing
Mg - ATP concentrations (in micromolar). The 50% inhibitory concentrations
(ICs08) of the competitive inhibitor novobiocin were obtained by measuring the
decrease in the linear rates of ATP hydrolysis (in micromolar per minute) with
increasing concentrations of inhibitor, and the rates were fit to the data by using
a two-parameter hyperbolic fit: y = ICsy/[B - (x + ICs()], where B is 1/V,,,,, ¥ is
the rate of inhibition (in micromolar per minute), and x is the concentration of
the inhibitor. In all cases, the ATP concentration did not exceed the apparent K,
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determined for each mutant enzyme. For all ICs, determinations, the enzyme
concentration was less than or equal to twofold the reported ICs,.
Complementation of a gyrB(Ts) allele by mutant gyrB genes. The functions of
the mutant gyrB genes were assessed by determination of their abilities to com-
plement the gyrB(Ts) allele in E. coli strain N4177 [strA galK gyrB221 (couR)
gyrB203(Ts); Coli Genetic Stock Center] (29). To prevent gene rearrangements
due to recombination between chromosomal and plasmid gyrB genes, the
recA::Tnl0 allele from strain AN193-59 (16) was introduced into N4177 by P1
transduction (30). In order to test pET15b-gyrB constructs for complementation,
N4177(DE3)recA, a DE3 lysogen expressing T7 RNA polymerase, was con-
structed using a Novagen (Madison, Wis.) kit. Unexpectedly, pET15b-gyrB plas-
mids encoding the Hisq-tagged WT and mutant gyrB genes did not complement
the temperature-sensitive defect at the nonpermissive temperature (42°C) in
the presence or absence of the inducer (isopropyl-B-p-thiogalactopyranoside
[TIPTG]). This suggests that the amino-terminal His, tag interferes with the
enzyme function in vivo, even though the Hiss-tagged enzymes exhibited no
difference from WT protein in an extensive battery of in vitro biochemical assays
(see Results and Discussion). To test this hypothesis, the WT gene and all 40
mutant gyrB genes were subcloned into plasmid pMAL-p2X (New England
BioLabs) cut with Ndel and BamHI (deleting the malE gene). For each clone the
presence of the mutations was confirmed by sequencing. In the resulting pTAC
constructs, the GyrB protein is expressed from a tac promoter without an amino-
terminal His, tag; others (21, 42) have successfully used similar constructs to
study complementation. N4177(DE3)recA was transformed with WT and mutant
plasmids pET15b-gyrB and pTAC-gyrB. Complementation was determined by
growth at 30 and 42°C on Luria-Bertani agar plates containing 100 ug of ampi-
cillin per ml. Identical results were obtained with and without 1 mM IPTG for
each expression system, suggesting that the lack of complementation with the
pET15b-gyrB constructs is due to the His, tag and is not a result of toxic protein
overexpression. An attractive hypothesis is that the His, tag interferes with the
enzyme’s ability to associate with other cellular factors like DnaB (41).

RESULTS AND DISCUSSION

Rationale for structure-based mutagenesis study of E. coli
GyrB subunit ATP active site. Target-based resistance has a
major role in the emergence of antimicrobial resistance (8, 33).
Others (2) have successfully used site-directed mutagenesis to
define the essential nature of the enzyme active site, with the
goal being to provide a rationale for target-based resistance
and, ultimately, to reduce the rate of occurrence of target-
based resistance to existing or future antimicrobial agents. In
an effort to understand the basis of gyrase resistance and to
minimize the antibiotic-based resistance of gyrase, we had two
objectives for the mutagenesis study. The first was to deter-
mine the essentiality of conserved amino acid residues sur-
rounding the ATP-novobiocin binding site (Fig. 1). The second
was to corroborate the GyrB crystal structures containing ei-
ther the bound ATP analogue (AMP - PNP [adenylyl-imido-
diphosphate]) or the known GyrB inhibitor (novobiocin). Ini-
tially, alanine substitutions were introduced to assess the
importance of the amino acid side chain beyond the B carbon.
The following 19 residues were selected for alanine substitu-
tion: E42A, V43A, N46A, ES0A, D73A, R76A, G77A, 178A,
P79A, G81A, 194A, K103A, K110A, V120A, S121A, R136A,
T165A, V167A, and P171A (Fig. 1; for clarity, only residues
that demonstrated a role in enzyme function are shown). En-
zymatic characterization of the alanine mutants identified side
chains that were important for function. Alanine substitutions,
however, did not reveal the properties of the missing side chain
that were important for activity, and therefore, the following 15
conservative amino substitutions were selected: E42D, E42Q,
N46D, N46E, N46Q, E50D, E50Q, D73E, D73N, R76K, 178L,
178V, K1031, T165S, and T165V. In addition, we were inter-
ested in studying known novobiocin resistance mutations
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FIG. 1. Locations of selected amino acids in the E. coli GyrB ATP binding site relative to AMP - PNP and novobiocin. (A) AMP - PNP
complexed in the E. coli N-terminal 43-kDa fragment based on the structural data for the sequence in the Protein Data Bank with identification
number 1EI1. (B) Novobiocin complexed in the E. coli N-terminal 24-kDa fragment (novobiocin-resistant mutant R136H) based on the structural
data for the sequence in the Protein Data Bank with identification number 1AJ6. The locations of the side chains for residues E42, N46, ES0, D73,
R76, G77, 178, P79, K103, V120, R136 or H136, T165, and V167 are shown and labeled in both panels A and B. The a-carbon of the mutant
residues is shown in gold. The protein backbone is shown as a thin green line.

(R136H, R136L, R136S). Finally, the biological significance of
these 40 mutations was assessed by complementation of a
temperature-sensitive gyrB mutation in E. coli.

His4-tagged versus nontagged gyrase protein. It is known
that the ATPase kinetics of gyrase and other type II topoisom-
erases are non-Michaelis-Menten kinetics, in part due to the
nonlinear dependence of the enzyme activity on the enzyme
concentration (3). However, Michaelis-Menten kinetics can be
and have been used by others (7, 42) successfully to study the
kinetics of gyrase under conditions in which there is an ob-
served linear dependence of the rate of ATPase hydrolysis on
the enzyme concentration. Both Cullis et al. (7) and Smith and
Maxwell (42) have used Michaelis-Menten kinetics to obtain
the apparent V., and K,,, values for WT and mutant gyrase

max

enzymes. We have followed a similar strategy in the evaluation

of gyrase mutant proteins. To demonstrate that the His, tag
does not affect gyrase, we determined the kinetic parameters of
ATPase for the WT His,-tagged gyrase (A,B,) (K, = 830 =
30 uM; k. = 1.2 = 0.1 s ") under conditions appropriate for
Michaelis-Menten kinetics. We found the values for these ki-
netic parameters for ATP hydrolysis to be in agreement with
the values reported in the literature for the non-His,-tagged
WT gyrase enzyme (K,,, = 210 to 500 uM; k_,, = 0.6 to 1.4 s~ 1),
as summarized by Maxwell and Gellert (27). Similarly, using as
a control non-Hisg-tagged E. coli gyrase (A,B,) from a com-
mercial source (purchased from John Innes Enterprises
Ltd.), we obtained similar kinetic parameters (K,,, = 600 = 20
wM; ke, = 3.8 = 0.1 s7') with comparable amounts of
enzyme in the ATPase, DNA supercoiling, and DNA relax-
ation assays (data not shown), demonstrating that the His,
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FIG. 1—Continued.

tag does not substantially affect the kinetic properties of the
enzyme. All data argue that the Hisg-tagged enzyme is
equivalent to the non-His,-tagged enzyme in all in vitro
biochemical assays.

Structure-function relationships of the GyrB subunit ATP
active site. In Table 1, we present experimental evidence that
several amino acid residues in the GyrB ATP active site are
essential for enzyme catalysis in vitro and in vivo. We discov-
ered that two of these residues (P79A and K103A) play an
essential role in the coupling of ATP hydrolysis to the DNA
supercoiling activities of the enzyme. In the following para-
graphs, we review and compare the results of our mutagenesis
experiments with those reported by other groups and relate
our findings to the reported GyrB crystal structures.

Replacement of E42 by alanine reduced activity to undetect-
able levels. A similar loss of activity was seen with E42Q
replacement, which substitutes a hydroxyl group for an amide
group. The replacement of E42 by a functionally equivalent
side chain that is one carbon shorter (E42D) restores the

ATPase V/K value to the values for the WT, demonstrating
that the carboxylic acid is important for catalysis. Interestingly,
the K,,, for ATP for E42D decreased, suggesting that a shorter
side chain improves binding and compensates for a lower rate
(20%) of ATP hydrolysis in the WT enzyme. Structural data
place the E42 residue in proximity to the y-phosphate of the
bound ATP molecule (Fig. 1A). Our results agree well with
those of others (21), who have proposed that E42 functions as
a general base in the activation of water for a nucleophilic
attack on the vy-phosphate of ATP. The most conservative
substitution, E42D, however, did not allow in vivo viability,
demonstrating that the glutamine side chain is essential. Con-
sidering that the E42D mutant GyrB had in vitro activities
which were equal to or better than those of the GyrB proteins
of other mutants which were functional in vivo, it is not clear
why the E42D mutant GyrB is not functional. This result sug-
gests that this side chain may have an additional functional role
in the protein.

All mutations at N46 to either alanine or conservative sub-



1042 GROSS ET AL.

stitutions (D, E, or Q) abolished ATPase and supercoiling
activities. The absence of ATPase activity by an N46D muta-
tion has also been reported by Kampranis et al. (25) Crystal-
lographic data illustrate that the N46 residue coordinates the
Mg>" in the ATP binding site (26, 47). The N46 residue is
totally conserved among all type II topoisomerases. Our data
demonstrate that the N46 side chain is essential for enzyme
function and cannot be replaced by another conserved residue.

Crystallographic data show a salt-bridge interaction between
residues E50 and R76 that forms a portion of the adenine
ring-novobiocin binding pocket. Replacement of ES0 by ala-
nine reduced the ATPase V/K to 3% of that for the WT
enzyme, whereas replacement of E50 by ES0D and E50Q
reduced the ATPase V/K values to 3 and 18% of that for the
WT enzyme, respectively. The data for ESOD and ES0Q argue
that both the side chain length and the carboxylic acid group
are important contributors to enzyme activity. Similarly, re-
placement of R76 with either alanine or lysine results in an
enzyme with low levels of ATPase activity and no DNA super-
coiling activity. Hence, there is a strict requirement for argi-
nine at this position. The biochemical and biological data cor-
roborate the crystallographic data by demonstrating that the
salt-bridge interaction between E50 and R76 is important for
ATPase activity and novobiocin binding and is essential for
DNA supercoiling activity and in vivo function.

D73 forms a direct hydrogen bond with the adenosine amino
group of AMP - PNP (Fig. 1A). In our study, the replacement
of D73 by alanine or asparagine abolished both ATPase and
DNA supercoiling activities. The lack of ATPase activity has
also been reported for the D73N mutation (25). Interestingly,
we found that the D73E substitution restored both ATPase
and DNA supercoiling activities in vitro and conferred a weak
function in vivo (Table 1). However, the K,,, for ATP for D73E
is significantly higher, suggesting that the larger glutamine side
chain impedes the correct orientation of the binding at the
adenine ring of ATP. This observation is strengthened by the
fact that the same D73E mutation also has a negative effect on
the binding of novobiocin (Table 2). Both the structural and
the biochemical data on the role of the D73 residue are in
agreement.

Structural data place the G77 residue ~4.3 A from the C-2
carbon and ~5.1 A from the N-3 nitrogen of the adenine ring
(Fig. 1A). The simple addition of a methyl group in the enzyme
with the G77A mutation has a dramatic effect on ATP binding
(K,,, > 5,000 pM) and results in 5% of the ATP hydrolysis
activity of the WT enzyme (Table 1). Surprisingly, this mutant
gene weakly complements gyrB(Ts), which may be explained by
the residual activity of this enzyme in the supercoiling of DNA
in vitro, albeit at a higher enzyme concentration.

From the crystallographic data, the 178 side chain lies ~4.5
A above the plane of the adenine ring (Fig. 1A). Replacement
of 178 by alanine results in an enzyme which has lost significant
affinity for the ATP substrate and hydrolysis activity but yet
retains sufficient DNA supercoiling activity to remain func-
tional in vivo. Restoration of a portion of the hydrophobic side
chain to either a leucine or a valine substitution improves the
ATPase activity, demonstrating that the hydrophobic contacts
are important in ATP binding (Table 1). The proteins with the
178A, D73E, and G77A mutations all showed disproportionate
reductions in ATPase activities relative to their abilities to
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TABLE 2. Comparison of novobiocin ICs, for ATPases of
WT and mutant proteins®

Enzyme Novobiocin ICs, (LM) ICs, ratio®
WT 0.046

V43A 0.12 3
E50A 7.7 170
D73E 2.5 54
R76A >10 >770
G77A 4.4 96
G77S 65 1,400
178A 1.4 30
178L 0.64 14
178V 0.072 2
P79A 9.7 210
194A 0.16 3
A100S 0.080 2
K103A 0.12 3
V120A 0.048 1
V120M 0.052 1
R136A 5.0 110
R136H 1.3 28
R136L 6.6 140
R136S 3.8 83
T165A 0.85 18
T165S 0.058 1
T165V 0.61 13
V167A 0.063 1

“1Csps were determined as described in Materials and Methods.
> 1Cs, for mutant/ICs, for wild type.

supercoil relaxed plasmid DNA (Table 1), suggesting that
these substitutions affected ATPase activity to a far greater
extent than they do DNA supercoiling activity.

The catalytic introduction of negative supercoils into relaxed
plasmid DNA requires the gyrase enzyme to have the ability to
hydrolyze ATP. Two interesting substitutions were P79A and
K103A. Enzymes with these mutations retained significant lev-
els of ATPase activity yet demonstrated no DNA supercoiling
ability. These enzymes were also assayed for DNA supercoiling
activity at 30°C in the event that the mutations rendered the
enzyme temperature sensitive; however, no supercoiled DNA
was detected (data not shown). These results suggest that the
P79 and K103 side chains are required for the coupling of ATP
hydrolysis to DNA supercoiling activity. Both mutations were
capable of relaxing supercoiled plasmid DNA in the absence of
ATP to a similar extent as the WT enzyme was (data not
shown), suggesting that the N-terminal GyrB subunit (i.e., the
ATP-operated clamp) was not locked in the closed position.
The data suggest, however, that the ATP-operated clamp in
these mutants may not be capable of closing or functioning
properly, giving rise to the lack of DNA supercoiling ability. In
this study mutants with mutations of other residues with sig-
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nificantly less ATPase activities can supercoil DNA, arguing
that both P79A and K103A generate sufficient ATPase activity
for supercoiling but that this energy is not used properly in the
enzymes with these mutations. To further support the uncou-
pling hypothesis we have examined the mutants in an ATP-
stimulated quinolone-mediated DNA cleavage assay using
both linear and supercoiled pPBR322 DNA as substrates (6, 22).
The mutants with the P79A and K103A mutations did not
demonstrate ATP-stimulated quinolone-mediated DNA cleav-
age, whereas the gyrase activity of the WT was stimulated (data
not shown). All three proteins had comparable quinolone-
mediated DNA cleavage activities, suggesting that the mutants
were simply defective in ATP-stimulated quinolone-mediated
cleavage. These results provide additional evidence that the
P79A and K103A mutations have a role in the coupling of ATP
hydrolysis to DNA supercoiling activity. Both P79 and K103
are completely conserved in all GyrB subunits sequenced to
date. Structural studies show that K103 forms a salt bridge with
the B-phosphate of AMP - PNP (Fig. 1A). K103 is also located
in a flexible loop region of the GyrB subunit which spans
amino acid residues 97 to 119. These residues have been crys-
tallized in several different conformations, demonstrating the
flexibility of the loop (S. Bellon, unpublished data). Replace-
ment of K103 by isoleucine resulted in an enzyme with one-
fifth of the ATPase activity of the enzyme with the alanine
substitution. The reduction or loss of ATPase activity by the
mutants with the larger K103 substitutions is in agreement with
the results of a previous study that examined glutamic acid,
isoleucine, and threonine at position 103 (34). Considering the
interactions that K103 makes with the bound ATP molecule
and the enzymatic activity of the mutant with the alanine sub-
stitution, it appears that the side chain has a role in enzyme
conformational changes and/or the coupling of ATP hydrolysis
to DNA supercoiling activity, perhaps by acting as a sensor for
detection of when ATP hydrolysis has occurred. The P79A
mutation data suggest that this residue has a role similar to
that of K103, although structural data place the side chain
farther away (~5.5 A from the N-3 adenine ring).

Removal of the hydrophobic side chain in the mutant with
the V120A mutation increased the affinity for ATP by decreas-
ing the K,,, for ATP to one-third the value for the WT without
perturbing the DNA supercoiling activity (Table 1). The cal-
culated V/K value (1.7 mM ™' s~ ') for V120A at ATP concen-
trations below 140 pM is also in agreement with the K,,, for
ATP being one-third of that for the WT enzyme (V/K value, 0.5
mM ™' s™1). Structural data place the valine side chain ~3.3 A
from the a-phosphate of ATP, and removal of the hydrophobic
valine could explain the small increase in the affinity for ATP.
Similarly, when a larger hydrophobic side chain, V120M, was
used, the K,,, for ATP increased to >3,600 uM, yet the ATP
hydrolysis, DNA supercoiling, and DNA relaxation activities
were only mildly affected, demonstrating that V120 contributes
predominately to ATP binding.

The structural data for E. coli show that the guanidinium
group of R136 forms a hydrogen bond with the main-chain
carbonyl group of Y5, which comes from the N-terminal por-
tion of the other GyrB subunit (47). The hydroxyl group of Y5
forms a hydrogen bond with the 2’-hydroxyl ribose of the
bound nucleotide (47). The N-terminal arm of the other dimer
provides ~14 amino acids that are essential for GyrB subunit
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dimerization and activation of the ATPase catalytic center (4).
The loss of the arginine side chain in the mutant with the
R136A mutation could presumably lessen the interaction with
the Y5 residue, which might explain the less efficient ATP
hydrolysis activity of the mutant.

A key residue in ATP binding is T165, which is totally con-
served in all GyrB subunits and type II topoisomerases. Re-
placement of T165 with alanine results in a gyrase enzyme with
a fivefold increase in its K,,, for ATP (Table 1), whereas re-
placement of the side chain with serine nearly restores the K,,
for ATP to that for the WT enzyme, suggesting that the hy-
droxyl group plays a functional role in ATP binding. Biochem-
ical data support the structural data which place the T165
hydroxyl group ~3.2 A from the N-7 nitrogen in the adenine
ring and ~3.5 A from the primary amine on the bound
AMP - PNP molecule (26). Perhaps even more importantly,
the T165 side chain hydroxyl participates in a tight hydrogen
bond network involving a crystallographically conserved water
molecule with the N-7 nitrogen in the adenine ring (26).

The temperature-sensitive strain used in this study, strain
N4177(DE3)recA, has two amino acid changes (R136C and
P171S) (1). Since the R136C change is a coumarin resistance
mutation (5), it implies that the P171S mutation is responsible
for thermosensitivity. In this study, we have changed P171 to
alanine and found levels of enzyme activity that were nearly
those of the WT enzyme. We also saw no indication of ther-
mosensitivity, since the P171A mutation complemented the
temperature-sensitive strain at 42°C, implying that only a
change from proline to serine at this position confers the tem-
perature-sensitive phenotype. In other bacteria (e.g., Staphylo-
coccus aureus), the equivalent GyrB P171 residue is also ala-
nine.

Finally, as an important control to confirm that all of the
mutant GyrB proteins were properly folded and capable of
forming tetrameric A,B, enzymes, we assayed each mutant
gyrase A,B, enzyme for its ability to relax negatively super-
coiled DNA independently of ATP binding and hydrolysis.
Gyrase-mediated relaxation of supercoiled DNA is thought to
occur by releasing the energy bound in the negatively super-
coiled helical DNA structure (50). To achieve DNA relaxation,
the enzyme is required to bind to the DNA substrate, create a
double-stranded DNA break, facilitate the passage of uncut
DNA through the enzyme and the double-stranded DNA
break, and subsequently, reseal the DNA break to alter the
linking number of the plasmid. To investigate the integrities
and stabilities of the mutant gyrase enzymes, the DNA relax-
ation activities of all 40 gyrase mutants were determined by
ramping the enzyme concentration. The concentrations at
which all of the mutant proteins relaxed negatively supercoiled
plasmid DNA were within twofold of the concentration for the
WT enzyme (Table 1), confirming that the mutant GyrB pro-
teins were properly folded and able to form stable functional
gyrase A,B, complexes. As a control, individual GyrA subunit
and all WT and mutated GyrB subunits by themselves did
not promote DNA relaxation when the enzyme concentration
tested was 400 nM (data not shown).

Novobiocin resistance mutations in the GyrB subunit. A
variety of techniques including gel filtration, isothermal titra-
tion calorimetry, and ICs, determinations have been used to
study gyrase-inhibitor binding interactions (5, 7, 14, 17, 45).
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Contreras and Maxwell (5) have successfully used ICs, deter-
minations to quantify the differences in novobiocin binding
affinities between WT and mutant gyrase enzymes. We also
chose to quantify the contribution that individual residues
make to novobiocin binding by determining the I1Cs,s for the
ATPases of the mutant GyrB proteins (Table 2). The enzyme
concentrations for this experiment ranged from 100 and 200
nM for the mutants with all mutations with the exception of
those with the E50A, D73E, G77A, and 178A mutations, for
which 1 pM enzyme was used in order to obtain a sufficient
rate of ATP hydrolysis for the determination. As novobiocin is
a competitive inhibitor, the ICsys for each gyrase mutant were
determined by use of ATP concentrations no greater than the
reported K,,, for ATP. Only mutant GyrB proteins which re-
tained sufficient ATP hydrolysis activity could be quantified for
their role in novobiocin binding.

Since gyrase ATP hydrolysis activity is essential for cell via-
bility, those amino acid substitutions that result in enzymes
without measurable activity are not viable and are not expected
to arise from exposure to GyrB inhibitors. This statement is
supported by our data showing that none of the enzymes that
lacked ATPase or DNA supercoiling activity could comple-
ment the temperature-sensitive gyrB mutation (Table 1). Any
single amino acid substitution which both retains a threshold
level (i.e., a level necessary for bacterial survival) of gyrase
activity and allows reduced inhibitor binding is likely to arise as
a resistance mutation upon exposure to a GyrB inhibitor. Our
study has identified five amino acid residues in the ATPase
active site (D73, G77, 178, R136, T165) whose substitution
allows the gyrase enzyme to function in vivo and that also
result in significantly increased ICsys of novobiocin for
ATPase. How these five residues contribute to resistance with
respect to structural data and whether the mutations at these
positions have previously been identified as novobiocin resis-
tance mutations are discussed in the following paragraphs.

The most commonly identified novobiocin resistance muta-
tions are at R136 and have been seen in many bacteria (18, 40,
44), including E. coli (5, 13, 36, 39). The replacement of R136
by cysteine, histidine, leucine, and serine has been found in
novobiocin-resistant E. coli isolates (9, 13, 36, 39). Replace-
ment of R136 by alanine reduced the level of ATPase activity
to ~50% of that for the WT enzyme and resulted in a less than
twofold increase in the K,,, for ATP (Table 1). We showed that
previously isolated spontaneous mutations at R136 to histi-
dine, leucine, and serine for novobiocin resistance in E. coli
result in significant increases in the novobiocin ICs,s for
ATPase (Table 1), and all of these mutations were functional
in vivo (Table 2). In the WT structure, R136 directly forms a
hydrogen bond with novobiocin; the coumarin carbonyl oxygen
is ~3.0 and ~2.6 A from the NH-1 and NH-2 groups of gua-
nidinium, respectively. In contrast, the gyrase mutant with the
R136H mutation lacks this hydrogen bond (17), and the vol-
ume vacated by the guanidinium group contains an ordered
water molecule. The water molecule forms hydrogen bonds
with the coumarin carbonyl oxygen (~2.8 A) and with the
carbonyl oxygen of G77 on the protein. In addition to losing a
direct hydrogen bond between the coumarin moiety and
R136H, it is thought that immobilization of the water molecule
in the mutant enzyme upon complexation of the ligand leads to
significant entropic costs. This contributes to a further reduc-
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tion in the affinity of binding to novobiocin over that for the
WT enzyme (17). In comparison to the mutation with the
histidine substitution, the ICs,s for the other R136 substitu-
tions of ATPase are even greater (three- to fivefold), suggest-
ing that further truncation of the side chain or that replace-
ment by a more hydrophobic side chain is detrimental.
Contreras and Maxwell (5) have previously reported the ICs,s
of novobiocin for WT ATPase (90 nM) versus those for the
enzymes with the R136H (700 nM) and R136S (4,300 nM)
mutations, which also showed approximately sixfold increases
for mutants with shorter side chains. The present results are in
good agreement with those results, and these observations may
be explained by the fact that R136H gains stabilizing interac-
tions with the neighboring R76 and T80 residues (17) which
are not available to either the shorter or the hydrophobic side
chain.

D73 forms a direct hydrogen bond with the carbamoyl group
of novobiocin (26) (Fig. 1B). The D73E substitution retains the
functional carboxylic acid group and extends the side chain by
one carbon. Such a subtle change has a profound effect on
enzyme activity, yet the substitution permits weak growth in
vivo (Table 1). Similarly, the ICs, of novobiocin for ATPase
increased ~50-fold over that for the WT enzyme, demonstrat-
ing that the interaction with D73 is essential. To our knowl-
edge, the D73E mutation has not been isolated as a novobiocin
resistance mutation, which may suggest that the weak in vivo
growth is insufficient and prevents the selection of the muta-
tion.

Mutations outside of R136 have been identified in novobio-
cin-resistant isolates of S. aureus; however, the genotype-phe-
notype association in S. aureus remains to be confirmed (44).
These S. aureus mutations (in parentheses) correspond to the
following E. coli residues: G77 (G85S), 194 (1102S), A100
(A108S), V120 (S128L), and T165 (T173N). In Streptococcus
pneumoniae, an S127L substitution (equivalent to E. coli V120)
has also been implicated in novobiocin resistance (32). On the
basis of our data on the novobiocin ICs, for ATPase, the
substitutions at 194, A100, and V120 had insignificant effects
on novobiocin binding to E. coli gyrase (Table 2), suggesting
that the residues may be resistance mutations only in the S.
aureus and S. pneumoniae gyrases. In contrast, the G77A or
G77S substitution and the T165A or T165V substitution sig-
nificantly affected novobiocin binding to E. coli gyrase (Table
2).

The G77S or G77A substitution has a profound effect on
ATPase activity and DNA supercoiling that results in only
weak growth in vivo (Table 1). The ICs, of novobiocin for the
ATPase of the mutant with the G77S mutation jumps dramat-
ically to ~1,400-fold over that for the WT enzyme, demon-
strating that any side chains larger than hydrogen are not well
tolerated (Table 2). Examination of the protein backbone at
position G77 shows that only glycine can be tolerated without
a resulting distortion of the backbone. Such a distortion is
consistent with a reduced affinity for novobiocin. The corre-
sponding G77S substitution has been identified as a resistance
mutation in S. aureus (44) but has not been isolated in E. coli.
Perhaps in E. coli the weak in vivo growth phenotype is insuf-
ficient to select for resistant mutants, whereas in S. aureus
these effects are somewhat ameliorated.

From crystallographic data the 178 side chain is in proximity
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to the oxygen of the methoxyl group on the novobiose sugar
(~3.2 A) (Fig. 1B) and the isopentenyl group (~4.4 A) as it
wraps back in the direction of the sugar (26). From conserva-
tive substitutions we deduce that the bifurcation of the hydro-
phobic side chain at the B-carbon is critical for both enzyme
activity (Table 1) and novobiocin binding (Table 2). These
results complement structural data that suggest that the 178
side chain mediates a hydrophobic interaction between the two
halves of the bound novobiocin molecule. Neither I78A nor
I78L has been identified as a novobiocin resistance mutation in
any bacteria to date.

Mutations at T165 that remove the side chain hydroxyl
group significantly affect novobiocin binding by increasing the
novobiocin IC;, for ATPase between 13- and 18-fold (Table 2).
The novobiocin-GyrB crystal structure shows that T165 forms
a water-mediated hydrogen bond with the carbamoyl moiety of
the novobiose sugar (17, 26). Our results demonstrate that
T165 is an important residue in gyrase activity but is not es-
sential for gyrase function, thereby making it a good candidate
for contributing to novobiocin resistance, but so far this has
been implicated only in S. aureus (44).

Conclusions. Our results satisfied the two objectives of the
study, which were to determine the essentiality of conserved
amino acid residues that surround the ATP-novobiocin bind-
ing site and to corroborate our GyrB crystal structures con-
taining either the bound ATP analogue (AMP - PNP) or no-
vobiocin. We have identified and provided evidence that two
GyrB residues (P79A and K103A) have a role in coupling the
energy of ATP hydroysis to DNA supercoiling. Detailed bio-
chemical study of these mutants to determine the specific
mechanism of this observation is under way. This structure-
function approach has identified GyrB residues (D73, G77,
178, R136, T165) that have the potential to become novobiocin
target-based resistance mutations; however, our data do not
predict the clinical relevance of this potential. Finally, our data
on the ICs, of novobiocin for ATPase suggest that subtle
differences between GyrB amino acid side chains from differ-
ent species may lead to organism-specific target-based resis-
tance; gyrB mutations 194A, A100S, and V120L are found in
novobiocin-resistant S. aureus strains (44), and V120L is found
in novobiocin-resistant S. prneumoniae strains (32) but not in
novobiocin-resistant E. coli strains.
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