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Abstract: Escherichia colistrain LE316 contains a mutation in
gyrB that results in the substitution of Val164 to Gly and confers
both chlorobiocin resistance and temperature sensitivity. Selection
for suppressors of the ts phenotype yielded second-site mutations
in GyrB at His38 and Thr157. The properties of proteins bearing
these mutations have been characterized, and a mechanism of sup-
pression is proposed based upon structural considerations.
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DNA gyrase is the bacterial enzyme that catalyzes DNA supercoil-
ing ~Reece & Maxwell, 1991; Wigley, 1995!. It consists of two
subunits, GyrA and GyrB, which form an A2B2 complex. The
principal reaction catalyzed by gyrase is the ATP-dependent su-
percoiling of DNA. This involves the breakage of DNA in both
strands and the passage of another segment of DNA through the
break.

DNA gyrase is the target of a number of antibacterial agents
including quinolones and coumarins~Maxwell, 1997!. Quinolones
inhibit the enzyme by stabilizing a cleavage complex between
gyrase and DNA that is thought to arrest replication forks in vivo.
Coumarin drugs are antibiotics isolated fromStreptomycesspecies
and include coumermycin A1, chlorobiocin, and novobiocin. Cou-
marins have been shown to bind to GyrB and competitively inhibit
ATP hydrolysis~Gormley et al., 1996; Lewis et al., 1996!.

Selection for spontaneous coumermycin-resistance mutants in
Escherichia colifrequently yields mutations that map togyrB,
resulting in the mutation of the amino acid Arg136~del Castillo
et al., 1991; Contreras & Maxwell, 1992!. The only exception is a
chlorobiocin-resistance mutation Gly164 to Val that confers low-
level coumermycin resistance and temperature sensitivity~Orr et al.,
1979; Contreras & Maxwell, 1992!. Recent site-directed mutagen-

esis work based on crystal structures of the N-terminal domain of
GyrB complexed with novobiocin~Lewis et al., 1996! and
chlorobiocin~Tsai et al., 1997! has shown that other mutations of
GyrB ~e.g., at Asn46 and Asp73! can result in coumarin-resistant
proteins~Kampranis et al., 1999!. However, the mutations render
the enzyme catalytically inactive, hence strains bearing such mu-
tations would be inviable. This is a consequence of the overlap of
the ATP- and coumarin-binding sites in GyrB~Lewis et al., 1996!
and suggests that Arg136 and Gly164 are the only amino acids in
this region that can be mutated to confer coumarin resistance with-
out a seriously deleterious effect on the protein. In the case of
Arg136 mutations, changes to Cys, His, and Ser led to decreases in
the in vitro supercoiling activity to 6–13% of wild-type activity
~Contreras & Maxwell, 1992!; such a reduction in supercoiling
activity can presumably be accommodated in vivo. In the case of
Gly164, attempts to produce the mutant GyrB protein at the per-
missive temperature~308C! failed to yield soluble protein~Con-
treras & Maxwell, 1992!, suggesting that even at this temperature,
the mutant GyrB is an unstable protein. This is reflected by the low
growth rate of the strain carrying this mutation~LE316~Contreras
& Maxwell, 1992!!.

In the crystal structure of the novobiocin-GyrB complex, Gly164
does not make a contact with the bound drug, although the adjacent
residue, Thr165, makes a water-mediated hydrogen bond to the
carbonyl oxygen of the carbamoyl group at the 39 position of the
novobiose sugar. In the chlorobiocin structure, this contact is more
important as the 39 carbamoyl group is replaced by a 39-~5-methyl-
2-pyrroylcarbonyl! group with which Thr165 makes a direct con-
tact~Tsai et al., 1997!. It seems likely that the effect of the Gly164
to Val mutation is indirect, due to the alteration of the conforma-
tion of adjacent amino acids, resulting in a less stable complex
with the coumarin drug. It is likely that this altered conformation
also results in the temperature-sensitive~ts! phenotype. In other
words, the effect of the Gly164 to Val mutation is twofold. First,
the valine would increase the conformational constraint on this
turn ~Fig. 1!, which lies adjacent to the coumarin-binding site and
would be commensurate with a less stable interaction with the
coumarin molecule. Second, the ts phenotype may result from the
increased thermodynamic constraint leading to stabilization of a
less-favored conformation.
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Results and discussion:The fact that the Gly164 to Val mutation
confers both ts and chlorobiocin-resistance phenotypes presents
the opportunity to select for mutations that increase the stability of
GyrB. Overnight cultures ofE. coli strains LE316 and LE234~the
isogenic wild-type strain~Orr et al., 1979!! were grown in L-Broth
and aliquots~33 107–53 108 cells! were plated onto L-Broth agar
plates containing 0, 50, and 80mg0mL chlorobiocin at 30 and
428C. LE234 grew at 30 and 428C in the absence of drug but
showed little or no growth in the presence of drug. LE316 grew at
308C under all conditions but at 428C showed only a few~12 in
total! isolated colonies. Replating of these colonies showed that
they were indeed viable at 428C. Determination of the minimum
inhibitory concentration~MIC ! for chlorobiocin using the slope
plate method showed that 9 out of 12 had MICs similar to that of
LE316~;175mg0mL under these conditions!. Five of these strains
were subjected to colony polymerase chain reaction to generate
DNA fragments that encompassed thegyrBgene. Subsequent DNA
sequencing showed that all five strains contained the Gly164 to Val
mutation~GGC to GTC!. Two out of the five contained the addi-
tional mutation His38 to Gln~CAC to CAA!, and the other three
contained the additional mutation Thr157 to Ile~ACC to ATC!. No
other mutations were found throughout the entire length of the

gyrBgene. Therefore, we conclude that the mutations His38 to Gln
and Thr157 to Ile are second-site suppressors of the ts phenotype
of the Gly164 to Val mutation, and that they retain the chlorobiocin-
resistance phenotype.

Using site-directed mutagenesis~QuikChange, Stratagene, La
Jolla, California!, the mutations encoding the changes Gly164 to
Val, His38 to Gln, and Thr157 to Ile were introduced into plasmid
pAG111, which overexpresses the GyrB protein~Hallett et al.,
1990!. In addition, plasmids making GyrB containing the double
mutations~Gly164 to Val plus His38 to Gln, and Gly164 to Val,
plus Thr157 to Ile! and the triple mutation were also constructed.
The gyrB sequence in each plasmid was verified and the mutant
GyrB proteins were overexpressed and, where possible, purified
~Maxwell & Howells, 1999!. Table 1 shows the properties of the
mutant proteins. Consistent with previous results, the strain ex-
pressing GyrB containing the Gly164 to Val mutation produced
very little soluble protein and large amounts of GyrB protein was
found in the insoluble pellet, both at 37 and 308C. The double
mutants containing this ts mutation, and the triple mutant, also
produced mostly insoluble proteins, although in these cases the
fraction of soluble protein was somewhat greater, suggesting that
the suppressor mutation improved the solubility of GyrB. The

B

Fig. 1. Location of the mutated residues in the structure of the 24 kDa N-terminal sub-
domain of GyrB~Lewis et al., 1996!. A: The 43 kDa N-terminal domain of GyrB~Wigley
et al., 1991! is shown as an alpha-carbon representation in black. The boxed region shows
the location of His38, Thr157, and Gly164~green, red, and blue, respectively! in space-
filling representations. The position of bound novobiocin~from Lewis et al., 1996! is shown
in yellow. The enlarged region has been rotated for clarity. The figure was generated using
RasMol ~Molinaro & Grossman, 1995!. B: The proposed role of His38 in aligning and
polarizing Glu42 is indicated in the upper part of the figure~Jackson & Maxwell, 1993!. In
the lower part, glutamine is substituted for histidine and potential hydrogen-bond inter-
actions are indicated.
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suppressor mutations on their own~His38 to Gln, and Thr157 to
Ile! led to GyrB, which was largely soluble and had a supercoiling
activity consistently greater than that of the wild-type protein
~Table 1!. Taken together, the results suggest that both suppressor
mutations~His38 to Gln, and Thr157 to Ile! lead to a modest
stabilization of GyrB, which is manifested in the slightly improved
solubility of the proteins bearing the double mutations and the
greater specific activity of GyrB proteins with the single mutations
~Table 1!. Moreover, we have found that GyrB containing the
Thr157 to Ile mutation has activity~as measured by supercoiling
assays! that is more stable to temperature than the wild-type pro-
tein, as evidenced by greater activity at 428C and retention of
activity with prolonged incubation at 378C ~data not shown!.

Inspection of the crystal structures of the N-terminal subdomain
of GyrB complexed with novobiocin and chlorobiocin~Lewis et al.,
1996; Tsai et al., 1997! shows the locations of Thr157 and Gly164
to be at either end of a turn, which sits above the coumarin-binding
site ~Fig. 1A!. The effects of the Gly164 to Val mutation, namely
temperature sensitivity and coumarin resistance, can be explained
on the basis of the introduction of a tighter constraint on the loop
region and the consequent effect on the conformation of the adja-
cent amino acids, including the coumarin-binding site. The insol-
ubility of proteins bearing this mutation is likely to be due to this
effect on protein folding and the introduction of a nonpolar residue
into a solvent-accessible region of the protein. The substitution of
Thr157 by Ile may lead to a favorable hydrophobic interaction that
helps to constrain the loop in a conformation that is more stable.
For example, Ile at position 157 could make hydrophobic inter-
actions with Val156 and0or Ile140 to stabilize such a conformation
and thus compensate for the effects of Val164. Ile140 is located
immediately beneath residues 156 and 157 on the turn interior to
that containing 157 and 164~Fig. 1A!. A molecular surface cal-
culation using the program GRASP~Nicholls et al., 1991! shows
that the profile of the surface in the region of position 157 under-
goes only minimal changes when the Val substitution is made.

In relation to His38, it is thought that this residue makes a
hydrogen bond to the catalytic glutamate for the ATPase reaction
~Glu42! that helps to polarize and orientate this residue~Jackson &
Maxwell, 1993!. It is possible that the side-chain amino group of

glutamine at position 38 could still fulfill this function while the
carbonyl oxygen of the amide could engage in other interactions.
For example, modeling suggests that it is feasible that this carbonyl
could form a hydrogen bond to Arg276, using preferred rotamers,
and thus help to stabilize the protein structure~Fig. 1B!.

In conclusion, we have confirmed that the Gly164 to Val mu-
tation in GyrB results in a protein that is unstable but that none-
theless confers coumarin resistance in vivo. Using an in vivo
selection procedure we found two mutations, His38 to Gln, and
Thr157 to Ile, which can compensate for the loss of stability
while retaining the resistance phenotype. The stabilizing effects
of these mutations can be rationalized in terms of protein struc-
ture considerations.
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Table 1. Properties of mutant GyrB proteins

Mutation
~s! Expressiona

Supercoiling activityb

~U0mg!

None ~WT! Soluble 43 104

G164V Insoluble NA
H38Q Soluble 83 104

T157I Soluble 83 104

G164V 1 H38Q Insoluble NA
G164V 1 T157I Insoluble NA
G164V 1 H38Q 1 T157I Insoluble NA

aCultures were grown at 378C and cell extracts prepared after induction.
Soluble0insoluble indicates whether most of the protein was in the soluble
or insoluble fraction.

bSupercoiling assays were carried out at 378C for 30 min ~Reece &
Maxwell, 1989!. NA 5 not applicable.
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