
Structural basis for the MukB-topoisomerase IV
interaction and its functional implications in vivo

Seychelle M Vos1, Nichole K Stewart2,
Martha G Oakley2 and James M Berger1,3,*
1Department of Molecular and Cell Biology, University of California,
Berkeley, CA, USA and 2Department of Chemistry, Indiana University,
Bloomington, IN, USA

Chromosome partitioning in Escherichia coli is assisted by

two interacting proteins, topoisomerase (topo) IV and

MukB. MukB stimulates the relaxation of negative super-

coils by topo IV; to understand the mechanism of their

action and to define this functional interplay, we deter-

mined the crystal structure of a minimal MukB–topo IV

complex to 2.3 Å resolution. The structure shows that the

so-called ‘hinge’ region of MukB forms a heterotetrameric

assembly with a C-terminal DNA binding domain (CTD)

on topo IV’s ParC subunit. Biochemical studies show that

the hinge stimulates topo IV by competing for a site on the

CTD that normally represses activity on negatively super-

coiled DNA, while complementation tests using mutants

implicated in the interaction reveal that the cellular de-

pendency on topo IV derives from a joint need for both

strand passage and MukB binding. Interestingly, the

configuration of the MukB�topo IV complex sterically

disfavours intradimeric interactions, indicating that the

proteins may form oligomeric arrays with one another,

and suggesting a framework by which MukB and topo IV

may collaborate during daughter chromosome disentan-

glement.
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Introduction

Appropriate coordination of DNA replication and chromo-

some segregation is critical to the maintenance of genetic

integrity (Kato et al, 1988; Hartwell and Weinert, 1989; Hiraga

et al, 1989; Weinert et al, 1994; Uhlmann and Nasmyth,

1998). In bacteria, replication and chromosome partitioning

occur concurrently as a means to apportion progeny with the

proper amount of genetic material (Viollier et al, 2004; Bates

and Kleckner, 2005; Nielsen et al, 2006; Wang et al, 2006b;

Joshi et al, 2011). During replication and segregation, cellular

machineries must confront certain physical challenges that

arise from DNA’s inherently long, intertwined structure. For

example, replisome progression generates positive supercoils

in front of the advancing fork, as well as precatenanes

between newly replicated sisters (Hiasa and Marians, 1996;

Peter et al, 1998; Sogo et al, 1999; Khodursky et al, 2000;

Postow et al, 2001a). Failure to adequately remove replication-

dependent supercoils and precatenanes can have significant

consequences for the cell, resulting in incomplete DNA

replication and improper DNA segregation (Kato et al, 1990;

Sogo et al, 1999; Postow et al, 2001b; Hardy et al, 2004;

Bermejo et al, 2007; Baxter and Diffley, 2008; Fachinetti et al,

2010). Deficiencies in chromosome condensation similarly can

produce cells with segregation defects, resulting in a high

percentage of anucleate cells (Kato et al, 1990; Niki et al, 1991;

Graumann, 2000; Wang et al, 2006a; Hirano, 2012).

In Eubacteria, multiple factors aid with accurate condensa-

tion and partitioning (Boles et al, 1990; Hardy et al, 2004;

Luijsterburg et al, 2008). For example, supercoiling

allows close packing of DNA helices that reduces

chromosomal volume (Boles et al, 1990; Postow et al, 2004).

Proteinaceous factors such as nucleoid-associated proteins

(NAPs), topoisomerases, and structural maintenance of

chromosomes (SMCs) proteins play a similarly key role

(Hardy et al, 2004; Luijsterburg et al, 2008). In E. coli,

topoisomerase (topo) IV uses an ATP-dependent DNA

breakage, passage, and rejoining mechanism to resolve both

positive supercoils and catenated DNA structures (Kato et al,

1990; Peng and Marians, 1993a,b; Zechiedrich and Cozzarelli,

1995; Hiasa and Marians, 1996; Khodursky et al, 2000). The

E. coli SMC homologue, MukB, likewise can affect topological

transformations in DNA, primarily by altering DNA writhe

(Petrushenko et al, 2006a; Cui et al, 2008).

Recent studies have shown that MukB and topo IV interact

physically and that MukB can stimulate the ability of topo IV

to relax negatively supercoiled DNA (Hayama and Marians,

2010; Li et al, 2010b; Hayama et al, 2013). On its own, topo IV

operates as a heterotetramer containing two copies of ParE,

the ATPase subunit of the enzyme, and two copies of ParC,

which binds and cleaves DNA (Kato et al, 1990, 1992; Peng

and Marians, 1993b). By comparison, MukB consists of two

globular domains—an ABC-ATPase ‘head’ region and an

internal ‘hinge’ element—linked by 50 nm long antiparallel

coiled-coil arms (Melby et al, 1998; Ku et al, 2009; Woo et al,

2009; Li et al, 2010a). The interaction between MukB and

topo IV has been mapped to the MukB hinge (Li et al, 2010b),

which can form a stable dimer (Li et al, 2009, 2010a), and the

ParC C-terminal domain (CTD) (Hayama and Marians, 2010;

Li et al, 2010b), which is monomeric when liberated from

its associated N-terminal region (Corbett et al, 2005)

(Figure 1A). At present, the mechanism by which MukB

alters topo IV activity, along with the physical interactions
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that promote complex formation, has not been established.

The extent to which topo IV’s association with MukB, as

opposed to its strand-passage activity, helps support cell

viability is similarly unclear.

To better understand the nature and functional conse-

quences of the MukB–topo IV interaction, we determined

the crystal structure of the MukB hinge in complex with the

ParC CTD. The structure shows that the CTD and the hinge

form a symmetric complex in which a negatively charged

outer surface of MukB associates with a positively charged

patch on the perimeter of the CTD. We find that the hinge

alone can specifically stimulate topo IV activity on negatively

supercoiled substrates, and that this stimulation arises

through competition for a strong DNA-binding surface on

the CTD that otherwise represses the relaxation of negatively

supercoiled DNA. Curiously, the structure of the complex

reveals that the mutation responsible for thermal sensitivity

in E. coli C600parc1215 cells maps to the surface of the CTD

occupied by MukB; complementation studies establish that

the strand-passage and MukB-binding functions of topo IVare

independent but additive activities that work together to

promote cell growth. Geometric considerations of the

structure obtained here suggest that topo IV and MukB can

assemble into oligomeric arrays, the formation of which

may be useful for resolving newly replicated daughter

chromosomes.

Results and Discussion

Structural characterization of MukB–ParC interaction

To identify a minimal interaction complex between topo IV

and MukB for crystallographic studies, we cloned, purified,

and performed pull-down assays with various hinge con-

structs and the isolated ParC CTD (497–752). The CTD

bound to all hinge variants tested, but did not associate

with the Ni2þ beads or with the coiled-coil arms alone,

indicating that the ParC CTD binds directly to the globular

core of the hinge region (not shown). The smallest hinge

construct identified by this approach (residues 645–804,

corresponding to a fragment previously analysed crystallo-

graphically; Ku et al, 2009) was subsequently used for

structural studies.

For screening crystallization conditions, the minimized

MukB hinge and the ParC CTD were individually overex-

pressed and purified from E. coli, and then mixed immedi-

ately before setting trays. Co-crystals grew in the space group

P212121 and diffracted to 2.3 Å resolution. The structure was

solved using a combination of molecular replacement and

single-wavelength anomalous dispersion for phasing (Figures

1B and 2A). The final model, which includes residues

497/498–742 of ParC and residues 645–801/804 of MukB,

was refined to an Rwork/Rfree of 20.4%/24.6% and shows

good stereochemistry (Table I, Materials and methods).

Previous studies of the MukB�ParC interaction indicated

that two ParC CTDs could bind a single dimer of the MukB

hinge (Li et al, 2010b). This binding stoichiometry is

recapitulated in the asymmetric unit of the hinge�CTD

co-crystals, which contains a single heterotetrameric

complex (Figure 1B). The E. coli ParC CTD adopts a cres-

cent-shaped structure composed of five repeating Greek-key

folds, or ‘blades’ (Figure 1). In our structure, the fifth blade of

the CTD—the element furthest from the N-terminus of the

region—interacts with the hinge. The interface between

the hinge and the CTD is small, burying a total surface area

of B690 Å2 per protomer. The residues mediating the inter-

action lie predominantly on loops that connect adjoining

secondary structural elements (Figure 2A), and are highly

conserved only in g-proteobacterial MukB and ParC ortholo-

gues (Supplementary Figure S1). Surface electrostatic-poten-

tial maps show that the negatively charged hinge of MukB

associates with a portion of the positively charged strip that

encircles the outer surface of the ParC CTD (Figure 2B); these

interactions are responsible for the majority of the contacts

between the two domains. In particular, a positively charged

string of residues on the CTD comprising residues Lys704,

Arg705, and Lys706 interacts with Glu688/Asp691, Asp692/

Asp746, and Asp745, respectively, on MukB. Two additional

sets of ionic interactions in the structure include crosstalk

between Asp692 of MukB and Arg733 of ParC, and between

Arg729 of the CTD and hinge residues Glu696, Asp697,

and Glu753. Only one hydrophobic residue, Phe701 of

MukB, participates in the hinge-CTD interface, where it

Figure 1 Structure of a MukB hinge�topo IV complex. (A) Primary
structure and domain organization of E. coli ParC and MukB.
A subset of the ParC residues addressed in this study are labelled
on the primary structure. MukB hinge constructs (aa 566–863
(green), aa 645–804 (black)) used here are also denoted. Different
subdomain repeats of the CTD (termed as ‘blades’) are coloured
rainbow. (B) Crystal structure of the hinge CTD heterotetramer in
cartoon representation. Colouring for one MukB hinge and ParC
CTD is as per (A), with dimer-related protomer coloured grey.
Residues mutated and assayed in this study are depicted as spheres
and labelled.
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is coordinated by cation-pi interactions with Arg705 and

Arg729 of ParC.

Residues in the MukB�ParC interface are necessary for

mutual interactions

The structure of the hinge�CTD complex accounts for

previous mutagenesis efforts implicating Glu688, Asp692,

Asp697, Asp745, and Glu753 of MukB, and Arg705 and

Arg729 of ParC, in the interaction of the two proteins

(Hayama and Marians, 2010; Li et al, 2010b; Hayama et al,

2013). To further probe the contacts seen in the structure, we

designed, purified, and performed pull-down assays using

other mutations that map to the MukB�ParC interface

(Supplementary Figures S2–S3). In these experiments, a

CTD construct bearing an N-terminal, His6-MBP tag was

incubated with Ni2þ beads in the presence or absence of

the core region of the hinge that bears a portion of the coiled-

coil arms (residues 566–863). The wild-type hinge associated

with the MBP-tagged CTD but did not associate with the Ni2þ

beads (Supplementary Figure S3A). A CTD double mutant,

Arg705Asp/Arg729Asp (which resembles a previously char-

acterized CTD mutant, Arg705Glu/Arg729Ala; Hayama and

Marians, 2010), likewise behaved as expected, failing to pull-

down the MukB hinge. Similarly to the MukB Asp692Ala

mutation studied previously (Li et al, 2010b), a more severe

single point mutant in the hinge, Asp692Phe, still only

partially abrogated the interaction with the CTD

(Supplementary Figure S3B); however, when two additional

MukB mutations were added to this substitution (Asp746Arg

and Glu753Arg, which should disrupt interactions with re-

sidues Arg705, Arg729, and Arg733 of ParC), the hinge

completely failed to associate with the MBP-tagged CTD.

Together with the original mutagenesis studies (Hayama

and Marians, 2010; Li et al, 2010b; Hayama et al, 2013),

these data confirm that the residues implicated by our

crystal structure are essential for forming the MukB�ParC

binding interface.

MukB antagonizes DNA binding by the ParC CTD

The ParC CTD is a DNA-binding domain that helps topo IV to

differentiate between positively and negatively supercoiled

substrates (Corbett et al, 2005; Vos et al, 2013). The region of

the CTD responsible for these activities has been postulated

to rely on a positively charged strip that encircles the CTD

(Figure 2B) (Corbett et al, 2005; Vos et al, 2013). The isolated

CTD of ParC has been shown to bind duplex DNA somewhat

modestly, with an apparent dissociation constant of B1mM

(Corbett et al, 2004). Because the structure of the complex

reported here shows that MukB binds to the outer surface of

the ParC CTD, we reasoned that its effect on the activity of

topo IV activity could arise by an ability to modulate DNA

binding by the ParC CTD directly.

In a recent study (Vos et al, 2013), we found that the

behaviour of the isolated ParC CTD, which is prone to

aggregate over time, could be improved by leaving the

domain fused to the MBP tag used for expression and our

pull-down assays. To determine how well the MBP-tagged

CTD binds DNA, we carried out fluorescence anisotropy

experiments using a fluorescein-labelled 20mer duplex

oligonucleotide (Figure 3A). This analysis showed that the

MBP-ParC CTD construct binds DNA with an apparent affi-

nity similar to that reported previously for the isolated

domain (Kd,appD1–2 mM) (Corbett et al, 2004). Hence, the

MBP fusion does not appear to compromise DNA binding in

and of itself.

We next tested whether MukB affects DNA binding by the

ParC CTD. Unlike other SMCs, whose hinges can associate

with both single- and double-stranded DNA (Chiu et al, 2004;

Hirano and Hirano, 2002, 2006; Griese and Hopfner, 2010;

Griese et al, 2010), MukB binds DNA with its ABC-ATPase

head domain but not with its hinge (Ku et al, 2009; Woo et al,

2009; Li et al, 2010a; Hayama et al, 2013). Consistent with

these data, no association was observed by fluorescence

anisotropy when the hinge was incubated with the 20mer

duplex DNA in the absence of the CTD (Supplementary

Figure S4A). By contrast, the presence of the hinge signifi-

cantly reduced DNA binding by the MBP-tagged CTD in the

same assay (Figure 3A). To confirm these results, we per-

formed surface plasmon resonance experiments using a

sensor chip coated with a biotinylated 20mer oligonucleotide

of identical sequence to the one used in the fluorescence

anisotropy experiments. DNA was pre-bound with the

MBP-ParC CTD construct and then washed with solutions

Table I Data collection, refinement, and stereochemistry statistics

Data collection Remote Peak

Resolution (Å) 49.97–2.3 50–3.1
Wavelength (Å) 1.1 0.979648
Space group P212121 P212121
Unit cell dimensions (a, b, c) (Å) 49.76, 103.67,

186.59
49.713, 103.633,

186.537
Unit cell angles

(a, b, g) (deg)
90, 90, 90 90, 90, 90

I/s (last shell) 17.0 (2.78) 15.0 (4.68)
Rmerge (last shell) (%) 6.2 (39.4) 12.2 (34.2)
Completeness (last shell) (%) 98.1 (88.5) 99.3 (100)
Redundancy 3.8 (2.8) 4.3 (4.3)
Unique reflections 44 001 18 525
Number of sites 18
Fig of merit 0.37

Refinement
Resolution (Å) 49.974–2.3
No. of reflections 43079
Rwork (%) (last shell) 20.4 (25.4)
Rfree (%) (last shell) 24.6 (31.5)

Structure and stereochemistry
No. of atoms 6684
Protein 6335
Water 349

B factor (Å2)
Protein 20.0
Water 33.5
R.m.s.d. bond lengths (Å) 0.002
R.m.s.d. bond angles (deg) 0.552

Ramachandran plot (%)
Favoured region 98.1
Allowed region 1.7
Outliers 0.1

Rmerge¼Shkl | Ii(hkl)�/I(hkl)S|/ShklIi(hkl), where Ii(hkl) is the
intensity of an observation and /I(hkl)S the mean value for its
unique reflection. Summations cover all reflections.
Rwork¼Shkl | Fobs� k � Fcalc |/ShklFobs. Rfree was as per Rwork, but
with the reflections excluded from refinement. The Rfree set was
chosen using default parameters in PHENIX (Adams et al, 2010).
Ramachandran plot categories were defined by MolProbity
(Chen et al, 2010).
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containing a constant concentration of the MBP-ParC CTD

(250 nM) and various amounts of the MukB hinge. Addition

of the MukB hinge resulted in a decrease in response units in

a dose-dependent manner (Figure 3B), suggesting that as

with the fluorescence anisotropy results, the MukB hinge

competes directly with DNA for binding the ParC CTD.

We next tested whether our MukB hinge mutants could

interfere with DNA binding by the CTD. Similar to results

obtained for the wild-type hinge, we found that a hinge

construct containing the single Asp692Phe substitution,

which only weakens the interaction between the two pro-

teins, modestly diminished DNA binding by the CTD

(Figure 3A). By contrast, the triply substituted hinge

(Asp692Phe/Asp746Arg/Glu753Arg), which does not bind

to the CTD, did not interfere appreciably with the CTD–

DNA association (Figure 3A). Interestingly, while conducting

these studies, we unexpectedly found that the Arg705Asp/

Arg729Asp double substitution in the CTD, which maps to

the MukB-binding site on ParC, is severely compromised for

binding DNA, even when MukB is absent (Figure 3C). In

context of the topo IV holoenzyme, the Arg705Asp/

Arg729Asp double substitution has a negligible effect on

the overall binding of a 42-mer duplex oligonucleotide (B2-

fold decrease in binding affinity; Supplementary Figure S4C),

consistent with recent work indicating that this region of the

CTD transiently associates with T-segment DNA (Corbett

et al, 2005; Vos et al, 2013). Overall, our results reveal that

the MukB-binding interface overlaps with a strong DNA-

binding site on the ParC CTD, and that the MukB hinge

specifically competes with DNA by associating with this

surface.

To determine whether the MukB hinge blocks DNA from

binding to the CTD of ParC in particular, we next performed

fluorescence anisotropy experiments using a dye-labeled

duplex and the analogous C-terminal region from the E. coli

paralogue of topo IV, gyrase. The construct chosen for this

work (residues 531–853 of the corresponding GyrA subunit)

lacks an autoinhibitory C-terminal tail (Tretter and Berger,

2012), thereby permitting the domain to robustly bind and

wrap DNA on its own (Reece and Maxwell, 1991; Ruthenburg

et al, 2005; Tretter and Berger, 2012). When the GyrA CTD

(531–853) was incubated with the hinge, we observed little

effect on DNA binding (Figure 3D; Supplementary Figure

S4B, Kd,app4100 mM). This result demonstrates that the

Figure 2 The hinge�CTD interaction is predominantly electrostatic. (A) Stereo representation of MukB hinge (cyan)�ParC CTD (pink)
interface shown with a 2Fo� Fc map contoured at 1s. Interacting residues are labelled; boxed residues were mutated and assayed in this study.
(B) Electrostatic potential map of the MukB�ParC interaction surfaces. On the left, a single ParC CTD and MukB hinge dimer are coloured
according to surface charge (blue for positive and red for negative). The interacting surfaces of MukB and ParC are demarcated by yellow,
dashed ovals. On the right, an exploded view of the hinge-CTD complex is shown.
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MukB hinge is specific for blocking DNA binding by the ParC

CTD and not for impeding binding by bacterial type IIA

topoisomerase CTDs in general.

The MukB hinge stimulates topo IV activity on

negatively supercoiled DNA

It has recently been observed that full-length MukB specifi-

cally stimulates the ability of topo IV to relax negatively

supercoiled, but not positively supercoiled, plasmid sub-

strates (Hayama et al, 2013). Full-length MukB is known to

independently alter DNA supercoiling and condensation

(Petrushenko et al, 2006a; Chen et al, 2008; Cui et al,

2008), and it has been suggested that MukB stimulates topo

IV’s activity, at least in part, by altering the topological state

of the DNA through which both proteins associate. Evidence

for this idea has derived from the observation that a MukB

mutant, which can no longer associate with DNA through its

head regions, fails to enhance the relaxation of negatively

supercoiled plasmid substrates by topo IV (Hayama et al,

2013). However, it has also been found that the isolated

MukB hinge, which lacks DNA-binding activity, can

stimulate negative-supercoil relaxation (Li et al, 2010b).

This latter result has been interpreted as evidence that

MukB might alter topo IV’s activity directly.

To better distinguish how MukB impacts topo IV function,

we used our structure and collection of mutants to reinvesti-

gate the effects of the isolated MukB hinge on the wild-type

topo IV holoenzyme. In designing these studies, we recognized

that the MukB�ParC interaction is weak (KdD0.5mM) com-

pared to the relative dissociation constants of topo IV and

MukB for supercoiled DNA (which are low to subnanomolar)

(Charvin et al, 2005; Petrushenko et al, 2006a; Li et al, 2010b);

because of this difference, we reasoned that DNA might

facilitate the co-association of MukB and topo IV at low

protein concentrations, and that in the absence of DNA (or if

MukB is unable to bind DNA), higher concentrations would be

needed to promote complex formation. To ensure efficient

complex formation, positive- and negative-supercoil relaxation

experiments were therefore performed in the presence of

topo IV and different amounts of the MukB hinge using a

topoisomerase concentration (500 nM) near the observed Kd

for the hinge�CTD interaction. Since topo IV rapidly catalyses

strand-passage events (B2–3/s) (Charvin et al, 2003; Stone

et al, 2003), and is B20-fold more active on positively

supercoiled substrates than on negatively supercoiled

substrates (Crisona et al, 2000; Charvin et al, 2003;

Stone et al, 2003; Neuman et al, 2009), both high plasmid

concentrations and low temperature were used to slow down

the reactions so that experiments conducted in the absence

of MukB would only partially go to completion within a

measureable timeframe.

In analysing DNA topoisomers, native-agarose gel electro-

phoresis is frequently employed to resolve slowly migrating

relaxed plasmid molecules from more rapidly moving super-

coiled species. When the products of the topo IV/MukB hinge

reactions were monitored by this approach, we found that the

Figure 3 The hinge prevents the ParC, but not the GyrA CTD from binding DNA. (A) Binding of the MBP-ParC CTD to 20 nM of a fluorescently
labelled 20mer duplex oligonucleotide (20 nM), as monitored by relative change (DFA) in fluorescence anisotropy (millianisotropy units—mA).
Data correspond to titrations with MBP-ParC CTD (CTD) alone, or with 10 mM of the WT MukB hinge, the Asp692Phe mutant, or the
Asp692Phe/Asp746Arg/Glu753Arg mutant. See also Supplementary Figure S4. (B) DNA binding by the MBP-tagged CTD as monitored by
surface plasmon resonance in the presence of different hinge concentrations. The y axis indicates changes in response units (r.p.u.) due to
protein association with the DNA bound sensor chip. The DNA substrate is identical in sequence to the DNA substrate utilized in the
fluorescence anisotropy experiments. (C) DNA binding by the MBP-ParC CTDR705D/R729D mutant as determined by fluorescence anisotropy.
Substrate is the same as in (A). (D) DNA binding by the tailless E. coli GyrA CTD (aa 531–853) construct as determined by fluorescence
anisotropy in the presence and absence of the MukB hinge (10 mM). Substrate is the same as in (A). See also Supplementary Figure S4.
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isolated hinge domain was able to stimulate the relaxation of

negatively supercoiled DNA, with stimulation starting at near-

stoichiometric ratios of topo IV and increasing as a function of

hinge concentration in a dose-dependent manner (Figure 4A).

Interestingly, the hinge did not stimulate the relaxation of

positively supercoiled DNA by topo IV (Figure 4B;

Supplementary Figure S5). This result indicates that the effect

of the hinge on topo IV activity is specific for the handedness

of the DNA substrate, a behaviour recently reported by

Marians and co-workers for full-length MukB (Hayama et al,

2013).

To investigate whether the stimulatory action of the hinge

depended on the contacts seen in the crystal structure, we

next performed topo IV relaxation experiments using our

collection of MukB and ParC interface mutants. We found

that the single MukBD692F hinge mutant weakly stimulated

topo IV activity, and only at high molar excess (i.e., 160-fold

or greater than topo IV) (Figure 4C). By contrast, the triple

MukBD692F/D746R/E753R hinge mutant (which does not associ-

ate with the CTD; Supplementary Figure S3) failed to stimu-

late the relaxation of negatively supercoiled substrates at any

of the measured concentrations (Figure 4D). Together, these

data support the proposal that binding of the MukB hinge to

the ParC CTD can directly and specifically fine-tune the

activity of topo IV on negatively supercoiled DNA.

Because MukB appears to compete for a strong DNA-

binding surface on the CTD (Figure 3C), the effect of

the hinge on topo IV suggested that the activity of the

topoisomerase might be naturally repressed on negatively

supercoiled substrates. To test this idea, we examined the

concentration-dependent and time-dependent activity of

the ParC Arg705Asp/Arg729Asp double mutant compared

to the wild-type enzyme. Analysis of the resultant data

shows that the activity of the ParC CTD double mutant is

elevated with respect to the native enzyme on negatively

supercoiled DNA (Figure 5A), but that these substitutions

have no effect on topo IV function with positively supercoiled

substrates (Figure 5B). Interestingly, the extent to which the

ParC mutations increase the rate of supercoil relaxation

approximates the modest degree of stimulation promoted

by the MukB hinge alone (B1.5- to 2-fold; Figure 5C).

These results are consistent with recent findings from our

laboratory showing that different surfaces of the topo IV CTD

contribute non-equivalently to the relaxation of positively

and negatively supercoiled DNAs (Vos et al, 2013), and

indicate that the MukB hinge exerts its topology-specific

effects on topo IV function by binding to and masking an

auto-repressive region.

The strand-passage and MukB-binding functions of

topo IV serve distinct but additive roles in the cell

E. coli parC is an essential gene that was discovered in a

screen for temperature-sensitive mutants that improperly

partitioned sister chromosomes (E. coli C600parC1215)

(Kato et al, 1988, 1990). The temperature sensitivity of the

E. coli C600parC1215 strain generally has been attributed to

the loss of topo IV decatenation activity at the restrictive

temperature (Zechiedrich and Cozzarelli, 1995; Nurse et al,

2003; Perez-Cheeks et al, 2012). However, during the course

of our studies, we realized that the mutation responsible for

the thermosensitivity of the E. coli C600parC1215 strain,

Gly725Asp (Kato et al, 1990), not only resides in the ParC

CTD, but actually lies between two residues that bind MukB

in our crystal structure (Arg705 and Arg729) (Figure 2A).

Because Gly725 does not map to a region of topo IV

responsible for strand passage, the severe phenotypic con-

sequences arising from its mutation to aspartate raised the

question as to whether the topo IV–MukB interaction

might play a separable but additive role with the cell’s need

for a potent DNA decatenase. To test this idea, we used

complementation assays to interrogate the activity of topo

IV mutations that would be expected to selectively com-

Figure 4 The hinge activates topo IV on negatively supercoiled but not on positively supercoiled DNA. All panels show the relaxation of
supercoiled pSG483 plasmid substrate by an equimolar amount of topo IV (500 nM). Negatively supercoiled substrates were used for (A, C, and
D). (B) The results for positively supercoiled substrate are shown. In each instance, reactions were quenched midway to prevent full relaxation
of the DNA by topo IV alone, so as to determine any effects of MukB (see Supplementary Figure S5 for the corresponding activity time course).
Different panels compare different MukB hinge constructs: (A, B) WT MukB hinge; (C) Asp692Phe hinge mutant; (D) AspD692Phe/
AspD746Arg/Asp753Arg hinge mutant. Cartoon representations of topoisomer states are shown on the left side of the gels (open circle—
relaxed species; intertwined circles—supercoiled species).
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promise strand passage, MukB binding, or both. E. coli

C600parC1215 cells were first grown at 301C to mid-log

phase, and then shifted to the restrictive temperature

(421C). Aliquots were removed at various time points after

the shift, serially diluted (20-fold steps), and plated on both

rich and minimal media; this scheme allowed us to first

impose conditions of fast and slow growth, and to then

assess the extent to which cells adapted to the restrictive

temperature before plating. C600parC1215 cells bearing a

control plasmid encoding the wild-type parCþ gene were

fully competent at both the permissive (301C) and restrictive

temperatures (421C) on both types of growth media (Figure 6;

Supplementary Figure S6). Conversely, cells transformed

with the empty vector control were able to grow only at the

permissive temperature and showed no ability to adapt to

non-permissive conditions. Together, these data show that

the vectors and conditions used for the assay work as shown

previously (Lavasani and Hiasa, 2001; Perez-Cheeks et al,

2012), and establish upper and lower limits on the extent of

growth seen under complementing and non-complementing

conditions.

We next assessed the ability of three different topo IV

constructs to complement the C600parC1215 strain, starting

first with cells plated on rich media (Figure 6A;

Supplementary Figure S6A). When transformed with a plas-

mid expressing the parCY120F allele, which ablates both the

catalytic tyrosine and strand-passage function of topo IV, cells

showed diminished growth at the restrictive temperature, but

were nonetheless viable. The parCR705D/R729D allele, which

contains a disrupted MukB-binding locus, but does not

impede topo IV relaxation activity, was also able to partially

complement growth at 421C. By contrast, when provided

with a plasmid that could express only the ParC N-terminal

domain (NTD), a construct that both lacks the MukB-binding

site entirely and that exhibits only 2–5% of the specific

activity of wild-type topo IV (Corbett et al, 2005), cells

responded as if they had been transformed with an empty

vector, showing an essentially complete loss of growth at the

restrictive temperature. Interestingly, when exposed to short,

liquid-culture incubations for progressively longer periods of

time, cells harbouring either the parCY120F or parCR705D/R729D

genes (but not the parCNTD gene) began to lose their

temperature sensitivity; sequencing confirmed that neither

the plasmids nor the chromosomal loci had reverted in these

cells (Supplementary Figure S6). Similar phenotypic effects

were seen when cells were grown on minimal media

(Figure 6B; Supplementary Figure S6B), although the

parCR705D/R729D allele proved more able to complement the

temperature-sensitive strain, a result consistent with prior

observations showing that MukB is not required for viability

when cells are grown under slowly proliferative conditions

(Niki et al, 1991; Champion and Higgins, 2007).

Together, the ParC CTD appears to be required for overall

cell viability. Moreover, while the MukB�ParC interaction is

not essential in a strict sense, it aids the fitness of rapidly

growing cells in a manner that is additive with a need for

robust strand-passage activity by topo IV. On the basis of the

available biochemical data provided here and by others

(Hayama and Marians, 2010; Hayama et al, 2013), it seems

likely that an inability to interact with MukB underlies the

effect of the Arg705Asp/Arg729Asp CTD mutant in vivo.

This information, together with the observed partial

complementation conferred by the parCY120F gene, in turn

suggests that the mutant ParC protein is particularly defective

in the C600parC1215 strain because of a global stability defect

in its CTD that leads to both a loss of MukB binding and a

diminution of topoisomerase activity. Consistent with this

hypothesis, attempts to purify a Gly725Asp ParC mutant have

proven to be unsuccessful due to low expression and

aggregation of the protein.

Prospective role of the topo IV�MukB interaction in vivo

Given its role as a key decatenase in E. coli, the finding that

the strand-passage activity per se of topo IV is not absolutely

essential for cell viability may seem at first surprising.

Figure 5 The hinge masks a DNA-binding site on the CTD that
autorepresses the relaxation of negatively supercoiled DNA. Native
gels show the relaxation of either negatively or positively super-
coiled pSG483 plasmid substrates by WT topo IV or by Arg705Asp/
Arg729Asp topo IV (which does not bind MukB). Cartoon repre-
sentations of topoisomer states are shown on the left side of the gels
(open circle—relaxed species and intertwined circles—supercoiled
species). Blue boxes indicate protein concentration or time point at
which topo IV has relaxed approximately half the supercoiled
substrate. Gels are representative of at least three independent
replicates from three different protein topo IV preparations. (A)
Enzyme titrations showing that mutation of the MukB-binding site
on the ParC CTD leads to elevated relaxation activity on negatively
supercoiled DNA. The molar ratio of enzyme:DNA is indicated
above each gel (reactions contained 7.9 nM supercoiled plasmid).
(B) Enzyme titrations showing that mutation of the MukB-binding
site on the ParC CTD does not affect the relaxation of positively
supercoiled DNA. The molar ratio of enzyme:DNA is indicated
above each gel (reactions contained 7.9 nM supercoiled plasmid).
(C) Rates of negative-supercoil relaxation are similarly stimulated
by either the Arg705Asp/Arg729Asp ParC mutation or binding of
the MukB hinge. Reactions contain 500 nM of plasmid DNA and
500 nM of either WT or mutant topo IV (500 nM), together with the
presence or absence of 10mM of the MukB hinge.
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However, other topoisomerases, notably gyrase and topo III,

can compensate for loss of topo IV in vivo. For example,

overexpression of either topo III, a type IA topoisomerase

capable of unlinking hemicatenanes (DiGate and Marians,

1988; Hiasa et al, 1994), or gyrase, a type IIA topoisomerase

that negatively supercoils DNA (Gellert et al, 1976), can

complement parC or parE temperature-sensitive strains

(Kato et al, 1992; Zechiedrich and Cozzarelli, 1995; Nurse

et al, 2003; Lopez et al, 2005; Perez-Cheeks et al, 2012). By

contrast, loss of topo III in the C600parC1215 temperature-

sensitive strain results in severe chromosome segregation

defects and a near-complete loss of viability at 251C,

whereas conjoining a Dtop3 allele with a parE temperature-

sensitive strain gives rise to cells that exhibit segregation

defects at 301C but are nonetheless capable of growth (Perez-

Cheeks et al, 2012). These results suggest that, in addition

to its ability to remove catenanes, the ability of ParC

to specifically interact with MukB is one of the essential

roles of topo IV. It may be that the phenotype exhibited by the

parEts Dtop3 strain is less severely compromised because cells

still retain the ability to form a ParC�MukB complex even

though they have lost their primary decatenase.

If the topo IV�MukB interaction is important to the cell,

then what purpose might it serve? MukB and topo IV are

independently required for the appropriate segregation of

sister chromosomes during and after DNA replication (Niki

et al, 1991; Badrinarayanan et al, 2012a; Wang et al, 2008),

but are not required to complete replicative strand synthesis

per se (Kato et al, 1990; Niki et al, 1991; Danilova et al, 2007;

Wang et al, 2008). The localization of topo IV to precatenanes

is thought to aid in the rapid removal of the linkages between

newly replicated DNA strands (Wang et al, 2008); however,

additional interactions between the enzyme and MukB could

facilitate this process further. In this vein, it is instructive to

consider the architecture of what a fully intact topo IV�MukB

complex might look like (Figure 7B). A typical type IIA

topoisomerase holoenzyme is in the order of B150–200 Å

in size (Kirchhausen et al, 1985; Baker et al, 2011; Schmidt

et al, 2012; Papillon et al, 2013). By comparison, a MukB

homodimer forms an extended structure of B500 Å long

(Melby et al, 1998). Interestingly, docking of the full-length

E. coli ParC subunits onto a MukB hinge dimer, using the

CTDs to guide placement, shows that the spacing of the CTDs

on the hinge is too close to permit a single MukB homodimer

to simultaneously bind both subunits of a ParC dimer

(Figure 7A). Although the CTD is probably able to change

position relative to the central DNA-binding channel, it is

unclear whether the domain can undergo the extensive

movements required to bind MukB in a 2:2 stoichiometry.

Moreover, if two CTDs could attain the requisite geometry,

then their resultant position would occlude the binding sites

for G-segment DNA and ParE on ParC, preventing the

formation of a catalytically active topo IV holoenzyme. By

contrast, the observed positions of the CTD on topo IV can

permit co-assembly with MukB to create higher order chains

of the two proteins (Figure 7B). In such a scheme, were

separate MukB�topo IV oligomers to preferentially localize

on each of the two sisters, topo IV would be in a position to

specifically resolve the links between sisters, thereby favour-

ing appropriate chromosome segregation into daughter cells

(Figure 7C).

Several lines of evidence are consistent with an array type

of model. During the initial stages of replication in E. coli,

sister chromosomes remain associated at the cell centre

(Sunako et al, 2001; Bates and Kleckner, 2005; Reyes-

Lamothe et al, 2008; Wang et al, 2008). After this early

phase of cohesion, sister chromosomes move apart, with

the oriC of each sister relocating to either one-fourth or

three-fourth positions of the cell (Bates and Kleckner, 2005;

Nielsen et al, 2006; Reyes-Lamothe et al, 2008; Joshi et al,

2011). Sister cohesion has been proposed to be mediated by

the precatenanes formed between the newly replicated

sisters, as a slight overexpression of topo IV drastically

reduces the period of sister cohesion (Wang et al, 2008;

Lesterlin et al, 2012). In context of a MukB�topo IV

oligomer model, the two proteins may associate to ensure

that MukB can properly localize to precatenanes during the

initial phases of DNA replication, where it subsequently

Figure 6 The strand-passage activity of topo IV and its ability to bind MukB are separable and contribute additively to cell growth.
Complementation assays of the C600parc1215 strain are shown grown at 421C on rich (A) and minimal (B) media. Spotted cultures correspond
to 20-fold dilution series taken 1 h after liquid cultures were shifted to the restrictive temperature. For plating, cells were normalized to the
culture with the lowest OD600nm at the time of the temperature shift (OD600nmE0.3). Cartoons of ParC constructs assayed, their specific activity
relative to WT, and their ability to bind MukB, are illustrated next to each row. Dilutions of cells grown at the permissive temperature (301C) are
shown to the right of cells grown at the restrictive temperature. Time points taken from cultures at time points 30–270 min after the temperature
shift are shown in Supplementary Figure S6.
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assists in dragging DNA to the one-fourth and three-fourth

positions by an as yet unknown mechanism.

If ParC and MukB are prelocalized to precatenanes gener-

ated in the wake of a replication fork, then why are these

regions not immediately unlinked? Interestingly, ParC is

reported to be at least two times more abundant in cells

than ParE, suggesting that only a subset of ParC is associated

with ParE in topo IV heterotetramers (Taniguchi et al, 2010;

Wang et al, 2012). ParC and ParE have also been reported to

localize to different regions of the cell (Huang et al, 1998;

Espeli et al, 2003; Wang and Shapiro, 2004), and have been

proposed to come together at specific times to form an active

complex competent for removing supercoils and catenanes.

Were such a separation of function to occur, it could make a

prospective topo IV�MukB array competent to segregate

daughters only at specific points during replication.

Consistent with this idea, overexpression of topo IV is toxic

and results in both segregation and locus partitioning defects

(Wang et al, 2008; Lesterlin et al, 2012). Since MukB and

the ParC subunit of topo IV are expressed at similar levels in

cells (Taniguchi et al, 2010; Badrinarayanan et al, 2012b;

Wang et al, 2012), overexpression of ParC could also

disrupt topo IV�MukB chains, thus impeding appropriate

chromosome partitioning. Such a mechanism would parallel

that proposed for MukE and MukF, which have been

suggested to partition MukB between oligomeric (B2E2F)n

chains and single B2E4F4 complexes depending on the

relative stoichiometries of the three proteins (Wang et al,

2006a; Petrushenko et al, 2006b, 2010; She et al, 2007;

Badrinarayanan et al, 2012b). In this regard, MukE and

MukF, which specially link MukB head domains together

(Woo et al, 2009; Badrinarayanan et al, 2012b), could

provide a stabilizing anchor to a topo IV�MukB assembly,

which would occur through the hinge on the opposite side of

the condensin.

One feature of the action of MukB on topo IV not imme-

diately apparent from this model is why the hinge should

specifically stimulate negative-supercoil relaxation by topo

IV. Interestingly, attempts to abrogate this stimulation—either

by using a large molar excess of the hinge or by using hinge

heterodimers containing only a single functional ParC-bind-

ing site (Figure 4A; Supplementary Figure S7)—were unsuc-

cessful, indicating that the prospective formation of

MukB�topo IV oligomers is not responsible for the observed

activation. Recent data from our group have shown that

distinct surfaces of the ParC CTD contribute differentially to

relaxation of supercoiled DNA substrates and the resolution

of catenanes (Vos et al, 2013). One potential reason MukB

may bind to the fifth blade of the ParC CTD is because

alterations to this region do not impair the enzymatic

activity of topo IV; as such, the stimulatory effects observed

in vitro may simply be a fortuitous byproduct of the

interaction. Alternatively, during rapid DNA replication,

MukB could stimulate topo IV to specifically remove

negative supercoils that form behind the replisome in the

leading sister strand (supercoils cannot form in the lagging

strand due to the gaps between the Okazaki fragments)

(Supplementary Figure S8). Future studies will be required

to determine whether large-scale MukB�topo IV oligomers do

indeed form on DNA and how such complexes might help

facilitate daughter chromosome disentanglement and appro-

priate partitioning.

Materials and methods

Cloning of MukB and ParC constructs for crystallography and
biochemistry
Cloning of the ParC CTD (497–752), full-length ParC (1–752),
full-length ParE (1–630), the ParC NTD (1–482)(Corbett et al,
2005), the His6-MBP-ParC CTD (Vos et al, 2013), and MukB (645–
804) have been described previously (Li et al, 2010b). Mutations
were made by QuikChange (Agilent).

Protein expression and purification
Protein expression and purification for all constructs is described in
detail in Supplementary Methods. Briefly, all proteins were over-
expressed as His6 or His6-MBP fusion proteins in E. coli, using
BL21codon-plus (DE3) RIL cells (Stratagene) and either IPTG or
autoinduction procedures. Selenomethoinine labelling, where used,
was carried out using the method of Van Duyne et al (1993).
Following lysis by sonication, proteins were purified by a

Figure 7 Physical considerations for the formation of higher order
MukB�ParC oligomers. (A) The geometry of the MukB�topo IV
interaction does not favour intradimeric complex formation.
Upper—MukB-binding sites (magenta with dotted yellow circles)
are marked on the crystal structure of the E. coli ParC dimer (cyan
and grey) (PDB ID: IZVU). Lower—The ParC-binding sites (magenta
with dotted yellow circles) are marked on the crystal structure of the
E. coli MukB hinge dimer (navy blue and grey) (PDB ID: 3IBP).
The distances between binding sites are shown in Ångströms. (B)
The geometry of the MukB�topo IV interaction permits formation of
oligomeric arrays. The ParC CTD (pink)�MukB hinge (cyan) coiled-
coil arms (orange) structure determined here is shown docked onto
with the full-length E. coli ParC crystal structure (grey) (PDB ID:
IZVU), modelled with a docked G-segment DNA (green) (super-
posed from PDB ID: 2RGR). For perspective, the Haemophilus
ducreyi MukB head domain (red) in complex with MukF (yellow)
(PDB ID: 3EUJ) is also shown. Distances between subunits and
domains are labelled. (C) One prospective functional role of a
MukB�ParC oligomeric array. Oligomers of MukB and ParC form
through the hinge (cyan)�CTD (pink) interaction; MukB oligomers
are further stabilized by interactions of their head domains with
accessory proteins, MukE (black) and MukF (grey). If MukB and
ParC engage the same newly replicated sister chromosome (blue)
through DNA bending and looping, then the array predisposes topo
IV to remove catenated crossovers formed with the corresponding
sister chromosome (green).
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combination of affinity chromatography, proteolysis to remove the
fusion tags, and size-exclusion chromatography. Purified samples
were concentrated, dialysed, and either flash-frozen or used
immediately for subsequent studies.

Crystallography and data collection
For crystallography, the selenomethionine-labelled ParC CTD (resi-
dues 487–752) and MukB hinge (residues 645–804) were dialysed
separately at 15–20 mg/ml concentration each for 16 h at 41C
against 100 mM KCl, 20 mM Tris–HCl pH 7.9, and 0.5 mM TCEP.
The hinge and CTD were then mixed at equimolar ratios immedi-
ately before setting trays. Crystals were grown at 181C in hanging
drop format by combining 1 ml of well solution (212.5 mM lithium
citrate tribasic tetrahydrate, 20% PEG 3350) with 1ml of the hinge/
CTD mix. Crystals generally formed within 24 h and were cryopro-
tected by adding a solution containing the protein buffer, well
solution, and 30% PEG 400 directly to the drop. After cryoprotec-
tion, the crystals were immediately looped and flash frozen in liquid
nitrogen.

Diffraction data sets (two remote and two peak) were collected
from a single crystal at Beamline 8.3.1 at the Advanced Light Source
at Lawrence Berkeley National Laboratory (MacDowell et al, 2004).
Data were indexed and scaled with ELVES and HKL2000, revealing
that the unit cell belongs to the space group P212121 (Otwinowski
and Minor, 1997; Holton and Alber, 2004). Phase calculations were
performed with PHENIX AutoSOL (Terwilliger et al, 2009), using a
combination of single-wavelength anomalous dispersion and
molecular replacement with the ParC CTD (PDB ID 1ZVT) the
MukB hinge (PDB ID 3IBP) as search models. Manual building
was performed with COOT (Emsley et al, 2010) and the complete
hinge�CTD heterotetramer model refined with PHENIX (Adams
et al, 2010). TLS parameters were analysed by the TLSMD server,
which generated 24 groups for use in the late stages of refinement
(Painter and Merritt, 2006). The final model was refined to an Rwork/
Rfree of 20.4%/24.6%, with Molprobibity analysis showing that
98.5% of residues reside in favoured Ramachandran space and
one residue occupies a disallowed region (0.13%) (Chen et al,
2010). The atomic structure and coordinate files have been
deposited with the Protein Data Bank (ID 4MN4). Figures were
prepared with PyMol (DeLano, 2002).

DNA-binding assays
A randomly generated, 20 bp annealed duplex oligonucleotide
(50-|56-FAM|-TTAGGCGTAAACCTCCATGC-30 and 50-AATCCGCATT
TGGAGGTACG-30, where |56-FAM| indicates the position of a car-
boxyfluorescein dye used for analysis) was purchased from
Integrated DNA Technologies (IDT) and resuspended in water
(50% G/C content, Tm¼ 501C). All proteins were diluted on ice in
protein dilution buffer (300 mM potassium glutamate, 20 mM Tris–
HCl pH 7.5, 10% glycerol, and 0.05 mg/ml bovine serum albumin
(BSA)). The assay contained 4ml of the His6-MBP ParC CTD (0.01–
10 mM) mixed with either 4 ml of the MukB hinge (aa 566–863,
10 mM) or 4ml of protein dilution buffer and 20 nM of the fluores-
cently labelled 20mer oligonucleotide. DNA and proteins were
initially incubated on ice in the dark for 10 min, after which they
were diluted to the final assay volume (80 ml) and kept at room
temperature in the dark for 10 min (final assay conditions: 2.4 mM
DTT, 20 mM Tris–HCl pH 7.5, 10% (v/v) glycerol, 1 mM MgCl2,
0.05 mg/ml BSA, 30 mM potassium glutamate). Measurements were
made with a Perkin Elmer Victor 3V 1420 multilabel plate reader at
535 nm. Data points are the average of three independent experi-
ments and all points are normalized to wells that did not contain
protein. Data were plotted in GraphPad Prism Version 5 using the
following single-site binding equation:

y ¼ Bmax
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q
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@
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where Bmax is the maximum specific binding, L is the DNA
concentration, x is the His6-MBP ParC CTD concentration, and
Kd,app is the apparent dissociation constant for His6-MBP ParC
CTD and DNA (Kenakin, 1993; Swillens, 1995; Lundblad et al,
1996). DNA-binding experiments with the E. coli GyrA CTD
(531–853) were performed in an identical manner to those

described for the His6-MBP ParC CTD. Surface plasmon resonance
experiments are described in Supplementary Methods.

Preparation of supercoiled plasmid substrates
Negatively supercoiled pSG483 (2927 bp), a pBlueScript SK
derivative, was prepared from E. coli using a maxiprep kit
(Machery-Nagel). To produce positively supercoiled pSG483, nega-
tively supercoiled pSG483 was treated with A. fulgidus reverse
gyrase following the method of Rodriguez (2002). Plasmid DNAs
were concentrated to 6–10 mg/ml by speed-vac.

DNA supercoil relaxation assays
Supercoil relaxation assays are described in detail in Supplementary
Methods. Briefly, topo IV heterotetramers were formed by adding
equimolar ParE and ParC to a final concentration of 40mM in
dilution buffer. Topo IV was incubated with MukB (566–863) and
supercoiled pSG483 plasmid DNA (500 nM final concentration) at
either 251C (for negative-supercoil relaxation) or 151C (for positive-
supercoil relaxation) in a solution containing 30 mM potassium
glutamate, 1% (v/v) glycerol, 10 mM DTT, 1 mM spermidine,
10mg/ml BSA, 50 mM Tris–HCl pH 7.9, 6 mM MgCl2, and 2 mM
ATP pH 7.5. Samples were removed and quenched at various time
points (15 s to 10 min) with stop buffer (100 mM EDTA, 10% SDS
(w/v)). Samples were then diluted and run for 6–18 h on 1% (w/v)
TAE agarose gels (40 mM sodium acetate, 50 mM Tris–HCl pH 7.9,
1 mM EDTA pH 8.0) at 2–2.5 volts/cm. To visualize the DNA, gels
were stained with 0.5 mg/ml ethidium bromide in TAE buffer for
20 min, destained in TAE buffer for 30 min, and exposed to UV
transillumination. Assays of topo IV-specific activity were carried
out as per Vos et al (2013), and were performed at least three times
with three different enzyme preparations.

Temperature-sensitive complementation assays
The C600ParC1215 strain was a generous gift of Hiroshi Hiasa (Kato
et al, 1988, 1990; Lavasani and Hiasa, 2001). ParC constructs were
cloned into a modified pET28b vector with a ligation-independent
cloning site (Doyle, 2005). The C600ParC1215 strain was
complemented by leaky expression from T7 promoter containing
rescue plasmids as previously described (Lavasani and Hiasa, 2001)
(Supplementary Methods). Cells were transformed and plated on
2xYT or M9 minimal media supplemented with 2% (w/v) glucose
(Sambrook and Russell, 2001) and grown at 301C. M9 minimal
media was made with M9 salts, 0.2% (v/v) glucose, 1 mM MgSO4
1 mg/ml thiamine, 116.75 mg/l threonine, 58.25 mg/l leucine, and
100mM CaCl2. Several colonies were picked to start 5 ml overnight
liquid cultures grown in 2% (w/v) glucose. Overnight cultures were
then used to inoculate duplicate 50 ml liquid cultures containing
either 2xYT or M9 minimal media and incubated at 301C. When
cells reached an OD600 of 0.3±0.05, duplicate liquid media cultures
were split so that one remained at the permissive temperature
(301C) while the other was shifted to the non-permissive
temperature (421C). Cells were adapted to the new temperature
for 30 min, after which cells were grown for an additional 4 h with
time points taken at 30, 60, 150, and 270 min post temperature shift.
Cells were serially diluted after normalization, plated, and grown at
301C and 421C to assess survival resulting from leaky expression for
each time point. For all plating dilutions, cells were normalized to
the culture with the lowest OD600 at the 0-min time point.
Additional details for these experiments are provided in
Supplementary Methods.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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