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Abstract

Condensins play a unique role in orchestrating the global folding of the chromosome, an essential 

cellular process, and contribute to human disease and bacterial pathogenicity. As such, they 

represent an attractive and as yet untapped target for diverse therapeutic interventions. We describe 

here the discovery of small molecule inhibitors of the Escherichia coli condensin MukBEF. Pilot 

screening of a small diversity set revealed five compounds that inhibit the MukBEF pathway, two 

of which, Michellamine B and NSC260594, affected MukB directly. Computer-assisted docking 

suggested plausible binding sites for the two compounds in the hinge and head domains of MukB, 

and both binding sites were experimentally validated using mutational analysis and inspection of 

NSC260594 analogs. These results outline a strategy for the discovery of condensin inhibitors, 

identify druggable binding sites on the protein, and describe two small molecule inhibitors of 

condensins.
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The spread of antibiotic resistant pathogens necessitates identification of novel, previously 

unchallenged targets and developing drugs against them.1 Condensins represent one such 

new plausible target. These multisubunit partially conserved proteins are found in all 

kingdoms of life where they play key roles in global chromosome organization and regulate 

gene expression.2–5 Condensins are essential in eukaryotic cells,6,7 and their inactivation in 

bacteria leads to severe growth defects8,9 and renders cells avirulent.9 Thus, the development 

of condensin inhibitors might find diverse therapeutic applications.

The defining feature of condensins is their structure. They contain at their core a 

characteristically V-shaped dimer of SMC (structural chromosome maintenance) subunits.10 

The proteins act as ATP-modulated macromolecular clamps that bring distant DNA 

fragments together.11 The regulatory non-SMC subunits are responsible for their 

intracellular recruitment and specialization.12 Three families of condensins have been 

identified in bacteria, and a given species can carry one or more distinct complexes.13 

Recently, Escherichia coli condensins were shown to act as flux-controlling enzymes in their 

pathway, which qualifies them as a plausible target for inhibition.14 However, the 

mechanism of condensins remains insufficiently well understood for a structure directed 

search for inhibitors. Similarly, the design of cell-based assays is hindered by the pleiotropic 

nature of condensin mutations.

We describe here a screening approach for inhibitors of the E. coli condensin MukBEF. The 

approach takes advantage of the markedly high novobiocin susceptibility of condensin 

deficient E. coli.15 In E. coli, MukBEF is the sole condensin. MukB comprises the SMC 

core of the complex that dynamically interacts with the regulatory subunit MukEF16,17 

(Figure 1A). The novobiocin susceptibility of condensin-deficient cells resides in the two 

type-2 DNA topoisomerases of E. coli, DNA gyrase and topo IV, and presumably reflects 

severe deficiencies in chromosome replication and segregation of the mutants.14,15 A 

physical interaction between MukBEF and topo IV has been observed in vitro and in vivo 

and shown to affect activities of both proteins.18–21 The interaction between MukBEF and 

the two topoisomerases operationally defines the MukBEF pathway which might include 

other factors.14

Pilot screening of a small diversity set of 1710 compounds identified five inhibitors of the 

MukBEF pathway. Two of them, Michellamine B and NSC260594, were binding MukB in 
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vitro and induced conformational changes in the protein. The binding sites for the hits were 

predicted using computer assisted compound docking and then verified using site directed 

mutagenesis. We further tested several analogs of NSC260594 and found that they too 

inhibit MukB in live cells and bind it in vitro and that the two activities correlate with each 

other. Finally, we show that the found inhibitors are active against several other pathogenic 

bacteria.

RESULTS

Screening Assay for MukBEF Inhibitors.

The assay for screening employed novobiocin-dependent inhibition of growth of TolC 

deficient E. coli strain ETBW, which lacks the major outer membrane component of 

multidrug efflux pumps.14 This choice of the strain helped eliminate the main source of false 

positives during screening. Indeed, many compounds potentiate antibiotics by improving 

their penetration into the cell, by either inhibiting drug efflux or disrupting the cell 

membrane. This is especially true for novobiocin, which happens to be an excellent substrate 

for multidrug efflux pumps.22 Deletion of TolC inactivates the major multidrug transporters 

of E. coli and thereby facilitates permeation of novobiocin into the cell. Notably, multidrug 

efflux acts in synergy with the low permeability of the bacterial cell envelope.23 As a result, 

the use of ΔtolC cells in the screen avoids the discovery of both membrane active drugs and 

inhibitors of multidrug efflux. It also increases the hit discovery rate of the screen.

After screening a library of 1710 compounds from a small diversity set from the National 

Cancer Institute (see Figure 1B and Materials and Methods for details), we identified nine 

that potentiated novobiocin (and vice versa) in ΔtolC cells, five of which induced 

phenotypes typical for ΔmukB cells. Chemical structures for these compounds are shown in 

Figure S1. These compounds were potentiated by novobiocin in mukB+ (p < 0.05) but not 

ΔmukB cells (Figure 1C, Table S1). NSC71795 displayed the smallest potentiation, 1.4-fold, 

which was only barely greater than that in ΔmukB cells (1.2-fold), suggesting that it has the 

lowest specificity against the target.

Importantly, cells grown at subinhibitory concentrations of the hit compounds were impaired 

in the focal subcellular localization of GFP-tagged MukBEF (Figures 1D,F and S2). These 

cells were also deficient in chromosome partitioning and frequently produced anucleate cells 

(Figures 1D,E and S2). The propensity to produce clusters at the core of nucleoids is a 

hallmark activity of MukBEF,12,24,25 whereas the support of chromosome segregation is its 

central function.8,26 Taken together, these results indicate that the found hit compounds 

inhibit the MukBEF pathway. Notably, all discovered inhibitors had secondary targets inside 

the cell since they also decreased novobiocin-independent viability of ΔmukB cells (Table 

S1).

Michellamine B and NSC260594 Interact with MukB in vitro.

We next explored interactions of the discovered hits with purified MukB using surface 

plasmon resonance, SPR. To this end, MukB was immobilized on the surface of a CM5 

Biacore chip and 25 μM of each hit compound was injected. Two compounds, Michellamine 
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B (NSC661755) and NSC260594, produced a strong signal in the sensogram indicative of a 

strong reversible binding (Figure 2A). A much weaker binding could be detected for 

NSC71795 (ellipticine) and NSC45383 (streptonigrin). NSC33353 was binding the control 

surface, which lacked MukB, and was not pursued further.

The binding of both Michellamine B (Figure 2B) and NSC260594 (Figure 2C) was 

disproportionally enhanced at high concentrations of the compounds. This suggests 

cooperative interactions between these compounds and the protein. Accordingly, the 

simplest model that could be fit to the observed sensograms postulated a binding step and a 

conformational transition with the rate of binding allowed to increase at high concentrations 

of the compound (Figure 2D). Thus, the two compounds are likely to bind MukB at several 

sites.

Michellamine B Inhibits MukB in vitro.

Chromosome organizing activity of MukB is rooted in its ability to establish bridges 

between distant DNA fragments.27 To evaluate this activity, we used the magnetic bead pull 

down assay.27 In this assay, MukB is loaded onto bead-tethered linear DNA, the unbound 

protein is removed by rinsing the beads with the reaction buffer, and another DNA is added 

to the beads. The beads are then rinsed again, and the captured DNA is recovered from the 

beads using deproteinization and quantified using gel electrophoresis. The amount of the 

captured DNA serves as a measure of MukB activity. We found that Michellamine B, 

NSC71795 and, to a smaller degree, NSC45383, inhibit MukB mediated DNA bridging, 

whereas no inhibition was observed for NSC260594 (Figure 3A,B). Thus, the binding of at 

least some of the hit compounds to MukB interferes with the biochemical activity of the 

protein.

We further found that Michellamine B promotes oligomerization of MukB. DNA-induced 

oligomerization of MukB is another activity that appears essential for its function. Owing to 

the oligomerization, MukB binds DNA in a highly cooperative manner, which allows it to 

select low occupancy DNA sites.11 ATP-controlled oligomerization has also been reported 

for another bacterial condensin, SMC protein from Bacillus subtilis.28 Oligomerization was 

detected using low speed centrifugation, through the depletion of large protein aggregates 

from the top half of a centrifuge tube. We found that Michellamine B but not the other hit 

compounds promotes oligomerization of MukB in a concentration dependent manner 

(Figure 3C,D). Notably, the activity appeared target specific. Among 14 tested proteins, 

strong oligomerization was observed only for condensins, the E. coli MukB and the 

Pseudomonas aeruginosa MksB (Figures 3C and S3). These data further support the notion 

that the binding of the hit compounds to MukB affects its activity and that the mode of 

interaction varies between the compounds.

Michellamine B and NSC260594 Bind in the Hinge and the Head of MukB.

The binding sites of the hit compounds on MukB were identified using computational 

docking. We took advantage of the available crystal structure of the hinge domain of the E. 
coli MukB29,30 and the head domain of Haemophilus ducreyi MukB.17 We first carried out 

docking of Michellamine B and NSC260594 across all plausible sites on the surface of the 
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head and hinge domains using (i) the crystal structure of the hinge and the homology 

modeled head of E. coli MukB and (ii) hinge and head structures obtained after a 2 ns 

Molecular Dynamics simulation. Two preferred binding sites emerged from this docking, 

one at the dimer interface in the hinge and the other on the interface of the globular and 

coiled coil domains of the head (Figure 4A,B). Thus, the predictions of docking analysis are 

in full accord with the results of the experimental screen.

On the basis of the in silico inspection of the binding sites, we identified several residues 

that are predicted to interact with the hit compounds (Figure S4A,B). These residues were 

mutated, usually in groups, and the mutant proteins were expressed from a low copy number 

plasmid in ΔmukB cells. Immunoblotting analysis revealed that all tested proteins were 

expressed at similar levels (Figure S5). The resulting mutants were then assessed for 

novobiocin susceptibility seeking to determine whether or not the hit compounds inhibit 

cellular growth by directly affecting MukB. The rationale for this experiment rests on our 

previous finding that novobiocin susceptibility of E. coli gradually increases upon partial 

inactivation of MukBEF.14 Therefore, novobiocin susceptibility can be used as a proxy for 

the remaining intracellular activity of MukBEF after its reduction by mutation or an 

inhibitor.

For cells expressing wild type MukB, the potentiation concentration, PC50, of novobiocin 

declines as the concentration of a hit compound increases, which is consistent with a decline 

in the activity of MukB (Figure 4C). The concentration dependence was not the same for 

strains with mutant mukB. Two factors could be responsible for this. First, a mutated MukB 

could have a lower affinity to the compound, in which case more compound would be 

needed to achieve the same degree of MukB inhibition. Second, the mutant MukB could be 

less active than the wild type even in the absence of the compound, whether due to mutation 

or reduced expression. These two factors can be separated by relating the concentrations of 

the compound that yield the same PC50 in the mutant and wild type strains (Figure 4C). As 

shown in Materials and Methods, the slope of the line that relates the two PC50’s (Figure 

4D) provides the low estimate for the ratio of the dissociation constants of the compound to 

the wild type and mutant proteins.

In these and further studies, we focused on two hit compounds, Michellamine B and 

NSC260594, because of their strongest effect on novobiocin potentiation (Figure 1C) and 

conformation of MukB (Figure 2). Most of the mutations had at least some effect on the 

affinity of the two compounds (Figure S4C–F). This was true for mutations in both the hinge 

(Figure 4E) and head (Figure 4F) domains. In general, mutations had a stronger effect on 

NSC260594, and some of them virtually abolished the activity of the compound. This is 

consistent with a relatively small size of NSC260594, which has fewer interactions with the 

protein than Michellamine B. Notably, all mutations that reduced the affinity of compounds 

to MukB were also adversely affecting its activity, which points to the functional importance 

of the binding site. Taken together, these data demonstrate that the cellular susceptibility to 

the two compounds varies depending on a mutation in MukB. We conclude, therefore, that 

Michellamine B and NSC260594 act by directly inhibiting MukB.
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To further corroborate this conclusion, we examined whether or not cellular susceptibility to 

the most promising hit, NSC260594, varies depending on the expression level of MukB. To 

this end, we transformed ΔtolCΔmukB cells with pBB10 plasmid, which encodes MukB 

under the control of an arabinose inducible promoter.31 The cells were then grown in the 

presence of various amounts of arabinose and 0.1% glucose to allow graduated expression of 

MukB (Figure 4G). These cells were then supplemented with NSC260594, and PC50 of 

novobiocin was measured. In agreement with previous studies,14 susceptibility of cells to 

novobiocin declined with the increasing dosage of MukB (Figure 4H). This decline was 

accompanied by an increase in susceptibility to NSC260594. Thus, susceptibility of bacteria 

to NSC260594 can be modulated not only by mutagenesis of MukB but also by changes in 

its expression level.

Structural Analogs of NSC260594 Inhibit MukB.

We next determined which structural features of the hit compounds are responsible for their 

activity. We focused on NSC260594, which is readily amenable to further optimization via 

chemical modification (Figure S1B). We found a small set of compounds at NCI with the 

structure related to NSC260594. We tested them for the functional and physical interaction 

with MukB. Compounds that contain the same core as NSC260594 (Figure 5A) were able to 

potentiate novobiocin (Figure 5C). Replacing the nitro group (R1) with an amino group 

(NSC176319) led to a small improvement in activity. Similarly, switching from N-methyl to 

N-ethyl groups (R2) at the terminal rings (NSC150517) somewhat improved the activity of 

the compound, whereas the addition of a nitro group to an internal phenyl ring (NSC266760) 

led to the 6-fold reduced activity. Curiously, we found a partially active compound, 

NSC67725, among distant analogs of NSC260594 (Figure 5B). This suggests that other 

scaffolds with anticondensin activity can be found.

To confirm that the analogs affect cellular growth via MukB, we explored their physical 

interaction with the protein. MukB contains eight tryptophans, which are spread throughout 

the molecule. Their fluorescence is quenched by the addition of NSC260594, which is 

indicative of a conformational transition in the protein that exposes tryptophans to a polar 

environment. All compounds that potentiated novobiocin demonstrated quenching of 

tryptophan fluorescence (Figure 5D). Unlike the other tested compounds, NSC67725 caused 

only partial quenching. This is consistent with the weaker effect of NSC67725 on 

novobiocin susceptibility and suggests a different mode of interaction of the compound with 

MukB. Otherwise, the apparent affinities of the compounds to MukB were consistent with 

their effect on novobiocin susceptibility (Figure 5D). NSC260594 had lower affinity than 

either NSC176319 or NSC150517 but had a higher affinity to MukB than the more distantly 

related analog NSC266760.

NSC260594 and Its Analogs Have a Broad Spectrum of Activity.

Mutational inactivation of MukB increases E. coli susceptibility to novobiocin by more than 

an order of magnitude.14,15 In principle, the same effect should be attainable through 

inhibition of the protein using small molecules. We indeed were able to recapitulate the 

phenotype of ΔmukB cells using sublethal concentrations of MukB inhibitors, 3/4× MIC of 

NSC260594 (Figure 6A) or 1/2× MIC of Michellamine B (Figure 6B). For comparison, only 
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little novobiocin potentiation could be observed for ciprofloxacin, which inhibits type-2 

DNA topoisomerases and thereby acts in the same pathway as novobiocin, and an unrelated 

antibiotic rifampicin, a transcription inhibitor (Figure 6C). Thus, the ability to markedly 

potentiate novobiocin appears idiosyncratic to condensin inhibitors. Notably, NSC260594 

potentiated nalidixic acid by about 4-fold (Figure 6D) and ciprofloxacin by 2-fold (Figure 

S6), indicating that condensin inhibitors can potentiate various drugs that target type-2 DNA 

topoisomerases.

We next evaluated the activity of NSC260594 and its more active analog NSC176319 

against other bacterial pathogens. The compounds were tested against cells deficient in their 

permeability barrier32 and their efflux proficient parental strains. Indeed, an efficient 

multidrug efflux often masks inhibition of cytoplasmic targets by bioactive compounds. The 

compounds displayed similar inhibition patterns, with NSC176319 being about 2-fold more 

active in most cases (Figure 6E, Table S2). The compounds inhibited growth of E. coli and 

Staphylococcus aureus at low micromolar concentrations (MIC of NSC176319 of 20 μM 

and 10 μM, respectively) and were also active against permeabilized P aeruginosa (5 μM) 

and Acinetobacter baumannii (2.5 μM; Table S2). Thus, the discovered condensin inhibitors 

are effective against Gram-positive and Gram-negative bacteria.

Notably, the discovered condensin inhibitors were only mildly toxic to human cells. When 

adherent culture of human kidney embryonic cells was grown in the presence of the 

inhibitors, detrimental effects on cell viability could be detected only at concentrations 

above 100 μM (Figure 6F). These concentrations are well above MPCs for all tested 

chemicals, indicating that the inhibitors have sufficient specificity for their development into 

antibacterial agents. Moreover, the frequency of spontaneous resistance to these compounds 

appeared reasonably low, less than 10−9. When 1.5 × 109 ΔtolC E. coli cells were plated on 

LB containing 8× MIC of NSC260594, no suppressors could be found (Figure S7).

DISCUSSION

We report here the discovery of condensin inhibitors using a simple yet powerful screening 

approach that can be expanded to a high throughput format. Previous screening campaigns 

for potentiators of topoisomerase inhibitors, novobiocin and fluoroquinolones, employed 

efflux proficient bacteria and, as a result, identified inhibitors of multidrug efflux and cell 

envelope biosynthesis.33,34 The use of efflux deficient cells helped avoid such compounds 

and revealed intracellular targets of novobiocin potentiators. About half of such compounds 

proved to be related to the MukBEF pathway, and two of them affected MukB directly. This 

strategy also ensured a high hit discovery rate, because most of the compounds in screening 

libraries either are substrates of efflux or fail to penetrate across the outer membrane of 

Gram-negative bacteria.35 After screening only 1710 compounds, we identified two MukB 

inhibitors. Until now, only one compound capable of inhibiting condensins has been 

described. A quinazoline derivative Q15 was found by screening anticancer actives for 

interaction with human condensin II and was postulated to act via its non-SMC subunit.36

Notably, the compounds discovered in this study are active against diverse pathogens 

including Gram-positive and -negative bacteria (Figure 6E), whereas their toxicity to human 
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cells appears rather mild (Figure 6F). Thus, rational drug discovery against new targets can 

complement the ongoing efforts to repurpose existing drugs for antibacterial therapies.37

The discovery of MukB inhibitors demonstrates that condensins can be inhibited by small 

molecules and reveals the sites on the protein that are vulnerable to such inhibition. This 

opens up the road for structure-based drug discovery against the proteins of this class. The 

found druggable sites are located at two conspicuous locations, at the interface of the coiled 

coil and globular domains of MukB head and at the dimer interface of the hinge. These two 

locations are argued to be important in various mechanistic models of condensins and 

condensin-like proteins.3,38 Elucidating the mechanism of inhibition by these compounds 

should help deduce the mechanism of MukB. A preliminary survey of MukB activities 

revealed that the two primary hits differ in their effect on the protein. Both compounds 

disrupted the activity of MukB in vivo (Figure 1) and were binding MukB in a SPR assay 

(Figure 2). However, only Michellamine B but not NSC260594 interfered with DNA binding 

and induced formation of large MukB aggregates (Figure 3). Clearly, the mechanism of the 

two compounds is not the same, most likely due to their different poses within the binding 

site on the protein.

Notably, the potency of NSC260594 increased with increasing concentrations of the target 

(Figure 4H). The opposite would be expected if the compound simply inactivated MukB 

thereby reducing its residual activity. Instead, the observed pattern suggests that NSC260594 

might be trapping MukB in a conformation that is toxic to the cell. Indeed, an increase in the 

concentration of a toxic Cabundance of DNA cleavage intermediates lead to dose-dependent 

cellular death.39 Similarly, antibiotics that convert ClpP into a nonspecific protease are 

active only in the presence of ClpP but not its absence.40

The discovered inhibitors offer ample opportunity for optimization. NSC176319, also known 

as Cain’s quinolinium, is cytotoxic to leukemia and bone marrow progenitor cells41 

presumably through inhibition of DNA cytosine methyltransferase DNMT1.42 A series of 

NSC176319 analogs has been recently described that displays a variable activity against 

DNMT1.43 Michellamine B is a plant alkaloid shown to inhibit HIV-induced cell killing.44 It 

has an interesting dimeric structure, and its stereoselective synthesis has been previously 

described.45 Thus, a synthetic strategy can be readily developed for optimization of either of 

the two primary hits.

Molecular modeling experiments suggest the compounds bind to the target mostly through 

hydrophobic interactions, though a couple of electrostatic interactions are suggested. This 

suggests that there is room for modifications that establish additional hydrogen bonds to the 

target to potentially increase both the affinity and specificity of interaction. Likewise, the 

permeability of the compounds could be improved using medicinal chemistry methods.

MATERIALS AND METHODS

Plasmids and Strains.

The strains used in this study are listed in Table S3. OU151 (MG1655 ΔmukB::kan lacYA::-
mukB-gf p-spc ΔtolC::cam) was constructed by P1vir transduction of the ΔtolC::cam 
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fragment from E. coli strain RAM113046 into OU116.47 OU152 (MG1655 ΔmukEF::kan 
lacYA::mukB-gf p-spc) was constructed by P1vir transduction of ΔmukEF::kan into 

OU115.47 Point mutations (summarized in Table S4) were introduced into mukB using 

PCR-assisted cloning, and the protein was expressed from a low copy number plasmid 

p15sp-B02a.47 MukB dosage was varied using pBB10 plasmid, which expresses MukB-

His10 from an arabinose inducible promoter.31

Compound Screening.

The screened library consisted of 1593 compounds from the NCI Diversity Set V and 117 

compounds of NCI Natural Products Set. The assay detected inhibition of bacterial growth 

by test compounds in the presence of novobiocin. 104 exponentially growing ΔtolC ETBW 

cells were inoculated into each well of a microplate containing LB, 10 μM compound, 1% 

DMSO, and 1/4× MIC of novobiocin (0.4 μM), incubated with shaking for 16 h at 37 °C and 

then assessed for cellular growth by measuring light absorbance at 600 nm (OD600). At 1/4× 

MIC, novobiocin concentration is high enough to allow a high hit discovery rate and, at the 

same time, sufficiently low to accommodate the relatively low, about 2-fold, accuracy of 

MIC measurements. This concentration is also well above the MIC of ΔtolCΔmukB cells, 

0.1 μM. Cell inoculations without any compound were used as a negative control whereas 

growth medium without bacteria were used as a positive control. The Z′-factor was typically 

above 0.8. Growth inhibition was called when OD600 in a given well was below the plate 

average minus three standard deviations. The screen actives were then serially diluted and 

assessed for growth inhibition in the presence but not absence of novobiocin. All nine hits 

tested negative in novobiocin potentiation in ΔtolCΔmukB OU142 cells.

Microscopy.

Fluorescence microscopy was done as previously described.12 Exponential cells were 

transferred into fresh medium, supplemented with the indicated compounds and incubated 

with aeration in LB for 16 h. Fifteen μL of the cells was then spotted atop of a 1% agarose 

pad and observed. For DNA staining in live cells, the cells were incubated with 5 μM 

Hoechst 33342 for 15 min. Anucleate cells were scored following fixation in 70% ethanol 

and staining with 100 nM DAPI and 1× Sypro Orange.

Biochemical Assays.

Purification of E. coli MukB, wheat germ topoisomerase I, P. aeruginosa MksB, and E. coli 
membrane fusion protein AcrA has been previously described.13,31,48 E. coli HNS, lac 

repressor LacI, the dimeric LacI,49 dLacI, and ribosomal proteins S4 and L17 were purified 

using conventional chromatography resulting in 95% pure proteins. Bovine serum albumin, 

BSA, calf thymus thyroglobulin, carbonic anhydrase, alcohol dehydrogenase, and β-amylase 

were purchased from Sigma-Aldrich (MWGF1000–1KT).

DNA bridging was assessed using a magnetic bead pull down assay as previously 

described50 in a reaction buffer containing 20 mM HEPES, pH 7.7, 50 mM NaCl, 2 mM 

MgCl2, 5% glycerol, and 1 mM DTT and the indicated compounds.
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For the protein aggregation assay, 2 μg of protein was incubated for 10 min at 23 °C in 25 

μL of reaction buffer supplemented with compounds and then fractionated by low speed 

centrifugation as described in ref 50.

Tryptophan fluorescence was observed using a Shimadzu RF-5301PC spectrofluorimeter, 

excitation wavelength of 280 nm, emission at 336 nm, 1 × 4 × 0.1 cm cuvette. 0.1 μM MukB 

was dialyzed into the reaction buffer (20 mM HEPES, pH 7.0, 50 mM NaCl, 0.5% DMSO) 

while the compounds were diluted into the same buffer. Equal volumes of the compound and 

a 2-fold concentrated stock of MukB were then added to the protein to keep its concentration 

constant while gradually increasing the compound concentration. The tested compounds did 

not show any fluorescence at 336 nm but some absorbed light in this range. The observed 

fluorescence, Fobs, was corrected for the absorbance of the compound using the equation:

F = Fobs
log 10 × εcl

1 − 10−εcl (1)

where ε is the extinction coefficient of the compound at 336 nm, c is its concentration, and l 
is the length of the cuvette. The data were then fitted to a Langmuir dissociation curve to 

determine the apparent dissociation constant KD.

Surface Plasmon Resonance.

SPR studies were performed using a Biacore 3000 analyzer. Biacore CM5 chips were 

activated using N-hydroxysuccinimide (NHS) and N-ethyl-N- (3-diethylaminopropyl) 

carbodiimide (EDC) according to manufacturer’s instructions, and 60 μg/mL MukB in 10 

mM NaOAc, pH 4.0, was injected for 10 min at 10 μL/min. Cross-linking was quenched by 

the injection of 0.5 M ethanolamine, pH 8.0 for 5 min at 10 μL/min. Binding experiments 

were carried out in the buffer containing 20 mM HEPES-KOH, pH 7.0, 50 mM NaCl, 0.5% 

DMSO, and the indicated compounds. When needed, the chip was regenerated using 10 mM 

CHAPS, 20 mM HEPES, pH 7.0, 50 mM NaCl, 0.5% DMSO. The sensograms were 

normalized to the signal collected from a control surface, which was processed identical to 

the other surfaces but in the absence of any protein. The resulting binding curves were 

analyzed using home written scripts in MATLAB.

Molecular Docking, Virtual Screening, and Molecular Dynamics Simulations.

The head domain of E. coli MukB was homology modeled on the basis of the structure of 

MukB from Haemophilus ducreyi17 using Phyre2.51 The program MOE (Chemical 

Computing Group Ltd., Montreal, Canada) version 2016 was used to perform the docking 

and virtual screening calculations. The protein target structures were protonated using the 

Protonate3D facility in MOE. The MMFF force field was used to assign protein atomic 

charges. Compounds were docked in the protein structures using the DOCK facility in MOE 

and ranked according to their predicted binding free energies calculated from the GB/WSA 

ΔG binding score as implemented in MOE. To release structural changes induced by crystal 

packing, the crystal structures were also subjected to a 2 ns Molecular Dynamics simulation, 

using the MOE program and the Amber99 force field and implicit solvation. For the head, 
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the docking results suggested the same potential binding site (shown in Figure 4) in both the 

crystal structure and the Molecular Dynamics structure. For the hinge, two different sites, 

both at the dimer interface, were identified for the crystal structure and the Molecular 

Dynamics structure. Docking using the Schrodinger Glide facility concurred on the binding 

site identified by MOE on the Molecular Dynamics structure, and it is the site (shown on 

Figure 4) that was subsequently validated using side directed mutagenesis.

Novobiocin Susceptibility and Interaction.

Novobiocin susceptibility in the presence of various compounds was determined on the basis 

of the 2-fold serial dilution method. 10 000 exponential cells grown in LB at 37 °C (for 

mukB+ cells) or 23 °C (for ΔmukB cells) were added into each well of a microtiter plate and 

supplemented with 1% DMSO, test compounds, serially diluted novobiocin and, when 

appropriate, 0.1% glucose and the indicated amount of arabinose. The plates were covered 

with AeraSeal microporous tape and a lid and incubated at 37 °C, 180 rpm for 16 h (mukB+ 

cells) or 23 °C for 48 h (ΔmukB cells), after which their OD600 was measured using a Tecan 

Spark 10 M microplate reader. The growth curves were then fit to a Hill equation to 

determine the half-maximal inhibitory (IC50) or potentiation (PC50) concentration, as 

appropriate.

Novobiocin susceptibility of strains with mutant MukB was measured using OU142 (ΔtolC 
ΔmukB) cells that harbor p15sp-B02a-X plasmids, where ‘X’ denotes the mutation. To 

compare susceptibilities of the mutants to the hit compounds, we first matched the 

concentrations of compounds that yield the same novobiocin susceptibility in the mutant and 

wild type strains as outlined in Figure 4C. We assumed that the concentrations of active 

MukB are the same in the two strains at these conditions. We then modeled the interaction 

between the compound and MukB as a 1:1 binding reaction. Given that, the uninhibited 

activity of MukB would follow the equation

A = AW ×
KW

KW + cW
= Am ×

Km
Km + cm

(2)

where Aw and Am are the activities of the wild type and mutant MukB, respectively, in the 

absence of the compound, Kw and Km are the dissociation constants for the interaction, and 

cw and cm are the concentrations of the compound that yield the same novobiocin 

susceptibility in the two strains. Equation 2 can be rearranged to the following form

cW = KW
AW
Am

− 1 +
AWKW
AmKm

× cm (3)

This equation describes a linear relationship between cw and cm with the slope of the line a = 

(Aw/Am) × (Kw/Km). For all tested mutants (Figure S4), the slope of the line was less than 1 

and Aw ≥ Am. Therefore, the relative affinity of the compound to the mutant MukB is 

(Kw/Km) = a × (Am/Aw) ≤ a < 1.
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Cytotoxicity Assay.

Cytotoxicity of the compounds was evaluated using the CellTiter AQueous One Solution 

Cell Proliferation Assay (MTS; Promega) as previously described.52 HEK293 cells (ATCC 

CRL-1573) were incubated in Eagle’s Minimum Essential Medium (EMEM) (ATCC 

30-2003) containing 10% fetal bovine serum (FBS) (ATCC 30-2020) at 37 °C in the 

presence of 5% CO2. When appropriate, 20 000 cells in 80 μL of medium were seeded into 

Corning 96 well white polystyrene microplates with clear, tissue culture-treated flat bottoms 

(Corning 3903). After 24 h, compounds of interest were serially diluted and added to the 

cells, and DMSO was adjusted to 0.5% in the total volume of 100 μL. The cells were further 

incubated for 24 h at 37 °C with 5% CO2. The following day, 20 μL of CellTiter AQueous 

One Solution Reagent was added to each well, and the cells were incubated for 4 h at 37 °C; 

the absorbance at 490 nm was recorded using a Tecan Spark 10 M plate reader. All 

measurements were done in three replicas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Architecture of the E. coli condensin MukBEF. The SMC subunit MukB dimerizes via 

the hinge and the ATP (blue square) mediated interface at the head. MukEF dynamically 

interacts with the head. (B) Flowchart of the screen. (C) Ratios of minimal inhibitory 

concentrations of the five hits in the presence or absence of 0.25× MIC of novobiocin for 

ΔtolC and ΔtolCΔmukB cells (±SEM). (D) Examples of afocal and anucleate cells. MukB-

GFP forms foci at 1/4 and 3/4 of the cell length in the absence (top) but not presence 

(middle) of a hit compound. Bottom panel shows Michellamine-induced formation of 

anucleate cells. (E, F) Frequency of anucleate (E) and afocal (F) cells at the indicated levels 

of the hit compounds, expressed as a fraction of the minimal potentiation concentration, 

MPC (n > 100; ±SD).
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Figure 2. 
SPR analysis of compound binding to MukB. (A) Sensograms of compound binding and 

dissociation for the indicated hit compounds injected at 25 μM. (B, C) SPR sensograms for 

Michellamine B (B) and 260594 (C) injected at the indicated concentrations. The data were 

globally fit to the model illustrated in panel D. (D) The compound binding model postulates 

a random order sequential conformational change and ligand binding. The rate of ligand 

binding was fit locally. The best fit binding rate increased with the concentration of the 

ligand, which indicates cooperative interactions.
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Figure 3. 
Inhibition of MukB in vitro. (A) Inhibition of MukB-mediated DNA bridging. MukB is 

bound to a bead-tethered DNA, and another DNA is then added to be captured and recovered 

by MukB in the presence of the indicated amounts of the hit compounds. (B) The amount of 

MukB-captured DNA in the presence of the indicated compounds (n ≥ 2, ±SD). (C) 

Michellamine-induced protein aggregation. Following 10 min of incubation, the aggregated 

protein was precipitated by low speed centrifugation, and the top and bottom fractions 

resolved by gel electrophoresis. (D) Percent of unaggregated MukB found in the top fraction 

after incubation with the indicated compounds (n ≥ 2, ±SD).
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Figure 4. 
Binding sites of Michellamine B and 260594. (A, B) Predicted binding sites for 

Michellamine B and NSC260594 in the head (A) and hinge (B) domains. Compounds are 

shown in spheres; side chains are shown for residues in the binding sites. (C) Effect of 

NSC260594 on novobiocin susceptibility of cells with the wild type and a mutant MukB. 

Potentiation concentration PC50 of novobiocin was measured in the presence of the indicated 

amounts of the hit compound. The mutant and wild type data series were then matched by 

finding pairs of NSC260594 concentrations that produced the same novobiocin 

susceptibility in the two data sets and analyzed as illustrated in panel D. (D) NSC260594 

inhibition curves for three representative mutants of MukB. The matching compound 

concentrations found as in panel C were plotted against each other and fit to a straight line. 

The slope of the fit line provides the upper bound on the ratio of the compound affinities to 

the mutant and wild type MukB. (E, F) Relative affinities of the hinge (E) and head (F) 

domain MukB mutants to the indicated hit compounds. (G) Immunoblotting analysis of 

MukB expression in BW25113 (WT), ETBW (ΔtolC), and OU142 (ΔtolC ΔmukB) cells 

harboring MukB-producing pBB10 plasmid. Lanes 1−3 and 4−10 contain extract form 0.1 

and 0.004 OD of cells, respectively. MukB was detected using anti-MukB antibody.26 (H) 

Dose-dependent susceptibility of MukB overproducing OU142 cells harboring pBB10 

plasmid to NSC260594, measured as the potentiation concentration of novobiocin in the 

presence of the indicated amounts of the compound and arabinose. pN, empty plasmid.
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Figure 5. 
Structure activity relationship among analogs of NSC260594. (A) Chemical structures of the 

tested NSC260594 analogs. (B) Chemical structure of NSC67725. (C) Potentiation 

concentrations of novobiocin in the presence of the indicated amounts of the compound. (D) 

Tryptophan fluorescence of MukB in the presence of the indicated amounts of the 

compounds.

Zhao et al. Page 20

ACS Infect Dis. Author manuscript; available in PMC 2019 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Potentiation activity of condensin inhibitors. (A−C) Novobiocin potentiation by the 

indicated concentrations of NSC260594 (A), Michellamine B (B), and rifampicin or 

ciprofloxacin (C) in ΔtolC or ΔtolCΔmukB E. coli in LB at 37 °C. (D) Potentiation of 

nalidixic acid by NSC260594 in ΔtolC E. coli. (E) MIC of NSC176319 and NSC260594 

(±SD) in E. coli BW25115 (EC) and ΔtolC ETBW (ECΔ), P. aeruginosa GKCW122 (PAΔ), 

Acinetobacter baumannii IL123 (ABΔ), and Staphylococcus aureus (SA). (F) Viability of 

HEK293 cells in the presence of condensin inhibitors.
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