
SMC translocation is unaffected by 
an excess of nucleoid associated 
proteins in vivo
Zhongqing Ren1,2,3, Lindsey E. Way1,3 & Xindan Wang1

Genome organization is important for DNA replication, gene expression, and chromosome 
segregation. In bacteria, two large families of proteins, nucleoid-associated proteins (NAPs) and 
SMC complexes, play important roles in organizing the genome. NAPs are highly abundant DNA-
binding proteins that can bend, wrap, bridge, and compact DNA, while SMC complexes load onto 
the chromosome, translocate on the DNA, and extrude DNA loops. Although SMC complexes are 
capable of traversing the entire chromosome bound by various NAPs in vivo, it is unclear whether 
SMC translocation is influenced by NAPs. In this study, using Bacillus subtilis as a model system, we 
expressed a collection of representative bacterial and archaeal DNA-binding proteins that introduce 
distinct DNA structures and potentially pose different challenges for SMC movement. By fluorescence 
microscopy and chromatin immunoprecipitation, we observed that these proteins bound to the 
genome in characteristic manners. Using genome-wide chromosome conformation capture (Hi-C) 
assays, we found that the SMC complex traversed these DNA-binding proteins without slowing down. 
Our findings revealed that the DNA-loop-extruding activity of the SMC complex is unaffected by 
exogenously expressed DNA-binding proteins, which highlights the robustness of SMC motors on the 
busy chromatin.
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Chromosomes are highly organized to allow biological processes and enable faithful DNA segregation. The 
Structural Maintenance of Chromosomes (SMC) complex is a major chromosome organizer in all three 
domains of life1,2. For example, eukaryotic SMC cohesins mediate self-associated domains during interphase 
and sister chromatid cohesion before chromosome segregation3,4; eukaryotic SMC condensins compact the 
DNA and facilitate proper chromosome segregation during mitosis5,6; bacterial SMC complexes are critical for 
the resolution of two newly replicated sister chromosomes7–11; the archaeal SMC analog, coalescin, mediates 
chromosome compartmentalization and regulates gene expression12. Despite performing different functions, 
SMC complexes have highly conserved structure, indicating a conserved molecular mechanism for action.

In recent years, in vivo studies in eukaryotes and bacteria have provided evidence that SMC complexes 
extrude DNA loops8,10,13–15. In the case of Bacillus subtilis, SMC complexes are loaded at centromeric parS sites 
near the replication origin by the partitioning protein ParB16–18. Once loaded, SMC complexes translocate away 
from the loading site while tethering the two arms together, generating inter-chromosome arm (inter-arm) 
interactions8,10,19,20. Although the B. subtilis SMC complex has not been shown to extrude DNA loops in vitro, 
single-molecule experiments have shown that purified eukaryotic SMC complexes and bacterial SMC Wadjet 
complexes load onto the chromosome and generate a small DNA loop, then translocate away from the loading 
site in an ATP hydrolysis–dependent manner, processively enlarging the loop21–26.

The loop-extrusion model presents an elegantly simple mechanism for SMC-mediated chromosome 
resolution. However, it also raises a number of important questions regarding the proteins on the chromosome 
and the DNA transactions that occur in vivo. The chromosome is a very busy molecule full of possible roadblocks 
for SMC to encounter. Such roadblocks include DNA-binding proteins, replisomes, RNA polymerases, complex 
DNA structures, and more. A previous study has shown that in B. subtilis, RNA polymerases act as moving 
barriers against SMC translocation, and the effect is correlated with the direction and level of transcription27. 
Similarly, in budding yeast, DNA arrays bound by the telomeric protein, Rap1, strongly affect SMC loop 
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extrusion in vitro and in vivo28. It is unclear whether other protein machineries on the chromatin hinder SMC 
translocation.

The most abundant proteins on the bacterial chromosome are nucleoid-associated proteins (NAPs). HU 
protein is a well-conserved NAP among bacterial species29. In E. coli, the two HU proteins, HupA and HupB, 
primarily form heterodimers and bind to DNA non-specifically30,31. HU has been shown to induce flexible bends 
in DNA over a range of angles32,33 (Fig. 1a). In vitro, high concentrations of HU lead to cooperative binding and 
formation of rigid nucleoprotein filaments32,34,35. H-NS is another well-characterized NAP. H-NS preferentially 
binds to AT-rich, kinked, and xenogeneic DNA36. It forms homodimers that can engage in further dimer-dimer 
interactions, allowing this protein to form nucleoprotein filaments37,38. Moreover, H-NS molecules binding at 
distant loci interact to form DNA bridges38–40 (Fig. 1a). These actions of H-NS seclude AT-rich portions of the 
genome from RNA polymerase or transcriptional activators, thereby repressing transcription38,40,41.

Fig. 1. Exogenous DNA-binding proteins are expressed and localized to the nucleoid. (a) The experimental 
setup of this study. Schematic representation of DNA-binding proteins bending DNA, forming filaments on 
DNA, bridging distal DNA segments, or wrapping the DNA and introducing nucleosome-like structures. 
In this study, we express prokaryotic DNA-binding proteins in B. subtilis and test their effect on SMC 
translocation. (b) Immunoblot analysis of protein expression. HBsu-mCherry (BWX523) was expressed from 
hbs’ native promoter as a merodiploid at an ectopic locus. H-NS-mCherry (BWX5256), HupA-mCherry 
(BWX5269), HupB-mCherry (BWX5271), HupA-mCherry/HupB dimer (BWX5598), HMfA-mCherry 
(BWX5427), HMfB-mCherry (BWX5429), HMfA-mCherry/HMfB dimer (BWX5600) were induced by 0.5% 
xylose for 90 min. Red writing indicates the proteins that are tagged with mCherry. The samples were probed 
with mCherry polyclonal antibodies. SigA was used as a loading control. Uncropped gels can be found in 
Supplementary Information. (c) Exogenous DNA-binding proteins localize to the nucleoid. Fluorescence 
microscopy of B. subtilis expressing the indicated proteins. HBsu-mCherry (BWX523) was expressed from 
hbs’ native promoter as a merodiploid at an ectopic locus. Untagged mCherry (BWX5560), H-NS-mCherry 
(BWX5256), HupA-mCherry (BWX5269), HupB-mCherry (BWX5271), HupA-mCherry/HupB dimer 
(BWX5598), HMfA-mCherry (BWX5427), HMfB-mCherry (BWX5429), HMfA-mCherry/HMfB dimer 
(BWX5600), nbHMfA-mCherry (BWX5947), or nbHMfB-mCherry (BWX5949) was induced with 0.5% 
xylose for 90 min. Scale bar represents 4 μm. (d) Quantification of fluorescence intensity in (c). The mean pixel 
intensities were plotted as histograms. Error bars indicate the standard deviation of pixel intensity. Red writing 
indicates the proteins that are tagged with mCherry.
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Archaeal species also have abundant DNA-binding proteins that organize the chromosome. For example, the 
HMf proteins (HMfA and HMfB) of Methanothermus fervidus oligomerize into tetrameric histone-like structures 
that wrap 60 bp of DNA42,43 (Fig. 1a). Cooperative binding of additional HMf subunits to the tetrameric structure 
results in extended hypernucleosomes that wrap longer segments of DNA43,44. HMfs preferentially bind to DNA 
regions with a high G-C content and wrap the DNA helix42,45. HMfs have a high occupancy not only on the M. 
fervidus chromosome46, but also when heterologously expressed in E. coli47. The large HMf-DNA nucleoprotein 
complex and the DNA architecture it creates may present challenges for motor proteins that act on DNA, such 
as SMC complexes.

In this study, we aim to investigate the effect of DNA-binding proteins on SMC translocation in B. subtilis in 
vivo (Fig. 1a). We expressed a representative sample of prokaryotic DNA-binding proteins that vary in sequence 
specificity, oligomerization state, and nucleoprotein complex structure, thus presenting varying challenges to the 
SMC complex during loop extrusion. Combining fluorescence microscopy, chromosome immunoprecipitation 
(ChIP-seq) and chromosome conformation assays (Hi-C), we investigated the cellular localizations and genome-
wide binding profiles of these DNA-binding proteins and test how they affect the loop-extrusion activity of the 
SMC complex.

Results
Choosing a collection of DNA-binding proteins to express in Bacillus subtilis
To detect the impact of chromosome-binding proteins on translocation of the SMC complex on the chromosome, 
we expressed a collection of bacterial and archaeal DNA-binding proteins in B. subtilis and tracked SMC 
movement. We chose HU and H-NS from E. coli and HMf from M. fervidus (Fig. 1a) because of their DNA-
sequence preferences, actions on DNA, and the chromosome architectures they create: HU binds the DNA 
non-specifically and bends the DNA30–33; H-NS binds AT-rich sequences, oligomerizes on DNA, and bridges 
distant DNA segments36–39; HMf preferentially binds GC-rich sequences and wraps DNA47–49 (Fig. 1a). Since 
HU proteins have two subunits, HupA and HupB, which are capable of forming homodimers or heterodimers, 
we constructed three different strains to express HupA or HupB alone, or HupA and HupB as a heterodimer. 
Similarly, for HMf, we constructed three different strains to express HMfA or HMfB alone, or co-express HMfA 
and HMfB.

These proteins were fused to mCherry and expressed as a single copy from the B. subtilis chromosome under 
a xylose-inducible promoter (Pxyl). We used the mCherry fusions because they allowed for visualization of 
protein localization in living cells. More importantly, since NAPs are conserved proteins, the antibodies raised 
against E. coli NAPs might cross react with homologous proteins in B. subtilis. However, antibodies against 
mCherry enabled specific detection of the tagged proteins for Western Blotting and ChIP-seq. Using the same 
tag for different proteins also allowed us to quantify their expression levels and compare their genome-wide 
binding profiles. Finally, Pxyl allowed us to tune expression to the desired levels.

Exogenous DNA-binding proteins are expressed and localized to the nucleoid
To express the DNA-binding proteins at a sufficient but still physiologically relevant level, we used the expression 
level of a native B. subtilis NAP, the HU homolog HBsu50, as a guide. HBsu is one of the most abundant proteins 
in B. subtilis51,52, having ~ 20,000 monomers per cell53. For direct comparison, we fused HBsu to mCherry 
and expressed it under the native hbs promoter at an ectopic location. Immunoblot analysis using mCherry 
antibodies showed that after 90 min induction with 0.5% xylose, the exogenous DNA-binding proteins were 
expressed at levels higher than or similar to that of HBsu-mCherry (Fig. 1b). We used this induction condition 
for all of our experiments.

To examine the cellular localization of the exogenous DNA-binding proteins, we performed fluorescence 
microscopy. As controls, untagged mCherry localized throughout the volume of the cell, and B. subtilis’ native 
NAP HBsu, when tagged with mCherry, localized to the nucleoid (Fig.  1c). When expressed in B. subtilis, 
mCherry-tagged H-NS, HupA, HupB, HMfA, HMfB, HupA-HupB heterodimer, and HMfA-HMfB heterodimer 
all localized to the nucleoid (Fig. 1c). When quantified, the intensity of the fluorescence signal of these exogenous 
proteins was higher than or similar to that of HBsu-mCherry (Fig. 1d), consistent with immunoblot analysis 
(Fig.  1b). Importantly, mCherry fusions to the mutants that were defective in DNA binding, nbHMfA and 
nbHMfB, both of which had three amino acid substitutions (K13T, R19S, T54K)47,54, did not show nucleoid 
localization (Fig. 1c). Thus, nucleoid localization was a good indicator of DNA binding. These results show that 
all tagged proteins were expressed to appropriate levels and bound to the B. subtilis nucleoid.

Genome-wide binding profiles of the exogenous DNA-binding proteins
To investigate the binding profiles of the proteins of interest on the B. subtilis genome, we performed Chromatin 
Immunoprecipitation (ChIP-seq) assays (Fig.  2). For comparison, we did ChIP-seq on WT B. subtilis using 
anti-HBsu antibodies (Fig.  2a), and on the HBsu-mCherry-expressing strain using anti-mCherry antibodies 
(Fig. 2b). Except for sharp peaks at ribosomal RNA operons and other highly transcribed genes, which were 
likely caused by technical bias of ChIP-seq10,55 (Fig. 2b), untagged HBsu and HBsu-mCherry showed a uniform 
binding profile along the genome, which was also evident when zoomed in to 100-kb or 10-kb regions. These 
results are consistent with the idea that HBsu binds to the genome in a non-specific manner. It further shows 
that the mCherry tag does not change the pattern of enrichment of HBsu on the genome. E. coli HupA-mCherry, 
HupB-mCherry, and the HupA-mCherry/HupB heterodimer showed the same non-specific binding profile as 
HBsu-mCherry (Figs. 2c, 2d and 2e).

In contrast, H-NS-mCherry had 678 enrichment peaks along the genome (Fig. 2f). The average GC content of 
the highest 100 peaks was 28.9%, much lower than the B. subtilis genome GC content (43.5%). These results are 
consistent with H-NS preferring AT-rich regions. Since B. subtilis has an H-NS-like protein, Rok, we performed 
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Fig. 2. Genome-wide DNA-binding profiles of indicated proteins by ChIP-seq. For each sample, the 
sequencing reads at each base pair position were normalized to the total number of reads before plotting. 
ChIP enrichment (ChIP over Input) was shown. The left panel was the profile of the whole genome binned 
at 1-kb resolution. The middle and right panels showed a 100-kb region (3050–3150 kb) and a 10-kb region 
(3070–3080 kb), both of which were binned at 100-bp resolution. The horizontal black dotted lines in 100-kb 
and 10-kb plots represented a ChIP/input enrichment value of 1. (a) Anti-HBsu ChIP-seq on WT B. subtilis 
(PY79). (b) Anti-mCherry ChIP-seq on HBsu-mCherry (BWX523) expressed from native hbs promoter at an 
ectopic location. (c-i) Anti-mCherry ChIP-seq on HupA-mCherry (BWX5269), HupB-mCherry (BWX5271), 
HupA-mCherry/HupB dimer (BWX5598), H-NS-mCherry (BWX5256), HMfA-mCherry (BWX5427), HMfB-
mCherry (BWX5429), HMfA-mCherry/HMfB dimer (BWX5600). Expression of these proteins was induced 
with 0.5% xylose for 90 min. Black carets in (f) indicated the same peak on different plots.
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anti-Rok ChIP-seq in WT B. subtilis for comparison56. Strikingly, H-NS-mCherry and Rok displayed virtually 
the same binding profile (Figs. S1a and S1b). These results indicate that H-NS family proteins have conserved 
DNA-binding specificity, and mCherry does not affect H-NS binding to the B. subtilis genome.

Finally, HMfA, HMfB, and the HMfA/B heterodimer displayed very similar binding profiles, with small 
enrichment peaks every 1–2 kilobasepairs, frequently at intergenic regions (Figs. 2g, 2h, and 2i). The average GC 
content of the highest 100 peaks was 52.3%, much higher than the B. subtilis genome GC content (43.5%). These 
results are consistent with the preference of HMfA and HMfB for GC-rich regions.

Overall, these ChIP-seq experiments showed that our chosen DNA-binding proteins, HupA, HupB, H-NS, 
HMfA, and HMfB, have expected characteristic binding specificities throughout the genome.

Effects of exogenous DNA-binding proteins on genome structure
To examine the effects of these proteins on B. subtilis chromosome organization, we performed chromosome 
conformation capture (Hi-C) assays on the strains expressing HupA-mCherry, HupB-mCherry, the HupA-
mCherry/HupB heterodimer, HNS-mCherry, HMfA-mCherry, HMfB-mCherry, or the HMfA-mCherry/HMfB 
heterodimer, as well as a control strain not expressing these proteins (Fig. 3). All of these strains contained a 
single parS site at the origin. For the Hi-C procedure, we used a four-base cutter, DpnII, and achieved 1-kb 
resolution for DNA contacts.

Hi-C contact maps of these strains showed no observable difference (Fig. 3a). To quantify the interaction 
frequencies, we plotted the contact probability decay curve, Pc(s), which showed the average contact frequency 

Fig. 3. Effects of exogenous DNA-binding proteins on genome folding. (a) Normalized Hi-C contact maps of 
the control strain (BWX3370) and strains expressing indicated proteins: HupA-mCherry (BWX5492), HupB-
mCherry (BWX5494), the HupA-mCherry/HupB heterodimer (BWX5556), H-NS-mCherry (BWX5490), 
HMfA-mCherry (BWX5496), HMfB-mCherry (BWX5498), and the HMfA-mCherry/HMfB heterodimer 
(BWX5558). The contact maps were centered at the replication origin (0˚). The fluorescence proteins were 
induced with 0.5% xylose for 90 min. The color scale bar on the right depicted Hi-C interaction scores for all 
contact maps shown in this study. (b) Contact probability Pc(s) curves showing the average contact frequency 
between all pairs of loci on the chromosome separated by a set distance (s). The x-axis indicated the genomic 
distance of separation in kb. The y-axis represented the averaged contact frequency. The curves were computed 
for interactions binned at 1 kb. Two biological replicates of each strain were shown. (c) High-resolution plots of 
Pc(s) curves showing interaction ranges from 2–30 kb.
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between all pairs of loci on the chromosome separated by a set distance (s) (Fig. 3b). Two biological replicates 
of four strains (control, H-NS-mCherry, HupA-mCherry/HupB dimer, and the HMfA-mCherry/HMfB 
heterodimer) were analyzed. For loci separated by less than 4 kb, although the contact probabilities seemed 
variable between the strains, the differences were not reproducible in biological replicates of the same strains 
(Figs. 3b and 3c). For loci separated by 4  kb or more, the contact probabilities in different strains showed 
reproducible overlapping curves (Figs. 3b and 3c). These data indicate that exogenous DNA-binding proteins 
did not change the overall conformation of the B. subtilis chromosome. Notably, these exogenous proteins 
were expressed in the presence of all the native B. subtilis proteins. It is possible that B. subtilis’ own NAPs, like 
HBsu, robustly organized the chromosome and predominated over the exogenous proteins. Alternatively, these 
proteins might only alter the local DNA structure at a very short range beyond the resolution of our Hi-C assay, 
but do not affect the overall folding pattern of the genome.

SMC movement rate is unaffected by the exogenous DNA-binding proteins
Our microscopy and ChIP-seq results showed that the fusion proteins were expressed to a desirable level, localized 
to the nucleoid, and bound to the DNA with characteristic sequence specificities. To understand whether these 
proteins affected SMC movement, we measured SMC translocation rates along the genome in the presence or 
absence of these proteins. The HupA-mCherry/HupB heterodimer, the HMfA-mCherry/HMfB heterodimer, 
or H-NS-mCherry were expressed under a xylose inducible promoter (Pxyl) for 90 min. Fluorescence images 
showed that these proteins localized to the nucleoid (Fig. S2a) and were expressed at appropriate levels (Fig. S2b). 
Next, SMC loading was induced by expressing ParB protein from an IPTG inducible promoter. In the control 
strain not expressing exogenous proteins, SMC moved at a speed of 53 ± 2 kb/min, consistent with previous 
results10 (Fig. 4a). When the HupA-mCherry/HupB heterodimer, the HMfA-mCherry/HMfB heterodimer, or 
H-NS-mCherry was expressed, SMC translocation rates were very similar to that of the control, within the range 
of experimental error (Figs. 4a and 4b). Thus, expression of exogenous DNA-binding proteins did not affect 
SMC movement, indicating that SMC can easily bypass these proteins in vivo.

To understand whether the lack of effect of DNA-binding proteins on SMC translocation was due to the 
mCherry tag compromising the function of the proteins, we performed the same experiments in cells expressing 
untagged H-NS. We first analyzed the genome-wide binding profile of H-NS expressed in B. subtilis by ChIP-seq 
using anti-H-NS antibodies57. We found that untagged H-NS had the same enrichment peaks as H-NS-mCherry 
and as B. subtilis WT Rok protein, albeit at slightly lower heights (Figs. S1c and S1d), indicating that H-NS and 
H-NS-mCherry bind to the same locations. In Hi-C experiments, expressing untagged H-NS resulted in the 
same chromosomal conformation as expressing H-NS-mCherry (Figs. S1e and S1f.). Thus, the lack of impact of 
our fusion proteins on chromosome architecture was not because of the mCherry tag.

Discussion
In this study, we investigated the effects of exogenous DNA-binding proteins on SMC translocation in B. subtilis. 
We chose a collection of bacterial and archaeal DNA-binding proteins that preferentially bind different DNA 
sequences and act differently on DNA. Using Western Blotting and fluorescence microscopy, we demonstrated 
that these proteins were expressed to a level higher than or similar to B. subtilis’ native NAP, HBsu, which 
has about ~ 20,000 monomers per cell53. To avoid cytotoxicity, we did not try higher expression levels. We 
showed that these proteins were localized to the nucleoid and bound to the genome with enrichment patterns 
characteristic of the proteins in their native organisms. Using time-resolved Hi-C, we demonstrated that SMC 
translocation rates remained unchanged in strains expressing these proteins. Together, this work has shown that 
the processivity of SMC is unaffected by the presence of exogenous DNA-binding proteins on the chromosome.

When exogenous proteins were expressed in B. subtilis, we observed no change in chromosome conformation 
(Fig. 3), but previous studies have shown that HupAB and H-NS play a role in structuring the E. coli chromosome58. 
Specifically, HupAB promotes long-range interactions (> 280 kb) outside the ter region, whereas H-NS decreases 
the interactions between its binding sites and the neighboring regions58. Similarly, in Brucella abortus, an 
H-NS-like protein MucR also caused local and global changes to chromosome structure59. What could be the 
reason that these NAPs, which play chromosome-structuring roles in their native organisms, have no effects on 
chromosome conformation when expressed in B. subtilis? One possibility is that these DNA-binding proteins 
work together with other host factors in their native organisms. For instance, in E. coli, it was suggested that 
HupAB’s role in promoting DNA contact > 280 kb could be through another protein complex MukBEF58, which 
is absent in B. subtilis. Another possibility is that our experimental setup concealed the structuring roles of 
these exogenous proteins because all native B. subtilis proteins are present in our strains. We suspect that SMC, 
HBsu, and all other chromosome-organizing factors have generated a stable and robust chromosome structure 
and predominated over the exogenous proteins. Despite the lack of effect on global chromosome conformation, 
these exogenous proteins have bound to the chromosome in a characteristic manner as shown in fluorescence 
microscopy and ChIP-seq. Thus, they serve our purpose to test the effect of DNA-binding proteins on SMC 
translocation.

In B. subtilis, the SMC complexes that are loaded at the origin can translocate the entire length of the genome 
and reach the terminus region8,10. In this process, SMC must be able to traverse all factors on the nucleoid. Our 
study shows that when additional DNA-binding proteins are expressed to further crowd the chromatin, SMC 
translocation rate is unaffected. This finding is not surprising, rather it highlights the robustness and processivity 
of SMC complexes on the busy chromatin. Recent studies showed that yeast condensins can bypass various DNA-
binding proteins and large nanoparticles bound to DNA, but not a dense array of a telomeric protein28,60. Thus, 
some DNA-binding proteins may present challenges or roadblocks for SMC translocation. It will be interesting 
to determine the specific properties of these proteins that affect SMC movement, such as their binding affinities 
to DNA, their densities on DNA, the local DNA structures they cause, or the specific functions they perform.
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Although SMC translocation is often not affected by DNA-binding proteins, several studies showed that 
SMC movement can be influenced by various motor proteins. For instance, simulations on Hi-C results 
suggested that RNA polymerases slow down B. subtilis SMC complex and human cohesin in vivo27,61; the human 
minichromosome maintenance (MCM) complex was found to impede cohesin movement both in vivo and in 
vitro62; single-molecule experiments showed that SMC cohesins can be blocked and pushed by the replisome in 
vitro63–65; an in vitro study on yeast condensin66 and an in vivo study on B. subtilis SMC complex67 showed that 
when two SMC complexes meet each other on the DNA, they block each other before bypassing one another 

Fig. 4. Effects of exogenous DNA-binding proteins on SMC translocation. (a) Hi-C time course after ParB 
induction. Normalized contact maps for the control strain (BWX4070) and strains expressing indicated 
proteins: the HupA-mCherry/HupB heterodimer (BWX5602), the HMfA-mCherry/HMfB heterodimer 
(BWX5603), or H-NS-mCherry (BWX5663). The exogenous DNA-binding proteins were induced with 0.5% 
xylose for 90 min. Then 0.5 mM IPTG was added to induce the expression of ParB protein. The samples 
were collected at 0 min, 15 min, 25 min, and 35 min after adding IPTG. The rate of SMC translocation was 
indicated, as calculated in (b). (b) Calculation of SMC translocation rate. The x-axis represents the time 
after inducing ParB. The y-axis represents the distance of juxtaposed DNA. The distance on the right arm 
was labeled as a positive value, and on the left arm as a negative value. The rates for DNA juxtaposition were 
calculated from the slope of the line of best fit.
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or, at a much lower chance, dissociating from the chromosome. Future endeavors are needed to understand the 
molecular mechanisms underlying these interactions.

Limitations of this study
Here we aimed to understand the effects of various DNA-binding proteins on SMC translocation in B. subtilis. 
All native B. subtilis proteins were still present, and the exogenous DNA-binding proteins were expressed in 
addition. Native NAPs may be predominating over the structure of chromosome, preventing exogenous DNA-
binding proteins from significantly changing chromosome organization.

Materials and methods
Experimental model and subject details
Bacterial strains and growth
B. subtilis strains were derived from the prototrophic strain PY7968. Cells were grown in defined rich medium 
(CH)69 at 37  °C with aeration. Lists of strains, plasmids, oligonucleotides and Next-Generation-Sequencing 
samples can be found in Tables S1-S4.

Methods details
Immunoblot analysis
Exponentially growing cells were collected and resuspended in lysis buffer (20 mM Tris pH 7.0, 1 mM EDTA, 
10 mM MgCl2, 1 mg/ml lysozyme, 10 µg/ml DNase I, 100 µg/ml RNase A, 1 mM PMSF and 1% proteinase 
inhibitor cocktail (Sigma-Aldrich P-8340, St. Louis, MO)) to a final OD600 of 10 for equivalent loading. The cell 
resuspensions were incubated at 37˚C for 10 min for lysozyme treatment. Then, an equal volume of 2 × Laemmli 
Sample Buffer (Bio-Rad 1610737, Hercules, CA) containing 10% β-Mercaptoethanol was added. The samples 
were heated for 5  min at 95˚C before loading. Proteins were separated by precast 4–20% polyacrylamide 
gradient gels (Bio-Rad 4561096, Hercules, CA). The Bio-Rad Transblot Turbo system and reagents (Bio-Rad 
1704156, Hercules, CA) were used to electroblot the proteins onto mini PVDF membranes. The membranes 
were blocked using 5% nonfat milk in phosphate-buffered saline (PBS) with 0.5% Tween-20 and then probed 
with rabbit polyclonal anti-mCherry (1:5000)70, anti-HBsu (1:20,000) (gift from David Rudner) or anti-SigA 
(1:10,000)71 diluted into 3% BSA in 1 × PBS-0.05% Tween-20. Primary antibodies were detected by Immun-Star 
horseradish peroxidase-conjugated goat anti-rabbit antibodies (Bio-Rad 1705046, Hercules, CA) and Western 
Lightning Plus ECL chemiluminescence reagents using the protocol described by the manufacturer (Perkin 
Elmer NEL1034001, Waltham, MA). The signal was captured using ProteinSimple Fluorchem R system.

Fluorescence microscopy
Fluorescence microscopy was performed using a Nikon Ti2 microscope (Nikon Instruments, Melville, NY) 
equipped with Plan Apo 100x/1.45NA phase contrast oil objective and an sCMOS camera. Cells were grown in 
defined rich Casein Hydrolysate (CH) medium69 at 37˚C overnight and then were sub-cultured in 25 ml of CH 
medium at an initial OD600 of 0.02. After one hour of sub-culturing, 1 ml of 15% xylose was added to induce 
the expression of the fluorescently labeled nonspecific DNA-binding proteins. After a 90-min induction, cells 
were collected for imaging. The cells were immobilized using 2% agarose pads containing CH growth media. 
Images were cropped and adjusted using Nikon NIS-elements software. Fluorescence intensity was quantified 
using MetaMorph software (Molecular Devices). Final figure preparation was performed in Adobe Illustrator.

ChIP-seq
Chromatin immunoprecipitation (ChIP) was performed as described previously7. Cells were crosslinked using 
3% formaldehyde for 30 min at room temperature. The cells were quenched using 125 mM glycine, washed with 
PBS, and lysed using lysozyme. A Qsonica Q800R2 water bath sonicator was used to shear crosslinked chromatin 
to an average size of 170 bp. The lysate was precleared using Protein A magnetic beads (GE Healthcare/Cytiva 
28,951,378, Marlborough, MA) and then incubated with anti-mCherry70, anti-HBsu (gift from David Rudner), 
anti-Rok72 or anti-H-NS57 antibodies overnight at 4˚C. The following day, the lysate was incubated with Protein 
A magnetic beads for 1  h at 4˚C. After washes and elution, the immunoprecipitates was incubated at 65˚C 
overnight to reverse the crosslinking. The DNA was further treated with RNaseA and Proteinase K, extracted 
with PCI, resuspended in 100 µl EB, and used for library preparation with the NEBNext Ultra II kit (E7645). 
Library sequencing was performed using Illumina NextSeq500 or Nextseq2000 (Illumina, San Diego, CA) at the 
IU Center for Genomics and Bioinformatics. The sequencing reads were mapped to the genome of B. subtilis 
PY79 (NCBI reference sequence NC_022898.1) using CLC Genomics Workbench (Qiagen, Hilden, Germany). 
Sequencing reads were normalized by the total number of reads, plotted, and analyzed using R.

Whole genome sequencing
The experiments were performed as previously described67. Cells were grown in CH medium containing 
necessary supplements (such as 0.5% xylose) at 37  °C. Samples were collected at the desired time points. 
Genomic DNA was extracted using the Qiagen DNeasy blood and tissue kit (69,504; Qiagen). DNA was 
sonicated using a Qsonica Q800L sonicator for 12 min at 20% amplitude to achieve an average fragment size 
of 170 bp. DNA library was prepared using NEBNext Ultra II kit (E7645; NEB) and sequenced using Illumina 
NextSeq500 or Nextseq2000. Sequencing reads were mapped to the B. subtilis PY79 genome (NCBI reference 
sequence NC_022898.1) using CLC Genomics Workbench (Qiagen). The mapped reads were normalized to the 
total number of reads and used as input for the ChIP-samples.
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Hi-C
The Hi-C procedure was carried out as previously described8. Specifically, cells grown at the desired condition 
were crosslinked with 3% formaldehyde at room temperature for 30 min then quenched with 125 mM glycine. 
Cells were lysed using Ready-Lyse Lysozyme (Epicentre, R1802M) and treated by 0.5% SDS. Solubilized 
chromatin was digested with DpnII for 2 h at 37˚C. The digested ends were filled in with Klenow and Biotin-
14-dATP, dGTP, dCTP, dTTP. The products were ligated with T4 DNA ligase at 16˚C for about 20 h. Crosslinks 
were reversed at 65˚C for about 20  h in the presence of EDTA, proteinase K and 0.5% SDS. The DNA was 
then extracted twice with phenol/chloroform/isoamylalcohol (PCI 25:24:1), precipitated with ethanol, and 
resuspended in 20 µl of 0.1XTE buffer. Biotin from non-ligated ends was removed using T4 polymerase (4 h at 
20˚C) followed by extraction with PCI. The DNA was then sheared by sonication for 12 min with 20% amplitude 
using a Qsonica Q800R2 water bath sonicator. The sheared DNA was used for library preparation with the 
NEBNext UltraII kit (E7645). Biotinylated DNA fragments were purified using 10 µl streptavidin beads. DNA-
bound beads were used for PCR in a 50 µl reaction for 14 cycles. PCR products were purified using Ampure 
beads (Beckman, A63881) and sequenced at the Indiana University Center for Genomics and Bioinformatics 
using NextSeq500 or NextSeq2000. Paired-end sequencing reads were mapped to the genome of B. subtilis PY79 
(NCBI reference sequence NC_022898.1) using the same pipeline described previously8. The B. subtilis PY79 
genome was first divided into 404 10-kb bins. Subsequent analysis and visualization were done using R scripts. 
For the log2 ratio plots, the Hi-C matrix of strain 1 was divided by the matrix of strain 2. Then, log2(strain 1/
strain 2) was calculated and plotted in a heatmap using R. The rates of SMC translocation were calculated using 
0.51 × standard deviation as previously described10.

Plasmid construction
pWX981
[ycgO::PftsW hns-mcherry phleo] was generated by a ligation of two gel-purified fragments: 1) pWX51073 
digested by HindIII and XhoI; 2) hns amplified using oWX2555 and oWX2556 on the gDNA of E. coli MG1655, 
and then digested by HindIII and XhoI.

pWX991
[yhdG::Pxyl hns-mcherry phleo] was constructed by ligation of two gel-purified fragments: 1) pMS025 digested 
by HindIII and BamHI to give yhdG::Pxyl phleo ; 2) pWX981 digested by HindIII and BamHI to give hns-
mcherry. The construct was sequenced using oML87 and oWX1894.

pWX993
[yhdG::Pxyl hupA-mcherry phleo] was constructed by ligation of two gel-purified fragments: 1) pMS025 digested 
by HindIII and BamHI to give yhdG::Pxyl phleo ; 2) pWX1001 (see below) digested by HindIII and BamHI to 
give hupA-mcherry. The construct was sequenced using oML87 and oWX1894.

pWX994
[yhdG::Pxyl hupB-mcherry phleo] was constructed by ligation of two gel-purified fragments: 1) pMS025 digested 
by HindIII and BamHI to give yhdG::Pxyl phleo ; 2) pWX1002 (see below) digested by HindIII and BamHI to 
give hupB-mcherry. The construct was sequenced using oML87 and oWX1894.

pWX1001
[ycgO::PftsW hupA-mcherry phleo] was generated by a ligation of two gel-purified fragments: 1) pWX51073 
digested by HindIII and XhoI; 2) hupA amplified using oWX2559 and oWX2587 on the gDNA of E. coli 
MG1655, and then digested by HindIII and XhoI.

pWX1002
[ycgO::PftsW hupB-mcherry phleo] was generated by a ligation of two gel-purified fragments: 1) pWX51073 
digested by HindIII and XhoI; 2) hupB amplified using oWX2561 and oWX2588 on the gDNA of E. coli MG1655, 
and then digested by HindIII and XhoI.

pWX1072
[yhdG::Pxyl hmfA-mcherry phleo] was constructed by ligation of two gel-purified fragments: 1) pMS025 digested 
by HindIII and XhoI to give yhdG::Pxyl mcherry phleo ; 2) Ec-HMfA plasmid47 (gift from Tobias Warnecke) 
amplified by oWX2227 and oWX2903 then digested by HindIII and XhoI to give hmfA. The construct was 
sequenced using oML87 and oWX1894.

pWX1073
[yhdG::Pxyl hmfB-mcherry phleo] was constructed by ligation of two gel-purified fragments: 1) pMS025 digested 
by HindIII and XhoI to give yhdG::Pxyl mCherry phleo ; 2) Ec-HMfB plasmid47 (gift from Tobias Warnecke) 
amplified by oWX2229 and oWX2904 then digested by HindIII and XhoI to give hmfB. The construct was 
sequenced using oML87 and oWX1894.

pWX1180
[yuxG::Pxyl hupB erm] was constructed by isothermal assembly of two gel-purified fragments: 1) pWX146 
digested by HindIII and SpeI to give yuxG::erm ; 2) pWX994 amplified by oWX3230 and oWX3231 to give xylR-
Pxyl-hupB. The construct was sequenced using oWX1894. pWX146 is an integration vector that has yuxG::erm.
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pWX1181
[yuxG::Pxyl hmfB erm] was constructed by isothermal assembly of two gel-purified fragments: 1) pWX146 
digested by HindIII and SpeI to give yuxG::erm ; 2) pWX1073 amplified by oWX3232 and oWX3233 to give xylR-
Pxyl-hmfB. The construct was sequenced using oWX1894. pWX146 is an integration vector that has yuxG::erm.

pWX1182
[yhdG::Pxyl mcherry phleo] was constructed by isothermal assembly of two gel-purified fragments 1) pMS025 
digested by HindIII and BamHI to give yhdG::Pxyl phleo ; 2) pWX985 amplified using oWX3234 and oWX3235 
to give mcherry. The construct was sequenced using oWX1894.

pWX1252
[yhdG::Pxyl hns phleo] was constructed by ligation of two gel-purified fragments: 1) pMS025 digested by HindIII 
and BamHI to give yhdG::Pxyl phleo ; 2) hns amplified using oWX2555 and oWX3573 on the gDNA of E. coli 
MG1655, and then digested by HindIII and BamHI. The construct was sequenced using oWX486 and oWX2493.

pWX1270
[yhdG::Pxyl nbhmfA-mcherry phleo] was constructed by ligation of two gel-purified fragments: 1) pWX991 
digested by HindIII and XhoI to give yhdg::Pxyl mcherry phleo; 2) nbhmfA amplified using oWX2231 and 
oWX3649 on Ec-nbHMfA plasmid47 (gift from Tobias Warnecke), and then digested by HindIII and XhoI. The 
construct was sequenced by oML87 and oWX1894.

pWX1271
[yhdG::Pxyl nbhmfB-mcherry phleo] was constructed by ligation of two gel-purified fragments: 1) pWX991 
digested by HindIII and XhoI to give yhdg::Pxyl mcherry phleo; 2) nbhmfA amplified using oWX2233 and 
oWX3650 on Ec-nbHMfA plasmid47 (gift from Tobias Warnecke), and then digested by HindIII and XhoI. The 
construct was sequenced by oML87 and oWX1894.

Strain construction
BWX523
[sacA::hbsu-mcherry kan] was constructed by direct transformation of a two-way ligation into B. subtilis, which 
inserts the hbs gene with its native promoter (amplified using primers odr198 and odr214 and digested with 
EcoRI and BamHI) into pWX345 between EcoRI and BamHI. pWX345 contains sacA::mcherry (kan).

Other B. subtilis strains used in this study were generated by transforming the plasmids described above, or 
by successive transformation of B. subtilis genomic DNA.

Data availability
Unprocessed microscopy images are available at Mendeley data:  h t t p s : / / d a t a . m e n d e l e y . c o m / d a t a s e t s / y 4 6 h k 4 6 
c 2 4 / 3     . Hi-C, ChIP-seq and WGS data were deposited to the NCBI Gene Expression Omnibus  (   h t t p s : / / w w w . n 
c b i . n l m . n  i   h . g o v / g e o / q u e r y / a c c . c g i ? a c c = G S E 2 6 9 7 6 7     ) . The scripts used for plotting and analyses were  d e p o s i t e 
d to https://github.com/xindanwanglab/Ren-2024-SMC-NAP. Any additional information required to analyze 
the data reported in this paper is available from the Corresponding Author upon request without restriction. 
Further information and requests for resources and reagents should be directed to and will be fulfilled by the 
Corresponding Author.

Materials availability
Plasmids and strains generated in this study are available from the Corresponding Author with a completed 
Materials Transfer Agreement.
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