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ABSTRACT 

Structural Maintenance of Chromosomes (SMC) proteins are essential for a wide range of 

processes including chromosome structure and dynamics, gene regulation, and DNA repair. 

While bacteria and archaea have one SMC protein that forms a homodimer, eukaryotes 

possess three distinct SMC complexes, consisting of heterodimeric pairs of six different SMC 

proteins. SMC holocomplexes additionally contain several specific regulatory subunits. The 

bacterial SMC complex is required for chromosome condensation and segregation. In 

eukaryotes, this function is carried out by the condensin (SMC2-SMC4) complex. SMC 

proteins consist of N-terminal and C-terminal domains that fold back onto each other to 

create an ATPase “head” domain, connected to a central “hinge” domain via a long coiled-

coil region. The hinge domain mediates dimerization of SMC proteins and binds DNA. This 

activity implicates a direct involvement of the hinge domain in the action of SMC proteins on 

DNA. We studied the SMC hinge domain from the thermophilic archaeon Pyrococcus 

furiosus. Its crystal structure shows that the SMC hinge domain fold is largely conserved 

between archaea and bacteria as well as eukarya. Like the eukaryotic condensin hinge 

domain, the P. furiosus SMC hinge domain preferentially binds single-stranded DNA 

(ssDNA), but its affinity for DNA is weaker than that of its eukaryotic counterpart, and point 

mutations reveal that its DNA-binding surface is more confined. The ssDNA-binding activity 

of its hinge domain might play a role in the DNA-loading process of the prokaryotic SMC 

complex during replication.  
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INTRODUCTION 

Structural Maintenance of Chromosomes (SMC) proteins act as global organizers and 

safeguards of the genome in all domains of life. By directly and indirectly influencing 

chromosome structure and dynamics, they participate in a vast number of vital cellular 

processes ranging from cell division to gene regulation and DNA repair. Prokaryotic 

genomes contain only one smc gene whose product forms a homodimer, whereas in 

eukaryotes six different SMC proteins are found that form three distinct heterodimeric 

complexes. The SMC holocomplexes additionally contain several specific regulatory 

subunits1.  

The bacterial SMC complex is required for chromosome condensation and segregation2. In 

eukaryotes, this function is carried out by the condensin complex with SMC2 and SMC4 at 

its core, the closest homologue of the prokaryotic SMC complex3. The complex containing 

SMC1 and SMC3, named cohesin, is responsible for sister chromatid cohesion during mitosis 

and meiosis4. The most divergent of the eukaryotic SMC complexes, consisting of SMC5 and 

SMC6, remains unnamed, as its precise function is still enigmatic. It is involved in several 

DNA repair pathways as well as homologous recombination in meiosis5.  

SMC proteins have a striking domain architecture consisting of a long antiparallel coiled-coil 

region with globular domains at both ends1,6. Their N and C terminus interact at one end of 

the coiled-coil to make up an ATP-binding cassette (ABC)-type ATPase “head” domain, with 

the Walker A motif being contributed by the N-terminal half, while the Walker B and the 

ABC signature motifs are located in the C-terminal half. The “hinge” domain at the other end 

of the coiled-coil mediates dimerization of SMC proteins. Upon ATP binding, the head 

domains engage to form two shared ATPase active sites with the ATP sandwiched between 

the Walker A and B motifs from one monomer and the signature motif from the other7,8. 

Most of the non-SMC subunits bind to the head domains and regulate their ATPase activity 
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and consequently their engagement-disengagement cycle9,10. It seems obvious therefore to 

assume that the head domains constitute the active part of the SMC complex, while the 

coiled-coil and hinge domain only play a structural role. However, the function of the hinge 

domain exceeds that of a simple dimerization domain, as it has been shown to also bind 

DNA9,11-14 as well as proteins15,16. In case of the Bacillus subtilis SMC protein, ATP binding 

to the head domains stimulates DNA binding to the hinge domains9, and this in turn 

stimulates ATP hydrolysis by the heads12,13,17,18. This indicates that the hinge domain is 

capable of transmitting conformational changes along the coiled-coil region to the head 

domains and vice versa, and hence that the hinge domain is closely involved in the actions of 

SMC proteins on DNA.  

To date, the structures of a eukaryotic and two bacterial SMC hinge domains have been 

determined, these being the hinge domains of the Thermotoga maritima SMC (TmaSMC)6, 

Escherichia coli MukB19,20, and mouse condensin (SMC2-SMC4)14. MukB is a divergent 

SMC protein which has closer homologues only in other γ-proteobacteria, and its hinge 

domain is substantially smaller than that of other bacterial and eukaryotic SMC proteins. 

Nonetheless the MukB hinge domain is structurally quite similar to the TmaSMC hinge. The 

similarity between the structures of the TmaSMC and the mouse condensin hinge domain is 

even more striking. Although eukaryotic SMC hinge domains are heterodimers, whereas the 

prokaryotic ones are homodimeric, the hinge domain fold is largely conserved between 

bacteria and eukaryotes.  

Here, we investigated the structure and function of the SMC hinge domain from the 

thermophilic archaeon Pyrococcus furiosus. Its crystal structure more closely resembles the 

mouse condensin hinge domain than the TmaSMC hinge. Like bacterial9,12,13 and 

eukaryotic14 condensin hinge domains, but unlike the cohesin hinge domain11, the P. furiosus 

SMC (PfuSMC) hinge displays a marked preference for single-stranded DNA (ssDNA) over 

Page 4 of 32

John Wiley & Sons, Inc.

PROTEINS: Structure, Function, and Bioinformatics



5 
 

double-stranded DNA (dsDNA). However, its affinity for DNA is decidedly lower than that 

of the eukaryotic condensin hinge, and point mutations reveal that its DNA-binding surface is 

also much smaller.  

 

MATERIALS AND METHODS 

Cloning, expression and protein purification  

The DNA fragment encoding the desired hinge domain construct spanning residues 488-667 

of PfuSMC was PCR-amplified from a pET-21b vector (Novagen) containing the full-length 

P. furiosus smc gene and inserted into the NdeI/XhoI sites of pET-21b, to be expressed with 

the vector-encoded C-terminal hexahistidine tag. Point mutations were introduced into the 

vector by site-directed mutagenesis using the QuikChange method (Stratagene). All 

constructs were verified by sequencing.  

Expression was carried out in E. coli Rosetta (DE3) (Novagen). Cultures were grown at 37°C 

in LB medium supplemented with the appropriate antibiotics to an optical density (600 nm) 

of ~0.7, and induced with 0.5 mM IPTG. Cells were harvested by centrifugation 5 h after 

induction. Cell pellets were stored at -20°C until further use. To obtain selenomethionine-

labelled protein, the construct was expressed in E. coli B834 (DE3) additionally containing 

the pRARE plasmid (Novagen) in LeMaster’s medium21 supplemented with the appropriate 

antibiotics and selenomethionine.  

Proteins were purified via heat denaturation of contaminating proteins, nickel chelate affinity 

chromatography and gel filtration. Cells from 2 L of culture were lysed by sonication in 

buffer A (25 mM Tris-HCl pH 8.0, 300 mM NaCl, 20 mM imidazole). The lysate was 

incubated at 70°C for 10 min, then cleared by centrifugation and applied to a gravity flow 

column containing Ni-NTA agarose beads (Qiagen). Nickel chelate chromatography was 

performed using buffer A for washing and buffer B (25 mM Tris-HCl pH 8.0, 300 mM NaCl, 
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250 mM imidazole) for elution. The eluate was concentrated in centrifugal filter units 

(Amicon Ultra, 10 000 MWCO, Millipore) and applied to a Superdex 200 pg 26/60 gel 

filtration column (GE Healthcare) equilibrated in buffer C (5 mM Tris-HCl pH 8.0, 100 mM 

NaCl, 0.1 mM EDTA). Fractions containing only the homodimeric PfuSMC hinge domain 

were pooled, and the protein was concentrated to ~50 mg/ml. Protein concentration was 

determined using a calculated extinction coefficient at 280 nm22. The purification process 

was monitored by SDS-PAGE23. Concentrated protein was aliquoted, flash frozen in liquid 

nitrogen and stored at -80°C until further use. Selenomethionine-labelled protein was purified 

analogously with the addition of 1 mM DTT to all buffers. TCEP was added to the 

concentrated protein to a final concentration of 1 mM to prevent oxidation of the 

selenomethionine residues.  

 

Protein crystallization and structure determination 

The PfuSMC hinge domain was crystallized by vapor diffusion in the hanging-drop setup at 

20°C. Crystallization was optimized with selenomethionine-labelled protein. The refined 

crystallization condition contained 1.8 M ammonium sulphate, 0.2 M potassium-sodium 

tartrate, and 0.1 M trisodium citrate pH 6.0. Cryoprotection was achieved by briefly soaking 

crystals in mother liquor supplemented with 15% (v/v) D(-)-2,3-butane diol. Data were 

collected at beamline PXI of the Swiss Light Source (SLS, Villigen, Switzerland). The 

crystals belong to space group C2221 and contain two molecules in the asymmetric unit (see 

Table I for crystallographic data, phasing and refinement statistics). The structure was 

determined by MAD phasing. Data were indexed and integrated using the XDS package24. 

Phases were calculated with AutoSHARP25. One chain was built manually in Coot26, and the 

second chain was then generated by molecular replacement using Phaser27,28. The model was 

refined against the high remote wavelength dataset of the selenomethionine derivative. NCS 
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restraints were only used in the first stages of refinement because the two chains present in 

the asymmetric unit are not completely identical. Initial refinement was carried out with 

CNS29, followed by several rounds of refinement with phenix.refine30 and rebuilding in Coot. 

Refinement included simulated annealing in initial cycles, individual atomic coordinate and 

isotropic B factor refinement, and bulk solvent corrections. Solvent molecules were added 

with phenix.refine and manually. The Rfree factor was calculated from 10% of the data which 

were removed at random before the structure was refined. The structure was validated using 

MolProbity31, RAMPAGE32, and PROCHECK33. The electrostatic surface potential was 

calculated with the Adaptive Poisson-Boltzmann Solver (APBS)34. All figures were prepared 

with PyMOL35. Coordinates and structure factors have been deposited at the Protein Data 

Bank (PDB) with accession number 3NWC.  

 

Small-angle X-ray scattering of protein solutions 

To prepare samples suitable for SAXS measurements, the PfuSMC hinge domain was 

additionally purified via gel filtration on a Superdex 200 column (GE Healthcare), and 

concentrated to yield samples in concentration ranges from 2 to 20 mg/ml in buffer C. The 

flowthrough of the concentration step was used as buffer reference for SAXS measurements. 

SAXS data were collected at beamline X33 at EMBL/DESY, Hamburg. Scattering profiles of 

BSA and lysozyme were measured as reference for molecular mass determination. The 

ATSAS package36 was used to process and analyze data. Theoretical scattering profiles from 

atomic resolution models were calculated and fitted to measured profiles with CRYSOL37. Ab 

initio models of the PfuSMC hinge domain were reconstructed from the experimental data 

using the program GASBORi38, initially without imposing any symmetry or other restrictions 

on possible models. Since all models were clearly two-fold symmetric, further models were 

calculated imposing two-fold symmetry. Eight independently reconstructed envelopes were 
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aligned and averaged with SUPCOMB39 and DAMAVER40. An envelope representation was 

calculated using the Situs package41, which was also used to dock atomic resolution models 

into the envelope.   

 

In vitro DNA-binding assays 

DNA oligonucleotide substrates carrying a 6-FAM fluorescence label were used to monitor 

their binding to the PfuSMC hinge domain (Table II). HPLC-purified DNA oligonucleotides 

(Thermo Scientific) were dissolved in water. DNA concentration was determined using a 

calculated extinction coefficient at 260 nm42. To anneal oligonucleotides, they were mixed 

with a 1.1-fold molar excess of the unlabelled oligonucleotide in 40 mM Tris-HCl pH 7.5, 

100 mM NaCl, 10 mM MgCl2, incubated in a thermocycler (Biometra T personal) for 5 min 

at 95°C, and then cooled down to 4°C at a cooling rate of 0.1°C/s.  

Samples for EMSAs contained 12.5 nM of a DNA substrate and protein in a 0-, 10-, 25-, 50-, 

100-, 250-, 500-, 1000-, 2500-, and 5000-fold and 0-, 100-, 500-, 1000-, 2500-, 5000-, 

10 000-, 25 000-, 50 000-, and 100 000-fold molar excess over ssDNA and dsDNA, 

respectively, in 1× PBS in a total volume of 20 µl. They were incubated at room temperature 

for 30 min before addition of 5 µl 50% (v/v) glycerol. The samples were then loaded onto an 

0.5% (w/v) agarose gel in 1× TB buffer and separated for 2 h at 4 V/cm and 8°C. Gels were 

scanned on a Typhoon 9400 fluorescence scanner (GE Healthcare).  

 

RESULTS  

Protein purification, crystallization and structure determination 

To facilitate crystallization, we designed an expression construct of the PfuSMC protein that 

spans the entire hinge domain including short stretches of the coiled-coil region (residues 

488-667), with a hexahistidine tag at the C terminus. The construct was expressed in E. coli, 
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and the protein was purified via heat denaturation of contaminating proteins, nickel chelate 

affinity chromatography, and gel filtration. We obtained crystals in space group C2221 with 

two molecules in the asymmetric unit. Selenomethionine derivative crystals diffracted to 

1.7 Å resolution and allowed phase determination by multiple-wavelength anomalous 

dispersion (MAD). The resulting electron density map was easily interpretable. After several 

cycles of manual model building and refinement, the final R factors were 19.4% for Rwork and 

23.5% for Rfree. In the final model, one chain spans residues 488-667, while the other chain 

encompasses residues 488-662. The geometry of both chains is well within acceptable range. 

Crystallographic data, phasing and refinement statistics are shown in Table I. An example of 

the initial and refined electron density can be found in Fig. 1A. 

 

Crystal structure of the P. furiosus SMC hinge domain 

The PfuSMC hinge domain consists of two pseudo-two-fold-symmetric subdomains that are 

linked by a long ordered loop passing along the bottom face of the hinge domain, i.e. the face 

opposite the coiled-coils. Each subdomain contains a mixed β-sheet and several α-helices on 

both sides of the sheet. The two subdomains interact to form a half-ring structure with an 

α-helical core that is bordered by a β-sheet on each side. The β-sheets are then flanked on the 

outside by one or two α-helices (Fig. 1B; see also the sequence alignment in Fig. 4A).  

The tertiary structure of the archaeal PfuSMC hinge domain is similar to that of the bacterial 

TmaSMC hinge6 (Fig. 1C); the rms deviation between the Cα traces of both proteins is 2.0 Å. 

Unexpectedly, however, the predicted coiled-coil segments at the N and C terminus of the 

PfuSMC hinge do not join up into a coiled-coil. Instead, the N-terminal coiled-coil segment 

folds into a helix that is lying on top of the hinge domain core, while the C-terminal segment 

forms a long loop (Fig. 1B and C). This conformation appears to be stabilized by crystal 

contacts: the N-terminal helices of both chains in the asymmetric unit contact each other, and 
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the C-terminal coiled-coil segment of one chain loops around the other chain (Fig. 1D and 

Fig. 2A). Since the coiled-coil segments are short – consisting of only four or five helical 

turns – the interaction between them is probably not very strong and therefore easily 

disrupted by crystal packing forces. 

In crystals, the TmaSMC6 and the E. coli MukB19,20 hinge domains form two-fold-symmetric 

doughnut-shaped homodimers. The two chains present in the asymmetric unit of the PfuSMC 

hinge domain crystals assemble in a different manner, interacting via the predicted coiled-coil 

segments (Fig. 1D), but the doughnut-shaped dimer is generated by symmetry operators (Fig. 

1E). In this symmetry-generated dimer, the two symmetrical interfaces between the 

monomers are formed largely by β-strand 3 of one monomer interacting with β6 and β7 of 

the other monomer to form two continuous mixed seven-stranded β-sheets (β1-3 + β4-7). 

Additional dimer interactions are contributed by helices αE and αH which flank the β-sheets 

on the outside (Fig. 1E, Fig. 2B). As can be seen in Fig. 2, there are far more contacts 

between the symmetry-related chains than between the two chains in the asymmetric unit 

(e.g. 28 vs. 7 hydrogen bonds). The residues making up the interface between the symmetry-

related chains are also among the most conserved residues in the hinge domains of SMC 

proteins from all three phylogenetic domains, suggesting that this dimeric assembly is the 

physiologically relevant oligomeric state of the SMC hinge domain (Fig. 4A). 

 

Solution scattering analysis  

To unambiguously determine whether the doughnut-shaped dimer of the SMC hinge domain 

is the assembly present in solution, we performed small-angle X-ray scattering (SAXS) 

experiments with the PfuSMC hinge domain. The SAXS data are of very high quality, as the 

protein did not show any signs of aggregation even at concentrations of up to 20 mg/ml (Fig. 

3A). The molecular mass determined from the scattering intensity extrapolated to zero angle 
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confirms that the PfuSMC hinge domain exists as a homodimer in solution. The shape of the 

scattering profile indicates that this dimer has a globular conformation. To compare the 

solution to the crystal structure, theoretical scattering curves were calculated of both possible 

dimeric assemblies observed in the crystals (Fig. 3A). The scattering profile of the dimer in 

the asymmetric unit does not fit the observed scattering profile at all; this dimer is more 

elongated than the dimer present in solution. The theoretical scattering curve of the 

symmetry-generated dimer, however, has the same shape as the observed one, although the 

two profiles do not overlap completely. This is probably due to the conformation of the 

coiled-coil segments that is stabilized in the crystals, but likely to be flexible in solution, as 

would also be suggested by the solution envelope (see below, Fig. 3B). Initially, ab initio 

envelope reconstructions were calculated without imposing any symmetry. Since the 

resulting models were clearly two-fold symmetric, two-fold symmetry was then imposed to 

generate models of higher quality. Eight independent models were averaged to generate the 

final solution envelope model of the PfuSMC hinge domain into which both possible dimeric 

assemblies were docked (Fig. 3B). The dimer present in the asymmetric unit is too narrow to 

fill the solution envelope completely and too long to completely fit into it. The symmetry-

generated dimer however is docked into the SAXS model so that the hole in the ring nicely 

coincides with the dent in the envelope. Only the C-terminal coiled-coil segment does not fit 

into the envelope, which is not surprising, since it would be expected to be disordered in 

solution. The flexibility of the coiled-coil segments probably also accounts for the fact that 

the envelope is slightly bigger than the symmetry-generated dimer in the crystal structure. 

We therefore conclude that the biological assembly of the SMC hinge domain is indeed the 

doughnut-shaped dimer.  
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The P. furiosus SMC hinge domain binds single-stranded, but not double-stranded 

DNA 

Since other SMC hinge domains have been shown to bind DNA9,11-14, we tested different 

DNA substrates for binding to the PfuSMC hinge domain (DNA sequences are listed in Table 

II). Electrophoretic mobility shift assays (EMSAs) were performed to assess DNA binding, 

using a 5’-6-FAM label to visualize the DNA substrates. In these assays, the PfuSMC hinge 

bound a 30-mer ssDNA substrate relatively well, whereas a dsDNA substrate of the same 

length was not bound (Fig. 5A and B). ~50% of the 30-mer ssDNA were bound at a 50 – 

100-fold excess of protein over DNA, and at a 250 – 500-fold excess of protein, the ssDNA 

substrate was completely shifted. The protein concentration at which half the ssDNA bound 

was 0.6 – 1.3 µM, therefore the dissociation constant of the complex should be in this range. 

The protein-ssDNA complex migrated as a defined band, indicating that a specific complex 

was formed. With the 30-mer dsDNA, only a smeared shift could be obtained at a very high 

(25 000 – 100 000-fold) excess of protein (Fig. 5B). This suggests that the shift was simply 

caused by the high protein concentration, not by specific binding. We also tested longer DNA 

substrates which essentially yielded the same results, while shorter ssDNA substrates were 

not bound efficiently (data not shown).  

In order to more accurately define the DNA-binding interface of the PfuSMC hinge domain, 

we constructed two lysine-to-glutamate point mutants. We chose the lysines to be mutated in 

analogy to the mutations made in the mouse condensin hinge domain in our previous study14, 

but based our choice on a tertiary structure rather than a sequence alignment (Fig. 4).  

While SMC hinge domains generally contain many lysines, there is only one lysine residue 

that is highly conserved among SMC proteins from all species (PfuSMC-K568, mSMC2-

K566/mSMC4-K657) (Fig. 4A). We mutated this conserved lysine to glutamate in the mouse 

SMC2-SMC4 hinge domain in our previous study14. This residue is located at the C terminus 
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of the α-helix capping the dimer interface in all SMC hinge domain structures solved so far. 

In the mSMC2 hinge domain, K566 points outwards from the protein surface, whereas the 

corresponding residue in the PfuSMC hinge domain, K568, is involved in dimer interactions, 

forming a hydrogen bond with E641 of the other chain (Fig. 4B). Since it has previously been 

shown that dimerization is necessary for DNA binding by SMC hinge domains11,12,14, we did 

not want to disrupt this interaction. PfuSMC-K565, however, is in a similar position in the 

tertiary structure as mSMC2-K566 and was therefore mutated to glutamate instead of the 

conserved residue PfuSMC-K568. The second residue mutated to glutamate was PfuSMC-

K605, located in the same region of the hinge domain as mSMC2-K613/mSMC4-K698 which we 

mutated previously14 (Fig. 4A). This residue was chosen because, in contrast to PfuSMC-

K565, it is distant from the dimer interface and located in an overall negatively charged region 

(Fig. 4B and Fig. 6).  

Interestingly, while both mutants displayed reduced affinity towards ssDNA as compared to 

wild-type, the effect of the K565E mutation was stronger than that of the K605E mutation (Fig. 

5C and D). The K565E mutant protein only started shifting the 30-mer ssDNA at a 

concentration of 3.1 µM (250-fold excess), whereas the K605E mutant started shifting the 

DNA substrate at 0.6 µM (50-fold excess), indicating that the affinity of the K565E mutant 

protein for ssDNA is approximately 5-fold lower than that of the K605E mutant. However, 

both mutant proteins failed to form a defined protein-DNA complex, instead producing only 

a smeared shift, and a complete shift was not obtained with either of the two mutant proteins 

even at high protein concentrations. This suggests that while both the basic patch as well as 

positively charged residues outside of the basic patch contribute to binding specificity, the 

binding strength is achieved mostly by the basic patch.  
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DISCUSSION 

To close the gap between bacterial and eukaryotic SMC hinge domains, we solved the crystal 

structure of the archaeal SMC hinge domain from P. furiosus. The primary sequence of SMC 

hinge domains is strongly conserved: between SMC hinge domains from all three 

phylogenetic domains, as exemplified by those whose structures have been solved, i.e. the 

TmaSMC6, the PfuSMC, and the mouse condensin hinge domain14, the sequences are ~30% 

identical and 50 – 60% similar. Likewise, the tertiary structures of these SMC hinge domains 

are quite similar, with rms deviations all below 3 Å (Table III, Fig. 1C, Fig. 4B). However, 

while the overall fold of the SMC hinge domain is conserved from prokaryotes to eukaryotes, 

functionally relevant structural details have changed. Most importantly, the surface charge of 

the hinge domain has been almost reversed throughout evolution (Fig. 6). Whereas bacterial 

and archaeal SMC hinge domains have a quite acidic outer surface, the outer surface of 

eukaryotic SMC hinges, and especially of the condensin hinge, is mostly basic. As discussed 

below, this has implications in the DNA-binding activity and specificity of prokaryotic and 

eukaryotic SMC hinge domains. 

The PfuSMC hinge domain binds DNA and displays a marked preference for ssDNA over 

dsDNA – more so than the mouse condensin hinge domain which binds dsDNA, albeit non-

specifically14. The differential effects of the two lysine-to-glutamate point mutations on DNA 

binding by the PfuSMC hinge domain suggest that its DNA-binding activity resides mostly 

within the basic patch at the dimer interface. In contrast, in the mouse condensin hinge 

domain the analogous mutations both had the same quantitative and qualitative effect, 

reducing affinity as well as specificity, which implies that the ssDNA wraps around the outer 

surface of the hinge domain14. The affinity of the PfuSMC hinge domain for ssDNA is 

obviously lower than that of the mouse condensin hinge domain. In EMSAs, under the same 

assay conditions, the same 30-mer ssDNA substrate was shifted completely by the mouse 
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condensin hinge domain at a 100-fold excess of protein over DNA14, whereas with a 100-fold 

excess of the PfuSMC hinge domain only ~50% of the DNA are shifted (Fig. 5A). 

Comparing the surface charge distribution of both proteins, this is not surprising. While the 

PfuSMC hinge domain – like the TmaSMC hinge6 – has a mostly negatively charged surface 

with only one basic patch at the dimer interface, this basic patch is much more pronounced in 

the mouse condensin hinge, and the entire surface of the latter is mostly positively charged 

and contributes to DNA binding14 (Fig. 6). The mouse condensin hinge domain has a higher 

affinity for DNA than the PfuSMC hinge at the cost of a lower specificity for the structure of 

the DNA bound. 

In comparison, our results indicate that the DNA-binding surface of the PfuSMC hinge 

domain is similar, but significantly smaller than that of the mouse condensin hinge. A 

previous mutational study of the B. subtilis SMC protein13 supports this conclusion, although 

residues outside of the basic patch were not mutated in this study. However, the authors 

found that mutation of three consecutive lysine residues in this basic patch of the B. subtilis 

SMC hinge led to a complete loss of DNA binding.  

The E. coli MukB protein on the other hand has an extensive DNA-binding site on the head 

domain surface between the coiled-coils43. No DNA-binding activity was observed with the 

MukB hinge domain which is even more acidic than genuine prokaryotic SMC hinge 

domains19,20. This suggests that the DNA-binding activity is a feature acquired by SMC and 

MukB proteins after γ-proteobacteria diverged from other bacteria. 

The fact that the ssDNA-binding activity appears to have been enhanced in condensin as 

compared to the prokaryotic SMC, while the cohesin hinge domain preferentially binds 

dsDNA11, argues that this activity plays a role in a function acquired specifically by the 

condensin complex. Since condensin has been shown to be involved in single-strand break 

repair44, we proposed previously that ssDNA-binding by its hinge domain might help tether 
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the condensin complex to a break site and/or organize the DNA structure for repair14. 

Prokaryotes employ different mechanisms to repair single-strand breaks. Hence the 

prokaryotic SMC complex must have a different function in DNA repair, if at all. But while 

condensin is loaded onto chromosomes in prophase of mitosis45,46, the prokaryotic SMC 

complex appears to be loaded during replication, at replication origins47-49. The ssDNA-

binding activity of its hinge domain might therefore play a role in the DNA-loading process 

of the prokaryotic SMC complex.  

With more and more data on structure and activity of SMC hinge domains being available, it 

is becoming increasingly clear that while the SMC hinge domain fold has been strongly 

conserved throughout evolution, its function has diversified.  
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FIGURE LEGENDS 

Fig. 1. (A) Electron density around residues H653-F654-R655 of PfuSMC in the crystal structure 

of the PfuSMC hinge domain (residues 488-667). Left panel, experimental electron density 

contoured at 1.5 σ; right panel, final 2Fo-Fc electron density contoured at 1.5 σ. Residues are 

shown as stick models with carbon atoms colored green, nitrogen: blue, and oxygen: red. 

(B) Stereo view of the PfuSMC hinge domain monomer in cartoon representation, colored by 

subdomains. The N-terminal subdomain is colored blue, the C-terminal subdomain violet. 

The N- and C-terminal segments predicted to belong to the coiled-coil region and the loop 

connecting the subdomains are colored grey. (C) Superposition of the PfuSMC hinge domain 

monomer with the TmaSMC hinge domain (pdb 1GXL)6. The PfuSMC hinge is colored as in 

(B), the TmaSMC hinge is shown in white. (D) The dimer present in the asymmetric unit of 

the PfuSMC hinge domain crystals. Chain A is shown in blue, chain B in green. (E) The 

symmetry-generated dimer of the PfuSMC hinge domain. Chain A is shown in blue, chain A’ 

in pink.  

 

Fig. 2. (A) Stereo view of the interface between the two chains in the asymmetric unit of the 

PfuSMC hinge domain crystals. Residues contributing to the interaction are shown as stick 

models with carbon atoms colored blue and green for chain A and B, respectively, nitrogen: 

dark blue, and oxygen: light red. The protein backbone is depicted as ribbon model in light 

blue and light green for chain A and B, respectively. Hydrogen bonds are represented by 

dashed blue lines. (B) Stereo view of the dimer interface between the symmetry-related 

chains in the PfuSMC hinge domain crystal structure. Residues contributing to the subunit 

interaction are shown as stick models with carbon atoms colored blue and pink for chain A 

and chain A’, respectively, nitrogen: dark blue, and oxygen: light red. The protein backbone 

Page 20 of 32

John Wiley & Sons, Inc.

PROTEINS: Structure, Function, and Bioinformatics



21 
 

is depicted as ribbon model in light blue and violet for chain A and chain A’, respectively. 

Hydrogen bonds are represented by dashed blue lines. 

 

Fig. 3. (A) Small-angle X-ray scattering profiles of the PfuSMC hinge domain. The scattering 

profile of the protein in solution is shown in black, the theoretical scattering profiles of the 

dimer present in the asymmetric unit of the crystals and the symmetry-generated dimer are 

shown in green and pink, respectively. (B) Solution envelope reconstruction of the PfuSMC 

hinge domain (grey mesh); left panel, superimposed with the dimer present in the asymmetric 

unit of the PfuSMC hinge domain crystals (chain A colored blue, chain B green); right panel, 

superimposed with the symmetry-generated dimer (chain A colored blue, chain A’ pink). 

 

Fig. 4. (A) Sequence alignment of the hinge domains of bacterial, archaeal and eukaryotic 

condensin SMC proteins. Pfu, P. furiosus; Tma, T. maritima; Bsu, B. subtilis; Sc, S. 

cerevisiae; m, Mus musculus. Numbering of residues is for PfuSMC. The secondary structure 

of the PfuSMC hinge domain is shown above the alignment, that of the TmaSMC hinge 

domain (pdb 1GXL)6 below, with α-helices displayed as purple rectangles and β-strands as 

blue arrows. The lysine residues mutated in PfuSMC are indicated by blue asterisks, those 

mutated in mSMC2 and mSMC414 by orange asterisks. In the consensus sequence, lower case 

letters are used for ≥50%, upper case letters for ≥90% conservation; ! is any one of I/V, and # 

is any one of N/D/Q/E. The alignment was generated with MultAlin50. (B) Superposition of 

the PfuSMC hinge domain (chain A colored light blue, chain A’ light pink) with the mouse 

SMC2 hinge domain (orange; pdb 3L51)14. The lysine residues mutated in the PfuSMC hinge 

domain are shown as stick models in blue, corresponding lysine residues in the mSMC2 

hinge in orange. Note that the conserved residue K566 of mSMC2 corresponds to PfuSMC-

K568 (shown as stick model in black) in a primary sequence alignment, but superimposes with 
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PfuSMC-K565 in the tertiary structure. PfuSMC-K568 is involved in dimer interactions, 

forming a hydrogen bond with E641 of the other chain (shown as stick model in pink).  

 

Fig. 5. Electrophoretic mobility shift assays. (A) Titration of a 30-mer ssDNA substrate with 

the wild-type PfuSMC hinge domain (PfuSMChwt). (B) Titration of a 30-mer dsDNA 

substrate with PfuSMChwt. (C) Titration of the 30-mer ssDNA substrate with the point 

mutant PfuSMChK565E. (D) Titration of the 30-mer ssDNA substrate with the point mutant 

PfuSMChK605E. The 6-FAM-labelled DNA substrates at a fixed concentration of 12.5 nM 

were incubated with increasing concentrations of protein (in a molar excess over the DNA as 

detailed underneath each lane) in 1× PBS for 30 min at room temperature. After addition of 

10% glycerol, samples were separated on 0.5% agarose gels in 1× TB buffer. Asterisks 

indicate free DNA, the arrow indicates a defined protein-DNA complex.  

 

Fig. 6. (A) Surface charge distribution of the PfuSMC hinge domain, looking onto the dimer 

interface and side surface; and (B) the mouse SMC2-SMC4 hinge domain (pdb 3L51)14, 

looking onto the face from which the coiled-coils would emerge. Negatively charged regions 

are colored red, positively charged regions blue, and neutral regions white. Asterisks mark 

PfuSMC-K565 and the corresponding residues in the mouse SMC2-SMC4 hinge domain 

mSMC2-K566/mSMC4-K657, arrows mark PfuSMC-K605 and the corresponding residues 

mSMC2-K613/mSMC4-K698. 
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Table I. Crystallographic data, phasing and refinement statistics. Data were collected at 

beamline PXI of the Swiss Light Source (SLS). The values given in parentheses are for the 

highest resolution shell. Friedel mates were treated as independent reflections. The high 

remote wavelength dataset was used for refinement. The Rfree factor was calculated from 10% 

of the data which were removed at random before the structure was refined. Ramachandran 

statistics were calculated with RAMPAGE39.  

Dataset peak inflection high remote 

wavelength (Å) 0.9788 0.9794 0.9778 

space group 

unit cell dimensions (Å, a/b/c) 

unit cell angles (°, α/β/γ) 

C2221 

69.79 / 118.88 / 82.83 

90.0 / 90.0 / 90.0 

C2221 

69.87 / 119.06 / 83.00 

90.0 / 90.0 / 90.0 

C2221 

69.71 / 118.65 / 82.64 

90.0 / 90.0 / 90.0 

redundancy 6.8 (6.6) 6.8 (6.6) 6.7 (6.5) 

Rsym (%) 4.7 (34.9) 5.2 (44.1) 4.6 (33.4) 

resolution (Å) 35.0-1.8 (1.9-1.8) 35.0-1.8 (1.9-1.8) 35.0-1.7 (1.8-1.7) 

completeness (%) 99.1 (95.5) 99.0 (94.9) 99.3 (96.8) 

I/σI 24.18 (4.77) 21.73 (3.91) 24.09 (4.73) 

phasing power (acentric-
anomalous) 2.161 0.832 1.776 

RCullis (acentric-anomalous) 0.60 0.88 0.65 

Figure of merit (acentric) 0.42 
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Refinement 

Dataset high remote 

number of reflections used in refinement 38,167 

resolution (Å) 34.0-1.7 

Model Rwork/Rfree (%) 19.4 / 23.5 

protein nonhydrogen atoms 2840 

water molecules 251 

overall B factor (Å2) 

 all atoms 

 protein main and side chains 

 water 

 

29.5 

29.0 

36.1 

rms deviation from ideal geometry 

bonds (Å) 

angles (°) 

 

0.006 

0.991 

Ramachandran statistics (%)  

most favored/allowed/disallowed regions 
97.7 / 2.3 / 0.0 
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Table II. Oligonucleotides used for DNA-binding assays.  

Name Oligonucleotide sequences 

30-mer ssDNA 5’-6-FAM-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 

30-mer dsDNA 
strand 1: 5’-6-FAM-CCGGAAAGCATCTAGCATCCTGTCAGCTGC 

strand 2: 5’-GCAGCTGACAGGATGCTAGATGCTTTCCGG 
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Table III. Rms deviations between the Cα traces of the SMC hinge domains from P. furiosus 

(PfuSMCh), T. maritima (TmaSMCh; pdb 1GXL)6, and mouse condensin (mSMC2h, 

mSMC4h; pdb 3L51)14.  

 TmaSMCh mSMC2h mSMC4h 

PfuSMCh 2.0 Å 1.4 Å 1.9 Å 

TmaSMCh  2.2 Å 2.6 Å 

mSMC2h   1.8 Å 
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