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Abstract 

The MutS1 protein recognizes unpaired bases and initiates mismatch repair Mismatch repair which is 

essential for high fidelity DNA replication. The homologous MutS2 protein does not contribute to mismatch 

repair, but suppresses homologous recombination. MutS2 lacks the damage recognition domain of MutS1, 

but contains an additional C-terminal extension: the small mutS related (Smr) domain. This domain, present 

in both prokaryotes and eukaryotes, was reported to bind to DNA and possess nicking endonuclease activity. 

We here determine the solution structure of the Smr domain of the Bcl3 binding protein (B3BP), also known 

as Nedd-4 binding protein 2 (N4BP2), a protein with unknown function, that lacks other domains present in 

MutS proteins. 

The Smr domain adopts a two-layer α-β sandwich fold, with structural similarity to the C-terminal domain 

of IF3, the R3H domain and the N-terminal domain of DNase I. The most conserved residues are located in 

three loops that show distinct sequence identity for prokaryotic and eukaryotic Smr domains. NMR titration 

experiments and DNA binding studies using B3BP-Smr domain mutants suggested that this most conserved 

loop regions participates in DNA binding to single-double strand DNA junctions. Based on the observed 

DNA-binding-induced multimerization, the structural similarity with both subdomains of DNase I and the 

experimentally identified DNA-binding surface we propose a model for DNA recognition by the Smr 

domain.   
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Introduction 

 The small MutS related (Smr) domain has previously been identified as the highly conserved C-

terminal domain of MutS2 proteins 1. MutS2 represent a subfamily of MutS homologues 2, named after the 

DNA mismatch recognition and binding component of the ternary E.coli MutSLH complex involved in 

mismatch repair (MMR). MutS recognizes ds- DNA mismatches ranging from single mispaired to extended 

loops of unpaired bases 3. MutH acts as a nicking endonuclease that exclusively targets the damaged 

unmethylated DNA daughter strand, while MutL provides the linking scaffold between MutH and MutS 4. 

While MutS and MutL are widely conserved, the endonuclease MutH has no eukaryotic homolog, instead 

eukaryotes often contain a MutS2 family member 5. 

 Like MutS1, MutS2 proteins recognize transitions between single and double stranded DNA that 

occur during recombination, e.g. at replication forks or Holliday junction 6; 7. While MutS1 proteins 

recognize and remove heterologous mismatches, MutS2 proteins might interfere with both homo- and 

homeologous recombination (HR). Thereby, MutS2 proteins can regulate the rearrangement of endogenous 

DNA in meiotic crossing-over and chromosome segregation, as well as the incorporation of exogenous 

DNA 6; 7.  

 This functional difference between MutS1 and MutS2 is reflected in their distinct domain 

architecture 2 (Figure 1a). Both share high sequence conservation only for three central domains: the 

dimerization domain (III), DNA binding domain (IV) and an ATPase domain (V). The smaller MutS2 

proteins, however, lacks the N-terminal mismatch recognition domain (I) and the connector domain (II)8; 9. 

In addition, MutS2 has the highly conserved Smr domain located at the C-terminus connected to the 

conserved core via a putative linker region4. This arrangement was suggested to emulate the structure of the 

bacterial ternary MutSLH complex, where the linker and Smr domain would play the role of the MutL and 

MutH components, respectively, implying a MutH-like nicking endonuclease activity for Smr 4; 5. This 

hypothetical biochemical function was first verified for the C-terminal Smr domain of the human BCL-3 

binding protein, B3BP, that converts supercoiled plasmid DNA into nicked open circular DNA, confirming 

nicking endonuclease activity 10. DNA binding and incision was also shown for the prokaryotic Smr domain 
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in Thermus thermophilus MutS2 11. The "resolving endonuclease" repair activity 4 of the Smr domain in 

MutS2 proteins can then explain their cellular function, namely the reversion of DNA strand exchange 

reactions that initiate HR, as shown for Helicobacter pylori HpMutS2 6; 7.  

 In humans the Smr domain is only present in the B3BP/N4BP2 protein,  which was isolated in a 

yeast two-hybrid screen by its ability to interact with the E3 ubiquitin ligase Nedd-4 12. Although the exact 

function for this protein remains unclear, it was postulated to be involved in transcription, recombination or 

DNA repair 10. The recent suggestion that this protein might contribute to sporadic nasopharyngeal 

carcinoma in the Southern Chinese population underscores its importance13. Furthermore, the proteins 

shown to interact with B3BP such as Nedd4 and Bcl3 are frequently linked to various cancer types14; 15. 

 In this study we present the NMR structure of the Smr domain, the most conserved domain of B3BP. 

We confirm DNA binding to mixed single/double strand DNA sequences,  both NMR chemical shift 

changes upon DNA addition and DNA binding experiments with B3BP-Smr mutants show that the most 

conserved residues, located in loop regions, form a contiguous, exposed DNA binding surface. Based on 

these interaction studies and structural homology with DNase I, we propose a model for DNA binding by the 

B3BP Smr domain. 
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 Results and Discussion 

 The Smr domain was identified through BLAST searches using the MutS2 specific C-terminal 

domain1, that was subsequently shown to be present in bacteria and eukaryotes10. In the bacterial kingdom 

this domain can be present either in isolation or in combination with the MutS core domains III-V (Figure 

1a). Sequence analysis further revealed significant differences between the two lineages. An amino acid 

sequence of a representative subset of the eukaryotic Smr domains is shown in Figure 1b.  To determine the 

solution structure of the Smr domain we expressed the Smr domain of B3BP (1688-1770) or an N-terminally  

extended domain (1657-1770). Only with the latter we were able to obtain sufficient soluble protein for 

structural analysis.  

 Since our Smr domain contains an N-terminal extension in comparison with the previously 

characterized Smr domain of B3BP, we first confirmed that this protein retains the ability to nick 

supercoiled DNA (Supplementary Figure 1a) 10. Surprisingly, linear DNA was observed at elevated Smr 

concentrations, suggesting additional (endo)nuclease activity. To exclude that the observed catalysis was 

mediated by impurities, a bacterial culture containing an empty vector was expressed and purified in parallel 

with the Smr domain protein this control sample was not catalytically active (Supplementary Figure 1a). The 

metal co-factors magnesium or manganese were required for the nicking endonuclease activity 

(Supplementary Figure 1b), while barium, cadmium and zinc failed to support this reaction (data not 

shown). The temperature optimum for this reaction (Supplementary Figure 1c) is in good agreement with the 

observed temperature dependent unfolding of the Smr domain as determined by thermofluor analysis16 

(Supplementary Figure 1d). These data indicate that the N-terminally extended B3BP Smr domain is 

functionally active. 

 

The B3BP-Smr domain folds as an α-β two-layer sandwich 

The NMR structure of the B3BP-Smr domain (1688−1770) reveals a classical α2β4 sandwich structure with 

a βαβαββ succession of 4 β strands and 2 α helices. As shown in Figure 1c, all four β-strands form one 

slightly twisted β-sheet, where strands β1 (1690–1692), β2 (1724–1728) and β3 (1756–1761) run parallel, 
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with the antiparallel β4 (1764–1768) inserting between β2 and β3. The α-helices pack against one side of the 

β-sheet, with the longer, slightly bent helix α1 (1698–1719) running along strands β1 and β2, while helix α2 

(1742 – 1753) stacks against strands β3 and β4. The helices diverge towards their C-termini at an angle of ca. 

30°. 

A prominent structural feature is the extended β2−α2 loop L3 (1729–1741) protruding at the bottom of the 

α2β4 sandwich opposite of both termini of the Smr domain (Figure 1c, indicated in green). This loop is in 

close contact with the adjacent β1−α1 loop L1 (1693–1697) and short β3−β4 loop L5 (1761–1764). While the 

overall domain structure appears very rigid and well defined (Table 1), a superposition of the 28 lowest-

energy NMR structures (Figure 1c) reveals that only L3 scatters significantly around R1731–V1739, with 

increasing amplitude towards its tip near S1735. NMR data (e.g., line-broadening and doubling of signals) 

indicate that this lack of structural definition is caused by substantial local motions and conformational 

heterogeneity in L3. Similar observations for D1692, H1694 and G1695 also reveal flexibility for loop L1, 

suggesting that the local structure there reflects a conformational average. Contrarily, the C-terminus of 

B3BP-Smr appears tightly fixed, where the free K1770 carboxylate forms a salt bridge with the ammonium 

group of K1717 (end of helix α1), and the preceding L1769 and M1768 are hydrogen-bonded by the R1756 

guanidinium group (in strand β3). 

 Recently, the group of S. Yokoyama also determined the NMR solution structure of B3BP Smr 

domain (2D9I). Despite vast overall agreement (backbone RMSD 1.6/2.4Å, without/with L3 ), their structure 

shows a smaller β-sheet with rather frayed edges, where strand β3 is poorly defined, and confined to only 

F1757 and S1758. Contrarily, the extended loop L3 appears more ordered, with some propensity for a short 

helix at its tip (1732 – 1736). 

 The N-terminal extension present in our Smr-domain protein is absent in the Yokoyama structure and 

apparently dispensable for Smr domain folding. The helix α0 found N-terminal to B3BP-Smr is absent in 

virtually all structural homologs of Smr (see below), and probably is an artefact of the truncation of the 

predicted helix-turn-helix fold of the preceding Pfam domain DUF177117. We therefore excluded the N-

terminal DUF1771 fragment from our discussion of the B3BP-Smr structure. 
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Residue and charge conservation cluster in the L1,3,5 loop region 

 While the Smr surface is largely non-conserved (Figure 2b), the compact α2β4 sandwich structure of 

the B3BP Smr domain is held together by a network of buried and generally conserved hydrophobic 

sidechains (Figure 2a). Remarkably, the most conserved residues within the eukaryotic Smr domains are not 

structurally important, but mainly present in the loops L1, L3 and L5 (Figure 2d). These surface exposed 

residues reside on the same side of the structure (Figure 2e) and form a continuous, positively charged 

surface (Figure 2f) including the fully conserved histidines H1694, H1734 and the partially conserved 

R1731 and K1761,  overall the B3BP-Smr protein is highly basic, with a calculated pKI of 9.6. 

The prominent loop L1 appears tightly fixed to the α2β4 core involving interactions within the conserved 

1692DLHGΦxΦxEA1701 motif (Φ: hydrophobic residue) Hydrophobic interactions between L1693, L1696 

(both in L1) and the small A1701 (in helix α1), as well as hydrogen bonds between the backbone HN of 

H1697 (not conserved) and sidechain carboxylate of E1700 (in helix α1), and between the sidechain Hδ1 of 

H1694 and sidechain carboxylate of D1692 (C-terminal in strand β1) stabilize this loop.  

Most notably, NMR data show that only H1694 and α2 H1753 are doubly protonated. Apparently, the local 

environment increases their basicity and assists in stabilizing the positive charge. Consequently the charged 

sidechains of D1692 and H1694 can form a salt bridge, possibly explaining their full conservation among 

eukaryotic Smr domains. The conserved G1695 appears essential for the turn in this tightly tethered loop L1 

by allowing unusual φ and ϕ angles (ca. 90° and -20°), respectively. 

In contrast with L1, the other prominent loop L3, is rather flexible and only tethered at its N-terminus. The 

characteristic 1730G(R)GxHS1735 motif at the tip of loop L3  did not participate in local structure or stabilizing 

interactions, suggesting functional reasons for the high conservation of these residues. Both ends of the 

extended loop L3 feature significantly conserved positive charges in R1731, R1741, and K1743 at the 

beginning of helix α2. 

Refined sequence alignment reveals differences between pro- and eukaryotic Smr 

 A refined, structure based sequence alignment reveals some remarkable differences between 

eukaryotic and prokaryotic Smr domains (Figure 3). Most prominently, the extended loop L3 (1729-1741 in 
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B3BP-Smr) with its signatory G(R)GxHS motif in eukaryotic Smr is shorter in prokaryotes, where the 

histidine is swapped to form a conserved HG(K)G(T)G motif instead. This histidine has recently been 

shown to be required for catalyzing the nicking endonuclease reaction by MutS211. Prokaryotic Smr 

domains, however, feature an extended loop L5 with a characteristic GGxG motif and conserved N-terminal 

alanine (Figure 3). The prominent L1 motif DLHG in eukaryotic Smr domains is less conserved in 

prokaryotes, where the histidine is commonly replaced by arginine, while the aspartate may be substituted 

by other nucleophilic residues. Although experimental support is needed, these findings suggest that pro- 

and eukaryotic Smr domains might use distinct sequence motives and mechanisms for catalysis, and 

recognize different substrate sequences. 

Smr domain belongs to an evolutionary conserved fold 

 A DALI search 18, using the B3BP-Smr structure both with and without N-terminal extension 

returned more than 500 structurally related proteins (Z scores > 2.0). Structural homology was generally 

restricted to the α2β4-core of the Smr domain. Most of the closest related structures are implicated in 

nucleic acid binding, and several possess nuclease activity. They were classified as mixed α-β two layer 

sandwiches, belonging to the translation initiation factor IF3-like fold or topology according to SCOP19 and 

CATH20. The B3BP-Smr domain structure indeed shows large structural similarities with the C-terminal 

domain of IF321 (1TIG, Z=6.0). The IF3C domain was shown to bind to the ribosome involving a complex 

pattern of protein-RNA interactions with various IF3C regions22. Both length and sequence identity of the 

regions involved in ribosome binding are distinct in B3BP-Smr.   

 Various structurally homologous proteins implicated in nucleic acid binding contain functionally 

relevant features around the most conserved Smr L1,3,5 region which might help to understand the proposed 

DNA binding and catalytic function10 of the Smr domain in more detail. The highest structural similarity is 

found for the E.coli YhhP protein of the SirA family (1DCJ, Z=7.4 with an RMSD of 1.8A over 64 B3BP 

residues23) , that was implicated in cell division and putatively RNA binding. The most conserved surface 

residues cluster in the equivalent of the L1,3,5 loop region in Smr, but differ greatly from the local Smr 

sequence (Figure 4). The N-terminal subdomain of the ribosomal S8 protein24 (1SEI, Z=5.9) shows high 

structural similarity with Smr. Its RNA binding is partially mediated by the equivalent of the most conserved 
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Smr L1,3,5 loop region 25. However, the primary, specific interaction with RNA is located in the structurally 

dissimilar C-terminal subdomain of S8 26.  The YhbY structure27 (1LN4, Z=5.0) contains its most conserved 

residues in an additional N-terminal helix (oriented differently from B3BP-Smr helix α0) and a loop 

corresponding to L1 (Figure 4). Ostheimer et al. 27 proposed an RNA binding motif formed by the L1 GxxG 

motif and its surrounding conserved basic surface. Furthermore substantial structural homology was 

detected with isolated R3H domain structures (e.g. 1MSZ, Z=4.9 28)., which have been implicated in single 

strand nucleic acid binding29. Yet, regions proposed to be required for this interaction are absent and the 

location and type of conserved residues differ greatly between R3H and Smr domains 28; 29. Finally the R3H 

structure lacks the equivalent of strand β1 and the conspicuous loop L1  (Figure 4). 

Another prominent structural homolog is DNase I  (2DNJ 30, 3DNI 31, Z=4.5). Most of the residues 

contacting the DNA are found in the N-terminal domain and again cluster in the equivalent of the largely 

unstructured L1,3,5 loop region in Smr30; 31  (Figure 5a). In comparison, L3 is shorter while L1 (with an 

intermediate helical turn) and L5 (with most DNA contacts) are extended. Binding to DNA phosphate groups 

and in the minor groove mostly occurs through hydrogen bonds (also water-mediated) via both accessible 

backbone (preferably glycine) and polar sidechain groups. Such residue types are also found generally 

conserved in the corresponding L1,3,5 loop region of Smr. 

Characterization of the DNA binding domain  

The analysis of structural homologs strongly suggests that Smr domain binds nucleic acids, in line with 

previous results on DNA binding and incision5; 10. We therefore performed electrophoretic mobility shift 

assays using several probes. We detected weak B3BP-Smr domain-DNA complex formation to single 

stranded DNA that dissociated during electrophoresis, and binding to double stranded DNA that could not 

be saturated even at elevated protein concentrations (data not shown). The strongest binding was observed 

using DNA containing single-double strand transitions, as in a Holliday junction, 20mer hairpin, or bubble-

forming DNA probe (a probe composed of two ds DNA stems separated by two opposing 10 bp ss DNA 

strands) (Figure 5c). A negative control with an empty vector expressed and purified in parallel indicated 

that the observed complex was indeed formed by B3BP-Smr. DNA-binding was not caused by the N-
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terminal His-tag either, since a GST-B3BP-Smr fusion protein likewise produced a (slower migrating) 

complex (Figure 5d). Addition of EDTA or MgCl2 had no effect on DNA binding (data not shown). 

The binding affinities of His-B3BP-Smr and GST-B3BP-Smr for bubble10 DNA are comparable (apparent 

dissociation constant of 3.1 ± 0.7 µM). Both form higher order complexes upon addition of excess Smr 

domain, but differ in the behaviour of their DNA complexes in EMSA experiments. The higher order His-

B3BP-Smr DNA complex dissociates during electrophoresis, evidenced by smearing of the protein-DNA 

complex, while the GST-B3BP-Smr DNA complex appears more prominent  (Figure 5d, data not shown), 

possibly stabilized by GST-mediated dimerization  (see e.g. Maru et al 32). To further characterize the 

identity of the B3BP-Smr DNA complex, we made a GST-B3BP DNA complex where the putative dimeric 

complex is most prominent. Upon addition of increasing amounts of thrombin, that cleaves the GST-tag 

from the GST-B3BP-Smr fusion protein, we observed an intermediary, probably heterodimeric GST-

Smr/Smr DNA complex (Figure 5d). After complete GST removal by thrombin treatment, a complex is 

formed with equal mobility as His-B3BP DNA complex. Interestingly analytical size exclusion 

chromatography demonstrated that B3BP-Smr domain is monomeric in solution (data not shown), 

suggesting that DNA binding induces dimerization. 

 

B3BP-Smr binds DNA primarily in the conserved L1,3,5 loop region 

 To map the DNA binding site on the B3BP-Smr structure, we monitored chemical shift changes of 

backbone amide signals in the 15N-HSQC upon addition of the hairpin or bubble10 DNA probes; both 

yielded essentially the same results (Figure 5e). The strongest shifting signals are found around the α2β3 

cleft between outer strand β3 and helix α2, with one cluster comprising the C-terminus of α2 and N-terminus 

of β3, and a second cluster comprising loop L5 with adjacent strands β3 and β4. Residues within and near 

loops L1 and L3 also shift, although to smaller extent. Unfortunately, signal intensities of several loop region 

residues fell below the detection limit (e.g., D1692, H1734 and S1735), such that this conspicuous region 

could not be covered completely by this method. Still, our NMR data shows that DNA binding clearly 

involves the conserved L1,3,5 loop region of Smr, but strongly impacts the α2β3 cleft as well. As some of the 
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most shifted amide resonances locate at the edges of the β-sheet,  a local conformational change upon DNA 

binding can not be excluded.  

 To corroborate the DNA binding interface suggested by our NMR data, we created a number of 

B3BP-Smr domains with point mutations in surface exposed residues. We targeted the conserved motifs in 

loop L1 (D1692K and H1694E) and L3 (G1732P, H1734E and S1735D), as well as conserved charged 

residues around L3 (R1731E, R1741E, K1743E) and in helix α1 (E1700K). As controls, we exchanged 

poorly conserved residues near loop L1 (H1697E, D1699K), and residues outside the L1,3,5 loop region 

(K1722E in loop L2, R1756E in strand β3 near loop L4).  

DNA binding experiments using bubble10 DNA (Figure 6a,b) show that most significant reduction in 

affinity (< 30% of wt) is caused by the mutations S1735D, R1741E and K1743E (all in loop L3), K1722E (in 

L2) and R1756E (in L4). The L3 mutations R1731E and H1734E reduced binding mildly (40 – 70% of wt). 

DNA binding is not markedly affected by the L1 mutations D1692K, H1694E, H1697E and E1700K. 

Interestingly, D1699K in L1 and G1732P in L3 enhanced DNA binding compared to wt. From our mutation 

studies we may conclude that DNA binding in the L1,3,5 loop region is largely controlled by loop L3 residues. 

The conserved residues in the nearby loop L1 appear rather irrelevant for DNA binding, but might have 

catalytic functions. Both NMR titration and mutation studies, however, also implicate other regions, most 

notably the α2β3 cleft, in DNA binding as well.  

The unexpected effects of DNA addition on the α2β3 cleft, revealed by significant shifts in the 15N-HSQC 

spectra (Figure 5e), are contrasting with the low residue conservation in this region and may have various 

reasons. For instance, DNA could bind non-specifically to the strongly positively charged α2β3 cleft region, 

as also proposed for the structurally homologous R3H domains (see above); this explanation is supported by 

the greatly reduced DNA binding observed for the charge inverted R1756E mutant in strand β3. Yet, in 

contrast to the other mutants, the 15N-HSQC spectrum for R1756E also showed chemical shift changes 

farther away from the mutation site, including the L3 loop.  

Alternatively, the α2β3 cleft region could be the interface for DNA-mediated dimerization that we have 

indeed observed in our EMSA experiments (Figure 5d). Also, the prokaryotic Smr domain of Thermus 

thermophilus MutS2 11 was shown to dimerize, like many endonucleases, and dimerization of the 
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structurally homologous Alba protein (1H0X, Z=4.5) (Figure 4) does in fact take place via the 

corresponding cleft region 33. The lack of significant residue conservation in the α2β3 cleft region is, 

however, difficult to reconcile with a crucial functional role for this region, be it direct by DNA binding or 

indirect via dimerization. 

Structural similarity with nucleic acid binding domains suggests models for DNA binding 

by Smr 

Our NMR titration and mutation studies show that the L1,3,5 loop region, and particularly loop L3, are 

involved in DNA binding by B3BP-Smr. This finding is corroborated by the distinct local residue 

conservation, and by comparison with structural homologs (Figure 4). Using the structures of B3BP 

homologues complexed with DNA, we attempted to model DNA binding by Smr domains. 

 DNase I is composed of N- and C-terminal domains with substantial structural similarity, forming an 

intrinsic pseudo-dimer via the β-sheets of both domains31.  B3BP-Smr shows significant structural 

homology to both domains (Figure 5b), with more similarity to the primarily DNA-binding N-terminal 

domain (Z=4.%) than to the catalytic C-terminal domain (Z=2.8). Figure5a shows the best-fit superposition 

of B3BP-Smr onto the N-terminal domain of DNA-bound DNase I (2DNJ) 30. Smr could contact DNA with 

its L1,3,5 loop region in an analogous manner, but the length of the loops and residue identity differ between 

both proteins. For instance, DNase I residues N74 and S75, both implied in protein-DNA interaction and 

located in the longer loop L5 equivalent, are absent in B3BP-Smr. Instead, the adjacent loop L3 is much 

longer in eukaryotic Smr and contains the highly conserved S1735 that might substitute for S75 in DNase I. 

Eukaryotic Smr loop L3 also shows a high propensity for positive charges (R1731, R1741, K1743), where 

the partially conserved R1731 has a structural counterpart in R41 of DNase I. Furthermore R9, located in L1 

of DNase I, makes water-mediated base contacts and has a conserved positive charge, the doubly protonated 

H1694, at the corresponding position in eukaryotic Smr domain.30; 31; 34(Figure 5a). 

 The C-terminal domain of DNase which is primarily active in catalysis, may serve as an instructive 

model to identify the putative endonucleolytic residues in B3BP Smr. The conserved H252, in conjunction 

with D212 or D251, acts as the base deprotonating the attacking water molecule, while H134, assisted by 
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E78 (located in the N-terminal domain), acts as general acid that protonates the leaving O3' of the cleaved 

ribose 34. In a best-fit superposition with the C-terminal domain of DNase I (Supplementary Figure 2), the 

fully conserved loop L1 residue H1694 in (eukaryotic) Smr domains could come spatially close to H134, and 

H1734 in the very flexible loop L3 close to H252. In this scenario, the role of assisting carboxylate groups 

could be provided by the fully conserved D1692 as partner to H1694 (analogous to the E78 – H134 dyad in 

Dnase I), and the highly conserved E1700 as partner to H1734 (analogous to the D212–H252 or D251–H252 

dyad). As delineated before, we indeed found a significantly increased basicity (cf protonation) of H1694, 

and experimental evidence for a D1692–H1694 sidechain interaction. Unfortunately, the surprisingly low 

endonuclease activity of wt B3BP Smr prohibited sound experimental corroboration of these results by 

mutagenesis. This low activity could be caused by the absence of other contributing B3BP subdomains or 

unidentified cofactors; furthermore, our DNA templates chosen for the cleavage assays may not be 

appropriate targets for B3BP in vivo.  

 While more detailed studies will be needed to elucidate the detailed mechanism of DNA binding and 

catalysis, our studies indicate that largely conserved charged residues within the L1,3,5 region contribute to 

DNA binding, and show resemblance to the contacts made by DNase I in complex with DNA. The fact that 

residues involved in DNase I activity have structural counterparts in the DNA-bound dimeric B3BP-Smr 

model, suggests a similar mechanism for catalysis. 

 In conclusion, the determination B3BP-Smr domain structure and experimental data on DNA binding 

suggests that one of the functions of this domain is the recognition of distorted DNA sequences with 

stretches of unpaired bases, underscored by its ability to bind to Holliday junction, bubble and hairpin 

substrates. This agrees with the proposed role for MutS2 in the inhibition of homologous or homeologous 

recombination.
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Materials and Methods 

Sample preparation 

PCR, Cloning and Functional Validation 

 The B3BP Smr domain expression constructs were obtained by PCR amplification of cDNA 

obtained from a pool of RNA isolated from various human cell lines 35. The PCR products were cloned into 

pLICHIS, a His-tag containing pET15B derived expression vector via, ligation independent cloning36 .  The 

core B3BP Smr domain (1688–1770) with an N-terminal His-tag was poorly expressed and precipitated at 

concentrations above 100µM. We therefore expressed an N-terminally extended construct (1657-1770). This 

protein was highly soluble and a final concentration of  1 mM was obtained in 50 mM sodium phosphate 

buffer (pH 6.0) and 150 mM NaCl. 

Mutations  

 Expression constructs for the mutant B3BP Smr proteins were created by a double mutant PCR 

reaction described by Barik et al 37. This PCR product was subsequently cloned into pLICHIS using our 

previously described Enzyme Free Cloning strategy36. All (mutant) expression constructs were verified by 

sequencing. 

Expression and Purification  

 Recombinant protein expression and isotope labeling was performed in the Escherichia coli strain 

BL21 Rosetta2 (Novagen) essentially as described before35; 36. Induction was performed with 0.5mM IPTG 

at 18°C for 16 hours. The cell pellet was resuspended in 10 ml lysisbuffer [50mM HPO4 pH8.0, 300mM 

NaCl, 20mM imidazole, 1 mM β-mercaptoethanol, 0.2% Triton X100,   0.2 mM PMSF] containing 100 μl 

EDTA-free protease inhibitor cocktail (Sigma). Following resuspension, 10 mg lysozyme were added per 

liter culture. After two freeze/thaw cycles and sonication, the sample was cleared by centrifugation (30000g) 

and applied on a Poros 20 metal chelate column (PerSeptive Biosystems). The His-tagged protein was eluted 

with elution buffer [50mM HPO4 pH8.0, 450mM NaCl, 750mM imidazole], and following buffer-exchange 

to gel-filtration buffer [50mM HPO4 pH8.0, 450mM NaCl], the protein was applied onto a Sephadex 75 gel-

filtration column (GE HealthCare). The purified protein was concentrated (Amicon) and the buffer 
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exchanged to either NMR buffer [50mM HPO4 pH6.0, 150mM NaCl, 5%D2O, 0.02% NaN3], containing 2µl 

complete protease inhibitor cocktail (Roche) for 500 µl sample or to assay buffer [50 mM Tris-HCl, pH 7.5, 

150 mM NaCl, 1mM dithiothreitol, 0.02% NaN3]. 

Protein Quantification 

 The protein concentration in the NMR samples was determined by UV absorbance at 280 nm using 

the calculated extinction coefficient. The protein concentration for purified mutants was first determined 

using a modified Bradford assay (Bio Rad) followed by normalization based on coomassie-stained SDS-

Page, and referenced against samples with known amounts of proteins. 

Nicking endonuclease assay and DNA binding 

EMSA 

 All electrophoretic mobility shift assays (EMSA) were carried out as described before using the 

indicated radiolabeled probes38 in a buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, 1.0 mM DTT,  

7.5% glycerol, and 10 mM MgCl2 in the presence of the indicated amount of B3BP Smr domain protein.  

Samples were incubated for 30 minutes on ice and loaded on a 8 % non-denaturing polyacrylamide gels 

buffered with 0.5x TBE at 4oC for 2 to 3 hours. The gels were dried, exposed overnight to a phosphor-

imager screen, and visualized using a Personal FX Phosphor Imager (Bio-Rad). Quantification was 

performed as described before38. 

Nicking endonuclease activity assay  

 The indicated amounts of recombinant B3BP Smr  were added to assay buffer [50 mM Tris-HCl pH 

7.5, 150 mM NaCl, 5 mM MgCl2 and 1 mM dithiothreitol] containing  150 ng of cesium chloride gradient 

purified (pTKLuc39 , or Maxi-prep (Qiagen) purified pET15B (Novagen) supercoiled circular plasmid DNA. 

The reaction mixture (10μl) was incubated for 2 hours at 37°C and the reaction was stopped by adding 10x 

concentrated stop buffer [10mM Tris pH8.0, 50%glycerol, 0.25% Bromphenol Blue, 0.25% Xylene Cyanol, 

250mM EDTA]. The samples were separated on 0.8% agarose gel, stained by ethidium bromide and 

visualized under UV light. 
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NMR measurements 

 All NMR experiments were run on BRUKER AVANCE spectrometers operating at 700, 750 and 

900 MHz using a 1 mM sample of [U-13C,15N] doubly isotope-labeled B3BP Smr domain protein in NMR 

buffer (see above); a corresponding [U-15N] singly isotope-labeled sample was used for all NMR 

experiments that did not require 13C labeling. A prior temperature test series of 15N-HSQC spectra 

established maximal signal intensities around 308 K (from an optimum between T2 relaxation reduction and 

increased HN / H2O exchange), all spectra were recorded at 305 K., NMR data was collected according to 

our standard protocol40 using a series of standard 3D triple resonance experiments (reviewed in41; 42). NOE 

distance constraints for the structure elucidation were derived from high-resolution 2D H,H- and H[15N-

suppressed], H-NOESY and a set of 3D H,NH-, H,CH-, [H]C,NH- and [H]C,CH-[HSQC]-NOESY-HSQC 

spectra 43. 

 The protonation states of the histidine imidazole rings were derived from a 2D 15N-HMQC tuned for 

evolving the small 2JHN coupling between Hε2-Nε2 or Hε1-Nδ1 44. 

 

Structure Calculation 

 Automated NOE assignment and structure calculations were performed using the CANDID 45 

module of CYANA2.1 46. 10 CANDID runs with different random seeds were performed in order to prevent 

accidental convergence. Distance restraints were used if they were present in the final cycle of at least half 

of the 10 runs. Unassigned resonances that were unambiguously involved in NOE contacts were represented 

by appropriate PROXY residues during the structure calculations 47. Dihedral angle restraints were 

calculated using TALOS 48. Water refinement was performed using CNS 49 according to the RECOORD 

protocol 50. Structures were validated using WHAT IF 51 and PROCHECK 52.  

Accession Number 

 Structure coordinates have been deposited in the Protein Data Bank with accession number 2VKC. 
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Figure legends 

 Figure1 Solution structure of the human B3BP Smr domain. (a) Schematic domain organization of 

Escherichia coli MutS1 (UniProt Database entry: P23909) and various proteins containing the Smr domain: 

Thermotoga maritima Muts2 (Q9X105), Eschericha coli YFCN (P0A8B2), human N4BP2/ B3BP 

(Q86UW6), Saccharomyces cerevisiae YP199 (Q08954). DUF refers to Pfam17 domain of unknown 

function DUF 1771.   (b). Multiple sequence alignment of a representative set of eukaryotic Smr domain 

proteins, Q86UW6: human N4BP2, Q9UTP4: Saccharomyces pombe YLL3, Q08954: Saccharomyces 

cerevisiae YP199, O64843: Arabidopsis thaliana At2g26280, O74840: Saccharomyces pombe YCY3, 

A2QVU0: Aspergillus niger An11g02630 , O60961: Leishmania major LMJ_0021. Secondary structure 

elements are indicated by color coding: α-helices (red), β-strand (cyan), loop L3 (green). Sequence similarity 

is shown by box shading. More similar residues are indicated by darker box shading. Amino acid numbering 

for B3BP is indicated above the sequence. (c) Backbone trace of an ensemble of the 28 lowest energy NMR 

structures deposited in the Protein Data Bank (2VKC), color coding as in b. Amino- (N) and Carboxyl (C)-

terminal ends are indicated (d). Ribbon plot of the lowest energy structure with the various structure 

elements and loops indicated. All pictures were created using Pymol (www.pymol .sourceforge.net). 

 

 Figure 2 Conserved residues contribute to hydrophobic packing and form a consecutive surface 

exposed patch. (a) Ribbon representation showing the most conserved residues (in stick representation) that 

contribute to the formation of the hydrophobic core of the protein., for clarity hydrogens are not displayed. 

(b) Surface representation in the same orientation, with the most conserved surface exposed residues 

annotated. (c) Surface representation coloured by electrostatic potential, with surface exposed charged 

residues  indicated. (d) Ribbon representation showing the most conserved surface exposed residues. (e) 
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Surface representation showing a patch of highly conserved exposed residues clustering mostly in loops L1 

and L3. (f) Surface representation coloured by electrostatic potential, with surface exposed charged residues 

indicated. Panels a,b,d (side chains only) and e are coloured according to sequence conservation, determined 

with Consurf 53, using the multiple sequence alignment of all eukaryotic Smr domain sequences according to 

Pfam17 as input, presented using  the default colouring scheme (red: most conserved; cyan: non conserved). 

Panels c and e: electrostatic surface potential calculated using APBS54, coulored blue for positive, red for 

negative potential. 

 

Figure 3. Multiple sequence alignment of a subset of prokaryotic and eukaryotic Smr domains. Residue 

numbering and secondary structure of B3BP Smr are given above. Shading code for residue conservation 

within all non-redundant eukaryotic (44) or prokaryotic (116) Smr sequences contained in the 

SMART55database, as described in figure 1, insertion is indicated by a red triangle. Most distantly related 

Smr domain sequences were selected for both the pro- and eukaryotes subgroup, aligned separately using 

ClustalW56 with subsequent manual refinement using G1720 as anchor point and adjusting the length of 

helix α1. Beyond G1720, automatic alignment of pro- and eukaryotic Smr diverges significantly. Secondary 

structure predictions for prokaryotic Smr domains using JPred 57(shown below the prokaryotic alignment), 

and residues G1738 and L1750 as further anchor points to guide the alignment against eukaryotic Smr 

domain structure by adjusting the length of the predicted loops. In between the two alignments residue 

numbering is indicated according to the position within the two alignments.  

(B) Ribbon representation of the B3BP-Smr domain with sequence conservation calculated using Consurf 53, 

and plotted using the default coloring scheme as described in figure 2. Sidechains for the most conserved 

residues in stick representation, and numbered according to the alignment position numbering (C) 

Homology model was created for the Desulfovibrio vulgaris Smr domain using the Swiss-modeling server 58 

with the alignment depicted above as input. Sequence conservation was determined and plotted as above 

using default settings of Consurf. 
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 Figure 4 Structural similarities with other two layer α-β sandwich folds. (a) Manually adjusted, 

structure-based alignment showing a representative set of the most similar structural homologs present in the 

PDB, as identified using DALI searches18 with the B3BP Smr core domain (1691-1770) as input. Residues 

most highly conserved among Smr domains or among its structural homologs are colored in red or blue 

respectively. For DNase I (2DNJ) the residues shown to interact with DNA are highlighted in blue. 

Conserved residues among all structural homologs are indicated as gray shaded boxes. The secondary 

structure elements of B3BP-Smr domain are indicated above the sequence. (b). Ribbon representation 

(orientation as in Figure 2d) of B3BP-Smr domain overlaid on the selected structural homologs (indicated 

below the structure). Regions with structural similarity according to DALI are coloured red (B3BP-Smr) or 

green (structural homolog), dissimilar regions are shown in gray, conserved residues are shown in stick 

representation and coloured red (Smr) and blue (structural homolog). (c) As in b but oriented for better view 

of the most conserved residues in the structural homolog. For clarity, only the last two digits of B3BP 

residue numbers are shown. 

 

 Figure 5 Structural similarities provide insight into the putative DNA binding mechanism of B3BP-

Smr domain. (a) Ribbon representation (as in Figure 4b) of the structural similarity between B3BP-Smr 

domain and DNase I (2DNJ) in two orthogonal orientations, with the DNase I residues required for DNA 

binding shown as blue sticks. Conserved Smr domain residues that come in close proximity of the DNA 

(bright-orange) are presented as red sticks. For clarity, only the last two digits of B3BP residue numbers are 

shown. (b) Structural similarity between B3BP-Smr domain and the N-and C-terminal repeat domains of 

DNase I. Structurally similar regions according to DALI are colored in yellow for DNase I. The structurally 

similar regions of the B3BP-Smr domain with the N- and C-terminal repeat of DNase I are colored in green 

and magenta respectively. The N and C termini are indicated in black for DNase I and magenta for B3BP-

Smr respectively. (c) Electrophoretic mobility shift assay (EMSA) using a 30 bases ssDNA sequence, and a 

30 base-pair dsDNA sequence, a 30 base pair bubble substrate with 10 unpaired bases in the presence of  0, 

0.63, 1.25, 2.5, 5, 10, 20 µM B3BP-Smr. Neg. refers to a control sample obtained from an empty expression 

vector  by simultaneous expression and purification with the B3BP-Smr domain protein, using identical 
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methods. (d) The left panel shows binding of 10 μM (+) His-tagged (H) or GST-tagged (G) B3BP-Smr 

domain, or an equivalent amount of control His or GST protein without B3BP-Smr domain (-) bound to the 

bubble substrate. Open and closed circles refer to the most probable DNA complex of His-tagged and GST-

tagged B3BP-Smr domain respectively. The right panel shows 1.5 µM GST-B3BP-Smr bound to a bubble 

substrate (closed circles), incubated with increasing amount of thrombin (Thr) resulting in the cleavage of 

the GST-moiety from GST-B3BP-Smr, leading to the formation of a heterodimeric complex at intermediary 

thrombin concentrations, and a faster migrating fully cleaved complex at the highest thrombin 

concentrations (open circles). The asterisk refers to a non-specific complex. (e). Ribbon representation 

showing the chemical shift perturbation of the amide resonances upon addition of a 2 fold excess of bubble 

substrate. Unaffected residues (cutoff = 0.035 ppm, averaged shift change) are shown in light gray, strongly  

affected residues in red, unassigned residues are shown in dark gray. Left panel in the same orientation as 

Figure 2d, middle  panel oriented as Figure 4a.  

 

 Figure 6 Identification of the DNA binding surface by site-directed mutagenesis. (a) The upper panel 

shows a representative EMSA experiment as performed in Figure 5c, using wild type B3BP-Smr (wt) and 

the indicated mutants. The lower panel shows average and standard deviation of the quantification of these 

binding experiments where the fraction of bound DNA is plotted as a function of the B3BP Smr domain 

protein concentration (µM). (b) For all binding experiments, the apparent Kd was calculated using a non-

linear regression curve fitting program. Average Kd and standard deviation was determined for wild type and 

all mutants. The relative binding affinity is determined by dividing the determined apparent Kd of the wild 

type with the apparent Kd of the mutant, where the binding affinity of wild type is set at 1. For clarity only 

the last two digits of the mutated residue numbers are shown. (c) Coomassie stained SDS-PAGE of the 

protein samples used for the DNA binding studies. (d) Surface representation where the influence of the 

mutation on the DNA binding capability is plotted on the surface of the B3BP-Smr domain structure. No or 

positive effect on binding affinity: white, most effect residues in red. Insets show the corresponding ribbon 

representations with the mutated residues indicated as sticks, all orientations as in Figure 5e.  
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Table 1.a) Overview of restraints used in the NMR structure calculation 
NOE-based distance restraints   
 Intraresidue (|i - j| = 0)  771 
 Sequential (|i - j| < 1)  824 
 Medium range (1 < |i - j| < 5)  680 
 Long range (|i - j| > 5)  823 
Total  3098 
  
Dihedral restraints phi + psi (TALOS) 70 + 70 
H-bond restraints 16 + 16 
  
Distance violations > 0.2 Å 0 
Dihedral violations > 5° 0 
 



Table 1.b) Validation statistics for the ensemble of calculated 28 lowest-energy structures  
Residues 1666 – 1770 

(all) 
1686 – 1770 

(Smr domain)  
1686 – 1730 
1740 – 1770 

(NOT loop L3)

RMSD [Å] from pairwise alignment of backbone atoms 1.47 ± 0.37 1.25 ± 0.34 0.53 ± 0.09 

RMSD [Å] from pairwise alignment of heavy atoms 2.08 ± 0.38 1.90 ± 0.37 1.05 ± 0.12 

PROCHECK: Distribution of residues [%] in ϕ/ψ−space (Ramachandran plot) 

Most favoured regions 89.47 ± 1.81 86.90 ± 2.41 92.09 ± 2.25 

Allowed regions 8.88 ± 2.20 11.00 ± 2.74 6.95 ± 2.19 

Generously allowed regions 0.94 ± 0.88 1.20 ± 1.12 0.46 ± 0.74 

Disallowed regions 0.71 ± 0.80 0.90 ± 1.02 0.51 ± 0.87 

WHATCHECK: Structure Z-scores  

1st generation packing quality  0.12 ± 0.24 -0.19 ± 0.19 0.70 ± 0.18 

2nd generation packing quality  0.26 ± 0.32 0.32 ± 0.31 1.11 ± 0.30 

Ramachandran plot appearance  -2.47 ± 0.42 -2.54 ± 0.43 -2.16 ± 0.56 

 ζ1/ζ2 rotamer normality  -1.05 ± 0.41 -0.69 ± 0.45 -0.68 ± 0.50 

Backbone conformation  -3.16 ± 0.37 -3.41 ± 0.38 -1.67 ± 0.33 

WHATCHECK: RMS Z-scores  

Bond lengths  0.78 ± 0.03 0.81 ± 0.03 0.80 ± 0.03 

Bond angles  0.82 ± 0.03 0.84 ± 0.03 0.82 ± 0.03 

Omega angle restraints  0.71 ± 0.05 0.74 ± 0.06 0.73 ± 0.06 

Side chain planarity  0.81 ± 0.10 0.82 ± 0.11 0.85 ± 0.12 

Improper dihedral distribution  0.88 ± 0.04 0.88 ± 0.04 0.88 ± 0.04 

Inside/Outside distribution  1.04 ± 0.02 1.04 ± 0.02 1.02 ± 0.02 

WHATCHECK: Counts  

Number of bumps per 100 residues  6.87 ± 1.61 7.90 ± 1.92 7.75 ± 1.94 

Unsatisfied buried hydrogen donors  9.61 ± 1.95 10.04 ± 1.91 8.25 ± 1.58 

Unsatisfied buried hydrogen acceptors  0.54 ± 0.74 0.14 ± 0.45 0.07 ± 0.26 
 
Dihedral restraints were generated by TALOS on the basis of backbone atom chemical shifts. 

Hydrogen bonds were used during CANDID runs, not during water refinement. Each Hydrogen bond was defined with two distance 

restraints: 1.8 Å  d(HN-O)  2.3 and 2.8 Å  d(N-O)  3.3 Å. 
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