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ABSTRACT 

The bacterial single stranded DNA binding protein SSB is a strictly conserved and essential 

protein involved in diverse functions of DNA metabolism, including replication and repair. 

SSB comprises a well-characterised tetrameric core of N-terminal oligonucleotide binding 

(OB) folds that bind single-stranded DNA (ssDNA) and four intrinsically disordered C-

terminal domains of unknown structure that interact with partner proteins. The generally 

accepted, albeit speculative, mechanistic model in the field postulates that binding of 

ssDNA to the OB core induces the flexible, undefined C-terminal arms to expand outwards 

encouraging functional interactions with partner proteins. In this structural study, we show 

that the opposite is true. Combined small angle scattering with X-rays and neutrons 

coupled to coarse-grained modelling reveal that the intrinsically disordered C-terminal arms 

are relatively collapsed around the tetrameric OB core and collapse further upon ssDNA 

binding. This implies a mechanism of action, in which the disordered C-terminal domain 

collapse traps the ssDNA and pulls functional partners onto the ssDNA. 
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INTRODUCTION 

All organisms protect single stranded DNA (ssDNA) intermediates of DNA metabolism with single 

stranded DNA binding proteins (SSBs). Bacterial SSBs are ubiquitous well-conserved tetramers 

comprising a core of four ssDNA binding N-terminal domains (NTD) and four intrinsically 

disordered C-terminal domains (CTD) that recruit a diverse repertoire of proteins involved in DNA 

repair and replication [1,2 and 3]. The NTD consists of an oligosaccharide binding (OB) fold that 

binds to ssDNA in a sequence independent manner and forms tight inter-domain interactions that 

stabilise the tetramer in solution. SSB tetramers exhibit a degree of cooperativity upon binding to 

ssDNA forming extended bead-like structures with the ssDNA wrapped around the beads [2,4] 

Bacillus subtilis SSBs have been well-characterised and the crystal structure of the NTD of SSB 2 

has been solved [5]. Generally, crystallography of bacterial SSB has required either complete or 

partial removal of the CTD, leading to the assumption that the CTD is intrinsically disordered. In 

addition, various intrinsically disordered protein (IDP) prediction algorithms predict that the CTD is 

disordered [6]. 

Given its ubiquitous and essential functions across the bacterial kingdom, it is important to fully 

understand the structure/function relationships that underpin its molecular mechanism of action. 

This can only be achieved if we define the function of the intrinsically disordered CTD. It is only 

relatively recently that studies on SSB have begun to tackle the mechanistic coupling of the SSB 

NTD and CTD and their distinct functions of ssDNA binding and protein binding, respectively [7,8]. 

However, the mechanism by which the CTD carries out its role and the structure-function 

relationship of the two domains are still not understood. This is mainly due to the limitations of 

biophysical tools available for studying IDPs [9,10]. Structural studies of IDPs are a challenge and 

require the appreciation of an ensemble of structures or a mean structure, rather than typical rigid 

definitions. Nonetheless, it is possible in principle to understand how intrinsic disorder functions 

mechanistically when multiple techniques are used synergistically. Here, we have combined small 

angle scattering (SAS) with X-rays (SAXS) and neutrons (SANS) coupled to coarse-grained 

modelling to uncover the structure-function relationship of the intrinsically disordered CTDs relative 

to the core tetrameric NTD and how two well characterised single stranded substrates, dT35 and 

dT70, modulate this relationship. 

The recently postulated maintenance hub theory ascribes a speculative role for SSBs as a 

scaffold hub that recruits proteins involved in DNA metabolism and localises them to ssDNA [1]. 

This theory acknowledges the utility of intrinsic disorder, which is typically associated with 

promiscuous but reasonably tight binding. The majority of bacterial SSBs have very similar domain 

organisation and share close homology. The CTD of B. subtilis SSB consists of a 60 amino acid 

glycine and proline-rich region, which is typical of flexible protein regions [11]. This is followed by 

the protein binding region (PBR), a well-conserved 9 amino acid acidic region (DISDDDLPF) at the 
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C-terminal end of the arm, which binds to SSB interaction partners. Although this acidic region is 

well conserved in different species, their SSB interactomes are species dependent [1]. 

Nuclear magnetic resonance (NMR) studies of Escherichia coli SSB have shown that the PBR 

has a weak affinity for the ssDNA-binding channel on the tetrameric NTD core [12]. Deletion of the 

PBR enhances NTD ssDNA affinity, suggesting that ssDNA may displace the PBR in order to bind 

to the tetrameric OB core [7]. Consequently, this has led to a generally accepted but speculative 

mechanistic theory in the field proposing that ssDNA displaces the PBR releasing the CTD into 

solution making it more accessible to its binding partners [7]. Our structural study of apo and holo 

B. subtilis SSB in solution revises this model, showing that ssDNA binding leads to compaction of 

the CTDs. This implies a molecular mechanism of action, in which the intrinsically disordered CTD 

collapse traps the ssDNA and pulls functional partners onto the ssDNA. 

 

RESULTS 

Small angle scattering of DNA bound and unbound SSB 

The effect of ssDNA-binding to the intrinsically disordered CTD of SSB has not been defined. It is, 

therefore, important to define whether the CTD extend or compact upon binding of the SSB to 

ssDNA. In order to determine the effect of ssDNA upon the compaction of SSB, the radius of 

gyration (Rg) and maximum particle dimension (Dmax) values of apo SSB and holo SSB complexes 

were measured by small-angle X-ray scattering (SAXS) and small-angle neutron scattering 

(SANS), respectively (Fig. 1A-B). Comparison between the two scattering methods is accurate 

provided the contribution from hydration is accurately taken into account. A detailed explanation of 

how hydration was considered can be found in the Supplementary Information (Supplementary 

Fig. 1).  

In order to study the DNA induced alteration in SSB conformation, contrast matching SANS 

was used to phase out the scattering from DNA. Hydrogen and deuterium have very different 

neutron scattering length densities, as do proteins and DNA. As such, at 67% D2O DNA scattering 

length density matches that of the solution and hence no excess scattering is seen from the DNA 

component and only scatter from the protein is observed. As the scattering length densities of the 

protein and DNA are quite close (corresponding to 40 % D2O and 67 % D2O, respectively), the 

contrast of the protein can be further increased by per-deuteration of the protein, which has a 

theoretical match point of 120 % D2O. The scattering power is proportional to the square of the 

difference between the solvent scattering length density and the protein’s match point [13]. Hence, 

per-deuteration will increase the total scatter from the protein to approximately 7 fold that of the 

hydrogenated protein, at 67 % D2O. Per-deuterated SSB was produced in high yields 
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(Supplementary Fig. 2), and was found to be stable and monodisperse to a concentration of up to 

20 mg/ml only in the presence of ssDNA. However, it was not possible to produce per-deuterated 

SSBΔ107-171 (armless SSB lacking the disordered CTD) due to insolubility in vivo. 

SANS experiments were carried out with two SSB:DNA complexes and compared with the 

SAXS measurements on apo SSB (Fig. 1). At high concentrations, per-deuterated SSB was prone 

to some precipitation in the absence of ssDNA. However, the protein was stable at 37oC when 

complexed to ssDNA. Due to precipitation, it was not possible to collect SANS data at the 

concentrations necessary for good signal-to-noise for apo SSB and armless SSB. Therefore, this 

study compares SAXS and SANS curves made possible by accurately accounting for hydration 

and using scale free analysis methods (see also Supplementary Fig. 1). 

The Rg values, derived by Guinier analysis (Fig 1B and Table 1) give a parameter related to 

molecular extension. The Rg for the apo SSB, derived from SAXS, is 3.43 nm. The SANS 

measurements showed that the Rg for equimolar dT35 and dT70-bound SSB both fell to 2.87 and 

3.03 nm respectively, indicating that the arms are more compact than in the apo complex. Due to 

scatter length density matching at 67% D2O, this Rg value does not represent any contribution from 

the ssDNA. Therefore, this reduction represents a compaction of the CTD around the ssDNA, 

which tightly wraps around the NTD according to crystal structures [6]. 

We then measured the approximate occluded site size for B. subtilis SSB (Supplementary 

Fig. 3) and the lengths of ssDNA (35mer and 70mer) were chosen to reflect the binding modes of 

both the B. subtilis SSB as well as the highly homologous E. coli SSB, which has been extensively 

studied [2]. Although, any partially free unbound nucleotides will not contribute to the scatter at 

67% D2O. The binding site size of B. subtilis SSB was approximated using ssDNA binding induced 

intrinsic tryptophan quenching (Supplementary Fig. 3). In accordance with previous 

characterisations [15] and under the experimental conditions used, dT70 engages all four 

monomers forming a fully wrapped complex while dT35 only partially wraps, engaging with 2-3 

monomers (Supplementary Fig. 3). 

Distance distribution functions – P(r) plots – (Fig 1C) were generated from each of the 

scattering curves using GNOM. Each distribution was found to have different maximum 

dimensions (Dmax), which are not related to the Rg values (Table 1). The origin of this is the 

ensemble nature of the distribution. In the conformational ensemble, there is a mixture of different 

conformers, some shorter and some longer. The longer conformers are the ones that contribute 

most to Dmax, hence they only need to be present in relatively small amounts to give the same Dmax 

value. In contrast, the Rg as the second moment of the distribution gives information about the 

distribution of mass around the centre of mass of the particle and it is therefore sensitive to 

conformational change. Thus, the reduction in Rg observed upon DNA binding, is due to a shift in 

the population to favour more compact conformers. As such, Rg is a more sensitive parameter in 
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the analysis of conformational shift in the populations of conformers in solution. The Dmax correlates 

well with the ssDNA-induced compaction trend supported by the observation that dT35 reduces 

the Dmax from 11.2 to 10.4 nm and dT70 reduces it further to 9.5 nm. This independent SAS 

analysis corroborates the Guinier analysis. However, this also confirms that a small population of 

the SSB complex has the ability to adopt extended structures, as expected in a system with high 

intrinsic flexibility. 

Kratky [14] curves for wt SSB and SSBΔ107-171 (armless SSB lacking the CTDs) show clear 

deviation (Fig. 1D). In Kratky analysis, well-folded proteins have a distinctive initial parabolic peak, 

which is exemplified by the curve of the armless mutant. As proteins become more flexible, they 

deviate from this peak causing broadening of the peak and in the case of fully disordered proteins 

a plateau. The wt SSB deviates from the armless mutant showing that the protein has a degree of 

flexibility. Since removal of the CTD moved the peak, this confirms that it is exclusively the CTDs 

(residues 107-171) that contribute to this flexibility in solution. This result is in line with previous 

observations that the SSB CTD has flexible properties (as predicted through difficulties with protein 

crystallisation and secondary structure predictions) and the observation that the NTD forms a rigid 

tetramer with no major flexibility [3,6]. Addition of dT35 or dT70 at one-fold molar excess over 

tetramer does not change the shape of the curve suggesting that despite compaction, the CTD 

remains somewhat mobile. 

As the bound solvent layer in SAXS contributes to the scattering curve, the hydration shell 

effect was calculated and subtracted. Hydrating the structures gave a maximum increase in Rg of 

0.2 nm, indicating that the differences seen in the Rg measurements from SANS cannot be due to 

an incorrect description of hydration effects (for a full description of this normalisation, see 

Supplementary Fig. 1). 

 

Analysing the Significance of Compaction 

In order to estimate the significance of this compaction, an ensemble of 10,000 structures was 

produced using discrete molecular dynamics, as described in the methods section. A sufficiently 

broad Rg range was explored in order to give poor fitting to the experimental data at both upper 

and lower ends (Fig. 2). Best and worse curves for each sample are shown in Supplementary 

Fig. 4. This modelling reveals that the SSB’s theoretical Rg range is between 2.6-6.5 nm, which 

correlates with the experimental Rg obtained from the armless mutant SSBΔ107-171 i.e. 2.61 nm. 

These two independently acquired parameters define the maximum structure compaction and their 

correspondence validates the Guinier analysis. Based on this minimal expected state, our 

measurements of ssDNA bound SSB at 2.87 and 3.03 nm suggest a highly compact structure. 
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Furthermore, the apo SSB measurement of 3.43 also suggests a compact apo structure with 

ssDNA inducing further compaction (Fig. 2).  

 

To visualise the degree of compaction the models with the best fit were collated to produce a 

density plot (Fig. 3). These plots show clearly that the CTDs in the SSB tetramer are more 

collapsed in the presence of dT70 or dT35 than in the absence of ssDNA. Whilst a best single 

model can be useful to help visualise the degree of compaction (Fig. 4), it is critical to recognise 

that the assay is in bulk phase and due to intrinsic flexibility a single model is an averaged 

representation of an ensemble. A density plot that contains multiple structures, helps to highlight 

this issue yet it still represents an averaged representation of the ensemble. Deconvolution of 

multiple populations is a major limitation in all SAS experiments and is only overcome by ensuring 

monodispersity and testing multiple conditions that shift the structure of the ensemble. These 

experiments represent this idea and clearly show that addition of ssDNA shifts the average 

population to a more compact state. 

 

DISCUSSION 

The tetrameric NTD structure of SSB and its interaction with ssDNA are well studied but the 

inherently disordered structure of the CTD has hindered efforts to define the structure-function 

relationships of the native SSB, as no reliable structure of the full length SSB currently exists. 

Previously published models propose that the CTDs in the SSB tetramer are extended to 

encourage protein capture but such models have not been experimentally verified [7].  Therefore, 

even with the extended studies of bacterial SSBs in the literature we still do not fully understand 

how the intrinsically disordered CTDs of the SSB tetramer function. Using a combination of 

biophysical and molecular modelling approaches, for the first time, we have demonstrated that the 

CTDs in the SSB tetramer are not extended. Instead, we have shown that they are relatively 

collapsed around the core NTD tetramer in the absence of ssDNA or other protein-binding 

partners. This may be related to previously observed interactions between the PBRs and NTDs 

[12], which may hold the CTDs in close proximity to the core NTD tetramer. Upon ssDNA binding, 

the CTDs collapse further almost to the maximum possible compaction, suggesting that the CTDs 

cap the ssDNA binding groove and may interact with the NTD tetramer and/or ssDNA directly. This 

capping of the ssDNA by the collapsed CTDs will have a functional relevance as it could 

accommodate the diffusion of the SSB tetrameric beads along ssDNA by ensuring that the ssDNA 

remains within the binding channel. However, it is likely that these interactions would be transient 

as a high degree of flexibility is still observed in the presence and absence of ssDNA [16]. Given 

that modelling suggests the extended CTD arms are highly hydrated (Supplementary Fig. 1), 
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there will also be a large thermodynamic drive to compaction from the release of water molecules 

upon CTD collapse that may also drive the compaction. 

Our data show that in the absence of ssDNA, SSB can bind to multiple protein partners via its 

PBRs suggesting that the CTDs are loosely associated with the N-terminal tetrameric core but in a 

relatively collapsed state with the core tetrameric NTD. Upon ssDNA binding, the CTDs collapse 

further pulling their binding partners towards the ssDNA. This structural/functional model is 

consistent with the SSB biological role in protecting and/or processing exposed ssDNA and with 

previous observations that ssDNA binding increases the affinity of SSB for its protein partners [7]. 

Recent work has shown compaction of SSB nucleoprotein fibers by atomic force microscopy and 

total internal reflection fluorescence microscopy, in agreement with our observations. The authors 

suggest that this intramolecular condensation is protein-mediated and highlight the possible 

significance of the CTD [23]. They go further to suggest that interactions between the CTD and 

SSB's protein-binding partners may facilitate compaction or expansion of the SSB nucleoprotein 

fibers thereby regulating access to ssDNA. Our work is completely consistent with these 

observations. Furthermore, it demonstrates a method by which further work can proceed to fully 

describe the mechanism of action and effects of SSB's protein-binding partners. 

 

MATERIALS AND METHODS 

Small Angle Scattering 

Wild type SSB was purified using the method previously described [15,16]. The SSBΔ107-171 (CTD 

removed) construct included an N-terminal histidine tag. This protein was purified using nickel 

affinity chromatography in place of the ion-exchange column previously described. SAXS 

experiments were carried out at 37oC on beam line BM29 at the ESRF, Grenoble. All experiments 

were carried out in 20 mM Tris pH 7.5, 20 mM NaCl and 1 mM DTT at 5 protein concentrations up 

to a maximum of 10 mg/ml, in order to determine the extent of thermodynamic non-ideality in the 

system. Samples were dialysed for 16 hours in 2 L of buffer prior to measurement. The dialysis 

buffer provided a perfect buffer match was used for scattering experiments. 10 measurements 

were taken of each sample using a flow cell to reduce radiation damage. The first curve was 

compared to the other 9 using DATcomp (ATSAS package) and damaged curves were rejected 

accordingly prior to averaging of the other frames. This process was also checked manually to 

ensure no more than one frame was rejected. All sample concentrations were determined by UV 

spectrophotometry after dialysis and prior to addition of ssDNA, which was also quantified by the 

same method. 

SANS experiments were carried out at 37oC on the LOQ instrument at ISIS Spallation Neutron and 

Muon Source, Harwell (UK). All experiments were carried out in 20 mM Tris pH7.5, 20 mM NaCl, 1 
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mM DTT and 67% D2O with fully deuterated SSB. Samples were dialysed for 16 hours in 2 L of 

buffer prior to measurement. The dialysis buffer provided a perfect buffer match was used for 

scattering experiments. Deuterated SSB was prepared from a 1 litre bacterial growth in fully 

deuterated media (Silantes, UK) and grown to an OD600 = 1.5 before induction with 1 mM IPTG. 

The culture was grown for a further 12 hours at 30oC. Purification of deuterated SSB was the same 

as for the wild type i.e. the final degree of deuteration was 99.38% ±0.15 as determined by mass 

spectrometry (Supplementary Fig. 2). All ssDNA were purchased from MWG (Germany) and 

added to SSB in equimolar ratio to tetramer. All SANS experiments were carried out at 5 

concentrations up to a maximum of 25 mg/ml, to detect aggregation and thermodynamic non-

ideality. 

Data were processed with Primus [15] and ScÅtter [16]. CRYSOL and CRYSON [17] were run in 

command-line mode to generate theoretical scattering curves using the following adjusted 

parameters, as defined in the programs manual: /lm 50, /fb 18, /ns 2000. Unless otherwise stated, 

the contrast of the hydration shell parameter (/dro) was set to 0.00 to prevent an automatic 

hydration correction. 

Modelling realistic flexible conformers 

A full-length model of B. subtilis SSB was created using Swiss Modeller (for an NTD model) [20] 

and manual CTD building in Coot [21]. This model was subjected to a series of iterative discrete 

molecular dynamic simulations (using SASSIE) with regressive Rg filtering, to create the most 

compact structure possible. This minimal structure was used as a starting point for an expansion 

simulation, without restrictive filtering, to reach sufficiently large models. This simulation was run 

twice and a total of 10,000 distinct structures were produced. Theoretical SAXS and SANS curves 

were calculated for these models using CRYSOL and Xtal2sas respectively. In CRYSOL, 

parameters for Fibonacci grid order and maximum harmonic order were increased to create curves 

with the maximum resolution. Solvent density and solvation shell contrast were set at default, as 

suggested by the explicit hydration analysis (Supplementary Fig. 1). SASSIE’s inbuilt Χ2 filter and 

density plot generator were used for further analysis, as shown in Fig. 2 and Fig. 3 respectively 

[22].  

Dynamic Light Scattering 

All dynamic light scattering experiments were carried out on a Malvern Zetasizer Nano at ISIS, 

Harwell (UK). Measurements were carried out at ambient temperature with SAS samples pre and 

post measurement to determine monodispersity of all samples. 
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FIGURE LEGENDS 

Figure 1: SAXS and SANS data 

A. SAXS and SANS curves. SAXS data have more resolution than SANS affording a 

smaller bin size due to higher intensity at source. SANS data are less dense with larger 

bins due to lower neutron flux. Each curve is arbitrarily separated on the log scale for 

clarity.  

B. Guinier plots of the data showing linearity over the Guinier range to give accurate Rg 

values ±0.02. Again, data is offset by 1 log unit for clarity.  

C. Distance distribution functions of SANS and SAXS data. The right hand shoulder is 

indicative of a population of atoms in a more extended conformation. This shoulder is 

greatly reduced by removal of the CTD. The maximum distances came from an 

unconstrained fit to the data and as such reflect the point where the data first crosses the x-

axis. Both apo and holo full length SSB data have similar Dmax values, though a slight 

reduction can be seen upon ssDNA addition. 

D. Rg normalised Kratky [13] plot showing SAXS and SANS curves on the same axis. 

 
 

Figure 2: Ensemble of Model Rg vs Χ2 

The χ2 value, calculated using internal SASSIE modules CRYSOL and Xtla2SAS, represent 

the goodness of fit between the theoretical scattering curve of each model in the ensemble 

versus the experimental data. Dotted vertical lines show the Rg of the best model from 

each data set (wt in black, SSB-dT35 in red and SSB-dT70 in blue) for clear comparison of 

shifts between graphs. This clearly shows that the holo SSB curves fit better to models with 

Rg values between ~2.8-3.1 nm whereas apo SSB best fits models with Rg values between 

~3.3-3.9 nm, reflecting a major non-overlapping shift in the ensemble. This method of 

analysis utilises the entire SAS curve unlike Guinier or Porod analysis, which only use a 

limited q range in the curve. Therefore, this method gives a more dependable 

measurement. 

 
Figure 3: Density Plots of Best Models 

Each density plot represents a combination of structures with the lowest 2000, 1000, 100 or 

50 χ2 values. The compaction trend from apo to holo is less apparent when sampling higher 

numbers of structures but becomes very clear when looking at the best 100 or 50 models. 
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For clarity the spherically averaged model diameter has been drawn around the best 50 

models. These were calculated by projection approximation as 17919.93, 10732.47 and 

10311.84 Å2 for apo SSB, dT70-SSB and dT35-SSB respectively. 

 

Figure 4: Single Best and Worst Models, plus and minus ssDNA. 

The best models for apo and holo SSB are the models with the lowest χ2 and therefore 

represent the best fit to the experimental curves. The worst fit for apo SSB, the structure 

with the highest χ2, was very similar to the worst fit for the holo SSB sample, therefore only 

one is shown. As discussed in the text, these models represent a highly flexible ensemble 

in solution. Therefore, these models are only included to approximate the arm expansion 

and the average degree of compaction we observe. Defining a single structure is not 

otherwise useful for highly disordered proteins. 

 



 Conc. (c) 
(mg/ml) 

c Range 
(mg/ml) 

I(0)/c Guinier Rg Dmax Theoretical 
Protein MW 

MW from 
I(0) 

q range 

dT35 18.00 1.14-18 0.15 ±.008 2.87 (± 0.02) 9.5 (± 0.2) 74915.1 45.24 ±4.52 0.09-2.9 

dT70 18.00 9-18 0.17 ±.009 3.03 (± 0.03) 10.4 (± 0.2) 74915.1 49.90 ±4.99 0.09-2.9 

Armless 0.4 0.37-1.5 32.51 ±1.80 2.47 ±0.05 7.9 (± 0.2) 48304.3 49.29 ±5.18 0.04-5.0 

wt apo 0.57 0.28-1.14 54.37 ±0.16 3.37 ±0.22 11.2 (± 0.2) 74915.1 82.43 ±0.23 0.04-4.5 

 

Table 1
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