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DNA morphology is subjected to environmental conditions and is closely coupled with its function. For example, DNA experiences stretching forces during several biological processes, including transcription and genome transactions, that significantly alter its conformation from that of B-DNA. Indeed, a well-defined 1.5 times extended conformation of dsDNA, known as Σ-DNA, has been reported in DNA complexes with proteins such as Rad51 and RecA. A striking feature in Σ-DNA is that the nucleobases are partitioned into triplets of three locally stacked bases separated by an empty rise gap of [image: image] Å. The functional role of such a DNA base triplet was hypothesized to be coupled with the ease of recognition of DNA bases by DNA-binding proteins (DBPs) and the physical origin of three letters (codon/anti-codon) in the genetic code. However, the underlying mechanism of base-triplet formation and the ease of DNA base-pair recognition by DBPs remain elusive. To investigate, here, we study the diffusion of a protein on a force-induced stretched DNA using coarse-grained molecular dynamics simulations. Upon pulling at the 3′ end of DNA by constant forces, DNA exhibits a conformational transition from B-DNA to a ladder-like S-DNA conformation via Σ-DNA intermediate. The resulting stretched DNA conformations exhibit non-uniform base-pair clusters such as doublets, triplets, and quadruplets, of which triplets are energetically more stable than others. We find that protein favors the triplet formation compared to its unbound form while interacting non-specifically along DNA, and the relative population of it governs the ruggedness of the protein–DNA binding energy landscape and enhances the efficiency of DNA base recognition. Furthermore, we analyze the translocation mechanism of a DBP under different force regimes and underscore the significance of triplet formation in regulating the facilitated diffusion of protein on DNA. Our study, thus, provides a plausible framework for understanding the structure–function relationship between triplet formation and base recognition by a DBP and helps to understand gene regulation in complex regulatory processes.
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1 INTRODUCTION
Protein–DNA interactions are central to several biological processes, such as DNA replication, transcription, repair, chromatin compaction, and gene regulation. Many of these processes can exert forces on DNA, such as the forces produced by DNA/RNA polymerases, as it moves over the template (Yin et al., 1995; Maier et al., 2000; Wuite et al., 2000), or the forces stemming from DNA itself for purposes including transport and tertiary structure manipulation (Nicklas, 1988). These pico-Newton (pN) scale forces exerted on DNA can affect the non-specific binding of proteins with the DNA. For instance, a range of forces applied to DNA has shown to greatly influence the binding of many DNA-binding proteins (Dahlke and Sing, 2018). Forces on DNA are also found to alter the dissociation rates of proteins from DNA (Xiao et al., 2010; Marko and Siggia, 1997; Marko, 2015) of ligands from receptors (Wu et al., 2007) and the DNA unwinding activity of hRPA protein (De Vlaminck et al., 2010). Furthermore, the mechanical properties of DNA under an applied force can potentially influence the DNA–protein interactions (Gore et al., 2006; Gemmen et al., 2006; Allemand et al., 2003). While these observations suggest that forces on DNA exist in a wide range of cellular processes, how it affects the protein–DNA recognition process remains completely unknown.
DNA can exist in various conformations under both in vivo and in vitro conditions, even in the absence of force (Alberts et al., 2008). The presence of external force alters the structure of DNA and exhibits multiple structural polymorphisms with a change in its helical parameters (Dans et al., 2012). Single-molecule pulling experiments (such as atomic force microscopy (AFM) (Clausen-Schaumann et al., 2000; Liu et al., 2010; Rief et al., 1999), optical/magnetic tweezers (Smith et al., 1996; Gosse and Croquette, 2002; Paik and Perkins, 2011), and molecular dynamics simulations (Lebrun and Lavery, 1996; Kosikov et al., 1999; Harris et al., 2005; Garai et al., 2017; Luan and Aksimentiev, 2008) revealed that when canonical B-form DNA is pulled mechanically by external stretching forces, the double-stranded DNA (dsDNA) is extended to almost 1.7 times beyond its original contour length. It has been observed that DNA undergoes an abrupt overstretching transition from B-DNA to an overstretched conformation when pulled with forces of 60–70 pN and eventually denatures at relatively higher forces (Smith et al., 1996; Bosaeus et al., 2012). The force-extension curve of dsDNA shows a characteristic plateau that indicates a highly cooperative transition from B-DNA to an overstretched ladder-like S-DNA conformation (Cluzel et al., 1996; Luan and Aksimentiev, 2008). The structure of S-DNA is usually a partly untwisted ladder in which the base-pairing is preserved, but the average rise per base-pair is increased as compared to unstretched B-DNA. The overstretched conformation of DNA may play an important role in the function of proteins that are able to make use of these structural properties of DNA. For example, the X-ray crystal structure of RecA protein bound to the genomic DNA reveals a superhelical topology in which the dsDNA is underwound and stretched to approximately 50% in length relative to canonical B-DNA (Chen et al., 2008). Such a nucleoprotein complex, thus, presents a situation where the conformational change in DNA can be coupled with an external force. A striking observation in it is that the extended DNA adopts a configuration where the nucleobases are partitioned into orderly stacked triplets of base-pairs separated by a large rise gap. This form of DNA structure is physically plausible when considered purely in static chemical terms (Bertucat et al., 1998) and is previously referred (Bosaeus et al., 2017; Taghavi et al., 2017) to as “Σ-DNA,” which may be considered a special case of overstretched S-form DNA. The degree of extension observed in Σ-form DNA has been identified even in the absence of recombinase proteins by using single-molecule force spectroscopy experiments (Bosaeus et al., 2012) and considered the most stable conformation without any cofactors. Even the presence of DNA-binding cofactors or intercalators has been observed to form a triplet kind of stable disproportionate DNA structure in solution through atomistic simulations of duplex DNA under an applied force (Taghavi et al., 2017). In a recent study, Bosaeus et al. (2017) analyzed the possible biological role of Σ-phase DNA and speculated that partitioning of bases into triplets separated by a stack-breaking gap may have a connection with the physical origin of the existence of three letters (codon/anti-codon) in the genetic code. Thus, one may ask whether the structural distortion in Σ-DNA is just a coincidence of protein binding or somehow the appearance of these structures is related to any biological function. Does this triplet structures have any connection in enhancing the recognition of base sequences by DNA-binding proteins? How do these structural changes in DNA under tension affect its interaction with the protein?
In order to understand these issues, we studied protein diffusion on force-induced stretched DNA using coarse-grained molecular dynamics simulations. Previously, many studies have probed the diffusion of a DNA-binding protein on unstretched DNA, in particular, the target search process on DNA by proteins. Several experimental (Blainey et al., 2009; Iwahara and Clore, 2006a, Iwahara and Clore, 2006b; Esadze and Iwahara, 2014; Elf et al., 2007; Clore, 2011), simulation (Marklund et al., 2013; Guardiani et al., 2014; Mondal and Bhattacherjee, 2015; Givaty and Levy, 2009; Bhattacherjee et al., 2016; Bhattacherjee and Levy, 2014a, Bhattacherjee and Levy, 2014b), and theoretical (Kolomeisky and Veksler, 2012; Mirny et al., 2009; von Hippel and Berg, 1989; Veksler and Kolomeisky, 2013; Mondal and Bhattacherjee, 2017) studies suggest that proteins associate their target sites orders of magnitude faster than a simple 3D diffusion-limited process. The mechanism behind this rapid translocation of proteins is due to the idea of facilitated diffusion, where the protein exhibits 1D diffusion along DNA in combination with 3D diffusion in the bulk. In 1D events, when the protein is associated non-specifically with DNA, it can move stochastically from one base to another along the contour of DNA (sliding). When detached from the DNA surface, protein can re-associate to a nearby site (hopping) after a short time period or can jump to a distant DNA segment (intersegmental transfer) (Mondal et al., 2022b). In our study, we pulled the DNA molecule by applying constant force to the 3′-3′ end of DNA and observed that DNA undergoes a conformational transition from B-DNA to an overstretched ladder-like S-DNA conformation via an intermediate Σ-DNA transition. Our analysis suggests that the resulting stretched DNA conformations feature non-uniform clusters of nucleotide bases such as doublets, triplets, and quadruplets separated by a large rise gap. Among these base-pair clusters, triplets are more stable than others, which protein favors to form during its 1D translocation along DNA, and the relative population of base-pair triplets governs the ruggedness of the protein–DNA binding energy landscape and thereby the ability of a protein to locate its target DNA sites. By analyzing different force regimes, we delineate the underlying translocation mechanism of a DNA-binding protein and underscore the significance of triplet formation in regulating the protein diffusion on stretched DNA.
2 MATERIALS AND METHODS
2.1 Protein and DNA model
In this work, we adopt coarse-grained models of protein and DNA to study protein diffusion along force-induced stretched DNA. The protein is represented by one bead per amino acid located at the respective Cα position (Bhattacherjee et al., 2016). The energetic of the protein is described by a structure-based Lennard–Jones potential that ensures the formation of native contacts found in the folded structure of the protein (Clementi et al., 2000b). Such a reduced model promises great advantages in studying the funnel-like energy landscape of protein folding (Clementi et al., 2000a), protein–protein interactions (Bhattacherjee and Wallin, 2012), and multiple basins free energy landscape for large-scale motion of proteins (Okazaki et al., 2006). For DNA, we use a 3SPN.2C coarse-grained model developed by de Pablo’s group in which each nucleotide is described by three beads and is positioned at the geometric centers of the phosphate, sugar, and base atoms (Freeman et al., 2014a). The 3SPN.2C model accurately estimates the correct structural properties of DNA such as helix width, base-pair rise, number of base-pair per turn, major and minor groove widths which are in good agreement with experimental results (Hinckley et al., 2013). The model successfully reproduces the mechanochemical properties of DNA such as sequence-dependent persistence length and flexibility of double-stranded DNA, prediction of melting temperature, and estimation of DNA hybridization rate constants for varying sequences under different ionic concentrations. Most importantly, the 3SPN.2C DNA model is developed by Freeman et al. (2014a) with the intention of studying interactions between protein and dsDNA only, and a special emphasis is placed on successfully capturing the effects of sequence-dependent DNA shape, local flexibilities, dsDNA persistence lengths, melting temperatures, and minor groove width profiles, which are extensively validated against experimental data. By incorporating these relevant DNA properties, the authors have recently identified the structural properties most critical to nucleosome formation (Freeman et al., 2014b) and found that histone– DNA binding affinity is encoded in its sequence-dependent shape, including subtle deviations from the ideal linear B-DNA geometry. Indeed, previous studies support that even nuances in the groove width and local variations in minor groove width play a significant role in its interaction with the proteins (Bhattacherjee and Levy, 2014a). A similar DNA model (3SPN.2C) has been extensively used previously by us (Mondal et al., 2022a, Mondal et al., 2022b) and other groups (Mondal et al., 2022a, Mondal et al., 2022b; Nagae et al., 2021; Brandani et al., 2021; Lin et al., 2021; Tan and Takada, 2020; Moller et al., 2019; Lequieu et al., 2017; Niina et al., 2017; Lequieu et al., 2016) to demonstrate the role of DNA shape dynamics and flexibility in regulating the interactions with proteins.
2.2 Protein–DNA interactions
Interactions between protein and DNA molecules are treated at a non-specific level and are driven by electrostatic interactions and excluded volume effects. Excluded volume interactions are modeled by an r12 repulsive potential that penalizes the steric clashes during the non-specific encounter between them over the simulation. The electrostatic interactions between positively and negatively charged residues of protein and DNA are modeled by the Debye–Hückel potential. A negative charge of −0.6 is assigned to each phosphate atom to take the counterion condensation effect, and a net charge of +1 is assigned to lysine (Lys) and arginine (Arg) and − 1 for glutamate (Glu) and aspartate (Asp) residues. It is to note that the Debye–Hückel theory provides the advantage of introducing the effect of salt concentrations in the present model and thus enables us to investigate protein diffusion on double-stranded DNA in an ionic environment. Although the theory is limited to only dilute salt concentration, previously, the Debye–Hückel theory has been successfully applied to shed light on many crucial aspects of protein–DNA interactions (Mondal and Bhattacherjee, 2015; Bhattacherjee and Levy, 2014a, Bhattacherjee and Levy, 2014b; Dey and Bhattacherjee, 2018, Dey and Bhattacherjee, 2019a, Dey and Bhattacherjee, 2019b, Dey and Bhattacherjee, 2020; Mondal et al., 2022a, Mondal et al., 2022b).
2.3 DNA stretching
The DNA molecule is subjected to constant stretching forces −F and +F applied to the 3′ termini. The stretching force is kept fixed during the simulation to investigate the large-scale motion of protein diffusion on a stretched DNA. The value of the constant stretching force varied in the range of 0–200 pN. A zero value of stretching force signifies that there is no external force acting on DNA. The DNA molecule is stretched along the Z-direction, and therefore, the energy function used for DNA stretching is given as follows: [image: image], where [image: image] is the DNA end-to-end extension.
2.4 Simulation protocol
To probe the dynamics of protein search on DNA, we choose Sap-1 protein from Protein Data Bank (PDB ID: 1BC8) as the searching protein. This DNA-binding protein is a 93-residue long globular protein consisting of 15 positively and six negatively charged amino acids and contains a winged-helix recognition region to scan DNA. The starting sequence-dependent structure of 100-bp B-DNA is generated from X3DNA (Zheng et al., 2009). The DNA sequence is given in Supplementary Figure S1 that contains 67% GC-content and 33% AT-content. The choice of this GC-rich sequence is inspired by the recent experimental studies (Bosaeus et al., 2012, Bosaeus et al., 2017). Both the molecules are placed at the center of a simulation box of dimension 350 Å × 350 Å × 800 Å. DNA is placed along the Z-axis, and the periodic boundary conditions are applied in all the directions. Such box dimensions are chosen in order to ensure that fully extended ([image: image] stretched compared to its initial length) DNA can also be placed within it. We then apply a constant pulling force ranging from 0 to 200 pN on both the 3′ ends of DNA and study the protein diffusion on force-induced stretched DNA in a physiological salt concentration of 140 mM. While doing so, it is to be noted that during the simulation, only DNA is stretched, not the protein. Initially, protein is placed 40 Å away from the DNA surface along the X-direction. The time evolution of the system is governed by Langevin dynamics at temperature 300 K and friction coefficient γ = 0.05 kg/s. At every constant pulling force (0–200 pN), we perform 40 independent simulations, each 1 × 108 MD steps long, in the canonical ensemble with the Langevin thermostat. The initial 0.4 × 108 MD steps are discarded to ensure thermal equilibrium, after which all the analyses are performed in the present study.
3 RESULTS AND DISCUSSION
3.1 Force–strain response of dsDNA
In order to understand the structure and dynamics of force-induced stretched DNA, we first probe the force–strain response of dsDNA. We apply constant stretching/pulling force on 3′ termini of the two strands of a randomly selected 100-bp GC-rich B-DNA molecule (see Figure 1A) containing 67% GC-content and 33% AT-content and perform coarse-grained molecular dynamics (MD) simulations. The constant stretching force is varied from 0 pN to 200 pN, and we present the force vs. strain curve in Figure 1B, where the strain is the ratio of the change in the end-to-end distance of the 3′-3′ ends of the two strands to its equilibrium contour length. We find that the stretching behavior of dsDNA in Figure 1B can be divided into three regimes. At forces F < 110 pN, DNA gets stretched by 10%–15% to its initial contour length. In this force regime, the slope of the curve has increased slightly, and DNA exists in its B-form conformation. However, there is a sharp increase in the slope from 110 pN up to about 150 pN where dsDNA starts to deform its helical structure (see Supplementary Video S1) and achieves 20%–60% extension compared to B-DNA and adopts a special kind of conformation referred to as Σ-DNA, which is stretched to about 50% in length compared to canonical B-DNA. Such a degree of extension is found in DNA complexed with recombinase proteins RecA and Rad51 (Chen et al., 2008; Xu et al., 2017). Indeed, a similar degree of extension is also observed in force-induced stretched GC-rich duplex DNA molecules (Bosaeus et al., 2012, Bosaeus et al., 2017). It is, however, known that the nature of the overstretching transition depends critically on the nature of the bp composition. For instance, in the experimental study of Bosaeus et al. (2012) and Bosaeus et al. (2017), the authors have chosen 60–64-bp short DNA molecules with base sequences containing 60% GC-content and 70% AT-content and observed that when the AT content is high (70%), the DNA molecule tends to overstretch via denaturation. Therefore, AT-rich sequences are not desirable for studying protein diffusion on stretched DNA. In contrast, GC-rich sequences (60% GC) are found to undergo a conformational transition from B-DNA to a distinct form of overstretched DNA that is characterized by a 51% extension and remains base-paired. Higher-level coarse-grained modeling studies (Manghi et al., 2012) tend to confirm this scenario. This observation suggests that the DNA sequence is an important parameter for controlling the transition from B-form to stretched and/or melted forms. In the present study, we consider a DNA sequence with the GC-content comparable to the one used in previous experimental studies to specifically investigate the protein diffusion on stretched DNA.
[image: Figure 1]FIGURE 1 | Double-stranded DNA (dsDNA) under constant stretching force. (A) Force is applied to the 3′ ends of both the strands, shown by black arrows. (B) Force–strain curve of dsDNA. With the increase in force, dsDNA undergoes a structural transition from B-DNA to S-DNA via an intermediate transition, referred to as Σ-DNA. The highlighted region in both the S-DNA and Σ-DNA conformations shows the appearance of stacked doublets (D) and triplets (T) of nucleobases separated by an empty gap of length R. The error bar for each symbol is defined as the standard error. The associated error bars are smaller than the point size.
Furthermore, increasing the force (above 150 pN) would lead to a plateau region, where the dsDNA extended 70%–80% from its initial contour length and emerged a ladder-like overstretched conformation, the so-called S-DNA. Previously, the existence of such an S-DNA structure has been found using experimental (Smith et al., 1996; Cluzel et al., 1996) and theoretical studies (Lai and Zhou, 2003). Some typical snapshots of different DNA structures at various stretching forces are provided in Supplementary Figure S2. We also monitored the changes in DNA length during the simulation and evaluated the kinetics of the structural transition between different forms of DNA at individual forces. The results are presented in Supplementary Figure S3. The result shows that the structural transition appears much faster with an increasing stretching force. For instance, the transition from B-DNA to Σ-DNA (50% extension) is ∼ 12.4 times faster at force F = 180 pN than that at force F = 140 pN, and the transition from Σ-DNA to S-DNA (70% extension) appears to be ∼ five times faster at F = 190 pN than that at F = 170 pN.
The overall behavior of the force–strain curve is consistent with the experimentally observed force–strain curve reported previously (Smith et al., 1996; Cluzel et al., 1996; Danilowicz et al., 2009). It is interesting to note that the bases in the overstretched conformation of DNA are organized in the form of doublets, triplets, quadruplets, and so on, followed by a rise gap of length R (see Figure 1B). Recently, the existence of a cluster of three bases (triplet) in Σ-DNA was reported, and the possible biological role of it was explained (Bosaeus et al., 2017). The formation of base triplets has been hypothesized to be correlated with the origin of a genetic code (Bosaeus et al., 2017). This raises a question of whether such triplets promote easier access to the DNA base-pairs by DNA-binding proteins (DBPs).
3.2 Characteristic details of base-pair clusters
Before proceeding with investigating the same, we first characterize the structural details of the base-pair clusters under constant stretching force. In Figure 2A, we consider the two helical parameters, namely, the helical rise and DNA twist angle, and present their variation under constant stretching force. At forces F < 110 pN, DNA remains in its B-form structure, where the average rise ([image: image] Å) and twist [image: image] remain constant. In the intermediate force regime (from 110 pN to 150 pN, green shaded region), a structural change from B-DNA to Σ-DNA causes a sharp increase in the helical rise from [image: image] Å to [image: image] Å and a rapid drop in the twist angle from [image: image] to [image: image]. This is because the stretching of B-DNA leads to an increase in the distance between consecutive bases and the unwinding of duplex helices. When S-DNA emerges (F > 150 pN), the helical rise reaches a plateau and the twist angle decreases up to 20°. The average rise per base-pair in S-DNA reaches a new value of [image: image] Å, which is consistent with the value reported recently (Taghavi et al., 2017). This suggests that our coarse-grained DNA model is suitably amalgamated under constant stretching force and precisely captures the correct two-state transition from B-DNA to a partly untwisted ladder-like S-DNA structure via an intermediate conformation Σ-DNA.
[image: Figure 2]FIGURE 2 | Structural characterization of the DNA bases. (A) DNA helical rise and twist angles are calculated as a function of stretching force F. The three shaded regions gray, green, and yellow correspond to three different DNA conformations, namely, B-, Σ-, and S-DNA that emerge due to stretching. The error bar for each symbol is defined as the standard error. The associated error bars are smaller than the point size. (B) Free energy profiles F(θTw, θBS) for the doublet, triplet, and quadruplet at force F = 120 pN, where θTw and θBS are the helical twist and base-stacking angles. (C) Probability histograms of the base-stacking angles (θBS) for the doublet (p2), triplet (p3), and quadruplet (p4) at a stretching force F = 120 pN (blue solid line) compared with B-DNA (dashed line). (D) Schematic representation of the structure of the doublet, triplet, and quadruplet. The twist angles for the doublet [image: image], triplet [image: image], and quadruplet [image: image] are shown by black arrows that follow a relation specified in the rectangular box. The fluctuation in each base for the doublet, triplet, and quadruplet is shown by a blurred motion view. The range of angles of the bases that arise due to fluctuation is displayed individually.
Having seen the correct two-state transition, we observe that the main variation in the rise and twist angle arises when dsDNA adopts the Σ-form conformation. In this transition, the backbone of DNA gets extended by about 50% in length, which favors the formation of base-pair clusters such as doublets, triplets, and quadruplets. Due to the formation of such base-pair clusters, the consecutive groups of stacked bases are separated (by [image: image] Å) non-uniformly and interrupt the stacking interactions. The stacking energy for the doublet, triplet, and quadruplet is calculated as − 3.01 ± 0.001 kcal/mol, − 3.06 ± 0.001 kcal/mol, and − 2.93 ± 0.002 kcal/mol, respectively. This suggests that the triplet is more stable than doublet and quadruplet arrangements, which is consistent with the result of Bosaeus et al. (2017). In Figure 2B, we estimated the two-dimensional free energy profiles of the doublet, triplet, and quadruplet at a constant force (F = 120 pN) in which Σ-DNA appears and is presented as a function of twist and base-stacking angles. Our results show distinctly different free energy surfaces for doublet, triplet, and quadruplet formation. A single minimum is observed in the free energy surface of the doublet. In contrast, the free energy surface of the triplet and quadruplet shows two distinct minima. The corresponding probability histogram for forming the doublet (p2), triplet (p3), and quadruplet (p4) is shown in Figure 2C as a function of the base-stacking angle (θBS), which are then compared with the case for ideal B-DNA geometry, i.e., in the absence of stretching force. The base-stacking angle for doublets shows a variation between 90° and 120°, which suggests that the nucleobases in a doublet can fluctuate around 30° (90°–120°) during stacking interactions (see Figure 2D). Unlike doublets, the probability distribution for triplets and quadruplets features a bimodal distribution for base-stacking angles. Among the two modes in the distribution, the major mode varies between 90° and 120°, whereas the variation in the minor mode lies within 40°–90°. The corresponding fluctuation in the base-stacking angle for the nucleobases in triplets and quadruplets is shown in Figure 2D. It is interesting to note that the base-stacking angle in Σ-DNA obtained from our simulation agrees well with the values calculated from the crystal structure of the RecA–dsDNA filament (Chen et al., 2008) (see Supplementary Figure S4). Furthermore, depending on the type of base-stacking and base-pairing interactions, we observed different local conformations in Σ-DNA. For example, we find five different local conformations of the base-pair step of the sequence GG ⋅ CC, which are then classified as base-pair stacked, base-pair tilted, base-pair no stack, and melted and mismatched conformations (see Supplementary Figure S5). All these local conformations match very well with the local conformations obtained from the all-atom simulation of Taghavi et al. (2017) having the same base-step sequence. Taken together, the consistency between our results and previous studies (Taghavi et al., 2017; Chen et al., 2008) in capturing the characteristic details of base-pair clusters validates our model and provides confidence to use the same and investigate if such base-pair clusters facilitate easier access to the DNA bases to DBPs. Perhaps, a plausible way to answer the question is to study interactions of a DBP on stretched DNA conformation and probe how efficiently the protein may scan the DNA bases.
3.3 Protein favors the formation of base-pair triplets under constant stretching force
We select Sap-1 protein as a representative DNA-binding protein since it has been widely studied both computationally (Bhattacherjee and Levy, 2014a; Mondal and Bhattacherjee, 2015; Dey and Bhattacherjee, 2018, 2019a, 2020) and experimentally (Mo et al., 1998; Guan et al., 2017) and investigate what effect does it bring on the formation of base-pair clusters while diffusing on stretched DNA. In Figure 3, we estimate the probability of forming doublets (p2), triplets (p3), and quadruplets (p4) in the presence and absence of Sap-1 protein as a function of constant stretching force F ranging from 0 to 200 pN. The same for higher-order base-pair clusters is shown in Supplementary Figure S6. In the presence of Sap-1 protein, the doublets (or triplets or quadruplets) are identified according to the following condition: first, we identify the closest DNA base-pair i from the recognition region of the Sap-1 protein when it diffuses one-dimensionally along the DNA surface and consider the segment (i − 6, i + 6). Within this segment, if the two (or three or four) consecutive nucleobases are separated by an empty gap of length 5 Å, then it will be considered forming a doublet (or triplet or quadruplet). The DNA segment (i − 6, i + 6) is particularly chosen, mainly because of the fact that a DNA segment spanning i − 6 to i + 6 around the protein-binding site covers a complete helical turn of 10.5 bp along DNA. Sap-1 protein binds specifically with a 9-bp short DNA stretch (almost a complete helical turn) through its recognition helix inside the DNA major groove. The choice, therefore, directly allows us to track the formation of base-pair clusters (from doublets to decuplets) along DNA when the protein scans the DNA bases through sliding/hopping modes, i.e., one-dimensionally. The same analysis performed on the protein-excluded region, i.e., the region other than the segment (i − 6, i + 6), is considered for analyzing the formation of different base-pair clusters in the absence of the protein. Following this procedure, we counted the number of doublets, triplets, and so on from the whole simulation trajectory, and the corresponding probability is calculated from the definition prescribed in the Supplementary Material. At forces F < 110 pN, protein favors the formation of doublets, triplets, and quadruplets compared to its unbound form (Figures 3A–C), and a reverse trend is observed for higher-order base-pair clusters (Supplementary Figure S6). When Σ-DNA and S-DNA emerge (F > 110 pN), we observe that only p2 and p3 increase with increasing F and then saturate (Figures 3A,B). Other probabilities (from p4 to p10) exhibit a decreasing trend with F (Figure 3C and Supplementary Figure S6), mainly because of the too-high backbone strain for higher-order base-pair clusters. Another important observation in this force regime is that the triplet formation propensity is facilitated by the presence of Sap-1 protein compared to its unbound form (Figure 3B). This feature is observed only for triplets (and not in doublets or quadruplets) and is the most important result of our study. Also, it is worthwhile to mention here that the doublet propensity at forces F > 110 pN is much higher than the triplet propensity; however, in comparison to its unbound form, the protein favors the base-pair triplets to form in this force regime while diffusing one-dimensionally along DNA. In Figure 3D, we have shown a plot that combines the probability of all different base-pair clusters (from p2 to p10) with respect to F. The color bar represents the differences in the probability in the presence and absence of the protein. Having seen the analysis clearly indicating that the formation of base triplets is favored by the diffusing protein relative to its unbound form under constant stretching force, we next move to explore the impact of such base clusters in regulating the accessibility of DNA bases to the searching protein.
[image: Figure 3]FIGURE 3 | Effect of protein dynamics in the formation of base-pair clusters. The probability of forming the (A) doublet (p2), (B) triplet (p3), and (C) quadruplet (p4) is plotted as a function of stretching force in the presence (red line) and absence (blue line) of protein. The error bar for each symbol is defined as the standard error. (D) Presented contour plot combines the probability of forming all kinds of clusters starting from the doublet (p2) and triplet (p3) to decuplet (p10) with respect to stretching force, where the color bar represents the differences in the probabilities of forming different clusters in the presence and absence of protein.
3.4 Base-pair triplets reduce the ruggedness of the potential energy landscape and enhance the protein diffusivity
To address the issue, we measure the heterogeneity of DNA base-pair clusters by estimating the Shannon entropy as a function of stretching force F from the associated probabilities of different clusters (see Figure 4A). The Shannon entropy (H) is defined as
[image: image]
[image: Figure 4]FIGURE 4 | Effect of base-pair clusters on the diffusion of protein. (A) Correlations between the Shannon entropy H (denoted by the red line) and the roughness (standard deviation of μcell) of the chemical potential landscape (indicated by the black line) with the stretching force. The value of r indicates the correlation coefficient between them. (B) DNA position probed (black line) and the roughness of the chemical potential (red line) as a function of stretching force. (C) Effect of stretching force on the interplay between sliding (S), hopping (H), and 3D diffusion (D) by the searching protein. The error bar for each symbol is defined as the standard error. In (A) and the red curve in (B), the associated error bars are smaller than the point size.
Eq. 1 gives information about the distribution of the base-pair clusters—whether they occur with an equal probability (high entropy value) or whether some other clusters prevail (low entropy value). It, however, does not reflect the correlations between different base-pair clusters. At forces F < 110 pN, the Shannon entropy values are high and remain roughly constant, suggesting similar probability distribution of different base-pair clusters. At forces F > 110 pN (when both Σ-DNA and S-DNA arise), the H-value sharply decreases, indicating that the formation of some base-pair clusters prevails. Since the probability of doublets and triplets shows a higher probability (Figure 3) among which protein favors the formation of base triplets compared to its unbound form in this force regime, the information on the formation of base-pair triplets might have some connection with the diffusivity of the searching protein. To quantify the effect, we estimate the ruggedness of the potential energy landscape by measuring its roughness. We follow the method prescribed by Putzel et al. (2014) and consider the position of the center of mass of the recognition region of the Sap-1 protein as the order parameter. We partition the space into cubic cells of size 50 Å3 and measure the probability of the cell i to be occupied by the diffusing protein. As the searching protein moves between different cells, it will experience an effective potential equal to the excess contribution to the diffusing site’s chemical potential [image: image]:
[image: image]
where [image: image] is the total potential energy acting on the recognition site at position [image: image]. By discretizing the aforementioned integral (see Supplementary Text for details), the effective potential of each cell can be calculated, and consequently, the roughness of the landscape can be measured from the corresponding standard deviation σ(μcell). In Figure 4A, the roughness is plotted against the applied stretching force. We observe that with increasing force, the roughness of the potential energy surface decreases steadily. Interestingly, we found a strong correlation (r ∼ 0.82) between the ruggedness of the chemical energy landscape of the diffusing protein and the Shannon entropy of the base-pair clusters. As the protein favors triplets in the Σ-DNA and S-DNA regime compared to its unbound form, the formation of such base triplets reduces the ruggedness of the effective potential of the diffusing protein. We evaluate the impact of the ruggedness on the 1D diffusivity of Sap-1 protein by measuring the DNA search efficiency. In Figure 4B, we measure the DNA probed position, which indicates the number of DNA sites that are sampled by the searching protein through 1D diffusion only. In this measure, any DNA site that is visited by 1D diffusion (sliding + hopping, see Supplementary Text for criteria) is counted to the position probed measure regardless of whether it was already been scanned earlier in the same 1D cycle. When the protein gets dissociated from the DNA surface, the number of positions probed by the protein remains unchanged. The corresponding result in Figure 4B suggests that as the force increases, the less rugged the potential energy landscape, the more impactful is the search efficiency of DNA. This result is also supported by the measurement of the 1D diffusion coefficient D1 of the Sap-1 protein as a function of different stretching forces as shown in Supplementary Figure S7. Most importantly, the search efficiency sharply increases in the Σ-DNA regime (110 pN [image: image] pN) and reaches a maximum value when DNA exists in S-DNA conformation (F > 150 pN). Interestingly, in these force regimes, the protein facilitates the formation of base-pair triplets compared to its unbound form (Figure 3B), the relative population of which governs the ruggedness of the binding energy landscape of the protein and thereby promotes efficient searching of the protein on the stretched DNA track.
Having seen the diffusion efficiency, we now move to understand the non-specific target search mechanism of the searching protein. By analyzing the structural details of each snapshot generated during the simulations, we estimate the propensities of different translocation modes such as the sliding, hopping, and 3D diffusion as a function of the applied force F, and the results are presented in Figure 4C. The detailed criteria of each of these search modes are described in the Supplementary Text. Our result suggests that at forces F < 110 pN, the propensity of each search mode remains constant. In this force regime, the Sap-1 protein mostly performs sliding and hopping dynamics on DNA and performs less 3D diffusion [image: image] in the solution. The hopping mode in which the protein binds to DNA not so tightly as they do in the sliding mode, but still close to DNA, shows the highest population [image: image], whereas the sliding propensity exhibits [image: image] propensity to the overall search dynamics. In contrast, when Σ-DNA appears (110 pN [image: image] pN), 3D diffusion increases significantly [image: image], and both sliding and hopping propensities decrease simultaneously. At forces F > 150 pN (when S-DNA appears), each sliding, hopping, and 3D diffusion saturates to a value of [image: image], and 40%, respectively. To further understand the behavior of different search modes with varying F, we divided the forces into two regimes: a low-force regime ranging from 0 to 110 pN and a high-force regime ranging from 120 pN to 200 pN. We then investigate the mechanistic details of the non-specific search dynamics in these two force regimes.
3.5 Mechanistic details of protein search dynamics under low- and high-force regimes
In Figure 5A, we present the average number of sliding events [image: image] and their duration [image: image] as a function of F. By the sliding event, we mean a time stretch during which Sap-1 continuously scans DNA through sliding dynamics only. The protein can perform hopping or 3D diffusion between two sliding events. A similar analysis for the variation in the average number of hopping events and their average time duration is presented in Supplementary Figure S8. In the low-force regime, the average number of sliding events decreases with F, and the corresponding time duration increases as the force increases. In contrast, both the parameters show an opposite trend in the high-force regime. To understand the rationale behind this, we first explain the behavior in the low-force regime (highlighted in Figure 5A). We find that the fluctuation in the protein–DNA electrostatic energy [image: image] decreases in the low-force regime (Figure 5B). This is also supported by the result that the ruggedness of the protein–DNA binding energy landscape was found to have a decreasing pattern (Figure 4A and Supplementary Figure S9). What causes the reduced fluctuation of the electrostatic interactions between protein and DNA? Does this fluctuation have any direct connection with the formation of base-pair doublets or triplets? To investigate the same, we estimate the electrostatic potential (EP) along the DNA contour using the Delphi program (Li et al., 2012) by solving the non-linear Poisson–Boltzmann equation. The detailed procedure for the calculation of EP along DNA is described in the Supplementary Text. From the calculation, we identify the base-pairs that are involved in the formation of base-pair doublets and triplets along DNA by the searching protein and extract the values of the corresponding EP energies, and the results are presented in Figure 5C as a function of F. We observe that EP energies along the DNA contour for doublets are almost invariant with increasing F. However, the same for the triplets is found to have a variation of about 1 kBT in the low-force regime. Since the EP energy for doublets is almost constant and for triplets, the EP energy varies with increasing F, the difference ΔEP of the EP energy for doublets and triplets will have a variation with F. Plotting the difference ΔEP with the fluctuation [image: image] (see inset in Figure 5C), we find a [image: image] linear correlation between the two, suggesting that the formation of base-pair triplets reduces the [image: image]. As a result, the protein can smoothly perform sliding dynamics on a less rugged DNA surface without dissociating from it. Thus, with increasing force, the protein can spend more time with DNA in a single sliding event, which typically slows down the target search process of proteins, explaining the lower efficiency in the non-specific search dynamics of proteins in the low-force regime.
[image: Figure 5]FIGURE 5 | Protein diffusion under low stretching force. (A) Variations in the average number of sliding events ([image: image]; black line) and the average time duration ([image: image]; red line) of a sliding event are plotted as a function of stretching force. Only the regime under low stretching force is highlighted. (B) Fluctuation (standard deviation) in the protein–DNA electrostatic energy is shown with respect to stretching force. (C) Electrostatic potential of the DNA molecule is calculated at the reference points in the major groove as a function of F for doublets (black line) and triplets (blue line) using the Delphi program (Li et al., 2012). The correlation between the difference in the electrostatic potential for doublets and triplets and the fluctuation in the protein– DNA electrostatic energy is shown in the inset. The red line represents the best fits. The error bar for each symbol is defined as the standard error. In (B), the associated error bars are smaller than the point size.
In contrast to the low-force regime, the average number and duration of sliding events increase and decrease, respectively, in the high-force regime (highlighted portion in Figure 6A). Unlike the low-force regime, where the electrostatic potential energy surface for triplets regulates the sliding of protein, the mechanism for protein sliding in the high-force regime is not dependent on such potential. We find that the EP energy along the DNA contour for doublets and triplets is both invariant in the high-force regime (see Supplementary Figure S10). Rather we observe that with increasing force F, the protein–DNA electrostatic energy [image: image] decreases (Figure 6B, varying from more negative to less negative values). This is because with a larger applied force, the separation distance between phosphate beads increases, thus effectively weakening the protein–DNA electrostatic energy. The [image: image] trend agrees well with the change in the major groove widths and shows a very strong correlation ([image: image], Figure 6B) with the electrostatic energy between protein and DNA (see also Supplementary Figure S11 for all force regimes). Previously, we found that such a correlation strongly influences the search dynamics of proteins while interacting non-specifically with DNA (Bhattacherjee and Levy, 2014a). Since the [image: image] decreases with high force F, the protein cannot slide for a longer period of time, and it can either hop on DNA or can diffuse three-dimensionally in the solution. Such a combination of 1D and 3D search modes is beneficial to the fast recognition of the target DNA sites. It should be noted here that, in the high-force regime, the number of sliding events is increasing with the increase in force (highlighted portion in Figure 6A), whereas Figure 4C shows that the fraction of sliding events reduces with the increase in force. To clearly understand this behavior, we note that the fraction of sliding events and number of such events are two independent parameters and are not linked with the total number of protein diffusion events. The fraction of protein sliding is estimated by analyzing all the snapshots of the protein diffusing on DNA in a simulation trajectory. The number of snapshots in which the protein is found to perform sliding motion (see Supplementary Text for definition) is normalized with the total number of snapshots to measure the fraction of sliding. On the other hand, a sliding event is defined as the continuous snapshots of sliding motion of the protein without performing hopping or 3D diffusion dynamics. The number of snapshots in such an event is a reflection of the time duration of the event. Clearly, then for a given fraction of sliding events, if the duration of sliding events reduces, the number of sliding events rises representing short sliding events interspersed by hopping/3D diffusion dynamics. Alternatively, fewer sliding events with longer duration of each event represent smooth sliding motion of the protein along DNA.
[image: Figure 6]FIGURE 6 | Protein diffusion under high stretching force. (A) Variations in the average number of sliding events ([image: image]; black line) and the average time duration ([image: image]; red line) of a sliding event are plotted as a function of stretching force. Only the regime under high stretching force is highlighted. (B) Correlations between the protein–DNA electrostatic energy and the average major groove width with the stretching force. The correlation coefficient between them is represented by r. The error bar for each symbol is defined as the standard error.
4 CONCLUSION
While the recognition of DNA base sequences by proteins on unstretched DNA, in transcription and translation contexts, has been extensively studied in past decades, much remains to unveil about the role of extension of DNA in the nucleobase recognition by proteins. Several experimental and theoretical studies have shown that dsDNA exhibits a remarkable mechanical transition when it is stretched by an external force. When canonical B-form DNA is stretched mechanically at forces ranging 60–70 pN, its length gets elongated up to 70% to its initial contour length, and a structural transition from B-DNA into an overstretched S-DNA conformation was observed. During the transition, the existence of an overstretched Σ-DNA conformation is identified recently using a laser-tweezers force-spectroscopy experiment, where the degree of extension in Σ-form DNA is observed to be 50% extended compared to that in B-DNA. Such a Σ-DNA structure is also found in the presence of recombinase proteins. This Σ-form DNA may be considered a special case of stretched S-DNA, where the bases in Σ-DNA appear in a specific arrangement. Σ-DNA consists of stacked triplets of nucleobases, and these triplets are separated by a large rise gap. The appearance of these base triplets in stretched nucleic acids might have a biological role in enhancing the recognition of base sequences, as speculated and hypothesized recently (Bosaeus et al., 2017). To understand the connection between triplet formation and base recognition by proteins, we investigate the diffusion of a protein molecule on stretched DNA. We choose a DNA length of 100 bp, which is smaller than the DNA persistence length. For DNA longer than its persistence length, the flexibility of DNA and the partition of base-pairs are expected to be more prominent, although subjected to a detailed study. Here, we use the latest 3SPN.2C coarse-grained model of DNA to characterize the DNA dynamics, where the DNA is subjected to a constant stretching force applied to both of its 3′ ends. It is important to mention here that the 3SPN.2C DNA model has not been applied previously in the context of force-induced DNA stretching. Recently, the 3SPN.2C DNA model has been applied for estimating a small-magnitude force-dependent free energy profile of nucleosome unwrapping in which a constant force was applied to each end of DNA and nucleosomal DNA was pulled from both ends until the nucleosomal DNA unwraps from the histone surface (Lequieu et al., 2016). However, the applicability of the 3SPN.2C model is not restricted to the canonical B-DNA conformation. In a recent study, we used the same DNA model to investigate the diffusion of a protein molecule on supercoiled DNA structures with different degrees of supercoiling (Mondal et al., 2022b), suggesting the generality of the DNA model. Nevertheless, we validated the suitability of the DNA model for studying force-induced extension both qualitatively and quantitatively against the available experimental observations. The constant forces are varied between 0 and 200 pN. We find that when the dsDNA is stretched under constant force, the force–strain curve exhibits a structural transition from B-DNA to S-DNA conformation via an intermediate Σ-DNA state. The force–strain profile is reminiscent to the previously reported experimental observations. Our coarse-grained simulation results quantitatively describe the DNA helical parameters such as twist and rise in overstretched DNA conformations, which are consistent with the previous all-atom simulation results. Moreover, the DNA base-stacking angles in 50% stretched Σ-DNA conformation match quantitatively with the values obtained from the crystal structure of the RecA–dsDNA complex. Depending on the type of base-stacking and base-pairing interactions, different local conformations are observed which are in good agreement with the local conformations obtained from atomistic simulations. Furthermore, the resulting stretched DNA conformations show the clustering of stacked nucleobases such as doublets, triplets, and quadruplets, among which the triplet structures are found to be the most stable structure among doublets and quadruplets. This result is in qualitative agreement with the experimental measurements by Bosaeus et al. (2017). When the protein diffuses one-dimensionally along DNA, it favors the formation of base triplets in all force regimes compared to its unbound form. The relative population of base triplets reduces the ruggedness of the protein–DNA binding energy surface and results in the faster diffusion of proteins. Furthermore, we also underscore the mechanistic details of the diffusion dynamics of proteins in both low- and high-force regimes. In the low- and high-force regimes, we observed completely opposite behavior in the average number of sliding events and their time durations. In the low-force regime, the number of sliding events shows a decreasing pattern with force F. Analyzing the electrostatic potential in the triplet containing DNA structures, we find that the base-pair triplet reduces the ruggedness of the protein–DNA electrostatic potential surface on which the protein can smoothly perform sliding dynamics and spend higher time during sliding, which usually retards the target search efficiency. In contrast, the number of sliding events exhibits an increasing trend in the high-force regime, the rationale of which arises from the increased protein–DNA electrostatic energy due to the increased separation distance between phosphate groups, which helps the protein not to slide too long on DNA, and a right blend of the combination of 1D and 3D search modes accelerates the diffusing protein for the faster recognition of DNA bases on stretched DNA. Our study provides the plausible rationale behind the advantage of the formation of DNA base triplets that can be observed under in vitro conditions, the knowledge of which would be beneficial to understanding crucial DNA metabolic processes. Nevertheless, suitable experimental methods are warranted to validate our results and establish a more direct relationship between DNA base-pair partitions and flow of genetic information.
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