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In the Escherichia coli, RecA plays a central role in the recombination and repair of the DNA. For homologous recombination, RecA binds to ssDNA forming a nucleoprotein filament. The RecA-ssDNA filament searches for a homologous sequence on a dsDNA and, subsequently, RecA mediates strand exchange between the ssDNA and the dsDNA. In vitro, RecA binds to both ssDNA and dsDNA. Despite a wide range of studies of the polymerization of RecA on dsDNA, both at the single molecule level and by means of biochemical methods, important aspects of this process are still awaiting a better understanding. Specifically, a detailed, quantitative description of the nucleation and growth dynamics of the RecA-dsDNA filaments is still lacking. Here, we use Optical Tweezers together with a single molecule analysis approach to measure the dynamics of the individual RecA domains on dsDNA and the corresponding growth rates for each of their fronts. We focus on the regime where the nucleation and growth rate constants, kn and kg, are comparable, leading to a coverage of the dsDNA molecule that consists of a small number of RecA domains. For the case of essentially irreversible binding (using ATPγS instead of ATP), we find that domain growth is highly asymmetric with a ratio of about 10:1 between the fast and slow fronts growth rates.
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INTRODUCTION
The primary function of the RecA protein is to exchange strands as part of the homologous recombination process in Escherichia Coli (Radding, 1988; Cox, 1999; Kowalczykowski, 2000; Cox, 2007b; Prentiss et al., 2015; Bell and Kowalczykowski, 2016). In addition, RecA plays an important role in DNA repair. One of the first steps in homologous recombination is the assembly of RecA-ssDNA filaments, whereby each RecA monomer attaches to three DNA base pairs. At the next stage, a RecA-ssDNA filament searches for a homologous sequence on the target dsDNA. Once such sequence is located, RecA induced strand exchange occurs, whereby the ssDNA replaces the homologous strand of the dsDNA. In vitro, RecA can polymerize on either ssDNA or dsDNA. The RecA-DNA filament is significantly more rigid than the bare DNA. Its formation requires ATP and a divalent cation e.g. Mg2+. Polymerization of RecA on DNA takes place via the growth of domains. The first few protein monomers that bind at adjacent sites in a protein free region of the DNA form a nucleus which subsequently grows by adding monomers to each of the two sides of the new domain. The growth of domains is asymmetric, being faster in the 5′ to 3′ direction of the DNA. While for ssDNA nucleation and growth are relatively fast, when the protein binds to dsDNA the nucleation step is much slower (Pugh and Cox, 1988). In the case of dsDNA, the presence of single strand regions, e.g., a nick, accelerates the nucleation step. Nucleation on dsDNA is also accelerated by stretching the molecule or reducing the pH. In contrast, the secondary structure of dsDNA restricts the attachment of the RecA preventing full coverage of the DNA. Structurally, the effect of RecA binding is to extend the length of each group of three base pairs (bp) by a factor of about 1.5 and unwind the dsDNA from a 35° twist down to one of only 20° (Stasiak and Egelman, 1994). Proteins that are homologous to RecA are found in all species, e.g., the human Rad51 protein (Baumann and West, 1998).
The RecA protein has been widely studied using biochemical methods and many of its properties are known. More recently, single molecule methods were introduced that allow measuring directly properties of a particular molecule which are lost at the macroscopic scale (Leger et al., 1998; Hegner et al., 1999; Shivashankar et al., 1999; Sattin and Goh, 2004; van der Heijden et al., 2005; Galletto et al., 2006; Joo et al., 2006; Mine et al., 2007; van Loenhout et al., 2009; Danilowicz et al., 2012; De Vlaminck et al., 2012; Forget and Kowalczykowski, 2012; Fu et al., 2013a; Fu et al., 2013b; Lee et al., 2013; Kim et al., 2014; Kim et al., 2015; Lee et al., 2015; Qi et al., 2015; Lee et al., 2016; Danilowicz et al., 2017; Lee et al., 2017). For example, magnetic and optical traps have been used to study the effect of external force and torque on the polymerization of proteins on DNA and for testing models of homology search strategies (Leger et al., 1998; Hegner et al., 1999; Shivashankar et al., 1999; van der Heijden et al., 2005; Mine et al., 2007; van Loenhout et al., 2009; Danilowicz et al., 2012; De Vlaminck et al., 2012; Forget and Kowalczykowski, 2012; Fu et al., 2013a; Fu et al., 2013b; Lee et al., 2013). Moreover, quick dynamic changes during the RecA-DNA filament formation were measured using fluorescence resonance energy transfer (FRET) (Joo et al., 2006). FRET also allows monitoring the kinetics of the RecA mediated strand exchange process by selectively labeling each of the two strands with different fluorophores, a donor and an acceptor (Kim et al., 2014; Kim et al., 2015; Danilowicz et al., 2017).
In the assembly of the RecA-dsDNA filament, the nucleation and growth rates strongly depend on the environmental chemical and physical conditions. Measuring the rate of ATP hydrolysis, it was shown that the rate of RecA binding is larger for a dsDNA tailed with a 5′ ssDNA than one tailed with a 3′ ssDNA (Register and Griffith, 1985; Lindsley and Cox, 1990). This indicates that the growth of RecA domains on DNA is asymmetric with a strong preference to the 5′ to 3′ direction. In the light of these results, it was suggested that RecA-dsDNA filaments that form in the presence of the essentially non-hydrolysable ATPγS (Weinstock et al., 1981) should behave differently, namely, their assembly would proceed in a symmetric manner (Cox, 2007a). Apparently, this expectation relied on the assumption that the RecA-ATP complex has a different configuration when attached to DNA and this configuration change is due to the ATP hydrolysis.
Biochemical methods, as those described in the previous paragraph, cannot provide detailed information regarding the dynamics of the individual RecA domains on a particular dsDNA molecule. Such domain dynamics can be extracted using a single DNA approach that exploits the fact that RecA binding leads to the local extension of the dsDNA length. In particular, one can extract the coverage dynamics of RecA on dsDNA from the time dependent growth of the dsDNA contour length during RecA polymerization. This approach was used to determine the rate constants of nucleation, [image: image], and growth, [image: image], of RecA on individual dsDNA molecules (Leger et al., 1998; Hegner et al., 1999; Shivashankar et al., 1999). Some of these experiments were performed in the range of high nucleation rate where it is difficult to separate nucleation from growth such that only the combined rate constant, [image: image], could be measured (Shivashankar et al., 1999). Nevertheless, it was subsequently shown that one can use a nucleation and growth molecular model to simulate the experimentally measured RecA polymerization dynamics and extract each of the individual rate constants, [image: image] and [image: image], separately (Turner, 2000). A similar approach was also used to study the assembly of the Rad51 recombinase on DNA (Mine et al., 2007; Pierobon et al., 2010).
Single molecule methods were also used to study the effect of force applied to the DNA on the rate of RecA polymerization and the efficiency of the homology search (Leger et al., 1998; van Loenhout et al., 2009; Danilowicz et al., 2012; De Vlaminck et al., 2012; Fu et al., 2013a; Fu et al., 2013b). In the experiments of Leger et al. (Leger et al., 1998), the dsDNA molecule was stretched with constant force (10–100 pN) and the elongation rate due to RecA binding was monitored. It was shown that the RecA-dsDNA complex formed more rapidly in the presence of applied force that reduced the energy barrier for protein binding. For example, stretching the dsDNA with a force of 75 pN lead to a reaction rate that was 20 times faster than that observed when a 15 pN force was applied. Fu et al. (Fu et al., 2013b) used magnetic tweezers to study the competition between RecA polymerization and de-polymerization on dsDNA for different temperatures, pH values and salt concentrations. They showed that these parameters distinguish between a regime where RecA polymerization is stable and another where it is transient reverting to naked dsDNA at the end of the process. Magnetic tweezers were also used to control the torque applied to the dsDNA and probe its effect on the assembly of RecA or Rad51 onto dsDNA (van der Heijden et al., 2005; Lee et al., 2013). van der Heijden et al. (van der Heijden et al., 2005) found that the polymerization process stalls at high torsions of the dsDNA molecule leading to dsDNA molecules that are only partially covered with RecA.
The different stages of homologous recombination were also studied at the single molecule level using fluorescence microscopy (Galletto et al., 2006; Forget and Kowalczykowski, 2012; Lee et al., 2015; Qi et al., 2015; Lee et al., 2016; Lee et al., 2017). For example, Galletto et al. (Galletto et al., 2006) analyzed the assembly of individual RecA-dsDNA filaments. They used fluorescently labeled RecA to image the segments of the dsDNA that were coated with RecA at intermediate stages of the polymerization reaction. In agreement with previous results from biochemical studies, they showed that RecA polymerization is controlled by the slow nucleation step. When ATP was used in the reaction, the corresponding critical nucleus is about four–five protein monomers. In contrast, the growth of the RecA domains is a relatively fast process for both of the cofactors that were studied, namely, ATP and ATPγS. The asymmetry of RecA domain growth was also analyzed in the presence of either ATP or ATPγS. Although for both cofactors the data indicated a certain extent of asymmetric growth, it was not sufficiently accurate to allow for the quantitative determination of the fast and slow growth rates.
In this paper, we present a new approach to measuring the growth rates of individual RecA domains on dsDNA that allows obtaining the growth rate for each of the two fronts of individual domains. This enables us to establish the extent of asymmetry between the fast and the slow fronts of each domain. To this end, we restrict our study to the case of essentially irreversible binding (ATPγS) (Lindsley and Cox, 1989). Biochemical studies indicate that ATP hydrolysis is only required in the final phase of RecA dissociating from the DNA and, accordingly, using ATPγS instead of ATP has become a standard approach in the study of the reaction between RecA and DNA (Weinstock et al., 1981). Similarly, in our study, ATPγS was used in order to separate the assembly phase of the RecA on dsDNA from that of the disassembly. Moreover, we choose the experimental parameters such that the nucleation and growth rates are comparable, [image: image]. In this regime, we obtain a small number of RecA domains on each dsDNA molecule that, in turn, allows extracting their dynamics from the dsDNA contour length variation. We measure the nucleation and growth rates of the individual domains in the presence of ATPγS and find that, on average, [image: image] and [image: image]. Moreover, we find that domain growth is strongly asymmetric whereby the rate of growth is about 10 times larger for the fast front than for the slow one.
MATERIALS AND METHODS
Experimental System
In our system, we use Optical Tweezers to apply and measure forces on individual dsDNA molecules. It consists of a near infrared laser beam (SDL 5422H1, 830 nm wavelength) focused through a 100X objective (Zeiss, 1.25 numerical aperture, oil immersion) together with a Quadrant Photodiode (QPD) that monitors the position of a trapped microbead (Figure 1). The power of the laser beam at the optical trap is about 30 mW. Single dsDNA molecules are attached at one end to the bottom cover glass and at the other end to a polystyrene microbead of 1.6 μm diameter (Polysciences). The experiment is performed in a flow cell that allows changing the biochemical composition of the sample. To avoid breaking the bead-dsDNA-cover glass constructs, we inject new solution at relatively low flow rates using a DC motor (Newport) to activate a syringe. Following the addition of RecA to the sample and its assembly on the dsDNA molecules, the dsDNA elongates by an extent proportional to the amount of bound protein. To monitor the change in the contour length of a particular dsDNA molecule, we extend the filament by applying an approximately constant force on the trapped bead (∼0.8 pN).
[image: Figure 1]FIGURE 1 | The optical system: Laser—single mode (TEM00) diode laser, AL—aspherical lens, AP—anamorphic prisms, L1, L2, L3—lenses, M1—mirror, DM1, DM2—dichoric mirrors, OL1, OL2—objectives. While OL1 focuses the laser beam forming the optical trap, OL2 collects the light scattered from the trapped bead that after reflection from DM2 reaches the QPD. The protein and the appropriate buffer are injected into the sample via a motorized syringe.
The force exerted by the dsDNA-RecA filament on the trapped bead, F, manifests as a shift in the bead position with respect to the center of the trap, Δx. Correspondingly, the value of Δx affects the distribution of the laser light scattered from the trapped bead. This variation in the distribution of the laser light transmitted through the sample is monitored by the QPD. Calibrating the QPD allows to deduce the value of Δx from the voltage difference between the appropriate quadrants. Although the system allows a sampling rate of 20 KHz, we average the data down to rates in the 1–10 Hz range to reduce the effect of Brownian motion. The force is adjusted whenever it deviates from the 0.8 pN mark by an appropriate shift of the sample. Since the optical trap is at a fixed position, we move the sample to change the end-to-end distance of the DNA molecule, leading to a corresponding change in the force. A Peltier element together with a feedback control unit (PID) is used to maintain a constant temperature in the sample at 37.0 ± 0.1°C. It is attached to a copper ring that is in thermal contact with the microscope objective.
Sample Preparation
The bead-dsDNA-glass construct is prepared using a low pH protocol for spontaneous binding (Allemand et al., 1997; Shivashankar et al., 1999). λ-DNA, 48.5 Kb, 16.5 μm (Promega) is incubated with the beads and PBS buffer at pH = 4 for 15 min to obtain the DNA-bead link. Next, the solution of DNA and beads is injected into the sample and after 2 h incubation we find that a certain fraction of the DNA molecules are tethered both to the glass bottom and to a microbead. Finally, we gently wash the sample to remove free beads and unbound DNA molecules. For a particular bead-dsDNA-glass construct, we verify that the bead is tethered by a single dsDNA molecule by measuring its force extension behavior and comparing it to the prediction of the Worm Like Chain (WLC) model (see Eq. 1) (Marko and Siggia, 1995). We then stretch the dsDNA and inject the protein together with the appropriate buffer solution into the sample cell. The final concentrations are as follows: RecA (9.33 μM), ATPγS (4.5 mM), MgCl2 (6.25 mM), DDT (6.25 mM), TrisHCl (18.75 mM), and the pH is 7.9. The pH and the protein and buffer concentrations were chosen such that the nucleation is sufficiently slow allowing to observe the dynamics due to individual nucleation events.
Although the low pH protocol for obtaining the bead-dsDNA-glass construct is not widely used in single molecule experiments, it is particularly straightforward allowing us to perform a relatively large number of experiments. On one hand, its main drawback is that it is by far less specific than, for example, the standard biotin:streptavidin tethers, leading to a fraction of bead-dsDNA-glass constructs where the dsDNA is attached at some internal site rather than at its end to either the glass or the bead. However, for our experimental approach, such constructs are equally suitable as those where the dsDNA is only tethered at its ends. To include the non-specific constructs in our experimental data, we measure the contour length of the dsDNA between tethering points for each construct using the WLC model (see Eq. 1) (Marko and Siggia, 1995). Moreover, we test that the length of the dsDNA is not affected by the increase in pH to 7.9 in preparation for the RecA reaction. On the other hand, the non-specific constructs allow obtaining data for different contour lengths of the naked dsDNA, an additional parameter that affects the polymerizarion dynamics of RecA on dsDNA.
Measuring the Length of the dsDNA-RecA Complex
To monitor the length dynamics of the dsDNA-RecA complex during the polymerization process, we need to find the way it is related to the measured time dependence of the force exerted on the trapped bead. The equilibrium behavior of polymers under tension has been extensively studied (Smith et al., 1992; Perkins et al., 1995; Cluzel et al., 1996; Simmons et al., 1996; Wang et al., 1997). Using the WLC model, it was shown that the force, F, required to stretch the polymer to a certain end-to-end distance, z, is linear in the small z regime and rapidly grows as z approaches the contour length, L (Marko and Siggia, 1995). A good approximation to the exact [image: image] is provided by the interpolation formula
[image: image]
where A is the persistence length, T, the temperature and [image: image], the Boltzmann constant.
For naked dsDNA in solution of physiological ionic strength and [image: image], it was found that the persistence length, [image: image], is about 50 nm. The effect of the RecA binding on the force-extension behavior is twofold: 1. the RecA-dsDNA complex is longer that the naked DNA, leading to an increase in the contour length, [image: image], as more RecA assembles on the dsDNA, 2. the RecA-dsDNA filament is significantly more rigid than the naked dsDNA molecule, [image: image], where [image: image] is the persistence length of RecA-dsDNA. At intermediate stages of the RecA-dsDNA filament assembly, several domains on the dsDNA are decorated with protein while the rest is naked. In the large extension regime, [image: image], one expects that the force-extension behavior of a partly decorated filament only depends on the decorated length fraction, ϕ, rather than on the specific partition into domains. Accordingly, the relation between force and extension in partially assembled filaments is equivalent to that of a filament with a single RecA-dsDNA domain starting at one of the ends of the dsDNA and the same value of ϕ (Figure 2). Moreover, in the [image: image] regime, we can neglect the first and last terms of Eq. 1 and characterize each of the decorated and the naked sections by their corresponding contour length, persistence length and end-to-end distance, [image: image], [image: image], [image: image] and [image: image], [image: image], [image: image], respectively (Figure 2). Clearly, [image: image], [image: image] and [image: image], where F, [image: image] and [image: image] are the forces on the entire mixed filament, on the protein decorated domain and on the naked dsDNA part, respectively. Also, [image: image] is the contour length and z, the end-to-end distance of the entire filament. Since in our experiment we measure [image: image], [image: image], [image: image] and [image: image], these relations correspond to four equations with four unknowns, [image: image], [image: image], [image: image] and [image: image]. Solving these equations provides an expression for the contour length of the protein decorated portion of the molecule
[image: image]
where [image: image] and [image: image]. Using the appropriate values for the persistence lengths, [image: image] and [image: image], together with the value of [image: image] that is measured at the start of each experiment, we can use Eq. 2 to extract the contour length of the RecA-dsDNA domain from the measured values of [image: image] and [image: image]. Since the total contour length is simply related to [image: image], this allows obtaining the time dependence of the dsDNA decorated fraction, [image: image]. While for the persistence length of the naked dsDNA, [image: image], at the conditions of our experiment, we use the standard 50 nm value (Smith et al., 1992; Rocha et al., 2004), we have measured the value of [image: image] for dsDNA molecules that were fully covered by RecA. Although we found some variation between the [image: image] values obtained for different molecules, the 1,200 nm value represents a good approximation to the persistence length of the RecA-dsDNA complex whenever the RecA coverage is complete.
[image: Figure 2]FIGURE 2 | A dsDNA with a naked section (thin curve) and a single RecA domain (thick curve). Each segment of the molecule is characterized by its contour length, end-to-end distance and persistence length. In the experiment, we measure the force exerted by the dsDNA molecule on the trapped bead and the end-to-end distance of the entire molecule, z, as a function of time.
Nucleation and Growth Model for the Fast nucleation Regime
In the regime where the rate of protein nucleation, [image: image], is much larger than the rate of domain growth, [image: image], we may assume that the number of domains, N, is a continuous variable. This allows obtaining a model that links the dynamics of [image: image] with that of the DNA coverage, [image: image], via a set of two coupled differential equations (Avrami, 1939; Shivashankar et al., 1999)
[image: image]
[image: image]
While the rate constants of Eqs. 3a,b depend on the number of RecA binding sites on the naked DNA, [image: image], where a is the length of a RecA binding site (3 bp), these can be normalized to obtain the corresponding microscopic values, n and [image: image], such that [image: image] and [image: image]. n is the nucleation rate density (per unit time per binding site) and [image: image] is the average growth velocity of individual domains. While the first term of Eq. 3a describes the creation of new nuclei at a rate proportional to the undecorated part of the dsDNA molecule, the second term depicts the reduction in the number of domains due to collisions between their fronts. The model assumes periodic boundary conditions on the dsDNA molecule (circular DNA). However, the model also assumes a large number of domains, [image: image], and since N has to be much larger than the total number of DNA base pairs, [image: image], we are in the limit of large [image: image] where boundary effects are negligible. In other words, the model of Eqs. 3a,b is equally accurate for both circular and linear DNA.
Equations. 3a,b can be easily solved leading to a sigmoidal behavior for the dynamics of the protein coverage
[image: image]
Moreover, the model of Eqs. 3a,b can be generalized to include the case where the average rate of growth of the domains is asymmetric, such that, the growth rate in the 3′ to 5′ direction of the dsDNA is r times slower than that in the reverse direction. For this case
[image: image]
where [image: image] is the rate constant of the fast front such that the growth rate of the domain is [image: image]. Note that, unlike [image: image], [image: image] represents the growth rate of individual fronts rather than that of entire domains. Since the behavior of the protein coverage in the fast nucleation regime (Eqs. 4,5) depends only on the product of the reaction rates, [image: image], and the front propagation asymmetry factor, r, one cannot obtain each of these parameters separately by comparing between the model and the corresponding experimental measurements. Instead, to determine each of these parameters separately, the assembly of the protein on dsDNA needs to be analyzed in a regime where nucleation is not much faster that the growth rate.
Nucleation and Growth Model for the Slow nucleation Regime
Another regime of the nucleation and growth process that can be described via an exactly solvable model is the limit of slow nucleation, [image: image]. Here, we may assume that there is only one domain that grows to cover the entire dsDNA molecule. Since the location of the nucleation site for this domain can be anywhere along the dsDNA, the dynamics of the coverage, [image: image], is different for each realization. However, in all realizations, the coverage dynamics is bilinear. While, the first slope corresponds to the time before the first front reaches the end of the molecule, the second slope represents the time interval until the other front reaches the other end of the dsDNA
[image: image]
where x · L is the position of the nucleation event and [image: image] is the step function.
Averaging Eq. 6 over all possible realizations, gives the ensemble averaged coverage dynamics, [image: image], (Turner, 2000)
[image: image]
Unlike the behavior in the fast nucleation regime, here [image: image] depends separately on the values of [image: image] and r and does not depend on [image: image]. This can be used to determine both [image: image] and r by fitting the behavior of Eq. 7 to the experimentally measured coverage dynamics in the low nucleation regime. Moreover, here asymmetric domain growth leads to a three step behavior for [image: image] instead of the two step behavior of the symmetric case.
RESULTS
Kinetics of RecA Protein Polymerization on Single dsDNA Molecules
Kinetics of the dsDNA-RecA Filament Length
In our experimental setup, we measure the force exerted on the microbead by a single stretched dsDNA-RecA filament, F. For example, in Figure 3A the time trace of F, [image: image], is shown for a molecule that is 16.4 μm long before the onset of RecA assembly. To perform the experiment under approximately constant force, we shift the position of the trap to maintain [image: image] in a limited range around 0.8 pN, [image: image]. Figure 3B shows the variation in the distance between the trap position and the point where the dsDNA is attached to the coverslip, [image: image], corresponding to the [image: image] of Figure 3A.
[image: Figure 3]FIGURE 3 | Typical experiment monitoring the RecA polymerization dynamics on a single dsDNA molecule. (A) Force as a function of time measured for a dsDNA molecule with L (0) = 16.4 μm.(B) Trap position relative to the point where the dsDNA molecule is tethered as a function of time for the same experiment as in (A). Time is measured from the moment when we start to inject the protein into the sample. Since during protein injection and for a short period afterward there is noticeable fluid flow in the sample, no measurements were made during the corresponding time interval (about 300 s).
In order to obtain the kinetics of the protein assembly on the dsDNA from the measurements of Figure 3, we use Eq. 2 where the value of the end to end distance, z, is approximated by the distance between the center of the optical trap and the dsDNA tethering point, y (see Figure 3B). The difference between these two quantities, z and y, is due to several, relatively small corrections that, moreover, almost cancel out. While the radius of the bead, 0.8 μm, and the displacement of the bead from the center of the trap due to the applied force, ∼0.2 μm, should be subtracted from the value of y, the effect due to the height of the trap above the bottom of the sample leads to an increase in the value of z relative to that of y. In our analysis, we assume that the effect of these corrections is below our experimental accuracy. In Figure 4 we show the resulting behavior of the RecA-dsDNA complex length as a function of time, [image: image], for the same experiment as in Figure 3.
[image: Figure 4]FIGURE 4 | Kinetics of the DNA length as a function of time for the same experiment as in Figure 3 (full line). The dashed line indicates the expected saturation length corresponding to complete coverage of the dsDNA by RecA protein. The stepwise structure of the [image: image] suggests that the domains grow significantly faster in one direction than in the other. Times when the slope of [image: image] changes abruptly correspond either to a nucleus formation, the collision of two adjacent domains or the collision of a domain with an end of the DNA molecule.
Kinetics of the Individual RecA-dsDNA Domains
The multiple step behavior of [image: image] shown in Figure 4 corresponds to a regime that is intermediate between that of large number of nuclei, Eq. 5, and that of a single nucleus, Eq. 7. While Eq. 5 predicts a continuous sigmoidal growth of [image: image], in the single nucleus limit, [image: image] displays bilinear growth. In contrast, in the experiment of Figures 3, 4, the observed behavior is consistent with a scenario where a small number of domains compete to seize their share of the undecorated dsDNA molecule. Within this interpretation, the formation of a new domain would lead to a sudden increase in the rate of protein assembly corresponding to an increase in the slope of [image: image]. Moreover, whenever two domains collide or one domain collides with one of the ends of the dsDNA molecule, this would manifest as a sudden decrease in the slope of [image: image]. In what follows, we refer to such events as break points. Counting the number of break points in [image: image] while an undecorated dsDNA becomes fully covered with RecA, Q, allows establishing the total number of protein domains, [image: image], [image: image]. For example, in the case of Figure 4, the kinetics of [image: image] can be interpreted as displaying five break points, Q = 5 (including the point where saturation occurs at [image: image] that was not measured in Figure 4 and is assumed to take place at t > 6,850 s), corresponding to Nt = 2. Moreover, the slope of [image: image] in between break points may be related to the rate of growth of the individual domain fronts present in the corresponding time interval. This relation also indicates that, for the case of the experiment shown in Figure 4. in the time interval between the first two break points, [image: image] and [image: image], the growth of [image: image] is due to a single domain. Since at [image: image] the growth rate of [image: image] decreases significantly, we may infer that at this time one of the two fronts of this domain has stopped growing and that the remaining growth is due to the second front. Notably, within our interpretation of the data, the growth velocity of one front is about 12 times faster than the other. In what follows, we suggest that this strong asymmetry between the growth rates of the individual domain fronts represents a general feature in the RecA-dsDNA system in the presence of ATPγS.
One may extend the interpretation relating the [image: image] kinetics to that of the individual domains also to the regime where several domains coexist. To this end, we need to identify the collision scenario that is compatible with the observed growth pattern of [image: image]. Unlike in the single domain case, we find that for multiple domains there can be several scenarios leading to a particular growth pattern of the RecA-dsDNA. For the experiment of Figure 4, we identify times [image: image] and [image: image] as domain formation events and [image: image], [image: image] and [image: image] as front collisions. However, time [image: image] may correspond to the collision of the slow front of the first domain with the fast front of the second domain (black line in Figure 5) or to the collision of the fast front of the second domain with the end of the dsDNA molecule (blue line in Figure 5). We find that the multiple scenario behavior is not a special feature of the experiment of Figures 4, 5. On the contrary, the larger the number of growing protein domains on the dsDNA, the more decomposition scenarios will be consistent with a particular kinetics of the measured [image: image].
[image: Figure 5]FIGURE 5 | Relation between the domain kinetics and the measured [image: image]. The upper part of the figure shows the measured [image: image] (black). Below the dashed line corresponding to the initial length, [image: image], we show the front kinetics as obtained from the Eqs. 8a–f for the I-st scenario (red and green) and that for the II-nd scenario resulting from a similar set of equations (red and blue). Here, the position of the front is displayed using its location on the undecorated dsDNA. Note that the kinetics of the first domain (red) is identical for the two scenarios. This part of the domain kinetics is described by Eqs. 8a,b, e.
Each of the kinetic scenarios consistent with a particular [image: image] can be quantitatively analyzed to obtain the values of the parameters describing the domain trajectory on the undecorated dsDNA. Specifically, we need to determine the values of each of the front velocities, [image: image] and [image: image] (velocity of the fast and slow fronts of the ith domain, respectively), the position where the nucleation of the ith domain occurs, [image: image], and the time of nucleation and domain collisions (break points), [image: image], where both the index of the domains, i, and that of the break points, j, are ordered chronologically. To this end, we can relate between the individual domain parameters for a particular kinetic scenario and the time dependence of [image: image] via a set of linear equations. For example, Eqs. 8a–f represent such relation for the case of the red and green scenario (the first scenario) of Figure 5
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where [image: image] is the slope of the best linear fit to the measured [image: image] in the time interval between [image: image] and [image: image] (see Figure 5). While Eqs. 8a–d relate the front velocities of the individual domains to the rate of change in [image: image] for each of the four time intervals between consecutive break points, Eqs. 8e,f determine the positions of the two nucleation sites from the detailed domain kinetics. Another set of equations similar to Equations (8a-f) describes the domain kinetics corresponding to the red and blue scenario (the second scenario) in Figure 5.
In the domain kinetics equations, e.g. those of Eqs. 8a–f, the values of [image: image] and [image: image], that are extracted directly from the time-dependence of [image: image], play the role of parameters and [image: image], [image: image] and [image: image] are the unknowns. However, we often find that for some of the scenarios compatible with the measured [image: image] the solutions are unphysical, namely, some of the front velocities come out to be negative. Such negative values correspond to the disassembly of RecA proteins from the dsDNA which is negligible in our experiments since we use ATPγS instead of ATP. For example, for the second scenario of Figure 5 (red and blue), we obtain that [image: image] and therefore this scenario cannot take place. While in the case of the experiment of Figures 3–5 this mechanism leads to a single allowed scenario and thus, to unique domain kinetics, we find that, in general, there can be multiple scenarios where all front velocities are positive. As the number of protein nuclei on the dsDNA increases, it becomes more likely to find a larger number of different scenarios with only positive front velocities.
For the experiment of Figures 3–5, we obtain the values of [image: image] and [image: image] corresponding to the first scenario, fitting a bilinear function to [image: image] for each [image: image] time domain. At first, the values of [image: image] are directly estimated by inspection of the [image: image] break points and used as initial values for an iterative computation. This approach converges to the best fitting piecewise linear function to [image: image] after about four iterations. Solving Eq. 8 with the values of [image: image] and [image: image] obtained from the iterative fit of [image: image], we obtain the locations of the nucleation sites, [image: image], and the velocities of each of the domain fronts, [image: image] and [image: image], as illustrated in Figure 5. Moreover, we use the solution of Eq. 8 to simulate the [image: image] corresponding to the domain kinetics for the first scenario (see Figure 6A) and find that the simulated [image: image] is in good agreement with the experimental measurements. Figure 6B illustrates the distribution of the RecA domains at the times corresponding to each of the four break points.
[image: Figure 6]FIGURE 6 | Domain kinetics corresponding to the solution of Eq. 8(A) The dsDNA length kinetics, [image: image], as obtained from the solution of Eq. 8 (line) is compared to the experimentally measured values of [image: image] (full circles). To reduce fluctuations, each range of 2000 consecutive [image: image] data points was averaged and the corresponding value is displayed at the mid-point of the respective time interval. (B) Illustration of the RecA domain distribution along the dsDNA at the four breakpoints, [image: image]. Following the color code of Figure 5, the first and second domains are displayed in red and green, respectively. The domain distribution is normalized to display positions with respect to the undecorated dsDNA. On this normalized scale, consecutive tick marks are 1 μm apart (except for the last two).
Statistical Analysis of the Domain Kinetics for RecA Polymerization on Single dsDNA
We have performed a series of experiments under the same conditions as those leading to the results of Figures 3–5 (see Supplementary Section S1 for details). As one would expect, the [image: image] kinetics that was measured is quite different from one experiment to another. However, in most experiments we observe the step-like structure reminiscent of that of Figure 4. Using the experiments where the number of nuclei is not too large, we repeated the analysis described in the previous section to obtain the full domain kinetics. Although in some of the experiments the domain kinetics was either incomplete or could be only partially analyzed, we also used such situations to extract the front velocities for some of the domains. For the latter, it is often difficult to distinguish between the velocities of the fast and slow fronts. Accordingly, we have used all available data to obtain the total velocities, [image: image], for 35 different domains. The distribution of these [image: image], [image: image], is displayed in Figure 7. The corresponding average, [image: image], leads to a domain growth rate, [image: image].
[image: Figure 7]FIGURE 7 | Distribution of the individual domain growth rates of 35 nuclei. For each domain the growth rate represents the sum of the rates for the slow and fast fronts.
The value of the average domain growth rate, [image: image], that was obtained from Figure 7 cannot be measured in the many nuclei regime of Eqs. 3–5, since the [image: image] kinetics in this regime is fully determined by the [image: image] product. This suggests that in the few nuclei regime, where our study was performed, we can also establish the corresponding value of the average rate of nucleation, [image: image]. To this end, we use the relation between the extent of undecorated dsDNA and the probability of a new nucleation event
[image: image]
where [image: image] is the probability of forming a new nucleus in the [image: image] time interval, [image: image] represents an infinitesimal time step and [image: image] is the part of dsDNA not covered by protein at time t. Integrating Eq. 9 between one nucleation event at [image: image] and the next at [image: image], the left side becomes equal to 1 and on the right side we obtain the integral of [image: image] between [image: image] and [image: image] times n
[image: image]
Moreover, the relation of Eq. 10 can be expanded to include the first N nucleation events, namely,
[image: image]
where [image: image] is the time when the protein was added to the sample, BN denotes the time integral of [image: image] from [image: image] to the time when the Nth nucleus is formed, [image: image], and [image: image] is directly related to the measured [image: image], [image: image].
Equation 11 allows us to estimate the average nucleation rate density, [image: image]. This is achieved by computing the values of BN for each of the different experiments and obtaining the corresponding averages, [image: image]. Then, according to Eq. 11, the slope of the plot of [image: image] vs. N is [image: image] (see Figure 8). The best linear fit to the [image: image] vs. N data shown in Figure 8 leads to [image: image], which, in turn, corresponds to an average nucleation rate, [image: image].
[image: Figure 8]FIGURE 8 | Experimental measurement of the average nucleation density rate, [image: image]. The values of B1, B2, and B3 were obtained from the [image: image] measured in the different experiments that were performed under identical conditions. The corresponding averages, [image: image], and their standard deviations are shown as data with error bars (squares). The dashed line represents the best linear fit to [image: image]. From its slope we obtain [image: image] and [image: image].
For three of our experiments, the domain kinetics inferred from our model allowed to obtain the velocity of each of the individual fronts. In these experiments, the [image: image] kinetics were complete, had well separated nucleation times and their decomposition was unambiguous. Of these three experiments, one had two nuclei and its full analysis was presented in the previous section. The other two experiments had one and three nuclei, respectively, leading to a total of six nuclei for which we can estimate, r, the velocity ratio between the slow and the fast fronts, [image: image].
While in the few nuclei regime where we have performed our experiments we can separately measure the average values of the nucleation and growth rates, [image: image] and [image: image], the theoretical description of the protein assembly process in this regime cannot be described by the analytical models presented in the Materials and Methods section, Eqs. 3–7. Instead, we need to use a nucleation and growth model that describes the formation of a few nuclei at random positions along the dsDNA and the dynamics whereby the emerging protein domains expand to cover the entire dsDNA molecule. We use numerical simulation to predict the average domain kinetics for our model and compare the outcome to the average experimental [image: image]. This comparison also provides an alternative method to measure the values of the average nucleation and growth rates, [image: image] and [image: image].
Nucleation and Growth Model for the Few Nuclei Regime
In the intermediate regime, where [image: image] and [image: image] are of the same order, we describe the nucleation and growth of the RecA on dsDNA using a Monte Carlo type model (Turner, 2000). It consists of two components: 1. nucleation of a protein monomer at a random position, xi, along the (0, L) interval, and 2. growth of the ith domain starting at xi and growing with rate [image: image] at one end and [image: image], [image: image], at the other. The time step for the simulation, [image: image], was set to be 0.5 s, sufficiently small to ensure that the resulting kinetics does not depend on [image: image]. At each time step, a nucleation event will occur with probability [image: image] at a random location along the undecorated part of the dsDNA. In addition, each of the existing domains will grow by [image: image] at its fast front and by [image: image] at its slow front. The side of the ith domain corresponding to the fast front is randomly chosen at [image: image], its nucleation time. The simulation is stopped when the protein covers the entire dsDNA molecule, [image: image], except for the case when r = 0 where full coverage occurs after very long time (Figure 9). To obtain the average kinetics of the protein coverage, [image: image], we repeat the simulation M times and average [image: image] over all the runs
[image: image]
The fluctuations of [image: image] between one run and another are quantified by the corresponding standard deviation, [image: image],
[image: image]
To obtain the behavior of [image: image] in the different parameter regimes, we have used a relatively small ensemble, [image: image]. At this level of averaging, the corresponding error of [image: image], [image: image], is too small to be graphically resolved (Figure 9).
[image: Figure 9]FIGURE 9 | Theoretical prediction for the average protein coverage on dsDNA. While the full lines are obtained from the Monte-Carlo simulation, the dashed lines correspond to the analytical behavior described by Eqs. 5,7. (A) slow nucleation regime, [image: image], [image: image], for different values of r: r = 0 (magenta), r = 0.1 (red), r = 0.2 (green), r = 0.5 (blue) and r = 1 (black). t = 0 corresponds to the first nucleation event. For each case, we also show the corresponding prediction of Eq. 7 (dashed). (B) fast nucleation regime, [image: image], [image: image], for same values of r as in (A) except for r = 0.5 which is too close to the r = 1 curve. The prediction of Eq. 5 is also shown (orange dashed). Unlike in (A), here the first nucleation event will occur in the [image: image] time interval with probability [image: image].
In Figure 9 we show the behavior of the average coverage, [image: image], for both the slow and fast nucleation regimes and compare the numerical results to the corresponding theoretical predictions of Eqs 5,7. In both these equations, time appears multiplied by the domain growth rate, [image: image], that sets the time scale for the kinetics in the different regimes. Therefore, in order to compare the kinetics of the nucleation and growth process at different values of the parameters it is necessary to normalize the time by the corresponding time scale [image: image]. Moreover, we found that the [image: image] kinetics for a particular growth asymmetry, r, only depends on the [image: image] ratio and not on [image: image] and [image: image] separately (not shown). To examine the effect of the growth asymmetry on the nucleation and growth process for each regime, we fixed the nucleation rate, [image: image], and varied the values of r and [image: image], such that [image: image] remains constant (Figure 9).
For the slow nucleation regime, the larger the growth asymmetry, smaller r, the slower will be the process of decorating the dsDNA on the side of the slow front of the first domain. Consequently, for small r, the [image: image] increases at a slower rate and the RecA proteins are less efficient in covering the dsDNA (Figure 9A). Moreover, while Eq. 7 only describes the growth kinetics for a single domain, at small r the undecorated fraction of the dsDNA at a particular time is larger, leading to a larger probability for a second nucleation event to occur. The contribution of the i > 1 domains to [image: image] leads to a growing discrepancy between the prediction of Eq. 7 and the results of the simulation as r decreases .
The lower efficiency of protein coverage for asymmetric growth is also found in the fast nucleation regime (Figure 9B) and can be ascribed to a mechanism similar to the one presented in the previous paragraph. When the number of domains is not too large, asymmetric growth can lead to persisting, relatively large undecorated sections between two slow growing fronts. The process of protein assembly in such regions remains inefficient until a new nucleation event occurs there. In contrast, the prediction of Eq. 9 corresponds to the limit where the number of domains is infinite and therefore, the growth asymmetry has no effect on [image: image]. We also found that the discrepancy between the behavior of [image: image] as obtained from the simulation and that of Eq. 9 diminishes for lower values of [image: image], due to the larger number of domains present at any particular [image: image] (not shown).
As discussed in the previous section, our experiments were performed in the few nuclei regime where neither Eq. 5 nor Eq. 7 are valid. Instead, we can use the Monte Carlo model described above to predict the expected behavior of [image: image]. In Figure 10, we show the kinetics of the RecA decorated fraction on the dsDNA as obtained in five different experiments performed under identical conditions (pH = 7.9, T = 37.0 ± 0.1°C, F = 0.8 ± 0.1 pN, [RecA] = 9.33 μM, [ATPγS] = 4.5 mM, [MgCl2] = 6.25 mM, [DDT] = 6.25 mM and [TrisHCl] = 18.75 mM). For our analysis, we selected only experiments that are complete, namely, those that reach [image: image] (see Supplementary Section S1). Moreover, since we cannot determine the diffusion time of the proteins between the injection point to the neighborhood of the dsDNA molecule that is being examined, t = 0 was set to the time of the first nucleation event. The stepwise nature of [image: image] is more pronounced in some of the experiments of Figure 10 (e.g. black and cyan curves) than in others (e.g. blue curve) and the time scale of the kinetics varies significantly between experiments.
[image: Figure 10]FIGURE 10 | Kinetics of the decorated length fraction of the dsDNA. The curves correspond to five different experiments performed under identical conditions (see text). The black curve is the same as in Figures 4–6. The difference in the fluctuations in the light blue and red curves as compared to those in the other three curves is due to the different extent of averaging of the raw data from the QPD (sampled at 20 kHz). To obtain a similar accuracy in the decomposition of [image: image] into linear segments for short time experiments, ∼2000 s, and long time experiments, ∼5,000 s, we had to use more data smoothing for the former than for the latter.
The large variability between the experimental kinetics obtained in individual experiments indicates that these cannot be individually described by our Monte Carlo model. Instead, we expect that the model should be able to reproduce the average experimental kinetics, [image: image]. Accordingly, we average the time traces of Figure 10 and compare the resulting curve to the prediction of the model. The comparison consists of finding the best fitting theoretical kinetics, [image: image], to the experimental average as a function of the model parameters [image: image] (see Figure 11). To obtain the best fit, we minimize the corresponding [image: image]-function which includes the errors of both the theoretical and the experimental [image: image] kinetics. These errors are obtained from the fluctuations between the individual time traces, [image: image], that are used to compute the average kinetics, [image: image]. We find that the value of the [image: image] function manifests a large variability whenever the averaging of the Monte Carlo model is insufficient. To determine the value of the [image: image] function with enough accuracy, ∼1%, we have to use [image: image], mainly in the parameter range around the minimum, which is a relatively heavy computation. Standard fitting routines were unable to obtain the parameter values corresponding to the minimal [image: image], leading to either local or spurious minima. Instead, our search for the minimum of the [image: image] function is performed by means of a three dimensional scan in the 3 parameter space, [image: image], whereby we average more (larger M) in the regions where the value of [image: image] is smaller. This is an iterative method using first limited averaging to map the [image: image] space, [image: image], with a ∼10% accuracy in [image: image]. This is followed by a two step increase in M, [image: image] and [image: image], within regions of the parameter space where the [image: image] values obtained in the previous step were below an appropriate threshold. This approach allows us to zoom in on the region of the minimal [image: image]. The step for the scan is chosen such that the error in [image: image] at its minimum, ∼1%, is smaller than the difference between the value of the computed [image: image] at the minimum, [image: image], and that at any of the neighboring points on the scan grid.
[image: Figure 11]FIGURE 11 | Average kinetics of the decorated length fraction of the dsDNA. The average of the five experiments shown in Figure 10 (black) is compared with the corresponding best fitting result from the Monte Carlo model (red). The best fit was obtained for [image: image], [image: image] and [image: image].
For simplicity, we also use the values of the scan steps to represent the errors of the best fitting parameters. These errors are therefore overestimated and should be regarded as upper bounds and of the same order of magnitude as the exact values. We find that the best fit to the experimental [image: image] is obtained for [image: image], [image: image] and [image: image]. The corresponding values for the average nucleation rate density, [image: image], and the average domain growth velocity, [image: image], are [image: image] and [image: image], similar to the results obtained in the previous section from the analysis of the individual domains (see also Table 1). Due to the variability in the length of the dsDNA’s in our experiments, only the values of the molecular parameters, [image: image] and [image: image], that were obtained using the methods of this section and those of the previous one, namely, the Monte Carlo model analysis and the domain statistics, respectively, should be equivalent.
TABLE 1 | The parameters that describe the nucleation and growth process in our experiment as obtained by each our two methods: averaging over the kinetics of individual domains as obtained from the decomposition of the [image: image] (first column) and fitting the [image: image] computed from the Monte-Carlo model to the one measured in experiments (second column).
[image: Table 1]DISCUSSION
Measuring the force exerted on microbeads with accuracy better than 0.1 pN, we have monitored the polymerization of the RecA protein on individual dsDNA molecules in the presence of ATPγS. Since the RecA-dsDNA complex is about 1.5 times longer than the naked dsDNA, the polymerization process leads to a gradual increase in the contour length of the dsDNA allowing us to obtain the kinetics of the protein coverage on a particular dsDNA molecule. In the presence of ATPγS, the protein coverage is essentially irreversible (Lindsley and Cox, 1989). We show that a model which assumes a nucleation and growth mechanism exhibiting a small number of nuclei in the parameter range used in our experiments yields predictions that are consistent with our experimental data. In this regime, we can decompose the global coverage kinetics to infer the kinetics for each of the growth fronts that develop on the two sides of a nucleus. We therefore obtain the distribution of front velocities and find that each domain grows asymmetrically with a fast front that has, on average, a velocity about 10 times larger than that of the corresponding slow front.
In the few nuclei regime, the kinetics of the protein coverage on a single dsDNA, [image: image], manifests as a stepwise graph (Figure 4). This behavior is unlike that of the multiple nuclei limit, [image: image], of Eq. 5 or the single nucleus case, [image: image], of Eq. 7. Whenever a new domain is created or two fronts collide, [image: image] displays a break point, namely, a sudden change in slope. The number of break points, Q, is related to the number of nuclei, [image: image], [image: image]. Moreover, an increase in the slope of [image: image] indicates a nucleation event while a decrease corresponds to a collision between two fronts or that of a front with an end of the molecule. In between consecutive break points, the slope of [image: image] corresponds to the sum of the active fast and slow front velocities, [image: image] and [image: image], and we use this relation to obtain the values of [image: image] and [image: image]. Averaging the corresponding domain velocities, [image: image], [image: image], obtained from 11 different experiments, leads to the average domain growth rate, [image: image]. Similarly, the analysis of the nucleation times allows to deduce the average [image: image], [image: image] (Eq. 11 and Figure 8). For only three of our 11 experiments the decomposition of [image: image] allowed to uniquely determine each of the slow front and fast front velocities of all domains, [image: image] and [image: image], and their corresponding ratio, the growth asymmetry coefficient r. Averaging over all the domains that determined the [image: image] kinetics in these three experiments we obtain [image: image]. Since only six domains are included in the average, a rather small number, this value of [image: image] should be regarded as a relatively rough estimate for the growth asymmetry coefficient.
An alternative approach that allows to obtain the rate constants relies on modeling the nucleation and growth process in the intermediate regime where [image: image] and [image: image] are of the same order. Using a Monte-Carlo model that depends on three parameters, [image: image], [image: image] and r, we compute the corresponding average coverage kinetics, [image: image], and fit it to the experimentally measured average [image: image] as obtained from five different experiments (Figures 10, 11). The best fitting theoretical [image: image] to the experimental [image: image] corresponds to [image: image], [image: image] and [image: image]. Moreover, the value of the [image: image] at its minimum is 4,318, leading to a confidence level, CL, that, for all practical purposes, equals unity. In other words, we find very good agreement between the prediction of the Monte-Carlo model and our experimental results within the accuracy of our experiments. The high quality of the agreement is illustrated in Figure 11.
Since in our search for a low nucleation regime we used particular experimental parameters that are different from those of other studies, it is difficult to compare our results to those of previous studies. For example, our ATPγS concentration is 4.5 times larger than that used in Ref. (Shivashankar et al., 1999), the RecA concentration is almost the same, the other chemicals are at about a third of their concentration and our pH is 7.9 while theirs is 6.8. As one would expect, in the corresponding ATPγS experiment presented in Ref. (Shivashankar et al., 1999) (Figure 5B), Shivashankar et al. estimate to have 6 domains and the overall length dynamics is well approximated by the multiple domain dynamics of Eq. 3. The value of the product between the DNA length independent nucleation and growth constants, [image: image], that they obtain is 0.044 min−2, much larger than in our measurements, 0.002 min−2. The low value in our experiments is mostly due to a significantly lower nucleation rate.
On the Nucleation and Growth Rate Constants
Although RecA and dsDNA are complex biomolecules, we may obtain further insight on the way they assemble in the presence of ATPγS by comparing this process to a simple bimolecular reaction of the type
[image: image]
where the [image: image] molecule plays the role of reactant A, the dsDNA is the reactant B and the [image: image] complex represents the corresponding product, C. However, unlike in a standard bimolecular reaction, in our case, one of the reactants, the [image: image], is an extended filament with multiple binding sites for the [image: image] molecule. Moreover, one can distinguish between two types of binding steps: 1) nucleation type where both neighboring binding sites are unoccupied and 2) growth type where at least one of the two neighboring binding sites is occupied. In what follows, we refer to such reactions as adsorption. In contrast, a simple bimolecular reaction involves two small molecules with a single binding site and its kinetics is determined by the corresponding rate constant, [image: image].
Despite the apparent differences between the bimolecular adsobtion and reaction, in our case, the two become equivalent in the limit where the dsDNA filament is only three base pairs long, consisting of a single binding site for the [image: image] molecule. In this limit, the reaction kinetics is described by
[image: image]
where […] denotes the concentration and we have assumed that [image: image], such that [image: image] is practically constant and [image: image]. Since [image: image], Eq. 15 leads to an exponential growth of the products concentration, [image: image]. In this case, [image: image] and [image: image] become equivalent.
Since the bimolecular adsorption and simple bimolecular reaction become equivalent in the limit described above, one expects that the exponential behavior of the latter, [image: image], can be obtained in a particular regime from the Gaussian kinetics of Eq. 4. For the adsorption, a large number of [image: image] binding sites, [image: image], are stringed along and the decorated fraction of the dsDNA, [image: image], is proportional to the concentration of the products, [image: image]. Therefore, there is no limit for which the Gaussian kinetics of Eq. 4 approaches the exponential kinetics of simple bimolecular reaction. However, a closer inspection of Eq. 3 reveals that in Eq. 3b should appear an additional term that accounts for the increase in the occupation of binding sites due to nucleation, [image: image]. On one hand, such term leads to an exponential kinetics for [image: image] in the limit of small coverage, [image: image], corresponding to the short time regime before the contribution due to domain growth becomes significant. On the other hand, the [image: image] term is negligible unless the rate of nucleation is extremely large such that the number of nuclei is comparable to the number of sites on the dsDNA filament where nucleation can occur. This is not the case in our experiments where the number of nuclei, N, is typically below 10 while there are on average [image: image] binding sites on each dsDNA molecule.
In the case of our adsorption experiments of [image: image] on dsDNA, one cannot expect the value of the average nucleation rate, [image: image], to be similar to the simple bimolecular reaction rate, [image: image]. The two rates will differ for the following three reasons. First, the value of [image: image] is influenced by the presence of the neighboring sections of the dsDNA on both sides of the binding site, that are absent in the case of the simple bimolecular reaction. Second, in our experiments the dsDNA molecules are tethered to the cover slip at the bottom of the sample, unlike in the simple bimolecular reaction where both reactants are free to diffuse throughout the volume of the sample. This difference between the spatial configurations of the two types of reaction leads to different collision probabilities between the reactant molecules. Finally, the value of [image: image] depends on the number of binding sites on the dsDNA filament, as discussed in relation to Eq. 3, such that it should be compared to [image: image] rather than [image: image] itself.
Depending on the nature of the reactants, chemical reactions can be either diffusion-limited or reaction-limited. Pugh and Cox have shown that the reaction between RecA and dsDNA is reaction-limited at saturated protein concentration (Pugh and Cox, 1987). Since our experiments are performed in this regime, the corresponding rate constants follow the Arrhenius law, that is, [image: image], [image: image] and [image: image], where [image: image], [image: image] and [image: image] denote the activation energies for nucleation, fast front growth and slow front growth, respectively. These relations allow us to obtain the differences between the activation energies from the measured values of the rate constants, namely,
[image: image]
and
[image: image]
The value of [image: image] (see Table 1), the decrease in activation energy due to the cooperative interaction between the [image: image] molecules in the fast growing direction, is about 18 [image: image]. This confirms that protein cooperativity is strong and plays a central role in determining the kinetics of the assembly of [image: image] on dsDNA (Shaner et al., 1987).
The Asymmetry of the Domain Growth
Both the [image: image] decomposition analysis allowing to determine the velocities of the slow and fast front for each individual domain and the comparison between the Monte-Carlo model and the measured average coverage kinetics, [image: image], indicate that the domains grow asymmetrically. That is, domains grow on average about 10 times faster at their fast growing end than at the slow one. Previously, it was shown in biochemical studies that asymmetric assembly of RecA on both ssDNA and dsDNA takes place in the presence of ATP (Register and Griffith, 1985; Shaner et al., 1987; Shaner and Radding, 1987). Moreover, it was found that the fast growth is oriented in the 5′ to 3′ direction. It was suggested that the asymmetric growth of the RecA domains is due to the hydrolysis of the ATP in the RecA-ATP-DNA complex (Cox, 2007a). More recently, Galletto et al. used fluorescently labeled RecA to image the kinetics of domain growth on individual dsDNA molecules (Galletto et al., 2006). They found that while RecA domain growth is slower in the presence [image: image] than in the case when ATP is used, the domains grow asymmetrically for both. Although Galletto et al. (Galletto et al., 2006) have characterized the extent of the asymmetry in the domain growth on a mainly qualitative level, for some of their experiments with [image: image] (at particular NaCl concentrations) domain growth appears to be almost unidirectional [see Figure 4B in (Galletto et al., 2006)]. Such behavior is consistent with the behavior found in our experiments where the slow growth front of [image: image] is hardly advancing relative to the fast front.
Unlike in the biochemical studies, neither in our experiments nor in those of Galletto et al. (Galletto et al., 2006) can one establish the relation between the domain growth asymmetry and the direction along the DNA. However, we can use Eq. 17 to determine the difference between the energy barriers for [image: image] binding at the slow and fast ends of a domain. As was discussed above, the value of r obtained from the fit of the [image: image] computed from the Monte-Carlo model to the one measured in experiments, [image: image], is significantly more reliable than the value found by averaging the growth velocity ratios of individual domains, [image: image]. Therefore, we expect that the corresponding value of [image: image] (see Eq. 17 and Table 1), [image: image], represents a good estimate to the actual difference between the energy barriers for [image: image] binding at the slow and fast ends of the [image: image] domain.
Regarding the mechanism of asymmetric domain growth of [image: image] on dsDNA, it may be understood assuming that the [image: image] complex undergoes a conformational change following its binding to the dsDNA (see Figure 12). Specifically, we propose that the conformation of the [image: image] complex is such that it is much more likely to bind at one end of the [image: image] domain than at the other. After binding however, the conformation of the [image: image] complex changes such as to allow the next [image: image] complex to bind to it. Previously, similar mechanisms were proposed to describe the treadmilling of actin filaments (Neuhaus et al., 1983). To establish the validity of the scenario depicted in Figure 12 detailed information on the structural differences between the free and the dsDNA bound [image: image] is necessary. Such analysis is beyond the scope of this study.
[image: Figure 12]FIGURE 12 | A schematic illustration of the proposed scenario leading to asymmetric [image: image] domain growth. While in solution, the [image: image] complex (blue) has much higher binding affinity to the left end of the [image: image] domain (green) than to the right end. After binding, the [image: image] complex changes its conformation such that its non-binding end (flat) becomes accessible to the binding of another [image: image] complex (concave).
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
NM performed the experiments. NM and MF built the experimental system, designed the experimental approach and wrote the manuscript. NM, PK and AY analyzed the data.
FUNDING
This research was supported in part by the Israel Academy of Science and Humanities (Grant No. 1519/18).
ACKNOWLEDGMENTS
We thank I. Fishov and R. Granek for useful discussions.
Supplementary Material
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2021.609076/full#supplementary-material.
REFERENCES
 Allemand, J. F., Bensimon, D., Jullien, L., Bensimon, A., and Croquette, V. (1997). pH-dependent specific binding and combing of DNA. Biophys. J. 73, 2064–2070. doi:10.1016/s0006-3495(97)78236-5 
 Avrami, M. (1939). Kinetics of phase change. I general theory. J. Chem. Phys. 7, 1103. doi:10.1063/1.1750380
 Baumann, P., and West, S. C. (1998). Role of the human RAD51 protein in homologous recombination and double-stranded-break repair. Trends Biochem. Sci. 23, 247–251. doi:10.1016/s0968-0004(98)01232-8 
 Bell, J. C., and Kowalczykowski, S. C. (2016). RecA: regulation and mechanism of a molecular search engine. Trends Biochem. Sci. 41, 491–507. doi:10.1016/j.tibs.2016.04.002 
 Cluzel, P., Lebrun, A., Heller, C., Lavery, R., Viovy, J.-L., Chatenay, D., et al. (1996). DNA: an extensible molecule. Science 271, 792–794. doi:10.1126/science.271.5250.792 
 Cox, M. M. (1999). Recombinational DNA repair in bacteria and the RecA protein. Prog. Nucleic Acid Res. Mol. Biol. 63, 311–366. doi:10.1016/s0079-6603(08)60726-6 
 Cox, M. M. (2007b). Regulation of bacterial RecA protein function. Crit. Rev. Biochem. Mol. Biol. 42, 41–63. doi:10.1080/10409230701260258 
 Cox, M. M. (2007a). “The bacterial RecA protein: structure, function and regulation,” in Topics in current genetics. Molecular genetics of recombination ed . Editors A. Aguilera, and R. Rothstein (Germany: Springer-Verlag GmbH), 53–94.
 Danilowicz, C., Feinstein, E., Conover, A., Coljee, V. W., Vlassakis, J., Chan, Y.-L., et al. (2012). RecA homology search is promoted by mechanical stress along the scanned duplex DNA. Nucleic Acids Res. 40, 1717–1727. doi:10.1093/nar/gkr855 
 Danilowicz, C., Hermans, L., Coljee, V., Prévost, C., and Prentiss, M. (2017). ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences. Nucleic Acids Res. 45, 8448–8462. doi:10.1093/nar/gkx582 
 De Vlaminck, I., Van Loenhout, M. T., Zweifel, L., Den Blanken, J., Hooning, K., Hage, S., et al. (2012). Mechanism of homology recognition in DNA recombination from dual-molecule experiments. Mol. Cell 46, 616–624. doi:10.1016/j.molcel.2012.03.029 
 Forget, A. L., and Kowalczykowski, S. C. (2012). Single-molecule imaging of DNA pairing by RecA reveals a three-dimensional homology search. Nature 482, 423–427. doi:10.1038/nature10782 
 Fu, H., Le, S., Chen, H., Muniyappa, K., and Yan, J. (2013a). Force and ATP hydrolysis dependent regulation of RecA nucleoprotein filament by single-stranded DNA binding protein. Nucleic Acids Res. 41, 924–932. doi:10.1093/nar/gks1162 
 Fu, H., Le, S., Muniyappa, K., and Yan, J. (2013b). Dynamics and regulation of RecA polymerization and de-polymerization on double-stranded DNA. PLoS One 8, e66712. doi:10.1371/journal.pone.0066712 
 Galletto, R., Amitani, I., Baskin, R. J., and Kowalczykowski, S. C. (2006). Direct observation of individual RecA filaments assembling on single DNA molecules. Nature 443, 875–878. doi:10.1038/nature05197 
 Hegner, M., Smith, S. B., and Bustamante, C. (1999). Polymerization and mechanical properties of single RecA-DNA filaments. Proc. Natl. Acad. Sci. U S A. 96, 10109–10114. doi:10.1073/pnas.96.18.10109 
 Joo, C., Mckinney, S. A., Nakamura, M., Rasnik, I., Myong, S., and Ha, T. (2006). Real-time observation of RecA filament dynamics with single monomer resolution. Cell 126, 515–527. doi:10.1016/j.cell.2006.06.042 
 Kim, S. H., Park, J., Joo, C., Kim, D., and Ha, T. (2015). Dynamic growth and shrinkage govern the pH dependence of RecA filament stability. PLoS One 10, e0115611. doi:10.1371/journal.pone.0115611 
 Kim, S. H., Ragunathan, K., Park, J., Joo, C., Kim, D., and Ha, T. (2014). Cooperative conformational transitions keep RecA filament active during ATPase cycle. J. Am. Chem. Soc. 136, 14796–14800. doi:10.1021/ja506363y 
 Kowalczykowski, S. C. (2000). Initiation of genetic recombination and recombination-dependent replication. Trends Biochem. Sci. 25, 156–165. doi:10.1016/s0968-0004(00)01569-3 
 Lee, J. Y., Qi, Z., and Greene, E. C. (2016). ATP hydrolysis promotes duplex DNA release by the RecA presynaptic complex. J. Biol. Chem. 291, 22218–22230. doi:10.1074/jbc.m116.740563 
 Lee, J. Y., Steinfeld, J. B., Qi, Z., Kwon, Y., Sung, P., and Greene, E. C. (2017). Sequence imperfections and base triplet recognition by the Rad51/RecA family of recombinases. J. Biol. Chem. 292, 11125–11135. doi:10.1074/jbc.m117.787614 
 Lee, J. Y., Terakawa, T., Qi, Z., Steinfeld, J. B., Redding, S., Kwon, Y., et al. (2015). DNA RECOMBINATION. Base triplet stepping by the Rad51/RecA family of recombinases. Science 349, 977–981. doi:10.1126/science.aab2666 
 Lee, M., Lipfert, J., Sanchez, H., Wyman, C., and Dekker, N. H. (2013). Structural and torsional properties of the RAD51-dsDNA nucleoprotein filament. Nucleic Acids Res. 41, 7023–7030. doi:10.1093/nar/gkt425 
 Leger, J. F., Robert, J., Bourdieu, L., Chatenay, D., and Marko, J. F. (1998). RecA binding to a single double-stranded DNA molecule: a possible role of DNA conformational fluctuations. Proc. Natl. Acad. Sci. U S A. 95, 12295–12299. doi:10.1073/pnas.95.21.12295 
 Lindsley, J. E., and Cox, M. M. (1990). Assembly and disassembly of RecA protein filaments occur at opposite filament ends. Relationship to DNA strand exchange. J. Biol. Chem. 265, 9043–9054. doi:10.1016/s0021-9258(19)38809-x 
 Lindsley, J. E., and Cox, M. M. (1989). Dissociation pathway for recA nucleoprotein filaments formed on linear duplex DNA. J. Mol. Biol. 205, 695–711. doi:10.1016/0022-2836(89)90315-x 
 Marko, J. F., and Siggia, E. D. (1995). Stretching DNA. Macromolecules 28, 8759–8770. doi:10.1021/ma00130a008
 Mine, J., Disseau, L., Takahashi, M., Cappello, G., Dutreix, M., and Viovy, J.-L. (2007). Real-time measurements of the nucleation, growth and dissociation of single Rad51-DNA nucleoprotein filaments. Nucleic Acids Res. 35, 7171–7187. doi:10.1093/nar/gkm752 
 Neuhaus, J.-M., Wanger, M., Keiser, T., and Wegner, A. (1983). Treadmilling of actin. J. Muscle Res. Cell Motil. 4, 507–527. doi:10.1007/bf00712112 
 Perkins, T., Smith, D., Larson, R., and Chu, S. (1995). Stretching of a single tethered polymer in a uniform flow. Science 268, 83–87. doi:10.1126/science.7701345 
 Pierobon, P., Mine-Hattab, J., Cappello, G., Viovy, J. L., and Lagomarsino, M. C. (2010). Separation of time scales in one-dimensional directed nucleation-growth processes. Phys. Rev. E Stat. Nonlin Soft Matter Phys. 82, 061904. doi:10.1103/physreve.82.061904 
 Prentiss, M., Prevost, C., and Danilowicz, C. (2015). Structure/function relationships in RecA protein-mediated homology recognition and strand exchange. Crit. Rev. Biochem. Mol. Biol. 50, 453–476. doi:10.3109/10409238.2015.1092943 
 Pugh, B. F., and Cox, M. M. (1988). General mechanism for RecA protein binding to duplex DNA. J. Mol. Biol. 203, 479–493. doi:10.1016/0022-2836(88)90014-9 
 Pugh, B. F., and Cox, M. M. (1987). Stable binding of recA protein to duplex DNA. Unraveling a paradox. J. Biol. Chem. 262, 1326–1336. doi:10.1016/s0021-9258(19)75790-1 
 Qi, Z., Redding, S., Lee, J. Y., Gibb, B., Kwon, Y., Niu, H., et al. (2015). DNA sequence alignment by microhomology sampling during homologous recombination. Cell 160, 856–869. doi:10.1016/j.cell.2015.01.029 
 Radding, C. M. (1988). “Homologous pairing and strand exchange promoted by Escherichia coli RecA,” in Genetic recombination ed . Editor G. R. Smith (Washington, DC: American Society for Microbiology), 193–229. 
 Register, J. C., and Griffith, J. (1985). The direction of RecA protein assembly onto single strand DNA is the same as the direction of strand assimilation during strand exchange. J. Biol. Chem. 260, 12308–12312. doi:10.1016/s0021-9258(17)39026-9 
 Rocha, M. S., Viana, N. B., and Mesquita, O. N. (2004). DNA-psoralen interaction: a single molecule experiment. J. Chem. Phys. 121, 9679–9683. doi:10.1063/1.1806817 
 Sattin, B. D., and Goh, M. C. (2004). Direct observation of the assembly of RecA/DNA complexes by atomic force microscopy. Biophys. J. 87, 3430–3436. doi:10.1529/biophysj.104.045567 
 Shaner, S. L., Flory, J., and Radding, C. M. (1987). The distribution of Escherichia coli recA protein bound to duplex DNA with single-stranded ends. J. Biol. Chem. 262, 9220–9230. doi:10.1016/s0021-9258(18)48070-2 
 Shaner, S. L., and Radding, C. M. (1987). Translocation of Escherichia coli recA protein from a single-stranded tail to contiguous duplex DNA. J. Biol. Chem. 262, 9211–9219. doi:10.1016/s0021-9258(18)48069-6 
 Shivashankar, G. V., Feingold, M., Krichevsky, O., and Libchaber, A. (1999). RecA polymerization on double-stranded DNA by using single-molecule manipulation: the role of ATP hydrolysis. Proc. Natl. Acad. Sci. U S A. 96, 7916–7921. doi:10.1073/pnas.96.14.7916 
 Simmons, R. M., Finer, J. T., Chu, S., and Spudich, J. A. (1996). Quantitative measurements of force and displacement using an optical trap. Biophys. J. 70, 1813–1822. doi:10.1016/s0006-3495(96)79746-1 
 Smith, S. B., Finzi, L., and Bustamante, C. (1992). Direct mechanical measurements of the elasticity of single DNA molecules by using magnetic beads. Science 258, 1122–1126. doi:10.1126/science.1439819 
 Stasiak, A., and Egelman, E. H. (1994). Structure and function of RecA-DNA complexes. Experientia 50, 192–203. doi:10.1007/bf01924002 
 Turner, M. S. (2000). Two time constants for the binding of proteins to DNA from micromechanical data. Biophys. J. 78, 600–607. doi:10.1016/s0006-3495(00)76620-3 
 van der Heijden, T., Van Noort, J., Van Leest, H., Kanaar, R., Wyman, C., Dekker, N. H., et al. (2005). Torque-limited RecA polymerization on dsDNA. Nucleic Acids Res. 33, 2099–2105. doi:10.1093/nar/gki512 
 van Loenhout, M. T. J., Van Der Heijden, T., Kanaar, R., Wyman, C., and Dekker, C. (2009). Dynamics of RecA filaments on single-stranded DNA. Nucleic Acids Res. 37, 4089–4099. doi:10.1093/nar/gkp326 
 Wang, M. D., Yin, H., Landick, R., Gelles, J., and Block, S. M. (1997). Stretching DNA with optical tweezers. Biophys. J. 72, 1335–1346. doi:10.1016/s0006-3495(97)78780-0 
 Weinstock, G. M., Mcentee, K., and Lehman, I. R. (1981). Interaction of the recA protein of Escherichia coli with adenosine 5'-O-(3-thiotriphosphate). J. Biol. Chem. 256, 8850–8855. doi:10.1016/s0021-9258(19)68923-4 
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Maman, Kumar, Yadav and Feingold. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




OPS/images/inline_170.gif
Lree (1)





OPS/images/inline_17.gif





OPS/images/inline_172.gif





OPS/images/inline_171.gif





OPS/images/inline_169.gif





OPS/images/inline_168.gif
Liet





OPS/images/inline_174.gif





OPS/images/inline_173.gif
Lree (1)





OPS/images/inline_176.gif





OPS/images/inline_175.gif
Lgee(t) = 3L(0) — 2L (1)





OPS/images/crossmark.jpg
©

2

i

|





OPS/images/inline_160.gif
Ap(t' <t<t' + At)





OPS/images/inline_16.gif





OPS/images/inline_162.gif





OPS/images/inline_161.gif





OPS/images/inline_159.gif





OPS/images/inline_167.gif





OPS/images/inline_164.gif





OPS/images/inline_163.gif
Lree (1)





OPS/images/inline_166.gif
Lree (1)





OPS/images/inline_165.gif
Liet





OPS/images/inline_150.gif





OPS/images/inline_15.gif
Apg





OPS/images/inline_152.gif





OPS/images/inline_151.gif





OPS/images/inline_158.gif
KnKg





OPS/images/inline_157.gif





OPS/images/inline_154.gif





OPS/images/inline_153.gif





OPS/images/inline_156.gif





OPS/images/inline_155.gif
av/Ly=(7+1)-107*.sec”!






OPS/images/inline_140.gif





OPS/images/inline_142.gif
Vif





OPS/images/inline_141.gif





OPS/images/inline_148.gif





OPS/images/inline_147.gif





OPS/images/inline_149.gif
1





OPS/images/inline_144.gif





OPS/images/inline_143.gif
Vig





OPS/images/inline_146.gif





OPS/images/inline_145.gif





OPS/images/inline_132.gif





OPS/images/inline_131.gif





OPS/images/inline_138.gif





OPS/images/inline_137.gif





OPS/images/inline_14.gif





OPS/images/inline_139.gif





OPS/images/inline_134.gif
(ti-1> tjs1)





OPS/images/inline_133.gif





OPS/images/inline_136.gif





OPS/images/inline_135.gif





OPS/images/inline_130.gif
Vae < U





OPS/images/inline_122.gif





OPS/images/inline_128.gif
Vig





OPS/images/inline_127.gif
Vif





OPS/images/inline_13.gif





OPS/images/inline_129.gif





OPS/images/inline_124.gif





OPS/images/inline_123.gif





OPS/images/inline_126.gif





OPS/images/inline_125.gif





OPS/images/inline_121.gif
Lis





OPS/images/inline_120.gif





OPS/images/inline_118.gif





OPS/images/inline_117.gif





OPS/images/inline_12.gif
Ap





OPS/images/inline_119.gif





OPS/images/inline_114.gif
Vig





OPS/images/inline_113.gif
Vif





OPS/images/inline_116.gif





OPS/images/inline_115.gif





OPS/images/inline_111.gif





OPS/images/inline_110.gif





OPS/images/inline_112.gif





OPS/images/inline_108.gif





OPS/images/inline_107.gif





OPS/images/inline_11.gif
pH





OPS/images/inline_109.gif





OPS/images/inline_104.gif





OPS/images/inline_106.gif





OPS/images/inline_105.gif





OPS/images/inline_101.gif





OPS/images/inline_100.gif





OPS/images/inline_103.gif





OPS/images/inline_102.gif





OPS/images/math_15.gif
(15)





OPS/images/math_16.gif
Aoy

Ey= kmn(—

(16)





OPS/images/math_14.gif





OPS/images/math_3.gif
dN
o~k (-¢) (3a

N
“kap





OPS/images/math_18.gif
(3b)





OPS/images/math_17.gif





OPS/images/math_2.gif
@





OPS/images/fmolb-08-609076-t001.jpg
(Lo/a) (binding sites)
kn(sec™ )

kg (sec™")

4

v(RecA-sec™)
7i(binding site™" - sec™)
AEcoop (ks T)
AEasym (ks T)

Kinetics of individual domains

11,800
(1.56+05)x107%
(7+1)-107%
025+0.08
91
(13+4).10°®
17.8+04
14403

Comparing average ¢ (t)'s

10,700
(1.05£0.05)x 10°°
(68+03)x10°
0.10+0.05
62403
(9.8+05)-10°8
17.9+03
2305





OPS/xhtml/nav.xhtml
Contents

		Cover

		Single Molecule Study of the Polymerization of RecA on dsDNA: The Dynamics of Individual Domains		Introduction

		Materials and Methods		Experimental System

		Sample Preparation

		Measuring the Length of the dsDNA-RecA Complex

		Nucleation and Growth Model for the Fast nucleation Regime

		Nucleation and Growth Model for the Slow nucleation Regime





		Results		Kinetics of RecA Protein Polymerization on Single dsDNA Molecules

		Statistical Analysis of the Domain Kinetics for RecA Polymerization on Single dsDNA

		Nucleation and Growth Model for the Few Nuclei Regime





		Discussion		On the Nucleation and Growth Rate Constants

		The Asymmetry of the Domain Growth





		Data Availability Statement

		Author Contributions

		Funding

		Acknowledgments

		Supplementary Material

		References









OPS/images/fmolb-08-609076-g012.gif
nnnnn





OPS/images/inline_10.gif
Kp





OPS/images/inline_1.gif





OPS/images/fmolb-08-609076-g011.gif
1<

o0

2000
1 (sec)





OPS/images/fmolb-08-609076-g010.gif





OPS/images/logo.jpg
’ frontiers
in Earth Science





OPS/images/inline_59.gif





OPS/images/inline_187.gif
(13 + 4) - 10~ 8binding site”





OPS/images/inline_316.gif





OPS/images/inline_61.gif
kE





OPS/images/inline_188.gif
ko = (1.5+05)-10° .sec"!





OPS/images/inline_317.gif





OPS/images/inline_62.gif





OPS/images/inline_314.gif
Vif





OPS/images/inline_6.gif





OPS/images/inline_186.gif





OPS/images/inline_315.gif





OPS/images/inline_60.gif





OPS/images/inline_190.gif





OPS/images/inline_32.gif
Apg





OPS/images/inline_65.gif
KnKg





OPS/images/inline_191.gif





OPS/images/inline_320.gif





OPS/images/inline_66.gif
Ko/ Ky > 1





OPS/images/inline_189.gif





OPS/images/inline_318.gif
= (av/Ly) = (7+1)-107* - sec™!






OPS/images/inline_63.gif





OPS/images/inline_19.gif
Apg





OPS/images/inline_319.gif





OPS/images/inline_64.gif
kE





OPS/images/inline_194.gif





OPS/images/inline_192.gif





OPS/images/inline_321.gif





OPS/images/inline_67.gif





OPS/images/inline_193.gif





OPS/images/inline_322.gif
Vig





OPS/images/inline_68.gif





OPS/images/inline_323.gif
Vif





OPS/images/inline_69.gif





OPS/images/inline_197.gif





OPS/images/inline_326.gif





OPS/images/inline_71.gif
kE





OPS/images/inline_198.gif
kE





OPS/images/inline_327.gif





OPS/images/inline_72.gif





OPS/images/inline_195.gif





OPS/images/inline_324.gif





OPS/images/inline_7.gif





OPS/images/inline_196.gif





OPS/images/inline_325.gif





OPS/images/inline_70.gif





OPS/images/inline_20.gif
ZR





OPS/images/inline_33.gif
Lg





OPS/images/inline_75.gif





OPS/images/inline_200.gif
D<r<|





OPS/images/inline_330.gif
kE





OPS/images/inline_76.gif





OPS/images/inline_199.gif





OPS/images/inline_328.gif





OPS/images/inline_73.gif
kE





OPS/images/inline_2.gif





OPS/images/inline_329.gif





OPS/images/inline_74.gif





OPS/images/inline_201.gif





OPS/images/inline_331.gif





OPS/images/inline_202.gif





OPS/images/inline_275.gif
fi=(9.8+0.5)-10"".bindingsite™ " -






OPS/images/inline_276.gif





OPS/images/inline_41.gif





OPS/images/inline_277.gif





OPS/images/inline_42.gif





OPS/images/inline_404.gif
REeCA-ATPYS





OPS/images/inline_28.gif
Fo





OPS/images/inline_45.gif





OPS/images/inline_280.gif





OPS/images/inline_46.gif
Ap





OPS/images/inline_278.gif





OPS/images/inline_43.gif





OPS/images/inline_279.gif





OPS/images/inline_44.gif
Lg





OPS/images/inline_30.gif





OPS/images/inline_49.gif





OPS/images/inline_304.gif





OPS/images/inline_29.gif





OPS/images/inline_47.gif
Apg





OPS/images/inline_3.gif
KnKg





OPS/images/inline_48.gif
Apg





OPS/images/inline_177.gif





OPS/images/inline_306.gif
(Ko/Ky) > 1





OPS/images/inline_51.gif





OPS/images/inline_178.gif





OPS/images/inline_307.gif





OPS/images/inline_52.gif





OPS/images/inline_5.gif





OPS/images/inline_305.gif
(Ko/Ky) > 1





OPS/images/inline_50.gif





OPS/images/inline_180.gif





OPS/images/inline_31.gif





OPS/images/inline_55.gif
K, = nlLy/a





OPS/images/inline_181.gif





OPS/images/inline_310.gif





OPS/images/inline_56.gif





OPS/images/inline_179.gif





OPS/images/inline_308.gif





OPS/images/inline_53.gif





OPS/images/inline_18.gif
Lg





OPS/images/inline_309.gif





OPS/images/inline_54.gif





OPS/images/inline_184.gif





OPS/images/inline_313.gif





OPS/images/inline_185.gif





OPS/images/inline_182.gif





OPS/images/inline_311.gif





OPS/images/inline_57.gif





OPS/images/inline_183.gif





OPS/images/inline_312.gif
Vif





OPS/images/inline_58.gif





OPS/images/inline_385.gif
RecA — ATPyS





OPS/images/inline_386.gif





OPS/images/inline_387.gif





OPS/images/inline_39.gif





OPS/images/inline_390.gif
AEgym = (2.3 £ 0.5)kpT





OPS/images/inline_388.gif





OPS/images/inline_389.gif
AE aoym





OPS/images/inline_393.gif
RecA — ATPyS





OPS/images/inline_394.gif
RecA — ATPyS





OPS/images/inline_391.gif
RecA — ATPyS





OPS/images/inline_392.gif
RecA — ATPyS — dsDNA





OPS/images/inline_395.gif
RecA — ATPyS





OPS/images/inline_396.gif
RecA — ATPyS — dsDNA





OPS/images/inline_267.gif





OPS/images/inline_397.gif
RecA — ATPyS





OPS/images/inline_27.gif
Fr





OPS/images/inline_4.gif





OPS/images/inline_270.gif





OPS/images/inline_40.gif





OPS/images/inline_268.gif
Kg =
(58+03)-10¢
-sec”





OPS/images/inline_398.gif
RecA — ATPyS





OPS/images/inline_269.gif





OPS/images/inline_399.gif
RecA — ATPyS





OPS/images/inline_273.gif





OPS/images/inline_402.gif
REeCA-A | PyS-dsDNA





OPS/images/inline_274.gif





OPS/images/inline_403.gif
REeCA-ATPYS





OPS/images/inline_271.gif
8





OPS/images/inline_400.gif
REeCA-A | PyS-dsDNA





OPS/images/inline_272.gif
K = (58 +0.3)-10"*-sec





OPS/images/inline_401.gif
REeCA-ATPYS





OPS/images/math_6.gif
(r+ 1)k, — k.0 (tky — x) = ker@(rtk, = (1 -x))  (6)





OPS/images/math_4.gif
b(1) =1~ exp(—

)





OPS/images/math_5.gif
Lt
6(1) =1 - exp(- Skikit* (r + 1)) (5)





OPS/images/math_19.gif
Vi, = 20,





OPS/images/math_20.gif
Vig + Vo, + vy = 203 (8¢)





OPS/images/math_7.gif
Z LIRS 2
Kaen-gieQer) rep

Lol

= Lpg L
po=1  Kn-rtey peteg

1
1 >

)





OPS/images/math_8.gif
Vig # Vip = 20





OPS/images/math_23.gif





OPS/images/math_9.gif





OPS/images/math_21.gif
Vi, = 204





OPS/images/math_22.gif





OPS/images/cover.jpg
frontiers -
1In Molecular Biosciences

Single Molecule Study of the
Polymerization of RecA on
dsDNA: The Dynamics of
Individual Domains





OPS/images/inline_38.gif
Cr = VkgT/4FAg





OPS/images/inline_380.gif





OPS/images/inline_378.gif





OPS/images/inline_379.gif
RecA — ATPyS





OPS/images/inline_383.gif
A PyS





OPS/images/inline_384.gif
RecA — ATPyS — dsDNA





OPS/images/inline_381.gif





OPS/images/inline_382.gif
A PyS





OPS/images/inline_259.gif





OPS/images/inline_26.gif





OPS/images/inline_258.gif





OPS/images/inline_262.gif





OPS/images/inline_263.gif





OPS/images/inline_260.gif





OPS/images/inline_261.gif





OPS/images/inline_266.gif





OPS/images/inline_264.gif





OPS/images/inline_265.gif





OPS/images/inline_369.gif





OPS/images/inline_24.gif





OPS/images/inline_37.gif
Co = VkgT/4FAq





OPS/images/inline_242.gif





OPS/images/inline_372.gif
rky o (a/Lo)exp (= (Ey/kpT))





OPS/images/inline_243.gif





OPS/images/inline_373.gif





OPS/images/inline_240.gif





OPS/images/inline_370.gif
Ky ¢ (Lo/a)exp(—(E,/kgT))





OPS/images/inline_241.gif





OPS/images/inline_371.gif
ke oc (a/Lo)exp (= (Ey/kgT))





OPS/images/inline_246.gif





OPS/images/inline_376.gif
AE o0p





OPS/images/inline_247.gif





OPS/images/inline_377.gif
RecA — ATPyS





OPS/images/inline_244.gif
ry ks kg





OPS/images/inline_374.gif
Eof





OPS/images/inline_245.gif





OPS/images/inline_375.gif
.





OPS/images/inline_248.gif





OPS/images/fmolb-08-609076-g005.gif
Com)






OPS/images/fmolb-08-609076-g006.gif
Liwm)






OPS/images/fmolb-08-609076-g003.gif
as.
)
®
] E T )

see)






OPS/images/fmolb-08-609076-g004.gif
xxxxx





OPS/images/fmolb-08-609076-g009.gif





OPS/images/fmolb-08-609076-g007.gif
EJ

5w
w(nmisec)






OPS/images/fmolb-08-609076-g008.gif





OPS/images/fmolb-08-609076-g001.gif





OPS/images/inline_249.gif





OPS/images/fmolb-08-609076-g002.gif





OPS/images/inline_25.gif





OPS/images/inline_252.gif





OPS/images/inline_253.gif





OPS/images/inline_250.gif





OPS/images/inline_251.gif





OPS/images/inline_256.gif
ry ks kg





OPS/images/inline_257.gif
M = 10°





OPS/images/inline_254.gif
ry ks kg





OPS/images/inline_255.gif





OPS/images/inline_95.gif





OPS/images/inline_222.gif





OPS/images/inline_352.gif





OPS/images/inline_98.gif





OPS/images/inline_223.gif





OPS/images/inline_353.gif
(C](£) = [B](0)(1 — &)





OPS/images/inline_99.gif





OPS/images/inline_350.gif
(C](£) = [B](0)(1 — &)





OPS/images/inline_96.gif





OPS/images/inline_221.gif





OPS/images/inline_351.gif





OPS/images/inline_97.gif





OPS/images/inline_226.gif





OPS/images/inline_356.gif





OPS/images/math_11.gif
N= ,.[" Ly (1)t = nBy an





OPS/images/inline_227.gif





OPS/images/inline_357.gif
C| (1)





OPS/images/math_12.gif
a(1) (12






OPS/images/inline_224.gif





OPS/images/inline_354.gif
RecA — ATPyS





OPS/images/math_1.gif
[0





OPS/images/inline_225.gif





OPS/images/inline_355.gif





OPS/images/math_10.gif
Liee (0t (10





OPS/images/inline_23.gif





OPS/images/inline_228.gif





OPS/images/inline_358.gif





OPS/images/math_13.gif
(1) =3 Z 40 -90) a3
ME&





OPS/images/inline_229.gif





OPS/images/inline_359.gif





OPS/images/inline_36.gif





OPS/images/inline_232.gif





OPS/images/inline_362.gif
(Lo/a) = 11800





OPS/images/inline_233.gif





OPS/images/inline_363.gif
RecA — ATPyS





OPS/images/inline_230.gif
kE





OPS/images/inline_360.gif





OPS/images/inline_231.gif





OPS/images/inline_361.gif





OPS/images/inline_236.gif





OPS/images/inline_366.gif





OPS/images/inline_237.gif
/1,





OPS/images/inline_367.gif





OPS/images/inline_234.gif





OPS/images/inline_364.gif





OPS/images/inline_235.gif





OPS/images/inline_365.gif





OPS/images/inline_238.gif





OPS/images/inline_368.gif





OPS/images/inline_239.gif





OPS/images/inline_332.gif





OPS/images/inline_78.gif





OPS/images/inline_203.gif





OPS/images/inline_333.gif





OPS/images/inline_79.gif





OPS/images/inline_77.gif





OPS/images/inline_206.gif





OPS/images/inline_336.gif
= (av/Ly) = (5.8 £0.3) x 107 * - sec™!






OPS/images/inline_81.gif





OPS/images/inline_207.gif





OPS/images/inline_337.gif





OPS/images/inline_82.gif





OPS/images/inline_204.gif





OPS/images/inline_334.gif





OPS/images/inline_8.gif
(58 +0.3)x107%s






OPS/images/inline_205.gif





OPS/images/inline_335.gif





OPS/images/inline_80.gif





OPS/images/inline_21.gif
Lo





OPS/images/inline_34.gif
Lo





OPS/images/inline_85.gif





OPS/images/inline_210.gif
(Kg/Kn) = 10





OPS/images/inline_340.gif
RecA — ATPyS





OPS/images/inline_208.gif





OPS/images/inline_338.gif





OPS/images/inline_83.gif





OPS/images/inline_209.gif





OPS/images/inline_339.gif





OPS/images/inline_84.gif





OPS/images/inline_211.gif
K,

107“ .sec™





OPS/images/inline_212.gif
(Kg/Kn)





OPS/images/inline_342.gif





OPS/images/inline_88.gif





OPS/images/inline_213.gif
K,

107< .sec™’





OPS/images/inline_343.gif
RecA — ATPyS





OPS/images/inline_89.gif





OPS/images/inline_86.gif





OPS/images/inline_341.gif
RecA — ATPyS — dsDNA





OPS/images/inline_87.gif





OPS/images/inline_216.gif
¢, (1)





OPS/images/inline_346.gif
(A





OPS/images/inline_91.gif





OPS/images/inline_217.gif





OPS/images/inline_347.gif
(A ]





OPS/images/inline_92.gif





OPS/images/inline_214.gif
({1,141 + Qf)





OPS/images/inline_344.gif





OPS/images/inline_9.gif





OPS/images/inline_215.gif





OPS/images/inline_345.gif
RecA — ATPyS





OPS/images/inline_90.gif





OPS/images/inline_22.gif
Ap





OPS/images/inline_35.gif
ZR





OPS/images/inline_220.gif





OPS/images/inline_218.gif





OPS/images/inline_348.gif





OPS/images/inline_93.gif





OPS/images/inline_219.gif
M = 10°





OPS/images/inline_349.gif





OPS/images/inline_94.gif





