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Abstract

:

Transcription factors regulate gene activity by binding specific regions of genomic DNA thanks to a subtle interplay of specific and nonspecific interactions that is challenging to quantify. Here, we exploit Reflective Phantom Interface (RPI), a label-free biosensor based on optical reflectivity, to investigate the binding of the N-terminal domain of Gal4, a well-known gene regulator, to double-stranded DNA fragments containing or not its consensus sequence. The analysis of RPI-binding curves provides interaction strength and kinetics and their dependence on temperature and ionic strength. We found that the binding of Gal4 to its cognate site is stronger, as expected, but also markedly slower. We performed a combined analysis of specific and nonspecific binding—equilibrium and kinetics—by means of a simple model based on nested potential wells and found that the free energy gap between specific and nonspecific binding is of the order of one kcal/mol only. We investigated the origin of such a small value by performing all-atom molecular dynamics simulations of Gal4–DNA interactions. We found a strong enthalpy–entropy compensation, by which the binding of Gal4 to its cognate sequence entails a DNA bending and a striking conformational freezing, which could be instrumental in the biological function of Gal4.
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1. Introduction


Protein–DNA interactions play essential roles in several biological functions in cells, like gene transcription, DNA replication, repair and recombination. To perform their regulatory functions, many of the DNA-binding proteins, among which are transcription factors (TF), need to bind to specific double-stranded (ds) sites in the presence of an overwhelming number of nonspecific dsDNA tracts. These proteins thus have to be optimized both for specific binding and for effective searching, which proceeds through a combination of sliding along the dsDNA, switching between contacting dsDNA segments and hopping via unbinding, 3D diffusion and binding [1,2,3]. Therefore, the specific binding, its strength and molecular conformations, are just one of the key ingredients for the regulation mechanisms. Equally crucial are the kinetic on and off rates—that gauge the role of hopping, the strength and nature of the nonspecific binding — that control the sliding and the flexibility, and multivalence of the protein—that lower the barrier for intersegment switching. The balance among these many factors is often achieved through the combination of two or more positively charged DNA-binding domains and the presence of unstructured protein tracts. Sequence-specific recognition is generally anticipated by nonspecific interactions provided by electrostatics and by the formation of some hydrogen bonds (HB) between protein residues and DNA. Specific interactions with the cognate site are obtained through additional HB, which require a precise mutual positioning of the protein and dsDNA. This process involves an enthalpy gain but, also, an entropy penalty associated with the reduction of the available molecular conformations [4,5].



The simultaneous optimization of all these requirements is very difficult to achieve, as suggested by the fact that, in the presence of large genomes, such as in eukaryotic cells, the selectivity of gene regulators is not provided by single DNA-binding proteins but, rather, is attained through the cooperation of various transcription factors, each of which is only partially selective for its cognate site. In this context, a complete investigation of the binding process of proteins targeting a specific site in the genome should take into account not only the strength and selectivity of the cognate site but, also, the nature and strength of the nonspecific binding, the kinetic parameters and the interactions with the cofactors.



Historically, the quantitative evaluation of DNA binding by transcription factors has first focused on identifying the cognate sites and the strength and selectivity of the specific binding. This is, by itself, a challenging task, since the binding landscape of this class of proteins is known to be particularly complex, much beyond the simple view of one single consensus sequence with high specificity for one single protein [6,7,8,9], as also evidenced by state-of-the-art computer simulations [10]. The knowledge of specific protein–DNA interactions also includes various detailed structural descriptions of crystallized protein–DNA complexes that have become available in recent years. The same approach, however, cannot be extended to nonspecific interactions that remain more elusive.



Given the synergic contribution of specific and nonspecific bindings, relevant new understanding could emerge from their simultaneous measurement and combined analysis. Not many of these studies are currently available, reflecting the fact that the available experimental approaches are all, to some degree, inadequate to determine the equilibrium and kinetics of both strong and weak binding processes. Indeed, the difference between specific and nonspecific binding has hardly any solid quantitative reference: reported estimates for the specific/nonspecific free energy differences range from 1 to 7 kcal/mol [11,12], reflecting both the intrinsic differences in behaviors between proteins and the spread in approaches and sensitivity of the experimental methods. Electrophoretic mobility shift assays (EMSA) and protein arrays are the two most used methods to determine specific but, also, nonspecific interactions of DNA-binding proteins. By requiring hour-long bond lifetimes, the duration of the electrophoretic run, EMSA is suitable for strong, stable binding but not as much for weaker or more dynamic binding, such as those required to provide the necessary interplay between hopping and sliding in the search process [13]. Protein-binding microarrays enable comparing the binding at the equilibrium of a given protein to a large variety of DNA strands [14]. The conversion of a fluorescence signal into an equilibrium dissociation constant is, however, not straightforward, losing the accuracy for weak binding, which is also extremely sensitive to image processing and subtraction of the background signal [15] (see Supplementary Text S1). Alternative methods include label-free biosensing techniques, which have demonstrated enough sensitivity and access to kinetic behavior [16] but were never focused on comparative specific/nonspecific protein–DNA binding.



The Reflective Phantom Interface (RPI) is an optical, label-free technology based on reflectivity, which has been introduced by our group and applied to protein–protein [17,18] and DNA–DNA interactions [19,20]. Since the RPI enables the real-time, multi-spot detection of the molecular binding, it allows to investigate in parallel the kinetics and equilibrium of the interaction of a protein with different specific and nonspecific dsDNA fragments.



Here, we applied the RPI to the study of the paradigmatic gene regulator Gal4 of Saccharomyces cerevisiae [21,22], a sequence-specific DNA-binding protein with a zinc finger-type DNA-binding domain. Gal4 activates the transcription of various galactose-inducible genes by binding to a specific upstream activation sequence (UASG), thereby favoring the recruitment of the RNA polymerase II transcription machinery to a downstream-located core promoter region [23]. As schematically shown in Figure 1A, Gal4 binds DNA as a homodimer, with two zinc finger domains (Zn2/Cys6-fold group) making base pair-specific contacts to highly conserved CGG triplets at the ends of the consensus sequence, while flexible linkers and dimerization elements contact the phosphate backbone within the inner 11 base pairs. We selected Gal4 because of a combination of factors: it has been extensively studied with different approaches, including label-free biosensing [24], and a crystallographic description of its interaction with the cognate site is available [21]; despite thorough structural knowledge, the mechanisms yielding selective regulation by this and other yeast transcription factors are still unclear [25,26].



Considered together, the previous investigations of Gal4–DNA binding, which took place in the last decades and involved a variety of techniques, give a sense of the intrinsic uncertainty of the experimental determinations in this field: the available estimates for the dissociation constant of its complex with the consensus sequence span several orders of magnitude, ranging from 200 nM [24] down to 0.5 nM [27]. Most studies, however, found values in the 3–30-nM range [22,26,28], in line with several other transcription factors [29,30]. The available data for the kinetics of Gal4 unbinding from its cognate site give koff ≈ 10−4 s−1, obtained with single-molecule experiments [31] and Surface Plasmon Resonance imaging [24]. Nonspecific interactions measured by EMSA indicate 10- to 1000-fold weaker binding [26], in line with what was found for other zinc finger proteins [15].



In this work, we present a thorough study of specific and nonspecific Gal4–dsDNA binding, which includes methodological novelty, the developing of a simple kinetic model to analyze the results and performing MD simulations to interpret the results. Specifically, we exploited the RPI to measure the equilibrium and kinetics of Gal4–dsDNA binding at different ionic strengths. We perform a combined analysis of specific and nonspecific binding using a hierarchical two-step process model, which enables extracting the difference in free energy between the two modes of interaction. In parallel, we performed long, state-of-the-art all-atom molecular dynamics simulations of Gal4 contacting dsDNA, which offered a detailed description of the specific and nonspecific binding of Gal4, including protein conformations, bond distribution and DNA bending. Experimental data and computer simulations consistently indicate that the binding of Gal4 to its cognate site involves a marked entropy/enthalpy compensation.




2. Results


2.1. Gal4 Binding to Specific and Nonspecific DNA Sequences


The sensing surface of the RPI is a nonreflecting glass substrate, coated with a polymer to reduce nonspecific binding, on which “receptors” are chemically immobilized in spots [18,19] (Figure 1B). The RPI raw signal is the reflected light intensity from each spot on the sensing surface, which can be converted, with no free parameter, into the molecular surface mass density σ (see Supplementary Text S3). To explore specific vs. nonspecific Gal4–DNA binding, we prepared surfaces with spots containing four distinct dsDNA probes: two 40 basepair (bp) blunt-ended dsDNA and two hairpins (40 bp-long ds stem plus eight-base-long loop), differing only for the presence or absence of the consensus sequence from position 28 to position 45 (Figure 1B and Figure S1). All probes have a single-strand spacer of 10 adenosines to provide flexibility and increase the distance to the surface. The consensus sequence we used, 5′ CGG-N11-CCG 3′, is based on a large body of previous studies showing sequence-specific DNA binding by Gal4 as a dimer (e.g., Marmorstein [21]; see Supplementary Text S4). The high conservation of CGG motifs has been recently confirmed by protein-binding microarray (PBM) studies to reflect a high affinity for the Gal4 DNA-binding domain of each monomer [32]. In this study, we considered as nonspecific any sequence lacking such a consensus and analyzed in detail two of them, the NSP sequence (Figure 1B) and the CTRL sequence (Figure S2 and Table S1), the latter chosen to minimize an affinity for cryptic sites (see Supplementary Text S4 for more details).



Examples of Gal4-binding curves measured for spots of specific and nonspecific dsDNA probes (listed in Table 1) are shown in Figure 1B. When the consensus sequence is present, the amount of bound proteins is larger and the time to saturation longer, indicating a stronger but overall slower interaction with the specific tract. This behavior can be better appreciated in experiments in which Gal4 is added in stepwise increasing concentrations c. Figure 2A shows σ(t), the time evolution of the protein mass accumulating on the four families of spots following the injection of Gal4 in the measuring cell. At all concentrations, the binding of Gal4 to the spots carrying the consensus sequence is more “efficient”, since these spots capture a larger amount of Gal4 proteins, and “slower”, since it takes more time to plateau. A similar difference is also observed with respect to other nonspecific control strands with different sequences (Figure S2).



We have fitted each increment of σ(t) by


  σ  ( t )    =   Σ  ( c )   (  1 −  e  − Γ  ( c )  t    )   



(1)




where the two fitting parameters are the extrapolated asymptote at each injected concentration Σ(c) and the growth rate   Γ  ( c )   . It is worth noticing that, since   Γ  ( c )    =    k  o n   c +  k  o f f     and kon and koff are the kinetic rates for binding and unbinding, the measurement of the rising time does not simply reflect the binding rate but, rather, conveys information on both.



Figure 2B shows the values obtained for the asymptotic value Σ(c) for the pair of specific and nonspecific hairpin probes. These can, in turn, be fitted with a simple Langmuir adsorption curve:


  Σ  ( c )    =    Σ ∞  /  (  1 +    K d   c   )   



(2)




where the dissociation constant Kd = koff/kon. In the fitting process, the saturation value Σ∞ is not constrained but is kept the same for each pair of specific and nonspecific probes. This corresponds to the assumption that the maximum number of proteins hosted by a single probe duplex at large protein concentration depends on the probe length but not on the presence of the specific tract. Remarkably, the value of Σ∞ obtained from repeated measurements in the same conditions of Figure 2 corresponds to 0.9 ± 0.1 Gal4 homodimers per DNA strand (see Supplementary Text S5). This evidence does not exclude the possibility that at large concentration more than one protein can bind to a single DNA probe strand, either containing the specific tract or not. Indeed, the total length of the dsDNA probes roughly corresponds to the size of two Gal4 homodimers. However, our analysis indicates that the possible binding of a second protein on the same DNA strand is either unlikely or characterized by a much larger Kd, hence not affecting the analysis of the initial part of the Langmuir isotherm proposed in this study.



This analysis enables determining the Kd summarized in Figure 2D. As expected, Gal4 interacts with its cognate site more strongly (Kd = 25–35 nM) than with generic sequences (Kd = 160–240 nM). These values indicate a free-energy difference of about 0.9-1.2 kcal/mol between specific and nonspecific sequence, similar to what was observed for the Max protein in reference [11]. The values only slightly depend on the dsDNA probe density on the spots (Figure S3) and on the background treatment (Figure S4). The association rate kon is obtained from the measured initial slope σ’(c) after each stepwise concentration increment (Figure 2C). Since    σ ′   ( c )    =   Σ  ( c )  Γ  ( c )  =    Σ ∞   k  o n   c  , kon is obtained as the slope of the linear fit of σ’(c)/Σ∞. The extracted kon is very similar for specific and nonspecific interactions, being less than 20% larger in specific spots, suggesting an equality to the kon. By adopting this assumption, i.e., fitting all data as a single set (dashed line in Figure 2C), we obtain kon = 1.6 ± 0.6 × 10−5 s−1 nM−1, with the differences in Kd mainly ascribed to the different rate koff = Kd·kon, with which Gal4 unbinds from duplexes. In the case of strands carrying the Gal4 consensus sequence, we obtain koff = 3.1–6.9 × 10−4 s−1, while, in the case of generic dsDNA, koff = 1.4–4.7 × 10−3 s−1, indicating a detachment time almost 10 times faster. The measured koff for the consensus sequence is similar within a factor of three to the value obtained for Gal4 in previous studies by Surface Plasmon Resonance imaging [24], whereas our value of kon is about 25 times larger, suggesting a faster access of the protein to the DNA strands on the surface in our conditions. Besides differences in the composition and passivation of the sensing surface, it must be noted that our approach relies on a global analysis of both specific and nonspecific binding (see Supplementary Text S1) measured at low concentrations of Gal4, thus far from the saturation of surface probe sites and consequent crowding effects. In general, similar equilibrium or kinetic rate constants of protein interactions can be determined with both solution-phase methodologies and surface biosensors [33]. However, the surface immobilization of nucleic acids can provide an accumulation of charges that induces the electrostatic effects typical of large solution-phase concentrations comparable to those of the DNA within the nucleus [20].



To better explore the relevance of an electrostatic component of the interactions, we performed experiments at various values of ionic strength Is across the standard value Is = 150-mM NaCl. The electrostatic effects are relevant, as indicated by the decreasing bound proteins (Figure S5). The behaviors of Kd, kon and koff vs. Is are shown in Figure 3A–C. In presence of specific bonds, Kd progressively increases with Is (Figure 3A, red dots). A similar behavior has been observed for various DNA-binding proteins and is mostly related to the release of counterions upon binding [34,35]. In the absence of specific interactions, Kd increases with Is more rapidly, indicating a stronger weakening of the nonspecific bonds up to Is = 200-mM NaCl, above which it sharply falls (Figure 3A, blue dots). This nonmonotonic behavior leads to a maximum difference between specific and nonspecific equilibrium constants, remarkably located around 150-mM NaCl. Further insight is given by the kinetics. kon monotonically decreases with Is, as expected from the reduced electrostatic attraction range (Figure 3C).



The escape rate of Gal4 from a generic dsDNA is made easier by increasing the salt concentration up to 150-mM NaCl, above which koff sharply drops (Figure 3B). When specific interactions are present, koff is instead monotonic and much milder. This somewhat surprising behavior could be understood in the following way. The weakening of the electrostatic attraction is more relevant for nonspecific interactions, which are less stabilized by HB. However, at large Is, the value of nonspecific koff approaches that of specific interactions, indicating a similar stability in the two situations and thus suggesting that the narrowed electrostatic self-repulsion favors the onset of new attractive interactions, possibly additional HB made accessible by previously inaccessible conformations.




2.2. Analysis of Equilibrium and Kinetics through a Nested–Well Binding Model


The specific docking of Gal4 to its consensus sequence is known to depend on the formation of about 20 HB (Figure 1A), which require Gal4 to be in a precise position and orientation with respect to the dsDNA and to adopt a definite molecular conformation. Thus, when Gal4 is in contact with its consensus sequence but its position/orientation/conformation is not the one enabling H-bonding, its interaction must resemble those relevant for generic dsDNA. This agrees with the notion that interactions of Gal4 to its consensus sequence are intrinsically preceded by those to nonspecific dsDNA that control sliding and hopping [36]. Since we have parallel access to specific and nonspecific observations, we aim to disentangle the two components by performing a differential analysis of our data.



To this goal, we developed a simple model embodying this notion of specific-through-nonspecific interactions. Our model shares features with previous ones that were proposed to incorporate into simple kinetic equations the notion that the target search of transcription factor crucially depends on nonspecific binding, which might have the role of an “antenna” [37] or of a “funnel” [38], facilitating the docking on the cognate site. The model we propose here is, however, simpler than previous ones, as a consequence of the simultaneous access, afforded by our experimental design, to the binding to specific and nonspecific DNA strands of equal sizes.



In our model, we introduce a reaction coordinate x, ordering all possible Gal4 molecular conformations, which are the same around the DNA strands that carry or not the specific sequence. We thus envision the specific binding as encompassing a set of x coordinates surrounded by regions of nonspecific interactions, as in the “Nested–Well” (NW) model sketched in Figure 1C and discussed in Supplementary Text S6, which comprises two consecutive binding reactions: reaction 1 (from unbound to nonspecific interactions) and reaction 2 (from nonspecific interactions to specific binding). In the latter, the equilibrium dissociation coefficient K2 is defined as K2 = σ1/σ2, the ratio between the surface densities of nonspecifically (σ1) and specifically bound (σ2) proteins to the dsDNA probes. In the limit of large K2—i.e., vanishing depth of the inner well—the NW model becomes a single-well model describing the binding to strands that do not carry the target sequence, with the equilibrium coefficient K1. The binding equilibrium that is measured when Gal4 interacts with dsDNA carrying its cognate site, and involves both specific docking and nonspecific interactions, should instead be compared to the binding of the whole NW system. In this case, Kd = K1K2/(1+ K2), or


   K 2    =      K d     K 1  −  K d     



(3)







Having experimental access to both K1 and Kd (see Figure 3A) it is straightforward to extract K2 as a function of the ionic strength, as shown in Figure 3D. We find that the smallest K2, corresponding to the tightest specific binding, is found at the concentration of 150-mM NaCl.



The solution of the NW model also provides the time dependence of the amount of Gal4 adhering to DNA after a stepwise increment of its concentration, which is found to depend on kon1 and koff1—the kinetic rate constants for the nonspecific binding of Gal4 on the duplexes and kon2 and koff2—the rate constants for the unimolecular reaction from the nonspecific to the specific state for the proteins already bound to the DNA. We find that the binding kinetics to a NW probe is a double exponential, with shorter (τS) and longer (τL) characteristic times:


  σ  (  c , t  )    =   Σ  ( c )     (  1 − B    e  − t /  τ L    −  (  1 − B  )     e  − t /  τ S     )   



(4)




where B, τS and τL are explicit functions of the equilibrium and kinetic coefficients for transitions 1 and 2 (see Supplementary Text S6). At moderate K2, of interest for this analysis, the response time is nearly exponential and is dominated by τL (B ≈ 1). τL depends on koff2: when koff2 is small, τL becomes large, as expected because of the slower escape time from the inner well; when koff2 is large, τL reaches a limiting value larger than the response time for nonspecific binding (   τ  L ∞      > τ1).    τ  L ∞     depends on K1, K2 and τ1 and corresponds to the time involved in the escape from the outer well of the nonspecifically bound proteins that, however, are in constant equilibrium with those that are specifically bound (Figures S6 and S7). The data shown in Figure 1B were simultaneously fit to this kinetic model (continuous lines). We find a good agreement with the data, indicating that the NW model captures the differences in both the binding strength and kinetics. In particular, we find    τ L  ≈      τ  L ∞    , as apparent by comparing the NW fitting curve with such limiting exponential behavior   σ  (  c , t  )    =   Σ  ( c )     (  1 −    e  − t /  τ  L ∞      )    (dashed line), indicating that the residence time of Gal4 on its consensus sequence is shorter than koff1−1 ≈ 300 s. The nearly exponential kinetics, predicted and observed, justifies the use of Equation (1) in the general analysis of our data. Despite its simplicity, the NW model enables describing the Gal4 binding by capturing the slower approach to the saturation of specific interactions by justifying that kon is the same in specific and nonspecific interactions and by providing a mean to quantify the nonspecific-to-specific transition. Further details are available in Supplementary Text S6.




2.3. Entropy–Enthalpy Compensation


The selectivity for Gal4 to its consensus sequence observed in this study and expressed by the coefficient K2 is, at best,    K 2  ≈ 0.16   at 150-mM NaCl, meaning that, out of 10 Gal4 dimers bound to the dsDNA probe containing the consensus sequence, 10/1.16 ≈ 8.6 are actually docked to a cognate sequence, while 1.4 contact the dsDNA without adopting the specific binding conformation. One could wonder how this 6:1 ratio could manage to regulate the gene expression in vivo, where the ratio between the number of DNA bases involved in the consensus sequence vs. all bases present in the system is not of the order of 10−1, as it is here, but, rather, of the order 10−6 or less, a notion suggesting that only a tiny minority of the Gal4 molecules actually manages to dock on the DNA target.



The weak selectivity revealed by K2 indicates that the free energy difference between specific and nonspecific binding is rather small,   Δ G   =   R T ln  (   K 2   )  ≈ − 1.1    kcal  /  mol     , where R is the gas constant. Intriguingly, this figure is much smaller than the one expected from the large number of HB involved in the docking of Gal4, which should provide an enthalpic gain upon specific binding an order of magnitude larger [39,40,41]. To explore the entropic and enthalpic components of   Δ G ,   we performed binding experiments analogous to those in Figure 2 as a function of the temperature (see Supplementary Text S2 and Figure S8) from which we extracted K2(T), shown in Figure 4.



By fitting these data with    K 2  = e x p  (  Δ H / R T − Δ S / R  )    (dashed line), we obtain   Δ H ≈ − 12.8 ± 3    kcal  /  mol      and   Δ S ≈ − 38.7 ± 9 cal /  (   mol   K   )   , confirming the expectation of an enthalpic gain upon specific binding more than 10 times larger than the measured   Δ G  , which is compensated for more than 90% by a similarly large entropic penalty. This emerging entropy–enthalpy compensation indicates that the enthalpy made available by the HB is spent more in entropy reduction than to localize Gal4 on the consensus sequence, in turn suggesting that conformational freezing upon docking, rather than the binding strength, might be a key to understanding the biological function of Gal4. Indeed, conformational freezing could be instrumental in the specific binding of Gal4 with several other coactivator proteins, a necessary step toward the activation of the gene expression [42].




2.4. Structure and Interface of the DNA–Gal4 Complex: A Molecular Dynamics Study


We thus investigated, through state-of-the-art all-atom molecular dynamics simulations, the conformational freedom and interface of DNA and Gal4, both when isolated and within their complex in the presence or absence of a consensus sequence. We tracked their relative motion and evaluated their thermodynamics in the binding.



Figure 5A–C displays representative snapshots of the isolated Gal4 and of the specific and nonspecific Gal4–DNA complexes, respectively. While the isolated Gal4 assumes a rather compact conformation, as already suggested [21], the interaction with DNA forces more open protein configurations. To quantify such an effect, we calculated the secondary structure percentage along the amino acid sequence, subdivided into an unstructured coil, beta-like configuration or alpha helix. In Figure 6A, we plot the lost and gained secondary structures as the differences between specific binding and isolated proteins (top panel) and between nonspecific binding and isolated proteins (bottom panel). Regions of DNA–Gal4 close proximity are shaded. Most of the interface tracts undergo significant conformational changes, mainly from folded to coil configurations (blue to white bars), while regions not involved in the binding are much less affected. The transition is more marked in the specific complex, such as for residues 15–25.



To address the structural changes of the DNA sequences, we computed several inter-base-pair quantities, the grooves’ depth and width and the bending angle for each frame of MD simulations using Curves+ [39]. In the case of specific DNA sequences, we also observed a 9° increase in the average bending of the DNA toward the protein, as compared to the isolated DNA oligomer (Figure 5B). This significant structural effect, which contributes to the overall conformational entropy loss, can be appreciated in other inter-base-pair quantities (like twist) and in the groove dimensions (Figures S10 and S11). On the contrary, in the case of nonspecific DNA sequences, no relevant changes were observed.



The conformational changes are correlated with the relative motion between Gal4 and the DNA, as measured through the center of mass of the protein via the RMSD time series (Figure 6B) or the change of distance along the z-axis parallel to the DNA axis (∆z) between a specific amino acid and the base pairs involved in HB (Figure S9). Repeated simulations show that Gal4 in a complex with the nonspecific DNA sequence can visit different binding sites, since the changed ∆z can reach the value of 15 Å, and it remains quite flexible, as demonstrated by the large observed fluctuations. In contrast, Gal4 in complex with the specific sequence retains most of its initial contacts, and much smaller relative movements of the protein along the DNA are observed. The difference between the two situations is also apparent when studying the HBs and their dynamics along the trajectories (Tables S2 and S3). Indeed, the average number of active HB at each frame agrees with the crystallographic data and is only slightly larger for the specific case, <nHB,s ≥20 vs. <nHB,ns ≥16. Instead, when considering stable HB along the trajectory (with an occupancy 30% or higher), specific HB are much more, nHB,s = 14 vs. nHB,ns = 6, indicating that the contacts are mostly preserved in the former case, while they are continuously refreshed in the latter. Moreover, for the nonspecific case, in the two repeats, different HB are observed, suggesting that different conformations can be explored, and if the simulations were longer, the breaking of these HB and the changing of the relative position between the protein and the DNA would likely be observed. Overall, these findings, together with the number (147 ± 11 and 153 ± 14 for the specific and nonspecific complexes, respectively) and distribution of interfacial water molecules solvating DNA and protein (Figure S12), defined as water molecules at a distance of 4 A° of both the protein and the DNA sequences, indicate the crucial importance of taking into account the dynamic nature of the interfaces to correctly describe the stability and specificity of Gal4 binding.




2.5. Entropy–Enthalpy Compensation upon Binding from the Molecular Dynamics Study


The all-atom molecular dynamics simulations can also lead to estimates of the various contributions to the binding free energy that, albeit difficult to quantitatively compare to experimental results, can support their interpretation. Among them (defined and discussed in Supplementary Text S7), we identified polar terms—including electrostatic energy and the polar contribution to the solvation energy and nonpolar terms—including Van der Waals interactions and related to the different number of HB and contacts for the two binding modes. Such terms are all favorable for both binding modes with respect to the unbound state (Tables S4 and S5), with an overall difference between specific and nonspecific complex of about 35 kcal mol−1, indicating that specific Gal4–DNA binding is strongly favored by enthalpy. This figure is counterbalanced by entropic contributions way more favorable for the nonspecific interactions (TΔS ~ –17 kcal mol−1) than for specific binding (TΔS ~ +26 kcal mol−1). Several factors contribute to this entropy difference, as further discussed in Supplementary Text S7 and Table S4: (i) the protein has access to a significantly higher number of conformations when bound to the nonspecific DNA sequence (Figure 5), (ii) the protein can slide along the dsDNA only when undocked (Figure 6B) and (iii) the dsDNA is bent and stiffened by Gal4 binding in this specific case (Figures S10 and S11). Although additional terms not considered here, like the entropic effect due to the loss of bound water molecules when forming the complex [43] (a large number of water molecules was observed for the specific complex; see Supplementary Text S7 for more details), may also contribute to the total binding affinity, and despite the potential role of several simplifying assumptions, our simulations unequivocally show a very relevant entropy–enthalpy compensation mechanism for the specific binding in which a relatively small free-energy reduction results from the differences of large quantities.





3. Discussion and Conclusions


In this article, we report a quantitative analysis of the binding of the yeast gene regulator Gal4 to dsDNA. We measured the binding strength and kinetics of Gal4 to dsDNA oligomers with different sequences thanks to the real-time multiplexing capacity of the recently introduced RPI technology. The Gal4–DNA interaction is only one of several molecular interactions required for galactose-dependent gene control in yeast, which inevitably limited the scope of our modelling. Nevertheless, the mode of specific DNA recognition by Gal4, a paradigmatic transcriptional activator, is especially worthy of being fully understood, as it has the potential to affect the subsequent events that include the galactose-dependent unmasking of transcription activation domains followed by their interactions with subunits of various coactivator complexes, like SAGA and Mediator [44].



Overall, the combination of our experimental observations, comparative analysis through a simple model and molecular dynamics simulations suggests the following description of the Gal4–DNA recognition process. The protein is attracted towards DNA primarily by an electrostatic interaction, finely modulated by ionic strength. The first binding is not specific to the DNA sequence and involves a relevant number of HBs, although it leaves a large conformational freedom to the protein–DNA complex. Upon random sliding and rearrangements, the protein binds to the consensus sequence with an enthalpy gain almost compensated by a large entropy loss.



Our quantitative analysis conveys new clues to understand the specificity and efficacy of the action of Gal4, which may be relevant for various other transcription factors. It has been repeatedly noticed that the specificity of transcription factors, especially in yeast and eukaryotic cells, is not sufficient to provide the necessary transcription selectivity, which can only be provided by cooperativity among the different transcription factors at the same DNA regulatory regions. Indeed, our results on Gal4 imply that, when the target sequence is diluted in the 107 base-long yeast genome, the nonspecific binding should largely dominate, even assuming a large fraction of chromatinization. While this might appear the reasonable and expected condition enabling the search for the needle-in-the-haystack cognate site through sliding and hopping, one might also wonder what prevents spurious transcription signaling. We argue that the large entropic cost in specific binding, associated to a precisely shaped Gal4–DNA complex, might be a critical element in recruiting the cofactors necessary to initiate the transcription, thereby minimizing the ectopic transcription initiation events. Accordingly, out of the many conformations that are compatible with interacting with a generic dsDNA, only a tiny fraction matches those induced by specific docking. The overall outcome of these effects might well be described as DNA sequence-induced structural changes, as those reported for glucocorticoid receptor binding to its cognate site [45,46]. We speculate that such conformational constraints, combined with the docking lifetime, are key to the biological action of Gal4, as well as of other TFs.




4. Materials and Methods


4.1. Biomolecules and Reagents


We studied a stable recombinant Saccharomyces cerevisiae Gal4 N-terminal fragment, comprising amino acids 1–147 (MW = 16.9 kDa), purchased from Abcam (Abcam, Cambridge, UK). Gal4(1–147) specifically binds DNA as a dimer. It dimerizes in the solution in the absence of DNA [47]. Amine-terminated oligonucleotides (Ultramers, Integrated DNA Technologies, Coralville, IA, USA) were spotted on the RPI sensor surface, as detailed in Supplementary Texts S8. Gal4 was suspended before use in the measuring buffer (Tris HCl, pH 7.5, 50 mM, Tween 20 0.02%, NaN3 0.02%, ZnSO4 200 μM and NaCl from 50 to 250 mM).




4.2. RPI Measurements


The RPI measurements were performed by using the experimental set-up and the analysis procedure described in reference [18]. Briefly, Gal4 was injected into the RPI cartridge to reach a final concentration c from 0.08 nM up to 50 nM. We avoided larger protein concentrations that can result in aggregation. All the experiments were performed at 30 °C under stirring. Raw images of the reflecting surface were converted into surface density signals, as detailed in Supplementary Text S3. The binding curves were analyzed as described in the text to extract the equilibrium and kinetic parameters.




4.3. All-Atom Molecular Dynamics Simulations and Analysis


To model Gal4, we started from the crystallographic structure of the DNA-bound protein (PDB 3COQ). For DNA sequences, the free structure was energy-optimized using the internal/helicoidal variable modeling JUMNA [48] with the AMBER par98 force field. For the nonspecific complex, we superimposed the specific complex and the nonspecific DNA sequence to determine the corresponding protein–DNA contacts that have to be preserved during the minimization of the protein–DNA nonspecific complex. For the protocols, solvent models and Debye–Hückel salt treatment, see Supplementary Text S7. Microsecond all-atom molecular dynamic (MD) simulations were performed using the GROMACS 5 package [49] on the protein and DNA molecules alone and on their specific and nonspecific complexes (two repeats). See Supplementary Text S7 for all details on the MD protocols and HB treatments. The conformational analysis of the dsDNA was performed using Curves+ [50], which provides a full set of helical, backbone and groove geometry parameters. The HB and solvating water molecules were identified based on the distance and angle cut-offs (see Supplementary Text S7) upon which the thermodynamic quantities were estimated.









Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/article/10.3390/ijms22083813/s1.





Author Contributions


Conceptualization, G.Z., G.N., G.D., M.B. and T.B.; methodology, T.C., G.Z., M.B. and T.B.; software, E.F. and L.V.; formal analysis, G.Z., E.F., L.C., L.V., G.N., M.B. and T.B.; investigation, T.C. and L.C.; resources, G.T.; data curation, L.C.; writing—original draft preparation, T.B.; writing—review and editing, T.C., G.Z., E.F., G.D. and M.B.; visualization, T.C. and L.C. and supervision, T.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Regione Lombardia and FESR, Linea Accordi per la Ricerca (NeOn project ID 239047 to M.B., T.B. and G.Z.) and by a PRIN2017 project from Ministero dell’Istruzione dell’Università e della Ricerca (ID 2017Z55KCW to T.B. and M.B.). E.F. is grateful to the GENCI France supercomputers for the generous allocation of CPU time (DARI A0060710757 grant). G.D. benefited from the equipment and framework of the COMP-HUB Initiative, funded by the “Departments of Excellence” program of the Italian Ministry for Education, University and Research (MIUR, 2018–2022). This work was supported by the Department of Medical Biotechnology and Translational Medicine of the University of Milano (Piano sviluppo Unimi 2019). The authors acknowledge support from the University of Milano through the APC initiative.




Data Availability Statement


All data are contained within this article and the associated supporting information.




Acknowledgments


E.F. thanks Richard Lavery for providing new versions of Curves+ and Canal not yet publicly available.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Williams, M.C.; Maher, L.J. Introduction to Biophysics of DNA–Protein Interactions: From Single Molecules to Biological Systems; Springer: Berlin/Heidelberg, Germany, 2010; pp. 3–8. [Google Scholar]

	



Zakrzewska, K.; Lavery, R. Towards a molecular view of transcriptional control. Curr. Opin. Struct. Biol. 2012, 22, 160–167. [Google Scholar] [CrossRef] [PubMed]

	



Slutsky, M.; Mirny, L.A. Kinetics of Protein-DNA Interaction: Facilitated Target Location in Sequence-Dependent Potential. Biophys. J. 2004, 87, 4021–4035. [Google Scholar] [CrossRef]

	



Kalodimos, C.G.; Biris, N.; Bonvin, A.M.J.J.; Levandoski, M.M.; Guennuegues, M.; Boelens, R.; Kaptein, R. Structure and Flexibility Adaptation in Nonspecific and Specific Protein-DNA Complexes. Science 2004, 305, 386–389. [Google Scholar] [CrossRef]

	



Furini, S.; Barbini, P.; Domene, C. DNA-recognition process described by MD simulations of the lactose repressor protein on a specific and a non-specific DNA sequence. Nucleic Acids Res. 2013, 41, 3963–3972. [Google Scholar] [CrossRef] [PubMed]

	



Wunderlich, Z.; Mirny, L.A. Different gene regulation strategies revealed by analysis of binding motifs. Trends Genet. 2009, 25, 434–440. [Google Scholar] [CrossRef] [PubMed]

	



Badis, G.; Berger, M.F.; Philippakis, A.A.; Talukder, S.; Gehrke, A.R.; Jaeger, S.A.; Chan, E.T.; Metzler, G.; Vedenko, A.; Chen, X.; et al. Diversity and Complexity in DNA Recognition by Transcription Factors. Science 2009, 324, 1720–1723. [Google Scholar] [CrossRef] [PubMed]

	



Siggers, T.; Gordân, R. Protein–DNA binding: Complexities and multi-protein codes. Nucleic Acids Res. 2014, 42, 2099–2111. [Google Scholar] [CrossRef] [PubMed]

	



Rosanova, A.; Colliva, A.; Osella, M.; Caselle, M. Modelling the evolution of transcription factor binding preferences in complex eukaryotes. Sci. Rep. 2017, 7, 1–12. [Google Scholar] [CrossRef]

	



Yoo, J.; Winogradoff, D.; Aksimentiev, A. Molecular dynamics simulations of DNA–DNA and DNA–protein interactions. Curr. Opin. Struct. Biol. 2020, 64, 88–96. [Google Scholar] [CrossRef]

	



Afek, A.; Schipper, J.L.; Horton, J.; Gordân, R.; Lukatsky, D.B. Protein−DNA binding in the absence of specific base-pair recognition. Proc. Natl. Acad. Sci. USA 2014, 111, 17140–17145. [Google Scholar] [CrossRef]

	



Zhang, X.; Daaboul, G.G.; Spuhler, P.S.; Dröge, P.; Ünlü, M.S. Quantitative characterization of conformational-specific protein–DNA binding using a dual-spectral interferometric imaging biosensor. Nanoscale 2016, 8, 5587–5598. [Google Scholar] [CrossRef]

	



Hellman, L.M.; Fried, M.G. Electrophoretic mobility shift assay (EMSA) for detecting protein–nucleic acid interactions. Nat. Protoc. 2007, 2, 1849–1861. [Google Scholar] [CrossRef]

	



Weirauch, M.T.; Yang, A.; Albu, M.; Cote, A.G.; Montenegro-Montero, A.; Drewe, P.; Najafabadi, H.S.; Lambert, S.A.; Mann, I.; Cook, K.; et al. Determination and Inference of Eukaryotic Transcription Factor Sequence Specificity. Cell 2014, 158, 1431–1443. [Google Scholar] [CrossRef] [PubMed]

	



Bulyk, M.L.; Huang, X.; Choo, Y.; Church, G.M. Exploring the DNA-binding specificities of zinc fingers with DNA microarrays. Proc. Natl. Acad. Sci. USA 2001, 98, 7158–7163. [Google Scholar] [CrossRef]

	



Zanchetta, G.; Lanfranco, R.; Giavazzi, F.; Bellini, T.; Buscaglia, M. Emerging applications of label-free optical biosensors. Nanophotonics 2017, 6, 627–645. [Google Scholar] [CrossRef]

	



Giavazzi, F.; Salina, M.; Cerbino, R.; Bassi, M.; Prosperi, D.; Ceccarello, E.; Damin, F.; Sola, L.; Rusnati, M.; Chiari, M.; et al. Multispot, label-free biodetection at a phantom plastic–water interface. Proc. Natl. Acad. Sci. USA 2013, 110, 9350–9355. [Google Scholar] [CrossRef] [PubMed]

	



Salina, M.; Giavazzi, F.; Lanfranco, R.; Ceccarello, E.; Sola, L.; Chiari, M.; Chini, B.; Cerbino, R.; Bellini, T.; Buscaglia, M. Multi-spot, label-free immunoassay on reflectionless glass. Biosens. Bioelectron. 2015, 74, 539–545. [Google Scholar] [CrossRef]

	



Nava, G.; Ceccarello, E.; Giavazzi, F.; Salina, M.; Damin, F.; Buscaglia, M.; Chiari, M.; Bellini, T.; Zanchetta, G. Label-free detection of DNA single-base mismatches using a simple reflectance-based optical technique. Phys. Chem. Chem. Phys. 2016, 18, 13395–13402. [Google Scholar] [CrossRef]

	



Vanjur, L.; Carzaniga, T.; Casiraghi, L.; Chiari, M.; Zanchetta, G.; Buscaglia, M. Non-Langmuir Kinetics of DNA Surface Hybridization. Biophys. J. 2020, 119, 989–1001. [Google Scholar] [CrossRef]

	



Marmorstein, R.; Carey, M.; Ptashne, M.; Harrison, S.C. DNA recognition by GAL4: Structure of a protein-DNA complex. Nat. Cell Biol. 1992, 356, 408–414. [Google Scholar] [CrossRef]

	



Hong, M.; Fitzgerald, M.X.; Harper, S.; Luo, C.; Speicher, D.W.; Marmorstein, R. Structural Basis for Dimerization in DNA Recognition by Gal4. Structure 2008, 16, 1019–1026. [Google Scholar] [CrossRef] [PubMed]

	



Corton, J.C.; Moreno, E.; Johnston, S.A. Alterations in the GAL4 DNA-binding Domain Can Affect Transcriptional Activation Independent of DNA Binding. J. Biol. Chem. 1998, 273, 13776–13780. [Google Scholar] [CrossRef] [PubMed]

	



Shumaker-Parry, J.S.; Aebersold, R.; Campbell, C.T. Parallel, Quantitative Measurement of Protein Binding to a 120-Element Double-Stranded DNA Array in Real Time Using Surface Plasmon Resonance Microscopy. Anal. Chem. 2004, 76, 2071–2082. [Google Scholar] [CrossRef] [PubMed]

	



MacPherson, S.; LaRochelle, M.; Turcotte, B. A Fungal Family of Transcriptional Regulators: The Zinc Cluster Proteins. Microbiol. Mol. Biol. Rev. 2006, 70, 583–604. [Google Scholar] [CrossRef]

	



Reece, R.; Ptashne, M. Determinants of binding-site specificity among yeast C6 zinc cluster proteins. Science 1993, 261, 909–911. [Google Scholar] [CrossRef]

	



Liang, S.D.; Marmorstein, R.; Harrison, S.C.; Ptashine, M. DNA sequence preferences of GAL4 and PPR1: How a subset of Zn2 Cys6 binuclear cluster proteins recognizes DNA. Mol. Cell. Biol. 1996, 16, 3773–3780. [Google Scholar] [CrossRef]

	



Li, M.; Hada, A.; Sen, P.; Olufemi, L.; Hall, M.A.; Smith, B.Y.; Forth, S.; McKnight, J.N.; Patel, A.; Bowman, G.D.; et al. Dynamic regulation of transcription factors by nucleosome remodeling. eLife 2015, 4, e06249. [Google Scholar] [CrossRef]

	



Bintu, L.; Buchler, N.E.; Garcia, H.G.; Gerland, U.; Hwa, T.; Kondev, J.; Phillips, R. Transcriptional regulation by the numbers: Models. Curr. Opin. Genet. Dev. 2005, 15, 116–124. [Google Scholar] [CrossRef]

	



Bintu, L.; Buchler, N.E.; Garcia, H.G.; Gerland, U.; Hwa, T.; Kondev, J.; Kuhlman, T.; Phillips, R. Transcriptional regulation by the numbers: Applications. Curr. Opin. Genet. Dev. 2005, 15, 125–135. [Google Scholar] [CrossRef]

	



Luo, Y.; North, J.A.; Poirier, M.G. Single Molecule Fluorescence Methodologies for Investigating Transcription Factor Binding Kinetics to Nucleosomes and DNA. Methods 2014, 70, 108–118. [Google Scholar] [CrossRef]

	



Zhu, C.; Byers, K.J.; Mccord, R.P.; Shi, Z.; Berger, M.F.; Newburger, D.E.; Saulrieta, K.; Smith, Z.; Shah, M.V.; Radhakrishnan, M.; et al. High-resolution DNA-binding specificity analysis of yeast transcription factors. Genome Res. 2009, 19, 556–566. [Google Scholar] [CrossRef]

	



Drake, A.W.; Myszka, D.G.; Klakamp, S.L. Characterizing high-affinity antigen/antibody complexes by kinetic- and equilibrium-based methods. Anal. Biochem. 2004, 328, 35–43. [Google Scholar] [CrossRef] [PubMed]

	



Privalov, P.L.; Dragan, A.I.; Crane-Robinson, C.; Breslauer, K.J.; Remeta, D.P.; Minetti, C.A. What Drives Proteins into the Major or Minor Grooves of DNA? J. Mol. Biol. 2007, 365, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Privalov, P.L.; Dragan, A.I.; Crane-Robinson, C. Interpreting protein/DNA interactions: Distinguishing specific from non-specific and electrostatic from non-electrostatic components. Nucleic Acids Res. 2010, 39, 2483–2491. [Google Scholar] [CrossRef] [PubMed]

	



Gerland, U.; Moroz, J.D.; Hwa, T. Physical constraints and functional characteristics of transcription factor-DNA interaction. Proc. Natl. Acad. Sci. USA 2002, 99, 12015–12020. [Google Scholar] [CrossRef] [PubMed]

	



Esadze, A.; Kemme, C.A.; Kolomeisky, A.B.; Iwahara, J. Positive and negative impacts of nonspecific sites during target location by a sequence-specific DNA-binding protein: Origin of the optimal search at physiological ionic strength. Nucleic Acids Res. 2014, 42, 7039–7046. [Google Scholar] [CrossRef]

	



Cencini, M.; Pigolotti, S. Energetic funnel facilitates facilitated diffusion. Nucleic Acids Res. 2017, 46, 558–567. [Google Scholar] [CrossRef]

	



Pace, C.N.; Shirley, B.A.; McNutt, M.; Gajiwala, K. Forces contributing to the conformational stability of proteins. FASEB J. 1996, 10, 75–83. [Google Scholar] [CrossRef]

	



Fersht, A.R. The hydrogen bond in molecular recognition. Trends Biochem. Sci. 1987, 12, 301–304. [Google Scholar] [CrossRef]

	



Smith, J.D.; Cappa, C.D.; Wilson, K.R.; Messer, B.M.; Cohen, R.C.; Saykally, R.J. Energetics of Hydrogen Bond Network Rearrangements in Liquid Water. Science 2004, 306, 851–853. [Google Scholar] [CrossRef] [PubMed]

	



Traven, A.; Jelicic, B.; Sopta, M. Yeast Gal4: A transcriptional paradigm revisited. EMBO Rep. 2006, 7, 496–499. [Google Scholar] [CrossRef]

	



Huggins, D.J. Quantifying the Entropy of Binding for Water Molecules in Protein Cavities by Computing Correlations. Biophys. J. 2015, 108, 928–936. [Google Scholar] [CrossRef]

	



Hahn, S.; Young, E.T. Transcriptional Regulation in Saccharomyces cerevisiae: Transcription Factor Regulation and Function, Mechanisms of Initiation, and Roles of Activators and Coactivators. Genetics 2011, 189, 705–736. [Google Scholar] [CrossRef] [PubMed]

	



Meijsing, S.H.; Pufall, M.A.; So, A.Y.; Bates, D.L.; Chen, L.; Yamamoto, K.R. DNA Binding Site Sequence Directs Glucocorticoid Receptor Structure and Activity. Science 2009, 324, 407–410. [Google Scholar] [CrossRef] [PubMed]

	



Schöne, S.; Jurk, M.; Helabad, M.B.; Dror, I.; Lebars, I.; Kieffer, B.; Imhof, P.; Rohs, R.; Vingron, M.; Thomas-Chollier, M.; et al. Sequences flanking the core-binding site modulate glucocorticoid receptor structure and activity. Nat. Commun. 2016, 7, 12621. [Google Scholar] [CrossRef] [PubMed]

	



Carey, M.; Kakidani, H.; Leatherwood, J.; Mostashari, F.; Ptashne, M. An amino-terminal fragment of GAL4 binds DNA as a dimer. J. Mol. Biol. 1989, 209, 423–432. [Google Scholar] [CrossRef]

	



Lavery, R.; Zakrzewska, K.; Sklenar, H. JUMNA (junction minimisation of nucleic acids). Comput. Phys. Commun. 1995, 91, 135–158. [Google Scholar] [CrossRef]

	



Pronk, S.; Páll, S.; Schulz, R.; Larsson, P.; Bjelkmar, P.; Apostolov, R.; Shirts, M.R.; Smith, J.C.; Kasson, P.M.; van der Spoel, D.; et al. GROMACS 4.5: A high-throughput and highly parallel open source molecular simulation toolkit. Bioinformatics 2013, 29, 845–854. [Google Scholar] [CrossRef]

	



Lavery, R.; Moakher, M.; Maddocks, J.H.; Petkeviciute, D.; Zakrzewska, K. Conformational analysis of nucleic acids revisited: Curves+. Nucleic Acids Res. 2009, 37, 5917–5929. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 03813 g001 550] 





Figure 1. Gal4–DNA interaction measured by the Reflective Phantom Interface (RPI). (A) Sketch of the Gal4 (8–64)/DNA complex based on The Protein Data Bank (PDB) 3COQ, with the two subunits of the dimer colored in light and dark green, respectively. Dashed lines indicate hydrogen bonds (HB) between Gal4 amino acids and the consensus sequence. (B) Binding curves of Gal4 on specific and nonspecific DNA sequences measured by the RPI. Time evolution of the surface density of protein binding on two different spots with specific (red) and nonspecific (blue) DNA sequences upon the addition of 10-nM Gal4 in the solution. Sketches of the immobilized sequences and RPI images of the DNA spots are reproduced aside. Black lines are fit to the experimental curves with Equation (4). The dashed line corresponds to the highest calculated rate of binding, as discussed in Supplementary Text S6. (C) Sketch of the energy profile of the protein–DNA complex vs. a generic reaction coordinate x. The width along x of the nonspecific and specific wells mimic the number of conformations accessible to the system. 
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Figure 2. Analysis of the Gal4–DNA interaction. (A) Increase of the surface density (σ) measured over time upon protein binding to specific (red) and nonspecific (blue) sequences for increasing the concentration of Gal4 in a solution (ionic strength Is = 150 mM, T = 30 °C and c = 10 μM). At the time indicated by the vertical lines, the Gal4 concentration was increased stepwise from 0 to 50 nM, as reported in the figure. The dashed curve superimposed to the data represents the fitting with exponential growth functions (Equation (1)), from which the rate Γ(c) and the amplitude Σ(c) of the binding curves are extracted. (B) The amplitude Σ(c) for specific and nonspecific probes (same colors as in panel A) upon an increase of protein concentration. Lines are fits with the Langmuir model Equation (2). The dashed horizontal line represents the asymptotic value for Σ(c→∞) obtained from the fit. (C) Initial slope σ’(c) of the exponential fit shown in (A) for specific and nonspecific probes. Continuous and dashed lines are separate and common fits to the data, respectively, as discussed in the text. (D) Bar graph showing the equilibrium dissociation constant (Kd) (upper) and koff (lower) of Gal4 on double-stranded DNA (dsDNA) (with hairpin or blunt ends) for specific and nonspecific sequences. The error bars represent the SD computed from three independent experiments. 
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Figure 3. Effect of ionic strength on Gal4–DNA interactions. Equilibrium dissociation constants Kd (A) and dissociation rates koff (B) for specific (red) and nonspecific (blue) hairpin sequences. (C) Association rate kon, common to specific and nonspecific strands (purple). (D) Estimated specific dissociation constant K2 from Equation (3). 
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Figure 4. Effect of temperature on the Gal4–DNA interaction. Estimated specific equilibrium dissociation coefficient K2 (dots) obtained from the ratio of the dissociation constants measured on spots of specific and nonspecific strands according to Equation (3). 
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Figure 5. Representative structures from molecular simulations. (A) Equilibrated structure of isolated Gal4. (B) Snapshot of the structure of the Gal4–DNA complex in the presence of the specific DNA sequences. (C) Examples of structures of the Gal4–DNA complex in the absence of the specific DNA sequences. 
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Figure 6. Conformational and translational freedom within the Gal4–DNA complex from molecular simulations. (A) Difference in the average protein secondary structure percentage calculated along the molecular dynamic (MD) simulations, between the specific complex and the isolated protein (top) or the nonspecific complex and the isolated protein (bottom). Gained and lost secondary structures are expressed as positive and negative bars, respectively. The grey regions represent the interface portions in the protein. (B) Protein movements along the DNA are computed as the Root Mean Square Deviation (RMSD) of the protein after the superposition of DNA heavy atoms, with specific (blue and dark blue) and nonspecific (red and magenta) sequences. 
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Table 1. DNA oligomers used in the study. Sequences 1-4 were grafted on the Reflective Phantom Interface (RPI)-sensing surface. Sequences 5 and 6 were used to hybridize sequences 3 and 4, respectively. The red part represents the region that differs between specific and nonspecific strands. CGG and CCG sequences, important for GAl4 binding, are underlined.
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	#
	Name
	Length
	Sequence





	1
	GAL4-HP
	106
	/5AmMC6/AAA AAA AAA ATG AAA TGT TGG AAG GGT CGG AGG ACA GTC CTC CGG GTG GTA TAG TCT CCT ACC TAT ACC ACC CGG AGG ACT GTC CTC CGA CCC TTC CAA CAT TTC A



	2
	NSP-HP
	106
	/5AmMC6/AAA AAA AAA ATG AAA TGT TGG TTG CGT CTC TCC TAT GTT GCG TCG GTG GTA TAG TCT CCT ACC TAT ACC ACC GAC GCA ACA TAG GAG AGA CGC AAC CAA CAT TTC A



	3
	GAL4-BE
	54
	/5AmMC6/AAA AAA AAA ATG AAA TGT TGG AAG GGT CGG AGG ACA GTC CTC CGG GTG GTA TAG



	4
	NSP-BE
	54
	/5AmMC6/AAA AAA AAA ATG AAA TGT TGG TTG CGT CTC TCC TAT GTT GCG TCG GTG GTA TAG



	5
	GAL4-BE-C
	44
	CTA TAC CAC CCG GAG GAC TGT CCT CCG ACC CTT CCA ACA TTT CA



	6
	NSP-BE-C
	44
	CTA TAC CAC CGA CGC AAC ATA GGA GAG ACG CAA CCA ACA TTT CA
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