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Introduction 
Understanding how the specificity and strength of protein-DNA interactions are determined is an 
important biophysical goal.  Transcription factors typically bind their target DNA sequences 
using a separate DNA binding domain (DBD) within the protein.  Despite detailed studies of a 
diverse array of DNA binding proteins (see  [1-3] and references therein), our understanding of 
sequence specific protein-DNA interactions at the molecular level is far from complete.  Protein 
stability has been shown to be important for DNA binding.  For example, mutations in p53 tumor 
suppressor that destabilize the protein structure also compromise its ability to bind DNA [4].  A 
recent study comparing unrelated DNA binding proteins has suggested that the strength of 
protein-DNA interactions is determined by a combination of enthalpy and entropy and these 
thermodynamic contributions are coupled to ensure sufficient binding affinity [5].  Together, 
they suggest that studies of both bound and unbound forms of a DBD may be necessary to fully 
understand the thermodynamics of protein-DNA interaction.   
 
The Ets protein family contains ~50 metazoan transcription factors involved in development, 
differentiation and proliferation [6].  An Ets protein PEA3, for example, can down regulate the 
expression of the  HER-2/neu gene linked to a malignant form of breast and ovarian cancer [7, 8].  
While their DNA binding activities are regulated through distinct mechanisms [9, 10], Ets 
proteins all contain a highly conserved DBD comprising ~85 residues (ETS domain) that uses a 
winged helix-turn-helix motif to recognize DNA (Fig. 1a).  Two highly homologous proteins 
Elk-1 (Elk) and SAP-1 (SAP) share ~80% sequence identity in the ETS domain and each bind 
the c-Fos promoter sequence in mammalian cells (Pc-fos) cooperatively with the serum response 



factor (SRF).  They also recognize and bind the E74 promoter sequence (PE74) found in 
Drosophila with high affinity.  The structures of SAP  bound to PE74 and Pc-fos and of Elk bound 
to PE74 have been solved [11, 12]; these structures are highly similar, having an RMSD of 1.2 Å 
for the Cα atoms.   
 
Although they share many common amino acid side chains, including identical residues on the 
recognition helix (H3 in Fig. 1b), in the absence of SRF, Elk and SAP display different DNA 
sequence specificity [13].  SAP binds both PE74 and Pc-fos tightly as a monomer, whereas Elk only 
binds PE74 with high affinity [14].  The high sequence and structural similarity between the two 
proteins makes the pair an interesting model system for studying the origin and modulation of 
DNA affinity.  Biochemical and structural studies in the past [11-17] have not fully accounted 
for the observed variations in the binding characteristics of Elk and SAP.  The structural 
properties of the unbound proteins have not been reported and may be responsible for their 
divergent DNA affinities.  In particular, differences in the stability of select key elements in 
unbound proteins and/or their structural pre-organization prior to DNA binding, which are 
difficult to observe even in high resolution structures, may significantly alter the strength of their 
interactions with DNA.   
 
To understand the relationship between protein stability and DNA binding as well as the role of 
structural organization in DNA binding, we performed 4 ns MD simulations of the ETS domains 
of Elk and SAP.  We also studied the DNA binding activity of a series of rationally constructed 
Elk mutants.  We show that introducing a point mutation in Elk modulates its affinity for Pc-fos to 
the same degree by which the protein’s estimated stability is altered.  Our study demonstrates 
that protein stability and flexibility are integral factors in determining the strength of protein-
DNA interaction.  
 

Discussion 
The current study uses MD simulations and an activity assay to probe the activity, affinity and 
sequence specificity of a DNA binding protein.  Reducing the internal degrees of freedom has 
been shown to strengthen macromolecular interactions [18] and has led to developments of high 
affinity ligands with conformational constraints [19, 20].  On the other hand, the relationship 
between structural disorder and DNA affinity has not been demonstrated for a natural 
transcription factor.  To examine the role of structural fluctuations in the unbound transcription 
factor, we simulated the dynamics of two highly homologous transcription factors, Elk and SAP.  
The sequence and structural similarity between the two proteins allows their divergent DNA 
binding characteristics to be understood from their individual biophysical properties.  The 
simulation studies show that Elk, with its significantly higher backbone RMSD, is intrinsically 
more dynamic than SAP.  Sequence-specific interactions between proteins and DNA often 
involve conformational changes in the protein and result in a loss of entropy due to local folding 
of the binding surface [21].  As such, stabilization of the binding surface is likely an important 
contributor to high-affinity binding since the entropic cost of association is reduced by pre-
organizing the binding surface.  Similarly, the 2.2 Å resolution structure of DNA bound p53 
shows that some cancer-causing mutations in p53 map to its DNA binding surface, where 
mutations of R175, R249, R282 and G245 inactivate the protein by destabilizing the binding 
surface due to lost hydrogen bonds to main chain carbonyl groups [22].  The results of both the 



MD simulations and the reporter activity assay are consistent with the interpretation that 
mutations stabilizing the recognition helix H3 of Elk lead to increased binding affinity for Pc-fos. 
 
The change in stability computed using known helix propensities of various amino acids and 
charge-macrodipole interaction correlates well with measured changes in transcriptional activity. 
In general the activity of an Elk mutant for Pc-fos is higher when D69 is substituted with a residue 
with higher helix propensity, which suggests that DNA affinity may be coupled to protein 
flexibility and stability.  This coupling between structure and function provides a plausible model 
for the role of D69 of Elk in DNA binding [14].  Based on the two observed conformations for 
D69, Mo et al. concluded that this residue may affect the DNA binding of Elk by reorienting 
K70, which in turn interacts with Y66 [12].  The corresponding residue K69 in SAP instead 
forms a salt bridge to the phosphate backbone [11].  However, as the authors also noted, the 
conformation of D69 that allows a salt-bridge formation is populated less frequently than the 
alternate conformation that is inconsistent with a salt bridge, and the postulated aliphatic side 
chain interactions between D69 and K70 in Elk does not explain the absence of similar 
interactions between V68 and K69 in SAP.  The model proposed here does not invoke specific 
side chain-side chain interactions but instead postulates that residue 69 influences DNA binding 
by altering the local stability of the backbone.  At the same time, this simpler model does not rule 
out potential interactions involving side chains.  Further structural and dynamics studies will be 
useful for discerning the relative importance of networks of inter-residue interactions in DNA-
binding proteins. 
 
The intrinsic flexibility of Elk is concentrated in three separate regions rather than uniformly 
distributed throughout the protein.  Yet stabilizing R1-R3 is unlikely to have the same effect on 
DNA binding and transcriptional activity, since mutations that stabilize the bound and unbound 
protein conformations equally do not change the free energy difference and thus make null 
contributions to the overall binding affinity.  The large deviation of simulated structures from the 
crystal structure in R1 may be due to crystal packing, which is also thought to be responsible for 
the structural differences between Elk and SAP in the region [12].  Our decision to focus on R3 
and mutate D69 for experimental studies derives from its proximity to the DNA recognition helix, 
where such a mutation could exert a maximum effect on DNA binding.  The RMSD disparity in 
simulated structures of Elk and SAP also coincides with the sequence difference at residue 69, 
suggesting that flexibility in the region may be a critical element in fine-tuning the DNA affinity.  
The simulations show that the i to i+3 or i to i+4 backbone hydrogen bonds from V68 and K69 
to Y65 of SAP frequently occur throughout the simulation, whereas the corresponding hydrogen 
bonds in Elk are sparse and intermittent at best.  The D69S mutant has roughly 4.7 fold greater 
affinity for Pc-fos compared to wild type and exhibits a somewhat intermediate hydrogen bonding 
frequency for Y66. Given that Y66 makes both base and phosphate contacts within the 
recognition sequence in the Elk-PE74 structure, the additional hydrogen bonds to Y65 in SAP and 
Y66 of D69S thus may facilitate DNA binding by pre-organizing the local structure for DNA 
association.  We also observed during the simulations that the side chain amine of Elk K70 
makes occasional hydrogen bonds with the hydroxyl group of Y66.  The frequency of this 
interaction is reduced in the D69S mutant and is absent in SAP.  The formation of this fortuitous 
hydrogen bond with a neighboring side chain may prevent K70 from forming other favorable 
interactions with DNA and thus further weaken the protein-DNA complex. 
 



The inferred binding free energy gain correlates with predicted stability differences (see Fig. 7).  
The best linear fit between the increase in protein stability and the increase in binding affinity is 
obtained with the slope of 1.14.  In order to determine the optimum value for the macrodipole 
moment term, we fitted the subset of mutants not including D69E and parameterized ∆∆C to 
obtain the y-intercept equal to zero.  The destabilization due to the negative charge at D69 was 
thus estimated to be ∆∆C = 0.36 kcal/mol.  A closer look at Fig. 7 reveals some deviations from 
a perfect correlation, most notably for the D69A mutant.  One explanation is that the highly 
exposed position at D69 favors polar side chains such as S and Q over A.  Yet D69V does not 
seem to suffer from the same destabilizing effect (Table 1).  Instead, the position-independent 
helix propensities used in this study may be inaccurate at residue 69.  Monte Carlo studies have 
correlated amino acid helix propensity with side chain entropy loss upon helix formation [23, 24]. 
Given the proximity to the helix terminus, the entropic advantage of having a short side chain at 
D69 may be overvalued.  A similar observation was made during a mutational study of T4 
lysozyme [25], in which the A49S mutation destabilized the protein by 0.5 kcal/mol as expected 
from reported helix propensities but the A134S mutation destabilized the protein only by 0.1 
kcal/mol.  The authors attributed the discrepancy to the location of the mutated residues—A49 is 
located centrally within an α-helix whereas A134 is located towards the carboxy terminus of a 
helix.  For Elk, the lower than expected activity of D69A is consistent with the observation that 
the intrinsic helix propensities of amino acids may vary depending on their location on the helix 
[26]. 
 
Crystal structures, while rich in information, do not fully address the dynamic nature of protein-
DNA interaction.  MD simulation studies can offer insight that is difficult to obtain otherwise.  
Recently, Bruice and coworkers reported MD simulation results of Ets-1 bound to two different 
DNA sequences containing either GGAA or GGAG at the center, to understand how a single 
protein can differentiate two related DNA sequences [27, 28].  They postulated that the binding 
affinity of Ets for the GGAG sequence is lower because of the alternate hydrogen bonds from 
Y395 (corresponding to Y66 of Elk) to either A3 or C4’, which destabilize the bidentate 
hydrogen bonds from R341 and R344 to DNA bases G2 and G1, respectively.  When bound to a 
high affinity site containing GGAA, the movement of Y395 is restricted by the C5 methyl group 
of T3’, which helps immobilize key hydrogen bonding networks.  Analogously, we can learn 
how two related proteins recognize the same DNA sequence with differing affinity by simulating 
the dynamics of these proteins and comparing their backbone flexibility.  The simulated 
dynamics of Elk and SAP suggest that excess flexibility within the binding surface of a protein 
correlates with weaker activity and DNA binding—in agreement with the conclusion from the 
Ets-1 simulation study that excess mobility of key side chains destabilizes DNA association [27].  
The reduced main chain flexibility in SAP therefore appears to be an important contributor to its 
high affinity, whereas the mobility near the recognition helix seems to disfavor DNA association 
by Elk.  The coupling between structural stability and DNA affinity suggests that, as for many 
protein-DNA interactions [21], DNA association is an endothermic reaction for Elk involving a 
local folding of the protein.   
 



Figures 

Figure 1 

Figure 1a.  
The structure of Elk bound to DNA containing the PE74 sequence (PDB: 1DUX).  The image was 
generated using SwissPDB viewer and POV-ray v. 3.5. 

Figure 1b.  
Sequence alignment of the ETS domains of Elk (residues 5-90) and SAP (residues 5-89).  
Identical residues are indicated with vertical bars, high sequence similarity with two dots, and 
weak sequence similarity with one dot.  The secondary structures of Elk shown above the 
sequence correspond to helices H1-H3 (bars) and strands S1-S4 (arrows).  Residue 69 is in bold.  
NB. The residue numbering is for Elk.   

Figure 1c.  
The PE74 and Pc-fos sequences used in the study.  The two flanking bases that are different are 
highlighted. 

Figure 2 

Figure 2a 
The main chain RMSD (Å) of Elk and SAP from 4 ns MD simulations.   

Figure 2b 
The residue-specific RMSD (Å) of Elk (diamond) and SAP (square), time-averaged over the 
period of 1-4 ns of simulation.  The three regions (R1-R3) where the Elk RMSD significantly 
exceeds that of SAP are indicated.  The configurations from two independent simulations were 
analyzed. 

Figure 2c 
The RMSD of Elk (diamond) and SAP (square) computed from the B-factors in the Elk-PE74 and 

SAP-PE74 structures using 2 28

3 BB RMSDπ= . 

Figure 3 

Figure 3a.  
The reporter activity of SAP against reporter plasmids containing either nine copies of PE74 
(filled) or Pc-fos (light) in the promoter.  The background (dark) corresponds to yeast transformed 
with the Pc-fos-EGFP reporter alone. 

Figure 3b. 
The reporter activity of Elk against PE74-EGFP and Pc-fos-EGFP.  Coloring is the same as in a. 



Figure 4 
The reporter activity of various point mutants: wild type (black), D69V (cyan), D69A (pink), 
D69S (green), and background (orange).   

Figure 5 
D69S was analyzed by MD to determine if an increase in DNA affinity correlates with a 
decreased RMSD.  The residue specific RMSD of D69S (green square) was computed by 
averaging over the 1-4 ns interval of simulation.  Ensemble average of two independent 
simulations. 

Figure 6 
An example of configurations showing hydrogen bonds formed near the carboxy terminus of the 
recognition helix.  (a) SAP, (b) Elk, (c) D69S. 

Figure 7 
∆∆Gexp vs. ∆∆Gtheo.  The linear fit through the data is ∆∆Gexp = 1.147 ∆∆Gtheo  – 0.012 kcal/mol.  

Table 1 
The normalized fluorescence of single point Elk mutants and the corresponding experimental 
free energy gain ( exp 0.6 ln( / )mt wtG F F∆∆ = ).  The theoretical free energy differences (∆∆Gtheo) 

were computed from helix propensities and the macrodipole-side chain interactions (see text).    
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Table 1 
 Fmt/Fwt 

† ∆∆Gexp 
(kcal/mol) 

∆∆Gtheo 
(kcal/mol) 

S 4.7 ± 2.3 0.93 ± 0.29 0.53 
A 4.3 ± 1.3 0.88 ± 0.18 0.97 
Q 3.6 ± 1.2 0.76 ± 0.20 0.59 
V 2.8 ± 0.64 0.62 ± 0.14 0.42 
T 1.8 ± 0.45 0.34 ± 0.15 0.35 
N 1.7 ± 0.61 0.32 ± 0.21 0.27 
E 1.1 ± 0.34 0.055 ± 0.19 0.11 
H 0.96 ± 0.24 -0.024 ± 0.15 0.23 

SAP 10.1 ± 1.8 1.38 ± 0.11 = 
 
 
†n=7 for S, A, Q, V, N, E, H.  n=4 for T.  n=3 for SAP. 
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