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The remarkable efficiency and specificity of protelDNA 0
recognition presents many theoretical puzzles given the size of the
genome and the large number of molecular species in vivo. Another 9
aspect of proteir DNA interactions, not less perplexing than the o,
high specificity of recognition, is the rapidity with which the DNA 5_ *
target sequence is recognized. Since the pioneering work of von "
Hippell! it has become well accepted that a protein’s search for its =
target sequence is comprised of both one-dimensional search
(sliding) and three-dimensional search (hopping) as well as transfer
between DNA segments separated in sequence. The combination 04
of these mechanisms is key to the high efficiency of the setch.

The molecular and physical principles that govern the direct and £
indirect readout of DNA sequences and their interplay with :g_
B
=]

nonspecific interactions, however, remain unclear.

Many studies of proteinDNA complexes acknowledge the intrin- 13
sic flexibility of proteins and nucleic acids because both molecules
often undergo conformational changes prior to or upon their
recognition. DNA conformational deformations, for example, have 50
been thought to contribute to binding specificity, selectivity, and

affinity.34 Protein conformational changes can discriminate between g %1 / o w

specific and nonspecific bindirfgProtein disorder can, in principle, g . b

facilitate the diffusive search through the “fly-casting” mechafism 5;! 9 °‘7!>,‘ R E

where a flexible region of the protein partially and nonspecifically .1 % oo ] Qe

binds to a DNA sequence. Indeed, several DNA binding proteins '@' o Protein ony

are known to have partially unstructured structures in the unbound o [#—Protat DA C

state, and the unstructured regions fold upon binding to the tafget. gjemﬁc co}fﬁmm O folding

An insightful analysis suggests induced folding by DNA binding, ) ) o
Figure 1. DNA effects on the folding thermodynamics and kinetics. The Ets

as reflected by the sequential binding of a.dlm.erlc transcription protein is destabilized by the DNA as the electrostatic forces become strong-
_faCt_Or as unfol_d(_ed monomers that fold a_n_d dimerize on the BNA, ¢y (a). The folding reaction becomes less cooperative (b) and its barrier
is vital in providing both rapid and specific assemHly. decreases (C)[£°, 0% andAF*0 are the folding values of the isolated Ets

In this study, we investigate how electrostatic steering and protein domain based on the native structure-based model without electrostatics.
flexibility in DNA recognition synergistically couple in DNA bind- The i_nset in (a) shows the crystal structure of the complex between the Ets
ina. The electrostatic field quides th tein to the DNA the int protein and its specific DNA sequence (pdb entry 1bc8). In the coarse-
Ing. The eeC_ rostalic fieid gui es. e. protein to the (as the inter- grained model, each residue is represented by a single bead which is posi-
face of proteir-DNA complexes is highly charged and complemen-  tively charged for lysine and arginine (red spheres), negatively charged for
tary) and thus accelerates binding rate. Protein flexibility also facil- glutamic and aspartic acids (yellow spheres), or neutral (gray spheres). Each
itates binding via the fly-casting mechaniéit. The electrostatic DNA nucleotide is modeled by three beads: neutral beads at the center of
T : : : : the base and the sugar groups, and a negatively charged bead for the phos-
field mtroduce_d by nucleic am_ds or other polyanions was previously phate group. (¢) Free energy surfaces for proteiDNA assembly. The
reported to stimulate the folding of Arc-represé%_JWe show also  free energy is shown as a function@piaing andQuincing (the total number
that the “tidal force” coming from the electrostatics actually facili-  of native contacts in the protein and the proteDNA interface) for three
tates formation of an intermediate state due to partial unfolding that values of dielectric constant (= «, 150, 50). Larger coupling between
is needed to carry out fly-casting. As a case study, we explore the folding and binding is seen for stronger electrostatic forces (smaller dielectric

bl hani fth ’ lex f d bet ' the Ets d constant). Even when the electrostatic forces are relatively weak, protein
ass.em y mec anlsm 0 e_ F:omp extormed be Ween ect O'ﬂexibility is essential for DNA recognition: the protein is bound to the
main of SAP-1 and its specific DNA sequence (see Figure 1; the pNA when it is partially folded and completes its folding when it is bound.
Ets domain is stable and structured even in the absence of ENA).

We performed molecular dynamics simulations on the complex on the native topology but is supplemented by Coulomb interactions,
between the Ets protein and its specific DNA sequence using awhich are not specific. The protein can diffuse and undergo folding
coarse-grained model that corresponds to a funneled energyand unfolding processes in a sphere of radius 40 A centered at the
landscape. To encode the specificity and the minimal frustration center of mass of the DNA that is kept frozen. Previously, native
of most of the protein’s interactions, the energy function is based topology-based models have successfully been applied to describe

t University of California at San Diego. the physps of protein folding and gssouati‘éﬁ'.hg present model

#Weizmann Institute of Science. does not include DNA conformational fluctuations. For the-Ets
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DNA system, the free energy difference between the specific
binding (electrostatic and specific contact interactions) and the & / . "'-‘-‘-a.;.._. .
nonspecific binding (electrostatic interactions alone) is abkgif.3 0 4 e, s

The electrostatic field of the DNA affects the thermodynamics and S B e
kinetics of the folding of the Ets protein. Figure 1a shows that de- < 5 =T - '; ye ._3_3{;"!
creasing the dielectric constant decreases the protein stability. For = ée*-‘-’*’: o o -t
both the isolated protein and in the vicinity of DNA, a shift of the g 4] e et - S
peak of the specific heat curves to lower temperatures is observed 2 :fﬂ,.a—-f‘" 2= bt Proten
when increasing the electrostatic strength. Increasing the strength iy o D _::1;0
of the electrostatic forces destabilizes the isolated protein due to frus- e o® —+— - - -g=1s
tration between nonspecific electrostatic interactions and the specific 2l IO ¢
native interactions (for SH3 domain, barnase, and barstar, non-DNA S S
binding proteins, we have observed a milder destabilization effect Separation distance protein-DNA (A)

due to electrostatics). In the presence of DNA, a larger destabilization
effect is seen as a result of competition between folding and binding.
This latter frustration reflects the tidal forces from electrostatics pul-
ling the molecule apart. Under strong electrostatic forces, the nega-
tively charged DNA pulls the protein, and proteiDNA association

can therefore advance protein folding. The electrostatic interactions
affect the degree of folding cooperativity, as well, as expected for patein-DNA recognition. The Ets protein is modeled as a flexible polymer

a frustrated system. Increasing the strength of the electrostaticthat can fold and unfold (circles) and as a rigid folded protein (dashed lines).
interactions in the presence of DNA results in a less cooperative The free energy of the protefDNA recognition is shown as a function of
folding as is evident from the broadening of the specific heat profile the separation distance between the center of mass of the protein and DNA.

. . : . The DNA recognition by a rigid protein is governed by the electrostatic
when decreasing the dielectric constant (Figure 1b). The broaderforces, but when protein flexibility is introduced, fly-casting effects

specific heat profiles for strong electrostatics are due to a larger contribute as well. A much more significant decrease of the free energy is
steering effect of the protein to the DNA (in the absence of DNA, observed when protein flexibility is allowed, showing the significance of
on the other hand, decreasing the dielectric constant results in gprotein plasticity and unfolding in DNA recognition. Without electrostatics,

. . . . _a barrier appears for both rigid and flexible protein models. The degree of
higher cooperative folding presumably because of strengthening fly-casting increases with the electrostatic strength, suggesting a coupling

the five native salt bridges). Along with the decrease of the folding petween electrostatic forces and fly-casting effects in preBINA binding.
cooperativity, the kinetic folding barrier decreases as well when
protein folding occurs around a DNA molecule (Figure 1c). fly-casting effects in proteinDNA recognition will vary from

The destabilization of the Ets protein and the decrease in its fold- system to system primarily by the protein folding kinetics, the
ing barrier with increasing electrostatic strength is a manifestation of protein structural plasticity, and the electrostatic screening strength.
the fly-casting mechanism in proteifdDNA association. The elec-
trostatic forces between the negatively charged DNA and the posi-

tively charged binding site of the protein facilitate nonspecific asso- . "
0216576 and 0225630) with additional support from MCB-0543906

ciation even when the protein is not completely folded. The protein, i ;
thus. is steered to the DNA and remains attached due to the attrac2S well as the National Institutes of Health Grant 5R01GM44557.

tive electrostatic interactions. The coupling between protein folding  Supporting Information Available: ~ Additional computational
and its binding to DNA is shown in Figures tdfor three different models and analysis details. This material is available free of charge
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strength, the protein is found to be more bound to the DNA as a
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