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Introduction

Understanding how the specificity and strengthrotgin-DNA interactions are determined is an
important biophysical goal. Transcription facttygically bind their target DNA sequences
using a separate DNA binding domain (DBD) withie ffrotein. Despite detailed studies of a
diverse array of DNA binding proteins (see [1-Bflaeferences therein), our understanding of
sequence specific protein-DNA interactions at tlweular level is far from complete. Protein
stability has been shown to be important for DNAdang. For example, mutations in p53 tumor
suppressor that destabilize the protein structisiie @mpromise its ability to bind DNA [4]. A
recent study comparing unrelated DNA binding praddias suggested that the strength of
protein-DNA interactions is determined by a comboraof enthalpy and entropy and these
thermodynamic contributions are coupled to ensufiecgent binding affinity [5]. Together,

they suggest that studies of both bound and unbtarnts of a DBD may be necessary to fully
understand the thermodynamics of protein-DNA irdeoa.

The Ets protein family contains ~50 metazoan trapson factors involved in development,
differentiation and proliferation [6]. An Ets pemh PEAS, for example, can down regulate the
expression of thetHER-2/neu gene linked to a malignant form of breast and iavacancer [7, 8].
While their DNA binding activities are regulateddbhgh distinct mechanisms [9, 10], Ets
proteins all contain a highly conserved DBD compgs-85 residues (ETS domain) that uses a
winged helix-turn-helix motif to recognize DNA (Figja). Two highly homologous proteins
Elk-1 (Elk) and SAP-1 (SAP) share ~80% sequenceityan the ETS domain and each bind
the c-Fos promoter sequence in mammalian dellg cooperatively with the serum response



factor (SRF). They also recognize and bind the idnoter sequenc®gz,) found in
Drosophila with high affinity. The structures oAB bound tdPe74 andP.s and of Elk bound
to Pe7s have been solved [11, 12]; these structures gtgyhsimilar, having an RMSD of 1.2 A
for the Qx atoms.

Although they share many common amino acid sidenshancluding identical residues on the
recognition helix (H3 in Fig. 1b), in the absené&S&F, Elk and SAP display different DNA
sequence specificity [13]. SAP binds b&#h, andP..s tightly as a monomer, whereas Elk only
bindsPgz4 with high affinity [14]. The high sequence andustural similarity between the two
proteins makes the pair an interesting model sy$terstudying the origin and modulation of
DNA affinity. Biochemical and structural studiesthe past [11-17] have not fully accounted
for the observed variations in the binding chanasties of Elk and SAP. The structural
properties of the unbound proteins have not begorted and may be responsible for their
divergent DNA affinities. In particular, differees in the stability of select key elements in
unbound proteins and/or their structural pre-org@mdon prior to DNA binding, which are
difficult to observe even in high resolution stwrets, may significantly alter the strength of their
interactions with DNA.

To understand the relationship between proteirnilgiaind DNA binding as well as the role of
structural organization in DNA binding, we perforingé ns MD simulations of the ETS domains
of Elk and SAP. We also studied the DNA binding\aiy of a series of rationally constructed
Elk mutants. We show that introducing a point rtiatain EIk modulates its affinity foP¢.tos t0
the same degree by which the protein’s estimatdallgy is altered. Our study demonstrates
that protein stability and flexibility are integractors in determining the strength of protein-
DNA interaction.

Discussion

The current study uses MD simulations and an dgtagsay to probe the activity, affinity and
sequence specificity of a DNA binding protein. Reidg the internal degrees of freedom has
been shown to strengthen macromolecular interax{ib8] and has led to developments of high
affinity ligands with conformational constraint9[120]. On the other hand, the relationship
between structural disorder and DNA affinity has In@en demonstrated for a natural
transcription factor. To examine the role of staual fluctuations in the unbound transcription
factor, we simulated the dynamics of two highly lmbogous transcription factors, Elk and SAP.
The sequence and structural similarity betweentioeproteins allows their divergent DNA
binding characteristics to be understood from tmalividual biophysical properties. The
simulation studies show that Elk, with its sigréfintly higher backbone RMSD, is intrinsically
more dynamic than SAP. Sequence-specific intenastbetween proteins and DNA often
involve conformational changes in the protein agglilt in a loss of entropy due to local folding
of the binding surface [21]. As such, stabilizataf the binding surface is likely an important
contributor to high-affinity binding since the empic cost of association is reduced by pre-
organizing the binding surface. Similarly, the A Pesolution structure of DNA bound p53
shows that some cancer-causing mutations in p53taniég DNA binding surface, where
mutations of R175, R249, R282 and G245 inactivageprotein by destabilizing the binding
surface due to lost hydrogen bonds to main chaimocey! groups [22]. The results of both the



MD simulations and the reporter activity assaya@mesistent with the interpretation that
mutations stabilizing the recognition helix H3 dkfead to increased binding affinity f& sos.

The change in stability computed using known hptopensities of various amino acids and
charge-macrodipole interaction correlates well vaasured changes in transcriptional activity.
In general the activity of an Elk mutant #8¢.s is higher when D69 is substituted with a residue
with higher helix propensity, which suggests thatAaffinity may be coupled to protein
flexibility and stability. This coupling betweetriscture and function provides a plausible model
for the role of D69 of Elk in DNA binding [14]. Bad on the two observed conformations for
D69, Mo et al. concluded that this residue maycffiee DNA binding of Elk by reorienting

K70, which in turn interacts with Y66 [12]. Theroesponding residue K69 in SAP instead
forms a salt bridge to the phosphate backbone [Hblwever, as the authors also noted, the
conformation of D69 that allows a salt-bridge fotioa is populated less frequently than the
alternate conformation that is inconsistent witall bridge, and the postulated aliphatic side
chain interactions between D69 and K70 in Elk dossexplain the absence of similar
interactions between V68 and K69 in SAP. The mpdeposed here does not invoke specific
side chain-side chain interactions but insteadypaigts that residue 69 influences DNA binding
by altering the local stability of the backbonet the same time, this simpler model does not rule
out potential interactions involving side chairiurther structural and dynamics studies will be
useful for discerning the relative importance afweaks of inter-residue interactions in DNA-
binding proteins.

The intrinsic flexibility of Elk is concentrated three separate regions rather than uniformly
distributed throughout the protein. Yet stabilgziR1-R3 is unlikely to have the same effect on
DNA binding and transcriptional activity, since ratibns that stabilize the bound and unbound
protein conformations equally do not change the é&eergy difference and thus make null
contributions to the overall binding affinity. Therge deviation of simulated structures from the
crystal structure in R1 may be due to crystal pagkihich is also thought to be responsible for
the structural differences between Elk and SAR@region [12]. Our decision to focus on R3
and mutate D69 for experimental studies derivesifits proximity to the DNA recognition helix,
where such a mutation could exert a maximum etiaddNA binding. The RMSD disparity in
simulated structures of Elk and SAP also coincigitls the sequence difference at residue 69,
suggesting that flexibility in the region may berdical element in fine-tuning the DNA affinity.
The simulations show that théo i+3 ori to i+4 backbone hydrogen bonds from V68 and K69
to Y65 of SAP frequently occur throughout the siatign, whereas the corresponding hydrogen
bonds in Elk are sparse and intermittent at béke D69S mutant has roughly 4.7 fold greater
affinity for P.sos compared to wild type and exhibits a somewhatimnégliate hydrogen bonding
frequency for Y66. Given that Y66 makes both baskghosphate contacts within the
recognition sequence in the H¥¢74 structure, the additional hydrogen bonds to Y6SAP and
Y66 of D69S thus may facilitate DNA binding by pseganizing the local structure for DNA
association. We also observed during the simulattbat the side chain amine of Elk K70
makes occasional hydrogen bonds with the hydrosolig of Y66. The frequency of this
interaction is reduced in the D69S mutant and seabin SAP. The formation of this fortuitous
hydrogen bond with a neighboring side chain maygmeK70 from forming other favorable
interactions with DNA and thus further weaken thet@n-DNA complex.



The inferred binding free energy gain correlateth wredicted stability differences (see Fig. 7).
The best linear fit between the increase in pragéability and the increase in binding affinity is
obtained with the slope of 1.14. In order to deiee the optimum value for the macrodipole
moment term, we fitted the subset of mutants nduaing D69E and parameterizAAC to

obtain the y-intercept equal to zero. The destatibn due to the negative charge at D69 was
thus estimated to ®AC = 0.36 kcal/mol. A closer look at Fig. 7 revesdsne deviations from

a perfect correlation, most notably for the D69Atami. One explanation is that the highly
exposed position at D69 favors polar side chaigb sis S and Q over A. Yet D69V does not
seem to suffer from the same destabilizing efféable 1). Instead, the position-independent
helix propensities used in this study may be ineateuat residue 69. Monte Carlo studies have
correlated amino acid helix propensity with sidaiohentropy loss upon helix formation [23, 24].
Given the proximity to the helix terminus, the epic advantage of having a short side chain at
D69 may be overvalued. A similar observation waslenduring a mutational study of T4
lysozyme [25], in which the A49S mutation destatatl the protein by 0.5 kcal/mol as expected
from reported helix propensities but the A134S maotedestabilized the protein only by 0.1
kcal/mol. The authors attributed the discrepancé location of the mutated residues—A49 is
located centrally within an-helix whereas A134 is located towards the carlieryinus of a
helix. For EIk, the lower than expected activifyDH9A is consistent with the observation that
the intrinsic helix propensities of amino acids nvayy depending on their location on the helix
[26].

Crystal structures, while rich in information, detriully address the dynamic nature of protein-
DNA interaction. MD simulation studies can offasight that is difficult to obtain otherwise.
Recently, Bruice and coworkers reported MD simalatiesults of Ets-1 bound to two different
DNA sequences containing either GGAA or GGAG atdéeter, to understand how a single
protein can differentiate two related DNA sequerie@s 28]. They postulated that the binding
affinity of Ets for the GGAG sequence is lower hesmof the alternate hydrogen bonds from
Y395 (corresponding to Y66 of Elk) to either A3®@4’, which destabilize the bidentate
hydrogen bonds from R341 and R344 to DNA basesr@Zxl, respectively. When bound to a
high affinity site containing GGAA, the movementYd95 is restricted by the C5 methyl group
of T3, which helps immobilize key hydrogen bondimgtworks. Analogously, we can learn
how two related proteins recognize the same DNAisece with differing affinity by simulating
the dynamics of these proteins and comparing traekbone flexibility. The simulated
dynamics of Elk and SAP suggest that excess fliyilvithin the binding surface of a protein
correlates with weaker activity and DNA binding—agreement with the conclusion from the
Ets-1 simulation study that excess mobility of ls&de chains destabilizes DNA association [27].
The reduced main chain flexibility in SAP therefaqgpears to be an important contributor to its
high affinity, whereas the mobility near the reciigm helix seems to disfavor DNA association
by EIk. The coupling between structural stabiéityd DNA affinity suggests that, as for many
protein-DNA interactions [21], DNA association i3 @ndothermic reaction for Elk involving a
local folding of the protein.



Figures
Figure 1

Figure 1a.

The structure of EIk bound to DNA containing e, 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 (tesidb-90) and SAP (residues 5-89).
Identical residues are indicated with vertical baigh sequence similarity with two dots, and
weak sequence similarity with one dot. The seconsfauctures of Elk shown above the
sequence correspond to helices H1-H3 (bars) aaddgrS1-S4 (arrows). Residue 69 is in bold.
NB. The residue numbering is for EIk.

Figure 1c.

ThePe74 andP..50s Sequences used in the study. The two flankingstmat are different are
highlighted.

Figure 2

Figure 2a
The main chain RMSD (A) of Elk and SAP from 4 ns Mimulations.

Figure 2b

The residue-specific RMSD (A) of Elk (diamond) &P (square), time-averaged over the
period of 1-4 ns of simulation. The three regi(lR$-R3) where the Elk RMSD significantly
exceeds that of SAP are indicated. The configomatirom two independent simulations were
analyzed.

Figure 2c
The RMSD of Elk (diamond) and SAP (square) compiriewch the B-factors in the ElRg74 and
SAP-Pg, structures usindd = g PRMSD,>.

Figure 3

Figure 3a.

The reporter activity of SAP against reporter plalscontaining either nine copiesid,
(filled) or Pc.os (light) in the promoter. The background (darkjresponds to yeast transformed
with theP.s-EGFP reporter alone.

Figure 3b.
The reporter activity of EIk againBt7,-EGFP andP.1.EGFP. Coloring is the same asain



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

Figure 5

D69S was analyzed by MD to determine if an increa$aNA affinity correlates with a
decreased RMSD. The residue specific RMSD of D@®&en square) was computed by
averaging over the 1-4 ns interval of simulati@nsemble average of two independent
simulations.

Figure 6
An example of configurations showing hydrogen bofodsied near the carboxy terminus of the
recognition helix. §) SAP, p) EIk, (c) D69S.

Figure 7
AAGeyp VS.AMGiheo  The linear fit through the datadf\Gey, = 1.147AAGineo — 0.012 kcal/mol.

Table 1
The normalized fluorescence of single point Elk amis and the corresponding experimental

free energy gainfAG,,  =0.6In(F, /F,,)). The theoretical free energy differencAAGieq
were computed from helix propensities and the ndipade-side chain interactions (see text).
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Figure 2
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Figure 3

a

250

1
PRRFER TS TR TN TN N U ST T N U ST S SN NS T S U AN N

Counts

10

102

EGFP Fluorescence

10

=y

Counts
0

0 200 250

15

10

50

0

i
=}

o

10

102

EGFP Fluorescence

10

3

10



Figure 4

Counts
140 210 280 350
|

70
1

10o

101

1O2

EGFP Fluorescence

103

104



Figure 5
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AAG expt

1.4 7

1.2 4

1 4

0.8 1

0.6 1

0.4 1

0.2 1

0

-0.2 -

v
-

E
|3 04 06 08 1 12

AAGtheo



Table 1

Frt/Fut |

AAGexp AAGtheo
(kcal/mol) (kcal/mol)
S 4.7+2.3 0.93+0.29 0.53
A 43+1.3 0.88 +0.18 0.97
Q 3.6+1.2 0.76 +£0.20 0.59
\ 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 + 0.1 0.23
SAP 10.1+1.8 1.38+0.11 =

Th=7forS, A, Q,V, N, E, H. n=4for T. n=3 foAB.
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