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Abstract: The Notch pathway is an intercellular signaling mechanism that plays important roles

in cell fates decisions throughout the developing and adult organism. Extracellular complexation
of Notch receptors with ligands ultimately results in changes in gene expression, which is
regulated by the nuclear effector of the pathway, CSL (C-promoter binding factor 1 (CBF-1),
suppressor of hairless (Su(H)), lin-12 and glp-1 (Lag-1)). CSL is a DNA binding protein that is
involved in both repression and activation of transcription from genes that are responsive to Notch
signaling. One well-characterized Notch target gene is hairy and enhancer of split-1 (HES-1), which
is regulated by a promoter element consisting of two CSL binding sites oriented in a head-to-head
arrangement. Although previous studies have identified in vivo and consensus binding sites for
CSL, and crystal structures of these complexes have been determined, to date, a quantitative
description of the energetics that underlie CSL-DNA binding is unknown. Here, we provide a
thermodynamic and structural analysis of the interaction between CSL and the two individual sites
that comprise the HES-1 promoter element. Our comprehensive studies that analyze binding as a
function of temperature, salt, and pH reveal moderate, but distinct, differences in the affinities of
CSL for the two HES-1 binding sites. Similarly, our structural results indicate that overall CSL binds
both DNA sites in a similar manner; however, minor changes are observed in both the
conformation of CSL and DNA. Taken together, our results provide a quantitative and biophysical
basis for understanding how CSL interacts with DNA sites in vivo.

Keywords: Notch signaling; protein-DNA interactions; X-ray crystallography; isothermal titration

calorimetry; thermodynamics

Introduction

Notch signaling is an evolutionarily conserved cell-
to-cell signaling pathway in metazoans that has in-
dispensable roles during embryonic development
and postnatal tissue homeostasis, such as during
organogenesis and lymphopoesis, respectively.!?
Improper signaling results in congenital defects, car-
diovascular disorders, and cancer.>™® Signaling is ini-
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tiated when the ligand, termed DSL (Delta, Serrate,
Lag-2), on the surface of one cell binds to the extrac-
ellular region of the receptor Notch on a neighboring
cell.® This interaction results in two proteolytic
cleavage events of Notch, culminating in the release
of the intracellular domain of the Notch receptor
(NotchIC) from the membrane and translocation of
NotchIC to the nucleus. Once inside the nucleus,
NotchIC binds the transcription factor CSL (CBF-1,
Su(H), Lag-1), which results in recruitment of the
transcriptional coactivator Mastermind and conver-
sion of CSL from a repressor to an activator of tran-
scription from Notch responsive genes.”

Previous studies of CSL orthologs from Homo
sapiens (CBF-1), Mus musculus (RS-binding protein
(RBP)-Jx), Drosophila melanogaster (Su(H)), and
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Figure 1. HES-1 SPS and CSL structure. (A) Nucleotide sequence and schematic representation of the mammalian HES-1
SPS (top) and the oligomeric DNA duplexes corresponding to the consensus and nonconsensus sites of the HES-1 SPS
(bottom) that were used in the herein described binding studies. CSL-binding sites are in bold text and arrows denote
directionality of binding sites. The T/A base pair that deviates from the consensus is colored red. (B) Ribbon diagram for
mouse CSL-DNA structure (3BRG). The NTD, BTD, and CTD are colored cyan, green, and orange, respectively. The DNA is in
a stick representation with carbon, oxygen, nitrogen, and phosphorous atoms colored grey, red, blue, and orange,
respectively. The DNA from this complex structure corresponds to the HES-1 consensus binding site.

Caenorhabditis elegans (Lag-1) revealed that CSL is
a sequence specific DNA binding protein that binds
the consensus sequence -C/tGTGGGAA-5 DNA
sequences similar to the consensus have been identi-
fied within the promoter regions of Notch target
genes in organisms ranging from flies and worms to
humans and even in the genomes of the herpesvi-
ruses, Epstein-Barr virus and Kaposi’s sarcoma-
associated herpesvirus.'?>'®* However, more compli-
cated arrangements of CSL binding sites have also
been observed, for example the enhancer of split
gene complex (E(spl)-C) in flies.!? Certain genes of
the E(spl)-C contain a unique promoter architecture,
termed Su(H)-paired site (SPS), consisting of two
CSL binding sites arranged in a head-to-head man-
ner with an approximately 16 base pair A/T rich
spacer sequence [Fig. 1(A)l. The SPS architecture
has also been identified in the hairy and enhancer of
split-1 (HES-1) genes found in mammals.'® Interest-
ingly, one of the binding sites of the HES-1 SPS con-
forms precisely to the consensus binding site deter-
mined for CSL (-TGTGGGAA-), whereas the second
site deviates from the consensus (-CGTGTGAA-);
that is the T/A base step in the fifth position of the
binding site was not observed in one of the consen-
sus binding studies and infrequently observed in the
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other.%® Moreover, the sequence corresponding to
the nonconsensus site for the HES-1 SPS is con-
served in mammals and conserved in some, but not
all SPS sites found in Drosophila, Zebrafish, and
Xenopus. -TGTGGGAA- and -CGTGTGAA- sites that
comprise the HES-1 SPS are hereafter referred to as
consensus and nonconsensus sites, respectively.
More recently, high resolution crystal structures
for CSL-DNA and CSL-coregulator-DNA complexes
have been determined by our group, and by Nam
et al., for CSL orthologs from worm, mouse, and
human [Fig. 1(B)].172° All of these complex struc-
tures used oligomeric DNA duplexes that corre-
sponded to the HES-1 consensus [Fig. 1(A)], and to
date, no CSL-DNA structure has been determined
using any other known CSL binding site. These
structures elucidated the molecular interactions that
underlie specific DNA binding by CSL, and overall,
despite different bound coregulators, are remarkably
similar. The N-terminal domain (NTD) and B-trefoil
domain (BTD) of CSL cooperate to specifically recog-
nize base pairs in the major and minor grooves,
respectively, and form a positively charged surface
to make nonspecific interactions with the phosphodi-
ester backbone of DNA. The protein residues
involved in DNA binding are absolutely conserved
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amongst all CSL orthologs. Moreover, crystal struc-
tures of worm and human CSL-NotchIC-Mastermind
ternary complexes displayed protein-DNA interac-
tions very similar to CSL-DNA structures, suggest-
ing that the formation of an active transcription
complex does not alter how CSL binds to DNA.2! Af-
ter the determination of the human CSL-NotchIC-
Mastermind ternary complex structure, Nam et al.??
described the cooperative assembly of two ternary
complexes on the HES-1 SPS, in which interactions
between the ankyrin repeats of NotchIC mediated
the observed cooperativity. Moreover, the cooperative
binding was dependent on the orientation and spac-
ing of the two CSL binding sites within the SPS.22

Despite these advances in the field, there
remains a significant gap in our understanding of
the energetics that underlie CSL binding to DNA,
and whether any structural or affinity differences
arise when CSL binds to DNA sites other than the
HES-1 consensus site. The goal of this study was to
address this gap in our understanding by (1) ther-
modynamically characterizing the binding of CSL to
the two individual sites that compose the HES-1
SPS and (2) determining the X-ray structure for
CSL bound to the HES-1 nonconsensus site. Our iso-
thermal titration calorimetry (ITC) data show mod-
erate differences for the affinity of CSL with the con-
sensus and nonconsensus sites of the HES-1 SPS. A
thorough analysis of binding as a function of temper-
ature, salt, and pH allowed us to construct thermo-
dynamic profiles of CSL binding to each individual
site, which reveals distinct thermodynamic modes of
binding. Our determination of a structure of CSL
bound to the HES-1 nonconsensus site reveals,
when compared with previous structures, alternative
modes of binding used by CSL to interact with DNA.
Taken together, our thermodynamic and structural
studies provide for a more thorough understanding
of CSL-DNA interactions; data that are essential for
developing and interpreting models of cooperative
assembly of CSL-mediated transcription complexes
binding at the HES-1 promoter element.

Results

Thermodynamics of CSL-DNA interactions

To address questions regarding the affinity of CSL
for DNA, we used ITC to characterize the binding
of recombinantly purified murine CSL protein with
chemically synthesized oligomeric DNA duplexes
that correspond to the consensus and nonconsensus
sites of the HES-1 SPS (Fig. 2). All ITC experi-
ments were performed by titrating the DNA duplex
from the syringe into the cell containing CSL. Ini-
tial experiments at 25°C displayed little or no
measurable heat signal on binding, precluding
analysis; however, experiments performed at the
following temperatures (5°C, 10°C, and 15°C)
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allowed for determination of the thermodynamics of
CSL-DNA binding. As shown in Table I, CSL binds
the consensus and nonconsensus DNA sites with
similar energetics. The stoichiometries of the com-
plexes are 1:1 with ~150 and ~300 nM dissociation
constants (Ky) observed for CSL binding to the con-
sensus and nonconsensus sites, respectively, that is,
a modest 2-fold tighter and ~0.3 kcal/mol greater
free energy of binding observed for the consensus
DNA across the temperature range tested. Both
consensus and nonconsensus binding reactions are
endothermic at temperatures between 5°C and
15°C, and as typical for many DNA-binding pro-
teins, the binding reaction is entropically driven.2?
As shown in Figure 3, plotting the thermodynamic
data as a function of temperature highlights the en-
thalpy/entropy compensation that 1is observed,
because the overall free energy of binding (AG®°) is
virtually temperature independent. Again, this
binding phenomenon has been observed for other
DNA-binding proteins.2* Figure 3 also illustrates
why we were unable to measure binding at 25°C, as
the enthalpic contribution to binding approaches
zero near 25°C. We were also unable to measure
binding at 37°C and 45°C, which we attribute to a
lack of measurable heat upon complex formation at
these temperatures.

We next determined the change in heat capacity
(ACp) associated with the binding of CSL to the con-
sensus and nonconsensus DNA sites, by analyzing
the enthalpy of binding as a function of temperature
(Fig. 3 and S1). It has been suggested that a large
and negative ACp value associated with a protein-
DNA binding reaction correlates with burying a size-
able amount of nonpolar surface area and/or a con-
formational change upon complex formation.2~27
The ACp values determined from our ITC binding
experiments are —0.31 and —0.30 kcal mol ! K * for
CSL interacting with the consensus and nonconsen-
sus DNA sites, respectively. Comparison of the ACp
values suggests no significant thermodynamic differ-
ences in the amount of buried surface area (BSA) or
conformational changes for the two complexes.

We attempted to determine the ACp of binding
based on the amount of BSA calculated from the
structures of CSL-DNA complexes; however, as simi-
larly reported by others, we found a large discrep-
ancy between the observed and calculated ACp val-
ues, regardless of which method we used.?®2° Our
calculated values tended to underestimate the ACp
of binding by as much as 0.1 kcal mol™! K1
Because there are no structures of CSL in the ab-
sence of DNA, our calculations cannot account for
folding of CSL coupled to DNA binding, which may
account for the discrepancy in the experimentally
determined and calculated values of ACp. Interest-
ingly, in a previous study, we observed a 2 kcal/mol
enthalpy/entropy compensation for the binding of
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Figure 2. CSL-DNA ITC binding assays. Figure shows representative thermograms (raw heat signal and nonlinear least
squares fit to the integrated data) for CSL binding to DNA corresponding to the HES-1 5’ consensus site (top) and the 3
nonconsensus site (bottom). Data were measure at 5°C, 10°C, and 15°C in a phosphate buffer at pH 6.5 with 150 mM NaCl.
Forty titrations were performed per experiment, consisting of 7-ul injections of DNA that were spaced 120 sec apart. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

CSL to the Rbp-j associated molecule (RAM) domain
of NotchIC in the presence and absence of DNA,
which may suggest that regions of CSL undergo
folding coupled to DNA binding.?°

CSL orthologs binding to DNA

To address whether the affinity of CSL for DNA is
conserved, we performed similar ITC experiments
using the worm and fly orthologs of CSL, Lag-1, and
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Su(H), respectively. As shown in Table II, binding of
both Lag-1 and Su(H) to DNA is similar to what we
observed for our murine CSL binding experiments,
that is the affinity of CSL orthologs for the consen-
sus DNA site was approximately 2-fold stronger
than binding to the HES-1 nonconsensus site with
Ky values of ~200 and ~400 nM, respectively. More-
over, the free energy of binding was similar, approxi-
mately —8 kcal/mol. Because of the similarity of
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Table I. Temperature Dependence of CSL Binding to Consensus and Nonconsensus Sites of the HES-1 SPS

T (°C) KM Ky (nM) AG® (kcal/mol) AH° (kcal/mol) —TAS° (kcal/mol)
Consensus 5 7.78 (+0.80) x 106 129 —8.76 = 0.06 9.18 = 0.31 —-17.9 = 0.3
HES-1 DNA 10 5.05 (+1.54) x 10° 209 -8.66 = 0.16 7.69 + 0.18 -16.3 = 0.3
15 5.56 (+0.72) x 108 182 —8.88 = 0.08 6.08 = 0.54 -14.7 = 0.5
Nonconsensus 5 3.45 (+0.91) x 108 307 -8.30 = 0.16 6.54 = 0.80 —14.8 = 0.6
HES-1 DNA 10 3.97 (+0.14) x 10° 252 —8.54 = 0.02 5.67 = 0.35 —-14.2 + 04
15 3.04 (+0.42) x 10° 333 —8.54 + 0.08 3.60 = 0.05 —11.9 + 0.04

Consensus DNA, -GTTACTGTGGGAAAGAAAG-; nonconsensus DNA, -CGGCTCGTGTGAAACTTCC-.
Values are the mean of at least three independent experiments, and the errors represent the standard deviation of multiple

experiments.

DNA binding observed for the three CSL orthologs
(mouse, worm, and fly) and the high degree of
sequence identity between orthologs, we conclude
that the affinity of CSL for DNA has been highly
conserved through evolution, and for the remainder
of our analysis, we focused our binding studies
exclusively on murine CSL with the HES-1 consen-
sus and nonconsensus sites.

Effect of salt concentration on DNA binding

To investigate the contribution of ionic interactions
to complexes formed between CSL and DNA, we per-
formed a series of ITC binding experiments over a
range of NaCl concentrations. As shown in Table IIT
and plotted in Figure 4, the binding of CSL to DNA
is sensitive to increasing concentrations of salt, dis-
playing the same trend for both consensus and non-
consensus sites; as the concentration of salt
increases, correspondingly the association constant
(K) and free energy of binding (AG,) decrease; how-
ever, binding displayed a nonlinear dependence on
concentrations of salt below 125 mM (Fig. 4).
Although the molecular basis for this nonlinearity is
outside the scope of this study, it should be men-
tioned that a similar nonlinear dependence of bind-
ing has been observed for the structurally related
transcription factor nuclear factor (NF)-kappaB,>°
and for other DNA-binding proteins®'. A closer ex-

(@) 15
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.1"1\\.\
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©
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-
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25l -TAS'

amination of the enthalpic and entropic contribu-
tions to binding at 150 and 200 mM salt reveals a
modest change in the enthalpy of binding (less than
1.0 kcal/mol), but a large entropic penalty of ~3.0
kcal/mol for both reactions. These data demonstrate
that increasing the salt concentration affects the en-
tropy of binding to a greater extent than the en-
thalpy, which has been observed for other DNA-bind-
ing proteins, whereby binding is driven by the
entropically favorable release of counterions from
DNA 32:38

Effect of pH on CSL-DNA interaction

To address the influence solution pH has on CSL-
DNA complexes and potentially identify any ioniz-
able groups involved in binding, a series of experi-
ments were performed in buffers ranging from pH
6.0 to 8.0 (Table IV and Supporting Information Fig.
S2). CSL binding to both consensus and nonconsen-
sus DNA sites is nearly linearly dependent on pH
between 6.0 and 8.0, with significantly stronger
binding occurring at pH 6.0. Comparison of binding
at pH 6.0 and pH 8.0 reveals that there is approxi-
mately a 15-fold and 1.5 kcal/mol difference in the
association constant and free energy of binding,
respectively (Table IV). Although the overall free
energies of binding for both the consensus and non-
consensus sites are similar over the pH range, the

(b) 4 CSL + nonconsensus DNA
[=F ‘{‘.H\.\.\‘\
E
= 5 [ 15 Y 35 45
8 -5 T(C)
= & - 'y
AG’
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.25/

Figure 3. Thermodynamic profiles for CSL binding to the consensus and nonconsensus HES-7 DNA sites. Figure shows plots
of thermodynamic parameters for CSL binding to the consensus site (A) and nonconsensus site (B) that comprise the HES-1
SPS. A straight line was fit to data collected at 5°C, 10°C, and 15°C, highlighting the compensatory changes in enthalpy
(AH°) and entropy (—TAS®) as a function of temperature, which maintain a relatively temperature independent free energy of
binding (AG°). The heat capacity change (ACp) was calculated from the slope of the line fit to the enthalpic data measured at
5°C, 10°C, and 15°C. The ACp values for CSL binding to the consensus and nonconsensus sites are —0.31 and —0.30 kcal/

mol/K, respectively.
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Table II. CSL Orthologs Binding to DNA

Kd A(}obs AI_Ic»bs _TASobs
CSL DNA Kapp M -1 (nM) (keal/mol) (keal/mol) (keal/mol)
Worm CSL (Lag-1) HES-1 consensus 5.20 (+1.8) x 10° 192 —8.79 6.11 (+0.2) —-15.0
Worm CSL (Lag-1) HES-1 nonconsensus 2.34 (+0.5) x 10° 427 -8.10 6.49 (+0.2) —14.6
Fly CSL Su(H) HES-1 consensus 4.19 (+0.4) x 10° 239 —-8.4 9.6 (+0.1) -18.0
Fly CSL Su(H) HES-1 nonconsensus 3.49 (+0.4) x 10° 286 -8.3 6.9 (+0.1) —-15.2

All experiments are performed at 5°C.

Consensus DNA, -GTTACTGTGGGAAAGAAAG-; nonconsensus DNA, -CGGCTCGTGTGAAACTTCC-.
The errors represent the standard deviation of the nonlinear least squares fit of the data to the titration curves.

enthalpic and entropic contributions to binding are
strikingly different. There is approximately a 3 kcal/
mol more favorable enthalpic contribution to binding
for CSL complexes formed with the nonconsensus
DNA, and conversely, a 3 kcal/mol more favorable
entropic contribution to binding for CSL complexes
formed with the consensus DNA site. As shown in
Supporting Information Figure S2, the slope of the
line, resulting from plotting the log of the associa-
tion constant (K) as a function of pH, reveals the
number of ionizable residues that participate in com-
plex formation.?* The slope of these lines for CSL
binding to both consensus and nonconsensus DNA
sites, over the pH range tested, is approximately 1
(Supporting Information Fig. S2).

CSL binding other nonconsensus sites

We next sought to address the functional signifi-
cance of the conserved T/A base step in the 3’ non-
consensus site of the HES-1 SPS (-CGTGTGAA-) by
performing ITC binding experiments with DNA
duplexes that have either an adenine (-CGTGAGAA-)
or a cytosine (-CGTGCGAA-) base substituted at this
position. Experiments performed with the T—A sub-
stitution revealed binding affinities and energetics
similar to those observed with the HES-1 consensus
DNA site (K4 = ~150 nM and AG.,s = —8.6 kcal/mol;
Table V). These data are consistent with previous
consensus binding site studies for CSL, in which an

A/T base step was observed at this position, albeit
with considerable lower frequency than a G/C base
step.>® However, experiments performed with the
T—C substitution revealed a strikingly lower affinity
of CSL for this DNA with a K4 of ~1 uM and AGgs =
—17.6 kcal/mol (Table V). This represents an approxi-
mately 7- and 3-fold difference in affinity when com-
pared with CSL binding to the consensus and non-
consensus sites, respectively, of the HES-1 SPS.

Structure of murine CSL bound to
nonconsensus DNA

To identify any structural differences for CSL bind-
ing the nonconsensus site, and potentially identify a
structural basis for the differences observed in the
thermodynamics of binding, we determined the X-
ray structure of murine CSL bound to the noncon-
sensus site at 2.0 A resolution. This structure was
compared with our previously determined structure
of murine CSL bound to the consensus site of the
HES-1 SPS (PDB ID: 3BRG).2° The CSL-nonconsen-
sus DNA complex crystallizes with similar unit cell
dimensions, belongs to the same space group sym-
metry, and forms comparable crystal lattice contacts
as the previously determined CSL-consensus DNA
complex. Structural alignment of the Co atoms for
the two structures reveals that overall, the two pro-
tein-DNA complexes are similar—408 corresponding
Co atoms overlay with an root mean square

Table III. Salt Dependence of CSL Binding to Consensus and Nonconsensus HES-1 Sites

Salt, NaCl Kd AGobs AHobs _TASobs
(mM) Kapp (M -1 (nM) (kcal/mol) (kcal/mol) (kcal/mol)

Consensus 50 2.36 (+0.8) x 107 42 -9.38 8.76 (+0.2) -18.1
-GTTACTGTGGGAAAGAAAG- 100 1.06 (+0.1) x 107 94 -8.94 8.62 (+0.1) -17.5
125 1.27 (+0.3) x 107 79 -9.04 8.27 (=0.1) —-17.3

150 7.78 (+0.8) x 108 129 -8.76 (x0.1) 9.18 (+0.3) —17.9 (%£0.3)
175 2.00 (+0.2) x 10° 500 -8.01 7.99 (+0.08) -16.0
200 3.79 (+0.5) x 10° 2,639 -7.09 7.44 (£0.3) —14.5
Nonconsensus 50 1.40 (+0.8) x 107 71 -9.09 7.01 (+£0.3) -16.1
-CGGCTCGTGTGAAACTTCC- 100 6.97 (=1.5) x 10° 143 -8.70 6.34 (x0.1) -15.0
125 1.11 (+0.3) x 107 90 -8.96 5.92 (=0.1) —-14.9

150 3.45 (+0.9) x 10° 307 —8.30(*0.2) 6.54(*0.8) —14.8 (£0.6)
175 2.63 (=0.6) x 10° 380 -8.17 4.97 (x0.2) -13.1
200 3.19 (=0.5) x 10° 3,135 -7.00 4.70 (=0.3) —11.7

All experiments are performed at 5°C.

For all experiments, the errors represent the standard deviation of the nonlinear least squares fit of the data to the titration
curves, except for binding experiments performed at 150 mM, where the data values and errors are taken from Table I.

Friedmann and Kovall
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Figure 4. Salt dependence of CSL binding to DNA. Figure
shows the plot of log K, (association constant) versus the
log of NaCl concentration for CSL binding to the HES-1
consensus DNA site (ll) and nonconsensus DNA site (A).
Binding experiments were performed at 50, 100, 125, 150,
175, and 200 mM NaCl.

deviation (RMSD) of 1.1 A. Alignments of individual
domains of CSL (NTD, BTD, and CTD) display
higher degrees of correspondence, with RMSDs of
0.27, 0.29, and 0.20 A for overlays of NTD, BTD,
and CTD, respectively; however, there are moderate
differences in the relative arrangement of domains,
as overlaying the NTD from the consensus and non-
consensus structures reveals shifts of 45 A in the
corresponding positions for the Co atoms in the BTD
and CTD.

Comparison of the protein-DNA
between the two complex structures also reveals a
high degree of similarity. The interface formed
between CSL and the consensus and nonconsensus
DNA sites buries 1,070 A2 and 1,046 A2 of surface
area, respectively.®® The similarity in BSA between
the two complexes is entirely consistent with the
nearly identical ACp values determined earlier.
Moreover, essentially all of the nonspecific and spe-
cific protein-DNA contacts that are observed in the
CSL-consensus DNA complex are maintained in the
CSL-nonconsensus DNA complex. In addition, the

interfaces

number of water molecules bound at the protein-
DNA interface is similar for the two complexes.
Overall, the backbone conformations of the two DNA
duplexes are also similar with moderate differences
observed for the DNA base parameters. Overlaying
the corresponding phosphorus atoms from the phos-
phodiester backbone of the two DNA duplexes
results in a 0.77 A RMSD, with greater structural
correspondence observed between aligning the top
single DNA strands (-ACTGTGGGAAAGA- vs. -
ATCGTGTGAAAGA-) over the bottom single strands
(-TCTTTCCCACAGT- vs. -TCTTTCACACGAT-).
Analysis of the T/A base step in the nonconsensus
duplex (-CGTGTGAA-) reveals neither any large
perturbations in the conformation of the DNA bases
or backbone nor any changes in the protein. How-
ever, the nonconsensus DNA structure displays a
much higher degree of propeller twist than the con-
sensus DNA duplex (Supporting Information Table
S2). The average propeller twist for base steps of
typical B-DNA is +10°%%; the consensus and noncon-
sensus DNA sites have average propeller twists of
—11 and —14, respectively. Moreover, base pairs
upstream and downstream of the T/A base step in
the nonconsensus DNA duplex have elevated propel-
ler twists values, ranging from —17° to —20°. In
addition, a modest 2 A decrease in the width of the
minor groove upstream of the T/A base step is
observed for the nonconsensus site, when compared
with the consensus site, with a compensatory
increase of the major groove width downstream of
the T/A base step.

We next examined and compared other regions
of the consensus and nonconsensus DNA complexes
with CSL, which revealed three other notable struc-
tural differences between the complexes: first, a
B-hairpin loop in the BTD, which makes contacts in
the minor groove of DNA, assumes an alternate con-
formation in the consensus complex, but not the
nonconsensus DNA; second, a large loop structure in
the BTD, which binds the RAM domain of NotchIC,
is completely ordered in the nonconsensus complex,
but largely disordered in the consensus complex;

Table IV. pH Dependence of CSL Binding to Consensus and Nonconsensus HES-1 sites

Kapp Kd AG'o]os AI_Iobs _TASobs

pH M (nM) (kcal/mol) (kcal/mol) (kcal/mol)
Consensus 6.0 1.56 (+0.3) x 107 64 -9.15 9.11 (x0.1) —18.3
-GTTACTGTGGGAAAGAAAG- 6.5 8.04 (+2.3) x 108 124 —8.78 9.14 (+0.3) -17.9
7.0 2.73 (=0.4) x 10° 366 -8.19 5.40 (=0.09) —13.6
7.5 2.22 (+0.4) x 10° 450 —8.07 6.86 (+0.2) —-14.9
8.0 1.13 (+0.2) x 10° 885 —7.70 6.99 (=0.2) —14.7
Nonconsensus 6.0 1.53 (+0.6) x 107 65 -9.14 5.41 (*+0.2) —14.5
-CGGCTCGTGTGAAACTTCC- 6.5 3.80 (+0.9) x 10° 263 -8.37 6.17 (+0.2) —-14.5
7.0 1.63 (+0.3) x 10° 613 -7.90 6.74 (£0.2) —14.6
7.5 1.13 (+0.3) x 10° 885 -7.70 4.60 (+=0.4) —-12.3
8.0 9.16 (=1.5) x 10° 1092 —17.58 3.99 (+0.2) —-11.6

All experiments are performed at 5°C.

The errors represent the standard deviation of the nonlinear least squares fit of the data to the titration curves.

40 PROTEINSCIENCE.ORG

CSL-DNA Interactions



Table V. Thermodynamic Data for CSL Binding to the HES-1 Nonconsensus Site With Either T—A or T—C Base

Pair Substitutions

DNA KM Kq (nM) AG?® (kcal/mol) AH° (kcal/mol) —TAS® (kcal/mol)
T—A mutation 5.98 (+1.1) x 106 170 -8.7(x0.1) 6.0 (x0.4) —14.6 (x0.4)
T—C mutation 9.97 (£0.5) x 10° 1,003 —7.6 (+0.02) 6.3 (+0.9) -13.9 (x0.9)

T—A mutation DNA, -CGGCTCGTGAGAAACTTCC-; T—C mutation DNA, -CGGCTCGTGCGAAACTTCC-.

All experiments are performed at 5°C.

Values are the mean of at least two independent experiments, and the errors represent the standard deviation of multiple

experiments.

and third, a loop in the NTD (termed the NTD-loop),
which adopts an open conformation when CSL binds
Mastermind, is in an open conformation in the non-
consensus complex, but in a closed conformation in
the consensus complex.

In previous CSL structures, it was shown that
the BTD recognizes the first two base steps of the
consensus binding site (-TGTGGGAA-) via a B-hair-
pin loop structure that inserts into the minor groove,
making nonspecific and specific contacts with the

NTD

(d)
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Figure 5. BTD-DNA interactions. Figure shows the
structural details of the BTD interaction with DNA and
highlights the conformational differences in a B-hairpin loop
motif between structures. Wall-eye stereo pairs are
depicted. (A) Simplified overview of interactions between
the BTD of CSL and DNA, showing the insertion of the
B-hairpin loop motif into the minor groove of DNA. The ca
trace for the NTD and BTD of CSL are colored cyan and
green, respectively. The DNA backbone is represented as a
ribbon and colored orange. The B-hairpin loop motifs from
the murine CSL consensus DNA structure (3BRG), the
human ternary complex structure (2F8X), and the murine
CSL nonconsensus DNA structure (3IAG) are colored green,
red, and blue, respectively. Note the high degree of
structural correspondence between 2F8X (red) and 3IAG
(blue), but the large structural change in the B-hairpin loop
motif for 3BRG (green). (B) Zoom view of the BTD
interaction with DNA from the human CSL-NotchlIC-
Mastermind ternary complex structure (2F8X). The B-hairpin
loop is in a stick representation with standard coloring for
the atoms (yellow, red, and blue for carbon, oxygen, and
nitrogen atoms, respectively). The DNA is also in a stick
representation and colored grey, red, blue, and orange for
carbon, oxygen, nitrogen, and phosphorous atoms,
respectively. For clarity, only three base pairs of the DNA
are shown (-TGTGGGAA-). Hydrogen bonds are indicated
with black dashed lines. As also observed in previous CSL
structures (e.g., 1TTU and 2FO1), Q182 makes hydrogen-
bonding interactions with the adenine in the first T/A base
step and the backbone carbonyl of S181 (denoted with a
cyan asterisk) makes hydrogen-bonding interactions with
the guanine at the following G/C base step. Nonspecific
interactions with the DNA backbone mediated by residues
R178, R180, and T183 are also shown, and the backbone
carbonyl of R180 is indicated with a magenta asterisk. (C)
Corresponding zoom view of murine CSL nonconsensus
DNA complex structure determined here (3IAG).
Orthologous residues and hydrogen bonding pattern are
depicted, demonstrating identical interactions as described
earlier. (d) Zoom view of murine CSL consensus DNA
complex structure (3BRG), highlighting structural
rearrangement of B-hairpin loop. In this conformation of the
BTD loop, the side chains of Q222 and T223 and the
backbone carbonyl of S221 no longer form interactions with
the DNA; however, the rearrangement allows the side chain
of S221 to make hydrogen-bonding interactions with the
adenine in the T/A base step (-TGTGGGAA-) and the
backbone carbonyl of R220 to make hydrogen-bonding
interactions with the guanine in the G/C base step (-
TGTGGGAA-). Thus, despite the rearrangement, equivalent
interactions with the DNA are maintained.
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DNA [Fig. 5(A)1.}7 These structures revealed that
the side chain of an absolutely conserved glutamine
residue and the backbone carbonyl of an absolutely
conserved serine residue make hydrogen bonding
interactions with the purine bases of the T/A and
G/C base steps, respectively [Fig. 5(B)]. As shown
in Figure 5(C), despite the T/A to C/G base pair
change at this position, similar interactions are
maintained for CSL binding to the nonconsensus
site (-(CGTGTGAA-). However, for the mouse CSL
consensus structure, the conformation of the B-hair-
pin loop substantially deviates from previous struc-
tures [Figure 5(A,D)]. In this structure, the gluta-
mine side chain (GIn222) repositions itself into an
orientation that points away from the DNA, elimi-
nating any interactions with the T/A base step [Fig.
5(D)]. Interestingly, new BTD-DNA contacts are
made in the minor groove that maintain specific-
ity—the side chain of Ser221 moves into the space
vacated by GIn222, making equivalent hydrogen
bonding interactions with the T/A base step, and the
backbone carbonyl of Arg220 makes equivalent
interactions with the G/C base step [Fig. 5(D)].
Thus, despite the dramatic structural rearrange-
ment, equivalent specific and nonspecific interac-
tions with the DNA are maintained.

The
between the consensus and nonconsensus CSL-DNA
structures occurs within a large loop structure of the
BTD, which functions in binding the RAM domain of
NotchIC. Previous structures have shown that in
the absence of RAM or other bound coregulators,
this BTD loop is largely disordered.!'”2° This is the
case for the previously determined mouse CSL-con-
sensus DNA structure—the residues 256-261 were

second notable structural difference

not modeled in the structure due to a lack of inter-
pretable electron density for this region; however, in
the mouse, CSL-nonconsensus DNA structure deter-
mined here this RAM binding loop of the BTD is
completely resolved, albeit with elevated B-factors,
forming a comparable structure to what is observed
for CSL-RAM structures and CSL-NotchIC-Master-
mind ternary complex structures. We attempted to
remodel and refine the disordered BTD loop from
the CSL-consensus DNA complex, using the ordered
BTD loop structure from the nonconsensus CSL-
DNA complex. Although the refinement was success-
ful, no appreciable or significant additional electron
density was observed for the BTD loop in the CSL-
consensus DNA complex. Moreover, the side chain of
Arg264, which is ordered in both structures and
makes protein contacts at the C-terminal end of the
BTD loop, is in two different, but well-defined con-
formations. Taken together, these data suggest that
the BTD loop forms two distinct structural elements
in the two complexes and supports our original deci-
sion not to model this loop in the CSL-consensus
DNA structure.
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The final structural difference of note is
observed within the NTD of CSL, regarding a B-hair-
pin loop structure that is involved in Mastermind
binding and termed the NTD-loop. In CSL struc-
tures complexed with NotchIC and Mastermind,
that is, a transcriptionally active complex, the NTD-
loop is an open conformation to accommodate
binding of the C-terminal helical region of Master-
mind.*®*® In structures of CSL without bound
coregulators, the NTD-loop is in a closed conforma-
tion'"?% in structures of CSL bound to the RAM do-
main of NotchIC, the loop is also in an open confor-
mation.?® These data have in part led to an
allosteric model, in which RAM binding to the BTD
triggers opening of the NTD-loop, to facilitate Mas-
termind binding and ternary complex formation. In
the previously determined mouse CSL-consensus
DNA structure, the NTD-loop was observed in a
closed conformation. In the CSL-nonconsensus DNA
structure determined here, the NTD-loop adopts a
more open conformation, with the caveat that the B-
factors are greatly elevated for the main chain
atoms in this region—over the residue range Ile131
to Glul37, the average Co B-factor is 54 and 37 for
the nonconsensus and consensus DNA complexes
with CSL, respectively. The potentially correlative
conformations of the BTD-RAM binding loop and the
NTD-loop are discussed later.

Discussion

The ability of CSL to specifically recognize and bind
DNA sites within the promoter regions of Notch re-
sponsive genes in vivo is one of the fundamental
aspects to understanding how transcription is regu-
lated in the pathway. Despite this simple axiom,
very little is understood at the quantitative level
regarding the affinity of CSL for DNA. In fact, to
our knowledge, only one early study in the field has
attempted to determine the dissociation constant
(Ky) for CSL binding to DNA. In this previous study,
a Ky of 1 nM was estimated from Scatchard plot
analyses of CSL-DNA electrophoretic mobility shift
assay (EMSAs), using CSL (aka RBP-Jx) protein
that was partially purified from nuclear extracts.>
Despite the caveats associated with these types of
experiments and data analysis, the apparent high
affinity of CSL for DNA, in conjunction with subse-
quent studies that demonstrated CSL functions as
both an activator and repressor, has led to current
models in the field that suggest CSL is statically
bound to DNA while regulating transcription from
Notch target genes. However, more recent studies
suggest that CSL binding to DNA is a dynamic
rather than static process, and that recruitment of
CSL, via cooperative interactions, to target genes is
an important mechanism of regulation.??%%3% Taken
together, these studies imply our understanding of
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CSL-DNA interactions, and the role these play in
transcriptional regulation are incomplete.

The focus of our studies were 2-fold; first, we
wanted to provide a quantitative and comprehensive
characterization of the energetics that underlie CSL-
DNA binding, thereby providing a baseline for
understanding the assembly of Notch transcription
complexes at more complicated DNA elements, such
as the HES-1 SPS. For these studies, we used highly
purified recombinant preparations of CSL and chose
to analyze individually the two CSL binding sites
that compose the HES-1 SPS, as this would provide
binding data for CSL interacting with both a consen-
sus and nonconsensus binding site. Second, we
wanted to provide additional structural information
for CSL interacting with DNA sites other than the
5 consensus site from the HES-1 SPS, because all
CSL-DNA complex structures determined to date
have used the same DNA binding site.

Our binding studies demonstrate that CSL has
only moderate affinity for DNA with dissociation
constants of at least 100 and 250 nM for the HES-1
consensus and nonconsensus DNA sites, respectively
(Table I). This represents at least 100-fold weaker
affinity for DNA than what was previously reported.
Moreover, the observed trends in binding were con-
served in worm and fly CSL orthologs (Table II),
suggesting that the moderate affinity of CSL for
DNA is a universal aspect of Notch signaling in all
organisms. In contrast, under identical experimental
conditions, we previously determined that the RAM
domain of NotchIC from mouse has an approxi-
mately 3- to 8-fold higher affinity for CSL than what
was determined here for CSL-DNA complexes. For
comparison, we also determined the DNA affinity for
a structurally related transcription factor—the p50
homodimer, a repressor in the NF-kappaB signaling
pathway—binding to the Ig-xB DNA site (Support-
ing Information Fig. S3). In contrast to CSL, p50
binding to DNA was very sensitive to temperature
with >30-fold higher affinity observed at 30°C than
binding experiments performed at 10°C; nonetheless,
over the temperature range tested, p50 in general,
has a similarly modest affinity for DNA, suggesting
that both CSL, and p50 binding to DNA may be
modulated by interactions with neighboring tran-
scription factors. Two other points should also be
mentioned, first, our experimentally determined val-
ues for the affinity of p50 for DNA by ITC are very
similar to the values previously reported using gel-
shift and fluorescence anisotropy binding assays®’;
and second, the moderate affinity of CSL for DNA
we determined here is not an artifact of our experi-
mental setup; as shown in Table S3, a number of
transcription factors with low nanomolar dissocia-
tion constants for DNA have been characterized
using ITC. Taken together, the modest affinity of
CSL for DNA suggests that not all CSL binding sites
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in vivo are occupied at all times and that CSL-core-
gulator complexes are likely forming/exchanging in
the nucleoplasm and on DNA, which in our mind,
places much more emphasis on cooperative mecha-
nisms that recruit CSL to sites on the DNA than
previously appreciated.

Our comparative analyses of CSL binding the 5’
consensus and 3’ nonconsensus sites of the HES-1
SPS revealed only minor differences in the affinity
and overall free energy for the two complexes. In
both cases, the binding reaction is entropically
driven, relatively insensitive to temperature, and
endothermic at the temperatures tested (5°C-15°C);
however, the differences in binding are significantly
larger than the error in the measurements and the
entropic/enthalpic contributions to the overall free
energy of binding are distinctly different for the two
complexes (Table I). This suggests that the two DNA
binding sites, at least at the thermodynamic level,
are not identical in the complexes they form with
CSL. Additional comparisons, as a function of tem-
perature, salt, and pH, did not reveal any further
differences between the consensus and nonconsensus
sites. In both cases, binding was very sensitive to
the concentration of salt (Table III), suggesting that
ionic interactions contribute largely to binding; this
is consistent with the entropically favorable release
of counterions underlying complex formation. Inter-
estingly, a similar strong dependence on salt concen-
tration is observed for the p50/p65 NF-xB hetero-
dimer.?° Under the experimental conditions tested,
CSL binding to both sites was linearly dependent on
pH, with the tightest binding observed at pH 6.0.
Although a binding study over a broader pH range
would be more definitive, nevertheless these data
potentially indicate that one ionizable protein resi-
due with a pKa in the range of 6.0 to 8.0, possibly a
cysteine or histidine residue, plays a role in CSL-
DNA binding.3* However, if this were the case, there
is neither a histidine nor a cysteine residue located
at the protein-DNA interface that would readily
explain the pH dependence of binding.

Given the small differences in affinity that we
observed for CSL binding the 5’ consensus and 3’ non-
consensus sites of the HES1 SPS, we were curious as
to why previous studies that identified the consensus
binding site for CSL revealed a strong preference for
a G/C base step at this position (-CAGTGGGAA-), as
opposed to A/T, C/G, and T/A base steps. Previous
structures have shown that in some, but not all CSL-
DNA complexes, the side chain of an absolutely con-
served glutamine residue makes a water-mediated
contact with the guanine base in the major groove,
providing some explanation for the specificity and tol-
erance for purine bases at this position.!” Despite
these structural results, there is relatively strong con-
servation for a T/A base step, that is, pyrimidine base,
at this position in the HES-1 SPS found in mammals,
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Xenopus, and Zebrafish. Although the T—A mutation
of the nonconsensus site (-CGTGTGAA-) actually
enhanced binding similar to the consensus site, strik-
ingly, the T—C mutation had a profound reduction in
binding. Taken together, these results suggest that
the identity of this base step is important for the affin-
ity and specificity of CSL binding; however, a satisfac-
tory molecular explanation for the observed differen-
ces in binding are still lacking.

With the exception of a B-hairpin loop structure
in the BTD that participates in DNA binding, which
will be discussed in greater detail later, our com-
parison of the CSL-nonconsensus DNA structure
determined here with the previously determined
CSL-consensus DNA structure revealed no overtly
conspicuous structural differences between the pro-
tein-DNA contacts between the two complexes; the
amounts of BSA at the protein-DNA interface were
similar; the number of specific and nonspecific DNA
interactions were similar; and, the number of water
molecules bound at the protein-DNA interface were
also similar. Thus, overall our structural studies are
consistent with our binding studies. However, on
closer examination, we noticed that the base pairs in
the nonconsensus DNA duplex had a much higher
degree of propeller twist than for the corresponding
regions in the consensus DNA duplex (Table S2). In
fact, certain base steps in the nonconsensus DNA
duplex had propeller twists that were far outside the
values typically observed for B-DNA. We believe
that the higher degree of propeller twist observed in
the CSL-nonconsensus DNA complex may account
for two observations from our binding data: (1) if the
binding of CSL to the nonconsensus DNA induces
the unfavorable propeller twist observed in this com-
plex, then this would likely decrease the overall free
energy (AG®) of complex formation, which is consist-
ent with our binding data (Table I); and (2) if the
greater propeller twist observed in the nonconsensus
DNA allows for increased hydrogen bonding interac-
tions between consecutive base steps in duplex,®®
then this could account for the more favorable
enthalpic contribution to binding observed for the
CSL-nonconsensus DNA complex (Table I).

Additional comparisons of the two complexes did
reveal a striking conformational difference in the
CSL-consensus DNA structure for a B-hairpin loop
located within the BTD of CSL (Fig. 5). This B-hair-
pin loop contributes to DNA binding via nonspecific
and specific contacts mediated through the minor
groove of DNA. Despite the dramatic rearrangement
of a glutamine residue within this loop, which con-
tributes specific DNA contacts in all other CSL-DNA
structures, the new side chain and backbone interac-
tions that are formed maintain equivalent nonspe-
cific and specific interactions with the DNA. Thus,
we do not expect that these structural changes
account for any of the differences in affinity we
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observed in our consensus and nonconsensus bind-
ing studies with CSL. Interestingly, an analogous
structural rearrangement occurs within one of the
previous CSL-RAM-DNA complex structures we
determined with Notch components from C. elegans
(PDB ID: 3BRF).?® We believe these structures
reveal a novel mode of DNA binding mediated by
the BTD of CSL, highlighting an additional level of
plasticity in DNA recognition, which likely accounts
for the less stringent requirements for base pairs in
this region of the consensus binding site.

Finally, structural comparisons of the two CSL-
DNA complexes revealed additional molecular
details regarding the dynamic interplay between a
large loop structural element in the BTD, which is
critical for binding the RAM domain of NotchIC, and
the NTD-loop, which is important for binding the
C-terminal helix of Mastermind. In the previous
CSL-consensus DNA structure, the BTD-RAM bind-
ing loop is disordered, with minimal interpretable
electron density associated with it, and the NTD-
loop is in a closed conformation?’; in the CSL-non-
consensus DNA structure determined here, the
BTD-RAM binding loop is completely ordered, with
continuous electron density, and the NTD-loop is in
more of an open conformation, but with significantly
elevated B-factors. It is interesting to note that in
all previous CSL-coregulator structures (human and
worm CSL-NotchIC-Mastermind ternary complexes,
and worm CSL-RAM complexes) when the BTD-
RAM binding loop forms an ordered structure, the
NTD-loop is in an open conformation. These data
suggest that opening and closing of the BTD-RAM
binding loop affects whether the NTD-loop is an
open or closed conformation, that is, ordering of the
BTD-RAM binding loop either intrinsically or
through binding the RAM domain of NotchIC allos-
terically induces the opening of the NTD-loop, which
is required for Mastermind binding and formation of
the active ternary complex. Intriguingly, Arg226,
which resides at the C-terminal end of the BTD-
RAM binding loop, may be serving as a hinge or
switch residue, as its side chain assumes two dis-
tinct conformations in the two complexes, seemingly
dependent on whether the BTD-RAM binding loop
forms an ordered or disordered structural element.

Materials and Methods

Cloning, expression, and protein purification
The cloning, expression, and purification of C. ele-
gans and M. musculus CSL recombinant proteins
from bacteria were described previously.Z%!”

Oligomeric DNA duplexes for ITC binding
studies

The following 19-mer oligomeric DNA duplexes that
correspond to the 5 consensus and 3’ nonconsensus
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sites of the HES-1 SPS were purchased from Operon
Biotechnologies; consensus: 5-CGGCCTGTGGGAA
ACTTCC-3, 5-GGAAGTTTCCCACAGGCCG-3;
nonconsensus: 5-CGGCTCGTGTGAAACTTCC-3/,
5-GGAAGTTTCACACGAGCCG-3'.Single-stranded
DNA oligos were resuspended in a buffer containing
10 mM Tris 8.0, 500 mM NaCl, and 1 mM MgCls,,
quantitated spectroscopically at Aggp, mixed equimo-
lar with the complimentary oligo, boiled for 10 min,
and allowed to slow cool at room temperature to
ensure optimal duplex annealing. Size exclusion
chromatography was used to purify 19-mer DNA
duplexes and buffer match DNA samples for ITC
binding experiments. Samples were validated for
CSL binding via EMSA and were quantified by
ultraviolet absorbance measurements at 260 nm.

Isothermal titration calorimetry

ITC experiments were performed using a Microcal
VP-ITC micocalorimeter. For all binding reactions,
approximately 100 uM DNA was loaded into the sy-
ringe and titrated into 10 pM CSL in the cell. The c
value (¢ = K,MIN) for all experiments ranged
between 3 and 250. ITC binding experiments were
performed in 50 mM sodium phosphate pH 6.5, 150
mM NaCl at 5°C, 10°C, or 15°C; experiments per-
formed at 20°C, 25°C, 37°C, or 45°C yielded no
measurable heat associated with binding. The salt
dependence of binding experiments was performed
in 50 mM sodium phosphate pH 6.5, and 50, 100,
125, 150, 175, or 200 mM NaCl. pH-dependent
experiments were performed in 50 mM sodium phos-
phate, pH 6.0, 6.5, 7.0, 7.5, or 8.0, and 150 mM
NaCl. The collected data were analyzed using the
ORIGIN software and fit to a one site binding model
with an average N (ligand/macromolecule) value of
0.93 and 0.92 for CSL binding the consensus and
nonconsensus DNA, respectively.

Crystallization and data collection

A 13-mer DNA duplex with single-stranded TT/AA
overhangs corresponding to the 3’ nonconsensus site
from the HES-1 SPS was cocrystallized with mouse
CSL. CSL-DNA complexes were set up in a 1:1.1
molar ratio and screened for crystallization condi-
tions using the Hampton Research Index Screen and
an Art Robbins Phoenix Crystallization Robot. The
final optimized crystallization conditions were in a
mother liquor containing 100 mM magnesium for-
mate and 19% polyethylene glycol 3350 at 4°C. Crys-
tals were cryoprotected in mother liquor solutions
containing 20% xylitol and flash frozen in LN2. The
diffraction data were collected at the Advanced Pho-
ton Source, beamline 22-ID. The crystals diffracted
to 2.0 A and belong to the orthorhombic space group
P2,2:2, with unit cell dimensions a = 63.45A, b =
93.1410&, and ¢ = 112.50A (Supporting Information
Table S1).
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Structure determination, model building, and
refinement

The structure of mouse CSL bound to DNA (3BRG),
corresponding to the 5 consensus site of the HES-1
SPS, was used with Phaser to obtain a molecular
replacement solution for our mouse CSL-nonconsen-
sus DNA diffraction data.*’ Prime-and-switch phas-
ing from RESOLVE was used to decrease model
bias, and Coot was used to rebuild missing parts of
the model.*'*? translation/libration/screw (TLS) pa-
rameters were generated and used for refinement in
Refmac.*>** The structure was validated with PRO-
CHECK and Molprobity.*>*® The final model of CSL
consisted of amino acids 53-474, and the entire
DNA duplex. The structure has been refined to an
Ruork = 20.0% and Rpee = 24.4% with good geometry
(Supporting Information Table S1) and deposited in
the Protein Data Bank. Pymol was used to align
structures and to create Figure 5 (pymol.sourcefor-
ge.net). The PISA server was used to analyze pro-
tein-DNA interfaces.?® Coordinates and structure
factors have been deposited in the Protein Data
Bank with accession number 3IAG.
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