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ABSTRACT. The basic helixloop—helix domain of theDrosophilatranscription factor Deadpan (Dpn)

was prepared by total chemical protein synthesis in order to characterize its DNA binding properties.
Circular dichroism spectroscopy was used to correlate structural changes in Dpn with physiologically
relevant monovalent (KCI) and divalent (Mg{lcation concentrations. In addition, we have used
electrophoretic mobility shift assay (EMSA) and fluorescence anisotropy methods to determine equilibrium
dissociation constants for the interaction of Dpn with two biologically relevant promoters involved in
neural development and sex determination pathways. In this study, we have optimized DNA binding
conditions for Dpn, and we have found a markedly higher DNA binding affinity for Dpn than reported
for other bHLH domain transcription factors. Dpn binds as a homodider= 2.6 nM) to double-
stranded oligonucleotides containing the binding site CACGCG. In addition, we found that Dpn bound
with the same affinity to a single or tandem binding site, indicating no cooperativity between adjacent
DNA-bound Dpn dimers. DNA binding was also monitored as a function of physiologically relevant KCI
and MgC} concentrations, and we found that this activity was significantly different in the presence and
absence of the nonspecific competitor poly(dI-dC). Moreover, Dpn displayed moderate sequence selectivity,
exhibiting a 100-fold higher binding affinity for specific DNA than for poly(dI-dC). This study constitutes
the first detailed biophysical characterization of the DNA binding properties of a bHLH protein.

Basic helix-loop—helix (bHLH)! proteins comprise a  (called the N-box) in DNase | footprint analyses. Hairy, a
family of transcriptional regulators involved in a number of protein with 82% identity to Dpn, was shown to preferentially
developmental pathways, including neurogenesis, myogen-bind the sequence CACGCQ3, 24). Genetic studies have
esis, sex determination, and cell differentiatid). (Mu- indicated that Dpn, along with other factors, plays an early
tagenesis studies have shown that the HLH regions of theserole in directing nervous system formation by repressing
proteins are essential for dimerizatio?),(while the basic expression of genes promoting nonneuronal fat2g). (
region makes base-specific DNA contacts to a consensusFurthermore, loss of Dpn function iDrosophilaresults in
hexanucleotide sequenc®.(Recently, crystal structures of weak motor activities, lethargic behavior, and deat#).(
several bHLH proteins have been solvet-8), and the While the molecular basis for these genetic findings has not
X-ray crystallographic data confirmed initial predictions that been determined, a potential Dpn binding site exists within
the HLH domain forms two amphipathia-helices that the promoter of the proneural achaeseute gene complex
dimerize to form a parallel four-helix bundl®-¢11). (AS—C) (27). Moreover, ectopic expression dpn causes

The DrosophilabHLH protein, Deadpan (Dpn), belongs reduced AS-C activities, suggesting a negative interaction
to the Hairy-related class of bHLH transcription factors, betweendpnand the AS-C genes 14).
which include Hairy and members of the Enhancer-of-split ~ Genetic studies have also shown than plays a role in
complex (2—17). These proteins have been shown to act Drosophilasex determination, by acting as a denominator
as transcriptional repressors5( 18—25), and to bind to a  element in determining the X-chromosome-to-autosome ratio
consensus hexanucleotide DNA sequence that is distinct from(zg) Dpn appears to function as a negative regu|at@axf.
the E-box motif (CANNTG) recognized by other bHLH |ethal (sxl) (28), the master regulatory gene Brosophila
transcription factors. Specifically, tHerosophilaE(spl) m8  sex determination, by binding a unique site within thé
protein (L8) and mammalian HES-1 and HES-5 proteibS,( promoter 20). This site contains two Dpn binding sites, in
16) were shown to bind hexamer sequences CAC(G/A)AG which the center of each site is separated by approximately
one helical turn of DNA. The significance of this tandem
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(tandem site) promoters. Optimized DNA binding conditions cell radius. Equilibrium was assessed by overlaying five
were found, yielding &4 value 2 orders of magnitude lower consecutive scans takd h apart. A partial specific volume
than values reported for other bHLH proteins. Dpn displayed (v) was calculated to be 0.75 mL/g based on amino acid

a significantly different monovalent and divalent ion depen- composition, and the data were fitted to an ideal single
dence in the presence or absence of the nonspecific competispecies model or an association model using nonlinear least-
tor poly(dl-dC). Moreover, the bHLH domain of Dpn showed squares analysis with the Origin software provided by
approximately 100-fold binding selectivity for specific DNA  Beckman. The residuals were used to assess the “goodness
over poly(dI-dC). The binding of the bHLH domain of Dpn  of fit.”

to single and tandem sites was also investigated in order to Electrophoretic Mobility Shift Assays (EMSAJhe oli-

evaluate the potential significance, if any, the tandem site 4o cleotides used for gel shift assays were purchased from
has for transcriptional regulation ekl Genosys Biotechnologies, Inc. The sequence of the top strand
single site oligonucleotide from the ASC proximal pro-
MATERIALS AND METHODS moter @7) is 5-CGTACGCCGGCACGCGACAGGGC!3

Synthesis and Purification of the bHLH Region of Dpn. Where the underlined sequence is the Dpn binding site. The
Dpn [amino acids 39102 (14)] was manually synthesized ~sequence of the top strand tandem site oligonucleotide from
using stepwise solid-phase peptide synthesis (SPPS), acthe sex lethalpromoter R0) is 5-AGCCCACGCGACTG-
cording to published in situ neutralization Boc chemistry GCACGCGCACC-3 Complementary single-stranded oli-
protocols 29). The isostere aminobutyric acid was substituted gonucleotides were labeled with-f?P]JATP, annealed, gel
for cysteine 59, and the N-terminus was acetylated. The crudepurified, and resuspended in assay buffer (20 mM Hepes,
synthetic product polypeptide was purified by semiprepara- pH 7.6, 100 mM KCI, 1 mM DTT, 1 mM EDTA, and 5%
tive (1 x 25 cm) reversed-phase high-pressure liquid glycerol). For protein titrations, serial dilutions of a protein
chromatography (RP-HPLC) using a gradient of-50% stock solution (107%:M) were incubated in assay buffer with
buffer B (90% acetonitrile, 0.1% TFA in D) over 40 min labeled oligonucleotide (ca. 40 pM) and 2:8/uL bovine
at a flow rate of 3 mL/min. Fractions were analyzed by serum albumin (BSA) for 15 min in 26L aliquots. Samples
electrospray ionization mass spectrometry (PE Sciex API- were loaded onto a 10% nondenaturing polyacrylamide
I), and those with the correct mass were pooled and BioRad minigel (0.75 mmx 6.5 cm) and run for 25 min at
lyophilized. The overall yield of pure synthetic protein from 150 V/cm with 88 mM Tris-borate buffer, pH 8.3. Radio-

a single synthesis was 50 mg (ca. 10% based on crudeactivity in a given band was quantitated with a Molecular
product). Dynamics Phosphorimager system using ImageQuant soft-

Protein Folding Pure lyophilized material was dissolved ~Ware. Quantitated data were plotted as fraction bound versus

in6 M guanidine hydrocmoride, 100 mM sodium acetate, pI’Otein Concentration, and fit with the Hill equation: fraction
pH 7.0, and 10 mM dithiothreitol (DTT), and diluted with ~bound= [protein}/([protein}' + K4"), wheren is the Hill
water b 1 M guanidine. Chromatography with a Pharmacia coefficient andKy is the apparent dissociation constant.
PD-10 column was used to exchange the protein into the Fluorescence Anisotropy Assaf&uorescence anisotropy
following storage buffer for EMSA and fluorescence ani- titration measurements were carried out using a Spectronic
sotropy experiments: 20 mM Tris, pH 6.3, 25 mM am- 8100 Series 2 spectrofluorometer. The sequences of the top
monium sulfate, 100 mM KCI, 1 mM EDTA, 10% glycerol, strand oligonucleotides used in the single and tandem site
and 10 mM DTT. Protein fractions were collected, pooled, binding titrations, respectively, are’-6-TCGCCACGC-
and stored at-80 °C in small aliquots. Protein used for CD GACC-3 and 5-F-TGCCCACGCGACTGGCACGCGCACC-
studies was exchanged into 20 mM Hepes, pH 7.6, 1 mM 3’ where F denotes fluorescein and the underlined sequence
EDTA. All protein concentrations were determined by amino s the Dpn binding site. The sequences of the top strand
acid analysis by AAA labs (Seattle, WA). oligonucleotides for the mis 1 and mis 2 sequences used to
Circular Dichroism (CD) SpectroscopZD spectra of Dpn  determine the intermediate dimer-bound species to the
were measured in 20 mM Hepes, pH 7.6, 1 mM EDTA at a tandem site are '8=-TGCCGACCCGACTGGCACGCG-
concentration of 3aM (KClI titrations) or 3uM (for Dpn— CACC-3 and 3-F-TGCCCACGCGACTGGACGCCGCACC,
DNA interaction studies) using an AVIV 202SF instrument. respectively. A 1.5-fold excess of unlabeled, complementary
CD spectra were recorded from 190 to 260 nm at°25 strand was annealed to each strand to ensure fully hybridized
using a quartz cuvette with a 0.1 cm path length. The resultslabeled DNA. In all titrations, either a 1.0 or Q.& aliquot
are presented as a plot of mean molar ellipticity per residue of protein solution (400 nM, M, or 10uM) was added to
([6], in deg cn? dmol?) versus wavelength in 0.5 nm a5 nM solution of DNA (20Q:L) containing 20 mM Hepes,
increments. The percent helicity in each sample was esti-pH 7.6, 100 mM KCI, 1 mM EDTA, and 0.18g/uL BSA.
mated from §]22, (30). The BSA was important for obtaining reproducible data at
Sedimentation EquilibriunBedimentation equilibrium was  these low DNA concentrations, probably because it prevented
carried out on a 1@M solution of Dpn in 20 mM Hepes, the DNA and/or protein from adhering nonspecifically to
pH 7.6, 1 mM EDTA, 0.5 mM DTT buffer with or without  the cuvette. Parallel and perpendicular polarization compo-
100 mM KCl at 25°C in a Beckman Optima XL-I analytical  nents of the fluorescein emission were measured in a T
ultracentrifuge. The protein was dialyzed for 18 h against format by excitation at 480 nm and detection at 520 nm.
the aforementioned buffer to obtain an accurately “matched The anisotropy was measured 30 times at each titration point
buffer” for reference. The sample was spun at a rotor speedwith an integration time of 2.5 s for each intensity measure-
of 30 000 rpm for 24 h, and the absorbance of protein was ment; the resulting values were averaged and plotted against
monitored at a wavelength of 230 nm as a function of the protein concentration.



5140 Biochemistry, Vol. 38, No. 16, 1999 Winston et al.

A.
39 102
ELRKTNKPIMEKRRRARINHCLNELKSLILEAMKKDPARHTKLEKADILEMTVKHLQSVQRQQL
[ Basic [ Helix1 —— Loop ——— Helix2 ]
7682.2 Da
B C.
" Dpn (bHLH)
1
f\g 7200\ 0a) 000
B +6
5 +5
E +4
i L
IIll!IIIIITHI.HHI.IIIIII||I||I 0 TS0 1600 125‘0 T
o Time {min) 30 m/z

Ficure 1: (A) Amino acid sequence of the bHLH domain of Dpn. (B) Analytical reversed-phase HPLC of purified synthetic bHLH Dpn,
using a gradient of 872% buffer B over 30 min (see Materials and Methods). (C) Electrospray mass spectrum of the HPLC-purified
product. The observed mass was 7682.8.5 Da; the calculated mass was 7682.2 Da (average isotopic composition).

Analysis of Fluorescence Anisotropy DaBinding curves fraction of bound specific DNAKp) = 0.5, we make the
generated from the increase in fluorescence anisotropy valuegollowing assumptions:
as a function of protein concentration were fit to a model of

dimer== dimer—DNA (one-state) or dimes= dimer—DNA Ky =1[P] (2)
== tetramer-DNA (two-state) equilibrium, using a numeri- _
cally based algorithm (BIOEQSBL, 32). BIOEQS solves K1(appareny™ K1 + B 3)

directly for AG values of the complexes based on protein
concentration, anisotropy, and quantum yields. The one-state
binding model contained a fixed anisotropy value for the
free DNA species (empirically determined), and floating
values for theAG and anisotropy of the fully bound protein
DNA species. The two-state binding model contained fixed =

anisotropy values for free DNA and dimer-bound DNA Katapparen= K1 (Ky/K)IN] ®)
(empirically determined), and floating values for th€ and  whereK; is the intercept an&./K; is the slope, or ratio of
anisotropy of the tetramer-bound DNA species, as well as specific to nonspecific binding<pparensis the apparenty
the AG value for the dimer-bound DNA species. Rigorous value measured for specific DNA binding, while [N]
confidence interval testing was used to estimate the uncer-represents the concentration of poly(di-dC).

tainty in each floated parameter. The reported uncertainties

in the AG values correspond to a 95% confidence interval RESULTS

for an F-statistical distribution. The equilibrium dissociation
constants were calculated from teG values using the
relationAG = —RT In K,

DNA Binding SpecificityMultiple protein titrations were
performed in the presence of varying concentrations of the
nonspecific competitor poly(dl-dC) (0, 20, 200, 300, 400
and 600 ng) using EMSA. The apparéf value for these

B = [P]INV/K, (4)

By substituting [P] in eq 4 foK; from eq 2, and replacing
B from eq 3 with eq 4, the following equation is obtained:

Chemical Synthesis and Characterizatiorhe bHLH
domain of Dpn (Figure 1A), residues-3202 from the wild-
type sequenceld), was synthesized by highly optimized,
manual stepwise solid-phase peptide synthe2®. (The
crude synthetic product was purified by RP-HPLC (Figure
' 1B) and analyzed by ESI-MS (Figure 1C). The observed

ST . mass (7682.3: 0.5 Da) was identical within experimental
protein titrations was determined for each poly(dl-dC) ( ) was i ca’ wihin expert

: . uncertainty to the calculated mass (7682.2 Da, based on the
concentration as before (see EMSA section). The concentra- y (

: ; . “average isotopic composition). The purified polypeptide
tion of pon(dI—dC) was converted to base pair concentration ., -in \as renatured fio 6 M guanidine hydrochloride by
(in uM) using 660ug/umol as a molar conversion factor

. . size-exclusion chromatography into assay buffer (pH 7.6
and 20uL as a final reaction volume. Thiy (uM) was drapny y (P )

lotted functi f polv(dl-dC trati d for further characterization (see Materials and Methods).
piotied as a function of po y(dI-dC) concentra 'W_M)' and cp Spectroscopyl o characterize the structural properties
the inverse slope was used to calculate the ratio of specn‘lcOf

i ific bindina. The followi iibri t' Dpn, UV—CD spectroscopy was performed under a
0 nonspecitic binding. 1hefollowing equilibrium equations physiologically relevant range of mono- and divalent cation
were established to derive this ratio:

concentrations. Increasing amounts of KCl were added to a
K, K, 33 uM solution of Dpn in 20 mM Hepes buffer, pH 7.6, at
A=S+P+N=B (1) 25°C. The corresponding spectra for each KCI concentration
are shown in Figure 2A. Based on the molar ellipticity value
where A is the specific proteinDNA complex, S is the at 222 nm @,2,), the percent helicity of Dpn was calculated
specific DNA, P is the protein, N is the nonspecific DNA, (30) to be 13% in the absence of KCI. In addition, there
and B is the nonspecific protetDNA complex. When the  was a significant amount of random coil as evidenced by
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Ficure 2: (A) UV —CD spectra for Dpn in 20 mM Hepes, pH 7.6,
1 mM EDTA buffer containing the indicated KCI concentrations.
(B) UV—CD spectra for Dpn in 20 mM Hepes, pH 7.6, 1 mM
EDTA buffer containing the indicated Mgg£toncentrations. No
significant increase in helicity was recorded. (C) Y€D spectra
for DNA alone (), Dpn alone ©), and Dpn in the presence of
equimolar 24 bp oligonucleotide from the A€ promoter @).
DNA contributions to the spectrum have been subtracted.

«  Dpn/DNA

Molar Ellipticity

the large degree of molar ellipticity at 200 nm compared to
222 nm. However, addition of KCI significantly increased
the helical content of Dpn. At 25 mM KCI, the percent
helicity doubled to 26%, and the minimum molar ellipticity
value shifted from 200 to 205 nm, indicating some loss of
random coil. Moreover, the ratio of molar ellipticity values
at 222 and 200 nm6k2d/60200) increased from 0.22 in the
absence of KCI to 0.74 with the addition of 50 mM KClI,
suggesting a coiled-coil interaction. Increasing the KCI
concentration to 150 mM had little effect on the molar
ellipticity values, edging the percent helicity up to 28%, and
625946500 t0 0.80.
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FiGure 3: Sedimentation equilibrium analysis of Dpn (&) in
20 mM Hepes, pH 7.6, 1 mM EDTA, 100 mM KCI. The fitted

curve was obtained using a single ideal species model. The residuals
are shown in the top panel.

however, no significant change #h,, was recorded (Figure
2B). In addition,f,246200 ONly increased from 0.22 to 0.28
at maximum magnesium concentration. Upon the addition
of 25 mM KCI, the helicity increased to 26% as before (data
not shown). These results suggest that Mgliine does not
significantly alter the structure of Dpn.

To characterize the structural properties of Dpn alone and
in the presence of DNA, CD spectroscopy was performed
in the absence and presence of a DNA oligonucleotide
containing a single Dpn binding site. The spectra were
recorded at 100 mM KCI and a Dpn concentration ofl\3
(Figure 2C). The percent helicities of Dpn alone and in the
presence of an equimolar amount of DNA were calculated
to be 28% and 63%, respectively. In the absence of DNA,
there was still a significant amount of random coil, as
indicated by the large degree of molar ellipticity at 205 nm
compared to 222 nm. In the presence of DNA, the 205 nm
minimum was shifted approximately 3 nm to 208 nm, and
the ratio between the two minima was approximately 1. This
change in the shape of the protein-DNA spectrum indicates
that the protein had adopted a fully formedhelical coiled-
coil structure in the presence of DNA4—38). Moreover,
the percent helicities obtained from these measurements are
in agreement with expected values based on the number of
amino acids predicted to lie in helical regions of the bHLH
structural motif (see Figure 1A).

Sedimentation Equilibriumlo characterize the oligomer-
ization state of the bHLH domain of Dpn in solution,
analytical ultracentrifugation was performed on a /i
solution of Dpn in 20 mM Hepes, pH 7.6, 100 mM KClI,
and 1 mM EDTA. The solution was centrifuged at 30 000
rpm for 24 h in a sedimentation equilibrium experiment,
where the absorbance at 230 nm was collected as a function

In a separate titration, CD spectroscopy was used to assayf the cell radius (Figure 3). The data were fitted to both a

the effect of MgC} on the helical content of Dpn. In this
assay, a physiologically relevant concentration of My@is
added to a 3%M Dpn solution ranging from 0.5 to 5 mM;

single species model, which assumes that there is only one
component in the solution giving rise to the absorbance, and
an association model that assumes Dpn is in equilibrium
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® [ Ficure 5: Fluorescence anisotropy titration of Dpn binding a single
g 04r DNA site from the AS-C promoter. A fluorescein-labeled 13 bp
kS L oligonucleotide containing a single Dpn binding sequence at a
@ 02 concentration of 5 nM was titrated with increasing concentrations
u U of Dpn. The data were fit (solid line) to a one-state binding model
°0 T 20 30 20 (dimer = dimer/DNA) using the program BIOEQS. From this
Dpn ("M) analysis, aAG value of —11.1 (0.2, —0.4) kcal/mol was

determined, corresponding toka of 5.1 (+2.5, —2.4) nM.
Ficure 4: (A) EMSA of Dpn binding a 24 bp oligonucleotide Lo .
containing a single binding site from the AS promoter. 40 pM Kq measurements of the DNA binding activity of Dpn were
radiolabeled duplex DNA was equilibrated with increasing con- also determined by fluorescence anisotropy. Because the

centrations of Dpn from left to right as shown. (B) Graphical entire experiment takes place in solution under equilibrium
representation of one EMSA trial. Kq of 25+ 0.3 M was o qitions, this method is thought to more accurately reflect
obtained with a Hill coefficient of 2. . ' L . .
protein behavior in solution4Q, 41). In this assay, a

between monomer and dimer. When the data were fit to the fluorescein-conjugated DNA oligonucleotide at a concentra-
single species model, the best fit curve corresponded to ation of 5 nM was titrated with small increments of Dpn, and
molecular mass of 13 555 70 Da. The observed molecular the resulting increase in the fluorescence anisotropy of the
mass was slightly lower than the calculated molecular massfluorophore was determined. Multiple measurements were
of a dimer, presumably due to errors in estimating/sing taken to ensure that equilibrium had been reached before
the association model where the monomer molecular massadditional protein was added. The anisotropy data obtained
was fixed (7682 Da), an equally good fit was obtained; from this method were plotted as a function of protein
however, consistent with the single species model, this concentration and analyzed with BIOEQS, a numerically
analysis revealed that the dimer was the predominant specie®ased equilibrium binding program (Figure 5). Using this
in solution. Models incorporating higher order species gave program, aAG = —11.1 (+0.2, —0.4) kcal/mol for Dpn
an insignificantk, for these higher molecular mass species. binding was determined by fixing the fluorescence anisotropy
To assess the effects of KCI on dimerization, an additional of free DNA (r = 0.1164) and fitting the data to a simple
sedimentation equilibrium experiment was performed in the one-state equilibrium model (free dimer dimer—DNA).
absence of KCI (data not shown). Under these conditions, The quoted uncertainties correspond to 95% confidence
an association model was the best fit to the data, with a clearintervals from an F-statistical distribution. TheG value
equilibrium between monomer and dimer. Taken together, obtained from this experiment corresponds t&g@of 5.1
these results suggest that Dpn is a dimer at high concentra{+2.5, —2.4) nM, consistent with the results obtained from
tions (10uM), and that KCI promotes dimerization. EMSA. An associating equilibrium model (monomesr

Kq DeterminationsThe DNA binding activity of synthetic ~ dimer==dimer—DNA) also provided an equally good fit to
Dpn was measured by quantitative EMSA, using a 24 basethe data, and yielded a similar binding affiniyG = —11.3
pair synthetic oligonucleotide containing a single binding site kcal/mol, data not shown), consistent with the hypothesis
of sequence CACGCG from the AX promoter. The results  that Dpn exists as a monomer at nanomolar concentrations.
of a protein titration performed in the presence of a constant A similar Ky was obtained in a separate titration using a DNA
amount of radiolabeled DNA (40 pM) and 100 mM KCl are concentration of 2.5 nM, confirming that th&; obtained
shown in Figure 4A. The faster migrating band is uncom- by this method is independent of DNA concentration.
plexed DNA, and the slower migrating band, which increases Effects of KCl on DpaDNA Binding.To further inves-
in intensity with increasing concentrations of Dpn, is the tigate the DNA binding characteristics of Dpn, the effects
Dpn-bound DNA complex. The radioactivity in each band of potassium chloride concentration on Dpn binding activity
was quantitated, and the fraction bound was plotted as awere measured by EMSA. In this assay, radiolabeled DNA
function of protein concentration (Figure 4B). The data were was equilibrated with a constant amount of protein in buffer
fit to the Hill equation with the Kaleidagraph software containing increasing concentrations of KClI, in the presence
program. From this equation, the apparent dissociation or absence of poly(dI-dC) (20 ng). Aliquots of these reaction
constant Kq) was calculated to be 2.5 0.3 nM, and the mixtures were subjected to electrophoresis on a native
stoichiometry of binding was determined to be a dimer (Hill polyacrylamide gel, and the fraction bound was determined
coefficient= 2). by phosphorimage analysis. The radioactivity in each band
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Ficure 6: Radiolabeled duplex DNA (40 pM) was equilibrated
with 100 or 10 nM Dpn in the presence or absence of poly(dl-dC),
respectively. (A) Graphical representation of EMSA results from
Dpn—DNA interactions at increasing concentrations of KCI, in the
presence®) or absence®) of 20 ng of poly(dI-dC). (B) Graphical
representation of EMSA results from DpBNA interactions in
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Ficure 7: Graphical representation of EMSA results from Bpn
DNA interactions performed with increasing amounts of poly(dl-
dC) in the binding reactions. The poly(dl-dC) concentration was
plotted as a function of thi€y determined for each protein titration.
The ratio of specific to nonspecific binding was calculated to be
140-fold from the inverse slope of the fitted line.

40

centration, reaching maximal activity in~30 mM MgCl.
However, in the absence of poly(dI-dC), Dpn binding activity
peaked at 1.0 mM MgG| and fell sharply at higher
concentrations of MgGl This behavior suggests that mag-
nesium ions compete electrostatically with Dpn for DNA
sites in the absence of nonspecific competitor.

DNA Binding SpecificityThe specificity of DNA binding
was characterized by comparing tg of Dpn for specific

the presence of 100 mM KCI and increasing concentrations of DNA in the presence of increasing amounts of poly(di-dC)

MgCl,, in the presenceQ) or absence®) of 20 ng of poly-
(diI-dC).

using EMSA. The dependence of tlk on poly(dl-dC)
concentration is shown in Figure 7. In the absence of
nonspecific competitor, the dissociation constant was cal-

was quantitated, and the fraction bound was plotted as aculated to be 2.5 nM. However, as increasing amounts of

function of KCI concentration (Figure 6A). Dpn binding
behavior showed a different KCI dependence with and
without poly(dl-dC). In the presence of poly(dl-dC), the
DNA binding activity of Dpn increased with increasing KClI
concentration, where maximal activity was maintained from
150 to 250 mM KCI. This behavior suggests that higher KCI
concentrations prevent Dpn from binding nonspecifically to
poly(dl-dC), increasing the apparent affinity for specific
DNA. In the absence of poly(di-dC), Dpn binding activity
was somewhat erratic at KCI concentrations below 100 mM,
and fell sharply at KCI concentrations above 150 mM. From
this plot, the optimal KCI concentration for DNA binding
activity was determined to be between 100 and 150 mM.
Protein titrations performed at 100 or 150 mM KCl yielded
identical dissociation constants (data not shown).

Effects of MgGl on Dpn—DNA Binding The effect of
magnesium ions on the binding activity of Dpn was also
examined by EMSA. Radiolabeled DNA was equilibrated
with a constant amount of protein in buffer containing 100
mM KCI and increasing concentrations of MgCin the
presence or absence of poly(dl-dC). Aliquots of these

poly(dI-dC) were added to the binding reaction, the apparent
Kg for Dpn increased in a linear fashion. This binding
behavior suggests that Dpn bound nonspecifically to the poly-
(dI-dC). The slope of the plot in Figure 7 represents the ratio
of specific DNA binding to nonspecific binding [poly(dI-
dC)] (see Materials and Methods). From the inverse of this
slope, the specificity ratio was calculated to be 140, indicating
that Dpn bound specific DNA approximately 2 orders of
magnitude better than poly(dl-dC).

Significance of the Tandem Binding Silé had been
proposed that the unique spacing between the two binding
sites may permit proteinprotein interactions between Dpn
dimers (S. Burley, personal communication). To assess the
significance of a naturally occurring tandem repeat found in
the sxl promoter, both EMSA and fluorescence anisotropy
methods were used to determine #gfor Dpn binding to
this sequence. Figure 8A shows the results of the EMSA
titration at 100 mM KCI. As protein concentration was
increased, uncomplexed DNA (fast migrating band) shifted
first to the dimer-DNA complex (middle band) and then to
the tetramerDNA complex (top band). In this case, the

reactions were subjected to electrophoresis as before, andraction bound was calculated by extracting the fraction of
the results are shown in Figure 6B. Dpn displayed a markedly bound sites: the dimefDNA complex counted for only one

different behavior in the presence and absence of poly-

(dI-dC). In the presence of poly(dl-dC), the DNA binding
activity of Dpn increased with increasing magnesium con-

of two sites filled, while the tetrameiDNA complex counted
for both sites filled. Plotting these data as before yielded a
Kq of 2.6 £ 0.2 nM with a Hill coefficient of 2 (Figure 8B).
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Ficure 9: Fluorescence anisotropy titration of Dpn binding an
oligonucleotide containing a tandem binding motif. The fluorescein-
labeled 23 bp oligonucleotide (5 nM) was titrated with increasing
concentrations of Dpn. The data were fit to a two-state binding
model () using the program BIOEQ®RG values of—11.4 (1.4,
—0.9) kcal/mol for the dimer/DNA complex ang21.6 (+1.2,
e T —1.0) kcal/mol for the tetramer/DNA were determined (i.e.,

Dpn (nM) approximately double the value for the single site), showing an
absence of cooperative binding.

Fraction Bound

Ficure 8: Binding of the Dpn bHLH domain to a tandem DNA

site is noncooperative. (A) EMSA of Dpn binding an oligonucle- - “ .

otide containing a tandem binding motif. 40 pM radiolabeled duplex for Dpn). Because binding of Dpn to each “half” site was
DNA was equilibrated with increasing concentrations of Dpn as indistinguishable, we assumed that Dpn bound to either site

shown. (B) Graphical representation of EMSA trials, where Dpn within the tandem DNA sequence were equivalent species
binding to an oligonucleotide containing the tandem @ ¢r a in our subsequent calculations. After performing a protein

tandem site with a five base pair insertiad)(is shown. AKq of S . . . .
2.6+ 0.2 nM was obtained for the tandem site, aridgof 2.6 + titration with the tandem site oligonucleotide A&5 value

0.1 nM was obtained for the “insert” site. Both curves yielded a of —11.4 (+1.4,—0.9) kcal/mol was obtained for the dimer
Hill coefficient of 2. DNA complex. TheAG value calculated for the sum of the

) ) o dimer—DNA complex and the tetrameiDNA complex was
From these results, we infer a sequential binding model, —21 6 (+1.2, —1.0) kcal/mol, within experimental uncer-
where binding of one Dpn dimer does not influence the (ainty to double theAG value calculated for the dimer
binding of a second Dpn dimer. DNA complex. Therefore, the fluorescence anisotropy data

To corroborate these results, EMSA was used to assayare also consistent with the noncooperative binding apparent
Dpn binding to an oligonucleotide containing an extra five jn the EMSA experiments.

bases between the tandem binding sites (termed “insert”). If

protein—protein interactions occur in the wild-type tandem DISCUSSION

binding site, we hypothesized that insertion of five extra base

pairs would disrupt any such interactions. The results of the A series of quantitative DNA binding studies were carried
protein titration are shown in Figure 8B. Dpn bound the insert out on the chemically synthesized bHLH region of Dpn.
site with aKy of 2.6 + 0.1 nM and a Hill coefficient of 2,  Solid-phase synthesis metho@§)were employed to prepare
statistically identical to the results obtained for the wild- the 64 amino acid polypeptide because the bHLH domain
type tandem site. Because an identical dissociation constantvas easily accessible to these methods. Synthesis of Dpn
was obtained for the single, tandem, and “insert” oligonucle- Was straightforward and convenient, yielding large quantities
otides, binding to the tandem site was judged to be (ca. 50 mg) of pure protein (Figure 1) in a short period of
noncooperative. time (1 week).

We also used fluorescence anisotropy to determine the To characterize the structure of the synthetic protein
mechanism of Dpn binding and to quantitate the relative domain, CD spectroscopy was used to assess the helical
binding energies to the tandem site. The fluorescencecontent of Dpn under a physiological range of KCI and
anisotropy data were collected at a DNA concentration of 5 MgCl, concentrations (Figure 2). We infer from these data
nM, and the results are shown in Figure 9. The data were and sedimentation equilibrium studies (Figure 3) that Dpn
fitted to a two-state binding model (free dimer dimer— is monomeric at nanomolar concentrations, but predomi-
DNA = tetramer-DNA), which assumes that one Dpn dimer nantly dimeric at high concentrations (83 M) and in
molecule binds a single site, followed by a second dimer the presence of KCI. [These conclusions are also consistent
binding the adjacent site. TheG values for the two binding  with the Hill coefficient f = 2) determined by EMSA
events were obtained from the BIOEQS program by fixing analysis (Figure 4), which suggests that at nanomolar
the following anisotropy values); free DNA (r = 0.1306) concentrations Dpn exists as a monomer and forms dimers
and dimer-DNA (r = 0.1500). We experimentally deter- to bind DNA.] We hypothesize that K cations induce
mined gimer-bna DY @ssaying a mutated version of the tandem conformational changes in the preformed dimer which
site that could only support binding of a single dimer (each promote dimerization of the HLH region, while the basic
of the binding sites was mutated in turn, so that one region and contiguous helix 1 are largely unfolded in the
hexanucleotide sequence was no longer a consensus sequenadsence of DNA. Complete folding of Dpn is nucleated by
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the presence of its cognate DNA site, presumably locking domain of Dpn displays significantly different binding

the random-coil basic region and helix 1 into arhelical activity depending on the concentration of mono- and
recognition motif. These results are consistent with reports divalent ions, and whether poly(dl-dC) is present in the
of other bHLH proteins undergoing a random-coibtdelix binding reaction (Figure 6). During our investigation of Dpn
transition with addition of double-stranded DNA oligonucle- binding behavior, we also noticed that even low concentra-
otides 0, 42, 43). tions of poly(dI-dC) could compete with specific DNA for

To further investigate the DNA binding properties of Dpn, Dpn binding (Figure 7). Our results demonstrate how
the equilibrium dissociation constari{4) was determined  sensitive the dissociation constant can be to poly(di-dC)
for an isolated single binding site found in the AS concentration and mono- and divalent ion concentrations
promoter. Previous reports have shown that the relatedadded to DNA binding reactions.
protein, Hairy, binds this sequenc&3( 24), but the apparent Significance of the Tandem Binding Site investigate
dissociation constant was not measured. Traditional tech-possible cooperative interactions between Dpn dimers bound
nigues used to quantitate proteiDNA binding interactions to DNA, the K4 for a tandem binding site found in thsxI
include EMSA, CD spectroscopy, and sedimentation equi- promoter was also determined by EMSA (Figure 8) and
librium (SE). Interpretation of data obtained using CD and fluorescence anisotropy (Figure 9) methods. In this case, the
SE techniques can be difficult, as both require high concen- EMSA results revealed an identical dissociation constant
trations of protein which may drive nonphysiologically found for both the single and tandem binding sites 2.6
relevant oligomeric interactions. In contrast, EMSA can be 0.2 nM). Insertion of five extra base pairs between the two
used to measure dissociation constants of pretBiRA sites also had no effect on Dpn binding (Figure 8B). Taken
complexes in the subnanomolar to submicromolar range;together, these results suggest that there is no difference
however, it has been criticized as a valid method for studying between a single Dpn dimer binding one DNA site and two
protein—DNA interactions because it is not an equilibrium Dpn dimers binding two DNA sites in tandem. Fluorescence
assay (i.e., separation of the free DNA and protein-bound anisotropy was also used to measure Dpn binding the tandem
species is requiredyQ, 41). More recently, fluorescence sequence. From a&ingle experiment, we were able to
anisotropy has been used for detecting, characterizing, andcalculate aAG for the first binding event{11.4 (1.4,
quantitating proteirr DNA interactions 44). This technique ~ —0.9) kcal/mol] and aAG for the sum of both the first and
appears to provide true equilibrium conditions because second binding events—R1.6 (+1.2-1.0) kcal/mol] by
titration and analysis take place in solution, and it is sensitive extracting multipleAG values from the information contained
enough to measure proteiDNA interactions with dissocia-  in the tandem site binding profile (Figure 9). This binding
tion constants in the nanomolar to micromolar range [for a profile also showed no measurable difference between
review, see40, 41)]. binding to one or two sites. If there had been a cooperative

In this work, the dissociation constant for Dpn bound to binding event, the sum of both binding events would be more
an isolated site was obtained from both EMSA and fluores- than twice the value obtained for the first binding event.
cence anisotropy methods. To our knowledge this is the first These results highlight the advantages of EMSA and
report of EMSA and fluorescence anisotropy methods used fluorescence anisotropy: EMSA allowed us to directly detect
in a single study to determine the functional properties of a the fractional population of the free and bound complexes
DNA-binding protein. Although there has been speculation (free DNA == dimer—DNA = tetramer-DNA), providing
concerning the “equilibrium nature” of the EMSAQ, 41), a simple quantitative assessment of cooperativity. On the
the studies reported here reveal similar values forthef other hand, fluorescence anisotropy allowed straightforward
Dpn binding DNA from EMSA (2.5+ 0.3 nM) and extraction of multiple equilibrium binding constants without
fluorescence anisotropy [5.4-2.5,—2.4) nM] methods (see  the separation of free and bound species.

Figures 4 and 5. This paper describes the thorough characterization of the
Surprisingly few quantitative studies have been carried out DNA binding properties of the bHLH domain of Dpn. No
on the DNA binding activity of bHLH proteins. The evidence for cooperative binding was detected between two
dissociation constant determined here for Dpn reflects a Dpn dimers binding to adjacent sites in a single DNA
significantly higher affinity for DNA than found for other ~ molecule. It is possible that cooperative interactions could
bHLH homodimer proteins including MASH-K¢ = 118 occur in the context of the full-length protein. The protein

nM), MyoD (Kq = 148 nM), E12 K4 = 155 nM) @2), E47N has several other domains that could be involved in pretein
(36 nM), and MyoD (126 nM)45). However, these proteins  protein interactions and that could influence DNA binding
were assayed under very different buffer conditions. For (14). Alternatively, these domains may provide a recognition
example, Kmne et al. used no KCl| and fairly high surface to contact other transcription factors. For example,
concentrations of ammonium sulfate in their binding assays it has been shown that Hairy-related proteins share a
of MASH-1, MyoD, and E1242), while Sun and Baltimore ~ conserved C-terminal tetrapeptide sequence, WRPW, which
used a low concentration of monovalent cation (50 mM interacts with the corepressor Groucho proted—<49).
NaCl) and 1ug of poly(di-dC) in theirKy determinations ~ Linking two tandem Dpn binding sites may provide a
for EA7N and MyoD 45). Our results indicate that the bHLH  scaffold for recruiting multiple Groucho proteins to achieve

effective transcriptional repression.

2The small difference may arise because the oligonucleotide used
in the fluorescence anisotropy assay was a truncated form of theACKNOWLEDGMENT
oligonucleotide used for the EMSA experiment. Preliminary data . .
indicate that Dpn makes phosphate contacts to flanking bases that do Ve are grateful to Steve Burley for drawing our attention

not exist in the shorter oligonucleotide (unpublished results). to this system as a fruitful target for study by total chemical
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