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The Basic Helix—Loop—Helix Region of Human Neurogenin 1 Is a Monomeric Natively
Unfolded Protein Which Forms a “Fuzzy” Complex upon DNA Binding'
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ABSTRACT: Neuronal specification is regulated by the activity of transcription factors containing the basic
helix—loop—helix motif (bHLH); these regulating proteins include, among others, the neurogenin (Ngn) family,
related to the atonal family of genes. Neurogenin 1 (NGN1) is a 237-residue protein that contains a bHLH domain
and is involved in neuronal differentiation. In this work, we synthesized the bHLH region of NGN1 (b HLHN)
comprising residues 90—150 of the full-length NGN1. The domain is a monomeric natively unfolded protein with
a pH-dependent premolten globule conformation, as shown by several spectroscopic techniques (namely, NMR,
fluorescence, FTIR, and circular dichroism). The unfolded character of the domain also explains, first, the
impossibility of its overexpression in several Escherichia coli strains and, second, its insolubility in aqueous buffers.
To the best of our knowledge, this is the first extensive study of the conformational preferences of a bHLH domain
under different solution conditions. Upon binding to two DNA E-boxes, the protein forms “fuzzy” complexes
(that is, the complexes were not fully folded). The affinities of bHLHN for both DNA boxes were smaller than
those of other bBHLH domains, which might explain why the protein—DNA complexes were not fully folded.

In the initial stages of nervous system development in all
animals, progenitor cells in the neuroepithelium generate cells
that will differentiate into specific classes of neurons. This process
is regulated by the activity of transcription factors containing the
basic helix—loop—helix motif (" HLH)," such as the neurogenin
(Ngn), atonal, and Mash1 proneural factors. The typical bHLH
domain is approximately 60 residues long, comprising a DNA-
binding basic region followed by two a-helices separated by a
variable loop region (and, hence, the name HLH) (/). Through
this region, the protein forms homo- or heterodimeric complexes
with other members of the family (2). There are two basic
subgroups of bHLH proteins within the bHLH superfamily of
transcription factors: those containing the bHLH domain and
those where the bHLH domain is contiguous to other regions,
which additionally regulate dimerization (3). The two basic
domains, brought together through the dimerization, bind spe-
cific hexanucleotide sequences, forming a stable, well-formed
helix bundle (4, 5). The consensus DNA sequence targeted by
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several bHLH proteins is the hexameric 5-CANNTG-3' element,
referred to as “E-box” (6, 7).

The bHLH motifs were first identified in the murine transcrip-
tion factors E12 and E47 (8); the proneural genes of the bHLH
class were first identified in Drosophila and then in vertebrates as
key regulators of neural lineage development (9, 10). In general,
the bHLH domains play key roles in cell proliferation, determi-
nation, and differentiation in a wide variety of tissues at different
stages of development in multicellular organisms (/7). The three
most studied genes related to bHLH domains in rodents are the
mouse achaete-scute homologue (the so-called Mashl) and the
members of the atonal-related family of genes, neurogenins (Ngn)
1 and 2. The generic neurogenic program in several progenitor
cells is initiated by Mashl and Ngns both in vivo (1/2) and
in vitro (13). The proneural activity of Ngns involves the
promotion of neurogenesis, concomitantly with the repression
of the alternative glial fate (/3). Furthermore, in the mammalian
peripheral nervous system, Ngns promote sensory neuron iden-
tity (14), are involved in differentiation of the dorsal telencephalic
glutamatergic neurons (15), and intervene in the specification of
motoneurons in the ventral spinal cord (/2). The promises held
by stem cell therapies in neuronal diseases, such as Parkinson,
have renewed the interest in gaining a deeper understanding of (i)
the molecular mechanisms regulating the fate of neurons and
their differentiation into specific neuronal populations, such as
the dopaminergic neurons, and (i) the DNA-recognition pro-
cesses in which Ngn proteins are involved.

In the absence of DNA, the structure of the bHLH domains
studied to date is disordered (/6—18). However, bHLH domains
tend to homo- or heterooligomerize with other bHLH proteins,
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forming a stable, apparently well-folded structure (79); the
conformational preferences of either isolated monomeric and/
or homo- or heterooligomeric domains have not been studied in
detail so far. In this work, we describe the conformational
preferences of the isolated bHLH domain of human neurogenin
1 (NGN1), bHLHN, and its binding to two E-boxes. NGN1 is a
237-residue protein, with a basic helix—loop—helix region com-
prising 61 residues; this domain corresponds to the first sub-
group (3). We synthesized this region using organic methods;
attempts to express the isolated bHLHN domain were unsuccess-
ful, since no recombinant protein was expressed at all, or in the
most favorable expression trials, the resulting protein did not
have the expected molecular weight. We observed that the
isolated bHLHN is a monomeric natively unfolded protein, as
shown by bioinformatic analysis and several biophysical and
spectroscopic techniques, namely, fluorescence, CD, FTIR,
DOSY-NMR, and 1D-NMR spectroscopies. There was, how-
ever, evidence of flickering helical structure as suggested by CD,
which does not unfold in a sigmoidal fashion, as shown by
thermal and chemical denaturations; furthermore, this structure
appears to be pH-dependent. The protein forms homodimers
(as suggested by fluorescence titrations) upon binding to the
E-boxes, but in contrast to that observed in other bHLH
domains, its affinity was smaller, and the protein did not fold
completely; rather bHLHN formed “fuzzy” complexes with
DNA, that is, a DNA—protein complex where the protein does
not have a well-fixed rigid structure (20).

EXPERIMENTAL PROCEDURES

Materials. Ultrapure GdmCl and urea were purchased from
ICN Biochemicals (USA). Exact concentrations of GdmCl and
urea were calculated from the refractive index of the solution (21).
Standard suppliers were used for all other chemicals. Water was
deionized and purified on a Millipore system.

The protein was obtained by synthetic organic methods from
Genscript (New Jersey, USA) (see below). Purity of the sample
was tested by chromatography and mass spectra in that company
and by SDS in our own laboratory. The sequence of the
synthesized polypeptide was RRSRRVKANDRERNRMH-
LNAALDALRSVLPSFPDDTKLTKIETLRFAYNYIWALA-
ETLRL, which comprises residues 90—150 of NGNI. This
polypeptide contains regions 93—104 (the basic motif) and
105—145 (the helix—loop—helix motif). The bHLHN domain
concentration was determined from the amino acid sequence by
taking into account the extinction coefficient of tyrosines and
tryptophan in model peptides (22) and the number of each of
these residues in the sequence of bHLH (2 Tyr and 1 Trp). Due to
the large number of arginine residues (10 out of 61), synthesis of
the bPHLHN domain was challenging, and finally, a total amount
of 18 mg was produced. However, the synthesized bHLHN
domain was insoluble in any buffer at concentrations above
60 uM (below that value no appreciable aggregation or pre-
cipitation was observed); conversely, in pure water, we were able
to make stock solutions of 286 uM (whose final pH was close to
4.0). Low solubility has been previously observed in other
proteins with no relationship to the bHLH superfamily (23)
and in other members of the bHLH superfamily (24—27).

The assayed E-boxes correspond to E3-oligo, 5-CTC-
TAACTGGCGACAGATGGGCCACTTTCT-3, and El-oli-
20, 5-GGACCGGGAAGACCATATGGCGCATGCCGG-3,
which are the boxes recognized by NGN3, when forming
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heterodimers with the bHLH of the E47 protein (28). The oligos
and their complementary strands were synthesized by Isogen
(Barcelona, Spain) at the highest purity available and without
salt. Single-stranded oligonucleotide concentration was calcu-
lated by using the molar extinction coefficient obtained from
nucleotide composition.

DNA Duplexes. Annealing and formation of the double-
stranded E3 and E1 oligonucleotides were performed by mixing
equal amounts of the corresponding oligos in 10 mM sodium
phosphate buffer at pH 7.0 containing 100 mM NaCl. The
mixture was incubated for 5 min at 368 K and slowly cooled
down to 298 K for 16 h, as described (29). This procedure yielded
a double-stranded DNA, with no detectable single-stranded
oligonucleotide being present as judged by 1% agarose gels
and PAGE.

Protein Expression and Purification. DNA encoding the
intracellular bHLHN (residues 90—150 of the intact protein) was
amplified by PCR from a c-DNA template of a full-length human
NGNI clone. The PCR product was ligated between the Ndel
and Notl sites of pET28a (Novagen, USA) and pGEX-4T-1 (GE
Healthcare, Spain) expression vectors. We also tried protein
expression in vectors kindly donated by Dr. Mark Bycroft and
Mr. Mark Proctor (MRC Unit for Protein Function and Design,
Cambridge, United Kingdom); these vectors use maltose binding
protein, biotin, thioredoxin, or histidine as protein fusion tags.
We were not able to obtain bBHLHN expressed in any of those
vectors (data not shown).

The bHLHN expression in commercial vectors was tried in
BL21(DE3), Rosetta BL21, C4l, and BL21pLys (Novagen,
Germany). For the His-tagged protein (that is, in the pET28a
vector), no overexpression was observed after induction with
1 mM IPTG (by using several temperatures ranging from 298 to
310K at several IPTG concentrations). The use of the PGEX-4T-
1 construction yielded an overexpressed band in the SDS gels in
any of the Escherichia coli strains described above. Protein was
purified according to resin manufacturer instructions (GE
Healthcare, Spain); however, the protein band ran faster than
expected from its molecular mass (data not shown), even though
the broad-range protease inhibitor cocktail (Roche, Germany)
was used during its purification. The mass analysis of the purified
protein yielded a mass smaller than expected; furthermore,
peptide mapping suggested that the obtained recombinant pro-
tein corresponded to bBHLHN, with only 70% of coverage of the
whole amino acid sequence (data not shown). Therefore, we were
not able to obtain the intact bBHLHN under any of the explored
conditions. These findings do not agree with results observed in
other bHLH domains, where overexpression of the recombinant
proteins for structural and thermodynamic studies have been
carried out (5, 19, 30); however, other bHLH examples have
shown difficulties in protein overexpression (24, 27).

Fluorescence. Fluorescence spectra were collected on a Cary
Eclipse spectrofluorometer (Varian, USA) interfaced with a
Peltier temperature-controlling system. Sample concentration
was in the 2—4 uM range, expressed in monomer concentration.
A 1 cm path length quartz cell (Hellma) was used. Unless it is
stated, all of the experiments were acquired at 298 K.

(a) Steady-State Fluorescence Measurements. Samples of
bHLHN were excited at 280 and 295 nm in the pH range from 2.0
to 12.0 to characterize a possible different behavior of either
tryptophan or tyrosine residues. No differences, except in the
spectral intensity, were observed either in the band shape or
maximum wavelength, and then excitation at 280 nm was used



Article

for all of the experiments. The slit width was equal to 5 nm for the
excitation and emission lights. The fluorescence spectra were
recorded between 300 and 400 nm. The signal was averaged for
1 s, and the wavelength increment was 1 nm. Blank corrections
were made in all spectra.

GdmCl titrations were carried out at pH 7.0 (10 mM phos-
phate buffer). The proper amount of the denaturant from a 7 M
stock solution was used, and samples were left overnight to
equilibrate at room temperature. The salts and acids used in the
pH titration were as follows: pH 2.0—3.0, 1 M phosphoric acid
(formed by the corresponding amounts of H;PO, and
NaH,P0O,); pH 3.0—4.0, 1 M formic acid (formed by the
corresponding amounts of HCOOH and NaOOC); pH
4.0-5.5, 1 M acetic acid (formed by the corresponding amounts
of H;CCOOH and NaOOCCHj3); pH 6.0—7.0, 1 M NaH,PO,
(formed by the corresponding amounts of Na,HPO, and
NaH,PO,); pH 7.5-9.0, 1 M Tris acid (formed by the corre-
sponding amounts of Tris-HCl and Tris-sodium salt); pH
9.5—11.0, 1 M Na,CO; (formed by the corresponding amounts
of NaHCO; and Na,COs); pH 11.5-13.0, 1 M NaH,PO,
(formed by the corresponding amounts of Na;PO4 and
NaH,PO,). The pH was measured with an ultrathin Aldrich
electrode in a Radiometer (Copenhagen) pH meter. Those buffer
stock solutions were diluted to give a final concentration in the
sample of 10 mM either in the fluorescence or in the CD
experiments.

To monitor the changes with the pH or the denaturant
concentration, the fluorescence intensity and/or the average
energy, which is defined as (1) = Y 1((1/A)1)/3 1, was repre-
sented versus the denaturant concentration.

(b) Quenching Experiments. Quenching of intrinsic trypto-
phan and tyrosine fluorescence by iodide (3/) was examined at
different solution conditions. Excitation was at 280 nm, and
emission was measured from 300 to 400 nm. In the absence of
GdmCl, ionic strength was kept constant by addition of KCI, and
Na,S,05 was added to a final concentration of 0.1 M to avoid
formation of I3~. The slit width was set at 5 nm for both
excitation and emission. We fit the data to the equation (31):

Fo/F =1+ Ky [X] (1)

where K, is the Stern—Volmer constant for collisional quench-
ing, Fy is the fluorescence in the absence of KI, and F is the
measured fluorescence at any KI concentration. The range of K1
concentrations explored was 0—0.7 M.

Acrylamide quenching was also carried out at different pHs.
The dynamic and static quenching constants for acrylamide were
obtained by fitting the data from different wavelengths (in the
range 330—340 nm) to the Stern—Volmer equation, which
includes an exponential term to account for static quenching (37):

Fo/F = (1+ Ky [X])e'™ (2)

where K, is the Stern—Volmer constant for collisional quenching
and v is the static quenching constant.

(¢) Thermal Denaturation Experiments. Fluorescence
thermal denaturation experiments were monitored by following
the changes, after excitation at 280 and 295 nm, at 315, 340, and
350 nm. The scan rate was 60 K/h, with an average time of 1 s,
and measurements were collected every 0.2 K. Experiments were
carried out at several pHs.

(d) ANS Binding. Excitation wavelength was 380 nm, and
emission was measured from 400 to 600 nm. Slit widths were S nm

Biochemistry, Vol. 49, No. 8, 2010 1579

for excitation and emission lights. Stock solutions of ANS were
prepared in water and diluted into the samples to yield a final
100 uM dye concentration. Dye concentrations were determined
using an extinction coefficient of 8000 M~' cm™" at 372 nm. In
all cases, blank solutions were subtracted from the corresponding
spectra.

(e) DNA Binding Experiments. Increasing amounts of the
E-box oligonucleotide duplexes, in the range 0.5—40 uM, were
added to a solution of a fixed concentration of bHLHN in 10 mM
phosphate buffer, pH 7.0; protein concentration was 5.6 uM
(in monomer units) for the E1-box binding assay and 3.7 uM (in
monomer units) for the E3-box binding assay. Fluorescence of
the resulting samples was measured after a 2 h incubation time at
298 K. Experiments were carried out with excitation at 280 and
295 nm, and emission fluorescence was collected between 300 and
400 nm. The excitation and emission slits were 5 nm, and the data
pitch interval was 1 nm. The dissociation constant of each
complex was calculated by fitting the changes observed either
in (i) the fluorescence intensity at a particular wavelength or (ii)
the (1) for a fixed concentration of bHLHN ([bHLHN]) versus
the concentration of the added E-box ([E-box]) to

Feas = F + AFpay {0.5 (( [E-box] + [PHLHN] + Kp)

—\/ ([bHLHN] + [E-box] + Kp)* —4[bHLHN] [E-box]) }

(3)

where Fje,s 1s the measured fluorescence after subtraction of the
blank, AF,,. is the change in the fluorescence measured at
saturating E-box—oligonucleotide—duplex concentrations, F is
the fluorescence intensity when no E-box—oligonucleotide du-
plex has been added, and Kp is the dissociation constant. The
Job’s method (32, 33) was used to determine the stoichiometry of
the reaction: for the E3-box—oligonucleotide duplex (see Results
section) the stoichoimetry was 1:2 of [DNA]/[bHLHN], but for
E1-box—oligonucleotide duplex the stoichiometry was 1:1; there-
fore, to obtain the affinity constant, the concentration of
bHLHN in eq 3 was expressed in monomer units (for El-
box—oligonucleotide duplex) or in dimeric species units for the
E3-box—oligonucleotide duplex (see Results). Inner-filter effects
at 280 and 295 nm were corrected for the absorbance of the
corresponding box (34). Absorbance measurements were carried
out in a Shidmazu UV-1601 ultraviolet spectrophotometer using
a 1 cm path length cell (Hellma).

We did not measure the binding constant by using CD titration
experiments, because of the large amounts of protein required.
That is why, together with the low solubility of the protein, we
could not carry out isothermal titration calorimetry studies.

Circular Dichroism. Circular dichroism spectra were col-
lected on a Jasco J810 spectropolarimeter fitted with a thermo-
stated cell holder and interfaced with a Peltier heating unit. The
instrument was periodically calibrated with (+)-10-camphorsul-
fonic acid. Unless it is stated, all the experiments were carried out
at 298 K.

(a) Steady-State Measurements. Isothermal wavelength
spectra at different pHs were acquired at a scan speed of 50 nm/
min with a response time of 2 s and averaged over four scans. Far-
UV measurements were performed using 10 uM protein (in
monomer units) in 10 mM buffer (see above) in 0.1 cm path
length quartz cells (Hellma). Near-UV spectra were acquired
using 30—40 uM protein (in monomer units) in a 0.5 cm path



1580  Biochemistry, Vol. 49, No. 8, 2010

length cell. All spectra were corrected by subtracting the proper
baseline. The molar ellipiticity, [@], was calculated according to

©) = o (@)

where O is the measured ellipticity, /is the path length of the cell, ¢
is the protein concentration, and N is the number of amino acids
(61 for bHLHN).

The helical content of the domain was, at a first approach,
approximated from the molar ellipticity at 222 nm according
to (31)

o = (Ol 1015 1) g

where f, is the helical fraction of the protein, [@],y, is the
observed mean residue ellipticity, [G]5, is the mean ellipticity
for an infinite o-helix at 222 nm (—34500 deg cm” dmol '), kisa
wavelength-dependent constant (2.57 at 222 nm), and n is the
number of peptide bonds. In addition to changes in secondary
structure and aromatic side chains, far-UV CD is also sensitive to
distortions of helices such as bends or tilting of the amide planes
relative to the helical axis (35). Modern methods of CD analysis,
such as CDNN, can take these factors into account and give
reliable secondary structure contents. Therefore, we deconvo-
luted the CD spectrum of bHLHN at pH 7.0 by using the
CDNN (36) and the DICHROWERB software (37, 38).

In the GdmCI denaturation experiments, the far-UV spectra
were corrected by subtracting the corresponding baseline in all
cases. Every chemical denaturation experiment was repeated at
least three times with fresh new samples; the chemical denatura-
tion reactions were fully reversible (data not shown). In the pH-
induced unfolding experiments of the domain, the pH was
measured after completion of the experiments, and essentially
no differences were observed with those pHs calculated from the
buffer stock solutions; the proper blank solutions were sub-
tracted in all cases.

For the binding experiments, far-UV CD spectra of the
complexes formed by bHLHN (30 uM, in monomer units) and
the double-stranded El-box (30 uM) or E3-box (15 uM) were
acquired. Far-UV spectra of each oligonucleotide and the iso-
lated bBHLHN were also acquired separately.

(b) Thermal Denaturation. Thermal denaturation experi-
ments of bBHLHN were performed at a constant heating rate of 60
K/h and a response time of 8 s. Thermal scans were collected in
the far-UV region by following the ellipticity at 222 nm from 298
to 358 K in 0.1 cm path length quartz cells (Hellma) with a total
protein concentration of 10 M, in monomeric units. The
reversibility of thermal transitions was tested by recording a
new scan after cooling to 298 K the thermally denatured samples
and comparing it with the spectrum obtained before denatura-
tion; in all cases, both spectra were identical (data not shown).
The possibility of drifting of the CD spectropolarimeter was
tested by running two samples containing only buffer before and
after the thermal experiments. No difference was observed
between the scans. Every thermal denaturation experiment was
repeated at least twice with new samples. In all cases, after the
reheating experiment, the samples were transparent, and no
precipitation was observed.

NMR Spectroscopy. The NMR experiments were acquired
on a Bruker Avance DRX-500 spectrometer (Bruker GmbH,
Karlsruhe, Germany) equipped with a triple resonance probe and
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z-pulse field gradients. Unless it is stated, all of the experiments
were carried out at 298 K.

(a) ID-NMR Spectroscopy. Homonuclear 1D-NMR
experiments were performed with bBHLHN at concentrations
of 50 uM (in monomer units) in 0.5 mL, pH 7.0 (uncorrected
for deuterium isotope effects) and 10 mM phosphate buffer in
H,0/D,0 (90%/10% v/v). Spectra were also acquired in
pure water at protein concentrations of 50 uM (in monomer
units, at a final pH = 4.0). The spectra were acquired with 16K
data points and averaged over 512 scans with 6000 Hz of spectral
width (12 ppm); water suppression was achieved with the
WATERGATE sequence (39). Baseline correction and zero-
filling were applied. All spectra were processed and analyzed by
using XWINNMR (Bruker GmbH, Karlsruhe, Germany) work-
ing on a PC computer. In the exchange experiments, the
corresponding amount of bHLHN lipophilized powder was
dissolved in 0.5 uL of D,O. Sample temperature homogenization
and shimming took 20 min. TSP was used as the external
chemical shift reference.

In the binding experiments, ID-NMR spectra of the isolated
bHLH (60 #uM in monomeric units) and double-stranded E1-box
(60 uM) or E3-box (30 uM) were acquired.

(b) Translational Diffusion Measurements (DOSY Ex-
periments). Translational self-diffusion measurements were
performed with the pulsed-gradient spin-echo sequence. The
following relationship exists between the translational self-diffu-
sion parameter, D, and the delays used during acquisition (40):

r 202 a 0T
I exp(DyH6G<A 373 (6)

where [ is the measured peak intensity of a particular (or
alternatively a group of) resonance(s), Iy is the maximum
peak intensity of the same resonance(s) at the smaller gradient
strength, D is the translational self-diffusion constant (in cm?s '),
0 is the duration (in seconds) of the gradient, G is the gradient
strength (in T cm™'), A is the time (in seconds) between the
gradients, yy is the gyromagnetic constant of the proton, and 7 is
the recovery delay between the bipolar gradients (100 us).
Data were plotted as the —In(//I,) versus G* and the slope of
the resulting line is Dy 0%(A — 0/3 — 7/2), from where D can be
obtained. The duration of the gradient was 3 ms, and the time
between both gradients was 150 ms. The most upfield
shifted methyl groups (those between 0.5 and 1 ppm) were
used to measure the changes in intensity in the spectra of
bHLHN.

To determine the D of the isolated bHLH (and then its
corresponding hydrodynamic radius, Rg), we used the approach
developed by Dobson and co-workers (4/). The Rg of dioxane
was 2.12 A, and its experimentally determined D, under our
conditions, was 8.17 x 10~¢ cm*s™'. The gradient strength was
calibrated by using the D for the residual proton water line in a
sample containing 100% D,0 in a 5 mm tube, as described (40).

(¢) Measurements of T, Measurements of the T,
(transverse relaxation time) provide a convenient method to
determine the molecular mass of a macromolecule, since the
correlation time, 7, is approximately equal to 1/(575) (42). We
measured the 7, for isolated bHLHN with the 1-1 echo
sequence (43); the calculation of the 7, was carried out as
described (see Results section) (42).

Analysis of the pH Titrations. The pH denaturation experi-
ments were analyzed assuming that both species, protonated
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and deprotonated, contribute to the CD and/or fluorescence
spectra:

Xy X100 PR

1 4 10PH ~PKs 7

where X is the physical property being measured (ellipticity,
average energy, and/or fluorescence intensity at any particular
wavelength), X, is that at low pHs (acidic form), X, is that at high
pHs (basic form), and pK, is the apparent pK of the titrating
group. The apparent pK, reported was obtained from three
different measurements, carried out with fresh new samples.

Fitting by nonlinear least-squares analysis to the equations
described above was carried out by using the general curve fit
option of Kaleidagraph (Abelbeck software) on a PC computer.

Fourier Transform Infrared Spectroscopy. Attenuated
total reflection infrared (ATR-FTIR) spectra were obtained on
a Bruker IFS55 FTIR spectrophotometer (Ettlingen, Germany)
equipped with a MCT detector (broad band 12000—420 cm ™",
cooled with liquid N,, and 24 h hold time) at a resolution of
2 ecm™! with an aperture of 3.5 mm and acquired in the double-
sided, forward—backward mode. Two levels of zero filling of the
interferogram prior to Fourier transform allowed encoding the
data every 1 cm™'. The spectrometer was continuously purged
with dry air (Whatman 75-62, Haverhill, MA).

The internal reflection element was a 52 x 20 X 2 mm
trapezoidal germanium ATR plate (ACM, Villiers St Frédéric,
France) with an aperture angle of 45° yielding 25 internal
reflections. The germanium crystals were washed in Superdecon-
tamine (Intersciences, AS, Brussels, Belgium), a laboratory
detergent solution at pH 13, rinsed with distilled water, washed
with methanol and then with chloroform, and finally placed for
2 min in a plasma cleaner PDC23G (Harrick, Ossining, NY)
working under reduced air pressure. Measurements were carried
out at 298 K. Thin films were obtained by slowly evaporating a
sample on the ATR crystal under a N, stream.

Sharp atmospheric water absorption lines were corrected for
taking advantage of the line width difference existing between the
atmospheric water and the solid sample bands (44). Our software
computes the subtraction coefficient as the ratio of the atmo-
spheric water band area between 1562 and 1555 cm™' on the
sample spectrum and on the reference atmospheric water spec-
trum. Finally, the corrected spectra were smoothed by apodiza-
tion of its Fourier transform by using the Fourier transform with
a function of 4 cm ™' Gaussian line shape.

Protein secondary structure was obtained as described (45).
For hydrogen/deuterium exchange experiments, N, gas was
saturated with D,O by bubbling through a series of four vials
containing D-0O; a flow rate of 50 mL/min was controlled by a
flow tube (Fisher Bioblock Scientific, Illkirch, France). Sample
deuteration started by connecting the measurement chamber to
the D,O-saturated N, flow from the output of the first sample
chamber.

The areas of the amide I, II, and II' were obtained by
automatic integration. For each spectrum, the area of amide II
was divided by the area of amide I to take into account the
swelling of the sample layer due to the presence of D,O (46). All
kinetic curves were analyzed as multiexponential decays of amide
protons using a nonlinear least-squares procedure.

Bioinformatic Analysis of Amino Acid Sequence of
bHLHN. Protein sequence was submitted to the PONDR server
(www.pondr.com), and analyses were performed using the neural
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network predictors VL-XT and CDF (47) (access to PONDR
was provided by Molecular Kinetics, 6201 La Pas Trail-Ste 160,
Indianapolis, IN 46268; main@molecularkinetics.com). We also
used the IUPRED (48) and Foldindex (49) servers to allow for a
comparison.

RESULTS

bHLHN Is a Monomeric Protein. We first tried to address
the oligomeric state of the isolated bBHLHN in solution by using
analytical gel filtration chromatography. The domain was re-
tained in the Superdex 16/60 HR column eluting at very large
volumes (larger than the bed volume of the column, 19.1 mL)ina
wide pH range (from 4.0 to 12.0). Therefore, we decided to
determine the Rg from the measurements of the translational
diffusion coefficient by DOSY-NMR at pH 7.0. The diffusion
coefficient was (1.0 £ 0.5) x 10~ cm”s™", which yields assuming
a spherical shape a Rg of 17.5 A (40). The theoretical value for an
unsolvated spherical molecule, Ry, is Ry = (3MV/4Nm)"?, where
¥ is the specific volume (0.73059 cm®/g for bHLHN), N is
Avogadro’s number, and M the molecular mass, 7258.3 Da. For
bHLHN, the above expression leads to 12.8 A, which is smaller
than that measured experimentally; however, the calculation of
the Ry for a spherical dimeric species according to the above
expression is 16.1 A. Thus, our results suggest that bHLH could
be a monomer with a rather elongated shape or a spheric dimer.
To distinguish between both species, we should use an additional
measurement. The correlation time of the domain, 7., can be
obtained from the 7> measurements, and its calculation does not
rely on a particular assumption about molecular shape, but
rather it only depends on the molecular mass of the protein. The
relationship between both parameters is (42, 43) 7. = 1/(5T>).
The T, for bHLHN is 33.6 ms, and then its 7. is 4.17 ms, which
leads to a molecular mass of 8.3 kDa, close to the expected
molecular mass (7.3 kDa). These results, with the calculated
translational diffusion coefficient described above, indicate that
the isolated bHLH can be a monomer with a rather elongated
shape.

bHLHN Is a Natively Unfolded Protein. We used different
experimental and theoretical approaches to test the structural
conformation of bHLHN. In the experimental approach, we
employed several spectroscopic techniques.

(a) Spectroscopic Measurements.

Fluorescence. (1) Steady-State Fluorescence. We ac-
quired the fluorescence spectra to map the tertiary structure of
the domain (50). The bHLHN has a sole tryptophan at position
53 (in the numbering of the isolated bHLH) and two tyrosines at
positions 49 and 51. The emission fluorescence spectrum of the
domain at pH 7.0 is red shifted, with a maximum at 340 nm
(Figure 1A, blank circles, continuous line). This indicates that the
tryptophan is partially solvent exposed (in an aqueous environ-
ment the maximum should be at ca. 350 nm).

The pH dependence of (1) showed a bell-shaped behavior, with
a plateau between pH 4.0 and pH 9.0 (Figure 1C, filled squares,
right axis), suggesting that the conformation of the protein was
not modified in that pH range. At high and low pHs, however,
the (A) decreased probably because of structural rearrangements
due to titration of acid (basic) residues or, alternatively, to acid
(basic) hydrolysis.

(2) ANS-Binding Experiments. ANS is used as a fluorescence
probe which binds to spatially close solvent-exposed hydropho-
bic patches (57), shifting the fluorescence maxima from 520 (not
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F1GURE 1: Fluorescence and far-UV CD experiments of isolated bBHLHN. (A) Fluorescence spectrum of bHLHN in aqueous solution and 10 mM
phosphate buffer (continuous line, blank circles) and in 5 M GdmCl (dotted line, blank squares) at pH 7.0. (B) Far-UV spectra of bHLHN in
aqueous solution and 10 mM phosphate buffer (continuous line, blank circles) and in 5 M GdmCl, pH 7.0 (dotted line, blank squares). (C)
Changes in fluorescence ({(1)) (right axis, filled squares) and in the molar ellipticity at 222 nm (left axis, blank circles) upon pH. (D) Changes in
fluorescence ({(4)) (right axis, filled squares) and ellipticity at 222 nm (left axis, blank circles) upon GdmCl concentration. The conditions were
2 uM protein (in monomer units), at 298 K, for fluorescence experiments and 10 M (in monomer units) for the CD spectra; buffer concentration

was 10 mM in all cases. Spectra were acquired in either 1 cm (fluorescence) or 0.1 cm (CD) path length cells.

Table 1: Quenching Parameters of bHLHN in KI and Acrylamide”

280 nm 295 nm
conditions Ko (MY (KI) Ky MY (acrylamide) Ko MY (KT) Ky M) (acrylamide)
pH 1.4° 12+1 T+1
pH 7.3 0.84+0.1 47+04 0.62+0.07 3+1
pH 12.0 0.9+0.1 49+0.8 0.7+0.1 4.6 +0.7
6 M GdmCl 40+04 14+1 3.3+0.5 741

“Errors are data fit errors to eq 1 (KI) or eq 2 (acrylamide). The constants were obtained from data at 338 nm (similar constants were obtained by fitting the
intensities at 335, 336, and 337 nm). Experiments were carried out at 298 K. °At acidic pH, in the presence of KI, the protein precipitated.

bound isolated ANS) to 480 nm (ANS bound to a hydrophobic
patch). In the presence of bHLHN, at any of the pHs explored,
the maxima of the ANS fluorescence spectra were 520 nm; these
data suggest that the protein did not bind ANS to a large extent
(data not shown).

(3) Examination of Tryptophan and Tyrosine Solvent
Exposure by Fluorescence Quenching. To further examine
whether there is tertiary structure around Tyr49, Tyr51, and
Trp53, which could hamper solvent accessibility to the aromatic
moieties, we studied iodide and acrylamide quenching in the
presence and in the absence of denaturants (Table 1). The K,
values were larger in acrylamide than in KI, as observed in other
proteins (37). For acrylamide, the K, parameters in the presence
of GdmCI or at acidic pHs were similar, suggesting that the
tryptophan and the tyrosine residues were fully exposed. How-
ever, at physiological and basic pHs, the K, parameters (either in
KI or acrylamide) were smaller, indicating that the tryptophan
and tyrosine residues were solvent-exposed (as suggested from
the maximum wavelength; see above), but they were not fully
accessible.

(4) Chemical Denaturation Monitored by Intrinsic
Fluorescence. In the presence of GdmCI (or urea; data not
shown), the fluorescence spectra showed an increase in the
intensity as the concentration of denaturant varied, with small
gradual changes in the maxima wavelengths (Figure 1A, dotted

line, blank squares). A linear behavior was observed in the (1) as
[GdmCl] increased (Figure 1D, filled squares, right axis), which is
expected for solvent-exposed aromatic rings (50).

(5) Thermal Denaturation Monitored by Intrinsic Fluore-
scence. The changes in the emission fluorescence were examined
at 315, 340, and 350 nm at several pHs. No sigmoidal behavior
was observed at any pH (Figure 1 of Supporting Information).

Circular Dichroism Experiments. (1) Far-UV CD. We
used far-UV CD in the structural analysis of bHLHN as a
spectroscopic probe sensitive to protein secondary structure (35).
The CD spectrum of the domain at pH 7.0 in aqueous solution
showed a minimum negative ellipticity at ca. 225 nm and at 210
nm, which are characteristic of a-helix- or turn-like structures
(Figure 1B, continuous line, blank circles); however, contribution
of aromatic signals at this wavelength cannot be ruled out (35).
The estimated population of a-helix- or turn-like structures from
eq 518 34% (the molar ellipticity of bHLHN at 222 nm is —9297.2
deg cm? dmol™"). Deconvolution by CDNN and DICROWEB
led to the finding that there is a high percentage of helical
structure in the domain (Table 2). The FTIR and deconvolution
programs (Table 2) predict a higher content of a-helix than that
calculated by eq 5; this is probably due to the fact that aromatic
residues also present absorption bands at 222 nm (35).

(2) Chemical and pH Denaturations. Two transitions
were observed in the pH-dependent behavior of the ellipticity
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Table 2: Secondary Structural Analysis of bBHLHN As Determined by CD“ and FTIR

circular dichroism” FTIR
structural assignment CDNN k2D Selcon 3 Contin CDSSTR % of total secondary structure®
a-helix 95.6 100 81.80 95.6 61 67.0
p-sheet 0.2 0 0.10 0.2 15 3.0
p-turns 32 0 5.40 3.2 6 16.0
random coil 0.1 0 12.70 0.1 18 17.0

“CD experiments were acquired at pH 7.0 (phosphate buffer) at 10 uM protein concentration (in monomer units). Experiments were carried out
at 298 K. "Access provided by DICROWESB for all the CD deconvolution procedures except CDNN. For the programs Selcon and Contin 3, the indicated
percentages of helical structure comprise the regular and distorted components. “FTIR experiments were acquired in pure water. In the presence of buffer at
pH 7.0, the percentages of f-sheet were altered on the expense of helical- and turn-like populations (see text for details).

at 222 nm (Figure 1C, blank circles, left axis). The first with
pK, = 5.4+ 0.3 could be ascribed to a glutamic acid residue or at
His17 (the sole histidine in bHLHN) (52). The second one at pH
~9 can be attributed to lysine and/or tyrosine residues (52),
although we could not determine precisely the titration midpoint
due to the lack of experimental points in the sigmoidal region of
the curve and at very basic pHs.

Conversely, the molar ellipticity at 222 nm decreased gradually
(in absolute values) as the concentration of GdmCl was raised
(Figure 1D, blank circles, left axis). These results further suggest
that there is residual structure in bHLHN, which does not unfold
cooperatively; we do not know, however, if this structure is local
or involves short-lived long-range interactions.

(3) Near-UV. We used near-UV CD to detect possible
changes in the asymmetric environment of aromatic residues (35).
The near-UV of bHLHN was very weak with no intense bands
(data not shown). The absence of a near-UV signal could be due
to (i) the lack of an asymmetric environment for the aromatic
residues or (ii) the low content of aromatic residues in the protein
(1 Trp, 2 Tyr, 1 His, and 2 Phe). We favor the first explanation
because of the agreement with the findings from the other
spectroscopic probes.

(4) Thermal Denaturations. To further investigate the
possible presence of residual secondary structure in bHLHN,
we carried out thermal denaturations by following the
changes in ellipticity at 222 nm. The ellipticity at this wavelength
shows a linear behavior (Figure 1 of Supporting Infor-
mation). This result suggests the absence of cooperativity, as
expected for a noncompact structure, and agrees with the
behavior observed in thermal denaturations followed by fluor-
escence (see above).

Fourier Transform Infrared Spectroscopy. FTIR is a
powerful method for investigation of protein secondary struc-
ture. The main advantage in comparison with CD and fluores-
cence is that FTIR is much more sensitive to the presence of
p-structure or random-coil conformations. In the case of pro-
teins, structural information can be obtained by analyzing the
amide I region of the spectrum (1700—1600 cm™"). The absor-
bance of this band is mainly due to the stretching vibration of the
carbonyl peptide bond, whose frequency is highly sensitive to
hydrogen bonding and thus to protein secondary structure (53).
The amide I of the FTIR spectrum of bHLHN in pure water
(final pH = 4.0) is centered at 1654 cm ™', and the amide IT is at
1545 cm™" (Figure 2A). The presence of both bands at those
wavelengths is characteristic of a-helix structure. The blind
application of the methods described in the Experimental Pro-
cedures section yields the percentages of secondary structure of
Table 2 (45).
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FIGURE 2: FTIR spectra of bHLHN. (A) Amide I and amide II
regions of the FTIR spectra of the domain in pure water (no buffer
added) at pH 4.0. (B) Amide I and amide II regions of the FTIR
spectra of the domain at pH 7.0 in phosphate buffer (30 mM). In both
cases 10 ug of protein (in monomer units) was used. Experiments were
acquired at 298 K.

FTIR experiments were also carried out at pH 7.0 in phos-
phate buffer (50 mM). They show the presence of a shoulder at
1622 cm ™" (Figure 2B), suggesting protein aggregation. At this
pH, the percentages of secondary structure are as follows: o-
helix, 47%; p-sheet, 20%; f-turns, 15%; random coil conforma-
tions, 17%. That is, the population of helical structure is
decreased, whereas the amount of S-sheet and disordered struc-
tures is substantially increased, when compared with experiments
at pH 4.0. Probably, FTIR is monitoring the aggregation and
precipitation that we observed to occur in the presence of buffers
(see Experimental Procedures section).

Nuclear Magnetic Resonance. NMR can give information
about the general fold of a polypeptide chain in solution at
residue level. The 1D-NMR spectrum of bHLHN at 298 K did
not show a chemical shift dispersion in the amide (Figure 3A) nor
in the methyl regions (Figure 2 of Supporting Information). In
those regions all of the resonances were clustered as expected for
random-coil proteins (54), namely, between 8.0 and 8.7 ppm
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FIGURE 3: NMR spectra of bBHLHN in the absence and in the presence of the E-boxes. (A) Amide region of isolated bHLHN at pH 7.0 (10 mM,
phosphate buffer), 298 K, in aqueous solution; the position of the indole proton of Trp53 is indicated. (B) Amide region of isolated bHLHN at pH
7.0 in D,O (no corrections for isotope effects were applied); the positions of the meta protons of Tyr49 and Tyr51 and the C,H of His17 are
indicated. (C) Amide region of the complex between the E1-box and bHLHN at pH 7.0 in aqueous solution (10 mM phosphate buffer). (D) Amide
region of the complex between the E3-box and bHLHN at pH 7.0 in aqueous solution (10 mM phosphate buffer). Protein concentration was
60 uM (in monomer units) in the absence of the E-boxes; in the presence of the E-boxes, the concentrations were 60 uM bHLHN (in monomer
units), 30 uM for the E3-box, and 60 uM for the E1-box; phosphate buffer concentration was 20 mM, and temperature was 298 K.

(for the amide signals) (Figure 3A,B) and between 0.8 and 1.0
ppm (for the methyl protons) (Figure 2 of Supporting In-
formation). However, we can observe that there is a small
shoulder at 0.72 ppm, suggesting the presence of some upfield-
shifted protons, due probably to the presence of residual local
interactions (Figure 2 of Supporting Information). The presence
of residual structure is further confirmed by two pieces of
evidence: (i) the random-coil value for the indole proton of a
tryptophan is 10.22 ppm (54), but the indole proton of bHLHN

appeared at 10.11 ppm (Figure 3A), and (ii) the presence of two
doublets in the D,O spectrum, which can be assigned to the meta
protons of tyrosine rings, at 6.80 and 6.85 ppm; the chemical
shifts for the meta protons of a random-coil tyrosine appear at
6.86 ppm (54). Thus, as suggested by FTIR and CD, there is
NMR evidence of residual structure, although the protein is
devoid of the tertiary structure.

In the hydrogen/deuterium exchange experiments all of the
amide protons disappeared at pH 7.0 (Figure 3B) and at pH 4.0
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(data not shown). Only the aromatic protons of the protein and
the signals of the proton of the C,H of the His (at 8.25 ppm) could
be observed. These results suggest that no stable hydrogen-
bonding structure is present in the protein. We also followed
the hydrogen/deuterium exchange by monitoring the decrease of
the FTIR amide I1 band at pH 4.0 (data not shown). We observed
an exponential behavior, where the value of the exchange rate
(14.37 min) agrees with that theoretically calculated (13.5 min)
from random-coil models (55); these results further support the
absence of hydrogen bonding in bHLHN.

Then, all of the spectroscopic results show that there is
evidence of residual structure in bHLHN (possibly helical, as
suggested by CD and FTIR), but it is not hydrogen-bonded.

(b) Theoretical Analysis of the bBHLHN Sequence. The
domain is significantly enriched in alanine, arginine (which
are disordered-promoting residues), and leucine; further, it is
depleted in tryptophan (one tryptophan, 1.6%), tyrosine (two
tyrosines, 3.3%), phenylalanine (two residues, 1.6%), and other
order-promoting residues (Figure 4A).

The use of the different theoretical predictors was, however,
puzzling. The VL-XT program predicts only a disordered region:
that comprising the basic patch of residues at the N-terminus
(residues 1—17) (Figure 4B). Similar results were obtained by
using the ITUPRED web server (Figure 4C), showing the agree-
ment between both theoretical approaches. Foldindex predicts
that bHLHN is disordered, with an “unfoldability” value of
—0.070, a charge of 0.098, and a phobic value of 0.423 (data not
shown). Further, the charge-hydrophobicity phase-space analy-
sis of PONDR indicates the unfolded nature of the domain
(Figure 3A of Supporting Information), and the CDF
(cumulative distribution function) analysis of PONDR
(predictor of natural disordered regions) predicts that the domain
is above the established limit, indicating a well-folded protein
(Figure 3B of Supporting Information).

To sum up, the theoretical results suggest that bBHLHN is not a
completely disordered protein, but rather there are several
regions of ordered structure. Then, these theoretical results seem
to support the spectroscopic findings described above.

bHLHN Binds to the El- and E3-Boxes with Low
Affinity. Since bBHLHN is a basic helix domain we wondered
whether (i) it was able to recognize and bind any E-box and (ii) its
structure and oligomerization state were altered upon DNA
binding. We chose the El- and E3-boxes which are recognized
by the heterodimer formed by NGN3 and the bHLH protein,
E47 (28); interestingly enough, the NGN3 homodimer does not
bind any of the E-boxes.

We first tested whether there was binding by measuring the
changes in spectroscopic probes (namely, CD and 1D-NMR)
when the double-stranded E1- or E3-boxes were mixed with the
protein. The CD spectrum of the complex formed by bHLHN
and the El-box was different from the sum spectrum obtained
by the addition of the spectra of each biomolecule separately
(Figure 5A); the same occurs for the E3-box (Figure 5B), where
the differences between the sum and complex spectra were larger
than in the E1-box; it is important to indicate at this stage that it
has been suggested that the larger the changes in a spectroscopic
property (or other biophysical feature) which allows to map
binding, the larger the affinity (that is, the smaller the Kp)
(26, 56). If we assume that the E-boxes do not change their
conformation upon binding to bHLHN (as has been shown in
X-ray studies of other bHLH—DNA complexes (5)), we conclude
that the domain must alter its structure upon binding.
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FIGURE 4: In silico analysis of the bBHLHN sequence. (A) Distribu-
tion of order- and disorder-promoting amino acids in the bPHLHN
sequence. The distribution shows deviation in amino acid composi-
tion of bLHLHN from the average values in the Swiss-Prot database
(as obtained from the World Wide Web at http://www.expasy.org/
sprot/relnotes/relstat.html). (B) PONDR prediction of unstructured
regions of the bBHLHN sequence with the use of VL-XT predictor.
The predictor score is plotted against the residue number. The
threshold is 0.5, and residues with a higher score are considered
disordered. (C) IUPred prediction of unstructured regions (long-
disorder prediction) of bBHLHN. The threshold is also 0.5.

The most intense changes in the 1D-NMR spectra of the
complexes occurred at the indole and tyrosine aromatic protons
(Figure 3C,D), which disappeared in the presence of the boxes;
this result suggests that the tryptophan and the aromatic rings of
both tyrosines are involved in binding, but they have a slow
exchange within the NMR time scale, probably due to the
presence of several exchanging conformations. However, we
did not observe signal dispersion in the amide (Figure 3C,D)
or in the methyl region (data not shown), indicating that the
DNA binding, although it altered the structure of the protein (as
shown by far-UV CD), did not cause a dramatic increase in its
structure.

Next, we tried to determine quantitatively the value of the
affinity constants for both E-boxes. We decided to follow the
changes in the intrinsic fluorescence of the domain upon binding,
due to the smaller amount of protein required during the
experiments and the fact that the tryptophan and tyrosine
residues (as shown by NMR experiments; see above) are involved
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Experiments were carried out at 298 K.

in the binding region. The affinity for the E1-box was 8.1 + 3.4
uM (Figure 5C), and that for the E3-box was 0.9 + 0.3 uM
(Figure 5D), which explains why the changes in the CD spectra
were larger for this E-box (Figure 5A,B) (26, 56). However, the
use of the Job’s method (30, 37) suggests that the stoichiometry is
not 2:1 (protein:DNA) for both boxes (Figure 4 of Supporting
Information).

DISCUSSION

bHLHN Is a Natively Unfolded Protein with a Premol-
ten Globule Conformation. Natively unfolded proteins (or
intrinsically disordered proteins) are proteins that accomplish
their functions in the absence of well-folded secondary and
tertiary structures under physiological conditions (57, 58). As it
has been stated, to assess intrinsic disorder, it is necessary to use a
combination of theoretical predictions and experimental meth-
ods (38).

In this work, we show experimentally that isolated bHLHN in
solution lacks a well-defined tertiary structure, and it is mainly a
disordered protein, with neither stable hydrogen bonds nor a
well-formed core. The lack of dispersion of the amide signals and
methyl groups in the NMR spectrum and the absence of
hydrogen bonds, as shown by hydrogen-exchange experiments
(followed by either FTIR or NMR), also pinpoint to the absence
of a stable tertiary structure. Furthermore, the absence of
cooperativity during the thermal and chemical denaturations
(monitored by CD and fluorescence) also suggests that the
tertiary structure of the domain, if any, is very weak and no
hydrophobic core is formed. The presence of such noncoopera-
tive transitions are typically observed in chemical or thermal
denaturations of partially folded states devoid of persistent long-
range tertiary contacts (59).

However, there is evidence of residual secondary structure as
concluded from FTIR and CD (Figure 1B) (Table 2). Far-UV
CD spectra show the presence of helical- or turn-like secondary
structures, which are further supported by CD deconvolution
methods (Table 2). Moreover, FTIR also indicates the existence
of turn-like conformations, although the percentage (~16%) is
higher than that observed by CD (Table 2). The differences
between the values of the populations of secondary structure
reported by both techniques could be due to (i) the deconvolution
procedures, (ii) the presence of aromatic residues (CD), which
also absorb at 222 nm, or (iii) the empirical character of eq 5 used
in determining the percentage of secondary structure (CD) (31).
Whatever the reason, the amount of residual secondary structure
in the domain could be due to transient turn- or helical-like
conformations, which are flickering and disappear at high
GdmCl concentrations. The fact that NMR did not show
evidence of those secondary structures (except for the shifts in
random-coil values in some resonances; Figure 3B), whereas the
other spectroscopic techniques do, is due to their different
spectroscopic time scales, as has been shown in other partially
folded or completely unfolded proteins (60). The lack of com-
pactness of the secondary structure would also explain the high
susceptibility to proteases during our attempts to obtain the
recombinant protein.

The presence of that small amount of secondary structure
causes the chain to adopt a partially collapsed form. The expected
radius, R, for a 61 residue long unfolded chain should be 22.5 A,
which was obtained by using the Flory’s power law R = RyN’,
being N the number of residues, v the exponential scaling factor
(v = 0.598), and Ry, a constant which depends on the polypeptide
length (R, = 1.927 A (61)); this calculated theoretical value is
larger than that measured experimentally for bHLHN (17.4 A;
see above). We can further elaborate the issue of the protein
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compactness caused by the residual structure by using the
empirical equations developed by Uversky and co-workers
(18, 62). Our calculations suggest that the size of bBHLHN is
halfway between that of a molten globule (16.9 A) and that of a
premolten globule (21 A). Since we have tested that bHLHN does
not bind ANS (see above), as happens in other premolten globule
structures (/8), we suggest that the domain acquires a slightly
collapsed premolten globule conformation. Further support to
this type of partially folded structure comes from the fact that
some partially unfolded proteins are only soluble in salt-free
water (23, 63); indeed, bBHLHN was soluble in pure water at any
concentration, but in the presence of buffers it precipitated at
concentrations above 60 uM. This low solubility has hampered
the measurement of the bBHLHN—DNA affinity by isothermal
titration calorimetry and other techniques. Moreover, low solu-
bility and difficulty of expression have also been observed in
other natural DNA-binding proteins (24, 25), DNA-binding
chimeras (64, 65) (where studies have been only possible in the
presence of low urea concentrations), and even in some examples,
protein expression has been only possible in the presence of the
natural protein partner (27). Taken together, these findings from
different laboratories suggest that a majority of DNA-binding
proteins (and not only bHLH domains) can be unfolded in the
cells in the absence of the nucleic acid or other natural protein
partners.

Finally, it has also been suggested that intrinsically unfolded
proteins show an intriguing pH dependence (66). In bHLHN, the
ellipticity shows two titrations (Figure 1C, blank circles, left axis),
whereas the fluorescence did not change except at the extremes of
pH (Figure 1C, filled squares, right axis). The acidic transition,
which increases the percentage of helical structure (because the
ellipticity at 222 nm decreased in absolute values, Figure 1C,
blank circles), appears to be associated with a glutamic residue or
the sole histidine; since such titration is not monitored by
fluorescence, it must involve local conformational changes far
away from the tryptophan and tyrosine residues. The most
plausible explanation is that the possible conformational changes
involve the histidine, which also absorbs at 222 nm (35).

The findings above raise the question: how does this natively
unfolding behavior compare with that of other bHLH domains?
Most of the isolated bHLH proteins characterized to date are
natively unfolded proteins, and other DNA-binding proteins,
either natural (24—27, 56) or man made constructed (64, 65),
have been suggested to be unfolded; but, in any example, an
extensive pH-unfolding study has been carried out to ascertain
whether the unfolding features were pH-dependent. Therefore, to
the best of our knowledge, this is the first extensive study of the
behavior of a bHLH domain under different solution conditions.
Furthermore, bHLHN is one of the few bHLH examples which
remain monomeric (19, 67, 25) and unfolded up to 60 uM. For
instance, the MyoD-bHLH (a master regulator of skeletal muscle
development) at low concentrations is unfolded and, therefore,
monomeric, but the isolated E47-bHLH protein form at low
protein concentrations, a highly stable dimer (/9); and similarly,
it happens with the oncogenic bHLH proteins c-Myc, Max, and
Madl (25).

DNA-Mediated Dimerization and “Fuzzy” Folding of
bHLHN. Upon binding to the E3-box, bHLHN dimerizes as
shown by fluorescence measurements. However, we do not know
whether the association of particular DNA-bound dimers results
from more favorable protein—DNA contacts in the complex or,
alternatively, from better protein—protein interactions. In other
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bHLH examples, where the dimerization constant (usually in the
low micromolar range) of the domains has been measured, it has
been argued that DNA binding precedes to dimerization (19, 26);
since the self-oligomerization in bHLHN is very weak (larger
than 60 uM), we conclude that in this particular domain
homodimerization and binding occur concomitantly.

In other bHLH proteins, dimerization and DNA binding induce
folding of the domain, as monitored by far-UV CD (17, 19).
In bHLHN, the far-UV CD spectrum of the protein also changes
upon DNA binding, but the ID-NMR did not show a spreading
of the amide signals upon binding to any of the E-boxes
(Figure 3C,D). This lack of signal dispersion in the NMR spectra,
even though there is an increase of structure (as reported by
CD, Figure 5A,B), could be due to the different spectroscopic
time scales of far-UV CD and NMR, but it could be also
reflecting the presence of a “fuzzy” complex between DNA and
bHLHN (20, 68), where the increased amount of secondary
structure (as monitored by CD) is flickering and not hydrogen-
bonded, and there are still long polypeptide patches which remain
disordered. Although they have not been recognized as “fuzzy”
DNA—protein complexes, there are other DNA-binding proteins
in the literature which show high protein mobility upon binding
to a specific DNA site or displacements (and then, mobility)
in the recognition of the corresponding DNA-binding site
(56, 69, 70); then, it is tempting to suggest that “fuzziness” might
be a common feature among DNA—protein complexes than
already thought.

However, if upon DNA binding we obtain a more ordered
structure (even though the complex remains “fuzzy”), where does
that structure come from? We suggest that the bound state should
be chosen through selection of a conformer, which was sampled
in the residual secondary structure adopted by the isolated
bHLHN in solution and predicted by the bioinformatic programs
(Figure 4): that is, the helical region at the C-terminus of the
domain. This, in turn, suggests that the conformation of the
bound form of bBHLHN is more dependent on the local sequence
(intrinsic local preferences of the monomer), and it is not
determined by DNA binding. The restricted ensemble of avail-
able conformations explored by the isolated monomeric bHLHN
would serve to reduce the entropic cost of binding and dimeriza-
tion and, in addition, to increase affinity, at least for the
formation of the first encounter complex, if the predominant
population resembles that of the bound form. This “conforma-
tional selection” of states has been suggested to occur in other
natively unfolded proteins upon binding to their partners (see
ref 71 and references therein). However, recent kinetic studies
with unfolded proteins do not support the “conformational
selection” model, but rather the alternative “fly casting” model,
by which a disordered protein accelerates its binding to its partner
by making nonspecific and non-native interactions, which serve
as anchoring points to induce the folding (72, 73). Probably the
selection of any of the two limiting models relies on the intrinsic
sequence of the protein.

DNA Affinity and Comparison with Other bHLH Do-
mains. The DNA binding constants of the majority of bHLH
complexes are in the range 1-30 nM (17, 19, 25, 26, 65) or even
smaller (from 10" to 102 M) (24); those measured in this work
are in the range of micromolar. These results lead to the
conclusion that the mode of binding can differ widely among
the different DNA-binding proteins of the same family (27) or
even in protein chimeras containing the DNA-binding region and
dimerization modules from different members of the family
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(64, 65); we suggest, on the basis of the results of this work and
those of other laboratories, that the affinity might be related to
the grade of “fuzziness” in the complex formed. If this hypothesis
is further tested in other DNA—protein examples solved in the
future, it should be taken into account when transcriptional
protein-screening studies are carried out.

Interestingly enough, for the E-boxes explored in this work,
the homodimer NGN3 was not able to bind either of the boxes
used here, and it was only in the presence of E47 (and, then,
forming a heterodimer) when binding occurred. Therefore, it
might be that although the affinity of bBHLHN for the DNA was
larger than that of NGN3, it would not be high enough; thus, the
measured low affinity could be monitoring the poor folding
(and, then, the “fuzziness” of the complex). In this sense, the
small differences in the sequences among both bHLH domains
are enough to promote binding but not to achieve a large
specificity.

Conclusions. We have shown that the bHLH domain of
NGNI1 is a natively unfolded protein, with a premolten globule
conformation. The domain shows a low affinity for DNA boxes
and forms “fuzzy” complexes with the duplexes.
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