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The DNA-binding domain of Drosophila melanogaster c-Myb
undergoes a multistate denaturation
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The DNA-binding domain of Drosophila c-Myb protein has been studied using different spectroscopic
probes, namely CD, fluorescence, acrylamide quenching and NMR, to determione the structure of some
of its sub-domains and their relative stabilities in aqueous solutions. While CD and fluorescence spectros-
copy showed that the protein had completely lost its tertiary and secondary structures in approximately
3 M urea, solvent accessibility of the tryptophan residues was still partial, as determined by acrylamide
quenching. This suggested the presence of significant amounts of residual structure which persisted until
the urea concentration was raised to approximately 6.0 M. Thermal-denaturation experiments also indi-
cated the presence of an intermediate in the unfolding pathway. The experimental data could be fitted
assuming a minimum of three states in both modes of denaturation. The thermodynamic parameters for
the apparent three-state transition have been determined. From the protein stability curve, we have deter-
mined that Drosophila melanogaster Myb R123 has maximal stability at 16°C and pH 7.0.

Keywords. Myb denaturation; Myb DNA-binding domain; spectroscopic investigations; protein unfold-

ing.

The DNA-binding domain of several myb family proteins
[1, 2] are made up of three apparent repeating units (R1-R2-R3)
of approximately 51—53 amino acid residues each. In each of
the repeats, three conserved tryptophan residues are placed at
intervals of 18/19 amino acids [3—5]. The c-myb protein binds
to DNA in a sequence-specific manner [6] and various models
have been proposed based upon results from Raman spectros-
copy [7], site-directed mutagenesis [8] and NMR and molecular
dynamics [9, 10]. Out of the three conserved stretches (R1, R2
and R3), R2-R3 has been shown to be critical for DNA binding
in the chicken c-Myb protein. Recently, the secondary structures
of the R3 repeat of mouse [9] and R2-R3 of chicken [10] have
been determined by NMR. The results show the presence of
a helix-turn-helix motif, common in many other DNA-binding
proteins [11]. We have recently over-expressed the DNA-bind-
ing domain (R123) of Drosophila melanogaster in Escherichia
coli. Our experimental results show that this domain forms a
stable autonomously folding structural and functional unit. The
protein has been found to be largely a helical, the helical content
being 58.6%. Out of the nine tryptophan residues, three are
solvent accessible (Madan, A., Radha, P. K., Hosur, R. V. and
Padhy, L. C., unpublished results).

It has been visualized that, in proteins, the transition from
the native state to the denatured state may progressively pass
through states with increasing disorder [12]. Characterization of
these states requires trapping them [13, 14] as they may appear
transiently during the denaturation [15, 16]. However, in some
proteins under conditions of partial denaturation, stable states
have been shown to exist in an equilibrium [17—24]. In the
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recent past, there has been an increased interest in these less-
ordered states, since they may play important roles in protein
folding and stability, transport of proteins across membranes,
proteolysis, protein modifications and turn over [23].

We present in this paper the data on the bacterially expressed
DNA-binding domain of Drosophila c-Myb (Dm-Myb) to show
that its unfolding process is more complex than a simple two-
state mechanism and that one can detect significant amounts of
residual structure under an apparent denatured state of the pro-
tein.

MATERIALS AND METHODS

Materials. Molecular-mass markers, ammonium sulfate,
polyethyleneimine, isopropyl f-D-thiogalactopyranoside, 6-(p-
toluidino)-2-naphthalene sulfonate (TNS), spectroscopic-grade
dimethylsulfoxide, acrylamide, SDS, SP-Sephadex, Mops,
Hepes and Mes were purchased from Sigma. DE 52 was from
Whatmann and culture media were from Difco. Ultra-pure urea
for denaturation experiments was obtained from Schwarz and
Mann. Spectroscopic-grade ethylene glycol was obtained from
Fluka. All other reagents were of analytical grade. TNS was
dissolved in N,N-dimethyl formamide and the concentration of
the stock solution was determined to be 170 mM by absorbance
measurement using a molar absorption coefficient of 1.89X10*
at 317 nm.

Protein preparation. The DNA-binding domain of the Dm-
Myb was over expressed in E. coli and purified as described
(Madan, A., Radha, P. K., Hosur, R. V. and Padhy, L. C., unpub-
lished results). The purity of the protein was checked elsewhere
by 15% SDS/PAGE [26] and was found to be greater than 95 %.
Protein concentration was determined by UV absorption, as sug-
gested recently [27].

Protein unfolding. CD, fluorescence and NMR spectros-
copy were used for monitoring the protein unfolding process.
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Fig. 1. CD and fluorescence characteristics of Dm-Myb R123. (a) CD spectra of the native (2) and the denatured (1) DNA-binding domain of
D. melanogaster c-Myb (Dm-Myb R123) expressed in E. coli in 10 mM Tris/HCI, pH 7.0, at 25°C. The protein concentration was 90 uM and for
denaturation the spectra were recorded in the presence of 8 M urea. (b) Fluorescence emission spectra of 9 uM native (B) and denatured (A) Dm-
Myb R123 in 10 mM Hepes, pH 7.0, at 25°C. The sample was excited at 295 nm. In both cases, the spectra were corrected by subtraction of the

response of the buffer alone.

For urea denaturation experiments, protein samples were incu-
bated for at least 30 min at 25°C at each urea concentration
prior to making measurements. The experiments were performed
at three different protein concentrations, 90, 105 and 125 pM
and, in each case, both unfolding (increasing urea concentration)
and folding (decreasing urea concentration) processes were
monitored. For temperature denaturation, the samples were incu-
bated for 15 min at each temperature, prior to making measure-
ments. The incubation times were sufficient as no changes were
observed in the fluorescence and CD spectra after these times.
Under these experimental conditions, the protein unfolding was
found to be reversible.

Fluorescence studies. Fluorescence measurements were
made on a Shimadzu RF540 spectrofluorimeter. The band pass
of both the excitation and emission monochromators was 5 nm.
All measurements were carried out using 1-cm path-length cu-
vettes. For collection of the protein fluorescence spectra, the
samples were excited at 295 nm and the spectra were corrected
for the response of the buffer alone. For denaturation experi-
ments, the fluorescence intensity at 340 nm was monitored as a
function of the urea concentration.

The fraction of the tryptophan residues exposed as the pro-
tein unfolds was studied using the neutral quencher acrylamide.
The changes in the protein fluorescence due to acrylamide
quenching at 340 nm at various urea concentrations were moni-
tored, and the data was analyzed according to the Lehrer equa-
tion [28]:

F, 1 1

= +— ()
F.~F  fkgl0l  f.

where F, and F are the fluorescence intensities of the protein in
the absence and presence of the quencher, respectively. f, is the
fraction of quenchable tluorescence, &, is the rate constant for
quenching, 7, is the fluorescence life time of the fluorophores in
the absence of the quencher.

TNS, a probe for hydrophobic pockets [29-—-33], was used
to monitor the stability of its only binding site on R123. The
changes in the fluorescence intensity of TNS at 426 nm were
monitored on exciting the protein-TNS complexes at different
urea concentrations. The samples were excited at 326 nm.

CD spectroscopy. CD measurements were made on a Jasco
J600 spectropolarimeter. Denaturation was monitored by
changes in the intensity of the CD band at 222 nm. For each
spectrum, ten scans were recorded and averaged. Each spectrum
was recorded in 0.2-nm wavelength increment and the signal
was acquired for 1.0 s at each wavelength. For thermal denatur-
ation, thermostatically controlled cuvettes were used and the
temperature was maintained with the help of a LKB Multitemp
IT thermostatic circulator.

NMR spectroscopy. NMR spectra were recorded on a
Bruker AMX 500 spectrometer operating at 500 MHz for "H.
The samples consisted of 5 mM protein in H,O at pH 4.8, Two-
dimensional clean total correlated [34] spectra were recorded
with 2048 ¢, points for each of 512 ¢, points, where ¢, and ¢, are
the usual time variables of two-dimensional spectroscopy. The
water signal was partially suppressed by presaturation. The spin-
lock mixing time was 80 ms in all the cases.

RESULTS

We have used a variety of spectroscopic techniques and strat-
egies to derive information on the unfolding process of Dm-Myb
R123. Fig. 1 shows the CD and fluorescence spectra of the na-
tive and denatured proteins. The CD spectrum (Fig. 1a) of the
native protein shows two bands at 208 nm and 222 nm, charac-
teristic of a helical structure. Urea denaturation results in signifi-
cant changes in the CD spectrum. Similarly, in the fluorescence
emission spectra (Fig. 1b), urea denaturation is accompanied by
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Fig. 2. Urea denaturation of Dm-Myb R123. (a) Denaturation profile of 90 pM Dm-Myb R123 in 10 mM Tris/HCI, pH 7.0, with increasing urea
concentrations, monitored by changes in ellipticity (V) at 222 nm or in fluorescence intensity (@) at 340 nm. Samples were incubated at the desired
urea concentration for 30 min prior to measurement. The apparent fractional change (F,,,) at various urea concentration was calculated according
to Eqn (2). (b) Fractions of the native (@), intermediate (V) and unfolded forms (V) of the Dm-Myb R123 as a function of the urea concentration
at pH 7.0. The various fractions were calculated from the equilibrium constants determined by the fitting of the urea denaturation curve by a three-
state model. (c) Fitting of the transition region of the curve in (a) to a three-state denaturation model. The calculated curve is shown by a solid

line; (@) represents the experimental data points.

Table 1. Parameters for the three-state fits. All parameters were determined from three independent experiments employing protein concentrations
of 90, 105 and 125 pM, respectively. CD, fluorescence and TNS fluorescence parameters were determined from the urea denaturation curve. The

temperature denaturation monitored by CD spectroscopy was at pH 7.0.

Method used AGHO AGH° AGHS An, An, AH, 48, AH, 48, - taa
kJ/mol kJ/mol °C

CD 15+02 4603 61*+05 35 10

Fluorescence 1602 47x02 6304 35 1

TNS fluorescence 1204 5003 6207 34 11

Temperature

denaturation by CD

1945 £10.0 060 £ 0.03 1363 =70 04 =*02 475 665

a red shift from 340 nm to 350 nm and an increase in the fluores-
cence intensity.

Urea-induced protein denaturation. Urea-induced unfolding
of the protein was reversible at all three protein concentrations
used, and the profiles obtained by both CD and fluorescence
were similar in all the cases. Fig. 2a shows a typical unfolding
profile as a plot of F,,, as a function of the urea concentration,
where F,,,is given by the equation:

Yosa = ¥,

P =y oy, @
where Y., is the observed value of the parameter (fluorescence
or ellipticity) at a given urea concentration. Y, and Y, are the
values of the parameters for the native and the unfolded proteins,
respectively. The values of Y, and Y, are obtained by linear ex-
trapolation of the pre-transition and post-transition regions [35].
All such curves corresponding to the three different protein con-
centrations have been analyzed. Only one such analysis is pre-
sented here explicitly.

The typical unfolding curve shown in Fig. 2 a represents data
points from two independent modes of observation (CD and
fluorescence) employing the same protein concentration and
using the same range of urea concentration. The profiles of un-
folding in both the cases lead to similar results. Additionally, it
was possible to retrace the path of unfolding when the protein
in 8 M urea was progressively diluted to initiate and propagate
the folding process. These results suggest that the folding/un-

folding of Dm-MybR123 can be treated as thermodynamically
reversible. Inspection of the unfolding curve shows an apparent
biphasic transition; a relative slow phase until approximately
2.0 M urea followed by a more rapid phase at 2.0—5.0 M urea.
Initial attempts to explain the data on the basis of a two-state
model was unsatisfactory. A quantitative analysis of the transi-
tion region of the data of Fig. 2a was, however, possible by a
three-state model:
K; K,
Ne—I1——1,

where N, I and U represent native, intermediate and unfolded
states, respectively. According to this model, an equation for F,,
can be derived following [12] and is given by:

4K,
,FaPP :f;lKu (1 + ?)’ (3)

where f, is the fraction of the native species present at the urea
concentration at which the spectroscopic parameter is measured
and d; is given by the equation

Y -7,

d, = >
Y,—-7,

1G]
where Y,, ¥, and Y, are the values of the parameters for the
native, the unfolded and the intermediate states, respectively, of
the protein at a given urea concentration. K, and K, are the equi-

librium constants which are given according to the ‘denaturation
binding model’ [12], as
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Fig.3. Changes in the TNS fluorescence as a function of the urea
concentration. 7.0 uM protein was incubated at the desired urea concen-
tration for 30 min. TNS was added to a final concentration of 25 uM in
each sample and the emission spectra were recorded on exciting the
sample at 326 nm. The changes in fluorescence intensity were monitored
at 435 nm.
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Fig.4. Tryptophan residues exposed, determined by fluorescence
quenching by acrylamide. 9 uM Dm-Myb R123 protein in 10 mM
Hepes, pH 7.0 was incubated at the desired urea concentration for 30 min
prior to any measurement. The changes in the fluorescence intensity at
340 nm were monitored with increasing concentrations of acrylamide at
the desired urea concentration. The data were analyzed according to
Eqn 1 and, from the intercept, the fraction of tryptophan residues acces-
sible to the acrylamide was calculated for each urea concentration.

K, = K" (1 + 0.1 §)*™, (&)
and
K, = K%° (1 + 0.1 )™ (6)

where ¢ is the activity of urea, K™° is the equilibrium constant
in the absence of urea, An, is the difference in the number of
binding sites for urea between intermediate and native forms of
the protein and An, is the difference in the number of binding
sites for urea between unfolded and intermediate forms of the
protein.

Fig. 2¢ shows the fit between calculated and experimental
(CD) F,,, profiles as a function of the urea concentration. The fit
is good, indicating that the three-state model is fairly adequate
to describe the experimentally observed denaturation process.
Similarly, the data obtained from fluorescence could be fitted to
a three-state transition. The various parameters obtained by fit-
ting experimental data from both the spectroscopic probes are
listed in Table 1. Fig. 2b shows the populations of the native,
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Fig. 5. Thermal denaturation of the Dm-Myb R123. Thermal denatur-
ation curves were obtained by monitoring the changes in the CD spectra
at 222 nm using a protein concentration of 90 uM in 10 mM potassium
acetate, pH 4.0, (@), 10 mM potassium phosphate, pH 5.0, (C), 10 mM
potassium phosphate, pH 6.0, (¥) and 10 mM Mops, pH 7.0, (V). The
apparent fractional change (F,,,) at various temperatures was calculated
according to Eqn 2. (b) Fitting of the transition region of the experimen-
tally observed thermal denaturation curve (pH 7.0) to a three-state curve
(solid line); (@) represents the experimental data points (a).

intermediate and unfolded states calculated from the above pa-
rameters, as a function of urea concentration.

Molecular changes accompanying urea-induced unfolding.
In a previous study, we have documented that the Dm-Myb
R123 binds to a single molecule of the environmentally sensitive
probe, TNS. It was further shown that the bound TNS was sur-
rounded by four or five tryptophan residues and at least one
tyrosine residue [36]. Thus, TNS was bound to a hydrophobic
site contributed by more than one of the Myb repeating units as
a result of its tertiary structure. We have, therefore, attempted to
evaluate the stability of this TNS-binding ‘hydrophobic site’ as
a function of the urea concentration. Since TNS remains fluores-
cent in only its protein-bound state, the loss of the TNS fluores-
cence was monitored to indicate unfolding of this sub-domain.
The results presented in Fig. 3 show that urea indeed destabi-
lized this hydrophobic sub-domain as its concentration was
progressively increased. The rate of loss of TNS fluores-
cence closely mirrored the appearance of the unfolding inter-
mediate.

These results seem to indicate that nearly 90% of unfolding
has occurred at a urea concentration of approximately 3 M
(Figs 2 and 3). To further investigate the molecular changes as-
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Fig.7. C,H-C,H cross peaks in the clean total correlation spectra of Dm-Myb R123 in *H,O at 16°C (A) and 80°C (B). 12 distinct peaks are

identified in the spectrum at 80°C.

sociated with the progressive denaturation, we have monitored
the solvent accessibility index of the tryptophan residues as de-
termined from the acrylamide quenching experiments at various
urea concentrations. These are presented in Fig. 4. Unlike the
cases of CD, fluorescence and TNS, the tryptophan residues are
exposed to the solvent rather differently. For instance, at urea
concentration approximately 3.0 M, CD, fluorescence and bound
TNS all show essentially a complete loss of tertiary and second-
ary structures, yet the extent of accessibility of tryptophan resi-
dues to the quencher remains only at 67 %. It was ascertained
hat this different result from collisional quenching was not an
artifact due to the presence of urea by control experiments where
measurements of free tryptophan fluorescence quenching in urea
solutions of similar concentration ranges showed no tangible ef-
fects. Our data, therefore, leads to the conclusion that some
structure is still maintained in 3—6 M urea which could not be

detected by other techniques. These observation may be inter-
preted as suggesting that the unfolding transitions detected by
quencher accessibility are probably fundamentally different from
the unfolding transitions detected by CD, fluorescence and the
bound TNS. This contention is further supported by the observa-
tion that the transition shown in Fig. 4 is very complex as it
could not be quantified by models involving as many as four
states. Nonetheless, this transition was found to be reversible
over the entire range of urea concentrations, without any hyster-
esis. Thus, the exposure of tryptophan residues to the quencher
documents a finer dissection of the transition process involving
several potential intermediate states and extends the range of
urea concentration over which the protein actually unfolds.

Thermal unfolding of Dm-Myb R123. We monitored the
changes in the intensity of the CD band at 222 nm as a function
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Fig. 8. Stability of the native state. Unfolding free energy as a function
of temperature at pH 7.0, calculated from Eqn 8. The curve has a maxi-
mum at 16°C, indicating that the protein has maximum stability at this
temperature.

of the temperature for three different protein concentrations in
the pH range 4—7. Again, the unfolding of Dm-Myb R123 was
found to be reversible in each case. Typical unfolding profiles
are presented in Fig. 5a. The unfolding profile in the transition
zone of Fig. 5a could be adequately explained with the invoca-
tion of a three-state maodel. A typical three-state fit of the experi-
mental data points at pH 7.0 is shown (Fig. 5b) and the various
parameters of the fits are listed (Table 1). For this non-linear
fitting, we assumed that the enthalpy changes (4H) and the en-
tropy changes (4S) are not explicitly dependent on temperature
in the transition region. It is interesting to note that the standard
enthalpy changes for the transitions in this analysis are similar
to those obtained by Sarai et al. [37] by differential scanning
calorimetery on the mouse R123. This similarity (within 20%)
of AH values might indicate that similar kinds of structural tran-
sitions occur in Drosophila R123 and mouse R123 proteins. Ta-
ble 1 also indicates that for native to intermediate and intermedi-
ate to denatured transitions, both AH and A4S terms make nearly
equal contributions.

We further used NMR spectroscopy to gain some insight into
the molecular aspects of unfolding process. Fig. 6 shows por-
tions of two-dimensional clean total correlation [34] spectra at
pH 4.8, containing cross peaks belonging to various NH (both
back bone and side chain) protons in the protein at three dif-
ferent temperatures, 16, 40 and 80°C. The different regions of
the cross peaks have been identified (Fig. 6A). However, for the
present, we focus attention on the peaks belonging to the side
chains of the lysine and arginine residues which appear distinctly
from the other NH protons [38]. We notice that, as the temper-
ature is increased, the lysine peaks disappear (at 40°C) whereas
those of arginine residues remain, indicating that lysine residues
become accessible to the solvent faster than the arginine resi-
dues. At 80°C, both the lysine and the arginine peaks have dis-
appeared completely. It is clear that the lysine interactions are
relatively weak compared to arginine interactions and that some
of the intermediates in temperature denaturation likely arise
from loss of stability contributions from lysine residues.

Comparison of two-dimensional clean total correlation
spectral regions [34] of the protein showing C,H-C,H cross
peaks of the histidine imidazole rings of Dm-Myb R123 at 16°C
and 80°C (Fig. 7) shows clear differences. The state attained at
80°C is such that some order is still present. For example, at
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80°C 12 peaks are seen as against six expected for the six histi-
dine residues. This indicates that there are at least two structures
in equilibrium with sizeable populations in the thermal ‘dena-
tured’ state.

The stability of the native state. Determination of conforma-
tional stability of the native protein requires the calculation of
the Gibb’s free energy difference between the native and the
unfolded state. This is a function of temperature and can be
calculated by the Gibbs-Helmholtz equation:

AG(T) = 4H,[1 — (TIT)] — AC,[(T, — ) + TIn (T/T)], (7)

where 4C, is the difference in the heat capacities of the folded
and the unfolded states, 4H, is the enthalpy change at temper-
ature 7,. At T, = transition temperature (7,,), for which 4H has
already been determined, Eqn (7) can be rewritten as

AG(T) = 4H,[1 — (TT,)] — AC, (T, — 1) + Tin (T/T,.)]. (8)

Here, 4C, has been assumed to be independent of temperature.
In order to assess the validity of this assumption, we adopted
the procedure suggested by Pace and Laurents [39] and deter-
mined 4C, values at different temperatures. These were found
to be 6.10, 6.27 and 6.57 kJ - mol~' - cm™ - K™, respectively,
at 5, 10 and 15°C. Since the estimated experimental errors in
the measurements were 5—10%, we concluded that the observed
variations in 4C, were within the experimental errors; this
meant that 4C, could be considered to be constant in the tem-
perature range 0—30°C. A similar observation has also been
made in the case of mouse R123 [37], where C, values were
measured by differential scanning calortmetery. Taking an
average value of 4C, from the above measurements, 4G(T)
was calculated theoretically at different temperatures in the tem-
perature range 0—30°C; this is shown in Fig. 8. This is referred
to as the ‘protein stability curve’ [40] and indicates that the pro-
tein has maximum stability around 16°C; the curve has a maxi-
mum positive 4G at this temperature.

DISCUSSION

Our results have showed that the unfolding of Dm-Myb
R123 is a complex process involving several states. Unfolding
in the range 0—3 M urea is characterized by a process involving
at least one intermediate which becomes predominant (at ap-
proximately 2.0 M urea) in the three-state equilibrium. As far as
CD, fluorescence and TNS are concerned, the unfolding process
is essentially complete in 3.0 M urea. The loss of helical struc-
ture found in our experiments was concomitant with the loss of
the TNS fluorescence. Thus, it was imperative that the integrity
of the TNS-binding site was in direct correlation with the integ-
rity of the helices present in the R123 structure. Since TNS in
its bound state probed the integrity of a relatively specific and a
small region of the protein, we expected TNS-urea experiments
to allow a finer dissection of the unfolding process but this was
not seen.

Experiments designed to quantify the accessibility of the
tryptophan residues to the neutral quencher acrylamide present
a profile of unfolding which is different from the three other
modes. In this case, at 3.0 M urea only 67 % of the tryptophan
residues were accessible to the quencher, while other methods
recorded an apparent completion of the unfolding process. It was
not until the urea concentration was raised to nearly 6.0 M that
the exposure of the tryptophan residues to the quencher reached
near completion. The reversibility of this process underscores
the potential importance of the path during protein refolding.
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Although residual structures for the denatured proteins have
been recorded before [41—46], our results provide another com-
pelling example.

In the thermal unfolding of Dm-Myb R123, we again found
that more than two states are necessary to explain the transition
at each of the four discrete pH values used. From NMR, we
observed that some of the residues display order even at fairly
high temperatures. Notably, histidine residues are components
of an ordered structure surviving at 80°C, testifying the pres-
ence of long-range interactions and making a case for these histi-
dine residues scattered among all the three repeats to be their
mediators.

Finally, we have evaluated the heat capacity parameters for
the Dm-Myb R123 protein from the unfolding transition, which
allows the computation of thermodynamic parameters of sta-
bility. The results show that the protein has maximal stability at
16°C and at pH 7.0.
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