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ABSTRACT. The Myb oncoprotein specifically binds DNA by a domain composed of three imperfect repeats,
R1, Ry, and R, each containing 3 tryptophans. The tryptophan fluorescence of the minimal binding domain,
R2Rs, of c-Myb was used to monitor structural flexibility changes occurring upon DNA bindingfa.R

The quenching of the Trp fluorescence by DNA titration shows that four out of the six tryptophans are
involved in the formation of the specific;Rs—DNA complex and the environment of the tryptophan
residues becomes more hydrophobic in the complex. The fluorescence intensity quenching of the
tryptophans by binding of #R; to DNA is consistent with the decrease of the decay time: 1.46 ns for
free RR3t0 0.71 ns for the complexed protein. In the fredRR the six tryptophans are equally accessible

to the iodide and acrylamide quenchers with a high collisional rate constantl@® and 3x 10° M1

s71, respectively), indicating thatJRs in solution is very flexible. In the FR3—DNA complex, no Trp
fluorescence quenching is observed with iodide whereas all tryptophan residues remain accessible to
acrylamide with a collisional rate constant slightly slower than that in the free state. These results indicate
that (i) a protein structural change occurs and (ii) th&kkRmolecule keeps a high mobility in the
complex.The complex formation presents a two-step kinetics: a fast step corresponding t&Rihe R
DNA association (& 10° M~!s™1) and a slower one (0.004Y, which should correspond to a structural
reorganization of the protein including a reordering of the water molecules at the prDigih interface.

The c-myb proto-oncogene, which belongs to a large 19 amino acids. Since the spacing of the rare amino acid
family of transcription factors found in a variety of species, tryptophan has been conserved by evolution, it has been
is predominantly expressed in proliferating immature hema- suggested that this DBD is organized in a unique stereo-
topoietic cells where it is thought to regulate cell proliferation chemical arrangement in which the tryptophans might play
and differentiation I—3). The product of this gene, c-Myb,  an important structural and/or functional role3( 14). Both
has been characterized as a nuclear phosphorylated multiR, and R are required for the sequence-specific bindibf (
domain protein of 75 kDa which is associated with chro- 16), and these repeats bind to the target DNA sequences
matin. c-Myb is assumed to function as a regulator of gene within the major groove of DNAX7). Ry is dispensable for
expression by binding directly to Myb responsive elements specific DNA binding (8); deletion of the Rrepeat reduces
in a variety of target genesi{-8). It has been found that the binding affinity by a factor 5.
¢c-Myb interacts specifically as a monomer with a PYAACG/ gy cture prediction by sequence homology suggested that
TG target sequencé11). each repeat contains three helices with the two C-terminal

Evolution has conserved in the different species the helices forming a helix-turn-helix (H-t-H) motifl@). On the
N-terminal part of the Myb proteins which corresponds to basis of this model and the mutational effect on the binding
the DNA binding domain (DBD) of these transcription affinity for the specific DNA sequence, c-Myb{Rs) has
factors @, 12). This domain has a distinctive structure in  peen proposed to constitute the first example of a transcrip-
that it consists of three homologous imperfect repeais (R tion factor binding DNA as a monomer by a double H-t-H
Rz, Rs) each containing 5152 amino acids and has an  motif (18) in which the third C-terminal helix of each repeat
unusually rich content of tryptophans. Each repeat containsjs the recognition helix.

in fact three conserved tryptophan residues spaced by 18 NMR studies have reported the structure oRROf c-Myb
of different species and of B-Myhl9—22). As predicted

¥ UniversiteParis. the structure of mouse c-Myb§R3) presents 3 helices with

; S ot the H-t-H arrangement of the two C-terminal helices. The
5 University of Oslo. isolated repeats have the same structure with three tryp-
# Universitede Rouen. tophans participating in a hydrophobic clustg)( In human/
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chicken c-Myb(RR3) (19) and B-Myb(RRs) (21, 22), the value,Kq, equal to 5.1x 10° M, whereas the nonspecific
Rs repeat was observed to also contain three helices; contrarycomplex had &4 = 2.7 x 107% M (23). Thus the properties
to the mouse c-Myb the Repeat of both of these proteins of the protein fluorescence in the corresponding MIZINA
was found to be flexible and to miss the C-terminal complex having a 1/1 stoichiometry were studied using a
recognition helix. In B-Myb(RR3) the relative orientation  fixed 2.5x 10~7 M protein concentration and various DNA
of the two N-terminal helices in R22) differs considerably =~ concentrations up to 2.5 107 M in order to avoid the
from the spatial arrangement of their counterparts in c-Myb- presence of unspecific complexes.
(R2R3) from mouse 20). It was suggested that, in the B-Myb The kinetics of the proteiaDNA binding, observed by
and c-Myb proteins, the recognition helix of, Right be the stopped-flow fluorescence technique, was carried out
stabilized by binding to DNAX9, 21, 22). using a final protein concentration of 0.06 10°® M with

Also in the bound state, a structural heterogeneity was three DNAwm1s concentrations (0.2% 1075, 0.5 x 1078,
observed between;R; of various Myb proteins. The mouse and 1.25x 10°¢ M). All data were collected at about®€.
c-Myb(R:R3) in the complex was found to have the same  Decay Times, Spectra, and Trp Fluorescence-Quenching
structure as in the free staté7); on the other hand, the = MeasurementsExperimental fluorescence intensity decays
existence of two different bound forms was indicated by the were performed using time-correlated single photon counting
NMR study of the human/chicken c-Myb4Rs) complex with a laser/microchannel plate instrumentation. The excita-
(23). Other parallel investigations of various Myb proteins tion wavelength was 290 nm, and emission was detected at
have provided further evidence that the Myb DNA binding 345 nm, with a band-pass of 16 nm, at right angle after
domain can have variable conformational properties and passing through a polarizer set at34magic angle) to the

stability which seem to be related to DNA binding recogni- Vvertical. The laser pulse duration was 1 ps, and fluorescence
tion (24—28). decay storage was collected in 2048 channels of 16 ps width.

In this work we have used the fluorescence of the six The instrumental response function was determined from the

tryptophans and their regular distribution throughout the Rayleigh light scattered by the water at the excitation
entire RR; structure in an attempt to establish the possible Wavelength. Each decay curve typically contained 60°
role of these residues in MDNA recognition and to probe  fotal counts and required-8.0 min to be collected. The
structural flexibility changes caused by binding to DNA. The function describing the fluorescence intensity decay, fol-
data presented in this paper provide a new insight into the loWing d-function excitation £1 ps) is assumed to be of
Myb—DNA interaction. the form:

MATERIALS AND METHODS F(t) = 1’12 L/;)‘” f(/l,k)efktdkdl

Samples Protein c-Myb fragments, containing two re-

peated segments §RR3), were obtained following a proce- wavelength in thel;—1, range and the time.

dure previously described (ré&3, and references herein). For distinct decay timesy;, the decay curve can be
The protein Myb fragment concentration was determined by approximated by the summation:

using an extinction coefficient of 36 700 Mcm* at 280
nm. The 16-mer oligonucleotide, d(CCTAACGGTCTAA- F(t) = z aieft/ri
TGG), and the complementary strand were synthesized on
a 10 uM scale and purified by Eurogentec (Seraing, whereq; are the pre-exponential factors of each exponential
Belgium). The double-stranded DNA was obtained by function.
heating a solution containing the two DNA strands at equal  The relative intensity contributiorf,, of each component
concentrations during 10 min at 88 and slowly cooling it to the total emissionF, is related to the pre-exponential
down to 5°C. Double-stranded DNAmiscONcentration was  factor, o, and the decay timey;, by the relationship:
determined from the single-strand concentration using an
extinction coefficient of 7830 M* cm* per base at 260 nm f— T,
(29). | z o,

For all experiments, the DNAmis and protein Myb
fragments were solubilized in a 50 mM sodium phosphate so
buffer, pH 7.0, with NaN (0.05% w/w), 0.2 mM EDTA,

wherek = 1/t andr is the decay time, antlis the emission

and 2 mM -mercaptoethanol to prevent oxidation of the z fi=1

free Cys residue which has been shown to play an important ] ]

role in DNA binding @0). Currently, Trp fluorescence-quenching experiments use an
Trp fluorescence spectra and decays of free and bound@veérage fluorescence decay time determined3dy. (

c-Myb R:R; were collected using 2.5 107 M protein. =5 fr

Fluorescence spectra and decay times of the prof@hA Z i

complex were measured at least 10 min after mixing the

c-Myb R;R3 with the DNAmm16 In @ previous fluorescence  Only an average decay time valuavas extracted from the
study of the RR;—DNA interaction, it was shown that both  experimental fluorescence decay and used in the quenching
a specific complex (1:1 JRs;—DNA stoechiometry) and a  experiments.

nonspecific complex are formed depending on the ranges of Steady-state fluorescence experiments were carried out on
the protein and DNA concentrations. The specific 1LRR- a SLM 8000. Trp fluorescence spectra were recorded
DNA complex was found to have a dissociation constant between 300 and 440 nm by exciting the sample at 290 nm.
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The band-passes used for excitation and emission were 2 If each accessible fluorophore has a different valu& of
and 8 nm, respectively. The emission wavelength incrementthe Lehrer relationship can be written as:
was 2 nm with an acquisition time of 2 s. All measurements

were carried out using 1 by 0.4 cm path lengths quartz " " 5
cuvettes. Fluorescence emission spectra result from 12 g 1T K[Ql + > KK[QI"+ ..
accumulations, each corrected for buffer background con- S0 = =1

tribution, consisting of the Raman peak, contaminant fluo- AE n n

rescence, and dark counts. Spectra were corrected for the Z fK[QI(1 + Z KQ] + ...)
photomultiplier (Hamamatsu R928) and the monochromator = =

(Jobin Yvon concave holographic grating) responses.
Trp fluorescence-quenching experiments were made byWherei andj correspond to thé" andj™ fluorophores.

using iodide or acrylamide, two collisional quenchers both At low quencher concentrations, this relationship can be

having an efficiency ofy equal to unity 82, 33). For  simplified as:

quenching by iodide (with concentrations ranging from 0 to

0.2 M), corrective amounts of NaCl were added to each

sample in order to have the same ionic strength in all of the Fo 1 £ Ki
samples. Trp fluorescence intensities were obtained for each = +
quenching experiment by integrating the Trp fluorescence AF 0 n
spectra. For the experiments with acrylamide, to avoid fK[Q] Kif,

correcting for its optical density, we measured fluorescence 1= 1=

quenching on the averaged decay time values of the Trp . " " ,
fluorescence emission. Fluorescence-quenching data werd/here the inverse of i, Ki/3;_, Kifi can be considered as
analyzed according to the Sterivolmer (34) and Lehrer an effective average of the maximum fraction of accessible

(33) relations. fluorophores, f)er, and Y-, K;i can be considered as an
Dynamic quenching process, by acrylamide or iodide, is effective averaged quenching constai@ef. _
described by the classical Sterxiolmer relationship: Values of fa)err and K)err associated with the accessible
fluorophores are obtained from the extrapolated intercept on
Fo 79 the Fo/AF axis of the Lehrer plot and the slope at low
F- 1+ kq7olQl quencher concentrations, respectively.

Kinetic MeasurementsKinetics of interaction between
whereF, andr, and,F andr are the intensities and the decay R;R; protein and DNAwmis Was performed in a SFM3
times in the absence and presence of quencher [Q] respecstopped-flow device (Biologic Claix, France) equipped with
tively; kq is the bimolecular collisional rate constant between a fluorescence detection. The reservoirs, syringes, mixer, and
the quencher molecules and the Trp residues. The value offlow cell were thermostated at-6 1 °C by circulating water
kq is related to the environmental flexibility of the Trp  from a temperature-controlled water bath using a high flux
fluorophores. pump. The excitation beam was generated by a 150 W xenon/

As R:R; contains more than one tryptophan residue, the Mercury lamp. The excitation wavelength was 295 nm (4
Lehrer plot 83) was used to determine the tryptophan nm band-pass). The emitted light was collected at right angle
accessible fraction to quencher molecules such as iodide orthrough a 320 nm highpass filter. Protein and DNA solutions
DNA: were separately introduced in two 20 mL syringes. Typically,

E K 1 200 uL from each syringe was simultaneously injected in

o n - fK[Q] 25 ms in the flow cell and the recording was triggered at
2 . the end of the injection phase.

AF A 1+KIQ] Determination of the first-order rate constant was per-
whereF, is the fluorescence intensity of the Trp residues formed according to nonlinear least-squares fitting, using the
before quenchingAF = Fo — F is the fluorescence intensity ~ FigP software from Biosoft (Cambridge, UK). To evaluate
decrease caused by a given quencher concentratiorf,[Q], the seconc_;l-order rate constant of the interaction between
= Fq/Fo is the fractional contribution of fluorescence ReRs protein and DNAmis we performed simulations of
intensity F of the it fluorophore to the total fluorescence the kinetics using the adaptive Runge Kutta fifth-order
F, for the selected excitation and emission wavelengths, andMethod of the Personal Vissim program from Visual
Ki is the quenching constant of an individual accessible Solutions Inc.
tryptophan residue.

If each accessible fluorophore to the quencher exhibits the RESULTS
same value oK, the equation becomes: Throughout all this work, the Trp fluorescence ofR3
interacting with DNA was measured under the conditions
Fo 1 .1 corresponding to the stoechiometric 1:1 protedNA
AF  fK[Q] f, complex.

Spectra and Decay Times of Trp Fluorescence froRsR
where f = 3, f is the maximum fraction of accessible Both Free and Bound to DN#nis The intensity of Trp
fluorophores. From this equation, a plot 6/AF = fluorescence emission of;R; decreases by about 50% upon
f(1/[Q]) yields a straight line whose extrapolation at HQ complex formation with specific DNAmis as shown in
0 gives the value of 1{on the axisF¢/AF. Figure 1 (left). A similar large fluorescence quenching was
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Ficure 1: Left panel: Emission spectra of fregflR (—) and RR; bound to DNAym1s(— — —). Right panel: Experimental Trp fluorescence

intensity decay of free fRs (—) and of the RR;—DNA complex (~ — —). [R2R3] free and bound to DNA= 2.5 x 1077 M, Aexcitation =

290 nm.

previously reported in Trp fluorescence investigations of the
R:R3 in the free and DNA-bound stateg4). In addition,
DNA binding of RR; is associated to the appearance of a
blue shift (336— 332 nm) of the fluorescence emission.
Trp fluorescence decay of both the freegRRand RR;—
DNA complex was also observed (Figure 1, right). The
curves show that the decays are different for the two species
and cannot be approximated by single-exponential functions.
By using the maximum entropy method5j, one can fit
the Trp fluorescence decay ot with a good approxima-
tion by a sum of four exponential functions and the decay
in the RR3—DNA complex results from a sum of only three
exponential functions. The relative intensity contributions of
each componentf] were calculated from the decay time
(r) and the pre-exponential factor of each componeusjt (
Then the average decay time values, were obtained as
described in Materials and Methods. The Trp fluorescence
of free RR3 exhibits an average decay time valuerpf=
1.46 ns and that of the specific,R—DNA complex an
average decay time af = 0.71 ns. This decrease of the
fluorescence decay time in the MylDNA complex is

\ R2R3 (a =1)}
1:/=l.46ns
L]
| a =085
, 1=134ns
&
<
§3
=3
v
'SE' : =0.70
B2 N o126
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consistent with the large decrease of the Trp fluorescence

intensity upon DNA binding. These two latter effects are in
agreement with the existence of contacts in the vicinity of
the indole rings between the protein and the DNA.

Decay time and intensity variations of the Trp fluorescence
were followed by titration of BFR; with increasing amounts
of DNAmim1s (Figure 2). The recorded fluorescence spectra
(S are a strict linear combination of the Trp fluorescence
emission from the free fR; (S) and that of the specific
R2R;—DNA complex &):

S=aS+(1-wS (@)

Accordingly, fluorescence decay timea3 &lso result from
the same linear dependence of the Trp fluorescence deca
times s andt.) of the two species:

r=ar+ (1— o), (b)
The a values are taken as the fractions of the free protein,
that is, [RRs]sed[R2R3]wtar Under the stoichiometric condi-
tions (fixed protein concentration 256 10°7 M higher than
the specifidg = 5.1 x 10°° M and lower than the unspecific

Ficure 2: Experimental and calculated Trp fluorescence spectra
of R:Rs (2.5 x 1077 M) by titration with DNAnwmis (—),
experimental spectra; [1:1,R;—DNA complex]= [DNA] ita;; from

top to bottom [DNA]= (0, 3.7 x 1078 7.3 x 1078 2.5x 1077

M); [R2Rs]iree = [R2R3]total — [DNA] totai; (— — —) calculated spectra.
Spectra were computed by using the linear combination ofxithe
fraction of free RR3 (f) with the (1 — «) fraction of the RRs—
DNA complex (¢): S= aS + (1 — a)S andz = oz + (1 — @)t
wherea. = [RZRS]freJ[RZRS]totaI-

Kqg = 2.7 x 10°¢ M), [1:1 complex] = [DNA]ta and
[RZRS]free = [RZRS]total - [DNA] total-

Experimental and calculated results being rigorously
identical in the two relations (a) and (b), the experimental
er fluorescence emission of each sample is directly cor-
related to the number of free,R; proteins and to that of
R.R;—DNA complexes in the solution (Figure 2). This shows
that two independent species contribute to the total fluores-
cence observed: one corresponds to the frg; Rrotein
(f) in solution and the other to the;R; protein complexed
to DNA (c). These data, which show that only the specific
1:1 protein-DNA complex is formed, are in agreement with
previous polarization studies on fluorescein-labeled DNA
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Ficure 3: Stern-Volmer plots of the Trp fluorescence quenching
of R,R3 by acrylamide: free [R; (@) and RR;—DNA complex
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(O). 1o andr are the averaged Trp fluorescence decay times, without

and with acrylamide, respectively. The different slopkgoj of
the two species show the change of thijrvalues: Aexcitation =
290 nm; [RR4] free and bound to DNA= 2.5 x 1077 M.
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charge and may thus be supposed to mimic the charge effect
of the DNA fragment when it interacts with Trp regions of
the protein. If Trp residues are located in a positively charged
region or are partially exposed to the solvent, the increase
of the iodide concentration should result in a decrease of
the Trp fluorescence intensity.

Figure 4 (left panel) displays the Trp emission spectra in
the presence of different iodide concentrations (up to 0.20
M) for the free protein in solution. For a protein such as
R,R3; which contains six Trp residues, the presence or the
absence of charges in the surroundings of the Trp side chain
is reasonably expected to influence the accessibility to iodide.
Thus, to determine the number of Trp residues accessible to
iodide, we have analyzed the Trp fluorescence-quenching
data using the Lehrer relationship (see Methods):

Fo_ 1 |1
AF  fK[Q] f,

where [Q] is the iodide concentration. Analysis of the plot

(23). Each species is characterized by a distinct fluorescence(Figure 4, right panel) gives a value for the fraction of
decay time and by a specific fluorescence spectrum thataccessible Trp residues, qual to 1 and the quenching

correspond to Trp residues, for both the fred&RRRand the
specific 1:1 RR;—DNA complex, in different environments.
In the specific proteir DNA complex the blue shift of the
indole emission suggests, in addition, a shielding of its Trp

Lehrer constantK, equal to 5.8 M!. These values show

that the six Trp residues, distributed in the protein fragment
R:R3, are all quenched by iodide with the same quenching
constant. This result indicates also that each Trp residue is

side chains in a more hydrophobic environment than thoselocated in an environment devoid of strong negative charges

of free RRa.

since this would otherwise repel the negatively charged

In addition, these results show that the dissociation time iodide.

of the protein-DNA complex is much longer than the times
of the Trp fluorescence emissions.

R:Rs Structural Flexibility Changes upon DNA Binding
Whatever the location of Trp residues inside the protein,

Since the Trp quenching by iodide arises from a collisional
process, the Lehrer constdfiis associated to the collisional
quenching rate constarky(= K/zo). Its value ky = 4 x 1¢°
M-t s is of the same order of magnitude as that of free

neutral acrylamide molecules are known to reach the Trp indole quenched in solution (6:4 10° M~* s7?) (36) and is

fluorophores in the protein matrix and quench their fluores-
cence emission. Accordingly, the Trp fluorescence of the
free and DNA-bound BR; were found to be quenched by
acrylamide.

The Stern-Volmer relationship was determined:

7o/t = 1+ K 7o[Q]

where 7o and 7 are the mean decay times of the Trp

consistent with Trp residues largely exposed to the solvent.
Accessibility of Trp residues in the,R;—DNA complex
was also performed by iodide quenching. In contrast to the
free protein, no effect on Trp fluorescence intensity has been
observed for bound R, indicating that the Trp fluorophores
are not accessible to the negatively charged iodide quencher.
Number of Interacting Trp Residues with DNAO
determine the number of tryptophan residues involved in the
interaction of RR; with DNAmimis, We collected Trp

fluorescence measured respectively in the absence and ifluorescence intensities of theR protein (2.5x 1077 M)

the presence of acrylamide quenchiris the bimolecular
kinetic constant of the Trp-acrylamide quenching and [Q]
the concentration of acrylamide in solution.

Figure 3 exhibits the increase of the ratifr as a function
of the acrylamide concentration. The slopksX 7o) of the
straight lines give the values of the collisional kinetic constant
of ky = 2.5 x 10° M~ s71 for the proteir-DNA complex
andkq = 3 x 10°® M1 s1 for the free protein.

in the presence of variable DN#\16 cOncentrations<2.5

x 1077 M). Under these conditions, only the specific 1:1
Myb—DNA complex is formed (cf. Materials and Methods,
ref 23). The Lehrer plotFo/AF = f(1/[DNA]) (Figure 5),
yields an accessible fractionf)ts, equal to 0.67 by
extrapolating to 1/[DNA}w = 0. Thus, about 67% of the
Trp fluorescence intensity is quenched and 33% is not
affected by DNA. Assuming that each Trp residue has the

Thus, the random migration of the quencher molecules in same fluorescence quantum yield, the val@ige«(= 0.67,

the vicinity of Trp residues is slightly slower in the,R—
DNA complex than for RR; alone in solution indicating that

shows that four out of the six Trp residues are involved in
the association with DNA in the specific ,Rs—DNA

the contact region between the protein and DNA molecules complex.

has an influence on the;R; protein flexibility.
Tryptophan Accessibility in Free and DNA-BoungRR
To explore in more detail the different environments of the

For higher protein and DNA concentrations (both ranging
from 2.5 x 107 to 3 x 10°% M), the observed Trp
fluorescence intensities result from both the fluorescence of

Trp residues in the free and bound form, we studied their the specific complex and the fluorescence of the nonspecific

accessibility by the collisional quenching of the Trp fluo-
rescence with iodide3@, 33). lodide bears one negative

complexes (see Materials and Methods) with 1:1, 2:1, 3:1,
and 4:1 RR;—DNA stoechiometries (data not shown,
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FIGURE 4: Left panel: Emission spectra oblR; (2.5 x 10-7 M) as a function of iodide concentrations=) R,R3 without iodide; & — —)

R;R3; with 0.05 M; (--+) 0.1 M; and (---) 0.2 M iodide concentrations. Right panel: Lehrer plot of the Trp fluorescence quenchigigsof R
by iodide: Fo = Trp fluorescence intensity of free;Rs; F = Trp fluorescence intensity of Rs in the presence of iodide&\F = Fo — F,
decrease of Trp fluorescence intensity gRRinduced by Trp-iodide collisions. Corrective amounts of NaCl were added in order to have
the same ionic strength in each sample.
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(2.5 x 1077 M) by DNA: F,, Trp fluorescence intensity of free LUV Matts WE oty e

R,Rs F = Trp fluorescence intensity of Rs in the presence of Experimental Section), and the fluorescence change (excitation at

Df\l;\ AFE = ,E’ —F, Trp fluorescenc)é inter?sity deceease WRR 295 nm) was recorded as a function of time. The kinetics trace

at various DN?A concentrations; DNA concentration range, 2.7 resuls from pasting three successive regions. The first regien (0

108-1.4 x 107 M ' T 50 s) contains 1001 data points recorded with a sampling period
: ) of 50 ms and a time constant of 50 ms. The second region{50.2

: : . 200 s) contains 750 data points recorded with a sampling period
Zargarian, Thesis, 1997). The number of Trp residues of 200 ms and a time constant of 100 ms. The third region (200.5

involved in the proteirDNA contacts of these complexes  50q s) contains 600 data points recorded with a sampling period

was not studied and could be proteidNA concentration- of 500 ms and a time constant of 500 ms. The solid thick line

dependent. corresponds to the best simulation using an adaptative Rung Kutta
Significantly, whereas all of the Trp residues in fred&RR fifth-order numerical integrator. The RMS value was 4-38.0°°

are easily accessible to iodide, as shown above, none of then'*

are quenched by iodide anions in the DNR;R; specific

complex; however they are all quenched by acrylamide in

the complex. Structural modifications around the Trp side

chains are likely to occur in bound;R; and to prevent

iodide/Trp collisions whereas they have no influence on

acrylamide/Trp collisions. This result correlates well with

both the blue shift and the 50% quenching observed by

binding of RR; to DNA in 1/1 stoichiometric conditions.
Kinetics of RR; Structural Recognition upon DNA Bind-

ing. To further characterize the,R; recognition by DNA,

we performed kinetic experiments by a stopped-flow device

using fluorescence detection. As shown in Figure 6, mixing K k,

R2R; at 0.06uM with DNA at 0.25uM results in a quenching P+ DNA — P-DNA— P-DNA

of the intrinsic tryptophan fluorescence. Under the conditions

of mixing used (25 ms), the kinetics process is clearly  Since the concentrations of free protein and DNA used in

multiphasic. The fast initial decrease of fluorescence has beenthe kinetic experiments were at least 10 times higher than

1/[DNA] o’ M)

found to be dependent on DNA concentration (up to 1.25
uM DNA; data not shown) and to be related to the
bimolecular process of the;R;—DNA association. This step

is followed by a slow decrease of Trp fluorescence which
reaches a plateau after 500 s. This slow phase is independent
of DNA concentration (data not shown) and is satisfactorily
fitted by a single exponential yielding a rate constant value
of 0.004 s'. To extract the kinetic parameters of the fast
initial phase, we performed numerical simulations of the
overall kinetics using the following 2-step model:
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the equilibrium dissociation constant of the protelDNA to c-Myb), the average exposure of the six Trp residues as
1:1 complex (5.1x 10° M) (23), we considered the deduced from acrylamide quenching is reduced with respect
association step as a pseudo-irreversible process. The ratéo the wild-type RR;. Altogether, these data indicate that
constant; is fixed at 0.004 st, as deduced from the fit of only a few sequence point mutations in Ban have a
the isolated slow phase of the experimental kinetics. On the measurable influence on the dynamic properties of the
basis of the RMS value, the best simulation (see Figure 6) minimal binding domain as a whole. This observation throws
corresponds to & value of 7x 10° M~1 s71 for the fast new light on the results of previous NMR investigations
step of Myb-DNA interaction. This value falls in the range  showing that the C-terminal part of,Ran adopt a helical
of bimolecular rate constants for the association processesstructure in mouse c-Mybl{) whereas it is characterized
between medium-sized macromoleculdg)( by conformational exchange in human, and chicken c-Myb
and B-Myb (9, 21, 22).
DISCUSSION Several changes occur whenR3 binds DNA. They

This work reveals new features of the structural and concern the structural environment and the dynamical
dynamical behavior of the c-Myb minimal binding domain &ccessibility of the Trp residues in the DNA-bound state.
R,Rs and the relationship to DNA recogpnition. When the specific 1:1 (#Rs)—DNA complex is being

Overall, the fluorescence data reported here indicate thatformegl @3, the maximum mtensny'of the fluorescence
the free RRs; in aqueous solution is characterized by emission spec'.[rum of Trp inR; is shifted tqward sho'rter
structural fluctuations in various parts of the domain. In fact, wavelengths with respect to the fregRgdomam. Accordlng
all of the Trp residues in #R; appear to be accessible to to Burstein’s spectral rule89), this blue shift indicates that

fluorescence inhibitors as different as iodide and acrylamide. the overall fluorescenge OfRs in the comple>§ arses from
The Lehrer plots with both quenchers show that the side |'P residues located in a more hydrophobic environment

chains of the six Trp are exposed to the solvent. The averagecorm:’.ared to the free Ry, this means that on average the
collisional rate constant of iodide quenching (49.0° M1 Trp side chains are less exposed to the aqueous solvent than

s1), observed for the Trp residues, has the same order ofi" the free BRs. In fact, shielding from the solvent is
magnitude as the collisional rate measured for the free indole®xPected to occur more partlcularl_y for th_ose side ghalns at
in aqueous solution (6.4 1(° M~ s7%), which hints at the the protein-DNA contact area directly involved in the
accessibility of the Trp fluorophores on a dynamical basis. SPECIfic interactions with the nucleotides in DNA. The large
Nevertheless, ionic interactions between iodide ions and duénching of Trp fluorescence by DNA titration is consistent
positively charged basic residues, possibly in a region closeith the above observations and shows again that a profound
to the Trp indoles, can also contribute to the high value of mod|f|cat|on of the fluorophore environment takes place. In
the collisional rate constant observed. In fact, the influence fact, in the 1:1 (RRs)—DNA specific complex four out of

of electrostatic interactions on iodide quenching has alreadyt€ Six Trp residues are no longer solvent accessible,
been demonstrate®3). indicating that they belong to the contact region between

| - . . the protein and DNA.
n contrast to iodide, no electrostatic effect is expected to . ) .
contribute to Trp fluorescence quenching by the electrically =~ Two main mechanisms have been proposed to describe
neutral acrylamide molecule. Actually, the collisional rate the quenching by nucleic acids of Trp emission in proteins:
constant measured with acrylamide 310° M1 s79) is (i) a static quenching induced by stacking of the indole ring
close to that found for a Trp residue in a random coil Of the Trp residue with a purine or a pyrimidine ring0¢-
polypeptide (4x 10° M~1s1) (38), bringing further evidence ~ 42); and (ii) a static or dynamic quenching due to a protein
for the |arge solvent exposure of the Trp side chains,iR;R conformational Change. The latter could be due to Changes
The Trp side chains can either be accessible by their positionof the local environment of Trp induced by the binding to
at the surface of the protein structure or alternatively becomethe oligonucleotide. These changes lead to a modification
accessible, if buried in hydrophobic regions of the structure, in the characteristics of the Trp fluorescence emissidn-(
via large internal motions. Both situations could occur for 43).
the 6 Trp residues in fRs. NMR studies of mouse c-Myb- A previous NMR study provided the geometry of the
(R2Rs) indicated that Rand R folded independently, each  mouse c-Myb(RRs)—DNA complex (L7). The side chains
forming a cluster of hydrophobic residues including the 6 of Trp-95 and Trp-115 in Rand those of Trp-147 and Trp-
Trp (20). In human c-Myb(RRs) (19), the same as studied 166 in R, were found to have medium-range contact$ (
here, and B-Myb(ERs) (21, 22), only R; presents a similar  A) either with the phosphate backbone of DNA or with
structural organization with 3 Trp in the hydrophobic cluster protons of the ribose ring. Thus, despite the considerable
whereas Ris flexible, especially so in the C-terminal part, difference between the experimental conditions between
thus exposing 3 Trp to the solvent. For these proteins, internalNMR and fluorescence (i.e., concentrations differing by43
fluctuations can contribute to make all of the six Trp orders of magnitude), similar conclusions are reached as to
accessible. the number of Trp residues involved in theRRB—DNA

A recent investigation has reported fluorescence data forinteractions. This may be somehow surprising since, at the
R2Rs of the oncogenic mutant v-Myb and for the isolated high protein-DNA concentration used for NMR (2@igher
Rs (18, 28). Interestingly, the comparison ogRith the wild- than the unspecificKy = 2.7 x 107 M), unspecific
type RRs; (same amino acid sequence as studied here)complexes are expected to be predominant with the conse-
indicates that the three Trp inslare on average less exposed quent presence of multiple protein DNA contacts (see
than the six Trp in RRs. In contrast, in the mutated v-Myb  Results). Perhaps c-Myb-DNA interface (specific and non-
R2R; (three point mutations occur in,Rf v-Myb relative specific) is always built with 4 Trp; however, the particular
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Trp residues involved in the association surface would differ lieved to play a crucial role in the recognition specificity
from one complex to another. and binding 47, 48). Indeed protein atoms involved in
The absence of iodide quenching in the specific 1:1 binding to DNA occupy positions normally occupied by
complex is an additional monitor of the structural reorganiza- water molecules in unbound DNA9). Moreover, these
tion that occurs in BER; by DNA binding. A simple hydration sites represent the most probable and the energeti-
explanation for the absence of quenching might be that the cally most favorable binding positions for hydrophilic DNA
Trp/iodide collisions are prevented by the negatively charged binders 60). Thus, the displacement of water molecules
(R2R3)—DNA complex molecule. However, this effect alone could contribute to increase the hydrophobicity of the Trp
cannot account by itself for the observed blue shift of the side chain environment, and partly account for the Trp
Trp fluorescence in the DNA-bound state (Figure 1). fluorescence blue shift observed. Moreover water expulsion
For it to be compatible with the blue shift, the lack of on the cMyb-DNA contacts cannot be accomplished without
iodide quenching must arise from a new structural organiza- a higher viscosity of this interface. This could explain the
tion of side chains surrounding the Trp residues in the slower rate of the second step.
complex; this reorganization would lead to a modification  Different lines of evidence have shown that, upon complex
of the charge and the hydrophobic environment of the formation, and more specifically in dilute aqueous solution
tryptophans. Thus, positively charged side-chains (e.g., Lys, (as in this work), some bound water molecules located at
Arg) close to Trp can establish ionic interactions with DNA, the contact region between the protein and DN, (48)
and this contributes both toward eliminating a possible may be displaced to the continuum, thus making the pretein
interaction with iodide and toward increasing the local DNA interface more hydrophobic. Several examples indicate
hydrophobicity. Alternatively, the side chain rearrangement that, besides the reorganization of water, local conformational
could lead to the presence of negatively charged groups (Glu,changes may occur upon DNA binding7j, more specifi-
Asp) in a new Trp environment. Consequently this can render cally in those cases where the protein is partly disordered in
inaccessible to iodide collisions the two exposed Trp residuesthe absence of DNA: we report here evidence for this
that do not participate in direct contacts with the DNA. structural reorganization of side chains in the spatial proxim-
The binding to DNA does not alter the number of ity around the Trp fluorophores upon binding of MybER)
accessible tryptophans to acrylamide #RR indicating that to DNA. This result is at variance with previous NMR work
the structural change does not modify the accessibility of on mouse c-Myb(ERs), indicating that no structural change
the Trp fluorophores for this quencher. A slight but measur- occurs upon DNA binding (20). However, it is in agreement
able and significant decrease of the Fgcrylamide colli- with the NMR observation of different DNA-bound forms
sional rate constark, does, however, take place on going of the same c-Myb(ERs) sequence studied in this work. So,
from the free to the boundJR; fragment (3x 10° to 2.5 x both the kinetic data and the increased hydrophobicity of
10° M~ts™1): it is worth noticing, though, that these values the environment of the Trp are best explained as the result
are 1 order of magnitude higher than the rate constant ofof the redistribution of water molecules and a protein
the acrylamide Trp collisions typically found in globular  conformational change. These alterations also provide strong
proteins (of the order of 2 10* M~1s71(36)). These values  arguments in favor of protein dynamics changes produced
represent the average dynamic behavior of the six tryp- by the DNA—R;R; association.
tophans in the complex, in which four of them are closer to  In conclusion, from this and other studies, differences in
DNA and the two remaining are differently exposed to the the conformational, dynamic, and thermodynamic behaviors
solvent. Nonetheless, these findings imply that, in the bound are emerging for various JR; sequences of c-Myb and
state too, the FRs molecule presents a sufficiently high  B-Myb, thus showing that point mutations in the N-terminal
mobility to make the indole groups of all of the Trp residues half of R, can have a major influence on either property
accessible to acrylamide and to yield a collisional rate (factor) and that these themselves bear consequences on DNA
constant that, on average, is of the same order of magnituderecognition.
as that observed for Trp in a random coil peptidex(40°
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