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The DNA-binding domain of c-Myb consists of three imperfect tandem repeats, R1, R2,
and R3. Each repeat contains three helices. The minimal DNA-binding domain is an
R2R3 fragment. Here, we have examined the backbone dynamics of R2R3 in its DNA-
bound form by NMR. Upon binding to DNA, the N- and C-termini, and the linker
between R2 and R3 become less flexible. In the free form the third helix of R2 exhibits
slow conformational exchange fluctuations owing to a cavity in the hydrophobic core of
R2. Upon binding to DNA, the conformational exchange contributions in R2 are reduced
but remain significant in NMR relaxation measurements. Upon binding to DNA, the
third helix of R3 comes to exhibit significant chemical exchange contributions. These
findings suggest that the orientations of the third helices of both R2 and R3 as to DNA
are being chemically exchanged. In the DNA-bound form both R2 and R3 exhibit similar
dynamical characters, except for amino acids Trp 95, Thr 96, and Val 103 of R2, which
are located around the cavity of the unbound form. Upon binding to DNA, since Trp 95
moves into the cavity to fill it up, the local conformational exchange contributions seem
to be still observable around the filled cavity.
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The c-myb protooncogene is the cellular homologue of the
viral myb oncogene, which was first identified in two
chicken retroviruses, avian myeloblastosis virus (AMV) and
E26 (14). The c-myb gene product, c-Myb protein, binds
specifically to DNA containing the consensus sequence,
PyAAC(G/T)G (5-8) and acts as a transcriptional activator.
Using c-myb gene knock-out mice, it was found that the c-
myb gene is essential for fetal hepatic hematopoiesis in em-
bryonic development (9). The mouse c-Myb, consisting of
636 amino acids, is composed of three functional domains,
i.e. DNA binding, transcription activation, and negative
transcription regulation domains, from the N-terminus
(10). The DNA binding domain consists of three imperfect
tandem repeats of 51 to 52 amino acids, designated as R1,

! This work was supported by Grants-in-Aid for Scientific Research
(06276103, 06276104, 11358012, and 11154221 to YN) from the
Ministry of Education, Science, Sports and Culture of Japan, and
partly by an HFSP program (YN) and The Mitsubishi Foundation
(YN).

2To whom correspondence should be addressed at: Graduate School
of Integrated Science, Yokohama City University, 22-2 Seto, Kana-
zawa-ku, Yokohama 236-0027. Tel: +81-45-787-2188, Fax: +81-45-
787-2370, e-mail: nisimura@yokohama-cu.acjp

Abbreviations: CPMG, Carr-Purcell-Meiboom-Gill; HMQC, hetero-
nuclear multiple quantum coherence; HSQC, heteronuclear single
quantum coherence; NOE, nuclear Overhauser effect; NOESY, nu-
clear Overhauser enhancement spectroscopy; SD, standard devia-
tion.

© 2000 by The Japanese Biochemical Society.

Vol. 127, No. 6, 2000 945

R2, and R3 from the N-terminus (10~12). The R2R3 frag-
ment is essential for the specific DNA recognition by c-Myb
as the minimal DNA-binding domain (9, 13).

The solution structures of isolated R1, R2, and R3 frag-
ments as well as RIR2R3 were determined by NMR (14,
15). Each repeat contains three helices maintained by a
hydrophobic core including three conserved tryptophan res-
idues. The second and third helices in each repeat form a
helix-turn-helix (HTH) variant motif, containing a turn of
one amino acid residue longer than that in the classical
HTH motif Although the tertiary structures of three re-
peats are very similar to each other, R2 is thermally less
stable than R1 and R3. The T, of R2 is 43°C, whereas the
T_s of R1 and R3 are 61 and 57°C, respectively (I16). This
thermal instability of R2 is due to the presence of a cavity
in its hydrophobic core. A cavity filled mutant, V103L, in
which the valine residue at 103 is replaced by a leucine res-
idue, becomes thermally stable with a T, of 62°C. NMR
relaxation experiments on R2R3 in the free form have
revealed that thermally unstable R2 exhibits great confor-
mational fluctuations on the micro- to milli-second time
scale, especially in the third helical region (17), while R3
shows no significant conformational fluctuations on the
micro- to milli-second time scale. On the other hand, in the
thermally stabilized mutant (V103L) of R2R3 the slow con-
formational fluctuations are greatly suppressed (17). There-
fore a possible correlation between the thermal stability
and slow conformational fluctuations has been obtained.
The thermally stabilized mutant exhibits less DNA-binding
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ability compared to the wild type. The structure of R2R3
complexed with a specific DNA has also been established
(18). In the specific DNA complex of R2R3 each repeat con-
tains a three helix-containing structure similar to the un-
bound form. The third helices of both R2 and R3 are closely
packed in the major groove of DNA, recognizing a specific
consensus sequence cooperatively. In the complex the tryp-
tophan residue at position 95 moves into the cavity of R2.
So the cavity of R2 found in the unbound form is reserved
for the conformational change induced by the specific DNA-
binding (17).

Here, we have examined the backbone dynamics of R2R3
complexed with a specific DNA and compared it with that
of the unbound form of R2R3. The chemical exchange con-
tributions in the third helical region of R2 are suppressed
upon binding to DNA, but remain significant. On the other
hand, upon binding to DNA the third helical region of R3
comes to exhibit great chemical exchange contributions.
These findings suggest that the orientations of the third
helices of both R2 and R3 as to DNA are being chemically
exchanged.

MATERIALS AND METHODS

Sample Preparation—The DNA binding domain of
mouse c-Myb, the R2R3 fragment consisting of 90-193
amino acids (Fig. la), was expressed in Escherichia coli
BL21(DE3) using a T7 expression system. The construct
used includes an N-terminal methionine. The uniformly N
labeled sample was overexpressed in M9 minimal medium
containing NH,C] (1.5 g/liter) and purified as described
previously (I18).

Here, we have examined a 13 bp DNA complex of R2R3
with the sequence of CCTAACTGACACA (Fig. 1b), instead
of a 16 bp DNA complex which was used for the structure
determination (18). On the basis of the determined struc-
ture of the 16 bp DNA complex, the 13 bp DNA was found
to be sufficient for the complex formation of R2R3. The K,
value of R2R3 for the 13 bp DNA was found to be 4.6 X
10~® M, which is similar to the value for the 16 bp DNA, 3.8
X 10~® M. In addition, the shape of the 13 bp DNA complex
is apparently much more globular than that of the 16 bp
DNA complex. If the z axis is defined along the DNA axis,

(a)

* * * L I * ok *
R2  LIKGPWTKEL DORYIKIVOK YGPKRWSYIA KH KGRIGKQ CRERMHNHIN PE
100 110 120 1

90 30 140
* - * L . * L ] »
R3  VKKTSWTEEE DAIIYQAHKR LG-NRHAEIA KLJ PGRTDNA IKNHNSTMR RKV
142 152 162 7 181 191
(b)
1 2 3 456 7 8 910111213
+ CCT T ACACA
- GG A A TGTGT
Fig. 1. Amino acid sequence of c-Myb R2ZR3 and base sequence

of the 13 bp DNA duplex. (a) Amino acid sequence of c-Myb R2R3.
The residues involved in the hydrophobic core are denoted by aster
isks. The bars below the residues indicate helical regions (b) Base
sequence of the 13 bp DNA duplex. The bases specifically recognized
by c-Myb are boxed.
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the 13 bp DNA complex is a nearly cubic box of 48 A x 40
A x 54 A along the x, y, and z axes, respectively.

Complementary DNA fragments, 5'-CCTAACTGACACA-
3 and 5-TGTGTCAGTTAGG-3’, purchased from BEX
(Tokyo) were mixed in an equimolar ratio in 10 mM potas-
sium phosphate buffer (pH 7.0), heated to 95°C and then
annealed by cooling slowly to room temperature. Using a
Centriprep (Amicon, USA), the duplex DNA solution is
changed to a salt-free solution adjusted to pH 6.8, as mea-
sured with a PHM93 (Radiometer, Copenhagen), and is
then concentrated to a 20 mM DNA solution. Aliquots of
the concentrated double-strand DNA solution were added
to the R2R3 solution (pH 6.8, 20 mM d,,-DTT, and 1 mM
NaN,) to get a final 1.2:1.0 ratio of DNA to protein, and
then the pH was readjusted to pH 6.8. The 2.5 mM R2R3-
DNA complex in 90% H,0 and 10% D,O (pH 6.8) contain-
ing 20 mM d,;-DTT and 1 mM NaN; was used for NMR
measurements.

NMR Spectroscopy—All NMR data were collected with a
Bruker AMX 500 spectrometer at a temperature of 310 K.
Heteronuclear single-quantum coherence (HSQC) (19) and
3D NOESY-HMQC (20, 21) spectra with a mixing time of
100 ms were measured by a TPPI method. N gpin-lattice
relaxation time, T, N spin-gpin relaxation time, T,, N
spin-lattice relaxation time in the rotating frame, T, and
'H-5N steady-state NOE experiments were performed as
reported previously (22-25). Water suppression was
achieved by spin-lock purge pulse for T}, T,, and T, mea-
surements or by weak presaturation of 100 ms duration
besides the purge pulse for 'H-N NOEs measurements.
The spectral widths were 7,024 and 1,408 Hz for the 'H
and N directions, respectively. The carrier was placed on
the water resonance. The 2D heteronuclear spectra that
were used for analysis of the relaxation parameters con-
tained 256 f1 X 2048 f2 data points. The raw data were
subsequently zero-filled in the fl dimension. GARP-1
broad-band decoupling of the N nucleus was used in the
'H acquisition period. 256 transients per fl increment were
recorded for the T, T,, and T, measurements, and 412
transients were recorded for 1I-LlP-lﬁN NOE measurements.
For T, T,, and T, experiments, a recycle time of 2 s was
used between acquisitions to ensure sufficient recovery of
the 'H magnetization. The 7', measurements were per-
formed using the inversion recovery method. Data were col-
lected with delays of 10.04, 60.24, 110.44, 160.63, 261.03,
361.43, 512.02, 712.81, 963.80, and 1214.79 ms. The T,
measurements were performed with the following trans-
verse relaxation periods: 9.64, 19.27, 28.90, 38.53, 48.17,
57.80, 67.44, 77.07, and 86.70 ms. A 900 us delay between
successive pulses in the Carr-Purcell-Meiboom-Gill
(CPMG) sequence was used during the relaxation period.
The T',, measurements were performed using the CW spin-
lock *N pulse applied with a field strength of 2.1 kHz dur-
ing the following relaxation delays. Data were collected
with the relaxation delays of 9.64, 19.27, 28.90, 38.53,
48.17, 57.80, 67.44, 77.07, and 86.70 ms. 'H-'*N NOE spec-
tra were recorded with and without presaturation of amide
protons, i.e. NOE(+) and NOE(—) experiments. Two sets of
experiments were carried out in order to estimate the un-
certainty of the data. In the NOE(—) experiment, a relax-
ation delay of 5 s was employed between transients, while
in the NOE(+) experiment a 2 s recycle delay was employ-
ed, followed by proton presaturation for 3 s prior to the first
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5N pulse. NMR spectra were processed using UXNMR and
X-win NMR (Bruker Instruments).

Estimation of T, Ty, and T,, and Steady-State NOE—
Cross-peaks of the spectra were integrated along their
peaks sliced through the 'H or N dimension correspond-
ing to the cross peak maxima. T}, T}, and T, values were
obtained from two parameter non-linear least square fits to
the integrated values of cross-peaks versus relaxation
delays in the T, T\, and T, experiments using the Leven-
berg-Marquart algorithm (26), i.e I¢) = I, exp(—t/T,,,)),
where I(¢) is the integrated value of a cross peak after a
delay of time ¢ and I, is the initial value. The uncertainties
of the T, T,, and T, values were estimated from the root-
mean-square noise in a signal-free region in the corre-
sponding spectrum, instead of through repetitive experi-
ments. The 'H-N steady-state NOE values were de-
termined as the ratio of the integrated values of cross
peaks in NOE(+) and NOE(—) experiments, i.e. NOE =
Lions /Inos-y The uncertainties of the H-*N NOE values
were estimated at 0.1 NOE units, considering the effects of
weak water presaturation, except when the errors obtained
from root-mean-square deviations of the pairwise spectra
exceeded the limit of 0.1 NOE units.

Model-Free Analysis—The overall correlation time (7g)
was calculated from a simultaneous fit of the T/T',, values
that lie within 1 SD of the mean value and NOEs = 0.7 for
amino acid residues W95-W185. The relaxation parame-
ters were analyzed using the model-free approach of Lipari
and Szabo (27, 28) with a modification by Clore et al. (29,
30), as follows:

UT, = (o~ wyy) + 3H(wy) + 6wy + o] + cZ(wy)

UT, = 0.5d%4J(0) + J(wy — wy) + 3J(wy) + BJ(wy)

+ 6J(wy + wy)] + c*[4J(0) + 3J(en))/6

NOE = 1 + T\(vifvy) d6J(wyy + wy) — Sy — )]
where w,; and wy are the Larmor frequencies for 'H and
8N, v4 and vyy are the 'H and N magnetogyric ratios, and
¢? and d? are the products of physical constants relevant to
CSA and dipolar relaxation mechanisms, respectively. The
dipolar constant d? = (1/40) vy, v h? riyy®, and the CSA
constant ¢* = (2/15) w\? (0, — ¢,), where & is Planck’s con-
stant, rp, =1.02 A is the average length of “N-'H bond,
and o, and o, are the parallel and perpendicular compo-
nents of the amide NH "N chemical shift tensor (o, — o, =
—160 ppm). The spectral density function, J(w), defines the
frequency spectrum of autocorrelation functions describing
the motion of the N-H bond. Exchange contributions to
UT,, due to motions on the micro- to milli-second time
scale, were treated by adding a third term, Rex, to the
equation of 1/T,. The spectral density function is modelled
as follows.

model 1: J(w) = S*1p/(1 + 0?7gd)

model 2: J(w) = S /1 + w?re?) + (1 — SPH/(1 + w*1?)

model 3: J(w) = S5 2/l + w?rg?)

+ SAHL = S,/A1 + w?r,®)

model 4: model 1 and UT, = /T, + Rex

model 5: model 2 and 1/T, = 1/T, + Rex
where S i8 the generalized order parameter (which depends
on the amplitudes of pico- to nano-second time scale mo-
tions), 1y is the overall rotational correlation time, 7 is an
effective correlation time resulting from internal motions
characterized by a single internal correlation time, 7,(1/7 =
17, + 1/1g), S; and S, are order parameters corresponding
to fast and slow internal pico- to nano-second motions with
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time scales differing by at least an order magnitude, re-
spectively (note: S? = SS,?), and 7, is an effective correla-
tion time resulting from the slow correlation time, 1, (1/
1,/=1r, + Lrp).

The form of the spectrum density function in each resi-
due was selected using the strategy of Constantine et al.
(31), as follows.

NOE = 0.7 and TYT, = (T /T,y — SD — model 4

NOE = 0.7 and T /T, =< (T/T,) + SD — model 1

NOE = 0.7 and TY/T, = (T/T,) + SD - model 2

NOE = 0.7 and T/T, = (T /T,) — SD — model 5
where (T'/T,) is the average of the T\/T, values. If the two
models could be applied to one residue, the model without
Rex was selected except when the model with Rex had an
explicitly lower x? value, where x? = [(T,o, — T)¥oml? +
(Tyry — TruYorl? + (NOE_, — NOE_, Joyog)? : ‘exp’ and
‘calc’ refer to the experimental and calculated relaxation
parameters, respectively, and o, is the uncertainty in relax-
ation parameter x. Then NOE values were calculated based
on derived parameters, and differences between calculated
and experimental NOE values were determined.

If (NOE_, - NOE_,) > NOE_,,

T/T, =(T/T,) — SD — model 5
T/T, =(T\/T, + SD — model 3

If the two models could be applied to one residue, the
model having the lower x? value was selected. The data fit-
ting was performed by a non-linear least square method for
two parameters using the Levenberg-Marquart algorithm.
The uncertainties in the calculated values were estimated
from the covariance matrix (26).

RESULTS

N Relaxation Data—TFigure 2 shows the 'H-'*N HSQC
spectrum of the 13 bp DNA complex of N-labeled R2R3.
Based on the earlier assignments of the 16 bp DNA com-
plex (18), the assignments of the 13 bp DNA complex have
been completed by 3D NOESY-HMQC with a 100 ms mix-
ing time. The signals of amide nitrogens and amide protons
of R2R3 complexed with the 13 bp DNA were found at sim-
ilar chemical shift positions to in the case of the 16 bp DNA
complex within +0.05 ppm for 'H and *0.1 ppm for ¥N
signals. The 99 cross peaks, of which 48 are from R2 and 51
from R3, were assigned in the !H-'*N HSQC spectrum of
the 13 bp DNA complex, as shown in Fig. 2. The cross peak
of Asn 136 was not identified probably due to a line broad-
ening effect caused by conformational exchange contribu-
tions. Pro 94, Pro 112, Pro 140, and Pro 174 have no cross
peak. The relaxation data for the 27 cross peaks (19 from
R2 and 8 from R3) out of the 99 cross peaks could not be
well measured due to severe signal overlaps or line broad-
ening effects caused by chemical exchange contributions. In
particular, significant line broadening effects were observed
for the signals from R2, for example Leu 106 in the first
helix, Trp 115, Val 117, and Ile 118 in the second helix, and
Cys 130, Arg 131, Glu 132, Arg 133, and His 135 in the
third helix.

Figure 3a shows the T, values for each residue of R2R3
in its DNA-bound and unbound forms. The T, value for
each residue of the DNA-bound form is always larger than
that for the corresponding residue of the DNA-free form
because of the larger molecular weight of the complex than
that of the free form (32-34). The averages of the T, values
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for the three helical regions of the R2 and R3 moieties are
606 * 50 and 585 + 37 ms in the free form, and 802 + 63
and 813 = 74 ms in the complex, respectively. Figure 3b
shows the T, values for each residue of R2R3 in its DNA-
bound and unbound forms. The T, value for each residue of
the DNA-bound form except amino acids of the third helical
region of R2 is always smaller than that for the correspond-
ing residue of the free form because of the larger molecular
weight of the complex than the free form (32). The T, val-
ues of R2, especially in the third helical region in the free
form, are small due to the slow conformational fluctuations
caused by the presence of the cavity in the R2 hydrophobic
core (17). The averages of the T, values for the R2 and R3
helical regions are 72.0 = 13.7 and 89.2 * 8.5 ms in the
free form, and 57.1 = 5.4 and 58.5 = 7.3 ms in the DNA-
bound form, respectively. Figure 3c shows the T, values.
The T, value for each residue of the complex is smaller
than that for the corresponding residue of the free form
(33) because of the larger molecular weight of the complex.
The averages of the T, values for the R2 and R3 helical
regions are 80.7 * 7.9 and 89.1 * 6.8 ms in the free form,
and 68.9 * 6.6 and 65.6 = 9.2 ms in the DNA-bound form.
Figure 3d shows the 'H-®N steady-state NOE of R2R3 in
its DNA-bound and unbound forms. The averages of the
NOE values for the R2 and R3 helical regions are 0.743 =
0.120 and 0.735 * 0.031 in the free form, and 0.742 =+
0.101 and 0.750 * 0.073 in the DNA-bound form. In the
free form the N-terminal four residues, Leu 90-Gly 93,
show small NOE values, however, upon binding to DNA
the NOE values of Tle 91, Lys 92, and Gly 93 become a little
larger. Six residues in the connecting loop of R2 and RS3,
Glu 141-Ser 146, show larger NOE values in the DNA-
bound form compared to the corresponding NOE values in

the free form. The C-terminal three amino acids, Arg 191-
Val 193, exhibit small NOE values in both the DNA-bound
and unbound forms.

Figure 4a shows the T'/T, values of R2R3 in the DNA-
bound and unbound forms. The averages of the T'/T’, values
of the R2 and R3 helical regions are 8.84 + 2.41 and 6.62 =
0.69 in the free form, and 14.3 + 2.4 and 14.1 + 2.4 in the
DNA-bound form. The T/T, values of the N-terminal four
residues, Leu 90-Gly 93, and the C-terminal five residues,
Met 189-Val 193, are smaller than those of the other
regions in both the free and DNA-bound forms. Large T/T,
values were found for Trp 95, Thr 96, and Val 103 of R2,
and Asp 178, Asn 179, Lys 182, Trp 185, Asn 186, and Thr
188 of R3 in the DNA-bound form. Figure 4b shows the T\ /
T, values. The averages of the T, /T, values of the R2 and
R3 helical regions are 1.15 *+ 0.18 and 1.00 * 0.07 in the
free form, and 1.21 * 0.14 and 1.12 * 0.10 in the DNA-
bound form. In the free form the T, value of each R3 resi-
due is nearly equal to the T}, value of the corresponding res-
idue, however, the T,, value of each R2 residue is larger
than the T, value of the corresponding residue. This indi-
cates that conformational fluctuations on the micro- to
milli-second time scale occur greatly in the R2 free form
but not in the R3 free form. In the complex the T, value of
each of the R2 and R3 residues is larger than the T, value
of the corresponding residue, suggesting that both R2 and
R3 have chemical exchange contributions.

Model-Free Analysis—To evaluate the dynamical charac-
ter of R2R3 in its DNA-bound form, here we assumed the
isotropic motion of the 13 bp DNA complex of R2R3, and
the relaxation data were analyzed by Lipari-Szabo model
free analysis (27, 28) as modified by Clore et al. (29, 30). On
comparison of the T, and T, values of each amino acid in
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the complex, the T, values of most amino acids of R2 and
R3 seemed to contain severe chemical exchange contribu-
tions. Therefore to obtain the overall rotational correlation
time (tp) we used the T/T,, values (shown in Fig. 4c)
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Iyop, are the integrated values of cross peaks with and without 'H
saturation, respectively. The error bars represent the uncertainties of
the data. In the case of small uncertainties the error bars are hidden
in the plots of the experimental valuea The bars below the residue
numbers indicate the helical regions.

instead of the T'/T, values, which are commonly used in the
model free analysis. The overall rotational correlation time
(g} was calculated using the T}/T, values within the aver-
age T/T,, value + 15D for the residues having NOE values
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of above 0.7 in the helical regions. The calculated 7, of
R2R3 in the complex is 12.6 *+ 0.05 ns, which is consistent
for this size of molecule. T, T, and T, '"H-“N steady-state
NOE, and T, values were used in the model free analysis to
obtain the generalized order parameter (S?), the effective
correlation time (r,), and the chemical exchange contribu-
tion (Rex) for each residue.

The calculated S? values are shown in Fig. 5a. The aver-
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Fig. 4. Plots of T/T,, T\ /T;, and T,/T,, against the residue num-
ber. (a) T\/T,. (b) T\ /T,. (¢} T/T,,. The error bars represent the uncer-
tainties of the data. In the case of small uncertainties the error bars
are hidden in the plots. The bars below the residue numbers indicate
the helical regions.

age S? values of the R2 and R3 helical regions are 0.831 +
0.064 and 0.862 *= 0.049 in the free form, and 0.864 =
0.069 and 0.851 = 0.069 in the complex. In the free form of
R2R3 the N-terminal four residues (Leu 90-Gly 93), the
central three amino acids in the connecting loop between
R2 and R3 (Glu 141, Lys 143, and Lys 144), and the C-ter-
minal three residues (Met 1893, Arg 191, and Val 193)
exhibit smaller S? values as well as smaller NOE values,

J. Biochem.

ZT0Z ‘T Jeqo1oQ uo A1sieaiun Buiped e /Bio'sfeuinolpioyxo-qly/:dny woiy pspeojumoq


http://jb.oxfordjournals.org/

Backbone Dynamics of the c-Myb DNA-Binding Domain Complexed with a Specific DNA 951

a b
l TR KR R2 T o FreeRoR3 R2
ey oy Bho gt {l :
08+ { f ’l $? {t H {}5{!}{{ 3 L 15 e R2R3-DNA
o ! ; S
w .§ :w- 1 t : { {
"1 & | }} { 3 i 4 ;
0.2 e Free R2R3 = d $ ¢ Bow e P}{ H *
¢ R2R3-DNA : ) }! sﬁf ¥, %L; i i
oo'o' " oo | 110 | 120 0 130 | 140 os'o'"' ' '16%' ' 'ﬁioﬁ'ﬁ '150#' W30 | 140
Residue Numbers Residue Numbers
1 0
¢ o e [ I R3 R3
051 5#:.*? o™ ,‘?’ aY 4 ;H ¢
ﬁf - . $ }, 15
. ot 8
n b : 1o~{
0.4 . ; : {} {0 3
02 . 57 3 ¢, 4
3 5 ¢
0 “?_.fﬁﬁ °L:’f:’° ’9°“ ?A s § ° a ° i
"7 T 450 | 160 | 170 180 190 S 450 | 160 170 @ 180 190
Residue Numbers Residue Numbers

Fig. 5. Plots of the generalized order parameters, $*, and the chemical exchange parameters, Rex, against the residue number.
(a) The generalized order parameters, S%. (b) The chemical exchange parameters, Rex. The error bars represent the uncertainties estimated
from the covariance matrix of the optimized two or three parameter fits. In the case of small uncertainties the error bars are hidden in the

plots of the calculated values. The bars below the residue numbers indicate the helical regions

Slow Fluctuations

Fig. 6. Mapping of the region exhibiting fast- and slow-fluctu-
ations in free R2R3. Superpositioning of the backbone atoms of 50
NMR structures in the R2 region is shown in red, and that in the R3

region:in cyan,

indicating rapid motions of the backbones of these regions.
Upon binding to DNA, the N-terminal four residues and
the central three residues in the connecting loop, and the
C-terminal three residues show larger NOE and S? values
compared to those in the free form.

Vol. 127, No. 6, 2000

The calculated Rex values (shown in Fig. 5b) of Trp 95,
Thr 96, and Val 103 in R2 are larger than 6.50. In the free
form, the residues around the third helical region of R2, Ile
126, Gly 127, Gln 129, and Leu 138, showed large Rex val-
ues, while upon binding to DNA the Rex values of these
amino acids were suppressed. In the complex the residues
around the third helical region of R3, Asp 178, Asn 179, Lys
182, Trp 185, Asn 186, and Thr 188, exhibited large Rex
values of more than 5.00.

DISCUSSION

Fast Motion—In the free form the N-terminal four resi-
dues (Leu 90-Gly 93), the central six residues in the con-
necting loop between R2 and R3 (Glu 141-Ser 146), and
the C-terminal two residues (Arg 191 and Val 193) showed
rapid motions on the pico- to nano-second time scale with
smaller NOE and S? values. Based on the NMR structure
of R2R3, these regions do not form a rigid structure, and
the two globular units of R2 and R3 are likely to be linked
by a flexible loop consisting of the central six amino acids,
Glu 141-Ser 146, as shown in Fig. 6 (I5). On the other
hand, upon binding to DNA the NOE and S? values of the
N-terminal three residues, lle 91-Gly 93, and the central
three residues, Glu 141-Lys 143, in the connecting loop in-
crease. In the complex these regions become moderately
fixed through the interactions of Lys 92, Lys 144, and Ser
146 with the phosphate backbone of DNA, as shown in Fig.
7 (32-37), which is consistent with the earlier observations
for the DNA binding of topoisomerase I, Lac repressor,
ADR1, and TFIITA. In these cases a connecting loop or turn
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Fig. 7. Interactions of R2R3 with DNA. In the structure of R2R3
bound to DNA, two recognition helices from R2 and R3 are shown in
magenta and green, the remaining parts of R2 and R3 being shown
in red and cyan, respectively. Double-stranded DNA is shown as
white lines. The side-chains of Trp 95, Thr 96, and Val 103 are shown
in pink, and those of Asn 139 and Pro 140 in orange. The side-chains
of Liys 92 in the N-terminus, and Lys 144 and Ser 146 in the repeat
connecting loop are shown in yellow, and the contacts of these
sidechains with DNA are shown as yellow dots.

between the rigid secondary structures becomes less flexi-
ble upon binding to DNA (32-35). The results of systematic
mutation analysis of the DNA-binding domain of c-Myb
suggested that a unique conformation around Asn 139 and
Pro 140 of the loop in the complex (shown in Fig. 7) is
important for the specific DNA-binding (36, 37).

Chemical Exchange Contributions—The chemical ex-
change contributions have been observed in R2 in the
unbound form, especially in the third helical region. These
chemical exchange contributions are caused by a cavity in
the hydrophobic core of R2. For the cavity-filled mutant, in
which Val 103 is replaced by a leucine residue, the chemical
exchange contributions of R2 are greatly suppressed.
Because the cavity-filled mutant has weaker DNA-binding
activity than the wild type, the cavity of R2 was proposed to
be important for a conformational change of R2 upon spe-
cific binding to DNA. In fact, for the DNA complex of R2R3
it has been shown that Trp 95 moves into the cavity to fill it
up (17). In the complex, since the chemical exchange contri-
butions between protein and DNA moieties should be
taken into account (3840), we need to be careful when
evaluating the chemical exchange contributions of R2.
However, the chemical exchange contributions of R2 are
certainly suppressed in the complex compared to in the free
form, except in the cases of amino acids Glu 99, Val 103,
and Ser 116, as judged from the T, /T, and Rex values. In
particular, amino acids around the third helix of R2, Arg
125, Tle 126, GIn 129, and Leu 138, exhibit much smaller
chemical exchange contributions in the complex than in the
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free form. This is well correlated with the fact that R2 in
the complex becomes thermally stable with a T, of 58°C, at
which the three repeats-DNA complex simultaneously
melts, in contrast to the unstable property of R2 compared
to the stable R1 and R3 in the free form (16). The suppres-
sion of the chemical exchange contributions of R2 in the
complex is likely to be caused by the interaction of R2 with
the phosphate backbone of DNA and by the conformational
change of R2 upon binding to DNA.

It is interesting to note that in the complex Trp 95, Thr
96, and Val 103 still exhibit significant exchange contribu-
tions. In the complex Trp 95 moves into the cavity sur-
rounded by Val 103, Cys 130, and Arg 133. Although the
dynamics of Cys 130 and Arg 133 could not be obtained due
to severe overlapping, even in the complex the altered R2
structure is likely to still be fluctuating o a micro- to milli-
second time scale. Upon binding to DNA, the chemical shift
changes of N and 'H signals of Thr 96 are the greatest,
probably due to the conformational change of Trp 95, that
has a strong ring current effect. Therefore, even a slight
reorientation of Trp 95 can significantly affect the line
width of the signal from the neighboring NH group in the
complex (17).

As described, the overall chemical exchange contribu-
tions of the R2 moiety are suppressed in the complex com-
pared to in the free form. However, the complex still exhibit
significant chemical exchange contributions. In the free
form the R3 moiety showed no significant chemical ex-
change contributions, however, upon binding to DNA, sig-
nificant exchange contributions are observed in the R3 moi-
ety, especially around the third helical region of R3.
Although most of the signals of amino acids around the
third helical region of R2 could not be analyzed because of
signal overlaps and signal broadening effects of these
amino acids, the third helical regions of both R2 and R3 are
considered to have similar chemical exchange contribu-
tions. In the complex both third helices are located in the
major groove of DNA and recognize a specific base se-
quence in a cooperative manner. Qur present results sug-
gest that the surface interaction between R2R3 and DNA
might be changing on a micro- to milli-second time scale. In
this study we measured both T, and T',,. In the case of T’
measurements, gince we used a spin locff( power of 2.1 kHz,
the chemical exchange contribution slower than a few hun-
dred microseconds could be eliminated in 7', values. How-
ever, a little larger 7\/T',, values are observed for Trp 95
and amino acids in the third helical region of R3, Asp 178,
Asn 179, and Lys 182, compared to in other regions. This
suggests that these amino acids are being chemically
exchanged on a time scale faster than a few hundred micro-
seconds, in addition to the millisecond motions.
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