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ABSTRACT: Double- and triple-resonance heteronuclear NMR spectroscopy have been used to determine
the high-resolution solution structure of the minimal B-Myb DNA-binding domain (B-MybR2R3) and to
characterize the specific complex formed with a synthetic DNA fragment corresponding to the Myb target
site on the Myb-regulated gennem-1 B-MybR2R3 is shown to consist of two independent protein
domains (R2 and R3) joined by a short linker, which have strikingly different tertiary structures despite
significant sequence similarities. In addition, the C-terminal region of B-Myb R2 is confirmed to have
a poorly defined structure, reflecting the existence of multiple conformations in slow to intermediate
exchange. This contrasts with the tertiary structure reported for c-MybR2R3, in which both R2 and R3
have the same fold and the C-terminal region of R2 forms a stable, well-defined helix [Ogata, K., et al.
(1995) Nat. Struct. Biol. 2 309-320]. The NMR data suggest there are extensive contacts between
B-MybR2R3 and its DNA target site in the complex and are consistent with a significant conformational
change in the protein on binding to DNA, with one possibility being the formation of a stable helix in the
C-terminal region of R2. In addition, conformational heterogeneity identified in R2 of B-MybR2R3 bound
to the tom-1-A target site may play an important role in the control of gene expression by Myb proteins.

The highly conserved mammalian and avian transcriptional strictly dependent on cell proliferatior?,(8). In contrast,
control proteins c-Myb, A-Myb, and B-Myb play a central c-Myb expression is mainly restricted to immature hemato-
role in regulating the switch between the proliferation of poietic cells {—3) and A-Myb expression to immature sperm
progenitor cells and the initiation of differentiation. In cells, certain neuronal cell populations, B-lymphocytes, and
particular, they appear to be involved in maintaining breast ductal epitheliun®(10). The transcription of B-Myb
progenitor cells in a proliferative and nondifferentiated state, is very tightly controlled during the cell cycle, reaching a
with down regulation of Myb expression accompanying peak in late @S phasell, 12). Recently, the transcriptional
differentiation (for reviews, see ref4—6). B-Myb is activation potential of B-Myb has been shown to be regulated
produced in virtually all cell lineages, and its expression is by cyclin-mediated phosphorylation, again consistent with

B-Myb playing an important role in cell proliferatiorlg,
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region has been shown to represent the minimal sequenceequal amounts (1.3:mol) of the two complementary

specific DNA-binding domaini5, 17—19). The role of R1

is unclear; however, it may be involved in mediating
important interactions with other transcriptional control
proteins or play a more general role in stabilizing specific
protein—DNA complexes 20).

The Myb transcription factors have been shown to bind
to DNA target sites as monomels7g, and both B-Myb and
c-Myb were found to recognize a core 6 base pair site with
the consensus sequence PYyAACG/TG ¢ 1-3 nM; 16,

19, 21). To date, several bona fide Myb-regulated genes
have been identified, includingim-1andtom-1, which both
contain essential Myb target sites in their promoter regions
(5, 22, 23).

Some insight into the structural organization and properties
of Myb DNA-binding domains has been provided by our
own NMR work on B-MybR2R3 24) and by two parallel
studies of c-MybR2R325—27). For example, we recently
reported that the minimal B-Myb DNA-binding domain
contains three stable helices in R3 but only two in R2. The
C-terminal region of R2, which is believed to form one-half
of the DNA-binding site and corresponds to the third helix
in R3, was found to exist in multiple conformations in
solution and was found to form a so-called unstable helix
(24, 28). This conformational instability in part of the DNA-
binding motif of B-Myb was proposed to increase the
specificity of Myb proteins for a relatively short (6 base pairs)
DNA target site by reducing their affinity for nonspecific
DNA sequences compared to that for specific siz4.(A
very similar secondary structure to B-MybR2R3 was found
for c-MybR2R3 by Jamin et al.26); however, a second
NMR study of c-MybR2R3 reported that both R2 and R3

deoxynucleotides were mixed at room temperature in 0.86
mL of 25 mM potassium phosphate, 100 mM potassium
chloride, and 10uM EDTA (pH 6.0) buffer and then
annealed by cooling slowly from 8@. The B-MybR2R3-
tom-1-A 16-mer complex was formed by adding a 0.6 mL
solution of the tom-1-A 16-mer to 0.7@mol of freeze-dried
5N-labeled B-MybR2R3. The complex was then freeze-
dried and collected in 0.6 mL of 90%,8/10% DO to give

a 1.3 mM NMR sample.

NMR MeasurementsThe NMR experiments were carried
out at 15°C on Varian Unity spectrometers operating at 500
and 600 MHz using 0.6 mL samples of 28.5 mM
unlabeled, 0.9 mM®N- and *3C-labeled, and 1:32.9 mM
15N-labeled B-MybR2R3 or B-MybR2R3 bound to the tom-
1-A DNA target site, which were dissolved in a 25 mM
potassium phosphate, 100 mM potassium chloride, and 50
uM EDTA (pH 6.0) buffer. A detailed description of the
many single-, double-, and triple-resonance experiments used
to obtain essentially complete sequence-speific'C, and
IH resonance assignments for B-MybR2R3 is given in Carr
etal. @4). In addition, 3D'*>N/*H HNHA (29), HNHB (30),
and ROESY-HMQC (31) spectra were recorded frofN-
labeled B-MybR2R3. A continuous wave spin-lock field of
3 kHz for 25 ms was used in the ROESYMQC experi-
ment. In the case of the B-MybR2R3%m-1-A 16-mer
complex, a 3D"N/'H NOESY—HSQC @2) spectrum was
acquired over 64 h with an NOE mixing time of 50 ms and
acquisition times of 17H;), 10 (F2), and 64 msK3). Slowly
exchanging amide protons in B-MybR2R3 were identified
from a series of 20'°N/*H HMQC (33) spectra recorded
over 12 h from a sample o®N-labeled protein freshly

contain three stable helices and have near identical tertiarydissolved in RO. For the HMQC and ROESYHMQC

structures 26, 27), which is obviously inconsistent with the
other two NMR studies of minimal Myb DNA-binding
domains.

In this paper, we report the determination of a high-
resolution solution structure for the minimal B-Myb DNA-
binding domain (B-MybR2R3), which confirms the differ-

ences in the secondary structures of the two repeats reporte

previously @4). This study clearly shows that R2 and R3
from B-Myb have strikingly different tertiary structures
despite significant sequence similarities. We have also use
a specific Myb DNA target site to probe the protein surfaces
involved in interactions with DNA; the NMR data suggest

there are extensive contacts between B-MybR2R3 and its

DNA target site and are consistent with conformational

changes in the protein on DNA binding. In addition, a

number of protein residues in DNA-bound B-MybR2R3 give

rise to two sets of NMR signals, an indication of the presence
of two forms of the B-MybR2R3DNA complex.

EXPERIMENTAL PROCEDURES

Sample Preparation The expression and purification of
nonisotopically enriched and uniformN- or >N- and*C-

spectra, water supression was realized by using selective
presaturation at the water frequency; however, for the
HNHA, HNHB, and NOESY-HSQC experiments, the
pulsed-field gradient-based WATERGATE method was used
(39).

The NMR data were processed on SUN workstations using

6he Varian VNMR software package for 2D spectra and

software written at the MRC Biomedical Centre for 3D
experiments (C. J. Bauer, unpublished work). To improve

dthe resolution in the HNHB, HNHA, and ROESHMQC

spectra, linear prediction35) was used to increase the
effective acquisition times from 15 to 22 ms in th&N
dimension and from 19 to 29 ms in the indirédtdimension.
Similarly, the effective acquisition times for the NOESY
HSQC experiment on the complex were increased from 10
to 15 ms in théN dimension and from 17 to 25 ms in the
indirectH dimension. In addition, the time domain matrices
were zero-filled at least once in all dimensions, and mild
resolution enhancement was realized by applying25-
shifted sine-squared apodization function in all dimensions.
All the spectra were analyzed on-screen using the program
XEASY (36).

Structural Calculations Structurally significant intraresi-

labeled B-MybR2R3 were carried out as described previously due and interresidue NOEs were identified from BR/'H

(24). A 16-base deoxynucleotide with the sequence TCCT-

NOESY-HMQC, 3D *C/*H HMQC—NOESY, and 2D

TAACGGACTGAG and its complementary strand were NOESY spectra of B-MybR2R3 recorded with mixing times
obtained as HPLC-purified products from Oswell. To of 70 (5°C) or 100 ms (15°C), as described previously
prepare the double-stranded 16-mer corresponding to the(24). The relationship between NOE intensity and interpro-
B-Myb target site in the tom-1-A promoter of them-1gene, ton distance was calibrated using NOEs corresponding to
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known distances in regulat-helical regions of B-MybR2R3
[NH—NH,+1, «CH—NHg,+3), etc.], and on this basis, the
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combined with restrained molecular dynamics in torsion
angle space to generate protein structures consistent with

NOEs were converted to upper distance constraints of 2.8,NMR data. A total of 100 structures were calculated from

3.3,4.0,5.0, 0r 6.0 A. Where appropriate, standard distancerandom starting conformations using a simulated annealing
corrections were applied to constraints involving methyl and protocol consisting of 3000 molecular dynamics steps at high
aromatic ring protons3{7). In addition, a further correction  temperatures followed by slow cooling over 12 000 steps,
of 0.5 A per group involved was added to distance constraintswith a short conjugate gradient minimization at the end. In

involving methyl, tryptophan HD1, and histidine HD2 and addition, three cycles of the REDAC procedure were

HE1 atoms to compensate for the higher apparent intensityincluded in the calculations to maximize the number of

of NOEs involving these sharp signals. converged B-MybR2R3 structures obtained.

The ratios of diagonal to cross-peak volumes from the  Analysis of the structures of the B-Myb and c-Myb DNA-
HNHA spectrum allowed the determination of reliable pinding domains (rmsd values, Ramachandran plots, angular
*JnH-acH Coupling constants#1, 1.5, or 2 Hz) for 93  order parameters, solvent accessibilities of residues, inter-
residues in B-MybR2R3. Similarly, the relative intensities helical angles, etc.) was carried out using the programs
of NH—aCH cross-peaks in the HNHB spectrum identified MOLMOL (41) and DYANA (42). In addition, MOLMOL
49 residues in B-MybR2R3 for which th&y-«cH coupl- was used to prepare all the protein structure figures.
ing constants could be assigned as either large £ 0.5
Hz) or small <1 + 0.5 Hz). This coupling constant data
was used as input for the program HABASS], which
produced constraints for 82 and 82¢ torsion angles in
B-MybR2R3.

Initially, a family of 50 structures were calculated for
B-MybR2R3 from random starting coordinates using the : i !
redundant dihedral angle constraint (REDAC) protocol @verage of 15.3 per residue), including 1402 NOE-based
implemented in the distance geometry program DIANSS, ( upper distance I|_m|ts [538 |ntra_\reS|_due, 311 sequenitial (
39). These calculations were based on 1189 upper distancd = 1), 338 medium-range (¥ i — | = 4), and 215 long-
limits (537 intraresidue and 652 interresidue) and ¢&d range { — | > 4); Figure 1], 84 hydrogen bonding
@ torsion angle constraints. As part of the refinement constraints, and 199 dihedral angle constraints¢(822 ¢,
process, new generations of B-MybR2R3 structures were@Nd 35x). As a result of the final DYANA calculations
then recalculated from random starting coordinates using the(42), 32 satisfactorily converged B-MybR2R3 structures were
additional structural information generated at each of the obtained from the 100 random starting conformations. The
following stages. (i) The initial converged B-MybR2R3 converged structures contain no distance constraint or van
structures, together with tH8y_.cn coupling constant and der War_;tls w_olaupns greater than 0.5 A and no dihedral angle
NH—aCH ROE data, were used to determine stereospecific COnstraint violations over “6and have an average target
assignments angt angle ranges for 18-methylene and five functlon_ of 8.22_j: _1.11. The_sums o_f t_he violations for
valiney-methyl groups, as well aé values for two threonine ~ UPPer distance Ilmlts, lower dlstanc_e limits, van der Waals
and five isoleucine residues. Theangle constraints were ~Contacts, and torsion angle constraints were 297.83 A,
included in the structural calculations with ranges+s0°. 0.47 + 0.16 A’, 11.82+ 1.49 A, and 30.96+ 7.23,

(i) In the next step, the second-generation converged respectively. Similarly, maximum violations for the con-
B-MybR2R3 structures were used in the program ASMQ) ( verged structures were 0.460.03 A,. 0.174+ 0.07 A, 0.32

to assign a further 199 interresidue NOEs, which were * 0-07 A, and 4.68t 0.95, respectively.

ambiguous with chemical shift information only. (i) The B-MybR2R3 structures all show good nonbonded
Finally, analysis of the third-generation B-MybR2R3 struc- contacts, as illustrated by the Ramachandran plot shown in
tures and appropriate NOE-derived distance constraints withFigure 2a. Typically, there are only one or two residues
the molecular graphics package MOLMOA1] allowed the per structure (an average of 1.621.13) with combinations
determination of nine additional stereospecific assignmentsof ¢ andy that lie outside of the favored regions and no
for six B-methylene, oney-methyl, and threej-methyl residues that consistently adopt less favorable backbone
groups. In addition, for both phenylalanine 71 and tyrosine conformations. In addition, all the residues that occasionally
25, which have well defineg® angles, it was possible to ~ show less favorable combinations ¢f and y have low
assign many NOEs involving degenerate HD1/HD2 or HE1/ angular order parameters:Q.9) for one or both of these
HE2 aromatic signals to one side of the aromatic ring. backbone dihedral angles (Figure 2b).

In the final stages of the structure refinement, 84 additional In the case of B-MybR2R3, no NOEs were detected
distance constraints were included in the calculations cor- between R2 and R3 and only a few nonsequential NOEs
responding to 21 NMR-determined backbone hydrogen were identified in the region linking the two domains (53
bonds. The hydrogen bonds were only imposed for residuesS61), as illustrated in Figure 1. In addition, residues in the
located in either regulaw- or 3,¢-helices and for which the  linker (L53—S61) have low angular order parameters for both
amide proton involved was detectable after at least 30 min ¢ and vy (Figure 2b). Thus, the minimal B-Myb DNA-
in D,O. For each hydrogen bond, appropriate lower and binding region would appear to consist of two independent

RESULTS AND DISCUSSION

Solution Structure of the B-Myb DNA-Binding Domain
The high-resolution solution structure of the minimal B-Myb
DNA-binding domain (B-MybR2R3) was determined using
a total of 1685 NMR-derived structural constraints (an

upper distance limits were used to constrain-NbBito 1.8
2.3 A and N-O to 2.4-3.3 A.

The final B-MybR2R3 structures were calculated with the
new program DYANA 42), which uses simulated annealing

protein domains (R2 and R3) joined by a flexible linker of

six to eight residues. The distinct backbone topologies of
the two domains are illustrated in Figure 3, which shows
the best-fit superpositions of the protein backbone for both
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Ficure 1: Summary of the interresidue NOE, backbone amide exchange, and solvent accessibility data obtained for B-MybR2R3. The
locations of the five regular helices and the unstable helix identified are indicated between the plots. (A) A histogram showing the sequential
(i —j = 1), medium-range (ki —j < 4), and long-rangei (— j > 4) interresidue NOEs identified for B-MybR2R3. (B) An illustration

of the length of time that backbone amide protons of B-MybR2R3 persisi@ @ith slowly exchanging amide protons localized to areas

of helical structure. (C) A histogram showing the calculated solvent accessible surface area of each residue in the structures determined for
B-MybR2R3. The values reported are expressed as a percentage of the accessible area of the isolated residue.

R2 and R3 calculated from the family of 32 converged hairpin. The relative orientation of the twohelices in R2
structures obtained for B-MybR2R3. is very well-defined, which is reflected in a root-mean-square
R2 from B-Myb folds into a relatively flat and elongated deviation (rmsd) of the backbone atom coordinates (), C

protein domain with a well-defined core (W®38) and C) for the helical residues of 0.54 0.13 A for the
composed of twoa-helices (K12-Y25 and W306-H36) family of converged B-MybR2R3 structures. A similarly
connected by a short loop, which collectively form a hairpin- high level of precision is obtained for the complete hairpin
like structure (Figure 3). The poorly defined C-terminal region of R2 (Table 1), but rmsd values rise significantly
region (G42-W49) lies across one face of the hairpin (Figure (>1.2 A) when residues G351 are also included. As
3), with its orientation determined by a number of long-range expected, the precision to which regions of R2 have been

NOEs to residues in the hetitoop—helix region (119-W49, determined shows a strong correlation with the number of
V22—W49, W30-C45, W30-R46, 133-C45, A34-L41, interresidue NOEs observed (Figure 1).
and A34-A42). The N (GXP9)- and C (H56-N54)- Recently, we reported clear and unambiguous chemical

terminal residues of R2 are disordered (Figures 2b and 3).shift, line broadening, and NOE evidence for the existence
The hairpin-like structure is stabilized by a small, well- of multiple conformations in the C-terminal region of R2
defined hydrophobic core, involving the side chains of from B-MybR2R3 (L4%1L53), in slow to intermediate
residues V18, V22, L32, 133, and L37 (Figure 4), which is exchange on the NMR time scale at 45 (24). A number
reflected in the low solvent accessibility of these residues of conformational exchange processes could result in the
(Figure 1). The side chains of W30, C45, R46, and W49 observed line broadening of resonances; however, the NMR
are also significantly shielded from solvent and form the main data as a whole appear to indicate that residues-Q¥49
contact surface between the C-terminal region and the exist in several interconverting states in solution but adopt
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Ficure 2: Distribution and precision of backbone dihedral angles in the family of 32 converged B-MybR2R3 structures. (A) A Ramachandran
plot showing the distribution ap andy angles for all non-glycine and non-proline residues in the 32 B-MybR2R3 structures. (B) Angular
order parameters for the backbopeandy dihedral angles in the converged B-MybR2R3 structures.

local helical or turn-like conformations for a significant observation of fewer NOEs involving this area of R2. The
fraction of the time and therefore form a so-called unstable presence of an unstable helix near the C terminus of R2 is
helix. The relatively poorly defined structure for the actually reflected in a number of the structures determined
C-terminal region of R2 almost certainly reflects this for B-MybR2R3, which contain short stretches (three or four
conformational heterogeneity, which in turn accounts for the residues) ofx- or 3,¢-helix distributed evenly over residues
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Ficure 3: Best-fit superposition of the protein backbone for the
32 converged structures obtained for B-MybR2 (residues4land
shown on the left) and B-MybR3 (residues-5E10). The structures
were superimposed on residues-P5 and 36-36 for R2 and on
residues 6477, 81-87, and 93-103 for R3.

Ficure 4: Comparison of the hydrophobic cores in R2 and R3 of
B-Myb. Structures were superimposed on residues2B2and 36-
36 for R2 and on residues 647, 81—-87, and 93-103 for R3.

The protein backbone is shown in magenta, and the side chains of
leucine and tryptophan are shown in green, isoleucine and histidine

in yellow, and valine, phenylalanine, and tyrosine in red. (A)
Hydrophobic aliphatic residues of R2 (L21, L32, L37, 133, V18,
and V22). (B) Aromatic residues of R2 (W10, W30, Y25, and H36).
(C) Hydrophobic aliphatic residues of R3 (L77, L87, L88, 169, 170,
184, 1104, V76, and V96). (D) Aromatic residues of R3 (W62,
W100, W81, F71, H74, and H99).

43-53 (Figure 2).

In contrast to R2, R3 in B-MybR2R3 forms a compact
globular domain composed of three stablaelices (E64
L77, W81-L87, and D93-T103) connected by short loops
(Figure 3), which form a well-defined core (W6K105).
As in R2, the N (P55 S61)- and C (D109T110)-terminal

Mcintosh et al.

Table 1: (A) Root-Mean-Square Deviations for the 32 Converged
Structures Obtained for B-MybR2R3 Compared to the Mean
Coordinate3and (B) All Pairwise Root-Mean-Square Deviations
between Equivalent Regions of the NMR-Derived Structures of the
Repeats (R2 and R3) in B-MybR2R3 and c-MybR2R3

A rmsd+ standard deviation (A)
backbone all
atoms heavy atoms
R2 helices (K12Y25 and W36G-H36) 0.51+ 0.13 1.05+0.17
R2 structured residues (W(K38) 0.74+ 0.16 1.41+0.25
R3 helices (E64L77, W81-L87, 0.34+ 0.07 0.75+ 0.12
and D93-T103)
R3 structured residues (W6XK105) 0.44+ 0.09 0.87+0.12
B R2 R3
B-Myb c-Myb B-Myb/ B-Myb/
R2/R3 R2/R3 c-Myb c-Myb
helix 1+ helix 2 1.31+£0.15 0.64+0.11 1.45+0.16 1.02+0.17
helix 1+ helix2  2.42+0.38 0.73+0.09 2.30+0.36 1.03+0.14
+ helix 3

a2Values are quoted for the superposition of several subsets of
residues in B-MybR2R3 The values given are based on the super-
position of equivalent residues from the three helical regions in the
repeats. The residues included for helix 1 were-22 (B-MybR2),
64—77 (B-MybR3), 97110 (c-MybR2), and 149162 (c-MybR3),
for helix 2 were 36-36 (B-MybR2), 8+-87 (B-MybR3), 115-121 (c-
MybR2), and 166-172 (c-MybR3), and for helix 3 were 451 (B-
MybR2), 93-102 (B-MybR3), 127136 (c-MybR2), and 178187
(c-MybR3).

istically low solvent accessibilities and show a large number
of long-range NOEs (Figure 1). Residues 169, 170, 184, A85,
L88, and V96 form the basis of the hydrophobic core, while
interactions between the aromatic rings of H74, W81, and
W100 anchor the C terminus of helix 1 and the N terminus
of helix 2 to helix 3. Similarly, the aromatic ring of W62
stacks on the ring of H99 to anchor the N terminus of helix
1 to helix 3 (Figure 4). The solution structure of B-Myb
R3 is determined to very high precision, which is reflected
in the low rmsd values for both backbone and side chain
coordinates given in Table 1. For example, backbone atoms
in the three helices show an rmsd from the mean of only
0.344 0.07 A for the family of 32 converged structures.

Structural Homology between R2 and R3 from B-Myb.
The two N-terminal helices in R2 and R3 occupy essentially
identical positions in the two domains, consistent with the
high degree of amino acid sequence similarity between these
regions in R2 and R3 (65%). The structures of the equivalent
helices are also very similar, with best-fit superpositions of
the backbone atoms for helix 1 and helix 2 from both
domains giving all pairwise rmsd values of 0.£3.17 and
0.80+ 0.16 A, respectively. In contrast, the C-terminal
region forming the third helix in R3 (D93T103) shows very
little sequence conservation between R2 and R300%0),
and the local conformations differ significantly, as reported
previously @4), which is reflected in an all pairwise rmsd
of 2.33 + 0.26 A for the backbone atom coordinates of
residues G42H52 from R2 compared to that for helix 3 in
R3.

Although the two N-terminal helices in B-Myb R2 and
R3 are structurally very similar, Figures 3 and 4 clearly
illustrate that there is a striking difference in the orientation
of the helices with respect to each other in R2 and R3, and

residues are disordered (Figures 2b and 3). The structuretherefore in the tertiary structures of the two domains. The
of R3 is stabilized by hydrophobic interactions between a angle between helix 1 and helix 2 in R2 is 210.5°, while
number of conserved residues, all of which have character-the corresponding angle in R3 is considerably larger at 35.8
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B-MybR2 B-MybR3 c-MybR2 ¢-MybR3
Helix-2 Nascent Helix Helix-2 Helix-3 Helix-2 Helix-3 Helix-2 Helix-3
Helix-1 21.0+/-6.5 56.4+/-10.9 35.8+/-3.3 | 83.9+/-6.2 | 42.1+/-19 | 90.6+/-2.0 | 41.9+/-4.2 | 95.8+/-3.8
Helix-2 45.5+/-11.2 74.7+/-4.2 71.9+/-2.2 66.9+/-4.1

Ficure 5: Comparison of the solution structures determined for R2 and R3 from B-Myb with those reported for c-Myb, which highlights
the striking differences in the structures of R2 from B-Myb and c-Myb. (A, top) Families of converged structures obtained for R2 and R3
from both B-Myb and c-Myb (1mbh and 1mbk) with helix 1 shown in exactly the same orientation for all structures. (B, bottom) The
values determined for interhelical angles in B-Myb and c-Myb.

+ 3.3°. Similarly, there are large differences between R2 structure of the hydrophobic core in B-Myb R2 is very
and R3 in the orientation of the C-terminal region forming different from that reported for c-Myb R2, reflecting the
the third helix in R3 with respect to the N-terminal helices strikingly different tertiary structure, and so the explanation
(Figures 3 and 5). For example, the interhelical angle proposed for the reduced stability of c-Myb R2 is not
between helix 1 and this region is 564 10.9 in R2 but applicable to the conformational heterogeneity identified in
83.9+ 6.2° in R3. Clearly, these large differences in the B-Myb R2.

relative orientations of the helices in R2 and R3 reflect the The rates at which backbone amide protons exchange with
significantly different tertiary structures of the two domains. ater can provide useful information on the relative stability
In effect, the backbone topology of R2 from B-Myb can be of regions of a protein. In R2 of B-Myb, all the slowly
considered a flattened R3 fold (Figures 3 and 5). exchanging backbone amide protons are localized in the two
A comparison of the amino acid sequences of R2 and R3 N-terminal helices. Similarly, they are mainly confined to
from B-Myb reveals that 17 of the 52 positions are occupied the helical regions in R3, but the percentage of slowly
by identical residues and a further seven by conservative exchanging amide protons is significantly lower in helix 3
substitutions. However, there are important sequence dif-than in either helix 1 or helix 2 (Figure 1). This data not
ferences between the two repeats, some of which mayonly confirms the instability observed in the C-terminal
account for the very distinct tertiary structures of R2 and region of B-Myb R2 24) but also suggests a somewhat
R3. In R3, the side chains of H74 and H99 make critical reduced stability in the third helix of R3.
interactions with the aromatic rings of the strictly conserved  Comparison of the B-Myb and c-Myb DNA-Binding
tryptophan residues, which serve to anchor helix 3 to both pomains. The minimal DNA-binding domains (R2R3) from
ends of helix 1 (W62‘H99 and H74‘W100) and also the B_Myb and C_Myb have a Very h|gh level of amino acid
C terminus of helix 1 to the N terminus of helix 2 (H#4  sequence homology (85% identity and 10% conservative
W81), as illustrated in Figure 4. These histidine residues sypstitution), which should be reflected in very similar
are strictly conserved in all mammalian and avian R3 secondary and tertiary structures for the domains. Two
sequences (c-Myb, A-Myb, and B-Myb) but are not present jndependent groups have recently reported NMR-based
in R2, where H74 is substituted by lysine (B-Myb) or structural studies of c-MybR2R3 proteins similar in size to
glutamine (c-Myb and A-Myb) and H99 by arginine (A- B-MybR2R3. In the first report, Jamin et aR%) showed
Myb, B-Myb, and c-Myb). The absence of these structurally that a 105-residue c-MybR2R3 protein contained two helices
important interactions between histidine and tryptophan ringsin R2 and three helices in R3, involving amino acids
in R2 almost certainly accounts for the striking differences corresponding to K12Y25, W30-H36, E64-L77, R80-
in the tertiary structures of B-Myb R2 and R3 and could | 87, and D93-S102 in B-MybR2R3. They were unable to
also result in the conformational heterogeneity at the C gptain sequence-specific resonance assignments for the last
terminus of R2. 13 C-terminal residues of R2, due to missing or very weak
On the basis of the solution structure determined for NMR correlations to the amide protons, and proposed that
c-MybR2R3, Ogata and co-workers proposed that cavities this region exists in several distinct conformations at-10
in the hydrophobic core of c-Myb R2 could account for the 20°C and pH 6.625). More recently, Ogata and co-workers
reduced stability of R2 compared to that of R&), The (26, 27) studying a 104-residue c-MybR2R3 protein have
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confirmed the five helical regions identified previously.
However, in contrast to the work of Jamin et &5), they
reported that residues in the C-terminal region of c-Myb R2
(corresponding to amino acids G4RI51 in B-Myb) form a
stable helix at 1727 °C and pH 6.8, equivalent in both
length and position to the third helix in c-Myb R3. The two
groups have studied nearly identical proteins under very
similar conditions, so it is very difficult to account for the
reported differences in the secondary structure of c-Myb R2.
As reported previously2d), the secondary structure deter-
mined for B-MybR2R3 is essentially identical to that
proposed for c-MybR2R3 by Jamin et aRk5 and the
C-terminal region of B-Myb R2 has also been shown to be
conformationally unstable, with residues G44/49 forming

an unstable helix.

The high-resolution solution structures for R2 and R3 from
both B-Myb and c-Myb 26, 27) are shown in identical
orientations in Figure 5. The tertiary structures of R3 from
B-Myb and c-Myb are very similar, which is reflected in an
all pairwise rmsd of 1.03 0.14 A for the backbone atoms
of the three helices and in similar interhelical angles (Figure
5). In contrast, the solution structure reported by Ogata et
al. (26, 27) for R2 from c-Myb is strikingly different from
that determined for B-Myb R2 (Figure 5 and Table 1). As
discussed previously, significant amino acid sequence dif-
ferences between R2 and R3 in vertebrate Myb proteins (A-
Myb, B-Myb, and c-Myb) could account for the distinct
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FiIGURE 6: SN/'H HSQC spectra of free B-MybR2R3 (A) and in

a complex (B) with a specific DNA target site (tom-1-A 16-mer).
The spectra illustrate the large backbone amide chemical shift
changes induced in B-MybR2R3 on binding to DNA.

secondary and tertiary structures obtained for the two repeats

of B-Myb and for similar secondary structural differences
reported by Jamin et al2f) for c-MybR2R3. In the case
of R2, the structure of Ogata and co-workers for c-Myb is
clearly not compatible with that determined by Jamin et al.
(25) and is very different from that reported here for B-Myb
R2.

Identification of the DNA-Binding Site on B-MybR2R3.
Comparison of thé®N/*H HSQC spectra obtained for free
and DNA-bound B-MybR2R3 (Figure 6) reveals dramatic
changes in the backbone amidéN\j*H) chemical shifts of
many residues in the protein on complex formation, sug-
gesting a large contact surface with the DNA and/or
significant conformational changes in B-MybR2R3 on DNA
binding. Sequence-specifi®N and'H resonance assign-
ments for the backbone amide signals of B-MybR2R3 in its
complex with thetom-1 DNA target site were obtained by
analysis of the 3D*N/*H NOESY-HSQC spectrum.
Initially, patterns of NOEs involving amide protons, together
with amide®™N and!H chemical shifts in the complex, were
compared to those of the free protein to identify those

backbone amide signals could not be assigned were located
in the C-terminal regions of R2 and R3.

For residues in B-MybR2R3 whose amide signals were
not assigned in the complex, lower limits for the changes in
chemical shifts of the backbone amide signats 4nd*°N)
induced on binding to the DNA target site were determined
by measuring the cumulative chemical shift changes to the
nearest backbone amide cross-peaks in HSQC spectra of the
complex @3). The nearest cross-peaks were determined by
considering both théH and*®N chemical shift changes, with
the N shift scaled for the difference in the spectral
dispersion of the backbone amithl resonances compared
to the 'H signals to give a roughly equal weight to each.
Thus, by calculation of the sums of the magnitudes of the
changes intH and scaled®N chemical shifts, the nearest
backbone amide cross-peaks in the complex were determined
as those with the lowest cumulative chemical shift changes
(50 = |0H]| + |0N/7.1] or |0'H| + |6*N/1.8, for glycines;

43).
Measurement of chemical shift perturbations on complex

residues that showed no significant changes in these paramformation is well-established as a useful probe of ligand

eters on DNA binding. Subsequently, NiH NOEs were

used to confirm these assignments and to identify neighbor-

binding sites on proteins, and Figure 7 summarizes the
pattern of backbone amide chemical shift changes observed

ing residues in the sequence, thereby building up stretchesfor B-MybR2R3 on binding to the tom-1-A DNA target site.

of assigned amide signals for B-MybR2R3 in the complex.

In general, similar patterns of chemical shift changes are

This strategy proved successful and allowed assignments toobserved for equivalent regions of R2 and R3, but with

be made for 79 of the 105 backbone NH groups in the protein
and for 8 of the 14 side chain NHsignals. Signals

corresponding to probably all of the remaining backbone
amide groups of bound B-MybR2R3 were observed in the

somewhat larger shifts seen for some residues in R3. The
data show that no significant shifts in backbone amide signals
occur for residues in the first helix of both repeats but large
changes are seen for amino acids located in the second helix

15N/*H spectra of the complex but could not be assigned due of R2 and R3. Significant spectral changes are also observed

to a combination of spectral overlap and NOE and chemical
shift patterns that differed significantly from those of the
free protein. The majority of the residues for which the

for residues at both the N (E5661) and C termini (N10%
V108) of R3 and the N terminus (-BN10) of R2. The
changes in backbone amide chemical shifts for residues in
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Ficure 7: Summary of the backbone amide chemical shift changes observed on binding of B-MybR2R3 to a specific DNA target site. The
five helices and so-called unstable helix identified in the free protein are indicated between the plots: (A) changes in backbone amide
proton chemical shift, (B) changes in backbone nitrogen chemical shift, and (C) the change in the cumulative chemigal shjft'd|

+ |018N/7.1] or |0H| + |615N/1.8 for glycines). Assignments for backbone amide signals of B-MybR2R3 in the complex were obtained
either on the basis of NHNH NOEs, together with comparisons of chemical shifts and patterns of amide proton NOESs to those of the free
protein (solid bars), or simply by chemical shift and NOE pattern comparisons (gray bars). For residues in bound B-MybR2R3 which could
not be assigned on this basis, the minimum change in cumulative chemical shift occurring on DNA binding is shown (open bars).

the C-terminal regions of R2 (Q44450) and R3 (N94 B-MybR2R3 were not attributed to a residue in the protein
T103) were estimated using the minimum change in chemical by the minimum change in chemical shift method, five of
shift-based approach described above. This conservativewhich are very low-field-shifted (Figure 6). Thus, DNA
method of analysis determines the minimum possible shifts binding-induced chemical shift changes for some residues
for backbone amide signals induced by DNA binding and in the C-terminal regions of R2 and R3 are almost certainly
may give severe underestimates of the actual changesmuch larger than those shown in Figure 7.

however, it is still clear that signals from residues in these  The chemical shift changes induced by DNA binding to
regions are strongly affected by DNA binding (Figure IT) B-MybR2R3 suggest that residues near the N termini and
is perhaps worth noting that 12 of the unassigned backbonein helix 2 and helix 3 of both repeats are involved in DNA
amide cross-peaks present in spectra of DNA-bound binding. However, the dramatic spectral changes seen
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(Figures 6 and 7) probably reflect both direct interaction with
the DNA and conformational changes in the protein, with
one possibility being the formation of a stable helix at the C
terminus of R2.

Conformational Heterogeneity in the B-MybR2R3NA
Complex. In spectra of the B-MybR2R3tom-1-A target
site complex, backbone amide signal®N(and *H) for a
number of residues in R2, including V22, G26, T27, T31,
L32, and H36, appear as doubled signals with a roughly 60:
40 ratio for the two forms. Weak NHNH exchange peaks
are detectable between the two forms of T27 in3®/H
NOESY—HSQC spectra of the complex; however, the small
differences in amidéH chemical shifts for the remaining

Mclintosh et al.

of bona fide Myb target genes contain g@g second half-
site, whereas the redundant sites are alX Thus, the
second half-site of the Myb consensus sequence may play a
more critical role in the control of gene expression by Myb
proteins than previously thought, and the conformational
flexibility identified in R2 may be important for this process
through conformational heterogeneity of the DNA complex.
This proposal is strongly supported by a very recent report
by Brendeford and co-workers, which showed that an
oncogenic variant of c-MybR2R3 containing three amino
acid substitutions in R2 (equivalent to the AMV retroviral
R2) was significantly more stable and folded, but the
substitutions resulted in dramatically reduced stabilities for

residues prevent the observation of exchange peaks. Clearlyspecific c-MybR2R3-DNA complexes and in reduced levels

this data is an indication of the presence of at least two
distinct forms of R2 in the B-MybR2R3DNA complex in
slow exchange on the NMR time scale.

Recently, two groups have reported the results of NMR
studies of c-MybR2R3DNA complexes 25—27, 44). In
a complex formed with a target site based on the mim-1-A
Myb binding site (@AACGG TCTAC), the imino proton

resonances of base pairs 3, 4, 7, and 8 (with the core

TAACGG sequence corresponding to base pair§)lwere
found to be doubled with a roughly 60:40 intensity ratio,
suggesting the presence of two different forms of the complex
in slow exchange44). These effects are strikingly similar

to those seen for a number of the protein signals in spectra

of B-MybR2R3 bound to the tom-1-A site (TCTRACG-
GACTGAG). In contrast, studies of a complex formed
between c-MybR2R3 and the Myb binding site from the
enhancer region of SV40 (OAACTG ACACAT, MBS-
1) reported no indication of two forms for the compl&6).
The Myb target site has been shown to be bipartite, with
R3 interacting with the core AAC half-site and proposed to
play the dominant role in sequence recognition, while R2
interacts with the more loosely defined second half-<itg (
46). Recent mutational analysis of the Myb target site has

revealed that the essential feature of the second half-site is
the presence of at least one G in either position 5 or 6 and 10

that XsGs-, GsX-, and GGg-containing sites all bind c-Myb
very tightly (47). The essential tom-1-A and mim-1-A sites
(see below) both have asGs second half-site, so a likely
explanation for the doubling of NMR signals in complexes
formed with B-MybR2R3 and c-MybR2R3 is that R2 is able
to interact favorably with either £&or G, respectively. This
would also explain why only one form of the complex is
seen for c-MybR2R3 bound to the MBS-1 target, which
contains a IGg half-site and therefore can only make one
type of interaction with R2.

A number of potential Myb-regulated vertebrate genes
have now been identified; however, using stringent criteria,
such as direct demonstration of the Myb inducibility of the
endogenous gene, only a few of these, includmm-1land
tom-1, have been unambiguously identified as Myb target
genes 22, 23). In the case ofom-1 it has been shown that
only one of the two Myb binding sites (A) in the promoter
is essential for Myb-mediated activation. Similarly, in the
mim-1 promoter, only the A and B sites appear to be
important for regulation by Myb protein22). In light of
the conformational heterogeneity observed in MyINA
complexes, it is interesting to note that all the functionally
important Myb binding sites identified to date in promoters

of transactivation of reporter genes in vivg].
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