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ABSTRACT: B-Myc is an endogenous, N-terminal homologue of transcription factor c-Myc that lacks the
C-terminal DNA binding and protein dimerization domain of c-Myc. Clinical mutations in the c-Myc
N-terminal region, and the subsequent misregulation of Myc, are implicated in the development of numerous
human cancers. Myc functions to both activate and repress transcription by associating with multiple
binding partners. We investigated the structural and dynamical properties of B-Myc, free or associated
with the transactivation inhibitor, MM-1, and the activator, TBP, using NMR spectroscopy. B-Myc has
no persistent tertiary structure, yet regions corresponding to Myc homology boxes 1 and 2 (MBI and
MBII, respectively) have molten globule-like characteristics. B-Myc binds to MM-1 in a specific manner
without becoming highly structured. The local regions of B-Myc involved in binding differ for MM-1
and TBP, and regions not identified by mutagenesis are found to be involved in MM-1 binding. The
results provide new insights into Myc N-terminal protejprotein interactions. We propose a model for
Myc regulation through differential involvement of MBI and MBII in the binding of Myc interacting
proteins.

B-Myc is a murine, N-terminal homologue of c-Myc that The central members of the mammalian Myc protein
is 62% identical in sequencd<{4). Although the physi-  family are c-, N-, L-, S-, and B-Myc§, 18). The cellular
ological role of B-Myc is still under investigation, when functions attributed to Myc proteins are mapped to the
coexpressed with c-Myc, B-Myc inhibits transcriptional structural integrity of highly conserved N- and C-terminal
activation and cellular transformation by c-Mys) (B-Myc domains (Figure 1A). For all Myc proteins, the N-terminal
expression is regulated by androgens and thus may functionregions contain two such segments termed Myc homology
in vivo to control cell proliferation in a restricted subset of box | (MBI),! residues 4563 of c-Myc (corresponding
adult tissues affected by c-My@,(4). B-Myc residues 4361), and Myc homology box Il (MBII),
residues 129141 of c-Myc (corresponding B-Myc residues
119-131) @, 8). MBI and MBIl serve as core motifs through
which Myc interacts with a variety of regulatory proteins
'(19). The C-terminal regions of the Myc proteins contain a
basic helix-loop—helix leucine zipper (bHLHLZ) motif that
mediates the dimerization of Myc with other bHLHLZ
proteins (e.g., Mad and Max) and the sequence-specific
binding of Myc dimers to DNA 17, 20, 21). The X-ray
crystal structure of the C-terminal region of c-Myc was
determined recently to be a heterodimer with Mag)( but
no atomic-resolution structure of a Myc N-terminal region
exists to date.

Many proteins interact with the N-terminal regions of Myc
proteins, and the differential binding of these proteins is
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Changes in Myc expression and mutations in Myc are
linked directly to the development of cancers that include
lymphomas and cancers of the bladder, breast, colon, skin
ovary, and prostateés(-8). As a contributing factor in tumor
development, c-Myc is a key target for therapeutic strategies
for controlling this disease9¢11). In normal cells, Myc
proteins regulate many aspects of cellular metabolism and
direct the decision of cells to proliferate or to undergo
apoptosis 12, 13). The diverse cellular roles of Myc are
reflected in the identity of the genes that are regulated by
Myc transcription complexes, such as ornithine decarboxyl-
ase, cdc25A, p53, and othei® (4—17).
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Ficure 1: (A) Sequence alignment of six Myc family members. Highly conserved regions are indicated above the alignment by asterisks
(identical), colons (highly conserved), and periods (conserved). MBI and MBI are highlighted in gray. Panel A was generated with ClustalX
(72). (B) Schematic diagram of c-Myc and B-Myc with the approximate location of MBI and MBII, the DNA binding region of c-Myc
comprising the basic region (B), the hetiloop—helix region (HLH), the leucine zipper (LZ), and the unique region of B-Myc (U). B-Myc
secondary structural elements (helix and strand) predicted by PHD are shown above the B-Myc diagram, and ordered regions as predicted
by PONDR are shown below. Regulatory phosphorylation sites are also shown. (C) Helical wheel diagram of the predicted amphipathic
helix in MBI. Hydrophobic residues are highlighted in gray.

assays, the interaction of MM-1 with c-Myc was mapped to protein, alone and together with transactivation inhibitor
a region spanning MBIl 24). MM-1 exerts a negative = MM-1 and the activator TBP using circular dichroism (CD)
influence on the transactivation of target genes by Myc and and NMR spectroscopy. Our data suggest that B-Myc is
inhibits the ability of Myc to transform cells in cooperation largely unstructured in solution and that the interaction of
with activated Ras24). TBP also interacts with the N- B-Myc with MM-1 is mediated not only by MBII, as
terminal region of c-Myc both in vitro and in vivo but is  previously shown, but also by MBI and possibly the unique
thought to exert a positive influence on Myc-mediated C-terminal tail. Moreover, the interaction of B-Myc with
transactivation Z5—28). transcriptional activator TBP was found to be distinct from
Structural and dynamical information used to define the that of B-Myc with MM-1. These results support a regulatory
nature of macromolecular interactions and interfaces wasmodel in which differential binding of specific residues in
reported for the C-terminal DNA binding and dimerization the N-terminal regions of Myc proteins leads to either
domain of c-Myc 22). For the c-Myc N-terminal region,  activation or repression of Myc-mediated gene transcription.
however, available structural information is limited to a
recent NMR structure determination for a complex of a MATERIALS AND METHODS
peptide derived from MBI of c-Myc and the SH3 domain of Protein Expression and NMR Sample Preparatiball-
Bin-1 (29). In the association of c-Myc with Bin-1, 12  length murine B-Myc (residues-2169) was expressed in
residues of the c-Myc peptide contact Bin-1 and bind in an Escherichia coliBL21-RP cells (Stratagene) grown in M9
extended conformation along the surface in the normal poly- minimal medium as an N-terminal GST-tagged construct in
Pro site. Structural analysis of the N-terminal domain of Myc the pGEX-5x-3 vector (Amersham). Nine conservative
has been hampered by the inability to produce sufficient mutations were introduced into the original construct to
quantities of soluble protein. We have taken advantage of replace rarde. colicodons. The cell pellet was resuspended
the structural and functional conservation displayed acrossin 1XPBS (pH 8.0), 5 mM DTT, protease inhibitor cocktail
all members of the Myc family to investigate the structure (Sigma), and 5 mM EDTA and lysed. Clarified lysate was
of the full N-terminal domain using the soluble B-Myc passed over a GSTrap column (Amersham), and the protein
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eluted with 1XPBS (pH 8.0) and 20 mM GSH. GST was
cleaved using Factor XA (Novagen) and separated from
B-Myc using a MonoQ column (Amersham) eluted with a
linear NaCl gradient on an K&aExplorer-100 instrument
(Amersham). Fractions were dialyzed against 20 mM NaH
POJ/NaHPO, (pH 6.0), 100 mM NaCl, and 1 mM DTT and
concentrated. Approximately 510 mg of B-Myc was
obtained per liter of cell culture. The original construct of
B-Myc was a gift from M. Gregory (Vanderbilt University,
Nashville, TN).

Full-length MM-1 (residues-1166) was expressed in the
pGEX-5x-1 vector inE. coli BL21-RP cells in LB. The
protocol for B-Myc expression and purification was used
for MM-1 except that prior to cleavage with Factor XA,
molar equivalent amounts of purified B-Myc were added to
maintain the solubility of MM-1. The yield was ap-
proximately 30 mg/L of cell culture. The pGEX-5x-1-MM-1
construct was a gift from H. Ariga (Hokkaido University,
Hokkaido, Japan).

TATA-binding protein (TBP, residues-1182) was ex-
pressed in the pET-15b vector i coli BL21-DE3 cells in
LB. Pelleted cells were resuspended in 50 mM Tris (pH 8.0),
100 mM KCI, 10% glycerol, and protease inhibitor cocktail
and lysed. Clarified lysate was passed over a HiTrap Ni
affinity column and eluted with a gradient from 0 to 100
mM imidazole. The eluant fractions were passed over a
heparin affinity column (Amersham) and eluted with a
gradient from 0¢ 1 M NaCl. Fractions containing TBP were
dialyzed against 20 mM NaiRQ; (pH 6.0), 100 mM NacCl,
and 1 mM DTT and concentrated. The pET-15b-TBP
construct was a gift from L. Stargell (Colorado State
University, Fort Collins, CO).

NMR experiments were conducted in 5 mm Shigemi tubes
in a 90% HO/10% DO mixture with 20 mM NaHPO, (pH
6.0), 100 mM NaCl, 5 mM DTT, and 0.01% Nag/dt final
protein concentrations 0f0.5-1.5 mM as determined by
UVago absorption. The B-Myc/MM-1 and B-Myc/TBP

samples were prepared at an approximately 1:3 molar ratio.

CD SpectroscopyCD experiments were conducted using
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were processed with NMRPipe and analyzed using SPARKY
version 3.10631). Only peaks resolved at half-peak height
were used in the analysis of the relaxation d&aand R,
rates were determined using an exponential fit to the signal
decay of the selected Lorentzian integrated peak volumes.

RESULTS

Structural Characterization of Free B-My&pproximately
86% of the backbone N,'"H C, C, and CO resonances were
assigned for free B-Myc. The amide proton peak dispersion
in the 15N HSQC spectrum (Figure 2A) is less than 1 ppm
and spans from only 7.7 to 8.6 ppm, similar to the sequence-
corrected random coil range of 7:58.56 ppm 82, 33).
Chemical shift indexing (CSI) showed no consensus for
either helical or strand content (data not showdd)( In
addition, CD data, discussed below, confirm the absence of
secondary structural elements. These results indicate that free
B-Myc lacks a stable tertiary fold and does not contain
persistent secondary structure.

IH—15N heteronuclear NOE intensities were measured to
further characterize the structure of B-Myc. The data suggest
that some degree of structural organization exists for the
regions near MBI and MBII despite the lack of overall stable
tertiary structure. The NOE value expected for highly mobile
HN groups is<0 and for folded proteins the size of B-Myc
is >0.7. For a completely unfolded protein with a polymer-
like configuration, the NOE value is expected to increase
somewhat toward the central region of the chain and fall off
near the termini 35, 36). The individual resonance NOE
values observed along the B-Myc chain, as well as the trend
characterized with a five-residue moving average of the NOE
values, are plotted as a function of residue in Figure 3. For
the regions surrounding MBI and MBII, the values tend to
be relatively larger, while in the center of the protein,
between MBI and MBII, the NOE value tends to be smaller
and closer to 0 with some residues showing NOE values
approaching-0.5 indicating relatively greater mobility. Thus,
the pattern is consistent with neither a completely unfolded

a Jasco J-810 spectropolarimeter at room temperature in 2¢°rotein nor a folded protein. The NOE values are-01

mM NaH,PQy/NaHPO;, (pH 6.0) and 50 mM NaCl at total
protein concentrations of0.5 mg/mL and B-Myc:MM-1

for the molten globule form of the H helix from the similarly
sized apomyoglobin protein3{). Therefore, B-Myc in

molar ratios 0.5:1, 1:1, and 2:1. Proteins concentrations weresolution is not a well-ordered globular structure, but the

determined by UYg, absorbance.

NMR Spectroscopylriple-resonance experiments were
carried out at 300 K on a Varian Inova 800 MHz spectrom-
eter (National Biological NMR Laboratory of Finland) or a
Bruker DRX-500 [Purdue Interdepartmental NMR Facility
(PINMRF)]. Assignments for main chain and CB resonances
of free B-Myc were made by standard methods with data
from CT-HNCA, HN(CO)CA, HNCACB, and HN(CO)-
CACB experiments. For B-Myc in the presence of MM-1
or TBP, the quality of triple-resonance experiments was not
adequate for chemical shift assignments.

Relaxation data were measured in duplicate at 300 K with
a Bruker DRX-750 MHz spectrometer (National Magnetic
Resonance Facility, Madison, WI); spectra were recorded

vicinity of MBI and MBII appears to be a more collapsed
structure on average, with slower rotational mobility similar
to that of molten globule proteins.

In view of the limited structure suggested from the NOE
profile, we assessed the level of structure predicted from
sequence-based algorithms. Interestingly, both secondary
structure 88) and ordered structure (PONDRRBY) are
predicted for short structural elements that coincide with the
location of MBI and MBII (Figure 1B). The MBI helix is
amphipathic (Figure 1C) with polyproline (PP) stretches and
regulatory phosphorylation sites flanking the sequed®e (
41). The predicted helices, consisting of only seven residues
each, may be present but only transiently.

B-Myc AssociationThe association of B-Myc with MM-1

using delay times of 10, 20, 40, 80, 160, 320, 640, and 1280and TBP is apparent from changes in ¢ HSQC spectrum

ms. T, spectra were recorded using delay times of 8, 32, 48,
72, 96, 112, and 128 ms5N heteronuclear NOEs were
recorded in an interleaved fashion ugia 3 mssaturation
pulse and an overall delay time of 5 m30). All spectra

of B-Myc. Addition of either MM-1 (Figure 2B, red) or TBP
(Figure 2C, cyan) differentially affects the HSQC spectrum
by altering the frequency or intensity of certain peaks
observed for free B-Myc. In addition, new peaks are apparent
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Ficure 2: 15N HSQC spectra of (A) B-Myc and (B) B-Myc with MM-1 (red) or (C) B-Myc with TBP overlaid with that of B-Myc alone
(black). Labels indicate assigned free B-Myc peaks that show perturbations upon association with either MM-1 (panel B labels), TBP
(panel C labels), or both (panel A labels). For the purpose of clarity, the data are plotted with the minimum contour threshold set higher
than the intensity of perturbed peaks with reduced intensity in the presence of MM-1 or TBP (see the text for details). (D) Resonances with
reduced intensity or altered frequency in the presence of MM-1 (red), TBP (cyan), or both (green) are mapped onto the sequence of B-Myc.
Resonances for which relaxation rates were determined are marked with an asterisk. MBI and MBII are underlined.

spectrum of B-Myc in the presence of the GSVWIM-1
fusion construct and that calculated by summation of the free
B-Myc and GSFMM-1 spectra are shown in Figure 4B.
The calculated spectrum (gray) approximates that observed
for the mixture of B-Myc and the GSTMM-1 fusion
construct (black). From these results, we conclude that
association with MM-1 induces neither secondary nor tertiary
structure in B-Myc. Together, the limited change in chemical
shift dispersion and the absence of an effect on the CD
spectrum indicate that B-Myc interacts in a largely extended
form, similar to that observed for the interaction of c-Myc
with the SH3 domain of Bin-129).

NOE {I/l0)

08 * To further characterize intermolecular association of

-1.0 y T y T T T T T ' B-Myc, the specific residues affected by addition of the

° 20 40 & B0 100 120 40 160 180 transactivation proteins were identified from the changes in
Residue Number the 1®N HSQC spectrum of B-Myc43, 44). Comparison of

Ficure 3: Individual values (circles) and moving average (five- _ ; _ ;
residue window) (curves) oH—1N NOEs. Free B-Myc values the HSQC spectra of B-Myc in the presence of MM-1 (Figure

are shown as a solid line with filled circles, and B-MykIM-1 2B, red) and TBP (Figure 2C, cyan) indicates that the
values are shown as a dashed line and empty circles. perturbation to the HSQC spectrum depends on the trans-
activation protein and is likely the result of intermolecular
outside the region of the shifts for free B-Myc, particularly association rather than nonspecific effects, such as crowding
in the case of TBP. Nonetheless, a large increase in the extenait high protein concentrations. A peak was considered to
of dispersion expected for formation of tertiary structut®) ( exhibit a perturbation relative to the free state if in the
was observed with neither MM-1 nor TBP. presence of MM-1 or TBP the peak was observed to shift
We used CD spectropolarimetry to assess potential changes-0.05 or 0.1 ppm in théH or >N dimension, respectively.
in the secondary structure of B-Myc upon binding of MM-  Additionally, a perturbation was considered to occur if the
1. Neither a-helical nor S-strand secondary structure is peak height was reduced to less than 40% of the intensity
apparent in the free B-Myc spectrum (Figure 4A, black), observed with free B-Myc. A high contour level is used to
which resembles that of a random coil protein. The CD plot the overlaid spectra shown in Figure 2 so that peaks
spectrum of the GSFMM-1 fusion construct (Figure 4A,  with reduced intensity in the presence of MM-1 or TBP do
gray) exhibits thex-helical content expected for GST. The not appear in the plot.
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0 - addition of MM-1 are reasonably assumed to be the result
A of intermolecular association. Changes in NMR dipolar
relaxation rates for longitudinalR{), transverseR,), and
i V10 nuclear Overhauser effect (NOE) relaxation reflect changes
in effective molecular weight and rotational correlation time,
-20 4 7., associated with intermolecular binding. In additi®a,s
~ sensitive to a residue existing in more than one magnetic
_-E‘ 30 environment, such as free and bound states, and the rate of
2 VT exchange between multiple environments.
E- 15N relaxation of main chain amide resonances was
i -40 4 assessed for B-Myc alone and in the presence of MR;1.
andR, were estimated for 57 resolvétN HSQC peaks from
.50 residues along the full length of B-Myc (Table 1). Associa-
: ' tion of B-Myc with MM-1 is apparent from effects on both
0 - R; andR,. R; values increase approximately-123%, while
o B R, values show substantially larger increases of 90 to
-10 - >400%. The dependence & on 7. passes through a
maximum asr. increases, whildR, increases continuously
- -20 - with z.. The trends in the changeski andR; between free
) 30 - B-Myc and B-Myc associated with MM-1 indicate that
Q" for B-Myc is near the value at the maximuRj.
:§_ =40 - The site of intermolecular interaction was localized by
ﬁ monitoring changes in thigy/R; ratio of individual residues.
-50 T T In the absence of chemical exchange,RW&; ratio depends
on a residue’s. value associated with molecular rotation
200 220 240 260 on a nanosecond time scale and is less sensitive to faster
ocal motions on a picosecond time scad®,(46). We use
Wavelength (nm) local moti ' d ald, (46). W

the R/R; ratio to assess the nature of the intermolecular

MM-1 fusion construct alone (gray). (B) CD spectrum for the : :
B-Myc/GST—MM-1 solution calculated from the summation of cannot be ruled out and estimate apparentcorrelation

spectra in panel A (black) and observed (gray). time, 72°", by residue. In the case where exchange does
contribute toR,, 75 reflects that exchange rather than an
Perturbations are observed for alternative resonances withaccurate rotational correlation time. Nonetheless, examination
MM-1 (labeled in Figure 2B) and TBP (labeled in Figure of changes in B-Mya2° values in the presence of MM-1
2C), while some resonances are altered by both transacti-provides a convenient measure to contrast the effect of MM-1
vation proteins (labeled in Figure 2A). The residues with association on individual residues of B-Myc.
HN resonances altered upon binding are also indicated in  |nteraction with MM-1 differentially affects thR/R; ratio
Figure 2D where residues affected by MM-1 are colored red, for individual residues of B-Myc (Figure 5). The results show
by TBP cyan, and by both MM-1 and TBP green. The that certain regions of B-Myc are strongly affected by
spectral changes observed upon binding therefore distinguishgssociation with MM-1 while others are not. A-S-fold
these two transactivation proteins in terms of their binding. jncrease irRy/R; is localized to the regions surrounding MBI
These HSQC perturbation results are consistent with previousand MBIl with some effect observed at the unique C-terminal
deletion studies that show c-Myc residues 1046 and 75- region of B-Myc. Other regions show substantially smaller
204 are required for binding to MM-1 and TBP, respectively offacts. The estimatedf™® values for MBI and MBIl upon
(24, 25), but the residue-specific information provided by binding MM-1 increase by 3.3 and 5.0 ns, respectively,

NMR reveals distinct sites affected by binding MM-1 or compared to those of regions outside the Myc homology
TBP? MM-1 association is mostly localized to MBI and 2Pincreases an average of only 1.3 ns (Table

; ; boxes where
MBill, Whergas TBP pertyrbs residues in MBI and MBIl anq 1). Thez®P values increase in the presence of MM-1 but
several residues C-terminal to MBII. As such, NMR identi- Loe
. ; . . ... __remain significantly lower than values expected for a folded
fies a previously unrecognized region affected by association 36 kDa B-Mve—MM-1 complex. For examole. the values
of B-Myc with MM-1; resonances of several residues in MBI y piex. p'e,

. app .

are perturbed by MM-1, which implies that MM-1 associa- of 6-9 ns in Table 1 for ™ approximate th? 8.3and 9.0 ns

tion Fi)nvolves bo)t/h MBI and MBII P values reported for13 kDa, globular proteinsd{y). B-Myc
Localization of MM-1 Interactidn to MBI and MBIIThe associated with MM-1, therefore, does not form a well-

association of B-Myc and MM-1 was further characterized °rdered globular dimer. _ _
by heteronuclear relaxation. Given the clear distinction in Figure 5 identifies B-Myc residues that associate strongly
the changes in the B-Myc HSQC spectrum upon addition of with MM-1. Of particular interest is the fact that the elevated

MM-1 and TBP, the effects on heteronuclear relaxation upon Re/Ru values extend-15 residues N-terminal to MBII starting
from residue 102. This “extended” MBIl form with residues

5 . .102—-132, called here MBII*, is highly conserved between
A small number of resonances that are not mapped to residues in
Figure 2C, because overlap precluded a unique assignment of theB-Myc and C‘MYCv but the sequences O_f thes_e two members
resonance, were perturbed by binding. of the Myc family have less conservation with N-, S-, and
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Table 1: R, andR; Values for B-Myc and the B-Mye MM-1 Complex@

Ri(s D) RL(sY) 2 (ns) INOELX(1/1o)
residues B-Myc B-MyeMM-1 %A B-Myc B-Myc—MM-1 %A B-Myc B-Myc—MM-1 Az*’(ns) B-Myc B-Myc-MM-1
4-37 1.4 1.6 14.2 4.0 8.3 108 4.30 5.90 1.60 0.09 -0.01
43-57 1.7 1.9 11.8 7.6 25.0 229 4.76 8.03 3.27 0.36 0.33
61-102 1.4 1.9 35.7 4.4 8.5 88.9 451 5.79 1.28 0.12 0.10
103-133 1.4 2.0 42.9 4.3 225 423 4.40 9.35 4.95 0.27 0.37
148-171 1.3 1.6 23.1 3.5 7.2 106 3.75 4.76 1.01 —-0.06 0.06

2Data for MBI and MBII* are bold. The apparent correlation timg” (see the text), is calculated from tiRe/R; ratio by Tensor 72). The
percent change is represented as (botnidee)/free.

ordered structure upon bindin§4—58). It has been sug-
gested that linking proteinprotein association to folding
allows for a specific interaction with low affinity50) that

is be important for reversible binding of regulatory proteins,
including transcription factors.

An important finding determined from the residue-level
information of NMR in this study is that the associations of
MM-1 and TBP with B-Myc are distinct. Further, NMR
relaxation data of B-Myc with MM-1 clearly show that
intermolecular association is localized to specific residues
in the more collapsed regions of MBI and MBII, but we
find no compelling evidence from CD, chemical shift
dispersion, or homonuclear NOEs that binding to MM-1

0 20 40 60 80 100 120 140 160 induces secondary or tertiary structure.
Residue That binding is specific, yet substantial regions remain
FIGURE 5: Ry/R; ratios measured at a field strength of 750 MHz unfolded in the B-Mye-MM-1 complex, appears to differ
for B-Myc (@) and the B-Mye-MM-1 complex (). MBI and MBI somewhat from that in certain other intrinsically disordered

are shaded. MBII* includes the 15 N-terminal residues and is shown

" a dotted box protein complexes in which more ordered, folded states are

acquired upon binding5@). The binding characteristics of

L-Myc. The observation by NMR relaxation suggests that the B-Myc—MM—l compl'ex are more consstgnt with 'the
MM-I may bind preferentially, or perhaps more stably, to recent description of the interaction of c-Myc with the Bin-1

SH3 domain 29). In contrast to association of Myc with
c-Myc and B-Myc @, 48, 49). We conclude that B-Myc . . .
interacts with MM-1 through both MBI and MBIl but Bin-1, however, association of Myc with MM-1 does not

; ; ; occur via a recognized binding domain, such as an SH2 or
preferentially through an expanded MBIl motif. An intact ) ; ;
MBII was shown previously to be essential for c-Myc and SH3 domain, as MM'.l has no.s.uch. do_malns as determined
MM-1 interaction in mammalian two-hybrid assaysl). A by sequence analysis. Specific binding of Myc to one

large increase in thB,/R, ratio for residues 159 and 163 in ';rz?(rj]sgctivati%n domainr,] while fmutchh of M_y ¢ remta}{irr]lst L,\'/In'
the unique C-terminal tail also suggests that the binding of olded, provides a mechanism for the requirement that Myc

MM-1 may impact this region of B-Myc as well. functions by specifically recognizing numerous binding

) ) artners, some simultaneously. Regions remaining unfolded
Our results show that MBI, MBII, and possibly the unique b Y. Reg g

. . . ) M 1 in one association complex can provide the specificit
C-terminal tail are involved in the association of MM-1 with determinants for recognit?on of ano'?her binding pa?rtner. y

B-Myc, although the precise nature of the interaction in terms
of structure and residues in direct contact as well as the
impact on the function of either protein in vivo remains to
be determined.

The diverse cellular functions of the Myc protein family
depend on the N-terminal domain of the protein where many
protein—protein interactions are mediated by MBI and MBII
(6, 8). HSQC perturbation shows the interactions of B-Myc

with MM-1, a transactivation inhibitor, to be distinct from
CONCLUSIONS those with TBP, a transactivation activator. MM-1 binding

NMR spectroscopy was used to characterize the structuralaffects both MBI and MBII, but association of TBP with
order of B-Myc both free and bound to transactivation Myc influences mostly MBIl and sequences C-terminal to
inhibitor MM-1 and transactivation activator TBP. Free this core motif. Exploiting NMR relaxation to more fully
B-Myc is unfolded and flexible over its 171-residue length. characterize Myc proteinprotein associations and the influ-
Relaxation properties are consistent with a more collapsedence of Myc point mutations, such as those that replace
but disordered state characteristic of molten globules, with ¢-Myc Trp 135 (corresponding to B-Myc Trp 126), which
residues forming MBI and MBII showing a slight tendency is important for transformatior6(Q, 61), yet dispensable for
toward slower mobility. An understanding of the functional transactivationZ8, 60), will be of interest.
advantage of intrinsically disordered proteiB8<52) based Our results find that the effect on MBII of the interaction
largely on the residue-level structural information provided between B-Myc and MM-lI extends approximately 15
by NMR spectroscopys@) is starting to emerge. Intrinsically  residues N-terminal to MBII. The extended region, MBII*,
disordered regions of certain proteins are known to adoptis noteworthy in light of the sequence similarity between
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& Activator
"‘-, TBP
= AMY-1
-

Inhibitor
MM-1
Bin-1

Ficure 6: Model of possible activation and/or inactivation of transactivation by B-Myc and the N-terminal region of c-Myc proteins.
Transcription activation is by association of activators such as TBP with MBIl and further assembly with other factors that recognize
regions near MBI. In contrast, binding by repressors, such as MM-1, extends across MBI and MBII* and prevents formation of the transcription
complex.

B-Myc and c-Myc. While MBI and MBIl are conserved (current study and reg4), Binl (69), and p107 70) suggest
across all members of the Myc family, only B-Myc and that these proteins may serve as a type of “molecular sponge”

c-Myc share extensive sequence similarity for residues that interacts with MBIl and now MBI to preclude the

N-terminal to MBIl (Figure 2A). The higher degree of

formation of a productive multiprotein complex needed to

similarity between B-Myc and c-Myc is apparent from the activate transcription. Growth signals that culminate in the
observation that B-Myc inhibits c-Myc activity presumably partial, or complete, release of the transcriptional repressors

by competing for c-Myc N-terminal interacting proteirs.(

allow key activators to bind to Myc and recruit the remaining

Our data are the first to suggest that the Myc proteins utilize components of the transcriptional machinery.

amino acids outside of the highly conserved MBI and MBI|I
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