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ABSTRACT We describe a method to design dominant-
negative proteins (D-N) to the basic helix-loop-helix-leucine
zipper (B-HLHZip) family of sequence-specific DNA binding
transcription factors. The D-Ns specifically heterodimerize
with the B-HLHZip dimerization domain of the transcription
factors and abolish DNA binding in an equimolar competition.
Thermal denaturation studies indicate that a heterodimer
between a Myc B-HLHZip domain and a D-N consisting of a
12-amino acid sequence appended onto the Max dimerization
domain (A-Max) is —6.3 kcal'mol~! more stable than the
Myc:Max heterodimer. One molar equivalent of A-Max can
totally abolish the DNA binding activity of a Myc:Max het-
erodimer. This acidic extension also has been appended onto
the dimerization domain of the B-HLHZip protein Mitf, a
member of the transcription factor enhancer binding subfam-
ily, to produce A-Mitf. The heterodimer between A-Mitf and
the B-HLHZip domain of Mitf is —3.7 kcal'-mol~! more stable
than the Mitf homodimer. Cell culture studies show that
A-Mitf can inhibit Mitf-dependent transactivation both in
acidic extension and in a dimerization-dependent manner.
A-Max can inhibit Myc-dependent foci formation twice as well
as the Max dimerization domain (HLHZip). This strategy of
producing D-Ns may be applicable to other B-HLHZip or
B-HLH proteins because it provides a method to inhibit the
DNA binding of these transcription factors in a dimerization-
specific manner.

The basic helix-loop—helix-leucine zipper (B-HLHZip) family
of sequence-specific DNA binding transcription factors (1) is
implicated in both cellular proliferation (2) and differentiation
(3). Structurally, these proteins have a dimerization domain
consisting of a parallel, left-handed, four-helix bundle (4, 5).
An N-terminal a-helical extension of the dimerization domain
interacts with the major groove of DNA to bind an abutted
palindromic DNA sequence known as an E-Box (-CANNTG-).
As in the case of the structurally related bZIP proteins (5),
dimerization of B-HLHZip domains is accompanied by a
radical change in protein secondary structure from a random
coil monomer to an a-helical dimer (6). A second structural
transition occurs upon DNA binding. The basic region is
unstructured in the absence of DNA and becomes a-helical
upon binding to the major groove of DNA (6). DNA binding
stabilizes the protein complex.

Two general methods have been developed for generating
dominant-negatives (D-Ns) to dimeric transcription factors.
The first is to delete the transactivation domain (7). Such a
D-N would bind DNA in vivo but fail to activate transcription.
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These D-Ns need to be overexpressed to overcome any sta-
bilizing interactions that may occur between the transactiva-
tion domain of the endogenous transcription factor and other
components of the transcriptional apparatus. The second
method for making a D-N is to delete the DNA binding region
(8,9). Such D-Ns heterodimerize with endogenous factors and
prevent DNA binding. To function, such D-N molecules again
need to be overexpressed to counterbalance the stabilization
that occurs when the native B-HLHZip domain binds to DNA.

We report here a general design strategy to develop D-Ns to
B-HLHZip family members that inhibit DNA binding in an
equimolar competition. We replaced the B-HLHZip basic
region, critical for DNA binding, with an acidic protein
sequence to produce the D-N. The heterodimer between the
D-N and the B-HLHZip domain is more stable than the
B-HLHZip domain bound to DNA. This acidic sequence
interacts with the basic regions of Myc, Max, and Mitf, three
different B-HLHZip proteins, suggesting that the strategy will
be a useful general method to make robust D-Ns to the
B-HLHZip family of transcription factors.

MATERIALS AND METHODS

Protein Sequences. All of the recombinant proteins contain
$10 (MASMTGGQQMGR-DP) at their N terminus (10). Myc
contains the FLAG epitope followed by ¢10 (MDYKDDD-
DK-). The mouse Myc (11) (B-Myc) sequence is NDKRRT-
HNVLERQRRNELKRSFFALRDQIPELENNEKAPKVV-
ILKKATAYILSIQADEHKLTSEKDLLRKRREQLKHKL-
EQLRNSGA. The mouse Max B-HLHZip domain (B-Max) is
(12) ADKRAHHNALERKRRDHIKDSFHSLRDSVPSLQ-
GEKASRAQILDKATEYIQYMRRKNDTHQQDIDDLK-
RONALLEQQVRALEKARSSAQLQT.

The mouse Mitf (3) B-HLHZip domain (B-Mitf) is RAL-
AKERQKKDNHNLIERRRRFNINDRIKELGTLIPKSND-
PDMRWNKGTILKASVDYIRKLQREQQRAKDLENROQ-
KKLEHANRHLLLRVQELEMQARAHGLSL.

A-Max and A-Mitf were obtained by deleting the basic
region up to the phenylalanine in helix 1, which is in bold in the
B-HLHZip sequences. The following sequences were inserted
between the BamHI (DP) and the Xhol (LE) N terminus site
of the HLHZip domain:

783-Max: -DPD-LEKEAEELEQENAELELEDS-F

784-Max: -DPD-LEKEAEELEQENAELEELEDS-F

785-Max: -DPD-LEKEAEELEQENAELEEELEDS-F

A-Max: -DPD-EEEDDEEELEELEDS-F

The Xhol site encoding LE (in bold) was used to exchange
dimerization domains. The two aspartic acids in the acidic
extension were inserted to increase the fidelity of the PCR. The
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Max D-Ns were made either in the background of the mouse
Max B-HLHZip (A-Max) (4) or the human Max B-HLHZip
(12) domain plus an additional 47 amino acids terminating at
the natural C terminus (A-Max-C). They had similar elliptici-
ties and thermal denaturation profiles.

Protein Purification. Proteins were cloned in pET-3b vec-
tor, expressed in Escherichia coli, and purified as described
(13). For the B-Myc purification, cells were suspended in 50
mM Tris (pH 8.0), 1 mM EDTA, 1 mM DTT, 1 mM phenyl-
methylsulfonyl fluoride, and 1 mM benzamidine, frozen,
thawed, and brought to 5 M urea. This was spun at 30,000 rpm
for 30 min. The supernatant was isolated, heated to 65°C, and
dialyzed against 20 mM Tris (pH 8.0), 50 mM KCIl, 1 mM
EDTA, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, and
1 mM benzamidine. The dialysate was heated to 65°C and spun
at 30,000 rpm for 30 min. The supernatant was loaded onto a
heparin column and subsequently chromatographed on the
HPLC. Protein concentrations were calculated at 230 nm (13).

Circular Dichroism (CD). All experiments were performed
in 12.5 mM phosphate (pH 7.4), 150 mM KCl, 0.25 mM EDTA,
and 1 mM DTT. Protein concentration was 4.8 uM for each of
the individual proteins in the sample. T,, values were calcu-
lated as described before (14), converted to K4(37) and AG(37)
using a AC,, of —1.9 kcal'mol°C~! calculated from a Ty, vs. AH
plot for all of the proteins used in this study. All thermal melts
were reversible.

DNA Binding Assay. Proteins were bound to DNA as
described (15) in a buffer of 12.5 mM potassium phosphate
(pH7.4),150 mM KCl, 0.25 mM EDTA, 10 mM DTT, 1 mg/ml
BSA, and 2% glycerol. The sequence of the 22-bp E-Box probe
was GTGTAGGCCACGTGACCGGGTG with the E-Box in
bold.

Transient Transfection and Immunofluorescent Labeling.
Melan-c cells (16) were split 20 hours before transfection, and
three 60-mm dishes per DNA combination (4 g total) were
transfected by the Lipofectin method (GIBCO/BRL). Four
plasmids were added to the transfection: 0.5 ug of the tested
D-N [A-Mitf, A-Mitf, B-Mitf, or A-Max was cloned into
pRc/CMV566 (15)]; 2.4 ug of the parental vector pRc/CMV
(Invitrogen); 0.1 ug of B-galactosidase expression vector for
control of transfection efficiency; and 1.0 ng of the luciferase
reporter with [MBpLuc (17)] or without (pGL2-promoter
vector, Promega) four copies of an M-Box sequence. After the
transfection (24 h after), cells on half of the surface of each
dish were harvested and assayed for protein amount and
luciferase activity. Cells on the other half of the dish were
stained for B-galactosidase activity. Relative luciferase activity
was calculated with the amount of protein and the number of
B-galactosidase-expressing cells. Immunofluorescent labeling
was done on paraformaldehyde-fixed Triton X-100 permeabil-
ized cells using a mouse monoclonal anti-hemagglutinin anti-
body (Babco, Richmond, CA) and an appropriate rhodamine—
isothiocyanate conjugated second antibody.

Stable Transfections. Stable transfection of the murine
fibroblast cell line C3H10T1/2 (ATCC CCL226) was per-
formed as described (18), using the calcium phosphate DNA
precipitation method. Individual precipitates containing 200
ng of pT24 H-ras (19), 600 ng of pMC29 v-myc, and 2 pg of each
pRc/CMV566 construct were added to two 100-mm tissue
culture dishes. The efficiency of focus formation was calcu-
lated for each experimental group based on the number of foci
obtained from a parallel group transfected with H-ras and
v-myc that is set at 1.00.

RESULTS

Dimerization and DNA Binding of Myc:Max. We have used
the heterodimerizing system of the B-HLHZip proteins Myc
and Max (12, 20) to develop D-Ns that interact with Myc more
stably than the Myc:Max heterodimer bound to DNA. Equi-

Proc. Natl. Acad. Sci. USA 94 (1997) 12275

librium sedimentation data indicate that the Myc B-HLHZip
domain (B-Myc) is a monomer whereas the Max B-HLHZip
domain (B-Max) and B-Myc + B-Max are dimeric at 6°C.
Increasing the temperature to 37°C produces a B-Max sample
that is in a monomer—dimer equilibrium (data not shown). The
CD spectrum of B-Max at 6°C was 60% a-helical as evidenced
by the amplitude of the minima at 208 and 222 nm, which are
hallmarks of a-helical structure (Fig. 14). B-Myc alone had no
a-helical structure. A 1:1 mixture of B-Myc and B-Max showed
higher CD amplitude than the sum of CD signals of the
individual proteins, suggesting that B-Myc was now het-
erodimerizing with B-Max, again being 60% helical (21). The
addition of DNA (a 22-bp double-stranded oligonucleotide
containing a single E-Box) increased the a-helical signal to
75%, which we interpret to reflect transition of the basic region
to an a-helical conformation upon DNA binding.

The dimerization stability of the samples characterized in
Fig. 14 was determined from thermal denaturation curves
monitored by CD spectroscopy at 222 nm (Fig. 1B; Table 1).
B-Max undergoes a thermal unfolding from a-helix at a low
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Fi6. 1. DNA binding stabilizes the Myc:Max heterodimer. (4) Far
UV CD spectra at 6°C. Lanes: 1, 22-bp, double-stranded DNA
containing E-Box; 2, Myc B-HLHZip domain (B-Myc); 3, Max B-
HLHZip domain (B-Max); 4, B-Myc + B-Max; and 5, B-Myc + B-Max
+ DNA. The concentration of B-Myc, B-Max, and double-stranded
DNA was 4.8 uM. The minima at 208 and 222 nm are indicative of
a-helical structure. The increase in helicity with the addition of DNA
suggests that the B-Myc and B-Max basic regions are becoming
a-helical upon DNA binding. (B) CD thermal denaturation curves at
222 nm of the five samples presented in A. The lines through the B-Max
and B-Myc + B-Max denaturation profiles are fitted curves assuming
a two-state transition between a-helical dimers and nonhelical mono-
mers. The transition at 62°C is due to the dissociation of the B-Myc:B-
Max:DNA complex.
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Table 1. Thermodynamic parameters of D-Ns with different B-HLHZip proteins
Homodimer Heterodimer with B-Myc
AH(Tm), AG(37), AH(Tm), AG(37),

Protein T, °C kcal/mol kcal/mol ka(37), M T, °C kcal/mol kcal/mol ka(37), M
B-Max 36.2 -92 -7.5 6e-6 48.6 -95 -10.7 3e-8
A-Max-C 342 -80 -7.0 le-5 48.4 -105 -11.0 2e-8
A-Max 34.6 -77 -7.0 le-5 48.0 -101 -10.8 3e-8
783-Max 44.8 —-102 -10.0 9e-8 60.3 —133 -154 2e-11
784-Max 46.4 —-110 -10.7 3e-8 60.6 —124 —14.6 6e-11
785-Max 45.9 -98 —-10.2 7e-8 59.8 —-147 -16.3 6e-12
A-Max-C 46.6 -92 -10.2 7e-8 65.6 —123 -15.8 9e-12
A-Max 46.7 -109 -10.7 3e-8 66.4 -137 -17.0 le-12
B-Mitf 46.2 —-69 -9.9 le-7 heterodimer with B-Mitf
A-Mitf 58.4 -107 -13.6 3e-10 61.0 —-100 -13.6 3e-10

heterodimer with B-Max
A-Max 48.8 —-100 -11.0 2e-8

The stability of B-HLHZip domains, potential D-Ns, and mixtures was determined by thermal denaturation monitored by circular dichroism
spectroscopy. The table presents: the designation of the protein sample; the melting temperature (T, °C); dimerization van’t Hoff enthalpy at T =
Tm, AH(Tn); Gibbs free energy at 37°C, AG(37); and the dissociation constant at 37°C, kq(37). All thermal denaturations were reversible and well

fit by a two-state model of nonhelical monomers and a-helical dimers.

temperature to random coil at high temperature centered at
T = 36.2°C. The combination of CD and equilibrium sedi-
mentation data suggests that B-Max is an a-helical dimer at
low temperatures and an unstructured monomer at higher
temperatures. B-Myc remained unstructured in the tempera-
ture range studied. The mixture of B-Myc and B-Max was more
stable than Max (T, = 48.6°C) (Fig. 1B; Table 1). The E-Box
containing DNA had little ellipticity, which did not change
with increasing temperature (Fig. 1B). The addition of this
DNA stabilized the B-Myc:B-Max complex (T, = 62°C). Thus,
to be efficient, a D-N has to overcome the extra stability
brought about by DNA binding, or, in other words, it must
associate with Myc so tightly that it will disrupt Myc:Max
bound to DNA in an equimolar stoichiometry.

The Acidic Extension. Previously, we designed D-Ns to the
bZIP family of dimeric sequence-specific DNA-binding tran-
scription factors (13, 15). These D-Ns consisted of the leucine
zipper dimerization domain and an acidic amphipathic protein
sequence that replaces the native basic region. The acidic
amphipathic sequence from the D-N formed a heterodimeric
coiled-coil with the basic region of the bZIP transcription
factor, stabilizing the complex between 2.5 and 4.5 kcal'mol L.
The D-Ns are able to inhibit DNA binding of the bZIP protein
in an equimolar competition (13, 15). We now have used a
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similar strategy to create D-Ns to the B-HLHZip family of
transcription factors.

We first appended an acidic amphipathic extension onto the
dimerization domain of Max. Deleting the basic region of Max
(A-Max) did not affect the stability of either the homodimer or
the heterodimer with B-Myc (Fig. 2; Table 1). There was a
slight decrease in the ellipticity, which suggests that the
deletion destroyed some a-helical structure. We wanted to
append the acidic amphipathic helix onto helix 1 of the

basic
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FiG. 3. Structural schematic of A-Max. (4) A schematic of the
crystal structure of dimeric Max B-HLHZip domain (4) bound to
DNA seen from two views. The two monomers are presented in
different shades of gray. (B) The bottom panel presents a schematic
of a heterodimer between A-Max and B-Max. The structure of the
acidic extension and the basic region is unknown and is presented as
square shapes.
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HLHZip domain that would interact with the basic region of
the partner in the heterodimer (Fig. 3). However, because the
optimum orientation of the acidic amphipathic protein se-
quence relative to helix 1 was unknown, we added it separately
onto three consecutive amino acids in helix 1, producing
molecules in which the putative amphipathic acidic a-helical
structure was rotated 100, 200, and 300° relative to helix 1. If
the amphipathic acidic helix was interacting with the basic
region because of its amphipathic nature, we would expect that
one orientation might be more stable than the other two. The
acidic amphipathic extension in all three proteins (783-Max,
784-Max, and 785-Max) did stabilize the interaction with
B-Myc. However, the level of stabilization was similar (from
3.9 to 5.6 kcal'mol™!) for all three orientations (Fig. 2; Table
1). The ellipticity of all three heterodimers at low temperatures
also was similar to that for the B-Myc:B-Max heterodimer.
The similarity in the thermal stability of B-Myc mixed with
the three D-Ns suggested that the critical aspect of the acidic
amphipathic extension was the acidic, and not the amphipathic,
property of the added sequence. To test for this, we appended
a 12-amino acid acidic sequence (EEEDDEEELEELEDSF)
onto helix 1 of HLHZip domain of Max. The resulting protein,
A-Max, showed a remarkable increase in stability both as
homodimer and as heterodimer with B-Myc (Fig. 2; Table 1).
The B-Myc:A-Max heterodimer was 6.3 kcal'mol™! more
stable than B-Myc:B-Max heterodimer and in fact was more
stable than heterodimers with previously designed acidic am-
phipathic extensions. The B-Myc:A-Max mixture had a lower
CD amplitude at 222 nm than the B-Myc:784-Max or B-Myc:B-
Max samples, which suggests that the increase in stability was
not caused by an increase in a-helical structure as was observed
with the D-Ns to bZIP proteins (13). Similar results were
obtained with a protein containing 57 amino acids C-terminal
of the B-HLHZip domain (A-Max-C). A schematic of the D-N
interacting with the B-HLHZip domain is shown in Fig. 3B.
We tested the ability of the acidic extension to interact with
the basic regions of two other B-HLHZip proteins, Max and
Mitf, a member of the transcription factor enhancer binding
subfamily of B-HLHZip proteins (3). A mixture of B-Max and
A-Max was more stable than the B-Max homodimer (Fig. 44;
Table 1). The extra stability of 3.5 kcal'mol ™! must come from
the interaction between the acidic extension of A-Max and the
basic region of Max. Similarly, the acidic extension appended
on helix 1 of Mitf (A-Mitf) helped to stabilize the heterodimer
between this protein and the B-HLHZip domain of Mitf
(B-Mitf) 3.7 kcal'mol~! (Fig. 4B; Table 1). As a control for the
specificity of the interaction, we mixed B-Mitf with A-Max
(Fig. 4D). The sum line and the actual thermal denaturation
were nearly superimposable, which suggests that these two
proteins do not heterodimerize. This observation indicated
that the interaction between the acidic extension and the basic
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regions from three B-HLHZip domains: CD thermal denaturations at
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A-Max (open circles), and their mixture (open squares). The fourth
curve is the sum of the B-Max and A-Max curves, a curve that is
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is more stable than the Sum curve indicates that B-Max and A-Max
heterodimerize. (B) B-Mitf (closed diamonds), A-Mitf (open circles),
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B-Mitf and A-Mitf curves. (C) B-Myc:B-Max (closed triangles) and
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A-Max (open triangles), and their mixture (open squares). The fourth
curve is the sum of the B-Mitf and A-Max curves. The sum curve and
the actual mixture melt superimpose, indicating that the two proteins
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region cannot overcome the incompatibility between the
dimerization domains of Mitf and Max.

To elucidate the physical nature of the interaction between
the acidic extension and the basic region, we compared the
stability of A-Max:B-Myc and A-Max:B-Myc heterodimers at
various salt conditions. (Table 2). At both high and low salt
concentrations, A-Max and A-Max homodimers were signifi-
cantly less stable than the mixtures of these proteins with
B-Myc, which suggests that the melting curves of the mixtures
represent the thermal dissociation of the heterodimers. The
only structural difference between A-Max:B-Myc and A-
Max:B-Myc heterodimers is the presence of the acidic exten-
sion at the N terminus of A-Max that interacts with the basic
region of Myc and confers extra stability to the B-Myc:A-Max
heterodimer. This interaction was enhanced in low salt (—8.8
kcal'mol~! in 0 mM KCI as compared with —6.2 kcal mol~! in
150 mM KCl) and shielded in high salt (—2.1 kcal'mol~! in 2
M KCl), which suggests that the negatively charged acidic

Table 2. Salt dependence of the interaction between the Myc basic region and the acidic extension

Extra
B-Myc:A-Max heterodimer B-Myc:A-Max heterodimer stability
AH(Tm), AG(37), AH(Tm), AG(37), AAG(37),
Conditions, KCI T, °C kcal/mol kcal/mol T, °C kcal/mol kcal/mol kcal/mol
oM 73.5 —-142 -19.3 46.7 —85.8 -10.5 —-8.8
150 mM 66.4 —137 -17.0 48.0 -101 -10.8 —6.2
2M 64.9 —-126 -16.3 60.7 -108 —-14.2 -2.1
A-Max homodimer A-Max homodimer
T AH(Twm) AG(37) Tm AH(Tm) AG(37)
oM 42.5 -89 -9.6 33.0 —66 -7.1
150 mM 46.7 —-109 -10.7 34.6 =77 -7.0
2M 56.6 —116 -13.9 51.3 -102 -12.0
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extension was electrostatically interacting with the positively
charged basic region.

Inhibition of DNA Binding. Gel shift experiments indicate
that A-Max can inhibit Myc:Max DNA binding in an equimolar
competition (Fig. 5). At a concentration of 10~° M, B-Myc did
not bind to a 22-bp double-stranded oligonucleotide contain-
ing an E-Box whereas B-Max was able to bind to DNA. The
mixture of B-Myc and B-Max showed enhanced binding with
aslightly decreased mobility. The addition of A-Max prevented
the formation of B-Myc:B-Max complexes with DNA. When a
1-M equivalent of A-Max was added, B-Myc molecules in the
sample were expected to preferentially heterodimerize with
A-Max, leaving the remaining B-Max to homodimerize and
generate a complex with a faster mobility as was, in fact, often
observed. Two molar equivalents of A-Max abolished the
DNA binding of both B-Myc:B-Max heterodimers and B-Max
homodimers. The last three lanes of Fig. 5 document that both
the acidic extension and the Max dimerization domain were
critical to the inhibition of B-Myc:B-Max binding to DNA. The
Max dimerization domain without the acidic extension (A-
Max) was not effective at inhibiting Myc:Max DNA binding.
Replacing the Max dimerization domain with the Mitf dimer-
ization domain (A-Mitf) produced a protein that did not
inhibit Myc:Max DNA binding (Fig. 5, lane 11) but did inhibit
Mitf DNA binding (data not shown).

Inhibition of Mitf Transactivation Properties. Transient
transfection assays in a differentiated mouse melanocyte cell
line, melan-c (16), expressing the transcription factor enhancer
binding family member Mitf (3) were used to examine the
efficiency of potential D-Ns to inactivating Mitf (Fig. 64). A
luciferase reporter gene containing four copies of an M-Box
(-CATGTG-) appended to a minimal simian virus 40 promoter
(18) was activated 10-fold compared with a similar reporter
lacking M-Boxes in melan-c cells. Coexpression of the M Box
reporter and A-Mitf, which consists of the acidic extension
appended onto the Mitf dimerization domain, strongly inhibited
the transactivation of the M-Box-containing reporter in a dose-
dependent manner (data not shown). At an intermediate dose
where A-Mitf inhibited the M-Box reporter to only 20% of full
activation, expression of A-Mitf or B-Mitf resulted in 50% activ-
ity. A-Max was ineffective at inhibiting the reporter, which
suggests that the endogenous transcription factor(s) that activate
the reporter dimerize with Mitf but not Max. These data indicate
that both the acidic extension and the Mitf dimerization domain
were critical for effective D-N activity of A-Mitf.
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FiG. 5. A-Max abolishes DNA binding of B-Myc:B-Max het-
erodimer. (Left) A gel retardation assay using a 22-bp, double-
stranded radioactive oligonucleotide (lane 1), B-Myc (lane 2), B-Max
(lane 3), and B-Myc + B-Max (lane 4). Increasing molar equivalents
of A-Max (lanes 5-8) inhibit B-Myc:B-Max DNA binding. Note the
appearance of the band corresponding to the B-Max homodimer
bound to DNA in lane 6. (Right) DNA binding of B-Myc:B-Max
challenged by three potential D-Ns at four molar excess: A-Max (lane
9), A-Max (lane 10), and A-Mitf (lane 11). Only A-Max inhibits
B-Myc:B-Max DNA binding.
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Immunofluorescence identified the intracellular localiza-
tion of transiently transfected A-Mitf, A-Mitf, B-Mitf, and
A-Max, each tagged with the identical N-terminal hemagglu-
tinin epitope (Fig. 6B). The assays showed that all proteins
were strongly expressed. A-Mitf and A-Mitf accumulated in
both the nucleus and cytoplasm. B-Mitf and A-Max-C accu-
mulated primarily in the nuclei of cells. The deletion of the
basic region in A-Mitf and A-Mitf removed the nuclear local-
ization signals (22), which suggests that the nuclear staining of
these two proteins occurs from random diffusion of the small
proteins into the nucleus or from the dimerization with
endogenous nuclear proteins.

Inhibition of Cellular Transformation. The ability of the
acidic extension to inhibit even more complex biological
processes was tested using a focus assay in C3H10T1/2 fibro-
blasts. Expression of the oncogenic H-ras gene in C3H10T1/2
fibroblasts results in a modest level of focus formation that
triples in the presence of Myc (Table 3) (19, 24). Expression of
B-Max did not affect foci number. Expression of A-Max
reduced focus formation to 80% of Ras + Myc controls
whereas the addition of the acidic extension to create A-Max
reduced focus formation further to 59%. Including 57 amino
acids of the natural C terminus of Max increased the potency of

A M- | Dominant-
box|negative
BT
3 + | A-Mitf l'
4 + | A-Mitf 3—‘
5 4+ | B-Mitf 'I'
6 + | A-Max H

o

500 1000 1500

Relative Luciferase Activity

B-Mitf

F16.6. (A) A-Mitf inhibits transcription activity of the endogenous
Mitf. A luciferase reporter gene controlled by four M Box DNA
sequences is activated in melan-c melanocytes (bar 2) compared with
the activation of a similar promoter lacking M-Boxes (bar 1). The
acidic extension appended onto the dimerization domain, A-Mitf,
totally abolished the activity (bar 3). The HLHZip domain (A-Mitf)
inhibits the activity 50% (bar 4). The B-Mitf is similar to A-Mitf (bar
5). A-Max did not interfere appreciably with the transactivation (bar
6). (B) Intracellular accumulation of D-Ns and control proteins after
transient transfection of melan-c cells. The proteins were tagged with
a hemagglutinin epitope and revealed by double indirect immunoflu-
orescence. A-Mitf (a) and A-Mitf (b) accumulate in nuclei and
cytoplasm, and B-Mitf (¢) and A-Max-C (d) accumulate predomi-
nantly in nuclei of cells.
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Table 3. A-Max inhibits Myc-dependent transformation

Relative
focus

Groups formation
Ras 0.34
Ras + Myc 1.00
Ras + Myc + wt Max 0.96
Ras + Myc + A-Max 0.80
Ras + Myc + A-Max 0.59
Ras + Myc + A-Max-C 0.56
Ras + Myc + A-Max-C 0.28
Ras + Myc + A-Mitf 0.77

C3H10T1/2 cells were transfected with expression vectors for the
activated human H-ras oncogene (Ras) and the v-myc oncogene (Myc)
(18, 23). A 3-fold molar excess (relative to Myc) of expression vectors
for wild-type (wt) Max (pEMscribe Max) and potential D-Ns were
added, and focus formation was assessed. A number of foci in each set
of experiments was normalized to the number of foci in Ras + Myc
plates to produce relative focus formation. Relative focus formation
was averaged for five sets of experiments.

the D-Ns, with A-Max-C producing 56% foci number and
A-Max-C reducing focus formation further to 28%. A-Mitf
only slightly reduced focus formation to 77%.

DISCUSSION

We have developed a method to produce D-Ns (24) to the
B-HLHZip family of transcription factors. These D-Ns consist
of the dimerization domain with a 12-amino acid acidic
sequence replacing the basic region. The acidic extension
interacts with the three basic regions examined, stabilizing the
heterodimeric complex 3.5-6.3 kcal mol~!. DNA binding
assays indicate that a 1-M equivalent of A-Max can abolish the
DNA binding of a Myc:Max heterodimer. In both transacti-
vation and transformation assays, the addition of the acidic
extension on the HLHZip dimerization domain produced
more robust D-Ns than either the HLHZip or B-HLHZip
domains.

The interaction between the acidic extension and the basic
region is salt-dependent. It was found to be stronger in low salt
and shielded in high salt, which argues that the interaction is
mainly electrostatic. A close monitoring of the absolute ellip-
ticity measurements indicates that the B-Myc:A-Max het-
erodimer has slightly less ellipticity than the B-Myc:B-Max
heterodimer but is 6.3 kcal'mol~! more stable. This suggests
that there is no change in the secondary structure accompa-
nying the association between the acidic extension and the
basic region. This is in contrast to D-Ns engineered to interact
with the bZIP family of transcription factors (13), where an
acidic amphipathic extension of the dimerization domain
forms a coiled-coil structure with the basic region.

Several natural examples of D-Ns to B-HLHZip proteins
have been described, including a particular spliced version of
transcription factor enhancer binding 3 whose activation domain
is deleted (25) and Id (26), a protein that appears to regulate
multimerization with MyoD via an unknown structural mecha-
nism and thus prevent DNA binding (27). Unfortunately, current
understanding of the oligomerization of Id and MyoD is not
sufficient to allow the design of additional D-Ns that inhibit the
DNA binding of other B-HLHZip proteins. Previously, D-Ns
have been built to Max that consist of a deletion within the basic
region (28, 29). Our work indicates that replacing the basic region
with an acidic region produced a more potent D-N. Because
naturally occurring deletions of the basic region and helix 1 have
D-N properties, a more thorough biophysical characterization of
these molecules is needed (30).

Proc. Natl. Acad. Sci. USA 94 (1997) 12279

The ability of the described D-Ns to inhibit DNA binding of
B-HLHZip proteins in a dimerization specific manner can be
used to explore several biological issues. Initially, they could be
used to inhibit factor-specific activation of transcription in a
dimerization-specific manner. Second, these D-Ns displace
proteins from DNA, allowing for the exploration of B-
HLHZip proteins whose function on particular promoters is
repressive. The reagents described here should help unravel
these possibilities. Third, because these reagents also appear to
work in the living cell, their mode of action could be monitored
by in vivo footprinting techniques (31).
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