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The DNA-binding factor TFEB contains adjacent helix-loop-helix (HLH) and leucine zipper (LZ) domains 

flanked by an upstream basic region. This arrangement of interactive motifs has recently been observed in 

several other transcription factors and in the Myc family of oncogenes. TFEB was isolated by virtue of its 

binding to the major late promoter of adenovirus. DNA binding by a soluble protein was achieved by deleting 

a hydrophobic amino-terminal domain and permitted the structural analysis of the oligomerization and 

DNA-binding properties of TFEB. TFEB specifically bound DNA as both a homodimer and a heterodimer with 

another b-HLH-LZ protein TFE3. The LZ domain was essential for homo- or hetero-oligomerization and 

high-affinity DNA binding. In the absence of DNA a tetramer-sized form of TFEB was observed that 

dissociates to bind added DNA as a dimer. Binding by TFEB and TFE3 to related, but different, naturally 

occurring DNA target sequences was observed with distinct binding preferences. Analysis of basic domain 

residues in this family of proteins revealed a pattern of sequence conservation predictive of an interacting 

or-helical face. Common oligomerization and DNA-binding features suggest the b-HLH-LZ domain structure 

to define a distinct family of DNA-binding factors. 
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Discrete families of mammalian DNA-binding transcrip- 
tion factors have emerged from the discoveries of numer- 
ous interacting peptide motifs. Two of these, the helix- 

loop-helix (HLH; Tapscott et al. 1988; Murre et al. 
1989a, b) and leucine zipper (LZ; Kouzarides and Ziff 
1988; Landschulz et al. 1988; Sassone-Corsi et al. 1988; 
Gentz et al. 1989; O'Shea et al. 1989; Turner and Tjian 
1989), have been the subjects of considerable structural 
and functional analysis. HLH and LZ are frequently 
found adjacent to an amino-terminal flanking basic re- 
gion domain (b) containing an abundance of basic amino 
acids. Mutational analyses (Davis et al. 1990; Voronova 
and Baltimore 1990) have demonstrated DNA-binding 
specificity in the basic region. Factors naturally lacking 

basic domains were found to be incapable of and inhib- 
itory to DNA binding (Benezra et al. 1990; Ellis et al. 
1990). The HLH and LZ domains have been shown to 
facilitate protein dimerization between different mem- 

bers of the same HLH or LZ family (Kouzarides and Ziff 
1988; Landschulz et al. 1988; Sassone-Corsi et al. 1988; 
Gentz et al. 1989; Murre et al. 1989b; O'Shea et al. 1989). 
Models of the protein-DNA interactions have suggested 
that the LZ domain forms an amphipathic oL-helical seg- 

ment that positions the adjacent basic domain for bind- 
ing in the major groove of DNA (Landschulz et al. 1988; 
O'Neil et al. 1990; Talanian et al. 1990). 

The original structural studies of HLH and LZ do- 
mains were done on proteins containing one or the other 
of these motifs, but some proteins contain both HLH and 
LZ domains immediately adjacent to a single basic re- 
gion. This combined structure has been noted recently in 
the enhancer binding factors AP-4 (Hu et al. 1990), USF 
(Gregor et al. 1990), TFE3 (Beckmann et al. 1990), TFEB 

(Carr and Sharp 1990), c-, L-, and N-Myc (DePinho et 
al. 1987), and Myn/Max (Blackwood and Eisenman 1991; 
Prendergast et al. 1991). Similarities in target DNA se- 
quences recognized by these factors, as well as the com- 
mon structural domains, suggest that this group could 
represent a distinct family of DNA-binding proteins. 
Although initial reports have suggested that these 
proteins bind DNA as dimers (Blackwell et al. 1990; 
Gregor et al. 1990; Hu et al. 1990; Prendergast and Ziff 
1991), structural analyses of c-Myc by cross-linking and 
gel filtration have demonstrated a predominantly tet- 
rameric form of the protein (Dang et al. 1989). The exis- 
tence of dimeric and tetrameric forms of w-enhancer- 
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binding proteins has also been observed (Peterson and 

Calame 1989}. 

The factor TFEB has been shown to bind sequences in 

the adenovirus major late promoter (MLP; Carr and 

Sharp 1990). The core sequence CACGTG in MLP is 

closely related to sequences recognized by members of 
the HLH family and is similar to common enhancer mo- 

tifs in the regulation of immunoglobulin transcription 

(Ephrussi et al. 1985). TFE3, a different transcription fac- 

tor, shares extensive sequence homology with TFEB in 

the basic, HLH, and LZ regions. TFE3 was isolated orig- 

inally by virtue of its binding to the ~E3 immunoglobu- 

lin enhancer site and can activate transcription in vivo 
by binding to this site (Beckmann et al. 1990). 

Analysis of the binding properties of TFEB to DNA and 
its ability to interact with TFE3 are demonstrated and 

provide information on structural features of the 

b-HLH-LZ family of factors. Heterodimer formation has 
been demonstrated between TFEB and TFE3 but not 

among factors lacking the adjacent HLH and LZ do- 

mains. A 2 : 1  stoichiometry of protein-DNA binding 

has been observed together with an apparent propensity 

to form tetramer-sized species in the absence of DNA. 

The ability of both TFEB and TFE3 to bind two related, 

but different, naturally occurring target DNA sequences 

has been shown along with clear binding preferences. 

Comparison of basic domain sequences from factors ca- 

pable of binding to a CACGTG DNA target was made 

and reveals evidence for a conserved a-helical face that 

may interact with base pairs in the DNA major groove. 

The capacity for multiple competing interactions of po- 

tential regulatory importance appears to distinguish the 
b-HLH-LZ proteins as a unique family. 

R e s u l t s  

MLP binding by TFEB is enhanced by intact LZ 

Previous experiments have shown that proteins encoded 

by the TFEB cDNA were insoluble. Proteins representing 

both amino- and carboxy-terminal deletions of TFEB 

(Fig. 1A) were generated by translation in vitro and tested 
for DNA binding. Deletion of an amino-terminal domain 

rich in glycine and alanine was necessary to produce a 

protein capable of binding the MLP probe with electro- 

phoretic mobility-shift assay (EMSA; Fig. 1B). Deletion 

of either the first 120 (AA120) or 265 (AA265) amino 

acids produced a protein that formed complexes effi- 

ciently with mobilities consistent with their relative 
molecular masses. 

Determination of carboxy-terminal sequences neces- 

sary for DNA binding was studied with constructs con- 
taining the AA265 amino-terminal deletion (Fig. 1C). De- 

letion of sequences carboxyl terminus to or including the 

last leucine of the LZ domain retained strong DNA bind- 

ing (CA421 and CA415, respectively). Deletion of the en- 

tire LZ domain nearly abrogated DNA binding (CA394 

and CA390). Nonetheless, a weak band was observed 

with these smaller deletion mutants, a reproducible find- 

ing with both CA394 and CA390 with long exposure of 

gels (data not shown). Comparable translation efficiency 

was verified by SDS-PAGE (data not shown). The faint 

band generated by AA265/CA390 migrates dispropor- 

tionately rapidly relative to that generated by AA265/ 

CA415, considering that the size difference between the 

two proteins is only 25 amino acids. Taken together, 

these data suggest that the leucine zipper is important 

for high-affinity DNA binding, although low-affinity 

Figure 1. MLP binding by soluble TFEB. {A) Map of TFEB protein indicating glycine- and alanine-rich {Gly/Alal, glutamine-rich (Gln), 
acidic, basic, helix-loop-helix (HLH), leucine zipper (LZ}, and proline-rich {Pro) domains. Amino-terminal (AA) and carboxy-terminal 
[CA) deletions are indicated with the respective amino acid positions. Carboxy-terminal deletion mutant amino acid sequences are 
shown below, with the periodic leucines of the zipper in boldface type. {B) EMSA of binding to MLP DNA probe by TFEB and 
amino-terminal deletion mutants. Reticulocyte lysate to which no exogenous RNA was added before incubation is indicated ( - RNA). 
[C) EMSA of TFEB carboxy-terminal deletions using the AA265 amino-teminal deletion mutant and MLP probe. (-RNA) No RNA 
added to reticulocyte lysate. The arrow indicates the position of the weaker gel-shift band in mutants with deleted LZ domains. 
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DNA binding may occur in its absence. Construct 
AA265/CA390 is also missing part of the putative helix 2 

from its HLH domain, perhaps implying its dispensibil- 

ity in this weak binding. The most probable explanation 

is that the LZ minus mutants  bind DNA weakly as 

monomers, whereas the high-affinity binding requires 

formation of dimers (see below). High-affinity DNA 

binding has not been observed with mutants  containing 
in-frame deletion within the HLH motif but leaving the 

leucine zipper intact (data not shown). 

Sequence specificity of binding 

Specificity of DNA binding by a soluble TFEB deletion 

mutant  was demonstrated by competition (Fig. 2A) with 

either unlabeled wild-type MLP probe (core sequence 

CACGTG) or double point mutant  (core sequence GAG- 
GTG). The wild-type probe competed effectively, 

whereas the point mutant  did not compete at identical 

molar excess (Fig. 2A). It is significant that an intact 

half-site {GTG), which remained intact in the mutant  

probe, was unable to compete with wild type, even in 

vast excess. Specificity of binding was demonstrated fur- 
ther by methylat ion interference analysis (Fig. 2B). The 

pattern of guanine residues whose methylation inter- 

fered with binding is centered over the core CACGTG 

sequence and extends to either side in a roughly sym- 

metrical fashion to a pair of flanking guanine residues. 
This pattern is nearly identical to that determined pre- 

viously for the binding of MLTF or USF to the MLP site 

(Carthew et al. 1985; Sawadogo and Roeder 1985; Cho- 

dosh et al. 1987) and to the methylation interference 

pattern seen by Southwestern blotting with a f~-gal- 

TFEB fusion (Cart and Sharp 1990). Because that fusion 
protein contained the first 120 amino acids whose dele- 

tion produces a soluble DNA-binding protein, those 120 

residues are unlikely to make direct DNA contacts. 

TFEB homodimerization 

TFEB homo-oligomerization and stoichiometry of pro- 

te in-DNA complexes were examined by resolving the 

mobilities of complexes formed by a mixture of two dif- 

ferent TFEB-derived proteins containing intact b-HLH- 

LZ domains (Fig. 3A). Titration was carried out to opti- 
mize the chances of observing any potentially less fa- 

vored intermediate forms. Mixing varying proportions of 

large peptide (TFEB--AA120; Fig. 3A) and small peptide 

(TFEB--AA265/CA421; Fig. 3B)generated a single new in- 

termediate mobility band (Fig. 3A, B). Weaker binding of 

the probe by an endogenous reticulocyte component 

could also be seen {asterisk; Fig. 3A). Formation of these 

putative heterodimers was equally efficient either by 

mixing previously translated proteins or cotranslation of 

the two mRNAs (data not shown), although the former 

allows for more accurate titration of products. These re- 
suits suggest that DNA binding by the intact b-HLH-LZ 

domain occurs as a protein-protein dimer, although a 

higher-order structure, such as tetramer, cannot be ex- 

cluded from these results alone if unanticipated con- 

straints prevent the formation of certain oligomer forms. 

TFEB and TFE3 can heterodimerize efficiently 

The possibility of interactions between TFEB and TFE3 
was tested by mixing the two proteins in the presence of 

Figure 2. Specificity of binding to MLP. (A) EMSA 
competition was performed by adding unlabeled 
DNAs (MLP or double point mutant) of the same mo- 
lecular masses as the labeled MLP probe. (B) Guanine 
methylation interference analysis of binding by TFEB 
AA265/CA421 to single end-labeled MLP probes. Cod- 
ing and noncoding strands were determined with sep- 
arately end-labeled probes. DNA sequence that was 
bound is in each case shown flanked by two lanes con- 
taining the unbound probe (free). Bands corresponding 
to sequences strongly affected (*) and weakly affected 
(+) by methylation interference are indicated. DNA 
probe sequences are shown at the bottom of A, with 
the interference pattern indicated for the MLP probe 
and the two sites of mutation indicated (gD) on the 
double point mutant competitor sequence. 
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Figure 3. Protein-protein interactions of TFEB. (A) Large peptides, labeled A [TFE3 intact (Beckmann et al. 1990) or TFEB AA120] 
were produced by in vitro translation and mixed in varying amounts with separately translated small peptide, labeled B (TFEB 
AA265/CA421). Quantities of reticulocyte lysate-generated protein are indicated (0, 0.25, or 1 ~1). Homodimer gel-shift bands are 
indicated (A and B) as are the heterodimer bands (A : B) for both the TFE3(A) : TFEB(B) and TFEB(A) : TFEB(B) mixes. An endogenous 
reticulocyte lysate band is indicated by an asterisk (*). Free probe was allowed to run off the bottom of the gel. (B) Inability to 
heterodimerize in the absence of intact LZ. TFEB deletion mutants containing (TFEB AA265/CA421) or lacking (TFEB AA265/CA394) 
intact LZs were mixed with each other and intact TFE3, all generated by in vitro translation. Mobility of the LZ minus mutant 
(AA265/CA394) band, seen on long exposure, is faster than the LZ-containing constructs (see Fig. 1C}. (C) Inability to heterodimerize 
with the HLH protein E47. TFEB deletion mutants and TFE3 were mixed individually with in vitro-translated E47S protein. Free probe 
was allowed to run off the bottom of the gel. 

MLP probe (Fig. 3A). Again, a single new band of inter- 

mediate  mobi l i ty  was seen. Analogous to the TFEB- 

TFEB complexes described above, those complexes 

formed between TFEB and TFE3 are l ikely to represent 

protein dimers. The heterodimer formation was equally 

efficient by cotranslation or mixing  of separately trans- 

lated proteins (data not  shown}. The interactions of TFEB 

wi th  TFE3 reveal a s imilar i ty  of two b-HLH-LZ family  

members  both in forming protein-protein oligomers as 

well  as in binding the same D N A  sequence. 

Reversibil i ty of the dimerizat ion process was studied 

by mixing  one protein wi th  D N A  probe before the addi- 

tion of the second protein or, alternatively, by mixing 

the two proteins before the addition of the D N A  probe. 

The order of addition had li t t le effect on the formation of 

the heterodimer (data not  shown). Specifically, preincu- 

bation of TFE3 alone wi th  D N A  probe did not affect its 

efficient formation of intermediate  mobi l i ty  het- 

erodimers upon addit ion of the smal ler  TFEB deletion 

mutant ,  and vice versa. These results suggest that pro- 

tein oligomerization and DNA binding are both largely 

reversible over a short t ime. 
The importance of the LZ domain in dimerizat ion was 

demonstrated by mix ing  proteins containing or lacking 

this domain  in the presence of D N A  probe. As shown in 

Figure  3B, addit ion of the smaller  LZ minus  mutan t  

AA265/CA394 did not produce a more rapidly migrat ing 

intermediate  band when  mixed either wi th  TFEB- 

AA265/CA421 (containing intact  LZ) or wi th  intact  

TFE3. Furthermore, the presence of the LZ minus  pro- 

tein (as verified by SDS-PAGE; data not shown) did not 

inhibi t  D N A  binding by proteins wi th  an intact  LZ, as 

the in tens i ty  of the TFE3 homodimer  band was not  di- 

minished.  Under  identical  condit ions the TFEB protein 

AA120 produced an intermediate  mobi l i ty  heterodimer 

when  mixed wi th  the same smal ler  TFEB mutan t  

AA265/cA421. These results suggest that the LZ domain  

is important  for the formation of DNA-binding oligo- 

mers. 
The HLH protein E47S was tested for possible binding 

to the MLP sequence and found to give a reproducible 

gel-shift complex (Fig. 3C). Al though E47 was isolated by 

virtue of its binding to the KE2/~E5 sequence (Murre et 

al. 1989a), the MLP sequence falls into the same 

C A N N T G  family. This  binding by E47S to MLP also 

provided the unique opportunity to test for possible het- 

erodimerization by members  of two different families,  

both capable of binding the same D N A  sequence. As 

seen in Figure 3C, although E47S as well  as TFEB and 

TFE3 were all capable of binding the MLP probe in the 

same reaction mixtures,  no in termediate  mobi l i ty  com- 

plexes were observed to suggest heterodimer  format ion 
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or interference with homodimers. The same results were 

obtained by cotranslation of mRNAs. Failure to form 

DNA-binding heterodimers or inhibit TFEB DNA bind- 
ing has also been observed with the LZ proteins Fos and 

Jun and the b-HLH-LZ protein AP-4 (data not shown): 

Relative binding affinities for MLP and txE3 

The relative affinities of TFEB and TFE3 for binding the 

MLP (core sequence CACGTG) and IxE3 (core sequence 

CATGTG) sites were also tested. TFEB and TFE3 were 

found to bind the txE3 probe separately as homodimers, 

although with lower efficiency than the MLP probe (data 

not shown). In addition, when mixed together, TFE3 and 

TFEB formed a heterodimer band with the ixE3 probe 

(data not shown). Binding to IxE3 probe was observed by 

using one-tenth the amount of poly[d(I-C)] nonspecific 

competitor as compared with assays for binding the MLP 

probe. To assay more quantitatively for relative affinity, 

unlabeled txE3, MLP, and double point mutant DNAs 

were tested for competition with formation of protein- 

DNA complexes containing the b-HLH-LZ intact pep- 
tide TFEB AA265/CA421 and labeled MLP probe (Fig. 

4A). A clear preference was observed for binding to MLP 

DNA. Although addition of 10 ng of unlabeled MLP es- 

sentially eliminated binding to the labeled probe, 100 ng 

of unlabeled ~xE3 DNA was required for the same extent 

of competition. The double point mutant DNA (core se- 

quence GAGGTG) competed more weakly than either 
MLP or ~E3 DNA. The same preferential avidity for 

MLP as compared with txE3 templates was observed with 
the intact TFE3 protein (Fig. 4B). 

Dimer- and tetramer-sized protein oligomers 

Given the apparent tetrameric state of c-Myc, as ana- 

lyzed previously by cross-linking and gel filtration (Dang 

et al. 1989), it was of interest to determine the state of 

TFEB in the absence of DNA probe. This was accom- 

plished by fractionating in vitro-translated TFEB 
(AA265/CA421) by gel filtration and assaying all frac- 

tions by electrophoretic mobility-shift assay (EMSA). 

Three distinct peaks of DNA-binding activity were iden- 

tified (Fig. 5A). The most prominent peak has mobility 
somewhat slower than aldolase (158 kD). A second peak 

has mobility just slower than BSA (67 kD). And a third 

smaller peak has mobility near that of chymotrypsino- 

gen (25 kD). The TFEB construct used for these studies 

migrates on SDS-PAGE as a 25-kD protein (data not 
shown). The gel filtration peaks seen here would appear 

to be candidates for tetramer, dimer, and monomer. By 

using the gel filtration elution data, Stokes radii of the 

three peaks were determined to be 48.2, 31.5, and 22.4 A 
(Fig. 5C, right). 

Glycerol gradient sedimentation of TFEB Aa265/ 

ca421 in the absence of DNA was also carried out and 

assayed by EMSA (data not shown). This also revealed 

prominent dimer- and tetramer-sized peaks (Fig. 5C, left) 

with corresponding S values of 4.56 and 6.64, respec- 
tively. By using the combined S value and Stokes radius 

determinations, native molecular mass of these two 

peaks was calculated to be 58 and 129 kD (see Materials 

and methods). These sizes are consistent with dimer and 

tetramer formation by TFEB in the absence of DNA. 
Figure 5A also reveals that the DNA-protein com- 

plexes formed by the different oligomerized forms of 

TFEB all migrate identically by using native gel electro- 
phoresis. This observation suggests that each complex 

contains the same protein-DNA stoichiometry. Because 

the fraction of TFEB containing a putative tetramer gen- 

erates a DNA-protein complex that migrates as an ap- 

Figure 4. Preferential binding by TFEB and TFE3 for the MLP site over the txE3 site. (A) In vitro-translated TFEB AA265/CA415 was 
incubated with a2P-labeled MLP probe in the presence of increasing quantities of unlabeled competitor DNAs with 1 ~g of poly[d(I-C)]. 
The unlabeled lxE3 competitor was derived by BamHI cleavage of the plasmid pBS-SK-~E3. {B) In vitro-translated TFE3 was incubated 
with 32P-labeled ixE3 probe in the presence of unlabeled MLP, ~E3, and double point mutant competitor DNAs and 0.1 Ixg of 
poly[d(I-C)]. The ~E3 labeled and unlabeled sequences were derived by XbaI and EcoRV cleavage of pBS-SK-txE3. Reticulocyte lysate 
to which no exogenous RNA was added before in vitro translation is indicated (-RNA). An endogenous reticulocyte lysate band is 
indicated by an asterisk (*). 
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Figure 5. Gel filtration and glycerol gra- 

dient centrifugation analysis of protein in 

the absence or presence of DNA probe. (A) 

In vitro-translated TFEB AA265/CA421 

was fractionated by gel filtration with a 

Superose 12 FPLC column. Labeled MLP 

probe was added to each fraction and com- 

plexes were visualized by EMSA. A lane 

showing the column load material is indi- 

cated. Protein standards are chym0- 

trypsinogen (25 kD), BSA (67 kD), and al- 

dolase (158 kD). Approximately tetramer- 

sized (lane 16}, dimer-sized (lane 36), and 

monomer-sized (lane 51) peaks of DNA- 

binding protein were resolved, though all 

three migrate identically on the native gel 

when bound to DNA probe. Molecular 

mass calculations were made as described 

in Materials and methods. (B) In vitro- 

translated TFEB AA265/CA421 was mixed 
with 32p-labeled MLP probe and fraction- 

ated by glycerol gradient centrifugation. 

Complexes were visualized after native gel 

electrophoresis of each fraction. Load ma- 

terial is indicated in a separate lane. The 

positions of dimer- and tetramer-sized 

peaks, as resolved in the absence of DNA 

during parallel gradient centrifugation 

(data not shown), are indicated. The same 

protein standards were employed as in A. 

(C) Standard curves are shown for gel fil- 

tration (right) and glycerol gradient sedi- 

mentation (left) of TFEB AA265/CA421 in 

the absence of added DNA. (0) Migration 

of standards listed above. Positions of the 

various oligomer-sized peaks are indicated 

by arrows. Combined S value and Stokes 

radius {R) determinations allowed for cal- 

culation of native molecular mass cor- 

rected for shape {see text). 
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parent dimer (see Fig. 3A), it appears that the tetrameric 

form of TFEB protein dissociates to bind as dimer with 

the addition of the DNA probe. An implication of this 
result is that the tetrameric form probably cannot bind 

MLP DNA directly, at least under the standard assay 
conditions. The overall amount of DNA-protein com- 

plex detected across the gradient (relative to the total 

protein loaded) indicates nearly complete recovery of the 
protein in a DNA-binding form. As such, it is likely that 

nearly all of the protein in the tetramer-sized fractions 

bound DNA. This suggests that dimer-DNA interac- 

tions are much more stable than interactions that hold 

the tetramer together (e.g., dimer-dimer) for this protein 
and MLP probe. 

As an independent test of whether TFEB dimers and 

tetramers are able to bind DNA, glycerol gradient sedi- 

mentation was carried out with TFEB in the presence of 

radioactive DNA probe, followed by native gel electro- 

phoresis of all fractions (Fig. 5B). A single peak of pro- 

tein-DNA complexes was identified and has an interme- 

diate mobility relative to the dimer- and tetramer-sized 

complexes resolved in a parallel sedimentation experi- 

ment (Fig. 5C). This conversion of two peaks to one by 
the addition of DNA is consistent with the gel filtration 

studies showing the same-sized gel-shift complex when 

bound to DNA from either monomer-, dimer-, or tet- 

ramer-sized fractions. These data suggest that only the 

dimeric size form is capable of binding DNA directly. 

Potential conserved a-helical face of MLP-binding 
basic domains 

Because multiple different members of this family of 

DNA-binding proteins appear capable of binding to 

CACGTG DNA targets, sequence comparison of corre- 

sponding basic regions was carried out on the basis of the 

method used by. O'Neil et al. (1990). Amino acid se- 

quences of eight proteins that were likely able to bind 
the MLP core sequence were aligned in their basic do- 

mains. A consensus emerged and is illustrated in Figure 

6, where the number of different residues is plotted for 

each position in the -20-amino-acid region. A clear cy- 

clical pattern emerged, with greatest conservation of se- 

quence occurring at an average distance of 3--4 amino 

acids. This is consistent with the highly conserved 

amino acids being oriented on the same face of an a-helix 

so that these residues may make contact with the major 

groove of the DNA template. Although the most con- 

served positions all contain charged amino acids, several 
are acidic and others are basic. The AP-4 protein (a dif- 

ferent b-HLH-LZ protein) differs at several consensus 

residues and matches at others. In even greater contrast, 

the consensus pattern for the Fos/Jun/GCN4 family is 
shown and appears strikingly different for these LZ pro- 

teins that bind different DNA target sequences. 

Discussion 

The presence of multiple potentially interactive do- 

mains in TFEB and similar proteins has prompted the 

analysis of the specificity of its protein-protein and pro- 

tein-DNA complexes. Deletion of the amino-terminal 

domain of TFEB that is rich in glycine and alanine was 

necessary to observe DNA binding. This is probably due 

to the relative insolubility of the more intact form of 

TFEB. The biological importance of the domain rich in 

glycine and alanine is unclear, but a similar alanine-rich 

domain has been shown to function as a transcriptional 

repressor in the Drosophila Krfippel protein (Licht et al. 
1990). 

The TFEB protein and a number of related factors con- 

tain a basic region immediately adjacent to a HLH do- 

main and a LZ domain. Mutational analysis shows that 
the LZ is essential for high-affinity DNA binding. A low- 

affinity complex was observed if the LZ region was de- 

leted, which probably represents the binding of a mono- 

meric protein. Similar observations have been made for 

USF (Gregor et al. 1990) and AP-4 (Hu et al. 1990), both 

of which form homodimers similarly dependent on the 
integrity of the LZ domain. Both proteins also bind, per- 

haps as monomers, when the LZ is deleted. The het- 
erodimerization and DNA binding of c-Myc, Max, and 

Myn (the mouse homolog of Max) also appear to require 
intact LZ domains (Blackwood and Eisenman 1991; 
Prendergast et al. 1991). 

Methylation interference analysis of the solubilized 

TFEB-DNA complex revealed that the critical guanine 

contacts were distributed symmetrically over the 
CACGTG core sequence and two flanking guanine resi- 

dues. The residues affected by methylation interference 

analysis are virtually identical to those affected by the 

intact insoluble TFEB protein by Southwestern tech- 

nique (Carr and Sharp 1990), suggesting that the amino- 

terminal glycine/alanine-rich domain does not contrib- 

ute directly to DNA-binding specificity. The pattern is 

also very similar to that of USF-MLTF factor binding to 

the MLP site (Carthew et al. 1985; Sawadogo and Roeder 

1985; Chodosh et al. 1987) and analogous to the binding 
of TFE3 to the ~E3 site (Beckmann et al. 1990). Thus, 

proteins with significantly different (USF) or similar 
(TFEB and TFE3) basic region amino acid sequences are 

able to bind the same target DNA with virtually identi- 
cal interference patterns. Such observations suggest that 

a search for conserved residues may yield more informa- 

tion on possible contact residues for this family of pro- 

teins (see below).The interference patterns are also con- 

sistent with dimeric binding, which places two basic do- 

mains in opposite orientations over the center of the core 
hexanucleotide sequence. An implication of this struc- 

ture is that an altered binding specificity might arise by 

heterodimer formation with a different member of the 

family containing a compatible LZ domain. In addition, 
with multiple proteins in the b-HLH-LZ family capable 

of binding the CACGTG core, dimeric binding allows for 
a diversity of other functional domains (e.g., trans-acti- 
vating motifs) to be bound to the DNA target by het- 
erodimerization. 

Among proteins in the newly emerging b-HLH-LZ 

family a strikingly restricted ability to heterodimerize 

has been seen, even among proteins capable of binding 
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the same target DNA (Beckmann and Kadesch 1991). 
Only Myc and Max have been seen previously to form 

heterodimers (Blackwood and Eisenman 1991; Prender- 
gast et al. 1991), although unlike TFEB and TFE3, the 
Myc/Max proteins have not been demonstrated to ho- 
modimerize efficiently. The TFEB-TFE3 complex bound 
DNA with an affinity comparable to either homodimer, 
and its formation was dependant on the integrity of the 
LZ. TFEB and TFE3 may bind DNA efficiently as sepa- 
rate or mixed species, thereby participating potentially 

in diverse regulatory pathways as each carries unique 
additional domains to any bound DNA target sequence. 
An acidic trans-activating domain has been demon- 
strated for TFE3 (Beckmann et al. 1990), whereas TFEB 
(Cart and Sharp 1990) contains three potential trans-ac- 

tivating domains and a glycine/alanine-rich region bear- 
ing some homology to transcriptional repressor se- 
quences identified in the Kriippel protein (Licht et al. 
1990). Apparently, TFEB did not interact with E47 by 
using EMSA, in which both proteins were capable of 
binding the same target DNA sequence. Although this 

observation does not address whether TFEB and E47 can 
dimerize in the absence of DNA, it does suggest that 
either their HLH domains are inherently incompatible or 
that the formation of heterodimers positions the adja- 
cent basic domains inappropriately for DNA binding. 

The observations that TFEB, TFE3, and USF bind to 
both the ~E3 and MLP sites (Fig. 4A; Beckmann et al. 
1990; Gregor et al. 1990) led to an analysis of affinity 
preferences for the two DNA sequences. The ~E3 core 
hexanucleotide (CATGTG) differs at only one position 
from the MLP core (CACGTG), although they differ 
more extensively in sequences outside the core region 
that are important in DNA binding. Both TFEB and TFE3 

bind with approximately an order of magni tude prefer- 
ence for the MLP site as compared with the ~E3 site. The 
near-identical DNA-binding preferences for TFE3 and 
TFEB are consistent with there ~ being DNA contacts 
with basic regions of these peptides, as  the two proteins 
share 19 of 20 amino acids in the basic~region and are less 
homologous elsewhere. The varied affinities for particu- 
lar sites may also reflect important physiologic differ- 
ences in comparing viral (MLP)and cellular (~E3) pro- 
moter/enhancer sequences. It i s  interesting that TFE3 
apparently fails to trans-activate through the MLP site 
under conditions where it trans-activates readily 
through the lower affinity ~E3 site (Beckmann et al. 
1990; Gregor et al. 1990). This suggests that the partic- 
ular sequences to which a factor is bound are important 
for activation of transcription, possibly due to the char- 
acter of the binding complexes. The promiscuity of DNA 
recognition was also demonstrated for E47 (Fig. 3C), 
which was shown to recognize the CACGTG core se- 
quence whose two central positions differ from the KE2/ 
~E5 sequence to which it avidly binds (Murre et al. 

1989a). Such multiplicity of binding to related naturally 
occurring DNA sequences may be a general property of 
basic region containing transcription factors implying an 
additional regulatory mechanism for transcriptional con- 

trol. 

Protein-DNA stoichiometry of 2 : 1 has been seen for 
numerous transcription factors that bind to palindromic 
DNA sequences {e.g., HLH or LZ families). Evidence that 
b-HLH-LZ proteins bind as dimers has been presented 
for AP-4 and TFE3 with mixed heterodimers and cross- 
linking [Hu et al. 1990; Beckmann and Kadesch 1991), as 
well as for USF with mixed heterodimers {Gregor et al. 

1990). Mixed heterodimer formation and glycerol gradi- 
ent centrifugation were used here and revealed a single 
band of intermediate mobility consistent with 2 : 1 pro- 
te in-DNA stoichiometry of binding. 

With two potential dimerization interfaces [HLH and 
LZ) one might predict proteins of this family to be capa- 
ble of forming tetramers {or even higher-order com- 
plexes). The report that bacterially produced c-Myc {also 
a b-HLH-LZ protein) behaves as tetramer during gel fil- 
tration and chemical cross-linking [Dang et al. 1989) sup- 
ports this prediction. On the other hand, concerns that 
the observed c-Myc tetramers could have arisen as a con- 
sequence of bacterial overproduction or purification 
have been raised, as dimeric DNA binding has been dem- 

onstrated for many of the proteins in this family (Fig. 3A; 
Blackwell et al. 1990; Gregor et al. 1990; Hu et al. 1990; 
Blackwood and Eisenmann 1991; Prendergast et al. 
1991). The existence of dimer and tetramer forms of a 
~E3-binding protein in a plasmacytoma cell extract has 
also been demonstrated previously by gel filtration and 
EMSA [Peterson and Calame 1989). To study the state of 
TFEB in native, dilute conditions, gel filtration was per- 
formed with in vitro-translated protein in the absence of 
DNA. Three discrete peaks corresponding in size to pre- 
dicted monomers, dimers, and tetramers were observed, 
with the tetramer peak containing the majority of the 
protein. The tetramer-sized mobility of this large peak is 
consistent with the bacterially produced tetramer form 
of c-Myc {Dang et al. 1989) that was seen in the absence 
of DNA. The tetrameric and dimeric states of TFEB were 
also observed by using glycerol gradient centrifugation. 
From the combined S value and Stokes radius, native 
molecular masses for these complexes were calculated. 
Molecular masses of 58 and 129 kD were obtained and 
strongly suggest dimeric and tetrameric forms for these 
complexes. Because the current study was not performed 

with purified protein, it is impossible to be certain that 
the tetramer-sized activity was not caused by complexes 
to other proteins in the translation mix, although the 
experiments with purified c-Myc {Dang et al. 1989) are 
complementary in this regard. In addition, selective dis- 
appearance of the tetramer-sized complexes with the ad- 
dition of DNA {Fig. 5B) argues against nonspecific inter- 

actions in reticulocyte lysate. 
It is noteworthy that the EMSA mobility of the pro- 

te in-DNA complexes generated by the dimer- and tet- 
ramer-sized peaks was identical. Both fractions appar- 
ently generate homodimer protein-DNA complexes. 
The tetramer form of TFEB probably cannot bind DNA 
directly but dissociates into DNA-binding dimers. This 
suggests a potential regulatory competition between 
dimer-DNA and dimer-dimer {tetramer)-forming path- 
ways. Modifications that shift the stability of the alter- 
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TFEB ........... LAKERQKKDNHNLIERRRRFN 

TFE3 ........... LLKERQKKDNHNLIERRRRFN 

MAX ............ VESDADKRAHHNALERKRRDH 

L-Myc .......... DTEDVTKRKNHNFLERKRRND 

c-Myc .......... NTEENVKRRTHNVLERQRRNE 

N-Myc .......... DSEDSERRRNHNILERQRRND 

USF ............ TTRDEKRRAQHNEVERRRRDK 

E47 ............ DLRDRERRMANNARERVRVRD 

E KK H R 

consensus ...... ***-**--**-*******-** 

D RR N V 

AP-4 ........... DQERRIRREIANSNERRRMQS 

Figure  6. Basic domain alignments for MLP- 
binding proteins. Amino acid residues from the 
basic domains of the MLP-binding (or likely 
binding) proteins TFEB (Carr and Sharp 1990), 
TFE3 (Beckmann et al. 1990), Max (Blackwood 
and Eisenman 1991),L-, c-, N-Myc (DePinho et 
al. 1987), USF (Gregor et al. 1990), and E47 
(Murre et al. 1989a) were aligned, and a con- 
sensus pattern was determined. Relatively 
nonconserved residues are shown by asterisks 
( * ). The sequences of AP-4 basic domain (Hu et 
al. 1990), as well as the c-Fos, Jun-D, and 
GCN4 family consensus sequence (derived 
from O'Neil et al. 1990), are shown in contrast. 
The number of different residues at each posi- 
tion for the MLP-binding proteins is plotted. 
Nadirs correspond to conserved residues in the 
consensus sequence. 

c -Fo s .......... RE RNKMAAAKC RNRRRE L TD T 

Jun-D .......... RLRNR I AASKCRKRKLER I SR 

R C R E 

consensus ...... - * RN * *AA* * -R'R- *-R* * * 

L S K Q 

7 

L 

I I 

o lO 20 

Amino acid position 

native arms of this compet i t ion would regulate the ac- 

t ivity of TFEB. Although interactions wi th  the MLP site 

appear strong enough to dissociate all tetramer, the ap- 

parent weaker affinity for the ~E3 site could be the result 

of close Kd values for the protein dimer-~E3 versus 

d imer -d imer  competi t ive interactions. The tetramer 

may  therefore serve as a repository for non-DNA-binding 

protein. Thus, al though interactions among different 

b-HLH-LZ proteins appear to be highly restricted in 

terms of D N A  binding, the existence of interactions 

among non-DNA-binding oligomers is an important  pos- 

sibil i ty that  remains  to be tested. 

Al ignment  of basic region domains has been used pre- 

viously to demonstrate  contacting residues in the Fos/ 

Jun/GCN4 LZ (b-LZ) fami ly  (O'Neil  et al. 1990). A sim- 

ilar a l ignment  of basic regions for the fami ly  of proteins 

recognizing the core CACGTG sequence shows a strik- 

ing similar i ty of pattern, al though with different con- 

served residues (Fig. 6). Whereas the spacing of consen- 

sus residues is consistent wi th  a l ignment  on one face of 

an s-helix, it has not been proven that this face directly 

contacts DNA. Intermediate amino  acids may  also play 

important  roles in determining properties such as bind- 

ing preferences and or-helix s tabi l i ty/ inducibi l i ty .  It is 

interesting that E47, which  binds to MLP, but more 

weakly than TFEB or TFE3 (see Fig. 3C), is the only pro- 

tein to vary sl ightly at two of the consensus sites. If the 

conserved face does contact DNA, these varied residues 

may  be responsible for affinity differences between E47 

and other MLP-binding proteins. The pattern of con- 

served residues in the HLH-LZ fami ly  extends approxi- 

mate ly  three turns of an o~-helix--more than adequate to 

interact wi th  a prototype half-site. The "induced helical 

fork" model of b-LZ proteins (O'Neil  et al. 1990) suggests 
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an i m p o r t a n t  role for D N A  in es tab l i sh ing  the  s -he l i ca l  

s t ruc ture  of the  basic d o m a i n  (O 'Nei l  et al. 1990; Patel  et 

al. 1990; T a l a n i a n  et al. 1990; Weiss  et al. 1990). Such 

induced  s -he l ix  could interfere  w i t h  s t ruc tures  neces- 

sary for t e t r amer  fo rma t ion  as well ,  e i ther  th rough  inter-  

ac t ions  w i t h  the adjacent  H L H  d o m a i n  or th rough  steric 

l imi t a t ions .  Iden t i f i ca t ion  of s t ruc tu ra l  features com- 

m o n  to the  f ami ly  of pro te ins  con ta in ing  b - H L H - L Z  do- 

m a i n s  wi l l  be one step toward  an unde r s t and ing  of the i r  

complex  regula tory  ne tworks .  

Materials and m e t h o d s  

Plasmids 

The EcoRI cDNA fragment from kTFEB (Carr and Sharp 1990) 
was made blunt-ended and subcloned into the Sinai site of the 

vector pBS-ATG (Baldwin et al. 1990) and used as template in 
reactions. Constructs AA120 and AA265 were subcloned into 
pBS-ATG by using SphI and TthIIII sites of TFEB. Carboxy-ter- 

minal ends were defined by cleaving with EcoRI, ApaLI 

(CA421), PflMI (CA415), BspMI (CA394), or BstXI (CA390). TFE3 

was transcribed from the plasmid ~G-k3 (Beckmann et al. 
1990), which was cleaved with BamHI. E47S transcripts were 

made from the plasmid pE47S (Murre et al. 1989a), which was 

cleaved with EcoRI. 

per 20 ~1] and spun in a SW41 rotor at 38,000 rpm for 45 hr at 
4~ Gradients were fractionated and resolved either by addition 
of 5 x 104 cpm of 32P-labeled MLP followed by EMSA or di- 

rectly by native gel electrophoresis. Mobility standards were 
chymotrypsinogen (M r = 25 kD, S = 2.54, R = 20.9 A), BSA 

(Mr = 67 kD, S = 4.58, R = 35.5 A), and aldolase (Mr = 158 
kD, S = 7.35, R = 48.1A), and peaks were quantitated by 

OD280. S values for the dimer and tetramer peaks were deter- 
mined from the standard curves shown in Figure 5C. Gel filtra- 
tion was carried out by using identically prepared reticulocyte 

lysate diluted into binding buffer and fractionated on an auto- 
mated Superose-12 FPLC column (Pharmacia). Fractions were 
assayed by addition of 32p-labeled MLP (5 x 104 cpm) and 

poly[d(I-C)] (1 ~g) and resolved by native gel electrophoresis. 
Blue dextran was included, together with those standards used 
for glycerol gradients. Kav was determined for each peak by us- 

ing the formula K~v = ( V  e - V o ) / V  t - g o )  , and V e is the peak 
fraction exclusion volume, V o is the exclusion volume for blue 

dextran, and Vt is the column volume. The Stokes radius (R) of 
each oligomer form was determined from the protein standard 
curve of Kay versus log(R) (Cantor and Schimmel 1980) and then 
used to determine the frictional coefficient (f = 6~r~R), where 
is solvent viscosity. Partial specific volume, co, was calculated to 

be 0.719 based on the amino acid composition (Creighton 1984). 
Native molecular mass was then calculated by the equation 

S = [M( 1-~og)]/f, where M is molecular mass/Avogadro's number, 

and 9 is solvent density. 

Probes 

MLP-binding site {core sequence, CACGTG) and double point 
mutant (core sequence, GAGGTG) were isolated by HindIII and 

EcoRI digestion of the respective pUC plasmids (Carr and Sharp 

1990) and Klenow-filled and end-labeled with [a-32P]dATP. ~E3 
probe was isolated after cleavage with either BamHI or XbaI and 
EcoRV from a construct in pBS-SK (Stratagene) containing the 

oligonucleotide GATCCAAGCAGGTCATGTGGCAAGGCTC 
cloned into its BamHI site (pBS-SK-~E3) and end-labeled as 
above. Unlabeled probes were identical to their labeled coun- 

terparts and were gel purified and quantitated by OD26 o. 

In vitro transcription~translation, EMSA, and methylation 

interference 

In vitro transcriptions and translations were done by using T3 
RNA polymerase (TFEB and E47S constructs) or T7 RNA poly- 
merase (TFE3) and reticulocyte lysate according to the recom- 

mendations of the manufacturer (Promega). EMSA was carried 
out in 20 ~1 with 1 ~1 of reticulocyte translation product in 
binding buffer [5% glycerol, 100 mM KC1, 10 mM MgC12, 10 m~  
Tris (pH 7.4), 1 mM DTT] plus 2 x 104 to 5 x 104 cpm of 32p_ 

labeled probe and 1 ~g (for MLP) or 0.1 ~g (for ~E3) of poly[d(I- 

C)]. Binding was carried out at room temperature for 20 min. 
The native polyacrylamide gels (6%) were prepared in the TGE 
buffer system (25 mM Tris base, 190 r r~  glycine, 1 mM EDTA). 

Dimethyl sulfate-methylation interference analysis was per- 
formed as described (Baldwin 1991) by using single end-labeled 

probes. 

Glycerol gradient centrifugation and gel filtration 

Translated reticulocyte lysate (20 ~1) programmed by TFEB 
AA265/CA421 was diluted 10-fold with binding buffer in the 

presence or absence of 10 ~g of poly[d(I-C)] and 106 cpm of 
3ZP-labeled MLP probe. Samples were loaded onto prechilled 
10--30% glycerol gradients [in binding buffer with 1 ~g of d(I-C) 

A c k n o w l e d g m e n t s  

We thank Drs. H. Beckmann and T. Kadesch for the gift of the 
TFE3-containing plasmid and Drs. C. Murre and D. Baltimore 
for the E47S plasmid. We also thank Drs. K. LeClair, A. Gil, R. 

Meyers, R. Clerc, M. Brown, D. Potter, T. Kristie, and J. Parvin 

for useful discussions and advice and Dr. Preston Hensley 
(SmithKline Beecham Labs) for the calculation of ~. D.F. ac- 
knowledges postdoctoral support from the Howard Hughes 

Medical Institute (HHMI-70401-501304). This work was sup- 

ported by U.S. Public Health Service grant PO1-CA42063 and 
partially by Cancer Center Support (core) grant P30-CA14051 

from the National Institutes of Health and by a Cooperative 
Agreement CDR-8803014 from the National Science Founda- 

tion and Ajinomoto Co., Inc., of Japan, to P.A.S. 
The publication costs of this article were defrayed in part by 

payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 USC section 

1734 solely to indicate this fact. 

References 

Baldwin, A.S. 1991. Methylation interference assay for analysis 
of DNA-protein interactions. In Current protocols in molec- 

ular biology (ed. F.M. Ausubel, R. Brent, R.E. Kingston, D.D. 

Moore, J.G. Seiclman, J.A. Smith, and K. Struhl), vol. 2, pp. 

12.3.1-12.3.6. Greene Publishing Associates~Wiley-Inter- 

science, New York. 

Baldwin, A.S., K.P. LeClair, H. Singh, and P.A. Sharp. 1990. A 
large protein containing zinc finger domains binds to related 
sequence elements in the enhancers of the class I major his- 

tocompatibility complex and kappa immunoglobulin genes. 
Mol. Ceil. Biol. 10: 1406-1414. 

Beckmann, H.L. and T. Kadesch. 1991. The leucine zipper of 
TFE3 dictates helix-loop-helix dimerization specificity. 

Genes & Dev. 5: 1057-1066. 
Beckmann, H.L., L.K. Su, and T. Kadesch. 1990. TFE3: A helix-  

GENES & DEVELOPMENT 2351 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Fisher et al. 

loop-helix protein that activates transcription through the 
immunoglobulin enhancer ~E3 motif. Genes & Dev. 4: 167- 
179. 

Benezra, R., R.L. Davis, D. Lockshon, D.L. Turner, and H. Wein- 

traub. 1990. The protein Id: A negative regulator of helix- 
loop-helix DNA binding proteins. Cell 61: 49-59. 

Blackwell, T.K., L. Kretzner, E.M. Blackwood, R.N. Eisenman, 
and H. Weintraub. 1990. Sequence-specific DNA binding by 
the c-Myc protein. Science 250: 1149-1151. 

Blackwood, E.M. and R.N. Eisenman. 1991. Max: A helix-loop- 
helix zipper protein that forms a sequence-specific DNA- 
binding complex with Myc. Science 251:1211-1217. 

Cantor, C.R., and P.R. Schimmel. 1980. Biophysical chemistry.  

Part II: Techniques for the study of biological structure and 
function, p. 675. W. H. Freeman, New York. 

Carr, C.S. and P.A. Sharp. 1990. A helix-loop-helix protein re- 

lated to immunoglobulin E box-binding proteins. Mol. Cell. 

Biol. 10: 4384--4388. 

Carthew, R.W., L.A. Chodosh, and P.A. Sharp. 1985. An RNA 

polymerase II transcription factor binds to an upstream ele- 
ment in the adenovirus major late promoter. Cell 43: 439- 
448. 

Chodosh, L.A., R.W. Carthew, J.G. Morgan, G.R. Crabtree, and 
P.A. Sharp. 1987. The adenovirus major late transcription 
factor activates the rat gamma-fibrinogen promoter. Science 

238: 684-688. 

Creighton, T.E. 1984. Proteins: Structures and molecular  prop- 

erties. W.H. Freeman, New York. 

Dang, C.V., M. McGuire, M. Buckmire, and W.M.F. Lee. 1989. 

Involvement of the "leucine zipper" region in the oligomer- 

ization and transforming activity of human c-Myc protein. 
Nature  337: 664-666. 

Davis, R.L., P.F. Cheng, A. Lassar, and H. Weintraub. 1990. The 
MyoD DNA-binding domain contains a recognition code for 
muscle-specific gene activation. Cell 60: 733-746. 

DePinho, R., K.S. Hatton, A. Tesfaye, G.D. Yancopoulos, and 

F.W. Alt. 1987. The human myc gene family: Structure and 
activity of L-myc and an L-myc pseudogene. Genes & Dev. 

1:1311-1326. 

Ellis, H.M., D.R. Spann, and J.W. Posokony. 1990. Extramacro- 
chaete, a negative regulator of sensory organ development in 

Drosophila, defines a new class of helix-loop-helix proteins. 
Cell 61: 27-38. 

Ephrussi, A., G.M. Church, S. Tonegawa, and W. Gilbert. 1985. 

B lineage-specific interactions of an immunoglobulin en- 
hancer with cellular factors in vivo. Science 227: 134-140. 

Gentz, R., F.J. Rauscher, C. Abate, and T. Curran. 1989. Parallel 
association of Fos and Jun leucine zippers juxtaposes DNA- 
binding domains. Science 243: 1695-1699. 

Gregor, P.D., M. Sawadogo, and R.G. Roeder. 1990. The adeno- 
virus major late transcription factor USF is a member of the 

helix-loop--helix group of regulatory proteins and binds to 
DNA as a dimer. Genes & Dev. 4:1730--1740. 

Hu, Y.F., B. Luscher, A. Admon, N. Mermod, and R. Tjian. 1990. 
Transcription factor AP-4 contains multiple dimerization 
domains that regulate dimer specificity. Genes & Dev. 

4: 1741-1752. 

Kouzarides, T. and E. Ziff. 1988. The role of the leucine zipper 
in the Fos-Jun interaction. Nature  336:646-651. 

Landschulz, W.H., P.F. Johnson, and S.L. McKnight. 1988. The 

leucine zipper: A hypothetical structure common to a new 
class of DNA binding proteins. Science 240: 1759-1764. 

Licht, J.D., M.T. Grossel, J. Figge, and U.M. Hansen. 1990. 

Drosophila Kruppel protein is a transcriptional repressor. 
Nature  346: 76-79. 

Murre, C., P.S. McCaw, and D. Baltimore. 1989a. A new DNA 

binding and dimerization motif in immunoglobulin en- 
hancer binding, daughterless, MyoD, and Myc proteins. Cell 

56:  777-783. 

Murre, C.S., P.S. McCaw, H. Vassin, M. Caudy, L.Y. Jan, Y.N. 

Jan, C.V. Cabrera, J.N. Buskin, S. Hauschka, A.B. Lassar, H. 
Weintraub, and D. Baltimore. 1989b. Interactions between 
heterologous helix-loop-helix proteins generate complexes 

that bind specifically to a common DNA sequence. Cell 

58: 537-544. 

O'Neil, K.T., R.H. Hoess, and W.F. DeGrado. 1990. Design of 

DNA-binding peptides based on the leucine zipper motif. 
Science 249: 774-778. 

O'Shea, E.K., R. Rutkowski, and P.S. Kim. 1989. Evidence that 
the leucine zipper is a coiled coil. Science 243: 538-542. 

Patel, L., C. Abate, and T. Curran. 1990. Altered protein con- 

formation on DNA binding by Fos and Jun. Nature  347: 572- 
575. 

Peterson, C.L. and K. Calame. 1989. Proteins binding to site C2 

(~E3) in the immunoglobulin heavy-chain enhancer exist in 
multiple oligomeric forms. Mol. Cell. Biol. 9: 776-786. 

Prendergast, G.C. and E.B. Ziff. 1991. Methylation-sensitive se- 
quence-specific DNA binding by the c-Myc basic region. Sci- 

ence 251: 186-189. 

Prendergast, G.C., D. Lawe, and E.B. Ziff. 1991. Association of 
Myn, the murine homolog of Max, with c-Myc stimulates 
methylation sensitive DNA binding and Ras cotransforma- 
tion. Cell 65: 395--407. 

Sassone-Corsi, P., L.J. Ransone, W.W. Lamph, and I.M. Verma. 

1988. Direct interaction between Fos and Jun nuclear onco- 
protein: Role of the "leucine zipper" domain. Nature 

336: 692--695. 

Sawadogo, M. and R.G. Roeder. 1985. Interaction of a gene- 
specific transcription factor with the adenovirus major late 

promoter upstream of the TATA box region. Cell 43: 165- 
175. 

Talanian, R.V., C.J. McKnight, and P.S. Kim. 1990. Sequence- 
specific DNA binding by a short peptide dimer. Science 

249: 769-771. 

Tapscott, S.J., R.L. Davis, M.J. Thayer, P.F. Cheng, H. Wein- 

traub, and A.B. Lassar. 1988. MyoD: A nuclear phosphopro- 
tein requiring a Myc homology region to convert fibroblasts 
to myoblasts. Science 242: 405--411. 

Turner, R. and R. Tjian. 1989. Leucine repeats and an adjacent 

DNA-binding domain mediate the formation of functional 
cFos-cJun heterodimers. Science 243: 1689-1694. 

Voronova, A. and D. Baltimore. 1990. Mutations that disrupt 
DNA binding and dimer formation in the E47 helix-loop- 

helix protein map to distinct domains. Proc. Natl.  Acad. Sci. 

87: 4722--4726. 

Weiss, M.A., T. Ellenberger, C.R. Wobbe, J.P. Lee, S.C. Harrison, 

and K. Struhl. 1990. Folding transition in the DNA-binding 
domain of GCN4 on specific binding on DNA. Nature 

347: 575-578. 

2352 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


 10.1101/gad.5.12a.2342Access the most recent version at doi:
 5:1991, Genes Dev. 

  
D E Fisher, C S Carr, L A Parent, et al. 
  
helix-loop-helix/leucine-zipper family.
TFEB has DNA-binding and oligomerization properties of a unique

  
References

  
 http://genesdev.cshlp.org/content/5/12a/2342.full.html#ref-list-1

This article cites 35 articles, 21 of which can be accessed free at:

  
License

Service
Email Alerting

  
 click here.right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the top

Copyright © Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/doi/10.1101/gad.5.12a.2342
http://genesdev.cshlp.org/content/5/12a/2342.full.html#ref-list-1
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gad.5.12a.2342&return_type=article&return_url=http://genesdev.cshlp.org/content/10.1101/gad.5.12a.2342.full.pdf
http://genesdev.cshlp.org/cgi/adclick/?ad=56352&adclick=true&url=https%3A%2F%2Fhorizondiscovery.com%2Fen%2Fapplications%2Fcrisprmod%2Fcrispri%3Futm_source%3DGDJournal%26utm_medium%3Dbanner%26utm_campaign%3DCRISPRMod%26utm_id%3DCRISPRMod%26utm_content%3DM
http://genesdev.cshlp.org/
http://www.cshlpress.com

