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ABSTRACT

TFE3 is a basic-helix-loop-helix-zipper (bHLHZIP)
domain-containing protein that binds ,E3 sites in
regulatory elements in the immunoglobulin heavy chain
gene. The protein is a transcriptional activator that is
expressed in vivo as two alternately spliced isofonns
with different activating properties: TFE3L contains an
N-terminal acidic activation domain; TFE3S lacks this
activation domain and is a dominant negative inhibitor
of TFE3L. We show that TFE3L and TFE3S contain a
second, C-terminal activation domain rich in proline
residues. This pro-rich activation domain has activity in
a Gal4 fusion assay comparable to the N-terminal acidic
activation domain present in TFE3L. The TFE3 pro-rich
activation domain contains regions of strong homology
with the related proteins microphthalmia and TFEB,
suggesting that these regions are important for func-
tion. Using two different assays, we show that the N-
and C-terminal activation domains of TFE3 act syner-
gistically. This synergism explains in part the ability of
TFE3S to act as a dominant negative. Our domain
analysis of TFE3 is incorporated into a general struc-
tural model for the TFE3 protein that predicts that the
activation domains of TFE3 will be widely separated in
space.

INTRODUCTION

Gene transcription is a key regulatory point in diverse develop-
mental processes such as cell growth, differentiation, apoptosis and
transformation. The transcription factors that control the rates of
transcription initiation are often tightly regulated and the activities
of these proteins can be modified at a variety of levels. Eukaryotic
transcription factors are generally bipartite; DNA-binding domains
contact the DNA binding site and activation, domains transduce
regulatory information via protein-protein interactions with com-
ponents of the basal transcription apparatus (1).

GenBank accession no. U36393

TFE3 is a member of the bHLHZIP family of transcription
proteins. It binds the pE3 elements in the immunoglobulin heavy
chain (IgH) intronic enhancer, in Ig kappa enhancers and in some
IgH variable region promoters (2,3). TFE3 exists in vivo as two
alternately spliced isoforms with different activation potentials
(4). The alternately spliced exon encodes an N-terminal acidic
activation domain (AAD) (2). The activation potential ofTFE3S,
the isoform lacking this activation domain, is -4-fold lower than
that ofTFE3L, the isoform containing the N-tenminal domain (4).
The TFE3S mRNA in vivo is expressed at low levels compared
to TFE3L, ranging from 2 to 18% of total TFE3 mRNA in a

variety of tissues and cell lines.
Cotransfection assays with TFE3L and TFE3S showed that

TFE3S can act as a dominant negative. Two aspects of these data
were striking. First, the dominant negative effect of TFE3S on

TFE3L activity was achieved with substoichiometric amounts of
TFE3S expression plasmid. The correlation between the plasmid
ratios at which TFE3S inhibited TFE3L activity and the ratio of
these mRNA isoforms in vivo suggested that the dominant
negative activity of TFE3S is biologically important. Second,
even when TFE3S represented only 20% of the total amount of
input TFE3 expression plasmid, the activity of the mixture was

equivalent to that of 100% TFE3S rather than an average between
the activities of TFE3S and TFE3L.
The mechanism by which TFE3S exerts this dominant negative

effect on TFE3L is unclear. It was originally proposed thatTFE3S
might poison the activity of a tetramer of TFE3 proteins (4).
Tetramerization of TFE3 (5) and other bHLHZIP proteins
including c-Myc (6), TFEB (7) and USF (8) has been demon-
strated, however, these proteins appear to bind DNA as dimers in
electromobility shift assays. Tetramerization may be important in
mediating interactions between remotely and proximally bound
bHLHZIP proteins (5), however either dimers or tetramers of
TFE3 could mediate simple activation from a proximal element
such as the one used in the mixing experiments with TFE3S and
TFE3L (4). We previously observed that TFE3 exhibits synergis-
tic activation of transcription as the number of iE3 binding sites
are increased in a promoter (5). We wondered if synergistic
effects present in the TFE3L homodimer, but absent in the TFE3S
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homodimer and theTFE3L-TFE3S heterodimer could contribute
to the dominant negative activity of TFE3S.
To understand more completely the mechanism of dominant

negative inhibition by TFE3S, we characteized the activation
sequences of TFE3 and developed an assay to test how these
domains might work together. In this report, we show that a
C-terminal proline rich domain of TFE3 is an activation domain.
Furthermore, the proline-rich domain activates synergistically with
the acidic domain of TFE3, both when these domains are in their
normal context in the TFE3 molecule and when they are tethered to
different DNA binding domains bound at adjacent DNA elements.
These data are incorporated into a model for TFE3 activation.

MATERIALS AND METHODS

Expression plasmids

GALA-TFE3PRO was constructed by cloning a StuI fragment
from the TFE3 cDNA into the Ec11361I site of pSV-GAL(I-147)
(9), resulting in fusion of TFE3 residues 345-446 [numbering
scheme as in (3)] to GALA(1-147). GALA-TFE3AAD was

previously described as GALAX3-A2 and fuses 126 N-tminal
residues from TFE3 to GALA(1-147) (2). GAL4-VP16 has been
previously described (9).
pSV2-T1FE3L and pSV2-TFE3S were described previously (4).

TFE3L-ACterm and TFE3S-ACtenn represent C-tenninal trun-
cations ofTFE3L and TFE3S, respectively, terminating at Val-314,
immediately after the leucine zipper [numbering as in (3)]. They
were constructed by PCR using pBS-TFE3L and pBS-TFE3S as

templates. PCR fragments were digested with HindU and BamHI
and cloned into the pSV2A expression plasmid (10).

Reporter plasmids

pGALA-TATALuciferase (gift of J. Kaplan) was generated by
isolating a GAL4 site pentamer from G5E4T (gift of M. Carey)
by digestion with XbaI and HindIll. This fragment was cloned by
blunt ended ligation into the BgflI site of pTATA-Luciferase (5),
a reporter plasmid containing a minimal TATA box upstream of
the firefly luciferase gene.
pGALA/pE3-TATALuciferase is a reporter plasmid containing a

pentamer of GALA sites and a tetramer of pE3 sites upstream of
the miniml promoter of pTATA-Luciferase. The GALA site
pentamer was cloned into the Hindul site of a pKS Bluescript
polylinker that contained a iE3 tetramerin the SmaI site. A cassette
containing both multimers was excised by XbaI and BamHI
digestion and cloned into the BglH site of pTATA-Luciferase by
blunt ended ligation.

Transfection

NIH 3T3 cells were transfected by the calcium phosphate
technique essentially as described (5). Reporter plasmid (1 ig) and
5-10 jg expression plasmid were used per plate of cells. Cells were
harvested and assayed for luciferase activity as previously
described (5).

Western blot

Whole cell extracts from transfected fibroblasts were prepared.
Cells were pelleted by centrifugation at 600 g, washed once in
PBS, and lysed in 50mM Tris pH 8.0,0.5% NP-40, 10% glycerol,

0.1 mM EDTA and 400 mM NaCl. Fibroblasts from one 1O cm
plate (4 x 106 cells) resuspended in 100 jil of lysis buffer and
allowed to remain on ice for 30 min then frozen in liquid nitrogen.
Nuclear extract (10 ,ul; 4 x i05 cell equivalents) was loaded in
each well of a 10% SDS-polyacrylamide gel. The nuclear proteins
were transfered to nitrocellulose and Westem blotted by standard
techniques using a polyclonal anti-TFE3 antiserum.

RESULTS

TFE3L contains a second transcriptional activation
domain C-terminal to the bHLHZip region

The exon that is alternately spliced between isoforms TFE3L and
TFE3S encodes an N-terminal activation domain that is rich in
acidic amino acids. TFE3S, which lacks this domain, is a weaker
transactivator but it does retain some transcriptional activating
ability (4). The original GAL4 fusion analyses ofTFE3L showed
that the N-terminal acidic domain is a strong activation domain
(2). However, in that study the remainder of the protein
containing the bHLHZIP and C-terminal domains stimulated
transcription weakly when fused to the GAL4 DNA binding
domain (GAL4 DBD). These data led us to speculate thatTFE3L
might contain a second activation domain.
To test this hypothesis, we constncted a fusion protein in which

the GALA DBD was fused to the C-terminus of TFE3. We tested
this fusion construct and others in cotransfection experiments with
a GALA site-dependent reporter plasmid driving the luciferase
gene.
Figure lA shows that the GALA DBD alone, GAL4(l-147),

did not stimulate trncription. GAL4-TFE3AAD, containing an
N-terminal fragment ofTFE3 that includes the AAD fused to the
GAL4 DBD (2), stimulated transcription 249-fold. The fusion
protein containing 102 amino acids from the C-terminus ofTFE3
fused to the GALA DBD activated transcription to a similar
extent, 284-fold. For comparison, activation is shown for
GAL4-VP16, a fusion of the GALA DBD and the potent VP16
activation domain (9). These data identify a second, C-terminal
transcriptional activation domain in T`FE3L, separated in prnimary
amino acid sequence from the N-terminal activation domain by
the large bHLHZIP domain. The N-teminal activation domain
and the C-terminal activation domain have similar transcriptional
activating abilities in the GAIA fusion assay.

Analysis of the C-terminal 134 amino acids ofTFE3 shows the
region is rich in Pro (13%), Ser (16%), Leu (13%), Gly (9%) and
acidic residues (15%, Asp plus Glu). This profile is similar to that
of other activation domains that have been termed Pro-rich. The
Pro-rich domain was originally described for CTFI; the C-ter-
minal 99 amino acids of CTFI contain 19% Pro, 13% Ser, 10%
Leu, and 10% Gly, but only 5% acidic residues. Oct-2, a B-cell
enriched member of the POU domain family, contains a
C-terminal domain (residues 314460) that is 13% Pro, 14% Ser,
8% Leu, 10% Gly, and 4% acidic residues. TFEB, a bHLHZIP
protein with homology to T`FE3, has a 150 amino acid C-terminal
domain that is 14% Pro, 13% Ser, 13% Leu, 10% Gly, and 15%
acidic residues. AP2 has a 70 amino acid activation domain
(residues 51-120) that is Pro and Gln rich; it is comprised of21%
Pro, 9% Ser, 9% Leu, 7% Gly, and 16% Gln. Hox4.2 contains an
86 amino acid domain (residues 24-109) containing 22% Pro, 6%
Ser, 6% Leu, 23% Gly, and 11% Ala.
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amino acids (Fig. IB). Within the homologous 38 amino acids,
50% of the residues are identical among all three proteins and
45% are identical between two of the three. The conserved region
is contained within the 102 amino acid C-terminal portion of
TFE3 shown to be sufficient for activation (Fig. lA). Interesting-
ly, although the proline content in the highly conserved region is
low (3/38), all three prolines are perfectly conserved.
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Figure 1. (A) Analysis of activation domains of TFE3. Different protein
regions were fused to the GAL4 DBD and tested for activation by
cotransfection with aGALA site-dependent reporter plasmid driving expression
of the luciferase gene. GAL4-TFE3AAD was previously described as

GAL4X3-A2 and fuses 126 N-terminal residues from TFE3 to GAL4(1-147)
(2). TFE3PRO comprised the C-terminal 102 residues from TFE3 fused to the
GAL4 DBD and GAL4-VP16 contains the activation sequences of the VP16
protein. Luciferase values from at least three independent transfections were

normalized to that of the reporter alone and are shown at the right for each
activator plasmid. (B) Sequence homology among murine TFE3,TFEB and mi.
The Pileup algorithm (GCG software) was used to compare the C-termini of
these three proteins. Three regions of high homology are boxed and proline
residues are shown in bold. The horizontal arrow indicates the beginning of the
102 amino acid region ofTFE3 shown to be sufficient for activation when fused
to the GALA DBD.

Despite similar amino acid contents, sequence homology has
not previously been demonstrated among proline-rich domains.
However, we compared the sequence of the proline-rich C-termi-
nus of TFE3 with the proline-rich C-termini of TFEB and
micophthalmia (mi) (l1), two proteins in the piE3 family of
bHLHZIP domain proteins. We have cloned a murine TFEB
cDNA which extents further 3' than that originally reported for
human TFEB (12). This cDNA was sequenced to provide the
amino acid data shown in Figure lB. Substantial homology was

detected in the C-termini ofTFE3, mi and TFEB. This homology
extends over 52 amino acids in the extreme C-terminus of TFE3
and is distributed among three homology boxes containing 38

We showed previously that TFE3L is capable of synergistic
activation of transcription; as the number of cognate binding sites
upstream of a TATA element is increased from four to eight,
transcription driven by TFE3L is increased by substantially more
than a factor oftwo (5). Although proteins with a single activation
domain have been shown to exhibit this phenomenon of synergy,
we wondered if part of the activation properties of TFE3L were

dependent upon synergistic stimulation of transcription by the
separate N-terminal and C-terminal activation domains.
We first addressed this question in the context of the native TFE3

protein. Transcriptional activation was compared among TFE3L
(containing both activation domains), TFE3S (containing only the
C-terminal activation domain) and TFE3L-ACterm (a truncated
protein containing only the N-terminal activation domain). Plasmids
encoding these proteins were cotransfected with a reporter depend-
ent upon eight tandem pE3 sites. Figure 2A shows that TFE3L
stimulated the promoter 105-fold. This high level of stimulation is
dependent upon synergistic activation by multiple DNA-bound
TFE3 molecules. TFE3S activated 19-fold and TFE3L-ACterm
activated 9-fold. If activation by TFE3L on the multiple-site reporter
were simply dependent upon the sum of activation by the AAD and
the Pro-AD, one would predict that the activities of TFE3S and
TFE3L-ACterm would add up to the activity of TFE3L. Since this
is not the case, the data suggest that it is the combination of acidic
and Pro-rich activation domains that enables TFE3L to activate at
such high levels and that the AAD and Pro activation domain
stimulate btrnscription synergistically with one another.
Figure 2A also shows that TFE3S-ACterm cannot activate the

,uE3 site reporter plasmid. The results with this C-terminal
truncation of TFE3S confirm that the residual activity of TFE3S
is attributable to the Pro-rich domain. Furthermore, without the
exon encoding the 35 amino acid AAD, the remaining N-terminal
and bHLHZIP domains are devoid of transactivating potential.
To rule out the possibility that differential protein expression

confounds the interpretation of our results, immunoblots were

performed on whole cell extracts of NIH3T3 fibroblasts trans-
fected with equal amounts of expression plasmid. 'F'M3L-ACterm
was expressed at slightly lower levels than TFE3L. This small
difference in expression may be accounted for by a loss of epitopes
in the truncated protein. The polyclonal antiserum was generated
using TFE3S as an antigen and therefore is likely to have
significant antibody activity directed against the proline-rich
C-terminus. Expression of TFE3L and TFEM3L-ACterm are

therefore comparable.
Surprisingly, TFE3S and TFE3S-ACterm were expressed at

significantly higher levels than TFE3L. Densitometric scanning
ofthe autoradiogram showed that theTFE3S based isoforms were
expressed at -2.5-fold higher levels than their TFE3L based
counterparts. These data show that the various forms of TFE3
protein used in Figure 2A are expressed at least as well as TFE3L.
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Figure 2. (A) The activation domains ofTFE3 act synergistically. Cotransfections were performed with plasmids encoding the indicated TFE3 proteins and a reporter
plasmnid containing eight tandem pE3 binding sites. TFE3L contains both activation domains and TFE3S is the isoform that lacks the N-terminal activation domain.
TFE3L-ACterm and TFE3S-ACterm were engineered to include a stop codon after the leucine zipper of TFE3L and TFE3S, respectively. TFE3L-ACterm contains
only the N-terminal activation domain, and TFE3S-ACtenn contains neither activation domain. (B) Western blot ofextracts from transfected NIH3T3 cells. Cells were
transfected with 20 jig of the expression plasmid indicated. Western blots using a polyclonal anti-TFE3S antiserum were performed on whole cell extracts. Lane 1,

untransfected cells; lane 2, TFE3S-ACtenn; lane 3, TFE3L-ACterm; lane 4, TFE3L; lane 5, TFE3S. The positions of endogenous TFE3 related proteins and the
migration of molecular weight standards are shown.

Therefore, the lower transactivation potential of the shorter
proteins is an innate property of these proteins and is not due to
decreased expression. This strengthens our conclusion that the N-
and C-terminal activation domains of TFE3L act synergistically.

The activation dains of TFE3 activate synergisticafly
when tethered to different DNA-binding domains

To examine further the capacity of TFE3's activation domains to
act synergistically, we asked if synergistic activation could be

reproduced when the activation domains were joined to separate
DNA-binding domains and bound to the same DNA template.
Because this approach changes the spacing and, possibly, orienta-
tion of the activation domains relative to their positions in the
native protein, it might reveal different functional consequences
of domain interactions. A reporter plasmid containing five
multimerized GAL4 binding sites and four multimerized ±E3
binding sites upstream ofaTATA box and the luciferase gene was
constructed. Cotransfections were performed with TFE3 proteins
containing either theAAD or the Pro-rich domain and with hybrid
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Figure 3. The activation domains of TFE3 act synergistically when tethered to
different DNA binding domains on the same DNA template. TFE3 proteins
containing a single activation domain were transfected either alone or in
combination with GAL-4-fusion constructs expressing a single TFE3 activa-
tion domain. Activity was measured from a reporter plasmid with five GAL4
sites and four gE3 sites.

proteins comprised of the GAL4 DNA-binding domain fused to
either the TFE3 AAD or the Pro-rich domain. GALA-TFE3AAD
and GAL4-TFE3PRO each activated this reporter plasmid
-9-fold (Fig. 3). Note that the fold activation is lower than in
Figure 1 because the basal activity of the GAL4/pE3 reporter is
higher than the GAL4 reporter due to activation by endogenous
,uE3 binding proteins. TFE3S and TFE3L-ACterm yield similar
levels of activation of this reporter plasmid. Cotransfection of
GAL4-TFE3Pro and TFE3L-ACterm results in 28-fold activa-
tion, -2-fold higher than the sums of activation by either protein
alone. Reversing the positions of the activation domains by
transfecting GAL4-TFE3AAD and TFE3S did not result in
synergistic activation. Thus, synergistic activation by AAD and
Pro-rich activation domain can be recapitulated by removing
these domains from their normal protein context and tethering
them to different DNA-binding domains; however, this syner-
gism is not reproduced in every geometric arrangement.

DISCUSSION

A new activation domain for TFE3

We have shown that the C-terminal 102 residues of TFE3 are
sufficient to confer strong activation on a hybrid protein when
fused to the DBD of GAL4. Although this region is proline-rich
and has a similar amino acid content to other proline-rich domains,
sequence comparisons among TFE3 family members revealed
highly conserved sub-domains, containing only three prolines,
located C-terminal to a highly proline-rich portion of the region. It
will be interesting to determine if these conserved subdomains are
either necessary or sufficient for transcriptional activation. It may
be that both prolines and the conserved regions are necessary. For

example, proline residues might provide unstructured 'punctu-
ation' between small structured regions which contact the basal
transcription machinery. Alternatively, conserved regions and not
the prolines may be functionally important. Recent dissection of
both glutamine and acidic domains has shown that hydrophobic
residues, not the prevalent glutamine and acidic residues, are
required for interaction of these domains with their protein targets
(13,14). The prevalent amino acids upon which classification of
activation domains has been based may serve a more general
structural role or an as yet unidentified function.

Importance of synergistic activation by TF3 activation
domains

We have shown that multiple DNA-bound molecules of TFE3
synergistically activate transcription and that this synergism is
dependent upon the presence of both activation domains. This
was demonstrated within the context of the native TFE3 protein
and when theAAD and the Pro-rich activation domain were fused
to different DNA binding domains. In what circumstances is
synergy between TFE3's activation domains likely to be import-
ant biologically? TFE3 has been shown to mediate communica-
tion between promoter and enhancer elements. The HLHZIP
domain controls interaction between widely separated elements
and the activation domains determine synergistic activation (5).
The immunoglobulin heavy chain gene contains a pE3 site in its
VH promoters and in the intronic enhancer. TFE3 may facilitate
association of these elements. Once these elements are in close
proximity, synergistic activation by TFE3 molecules bound in the
promoter and in the enhancer is likely to contribute to activation
of the IgH gene.
Demonstration of synergistic activation by TFE3L's activation

domains also provides insight into the mechanism of inhibition of
TFE3L activity by the alternately spliced isoform TFE3S. TFE3S
mRNA is expressed at lower concentrations than TFEM3L mRNA,
ranging from 2 to 18 % of TFEM3L in all tissues and cell lines
tested. The activity ofTFE3L is approximately three to four times
greater than TFE3S. When cotransfected at substoichiometric
amounts similar to those that exist in vivo, TFE3S inhibits the
activity of TFE3L (4). In fact, in experiments in which TFE3S
comprised only 20% of the input mixture of TFE3 isoforms,
activity was indistinguishable from that of TFE3S alone.
How is inhibition at substoichiometric ratios possible? We

suggest that two mechanisms play a role. First, the presence of
one short monomer in a mixed dimer ofTFE3L andTFE3S (L-S)
appears to destroy synergy between activation domains. If there
were no synergy between the activation domains, a mixed dimer
(L-S) would have an activation potential exactly intermediate to
that of TFE3L and TFE3S dimers, assuming equal dissociation
constants for dimer formation and for DNA binding. This is not
the case because activity is low with subtoichiometric amounts of
TFE3S-a situation where primarily L-S and L-L dimers are
expected to be present (4). In view of the synergy observed in this
work, we suggest that lack of inter-monomer synergy accounts
for the low activity ofL-S dimers. Thus, the model is that activity
of L-L dimers is dependent upon the synergistic combination of
AAD and Pro-rich domains and that removing oneAAD from the
dimer reduces the activity of the mixed dimer, rendering it much
closer to the activity of the S-S dimer. Second, our data suggest
that TFE3S protein is more stable that TFE3L protein which
would lead to a higher molar ratio of TFE3SfTFE3L protein

0
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relative to the RNA ratio. Nevertheless, the differences in protein
expression are not large enough to produce a molar excess of
TFE3S when TFE33L and TFE3S and transfected in a 4:1 plasmid
ratio. Therefore, disruption of synergism among the activation
domains of TFE3 appears to be an important component of the
dominant negative action of TFE3S.
The generation of alternate forms of transcription factors from

the same gene which is seen in other proteins as well, including
FosB, LAP and CREM, is an economical means of regulating the
activity of key proteins (15,16). In the absence of synergistic
effects such as the ones demonstrated here, dominant negative
forms of these proteins would have to be generated at significantly
higher levels to inhibit the activities of the more strongly activating
forms. It is likely that nature exploits the effects of activation
domain synergism in such a way that dramatic changes in gene
expression can be achieved by more subtle alterations in the
concentrations of isoforms generated from the same transcription
factor gene.

A model for TFE3 activation

Stimulation of transcription by TFE3 is mediated by two separate
activation domains, one rich in acidic residues and located in the
amino terminus, and one rich in Pro residues and located in the
carboxy terminus. Analysis of many other transcription factors has
shown they are often comprised of multiple activation domains.
1ypically, these domains are in contiguous segments of the protein
(17-19) although sometimes activation domains are separated in
the prmary amino acid sequence (20). Frequently, activation
domains are comprised of multiple subdomains, which, when
deleted, reduce the activity of the protein in a gradual fashion,
without evidence of synergistic activation. This has been shown
for GAL4 (20), C/EBP (19) and USF (18), among others. The two
activation domains of T`FE3L, however, are not subdomains of a
larger activation domain and are likely to be separated in three
dimensional space by the relatively large alpha helices which
confer DNA binding and subunit dimerization. We propose a
model for the general structure of the TFE3 protein that takes into
account the data presented above, the location of the domains in
the primary amino acid sequence, and specific structural details
of the bHLHZIP-DNA complex of Max determined by X-ray
crystallography (21).
We propose that the TFE3 protein dimer, when bound to DNA,

assumes a 'dumbbell shape'; the shaft of the dumbbell represents
the bHHZIP domain and the ends of the dumbbell represent the
AADs and the Pro-rich activation domains (Fig. 4). The bHLHZIP
domain that separates the activation domains is an unusual motif
in a non-structural protein. It is an extended domain comprised of
two parallel a-helices connected by a short loop. One helix
contains the basic region that binds DNA and the helix 1 portion
of the HLH domain. The other helix contains the helix2 portion
of the HLH domain as well as the leucine zipper. The axis of the
HLHZIP domain is perpendicular to the DNA axis. The basic
region a-helix passes through the major groove of the DNA
binding site and terminates on the other side. Thus, sequences
N-terminal to the basic region must at least begin on the other side
of a plane that is perpendicular to the HLHZIP domain and that
contains the DNA molecule. The dumbbell model predicts that
the AAD and the Pro-rich domains will be widely separated in
space and will lie on opposite sides of the DNA molecule. The
alternative, which we cannot rule out, is that each activation

ii *
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Figure 4. Model for general structur of TFE3. The TFE31, protein is proposed
to form a dumbbell shaped protein with N-terminal (bottom) and C-terminal
(top) activation domains widely separated in space. Activation domains are
depicted as spheres. The bHLHZIP domain and DNA were generated as a
ribbon structur from the max-DNA coordinates (21) using Molscript.

domain turns back toward the other, ending up in close proximity.
The extended nature of the bHLHZIP structure makes this less
likely.

Targets for the activation domains of TFE3 have not yet been
identified, but candidates exist. TBP (22), TFIIB (23), TAFII40
(24) and TAFII60 (14) have been shown to interact with other
AADs. The Pro-rich domain of CTFI has been shown to require
TFIIB (25) as well as TAFs (26) for transactivation. However, it
is also possible that other targets will actually be demonstrated to
mediate TFE3 activation. The mnalsequence homology among
members of a given famiily of activation domains make a single
protein target unlikely. In fact, TAFIIl 1I0 interacts with the Gin-rich
sequences of SplI and CREB, but not those of Antennapedia or
bicoid (13,27).
The proposed dumbbell shape of TFE3 and our data that show

synergistic interaction of both activation donmains suggest a three
dimensional view of how TFE3 might direct formation of a
stereospecif'ic preinitiation complex. Transactivation of a pro-
moter by TFE3 would therefore involve molecular connections
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between TBP and TFE3 both above and below the plane of the
DNA helix. Thus, TAFII40 or TFIIB might bridge between the
TFIID complex and the AAD of TFE3 on one side of this plane,
while TFIIB or another TAF might bridge between the Pro-rich
domain and the TFIID complex on the other side of this plane.
Of the many TFE3, USF and Myc/max related proteins that

comprise the bHLHZIP family of proteins, only TFE3, TFEB and
mi contain a proline-rich region C-terminal to the ZIP domain.
USF, c-Myc and max terminate shortly after the ZIP domain. In
addition to having different activation sequences, the overall
geometric shapes and structures of these proteins are likely to be
different. The criteria that dictate whether a gene is regulated by
TFE3, USF or c-Myc/max are not known. It is tempting to
speculate that the stereospecific complex formed by promoter-
bound factors and components of the basal transcription apparatus
will encourage or disfavor incorporation of a sequence specific
factor based upon the sequence of its activation domains and their
geometric organization.

Similarity between TFE3 and Oct-2

To our knowledge, Oct-2 is the only protein previously shown to
contain multiple activation domains that activate synergistically
(28). The overall organization of the Oct-2 protein is similar to
that of TFE3. Each protein is comprised of a DNA binding
domain sandwiched between an N-terminal activation domain
(Gln-rich in Oct-2) and a C-terminal Pro-rich activation domain.
The recent X-ray crystal structure of the Oct-I POU domain (29)
shows that the POU specific domain contacts the 5' half of the
binding site. This domain is connected by a flexible linker to the
POU homeodomain which contacts the 3' half of the OCT site on
the opposite face of the DNA double helix. Therefore, bHLHZIP
domains and POU domains achieve placement of their N- and
C-termini on opposite sides of the DNA molecule by using
completely different binding modules. If the N- and C-terminal
activation domains of Oct-2 and TFE3 are indeed located on
opposite sides of the DNA molecule, it suggests formation of a
preinitiation complex circumferentially around the double helix
in elements such as the VH promoters that contain adjacent
binding sites for both factors.
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