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Fig. 3. Expression of Trip mRNAs

A Northern blot containing 2 ug polyA* mRBNA from the:
indicated human iissues (Clontech) was sequentiatly hybrid-
ized with probes derived from various Trips. Equivalent load
ing of the various mMRNAs was verified by hybridization with
an actin cDNA prabe (not shown). The sizes of the transcripts’
are estimated as: Trip3, 1.1 kilobases (kb); Trip6, 1.8 kb
Trip7, 1.1 kb; Trip 9, 2.8 and 1,8 kb; Trip1G, 2.6 kb,

Fig. 2. Relationships of Trips to Known Proteins

Comparisons of: A, Tript and yeast Sugi (29). The CAD
region is underiined in Trip1. B, Trip5 and a Xenopus laevis:
kinesin-like protein (67). C, Trip6 and chicken zyxin (34). The:
two LIM domains in Trips are underfined. E, Trip? and human.
HMG-17 (66). F, Trip9 and hci-3 (67). Three ankyrin repesats
are underfined in Trip9. G, The Trip10 SH3 domain and that of
a Xenopus laevis fyn homolog (57). H, Tripi2 and human
EG-AP (31). |, Trip14 and mouse 2'-5'-oligoadenylate syn-
thetase (68). Sequence similarities between Trips and known
proteins were identified using the NIH blast server (28), and’
alignments between Trips and known proteins were gener-
ated using the University of Wisconsin Genetics Computer
Group programs bestfit or gap. Shert vertical fines indicate
identical amino acids; cofon and point indicate conservative
changes. Trip1, Tripé and Trip7 sequences are fuli lengih;
numbering for them and for the various Trip-related proteing
is relative to the start of translation. Numbering for the rest of
the Trips is relative to the fusion to B4Z in the original cDNA
clone. Comparisons to anonymous expressed sequences #é
not included. :
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Fig. 4. Transcriptional Activity of LexATrip Chimeras
EGY48 cells containing the LexA-B-galactosidase reporter

'_ plasmic (26) were transformed with plasmids expressing

LexA-, l.exAB42, or various LexATrip chimeras. Celis were
grown in liguid culture, p-Galactosidase readings were de-
termined and corrected for cell density and for time of de-
velopment OD4 140/ OLsgonm) X 1000/min,

genes that do not have TR binding sites. In this sce-
nario, the receptor would be brought to the promoter
by a specific interaction with an independently bound
transcription factor. If the interaction with the bound
factor did not prevent hormone-dependent transcrip-
tional activation, the indirectly bound receptor would
then activate expression upon hormone binding.
We tested the T, inducibility of the LexA-B-gal reporter
in cells coexpressing several LexATrip fusions and the
intact human TRB1. As shown in Fig. 5, LexATrip9 and
LexATrip10 mediated approximately 2-fold induction
by T in the presence of hTRB1. This weak T, respon-
sivenass was significantly enhanced by the coexpres-
slon of the intact human RXRa protein, in agreement
with our recent finding that TR requires RXR for effi-
cient Tg-dependent transcriptional activity in yeast
(13). However, other LexATrip fusions, such as
LexATrip8, did not mediate detectable hormone re-
sponsiveness, even when coexpressed with RXR.

DISCUSSION

The TRs must specifically interact with a number of
proteins as they progress from their initiat translation
and nuclear translocation to heterodimerization with
RXRs, functional interactions with other transcription
factors and the basic transcriptional apparatus, and,
eventually, degradation. Since such interactions must
underlie essentially all of the activities of the TRs,
identifying proteins that interact with TR should pro-
vide important insights inte TR functions.

Here we have isolated and initially charactertized a
series of cDNAs encoding such TR interactors using
the yeast interaction trap (26). The fact that all the
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Fig. 5. LexA-Trip9 and -Trip 10 Confer Hormone-Dependent
Transcriptional Activation when Coexpressed with TR and
RXR

EGY48 cells containing LexA-p-galactosidase reporter
plasmid (26) were transformed with plasmids expressing
LexA-, LexATrip8, LexATrip9, or LexATrip10, These cells
were further cotransformed with plasmids expressing TR
alone, or TR plus RXR, as indicated. Cultures were grown and
induced with 10 um CuSQ, in the ahsence or presence of 1
um triac as also indicated. p-Galactosidase readings were
determined and corrected for cell density and for time of
development {00 415,/ODsoonm) % 1000/min.

isolated clones are dependent on either the presence
or absence of hormone for interaction was unex-
pected. However, it is consistent with several indepen-
dent lines of evidence indicating that the binding of T,
results in a major alteration of receptor structure. Per-
haps the simplest of these are the significant alter-
ations of electrophoretic mobility (41), chromato-
graphic behavior (42), and DNA-binding properties
(43, 44) caused by ligand binding. More detailed cir-
cutar dichroism analyses using purified TR« indicate
that approximately 100 additional amino acids adopt
the a-helical conformation after ligand binding (45).
Assuming that most, if not all, are in the approximately
250-residue Iégand—binding domain, this must amount
to a virtually complete refolding. Consistent with this,
several recent reports demonstrate that figand binding
results in a significant conformational change that
markedly decreases the protease sensitivity of this
domain for several members of the receptor super-
family, including TR (46, 47).

Before several provocative new meachanisms for re-
ceptar function suggested by the sequences of the
Trips are briefly discussed, it should be noted that the
interaction trap is sensitive enough to detect interac-
tions that may not be physiciogically important. One
apparent example is provided by an isolate that inter-
acted with LexATR only in the absence of T, and
encoded a fragment of the clathrin heavy chain, This
clone, which passed all of the stringent genetic tests
for specific interaction, was not included in the list of
Trips because cell biology considerations argue
strongly that TRs are uniikely to have biclogically rel-
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evant interaction with clathrin in mammalian cells. This
cytoplasmic protein was apparently directed to the
nucleus by the nuclear localization signal present in
the B42 vector, which ensures that fusion proteins can
interact with LexA chimeras {26). We assume that its
isolation reflecte a chance affinity of some peptide
within the clathrin sequence for a portion of TR, for
example as a consequence of an appropriately com-
plementary arrangement of charged residues. None-
theless, it should be emphasized that LexATR and
other receptor chimeras show a variety of appropriate
functions and interactions in yeast (13), validating their
use in the two-hybrid system. More generally, results
with many other proteins in numerous other laborato-
ries confirm that the vield of false positives from the
interaction irap is quite low, particularly for clones that
show multiple independent isolates and those for
which relevant function can be inferred from sequence
comparisons.

Ancther general limitation of two-hybrid systems is
exemplified by the fact that, although RXR has been
isolated from Hela cells (10) and B42RXR fusion pro-
teins interact efficiently with LexATR in yeast (13),
none of the Trips isolated encoded RXR. The genera-
tion of appropriate fusion proteins capable of interact-
ing with a desired target protein is complicated by
several problems. These include the requirement that
the fusion junctiors must not only be in the correct
transiational reading frame, but also in the correct
position within the transcript. For RXR, for example,
the fusion must inciude the intact figand-hinding
domain, which includes the sequences necessary
for heterodimerization. Particularly for libraries con-
structed using oligo dT as a primer for reverse tran-
scriptase, this may mean that a substantial amount of
3'.untransiated region must be inciuded. In general,
the position of the 5'-fusion junction is also con-
strained by the presence of termination codons in the
5'.yuntransiated region, which would prevent expres-
sion of an appropriate chimeric protein. Particularly for
transcripts, such as RXR, that are present at very low
levels, these barriers to generation of an appropriate
fusion protein may be impossible to surmount. Thus,
we assume that the Hela cDNA library, although quite
large, simply did not contain clones encoding appro-
priate RXR fusions. Starting with a LexARXR chimera
and a large mouse liver cDNA library, we also failed to
isolate B42TR chimeras, although ciones encoding
RAR, peroxisome proliferator activated receptor
(PPAR), and two new orphan receptors that het-
erodimerize with RXR were obtained {(47a).

Among the similarities of the Trips to known pro-
teins, the most striking is the very high degree of direct
sequence identity of the most frequent isolate, Trip1,
with the yeast SUGT protein (28). An initial proposal
that SUGH is a transcriptional coactivator (29), based
on genetic analysis, has recently been supporied by
the finding that SUG1 is a component of a complex of
proteins specifically associated with RNA polymerase
11 {48). In vitro transcription results implicate this com-
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plex, termed the mediafor, in the response of RN
polymerase il to upstream DNA-pbound transcripio
activators. As described in more detail eisewhere (Le
ot al., submitted), Trip1 can carry out all of the essen
tial functions of the SUGT protein in yeast, and bot
proteins interact directly in vifro with TR and RXR
These resuits suggest that the hormone-dependen
transcriptional regulatory effects of TR and RXR may
be a consequence of a direct interaction with the RNA -
polymerase il holoenzyme compiex mediated, at ieas't:"
in part, by their specific interaction with Trip1. Tnis’
interaction may supptement the reported interaction of
the TR with TFIiB (7), a compoenent of the preinitiation.
complex.

The transcriptional activity of LexATrip4 SuggeStS:
that Trip4 may also be a transcriptional regulator. Tripé'l'
contains a putative zinc-finger motif with an arrange-
ment of cysteines nearly identical o that of the zinc:
binding sequence present in the adenovirus E1A pri
tein (37). This E1A zinc finger is an important comp
nent of a short subregion that is required for transac-
tivation function and can function as an transcriptiona
activation domain when fused to the DNA-binding do-
main of the yeast transcription factor GAL4 (49). Re-
cent results indicate that this region interacts specifi-
cally with several proteins, including TBP, the TATA-
binding protein (50) and the DNA-binding domain of
the transcription factor ATF-2 (51). It will be of interest
1o determine the involvement of the putative Trip4 zine
finger in its interaction with TR and its independent
transcriptional activity.

Trip7 is a member of a smail subfamily of nonhistone
chromosomal proteins that includes HMG-14 and
HMG-17. These two proteins bind directly to nucleo:
some cores (30) and are thought to be associated
specifically with active chromatin. Recent results dem-
onstrate that assembly of HMG-17 into nascent chro-
matin increases the transcription potential of the 58
RNA gene and satellite | chromatin {52}, and tha
HMG-14 can directly stimulate the rate of transcy
tional elongation by RNA poiymerase |l (53). The
ligand-dependent interaction of TR and RXA with thi
putative nucleosome-associated protein raises the in
triguing possibility that these receptors may have ef
fects on chromatin structure, Reported effects of thy
roid hormone on histone acetylation and othe
modifications of chromosomal proteins (e.g. Refs. 5
and 55) may be consistent with this suggestion.

Trip9 has several copies of a motif commonty know
as the ankyrin repeat. Muitiple copies of this elemen
are found in a wide variety of proteins with divers
function and subcellutar localization (35). In general, i
is thought that the ankyrin motifs are involved in spe:.
cific protein-protein contacts, although these rather:
loosely conserved sequence elements do not appear:
to target a conserved siructure or primary amino acid:
sequence. Among the targe number of ankyrin repeat-;
containing proteins, Tripd is most similar to the prod-:
uct of the protooncogene bcl-3, one of a series of:
ankyrin repeat-containing proteins that specifically:
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modulate the activity of NF-«xB and related transcrip-

" tion factors (see Ref. 56 for review). White bel-3 stim-

ulates NF-«B activity, the related 1xBs are inhibitory.
particularly since these inhibitory effects are regulated

' by various signaling pathways, the similarity between

Trip9 and bcl-3 suggests a number of interesting and

- novel mechanisms for modulation of TR action.

Trip10 contains an SH3 domain that is closely re-
jated to that of an anonymous human cDNA, and
much less similar to its next closest relatives in several
tyrosine kinases, including a Xenopus fyn homolog
(573 and chicken src. Like ankyrin repeats, SH3 do-
mains appear to be evolutionarily ancient protein sub-
domains associated with specific protein-protein con-
tzots. These domains were first identified in proteins
involved in response to growth factors, and they are
associated with the coupling of growth factor recep-
tors to small G proteins in signal transduction path-
ways {36). However, SH3 domains have also been
found in a broad range of proteins with diverse func-
tions, including transcription factors (e.g. Ref. 58}.

Trip6 has two LIM domains, cysteine-rich zinc-
hinding motifs originally found in the hemeobox tran-
scription factors lin-11, lsl-1, and mec-3 (59-61). Re-
cent results demonstrate that the LIM domains of Isl-1
inhibit DNA binding by either the Isi-1 homeodomain
or a heterologous DNA-binding domain (62), although
it is unclear whether this inhibitory effect is a general
property of LIM domains. Isolation of fuil length cDNAs
demonstrates that Trip6 does not contain a ho-
meobox. However, LIM domains have also been found
in & number of other proteins with a broad range of
functions, including at least two oncoproteins (33), a
protein kinase (63), and a component of cell adhesion
plaques (34). Trip6 is most closely related to this latter
protein, which is called zyxin. if this relationship re-
flacts a common subcellular localization, it wouid be
unlikely that Trip6 is involved in TR function. However,
the function and subcetlular localization of Trip6 re-
main unknown.

Trip12 is homologous to E6-asscciated protein
(E6~AP), a recently described factor that mediates the
interaction of the human papillomavirus E6 oncopro-
tein with the p53 tumor suppressor protein (31). This
interaction leads to the destruction of p53 by the
ubiguitin-dependent proteoiytic pathway, and recent
results suggest that E6-AP may act directly as a ubig-
uitin protein ligase (32). It is possible that association
of Trip12 with TR leads to the specific degradation of
the aporeceptor.

RBased on the interactions of receptors with other
DNA-binding iranscription factors suggested in this
report and previous studies, we hypothesized that
binding of TR or another receptor to a second DNA-
bound protein could result in hormene-dependent
franscriptional activation from a novel site. This hy-
pothesis was tested and confirmed using the
LexA-Trip chimeras. LexATrip9 and LexATrip10
showed relatively weak T, responsiveness, with ap-
proximately 2-fold induction of a p-gal reporter gene
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under the control of LexA operators. As expected from
the recent demonstration that RXR is required for ef-
ficient hormone-dependent transcription activation by
TR (13), this response was significantly enhanced by
coexpression of RXR. Since neither TripS nor Trip10
interacts with RXR in the absence of 9-cis-RA, this
response must be mediated by the Ts-dependent
interaction of the TR portion of the TR/RXR heterc-
compiex with the DNA bound LexA chimeras. With the
additional complication of harmone dependence, this
indirect mechanism for positive T, response is analo-
gous to the potent stimulatory effect of the recruitment
of VP16 to octamer binding sites via a specific inter-
action with the Oct-1 protein {64). It is also similar to
the reported antagonistic interaction of TR and other
members of the nuclear hormone receptor superfamity
with AP-1 {see Ref. 21 for review), at ieast to the extent
that hormonal effects are observed in the absence of
hormone receptor DNA binding. Within the receptor
context, a more direct parallel is provided by the pos-
itive effect of TR on a unique AP-1 site present in the
vector portion of many plasmids, which is thought to
be mediated by a direct interaction of TR with DNA
bound c-jun (16). In contrast to the positive effect of T,
described here, however, this positive TR-AP-1 inter-
action is observed only in the absence of hormone.

In conclusion, we have isolated a series of cDNA
clones encoding proteins that interact specifically with
the ligand-binding domain of rat TRg1 in yeast. The
sequences and properties of these proteins suggest
several testable hypotheses for novel mechanisms of
T, action. We believe that further studies of these
proteins will provide important insights into not only
the basic mechanisms of T, response, but also more
general aspects of gene regulation,

MATERIALS AND METHODS
Yeast Cells and Plasmids

EGY48 yeast cells MATuleu2 his3 trp1 ~ura3 "LEUZ:pLex
Aopb LEUZ{A UASLEUZ), the LexA-p-galactosidase reporter
construct, and the LexA- and B42-parental vectors were as
reported (26). Fragments of rTR31 (amino acids 169-461) or
hRXRa (amino acids 198-462} were subcloned into the EcoRI
and Sall sites of the LexA-vector fo make LexATR and
LexARXR, as described (13). An analogous fragment of hu-
man GR {amino acids 481-777) generated using polymerase
chain reaction was subcloned into the LexA- vector to make
LexAGR. Similarly, fragments of individual Trips were sub-
cloned into the EcoRl and Sall sites of the LexA-vector to
make LexATrips. Expression vectors for TR {YEPTR) and RXR
(YEPRXR} were as described (13).

Library Screening

Candidate TR-interacting clones were isolated using the in-
teraction trap (26), with slight modifications. The Hela-derived
cell cDNA library screened, as previously described (28), was
generated by oligo(dT) priming and contained more than 108
independent recombinants. Approximately 107 primary yeast
transformants of a derivative of EGY48 expressing the
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LexATR chimera were generated from an initial transforma-
tion with this cDNA library, with sefection for trp auxotrophy.
These library-transformed cells were pocled and selected for
leu auxotrophy on plates in the presence and absence of
3,3’ ,5-triiodothyroacetic acid {triac, 1 um). The cDNA library
plasmids were recovered from appropriate yeast strains,
propagated in Escherichia coli, and reintroduced into EGY48
derivatives expressing LexATR, LexA alone, or other LexA
chimeras to confirm specific interaction.

Yeast $-Galactosidase Assays

The cetransformation and transactivation assays in yeast
were performed as described previously (13) with the follow-
ing changes. The yeast cultures were initially diluted to an
ODgg 0f 0.05 and 10 um CuSO,, and the various concentra-
tions of 9-cis RA and/or triac were added to separate flasks.
The cultures were then transferred to 96-weil culture dishes
(100 wpl/weil) and incubated in the dark at 30 C for 16 h. The
ODgao nm Was determined and then cells were lysed and
substrate was added and QD15 e Was read after 10-30 min.
The normalized B-galactosidase values were determined
from triplicate samples as foliows: (ODgqs m'@Ds00 nml %
1000/min developed.

Northern Blot Analysis

A Northern blot containing 2 ug polyA containing mRNA from
various human tissues (Clontech inc., Palc Alio, CA ) was
hybridized with probes derived from individual Trip clones
using standard procedures {65).
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