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Abstract Several transcriptional regulatory molecules have been described that appear to possess dual function in
separate cellular compartments. It remains unclear whether the proteins really exert dual functions, or which of the
transcriptional regulatory role or the cytoplasm-associated function is the physiologically relevant action of the protein.
This review will briefly describe the cases at hand and attempt to sort the true bifunctional proteins from the aritfactual
trespassers. J. Cell. Biochem. Suppls. 32/33:32–40, 1999. r 1999 Wiley-Liss, Inc.
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The precise control of gene transcription in
particular tissues requires a delicate interplay
between a wide variety of polypeptides. In addi-
tion to the components of the basic transcrip-
tional machinery, tissue-specific gene transcrip-
tion depends on the concerted actions of site-
specific DNA-binding transcription factors,
which in turn recruit a host of various cofactors
that are essential for activated transcription.
These cofactors have been ascribed different
names, such as coactivators, mediators, or adap-
tors, but all appear to provide multiple protein-
protein interfaces that allow to link the DNA-
binding activators to the basic transcriptional
machinery. The biochemical analysis of these
coactivators revealed that some of them are not
merely inert protein scaffolds but exhibit key
enzymatic activities essential for transcrip-
tional activation, such as phosphorylation or
acetylation.

Some of the enzymatic functions and identi-
fied substrates for transcriptional coactivators
are entirely consistent with their roles in tran-
scriptional control. In recent years, however,
several transcriptional regulatory molecules
have been described that appear to possess
dual function. These include the Sug1 and JAB1

coactivators which are components of the 26S
proteasome; the PCD/DCoH cofactor that regu-
lates dimerization of the HNF1 homeodomain
protein but is also a cytoplasmic enzyme in-
volved in tetrahydrobiopterin regeneration;
b-catenin, which associates with cadherin in
the cytoplasm to regulate cell adhesion and
motility but gets translocated to the nucleus
upon Wnt signaling to regulate transcription;
and the aNAC coactivator, initially identified
as a regulator of nascent polypeptide transloca-
tion across the endoplasmic reticulum (ER)
membrane. In some cases, it remains unclear
whether the proteins really exert dual func-
tions, or which of the transcriptional regulatory
role or the cytoplasm-associated function is the
physiologically relevant action of the protein.
This review briefly describes the cases at hand
and attempts to sort the true bifunctional pro-
teins from the artifactual trespassers.

SUG1 AND JAB1

A frequently used experimental strategy for
identifying putative transcriptional coactiva-
tors involves the screening of complementary
DNA (cDNA) libraries by the yeast two-hybrid
protein-protein interaction assay. The cDNA
encoding for proteins that interact with the
activation domain of DNA-binding transcrip-
tional activators are then tested in transient
transfection assays for the potentiation of acti-
vator-dependent gene transcription. This strat-
egy can lead to the identification of bona fide
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coactivators that potentiate gene expression by
forming complexes at or near the transcrip-
tional start site. It can be envisaged, however,
that proteins that interact with activators to
regulate subcellular localization, posttransla-
tional modification, stability, or degradation
would also be identified in such screens. If the
co-transfected protein increases the stability of
the activator, the net overall effect on gene
expression can be identical to the effects ob-
served when studying the function of a true
coactivator.

Two examples dramatically illustrate this
fact: mSug1 and JAB1. Mutations in the yeast
SUG1 gene, encoding the putativeATPase Sug1,
were initially identified in a screen for genes
that rescued defects in the activation domain of
the Gal4 transcription factor [Swaffield et al.,
1992]. Early reports suggested that Sug1 inter-
acted with the activation domains of Gal4 and
VP16, as well as with TBP [Swaffield et al.,
1995], the TATA-binding protein, a key compo-
nent of the TFIID basal transcription factor.
The murine Sug1 homologue, mSug1, was also
cloned using the yeast two-hybrid system to
identify transcriptional mediators that interact
with nuclear hormone receptors [Lee et al.,
1995], a large family of hormone-dependent
transcription factors. Taken together, these ob-
servations supported a coactivator function for
Sug1 proteins. A controversy arose when sev-
eral highly related Sug1-like proteins (CAD
proteins, for conserved ATPase domain) were
identified as components of the 26S protea-
some. The 26S proteasome is the macromolecu-
lar complex that mediates ATP- and ubiquitin-
dependent extralysosomal degradation of the
bulk of cellular proteins and degradation of
short-lived proteins such as cell cycle regula-
tors [Voges et al., 1999]. Until it was purified to
homogeneity, the composition of the 26S protea-
some remained uncertain, and several investi-
gators claimed that Sug1 was a subunit of RNA
polymerase II holoenzyme and that the 26S
proteasome lacked Sug1 but contained a closely
related protein with anti-Sug1 antibody cross-
reactivity. The controversy was put to rest after
the purification of the 26S proteasome by con-
ventional chromatography in parallel with
nickel-chelate affinity chromatography using a
His6-tagged subunit of the 20S core particle of
the 26S proteasome [Rubin et al., 1996]. Sug1
always co-purified with the proteasome,
whereas stoichiometric ratios of 0.05:1 were

detected for the number of copies of Sug1 per
holoenzyme. These results demonstrate that
Sug1 is an integral component of the 26S protea-
some and suggest that the effects of SUG1
mutations on transcription are indirect results
of defective proteolysis. This hypothesis was
confirmed for the murine homologue, mSug1,
which was shown to regulate proteasome-
mediated degradation of the vitamin D receptor
[Masuyama and MacDonald, 1998].

The putative Jun-activation-domain-binding
protein 1 (JAB1) coactivator was also identified
using the yeast two-hybrid methodology in a
screen that used the N-terminal activation do-
main of c-Jun as a bait [Claret et al., 1996]. The
interaction of JAB1 with c-Jun stabilizes the
binding of c-Jun homodimeric complexes on
their cognate AP-1 DNA binding site, leading to
potentiated transactivation. In these first as-
says, the subcellular localization and putative
targets within the basic transcriptional machin-
ery were not studied.

The JAB1 protein also surfaced when investi-
gators attempted to identify new components of
the 26S proteasome. In these studies, a new
complex, distinct from the 26S proteasome, was
eventually purified [Seeger et al., 1998]. This
multiprotein complex, termed signalosome, con-
sists of at least 8 subunits, including JAB1 and
Trip15, the thyroid hormone receptor-interact-
ing protein 15. The purified complex also con-
tains the mammalian homologues of COP9 and
COP11 and appears identical to the plant COP9
complex involved in light-mediated signal trans-
duction [Wei et al., 1998]. Interestingly, the
isolated JAB1-containing particle has kinase
activity that phosphorylates the N-terminal ac-
tivation domain of c-Jun on the key Ser63 and
Ser73 residues, an essential step for c-Jun-
mediated transactivation [Smeal et al., 1991].
Before the characterization of the signalosome,
the c-Jun N-terminal kinases (JNKs) were the
only previously identified kinases known to
phosphorylate the transcription factor at the
critical N-terminal activation domain. The non-
phosphorylated c-Jun is ubiquitinylated and
rapidly degraded in normally growing cells; it is
thought that phosphorylation of c-Jun protects
it from ubiquitinylation and prolongs its half-
life.

An interesting model has been proposed for
the involvement of the signalosome in c-Jun-
mediated transcription. Through the JAB1 sub-
unit, c-Jun would be recruited to the complex
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and phosphorylated at its N-terminus, leading
to enhanced stability of the c-Jun dimers with
AP-1 sites and increased c-Jun-mediated tran-
scription [Seeger et al., 1998]. The model is
strengthened by the finding that the 55-kDa
subunit of the complex, Sgn1, is the signal
transduction repressor Gps1 (Ga pathway sup-
pressor 1, the mammalian homologue of
COP11). Overexpression of Gps1 suppresses
JNK activity in vivo [Spain et al., 1996]. The
specific c-Jun phosphorylation and the fact that
at least three subunits of the signalosome carry
mitogen-activated protein kinase kinase (MAPKK)
activation loop motifs support a role for the
particle in signal transduction [Seeger et al.,
1998]. Additional support is provided by the
homology with the plant COP9 complex that
mediate the plant’s responses to extracellular
signals [Wei et al., 1998], and the observation
that the signalosome can also phosphorylate
IkBa, a regulatory subunit of the NFkB tran-
scription factor [Seeger et al., 1998]. Taken
together, these data suggest that the signalo-
some/COP9 complex is an important cellular
regulator modulating multiple signaling path-
ways.

It is fairly obvious from these new studies
that despite their capacity to modulate activa-
tor-dependent transcriptional responses, mSug1
and JAB1 act via mechanisms that are clearly
distinct from the classical definition of transcrip-
tional coactivators and should not be classified
as such. The new results emphasize the link
between the processes of protein degradation

and transcriptional regulation as a means of
regulating cellular responses, but caution about
the premature conclusion that a protein inter-
acting with activation domains and able to po-
tentiate transcription is necessarily a transcrip-
tional coactivator.

PCD/DCoH

Hepatic nuclear factor 1 (HNF1) is a DNA-
binding transcription factor comprising an a-he-
lical dimerization interface combined to an
atypical homeodomain and a POU related do-
main. It is involved in transcriptional activa-
tion of many genes, including serum proteins
such as albumin, or enzymes like alcohol dehy-
drogenase and phenylalanine hydroxylase [Lei
and Kaufman, 1998]. Purification of HNF1 from
liver demonstrated that it is associated with a
small protein, DCoH (dimerization cofactor of
HNF1) that stabilizes HNF1 homodimers
[Mendel et al., 1991]. Two DCoH molecules
bind to a dimer of HNF1, forming a transcrip-
tionally active tetrameric complex. The DCoH
protein does not bind DNA and does not acti-
vate transcription on its own.

In an apparently unrelated field, DCoH was
identified as the enzyme pterin-4a-carbinol-
amine dehydratase (PCD; recently re-named
PHS, for phenylalanine hydroxylase stimula-
tor). PCD participates in the regeneration of
tetrahydrobiopterin (Fig. 1), the cofactor for
phenylalanine hydroxylase and other aromatic
amino acid hydroxylases. The importance of
PCD in the regeneration of tetrahydrobiopterin

Fig. 1. Enzymatic and transcriptional regula-
tory functions of PCD/DCoH. (Periphery). Dur-
ing hydroxylation of aromatic amino acids
such as tyrosine by phenylalanine hydroxy-
lase (PAH), the cofactor tetrahydrobiopterin
(BH4; R 5 18,28-dihydroxypropyl) is con-
verted to 4a-hydroxytetrahydrobiopterin (4a-
OH-BH4). BH4 is regenerated in two steps by
PCD/DCoH and dihydropteridine reductase
(DHPR). (Center) PCD/DCoH also stabilizes
the HNF-1 dimer to help binding to the HNF-1
site within the PAH promoter, leading to in-
creased PAH transcription.
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is supported by the observations that certain
hyperphenylalaninemic patients have muta-
tions in this gene [reviewed in Suck and Ficner,
1996].

Is PCD/DCoH a true bifunctional molecule?
How can the two apparently unrelated biologi-
cal activities be reconciled? Recent results con-
cerning the structure-function relationships of
the protein and the analysis of putative HNF1
target genes shed new light on these puzzling
questions.

The PCD/DCoH protein can be detected in
both the cytoplasm and the nucleus [Sourdive
et al., 1997], but there is no evidence that the
phenylalanine hydroxylating system is present
in the nucleus. PCD/DCoH is able to translo-
cate to the nucleus on its own, and its sub-
nuclear localization changes when HNF1 is pre-
sent [Sourdive et al., 1997]. The crystal
structure of PCD/DCoH shows that the protein
is a tetramer containing two saddle-shaped
grooves that have the potential to bind other
macromolecules [Endrizzi et al., 1995]. The
structure of PCD/DCoH is strikingly similar to
that of TBP, the TATA binding protein, with
b-sheets forming the concave part of a saddle
structure, complete with ‘‘stirrups,’’ and a-heli-
ces covering the convex side of the structure.
Loops between the sheet and helices form the
active center. Site-specific mutagenesis of PCD/
DCoH has revealed that the enzymatic and
transcriptional activity of the protein can clearly
be dissociated [Johnen and Kaufman, 1997].
Two different aspects of the transcriptional role
of PCD/DCoH were analyzed: interaction with
HNF1 and ability to potentiate HNF1-depen-
dent transcription. Interestingly, double muta-
tions in the active center of the enzyme inhibit
transcriptional potentiation but not HNF1 bind-
ing [Johnen and Kaufman, 1997]. The transcrip-
tional function of PCD/DCoH therefore is com-
posed of two parts—HNF1 binding and another
contributing effect—that involve the active site
and other molecular surfaces such as the saddle.

In this model, the coactivating function of
PCD/DCoH is more consistent with a bridging
function whereby it would act as an adapter
between HNF1 and other components of the
transcriptional apparatus. Such basal transcrip-
tional machinery targets remain to be identi-
fied. It is interesting to note, however, that
some mutations of PCD/DCoH, although neu-
tral to enzymatic and HNF1-binding activities,
increased the transcriptional potentiating activ-

ity [Johnen and Kaufman, 1997]. These results
suggest that some of the macromolecular tar-
gets of PCD/DCoH could be transcriptional in-
hibitors. Because high levels of PCD/DCoH are
required to prevent the formation of harmful
isomeric forms of tetrahydrobiopterin, inhibi-
tory modulation in the nucleus would provide a
mechanism for maintaining subtle transcrip-
tional regulation in the face of high concentra-
tions of the factor.

One downstream target of HNF1 is the phe-
nylalanine hydroxylase (PAH) gene [Lei and
Kaufman, 1998]. HNF1 binding sites were iden-
tified within the human PAH promoter and
PCD/DCoH was shown to potentiate HNF1-
dependent PAH transcription [Lei and Kauf-
man, 1998]. These results support a dual func-
tion of PCD/DCoH in the context of the
regulation of the phenylalanine hydroxylation
system. Through its carbinolamine dehydra-
tase activity, the enzyme regenerates the tetra-
hydrobiopterin cofactor that is essential for the
hydroxylation of phenylalanine. In parallel, via
its role in stabilizing and potentiating HNF1
dimers, it up-regulates the transcription of the
PAH gene (Fig. 1).

This model elegantly reconciles the two func-
tions of the molecule. To date, all the structure-
function analysis remains in accord with the
proposed dual roles. It will prove interesting to
determine if similar use of the dual functions of
PCD/DCoH can be identified for additional
HNF1 transcriptional targets. Alternatively,
HNF1 could recruit different partners in vari-
ous context, although this possibility appears
unlikely since protein-protein interaction
screens failed to identify different dimerizing
partners than PCD/DCoH [Sourdive et al.,
1997]. The development of HNF1- PCD/DCoH
cell-free transcription systems and a search for
putative PCD/DCoH binding partners would
provide novel tools to refine our understanding
of the molecular mechanisms involved in the
complex dual functions of this interesting pro-
tein.

b-CATENIN

Catenins were initially identified as proteins
interacting with the cadherins, a large family of
cell adhesion molecules that participate in cell-
cell junctions [Aberle et al., 1996]. Three closely
related family members have been identified:
a-catenin, b-catenin, and g-catenin (plakoglo-
bin). The analysis of the Wnt/Wg signaling path-
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way during development has led to the discov-
ery that b-catenin plays key roles in adhesion-
mediated signaling, from the cell membrane to
the nucleus [Wodarz and Nusse, 1998].

b-catenin can be identified at three different
locations inside the cell: at the cell membrane
where it participates in adherens junctions with
cadherins; in the cytoplasm, where a multipro-
tein complex regulates its stability; and in the
nucleus, where it binds to transcription factors
to regulate gene expression.

Cadherins bind catenins to form cytoskeletal
complexes with the actin cytoskeleton that regu-
late cell-cell adhesion [Aberle et al., 1996]. Acti-
vation of several tyrosine kinases leads to phos-
phorylation of catenins and decreased cadherin-
mediated adhesion. This signaling event
appears to be reversible, as several protein
tyrosine phosphatases have been shown to local-
ize to sites of cell-cell contacts and interact with
catenins, and could therefore counteract the
effects of tyrosine phosphorylation of catenins.

In the cytoplasm, b-catenin is part of a com-
plex that includes glycogen synthase kinase-3b
(GSK3b), axin, and the adenomatous polyposis
coli (APC) protein [Barth et al., 1997]. This
complex regulates the stability of b-catenin. In
the absence of signaling, GSK3b phosphory-
lates b-catenin and APC, thereby targeting
b-catenin for ubiquitinylation and degradation
by the proteasome. Multiple signaling events
that include the interaction of Wnt/Wg mol-
ecules with the Frizzled receptors [Wodarz and
Nusse, 1998] or the binding of extracellular
matrix components to integrin receptors [No-
vak et al., 1998] lead to the inhibition of GSK3b
activity, resulting in the stabilization of cyto-
plasmic b-catenin. Stabilization of b-catenin
leads to its translocation to the nucleus via a
nuclear localization signal (NLS)-independent
pathway.

In the nucleus, b-catenin interacts with
LEF/TCF factors (lymphoid enhancer factor/
T-cell factor) to activate transcription. LEF/
TCF proteins bind DNA through their high
mobility group (HMG) DNA-binding domain
[Eastman and Grosschedl, 1999]. Nuclear
b-catenin may displace co-repressors of the
Groucho family from DNA-bound LEF/TCF; be-
cause b-catenin contains two activation do-
mains, the DNA-bound LEF/TCF-b-catenin
dimer can then stimulate transcription.

The complexity of the Wnt signaling pathway
and of the other pathways that regulate

b-catenin function are beyond the scope of this
article and the reader is referred to several
recent reviews [Barth et al., 1997; Wodarz and
Nusse, 1998; Eastman and Grosscheld, 1999].
What is important to note is that the cell uses
b-catenin for two very distinct functions: cell-
cell contacts and the regulation of gene tran-
scription. Each function involves multiple pro-
tein-protein interactions. In Xenopus and
Drosophila, Wnt/Wg signaling activates sev-
eral genes involved in axis formation and seg-
mental identity [Wodarz and Nusse, 1998]. The
promoter of the mouse E-cadherin gene also
contains a LEF/TCF binding site that recog-
nizes the TCF/LEF-b-catenin complex. This
finding suggests a link between the two roles of
b-catenin: at the plasma membrane, b-catenin
regulates cadherin-mediated adhesion by bind-
ing directly to cadherins; this regulation is en-
hanced by the regulation of cadherin gene ex-
pression by b-catenin in the nucleus.

aNAC

The Nascent Polypeptide Associated Com-
plex (NAC) heterodimer was initially identified
as a complex interacting with the nascent poly-
peptide chains as they emerge from the ribo-
some [Wiedmann et al., 1994]. The method used
for identification and purification of NAC com-
plexes involved ultraviolet (UV) cross-linking
of proteins to ribosome-nascent chain com-
plexes. Each polypeptide chain from the puri-
fied complex was subsequently identified: one
subunit represented a novel polypeptide, termed
aNAC, while the second protein had previously
been identified and characterized as BTF3b
[Wiedmann et al., 1994], a putative regulator of
gene transcription [Parthun et al., 1992]. In the
original model proposed for NAC function, the
NAC dimer is essential for preventing signal
sequence-independent binding of ribosomes to
the translocation channel [Wiedmann et al.,
1994]. Thus in the absence of NAC, all proteins
would be incorrectly targeted to various subcel-
lular compartments (Fig. 2).

Experiments addressing the physiological rel-
evance of NAC in protein translocation appear
technically challenging: the method used for
ribosome extraction, the salt concentration of
the buffers used, and the origin of the cell-free
translation systems used appear to influence
the outcome of the experiments. While the labo-
ratory that initially identified NAC was able to
conduct several series of experiments that con-
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firmed the role of the complex in the proper
targeting of nascent chains across the transloca-
tion channel, efforts by other groups have not
been successful and three different laboratories
independently concluded that NAC does not
prevent the binding of ribosomes to ER mem-
branes and thus does not regulate transloca-
tion and sorting [Powers and Walter, 1996; Neu-
hof et al., 1998; Raden and Gilmore, 1998].
Recent results show that yeast mutants lacking
aNAC are viable but suffer slight defects in the
targeting of nascent polypeptides to several
locations including the ER and mitochondria
[George et al., 1998]. These new results appear
to confirm some of the elements of the original
model.

The difficulty in confirming the original model
of NAC function is compounded by additional
experimental results. It should not be forgotten
that the dimerization partner of aNAC, BTF3b,
was initially identified as a transcriptional regu-
lator [Zheng et al., 1990]. Yeast strains deficient
for the BTF3b homologue, egd1, show defects in
the transcription of galactose-regulated genes
[Parthun et al., 1992]. The mRNA for aNAC can
only be detected past mid-gestation [Moreau et
al., 1998], arguing against a key role for NAC in
the regulation of protein translocation during
development. The aNAC gene is also differen-
tially spliced during development, and the
muscle-specific form of NAC, termed skNAC
(skeletal NAC), has been characterized as a
transcription factor [Yotov and St-Arnaud,
1996]. Finally, a role for aNAC as a transcrip-
tional coactivator has been described [Yotov et
al., 1998; Moreau et al., 1998]. Taken together,
these results strongly implicate aNAC in the
regulation of gene transcription and raises the
question as to whether the protein can truly
exert dual functions.

We have identified aNAC in a screen for
proteins specifically expressed in terminally dif-
ferentiated osteoblasts. Antibodies raised
against the recombinant aNAC protein allowed
to demonstrate differential entry of the protein
into the nucleus [Yotov et al., 1998]. These
observations, coupled to the putative transcrip-
tional regulatory role of the dimerizing partner
BTF3b, prompted us to examine a putative role
for aNAC in the control of gene transcription.
We have shown that aNAC can interact with
the GAL4/VP-16 chimeric activator, as well as
with the c-Jun transcription factor, to potenti-
ate their transcriptional activity [Yotov et al.,

1998; Moreau et al., 1998]. We have also identi-
fied specific protein-protein interactions be-
tween aNAC and TBP, a component of the TFIID
basal transcription factor [Yotov et al., 1998].
These types of interactions, which lead to poten-
tiated transcription, define the coactivator class
of proteins, allowing us to conclude that aNAC
acts as a transcriptional coactivator.

An interesting feature of the NAC protein is
that it can bind DNA at specific sites [Yotov and
St-Arnaud, 1996]. It remains to be determined
if the DNA-binding domain of aNAC is required
for its coactivating function. A possible role for
a specific DNA binding function within the
aNAC molecule would be to target it to particu-
lar promoters, thus generating an increased
level of specificity to the transcriptional re-
sponse to aNAC during development. Interest-
ingly, both the SV40 large T antigen and the
myogenic transcription factor MEF2, which are
sequence-specific DNA binding proteins, have
been shown to act as coactivators without a
requirement for their DNA-binding domain.

The subcellular localization of aNAC appears
tightly regulated. This situation is reminiscent
of the compartmentalization of b-catenin (see
above) and could indicate that aNAC needs to
be localized to distinct cell compartments to
perform dual functions, as described for
b-catenin. We have begun a careful structure-
function analysis of the aNAC molecule and
identified the domains that mediate nuclear
localization of the protein. Identification of the
signal transduction pathways that regulate
aNAC localization and function will help to
ascertain the physiological role of the protein.

Is aNAC a true bifunctional protein? Nuclear
functions for ribosomal proteins have been de-
scribed [Wool, 1996]. Because ribosomal biogen-
esis occurs in the nucleus, the regulation of
transcription by ‘‘free’’ ribosomal proteins might
be an important means of controlling gene ex-
pression by integrating transcription and trans-
lation. The difficulty that several laboratories
have encountered in attempting to reproduce
the original observation that NAC regulates
the translocation of nascent polypeptides across
the ER membranes raises questions about the
physiological relevance of these observations.
The structure of the aNAC gene and its differen-
tial splicing to generate a tissue-specific DNA-
binding transcription factor, the nuclear local-
ization and DNA-binding activity of aNAC, and
the coactivating function that have been de-
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scribed further argue against a key role for the
protein in the regulation of the interactions of
nascent polypeptides with the translocon. The
aNAC-deficient yeast phenotype could be sec-
ondary to defects in gene transcription, as have
been described for the bNAC yeast homologue
[Parthun et al., 1996]. Additional experiments,
including the engineering of aNAC-deficient
cells and mice strains, will help elucidate the
relevant function(s) of aNAC.

CONCLUDING REMARKS

Some of the examples presented here allow to
conclude that some proteins can really function
in a dual capacity. However, they also raise
caution: it is not sufficient to detect an interac-
tion between an activator and a cofactor lead-
ing to potentiation of gene transcription to pro-
claim that this cofactor is a true transcriptional
coactivator. Indeed, indirect effects on gene tran-
scription, such as those described for mSug1,
can readily explain the transcriptional re-
sponses. The characterization of a particular
gene product as a true transcriptional coactiva-
tor should include the identification of the pro-
tein target within the basic transcriptional ma-
chinery, an aspect that forms part of the
definition of the coactivator class of molecules.
This is not to say that any of the data outlined
in this review were artifactual; it just under-
scores the fact that the regulation of gene tran-
scription can happen via indirect mechanisms.

The recent experimental data discussed here
allow us to draw the following conclusions: the
interactions identified between transcription
factors and mSug1 reveal the importance of the
mechanisms controlling protein stability in the
regulation of gene transcription. Similarly, the
study of the JAB 1 protein permitted identifica-
tion of a new complex that appears to integrate
multiple signaling pathways. The evolutionary
conservation of this complex supports its physi-
ological importance.

There is no doubt that PCD/DCoH and
b-catenin can carry multiple functions in cells.
This suggests that the cell has selected means
of increasing the efficacy of transcriptional con-
trol by combining functions. In the case of PCD/
DCoH, this combination involves the synthesis
of a key enzymatic cofactor coupled to a role in
gene transcription, leading to a positive regula-
tory feedback loop. In the case of bcatenin, it is
likely that inductive events initiated by signal-
ing molecules during development necessitate

the modulation of cell-cell interactions com-
bined with increased transcription of target
genes. b-catenin is ideally suited to integrate
these events.

The jury is still out in the case of aNAC.
Several pieces of information argue against the
initial model proposed for NAC function; how-
ever, recent results from one laboratory con-
tinue to support a role for NAC in the regula-
tion of the interactions between the ribosome
and the translocon. Additional credibility for
this model has recently been obtained through
yeast genetics. Our own data on the function of
aNAC, and the identification of the skNAC
isoform, continue to point in a different direc-
tion. It is possible that the protein will really
turn out to perform two distinct functions within
cells, leading to reinforced pathways of gene
expression through actions at different sites.
There is no doubt that the entry of the aNAC
protein into the nucleus is tightly regulated;
this may have prevented several laboratories to
identify the protein in the nuclear fraction. The
careful structure-function analysis of the mol-
ecule, combined with the identification of the
signal transduction pathways that control its
subcellular localization, should help to under-
stand the importance and the function of nuclear
aNAC. Some of the mutants that have been
engineered to analyze these aspects of aNAC
function could then be tested for their effects on
the interaction of NAC with ribosome-nascent
chain complexes. We hope that the tools that
are currently developed in several laboratories
will soon allow to confirm the physiological
role(s) of the NAC complex, and of aNAC in
particular.
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