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Human foamy virus encodes a nuclear regulatory protein, termed Bel-1, that serves as a potent activator of
viral transcription. Mutational analysis has identified a small, discrete activation domain within Bel-1 that is
highly active in both higher and lower eukaryotic cells. Here, we demonstrate that the activation domain of
Bel-1 is highly dependent on theADA2 transcriptional adaptor for biological activity in yeast cells, a property
previously shown to be a hallmark of the VP16 class of acidic transcriptional activators (S. L. Berger, B. Pina,
N. Silverman, G. A. Marcus, J. Agapite, J. L. Regier, S. J. Triezenberg, and L. Guarente, Cell 70:251-265,1992).
Using genetic selection in yeast cells, we have derived a set of point mutants within the Bel-1 activation domain
that display a qualitatively similar loss in activation potential when examined in either yeast or human cells.
These data indicate that the Bel-1 activation domain functions similarly in both lower and higher eukaryotes
and strongly suggest that Bel-1 belongs to the VP16 class of acidic transcription factors.

The primate foamy viruses encode a potent transcriptional
trans activator of their homologous long terminal repeat
promoter element (17, 24, 28, 34). In the case of human foamy
virus (HFV), the prototype of this class of complex retrovi-
ruses, this is a 300-amino-acid (300-aa) nuclear regulatory
protein, termed Bel-1, that is essential for HFV replication in
culture (17, 22). Because the target sequence for Bel-1 is
located entirely 5' to the start site for viral transcription, it has
been proposed that Bel-I acts via a DNA target element (17,
19, 28, 34). However, both the precise DNA sequence require-
ments for Bel-1 function and whether Bel-1 interacts directly
or indirectly with its target sites remain to be determined.

Recent mutational analyses of both Bel-1 and the analogous
Taf trans activator of simian foamy virus have demonstrated
that these proteins contain a small, highly conserved transcrip-
tion activation domain located proximally to their carboxy
termini (8, 15, 23, 33). It has, in particular, been demonstrated
that fusion of either of these closely similar activation domains
to the DNA-binding domain of GAL4 results in the efficient
induction of transcription from minimal promoter elements
that contain GAL4 DNA-binding sites. Of interest, the Bel-1
activation domain was found to be fully functional not only in
mammalian cells but also in cells of lower eukaryotic origin (8).
The apparently ubiquitous activity of the activation domain

of Bel-1 suggested that it belongs to the acidic class, the only
class of activation domains known to demonstrate this property
(14). However, inspection of the Bel-1 activation domain does
not reveal any particular preponderance of acidic amino acids
or any evident homology to well-characterized acidic activation
domains such as that in the herpes simplex virus VP16 protein
(6, 8, 11, 33).

Recently, Berger et al. (3) reported that overexpression of a
GAL4 fusion protein containing a potent acidic activation
domain, such as that in VP16, is toxic in yeast cells. This
toxicity, as well as the ability of these fusion proteins to
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function as effective transcriptional activators at lower levels of
expression, was found to be dependent on the functional
expression of the yeast ada2 gene. ada2 was therefore pro-
posed to function as a specific transcriptional adaptor for at
least some trans activators of the acidic class (3). Here, we
demonstrate that overexpression of a GAL4/Bel-1 fusion pro-
tein is also toxic in yeast cells. Both the toxicity and the
activation potential of the GAL4/Bel-1 hybrid are shown to be
highly dependent on the functional expression of the ADA2
protein. The hypothesis that the function of this domain is
conserved in higher and lower eukaryotic cells was strongly
supported by the observation that a series of point mutants
introduced into the Bel-1 activation domain exhibit closely
similar phenotypes in both in vivo contexts. On the basis of
these findings, we therefore propose that the Bel-1 and VP16
transcription activation domains belong to the same functional
class.

MATERIALS AND METHODS

Expression plasmids. Plasmid pGAL4/BEL(260-290), which
directs the expression of the GAL4 DNA-binding domain (aa
1 to 147) fused to the minimal Bel-1 activation domain (aa 260
to 290) in mammalian cells, was derived from the GAL4
DNA-binding domain expression plasmid pSG424 as previ-
ously described (8, 30). Mutated Bel-1 activation domains were
substituted into pGAL4/BEL(260-290) in place of the wild-
type sequence to generate plasmids pBl to pBll. The deriva-
tion of the chloramphenicol acetyltransferase (cat) gene-based
indicator plasmid pG6(-83)HIVLTRATAR has been de-
scribed elsewhere (31).
Both the multicopy, 2,um-based yeast expression plasmid

pGAL4 and the single-copy, ARS-CEN-based yeast plasmid
pYCplacIII have been described previously (4, 9). In pGAL4,
the ADH1 promoter is located 5' to residues 1 to 117 of the
GAL4 DNA-binding domain. Sequences corresponding to the
activation domains of VP16 (aa 413 to 490), TFE3 (aa 2 to 89),
p65 (aa 416 to 550), and HAP4 (aa 330 to 553) (1-3, 6) were
amplified by PCR with primers that introduced unique XbaI
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and EcoRI restriction endonuclease sites and were then in-
serted 3' to, and in frame with, the GAL4 DNA-binding
domain by using these sites. Identical activation domain se-
quences were also amplified with primers that introduced
flanking BamHI sites prior to insertion 3' to the ADHI
promoter and GAL4 DNA-binding domain in pYCplacIII.
The yeast expression plasmids pY-GAL4/BEL(1-300), pY-
GAL4/BEL(260-290), pY-GAL4/TAF(1-308), pY-GAL4/TAF
(264-308), and pY-GAL4/TAT(2-86) have been described
previously (4, 8).
pADA2 was constructed by PCR amplification of the full-

length ada2 gene from yeast strain PSY316 (3) genomic DNA
using primers that introduced unique flanking NheI sites. The
amplified ada2 gene was then introduced into plasmid
pVT1O1UR (35), at a unique XbaI site; the resulting pADA2
plasmid expresses the ada2 gene under control of the ADH1
promoter.

Yeast growth and transformation. All pGAL4-derived yeast
plasmids contain the yeast HIS3 marker and were transformed
into the yeast strain PSY316, PSY316ada2- (3), or GGY1::171
(10) as previously described (4). After 3 days on supplemented
synthetic dextrose plates lacking histidine (His-), yeast colony
growth was scored. pGAL4-derived yeast plasmids were also
cotransformed with pADA2, which contains the URA3
marker, into yeast strain PSY316ada2-. After 3 days of
selection on His-, uridine-deficient dextrose plates, colony
growth was scored.

Analysis of transcriptional activity in yeast cells. Yeast
ARS-CEN plasmids encoding GAL4 hybrids were cotrans-
formed into yeast strain PSY316 or PSY316ada2- with the
reporter plasmid pLGSD5 (13), which contains the 1-galacto-
sidase (1-Gal) gene under the control of 5'-promoter-proximal
GAL4 DNA-binding sites. pY-GAL4/BEL(260-290) yeast
plasmid derivatives were transformed into yeast strain
GGY1::171, which contains an integrated 1-Gal gene flanked
5' by GAL4 DNA-binding sites (10). Three days after growth
selection, colonies were transferred into synthetic sucrose
liquid media and incubated until cultures were at equivalent
optical density units. Yeast cell extracts were then assayed for
1-Gal activity as described elsewhere (4).
Mutation of the Bel-1 activation domain. Sequences corre-

sponding to the Bel-1 activation domain (aa 260 to 290) were
amplified by PCR under conditions that favor single nucleotide
substitution mutations (20) with primers that introduce unique
flanking XbaI and EcoRI restriction endonuclease sites.
Briefly, the PCR was carried out under conditions limiting for
dATP (final concentration, 10 mM) in the presence of 100 mM
dTTP, 100 mM dCTP, and 100 mM dGTP. The PCR buffer
used was purchased from Perkin-Elmer Cetus, with MnCl2 and
MgCl2 added to final concentrations of 50 and 2 mM, respec-
tively. Amplified products were then introduced into the
pGAL4 yeast expression plasmid at the unique XbaI and
EcoRI sites. The resulting plasmids were then pooled and
transformed into the yeast strain GGY1::171. After 3 days of
selection on His- plates, large colonies were harvested and
plasmid DNA was recovered by yeast cell lysis, phenol-chloro-
form extraction, and ethanol precipitation. Recovered plasmid
DNA was sequenced to identify mutations in the encoded
Bel-1 activation domain. Plasmids which contained mutations
in the Bel-1 activation domain were then analyzed for tran-
scriptional activation potential as described above.
Mammalian cell culture and analysis. HeLa cells and COS

cells were maintained as previously described (15, 17) and were
transfected by the calcium phosphate procedure and the
DEAE-dextran procedure, respectively (7). Activity of GAL4/
Bel-1 fusion proteins was assayed in HeLa cells by cotransfec-

tion of the pGALA/BEL(260-290) plasmid, or mutant deriva-
tives, together with the indicator plasmid pG6(83)HIV
LTRATAR (31). Induced chloramphenicol acetyltransferase
activity was assayed at -48 h posttransfection as previously
described (26).

Appropriate expression of mutant derivatives of pGAL4/
BEL(260-290) was confirmed by Western blot (immunoblot)
analysis. Briefly, COS cells were transfected with either the
parental GAL4 DNA-binding domain expression plasmid
pSG424 (30), pGAL4/BEL(260-290), or mutant derivatives of
pGAL4/BEL(260-290). At 48 h after transfection, transfected
COS cell cultures were harvested in Laemmli sample buffer
(18), boiled, and subjected to sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis. Resolved proteins were
then transferred to nitrocellulose and analyzed by Western
blot using a 1:1,000 dilution of a rabbit polyclonal antiserum
directed against the DNA-binding domain of GAL4 (aa 1 to
147) (8, 10) followed by 125I-protein A. Reactive proteins were
visualized by autoradiography.

RESULTS

It has been demonstrated that overexpression of hybrid
proteins consisting of the GAL4 DNA-binding motif fused to
a potent acidic activation domain is toxic in yeast cells and that
this toxicity is mediated by the functional expression of the
yeast ada2 gene product (3). To examine whether the Bel-1
and Taf activation domains also displayed this property, we
constructed a series of yeast expression plasmids containing
the GAL4 DNA-binding domain (aa 1 to 117) fused to the
full-length Bel-1 and Taf proteins or to the minimal Bel-1 and
Taf C-terminal activation domains (aa 260 to 290 and 264 to
308, respectively). These hybrid proteins were then expressed
under the control of the constitutive alcohol dehydrogenase
(ADH1) promoter element present in the multicopy pGAL4
yeast expression plasmid (4). Control constructs either lacking
a functional activation domain or containing the GAL4 DNA-
binding domain (aa 1 to 117) fused to potent acidic activation
domains derived from the mammalian transcription factors
VP16 (aa 413 to 490), TFE3 (aa 2 to 89), and NF-KB/p65 (aa
416 to 550) were also tested, as was a plasmid containing the
GAL4 DNA-binding domain fused to the human immunode-
ficiency virus type 1 Tat protein (aa 2 to 86). These plasmids
were introduced into either the PSY316(wt) or PSY316ada2-
yeast strains that differed only in whether they possessed a
functional copy of the ada2 gene (3). The transformed cells
were then selected for functional expression of the HIS3 gene
product encoded within these pGAL4-based yeast expression
plasmids.
As shown in Table 1, introduction into the parental or the

ada2 yeast cells of vectors that expressed the GAL4 DNA-
binding domain alone or a fusion of GAL4 to human immu-
nodeficiency virus type 1 Tat resulted in large numbers of
healthy yeast colonies upon selection for growth on His-
plates. In contrast, all three vectors expressing fusions of
GAL4 to known acidic activation domains gave visible colonies
only in the context of the ada2 yeast strain during the same
selection period. Similarly, plasmids expressing fusions of
GAL4 to either the Bel-1 or the Taf activation domain also
gave rise to large numbers of transformants in the ada2 yeast
strain but either no detectable transformants (Taf) or only
minute colonies (Bel-1) when introduced into the parental
strain. The specificity of the requirement for ADA2 was
further demonstrated by the finding that the growth of the
ada2 cells containing these hybrid transcription factors was
dramatically inhibited upon introduction of a plasmid express-
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TABLE 1. Effects of overexpression of GAL4 fusion proteins on
yeast colony growth

Activation Colony growth'
domain (aa)" WT ada2 ada2 + ADA2'

None ++ ++ ++
Tat (2-86) ++ ++ ND
VP16 (413-490) - ++ -
TFE3 (2-89) - + + -
p65 (416-550) - ++ -
Bel-1 (1-300) ++ -

Bel-1 (260-290) -++
Taf (1-308) - ++ ND
Taf (264-308) - + + ND

a Fused to the C terminus of the GAL4 DNA-binding domain. None, GAL4
DNA-binding domain only.

" Plasmids expressing GAL4 fusion proteins were transformed into yeast strain
PSY316(wt) (WT) or PSY316ada2- (ada2) (3). Transformants were selected for
3 days on His- dextrose plates and scored for growth as follows: + +, 200 to 500
large colonies; +, 200 to 500 small colonies; -, no visible colonies.

' Fusion protein expression plasmids were cotransformed with pADA2 into
yeast strain PSY316ada-, selected on His- Ura- dextrose plates for 3 days, and
scored for growth. ND, not done.

ing the ADA2 protein. As shown in Table 1, when plasmids
expressing the hybrid transcription factors and the full-length
ADA2 protein were cotransformed into the ada2 yeast strain,
no detectable transformants were recovered.
A further characteristic of acidic activation domains of the

VP16 class in yeast cells is that their activation function is also
highly dependent on ADA2 expression (3). In order to exam-
ine this property, it was necessary to circumvent the toxicity
associated with high-level expression of these GAL4 fusion
proteins. We therefore introduced sequences corresponding to
the ADHI promoter and a subset of the above-mentioned
GAL4 hybrids into the single-copy yeast expression plasmid
YCplacIII (9). The resulting plasmids were transformed into
the wild-type or ada2 yeast strains together with the indicator
plasmid pLGSD5, which contains the 1-Gal gene under the
control of a minimal CYCl promoter and 5'-promoter-proxi-
mal GAL4 DNA-binding sites (13). After 3 days, transfor-
mants were grown in liquid media under appropriate selection
conditions (see Materials and Methods) until cultures were at
equivalent optical densities. Yeast cell extracts were then
prepared and assayed for 13-Gal activity. As shown in Table 2,
both the GAL4/VP16 and the GAL4/TFE3 fusion proteins
retain <3% of their activation potential in the ada2 yeast strain
compared with the wild-type yeast. Similarly, the GAL4/Bel-1

TABLE 2. Transcriptional activation in yeast cells by GAL4 fusion
proteins expressed from single-copy plasmids

,B-Gal activitya
Activation domain (aa)

WT ada2

None 1 20
VP16 (413-490) 15,320 320
TFE3 (2-89) 758 18
HAP4 (330-553) 4,100 980
Bel-1 (260-290) 271 3

' Determined as described in Materials and Methods after cotransformation
of yeast strain PSY316(wt) (WT) or PSY316ada2- with single-copy yeast
plasmids encoding the indicated GAL4 hybrids and the reporter plasmid
pLGSD5. The data are milli-optical density units per milliliter of extract,
corrected for any dilution of extract required to maintain samples in the
measurable range.

fusion protein, while clearly less active than the GAL4/VP16
hybrid, also lost -99% of its activation potential when exam-
ined in the absence of a functional ada2 gene product. In
contrast, a hybrid protein consisting of the GAL4 DNA-
binding domain fused to the activation domain of the yeast
transcription factor HAP4 was, as previously reported by
Berger et al. (3), only modestly affected by the loss of ada2.
The level of expression of each of these fusion proteins was
similar in both the parental and ada2 yeast cells, as determined
by Western blot analysis (data not shown), thus eliminating
trivial reasons for this phenotypic difference. Overall, it there-
fore appears that the Bel-1 activation domain is similar to
those of VP16 and TFE3, and dissimilar to that of HAP4, in
that it is highly dependent on the ADA2 protein for transcrip-
tional activation function in yeast cells.

Genetic selection of Bel-1 activation domain mutants. The
data presented in Tables 1 and 2 reveal that the biological
activity of the Bel-1 activation domain in yeast cells, in terms of
both toxicity and transcriptional activation, is highly dependent
on the functional expression of ADA2. This strongly suggests,
as indeed previously proposed for the VP16 activation domain
(3), that toxicity in yeast cells results from trapping of essential
transcription factors at inappropriate genomic sites. Therefore,
mutations that reduce the activation potential of this Bel-1
sequence should also attenuate toxicity in yeast cells. To test
this hypothesis, we therefore devised a genetic screen to
identify missense mutations in the Bel-1 activation domain that
relieve its toxicity in yeast cells. The DNA sequence encoding
the Bel-1 activation domain (aa 260 to 290) was amplified by
PCR under conditions that favor the incorporation of single
nucleotide missense mutations (20). The amplified DNA frag-
ment was then cloned into the multicopy pGAL4 fusion
protein yeast expression plasmid described above and trans-
formed into the ADA2+ yeast strain GGY1::171. Large yeast
colonies were then isolated, and the plasmid DNA was recov-
ered and subjected to sequence analysis. Plasmids containing
potentially interesting mutations in the Bel-1 activation do-
main, i.e., missense rather than nonsense or frameshift muta-
tions, were then analyzed for transcriptional activity by rein-
troduction into the yeast strain GGY1::171 (10), which
contains an integrated 13-Gal gene under the control of a
GALUAS. In addition, these Bel-1 activation domain mutants
were also cloned into the analogous mammalian GAL4 fusion
protein expression plasmid pSG424 (30) and analyzed for
activity in HeLa cells by using the reporter plasmid
pG6(-83)HIVLTRATAR, which contains the cat gene under
the control of a minimal human immunodeficiency virus type 1
long terminal repeat promoter element flanked by 5'-promot-
er-proximal GAL4 DNA-binding sites (31).
As shown in Fig. 1, this genetic selection identified 11

distinct mutants of the GAL4 activation domain that resulted
in attenuated toxicity in yeast cells. Remarkably, all but two of
the observed missense mutations were located within, or
immediately adjacent to, the highly conserved 15-aa core
activation domain of Bel-1 (15, 35), while approximately
one-third of these missense mutations resulted in the insertion
of basic amino acids. Analysis of the transcriptional activation
potential of these mutant Bel-1 activation domains in yeast
cells (Table 3) revealed that all displayed reduced activity, as
predicted. Of particular interest was the tryptophan 279-to-
arginine mutation, which, either alone or in combination with
other point mutations, totally blocked the activity of this
chimeric transcription factor. Also totally inactive was mutant
B9, which contains mutations at methionine 273 and tyrosine
283.

Analysis of the biological activity of these mutant Bel-1
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FIG. 1. Mutations in the Bel-1 activation domain isolated by ge-
netic selection. Eleven distinct mutants designated B1 to Bli were
isolated after PCR mutagenesis and genetic selection in yeast strain
GGY1::171. Wild-type (WT) Bel-1 residues 260 to 290 are depicted by
the one-letter amino acid code at the top. Residues corresponding to
the conserved region of the HFV Bel-1 and SFV Taf activation
domains are boxed (15). The substituted residues present in mutant
Bel-1 activation domains are indicated directly under their correspond-
ing positions in the wild-type Bel-1 sequence.

activation domains as GAL4 fusion proteins in HeLa cells
revealed a very close correlation with the activity in yeast cells.
In particular, mutants lacking all activity in yeast cells, e.g., B2
and B9, were also totally inactive in HeLa cells, while mutants
displaying partial activity in yeast cells, e.g., B5 and B10, were
also partially active in HeLa cells. To eliminate the trivial
possibility that these mutant fusion proteins are simply highly
unstable or otherwise grossly aberrant when expressed in
primate cells, we examined their expression in mammalian
cells by Western blot analysis. As shown in Fig. 2, all of these
fusion proteins are, in fact, expressed at comparable levels and
migrate at the same relative molecular mass.

TABLE 3. Transcriptional activity in yeast and HeLa cells of
mutant GAL4/Bel-1 hybrids

Relative activityb
Activation domain (aa)"

Yeast HeLa

None <1 <1
Bel-lc 100 100
B1 73 7
B2 <1 <1
B3 <1 <1
B4 77 10
B5 52 5
B6 <1 <1
B7 15 40
B8 7 4
B9 <1 <1
B10 22 20
B1l <1 <1

"The precise sequence of each of the Bel-1 activation domain mutants (Bi to
B1 1) is given in Fig. 2. None, transformation with the parental pGAL4 (yeast) or
pSG424 (HeLa) GAL4 DNA-binding domain expression plasmid.

b Activity in yeast cells was measured as a-Gal activity observed after
transformation of the wild-type or mutant pY-GAL4/BEL(260-290) plasmid into
yeast strain GGY1::171 (10) and is given relative to the activity observed with the
wild-type Bel-1 activation domain, which is arbitrarily set at 100. Similarly,
activity in HeLa cells was measured as chloramphenicol acetyltransferase activity
resulting from cotransfection of mutant pGAL4/BEL(260-290) plasmids with the
indicator plasmid pG6(-83)HIVLTRATAR (31) and is, again, given as a
percentage of the activity observed upon cotransfection of the wild-type pGAL4/
BEL(260-290) plasmid with indicator.

c aa 260 to 290, wild type.
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FIG. 2. Western blot analysis of GAL4/BEL(260-290) transcription
factor hybrids in mammalian cells. COS cell cultures were transfected
with the indicated wild-type (lane 2) or mutant (lanes 3 to 13)
pGAL4/BEL(260-290) plasmids or the parental GAL4 DNA-binding
domain expression plasmid pSG424 (lane 1) or were mock transfected
(lane 14). At -48 h following transfection, total cell protein was
harvested in Laemmli sample buffer, resolved by SDS-polyacrylamide
gel electrophoresis, and transferred to nitrocellulose. Fusion proteins
were then detected by Western blot analysis using a GAL4-specific
rabbit antiserum followed by 251I-protein A. Protein molecular mass
markers were run in parallel and are indicated (in kilodaltons)
between the panels.

DISCUSSION

Eukaryotic transcription factors can generally be divided
into two functional domains (16, 25). A binding or specificity
domain directs the factor to its appropriate target sequence by
direct binding to the DNA or, as in the case of VP16, by
mediating a specific interaction with another sequence-specific
DNA-binding protein (11, 16, 25). The activation or effector
domain then induces transcriptional activation by facilitating
the recruitment of factors involved in initiation complex as-
sembly to the promoter (5, 25, 29).

Mutational analyses of the HFV Bel-1 protein and the
related simian foamy virus Taf protein have led to the identi-
fication and rough delineation of both binding and activation
domains. In the case of the 300-aa Bel-1 protein, the sequences
required for targeting to the HFV long terminal repeat reside
between approximately residue 80 and residue 210, while the
Bel-1 effector domain extends from approximately residue 250
to residue 290 (15, 33). The latter domain can be further
subdivided into a relatively weak activation domain that ex-
tends from approximately residue 250 to 266 and a somewhat
more potent activation domain that extends from residue 266
to 290 (15, 33). Only the more C terminal of these two Bel-1
activation domains is functional in the context of GAL4
DNA-binding domain chimeras.
Although data from several laboratories are in general

agreement with the Bel-1/Taf domain organization delineated
above, very little is known about the mechanism of action of
these domains. It remains, for example, entirely unclear
whether Bel-1 directly interacts with the DNA or is instead
recruited to the HFV long terminal repeat by a cellular
cofactor. Similarly, it has remained uncertain whether the
Bel-1 activation domain, and particularly the more potent and
highly conserved C-terminal activation motif of Bel-1/Taf, is a
novel activation domain or is instead a member of one of the
established classes of transcriptional activators (8, 25, 33).
Because the mechanism of action of such domains remains
controversial (5, 12, 29, 32), it is not currently possible to
classify activation domains on the basis of biochemical criteria.
However, the demonstration by Guarente and coworkers (3)
that the VP16 class of acidic activators is defined by a
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requirement for specific coactivators in yeast cells does provide
a genetic approach to this question.

In this article, we demonstrate that the conserved Bel-1/Taf
C-terminal activation domain is, like those of VP16 and
NF-KB(p65), toxic when expressed at high levels in yeast cells
as a GAL4 DNA-binding motif fusion (Table 1). This toxicity
is specifically dependent on the yeast ADA2 coactivator.
Similarly, this Bel-1 domain is also similar to acidic activation
domains of the VP16 class, but distinct from the HAP4
activation domain, in also being highly dependent on ADA2
for transcriptional activation (Table 2). These data therefore
strongly suggest that the Bel-1 activation domain functions
analogously to acidic activation domains of the VP16 and
NF-KB(p65) class in yeast cells.
The correlation between the transcriptional activation po-

tential and the toxicity of acidic activation domains in yeast
cells suggested a strategy to genetically select missense muta-
tions of the Bel-1 activation domain that led to a lower level of
toxicity and, hence, a lower ability to activate transcription. A
genetic screen for such mutants in fact identified 11 distinct
Bel-1 mutants that were both less toxic and less active as
transcription factors when analyzed in yeast cells (Fig. 1; Table
3). The finding that the Bel-1 mutants generated by this screen
were of widely varying biological activity provided a means to
test whether the Bel-1 activation domain functioned analo-
gously in both yeast and mammalian cells. In particular, our
finding that the level of biological activity in yeast cells was a
highly accurate predictor of transcriptional activation in HeLa
cells (Table 3) strongly supports the hypothesis that the Bel-1
activation domain functions by similar mechanisms in both
eukaryotic settings.
Although acidic activation domains, and particularly that in

VP16, have been extensively studied, neither their biological
target(s) in vivo nor the primary amino acid sequence that
defines this class of activators has been fully defined (5, 6, 12,
21, 29, 32). However, recent data suggest that a critical feature
may be a specific pattern of aromatic and hydrophobic amino
acids in an otherwise somewhat acidic sequence environment
(27). From this perspective, it is of interest that the down
mutations in the Bel-1 activation domain (Fig. 1) frequently
involved the insertion of basic amino acids and that the
mutations that entirely eliminated activation function modified
either a hydrophobic tryptophan residue or an aromatic ty-
rosine to a charged amino acid (Fig. 1).
The clear link between toxicity and transcriptional activation

in yeast cells, together with the evidence suggesting that acidic
activation domains function by similar mechanisms in both
higher and lower eukaryotes, implies that genetic selection in
yeast cells may provide a generally useful technique to identify
residues important in transcriptional activation. In this article,
we have used this approach to identify several interesting
mutations of the Bel-1 activation domain. However, it appears
likely that this technique could be used successfully on any
activator belonging to the VP16-like acidic class.
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