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The jun family of transcriptional activators includes mammalian AP-1 as well as the yeast regulatory protein 
GCN4. Recently, an additional transcriptional activator has been found in yeast that recognizes the TGACTCA 
sequence element common in GCN4/AP-1 sites. This factor was designated yAP-1. The structural gene for 
yAP-1 has now been isolated and characterized. The deduced amino acid sequence predicts a protein of 650 
residues, considerably larger than GCN4 or c-Jun. The amino terminus of yAP-1 is homologous to the carboxy- 
terminal DNA-binding domains of GCN4 and e-Jun. Disruption of the YAP1 gene demonstrates this gene is not 
essential but is required for AP-1 recognition element-dependent transcriptional activation. DNA-affinity blots 
of proteins from YAP1 cells suggest the presence of additional TGACTCA-binding proteins other than GCN4 
and yAP-1. Furthermore, expression of at least one of these related DNA-binding proteins appears to be under 
control of yAP-1. 
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The use of a single DNA-binding site that can be recog- 
nized by multiple transcription factors is emerging as a 
common theme in eukaryotic transcriptional regulation. 
There are at least three different types of CCAAT- 
binding proteins from humans that recognize distinct 
subsets of the central CCAAT sequence {Graves et al. 
1986; Dorn et al. 1987; Jones et al. 1987; Chodosh et al. 
1988a). The SV40 'core' or TGTGGAAAG site can be 
recognized by the AP-3 factor as well as C/EBP {Mitchell 
et al. 1987; Jones et al. 1988; Landschulz et al. 1988b). 
The use of a common binding site allows for multiple 
transcriptional effects to be mediated through a single 
recognition element. 

This motif of multiple factors for a single binding site 
introduces a further level of complexity to the analysis 
of purified DNA-binding proteins. It is possible that 
factors purified on the basis of binding may, in fact, con- 
sist of distinct proteins that recognize the same site. An 
example of this situation is the mammalian transcrip- 
tion factor AP-1 {Lee et al. 1987al. 

AP-1 binds to sites containing the sequence 
TGACTCA {Angel et al. 1987; Lee et al. 1987b). Purified 
AP-1 can stimulate in vitro transcription of the SV40 
early promoter and human metallothionein IIA gene 
{Lee et al. 1987al. In addition, AP-1 binding sites were 
found to mediate phorbol-ester inducibility through a 
heterologous promoter {Angel et al. 1987; Lee et al. 
1987b}. 

Recent work has indicated that the protein product of 
the c-jun proto-oncogene has DNA-binding properties 
that are identical to those of AP-1 (Bohmann et al. 1987; 

Angel et al. 1988). Detailed analysis of the polypeptides 
from HeLa nuclear extracts, purified by use of an AP-1 
recognition element {ARE) DNA-affinity column, indi- 
cates that there are several different proteins capable of 
binding the ARE (Franza et al. 1988; Rauscher et al. 
19881. The deduced protein sequence of a serum-induced 
protein from mouse cells (Jun-B) shows homology with 
v-Jun {Ryder et al. 1988). These findings suggest that a 
family of related proteins exist that will bind to DNA 
sites containing the conserved pentameric element. 

Members of the jun family also have been identified in 
yeast. Both c-Jun and v-Jun as well as Jun-B have ho- 
mology at the carboxyl terminus of their deduced pro- 
tein sequences with the DNA-binding domain of the 
positively-acting yeast transcription factor GCN4 (Boh- 
mann et al. 1987; Vogt et al. 1987; Ryder et al. 1988). 
The GCN4 recognition element (GCRE: GTGACTCAC) 
is also bound by c-Jun (Bohmann et al. 1987). Additional 
functional homology comes from the observation that a 
lexA-v-Jun fusion protein can bind to the GCRE up- 
stream from the HIS3 promoter and activate transcrip- 
tion of that gene (Struhl 1987). 

We have reported the isolation and characterization of 
an additional factor, distinct from GCN4, present in 
yeast cells, that binds the ARE and activates transcrip- 
tion (Harshman et al. 1988). This protein was named 
yAP-1 by virtue of the identical footprint formed on the 
ARE by this yeast factor and human AP-1. Analysis of 
the molecular weights of the polypeptide components 
present in the yeast AP-1 preparations revealed a major 
species of - 9 0  kD as well as several smaller proteins. 
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The presence of lower-molecular-weight proteins might 
be the result of proteolysis of the larger species or of the 
presence of a family of proteins that can recognize the 
same conserved sequence analogous to the situation in 
mammalian cells. 

To address this and related issues more fully, we have 
cloned the gene that encodes the 90-kD species of 
yAP-1. This gene has been designated YAP1. The struc- 
ture of the deduced yAP-1 protein is quite different from 
that of c-Jun or GCN4. Although all three proteins have 
homology within their DNA-binding domains, the loca- 
tion of this region is at the carboxyl terminus for both 
c-Jun and GCN4, but at the amino terminus for yAP-1. 
Disruption of the gene that encodes yAP-1 is not lethal 
but results in the loss of yAP-1 expression as well as that 
of several other proteins that can bind selectively to the 
ARE and GCRE. These findings suggest that yAP-1 is a 
member of a family of transcription factors, which are 
interrelated at the level of regulation as well as recog- 
nizing similar sequence motifs. 

R e s u l t s  

Isolation of the YAP1 gene 

We used monoclonal antibodies generated against yAP-1 
protein (Harshman et al. 1988) to clone the YAP1 gene 
from a ~,gtll expression library constructed from yeast 
genomic DNA (Young and Davis 1983). The screening of 
-106 phage (of which 30% were recombinant) yielded 
eight positive signals. Five of these clones reacted repro- 
ducibly with the monoclonals and were taken to plaque 
purity. Phage DNA preparations of these recombinants 
were made and cleaved with EcoRI. Two different 
classes of phage were observed on the basis of the EcoRI 
digestion products (Fig. 1). One class, a representative of 
which we designated KAC2, contained two EcoRI frag- 
ments of 1.9 kb and 0.22 kb. The other, represented by 
KAC5, also contained two EcoRI fragments, but of 2.5 kb 
and 0.8 kb. All these EcoRI fragments were subcloned 
individually into pUC19 (Yanisch-Perron et al. 1985) for 
further analysis. 

Restriction mapping suggested, and Southern blotting 
confirmed, that the 1.9-kb and 2.5-kb fragments were 
homologous. Western analysis of protein extracts from 
Escherichia coli strains bearing the pUG19 subclones of 
the 1.9-kb and 2.5-kb fragments indicated that immuno- 
reactive yAP-1 was being produced in these cells (data 

not shown). Both the 1.9-kb and 2.5-kb fragments were 
found to hybridize to a single 6.1-kb EcoRI fragment 
present in the yeast genome (Fig. 6B). Further Southern 
blotting (data not shown) indicated that the 2.5-kb frag- 
ment extends from an authentic yeast genomic EcoRI 
site to a random shear end point 2.5-kb upstream. The 
800-bp fragment is an authentic genomic EcoRI frag- 
ment and lies next to the 2.5-kb fragment in the genome. 

DNA sequence of the YAP1 gene 

Western analyses of bacterially produced proteins en- 
coded by subclones of the 2.5-kb fragment suggested a 
large portion of the yAP-1 coding sequence was con- 
tained within this region (S. Moye-Rowley, unpubl.). 
The DNA sequence of this fragment was determined 
(Fig. 2). The sequence predicts one long open reading 
flame (ORFI of 650 amino acid residues with no introns. 
The deduced molecular weight of this protein would be 
72.5 in contrast to the observed molecular weight of 90 
kD from SDS-polyacrylamide gels (Harshman et al. 
1988). This discrepancy between the observed and pre- 
dicted molecular weights has been seen for several yeast 
transcription factors including GCN4 (Hope and Struhl 
1985), RAP1 (Shore and Nasmyth 1987), and HSTF (heat 
shock transcription factor)(Wiederrecht et al. 1988). The 
cause of this difference is unknown but may reflect 
some unusual structural features in these proteins. 

Although yAP-1 is predicted from the deduced amino 
acid sequence to be an acidic protein, the charge distri- 
bution indicates that the amino terminus is basic but 
the carboxy-terminal region of the protein has an acidic 
nature. As we show later, the amino terminus of yAP-1 
corresponds to the DNA-binding domain. 

S 1 nuclease analysis of the 5' end of the YAP1 mRNA 
was performed to localize the start points of YAP1 gene 
transcription (Fig. 3). The major 5' terminus is desig- 
nated position + 1, with several other minor start points 
at positions - 7, + 10, + 15, and +38. Remarkably, all 
these start points map upstream of an ATG at position 
+ 81 that is not predicted to be included in the YAP1 
coding sequence. The ATG is followed 15 bp down- 
stream by a TAG terminator in frame. Because eukary- 
otic ribosomes generally initiate at the first ATG en- 
countered in an mRNA (Kozak 1984), this ATG up- 
stream from the Y A P 1 0 R F  would be expected to have 
an effect on downstream YAP1 expression. Although we 

Figure 1. Restriction map of YAP1 genomic region 
and Xgtll subclones. The arrow indicates the bounds 
and polarity of the yAP-1 coding sequence. Restriction 
sites are indicated as: (B) BamHI; (E) native yeast ge- 
nomic EcoRI site; (*E) synthetic EcoRI linker; (H) HpaI; 
(K) KpnI. 
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Yeast gene for yAP-1 
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1 M S V S T A K R S L D V V S P G S L A E F E G S K S R H 0 E I E N E H R 
1 5 a  GT•TCTTAAACCATGAGTGTGTCTACCGCCAAGAGGTCGCTGGATGTCGTTTCTCCGGGTTCATTAG•GGAGTTTGAGGGTTCAAAATCTCGTCACGATGAAATAGAAAATGAACATAGA 

I I I I 
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2 7 4  CGTACTG•TACACGTGATG•CGAG•ATA•CGAGCAACC•AAGAA•AAGG•TAGCAAA•CTAGCAAAAAGCAAGATTTGGATCCTGAAACTAAGCAGAAGAGGACTGCCCAAAATCGGGCC 
I I 

77 A Q R F R E R K E R K M K E L E K K V Q S L S ] Q Q Q N E V E A T F L R D Q 
3 9 4  GCTCAAAGAGCTTTTAGGGAACGTAAGGAGA~GAAGATGAAGGAATTGGAGAAGAAGGTACAAAGTTTAGAGAGTATTCAGCAG~AAAATGAAGTGGAAGCTACTTTTTTGAGGGACCAG 
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Figure 2. DNA sequence of the YAP1 gene. The numbering is relative to position + 1 being the major 5' end for YAPI mRNA. The 
one-letter code is used for the amino acid sequence. 
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have no evidence of a role for the short upstream ORF, 
other yeast transcription factor genes, such as GCN4 
(Hinnebusch 1984) and PPR1 {Kammerer 1984), have 
been found to have short potential coding sequences up- 
stream of the main ORF that encodes the transcription 
factor. It will be of interest to determine the type of role 
the upstream ORF has in gene expression of YAP1. 

yAP1 is homologous to GCN4 and jun 

Previous work has demonstrated that the recognition 
sequences for yAP-l, AP-1, and GCN4 are very closely 
related (Bohmann et al. 1987; Harshman et al. 1988). We 
compared our deduced amino acid sequence for yAP-1 to 
those for c-Jun and GCN4 to ascertain if the known 
DNA-binding regions of the GCN4 (Hope and Struhl 
1986) and c-Jun (Bohmann et al. 1987) proteins were 
conserved in yAP-1. Figure 4A shows a computer-gener- 
ated alignment of the DNA-binding domains of GCN4 
and c-Jun with a homologous region of the amino ter- 
minus of yAP-1. A comparison of the relative posi- 
tioning of the DNA-binding domains of GCN4, c-Jun, 
and yAP-1 is shown in Figure 4B. The region of ho- 
mology of yAP-1 contains 36% and 27% sequence iden- 
tities with GCN4 and c-Jun, respectively. Over the same 
stretch of amino acids, c-Jun and GCN4 have 30% se- 
quence identities. This strong sequence conservation 

prompted us to test the ability of a restriction fragment 
of YAP1 encodes the c-Jun-GCN4 homology region to 
produce yAP-1 DNA-binding activity. 

Identification of the YAP1 DNA-binding domain 

The production of high levels of yAP-1 activity in E. coli 
was accomplished by placing fragments of the YAP1 
gene under control of the strong, heat-regulated kPL pro- 
moter contained in the vector pOTSV (Shatzman and 
Rosenberg 1987). Initial experiments used extracts pre- 
pared from bacteria carrying a pOTSV derivative that 
contained a BamHI-EcoRI fragment that expresses 90% 
of the flail-length yAP-1 protein. This construction was 
designated pPL-YAP1. A BamHI-HpaI fragment that en- 
coded 93 amino acids of the amino terminus of yAP-1 
was also inserted into pOTSV to form pBH1. Crude ex- 
tracts were prepared from appropriate E. coli transfor- 
mants bearing these two plasmids and assayed for yAP-1 
binding activity. Control experiments established that 
E. coli cells contained no specific ARE-binding activity 
(data not shown). 

DNase I footprinting demonstrates that the protection 
of the ARE seen in yAP-1 samples from yeast (Fig. 5, 
lane 2) or from the bacterially produced protein {Fig. 5, 
lanes 3-7)  are indistinguishable. This result confirms 
that we have isolated the gene that encodes the yAP-1 
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Figure 3. S1 nuclease mapping of the 5' end of the YAP1 
mRNA. The same YAPl-specific oligonucleotide used to syn- 
thesize the $1 probe was also employed to generate a dideoxy- 
sequence ladder from the M13 template used for probe syn- 
thesis. (Lanes 1-4) Dideoxy G,A,C,T reactions on M13 
mp18 : RI/Bam 500 clone; (lane 5) $1 digestion of probe an- 
nealed to yeast tRNA; {lane 6) $1 digestion of probe annealed to 
yeast poly(A) + RNA. The major 5' terminus (position + 1) is 
indicated. 

protein. In addition, the ability of the extract from the 
pBH1 transformants to produce a wild-type yAP-1 foot- 
print indicates that the DNA-binding domain of yAP-1 
is encoded by this fragment and is located between 
amino acid residues 63 and 156. 

The DNA template used for footprint analysis also 
contains a GCRE that is labeled in Fig. 5. The yAP-1 
sample purified from yeast gives a partial footprint on 
this site while neither of the bacterially derived extracts 
shows any detectable protection. This is consistent with 
the belief that other proteins exist in yeast that are ca- 
pable of binding to sequences related to the TGACT re- 
peat core of the ARE and GCRE. A large body of evi- 
dence has accumulated that implicates the presence of 
multiple factors capable of recognizing the ARE in 
mammalian cells (Rauscher et al. 1988). To examine the 
possibility that an analogous situation existed in yeast, 
we constructed a yeast strain that lacked a functional 
YAP1 gene. 
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Characterization of a yeast yapl mutant 

We employed the method of one-step gene disruption 
{Rothstein 1983) to generate a mutant  containing a non- 
functional yAP-1 protein. The 1.7-kb HIS3 BamHI frag- 
ment  was inserted into the YAP1 gene between amino 
acid residues 156 and 157. The resulting fragment was 
introduced into a homozygous his3 diploid strain as 
shown in Figure 6A and HIS + transformants were se- 
lected. Correct integration was verified by Southern blot 
analysis (Fig. 6B). Selected heterozygotes were sporu- 
lated, and the resulting tetrads were dissected by stan- 
dard techniques (Sherman et al. 1979). 

Analysis of spores of representative tetrads indicated 
that HIS+ : h i s -  segregants were recovered in a 2 : 2  
fashion, thus indicating that the yapl :: HIS3 insertion 
is not a lethal mutation. We could detect no gross phe- 
notypic change in segregants bearing the insertion mu- 
tant. Direct examination of the mutant  yAP-1 protein 
was next undertaken. An extract prepared from a 
yapl :: HIS3 segregant was chromatographed through a 
heparin-agarose column and assayed for GCRE and 
ARE binding activity by DNase I footprinting. A control 
extract was prepared using a YAP1, his3 segregant from 
the same tetrad. HSTF activity was assayed also in both 
extracts as a control DNA-binding protein. 

Fractionation of a yeast nuclear extract over heparin 
agarose results in the elution of yAP-1 and HSTF DNA- 
binding activities in the 0.8 M KC1 step (Harshman et al. 
1988; Wiederrecht et al. 1987). We recovered equal 
levels of HSE binding activity in the yapl and YAP1 ex- 
tracts (data not shown). DNA-affinity blotting (Mis- 
kimins et al. 1985) was performed to determine the type 
of polypeptide chains in the two extracts that is capable 
of recognizing the GCRE and ARE (Fig. 7). 

A DNA-affinity blot of the heparin-agarose fraction 
from the YAP1 strain, with the ARE as the DNA probe, 
detects the characteristic set of bands, starting with full- 
length yAP-1 at 90 kD as well as a set of proteins from 
50 kD to 30 kD (Harshman et al. 1988). However, the 
fraction from the yap1 strain gives a distinctly different 
result. The 90-kD band is absent entirely while the 
lower-molecular-weight species are reduced in intensity 
or absent. Remarkably, a strong signal at -45  kD re- 
mains. It is unlikely that this binding activity is the re- 
sult of a novel yAP-1 fusion protein formed by the HIS3 
insertion because the deduced molecular weight from 
the known DNA sequence (Struhl 1985) of the fusion 
junction predicts a primary translation product of only 
27kD. 

A distinct set of signals is observed when the GCRE is 
used to probe a parallel DNA-affinity blot. Strong 
binding is seen from polypeptides of 69, 65, and 55 kD in 
the YAP1 extract. Only the 55 kD signal is seen in the 
yapl extract. GCN4 protein is unlikely to be detected in 
this assay because the cells from which the extracts 
were made were grown under conditions which repress 
GCN4 synthesis {Thireos et al. 1984; Hinnebusch 1984). 
The 55-kD polypeptide is larger than the observed mo- 
lecular weight for GCN4 (Hope and Struhl 1985; Amdt 
and Fink 1986) and may represent some other TGACT- 
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A . * * ~ 

yAPI dldpetkqkrtaqNraAqrafReRKerkmkeLEkKVqsLesiqqqneveatfLrdqlitlvn 122 
GCN4 pessdpaalkrarNteAarrsRaRKlqrmkqLEdKVeeLlsknyhlenevarLkklvger 281 

. ." . . . .  ... : : . : : . . :  . ".. 

CJUN sqerikaerkrmrNriAaskcRkRKleriarLEeKVktLkaqnselastanmLreqvaqlkq 319 

13 
GCN4 281 

c-jun 340 N [ DNA [ - - C  

yAP1 650 N ~ {  DNA ] C 

Figure 4. (A) Amino acid sequence alignment of c-Jun, GCN4, and yAP-1. Only the region corresponding to the DNA-binding 
domains of the respective protein is shown. The positions corresponding to the repeating pattern of leucines in yAP-1 are designated 
with asterisks. This alignment represents the best fit for the three proteins. Amino acid identities are indicated by uppercase letters 
and two dots while conservative replacements are shown by a single dot. The one-letter amino acid code is used throughout. The 
numbers refer to the amino acid position in each factor where the alignment stops. (B) Location of DNA-binding domains of c-Jun, 
GCN4, and yAP-1. Representation of the position of the region encoding the DNA-binding domain relative to the rest of the protein 
sequence. The numbers refer to the length of the respective factor. (N) Amino terminus of the protein; (C) carboxyl terminus; {DNA) 
DNA-binding domain. 

recognizing protein. The 69-kD band, which is reduced 
in intensity, and the 65-kD band, which  is not seen in 
the yap1 mutant ,  are probably not forms of yAP-1 be-  
cause they are not detected by the ARE. Functional 
yAP-1 may  be required for the expression of the 69- and 
65-kD proteins. However, further experiments are re- 
quired to confirm this. 

Transcriptional activation by cloned YAP1 

Further evidence that the gene we isolated encodes 
yAP-1 comes from an analysis of the ability of the 
cloned gene to s t imulate  ARE-dependent transcription 
in a yap1 mutan t  background. We employed CYC1- 
lacZ gene fusions in which ~3-galactosidase activity is 
dependent on the presence of a functional ARE. Expres- 
sion of YAP1 was placed under control of the inducible 
galactose promoter (Johnston and Davis 1984). The re- 
sults are shown in Table 1. 

In a wild-type YAP1 cell, 130 U/mg of [3-galactosidase 
is produced when glucose is present as the carbon source 
while  70 U/mg is generated during growth on galactose. 

Figure 5. DNase I footprint comparison of yeast and bacteri- 
ally produced yAP-1. The ARE and GCRE are denoted by 
brackets. Footprint reactions were performed as described by 
Wiederrecht et al. [1987) using the indicated amount of extract. 
{Lane 1) No protein; {lane 2) 10 ~1 of affinity-purified yAP-l; 
{lanes 3-5) 1, 5, and 10 gl of crude extract from AR68/pPL- 
YAP1; (lanes 6, 7) 1, and 5 ~1 of crude extract from AR68/pBH1. 
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Figure 6. Gene disruption of YAP1. (A) Schematic showing the 
integration of the HIS3 insertion mutant into the wild-type 
6.1-kb EcoRI fragment. Restriction sites are indicated as in Fig. 
1. (ATG) Start codon for YAP10RF; {TAA) termination codon. 
(B) Southern blot of yeast strains used in disrupting YAPI. All 
DNA preparations (Winston et al. 1983) were cleaved with 
EcoRI. The blot was probed with the nick-translated 2.5-kb 
EcoRI fragment. The sizes of the detected fragments are shown. 
Lanes 3-6 represent DNA preparations from each segregant of 
the same tetrad. (Lane I) SEY6210.5; (lane 2) SM81 (heterozy- 
gous YAP1 disruption in SEY6210.5); (lane 3) YAP1, his3 segre- 
gant; (lane 4) yapl :: HIS3, his3 segregant; (lane 5) yapl :: HIS3, 
his3 segregant; (lane 6) YAP1, his3 segregant. 

lines of evidence lead us to conclude we have cloned the 
YAP1 gene: (1) the footprint of the bacterially expressed 
protein is identical to that of authentic yeast factor; (2) 
the deduced protein sequence of the DNA-binding re- 
gion of the clone has homology with the analogous re- 
gion from GCN4 and c-Jun; and (3) disruption of the 
Y A P 1 0 R F  prevents ARE-dependent transcriptional ac- 
tivation. 

An unexpected result is the loss of ARE-dependent ac- 
tivation upon disruption of the YAP1 gene (Table 1). In 
these cells, the GCN4 gene is still intact and under these 
growth conditions will activate transcription from the 
GCRE (Harshman et al. 1988). Previous work has dem- 
onstrated that GCN4 binds as well to the ARE as to a 
GCRE from the HIS3 promoter (Harshman et al. 1988) 
and that transcriptional activation through the GCRE is 
dependent on GCN4 binding (Hill et al. 1986). These 
data support the idea that GCN4 should be able to bind 
to the ARE and to activate transcription. With this in 
mind, it is surprising that the level of [3-galactosidase 
activity produced in the GCN4, yap1 cell from the 
A R E - C Y C I - l a c Z  gene fusion is no higher than the same 
fusion lacking an upstream activation site (S. Moye- 
Rowley, unpubl.). This suggests that authentic yeast 
GCN4 protein can discriminate between the ARE and 
yeast GCRE. Alternatively, yAP-1 may be involved in 
expression of the GCN4 gene. 

yAP-1 : a representative of a n e w  class of jun-type 
transcriptional activator? 

Our original observations (Harshman et al. 1988) of the 
AP-l-like footprint on and transcriptional activation by 

When an isogenic yapl :: HIS3 transformant is assayed 
under the same growth conditions, 0.2 and 0.11 units are 
formed during glucose and galactose growth, respec- 
tively. Introduction of a GALl -YAP1  gene fusion into 
this mutant  background leads to no change in the level 
of B-galactosidase activity during glucose growth. How- 
ever, induction of the GALl promoter by growth on ga- 
lactose leads to a 1000-fold elevation in ARE-dependent 
B-galactosidase activity. These data support the conclu- 
sion that the gene we have isolated indeed encodes the 
positively acting transcription factor yAP-1. Disruption 
of the coding sequence of this gene leads to an inability 
to activate transcription through the ARE, while expres- 
sion of the clone under GAL promoter control can cor- 
rect this defect. 

D i s c u s s i o n  

YAP1 encodes transcription factor yAP-1 

We have employed monoclonal antibodies directed 
against the yAP-1 protein (Harshman et al. 1988) to iso- 
late from a ~,gtll library (Young and Davis 1983) the 
yeast gene that encodes this factor. Three independent 

Figure 7. DNA-affinity blot of YAP1 and yapl heparin- 
agarose fractions. Equal amounts of protein derived from either 
the YAP1 or yap1 strain were loaded onto a 10% SDS-poly- 
acrylamide gel and processed for a DNA-affinity blot as de- 
scribed {Harshman et al. 1988). Lanes 1 and 2 were probed with 
the ARE while lanes 3 and 4 were probed with the GCRE. 
(Lanes 1 and 3) Protein from the YAP1 cell; (lanes 2 and 4) con- 
tain protein from the yap1 strain. Molecular weight standards 
{Rainbow Markers, Amersham) are indicated. 
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Table 1. Transcriptional activation in yeast by cloned YAP1 

~-Galactosidase activity 
YAP1 allele glucose galactose 

YAP1 130 70 
yapl :: HIS3 0.2 O. 11 
GAL--YAP1, yapl :: HIS3 0.15 103 

The transformed yeast strains were grown with either 2% glu- 
cose or 3% galactose as the carbon source. [3-Galactosidase ac- 
tivities are expressed as nmoles/min mg protein and were per- 
formed as in (Harshman et al. 1988). The YAP1 alleles are de- 
scribed in the text. 

the ARE in yeast led us to believe we had identified the 
yeast AP-1 factor. However, the isolation of a human 
c-Jun genomic clone that predicts a primary translation 
product of only 340 residues (Bohmann et al. 19871 
Angel et al. 1988) and comparison to our yAP-1 sequence 
indicates yAP-1 is a protein with related properties to 
c-Jun but quite different in structure, yAP-1 recognizes 
the same sequence as c-Jun but has its DNA-binding do- 
main located at the amino terminus of the protein while 
the c-Jun DNA-binding domain is at the carboxy ter- 
minus (Fig. 4B). In this regard, GCN4 protein structure is 
much closer to that of c-Jun with both proteins having 
their DNA-binding domains at the carboxy end. 

Even though the DNA-binding domains of AP-1 and 
c-Jun-GCN4 are located at different ends of the respec- 
tive proteins, the primary sequences of these regions are 
homologous (Fig. 4A). Within this region of homology, a 
recently described potential structure is conserved be- 
tween c-Jun, GCN4 and yAP-l, the 'leucine zipper' 
(Landschulz et al. 1988a). This structure is characterized 
by the motif (leu-6 residues) repeating at least four 
times. An interesting feature of the leucine repeats in 
yAP-1 is the presence of an asparagine residue in place of 
a leucine at the start of the third repeat (Fig. 4A). Al- 
though, at present, there is no experimental evidence to 
support the importance of this repeating pattern of leu- 
cines, the availability of the cloned genes will permit 
this hypothesis to be tested. 

Existence of a jun-type family of proteins in yeast 

Compelling evidence has emerged to indicate that a 
family of proteins that recognize the ARE exists 
(Rauscher et al. 1988) in mammalian cells. Southem 
blots with a c-jun probe [Bohmann et al. 1987) detect 
several different fragments that indicate the presence of 
other genes related to c-jun. DNA sequencing of a 
mouse cDNA that encodes the serum-stimulated jun-B 
protein demonstrates this factor has homology with 
v-Jun although this protein is not mouse c-Jun (Ryder et 
al. 1988). 

Yeast contains an ARE-binding family, with no less 
than two members, GCN4 and yAP-1. The availability 
of the YAP1 gene in cloned form combined with the ma- 
nipulations possible with yeast genetics, have allowed 
us to construct a genetic background depleted of yAP-J 
activity. DNA-affinity blots of protein from the 

Yeast gene for yAP-1 

disrupted yapl strain suggest that another ARE-binding 
protein of 45 kD is present in yeast. Confirmation of this 
suggestion requires analysis of a yapl deletion mutant. 
In addition, the GCRE detects three more distinct pro- 
teins of 69, 65, and 55 kD. A recent report demonstrates 
the presence of an 80-kD ARE-binding protein in mam- 
malian cells as well as the previously observed set of 
proteins that migrate from 39 to 47 kD (Rauscher et al. 
1988). Experiments are under way to test the relation- 
ship of the 90-kD yAP-1 factor with factors in mamma- 
lian cells as well as to characterize further the novel 
ARE and GCRE binding activities we have de- 
tected. The presence in yeast cells of multiple 
TGACT-recognizing proteins may provide an explana- 
tion as to the nonessentiality of the YAP1 gene. Loss of 
the yAP-1 protein may be compensated for by other pro- 
teins with overlapping DNA-binding specificity. This 
compensation would have to be a subtle effect since 
ARE-dependent B-galactosidase activity remains low in 
an yapl strain. It will be of interest to examine the phe- 
notype of an yapl, gcn4 double mutant to assess the ef- 
fect of the loss of the two known TGACT-recognizing 
proteins on yeast physiology. 

A number of examples have appeared that demon- 
strate that the transcriptional machinery is more similar 
between yeast and mammals than previously thought. 
Proteins analogous to mammalian CAAT factors (Cho- 
dosh et al. 1988b) as well as a TATA-binding protein 
(Buratowski et al 1988; Cavallini et al. 1988)have been 
detected in yeast. This conservation suggests that the 
basic eukaryotic process of transcription by RNA poly- 
merase II may be studied in yeast to yield results that 
can be extrapolated to higher cells. Bearing in mind the 
functional conservation between yeast and mammalian 
transcription, the analysis of transcription factors 
binding the ARE and GCRE in yeast may further the un- 
derstanding of the role played in mammalian cells by 
c-Jun and related factors. 

Materials  and m e t h o d s  

Bacterial and yeast strains 

All M13 subclones and most plasmids were constructed and 
propagated in JM101 (Messing et al. 1981). DH5 (Hanahan 1985) 
was used as the host for construction of the GAL fusion vector. 
MM294 (cI + ] was employed to construct the fusion between 
the hpL promoter and YAP1 in pOTSV while AR68 (ci857, 
htpR) was used to permit heat-inducible expression as de- 
scribed (Shatzman and Rosenberg 1987). 

Yeast strains SEY6210 (MAT~, leu2-3,-112, ura3-52, his3- 
a200, trpl-A901, lys2-801, suc2-A9, Mel-) and SEY6211 (Mata, 
leu2-3,-112, ura3-52, his3-A200, trpl-a901, ade2-101, Me]-) 
were obtained from S. Emr (California Institute of Technology). 
The diploid formed by crossing these two strains was desig- 
nated 8EY6210.5. This diploid strain was employed for the ini- 
tial gene disruption experiments. To avoid any spurious results 
from the effects of the backgrounds of the two strains used to 
construct the diploid, we also disrupted the YAP1 gene in 
SEY6210, thus generating an isogenic pair of YAPl:yapl 
strains. The yapl strain was designated SMg. Standard yeast 
genetic techniques were employed (Sherman et al. 1979). 
Plasmids were introduced into yeast cells by the method of 
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Beggs {Beggs 1978) or by a modification of the Lithium acetate 
technique {Ito et al. 1983; R. Aroian, California Institute of 
Technology). 

DNA manipulations 

DNA fragments were cloned into plasmid and M13 vectors by 
standard techniques (Maniatis et al. 1982). kDNA was prepared 
by the use of LambdaSorb (Promega Biotec). The YAP1 gene 
disruption plasmid, pSM25, was constructed by inserting a 
BglII linker (New England Biolabs, CAGATCTG) into the HpaI 
site of the 2.5-kb EcoRI fragment subcloned in pUC19. The 1.7- 
kb BamHI HIS3 fragment was then inserted into this BglII site. 
pSM25 was cleaved with EcoRI prior to yeast transformation. 

The GAL-YAP1 gene fusion was constructed by attaching 
BglII linkers to the 1.9-kb EcoRI fragment of YAP1 and in- 
serting this fragment into the BamHI site of pSEYC68-GAL 
(Emr et al. 1986) to form pSEYC68-GALR1.9. Next, a BamHI- 
SalI fragment that contained the complete carboxyl terminus 
was inserted into BamHI-SalI-cleaved pSEYC68-GALR1.9 to 
reconstitute the 3' end of YAP1. This construct was named 
pGAL19. Transformants bearing pGAL19 could be selected on 
the basis of the URA3 gene in the pSEYC68 backbone (Emr et 
al. 1986). The ARE-IacZ fusion gene was carried on a derivative 
of pLGABS (Harshman et al. 1988) containing LEU2. The StuI- 
SalI fragment of pLGABS was replaced by the 2.0-kb HpaI-SalI 
LEU2 fragment to form pCS10. Two ARE oligonucleotides were 
inserted into the BglII site to construct pSM38, pCS 10 was con- 
structed by C. Schoenherr of this laboratory. Transformants 
containing both pGAL19 and pSM38 could be detected by the 
Ura +, Leu + phenotype. 

Bacterial production of yAP-1 

Appropriate AR68 transformants were grown at 30~ in 2XYT 
media and 100 ~g/ml ampicillin until the A6oo = 0.6. An equal 
volume of 65~ media was added, and the cultures were placed 
at 42~ for 80 min. After harvesting, the pellet was resuspended 
in 2 ml of B buffer [0.1 M Tris (pH 7.5), 0.2 M KC1, 10% glycerol, 
10 mM [3-mercaptoethanol] per gram cells. PMSF was added to 1 
mM and the cell suspension was digested with 750 g.g/ml lyso- 
zyme for 30 min at 4~ The cells were then sonicated six times 
for 10 sec each time at 350 watts on ice. Debris was removed by 
centrifugation. Solid ammonium sulfate was added to 0.38 
gm/ml original volume with mixing for 30 min. The precipi- 
tated proteins were pelleted, resuspended in 2 volumes per 
gram original cell weight of 0.05 HGKE [25 mM HEPES (pH 7.6), 
10% (vol/vol) glycerol, 50 mM KC1, 0.1 rnM EDTA] buffer 
(Harshman et al. 1988), and dialyzed against the same buffer 
overnight. This extract could be used directly for footprinting. 

S1 mapping 

Yeast RNA was prepared from SEY6210.5 by the method of 
Hirmebusch and Fink (1983). This RNA was chromatographed 
on oligo(dT)-cellulose to enrich for poly(A) + RNA as described 
(Maniatis et al. 1982). The 5'-end-labeled probe was prepared by 
labeling an oligonucleotide corresponding to + 183 to + 203 in 
YAP1 with T.4 polynucleotide kinase and [~-a2p]ATP. This la- 
beled oligonucleotide was annealed to an M13mpl8 clone of 
the 500-bp EcoRI-BamHI fragment from the 5' end of YAP1. 
The primer was extended with cold dNTPs and the Klenow 
fragment as described (Greene 1987). The radiolabeled strand 
was isolated from a strand separation gel (Maxam and Gilbert 
1980). Hybridization and S 1 nuclease treatment were performed 
as in Moye et al. (1985). 

Yeast biochemistry 

Selected segregants were grown in a 10-liter New Brunswick 
fermenter in yeast minimal media (Sherman et al. 1979) sup- 
plemented with 1% yeast extract. Yeast nuclear extracts were 
made and heparin-agarose columns were run as in Wiederrecht 
et al. (1987). The footprinting template used contains an ARE as 
well as a GCRE and is derived from pARE/GCRE (Harshman et 
al. 1988). DNA-affinity blots were performed as described 
(Harshman et al. 1988) with radiolabeled and ligated oligonu- 
cleotides as probes. 

Other methods 

All gene disruptions and segregants were verified by Southern 
blotting (Maniatis et al. 1982). DNA sequencing was carried out 
by the dideoxy-nucleotide method of Sanger (1977) with the 
[ot-asS]dATP as the label (Biggin et al. 1983). Antibody screening 
of the kgt l l  library was performed using standard protocols 
(Mierendorf et al. 1987) that employ a mixture of anti-yAP-1 
monoclonal supematants (a representative of which is 
Mab5Cll). B-Galactosidase assays were carried out as before 
(Harshman et al. 1988). 
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