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The papilloma virus E2 transcriptional trans-activator is representative of a class of transcriptional modulators 
that activate transcription through direct binding to cis-acting DNA sequences. In this study we measured the 
capacity for this mammalian virus factor to function in Saccharomyces cerevisiae. When expressed in the yeast, 
the bovine papilloma virus E2 trans-activator could stimulate transcription from a yeast promoter having E2 
DNA-binding sites present in cis. Whereas a single E2 DNA-binding site was sufficent for trans-activation, a 

strong cooperative effect was observed with two E2 DNA-binding sites. The level of trans-activation was 
dependent on the position of the E2 DNA-binding sites in relation to the yeast promoter, with the maximal 
effect demonstrated when the binding sites were positioned upstream. Deleted E2 proteins, lacking part of the 
trans-activation or DNA-binding domains, failed to activate transcription in yeast, similar to their behavior in 
mammalian cells. Replacement of the amino-terminal region of the E2 trans-activation domain with a 
synthetic amphipathic helix partially restored the trans-activation function; however, it did not result in a 
molecule that exhibited cooperativity between neighboring E2 DNA-binding sites. 
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Recent studies have established that the transcriptional 

machinery of higher and lower eukaryotes is partially 

conserved. Several laboratories have shown the capacity 

for mammalian enhancers and cellular transcription 

factors to activate transcription in yeast [Harshman et 

al. 1988; Metzger et al. 1988; Schena and Yamamoto 

1988) and yeast factors to function in mammalian cells 

(Kakidani and Ptashne 1988; Webster et al. 1988). Cho- 

dosh et al. (1988)found that subunits of the heterodimer 

Saccharomyces cerevisiae transcription factor, HAP2~ 

HAP3, are functionally interchangeable with the sub- 

units of the heterodimer mammalian transcription 

factor CP1A/CP1B. Others have shown the interchan- 

geability of protein domains from the mouse and yeast 

RNA polymerase II large-subunit genes (Allison et al. 

1988) or from avian oncoprotein jun and the yeast trans- 

activator GCN4 (Struhl 1987). In this study we have 

asked whether a transcriptional trans-regulatory factor 

encoded by a mammalian virus might also function in 

yeast. We have also used S. cerevisiae as a host to study 

the mechanism of action of this protein, the papilloma 

virus E2 trans-activator. 

The E2 trans-activator is one component of the E2 

transcriptional control circuit encoded by papilloma vi- 

ruses. Based on studies of bovine papilloma virus type 1 

(BPV-1), viral transcription has been shown to be modu- 

lated by conditional enhancer elements, which are both 

activated (Spalholz et al. 19851 and repressed [Lambert et 

al. 1987al by the several products encoded by the viral E2 

open reading frame (ORF). The full-length E2 gene 

product, the E2 trans-activator (Spalholz et al. 1985; 

Yang et al. 1985), activates transcription at viral pro- 

moters [Haugen et al. 1987; Hermonat et al. 1988) by 

direct interaction with viral conditional enhancers, re- 

ferred to as E2-responsive elements. This capacity to 

bind to specific sequences within the E2-responsive ele- 

ments [Androphy et al. 1987; Moskulak and Bastia 1987; 

Giri and Yaniv 1988a, b) is presumed to be necessary for 

E2 trans-activation. The E2 ORF encodes two additional 

proteins, an amino terminally truncated E2 gene product 

generated by translational initiation at an internal ATG 

codon [Lambert et al. 1987al and an E8/E2 gene product 

resulting from translation of a spliced mRNA species 

[Lambert et al. 1987b; M. Botchan, pers. comm.; P. Lam- 

bert and P. Howley, in prep.) These gene products are 

both transcriptional repressors which specifically in- 

hibit the function of the EZ trans-activator. All three E2 

proteins are expressed in BPV-l-transformed cells (Hub- 

bert et al. 1988) and are capable of binding to the E2-re- 

sponsive elements at the same repeated sequence, 

ACCN6GGT {McBride et al. 1988), as dimers (Dostatni 

et al. 1988; McBride et al. 1989). Two copies of this E2 

DNA-binding site are sufficient to constitute an E2-de- 

pendent enhancer in mammalian cells (Harrison et al. 
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BPV-1 E2 protein trans-activates in yeast 

1987; Hawley-Nelson et al. 1988; Spalholz et al. 1988). 

In this study the E2 trans-activator gene was placed 

under the control of the regulatable PH05 yeast pro- 

moter, and E2 trans-activation activity was assayed 

using a f~-galactosidase expression plasmid in which 13- 

galactosidase expression was driven off a chimeric pro- 

moter containing E2 DNA-binding sites positioned up- 

stream from the minimal CYC1 yeast promoter. Expres- 

sion of the E2 trans-activator was detected in yeast and 

shown to result in E2 enhancer-specific expression of [3- 

galactosidase. This system was used to determine the 

functional role of different domains of the E2 protein. 

Based on this study, both similarities and differences 

were observed in the requirements for E2-dependent 

transcriptional trans-activation in yeast versus mamma- 

lian cells. In addition, insight into the mechanism for 

cooperativity is discussed with respect to the role of 

DNA-binding affinity and to potential differences in the 

trans-activational capacity of singly versus tandemly 

bound E2 dimers. 

Results 

E2 expression and trans-activation in S. cerevisiae 

To determine the capacity of the BPV-1 E2 transcrip- 

tional trans-activator to function in yeast, plasmids 

were constructed that placed one (pAUAS:lmtf) or two 

(pAUAS:2mtf) copies of the E2 DNA-binding site up- 

stream of the CYC1 promoter deleted for its UAS se- 

quences (pAUAS plasmid series; Fig. 1A). In mamma- 
lian cells, two copies of the E2 DNA-binding site are 

sufficient to act as an E2 trans-activator-dependent tran- 

scriptional enhancer. The chimeric E2 enhancer/CYC1 

promoter in these 2~ plasmids was positioned upstream 

of the Escherichia coli LACZ gene, which encodes the 

assayable enzyme fS-galactosidase. The E2 trans-acti- 

vator gene was placed behind the yeast PH05 promoter, 

which regulates expression of the inducible PH05, alka- 

line phosphatase gene. Under high phosphate levels, this 

promoter is repressed, whereas under low phosphate 

levels, the promoter is transcriptionally derepressed 

(Rogers et al. 1982). The PH05 promoter/E2 trans-acti- 

vator gene cassette was cloned into the high-copy- 

number, 2~ shuttle vector (pPD2 plasmid series; Fig. 1BI 

to give the plasmid pPD2-E2. It was also inserted into an 

ARS/centromeric plasmid shuttle vector (pAYAC 

plasmid series; Fig. 1C) to give the plasmid pAYAC:E2. 

Yeast strains were transfected with these plasmids by 

the li thium acetate-polyethylene glycol {PEG) method 

{Ito et al. 1983), and colonies selected for plasmid-en- 

coded markers. 

To detect E2 expression in yeast, transfectant cells 

{strain SX4-6A1 were labeled metabolically using 

[ssS]methionine and protein extracts immunoprecipi- 

tated with E2-specific antisera. As seen in Figure 2 {lane 

3), an E2 antisera-specific polypeptide of - 48  kD was 

detected in cells harboring the plasmid pAYAC-E2 

grown under PHO-5-induced conditions. This polypep- 

tide was not detected in cells harboring pAYAC-E2 

grown under PHO5-repressed conditions {Fig. 2, lane 2) 

nor in ceils harboring the parent expression vector 

pZ~YAC grown under induced conditions {Fig. 2, lane 1 ). 

The 48-kD E2-specific polypeptide has the same gel mo- 

bility as the full-length E2 gene product generated by in 

vitro translation of the full-length E2 mRNA [data not 

shownl. A nonspecific, yeast-encoded, 50-kD protein 

was cross-reactive to our E2 peptide-generated antisera 

{Fig. 2, lanes 1-3). Western blot analysis using E2-spe- 

cific antisera {provided by Dr. D. Lowy) showed the pres- 

ence of a single band of 48 kD in pPD2E2 harboring 

cells, which was 10- to 15-fold more abundant under low 

phosphate conditions {B. Arcangioli, unpubl.). 

The E2 trans-activator binds as a homodimer to a 

single E2 DNA-binding site, multiple copies of which 

are present in the papilloma virus E2 conditional en- 

hancers {Dostatni et al. 1988; McBride et al. 1988). Gel 

retardation assays were performed to test the DNA- 

binding capacity of the E2 protein expressed in yeast. 

Crude extracts were prepared from pPD2-E2 transfectant 

yeast {strain BWG1-7a) grown under high or low phos- 

phate conditions, as described in Table 3. The probe for 

the gel retardation experiment was a double-stranded, 

32P-end-labeled oligonucleotide containing a single E2 

DNA-binding site. Whereas low levels of E2-specific 

DNA-binding activity were detected in extracts from 

yeast grown under noninduced conditions [Fig. 3, high 

Pi), -20-fold higher levels of binding activity were de- 

tected under induced conditions {Fig. 3, low Pi). No 

DNA-binding activity was detected in extracts from 

control yeast strains {data not shown). Thus, the E2 pro- 

tein expressed in yeast has the capacity to bind specifi- 

cally to the E2 DNA-binding motif. 

To determine whether the E2 protein expressed under 

control of the PH05 promoter was competent to acti- 

vate transcription through its DNA-binding sites, yeast 

{strain BWGI-7A) was cotransfected with the E2-ex- 

pressing plasmid, pPD2E2, and the lacZ reporter plasmid 

containing no (0)(pAUAS), one (1){pAUAS: 1Mtf), or two 

(2) (pAUAS:2mtf) copies of the E2 DNA-binding site po- 

sitioned upstream of the minimal CYC1 promoter. Indi- 

vidual colonies were streaked onto nitrocellulose filters 

resting on selective medium agar containing low phos- 

phate and grown for 48 hr. The filters were then trans- 

ferred to agar plates containing the ~-galactosidase chro- 

mogenic substrate X-Gal and incubated at 30°C for 5 hr. 

Figure 4 illustrates the capacity of E2 to trans-activate 

the lacZ gene. ~-Galactosidase activity was detected in 

cells harboring either pAUAS: lmtf  or pAUAS:2mtf, with 

stronger expression occurring with the latter plasmid. 

These results indicate that the E2 protein expressed in 

yeast not only binds to its DNA target but also is com- 

petent for trans-activation. 

To quantitate the extent of E2 trans-activation in 

yeast, transfectants were assayed for ~-galactosidase ac- 

tivity in liquid culture under conditions of PH05 pro- 

moter induction. In the absence of the E2 trans-acti- 

vator, low levels of ~-galactosidase activity were de- 

tected {Table 1, lines 1-7). A weak but reproducible 

increase in basal expression of f~-galactosidase was noted 

with the double-motif insert paUAS:2mtf in the absence 

of E2, when compared to the parent vector pAUAS 
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BPV-1 E2 protein trans-activates in yeast 

1 2 3 

Figure 2. E2 immunoprecipitation. Yeast strain SX4-6A, har- 
boring pAYAC or pAYAC-E2, was grown in defined medium 
containing either high (1000 mg/liter) or low (30 mg/liter) con- 
centrations of Pi and metabolically labeled with [3SSJmethio- 
nine. E2 polypeptides were immunoprecipitated with E2-spe- 
cific antisera and resolved by SDS-PAGE: (Lane 1) Cells har- 
boring pAYAC grown under induced (low Pi) conditions; (lane 2) 
cells harboring pAYAC-E2 grown under uninduced (high Pi) 
conditions; (lane 3) cells harboring pAYAC-E2 grown under in- 
duced (low Pi) conditions. (--*) The E2 antisera-specific 48-kD 

band. 

{Table 1, l ine 4 versus 2 and line 7 versus 5 ), the signifi- 

cance of which is not clear at this time. High-level ex- 

pression of ~-galactosidase activity was detected in yeast 

harboring the E2 trans-activator-expressing plasmid 

pPD2-E2 and the ~3-galactosidase plasmid pAUAS:2mtf 

(Table 1, l ine 10). Either the absence of E2 DNA-binding 

sites in cis (Table 1, line 8) or of E2 trans-activator in 

trans (Table 1, l ine 7) resulted in basal levels of 13-galac- 

tosidase activity. E2-dependent expression was also seen 

wi th  pAUAS: l mtf; however, the presence of two motifs 

of the E2 DNA-binding site resulted reproducibly in 20- 

fold higher levels of 13-galactosidase activity (Table 1, 

line 10 versus 9); the induct ion ratio varied between 15- 

and 20-fold in numerous assays performed). This cooper- 

ative effect of mul t ip le  E2-binding motifs has been docu- 

mented in m a m m a l i a n  cells (Spalholz et al. 1988). A sig- 

nificant difference between yeast and m a m m a l i a n  cells, 

however, is the capacity for a single motif  to act as a 

weak E2-dependent enhancer in yeast, a property not 

noted in m a m m a l i a n  cells (Hawley-Nelson et al. 1988; 

Hirochika et al. 1988; Spalholz et al. 1988). Although 

this difference may  reflect an increased sensi t ivi ty in the 

yeast assay and/or higher levels of E2 expression in yeast 

as compared wi th  m a m m a l i a n  ceils, it is also possible 

that this difference reflects a mechanis t ic  difference in 

the requirements  for E2 trans-activation. The absolute 

level of E2-dependent f~-galactosidase activi ty obtained 

wi th  pAUAS:2mtf was equal to that measured wi th  the 

intact  CYC1 promoter/activator under induced condi- 

tions (B. Arcangioli and R. Sousa, unpubl.). Thus, the 

E2-activated promoter is among the strongest promoters 

existing in S. cerevisiae. Even the activi ty detected wi th  

the one motif  compares to that of an average yeast pro- 

moter. 

Assessment  of papil loma virus E2 functional  domains 

required for trans-activation 

To define the domains of the E2 protein involved in 

trans-activation, several mutan t  E2 genes wi th  deletions 

(pPD2-E2aI_s2, pPD2-E2a92-161) or an oligonucleotide in- 

sertion (pPD2-E21_3z6), which  introduces a premature 

translat ional  terminat ion codon wi th in  the E2 gene, 

were inserted into the pPD2 vector (Fig. 1B). These same 

muta t ions  render the E2 trans-activator nonfunct ional  

in m a m m a l i a n  cells (McBride et al. 1988). The in-frame 

deletions lie wi th in  the amino- terminal  trans-activation 

domain  of E 2 - - t h e  first removing one region of poten- 

tial amphipathic  helix structure and the second leaving 

these regions i n t a c t - - a n d  the oligonucleotide insertion 

truncates the E2 protein wi th in  the carboxy-terminal, 

DNA-binding/dimerizat ion domain {see Fig. 5). These 

mutan t  E2 proteins were also incapable of trans-acti- 

vating in yeast harboring pAUAS:2mtf (Table 1, lines 

11-13). Thus, the integrity of the amino- terminal  trans- 

activation domain and carboxy-terminal DNA-binding 

and dimerizat ion domain are essential for the trans-acti- 

vation function in yeast as they are in m a m m a l i a n  cells. 

A DNA sequence encoding a previously described, 

model  amphipathic  helix (Giniger and Ptashne 1987) 

was placed upstream of the carboxy-terminal region of 

the E 2 0 R F  encoding the E2 DNA-binding/dimerizat ion 

domain  (pPD2-helix:E22sa_41o). This amphipathic  helix 

is predicted to have one hydrophobic face and another 

hydrophil ic  face bearing negatively charged, acidic res- 

Figure 1. (A) Plasmid constructions: p~UAS and pHZ18 series. Indicated below circular map for pAUAS are the double-stranded 

synthetic oligonucleotides containing either one (bottom sequence) or two (top sequence) E2 DNA-binding sites, which were inserted 
upstream form the Pc'eel promoter, at the unique XhoI site, to give pAUAS: lmtf and pAUAS:2mtf, respectively. Positions of the AMP, 
LACZ, P~/cl, 2~, and URA3 genetic elements are indicated. The same oligonucleotides were inserted into the unique SalI site in 
pHZ 18 to give pHZ 18:4mtf, containing four tandem repeats of the single-motif oligonucleotide, and pHZ 18:2mtf, which contains a 
single copy of the double-motif oligonucleotide. (B) Plasmid constructions: pPD2 series. Indicated below the pPD2 circular map are 
the DNA fragments containing the BPV-1 E2 ORF or mutated versions that were inserted into the HindlII site of pPD2. pPD2-E2 
encodes the wild type, and the mutants have been designated according to which amino acids from the full-length E2 protein are 
present (see legend to Fig. 4). Indicated in the pPD2 map are the genetic elements: AMP, LEU2, 20, and the PH05 promoter (P~) and 
terminator (Term). (C) Plasmid constructions: pAYAC series. The vector pdxYAC was generated from the larger plasrnid pYAC by 
cleaving the SalI and XhoI and religating. The BamHI fragment from pPD2-E2, containing the PH05 promoter and wild-type E2 ORF, 
was inserted into the SmaI cloning site of pAYAC. 
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Lamber t  et al. 

Figure 3. Binding of BPV-1 E2 expressed in yeast to 
its target DNA. Band-shift assays were performed 
with extracts of cells grown under conditions of 
high or low Pi, as indicated. Different amounts of 
protein were incubated with 0.5 ng of the following 
a2P-end-labeled double-stranded oligonucleotide 
containing one E2 DNA-binding site in the presence 
of 100 ng of sonicated salmon sperm DNA, 0.5 ~g of 
poly(dI-dCl, and 0.1% NP-40. 

C T A G A C C G A A A A C G G T G C T A G  

GATCTGGCTTTTGCCACGATC 

(Cll The specific E2-DNA complex. Minor bands 
that appear at high protein concentrations prove to 
be nonspecific, as evidenced by their loss under 
conditions of increased concentrations of nonspe- 
cific competitor DNA (see Fig. 61. 

Growth conditions H I G H  Pi 

pg of protein 0 .5 1 2 4 

LOW Pi 
I 1 

8 .5 1 2 4 8 

, • ~ ~ 

4 - - - C l  

.41._One E2 
mot i f  

idues. When expressed in yeast, this fusion protein gave 

very low trans-activation activity {Table 1, lines 14 and 

15}, which was dependent on the E2 DNA-binding sites. 

A threefold higher level of trans-activation was obtained 

with a fusion protein in which this amphipathic helix 

was placed upstream of the amino-terminally truncated 

E2 gene present in the trans-activation-deficient E2 mu- 

tant, pPD2-E2al_s2 {Table 1, lines 16 and 17). The in- 

creased trans-activational activity of pPD2-helix:E2at_ 

s2, as compared with pPD2-helix:E2283_4~o, likely reflect, 

the contribution of the additional portion of the E, ~ 

trans-activation domain between E2 amino acids 53 an( 

282 present in the former plasmid (see Fig. 5J. This do 

main of the E2 protein clearly has a role in trans-actiw 

tion in mammalian ceils {Gift and Yaniv 1988b~ 

McBride et al. 1989) and in yeast, as demonstrated by the 

defective nature of pPD2-E2a92_I6t in trans-activation 

(Table 1, line 12). Neither construct containing the 

model amphipathic domain exhibited the cooperative 

effect seen with wild-type E2 protein and the double- 

motif plasmid phUAS:Zmtf. This indicates that the co- 

operative effect of E2 observed in yeast can be separated 

from th_e trans-activation capacity. 
Both the pAUAS and pPD2 plasmid series use the 2~ 

yeast replicon. Because of the potential for plasmid in- 

stability and/or recombination in the cotransfectant 

yeast, the PHOS/E2 trans-activator cassette from pPD2- 

E2 was recloned into pAYAC, an ARS/centromeric 

plasmid shuttle vector {Fig. 1C). The resulting plasmid 

pAYAC:E2 and the parent vector pAYAC were each 

transfected into strain SX4-6A along with the pAUAS 

series plasmids, and the resulting yeast colonies were 

assayed for E2-induced j3-galactosidase activity {Table 2). 

Under induced conditions, pAYAC-E2 gave rise to high 

levels of 13-galactosidase expression {Table 2, lines 5 and 

6} from the pAUAS:2mtf plasmid. Cooperativity was 

evidenced by the 20-fold lower levels of E2-dependent 

[3-galactosidase expression in cells harboring the single- 

Figure 4. X-Gal plate. [3-Galactosidase expression as detected 
by cleavage of the chromogenic substrate X-Gal. Plate contains 
BWG1-7a transfected with pPD2-E2 and either pAUAS (O, top 

center), pAUAS:lmtf [1, bottom right), or pAUAS:2mtf (2, 
bottom left) (for details, see Materials and methods). 
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T a b l e  1. Genetic requirements for E2-dependent expression 
in S. cerevisiae BWG1-7A 

DNAI DNA2 

13-Galactosidase 
activity 
(units) a 

1. - -  - -  0.010 
2. pAUAS - -  0.075 
3. pAUAS: 1 mtf ~ 0.090 
4. pAUAS:2mtf ~ 0.490 

5. pAUAS pPD2 0.070 
6. pAUAS: lmtf pPD2 0.110 

7. paUAS:2mtf pPD2 1.10 
8. pAUAS pPD2-E2 0.090 
9. pAUAS: lmtf pPD2-E2 4.3 

10. pAUAS:2mtf pPD2-E2 94.0 

11. pAUAS:2mtf pPD2-E2/a~_52 1.3 

12. pAUAS:2mtf pPD2-E2/a92_161 1.7 
13. pAUAS:2mtf pPD2-E2/I_az 6 0.31 

14. pAUAS: lmtf pPD2-helix:E22s3_410 3.6 
15. pAUAS:2mtf pPD2-helix:E22sa_4m 4.9 

16. pAUAS: lmtf pPD2-helix:E2a,_52 13.5 

17. pAUAS:2mtf pPD2-hleix:E2al_s2 12.0 

a Fresh ovemight cultures (1 ml) grown in SD media were spun 
to pellet cells, the cells washed once, and then resuspended in 
10 ml of phosphate-depleted SD media. [3-Galactosidase assays 

were performed after growth to an OD6oo of 0.4-0.6. 

BPV-1 E2 protein trans-activates in yeast  

motif  plasmid pAUAS:lmtf .  These results confirm the 

results obtained in strain BWG1-7a using the 2~ vector 

pPD2. 

Dependence of enhancer location 

Whereas transcriptional enhancers identified in mam-  

mal ian cells are capable of functioning in a relatively 

orientation- and posit ion-independent manner,  the up- 

s tream activating sequences of yeast function only when 

placed close to and upst ream from a yeast promoter  

(Guarente and Hoar 19841. In the original set of 13-galac- 

tosidase expression plasmids, pAUAS series, the E2 

DNA-binding motifs  were placed just upstream from the 

CYC1 promoter  in place of the UAS sequences. To de- 

termine whether  the E2 enhancer can function in yeast 

in a distance- and location-independent manner,  E2 

DNA-binding motifs were introduced into an intron that  

had been constructed previously within the LACZ gene 

[see pHZ18, Fig. 1A). Expression of LACZ in pHZ18 re- 

quires RNA initiation in the CYC1 promoter  (Guarente 

and Hoar 19841. These plasmids, pHZ18:2mtf  and 

pHZ18:4mtf,  containing either two or four copies of the 

E2 motif, were assayed in SX4-6A cells harboring 

pAYAC or pAYAC:E2. Low but reproducible E2-depen- 

dent B-galactosidase expression was detected {Table 2, 

lines 7-12).  This represented approximately a sevenfold 

increase over the basal-level expression for both pHZ18: 

TRANSACTIVATION 

0--3 C D  

I I 
311 

DNA BINDING 
DIMERIZATION 

I 
41) 

1 2"/ 65 81 411 

I:d:~)2-[2 ~ C Z )  

I:OD2-E2,,,,_sz 

t :~2-E2~-isl  ('3---) ~ ............................ , 

~2-E2 r-376 C3--3 CID 

1~2-helix:E2 zxl-s2 C ~  

pPD2-helix:E2z=_41o ~ i 

F i g u r e  5. Structure of the mutated E2 proteins. ITop) Positions of the E2 protein domains that provide the trans-activational, DNA- 
binding, and dimerization properties {the numbers indicate the E2 ORF amino acid number}. The open cylinders indicate the exact 
position [amino acid numbers indicated below} of the potential amphipathic domains present at the amino terminus of E2. The coding 

regions present in each of the E2 proteins encoded by the pPD2 plasmid series is depicted as a line drawing. The dotted line indicates 
the position of internally deleted portions of the E2 protein; the shaded cylinders indicate the position of the model amphipathic helix 
introduced using synthetic oligonucleotides {for details on each construct see Materials and methods}. The E2 ORF amino acids 

deleted (A] or present in each pPD2-E2 plasmid are indicated in subscripts within the plasmid title, with the exception of pPD2-E2, 

which contains the unaltered E2 gene. 
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Table 2. E2 trans-activation in S. cerevisiae SX4-6a 

DNA1 DNA2 

13-Galactosidase 
activity 
(units) ~ 

1. pAUAS pAYAC 0.017 
2. pAUAS: lmtf pAYAC 0.080 
3. pAUAS:2mtf  pAYAC 1.10 
4. pAUAS pAYAC-E2 0.05 
5. pAUAS: lmtf pAYAC-E2 6.3 
6. pAUAS:2mtf  pAYAC-E2 113.0 
7. pHZ18 pAYAC 0.032 
8. pHZ18:2mtf pAYAC 0.16 
9. pHZ18:4mtf pAYAC 0.15 

10. pHZ18 pAYAC-E2 0.055 
11. pHZ18:2mtf pAYAC-E2 1.20 
12. pHZ 18:4mtf pAYAC-E2 1.30 

a Cells (1 ml) from fresh overnight cultures grown in SD media 
were pelleted, washed once, and resuspended in 10 ml of 
phosphate-depleted SD media, f3-Galactosidase assays were per- 

formed after growth to an OD6oo of 0.7-1.0. 

2mtf and pHZ18:4mtf, whereas no transcription activa- 

tion was observed by yeast UAS sequences introduced 

into this same intron site (Guarente and Hoar 19841. The 

increases observed with pHZ18:2mtf and pHZ18:4mtf 

were significantly less than the lO0-fold increases seen 

with pAUAS:2mtf (Table 2, line 6 versus 3). This differ- 

ence in activation capacity, however, may reflect a sim- 

ilar position dependence of the E2 DNA-binding motifs 

seen in mammalian cells (Hawley-Nelson et al. 1988; 

Spalholz et al. 1988). In conclusion, the E2 enhancer 

may not be under the same stringent set of constraints 

with respect to position as are yeast UAS sequences. 

Is the cooperativity imparted by multiple E2 DNA- 

binding motifs due to increased DNA-binding affinity? 

The E2 protein trans-activated the LACZ gene 20-fold 

higher when two DNA-binding motifs compared to one 

were present in cis (Table 1, line 10 versus 9). This coop- 

erativity could be explained by either a higher affinity by 

E2 for its DNA-binding sites when present in tandem 

and/or the formation of an E2 complex made up of two 

tandemly bound E2 dimers, which has a far greater 

ability to trans-activate than a single E2 dimer bound at 

a single site. To test whether there is a measurable 

change in the binding affinity of E2, gel retardation 

studies were performed using the crude extracts from 

pPD2-E2 transfectant yeast grown under induced condi- 

tions (low Pi) and using oligonucleotide probes con- 

taining single or double E2 DNA-binding motifs (Fig. 6). 

The identification of the E2-specific complexes formed 

with these oligonucleotides has been established pre- 

viously (Dostatni et al. 1988). In the presence of a single 

E2 target site, a single E2-specific complex was observed 

(Fig. 6A, C 1 I, which reflects binding by an E2 homo- 
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dimer to the ACCN6GGT motif. In the case of the 

double motif, occupation of a single site resulted in for- 

mation of C1 *, whereas occupancy of two sites gave rise 

to C2" (Fig. 6AI. Quantitation of these complexes as a 

function of protein concentration (Fig. 6B) indicates that 

binding to the second E2 target site is favored by occu- 

pancy at the first site. Were there no cooperativity, the 

fraction of the two-motif probe bound at both sites, C2", 

should equal the square of the fraction of the two-motif 

probe bound at a single site, C1 *. The actual abundance 

of C2" is three to four times that predicted value for any 

given protein concentration (see Fig. 6B). This in vitro 

analysis indicates that there is a slight but significant 

increase in the binding affinity by the E2 protein at the 

second bound site of an oligonucleotide containing 

tandem copies of the E2 DNA-binding motif. Compar- 

ison of the appearance and abundance of C l* as com- 

pared to C1, however, suggests that there is no increased 

affinity for binding to the first bound site of a tandem 

copy. 

An alternative in vivo approach was taken to test 

whether there is an increased affinity for tandem E2 

DNA-binding sites based on the prediction that this 

would lead to a disproportionately higher increase in the 

level of trans-activation for a double (pAUAS:2mtf) 

versus a single (paUAS:lmtf) motif as E2 protein con- 

centration is increased. E2 protein levels were modu- 

lated by growing yeast under defined media conditions 

in which the PH05 promoter was uninduced (high Pi) or 

induced (low Pi)- Direct evidence for the induction of the 

E2 protein levels under these conditions was provided by 

the gel retardation experiments (Fig. 3). With induction, 

the levels of E2-dependent expression increased eight- 

and sevenfold in cells harboring either the single or 

double motif, respectively (Table 3). These results indi- 

cated no significant difference in the responsiveness of 

the [3-galactosidase constructs at increased concentra- 

tions of E2, suggesting that changes in DNA-binding af- 

finity could not account for the E2 cooperativity as as- 

sayed in vivo. We cannot discount, however, the possi- 

bility that factors other than E2 may be limiting under 

induced conditions, causing a suppression of E2 tran- 

scriptional activation in the case of paUAS:2mtf. In 

summary, our data does not strongly support the role of 

increased DNA-binding affinity. It is more likely, there- 

fore, that the cooperativity observed with tandemly du- 

plicated E2 DNA-binding sites is due to an intrinsically 

higher trans-activational capacity by tandemly bound E2 

dimers that greatly exceeds the additive capacity of 

singly bound E2 dimers. 

D i s c u s s i o n  

This study establishes that a mammalian virus tran- 

scriptional enhancer and its cognate trans-activator can 

function in S. cerevisiae. This observation provides the 

first example of a mammalian viral transcriptional 

factor functioning in yeast and supports the concepts 

that viral transcriptional control circuits have evolved to 

utilize host transcriptional machinery effectively and 
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Figure 6. DNA-binding affinity. (A) Gel re- 

tardation. The binding affinity E2 expressed 

in yeast for DNA probes containing one or 

two E2 DNA-binding sites is compared. Indi- 

cated amounts of extract protein from cells 

grown under low phosphate conditions were 

incubated, in the presence of 300 ng of soni- 

cated salmon sperm DNA and 1.5 ~g of 

poly(dI-dC), to prevent formation of the 

minor nonspecific bands observed in Fig. 3, 

with 2 ng of either the single-motif probe 

used in Fig. 3 of the double-motif probe de- 

picted below. 

C T A G A C C G A A A A C G G T C G G G A C C G A A A A C G G T C T A G  

G A T C T G G C T T T T G C C A G C C C T G G C T T T T G C C A G A T C  

The E2-specific complexes corresponding to 

binding at one or both E2 DNA-binding sites 

on the double-motif probe are labeled C 1" and 

C2", respectively. (B) Quantitation of E2-spe- 

cific complexes. For each complex in A {C1, 

C I', and C2"} the radioactivity of the free 

versus bound probe was determined and the 

precent fraction bound was plotted as a func- 

tion of protein concentration. 

Table 3. Induction of E2 trans-activation 

[3-Galactosidase 

activity {units} = 

DNA1 DNA 2 high Pi low Pi 

1. pAUAS - -  <0.05 <0.05 

2. pAUAS: lmtf - -  <0.05 <0.05 

3. pAUAS:2mtf - -  <0.05 <0.05 

4. pAUAS pPD2-E2 <0.05 <0.05 

5. pAUAS: lmtf pPD2-E2 0.7 5.7 

6. pAUAS:2mtf pPD2-E2 35 240 

* Yeast was grown in defined minimal medium containing high 

{1000 mg/liter) or low (30 mg/liter) concentrations of phosphate 

(Pi). Assays were performed after two successive growths in the 

indicated media at an OD6oo of 0.6. 

tha t  th is  hos t  m a c h i n e r y  is conserved among  lower  and 

h igher  eukaryotes .  

The  basic r equ i remen t s  for the viral cis and trans ele- 

m e n t s  were s imi lar  in yeast  and in m a m m a l i a n  cells. 

The  E2 D N A - b i n d i n g  si tes were found to be suff ic ient  in 

cis for E2 trans-activation and to func t ion  re la t ive ly  in- 

dependen t ly  of posi t ion,  as has  been documented  in 

m a m m a l i a n  cells. The  E2 pro te in  expressed in yeas t  re- 

ta ined  its capaci ty  to bind to its D N A  target sites. Cor- 

respondingly,  a m u t a n t  E2 gene t runca ted  w i t h i n  the  

DNA-b ind ing  doma in  of the E2 prote in  was defective in 

yeast ,  and de le t ion  m u t a n t s  r emov ing  part  of the amino-  

t e rmina l  trans-activation domain  were also defective in 

yeast ,  as s h o w n  previous ly  in m a m m a l i a n  cells. Cer ta in  

differences were seen in yeast,  however ,  inc lud ing  the 

abi l i ty  of a s ingle E2 DNA-b ind ing  site to func t ion  in cis 

as an effective enhance r  and the capaci ty  for a model  

a m p h i p a t h i c  he l ix  to rescue par t ia l ly  a trans-activation- 

defect ive E2 m u t a n t  in yeast  as discussed below. 

A m p h i p a t h i c  he l ices  or acid 'blobs '  have been ident i-  

fied as po ten t i a l ly  impor t an t  pro te in  ' s t ruc tures '  w i t h i n  
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the t rans-act ivat ion domains of several eukaryotic tran- 

scriptional factors, and these domains have been postu- 

lated to be involved in protein-protein interactions 

with RNA polymerase or other transcriptional factors 

{reviewed in Guarente 1988). The E2 trans-act ivat ion 

contains two regions of potential amphipathic character 

at its amino terminus, within the t rans-act ivat ion do- 

main (Fig. 5). Deletion of the amino-terminal 52 amino 

acids, which includes one such amphipathic region, in- 

capacitates E2 function in mammalian cells as well as in 

yeast {Table 1, line 11), indicating that this domain is 

essential for function. However, the lack of trans-activa- 

tion activity in pPD2-E2a92_16~, which retains both re- 

gions of potential amphipathic character, indicates that 

these structures are not sufficient when linked directly 

to the DNA-binding/dimerization domain for providing 

all E2 t rans-act ivat ion properties. This conclusion is 

supported, in part, by the behavior of pPD2-helix: 

E2283_4to, carrying the model amphipathic helix joined to 

the E2 DNA-binding domain, which, while somewhat 

capable of trans-act ivat ing pAUAS: lmtf, did not exhibit 

any cooperative trans-act ivat ion of pAUAS:2mtf. Bar- 

ring differences in protein stability or improper 'presen- 

tation' of specific protein domains in the mutated or fu- 

sion E2 protein, these results suggest that regions of po- 

tential amphipathic character, although necessary, are 

not sufficient for normal E2 trans-activator function. In- 

terestingly, the model amphipathic helix does not 

rescue, to any measureable extent, the trans-act ivat ion 

defect of these same E2 deletion mutants in mammalian 

cells (A. McBride and P. Howley, unpubl.), suggesting 

that there are likely to be mechanistic differences be- 

tween the transcriptional machinery of higher and lower 

eukaryotes. 

Cooperativity, the synergistic effect of multiple en- 

hancer core sequences on transcriptional activation, is a 

common feature among transcriptional enhancers 

(Ondek et al. 1988). In mammalian cells there is a re- 

quirement for at least two E2 DNA-binding sites for en- 

hancer activity, and cooperativity between E2 DNA- 

binding motifs is evidenced by the 10-fold increase in 

enhancer activity for four copies of the motif versus that 

for two copies (Spalholz et al. 1988). In this study cooper- 

ativity was demonstrated in yeast in which two copies 

of the E2 motif gave 20-fold higher levels of ~-galactosi- 

dase activity than a single motif (Tables 1 and 2). As in- 

dicated by our DNA affinity studies (Fig. 6, Table 3), we 

believe that this cooperativity must largely be due to an 

increased capacity for tandemly bound E2 dimers to 

trans-activate,  compared to the additive capacity of indi- 

vidually bound dimers. This raises the possibility that 

E2 dimers may interact with one another, either directly 

or through complexes with cellular factors. The proper- 

ties of various E2 mutant proteins suggest that coopera- 

tivity may, at least in part, be a property of the trans-ac- 

tivation domain, a region of E2 that is predicted to play a 

role in such protein-protein interactions. Specifically, 

the protein encoded in pPD2-helix:E2al_s2, in which the 

first 52 amino acids of the E2 protein are replaced with a 

model amphipathic helix, does not exhibit cooperativity 

between multiple DNA-binding motifs, although it does 

exhibit sequence-specific trans-activation.  The amino- 

terminal 52 amino acids comprise a portion of the E2 

t rans-act ivat ion domain, as evident from the properties 

of pPD2-E2al_s2 in yeast and in mammalian cells 

{McBride et al. 1989). These observations indicate that 

the integrity of the amino terminus is required for coop- 

erativity and, furthermore, that regions of potential am- 

phipathic helix that exist in these first 52 amino acids 

are not sufficient for providing the cooperativity. Further 

analysis of this region should provide interesting in- 

sights into the protein-coding requirements for coopera- 

tivity and perhaps into the mechanism for cooperativity. 

An important feature of studying mammalian viral 

transcription factors in yeast is the potential for using 

yeast genetics. Testing of yeast strains defective in par- 

ticular transcription factors may provide insight into 

functional interactions between mammalian factors and 

genetically defined yeast factors. The E 2 0 R F  and its 

transcriptional regulatory capacity are conserved among 

all of the papilloma viruses studied so far (Cripe et al. 

1987; Hirochika et al. 1987; Phelps and Howley 1987; 

Thierry and Yaniv 1987; Giri and Yaniv 1988a). Initial 

experiments confirm that at least one other papilloma 

virus E2 trans-activator, that of human papilloma virus 

type 16 (HPV-16), also trans-act ivates in S. cerevisiae 

(Munger et al. unpubl.). Thus, yeast may provide a 

system for comparing the host factors required for trans- 

activation by the E2 proteins of different papilloma vi- 

ruses. 

M a t e r i a l s  a n d  m e t h o d s  

Construction of plasmids 

pAUAS is a 2~-derived plasmid that contains the LACZ gene 
driven by the CYCI promoter. The upstream activation se- 
quence of the promoter has been removed (nucleotides -312 to 
- 178) and replaced by a unique XhoI site (Guarente and Mason 
1983). Double-stranded, synthetic oligonucleotides, containing 
either a single or a double ACCN6GGT motif (sequences illus- 
trated in Fig. 1A), were inserted into the XhoI site to give rise to 
pAUAS:lmtf or pAUAS:2mtf, respectively. The same oligonu- 
cleotides, containing single or double motifs, were also inserted 
into the unique SalI site in pHZ18 (Teem and Rosbash 1983) 
within the intron separating exons 1 and 2 in rpS1, giving 
pHZ18:2mtf or pHZ18:4mtf, respectively (see Fig. 1A). The 
plasmid, pPD2 (see Fig. 1B), is a 2g. vector that contains the 
inducible PH05 promoter and terminator. A unique HindIII 

site, located between the promoter and terminator, allows for- 
eign genes to be inserted and expressed under the control of the 
PH05 promoter. DNA fragments containing the BPV-1 E2 
ORF, or mutated versions, were cloned in pTZ18/19 vectors 
and have been described previously (McBride et al. 1988, 1989). 
pTZE2mttm was generated by inserting a BamHI-HindIII- 

BamHI adaptor into the BamHI site of pTZE2m. A HindIII frag- 
ment containing the entire E20RF was then inserted into 
pPD2. Fragments containing mutated versions of the E20RF 
were cleaved from the pTZ vector by HindIII and EcoRI, the 
ends filled in with the Klenow fragment of DNA polymerase I 
and inserted into the blunt-ended HindIII site of pPD2. In 
pPD2E2-helix:E2al_s2 and pPD2E2-helix:a2aa_41o, synthetic oli- 
gonucleotides encoding an initiation methionine codon fol- 
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lowed by the previously described amphipathic helix amino 

acid sequence, (Glu, Leu, Glnl3Ala, Leu, Leu(Gln)3 were ligated 

to the AvrlI or KpnI site in the E2 ORF, respectively. The ARS/ 

centromere vector, pAYAC, was constructed from a larger 

plasmid, pYAC3 (Burke et al. 1987). As shown in Figure 1C, 

pYAC3 was cleaved with XhoI and SalI and religated to gen- 

erate a vector containing ARS1 and CEN4 sequences and the 

TRPl-selectable marker. A BamHI fragment from pPD2-E2, 

containing the PH05 promoter and the wild-type E2 ORF, was 

made blunt with the Klenow fragment of DNA polymerase I 

and inserted into the Sinai cloning site of AYAC, to generate 

pAYAC-E2. 

Yeast strains, transfection, and LA CZ expression 

Yeast strains BWG 1-Ta: a;leu2,2-1eu2,- 11; his4-his519; adel - 

adelO0; ura3-ura52 (Guarente and Masson 1983) and SX4-6A: 

a; ade2,1; his3,532; trp1,289; ura3,1-2; ino-;  cana R (gift from 

Dr. B. Dujon; Institut Pasteur, Paris) were grown in SD media 

(Sherman et al. 1986), supplemented with required metabolites. 

Transfections were performed using the previously described 

procedure (Ito et al. 1983) and cells were plated on SD-agar 

plates. To detect LACZ expression, yeast was streaked onto a 

nitrocellulose membrane, which was then placed onto a SD- 

agar plate and incubated at 30°C for 48 hr. The nitrocellulose 

membrane was then transferred to an agar plate containing the 

chromogenic substrate (X-gal), in which the phosphate buffer 

was replaced with 30 mM MOPS {pH 7.0) and incubated for an 

additional 5 hr. LACZ expression was measured in liquid cul- 

tures grown in either defined medium (Lillie and Pringle 1980) 

or phosphate-depleted SD media (according to protocol de- 

scribed for depletion of YPD media in Rubin 1973), as indicated, 

using the chromogenic substrate ONPG (Guarente 1983). Ex- 

periments were performed in triplicate, and values attained rep- 

resent the mean. On average, levels of 13-galactosidase expres- 

sion were two- to threefold higher under the induced conditions 

when cells were grown in the defined minimal media as com- 

pared to the phosphate-depleted SD media (e.g., cf. Table 3, line 

6 to Table 1, line 10). 

Imm unoprecipitation 

Cells were grown in 20-ml cultures to early log phase under 

conditions of high or low phosphate, as described above. Cells 

were labeled for 10 min with [3SS]methionine {1200 Ci/mole) at 

a concentration of 20 ~Ci/ml. Cells were washed twice in cold 

phosphate-buffered saline and resuspended in 1 ml RIPA [20 

mM MOPS (pH 7.0), 150 m ~  NaC1, 1 ham EDTA, 0.1% SDS, 1% 

NP-40, 1% sodium deoxycholate] containing protease inhib- 

itors phenylmethylsulfonyl fluoride {PMSF}, TCLK, TPCK, leu- 

peptin, and aprotinin. Glass beads {0.7 gram) were added, and 

the cells were disrupted by several cycles of vortexing and 

cooling on ice. The lysate was clarified by centrifugation, and 

E2 polypeptides were immunoprecipitated using an antipeptide 

antisera, SRQE, which has been characterized previously 

(McBride et al. 1988) and analyzed by SDS-PAGE. 

Gel retardation assays 

Yeast extracts for band-shift assays were prepared as described 

previously {Arcangioli and Lescure 1985). Cells were grown at 

30°C in 50-ml cultures under conditions of low or high phos- 

phate (see footnote to Table 3) to an OD6o o = 0.4-0.6. They 

were harvested by centrifugation and washed with buffer A [100 

mM Tris {pH 8.0), 400 mM ammonium sulfate, 10 mM MgC12, 7 

ham 13-mercaptoethanol, and 10% glycerol]. The cell pellet was 

resuspended with an equal volume of buffer A containing 1 mM 

PMSF, 0.5 tzM leupeptin, 0.1 ~M pepstatin and then disrupted at 

0°C by vortexing at maximal velocity with an equal volume of 

0.45-ram-diam. glass beads. The extracts were cleared by cen- 

trifugation for 1 hr at 100,000g. The supernatant was collected 

and precipitated with 50% ammonium sulfate, and the pellet 

was resuspended in buffer O [20 rnM HEPES (pH 8.0), 0.1 n ~  

EDTA, I mM PMSF, 0.5 ~M leupeptin, 0.1 ~M pepstatin, 20% 

glycerol, and 7 mM ~-mercaptoethanol]. The final extracts had 

protein concentrations of 5-15 mg/ml. 

DNA-binding reactions were carried out in a volume of 20 ~zl 

in the presence of 0.5 × buffer O, 500 ng - l . 5  ~g of double- 

stranded poly(dI-dC}, 100-300 ng of sonicated salmon sperm 

DNA, 4 marl MgClz, 4 mM spermidine, 0.1% NP-40 (only in the 

experiment reported in Fig. 3), and 0.5-2 ng of a2P-end-labeled 

double-stranded DNA oligonucleotide. From 0.5 to 12 ~g of 

protein extract was added, and incubation was carried out at 

0°C for 5 min. The reaction mixture was loaded immediately 

onto a low-ionic-strength 6% acrylamide (29 : 1) gel containing 

0.25 × TBE. After electrophoresis at 12 volts/cm, the gel was 

dried and autoradiographed. For precise quantitation, radioac- 

tive bands were excised and counted. 
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