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Eukaryotic transcriptional activators may function,
t least in part, to facilitate the assembly of the RNA
olymerase II (pol II) preinitiation complex at the core
romoter region through their interaction with a sub-
et of components of the basal transcription machin-
ry. Previous studies have shown that artificial teth-
ring of TATA-binding protein (TBP) to the promoter
egion is sufficient to stimulate pol II transcription in
east. To test whether this phenomenon is a general
ne in eukaryotic pol II transcription, the DNA-
inding domain of yeast GAL4 was fused to either
enopus laevis TBP or TFIIB in order to enable these

actors to be efficiently positioned near the transcrip-
ion start site in a GAL4-binding site-dependent
anner. We found that GAL4-xTBP as well as GAL4-

TFIIB directed an increased level of transcription
ithout involvement of the transcriptional activator,

uggesting that incorporation of these basal factors
nto a preinitiation complex (PIC) is a major rate-
imiting step accelerated by activator proteins in

etazoans. These results show that transcription ac-
ivation by artificial recruitment of basal transcrip-
ion machinery can be observed in general among eu-
aryotic transcription both in vivo and in vitro.
urthermore, failure of recovery of transcription by
dding GAL4-xTFIIB after depletion of endogenous
BP with TATA oligo competitor suggests that recruit-
ent of TBP cannot be bypassed for Pol II

ranscription. © 1999 Academic Press

Key Words: transcriptional activation; recruitment
ssay; TBP; TFIIB; GAL4; Xenopus.
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45
I (pol II) in eukaryotes requires the assembly of a PIC
preinitiation complex) composed of a collection of gen-
ral transcription factors (GTFs) including TFIID,
FIIB, TFIIE, TFIIF, and TFIIH (1). The rate of tran-
cription of a gene can be greatly enhanced by tran-
criptional activator proteins, and one of the ways
ranscriptional activators exert their regulatory effect
s by directly interacting with one or more GTFs and
hereby facilitating the recruitment of basal factors to
he promoter (1). Several GTFs have been shown to
erve as targets for activators including TFIID, TFIIB,
nd TFIIH (2–4). Once TFIID, composed of TATA-
inding protein (TBP) and a number of TBP-associated
actors (TAFs), is positioned at the promoter, TFIIB
an associate with a TATA–TFIID complex.
A series of activator bypass experiments in yeast

emonstrated that fusion of a heterologous DNA-
inding domain to TBP (5–8), TFIIB (9, 10), and sev-
ral components of holoenzyme (11–13) resulted in
igh transcriptional activity at genes bearing the cog-
ate DNA binding site in the absence of any activator.
hese findings imply that an activator protein stimu-

ates transcription by facilitating recruitment of the
ranscriptional machinery to the promoter, and that
he recruitment of TBP to a certain promoter is a
ate-limiting step for transcriptional activation in
east. However, it has been noted that the mechanism
f pol II transcription in yeast manifests considerable
issimilarity from that of higher eukaryotes (14).
AFs, which act as targets for many activators in Dro-
ophila and humans (15–18), appear to be less tightly
ssociated with TBP in yeast (19), and are not gener-
lly required for transcriptional activation in yeast (20,
1). Certain yeast activator proteins were shown to
irect transcriptional activation by interacting with a
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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ith RNA pol II (22–24). Because of these differences
n the mechanism of transcriptional activation be-
ween yeast and metazoans, it was important to deter-
ine whether transcriptional activation observed in

east artificial recruitment assays could be directly
pplied to the mechanism of pol II transcription in
igher eukaryotes.
In this study, the Xenopus transcription system was

mployed to test whether artificial recruitment of TBP
r TFIIB to the promoter would be sufficient for tran-
criptional stimulation. Our results show that the teth-
ring TBP or TFIIB to the promoter-proximal position
eads to stimulation of pol II transcription both in vivo
nd in vitro. The data of this study also suggest that
inding of TBP to a promoter is a major rate-limiting
tep accelerated by activator proteins for pol II-
ependent transcription in metazoans.

ATERIALS AND METHODS

Plasmid constructs. To construct pAS2-xTBP, a NdeI digested
NA fragment encoding Xenopus TBP (designated xTBP) gene de-

ived from pET-xTBP (25) was subcloned into pAS2 (Clontech) that
ontains the DNA-binding domain of GAL4 (GAL4: amino acids 1 to
47). To construct pAS2-xTFIIB, a PCR-amplified NdeI/BamHI frag-
ent containing Xenopus TFIIB (designated xTFIIB) gene derived

rom pXIIB (26) was subcloned into a pAS2 plasmid. Oligonucleo-
ides used for PCR amplification were XBNE (59-GGA TCC CAT ATG
CG TCG ACG AGT CGC-39) and T7 primer. Escherichia coli ex-
ression plasmids producing GAL4 derivatives were constructed as
ollows: A PCR amplified BamHI fragment from pAS2-xTBP was
ubcloned into a pRSET-A (Invitrogen) plasmid to construct pRSET-
-GAL4-xTBP. pRSET-A-GAL4 was constructed by self-ligation af-

er EcoRI digestion of pRSET-A-GAL4-xTBP. GN (59-TTC CCG GAT
CC ATA TGA AGC TAC TGT CTT-39) and XCOREC (59-TTC CCG
AT CCG AAT TCT TAC GTT GTT TTT CTG-39) were used as
rimers for PCR amplification in the above construction. To con-
truct pRSET-GAL4-xTFIIB, an EcoRI fragment containing full
mino acid sequences of Xenopus TFIIB obtained from pAS2-xTFIIB
as inserted into the GAL4 downstream EcoRI site of pRSET-GAL4.

Protein purification. GAL4, GAL4-xTBP, and GAL4-xTFIIB re-
ombinant proteins were expressed in E. coli BL21(DE3), and puri-
ed on a Ni21-NTA–agarose column (Qiagen) as described previously

27). Purified proteins were dialyzed against HEMG (0.1K) buffer (25
M Hepes–KOH, pH 7.6, 12.5 mM MgCl2, 0.1 mM EDTA, 10%

lycerol, 100 mM KCl).

Yeast one-hybrid assay. pAS2, pAS2-xTBP, pAS2-xTFIIB, and
AS2-ySNF1 were transformed into Saccharomyces cerevisiae Y190
MATa gal4 gal80 his3 trp1-901 ade2-101 ura3-52 leu2-3,-112
RA3::GAL 3 lacZ LYS2::GAL 3 HIS3 cyhr) by lithium acetate
ethod. pAS2-ySNF1 (28) encodes the gene for yeast SNF1 down-

tream of GAL4. Transformants were spotted onto a media lacking
eucine and histidine, but containing different amounts (see Fig. 2B)
f 3-amino-1,2,4-triazole (AT). b-Galactosidase assay was carried out
ccording to the manufacturer’s protocols (Clontech).

Oocyte injection and chloramphenicol acetyltransferase (CAT) as-
ay. Xenopus laevis females were purchased from Nasco (Fort At-
inson, WI). Xenopus oocytes were prepared and microinjected with
ng of reporter plasmid and 5 ng of each recombinant protein

er oocyte as previously described (29). p5GHIV2CAT (30) and
G5E1bCAT (31) were used as reporter plasmids. After overnight
ncubation at 18°C, five healthy oocytes were selected and homoge-
46
riton X-100). The homogenate was clarified by centrifugation and
he resulting supernatant was used for CAT activity assay (32). CAT
ctivities were measured using a phosphoimager (Fuji).

Preparation of transcription extracts and in vitro transcription
ssays. Oocyte extracts for in vitro transcription were prepared
sing ovaries from mature females as described previously (33).
eactions contained 25 mg of protein in 25 ml of 60 mM KCl, 15 mM
epes (N-2-hydroxy-ethylpiperazine-N9-2-ethanesulfonic acid)–KOH,
H 7.6, 7.5 mM MgCl2, 2 mM dithiothreitol, 6% glycerol, 1 mM
ucleoside triphosphate mix, 20U RNasin (Promega), and 250 ng
G5HIV2CAT with or without 50 ng pXL10XP (33). Reactions were
ncubated at 25°C for 60 min and assayed by primer extension as
reviously described (34). A 30-mer CAT primer (59-GGT GGT ATA
CC AGT GAT TTT TTT CTC CAT-39), which is complementary to
he first 30 coding nucleotides of the CAT gene, was used to analyze
he transcripts of promoter-CAT fusions after 59-end labeling with
g-32P]ATP (Amersham). For the oligonucleotide competition exper-
ments in Fig. 4C, 10 ml of oocyte extract and 12 pmol of double-
tranded synthetic TATA competitor (80-fold molar excess over tem-
late) were preincubated for 20 min at 25°C (in a final volume of 16
l) before starting transcription by adding 9 ml of a mix containing
ll other components including templates and nucleosides (see
bove). The synthetic TATA competitor has been described previ-
usly (35). When GAL4 recombinant proteins were added to the
ranscription reaction, appropriate amounts of proteins were prein-
ubated with templates for 20 min at 25°C prior to starting tran-
cription.

ESULTS

Xenopus TBP and TFIIB fused to GAL4 binding do-
ain activate transcription from the GAL1 promoter in

east. To test whether the recruitment of Xenopus
BP or TFIIB to the promoter was sufficient for tran-
criptional activation in yeast, we constructed hybrid
roteins containing the heterologous DNA binding do-
ain of GAL4 fused to Xenopus derived TBP or TFIIB

Fig. 1). These constructs were introduced into S. cer-
visiae Y190 strain that carried the HIS3 and LacZ
ene under control of the GAL1 promoter, which bears
he GAL4 binding site upstream of the TATA element
Fig. 2A). Activation of these reporter genes by hybrid
roteins can be detected by resistance of host cells to
T and by the b-galactosidase assay. When yeast cells
arboring the constructs were grown in the presence of
T, strains containing GAL4-xTBP or GAL4-xTFIIB
ould grow on media containing 30 mM AT, whereas
trains containing GAL4 or GAL4-ySNF1 grew poorly
ven at 10 mM AT (Fig. 2B). The ability of these con-
tructs to activate transcription was also tested by
sing the lacZ reporter. In the X-gal filter assay, cells
arboring GAL4-xTBP or GAL4-xTFIIB were stained

n dark blue, showing high level expression of the re-
orter gene in vivo (Fig. 2C). The other constructs did
ot result in a notable color change when the assay was
erformed. In the liquid culture assay for b-galactosi-
ase, GAL4-xTBP and GAL4-xTFIIB exhibited higher
evels of activation of lacZ expression which increased
y 9.19- and 6.77-fold, respectively, when compared to
hat of GAL4 (Fig. 2C).
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GAL4-xTBP and GAL4-xTFIIB hybrid proteins acti-
ate transcription from the pol II-dependent promoters
n Xenopus oocytes. To examine the ability of the
AL4-xTBP and GAL4-xTFIIB fusion proteins to acti-
ate pol II transcription in Xenopus, we expressed
AL4, GAL4-xTBP, and GAL4-xTFIIB in E. coli and

hen purified them as described under Materials and
ethods. Their binding activity to the DNA fragments

ontaining 53 GAL4 binding sites were confirmed by a
el mobility shift assay (data not shown). The reporter
AT genes (Fig. 3A) bearing GAL4 binding sites were

o-injected into Xenopus oocytes together with the in-
icated recombinant GAL4 fusion proteins. GAL4-
TBP and GAL4-xTFIIB resulted in activation of the
AT gene from a HIV2 viral promoter. On the other
and, adenovirus E1b promoter showed high basal
ranscription activity in Xenopus oocytes (Fig. 3B, lane
). GAL4-xTBP resulted in further increase in the level
f E1b transcription by 5.5-fold, whereas GAL4-xTFIIB
id not affect the transcription to any notable degree
lanes 6 and 7). The consistent findings in this experi-
ent were that the artificial recruitment of TBP could

irect an increased level of transcription for the two
romoters used in higher eukaryotes as observed in
east. GAL4-xTFIIB also showed transcriptional acti-
ation without the involvement of activator proteins;
owever, it seemed to behave in a promoter dependent
anner.

GAL4-xTBP and GAL4-xTFIIB hybrid proteins stim-
late transcription from the HIV2 promoter in vitro.
ince TBP has been shown to possess a fortuitous
ctivation domain (36), it is important to exclude the
ossibility that GAL4-xTBP functioned simply as a
onventional activator working in recruiting endoge-
ous TBP to the TATA element, instead of providing a
BP-inherent function directly at the promoter site

i.e., binding to TATA and sequentially recruiting the
ol II holoenzyme). To address this point and to dissect
ranscription activation by artificial recruitment in de-
ail, we performed several in vitro experiments. Xeno-
us oocytes, which have been used extensively in vivo

FIG. 1. A schematic representation of the plasmid constructs use
eparately into the GAL4 binding domain (1–147) fusion vector and
47
ranscription assays, were employed to prepare a cell
ree system to analyze in in vitro transcription. Xeno-
us oocyte extracts were found to be self-sufficient in
roducing pol II dependent transcripts without exoge-
ous protein factors (data not shown).
We first examined whether the transcriptional activ-

ty of GAL4 derivative proteins would require the pres-
nce of GAL4 binding sites in the promoter. As shown
n Fig. 4B, GAL4-xTBP resulted in 1.55-fold increase in
he level of transcription from pG5HIV2CAT contain-
ng GAL4 sites, but resulted only in 0.46-fold increase
rom pXL10XP lacking GAL4 sites (lanes 9 and 12).
owever, the level of transcription stimulated by xTBP

ncreased almost by 1.9 fold from p5GHIV2CAT and by
.6-fold from pXL10XP (see lanes 5 and 7). High con-
entrations of xTBP partially inhibited transcription
rom pXL10XP (lane 8), while GAL4-xTBP did not
how such an overdose inhibition of transcription in a
imilar concentration range (lane 12). These results
how that GAL4-xTBP stimulates pol II transcription
n a GAL4 site-dependent manner and does not in-
rease the level of transcription in a general manner as
TBP does. A lower concentration of GAL4-xTFIIB
timulated transcription (compare lanes 13 and 14),
ut the level of transcription dramatically decreased as
he concentration of GAL4-xTFIIB increased (lanes 14
o 16 and data not shown). This might be due to the
equestration effect of GAL4-xTFIIB in the transcrip-
ion extracts (see Discussion). GAL4 did not have any
ffect on transcription.
Next, we blocked TBP function in transcription ex-

racts by adding TATA-oligonucleotides to mask the
unction of endogenous TBP. The addition of xTBP to
he oligonucleotide-treated extracts overcame the in-
ibitory effect of the TATA competitors (compare lane
with lanes 3 and 4 in Fig. 4C), showing that only the

unction of TBP was blocked in the extracts. In the
vent GAL4-xTBP simply acts as an activator that
argets the PIC containing an endogenous TBP mole-
ule, inhibition or depletion of TBP activity will block
ctivation caused by GAL4-xTBP. On the other hand, if

this study. cDNA encoding Xenopus TFIIB and TBP were inserted
signated GAL4-xTFIIB and GAL4-xTBP, respectively.
d in
de
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AL4-xTBP can replace the endogenous TBP in the
IC assembly, it could still support pol II transcription
ithout TBP activity in the transcription extract.
hen GAL4-xTBP was added to the transcription re-

ction after preincubation with the templates harbor-
ng GAL4 binding sites, the inhibited transcriptions

FIG. 2. Yeast one hybrid system. In A, hybrid protein fused to G
he HIS3 or LacZ reporter sequences that are integrated into the Y19
ncoding plasmids with a promoter containing 4x GAL4 binding site
ested for growth in aminotriazole. The degree of aminotriazole resis
ength Xenopus TBP (xTBP) and TFIIB (xTFIIB) connected to th
AL1-LacZ reporters in yeast. The activity of b-galactosidase (averag
-D-galactopyranoside (ONPG) assay in a quantitative manner, and
48
ere recovered (lanes 9 and 10). Also, relatively small
mounts of GAL4-xTBP were required to restore the
ranscription to a high level compared to that of xTBP
see legend to Fig. 4C). These results excluded the
ossibility that the TBP domain of the GAL4-xTBP
ybrid protein might act as a cryptic activation domain

4 DNA binding domain can confer GAL4-dependent transcription of
ast genome. In B, strains containing the indicated GAL4 derivatives
stream of the GAL1 TATA element and HIS3 structural gene were

ce is directly related to the level of HIS3 transcription. In C, the full
GAL4 DNA-binding domain autonomously activate expression of
f 20 independent transformants) was measured by an o-nitrophenyl-
s normalized to the OD600 of cells at the time of collection.
AL
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s up
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nd supported the idea that efficient recruitment of
BP to the promoter by the GAL4 binding protein
esulted in transcriptional activation.

ISCUSSION

This study has demonstrated that in yeast and Xe-
opus, recruitment of TBP to the promoter by a heter-
logous DNA binding protein is sufficient for transcrip-
ional activation (Figs. 2 and 3). Transcriptional
ctivation in vitro by GAL4-xTBP depends both on
AL4-binding sites (Fig. 4B) and the TATA element

data not shown). The possibility of existence of cryptic
ctivation domains within GAL4-xTBP polypeptide
as been excluded as GAL4-xTBP recovered transcrip-
ion was suppressed by TATA oligonucleotides (Fig.
C). Taken together, these results suggest that activa-
ion by GAL4-xTBP involves increased interaction of
he TBP moiety with the TATA element as a result of
ts physical connection to a GAL4 binding domain that
inds to a nearby site. Consistent with previous in vivo
tudies in yeast (5–7) and in mammalian cells (37),
hese in vivo and in vitro data propose and generalize
he idea that the recruitment of TBP and its stable

FIG. 3. CAT activity assay. In A, CAT reporter templates carryin
re shown. In B, CAT activity was assayed in Xenopus oocytes follow
s indicated. The level of CAT activity measured as percentage con
hosphoimager (Fuji).
49
inding to the promoter can be a major limiting step for
ranscriptional activation in eukaryotes.

Our results show that GAL4-xTFIIB stimulated pol
I dependent transcription in the absence of transcrip-
ional activators and this strongly supports the idea
hat certain activators act at steps subsequent to the
ecruitment of TBP including incorporation of TFIIB to
he PIC. GAL4-xTFIIB could not support Pol II tran-
cription in the extracts in which endogenous TBP had
een masked by TATA oligonucleotides, indicating
hat artificial recruitment of TFIIB by the GAL4 bind-
ng domain cannot bypass the requirement of TBP and
hat proper positioning of TFIIB in the PIC should
ccur by formation of the TATA-TBP-TFIIB ternary
omplex as revealed by its crystal structure (38). At
igh concentrations, GAL4-xTFIIB dramatically de-
reased the level of Pol II transcription in vitro (lanes
5 and 16 in Fig. 4B). One possible explanation for this
bservation is that an excess amount of GAL4-xTFIIB
ay bind and thereby sequester partial subsets of

asal transcription complexes devoid of one or more
ssential component of PIC. Thus they cannot be in-
olved in transcription initiation (39). As GAL4-
TFIIB successfully activated transcription from

GAL4 binding sites upstream of the HIV2 and E1b TATA elements
g microinjection of GAL4 recombinant proteins and a CAT reporter
ion was determined by the Imagequant program supported by the
g 53
in

vers
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AL1 and HIV2 promoter in vivo in yeast and in Xe-
opus, respectively (Figs. 2B and 2C, and lane 4 in Fig.
B), this sequestration effect seems to be alleviated in
ivo due to the complex regulation mechanism. Al-
hough GAL4-xTFIIB stimulated in vivo transcription
rom the GAL1 and the HIV2 promoters, it showed
ittle effect on transcription from the adenovirus E1b
romoter (lane 7 in Fig. 3B). The E1b promoter mani-
ested an elevated level of transcription with the GAL4
NA binding domain alone (lane 5 in Fig. 3B). This
bservation likely resulted from stimulation of the
ranscription by a cryptic activation domain located
ithin the GAL4 DNA binding domain (40). Even in

his case, GAL4-xTBP increased transcription level up
o 5.5-fold (lane 6 in Fig. 3B) indicating that TBP

FIG. 4. Effect of recombinant proteins on the in vitro transcriptio
f HIV2 promoter were five binding sites for GAL4. In B, in vitro t
erived from Xenopus oocytes with 250 ng p5GHIV2CAT and 50 ng pX
upplemented in the reaction mixtures was as follows: GAL4 at 0, 12
AL4-xTFIIB at 0, 0.032, 0.8, 20 nM. RNA products were analyzed b
olyacrylamide gel. In C, in vitro transcription experiments were pe
2 pmol oligonucleotides containing a synthetic TATA box prior to t
TBP (3.5, 7 pmol), GAL4 (0.5, 0.75 pmol), GAL4-xTFIIB (0.5, 0.75
ranscripts were analyzed by primer extension.
50
ecruitment did enhance the transcription level from
he E1b promoter. These findings may reflect differen-
ial requirement of activation steps among Pol II pro-
oters composed of differential combinations of core

romoter elements, such as the TATA box, initiator,
ecently defined downstream promoter element (40)
nd/or subtle contextual effects.
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