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In yeast cells, transcriptional activation occurs when the RNA polymerase II (Pol II) machinery is artificially
recruited to a promoter by fusing individual components of this machinery to a DNA-binding domain. Here,
we show that artificial recruitment of components of the TFIID complex can activate transcription in mam-
malian cells. Surprisingly, artificial recruitment of TATA-binding protein (TBP) activates transiently trans-
fected and chromosomally integrated promoters with equal efficiency, whereas artificial recruitment of TBP-
associated factors activates only chromosomal reporters. In contrast, artificial recruitment of various
components of the mammalian Pol II holoenzyme does not confer transcriptional activation, nor does it result
in synergistic activation in combination with natural activation domains. In the one case examined in more
detail, the Srb7 fusion failed to activate despite being associated with the Pol II holoenzyme and being directly
recruited to the promoter. Interestingly, some acidic activation domains are less effective when the promoter
is chromosomally integrated rather than transiently transfected, whereas the Sp1 glutamine-rich activation
domain is more effective on integrated reporters. Thus, yeast and mammalian cells differ with respect to
transcriptional activation by artificial recruitment of the Pol II holoenzyme.

The RNA polymerase II (Pol II) transcription machinery is
composed of two basic components, TFIID and large Pol II
complexes which are often termed Pol II holoenzymes. TFIID,
a complex of TATA-binding protein (TBP) and TBP-associ-
ated factors (TAFs), binds specifically to TATA elements, a
step that initiates the assembly of the active transcription com-
plex (8). The Pol II holoenzyme, loosely defined, consists of the
core Pol II, general transcription factors (e.g., TFIIB, TFIIF,
and TFIIH), and other associated components including Srb,
Med, and (in mammalian cells) Trap proteins (22, 32, 40). The
Pol II machinery is sufficient for efficient and accurate initia-
tion in vitro on core promoters containing TATA and initiator
elements, whereas these core promoters are virtually inactive
in yeast and mammalian cells (50). The failure of core promot-
ers to function in vivo is almost certainly due to the repressive
effects of chromatin structure (50), particularly the inability of
TBP to bind TATA elements in the context of nucleosomal
substrates (25).

The virtual inactivity of core promoters in vivo means that
transcription of essentially all eukaryotic genes requires acti-
vator proteins binding to enhancer elements. Eukaryotic acti-
vators bind enhancer elements through a DNA-binding domain,
whereas they stimulate transcription through a functionally
distinct, and typically physically separate, activation domain
(43, 48). Activation domains are functionally autonomous in
that they stimulate transcription when fused at various posi-
tions to heterologous DNA-binding domains. However, in
yeast cells, activation domains do not stimulate transcription
when fused to a variety of components of the Pol II machinery,
indicating that activator-dependent recruitment of the Pol II
machinery is the predominant mechanism for transcriptional
activation (31). Consistent with this view, TBP (and hence the
entire Pol II machinery) is not associated with the vast majority

of yeast promoters in vivo in the absence of a functional acti-
vator (34, 37).

In principle, activation domains could recruit the Pol II
machinery directly by contacting components of TFIID or Pol
II holoenzyme and/or indirectly by associating with chromatin
modifying activities or other coactivators. Evidence that both
of these mechanisms occur in vivo is provided by artificial
recruitment (also known as activator bypass, or nonclassical
activator) experiments in yeast cells (44, 49). In such experi-
ments, the requirement for an activation domain is bypassed by
directly connecting a DNA-binding domain to a component of
the Pol II machinery or to a subunit of a chromatin-modifying
activity. Specifically, transcription is activated upon artificial
recruitment of TBP (12, 33, 53), various TAFs (2, 21, 31),
TFIIA (47), TFIIB (21, 36), Pol II holoenzyme subunits such
as Sin4, Gal11, Srb2, Srb6, and Srb7 (5, 17, 20, 28), and a
kinase-defective version of Srb10, a Pol II-associated kinase
that normally represses transcription by prematurely phos-
phorylating the C-terminal tail of Pol II (24). In addition,
transcription is activated upon artificial recruitment of Snf2
(Swi2) (35) or Gcn5 (9), which are the catalytic subunits of the
Swi/Snf nucleosome remodeling or the SAGA histone acety-
lase complexes, respectively; in both cases, transcriptional ac-
tivation is eliminated by mutations that abolish catalytic activ-
ity. Taken together, these results indicate that a covalent
interaction between an activator and a single component of the
Pol II machinery or a chromatin-modifying activity is sufficient
to activate transcription. However, unlike natural activation
domains, transcriptional activation by artificial recruitment is
strongly influenced by promoter architecture, thereby suggest-
ing that natural activators interact with multiple targets in vivo
(20).

Artificial recruitment experiments have been performed to a
much more limited extent in mammalian cells. In accord with
the results in yeast, artificial recruitment of human TBP acti-
vates transcription in transiently transfected mammalian cells
(23, 39, 41). Artificially recruited TBP synergistically activates
transcription in combination with the VP16 and E1A activa-
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tion domains but not with the Sp1 activation domain, suggest-
ing that these activators function at distinct steps with respect
to TBP recruitment (23, 39). The only mammalian holoenzyme
components tested in an artificial recruitment experiment are
human Srb7 (hSrb7) and hTFIIB, which were reported to
weakly activate transcription and to synergize with classical
activation domains (41). However, these fusions behaved in-
distinguishably from comparable fusions to a variety of yeast
components (Srb2, Srb6, Srb7, and Srb11), which are unlikely
to function in combination with mammalian components or to
assemble into the mammalian Pol II holoenzyme. Specifically,
hSrb7 does not complement a yeast srb7 mutant strain (11),
and the other yeast Srbs have limited or no sequence similarity
with components of the mammalian holoenzyme. Thus, the
observed transcriptional effects mediated by the yeast proteins
are unlikely to be due to artificial recruitment, and the com-
parable effects mediated by hSrb7 and hTFIIB are difficult to
interpret.

These previous artificial recruitment experiments, as well as
nearly all analyses of transcriptional regulatory mechanisms in
mammalian cells, involved assays of transiently transfected re-
porter genes. However, transiently transfected promoters of-
ten behave differently from the same promoter that is inte-
grated in a single site in the mammalian genome (1, 3, 16).
Numerous variables, such as the chromatin state (27) or the
extraordinarily high copy number of the transfected reporter
plasmid, could explain these differences. To date, systematic
studies comparing the functions of different transcriptional
activation domains on integrated versus transiently transfected
reporter genes have not been reported.

Here, we investigate the ability of components of the mam-
malian Pol II machinery to activate transcription when artifi-
cially recruited to promoters in mammalian cells. In addition,
we examine these artificial recruitment constructs and a num-
ber of natural activation domains for their ability to function
on transiently transfected or chromosomally integrated re-
porter genes. Our results indicate that artificial recruitment of
TFIID components activates transcription in mammalian cells,
but unlike the results in yeast cells, artificial recruitment of Pol
II holoenzyme components fails to activate transcription. Fur-
ther, we demonstrate that some, but not all, activators have
different activities on transiently transfected or integrated re-
porters.

MATERIALS AND METHODS
Plasmids. Genes encoding components of the Pol II machinery were gener-

ated by PCR of the entire open reading frame from either plasmids harboring the
gene or from cDNA libraries and were then inserted into pSG424, which con-
tains a Gal4(1-147) expression cassette under the control of the simian virus 40
promoter (46), or a pCS21 expression vector containing LexA(1-202) and the
simian virus 40 T-antigen nuclear localization signal (29) inserted at codon 3 of
LexA. The 5XGal-e1bTATA-luciferase reporter, which contains the luciferase
gene in place of the chloramphenicol acetyltransferase gene of 5XGal-
e1bTATA-CAT (38) and is harbored on plasmid pBS226 (BRL/Life Technolo-
gies), the 4XGal4-thymidine kinase-luciferase reporter (14), the 5XGal-my-
elomonocytic growth factor-luciferase reporter (4), and the 4XGal-c-fos
promoter-luciferase and 5XGal-retinoic acid receptor (RAR) promoter-lucif-
erase reporters (7) have been previously described. The 2XGal2XLex-
e1bTATA-luciferase reporter was constructed by removing the five Gal4 binding
sites from the 5XGal-e1bTATA-luciferase reporter and then adding two Gal4
DNA-binding sites (CGGAGTACTGTCCTCCG) and two LexA DNA-binding
sites (CTGTATATATATACAG). The Gal4 fusions to E2F1 derivatives (18),
VP16 (38), MyoD (52), CREB-binding protein (CBP) (10), PGC-1 (45), and
p300 (55) have been described. Other Gal4-based activators were constructed by
cloning PCR products into pSG424. Plasmid pSG5 expressing wild-type hTBP
has been described previously (30).

Cell lines. CHO14-1-2, CHO14-1-18, and CHO14-1-19, which were obtained
from Brian Sauer, are neomycin-sensitive cell lines that each harbor a single Lox
site for integration of plasmids at a defined position within the mammalian
genome (19). These cells were maintained in minimal essential medium alpha
with nucleotides, 10% fetal bovine serum, penicillin, and streptomycin. To con-
struct cell lines harboring the different reporter plasmids, cells were electropo-

rated with 10 mg of Cre recombinase expressing plasmid and 10 mg of the
reporter plasmid at 450 V at 500 mF as described elsewhere (19). Cells were
selected 2 days after plating in the above medium plus Geneticin (400 mg/ml; Life
Technologies). Independent clones were expanded and checked for a proper
single-copy integration event by Southern blotting. The CHO2-219, CHO18-219,
and CHO19-219 cell lines were constructed in this manner and contain the
2XGal2XLex-luciferase reporter gene integrated into the CHO14-1-2, CHO14-
1-18, and CHO14-1-19 parental cell lines, respectively.

Transcriptional analysis. The CHO cell lines were seeded at a density of 105

cells/well in 12-well plates (1.75-cm-diameter wells) 18 to 24 h before the trans-
fection. Cells (40 to 50% confluent) were transfected with 0.5 or 0.6 mg of
DNA/well in the presence of 1.5 ml of FuGENE6 (Boehringer Mannheim) per
well according to the manufacturer’s instructions. The transfected cells were
harvested 48 h after the addition of DNA by washing the cells twice with 13
phosphate-buffered saline and then adding 100 ml of 13 reporter lysis buffer
(Promega); 100 ml of luciferase reagent (Promega) was added to 20 ml of extract,
and then light units were immediately measured in a Turner luminometer using
a 2-s delay and 15-s integration. Each data point is the average of duplicate
transfections. Individual experiments are shown, but similar results were ob-
tained at least twice. The error for each determination in the figures is approx-
imately 625%.

Cell sorting. The CHO19-219 cell line was seeded at a density of 3 3 106

cells/10-cm-diameter dish 18 h prior to transfection. Each plate of cells (40 to
50% confluent) was transfected with 7.5 mg of the LexA fusion and 7.5 mg of the
green fluorescent protein expression plasmid pGREENLANTERN (BRL/Life
Technologies) in the presence of 60 ml of LipofectAMINE (BRL/Life Technol-
ogies) under serum-free conditions in OptiMEM (BRL/Life Technologies). This
transfection solution was removed after 4 h and replaced with growth medium
without antibiotics. Cells were harvested 48 h after transfection by trypsinization
and separated by fluorescence-activated cell sorting on a MoFlo instrument
(Cytomation) at a cutoff where less than 0.5% of nontransfected cells displays
fluorescence. A total of 5 3 105 cells were isolated for each LexA fusion, and
luciferase values were determined as above.

Western blotting. CHO14-1-2 cells were transiently transfected as above with
plasmids containing the fusion gene only. Protein extracts were made from cells
24 h after transfection by washing cells once in 13 phosphate-buffered saline,
adding 150 ml of sodium dodecyl sulfate sample buffer, and then boiling the
extract. Twenty microliters of each sample was resolved by sodium dodecyl
sulfate-gel electrophoresis on 10% gels and blotted to nitrocellulose at 30 V for
15 h. The blots were probed with a polyclonal anti-LexA antiserum (Upstate
Biotechnology) used at a 1:1,000 dilution in blocking solution (5% Carnation
nonfat milk, 0.2% Triton X-100, 25 mM Tris-Cl [pH 7.4], 137 mM NaCl, 2.7 mM
KCl), and then treated with a peroxidase-conjugated goat anti-rabbit immuno-
globulin G secondary antibody diluted to 1:10,000 in blocking solution. The
antisera were detected using Luminol reagent (Santa Cruz Biotechnology).

Coimmunoprecipitation experiments. CHO14-1-2 cells were seeded at a den-
sity of 3 3 106 cells/10-cm-diameter dish 18 h before transfection. Cells were
transfected with 10 mg of plasmid DNA expressing LexA-Srb7 or LexA and with
0.06 ml of LipofectAMINE per plate (Gibco/BRL). At 24 h after transfection,
cells were harvested in immunoprecipitation buffer (50 mM Tris-acetate [pH
7.9], 2 mM EDTA, 150 mM KCl, 0.1% NP-40, 1 mM phenylmethylsulfonyl
fluoride, 2.5 mg each of pepstatin A, leupeptin, and aprotinin per ml) and then
sonicated. The resulting extract was incubated with 3 mg of anti-LexA antiserum
(Upstate Biotechnology) overnight at 4°C with rotation. Antibody complexes
were collected after a 2-h incubation with 35 ml of a 50% slurry of Ultralink
Protein A/G (Pierce) at 4°C, followed by centrifugation and four washes in
immunoprecipitation buffer. Immunoprecipitates were analyzed by Western
blotting as described above except that anti-Med7 antiserum (a gift from Jeffrey
Parvin) was used at a 1:500 dilution. Under these conditions, approximately 30%
of the LexA derivatives are immunoprecipitated and approximately 10% of the
cellular Med7 is coimmunoprecipitated with LexA-Srb7.

Chromatin immunoprecipitation. CHO19-219 cells were seeded 18 h before
transfection at a density of 6.75 3 106 cells/15-cm-diameter plate. Two plates of
cells for each fusion were transfected with 22.5 mg of LexA-TBP or LexA-Srb7
expression plasmid and 0.135 ml of LipofectAMINE per plate. Chromatin im-
munoprecipitation was performed by standard methods (6, 13, 42, 51), with the
following modifications. Briefly, cells were removed from the incubator 24 h after
transfection and fixed for 10 min by adding formaldehyde directly to the growth
medium to a final concentration of 1%. Cell extracts were sonicated until the
DNA fragment length ranged from 500 to 1,000 bp. One-third of the cell sonicate
was diluted 10-fold in lysis buffer (13), and 2 mg of anti-LexA antiserum was
added. After incubation with rotation at room temperature for 3 h, 50 ml of a
50% slurry of Ultralink Protein A/G beads (Pierce) was added, and the mixture
was incubated for another 2 h at room temperature with rotation. Beads were
harvested by a brief centrifugation and washed, and the immunoprecipitated
material was eluted as described previously (34). The formaldehyde cross-links
were reversed by heating at 65°C for 5 h, and DNA was detected by PCR using
primers that amplify fragments that contain the LexA operator or sequences
within the neomycin resistance gene. PCR was performed in the presence of
[32P]dATP-dATP for 30 cycles of 1 min each at 94, 50, and 72°C, using Taq
polymerase (Boehringer) and TaqStart anti-Taq antibody (Clontech) for hot-
start PCR according to the manufacturer’s protocol. PCR products were sepa-
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rated by 6% polyacrylamide gel electrophoresis and quantitated by PhosphorIm-
ager analysis. Assays of serial dilutions of immunoprecipitated and control DNA
samples indicate that the intensity of the PCR products is directly related to the
amount of DNA and hence that the assays represent quantitative measurements
of promoter association in vivo.

RESULTS

Artificial recruitment on transiently transfected reporters.
We fused various components of the human Pol II machinery
to the Gal4 DNA-binding domain (residues 1 to 147) or intact
LexA (Fig. 1A). These components include TBP, TFIIB, Srb7,
Med6, Med7, Trap80, Trap100, and several TAFs (TAF18, -20,
and -28, which are homologous to yeast TAF19, -61, and -40,

respectively). In addition, we examined the wild-type and ki-
nase-inactive (D173A) version of human CDK8, the homolog
of yeast Srb10. Although artificial recruitment of Srb10 re-
presses transcription due to premature phosphorylation of the
C-terminal tail of Pol II, the kinase-deficient mutant activates
transcription in yeast by analogy with other components of the
Pol II holoenzyme (24).

Initially, plasmids expressing Gal4 fusion proteins and re-
porter plasmids containing four or five Gal4 DNA-binding
sites upstream of a TATA element and luciferase structural
gene were transiently cotransfected into CHO cells. To address
the possibility of promoter specificity, we examined reporters

FIG. 1. Gene fusions and reporter genes used in this study. (A) Fusions of the Pol II machinery components to the heterologous DNA-binding domains of LexA
or Gal4 (hatched box). (B) Activation domain fusions. (C) Reporter plasmids. The distance between the distal end of the Gal4 or LexA DNA-binding sequence and
the TATA sequence is shown.
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that contain Gal4 binding sites immediately (13 to 19 bp)
upstream of TATA elements from the adenovirus e1b, herpes-
virus thymidine kinase, and human myelomonocytic growth
factor genes. Additionally, we tested regions of natural pro-
moters originating from the c-fos or RAR gene in which Gal4
DNA-binding sites were introduced 56 or 36 bp upstream of
the TATA elements (Fig. 1C). Consistent with earlier reports
(23, 39, 41), the Gal4-TBP fusion activates transcription from
all promoters tested (Fig. 2). Activation of the c-fos and RAR
reporters (6- to 9-fold) was slightly less efficient than activation
of the other reporters (15- to 20-fold), perhaps due to in-
creased spacing between the Gal4 binding sites and TATA
elements. In all cases, activation by Gal4-TBP was considerably
less robust than the extremely strong Gal4-VP16 activator.

Surprisingly, no other Gal4 fusion to a Pol II machinery
component activates transcription from any of these reporters
(Fig. 2). Addition of trichostatin A, an inhibitor of histone
deacetylases (54), does not permit any of these Gal4 fusions to
activate transcription from the reporter with the e1b TATA
element (data not shown). Thus, deacetylated histones are not
solely responsible for the failure of the Pol II machinery com-
ponents other than TBP to activate transcription when artifi-
cially recruited to promoters.

Artificial recruitment on chromosomally integrated report-
ers. Transiently transfected reporter genes are present in many
copies per cell and have chromatin structures that are distinct
from those of normal chromosomal genes. To analyze tran-
scriptional activation under more physiological conditions, we
used the Cre/Lox recombination system to construct CHO cell
lines that harbor a reporter gene at a single chromosomal locus
per cell (19). Specifically, we cotransfected a plasmid express-
ing Cre recombinase along with luciferase reporter plasmids
containing a Lox site into three CHO cell lines that have a
single chromosomal Lox site. By selecting for neomycin-resis-
tant clones and using Southern blot analysis to confirm the
desired recombination event, we obtained CHO cell lines with
two Gal4 and two LexA sites upstream of the e1b TATA

element and luciferase reporter gene (2XGal2XLex-Luc [Fig.
1]) at the three chromosomal positions defined by the location
of the Lox sites in the parental cell lines.

Interestingly, although LexA fusions to Pol II holoenzyme
components fail to activate transcription, LexA fusions to TAFs
activate transcription from the chromosomal 2XGal2XLex re-
porter (Fig. 3A). The level of activation is approximately three-
to eightfold depending on the TAF tested. Overexpression of
equivalent amounts of a plasmid expressing TBP alone acti-
vates transcription three- to fivefold, although TBP levels are
about fivefold higher than the LexA-TBP protein levels, as
judged by immunoblot analysis using antibodies to human TBP
(data not shown). Experiments where TBP levels are compa-
rable to those of LexA-TBP result in no activation, demon-
strating that activation by LexA-TBP occurs by artificial re-
cruitment. Activation is not significantly affected by the
chromosomal location of the reporter, which differs in each cell
line, because comparable results were obtained in the three
cell lines using conventional activators (data not shown).

The failure of the LexA hybrid proteins to activate transcrip-
tion is not due simply to failure to express the fusion protein.
Immunoblot analysis using LexA antibodies indicate that LexA
fusion proteins are comparably expressed (except for the
CDK8 fusion) in the transfected cells (Fig. 3B). To avoid the
contribution from the chromosomal reporter in nontransfected
cells, we cotransfected cells with plasmids expressing the LexA
fusion of interest and the green fluorescent protein and then
purified the transfected cells by fluorescence-activated cell
sorting. Under the conditions used, at least 80% of the cells
were transfected (data not shown), and the sorted and un-
sorted activation values are not significantly different (Fig. 3C).
Taken together, these results indicate that artificial recruit-
ment of TFIID, but not components of the mammalian Pol II
holoenzyme, results in transcriptional activation in mammalian
cells.

Synergy experiments. To examine whether the artificial re-
cruitment constructs could synergistically active transcription,
most possible combinations of LexA and Gal4 hybrid proteins
were examined on the transiently transfected or chromosoma-
lly integrated 2XGal2XLex reporter (fusions to Med6, Med7,
Trap80, and Trap100 were not tested). Excluding combina-
tions containing either Gal4-TBP or LexA-TBP, no other com-
bination of fusions activates transcription more than twofold
(data not shown). Although Gal4-TBP and LexA-TBP can
independently activate transcription, the combination of these
proteins results in luciferase levels that are at best additive.

Next, we asked whether Gal4 fusions to natural activation
domains would synergistically activate transcription in combi-
nation with LexA fusions to components of the Pol II machin-
ery. When assayed on the transiently transfected 2XGal2XLex
reporter, LexA fusions to components other than TBP are
incapable of synergizing with any activation domain tested, and
the TFIIB fusion actually decreases the level of transcription
(Fig. 4). However, LexA-TBP synergistically activates tran-
scription in combination with Gal4-VP16 and various deriva-
tives of Gal4-E2F1 (Fig. 4A), both of which contain acidic
activation domains. Synergistic activation with these Gal4 ac-
tivators is not completely dependent on artificial recruitment
of TBP; synergy is also observed with unfused TBP, although
higher concentrations of TBP than of comparison to LexA-
TBP are required. A titration analysis comparing TBP alone to
LexA-TBP showed that comparable synergy can be detected
for the LexA-TBP fusion at protein levels that are 25-fold
lower than the level of TBP alone (data not shown). Synergistic
activation between VP16 and directly recruited TBP has been
observed previously (23). In contrast to the synergy observed

FIG. 2. Artificial recruitment assay involving Gal4 fusions to components of
the Pol II machinery. CHO14-1-19 cells were transiently transfected with the
indicated Gal4 fusion and reporter plasmids and assayed for luciferase activity.
Fold activation represents the increase of transcription of the Gal4 fusion com-
pared to the Gal4 DNA-binding domain alone.
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with acidic activators, LexA-TBP does not synergize with var-
ious versions of Gal4-Sp1, which contains a glutamine-rich
activation domain, or with Gal4 fusions to p300 or CBP, which
are coactivators with histone acetylase activity (Fig. 4B).

Last, we examined most of the above combinations for syn-
ergistic activation in the context of a chromosomal reporter
gene (Fig. 5). In accord with results on transiently transfected
reporters, LexA-TBP could synergize with Gal4-VP16 activa-
tor in CHO19-219 cells (the increases in transcription observed
in combination with other activators are additive). Synergy
with unfused TBP is observed with VP16, E2F1, and p300. In
addition, LexA-TAF18 and LexA-TAF28 appear to synergize
with Gal4-VP16, and LexA-TAF18 synergizes with two trun-
cated derivatives of Gal4-Sp1 (132-243 and 340-485). Thus, as
is the case with activation per se, synergy that occurs with
artificially recruited TAFs is observed only on chromosomal
reporters.

LexA-Srb7 is associated with Pol II holoenzyme and is re-
cruited to promoters in vivo. Given the unavailability of ge-
netic complementation assays in mammalian cells, we per-
formed two additional experiments to provide evidence that

FIG. 3. Artificial recruitment assay involving LexA fusions using chromo-
somally integrated or transiently transfected reporters. (A) For transiently trans-
fected reporters (unfilled boxes), CHO14-1-19 cells were transfected with equal
amounts of the indicated LexA fusion and the 2XGal2XLex-e1bTATA-lucif-
erase reporter plasmid. Otherwise, cells that harbor a single chromosomal copy
of the 2XGal2XLex-e1bTATA-luciferase reporter, CHO2-219, CHO18-219, or
CHO19-219 (hatched or filled boxes), were transiently transfected with LexA
fusion plasmids. Fold activation is the difference in the luciferase activity com-
pared to cells transfected with the reporter plasmid only (transient reporter) or
with an empty vector only (integrated reporter). (B) Immunoblot analysis of
CHO14-1-19 cells transiently transfected with the indicated LexA fusion plas-
mids using LexA-specific antisera. (C) CHO19-219 cells were transfected with
plasmids expressing the indicated LexA fusions and green fluorescent protein,
and luciferase activity was monitored in cells that were unsorted (filled box) or
were sorted (black box) by fluorescence activation. The transfection efficiency
was estimated to be at least 80%.

FIG. 4. Synergy between artificial and natural activators on a transiently
transfected promoter. (A) Analysis of Gal4 fusions to the acidic activation
domains from VP16 or E2F1. n.d., not determined. (B) Analysis of Gal4 fusions
to the glutamine-rich activation domain of Sp1 or the histone acetylase CBP or
p300. CHO14-1-19 cells were transiently transfected with the 2XGal2XLex-
e1bTATA-luciferase reporter and the indicated Gal4 and LexA fusion plasmids.
Fold activation is the difference in the luciferase activity compared to cells
transfected with the reporter plasmid only.
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the LexA-Srb7 fusion is functionally active. First, we used
coimmunoprecipitation to assess the ability of LexA-Srb7 to
incorporate into the holoenzyme. Extracts from cells trans-
fected with plasmids expressing either LexA alone or LexA-
Srb7 were immunoprecipitated with LexA antibodies, and the
resulting immunoprecipitates were analyzed for the presence
of the holoenzyme component Med7. Med7 is present in im-
munoprecipitates from cells expressing LexA-Srb7 but not
from cells expressing LexA alone (Fig. 6A), indicating that
LexA-Srb7 is associated with the holoenzyme in vivo.

Second, we analyzed occupancy of the LexA-Srb7 fusion at
the promoter of the luciferase reporter gene by chromatin
immunoprecipitation. Cells containing the integrated reporter,
which contains two LexA operators, were transfected with
plasmids expressing LexA-TBP or LexA-Srb7 and treated with
formaldehyde to cross-link proteins to DNA; the resulting
chromatin preparations were immunoprecipitated with LexA
antibodies. As shown in Fig. 6B, LexA-Srb7 associates with the
promoter at levels roughly comparable to that of LexA-TBP,
whereas neither protein shows significant occupancy within the
coding region of the neomycin resistance gene, which does not

contain LexA binding sites. As defined by the ratio of the
immunoprecipitated to input DNA samples, specific binding of
the LexA fusion proteins to the reporter promoter is 50- to
100-fold higher than the presumed nonspecific binding to the
neomycin resistance gene. Taken together, the coimmunopre-
cipitation and chromatin immunoprecipitation experiments
strongly suggest that the LexA-Srb7 fusion recruits the holoen-
zyme to the reporter gene promoter.

Integrated versus transiently transfected reporters. A note-
worthy finding from the above experiments is that transcrip-
tional activators can function with different levels of efficiency
on integrated and transiently transfected reporters (Fig. 7).
Some acidic activation domains (VP16 and E2F1) have lower
activation ability from integrated reporter genes. In striking
contrast, artificial recruitment of TBP and many other activa-
tion domains [e.g., Sp1(83-524) or p53] results in comparable
levels of transcription from integrated or transient reporters.
Also, artificial recruitment of the TAFs activates only tran-
scription from integrated reporters (Fig. 3A). Addition of tri-
chostatin A did not increase the relative activation by activa-
tion domains from integrated reporters, suggesting the histone
acetylation status alone of these reporters is unlikely to ac-
count for the discrepancies in activation levels. However, ac-
tivation from integrated promoters was increased upon co-
transfection of TBP or LexA-TBP for many activators (Fig. 7),
suggesting that TBP is limiting for transcription in these cases.
Similar results were obtained using the other two CHO cell
lines that harbor chromosomal reporter genes (data not
shown), suggesting that this effect is not limited to a single
genomic locus.

FIG. 5. Synergy between artificial and natural activators on a chromosomally
integrated promoter. CHO19-219 cells were transiently transfected with plasmids
expressing the indicated LexA fusions and Gal4 fusions. (A) Analysis of Sp1
activation domains or histone acetylases. (B) Analysis of acidic activation do-
mains. Fold activation is the difference in the luciferase activity compared to cells
transfected with an empty vector only.

FIG. 6. LexA-Srb7 is associated with Pol II holoenzyme and is recruited to
the promoter with LexA operators in vivo. (A) Coimmunoprecipitation. LexA-
containing complexes from cells expressing LexA or LexA-Srb7 were immuno-
precipitated (IP) with LexA antibodies (Ab) and analyzed for the presence of
Med7 by Western blotting. The left lane represents analysis of an extract from
untransfected cells. (B) Chromatin immunoprecipitation. Cross-linked chroma-
tin from cells containing a chromosomally integrated reporter and expressing the
indicated LexA derivative was (ChIP) or was not (input) immunoprecipitated
with LexA antibodies, and the resulting material was analyzed by PCR using
primers that amplify the promoter region containing LexA operators or the
neomycin resistance gene. The ratios shown were calculated by dividing the
counts in the ChIP lanes by counts in the input lane for each sample.
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DISCUSSION

Components of TFIID, but not Pol II holoenzyme, activate
transcription by artificial recruitment in mammalian cells. In
accord with experiments in yeast, we show that in all four cases
tested, artificial recruitment of TFIID components activates
transcription in mammalian cells. In striking contrast, seven
different components of the Pol II machinery other than
TFIID fail to activate transcription when artificially recruited,
even though these holoenzyme fusions are expressed to com-
parable levels as the activation-competent TFIID fusions.

The clear dichotomy between TFIID and holoenzyme com-
ponents almost certainly reflects an inherent property of tran-
scriptional activation in mammalian cells and is extremely un-
likely to arise for trivial reasons. While any individual hybrid
protein might be functionally inactive due to the fusion of the
DNA-binding domain, it is extremely unlikely that this is the
case for all seven holoenzyme components but not for all four
TFIID components tested. Although genetic complementation
assays are unavailable to determine whether the hybrid pro-
teins are functional in mammalian cells, there is no basis or
plausible explanation for why TFIID or holoenzyme compo-
nents should differ with respect to the probability of being
inactivated by fusion of a DNA-binding domain. In this regard,
most LexA and Gal4 DNA-binding domain fusions to yeast
proteins are functional in genetic complementation assays, and
there is no pattern for which kinds of proteins are nonfunc-
tional. Of specific relevance, comparable LexA and Gal4 fu-

sions to yeast TFIID and holoenzyme components are func-
tionally comparable to the wild-type protein, and they activate
transcription in artificial recruitment assays (2, 5, 12, 17, 20, 21,
31, 33, 36, 47, 53). It is inconceivable that trivial reasons could
account for why seven different fusions to mammalian holoen-
zyme components could be nonfunctional, whereas numerous
comparable fusions to yeast holoenzyme components are func-
tional. Finally, in the one case tested, LexA-Srb7 associates
with the Pol II holoenzyme and in vivo, and occupancy of the
chromosomally integrated reporter in vivo is comparable to
that of the transcriptionally competent LexA-TBP. Thus, the
failure of mammalian holoenzyme components to activate
transcription when artificially recruited is not a negative result
but rather indicates a difference between transcription in yeast
and mammalian cells.

Our results appear to conflict with a report concluding that
in transiently transfected mammalian cells, artificial recruit-
ment of components other than TBP can weakly activate tran-
scription and can function synergistically with classical activa-
tion domains (41). However, the two human components
tested (hSrb7 and hTFIIB) behaved qualitatively and quanti-
tatively similarly to four different yeast components (Srb2,
Srb6, Srb7, and Srb11). As yeast and human Srb7 are not
functionally interchangeable in yeast cells (11), and as the
other yeast components have limited sequence similarity with
mammalian proteins, it is unlikely that these yeast components
function in combination with mammalian components or as-

FIG. 7. Comparison of a transiently transfected and chromosomally integrated reporter gene. For the transiently transfected reporter, CHO14-1-2 cells were
transfected with the indicated Gal4 fusion and the 2XGal2XLex-e1bTATA-luciferase reporter plasmid in the absence (unfilled boxes) or presence of plasmids
expressing TBP or LexA-TBP (hatched boxes). For the chromosomally integrated reporter, CHO19-219 cells were transfected with the indicated Gal4 fusion plasmids
in the absence (unfilled bars) or presence of a TBP expression plasmid (gray boxes) or LexA-TBP expression plasmid (black boxes). Fold activation is the difference
in the luciferase activity compared to cells transfected with the reporter plasmid only (transient reporter) or with an empty vector only (integrated reporter).
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semble into the mammalian Pol II holoenzyme. Thus, the
observed transcriptional effects of the yeast components in
mammalian cells are almost certainly not due to artificial re-
cruitment of the mammalian transcription machinery, thereby
making it difficult to interpret the similar transcriptional effects
of hSrb7 and hTFIIB. It should also be noted that the unfused
DNA-binding domain detectably activated transcription, and
that the fusions were only slightly (two- to threefold) more
active (41).

Activation domains can differ in the ability to stimulate
transcription of transiently transfected or chromosomally in-
tegrated reporter genes. Although analyses of enhancers from
natural genes has revealed differences between transiently
transfected and chromosomally integrated reporters (1, 3), our
study represents the first systematic comparison of transcrip-
tional activation domain function on the same promoter. Un-
expectedly, the VP16 and E2F1 activation domains are less
effective on integrated reporters compared to transiently trans-
fected reporters. In contrast, the full-length Sp1 activation
domain and artificially recruited TFIID components function
comparably or better on integrated reporters.

Synergistic activation in combination with excess TBP or
with artificially recruited TBP has been observed with VP16
and E1A but not with Sp1, suggesting that Sp1 activates tran-
scription by recruiting TBP (TFIID), whereas VP16 and E1A
function at a step(s) subsequent to TFIID recruitment (23, 39).
Our observation that Sp1 and artificially recruited TBP both
have equivalent activities on integrated and transiently trans-
fected reporters provides additional evidence that Sp1 func-
tions by recruiting TFIID to the promoter. Conversely, the
E2F1 and VP16 activation domains show the most pronounced
difference between integrated and transfected reporters (i.e.,
behave differently than artificially recruited TBP), providing
further support for the idea that they function primarily by
recruiting components other than TFIID to promoters.

Possible explanations for the difference between yeast and
mammalian cells. As defined by artificial recruitment experi-
ments, our results indicate that yeast and mammalian cells
differ with respect to transcriptional activation. Specifically, on
standard TATA-containing promoters, artificial recruitment of
Pol II holoenzyme components activates transcription in yeast
cells but not in mammalian cells. Moreover, artificial recruit-
ment of yeast Pol II holoenzyme components often leads to
higher levels of transcriptional activation than artificial recruit-
ment of TBP (20).

There are several explanations, not mutually exclusive, for
why artificial recruitment of components of the Pol II holoen-
zyme fails to activate transcription in mammalian cells. First, if
recruitment of TFIID were the sole limiting step for transcrip-
tion, artificial recruitment of other components would not
overcome this step and hence would not activate transcription.
Second, recruitment of the mammalian Pol II holoenzyme
might require the activator to contact multiple targets; in this
view, artificial recruitment would fail because only one target
was contacted by the enhancer-binding protein. In this regard,
activation by artificial recruitment in yeast is strongly influ-
enced by promoter architecture, whereas natural activators
have a much broader spectrum of activity (20). Third, the
physical connection between the DNA-binding domain and the
component of the Pol II machinery might cause structural
constraints that preclude both moieties of the fusion protein
from functioning at the same time. It is unclear, however, why
such structural constraints would occur in mammalian cells but
not in yeast cells and would be limited to holoenzyme compo-
nents but not TFIID components. Fourth, transcriptional ac-
tivation in mammalian cells might involve a step that occurs

after recruitment of Pol II holoenzyme, such that artificial
recruitment of Pol II holoenzyme is insufficient for activation.

It is important to note that the artificial recruitment exper-
iments performed here do not address whether Pol II holoen-
zyme components are targets of natural activators. The multi-
ple-contact and postrecruitment explanations above are based
on the idea that Pol II holoenzyme components are physiolog-
ically relevant targets. More generally, artificial recruitment
constructs are subject to more functional restrictions than nat-
ural activation domains (20). Thus, it is difficult to simply
extrapolate from the results presented here to activation mech-
anisms employed by natural activation domains.

The observations presented here are analogous to results in
yeast cells involving promoters with defective TATA elements,
in which activation occurs upon artificial recruitment of TBP or
TAFs but not TFIIB (12, 21, 33). As the critical limitation for
transcription from yeast TATA-defective promoters is un-
doubtedly the association of TFIID, it is not surprising that this
limitation can be bypassed by artificial recruitment of TFIID
but not Pol II holoenzyme. The unexpected similarity between
standard mammalian promoters and yeast TATA-defective
promoters prompts the speculation that recruitment of TFIID
might be more limiting in mammalian cells than in yeast cells.
Aside from explaining the difference between yeast and mam-
mals in artificial recruitment assays, this hypothesis is consis-
tent with results of TBP overexpression experiments. In mam-
malian cells, the level of transcriptional activation and/or
synergy can be increased by overexpression of TBP (15, 23, 39),
an observation we have confirmed here. In contrast, there is no
evidence that overexpression of TBP increases transcription in
yeast cells, and strong acidic activators can stimulate transcrip-
tion to the maximal level at physiological levels of TBP (26,
34). Although genetic and direct TBP occupancy experiments
indicate that association of TBP is limiting at the vast majority
of yeast promoters in vivo, TBP association in vivo also de-
pends on Pol II holoenzyme (34, 37). Thus, it is difficult to
assess whether the primary limiting factor in yeast is TFIID
recruitment per se or recruitment of Pol II holoenzyme which
then stabilizes TFIID at the promoter. The above speculation
does not imply that yeast and mammalian cells have funda-
mentally different mechanisms of transcriptional activation but
rather suggests the possibility that the relative importance of
individual steps in the process might differ.
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