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M i t o s i s  in higher eukaryotes is accompanied by a general inhibition of transcription. To begin to understand 
the mechanisms underlying this inhibition we have examined the behavior of the general transcription factor  
TFIID during mitosis. Immunocytochemistry and subcellular fractionation studies indicate that the m a j o r i t y  
of TFIID is displaced from the disassembling prophase nucleus to the mitotic cytoplasm around the time of 
nuclear envelope breakdown. However, a subpopulation of TFIID r e m a i n s  a s s o c i a t e d  tightly with the 
condensed mitotic chromosomes. Metabolic labeling of mitotic cells revealed that several subunits of TFIID 
undergo mitosis-specific phosphorylation, but in spite of these changes, the TFIID complex remains intact. 
Functional analysis of purified TFIID from mitotic cells shows that phosphorylated f o r m s  are u n a b l e  to  direct 
activator-dependent transcription, but that this activity is restored upon dephosphorylation. These re su l t s  
demonstrate that TFIID regulation by phosphorylation is likely to have an important role in mitotic 
inhibition of RNA polymerase II transcription. In addition, they suggest a mechanism for regulating gene 
expression through the selective disruption of polymerase II promoter structures during mitosis. 
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The assembly of chromatin into a regulated network of 
expressing and nonexpressing genes occurs in the con- 
text of the cell cycle. The pattern of gene expression that 
emerges is characterized both by a general stability from 
one cell division to the next, as well as by a capacity to 
establish new patterns of stable expression in a develop- 
mentally regulated way. These changes, from one stable 
state to another, are likely to require the temporal dis- 
ruption of chromatin structure that is imposed by pas- 
sage through the different stages of the cell cycle. For 
instance, DNA replication is invoked not only as the 
time of de novo chromatin assembly, but also as a time 
of temporary chromatin disruption, when transcription 
stops and newly synthesized transcription factors or 
other mediators of differentiative change can gain access 
to the DNA (for review, see Brown 1984; Villarreal 1991; 
Laurenson and Rine 1992; Wolffe 1994). Similarly, the 
dramatic changes in nuclear and chromatin structure 
that occur at mitosis in higher eukaryotes are accompa- 
nied by a general inhibition of transcription (Taylor 
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1960; Prescott and Bender 1962; Terasima and Tolmach 
1963; Davidson 1964) and may also provide an opportu- 
nity to alter chromatin structure and hence patterns of 
gene expression. How initiation of RNA polymerase II 
(pol II) transcription is inhibited as cells enter mitosis 
and which elements of the transcription apparatus are 
targets of the mitotic inhibitory pathways are the sub- 
jects of this paper. 

Mitotic inhibition of transcription was first observed 
in the early 1960s (Taylor 1960; Prescott and Bender 
1962; Terasima and Tolmach 1963; Davidson 1964). 
Transcriptional silencing occurs during mitotic prophase 
(Prescott and Bender 1962), a time when numerous other 
biochemical changes, including a massive increase in 
protein phosphorylation, occur throughout the cell (Sa- 
hasrabuddhe et al. 1984). When nuclear envelope break- 
down finally occurs at the prometaphase border, much of 
the contents of the nucleus mixes with the mitotic cy- 
toplasm (see Prescott 1976). During metaphase and 
anaphase, transcription remains silenced, and it is not 
until the beginning of nuclear envelope reformation in 
telophase that transcription resumes (Simmons et al. 
1973). 

Several mechanisms for controlling the onset of mi- 
totic transcriptional inhibition have been proposed and/ 
or documented (for review, see Hartl et al. 1993). These 
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include a direct effect of mitotic kinases on the tran- 
scription initiation machinery (Segil et al. 1991; Hartl et 
al. 1993), inhibition of transcript elongation and abortion 
of nascent transcripts (Shermoen and O'Farrell 1991; 
Weisenberger and Scheer 1995), and structural con- 
straints caused by increasing chromatin condensation as 
cells progress through mitosis (Johnson and Holland 
1965; Farber et al. 1972; Martinez-Balbas et al. 1995). 
These mechanisms are not mutually exclusive, and nei- 
ther the arrest of RNA elongation nor the condensation 
of chromatin are incompatible with mechanisms of tran- 
scriptional inhibition mediated by direct effects early in 
mitosis. We have shown previously that Oct-1 is hyper- 
phosphorylated at mitosis at a site within its homeo do- 
main that results in an inhibition of its DNA-binding 
activity (Segil et al. 1991). Subsequently, mitotic phos- 
phorylation of a number of RNA pol II transcription fac- 
tors has been demonstrated, including the glucocorticoid 
receptor (Hsu et al. 1992) and c-myc (Luscher and Eisen- 
man 1992). In the heat shock promoter, Martinez-Balbas 
et al. (1995) demonstrated recently that sites normally 
occupied by sequence-specific transcription factors are 
unoccupied during mitosis, and that the corresponding 
factors, like Oct-l, are displaced from the condensing 
chromosomes. Whether these events are mediated di- 
rectly by phosphorylation or by some other process is not 
known (Martinez-Balbas et al. 1995). 

Because pol II transcription is inhibited globally during 
mitosis, elements of the basal pol II transcription ma- 
chinery are likely to be affected directly. In vitro, pol II 
preinitiation complexes (PIC) assemble on TATA box- 
containing promoters in an orderly fashion with the ini- 
tial step being the binding of the transcription factor 
TFIID. Human TFIID is an -800 kD protein complex 
that contains the TATA box-binding protein (TBP) as 
well as >t 12 other TBP associated factors (TAFs) (Chiang 
et al. 1993; Zhou et al. 1993; for review, see Burley and 
Roeder 1996). TFIID binding is followed by the associa- 
tion of TFIIA and TFIIB and subsequently by the recruit- 
ment of the other general transcription factors TFIIE, 
TFIIF, TFIIH, and pol II (for review, see Zawel and Rein- 
berg 1993). TFIID is the only factor in the PIC capable of 
independent, sequence-specific DNA binding and it is 
primarily through its TBP subunit that TFIID interacts 
with DNA. 

The efficiency of PIC assembly is regulated by the 
presence of transcription factors bound to sites both 
proximal to and remote from the site of transcription 
initiation. Models for how transcription factors influ- 
ence PIC assembly involve specific interactions with 
TFIID that, through either qualitative or quantitative ef- 
fects on TFIID binding, enhance recruitment of down- 
stream factors (Horikoshi et al. 1988a,b; Workman et al. 
1988; Lieberman and Berk 1994; for review, see Zawel 
and Reinberg 1995; Roeder 1996; Burley and Roeder 
1996). Although TBP, in the absence of associated TAFs, 
is capable of mediating the assembly of the PIC and di- 
recting basal level transcription in vitro, regulated tran- 
scription requires the presence of TAFs (Hori and Carey 
1994). Relevant to the mechanisms underlying these 

events, TAFs have been shown to interact directly, not 
only with specific activators, but also with components 
of the basal transcription machinery (for review, see Za- 
wel and Reinberg 1995; Burley and Roeder 1996). Any or 
all of these interactions might be targets for mitotic tran- 
scriptional inhibition. 

We find that a majority of TFIID is relocalized from 
the interphase nucleus to the cytoplasm in late mitotic 
prophase. We also show that during mitosis TFIID is 
multiply phosphorylated and in this state is unable to 
direct activator-dependent transcription. This deficit is 
reversed by dephosphorylation in vitro, indicating that 
phosphorylation is likely to be a key event regulating 
TFIID activity during mitosis. We speculate that the 
disruption of the basal transcription machinery during 
mitosis may allow a restructuring of specific promoters 
as transcription restarts during the transition from mi- 
tosis to interphase. 

Results 

TFIID redistributes from interphase nuclei to mitotic 
cytoplasm in late prophase 

To assess the effects of mitosis on the RNA pol II tran- 
scriptional machinery we examined the subcellular dis- 
tribution of TBP and the related TFIID subunits TAFH20 
and TAFul5 during the cell cycle (Fig. 1). HeLa cells at 
different stages of the cell cycle were fixed and incubated 
with antibodies against either TBP or TAFH20/15. The 
anti-TBP monoclonal antibody used in this experiment 
recognizes an epitope in the nonconserved amino termi- 
nus of the human TBP protein (Lobo et al. 1992). Cells 
were photographed in phase contrast (Fig. 1, right col- 
umn) to localize the perimeter of the cell and following 
staining with DAPI (Fig. 1, center column) to localize the 
nuclear and chromosomal DNA for comparison with the 
immunofluorescence (Fig. 1, left column). Immunofluo- 
rescent staining of TBP in interphase cells is confined to 
nuclei (Fig. 1A, orange arrows). The finely speckled ap- 
pearance of the interphase nucleus suggests that TBP is 
confined to an unknown nuclear structure represented 
by these nuclear speckles. In general, staining appears 
throughout the nucleus, although the nucleolus is rela- 
tively poorly stained. In early prophase cells (Fig. 1A, 
yellow arrows), as the chromosomes begin to condense, 
the staining of TBP in the nucleus takes on a mottled 
appearance that is less uniform than in interphase and 
appears largely chromosomal. At this early stage, proba- 
bly before nuclear envelope breakdown, the cytoplasm is 
free of TBP staining. At later stages of prophase, when 
chromosome condensation has progressed further and 
nuclear envelope breakdown has occurred (Fig. 1B, or- 
ange arrows), the mitotic cytoplasm is brightly stained, 
indicating that TBP has redistributed throughout the mi- 
totic cytoplasm. The diffuse staining of mitotic cyto- 
plasm persists through metaphase (Fig. 1A, white ar- 
rows) to the early stages of telophase (Fig. 1B, yellow 
arrows), but at later stages staining is again concentrated 
over the chromosomes and reforming nuclei of the 
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Figure 1. Subcellular distribution of TBP and TAFn20/15 dur- 
ing interphase and mitosis. HeLa cells were incubated with 
mouse monoclonal antibody against recombinant human TBP 
{N. Hernandez, Cold Spring Harbor Laboratory, Cold Spring 
Harbor, NY) (rows A-C) or rabbit polyclonal antibody to recom- 
binant human TAFn20/15 (rows D-E) and visualized by immu- 
nofluorescent secondary antibody to mouse IgG or rabbit IgG 
conjugated to the fluorescent dye lissamine rhodamine (left col- 
umn). The cells were counter-stained with DAPI and the same 
field was photographed under UV illumination to reveal the 
DNA staining (middle column) as well as under phase-contrast 
illumination (right column). (A) Orange arrows indicate an in- 
terphase cell with antibody staining confined to the nucleus; 
yellow arrows indicate an early prophase cell with staining still 
localized to chromosomal regions of the nucleus; white arrows 
indicate a metaphase cell with diffusely stained mitotic cyto- 
plasm {note metaphase plate in middle column). (B) Orange 
arrows indicate a late prophase cell (see DNA stain) where im- 
munofluorescence is no longer associated with condensing 
chromosomes and diffusely stains the mitotic cytoplasm; yel- 
low arrows indicate one of a pair of telophase cells that have not 
completed cytokinesis, immunofluorescence is still located in 
the mitotic cytoplasm. In contrast, white arrows indicate a pair 
of cells at a later stage of telophase where staining has begun to 
concentrate over newly forming nuclei and staining in the.cy- 
toplasm has decreased. {C) No primary antibody was added 
as control for secondary antibody (goat anti-mouse IgG) back- 
ground. {D) Cells stained with antibody to TAFII20/15. The 
white arrow indicates a cell in metaphase with diffusely stain- 
ing mitotic cytoplasm and poorly stained condensed chromo- 
somes (note condensed chromosomes lying on the metaphase 
plate). Other cells in field are slightly out of focus but immu- 
nofluorescent staining is always confined to interphase nuclei 
(data not shown). {E) No primary antibody used as control 
for secondary antibody (goat antirabbit IgG) background. Bar, 
10 ~m. 

daughter cells (Fig. 1B, whi te  arrows). At this t ime there 
is a commensura te  reduction in the staining of the cy- 
toplasm, suggesting that the TBP is being actively relo- 

calized to the nucleus. Control sections showed no la- 
beling when primary antibody was not included (Fig. 
1c1. 

Because TBP takes part in transcription of genes tran- 
scribed by pol I and pol III as well  as by pol II, we were 
interested in analyzing the distr ibution of a pol II-spe- 
cific TFIID subunit.  Anti-TAFH20/15 staining of a meta- 
phase cell appears in Figure 1D (white arrows). As wi th  
anti-TBP, staining is largely cytoplasmic wi th  relatively 
poorly stained condensed chromosomes.  Because HeLa 
cells "round up" when in mitosis,  the interphase cells in 
Figure 1D are below the focal plane of the mitot ic  cell 
and so appear slightly out of focus. Nonetheless,  during 
interphase, like anti-TBP staining, TAFH20/15 staining 
is confined to nuclei  and relocalizes to the mitot ic  cyto- 
plasm in late prophase; TAFII20/15 staining then returns 
to the reforming nuclei  in late telophase wi th  the same 
apparent t ime course as that for TBP (data not shown). 

Although the majority of TFIID was present in the 
mitotic cytoplasm by this analysis, subcellular fraction- 
ation studies indicated that 10-20% of TFIID could be 
found in a preparation of condensed mitot ic  chromo- 
somes prepared by simple NP-40 lysis and differential 
centrifugation (data not shown). This  portion of the 
THID population that appeared to be main ta ined  on con- 
densed chromosomes might  be overlooked in our immu-  
nofluoresence experiments because of the in tensi ty  of 
the staining of TBP and T A F n 2 0 / 1 5  in the mitot ic  cyto- 
plasm. We therefore extracted cells wi th  nonionic  deter- 
gent before fixation and TBP immunocytochemis t ry .  A 
faint staining could now be seen associated wi th  the con- 
densed mitotic  chromosomes in the absence of staining 
of the mitot ic  cytoplasm (Fig. 2A). In addition, several 
bright spots of TBP staining could be seen associated 
wi th  mitot ic  chromosomes. These are l ikely to represent 
the TBP found in the pol I transcription factor SL1, 
which has recently been shown to remain  associated 
with nucleolar organizing regions during mitosis  (Jordan 
et al. 1996; Roussel et al. 1996). However, we clearly see 
an additional diffuse staining of the mitot ic  chromo- 
somes that could represent residual TFIID that was not 
displaced to the mitot ic  cytoplasm. 

To test this possibil i ty b iochemical ly  we fractionated 
mitotic cells into pellet and supernatant  following sim- 
ple NP-40 lysis (Greenberg and Ziff 1984) and analyzed 
protein from equivalent numbers  of cells by quanti tat ive 
immunoblots .  Based on this analysis, 10-20% of TBP 
immunoreact iv i ty  could be found associated with the 
chromosomal pellet, whereas a substant ial ly  smaller  
proportion of the TAFH subuni ts  were retained (data not 
shown). However, these chromosome preparations are 
relatively crude and therefore l ikely to be contaminated 
by the presence of cytoplasmic proteins. We therefore 
produced highly purified mitot ic  chromosomes using the 
technique of Gasser and Laemmli  (1987). These were ex- 
tracted and the protein analyzed by immunoblo t t ing  for 
the presence of general transcription factors. TBP and 
TAFH20/15 are clearly present in the mitot ic  chromo- 
some preparation, whereas the general transcription fac- 
tors TFIIA and TFIIB, as well  as the transcription factor 
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Figure 2. Analysis of subcellular localization of basal pol [I 
transcription factors in interphase and mitosis. (A) A sub-pop- 
ulation of TBP is visible on chromosomes of mitotic cells that 
have been detergent extracted. HeLa cells were extracted for 2 
min with 0.5% NP-40 before fixation and immunocytochemi- 
cal staining for TBP with monoclonal anti-TBP (N. Hernandez, 
Cold Spring Harbor Laboratory, NY) (upper panel). DNA in meta- 
phase chromosomes was stained with DAPI {lower panel). (B) 
Analysis of highly purified mitotic chromosomes. Chromo- 
somes from nocodazole treated HeLa cells {mitotic index 
>90%) were purified by the method of Gasser and Laemmli 
{1987). Protein from -2  x 10  6 chromosome clusters was com- 
pared with protein from post-chromosomal supernatant ex- 
tracted from an equal number of mitotic cells by NP-40 lysis as 
described in Materials and Methods. Anti-TBP antibody was 
mouse monoclonal Ifrom Nouria Hemandez) whereas all others 
were rabbit polyclonal antibodies including anti-TAFn20/15 
(Hoffman et al. 1996), anti-TFIIB (Malik et al. 1993), anti-TFIIA 
[DeJong and Roeder 1993), and anti-Oct-1 {Roberts et al. 1991). 
Bar, 10 ~m. 

Oct-l,  are not (Fig. 2B, lane 1). Protein from these highly 
purified preparations was compared with protein ex- 
tracted from mitotic cytoplasm prepared by NP-40 lysis 
as mentioned above. This was done as a control to show 
that the antibodies to the general transcription factors 
recognize the mitotic forms (Fig. 2B, lane 2) and should 
not be considered quantitative. Also, although the ab- 
sence of TFIIA and TFIIB in our purified chromosomal 
preparation is consistent with their dissociation during 
mitosis, this should not be taken as definitive evidence 
of their in vivo behavior; rather, our data indicate that 
under stringent conditions used for the purification of 
mitotic chromosomes, TFIID is retained differentially. 

The dissociation of several transcription factors from 
mitotic chromosomes has been observed previously. 
Oct- 1 has been shown to be preferentially extracted from 
mitotic cells (Segil et al. 1991), suggesting its cytoplas- 
mic localization during mitosis, and this has been con- 
firmed recently by immunofluorescent studies of Oct-1 
localization during mitosis (Martinez-Balbas 1995; N. 

Segil and N. Raju, unpubl.). At the same time there is 
precedence for the retention on mitotic chromosomes of 
TBP in the form of the pol I transcription factor SL1 
(Jordan et al. 1996; Roussel et al. 1996). However, the 
presence of TFIID on the mitotic chromosomes has not 
been observed previously. 

TFIID undergoes mitosis-specific phosphorylation 

TBP, TAFH20/15, TAF~I31, and TAFH80 were immuno- 
precipitated independently from HeLa cells that had 
been metabolically labeled with a2p-orthophosphate and 
subsequently lysed in the presence of protein phos- 
phatase and kinase inhibitors under stringent conditions 
that dissociate TFIID into its constituent subunits (see 
Materials and Methods). The immunoprecipitates were 
fractionated by SDS-PAGE, blotted to polyvinylidene di- 
fluoride (PVDF) membrane, and exposed for autoradiog- 
raphy before immunodetection of TBP and the TAFs (Fig. 
3, immunoblot). TBP from mitotic cells migrates as sev- 
eral bands, all of which have a slower mobility during 
SDS-PAGE relative to interphase TBP (Fig. 3, Immuno- 
blot). Autoradiography reveals that all of the mitotic 
forms are phosphorylated (Fig. 3, Autoradiogram, open 
and solid arrows), indicating that several populations of 
differentially phosphorylated TBP exist in mitotic cells. 
The more slowly migrating mitotic bands (Fig. 3, TBP, 
solid arrow) appear here as a smear that can occasionally 
be resolved into a series of tightly spaced bands on im- 
munoblots (for example, see Fig. 5, below). The relative 
abundance of the more slowly migrating bands appears 
to be less in immunoblots because they are spread out 
over a larger area. No comparable interphase bands exist 
(Fig. 3, lane 1, TBP, solid arrow). However, careful in- 
spection of the immunoblot reveals that there are both 
major and minor forms of TBP in the interphase lane that 
run very close together (Fig. 3A, double open arrows) 
(observed previously by Zhou et al. 1993). All of the ra- 
diolabeled protein in the interphase lane migrates with 
the minor, more slowly migrating band and this band 
might be explained by the presence of the contaminating 
population of 1% to 2% of mitotic cells found in the log 
phase cultures used for labeling. This is consistent with 
its mobility, which is reduced to the same apparent ex- 
tent as that of the most rapidly migrating mitotic form in 
which a small amount of a~p is found. Because no phos- 
phorylated TAFI~20/15 is found contaminating the inter- 
phase sample (see Fig. 3B) it is possible that a small per- 
centage of TBP is phosphorylated during interphase (see 
below). 

The observation that TBP is phosphorylated during 
mitosis confirms the work of White et al. (1995), who 
noted previously the change in mobility of mitotic TBP 
and showed that phosphatase treatment was able to 
eliminate this change. To observe whether TFIID-spe- 
cific TAFs are mitotically phosphorylated, we indepen- 
dently immunoprecipitated several TFIID-specific TAFs, 
TAFII20/15 (Fig. 3B), TAFII31 (Fig. 3C), and TAFII80 (Fig. 
3D). They have been shown to interact directly with TBP 
in vitro (Hisatake et al. 1995; Mengus et al. 1995; Hoff- 
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Figure 3. In vivo analysis of TBP, TAFn20/15 , TAFn31, and 
TAFu80 phosphorylation in interphase and mitotic HeLa cells. 
Cells, either log phase (interphase) or nocodazole-treated (mi- 
totic) were grown in spinner culture and metabolically-labeled 
with 3~P-labeled orthophosphate. (A) TBP; (B) TAFH20/15; (CJ 
TAFII31; (D) TAFII80 were immunoprecipitated independently 
from lysates under stringent conditions (see Materials and 
Methods), fractionated by SDS--PAGE, blotted to PVDF mem- 
brane, and probed for TBP and TAFs with specific antibodies: 
(A) Monoclonal anti-TBP (N. Thompson, McArdle Laboratories, 
Madison, WI); (B) anti-TAFn20/15 (Hoffman et aI. 1996); (C) 
anti-TAFnr31 (M. Guermah, unpubl.); and (D) anti-TAFn80 {Hi- 
satake et al. 1995). Primary antibodies were detected by alkaline 
phosphatase conjugated secondary antibodies (immunoblots, 
left) prior to exposure for autoradiography (autoradiograms, 
right). 

mann and Roeder 1996) and they serve here as a markers 
for TFIID, because unlike TBP, they are not present in 
transcription complexes involved in pol I and pol III tran- 
scription (Chiang et al. 1993). Immunoprecipitation of 
these TAFs from metabolically labeled cells shows that 
they too are phosphorylated specifically in mitosis (Fig. 
3). Little or no 32p label is associated with interphase 

TAFn20/15 (Fig. 3B), whereas at least two forms of phos- 
phorylated TAFH20 are present during mitosis, as are two 
forms of the related protein TAFH15. TAFu31 and 
TAFu80 are phosphorylated during interphase, but un- 
dergo a hyperphosphorylation during mitosis (Fig. 3C,D) 
that is the most likely explanation for the change in 
mobility relative to that of the interphase form. 

Although the mitotic phosphorylation of multiple 
TAFs correlates with transcriptional inhibition and mi- 
totic relocalization of TFIID, it does not elucidate the 
effects of these modifications on TFIID subunit structure 
or the ability of TFIID to participate in transcriptional 
events. The results of studies addressing these questions 
follow. 

TBP and TFIID subunits remain associated in their 
mitotically phosphorylated states 

TFIID purified from higher eukaryotes forms a tightly 
associated complex (Dynlacht et al. 1991; Zhou et al. 
1992; Chiang et al. 1993; Zhou et al. 1993). The correla- 
tion between the mitotic phosphorylation and subcellu- 
lar relocalization of TBP and TAFu20/15 led us to inves- 
tigate whether the TFIID complex remains intact in its 
mitotically phosphorylated state. Immunoprecipitation 
of the TFIID complex from mitotic whole-cell extracts 
under nondenaturing conditions (BC400) led to the coim- 
munoprecipitation of all TFIID subunits analyzed (Fig. 
4A), indicating that TFIID remains intact in the mitotic 
cytoplasm. The coimmunoprecipitations of TBP, 
TAFH20/15, and TAFn250 are illustrated in Figure 4B as 
examples. Neither TBP nor TAFs were present in immu- 
noprecipitations using polyclonal anti-Oct-1 as a control 
(Fig. 4B, lanes 5 and 6). TFIID complexes from mitotic 
extracts contained TBP, TAFu20/15, TAFH31, and 
TAFH80 in their phosphorylated forms as judged by their 
relative mobility on SDS-PAGE (Fig. 4B; data not 
shown). Although we have not been able to observe all 
species of mitotic TBP in the TAFn20/15 coimmunopre- 
cipitates, the major band shown runs with slower mo- 
bility than the interphase form; as shown in Figure 3, 
this band is mitotically phosphorylated, albeit to a lesser 
extent than the more slowly migrating bands. Because 
TBP takes part in pol I, pol II, and pol III transcription, it 
is possible that there are three or more differentially 
phosphorylated populations of TBP that we have failed 
to distinguish in Figure 3. In conclusion, Figure 4 indi- 
cates that mitotic phosphorylation does not disrupt 
TFIID complexes that have become dispersed in the mi- 
totic cytoplasm. Nonetheless, others have reported the 
isolation of TFIID complexes with differences in TAF 
components (Mengus et al. 1995) and it remains possible 
that the specific subunit composition of mitotic TFIID 
differs from its interphase counterpart. 

Mitotically phosphorylated TFIID is unable to support 
activator-dependent transcription in vitro 

The ability of TFIID to mediate transcriptional activa- 
tion is dependent on the interaction of specific TAFs 
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Figure  4. TFIID remains intact following mitotic phosphory- 
lation. (A) Summary of TFIID subunits coimmnoprecipitated 
with antibodies to either TBP and TAFH20/15. (B) Examples of 
coimmunoprecipitations summarized in A. Whole-cell extracts 
of interphase (lanes 1,3,5) and mitotic cells (lanes 2,4,6) were 
prepared as before (Segil et al. 1991) except that phosphatase and 
kinase inhibitors were included at all stages of preparation and 
the extracts were not dialyzed before immunoprecipitation 
with either anti-TBP, anti-TAFn20/15, or anti-Oct-1 as control. 
Immunoprecipitates were fractionated by SDS--PAGE, blotted 
to PVDF membrane and coimmunoprecipitating proteins were 
detected with specific polyclonal antibodies followed by ~2sI- 
protein A. {nd) Not determined. 

with different classes of transcriptional activators (for 
review, see Burley and Roeder 1996; Goodrich et al. 
1996). To assess the effects of mitotic phosphorylation 
on the ability of TFIID to direct both basal and activator- 
dependent transcription, we used TFIID purified from 
either interphase or mitotic HeLa cells expressing a 

FLAG-tagged TBP molecule (f:TFIID). Purified f:TFIID 
was tested in a reconstituted in vitro transcription sys- 
tem that consists of recombinant and highly purified 
general transcription factors and RNA pol II from HeLa 
cells and that is inactive in the absence of added TBP or 
TFIID (Chiang et al. 1993; data not shown). The ability of 
mitotic TFIID to support basal as well as activator-de- 
pendent transcription was tested simultaneously using 
two templates whose correctly initiated products could 
be differentiated by the size of their transcribed G-less 
cassettes (Chiang et al. 1993). Basal transcription was 
assayed on a template containing the adenovirus major 
late promoter TATA box and initiator sequence, whereas 
activator-dependent transcription was assayed using the 
TATA box from the HIV-LTR and initiator sequence 
from the adenovirus major late promoter cloned down- 
stream of a synthetic enhancer containing five copies of 
the GAL4 DNA-binding site (Chiang et al. 1993). Tran- 
scription was tested in the absence or presence of puri- 
fied, bacterially expressed activator proteins consisting 
of the GAL4 DNA-binding protein fused to the transcrip- 
tional activation domain from the tumor suppresser pro- 
tein p53 or to the glutamine-rich activation domain of 
SP1 (see Materials and Methods). The p53 activation do- 
main has been shown to interact directly and specifically 
with dTAFH42 , and dTAFu62 as well as with their hu- 
man homologs hTAFu31 and hTAFn80 (Lu and Levine 
1995; Thut et al. 1995). In addition, activator-dependent 
transcription was tested with the glutamine-rich activa- 
tion domain of SP1, which has been shown to interact 
directly with dTAFH110 (Chen et al. 1994), the homolog 
of hTAFn135, f:TFIID was purified from either inter- 
phase or mitotic cells by immunoprecipitation with 
anti-FLAG epitope antibodies. Following immunopre- 
cipitation, immobilized TFIID was washed to remove 
phosphatase inhibitors and then peptide eluted (Chiang 
et al. 1993). f:TFIID preparations were normalized by im- 
munoblotting and phosphoimage analysis of the TBP 
component of the purified TFIID (Fig. 5A). Purification 
was carried out in the presence or absence of phos- 
phatase inhibitors and immunoblot analysis showed that 
both TBP and TAFH20/15 are dephosphorylated by en- 
dogenous phosphatases during the purification process if 
prepared in the absence of phosphatase inhibitors (Fig. 
5A; note the loss of slowly migrating bands in lane 3 
relative to 4). 

The preparations analyzed in Figure 5A were used to 
reconstitute both basal and activator-dependent tran- 
scription. The results show that although there was little 
difference (-50%) between the basal transcription rate 
supported by TFIID from interphase versus mitotic cells 
(Fig. 5B, C, cf. lanes 3 and 7), mitotically phosphorylated 
f:TFIID was 9- to 10-fold less active than interphase 
f:TFIID in supporting activator-dependent transcription 
when tested with the p53 activation domain (Fig. 5B, cf. 
lanes 4 and 8). Likewise, mitotic f:TFIID was -5-fold 
less active when tested with the SP 1 activation domain 
(Fig. 5C, cf. lanes 4 and 8). However, the dephosphory- 
lated forms of mitotic f:TFIID prepared by the omission 
of phosphatase inhibitors were restored to interphase 
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Figure 5. Mitotic inhibition of activator- 
dependent TFIID activity. (A) Purified f:T- 
FIID from either interphase or mitotic 
whole-cell extracts was prepared in either 
the presence or absence of phosphatase in- 
hibitors as described in Materials and 
Methods. Phosphorylation state of TBP 
and TAFH20/15 was monitored by the 
presence or absence of bands of slower mo- 
bility as seen in lane 4 (arrows). Mitotic 
TBP and TAFu20/15 are dephosphorylated 
by endogenous phosphatases if samples 
are prepared in the absence of phosphatase 
inhibitors (cf. lanes 3 and 4). f:TFIID prep- 
arations were normalized for TBP content 
by phosphoimage analysis of 125I-protein 
A bound to anti-TBP. (B,C) Analysis of 
f:TFIID activity by in vitro transcription 
in a reconstituted system consisting of 
highly purified and recombinant basal 
transcription factors {Chiang et al. 1993). 
Preparations shown in A were tested for 
their ability to support either basal or ac- 
tivator-dependent transcription (arrows). 

Activator-dependent transcription was tested by the addition of the activation domains from either the p53 (B) or the SP1 (C) 
transcription factors fused to the DNA-binding domain of the GAL4 protein. The GAL4 DNA-binding domain alone had no effect on 
basal transcription activity from either promoter and the system was dependent on the addition of TFIID (Chiang et al. 1993; M. 
Guermah and R.G. Roeder, unpubl.). Basal and activator-dependent transcription were analyzed simultaneously with plasmids con- 
taining G-less cassettes of differing lengths (Chiang et al. 1993) and with (activator-dependent) or without (basal) GAL4-binding sites 
in their promoters (see Materials and Methods). 

levels of activity (Fig. 5B, cf. lane 6 with  lanes 2 and 4). 
Phosphatase inhibitors were not present in the transcrip- 
tion reactions because they were omitted during the fi- 
nal washes of the f:TFIID purification before peptide elu- 
tion. Three separate f:TFIID preparations were tested 
with  the same results. These results show that TFIID 
activity is regulated by phosphorylation during mitosis 
and, to our knowledge, represent the first example of the 
regulation of TFIID by post-translational modification. 

D i s c u s s i o n  

Mitotic TFIID phosphorylation leads to the inhibition 
of activator-dependent in vitro transcription 

The results presented here provide evidence that the reg- 
ulation of TFIID activity by phosphorylation may  be an 
important  general component  of the mitotic inhibition 
of pol II transcription. We have found that TBP and its 
associated TAFs are phosphorylated in HeLa cells during 
mitosis (Fig. 3), and that  this event correlates with the 
inactivation of the normal  ability of TFIID to direct ac- 
t ivator-dependent transcription in vitro (Fig. 5). Al- 
though TBP alone can support basal transcriptional ac- 
t ivity in vitro, activator-dependent transcription re- 
quires the presence of TAFs (for review, see Burley and 
Roeder 1996; Goodrich et al. 1996). Whereas the precise 
mechan i sm of transcriptional activation is not under- 
stood, the direct interaction of transcription factor acti- 
vation domains wi th  specific TAFs has been shown to be 

important  for activation to occur (Chen et al. 1994; Lu 
and Levine 1995; Thut  et al. 1995). Based on these ob- 
servations we hypothesize that  phosphorylat ion of TAFs 
directly interferes wi th  these interactions. It will be im- 
portant in the future to correlate the sites of TAF phos- 
phorylation with  the sites of TAF-activator interaction. 

The inactivation of TFIID by phosphorylat ion is con- 
sistent with recent reports on the mitot ic  inhibition of 
pol III transcription in vitro. Hartl  et al. (1993) showed 
that transcription ceased when Xenopus oocyte extracts 
are induced to enter a mitotic-l ike state. This event was 
dependent on the activity of p34--Cdc2 kinase and inde- 
pendent of chromatin condensation. The target of this 
inhibition was the basal pol III transcription factor 
TFIIIB {Gottesfeld et al. 1994}, which, like TFIID, con- 
tains TBP as an essential subunit.  The mitot ic  inactiva- 
tion of TFIIIB was confirmed recently in a study of pol III 
transcription in mitot ic  extracts from HeLa cells (White 
et al. 1995). In this same study, the authors noted that 
TBP from mitot ic  cells underwent  a mobil i ty  shift in 
SDS-PAGE that was susceptible to phosphatases, indic- 
ative of its phosphorylation. However, as in the earlier 
work, the phosphorylation state of the TBP component  
of TFIIIB did not correlate wi th  pol Ill transcriptional 
inhibition (Gottesfeld et al. 1994; White et al. 1995), 
leading to the suggestion that  another  component  of the 
TFIIIB complex is the target. Likewise, the TBP moiety 
of TFIID, although specifically phosphorylated during 
mitosis (Fig. 3A), may  not be the relevant target for the 
inactivation of pol II transcription, al though the small 
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but consistent effect on basal transcription could be a 
result of this modification. The known requirement for 
TAFs in activator-dependent transcription, combined 
with our observation that multiple subunits of TFIID are 
phosphorylated at mitosis, suggests that one or more 
TAFs is the relevant target in the inhibition of activator- 
dependent transcription. 

The nature of the mitotic kinases responsible for 
TFIID phosphorylation are not known. Although the im- 
portance of p34-Cdc2 kinase in the onset of mitotic in- 
hibition of RNA pol III transcription has been demon- 
strated (Hartl et al. 1993; Gottesfeld et al. 1994; White et 
al. 1995), a direct role for p34-Cdc2 has not. Likewise, 
the phosphatases responsible for dephosphorylating 
TFIID as the cells re-enter G~ are unknown. The ability 
of mitotic whole-cell extracts to dephosphorylate TFIID 
during preparation and dialysis suggests either that the 
endogenous phosphatases responsible for the dephospho- 
rylation of TFIID during the mitosis to G~ transition are 
active during mitosis or become active as a result of ex- 
traction. 

The function(s) of transcriptional inhibition 
during mitosis 

At least two hypotheses are tenable as explanations of 
the effects of mitosis on the transcription apparatus. 
First, there may be a need to strip chromatin of some 
proteins in order to condense chromosomes sufficiently 
for segregation to occur efficiently (Nurse 1990). Second, 
transcription complex destabilization during mitosis 
may be a mechanism for re-assorting specific transcrip- 
tion factors and remodeling promoter structure in prep- 
aration for changes in gene expression. These two hy- 
potheses are not incompatible and the timing of mitotic 
events may be crucial for understanding the role of each 
during mitosis. The onset of mitotic transcriptional in- 
hibition is reported to occur during prophase (Prescott 
and Bender 1962) and so precedes the relocalization of 
TFIID that occurs at the time of nuclear envelope break- 
down (Fig. 1). Although not easily visible, anti-TBP 
staining of the partially condensed chromosomes of early 
prophase cells appears to be largely chromosomal with 
weaker staining in the intrachromosomal space (Fig. 1B). 
This observation suggests that the bulk of TFIID is chro- 
mosome-associated during interphase and that it only 
dissociates at the time of nuclear envelope breakdown. 
In addition, the presence of multiple species of mitoti- 
cally phosphorylated TAFs, as seen in the case of 
TAFI~20/15 (Fig. 3), indicates that TFIID undergoes dif- 
ferential phosphorylation and suggests that different 
populations of TFIID exist. These may arise because of 
context-dependent phosphorylation. Accordingly, TFIID 
transcriptional inactivation and chromosome dissocia- 
tion could be separable events mediated, as suggested 
above, by different phosphorylation events. 

This two-step scenario is strongly supported by the 
observation that in the case of pol III transcription in 
vitro, mitotic kinases can mediate transcriptional inhi- 
bition in the absence of chromatin condensation (Hartl 

et al. 1993). The stripping of transcription factors from 
chromatin can be seen in the context of the changing 
patterns of post-translational modification that many 
transcription factors undergo during mitosis (Segil et al. 
1991; Hsu et al. 1992; Luscher and Eisenman 1992; Mar- 
tinez-Balbas et al. 1995). Even in those cases where no 
change in DNA-binding activity during mitosis can be 
detected (Martinez-Balbas et al. 1995), the intrinsic af- 
finities of transcription factor complexes, including 
those with the TFIID complex, may be affected by phos- 
phorylation events that compromise protein-protein in- 
teractions both at promoters and at nonspecific sites in 
bulk chromatin and therefore make dissociation from 
DNA a favored state. Alternatively, changes in the 
charge structure of mitotic chromosomes, as suggested 
by Martinez-Balbas et al. (1995), could still have an im- 
portant role in the final dissociation of the transcription 
apparatus during chromosome condensation. 

Stable transcription complexes during mitosis 

We have observed that 10--20% of the TFIID population 
remains tightly associated with the condensed mitotic 
chromosomes following nuclear envelope breakdown 
(Fig. 2; data not shown). Precedence for the retention of 
components of the transcription apparatus on mitotic 
chromosomes can be found in the reports that RNA pol 
I and the pol I transcription factor upstream binding fac- 
tor (UBF) are localized to the dispersed nucleolar orga- 
nizing regions (NORs) during mitosis (Matsui 1979; 
Scheer and Rose 1984; Roussel et al. 1993). These obser- 
vations have recently been extended to include the pres- 
ence of SL1, the TBP-containing transcription factor re- 
quired for pol I transcription (Jordan et al. 1996; Roussel 
et al. 1996). It seems likely that some of the phosphory- 
lated species of TBP that we have observed are present at 
these sites and that it is the phosphorylation of TBP and 
associated pol I-specific TAFs that is responsible for pol 
I transcriptional inhibition. 

Sequence analysis of several TAFs indicates that three 
of them show limited sequence homology with core 
histones (Kokubo et al. 1994; Hisatake et al. 1995; Hoff- 
mann and Roeder 1996), which in the case of dTAFII42 
and dTAFII62 , translates into nearly identical structural 
homology within the histone core domains (Xie et al. 
1996). Interactions between these TAFs appear to paral- 
lel exactly the specificity of the interactions of their his- 
tone homologs (Hoffmann et al. 1996) and this has led to 
the hypothesis that they form a nucleosome-like core 
structure within the TFIID complex (Kokubo et al. 1994; 
Hisatake et al. 1995; Hoffmann et al. 1996; Xie et al. 
1996). If such a structure exists, it might facilitate the 
packing of TFIID into the condensed, higher-order struc- 
ture of mitotic chromosomes. Our demonstration that 
like the core histones, the histone-like TAFs undergo 
post-translational modification during mitosis strength- 
ens the contention that these proteins are functioning in 
a nucleosome-like manner in the context of TFIID. 

In spite of a massive efflux of proteins from the disas- 
sembling prophase nucleus (Prescott 1976), early reports 
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show that the pattern of DNase I sensitivity of the meta- 
phase chromosomes correlates with regions that are ac- 
tively transcribed during interphase (Kerem et al. 1984). 
This supports the notion that  chromatin structure, and 
therefore some promoter  proteins, are retained on the 
chromosomes during mitosis. Recent reports suggest 
that  the persistence of transcription factor footprints 
during mitosis  varies from promoter  to promoter. For 
instance, in vivo footprinting of the human  phosphoglyc- 
erate kinase gene promoter  indicates that  upstream tran- 
scription factor binding on this TATA-less promoter is 
lost during mitosis  (Hershkovitz and Riggs 1995). The 
same is true in the case of the human  heat shock gene 
promoter  (Martinez-Balbas et al. 1995). However, by im- 
munocytochemical  analysis, several transcription fac- 
tors are reported to be mainta ined on metaphase chro- 
mosomes  including the Serum Response Factor (Gauth- 
ier-Rouviere et al. 1991), GAGA factor (Raft et al. 1994), 
and AP-2 (Martinez-Balbas et al. 1995) and an in vivo 
footprint located over the transcriptional initiation se- 
quence of the dihydrofolate reductase gene is maintained 
during mitosis  (Nicholas Heintz, pets. comm.). Our ob- 
servation that  the population of TFIID splits into chro- 
mosomal  and nonchromosomal  parts during mitosis 
could reflect this diversity in promoter behavior. The 
selective retention of specific promoter  proteins or struc- 
tures could be part of a system of regulation that marks 
genes for rapid reassembly of PICs when cells reenter the 
G~ phase of the cell cycle. Alternatively, the mitotic dis- 
p lacement  of some transcription factors and the disrup- 
tion of PICs could allow the re-assortment of transcrip- 
tion factors wi th  similar DNA-binding properties but 
different activation properties. 

Conclusion 

The establishment of tissue-specific and developmen- 
tally regulated gene expression is thought to be a reflec- 
tion of the particular combination of transcription fac- 
tors expressed and bound at specific times during the 
differentiation process (Brown 1984; Weintraub 1985). 
Activation and repression of RNA pol II transcription in 
higher eukaryotes involves the interaction of the basal 
transcription machinery  with these regulatory factors 
(Tjian and Maniatis  1994; Roeder 1996). Our observa- 
tions suggest a model in which differential phosphoryla- 
tion of TFIID during mitosis could contribute to the se- 
lective disassembly of some transcription complexes, 
whereas other complexes are maintained stably. This 
scenario could help to explain both the general stability 
of the transcriptional ne twork from one cell division to 
the next, while at the same t ime allowing differentiative 
change in promoter  structure to occur in a cell cycle- 
dependent manner.  

Materials and methods 

Cell culture and synchronization 

HeLa cells were grown either on cover slips in Dulbecco's min- 
imal essential medium (DMEM) with 10% bovine calf serum for 

use in immunocytochemistry or in spinner culture in Joklik's 
medium with 5% bovine calf serum for extracts and lysates. 
Synchronization of spinner cultures was accomplished by treat- 
ment of log phase cultures with nocodazole (600 ng/ml, Sigma 
Chemical Co.) for -16 hr. The mitotic index was assessed by 
counting mitotic figures in methanol fixed cells whose DNA 
had been stained fluorescently with bis-benzamide (0.4 ~g/ml, 
Sigma). Synchronized cultures were between 90% and 95% mi- 
totic at the time of use. 

Imm unocytochemistry 

Cells grown on cover slips were washed in phosphate-buffered 
saline {PBS) and then fixed for 10 rain in 4% paraformaldehyde 
in PBS. They were then incubated in permeabilization buffer 
(PBS containing 0.5% NP-40) for 10 rain followed by PBG buffer 
[PBS containing 0.5% bovine serum albumin, Fraction 5, Boe- 
hringer Mannheim, and 0.1% gelatin (Sigma)] to block nonspe- 
cific antibody binding. Cells were incubated overnight in pri- 
mary antibody diluted in PBG, washed 4 x 5 min with PBG and 
incubated with lissamine rhodamine (LRSC) conjugated second- 
ary antibodies specific for mouse or rabbit IgG (Jackson Immu o 
noResearch). Cells were again washed 3 x 5 rain and DNA was 
stained by incubation in PBS containing 0.5 ng/ml DAPI 
(Sigma) and then mounted in Aquamount {Lerner Laboratories). 
In Figure 2, cells were extracted with 0.5% NP-40 in PBS for 2 
rain before fixation. 

Cell fractionation and immunoblotting 

Purified chromosomes used in Figure 2B were prepared accord- 
ing to Gasser and Laemmli (1987). The technique yields pure 
chromosomes in clusters that allow dilution and counting in a 
hemocytometet. Cell equivalents were based on the number of 
chromosome clusters in the final preparation. Protein was ex- 
tracted by boiling in Laemmli sample buffer (Harlow and Lane 
1988) followed by removal of bulk chromosomal DNA by pel- 
leting at 100,000g in an ultracentrifuge. Protein from 4 x 106 
cells (1 cellular equivalent, CE) was loaded onto each lane of a 
10% SDS--polyacrylamide gels for electrophoresis (Harlow and 
Lane 1988) and subsequent electroblotting /400 mA-2 hr) to 
PVDF membrane (Immobilon, Millipore). These membranes 
were blocked by incubation at room temperature for 1 hr with 
TBSTB buffer (50 mM Tris at pH 7.4, 150 mM NaC1, 1% Tween 
20, and 2% BSA) and then probed for - 2  hr with primary anti- 
body diluted in TBSTB. After washing 4 x 5' in TBST (no BSA), 
primary antibody was detected by incubation with 12SI-protein 
A (2-10 ~Ci/~zg---0.5 x 106 DPM/ml, NEN) diluted in TBSTB 
for 2-3 hr at 4°C and subsequently exposed for autoradiography. 
When the primary antibody was a mouse monoclonal, the blot 
was incubated for 1 hr in rabbit antimouse IgG polyclonal an- 
tibody diluted in TBSTB for 1 hr before washing and incubation 
with ~2SI-protein A. In Figure 3, primary antibody was detected 
by secondary antibody (goat antimouse IgG, Jackson Immuno- 
research) coupled to alkaline phosphatase and reacted according 
to standard procedures (Harlow and Lane 1988). 

Metabolic labeling and immunoprecipitation from lysates 

Metabolic labeling of HeLa cells with 32p-orthophosphate was 
carried out with either log phase cells (mitotic index <2%) or 
cells synchronized in mitosis by treatment with nocodazole 
(mitotic index >93%) as described previously (Roberts et al. 
1991 ), except that lysis buffer also contained the following phos- 
phatase inhibitors: 60 mM [3-glycerophosphate, 5 mM NaPPi, 50 
mM NaF, 100 ~M NaOrthovanadate (Sigma Chemical). TBP was 
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immunoprecipitated with polyclonal antibodies raised against 
the bacterially expressed core domain of TBP but detected on 
the immunoblot with a monoclonal antibody directed against 
an epitope in the amino terminus of TBP (gift of Nancy Thomp- 
son, McArdle Laboratories). Immunoprecipitates were collected 
on protein A beads (Zymogen), eluted by boiling in Laemmli 
sample buffer, separated by SDS-PAGE and transferred to PVDF 
membrane (Immobilon, Millipore). hTAFu20/15, hTAFn31 , and 
hTAFn80 were detected with polyclonal antibodies raised in 
rabbits (Hisatake et al. 1995; Hoffmann et al. 1996). Secondary 
antimouse and antirabbit IgG were conjugated to alkaline phos- 
phatase (Jackson ImmunoResearch). The immunoblot was ex- 
posed for autoradiography before alkaline phosphatase reaction 
in order to colocalize metabolically incorporated 32p-orthophos- 
phate and the alkaline phosphatase reaction product. 

Immunoprecipitation for TFIID subunit composition studies 

Whole-cell extracts from log phase and mitotic HeLa cells were 
made as described previously (Segil et al. 1991) with the addi- 
tion of inhibitors [60 mM [3-glycerophosphate, 5 mM NaPPi, 50 
mM NaF, 100 p~M NaOrthovanadate (Sigma Chemical)}. Extracts 
were not dialyzed but were brought to 20% glycerol and used 
directly for immunoprecipitation in BC buffer {20 mM HEPES of 
pH 7.9, 20% glycerol, 0.5 mm dithiothreitol, 0.5 mM PMSF) 
with 400 mM KC1. Immunoprecipitates were collected on pro- 
tein A beads {Zymogen) and eluted by boiling in Laemmli sam- 
ple buffer. Proteins were separated by SDS-PAGE and trans- 
ferred and probed as described above. 

Preparation of purified f.'TFIID and in vitro transcription 

Whole-cell extracts (Segil et al. 1991) were prepared from HeLa 
cells expressing FLAG-tagged TBP (Chiang et al. 19931 and syn- 
chronized in mitosis by nocodazole block. Extracts were pre- 
pared and dialyzed in BC100 buffer in either the presence or 
absence of the same cocktail of phosphatase inhibitors used for 
the preparation of lysates in the metabolic-labeling experi- 
ments. TFIID was immunoprecipitated on anti-FLAG M 2 aga- 
rose (Kodak/IBI) as described previously (Chiang et al. 1993) 
except that immunoprecipitation took place directly from 
whole-cell extracts with no prior fractionation. The reconsti- 
tuted in vitro transcription system used to test the purified 
TFIID was prepared and transcription reactions carried out as 
described previously (Chiang et al. 1993). Two plasmids con- 
taining G-less cassettes of different lengths were used to analyze 
basal and activator-dependent transcription simultaneously. 
Basal transcription was assayed with plasmid pMLA53, which 
contains the adenovirus major late promoter TATA box and 
transcription initiation sequence and activator-dependent tran- 
scription was assayed with pGsHMC2AT, which contains the 
HIV TATA sequence and adenovirus major late promoter (MLP) 
transcription initiation sequences cloned downstream from five 
tandem copies of the Gal4 DNA-binding motif {Sawadogo and 
Roeder 1985; Chiang et al. 1993). Bacterially expressed FLAG- 
Gal4 fusion proteins were purified as described previously (Lin 
et al. 1988; Chiang et al. 1993} and consist of amino-acids 1-96 
of the Gal4 DNA-binding domain fused to a duplicated copy of 
the transcriptional activation domain from p53 (amino acids 
1-57} or a single copy of the SP1 transcriptional activation do- 
main (amino acids 82-500) (M. Guermah, unpubl.). 
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