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The transcription of protein-coding genes is carried

out by RNA polymerase II (RNAPII) and six general

transcription factors (GTFs), called TFIIA, TFIIB,

TFIID, TFIIE, TFIIF and TFIIH. Together, this

collection of proteins constitutes the basal transcrip-

tion machinery, which recognizes the core promoter

elements (CPEs) and participates in the basal

transcription of RNAPII-transcribed genes. The GTFs

and RNAPII are assembled on the CPEs to form a

transcription preinitiation complex [1,2].

Transcriptional activation also requires two other

groups of multiprotein complexes, called activators and

coactivators. Activators stimulate transcription by

interacting with both the basal transcription machinery

and gene-specific regulatory DNA sequences that reside

upstream of the core promoters of RNAPII-transcribed

genes. Coactivators enhance transcription by stimulat-

ing transcription initiation, facilitating promoter escape

by RNAPII and interacting with gene-specific activator

proteins [3]. The main coactivators required in in vitro

transcription systems are the TFIID complex and the

Mediator complex. TFIID contains the TATA-binding

protein (TBP), which recognizes the TATA-box pro-

moter sequence, and TBP-associated factors (TAFs),

which recognize the CPEs. Mediator has been shown to

be required for transcription in vivo and for optimal

levels of both basal and activated transcription in vitro

in nuclear extracts from human cells [4] and the yeast
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The positive cofactor 4 (PC4) protein has an important role in transcrip-

tional activation, which has been proposed to be mediated by transcription

factor IIA (TFIIA) and TATA-binding protein-associated factors. To test

this hypothesis, we cloned the Schizosaccharomyces pombe PC4 gene and

analysed the role of the PC4 protein in the stimulation of basal tran-

scription driven by TATA-containing and TATA-less promoters. Sc. pombe

PC4 was able to stimulate basal transcription from several TATA-contain-

ing promoters and from the Initiator sequences of the highly transcribed

Sc. pombe nmt1 gene. Moreover, it was demonstrated that Sc. pombe PC4

stimulates formation of the transcription preinitiation complex. Activation

of transcription by PC4 was dependent on the Mediator complex and

TFIIA, but was independent of TATA-binding protein-associated factor.

PC4 binds to double-stranded and single-stranded DNA and interacts

with TATA-binding protein, TFIIB, TFIIA, Mediator, TFIIH and the

transcriptional activator protein VP16.
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Saccharomyces cerevisiae. Mediator and TAFs can act

on DNA templates without chromatin. Recently, it has

been suggested that Mediator functions as a GTF in

S. cerevisiae [5].

Another protein that acts as a coactivator on DNA

templates without chromatin is positive cofactor 4

(PC4 ⁄Sub1 in S. cerevisiae [6,7]). PC4 is a coactivator

that was first identified in the upstream stimulatory

activity fraction of HeLa nuclear extracts [8]. This

coactivator stimulates transcription initiation, facilitates

promoter escape and interacts with a variety of gene-

specific transcriptional activator proteins to enhance

activated transcription in vitro. It has been proposed

that PC4 carries out its functions through its interaction

with TFIIA and TAFs [3]. The ability of PC4 to func-

tion as a coactivator and to interact with activators is

lost on phosphorylation of PC4 by the protein kinase

casein kinase 2 (CK2) [9]. Although PC4 plays an

important role in RNAPII-mediated transcription, this

intriguing molecule has not been studied in detail.

Both PC4 and CK2 are necessary for downstream

promoter element (DPE)-dependent transcription [10].

Moreover, CK2 is a ubiquitous protein kinase that

phosphorylates a wide variety of substrates, including

transcription factors. Whether and how CK2 influences

transcription of a gene is dependent on the context of

the core promoter. Indeed, the effect of CK2 on the

transcription of genes with downstream core element

(DCE)-containing promoters is opposite to that

observed for DPE-dependent transcription [11].

Although it is well known that PC4 acts on TATA-

containing promoters in the presence of an activator,

its role (if any) in the stimulation of basal transcription

in the absence of an activator has not yet been exam-

ined in detail. In the present work, we cloned the PC4

gene from the fission yeast Schizosaccharomyces pombe

and studied the function of the PC4 protein in basal

transcription on TATA-containing and TATA-less

promoters in the absence of an activator. We found

that PC4 stimulates basal transcription from both

types of promoter in a manner that is dependent on

Mediator and TFIIA, but independent of TAFs.

Furthermore, PC4 is able to bind to double- and

single-stranded DNA and to interact with TFIIB,

TBP, TFIIA, Mediator, TFIIH and the gene-specific

transcriptional activator protein VP16.

Results

Identification and purification of Sc. pombe PC4

Using the National Center for Biotechnology Infor-

mation (NCBI) blast program, we identified an

Sc. pombe PC4 homologue by querying with the amino

acid sequences of the human and yeast PC4 proteins.

From these blast searches, we found that Sc. pombe

PC4 has a perfect PC4 domain that begins at the N–

terminus of the protein and extends to the region

around amino acid 86. In contrast, S. cerevisiae PC4

and human PC4 have shorter PC4 domains at their N-

and C-termini, respectively (Fig. 1A). In addition, the

homology between Sc. pombe PC4 and the yeast or

human PC4 proteins is confined to parts of the PC4

domain (Fig. 1B).

From this sequence information, we used PCR to

clone the gene encoding Sc. pombe PC4 (accession

number P87294), and the corresponding protein was

expressed in Escherichia coli, as described in Materials

and methods. The Sc. pombe PC4 protein has 136

amino acids and shares a high degree of homology

with the yeast and human PC4 proteins in the PC4

domain. We purified the Sc. pombe protein using Ni2+

nitrilotriacetic acid agarose chromatography under

denaturing conditions, and renatured the protein by

dialysis. The Sc. pombe PC4 protein preparation was

at least 95% pure, as judged by SDS-PAGE followed

by Coomassie blue staining (Fig. 1C).

Sc. pombe PC4 stimulates transcription from

TATA–containing and TATA–less promoters

Previous reports have assigned to PC4 the role of tran-

scriptional coactivator [12]. However, whether or not

PC4 can, by itself, stimulate basal transcription has

not been investigated. To study the role of PC4 in

the stimulation of basal transcription, we used an

Sc. pombe whole-cell extract as our in vitro transcrip-

tion system, because it contains most of the factors

necessary for optimal levels of transcription and clo-

sely resembles a physiological system. To test the effect

of PC4 on basal transcription, we used as our template

the TATA-containing adenovirus major late promoter

(Ad-MLP) fused to a G-less cassette. As shown in

Fig. 2A, TFIIEb, a negative control protein, did

not stimulate basal transcription in an Sc. pombe

whole-cell extract (lane 2), whereas Sc. pombe PC4

strongly stimulated basal transcription from Ad-MLP

(lanes 3–6).

Next, we determined whether Sc. pombe PC4 could

stimulate basal transcription in vitro from TATA–con-

taining promoters other than Ad–MLP (Fig. 2B,

lane 2). We found that Sc. pombe PC4 stimulated basal

transcription from several other TATA-containing

promoters (Fig. 2B), including the Sc. pombe nmt1

promoter (lane 4), the Sc. pombe ADH promoter

(lane 6) and the S. cerevisiae Cyc–1 promoter (lane 8).



The transcription templates that contained the Cyc-1

and ADH promoters were generated by fusing the pro-

moter individually to the G-less cassette. The magni-

tude of the PC4 stimulation was determined by a

densitometric scan of the films using a program from

NCBI (imagej 1.38; W. Rasband, National Institutes

of Health, Bethesda, MD, USA).

In order to determine whether Sc. pombe PC4 could

stimulate transcription from a TATA–less promoter,

we used, in in vitro transcription assays, a version of

the nmt1 promoter that housed a mutated TATA–box.

In a separate group of experiments (E. Maldonado,

J. Contrevas-Levicoy and F. Urbina, unpublished

results), we observed that the nmt1 promoter has a

strong Initiator element, and therefore can carry out

basal transcription in vitro without a functional TATA–

box. As can be seen from Fig. 2B, PC4 strongly stimu-

lated transcription from the mutated version of the

nmt1 promoter (lanes 2–4). In the present series of

experiments, we found that the magnitude of basal

transcription stimulation by PC4 in vitro was stronger

with the TATA–less version of the nmt1 promoter than

with the TATA–containing wild-type promoter, as

80 ng of PC4 stimulated six-fold from the TATA–less

promoter compared with four-fold from the TATA–

containing promoter (see Fig. 2B,C).

Stimulation of basal transcription by Sc. pombe

PC4 is dependent on Mediator and independent

of TAF

Because it is a key regulatory complex in transcription

activation, Mediator could be involved in the stimu-

lation of basal transcription by PC4. To test this

hypothesis, Sc. pombe whole-cell extracts were depleted

of the Mediator complex using antibodies against
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Query sequence: [gil|6323682|ref|NP 013753.1|]
Sub1p [Saccharomyces cerevisiae]

Query sequence: [gil|48145921|emb|CAG33183.1|]
PC4 [Homo sapiens]

Query sequence: [gil|19114954|ref|NP 594042.1|]
hypothetical protein SPAC16A10.02 [Schizosaccharomyces pombe 972h-]
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Fig. 1. Analysis of the Sc. pombe PC4

protein. (A) Schematic alignment of the

S. cerevisiae, Sc. pombe and human PC4

proteins. (B) Alignment of the amino acid

sequence of the PC4 domain from human

and Sc. pombe. (C) Purification of recombi-

nant PC4 from E. coli. SDS-PAGE shows

the purified (PC4) protein (arrow).



Srb4, a subunit of Mediator [1]. As can be seen in

Fig. 3C, the antibodies against Srb4 completely

depleted Mediator, but did not deplete RNAPII. This

depletion of Mediator greatly reduced the ability of

PC4 to stimulate basal transcription in vitro from the

Ad–MLP promoter (Fig. 3A, compare lanes 2, 3 and

4). The ability of PC4 to stimulate basal transcription

could be restored by the addition of the RNAPII holo-

enzyme (lane 6), but could not be restored by the addi-

tion of TRAP 240 (a form of Mediator that does not

contain RNAPII) (lane 8) or core RNAPII (lane 10).

The stimulation of basal transcription in vitro by

Sc. pombe PC4 could also be restored by the addition

of an aliquot of the eluate from the anti-Srb4 column

(lane 12). Figure 3B shows the quantification of the

results illustrated in Fig. 3A.

In order to determine whether TAFs are involved in

the stimulation of basal transcription in vitro by

Sc. pombe PC4, the Sc. pombe whole-cell extracts were

depleted of TAFs using antibodies against Sc. pombe

TAF72 [1]. As can be seen in Fig. 3D, the antibodies

against TAF72 completely depleted TAF72 and

TAF110 (called TAF1 in the new nomenclature), indi-

cating that these antibodies were able to remove the

entire TFIID complex. However, anti–TAF72 did not

deplete TBP. Using the anti–TAF72-depleted extracts

and the Ad-MLP promoter in in vitro transcription

assays, we found that the depletion of TAF72 (and the

entire TFIID complex) had no effect on the ability of

Sc. pombe PC4 to stimulate basal transcription

(Fig. 3B, compare lanes 2, 5 and 7). These results indi-

cate that TAFs do not participate in transcriptional

stimulation by Sc. pombe PC4. In support of this con-

clusion, we also observed that the addition of TAFs to

a whole-cell Sc. pombe extract depleted of Mediator

did not restore the ability of PC4 to stimulate basal

transcription from Ad-MLP (lane 11). We conclude

from these experiments that Mediator is able to medi-

ate the stimulatory activity of PC4, whereas TAFs

have no effect.

Sc. pombe PC4 stimulates basal transcription at

the level of preinitiation complex formation

It has been reported that PC4 can contribute to the

stimulation of promoter escape as well as initiation in

the presence of an activator. Therefore, we investigated

the effect of PC4 on transcription at the level of preini-

tiation complex formation, a step that must occur

before both transcription initiation and promoter

escape. For these experiments, we used immobilized

transcription templates containing the Ad-MLP pro-

moter fused to a G-less cassette, which were incubated

with Sc. pombe whole-cell extracts in the presence or

absence of PC4 for varying periods of time. The

templates were washed, the transcription elongation

mix was added and transcription of the preinitiated

templates was allowed to proceed. As shown in

Fig. 4A, after 5 min of incubation, the reaction that

contained PC4 produced a fairly large amount of tran-

script, whereas a very small amount of transcript was

generated in the reaction that did not contain PC4.

Indeed, transcription was more robust in all reactions

that contained PC4, relative to the non-PC4-containing

    1             2            3            4           5 6

ng PC4 

A

B

C

– – 20 40 80 160
ng TFIIE – – – – –160
Stimulation fold 1 1 2 6 10 15

  1           2         3         4 5 6   7           8 

1 2 3 4 

80 ng PC4 – –+
+
–

+ –
–– – – – –

–
–

–––
–
–

–
–

–
–

–
–

+ +
+ +– –
–

+ – +
Ad-MLP +
nmt1 – + +
ADH
cyc-1
Stimulation 
Fold

1 6 1 4 1 14 6

ng  PC4 40 80
ng TFIIE –

––
– –80
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Fig. 2. PC4 stimulates basal transcription from TATA-containing

promoters and TATA-less promoters. PC4 or TFIIEb was added to

the transcription reactions, as indicated at the bottom of the figure.

Transcription reactions were carried out in Sc. pombe whole-cell

extracts. The products of the reaction were separated on 5% poly-

acrylamide gels containing 0.5· TBE buffer. The gels were dried

and exposed to X-ray films. The fold stimulation was calculated by

densitometric analysis of the films. (A) PC4 stimulation of basal

transcription from Ad-MLP. (B) Stimulation of transcription from var-

ious promoters by PC4. (C) PC4 stimulation of basal transcription

from the nmt1 TATA-less promoter.



reactions. Quantification of the results shown in

Fig. 4A is illustrated in Fig. 4B. Taken together, these

experiments reveal that PC4 stimulates the rate of

preinitiation complex formation.

Sc. pombe PC4 stimulates transcription in a

reconstituted in vitro transcription assay through

Mediator and TFIIA

Because most of our experiments described thus far

were performed using Sc. pombe whole-cell extracts,

we next determined whether PC4 stimulation could

be recapitulated in a pure system using pure core

RNAPII, RNAPII holoenzyme and GTFs (see Fig. 5A

for SDS-PAGE of the purified components); the in vi-

tro transcription assay with purified components is

described in the legend to Fig. 5.

The results of these experiments are shown in

Fig. 5B. As shown above, PC4 can stimulate tran-

scription in an Sc. pombe whole-cell extract (see lanes 1

and 2). When purified GTFs and RNAPII holoenzyme

(lane 3) or core RNAPII (lane 4) were used in the

in vitro transcription reaction, PC4 was not able to

stimulate basal transcription. However, the inclusion

of human TFIIA rendered the assay responsive to PC4

(lane 7). TFIIA was not able to stimulate basal

A
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Fig. 3. Role of TAFs and Mediator in the

stimulation of basal transcription from

Ad-MLP by PC4. Sc. pombe whole-cell

extracts were depleted of TAFs and

Mediator using antibodies against TAF72

and Srb4, respectively. Transcription assays

were processed as described in Fig. 2.

(A) Transcription assay using the depleted

Sc. pombe whole-cell extracts. Proteins

were added as indicated at the bottom of

the figure. pWCE, Sc. pombe whole-cell

extract. (B) Densitometric analysis of the

transcription reactions from Fig. 3A. The

numbers at the bottom of the graph

correspond to the lane numbers in Fig. 3A.

(C) Western (immuno) blot shows the

depletion of Srb4 from Sc. pombe

whole-cell extracts with Srb4 antibodies.

(D) Western blot shows the depletion of

TAF72 and TAF110 from Sc. pombe

whole-cell extracts with TAF72 antibodies.



transcription when PC4 was not present in the assay

(lane 6), implying that the observed transcriptional

stimulation in the presence of TFIIA does not result

from a direct effect of only human TFIIA on basal

transcription. In addition, an aliquot of the eluate

from an anti-Srb4 column plus core RNAPII in the

presence of TFIIA made the assay responsive to PC4.

Figure 5C shows the quantification of the results given

in Fig. 5B.

Sc. pombe PC4 has double- and single-stranded

DNA-binding activity

We performed electrophoretic mobility shift assays

(EMSAs) in an attempt to investigate further whether

PC4 could increase the formation of the transcription

preinitiation complex. In doing so, we discovered that

PC4 alone has double-stranded DNA-binding activity.

This activity was not restricted to the nmt1 promoter,

but was also observed with Ad-MLP and the ADH

promoter. Figure 6A shows that the double-stranded

DNA-binding activity of PC4 can be competed away

by a double-stranded oligonucleotide that contains

Ad-MLP, but not by a single-stranded DNA fragment.

We also found that Sc. pombe PC4 has single-stranded

DNA-binding activity which can be competed away by

a single-stranded DNA oligonucleotide, but not by a

double-stranded form (Fig. 6B). This suggests that the

PC4 single-stranded DNA-binding domain is different

from the double-stranded DNA-binding domain.

PC4 can interact with components of the tran-

scription machinery

Because human PC4 interacts with GTFs and the acti-

vation domains of gene-specific transcriptional activa-

tor proteins, we tested whether Sc. pombe PC4 can

interact with GTFs, Gal4-VP16 and Mediator. To

perform these experiments, TBP, TFIIA, TFIIB,

TFIIE, TFIIF and Gal4-VP16 were expressed in and

purified from E. coli preparations, and each of the pro-

teins was bound to Affigel 10. TFIIH and holoRN-

APII were purified from Sc. pombe whole-cell extracts

and bound to IgG-Sepharose beads. Each bound pro-

tein was incubated with PC4, washed, and bound PC4

was eluted with 1 · SDS buffer and analysed by

SDS-PAGE, followed by western (immuno) blotting.

Figure 7 shows that Sc. pombe does not interact with

TFIIF or TFIIE. PC4 interacts with TFIIA (lane 3),

TFIIB (lane 4), TBP (lane 7) and Gal4–VP16 (lane 8).

PC4 also interacts with the RNAPII holoenzyme and

TFIIH. We did not detect any interaction between

PC4 and core RNAPII (lane 13), indicating that the

binding of PC4 to the RNAPII holoenzyme occurs

through Mediator.

Discussion

This work demonstrates that Sc. pombe PC4 is able to

stimulate basal transcription from TATA-containing

and TATA-less promoters at the level of preinitiation

complex formation in an in vitro transcription assay.

The ability of PC4 to stimulate basal transcription is

dependent on Mediator, but not on TAFs. In a reconsti-

tuted in vitro transcription assay, Sc. pombe PC4 stimu-

lates basal transcription in the presence of Mediator and

TFIIA. In addition, Sc. pombe PC4 interacts with VP16,

TBP, TFIIA, TFIIB, Mediator and TFIIH.

Sc. pombe PC4 is highly homologous to human and

yeast PC4. However, the homology is confined to a

segment of approximately 50 amino acids in length in

a region called the PC4 domain. The PC4 domain is

located at the N-terminus of Sc. pombe PC4, whereas,

A

B

Fig. 4. PC4 acts at the level of preinitiation complex formation. (A)

Immobilized template (500 ng) was incubated with Sc. pombe

whole-cell extract, with or without 80 ng of Sc. pombe PC4 (as

indicated at the bottom of the gel), for varying periods of time and

then washed away. Transcription was then initiated by the addition

of elongation mix. The lower band corresponds to an internal

control RNA that was added at the end of the reaction to avoid

artefacts originating from precipitation of the reaction. (B) Quantifi-

cation of the reaction products by densitometric analysis of the

X-ray film in Fig. 4A.



in mammals, it is located in the C-terminus of the pro-

tein. This domain seems to be a single-stranded DNA-

binding domain. There is no homology between

Sc. pombe PC4 and yeast or mammalian PC4 outside

of the PC4 domain. The ability of human PC4 to stim-

ulate activated transcription in vitro is located outside

of the PC4 domain, in a region that is rich in serine

residues that can be phosphorylated by protein kinase

A

B C

Fig. 5. Stimulation of transcription by PC4 in a reconstituted in vitro transcription assay is dependent on Mediator and TFIIA. All in vitro tran-

scription reactions with purified components were reconstituted with purified RNAPII (300 ng) and purified GTFs [TFIIH (600 ng) and recom-

binant TBP (80 ng), TFIIB (80 ng), TFIIE (80 ng) and TFIIF (80 ng)]. Human TFIIA, Sc. pombe PC4 (80 ng), a-Srb4 eluate (10 lL) or

holoRNAPII (600 ng) was added to the reaction [see bottom of (B) for precise additions]. Transcription reactions were processed as

described in Fig. 2. (A) Transcription factors and RNAPII preparations used in the reconstituted transcription assay. Proteins were stained

with Coomassie blue, except for TFIIH, Mediator and RNAPII, which were silver-stained. (B) In vitro transcription assay using purified factors.

The bottom band corresponds to an internal control similar to that in Fig. 4A. pWCE, Sc. pombe whole-cell extract. (C) Densitometric anal-

ysis of the data in Fig. 5B. The numbers at the bottom of the graph correspond to the lane numbers in Fig. 5B.



CK2 [9]. At the C-terminus of Sc. pombe PC4, there

are serines inserted in a CK2 consensus sequence that

could be phosphorylated by CK2. We speculate that

these serine residues are responsible for the coactivator

function of PC4, and that this activity may be lost on

serine phosphorylation by CK2 [9]. Indeed, Sc. pombe

PC4 can be heavily phosphorylated by Xenopus laevis

CK2 (E. Maldonado et al., unpublished results). It is

known that CK2 phosphorylates several cellular pro-

teins and transcription factors [13,14].

Sc. pombe PC4 stimulates basal transcription from

several TATA-containing promoters, as well as a ver-

sion of the nmt1 promoter in which the TATA-box is

mutated. At least for the nmt1 promoter, transcription

stimulation is stronger in the TATA-mutated version

than in the TATA-containing promoter. The role of

human PC4 in the stimulation of basal transcription

has not yet been determined, but it is probable that

human PC4 can also stimulate basal transcription in

human nuclear extracts.

We have shown, in extract depletion experiments, that

the stimulation of basal transcription by PC4 is depen-

dent on Mediator and TFIIA, but not on TAFs. These

results are in agreement with our other findings that

PC4 binds directly to Mediator and TFIIA. Taken

together, these results demonstrate that stimulation of

basal transcription by PC4 is dependent on interactions

between PC4, Mediator and TFIIA. Interestingly, deple-

tion of the Srb4-containing Mediator from Sc. pombe

whole-cell extracts does not reduce basal transcription

per se, but does reduce PC4 stimulation of basal tran-

scription. This observation differs from the results

obtained with human and yeast whole-cell extracts,

wherein depletion of Mediator with antibodies abolishes

the ability of the extracts to transcribe [4,5]. We hypoth-

esize that Sc. pombe contains a distinct form of Media-

tor that is devoid of Srb4 and can drive basal

transcription, but not mediate PC4 stimulation of basal

transcription. In any case, our results demonstrate that

the Mediator complex containing Srb4 is responsible for

the stimulation of basal transcription by PC4.

As mentioned above, Sc. pombe PC4 stimulates basal

transcription at the level of preinitiation complex

A

B

Fig. 6. PC4 has double- and single-stranded DNA-binding activities

in EMSAs. Additions to the EMSAs are shown at the bottom of the

gels. (A) The EMSAs used 32P-labelled double-stranded DNA from

several promoters as probes. Double-stranded DNA-binding activity

was competed away with a double-stranded DNA oligonucleotide

(dsDNA) from the )35 to +6 region of Ad-MLP. As a single-

stranded competitor (ssDNA), we used only the coding strand of

the )35 to +6 region of Ad-MLP. (B) EMSAs used 32P-labelled sin-

gle-stranded DNA from the coding strand of the )35 to +6 region

of Ad-MLP as the probe. The double- (dsDNA) and single-stranded

(ssDNA) DNA competitors were the same as those described

in (A).

Fig. 7. Protein–protein interactions between PC4 and various other

proteins that are part of the RNAPII transcription apparatus. The fac-

tors, as indicated at the bottom of the figure, were crosslinked either

to Affigel 10 (TFIIA, TFIIB, TFIIE, TFIIF, TBP, VP16) or IgG-Sepharose

beads (TFIIH and holoRNAPII), and 100 lL of the wet resin was incu-

bated with 80 ng of PC4. The resin was washed and eluted with

20 lL of SDS sample buffer and loaded on to a 12% polyacrylamide

gel. The proteins were transferred to Immobilon membranes, and

PC4 was detected with an anti-His-tag IgG. BSA, bovine serum

albumin control; IIA–IIE, IIH, TFIIA–TFIIE, TFIIH; Med, Mediator;

WCE, Sc. pombe whole-cell extract.



formation. From these and other data described herein,

we speculate that Sc. pombe PC4 functions via the fol-

lowing mechanism. PC4 binds to the open complex via

its single-stranded DNA-binding domain and nucleates

formation of the preinitiation complex through the

interaction of PC4 with Mediator, TFIIA, TBP and

TFIIH. It has been demonstrated that human PC4 stim-

ulates activated transcription at the level of preinitiation

complex assembly, promoter opening, promoter escape,

elongation and reinitiation [3]. In addition, yeast PC4

has a role in the mRNA polyadenylation process in

yeast [15]. Although PC4 is not an essential gene in

yeast, we believe that it is essential in metazoans. This is

based on the fact that PC4 is present in most organisms

from protists to humans (E. Maldonado, unpublished

observations). PC4 is also present in bacteria, such as

Syntrophobacter fumaroxidans. However, we believe

that the PC4 gene was transferred from eukaryotes to

Syntrophobacter, as PC4 homologues have not been

identified in other bacteria or archaea genomes.

Recently, human PC4 has been shown to be a chro-

matin-associated protein, and silencing of PC4 gene

expression by RNA interference in HeLa cells leads to

chromatin decompaction [16]. It has also been shown

that human PC4 is able to enhance MyoD-dependent

activation of transcription from muscle gene promoters

[17] and binding of the proto-oncogene and transcrip-

tional regulatory protein p53 to DNA [18]. Further-

more, human PC4 has been shown to interact with

p53 both in vitro and in vivo, to regulate the p53 tran-

scriptional modulation function and to induce the

bending of double-stranded DNA [19]. DNA bending

has been implicated in the recognition of specific DNA

elements by their cognate DNA-binding proteins. We

have demonstrated that Sc. pombe PC4 displays both

double- and single-stranded DNA-binding activity.

Because the single-stranded DNA-binding activity can

be competed away by a single-stranded DNA oligonu-

cleotide, but not by a double-stranded one (and vice

versa; see Fig. 6B), the two activities appear to be

located in distinct domains of the PC4 protein. The

function of the double-stranded DNA-binding activity

is currently under investigation.

Materials and methods

Cloning of Sc. pombe PC4

To clone the Sc. pombe PC4 gene, we searched the NCBI

blast Sc. pombe protein database using the amino acid

sequences of the human and yeast PC4 proteins. We found

an ORF that shared high sequence homology with human

and yeast PC4. The cDNA that encodes the ORF was

amplified from an Sc. pombe cDNA library using PCR and

specific primers. The primer complementary to the N-termi-

nus of PC4 contained an NdeI site, and the primer comple-

mentary to the PC4 C-terminus contained a BamHI site.

The resulting PCR product was digested with NdeI and

BamHI, and cloned in-frame into the NdeI and BamHI sites

of PET15b (Novagen, Madison, WI, USA).

Expression and purification of the Sc. pombe

PC4 protein

PC4 was expressed in E. coli strain BL21 (DE3). The bacteria

were grown in TB medium (500 mL) at 37 �C to an absor-

bance at 600 nm of 0.8. Production of the protein was

induced with 0.5 mm isopropyl thio-b-d-galactoside (IPTG),

and the culture was incubated for an additional period of 4 h

at 37 �C. Bacteria were harvested by centrifugation at 3000 g

for 10 min at 4 �C, and the protein was purified with Ni2+

nitrilotriacetic acid agarose columns under denaturing condi-

tions using the protocol supplied by the manufacturer (Qia-

gen, Valencia, CA, USA). PC4 was renatured by dialysis

against 20 mm Hepes pH 7.5, 100 mm KCl, 0.1 mm EDTA,

5 mm dithiothreitol, 10% v ⁄ v glycerol and 0.1 mm phen-

ylmethanesulfonyl fluoride.

Preparation of whole-cell Sc. pombe extracts

The extracts were prepared from the wild-type Sc. pombe

strain 972h. Cells were grown in 2 L of yeast extract–pep-

tone–dextrose medium, harvested by centrifugation and

washed with 100 mL of distilled water. The cell pellet was

washed further in a buffer containing 200 mm Hepes

pH 7.8, 5 mm EGTA, 10 mm EDTA, 2.5 mm dithiothreitol,

250 mm KCl and 1 mm phenylmethanesulfonyl fluoride.

The cell pellet was then introduced into liquid nitrogen and

ground in a mortar. The broken cells were resuspended in

washing buffer and centrifuged at 30 000 g in a Sorvall

55-34 rotor (Sorvall Inc., Norwalk, CT, USA) for 1 h. The

supernatant was recovered and dialysed against a buffer

containing 20 mm Hepes pH 7.8, 2 mm dithiothreitol,

5 mm EGTA, 2 mm EDTA, 10 mm Mg2SO4, 10% glycerol

and 1 mm phenylmethanesulfonyl fluoride. The extracts

were quick-frozen and stored at )80 �C.

Purification of RNAPII and GTFs

Core RNAPII, the RNAPII holoenzyme and GTFs were

purified according to Tamayo et al. [1].

Depletion of TFIID and Mediator from the

Sc. pombe whole-cell extracts

To deplete TFIID and Mediator from the Sc. pombe

whole-cell extracts, antibodies against TAF72 (a component



of the TFIID complex; called TAF5 in the new nomen-

clature) and Srb4 (a subunit of Mediator) were used. These

antibodies were bound to protein A-agarose and incubated

for 2 h with the whole-cell extracts in buffer containing

20 mm Hepes, 100 mm potassium acetate, 10% v ⁄ v glyc-

erol, 0.1 mm EDTA and 0.1 mm phenylmethanesulfonyl

fluoride. After incubation, the resin was separated by

centrifugation at 2000 g for 2 min at 4 �C, and the superna-

tants were used as a source of transcription factors and

RNAPII. The extent of the depletion was assayed by wes-

tern (immuno) blotting.

Specific transcription assays

Transcription reactions were performed according to

Tamayo et al. [1]. We used transcription templates that

were generated by fusing either Ad-MLP or the nmt1

promoter with mutations in the TATA-box to the G-less

cassette, as described by Sawadogo and Roeder [20].

Immobilization of the transcription templates

Streptavidin-Sepharose beads were concentrated by centri-

fugation and washed three times with transcription buffer.

The beads were resuspended in transcription buffer and

incubated with biotinylated Ad-MLP fused to the G-less

cassette transcription template in transcription buffer for

30 min at room temperature. The template-bound beads

were then resuspended in transcription buffer containing

1 mgÆmL)1 of BSA and incubated for 15 min at room tem-

perature. After incubation, the beads were washed with

transcription buffer and used to supply the template for the

in vitro transcription experiments. Transcription reactions

contained 500 ng of template in 10 lL of beads.

DNA-binding assays

The DNA-binding assays contained 0.1 ng of labelled

DNA, 5 mm MgCl2, 20 mm Hepes pH 7.8, 100 mm KCl,

4% poly(ethylene glycol), 10% glycerol and 10 ng poly(dG–

dC). The reaction mixtures were incubated for 30 min at

30 �C and loaded in a TBE 5% polyacrylamide gel.

Protein–protein interactions

Purified preparations of TFIIA, TFIIB, TFIIE, TFIIH and

Gal4-VP16 were bound covalently to Affigel 10 (BioRad,

Hercules, CA, USA) according to the instructions supplied

by the manufacturer. TFIIH and the RNAPII holoenzyme

were bound to IgG-Sepharose beads. The resins with bound

proteins were washed in 20 mm Hepes ⁄KOH pH 7.5,

100 mm KCl, 0.01% v ⁄ v NP-40, 2 mm dithiothreitol, 5 mm

MgCl2, 0.1 mm EDTA and 0.1 mm phenylmethanesulfonyl

fluoride. Next, the resins (100 lL) were incubated individu-

ally with 80 ng of PC4 (in washing buffer) at 20 �C for 2 h,

and then washed three times with 1 mL of washing buffer.

PC4 bound to the resins was eluted with 20 lL of 1· SDS

sample buffer, subjected to SDS-PAGE and transferred to

Immobilon (Millipore, Bedford, MA, USA). Western

(immuno) blot analysis was performed using an anti-His-

tag monoclonal IgG (Santa Cruz Biotechnology, Santa

Cruz, CA, USA).
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