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Eukaryotic class II gene expression is a complex bio-

chemical process that involves the interaction of many

proteins to control the activity of RNA polymerase II

during initiation and elongation of transcription. Acti-

vation of transcription requires the formation of a pre-

initiation complex (PIC) on the promoter region [1,2].

The assembly typically begins with binding of the

TATA-binding protein (TBP) to the TATA-box pro-

moter region, followed by recruitment of the general

transcription factors (GTFs) in a stepwise fashion or

by recruitment of pre-assembled holoenzyme (sub)com-

plexes [3,4]. Many components of the human RNA

polymerase II transcription apparatus are subjected to

phosphorylation during the transcription cycle [5]. One

major target of kinases is the C-terminal domain of

the largest subunit of the RNA polymerase II enzyme

itself [6]. It was postulated that phosphorylation

switches RNA polymerase II from the initiation to
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The unstructured N-terminal domain of the transcriptional cofactor PC4

contains multiple phosphorylation sites that regulate activity. The phos-

phorylation status differentially influences the various biochemical func-

tions performed by the structured core of PC4. Binding to ssDNA is

slightly enhanced by phosphorylation of one serine residue, which is not

augmented by further phosphorylation. The presence of at least two phos-

phoserines decreases DNA-unwinding activity and abrogates binding to the

transcriptional activator VP16. Phosphorylation gradually decreases the

binding affinity for dsDNA. These phosphorylation-dependent changes in

PC4 activities correlate with the sequential functions PC4 fulfils throughout

the transcription cycle. MS and NMR revealed that up to eight serines are

progressively phosphorylated towards the N-terminus, resulting in gradual

environmental changes in the C-terminal direction of the following lysine-

rich region. Also within the structured core, primarily around the inter-

action surfaces, environmental changes are observed. We propose a model

for co-ordinated changes in PC4 cofactor functions, mediated by phos-

phorylation status-dependent gradual masking of the lysine-rich region

causing shielding or exposure of interaction surfaces.

Abbreviations

CKII, casein kinase II (EC 2.7.1.37); GST, glutathione S-transferase; GTF, general transcription factor; HSQC, heteronuclear single-quantum

coherence; PC4, human positive cofactor 4; PC4ntd ⁄ ctd, N-terminal or C-terminal domain of PC4; PC4p, completely CKII-phosphorylated

PC4; PIC, pre-initiation complex; SEAC, serine and acidic-rich region of PC4ntd; TBP, TATA-box-binding protein; VP16, herpes simplex virion

protein 16; VP16ad, activation domain of VP16.
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elongation mode [7]. Furthermore, intermediately

phosphorylated forms of RNA polymerase II have

been observed that may have specific roles during the

transcription cycle [5,8]. Thus (co-ordinated) phos-

phorylation turns out to be an important regulatory

mechanism for many proteins throughout the tran-

scription process [9–11].

The rate of transcription initiation can be enhanced

by activators that directly or indirectly interact with

the general transcription factors. Cofactors (or coacti-

vators) positively (PCs) or negatively (NCs) mediate

the interaction between the DNA-bound activators

and the basal transcription machinery [12–14]. The

general transcriptional cofactor PC4 stimulates RNA

polymerase II transcription activation of a wide variety

of transactivation domains that are classified as acidic

(Gal4, AH, VP16, NF-jB), proline-rich (CTF-1 ⁄NF1),

glutamine-rich (Sp1) or other classes of activators (E1a,

IE) [15,16]. Furthermore, dsDNA binding has been

reported to correlate with the ability of PC4 to stimu-

late activator-dependent transcription [17]. In contrast,

PC4 exhibits inhibitory activity by interaction with

melted dsDNA, hereafter referred to as bubble DNA

[18]. This DNA template with an unpaired dsDNA

region mimics the initiation open promoter site of

transcription [19,20]. Repression of transcription can

be relieved by increasing amounts of TAFIIs, TFIIH

or a preassembled RNA polymerase II holoenzyme

[18,21–24]. It has been reported that the helicase activ-

ity of ERCC3 (also referred to as XPB), present in

TFIIH, is probably crucial for alleviating PC4-medi-

ated repression [25].

PC4 is composed of two distinct functional domains

each constituting approximately half of the protein.

The homodimeric structure of the C-terminal half of

PC4 (PC4ctd, residues 61–126) has been elucidated by

crystallography [26], and the ssDNA-binding surface

was identified by NMR [27]. The N-terminal half of

PC4 (PC4ntd, residues 1–60) comprises a lysine-rich

region in between repeats that are rich in serine resi-

dues [16]. The N-terminal serine-rich region (residues

3–20) also contains many acidic residues and is there-

fore termed the SEAC region. Phosphorylation of PC4

by casein kinase II (CKII) is restricted to seven (or

eight) serine residues in this region, which negatively

regulate the PC4 cofactor function [28]. The associ-

ation with the TBP–TFIIA promoter complex was

abrogated by phosphorylation [16] as well as its ability

to interact with the activator VP16 [28]. Furthermore,

phosphorylation of PC4 leads to a loss of dsDNA

binding, but does not inhibit ssDNA binding [17].

Interestingly, it has been reported that PC4 can be

phosphorylated by components of TFIID (TAFII250)

and TFIIH, showing that modification can take place

in the context of the PIC, which suggests phosphoryla-

tion-dependent control of the cofactor activity during

the transcription cycle [21,22]. As PC4 is predomin-

antly present in the phosphorylated (inactive) form

in vivo [28], it seems plausible that the phosphorylation

status critically regulates the cofactor function. In

agreement with this model, only unphosphorylated

PC4 has the ability to inhibit cdk1, cdk2 and cdk7

mediated phosphorylation of RNA polymerase II [29].

As phosphorylation of the C-terminal domain of RNA

polymerase II controls the transition from initiation to

elongation, this suggests a PC4 phosphorylation status-

dependent control of the transcription cycle. This is

further emphasized by the TFIIH-dependent role of

PC4 in promoter escape, revealing that the direct inter-

action between TFIIH and PC4 is influenced by PC4

phosphorylation, which is not performed by the TFIIH

kinase [25,30]. Finally Calvo & Manley [31] have

shown in chromatin immunoprecipitation experiments

that Sub1, the yeast PC4 ortholog, is found in associ-

ation with elongating RNA polymerase II. Further-

more, Sub1 influences transcription elongation by

destabilizing Fcp1, the phosphatase that dephosphory-

lates RNA polymerase II C-terminal domain [31].

Altogether these observations strongly suggest that

phosphorylation dynamically regulates the ability of

PC4 to act as a cofactor.

To reveal how the PC4 cofactor function is affected

by phosphorylation, we studied the unwinding charac-

teristics and its interaction with DNA and VP16 for

unphosphorylated as well as partially and fully phos-

phorylated PC4. Our results show that the phosphory-

lation status of PC4 affects the binding properties

towards DNA, the VP16 activation domain (VP16ad),

and the ability to unwind dsDNA. By NMR we show

that phosphorylation of the SEAC region causes struc-

tural and ⁄or environmental changes in the lysine-rich

region, indicating gradual masking. These observations

show that regulated phosphorylation of PC4 fulfils a

crucial role in its ability to act as a cofactor through-

out the transcription cycle.

Results

Quantitative analysis of DNA binding and

unwinding of PC4 and PC4p

Previous experiments suggested that phosphorylation

of PC4 can act as a molecular switch converting PC4

from a coactivator into a repressor [16]. To monitor

the contribution of the phosphorylation state to the

various activities of PC4, we first quantitatively
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analyzed these for unphosphorylated PC4 and com-

pletely CKII-phosphorylated PC4 (PC4p) (Fig. 1A).

We observed a small increase in ssDNA binding affin-

ity on phosphorylation, with an apparent Kd of 6.4 ±

1.6 nm for PC4p compared with 10.1 ± 2.3 nm for

PC4 (Fig. 1B). A similar increase in binding affinity

was obtained with bubble DNA as probe (data not

shown). Binding to dsDNA was significantly decreased

by phosphorylation (Fig. 1C, Kd ¼ 344 ± 146 nm for

PC4p and 75 ± 48 nm for PC4). The composition of

the protein–DNA complexes was also different. A

weak fast migration PC4p protein–DNA complex was

detectable at lower protein concentration. At higher

protein concentrations, a less stable complex was

formed as the complex fell apart during electrophor-

esis. Binding of PC4 as well as PC4p to dsDNA is

highly co-operative (Hill constant of 1.8 ± 0.4, indic-

ative of a dimeric or higher-order PC4–DNA complex).
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Fig. 1. Phosphorylation of PC4 affects its DNA binding affinity and unwinding activity. (A) Coomassie stained SDS ⁄ polyacrylamide gel of

100 ng protein samples after purification used for binding and unwinding studies. PC4p, PC4 protein after 24 h of CKII-mediated phosphory-

lation. As a reference, 1 lg RNase A (13.7 kDa) was loaded. (B,C) Representative binding experiment showing the calculated fractional occu-

pancy of PC4 and PC4p at the indicated protein concentrations (nM) to ssDNA (B) or dsDNA (C). The inset of C shows the autoradiogram of

this experiment for unphosphorylated PC4 binding to dsDNA. (D) Unwinding assay showing the unwound fraction of bubble DNA at the indi-

cated PC4 protein concentrations (nM). The inset shows the autoradiogram of the unwinding assay using PC4 or PC4p at the indicated pro-

tein concentrations (nM).
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More importantly, phosphorylation led to a striking

decrease in DNA-unwinding activity (Fig. 1D). Under

these experimental conditions, PC4p is unable to com-

pletely unwind all the substrate whereas PC4 can. At

protein concentrations at which negligible unwinding

activity was observed, more than half of the bubble

DNA was bound by PC4 or PC4p, as was evident

from unwinding experiments in which the unwinding

reaction mixture was loaded in parallel on an elec-

trophoretic mobility shift assay gel and an unwinding

gel (data not shown). Interestingly the protein concen-

trations at which half-maximal DNA-unwinding activ-

ity was observed for both PC4 and PC4p (56 nm and

128 nm, respectively) are comparable to their apparent

Kd values for dsDNA, suggesting that dsDNA binding

is the rate-limiting step in the helix-destabilizing activ-

ity of PC4.

Preparation of partially phosphorylated PC4

To investigate the effects of phosphorylation in more

detail, we studied the binding effects of partially phos-

phorylated PC4. Samples were obtained at different

phosphorylation stages by ending the CKII-mediated

phosphorylation reaction at different times. Electro-

spray ionization mass spectra of the purified protein

samples clearly illustrate the time-dependent PC4 phos-

phorylation (Fig. 2). The enlarged part of the mass

spectrum contains the [M + 20H]20+ ion signal of

PC4 at different time intervals during phosphorylation.

At t ¼ 0 only an ion signal at m ⁄ z 714.194 is observed,

from which a mass of 14263.88 Da for the nonphos-

phorylated PC4 was determined (theoretical mass

14264.18 Da). This ion signal shows a time-dependent

increase in multiples of 4.0 m ⁄ z units, indicating mul-

tiple mass increments of 80 amu (atomic mass units),

which matches protein phosphorylation. After 1 h of

phosphorylation, more than half of the sample con-

tained at least one phosphorylated serine. After 4 h,

hardly any unphosphorylated PC4 was present, and,

on average, almost two serines were phosphorylated

per molecule. Purification of the PC4 sample obtained

after 8 h revealed two fractions. The smallest fraction

eluted at the same salt concentration as fully phos-

phorylated PC4 and also co-migrated with PC4p on

SDS ⁄polyacrylamide gels. MS confirmed that this
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Fig. 2. Isolation of partially phosphorylated PC4 proteins. (A) Overlay of the heparin column elution profiles (A280 nm) for the purification of

the PC4 samples that had been phosphorylated by CKII for the indicated time (hours). The right axis shows the measured conductivity (in

mM NaCl). (B) Coomassie-stained SDS ⁄ polyacrylamide gel of 200 ng concentrated and purified PC4 that had been phosphorylated by CKII

for the indicated time (in hours). (C) Enlarged areas of the electrospray ionisation mass spectra of PC4, showing the [M +20H]20+ ion signal

at different phosphorylation stages. After prolonged incubation in the presence of CKII, substantial degradation is observed resulting in addit-

ional peaks at m ⁄ z 705–710 and 750–755.
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fraction was indeed completely phosphorylated. The

mass spectrum shown for the 8 h time point is the

major fraction and is a mixture of PC4 with one to

five phosphoserines. We failed to obtain more homo-

geneously phosphorylated PC4 samples using a differ-

ent phosphorylation experiment or purification

strategies. After 24 h, most of the PC4 sample was

fully phosphorylated to an amount of seven or eight

serines. The biochemical behavior of PC4 containing

seven or eight phosphoserine residues appeared indis-

tinguishable (data not shown), and therefore we refer

to this sample as fully phosphorylated (PC4p). A small

fraction of partially phosphorylated PC4 was detected

(< 25%, Fig. 2A), which was not further analyzed.

Biochemical characterization of partially

phosphorylated PC4

As we were unable to prepare homogeneously phos-

phorylated PC4 samples specifically phosphorylated at

only one position, we used the partially phosphorylat-

ed protein samples to analyze the DNA binding and

unwinding characteristics and the interaction with

VP16ad (Fig. 3). When the majority of PC4 contained

one or two phosphoserines, a small decrease in dsDNA

binding affinity was observed (Fig. 3A, 1–4 h). A fur-

ther small reduction was found after 8 h, when the

sample contained a mixture of one to five phospho-

serines per PC4 molecule. The strongest contribution

to the decrease in dsDNA binding was observed when

the phosphorylation was complete.

In contrast with the dsDNA binding results, the

increased ssDNA binding affinity became evident when

only one phosphoserine was present (Fig. 3B). Most of

the phosphorylation-dependent increase in binding

affinity was detected after 1 h of phosphorylation, and

only a minor increase was observed on further phos-

phorylation. The unwinding activity was resistant to the

presence of one phosphoserine residue as no decrease in

unwinding was detectable after 1 h and only a small

decrease was observed after 4 h of phosphorylation

(Fig. 3C). The 8 h time point, which mainly contained

multiple phosphorylated PC4, had an unwinding activ-

ity comparable to that of PC4p. On the basis of the dif-

ference in unwinding activity between the 4 and 8 h time

points, it is most likely that the presence of only two or

three phosphoserines in PC4 is sufficient to block the

helix-destabilizing activity.

Finally we analyzed the interaction between PC4 and

VP16ad using glutathione S-transferase (GST) pull-

down assays. As shown in Fig. 3D, interaction between

PC4 and VP16ad was not disturbed by phosphoryla-

tion of a single serine, as up until 4 h no decrease in

binding affinity was detected. After 8 h of phosphory-

lation, PC4 contained a mixture of one to five phos-

phoserines, which resulted in multiple species on
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Fig. 3. Phosphorylation status-dependent DNA binding, unwinding and interaction with VP16. Comparison of the dsDNA (A) and ssDNA (B)

binding affinity, the unwinding ability (C), and the VP16ad interaction measured by GST pull-down assays (D) of PC4 proteins that had been

phosphorylated for 0, 1, 4, 8 and 24 h by CKII. The position of free DNA and the protein–DNA complex is indicated. For the unwinding assay

(C), the position of bubble probe (ds) and unwound DNA (ss) is depicted. For quantification, the activity of unphosphorylated PC4 is set at 1.

The activities of phosphorylated PC4 were calculated relative to the level of binding or unwinding of PC4. The upper panel of (D) shows

10% of the total amount of PC4 added in the GST pull-down assay; the lower panel shows the bound PC4.

Gradual phosphorylation regulates PC4 function H. R. A. Jonker et al.

1434 FEBS Journal 273 (2006) 1430–1444 ª 2006 The Authors Journal compilation ª 2006 FEBS



SDS ⁄polyacrylamide gel. Given the ratios of the

phosphorylated species as determined by MS

(Fig. 2C) and the intensities of PC4 proteins on the

SDS ⁄polyacrylamide gel (Fig. 3D), we conclude that

the fastest migrating species contained only monophos-

phorylated PC4. This is further confirmed by co-migra-

tion of the fastest migrating band with PC4 that had

been phosphorylated for 1 h and therefore lacked the

multiple phosphorylated species. The smeary slower

migrating bands represent a mixture of PC4 proteins

with two to five phosphoserine residues as the 4-h time

point, which contain less of these phosphorylated PC4

species, and also show less protein of lower mobility.

On the basis of these observations, we conclude that

monophosphorylated PC4 interacts with VP16ad,

whereas the cofactor fails to interact significantly if two

or more phosphoserine residues are present.

Characterization of PC4 phosphorylation by NMR

We next investigated the nature and structural conse-

quences of PC4 phosphorylation in more detail by

NMR. In the (1H,15N)-HSQC spectrum of full length

PC4, the signals originating from PC4ntd appear as

intense signals among the well-dispersed peaks

assigned to PC4ctd [27]. The signals from the flexible

PC4ntd were assigned at 400 mm KCl and 305 K for

PC4 and PC4p. The 1H, 15N and 13C chemical shift

values of PC4ntd have been deposited in the Bio-

MagResBank under accession number 6098 (http://

www.bmrb.wisc.edu/). Figure 4 shows an overlay of

the (1H,15N)-HSQC spectra of PC4 and PC4p. The

amide signals of serines 8, 9, 10, 11, 12, 14, 16 and 18

have disappeared at their unphosphorylated positions

in the (1H,15N)-HSQC spectrum and appear at the

phosphorylated positions.

To determine which regions in PC4 are affected by

phosphorylation, the chemical shift perturbations were

mapped (Fig. 5). Although large changes in the chem-

ical shift values were observed for the serine residues,

there is no indication of the formation of well-defined

structure elements, as the phosphoserine resonances

appear at the random coil position [32]. In addition,

the intense amide signals for PC4p are comparable to

those of PC4. Not surprisingly, the most significant

shifts, indicative of structural and ⁄or environmental

changes, are observed throughout the entire SEAC

region. However, the first part of the lysine-rich region

(residues 20–34) was strongly affected by phosphoryla-

tion. The direction of the chemical shift changes may

indicate some enhancement of the a-helical conforma-

tion of this region. Interestingly in the PC4ctd core

significant chemical shift changes were also observed

that partially overlap with the region previously identi-

fied as the ssDNA-binding surface (Jonker et al.

unpublished work; [27]).

NMR shows progressive phosphorylation

of the SEAC region

During the phosphorylation reaction of PC4, a hetero-

geneous protein mixture containing zero to eight phos-

phoserines was detected (Fig. 2). As we were unable to

determine the exact locations and order of the phos-

phorylated serines by MS, we performed the phos-

phorylation reaction in an NMR tube. The reaction

was monitored by recording successive (1H,15N)-HSQC

spectra in which the disappearance of serine amide sig-

nals and appearance of phosphoserine amide signals

were visible. Using optimized NMR conditions

(400 mm KCl, 50 mm potassium phosphate buffer,

pH 5.6, 2 m D5-glycine) in the presence of 10 mm

MgCl2, 10 mm ATP and CKII, no phosphorylation

was observed. In lower salt concentrations, 175 mm

KCl and 10% D2O instead of 2 m D5-glycine, phos-

phorylation was detected for Ser18 only (data not

shown). At the optimized phosphorylation conditions

at pH 7.5 [33], the serine amide signals could not be

observed because of exchange with water, but the

appearance of phosphoserines could be detected. A
15N-labeled PC4 sample was phosphorylated at these

optimal conditions and monitored by NMR. Samples

were taken from a parallel phosphorylation reaction at

distinct time points (0, 45 and 90 min and 3 h). When

the (1H,15N)-HSQC spectra of the NMR sample did

not show any changes (7 h), the reaction was termina-

ted. All samples were exchanged to the optimized

NMR conditions and (1H,15N)-HSQC spectra recorded

(inset Fig. 4).

In the (1H,15N)-HSQC spectra of the partially phos-

phorylated PC4 samples, signals of phosphorylated

serines are visible at intermediate positions (marked

as ‘Si’), which disappear again when more serines were

phosphorylated. Whereas mapping of the upcoming

phosphoserines is difficult because of these intermedi-

ate peak positions, the decrease in signal intensity of

unphosphorylated serines can be readily determined

(Fig. 6A). The SEAC region contains four primary

consensus sites (serines 12, 14, 16 and 18) and three

secondary and tertiary sites (serines 8, 9 and 11) for

CKII phosphorylation [34]. Our results show that

Ser10 can also be phosphorylated. The decrease in sig-

nal intensity clearly shows that the primary phosphory-

lation sites were indeed phosphorylated first. Ser18 is

already � 50% phosphorylated after 45 min, followed

by serines 16, 14 and 12, within the first 2 h. One of

H. R. A. Jonker et al. Gradual phosphorylation regulates PC4 function
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serines 9, 10 or 11 (most probably the secondary phos-

phorylation site of Ser11) also appears to be 50%phos-

phorylated within this time period. The serines closest

to the N-terminus of PC4 (serines 8, 9 and 10) are

phosphorylated last. The NMR series thus show a pro-

gressive phosphorylation of the SEAC region from the

C-terminus to the N-terminus.

Phosphorylation causes gradual chemical shift

changes in the lysine-rich region

As phosphorylation creates additional negative charges

in the SEAC region, close to the positively charged

lysine-rich region, we decided to investigate the influ-

ence of the phosphorylation status on the lysine-rich

region. Therefore, the amide 1H and 15N perturbations

were combined and mapped for the partially phosphor-

ylated samples to observe the changes during phos-

phorylation (Fig. 6B). Only residues in the 22–34 region

of the lysine-rich region, which do not overlap in the

(1H,15N)-HSQC spectra and show significant chemical

shift changes, were analyzed. Residues E19, V20 and

D21, located between the two affected regions, disap-

peared and arose at a new position in the (1H,15N)-

HSQC spectrum. Residues in the N-terminal part of

the lysine-rich region (residues K23 and L24) already
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showed half-maximal perturbation (of the total

amount) after 90 min when serines 18 and 16 were over

80% and 60% phosphorylated, respectively. When the

phosphorylation of the SEAC region proceeded in the

N-terminal direction, more residues of the lysine-rich

region up to K34 were affected in the C-terminal direc-

tion, which indicates progressive structural and ⁄or envi-
ronmental changes throughout this region.

Shielding of the lysine-rich domain contributes

to the phosphorylation-dependent changes

in PC4 activities

The observed phosphorylation status-dependent envi-

ronmental or conformational changes in the lysine-rich

region (Fig. 6B), combined with the altered interac-

tions as presented in Fig. 3, suggest gradual shielding

of the functionally important lysine-rich region on

phosphorylation. This implies that mutation of a few

N-terminally located positively charged residues in the

lysine-rich region would have a similar effect on PC4

activity as partially phosphorylated PC4, and mutation

of a larger proportion of the lysine-rich region would

result in a more pronounced change in activity. The

mutants K22G ⁄K23G and K25G ⁄R26G were both

impaired in dsDNA binding, as observed for partially

phosphorylated PC4, and were slightly less efficient

at interacting with VP16 (Fig. 7). More importantly,

the dsDNA binding of the lysine-rich mutant

(K22G ⁄K23G ⁄K25G ⁄R26G ⁄K27G ⁄K28G) was com-

patible with fully phosphorylated PC4 (600 ± 310 nm

versus 344 ± 146 nm for PC4p). Although phosphory-

lation had a more dramatic effect on interaction with

VP16ad, clearly mutation of the positively charged

residues decreased the interaction between PC4 and

VP16ad.

Fig. 5. Phosphorylation-induced chemical shift perturbations in PC4. A The amide 1H and 15N resonance shifts were mapped for PC4 and

combined as Euclidian distances between peak maxima (in 1H p.p.m.). Perturbations of the modified serines are indicated with white bars.

The VP16ad (black) and ssDNA (gray) binding regions in PC4ctd are indicated on the x-axis by a line below the most affected residues

(Jonker et al., unpublished work; [27]). Mutations that influence dsDNA binding are R99G and K100G. (B) Chemical shift changes in 13C

resonances for Ca, Cb and C¢ were mapped for the N-terminal domain of PC4.

H. R. A. Jonker et al. Gradual phosphorylation regulates PC4 function

FEBS Journal 273 (2006) 1430–1444 ª 2006 The Authors Journal compilation ª 2006 FEBS 1437



As expected, the ssDNA binding by the

K22G ⁄K23G and K25G ⁄R26 mutants was increased,

but the lysine-rich mutant was impaired in ssDNA

binding (data not shown). The imperfect similarity

between phosphorylation of the serine-rich region and

mutation of the lysine-rich region indicates that apart

from shielding (dsDNA, VP16ad binding), additional

mechanisms involving the phosphoserines contribute to

the phosphorylation-dependent changes in ssDNA

binding. We propose that this is the result of commu-

nication between PC4ntd and PC4ctd, which is influ-

enced by phosphorylation (Fig. 5), but not by

mutation of the lysine residues.

Discussion

The protein kinase CKII is a highly conserved multi-

functional enzyme, which is known to activate and

regulate RNA polymerase III transcription [35–37].

More than 300 CKII substrates have been documen-

ted, and many of these proteins have transcriptional

functions [38]. Many components of the RNA poly-

merase II machinery can be phosphorylated by CKII,

with dramatic effects on transcription [39,40]. The

human chromatin protein DEK is phosphorylated by

CKII in vitro and in vivo, which weakens its binding to

DNA [41]. Furthermore, CKII is able to phosphory-

late the histone H4 [42,43]. PC4 is subjected to in vivo

phosphorylation events mediated by CKII [28] and

possibly TFIID and TFIIH within the context of the

PIC [21,22]. Recently it was found that CKII, together

with PC4, establishes downstream core promoter

element (DPE)-specific transcription of RNA poly-

merase II genes [44]. Although it is at present not
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Fig. 6. Determination of the phosphorylation order and gradual

effect on the lysine-rich region. (A) Quantification of the decrease

in amide signal intensity of phosphorylated serine residue. The peak

intensities were calculated relative to the peak intensity in the

unphosphorylated form. The differences in protein concentration

(due to buffer exchange) were corrected using the amide signal of

Ser54 as internal standard. *Tentative assignment for the indicated

phosphoserine. (B) Combined amide 1H and 15N chemical shift

changes of residues in the lysine-rich region (K23, L24, Q29, V30,

A31, E33, K34) due to phosphorylation. The perturbations were

mapped relative to the maximum perturbation after 7 h, when the

PC4 sample was completely phosphorylated.

A

B

Fig. 7. Shielding of the lysine-rich region contributes to phosphory-

lation-dependent changes in PC4 activity. (A) Quantification of

dsDNA binding of PC4, the lysine-rich mutant (K22G ⁄ K23G ⁄
K25G ⁄R26G ⁄ K27G ⁄ K28G), and the double point mutants

K22G ⁄ K23G and K25G ⁄R26G. The relative binding affinities for the

PC4 mutants were calculated relative to the interaction of PC4 with

dsDNA. (B) A representative GST pull-down assay determining the

interaction between PC4 mutants and VP16ad (upper panel); the

positions of GST-VP16ad and PC4 are indicated. The lower panel

shows 10% of the total amount of PC4 added in the GST pull-down

assay.
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known whether in vivo partial phosphorylation of PC4

is functionally important, our in vitro data indicate

that phosphorylation of the SEAC region by CKII

influences the biochemical properties of PC4 in a phos-

phorylation status-dependent fashion. Phosphorylation

of a single serine residue is enough to increase the

ssDNA binding affinity. The unwinding activity and

interaction with VP16ad was minimized when at least

two or three phosphoserines were present in PC4, and,

for maximal decrease in dsDNA binding, complete

phosphorylation was required. Together these data

indicate that the phosphorylation status differentially

modulates PC4 activity. Consequently, phosphoryla-

tion may act as a molecular switch, resulting in a

phosphorylation status-dependent change in the cofac-

tor function of PC4 in transcription. We examined the

mode of phosphorylation in detail by NMR. Up to

eight serines (residues 8–12, 14, 16, 18) were modified

in the SEAC region of PC4. Large chemical shift pert-

urbations were observed in the first part of the lysine-

rich region (residues 20–34). Furthermore, significant

perturbations were detected in the b2–b3 and b4 sheet

regions of PC4ctd, which are proposed to be caused

by a changed environment due to temporary inter-

actions between PC4ctd and PC4ntd. The affected

PC4ctd regions are involved in the interaction with

VP16, dsDNA and ssDNA (Jonker et al. unpublished

work; [16,17,27]). As the binding interfaces in PC4ctd

for the activator and DNA templates are not com-

pletely the same, phosphorylation may have different

effects on the ability of PC4 to bind either of these

substrates. We examined the nature of the phosphory-

lation event in detail by NMR, which allowed us to

conclude that the SEAC region is gradually phosphor-

ylated to the N-terminus, resulting in gradual chemical

shift changes to the C-terminal side in the first part of

the lysine-rich region. We provide evidence for the

masking model as proposed by Kaiser et al. [17] and

extend this model by suggesting that gradual masking

of lysine residues by phosphoserine residues leads to

specific changes in PC4 activity.

Functional consequences of PC4 phosphorylation

We have shown here that full length PC4 can bind to

ssDNA, albeit with lower affinity than PC4p. The

apparent Kd values reported here for binding to

ssDNA (10 ± 2 nm) or bubble DNA (12 ± 4 nm,

data not shown) are at least two orders of magnitude

higher than reported for PC4ctd alone with identical

probes under similar conditions [45]. Phosphorylation

of PC4 results in a 2–3-fold increase in ssDNA binding

affinity, indicating that phosphorylation may, at least

partially, unmask the ssDNA-binding properties of

PC4ctd. We found that phosphorylation of only one

serine, probably Ser18 (Fig. 6), is enough to increase

the ssDNA-binding properties to levels comparable to

those of PC4p. We propose that the SEAC region tem-

porary contacts PC4ctd and interferes with ssDNA

binding caused by steric hindrance. These contacts are

weakened by the interactions between the phospho-

serine(s) and the lysine-rich region.

Binding to DNA is of functional relevance for the

cofactor activity of PC4 [17]. A gradual decrease in

dsDNA binding affinity is observed during phosphory-

lation, which correlates closely with changes observed

in the lysine-rich region and points strongly to a regu-

latory mechanism. The strongest contribution to the

dramatic decrease in dsDNA binding is observed when

phosphorylation is complete. We propose that the

overall positive charge of the lysine-rich region is pro-

gressively masked by phosphoserines, which causes the

gradual decrease in binding affinity. This is in agree-

ment with the effect of mutations in the lysine-rich

region on dsDNA binding (Fig. 7A). Werten et al.

reported that PC4 has the ability to unwind hetero-

duplex oligonucleotides in the absence of ATP [45].

We show here that PC4p has almost completely lost

the ability to unwind bubble DNA and that at least

two or three phosphoserines are required for inhibi-

tion. Both dsDNA binding and unwinding activity

require similar PC4 concentrations and are decreased

to a similar extent on phosphorylation. We propose

that dsDNA binding is a prerequisite for unwinding,

which does not exclude an important role for ssDNA

binding.

The ability to bind dsDNA, and with a higher affin-

ity ssDNA (Fig. 1), seems to be a hallmark of ATP-

independent unwinding or helix-destabilizing proteins.

The co-operative binding to dsDNA is reminiscent of

the unwinding mechanism of the adenovirus DNA

binding protein [46,47] and bacteriophage /29 protein

P5 [48]. The flexible C-terminal arm contacts a neigh-

boring DNA binding protein molecule to form a stable

and flexible protein chain that binds DNA. The

co-operative protein–protein interactions have been

proposed to be the driving force for the unwinding

reaction by ssDNA binding proteins [47]. As PC4

dsDNA binding is co-operative in nature (Fig. 1), a

similar mechanism may also account for PC4-depend-

ent unwinding. Phosphorylation diminishes the

unwinding activity and simultaneously decreases

dsDNA binding. The decreased ability to form higher-

order protein–DNA complexes on dsDNA may cause

the lower activity. It has been shown that phosphoryla-

tion of replication protein A affects intersubunit inter-
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actions which in turn modulate its dsDNA binding

and melted dsDNA destabilization activities [49]. In

this case a direct interaction between the phosphose-

rines and the DNA interaction surface was postulated.

We have no direct evidence for contacts between the

phosphoserine region of PC4ntd and PC4ctd.

The strongly electrostatically driven interaction

between PC4 and VP16ad [50] is lost on phosphoryla-

tion of two or more serine residues, while monophos-

phorylated PC4 still interacts with VP16ad. Using

NMR, we noticed that CKII-mediated phosphoryla-

tion of the first two serines (Ser16 and Ser18) leads to

substantial chemical shift perturbations in the lysine-

rich region up to approximately residue Leu24. Fur-

thermore, the binding affinity decreased when lysine

residues in this region were mutated to glycine

(Fig. 7B). We propose that neutralization of the N-ter-

minal positively charged lysine residues by the negative

charges of the neighboring phosphoserines accounts

for the decrease in binding affinity of PC4 for VP16ad.

Gradual masking of the lysine-rich region

It has been shown that the SEAC region and lysine-

rich region both contribute to, respectively, the regula-

tion and activity of PC4 function (Jonker et al.,

unpublished work; [16,17]. While the SEAC region is

gradually phosphorylated in the N-terminal direction,

the adjacent lysine-rich region shows gradually increas-

ing chemical shift perturbations towards the C-ter-

minal side up to Lys34, which strongly suggests an

interaction between the two regions. We propose that

the SEAC region gradually covers the functional sur-

face of the lysine-rich region by ongoing phosphoryla-

tion. This event triggers which parts of the lysine-rich

region are available for interaction, thereby fine-tuning

the interactions with DNA, activators and other tar-

gets in the basal transcription machinery. Binding

experiments with PC4 mutants of lysine residues in the

22–28 region confirm this model (Fig. 7). In addition,

phosphorylation has been shown to inhibit p300-medi-

ated acetylation of PC4 [51]. Probably, the acetylation

sites in the lysine-rich region are masked by phos-

phorylation and made inaccessible for p300-mediated

acetylation. Furthermore, the cdk-inhibitory activity of

PC4 correlated with the functional lysine-rich region

and was abolished by phosphorylation [29]. The elec-

trostatic interaction between the phosphorylated SEAC

region and the positively charged lysine-rich region

could not be unambiguously confirmed by NOE con-

tacts. This is probably due to the highly flexible nature

of the whole N-terminal domain (Jonker et al., unpub-

lished work), a characteristic that does not change

much on phosphorylation. The equal peak intensities

before and after phosphorylation exclude, furthermore,

the possibility that the phosphorylation-dependent

effects on PC4 activities are due to the formation of a

stable complex between the phosphorylated SEAC

region and the PC4ctd core. However, as we observed

significant changes in the PC4ctd core after phosphory-

lation (Fig. 5A), we cannot exclude the possibility that

modulation of weak temporary interactions with the

flexible PC4ntd may also contribute to the observed

effect on PC4 function.

Dynamic behavior of PC4 in transcription

explained by the gradual masking model

The cofactor function of PC4 appears to be regulated

by the phosphorylation mechanism in a distinct path-

way that agrees with the functions PC4 is thought to

fulfil from PIC assembly to elongation. In this model,

activators recruit PC4 to the promoter [13], which

allows PC4 to bind in concert with GTFs near the

transcription start site and thereby stabilize the PIC

[17]. Furthermore, when bound to dsDNA, PC4 can

assist in promoter opening through its DNA-unwind-

ing activity [27], although other GTFs, including

TFIIH, are probably more important for this event.

Upon promoter opening, PC4 can bind to bubble

DNA [45], thereby forming a stalled PIC [21]. This

repression can be relieved by the presence of the

ERCC3 helicase activity of TFIIH [25], a factor that is

essential for promoter opening and for the transition

from transcription initiation to transcription elonga-

tion [52].

As phosphorylation of PC4 is thought to be per-

formed by kinases present within the PIC [21,22], the

subsequent phosphorylation events required for PC4

activities at the proper time within the transcription

cycle can only occur when GTFs containing the kin-

ase(s) required to phosphorylate PC4 are present. The

PC4 concentrations required for these activities as well

as the phosphorylation status-dependent changes in

activities (Fig. 8) correlate with the timings of these

events within the transcription cycle. First PC4 is

recruited to the promoter region through interaction

with activators (VP16 Kd � 1 lm [50]). Phosphoryla-

tion decreases the affinity for the activator, thereby

shifting PC4 to bind to dsDNA (Kd � 100 nm). At this

intermediate phosphorylation state (two or three phos-

phoserines), PC4 and ⁄or other GTFs can unwind

dsDNA. PC4 binds preferably to this DNA bubble

(Kd � 10 nm). Because of the binding of PC4 to both

dsDNA and ssDNA, transcription is stalled. Further

phosphorylation results in the loss of dsDNA binding,
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and the presence of TFIIH in the PIC enables tran-

scription initiation through the helicase activity of

ERCC3. Furthermore, it has been shown that PC4 can

specifically inhibit the cdk1, cdk2 and cdk7 mediated

RNA polymerase II phosphorylation [29], a phos-

phorylation event generally thought to be a critical

step in the conversion from transcription initiation to

elongation [7]. PC4p is no longer able to inhibit the

phosphorylation of RNA polymerase II [29], arguing

that regulated PC4 phosphorylation may also contrib-

ute to the conversion from initiation to elongation of

transcription.

In summary, we propose that the phosphorylation

status-dependent regulation of PC4 function is accom-

plished through gradual masking of the lysine-rich

region by phosphoserines. This phosphorylation event

is most likely performed by kinases present in the PIC,

which allows PC4 to perform the adequate cofactor

activity during the transcription cycle.

Experimental procedures

Protein, DNA and biochemical assays

The PC4 and VP16 protein constructs and mutants were

prepared and quantified essentially as described previously

(Jonker et al., unpublished work; [27,45]. The oligonucleo-

tides were purchased from Invitrogen (PO Box 3326, 4800

DH Breda, the Netherlands). The bubble consists of:

5¢-GGGCGGCGGGTTTTTTTTGGCGGGGCGG and

5¢-CCGCCCCGCCTTTTTTTTCCCGCCGCCC. For ssDNA

binding, either of these strands was used; both show

PKSKELVSSS10 SSGSDSDSEV20 DKKLKRKKQV30 APEKPVKKQK40 …

SGSSSSSVLEKSKPDESDSV . .
DKKLKRKKQVAPEKPVKKQK… 1-2 increase in ssDNA binding

SSSSSVLEKSKPGESDSDS decrease unwinding activityV . . .
DKKLKRKKQVAPEKPVKKQK… 2-3 VP16 interaction abolished

LEKSKPVESDSDSGSSSSS maximal decrease inV . . . .....
DKKLKRKKQVAPEKPVKKQK… 7-8 dsDNA binding

Gradual Masking Model pSER Functional change

* * * * * * * *

Phosphorylation Chemical Shift Changes

SEAC K-RICH
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A

LKRKKQV30 APEKPVKKQK40 …

SGSSSSSVLEKSKPDESDSV . .
DKKLKRKKQVAPEKPVKKQK… 1-2 increase in ssDNA binding

SSSSSVLEKSKPGESDSDS decrease unwinding activityV . . .
DKKLKRKKQVAPEKPVKKQK… 2-3 VP16 interaction abolished

LEKSKPVESDSDSGSSSSS maximal decrease inV . . . .....
DKKLKRKKQVAPEKPVKKQK… 7-8 dsDNA binding

Gradual Masking Model pSER Functional change

* * * * * * * *

Phosphorylation Chemical Shift Changes
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Fig. 8. Gradual masking model. (A) The

biochemical properties (DNA and

activator interactions, ATP independent

unwinding activity) of PC4 are influenced

in a phosphorylation status-dependent

fashion through gradual masking of the

functional lysine-rich region by the phos-

phoserines. (B) Schematic representat-

ion of PC4 binding to dsDNA, ssDNA

and VP16ad influenced by phosphory-

lation. The PC4 dimer (dimeric PC4ctd

core and two PC4ntd tails) contacts its

target (black arrows represent the

involved interacting residues of PC4).

The interaction is repressed (solid lines

represent PC4 residues that do not

contact the target) by either different

stages of serine phosphorylation

(phosphoserines are represented as grey

lines with a dot) or PC4ntd–PC4ctd

contacts (dotted lines).
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essentially identical results. For dsDNA binding, a

HIV ⁄ML hybrid promoter fragment [17] was used. The

electrophoretic mobility shift assays, unwinding assays and

GST pull-down experiments were performed as described

(Jonker et al., unpublished work). The GST pull-down

assays were carried out in the presence of 0.25 lm PC4.

For the phosphorylation time course, the average binding

affinity was determined in relation to unphosphorylated

PC4, for which the percentage binding was set at 1.

Phosphorylation assay

For the phosphorylation assay, the PC4 sample buffer was

exchanged to 1 mL phosphorylation buffer containing

200 mm KCl, 20 mm Tris ⁄HCl (pH 7.5), 10 mm MgCl2,
10 mm ATP and Complete (EDTA-free) protease inhibitor

(Roche), using Centriprep 3K ultrafiltration filters (Milli-

pore). The sample was prewarmed at 30 �C, and the reaction

was started by the addition of 500 U CK II (Calbiochem).

Samples were taken after 0, 8, 16, 30, 60, 120, 240, 480 and

1440 min, diluted in 1 mL 20 mm Tris ⁄HCl (pH 7.5) ⁄ 50 mm

KCl ⁄ 1 mm EDTA, and immediately purified using a

linear KCl gradient on a heparin column (Poros). The

unphosphorylated PC4 was eluted at � 625 mm KCl, and

completely phosphorylated PC4 eluted at 400 mm KCl.

MALDI and electrospray ionization MS

Electrospray ionization MS was carried out on a Micromass

LC-T orthogonal time-of-flight instrument (Micromass UK

Ltd, Manchester, UK) equipped with a ‘Z-Spray’ nanoflow

electrospray source using in-house pulled and gold-coated

borosilicate glass needles. Before analysis, protein samples

were concentrated and desalted using Micro C18 ZipTips

(Millipore, Bedford, MA, USA) following the manufac-

turer’s protocol for peptide and protein concentration and

clean up. Mass spectra were acquired in the positive ion

mode, and a mass range of 200–2000 m ⁄ z was monitored.

NMR spectroscopy

The phosphorylation assay using 15N-labeled PC4 was car-

ried out at 303 K in 900 lL 20 mm Tris ⁄HCl (pH 7.5) buf-

fer containing 200 mm KCl, 10 mm MgCl2, 10 mm ATP,

Complete (EDTA-free) protease inhibitor (Roche) and 10%

D2O. A 300-lL portion of this sample was used to set up

the 500-MHz NMR spectrometer. A 150-lL sample was set

apart (time point 0), and the phosphorylation was started

by adding CKII in proportional amounts to both the pre-

warmed NMR sample and the remaining parallel batch. A

series of 2D (1H,15N)-HSQC spectra were recorded for 7 h

(14 · 30 min). Then 150-lL samples were taken from the

parallel batch after 45, 90 and 180 min. The reaction was

terminated by adding 5 mL cold (4 �C) 50 mm phosphate

NMR buffer (pH 5.6) containing 400 mm KCl and Com-

plete protease inhibitor (Roche). The final NMR samples

were exchanged to this NMR buffer using Centriprep 3K

filters (Millipore) and supplemented with 2 m D5-glycine

(for better long-term stability of the PC4 protein at higher

temperatures [27]).

NMR experiments using 0.2–1 mm
15N and 13C ⁄ 15N

labeled PC4 samples were essentially performed as des-

cribed in Cavanagh et al. [53] and carried out at 305 K on

Bruker Avance 500-MHz and 750-MHz spectrometers using

triple-resonance probes. Most of the resonances for PC4ctd

have been assigned before [27] and could be re-assigned for

full length PC4 by overlaying (1H,15N)-HSQC spectra and

by verification of NOE patterns from 3D NOESY-

(1H,15N)-HSQC spectra. The 1H, 15N and 13C resonances

of residues 3–57 in PC4 and PC4p were assigned using 3D

TOCSY-(1H,15N)-HSQC, 3D NOESY-(1H,15N)-HSQC and

triple-resonance spectra (3D HNCACB, 3D HN(CA)CO

and 3D HNCO) as described previously (Jonker et al.,

unpublished work). The spectra were processed using the

software package nmrpipe [54] and analyzed using sparky

3 (T. D. Goddard and D. G. Kneller, University of Califor-

nia, San Francisco, CA, USA).
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