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The RNA polymerase II (pol II) initiation and elongation fac-
tor elongation factor TFIIF can be extensively phosphorylated in
vivo, although the significance of this modification has not been
clear.Wenow show that phosphorylation of recombinant TFIIF
by casein kinase 2 (CK2) reduces or eliminates some of the func-
tions of TFIIF while paradoxically leaving others intact. Phos-
pho-IIF is fully functional in binding to free pol II and is able to
support the initiation of transcription. However, the phosphor-
ylated factor does not bind to stalled elongation complexes as
measured in a gelmobility shift assay. Significantly, phosphoryla-
tion strongly reduces (or for some truncated versions of RAP74,
eliminates) stimulation of transcript elongation by TFIIF. Thus,
although TFIIF must participate at the initiation of transcrip-
tion, its ability to continue its association with pol II and stimu-
late transcript elongation can be specifically regulated by CK2.
This is particularly interesting because CK2 is required for ini-
tiation at a subset of pol II promoters. Modulation of TFIIF
function could be important in controlling promoter-proximal
pausing by pol II during the early stage of transcript elongation.

TFIIF is a general pol II3 transcription factor (1) that inmeta-
zoans consists of two subunits designated RAP30 andRAP74. It
was originally purified on the basis of its association with pol II
(2). TFIIF assists pol II in binding to promoter sequences as part
of preinitiation complex (PIC) formation (3). TFIIF is also
involved, along with the general transcription factor TFIIB, in
selecting the exact site at which transcription begins (4–8).
After initiation, TFIIF is less tightly associated with the tran-
scription complex, but it can bind to both stalled and freely
elongating complexes (3, 9, 10). During transcript elongation in
metazoan systems, TFIIF considerably stimulates the overall
rate of RNA synthesis (11–14). It apparently functions tomain-
tain the appropriate location of the transcript 3� end with the
active site and thus reduces transient pausing (15). TFIIF syn-
ergizes with TFIIS to facilitate transcript elongation on nucleo-

somal templates in vitro (16). In accordance with its in vitro
properties during both initiation and elongation, TFIIF was
shown to associate with both promoter and coding regions of
transcriptionally active metazoan genes in vivo (17–19). TFIIF
may also be involved in recycling of pol II by stimulating the
phosphatase activity of Fcp1 for the C-terminal domain of the
largest subunit of pol II (3).
Given the broad range of the involvement of TFIIF in tran-

scription by pol II, it is important to understand to what extent
TFIIF activity can be regulated. It was previously reported that
both subunits of TFIIF can be phosphorylated in vivo (2,
20–22). Earlier in vitro studies reacheddifferent conclusions on
the effects of these modifications on TFIIF activity. Kitajima et
al. (23) compared the properties of TFIIF purified from HeLa
cells before and after treatment with phosphatase. They found
that the dephosphorylated protein was less active in all assays
and showed a lower affinity for pol II. These effects were attrib-
uted specifically to the RAP74 subunit. Consistent with that
report, Cabrejos et al. (24) observed that phosphorylation by
CK2 increased the apparent activity of TFIIF in supporting
transcription in vitro. However, Rossignol et al. (25) showed
that some phosphorylation events can down-regulate TFIIF
activity in transcript elongation assays. These authors also
showed that treatment of TFIIF with HeLa extracts resulted in
phosphorylation of three peptides within the central so-called
charged domain of RAP74. All of these peptides contain con-
sensus sites for CK2 (25). CK2 is involved in many aspects of
gene expression. It plays a major role in controlling transcrip-
tion by RNA polymerases I and III (26–28). CK2 also functions
during transcription by pol II. It was shown to phosphorylate
TFIIF and the TFIIF-associated C-terminal domain phospha-
tase Fcp1 (25, 29, 30). Phosphorylation of Fcp1 by CK2 stimu-
lated its phosphatase activity and enhanced its binding to
RAP74 (29). CK2 is essential for the activity of some pol II
promoters in vitro, and it associates with pol II promoter
regions in vivo as judged by ChIP analysis (31). CK2 colocalizes
with productively transcribing RNA pol II and RAP74 on poly-
tene chromosomes of Chironomus salivary gland cells (18). In
that study it was concluded that bothCK2 andTFIIF travel with
the elongating form of pol II.
On the basis of the established roles of CK2 in transcriptional

regulation and preliminary experiments showing that phos-
phorylation of TFIIF can modulate its function, we have inves-
tigated the effects of CK2 modification on TFIIF activity. We
now show that the in vitro activity of TFIIF can be selectively
affected by CK2. CK2 modification completely eliminates fac-
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tor binding to stalled transcript elongation complexes in a
mobility shift assay and at least strongly reduces stimulation of
transcript elongation by TFIIF. However, the ability of TFIIF
to support transcription complex assembly is only slightly
impaired. Remarkably, CK2 phosphorylation has no effect on
the interaction of TFIIF and free pol II, although CK2 modi-
fication eliminates factor interaction with transcriptionally
engaged pol II. These results are significant in light of the
requirement for CK2 for the activity of some pol II promoters
(31), the obligatory participation of TFIIF in effective transcript
elongation complexes in vitro (32), and the regulated pausing of
pol II immediately downstream of the start of transcription at
many metazoan genes (10, 33–35).

EXPERIMENTAL PROCEDURES

Reagents—NTPs were obtained from GE Healthcare, 32P-la-
beled NTPs from New England Nuclear, streptavidin-coated
magnetic beads from Invitrogen, Ni-nitrilotriacetic acid (Ni-
NTA) beads fromQiagen, andRNasin Plus fromPromega. CpA
dinucleotide was custom-synthesized by Dharmacon. Casein
kinase 2was purchased fromNewEngland Biolabs, anti-RAP74
antibody (N-16, sc-234)was obtained fromSantaCruzBiotech-
nology, and anti-Rpb3 (POLR2C, ab14252) was from Abcam.
Plasmids and Templates—All templates contained the ade-

novirus major late promoter. Plasmids pML20–40(6G) and
pML20–40(31G)were described previously (36). The pML20–
40(31G)m template was obtained from pML20–40(31G) by
eliminating a downstream PvuII site. Working templates were
generated by PCR amplification from one of these plasmids.
The biotinylated upstream primer contained a PvuII site. Its 5�
end was located 100 bp upstream of the transcription start site.
Except for the pML20–40(6G) template, downstream template
ends were generated by restriction cleavage.
Proteins and Factors—Human TBP, TFIIB, and TFIIE were

recombinant proteins prepared as described (37, 38). Recombi-
nant human RAP30, RAP74, and truncated and mutated ver-
sions of RAP74 were expressed individually in Escherichia coli,
purified on Ni-NTA-agarose in the presence of 8 M urea, and
dialyzed against buffer BC500 (20 mM Tris-HCl (pH 7.9), 0.2
mMEDTA, 20% glycerol, 500mMKCl) containing 5mM �-mer-
captoethanol and 0.25 mM PMSF. (Numbers for the BC series
buffers indicate the millimolar KCl concentration.) TFIIF was
generated by mixing purified RAP30 and RAP74 at a 1:1 molar
ratio under denaturing conditions (4 M urea in BC500) followed
by dialysis against BC500 and further purification by gel filtra-
tion. Serine-to-alanine variants of RAP74 were generated using
the QuikChange site-directed mutagenesis kit (Agilent Tech-
nologies) and verified by sequencing.
TFIIH was purified from HeLa nuclear extract using a mod-

ification of the procedure of Maldonado et al. (37, 39). Nuclear
extract was applied to a phosphocellulose column in BC100,
washed extensively in BC300, and developed with a linear gra-
dient from BC300 to BC1000 with the buffers supplemented
with 1 mM DTT and 0.25 mM PMSF. TFIIH activity, which
eluted around 0.5 M KCl, was further purified by step elution
from a DE52 column (Whatman) at 0.35 M KCl followed by
binding and elution from a mono Q column (GE Healthcare)
developed with a linear gradient of BC100 to BC800 (buffers

supplemented with 1 mM DTT and 0.25 mM PMSF). TFIIH
activity eluted from mono Q between 0.25 and 0.35 M KCl.
Human pol II was purified fromHeLa cell nuclear pellets by the
protocol of Maldonado et al. (39) with the modifications
described by Újvári and Luse (38).
Phosphorylation and Purification of TFIIF—24pmol TFIIF in

a volume of 800 �l was incubated at 30 °C for 60 min in 20 mM

Tris-HCl (pH 7.5), 10 mM MgCl2, 75 mM KCl, 35 mM NaCl, 0.2
mM ATP, 80 �g/ml BSA, 0.25 mM PMSF, 0.01% Triton X-100,
and 5 units/�l CK2. The reactions in Fig. 1 also contained a
trace amount of [�-32P]ATP. Mock reactions were performed
identically, except that ATP and CK2 were omitted. Kinased or
mock-treated proteinsweremixedwith 2.1ml of BB500 (20mM

Tris-HCl (pH 7.9), 0.05% Nonidet P-40, 1.5 mM �-mercapto-
ethanol, 0.2 mM PMSF, 20% glycerol, 500 mM KCl) containing
10mM imidazole and 20�l ofNi-NTAbeads. Tubeswere gently
mixed by rotation at 4 °C for 1 h. Beads were washed four times
with the binding buffer to remove the kinase. Proteins were
eluted from the beads with 50 �l of BB200 (same as BB500 but
with 200 mM KCl) containing 200 mM imidazole and 0.25
mg/ml BSA, followed by dialysis against BB100 containing 10
mM NaF, 2 mM Na �-glycerophosphate, and 2 mM Na pyro-
phosphate. Protein integrity and concentrations were deter-
mined by Western blot analysis.
Transcription Initiation Assay—Preinitiation complexes

were assembled as described (38) using 133 ng of bead-attached
pML20–40(6G) template per 100 �l and varying amounts of
TFIIF as indicated in Fig. 3. Transcription was initiated with
0.25 mM CpA (initiating at position �1), 50 �M UTP and GTP,
1 �M [�-32P]CTP, and 50 �M dATP at 30 °C for 5 min followed
by incubation with 50 �M CTP for 5 min. Complexes were
washed, and the 21-mer RNAs were then recovered by phenol-
chloroform extraction and resolved on 15% denaturing acryl-
amide gels.
Transcript Elongation Assay—PCR-amplified pML20–

40(31G)m templates were cut with NdeI so that run-off tran-
scription resulted in a 332-nt RNA. Preinitiation complexes
were assembled using�600 ng of template per 100 �l and were
rinsed with BC100 containing 1 mM DTT and 0.5 mg/ml BSA,
followed by a rinse with M65 (20 mM Tris-HCl (pH 7.9), 0.25
mM EDTA, 5% glycerol, 10 mM Na �-glycerophosphate, 10 mM

MgCl2, 1 mM DTT, 65 mM KCl) containing 0.25 mg/ml BSA to
remove free factors. Complexes were resuspended inM65, and
transcription was initiated with 0.5 mM ATP (initiating at posi-
tion �1), 50 �M UTP, and 2.5 �M [�32-P]CTP at 30 °C for 1.5
min, followed by incubation with 50 �M CTP for 0.5 min. The
transcription complexes, which now contained primarily
30-nt transcripts, were washed once with high salt buffer (20 mM

Tris-HCl (pH 7.9), 1 mMDTT, 1.6 M KCl, 0.25 mg/ml BSA) and
twice with M40 (same as M65 but with 40 mM KCl) containing
0.25 mg/ml BSA. Complexes were released from magnetic
beads by treatment with 4 units/�l PvuII for 15 min at 30 °C in
the M40 plus BSA buffer. Following the addition of 1.5 �g of
herring sperm DNA per �g of template, the supernatants were
separated from the beads. Reactions were diluted with M40
plus BSA, supplementedwith RNAsin Plus to a final concentra-
tion of 0.4 units/�l, mixed with mock-treated or phosphory-
lated TFIIF, brought to final concentrations of 56 mM KCl and
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10mMMgCl2, and kept on ice until needed. Before the addition
of nucleotides, reactions were brought to 30 °C, and an aliquot
was removed for the zero time point. Transcription was
restarted by addition of all fourNTPs (preincubated at 30 °C) to
a final concentration of 0.25 mM. Aliquots were removed at 20,
40, and 60 s and pipetted into phenol-chloroform. Transcripts
were resolved on 8% denaturing acrylamide gels. Average elon-
gation rates were calculated by determining the average tran-
script lengths (in comparison to DNA markers) in lanes where
run-off transcripts had not yet accumulated significantly.
Analysis of Elongation Complexes by Native Gel Electro-

phoresis—High salt-washed complexes containing labeled
30-mer transcripts were generated as described above for the
elongation assay. Complexes were released from the beads by
cleavage with Cac8 I for 15 min at 30 °C (which cuts both
upstream and downstreamof the complexes), followed by addi-
tion of 1.5 �g of herring sperm DNA per �g of template. The
supernates were diluted with M40 plus BSA, followed by the
addition of mock-treated TFIIF, phosphorylated TFIIF, or
buffer, as indicated in Fig. 2. After 10min at room temperature,
glycerolwas added to 18%, and the sampleswere resolved on 4%
native acrylamide gels (40) at 7 Watt for 3 h at 4 °C.
RNA Polymerase II Binding Assay—12 pmolmock-treated or

phosphorylated TFIIF was mixed with 3 or 6 pmol pol II in
BB100 containing 10 mM imidazole and 0.5 mg/ml BSA in a
final volume of 50 �l for 1 h at 4 °C. 50 �l of BB100 was added
containing 5 �l of Ni-NTA beads, and the reactions were
rotated at 4 °C for 1 h. Beads were washed four times with 500
�l of the same buffer, and bound proteins were eluted with
BB100 containing 200 mM imidazole and 0.25 mg/ml BSA. The
eluted proteins were resolved on SDS-PAGE. RAP74 and the
Rpb3 subunit of pol II were detected by Western blot analysis.
About 10–20% of the input pol II was retained on the nickel
resin through binding to TFIIF.

RESULTS

Phosphorylation of TFIIF by CK2—Our laboratory has been
studying the retention of transcription initiation factors during
transcript elongation by pol II in vitro. During the course of
these experiments, we observed that addition of small amounts
of HeLa nuclear extract to PICs resulted in lower rates of sub-
sequent transcript elongation.Given the known effects of TFIIF
on elongation and the report indicating thatCK2 inHeLawhole
cell extracts is an efficient kinase of TFIIF (25), we decided to
investigate the effects of phosphorylation of TFIIF by CK2 dur-
ing transcript elongation.
In Fig. 1A, the locations of consensus CK2modification sites

within RAP74 (S/TXXE/D) are indicated by the black numbers
below the diagram of the full-length RAP74 protein. The gray
numbers above the diagram indicate two sites (with sequence
SD) that could also be modified by CK2. Sites previously
reported to be phosphorylated by HeLa whole cell extract (25)
are marked by asterisks. We incubated TFIIF reconstituted
from recombinant RAP30 and RAP74 with recombinant CK2
in the presence of [�-32P]ATP and continued the reactions until
incorporation of radioactivity reached itsmaximal level (Fig. 1).
The results in Fig. 1B show that both RAP74 and RAP30 are
phosphorylated under these conditions, with most of the
radioactive signal going into RAP74 (lane 1). As demonstrated
below, we eventually determined that phosphorylation of
RAP74 is responsible for the functional effects of CK2 onTFIIF.
We therefore also tested a series of C-terminal truncation
mutants of RAP74, generously provided to us by Z. Burton (14,
41). The locations of the C termini of each of these mutants are
listed in Fig. 1A. All TFIIF proteins containing RAP74 trunca-
tions were phosphorylated by CK2 on both TFIIF subunits, as
shown in Fig. 1B, lanes 2-5. The observed differences in modi-
fication level among these proteins may have resulted from dif-
ferent accessibility of themodification sites in the various trun-

FIGURE 1. Phosphorylation of TFIIF by CK2. A, RAP74, RAP30 and C-terminal truncations of RAP74 are shown diagrammatically, and the length of each protein
is given. Vertical black bars with numbers below the diagram indicate consensus CK2 phosphorylation sites (S/TXXE/D). The numbers give the position of the
Ser or Thr residue within that site. Two SD sites, which could also be modified by CK2, are labeled in gray above the diagram and marked by gray bars. Sites
labeled with an asterisk were shown to be phosphorylated by HeLa whole cell extract (25). Domain designations are based on Lei et al. (14) and Kamada et al.
(51) for RAP74 and Gaiser et al. (52) for RAP30. B, TFIIF containing full-length or truncated RAP74 was phosphorylated by recombinant CK2 in the presence of
[�-32P]ATP. Proteins were separated by SDS-PAGE. Signal intensity for the gel on the left was adjusted to be darker below the dashed line to reveal labeling of
the RAP30 subunit. The positions of the different labeled subunits are indicated on the right.
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cated forms of RAP74. RAP30 was phosphorylated to the same
limited extent in all constructs tested.
CK2 Phosphorylation Impairs the Activity of TFIIF during

Transcript Elongation—We first tested the effect of phosphor-
ylation by CK2 on the ability of TFIIF to stimulate the rate
of elongation. We assembled transcription complexes on
bead-bound templates containing the adenovirus major late
promoter with purified pol II and purified or recombinant
general transcription factors. Complexes containing radio-
labeled transcripts were stalled at position 30 and washed
successively with high salt (1.6 M KCl) and low salt (40 mM

KCl) buffers. This procedure removes all transcription fac-
tors and leaves only engaged polymerase in the transcription
complex (32). Complexes were released from the beads by
restriction enzyme cleavage, incubated with buffer or satu-
rating amounts of TFIIF, and chased at 30 °C to the end of
the templates with 0.25 mM NTPs (which is roughly the NTP
concentration needed to support half-maximal transcription
rates (42)). Reactions were stopped at different times, and
the resulting transcripts were resolved on denaturing acryl-
amide gels. Calculated average elongation rates � S.D. are
plotted in Fig. 2B.
Because TFIIF is removed from the stalled complexes during

the high salt wash, complexes supplemented only with buffer
displayed a slow elongation rate, 93 � 10 nt/min, as expected
from previous studies (43). Addition of native, mock-treated
TFIIF increased the elongation rate 4.3-fold (402 � 10 nt/min),
also as expected (43). However, if TFIIF was phosphorylated by
CK2, it was able to stimulate the elongation rate by only 1.9-fold
(173 � 31 nt/min). Truncation of RAP74 from the C terminus
resulted in at most a 25% reduction in the ability of TFIIF to
stimulate transcript elongation (Fig. 2, A and B). The effects on
CK2 phosphorylation of RAP74-truncated versions of TFIIF,
however, varied strongly with the extent of truncation. (For the
sake of brevity we will refer to TFIIF complexes bearing RAP74
truncations by the length of RAP74 remaining. Full-length
RAP74 is 517 amino acids.) Phosphorylated TFIIF(1–356) and
TFIIF(1–296) were unable to stimulate the elongation rate
of pol II. However, when phosphorylated TFIIF(1–227) and
TFIIF(1–217) were tested, elongation rates dropped only
slightly compared with mock-treated counterparts. Modifica-
tion of RAP30 apparently does not affect TFIIF activity because
RAP30 was phosphorylated to about the same extent in all
TFIIF preparations tested.
Results with the truncated versions of RAP74 suggested

that the functional target of CK2 modification in transcript
elongation is the central, so-called charged domain of
RAP74. We therefore prepared and tested a series of point
mutants of RAP74 in which serine residues within the
charged domain were changed to alanines. Within this
region, Rossignol et al. (25) identified a peptide including
serines 280 and 281 as a major site of RAP74 phosphoryla-
tion in HeLa extracts. These serines are located within a CK2
consensus site. There is also a third serine (Ser-275) in a
less-favored context (SD) for CK2 modification. Changing
these three residues to alanine within the context of full-
length RAP74 generated the m1 variant (Fig. 2C). Wang and
Burton (41) suggested that serines at positions 253 and 261

are important sites for phosphorylation of RAP74 by CK2.
We therefore created variant m2, in which these residues
were converted to alanine. In the m3 variant, we combined
all five alterations from m1 and m2 (Fig. 2C). TFIIF(1–227)
contains a CK2 consensus site at position 224 and is strongly
modified by CK2 (Fig. 1B). A global proteomic study dem-
onstrated that Ser-224 is also modified in HeLa cells (44). On
this basis, we generated a fourth RAP74 variant, m4, with the
single Ser-to-Ala change at 224 (Fig. 2C).
The four TFIIF serine substitution variants were phosphory-

lated with CK2 and tested for their ability to stimulate tran-
script elongation using the salt-washed 30-mer complexes as in
Fig. 2A. The mock-phosphorylated variants served as controls.
We were surprised to find that all of the variants were essen-
tially as sensitive toCK2modification as TFIIF containingwild-
type RAP74 (Fig. 2C). In an attempt to produce a variant that
was not inhibited by phosphorylation, we began with the
RAP74 1–296 construct, the shortest version of RAP74 that is
significantly responsive to CK2 modification. Within RAP74
1–296, we changed all six serines altered in m3 and m4 to
alanine. TFIIF containing the resulting m5 variant was only
slightly inhibited in the transcript elongation assay by CK2
modification (Fig. 2C). Thus, there is no single serine or small
set of serines within the charged domain of RAP74whose phos-
phorylation by CK2 is solely responsible for the reduction in
TFIIF function. Loss of inhibition by CK2 was only observed
when the Ser-to-Ala change at 224 was added to the other five
alterations. However, CK2 modification of Ser-224 alone is
clearly not sufficient to cause inhibition of TFIIF function (m4
variant). Also, it is important to note that the m3 variant (all
serine changes except 224) was generated in full-length RAP74,
whereas m5 (with the additional change at 224) was based on
the 1–296 truncation.
TFIIF Phosphorylated by CK2 Does Not Bind to Stalled Elon-

gation Complexes—What is the basis for the loss of function by
modified TFIIF in the elongation assay? Phosphorylation by
CK2 does not simply destroy TFIIF activity because all of the
modified proteins function in an initiation assay (see Fig. 3,
below). We have also demonstrated that dephosphorylation of
CK2-phosphorylated TFIIF with shrimp alkaline phosphatase
restored full activity in our elongation assay (data not shown).
Loss of function by TFIIF during transcript elongation could
reflect a failure to bind to the elongation complex. To test this,
we used a previously described protocol involving native gel
electrophoresis (40). High salt-washed complexes containing
radiolabeled 30-mer RNAs were incubated with mock-treated
or CK2-modified TFIIF and resolved on low-percentage
polyacrylamide gels (Fig. 2D). All mock-treated TFIIF prep-
arations bound to the stalled elongation complexes in a
concentration-dependent manner, as indicated by the
appearance of slower-migrating complexes. Significantly,
phosphorylated TFIIF(1–517), TFIIF(1–356), and TFIIF(1–
296) all failed to bind the 30-mer complexes (Fig. 2D). Phos-
phorylated TFIIF(1–227) did bind to the elongation com-
plexes but only with intermediate affinity because binding
was detected only at high concentrations of the factor (Fig.
2D). CK2-modified TFIIF(1–217) was able to bind to elon-
gation complexes even at very low factor concentrations.
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These results are generally consistent with the deficits dis-
played by the various phosphorylated forms of TFIIF in the
elongation assay, except that TFIIF(1–517) retains some
stimulatory effect on transcript elongation (Fig. 2B).

CK2 Phosphorylated TFIIF Is Able to Support Preinitiation
Complex Assembly—We also tested the effect of CK2modifica-
tion on the ability of TFIIF to support pol II PIC assembly. PICs
were formed using purified pol II, purified or recombinant gen-

FIGURE 2. Phosphorylation of TFIIF by CK2 impairs its activity during elongation. A, high salt-washed transcription complexes containing labeled 30-nt
RNAs were chased with 0.25 mM NTPs at 30 °C for the indicated times with saturating amounts of the indicated TFIIF proteins (48 to 96 fmol/�l) or with buffer
only. The positions of selected DNA molecular weight markers (M) are indicated to the right of the panel. B, average elongation rates were calculated from
results like those in A by determining the average length of transcripts in lanes where the polymerase had not yet reached the end of the template. The lengths
of the RAP74 subunit and the modification states of TFIIF (m, mock; P, phosphorylated) are shown. The error bars indicate mean � S.D. based on three to nine
repeats. C, RAP74 variants with the indicated Ser-to-Ala substitutions were made either with full-length RAP74 (m1-m4) or the 1–296 truncation (m5). Assays
identical to those in A were performed with CK2-modified (P) or mock-phosphorylated (m) TFIIF preparations containing the indicated variants. Average
elongation rates were determined as in B. The error bars indicate mean � S.D. for three determinations. D, electrophoretic mobility shift assay with high
salt-washed ternary complexes containing 30-nt labeled transcripts. Mock-treated or phosphorylated TFIIF was added to complexes at the indicated concen-
trations, and samples were run on 4% native acrylamide gels. The composition of the RAP74 subunit of TFIIF is indicated to the left of each gel. Unbound (U) and
bound (B) complexes are labeled.
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eral transcription factors, and varying concentrations of mock-
treated or CK2-phosphorylated TFIIF. Transcription was initi-
atedwith a limited set ofNTPs to synthesize 21-mer RNAs. The
results of these studies are summarized in Fig. 3. Truncation of
RAP74 led to a reduction in the ability of (nonmodified) TFIIF
to support transcription complex assembly, as expected from
earlier studies (41, 43). Note that our purified pol II and TFIIH
contain no detectable TFIIF because synthesis of the 21-mer
was completely dependent on the addition of TFIIF. Phosphor-
ylation by CK2 reduced the activity of both TFIIF(1–517) and
TFIIF(1–296) in this assay, but this deficit was much less than
that seen in the transcript elongation or elongation complex
binding assays (Fig. 2). The ability of phosphorylated TFIIF(1–
217) to support 21-mer synthesis was only slightly reduced, in
this case consistent with the performance of this modified fac-
tor in the assays shown in Fig. 2. These results indicate that
phosphorylation of RAP74 can also modulate the ability of
TFIIF to function in transcription complex assembly.
CK2-phosphorylated TFIIF Binds Efficiently to Free pol II—

Although phosphorylated TFIIF cannot bind to stalled elonga-
tion complexes, it can support the assembly of PICs. Given that
TFIIF is believed to recruit free pol II to the PIC, our results
could be explained if phosphorylation selectively interferes
with the interaction of TFIIF with transcriptionally engaged
polymerase. Alternatively, phosphorylated TFIIF might func-
tion in the PIC only through interactions with components
other than pol II. We therefore tested the ability of CK2-phos-
phorylated TFIIF to bind to free polymerase (Fig. 4). A fixed
amount of mock-treated or phosphorylated TFIIF was incu-
bated with different amounts of pol II in solution. Complexes

were then bound to Ni-NTA beads via the C-terminal histi-
dine tag on the subunits of TFIIF. Following washing to
remove nonspecifically interacting proteins, bound proteins
were eluted with imidazole. Western blotting indicates that
in the absence of TFIIF, polymerase did not bind nonspecifi-
cally to the beads (Fig. 4, lanes 5 and 6). However, about the
same amount of polymerase could be pulled down in the
presence of mock-treated or phosphorylated TFIIF (lanes
1–4). Furthermore, the amount of polymerase recovered
was proportional to the starting amount (compare lane 1 to
lane 2 and lane 3 to lane 4), consistent with specific binding.
These results indicate that phosphorylation of TFIIF by CK2
does not change the ability of the factor to interact with free
polymerase.

DISCUSSION

TFIIF is both a transcription initiation factor and, inmetazo-
ans, an elongation factor. It can be phosphorylated in vivo, but
the functional consequences of this modification are not well
understood. CK2 has been suggested to have a role in pol II
transcription, and TFIIF is a known substrate for CK2. We
demonstrate here that phosphorylation by CK2 can affect a
specific subset of themultiple functions of TFIIF. Binding to the
stalled elongation complex is eliminated as judged by mobility
shift, and stimulation of elongation is strongly reduced or elim-
inated, whereas interaction with free pol II is unaffected, and
support for initiation is only partially affected. Our observa-
tions also indicate that there are significant differences in the
interaction of TFIIF with free and transcriptionally engaged pol
II, which is particularly interesting in light of recent structural
studies describing the interaction of yeast TFIIF with yeast pol
II (45) and the yeast PIC (46). It should be noted that a previous
study of CK2modification of TFIIF reached a different conclu-
sion from ours (24). Those authors reported that phosphoryla-
tion of TFIIF with CK2 leads tomodest increases in TFIIF func-
tion. Althoughwe cannot fully explain the discrepancy between
our findings and the earlier report, it should be noted that the
experimental approaches in the earlier study were significantly
different from those used here. The transcription assay in the
earlier study used calf thymus pol II to synthesize a 400 nt RNA
in 45 min reactions with one NTP very limiting. Polymerase
and transcription factors were present throughout these reac-

FIGURE 3. CK2 phosphorylated TFIIF is active in assembly of preinitiation complexes. PICs were formed in the presence of varying amounts of mock-
treated or phosphorylated TFIIF, and transcription was initiated by limited NTP addition to yield 21-mer transcripts. A, comparison of RNA yields when
TFIIF(1–517) versus TFIIF(1–296) was used. B, comparison of RNA yields when TFIIF(1–517) versus TFIIF(1–217) was used. For both panels, 100% corresponds to
the level of RNA made with mock-treated TFIIF(1–517) at saturating concentrations (15 fmol/�l). The error bars indicate mean � S.D. based on three to five
repeats.

FIGURE 4. CK2 phosphorylated TFIIF binds to free pol II. The indicated
amounts of pol II and phosphorylated or mock-phosphorylated TFIIF were
mixed and incubated with Ni-NTA beads. Proteins eluted from the beads
were detected by Western blot analysis using antibodies to RAP74 or the
Rpb3 subunit of pol II.
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tions. In such an experiment it is not possible to distinguish
separate effects on transcription complex assembly, initiation,
reinitiation of transcription, and transcript elongation.
TFIIF presumably has different roles as a part of the pre-

initiation complex and the elongation complex. In assembly of
the PIC, TFIIF is thought to function as a chaperone for pol II
(3). Because phosphorylation by CK2 does not inhibit the asso-
ciation of free pol II with TFIIF, the pol II chaperone activity
should not be affected bymodification. TFIIF also plays a role in
conjunctionwithTFIIB in locating the start site of transcription
(4–8), probably by positioning TFIIB near the pol II active site
(47). Yeast Tfg1 andTfg2 are homologues of humanRAP74 and
RAP30. Tfg1 and Tfg2 dimerize through their N-terminal
domains. These dimerized regions in turn interactwith the lobe
domain of the Rpb2 subunit of pol II, well downstream of the
polymerase active site and outside of the central cleft that binds
template (45, 46). The central charged domain of Tfg1 is largely
unstructured in the PIC. At least one contact between yeast pol
II and residue 480 of Tfg1 places the charged domain of Tfg1
close to the active site cleft and TFIIB (46). It is thus reasonable
to suppose that modification of RAP74 could disturb pol
II/TFIIB interactions in the human PIC, leading to somewhat
reduced RNA synthesis activity as we observed.
The failure (or reduction) in elongation stimulation by CK2-

phosphorylated TFIIF can be directly attributed to the lack of
interaction with pol II in the elongation complex. However, it
then seems paradoxical that phosphorylation of TFIIF does not
affect its interaction with free pol II because, as just noted, the
Tfg1/Tfg2 dimerization domain (and by inference, the corre-
sponding RAP74/RAP30 domain) has extensive interactions
with theRpb2 lobe domain in both the binary complexwith free
pol II (45) and in the PIC (46). This dimerization domain/Rpb2
interaction should not be affected by CK2 phosphorylation
because the activity of TFIIF(1–217), which retains the full
RAP74/RAP30 interface, is not significantly inhibited by CK2
modification. In this context it is interesting that residues from
the N- and C-terminal ends of the Tfg1 charged domain were
reported to interact with the Rpb1 jaw domain at the down-
stream end of the cleft in yeast pol II-TFIIF binary complexes
(45), distant from proposed charged domain interactions in the
PIC. It was proposed that the generally unstructured charged
domain of Tfg1 might occupy the cleft in the binary complex
and thereby prevent entry of nonspecific DNA (45), consistent
with the known ability of TFIIF to reduce pol II interactions
with non-promoter DNA (48). In elongation complexes, how-
ever, template DNA would displace the charged domain of
RAP74 from the cleft. Phosphorylation within the charged
domain would not be expected to lessen interaction with the
positively charged pol II cleft, consistent with our results on
binding of phospho-TFIIF and pol II (Fig. 4). Our results sug-
gest that the proposed relocation of the charged domain in the
elongation complex renders the RAP74-pol II interaction very
sensitive to phosphorylation by CK2 because significant reduc-
tion in the effect of CK2 modification was only obtained with
six serine-to-alanine changes within the charged domain of the
truncated 1–296 version of RAP74 (Fig. 2C).
Regardless of the exact mechanism of CK2 action, we would

stress the potential significance of a transcription-associated

kinase that can selectively control critical aspects of TFIIF func-
tion. It is important to recall that, in contrast to the case with
yeast (49, 50), metazoan TFIIF is found within the transcribed
regions of active genes (17, 18). This is consistent with the well
documented ability of metazoan TFIIF to stimulate transcript
elongation in vitro (11, 12, 14). It is now appreciated that most
metazoan genes are controlled at least in part through the reg-
ulated pausing of pol II immediately downstream of the start of
transcription (10, 33–35). The detailed mechanism through
which such pausing is regulated is not yet known, but results
from in vitro studies implicate the controlled association of
TFIIF with transcribing pol II as a central aspect of this process
(32). Our results suggest that CK2 modification of TFIIF could
participate in this regulatory mechanism because phosphory-
lation by CK2 would not affect the function of TFIIF as a chap-
erone for pol II and a participant in PIC assembly but would
interfere with the ability of TFIIF to support effective transcript
elongation. This model seems particularly attractive because
CK2 was shown to be required for pol II activity at some pro-
moters in vitro and is associated with promoters in vivo (31).

In summary, phosphorylation of humanTFIIF byCK2 affects
an interesting subset of the roles TFIIF plays in transcription.
The availability of a form of TFIIF that discriminates between
free and engaged pol II should provide a useful tool to further
our understanding of the functional interactions of TFIIF with
polymerase. It should be informative to explore further the pos-
sibility that regulation of the efficiency of transcript elongation
by pol II involves the selective control of TFIIF activity through
phosphorylation.
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