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The molecular dissection of transcription mechanisms is greatly facilitated by con-
structing and manipulating defined transcription systems in vitro. This approach
requires highly purified transcription factors. A major enzyme participating in the
transcription reaction is RNA polymerase II (RNAPII), which is composed of at least
12 subunits (RPB1–12). Due to its complex structure, it is difficult to prepare highly
pure RNAPII by the conventional purification procedure. We transfected HeLa cells
with a plasmid expressing RPB3 with a double FLAG-histidine tag on its amino-termi-
nus. A high yielding clone was isolated and its extracts were subjected to immunoaf-
finity purification and then Co2+ affinity chromatography. This resulted in a prepara-
tion of RNAPII complexes that consisted of all the core subunits, including the
double-tagged RPB3 protein. Transcription reactions with oligo (dC)-tailed templates
and transcription assays involving general transcription factors revealed that the
double-tagged RNAPII complexes are active and functional in basal and activated
transcription. Our method is superior to the conventionally used purification proce-
dure in that the final preparation is markedly more pure (92% versus 40%), and the
procedures are much less time-consuming. Thus, this two-step affinity purification
method is an uncomplicated and effective method by which active and functional
RNAPII can be prepared.

Key words: affinity chromatography, RNA-polymerase, transcription, transcription-
regulation.

The expression of eukaryotic genes encoding proteins is
mediated by RNA polymerase II (RNAPII), which cata-
lyzes the synthesis of mRNA in an �-amanitin-sensitive
manner. Eukaryotes have three kinds of RNA polymer-
ases, denoted RNAP I, II, and III, and RNAPII can be
separated from the other two enzymes on the basis of its
�-amanitin susceptibility. It has been reported that
RNAPII consists of at least 12 subunits. Of these, RPB5,
RPB6, RPB8, RPB10, and RPB12 are found in all three
RNAPs, while RPB1, RPB2, RPB3, RPB4, RPB7, RPB9,
and RPB11 are unique to RNAPII (1, 2). In general, the
activity of RNAPII is estimated by two methods. One is
promoter-independent transcription using oligo (dC)-
tailed templates. In this method, RNAPII can transcribe
the template without the help of any other factors and
starts synthesizing RNA without an initiation reaction.
This transcription system thus assesses only the elonga-
tion activity of RNAPII itself (3, 4). The other way to
measure RNAPII activity is promoter-dependent tran-
scription. Transcription from most eukaryotic promoters
requires the presence of general transcription factors
(GTFs) such as TFIIB, TBP, TFIIE, TFIIF, and TFIIH (5).
GTFs support the transcription initiation reaction from

promoters. It is believed that RNAPII activity in a tran-
scription system composed of purified GTFs is a measure
of its basal level of activity. Although TFIIA is a GTF, it
does not participate in basal activity (6). Rather, it acti-
vates transcription and enhances the response to tran-
scriptional activators when the promoter-dependent
transcription system contains TFIID instead of TBP (7–
9). TFIID is composed of TBP and TBP-associated factors
(TAF). The functional difference between TBP and TFIID
is also observed when DNA-binding transcriptional acti-
vators are used (10, 11). TAF250, one of the human TAFs,
has a TAND domain that naturally inhibits TBP-DNA
binding activity (12–14). It seems that activators interact
with TAFs and the interaction is likely to induce a confor-
mational change in TAF250 that eliminates its inhibitory
effect on the DNA-binding activity of TBP (14, 15).

Methods to purify RNAPII from eukaryotic cells have
been developed by many groups (see Ref. 16 and refer-
ences therein). These methods employ conventional col-
umn chromatography (17). Although this allows active
RNAPII to be purified, it is time-consuming and requires
working in a cold room. In addition, the resulting prepa-
ration of RNAPII usually contains some extra polypep-
tides. Recently, some multiprotein complexes, such as the
TIP60 histone acetylase, have been purified from cloned
cell lines expressing a tagged protein that belongs to the
target complex (18). The tag most often used is the FLAG
tag. Based on this approach, Kershnar et al. have devel-
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oped a method to purify human RNAPII from a clonal cell
line. In this method, the FLAG tag is introduced onto the
amino terminus of the RPB9 subunit, and the FLAG-
tagged RNAPII is immunopurified from the cytoplasmic
S100 fraction which has been subjected to phosphocellu-
lose column chromatography (19). The resulting FLAG-
tagged RNAPII preparations are capable of mediating
basal and activated transcription (19). Two other groups
have also purified RNAPII from yeast cell extracts using
FLAG, histidine, or biotin acceptor peptide tags. Ishi-
hama and his colleague affinity-purified Shizosaccharo-
myces pombe RNAPII by histidine-tagging RPB1 and
RPB3. This allowed them to analyze the assembly of the
core subunits of RNAPII (20). These authors also con-
structed S. pombe expressing FLAG-tagged RPB3 to ana-
lyze the cofactors that bind specifically to RNAPII (21).
The other group, Kireeva et al., constructed a Saccharo-
myces cerevisiae strain that produces histidine-biotin
acceptor peptide-tagged RPB3. They succeeded in purify-
ing the active form of RNAPII with avidine resin (22).

Here we report an improved method of RNAPII affinity
purification using a combined FLAG-histidine tag. We
chose the RPB3 subunit to be the target carrying the dou-
ble tag because purification and characterization studies
of yeast RNAPII have revealed that tagged RPB3 does
not negatively affect RNAPII function (20–22). These
studies also showed that FLAG and histidine tags are
individually effective in purifying RNAPII from crude
cell extracts (20–22). Another study has also reported the
purification of active FLAG-tagged RNAPII from HeLa
cell extracts (19), which indicates that the FLAG tag is
also effective for purifying human RNAPII. In the
method we developed, the FLAG and histidine cluster
sequence were placed onto the amino terminus of the
human RPB3 subunit and a cell line that efficiently pro-
duced the FLAG-histidine tagged RPB3 (FH-RPB3) was
established. By using the double-tagged system, we suc-
ceeded in purifying a nearly homogeneous preparation of
RNAPII complex (FH-RNAPII) containing FH-RPB3. We
examined the resulting FLAG-histidine tagged RNAPII
(FH-RNAPII) preparation for activity in in vitro tran-
scription assays and found that FH-RNAPII is functional
in both basal and activated transcription.

MATERIALS AND METHODS

Plasmids—To introduce the tag sequence MHHHHH-
HDYKDDDDKGH onto the amino terminal region of the
RPB3 subunit, the primers FH-5� CATGGGCGGCCGCA-
CCATGCATCATCATCATCATCACGACTACAAGGATG-
ACGACGACAAGGGACATATGTTGC and FH-3� TCGA-
GCAACATATGTCCCTTGTCGTCGTCATCCTTGTAGTC-
GTGATGATGATGATGATGCATGGTGCGGCCGCC were
synthesized. The annealed DNA fragments were cloned
between the NcoI and XhoI sites in pET14b, generating
pET14b-FH. To generate pET14b-FH-RPB3, the cDNA of
the human RPB3 subunit that had been amplified by
PCR with RPB3-5� ATAACATATGCCGTAGCGCAAC-
CAG and RPB3-3� AGCAGGATCCTTAATTTATGGTTA-
GCACA was digested with NdeI and BamHI and cloned
between the NdeI and BamHI sites in pET14b-FH. To
generate pcDNA3.1-FH-RPB3, pET14b-FH-RPB3 was di-
gested with NotI and BamHI (filled-in) and the DNA

fragment was cloned between the NotI and XbaI sites
(filled-in) in pcDNA3.1 (+).

Isolation of Cell Lines Expressing FH-RPB3—pcDNA3.1-
FH-RPB3 was introduced into HeLa cells by Effectene
reagents (Qiagen) and the cells were cultured in the pres-
ence of G418 (800 �g/ml) for two weeks. To isolate the
clones that produce FH-RPB3 most efficiently, immuno-
blot analysis with anti-FLAG antibodies was performed
on 200 clones. The cell line FH3 showed the highest
expression of FH-RPB3 proteins.

Purification of FH-RNAPII—Approximately 1.4 � 109

FH3 cells were collected and washed with PBS (+), resus-
pended in buffer A [10 mM HEPES, pH 7.9, 10 mM KCl,
1.5 mM MgCl2, 0.5 mM dithiothreitol (DTT)], and homog-
enized in a glass Dounce homogenizer using a type B pes-
tle. The cell extracts were then centrifuged at 800 �g for
10 min. After discarding the cytoplasmic fractions, the
nuclear pellets were resuspended in buffer B [50 mM Tris
HCl, pH 7.9, 25% glycerol, 5 mM MgCl2, 0.5 mM EDTA, 5
mM DTT, 0.5 mM phenylmethylsulfonyl fluoride (PMSF)]
in the presence of 0.3 M ammonium sulfate, and then
sonicated on ice for 30 min with a pulse mode (TITEC
Ultra S. Homogenizer VP-15S). After centrifugation at
22,000 rpm for 10 h (Beckman TYPE 35), the superna-
tant was recovered and diluted with buffer B to adjust
the ammonium sulfate concentration to 0.1 M. The solu-
tion was then centrifuged at 32,000 rpm for 1 h (Beckman
TYPE 35). The supernatant was transferred to a new
tube and powdered ammonium sulfate was added to the
supernatant to a concentration of 0.42 g/ml. The sample
was rotated for 1 h and centrifuged at 32,000 rpm for 1 h
(Beckman TYPE 35). Pellets were resuspended in buffer
C (50 mM Tris HCl, pH 7.9, 25% glycerol, 0.5 mM EDTA,
2 mM DTT, 0.2 mM PMSF). After dialysis of the sample
against buffer D (20 mM HEPES, pH 7.9, 20% glycerol,
500 mM KCl, 0.2 mM EDTA, 1 mM DTT, 1 mM PMSF,
0.1% Triton X 100), the dialyzed solution was used as
whole nuclear extract (WNE).

ANTI-FLAG M2-Agarose Affinity gel (240 �l, Sigma)
was mixed with 4 ml of WNE and the mixture was
rotated for 3 h. The gel was collected and washed five
times with 2 ml of wash-buffer A (20 mM HEPES, pH 7.9,
20% glycerol, 400 mM KCl, 0.2 mM EDTA, 1 mM PMSF,
0.3% NP-40) and then twice with 2 ml of wash-buffer B
(50 mM sodium phosphate, pH 7.0, 500 mM NaCl, 5%
glycerol, 0.1% NP-40). Bound proteins were eluted by
adding 500 �l of wash-buffer B containing 0.2 mg/ml
FLAG peptides (Sigma). The elution step was repeated
four times. The elution fractions (total 2 ml) were then
applied to 60 �l of TALON Metal Affinity Resin (CLON-
TECH). After 60 min of rotation, the resins were collected
and washed three times with 1 ml of wash-buffer B.
Bound proteins were eluted by adding 90 �l of wash-
buffer B containing 100 mM imidazole. The elution step
was repeated and the elution fractions were pooled. After
dialysis against 20 mM HEPES, pH 7.9, 20% glycerol,
100 mM KCl, 0.2 mM EDTA, 1 mM PMSF, 0.1% NP40 for
6 h, the dialyzed solution was used as the FH-RNAPII
preparation. Protein concentrations were measured by
the BioRad Protein Assay.

Purification of C-RNAPII—Purification of C-RNAPII
was performed as described (17).
J. Biochem.
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Preparations of Proteins—Recombinant TFIIA was pre-
pared as described (23). Gal4-VP16 was prepared as
described (24). Partially purified TFIIH was prepared
from HeLa cell nuclear extracts (25). The extracts were
diluted with an equal volume of HGE (20 mM HEPES,
pH 7.9, 20% glycerol, 0.2 mM EDTA, 0.5 mM DTT, 0.5
mM PMSF) and loaded onto a P11 phosphocellulose col-
umn (Whatman) equilibrated with HGE containing 0.05
M KCl. The proteins were eluted by a step gradient of 0.1,
0.3, and 1.0 M KCl in HGE. The 1.0 M KCl fractions con-
tained TFIIH activity. The fractions were dialyzed
against HGE containing 0.15 M KCl and loaded onto a
DEAE-Sepharose FF column (Amersham Biosciences)
equilibrated with HGE containing 0.15 M KCl. The pro-
teins were eluted by a step gradient of 0.15, 0.3, 1.0 M
KCl in HGE. The DEAE 0.3 M KCl TFIIH-containing
fractions were dialyzed against HGE containing 1.0 M
(NH4)2SO4 and loaded onto a Phenyl-Superose column
equilibrated with HGE containing 1.0 M (NH4)2SO4.
TFIIH was eluted with a linear gradient from 1.0 M to 0
M (NH4)2SO4. The TFIIH-containing fractions were
pooled and dialyzed against HGE containing 0.1 M KCl.
The dialyzed Phenyl fractions were used as partially
purified TFIIH. TFIIH was monitored and examined by
immunoblot with antibodies against CDK7 and in vitro
transcription assays with linearized DNA templates (26).

In Vitro Transcription Assays—Transcription reactions
with oligo (dC)-tailed templates were performed essen-
tially according to the method described previously (4).
Reactions (23 �l) containing the oligo (dC)-tailed tem-
plates dC3.8 (100 ng) and RNAPII in 10 mM HEPES, pH
7.9, 10% glycerol, 5 mM MgCl2, 50 mM KCl, 0.5 mM DTT,
0.5 mM EDTA, 0.2 �g/�l bovine serum albumin were
incubated for 30 min. To start elongation, 2 �l of an NTP
mix (final concentrations 60 �M ATP, 600 �M CTP, 120
�M GTP, and 5 �M UTP containing 5 �Ci [�32P]UTP) was
added to the reaction. The reaction mixture was incu-
bated for 4 or 16 min.

A kinetically synchronized transcription reaction con-
taining 30–40 ng of supercoiled DNA templates was per-
formed as described previously (26). Briefly, we incubated
a 23 �l reaction mixture that contained recombinant TBP
(Proteinone), TFIIB (Proteinone), TFIIE (Proteinone),
TFIIF (Proteinone), partially purified TFIIH, and DNA
templates in TRX buffer (25 mM Tris HCl, pH 7.9, 10%
glycerol, 4% polyethyleneglycol 8000, 5 mM MgCl2, 50
mM KCl, 0.5 mM DTT, and 0.5 mM EDTA) for 45 min at
30�C. Nucleotides in TRX buffer (final concentrations 60
�M ATP, 600 �M CTP, and 5 �M UTP containing 5 �Ci
[�32P]UTP) and 50 units of RNase T1 (Ambion) were then
added, and the mixture was incubated for an additional
45 min (Fig. 3A) or 60 min (Fig. 3B).

Immunoblot Analysis—Immunoblot assays were per-
formed as described previously (27, 28). The blot filter
was developed with the ECL system and reprobing strat-
egies were used according to the manufacturer’s protocol
(Amersham Biosciences). Anti-FLAG antibodies were
purchased from Sigma and anti-CTD antibodies were
purchased from BAbCO.

RESULTS AND DISCUSSION

Isolation of HeLa Cell Lines Expressing FLAG- and His-
tidine-Tagged RPB3 (FH-RPB3)—To purify RNAPII core
subunits, we introduced the 17 amino acid tag MHHHH-
HHDYKDDDDKGH onto the amino terminus of human
RPB3. The underlined amino acids indicate the histidine
tag and the bold-faced amino acids indicate the FLAG
tag. We transfected HeLa cells with a plasmid expressing
FH-RPB3 and cultured them in the presence of G418.
Immunoblot analysis with anti-FLAG antibodies was
used to identify the clone FH3 that expressed high levels
of FH-RPB3. Whole nuclear extracts (WNE) were pre-
pared from 1.4 � 109 FH3 cells and first subjected to
immunoaffinity purification with ANTI-FLAG M2-Agar-
ose Affinity Gel. To remove the IgG proteins derived from
the anti-FLAG antibodies and the FLAG peptides in the
resulting eluate, we further performed Co2+ affinity puri-
fication employing TALON Metal Affinity Resin. The

Fig. 1. Purification of FH-RNAPII. (A) The scheme for the purifi-
cation of FH-RNAPII is illustrated. (B) Aliquots of the purified frac-
tions were analyzed in a 5–20% SDS–polyacrylamide gel and the
proteins were visualized by silver staining. Numbers to the left of
the gel indicate the protein molecular size standards. Each subunit
of RNAPII is identified on the right according to the published
molecular weights (2, 29). Input, WNE (8.8 �g, lane 1); M2 Elu, elu-
ate of ANTI-FLAG M2 Agarose Affinity Gel (110 ng, lane 2);
TALON Elu, eluate of TALON Metal Affinity Resin (110 ng, lane 3);
C-RNAPII, RNAPII purified by a conventional column method (110
ng, lane 4). (C) Immunoblotting with anti-CTD antibodies. WNE (35
�g, lane 1), M2 Elu (110 ng, lane 2), and TALON Elu (110 ng, lane 3)
were analyzed by immunoblotting with the anti-CTD antibody.
Vol. 133, No. 1, 2003
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purification scheme is summarized in Fig. 1A. As a con-
trol, we purified RNAPII by conventional column chro-
matography (17). The native human RNAPII purified by
this latter method is referred to as C-RNAPII (control
RNAPII). C-RNAPII and the RNAPII preparations after
the first and second affinity chromatographic steps were
examined by SDS polyacrylamide gel electrophoresis and
silver staining (Fig. 1B). The RNAPII subunits were
identified according to their published molecular weights
(2, 29). M2 Elu, the eluted preparation after FLAG-
immunoaffinity purification, contained all of the core
subunits of human RNAPII. The final preparation after
the second affinity purification step (TALON Elu) also
contained all of the core subunits. Additional, non-
RNAPII elements in this preparation were negligible.
However, the C-RNAPII preparation still contained some
proteins that were not RNAPII subunits. These were not
characterized further and are indicated by a bar (Fig.
1B). Immunoblotting with an antibody (8WG16) specific
for the carboxyterminal domain (CTD) of the largest sub-
unit of RNAPII showed that this subunit is present in
both the M2 Elu and TALON Elu preparations (Fig. 1C).
Thus, this two-step affinity chromatographic method was
successful in purifying the core subunits of human
RNAPII. We refer to the purified RNAPII complexes in
TALON Elu as FH-RNAPII. The recovery rate and purity
of RNAPII in TALON Elu were 6.9 and 92%, respectively
(Table 1). In contrast, the recovery and purity of C-
RNAPII were 13 and 40%, respectively (Table 1).
Although in both methods, the rate of recovery was
almost the same, the purity in our method was greatly
superior to that of the conventional column chromato-
graphic method. Thus, C-RNAPII still contained other
proteins. Furthermore, while the yield of FH-RNAPII
was approximately 1.1 � 101 �g from 1.4 � 109 cells, we
obtained approximately 2.1 � 102 �g of C-RNAPII from
8.0 � 1010 cells (Table 1). Thus, to obtain 100 �g of puri-
fied RNAPII by either method, 1.3 � 1010 cells would be
needed for our two-step affinity chromatographic method
while 3.8 � 1010 cells would be needed for the conven-
tional column procedure. Thus, the yield of our method is
about 3-fold higher than that of the conventional proce-
dure. We also compared the time spent on purification.
The time was measured after the preparation of cell
extracts. Our method took 13 h, including the dialysis
step, while the conventional column chromatographic
method took about one week (144 h). Although the purifi-
cation scale of C-RNAPII was larger than that of FH-

RNAPII, we believe that our procedure considerably
reduces the time needed to purify RNAPII.

Characterization of FH-RNAPII—We performed tran-
scription assays with oligo (dC)-tailed templates and
found that FH-RNAPII was active in the synthesis of
RNA (Fig. 2). At a low concentration of �-amanitin, the
production of RNA was specifically inhibited (Fig. 2,
lanes 5, 6, 11, and 12), which indicates that there is no
detectable contamination by RNA polymerases I and III
in the purified FH-RNAPII preparation. We assessed the
efficiency of the transcription elongation by comparing
the lengths of the RNA transcripts produced after 4- and
16-min of incubation (Fig. 2). Notably, the length of the
transcripts produced by FH-RNAPII and C-RNAPII did
not differ, regardless of the elongation time. Thus, the
rates of RNA synthesis by FH-RNAPII and C-RNAPII
are identical (Fig. 2). This supports the notion that the
double tag on the RPB3 subunit does not block or hinder
the transcription elongation activity of RNAPII.

We further assessed the ability of FH-RNAPII to per-
form in vitro transcription reconstituted with purified
GTFs including TFIIB, TBP, TFIIE, TFIIF, and TFIIH.
We tested basal transcription from supercoiled pG5C2AT
templates that have five Gal4-binding sites, an adenovi-
rus major late promoter (MLP), and a 390 base pair G-
less cassette. Efficient transcription was observed when
increasing amounts of FH-RNAPII were supplied (Fig.
3A), indicating that FH-RNAPII is functional in basal
transcription. C-RNAPII was also active in the reconsti-
tuted transcription system. C-RNAPII produced more
RNA transcripts than equivalent amounts of FH-
RNAPII, which suggests that the specific activity of C-
RNAPII is higher than that of FH-RNAPII. This differ-
ence may be due to the as yet uncharacterized proteins
found in the C-RNAPII preparation (Fig. 1B).

Next, the ability of FH-RNAPII to participate in acti-
vated transcription was examined using TFIIA and Gal4-
VP16 and two kinds of DNA templates, namely, pG5C2AT
or pdMLC2AT, which carry an MLP and a 270 base pair
G-less cassette. In addition, a purified TFIID fraction
purchased from Proteinone was employed in this assay
instead of recombinant TBP because activated transcrip-
tion is observed when the reconstituted transcription sys-
tem contains TFIID (10). The addition of Gal4-VP16 acti-
vated transcription only from the pG5C2AT template
since it bears Gal4 binding sites while pdMLC2AT does
not (Fig. 3B, lanes 3 and 8). In contrast, the addition of
TFIIA induced transcription from both templates (Fig.

Table 1. Purification of FH-RNAPII and C-RNAPII.

Preparations of Input (WNE), M2 Elu, and TALON Elu from the FH3 cell line are described under “MATERIALS
AND METHODS.” Preparations of Input (chromosomal fraction) and P-11 (phosphocellulose fraction) from HeLa
cells have been described (17). aTotal protein was measured by the Bio Rad Protein Assay. bThe amounts of RNAPII
were estimated by Western blotting with anti-CTD (8WG16) or silver staining. cPercentage of purity is calculated as
follows: Purity (%) = RNAPII (�g)/Protein (mg) � 10–1. dPercentage of yield is calculated as follows: Yield (%) =
RNAPII (�g)/RNAPII (�g) of Input � 102.

Enzyme Fraction Protein (mg)a RNAPII (�g)b Purity (%)c Yield (%)d

FH-RNAPII Input (WNE) 35 (1.4 � 109 cells) 1.6 � 102 0.46 100
M2 Elu 0.084 5.7 � 101 68 36
TALON Elu 0.012 1.1 � 101 92 6.9

C-RNAPII Input 3.7 � 102 (8.0 � 1010 cells) 1.6 � 103 0.43 100
P-11 0.52 2.1 � 102 40 13
J. Biochem.
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3B, lanes 4 and 9). Moreover, TFIIA strongly enhanced
Gal4-VP16-mediated activation (Fig. 3B, lanes 5 and 10).
Similar activities were observed with FH-RNAPII and C-
RNAPII (Fig. 3B). Although the level of TBP-mediated
basal transcription by FH-RNAPII was lower than that of
C-RNAPII (Fig. 3B, compare lane 1 with lane 5), much
stronger transcriptional activation was observed with
FH-RNAPII compared to the activation of C-RNAPII
transcription (Fig. 3B, compare lanes 3 to 5 with lanes 8
to 10). This suggests that the uncharacterized proteins in
C-RNAPII may affect the transcription products.

Thus, FH-RNAPII purified by our two-step affinity
chromatographic method is active and functional in basal
and activated transcription. Our method can be per-
formed at room temperature with an ICE box, which
makes it a considerably less arduous procedure than the
conventional column chromatographic method. In addi-
tion, our procedure is markedly less time-consuming and
more efficient than the conventional column method.
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Fig. 3. FH-RNAPII is functional in in vitro transcription. (A)
FH-RNAPII (lane 2, 6.25 ng; lane 3, 18.8 ng; lane 4, 56.5 ng) and C-
RNAPII (lane 5, 6.25 ng) were analyzed in in vitro transcription
assays with GTFs and pG5C2AT (30 ng). Reaction products are
shown by an arrowhead. (B) FH-RNAPII (lanes 1 to 5, 25 ng) and C-
RNAPII (lanes 6 to 10, 25 ng) were analyzed in in vitro transcrip-
tion assays as described in (A) except TFIID was used (lanes 2 to 5
and lanes 7 to 10) instead of TBP (lanes 1 and 6) and pdMLC2AT (10
ng) was used as well as pG5C2AT (20 ng). Gal4-VP16 (lanes 3, 5, 8,
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