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Cloning of a Subunit of Yeast RNA Polymerase II 
Transcription Factor b and CTD Kinase 

Opher Gileadi, William J. Feaver, Roger D. Kornberg 
Yeast RNA polymerase II initiation factor b copurifies with three polypeptides of 85, 73, and 
50 kilodaltons and with a protein kinase that phosphorylates the carboxyl-terminal repeat 
domain (CTD) of the largest polymerase subunit. The gene that encodes the 73-kilodalton 
polypeptide, designated TFB1, was cloned and found to be essential for cell growth. The 
deduced protein sequence exhibits no similarity to those of protein kinases. However, the 
sequence is similar to that of the 62-kilodalton subunit of the HeLa transcription factor 
BTF2, suggesting that this factor is the human counterpart of yeast factor b. Immunopre- 
cipitation experiments using antibodies to the TFBl gene product demonstrate that the 
transcriptional and CTD kinase activities of factor b are closely associated with an oligomer 
of the three polypeptides. Photoaffinity labeling with 3'-0(4-benzoyl)benzoyl-ATP (adeno- 
sine triphosphate) identified an ATP-binding site in the 85-kilodalton polypeptide, sug- 
gesting that the 85-kilodalton subunit contains the catalytic domain of the kinase. 

Initiation of transcription by RNA poly- 
merase I1 requires several accessory protein 
factors whose roles remain, for the most 
part, to be elucidated. Recognition of the 
TATA element of a promoter is effected by 
the binding of a factor termed TFIID, 
which may be assisted by TFIIA; other 
factors and RNA polymerase then bind to 
the complex. RNA polymerase I1 exists in 
cells in two forms that differ in the degree of 
phosphorylation of the CTD of the largest 
subunit. Phosphorylation of the CTD is 
thought to occur at every round of initia- 
tion and to be required for that process or 
for the transition to elongation (1-5); 
therefore, the CTD kinase might be an 
essential initiation factor. Yeast polymerase 
I1 initiation factor b copurifies with a CTD 
kinase (6, 7). Factor b also copurifies with 
polypeptides of 85, 75, and 50 kD. We 
report the results of chemical cross-linking 
and molecular cloning experiments that 
identify the likely catalytic subunit and 
establish the association of transcription 
factor and CTD kinase with a single oligo- 
meric molecule composed of the three sub- 
units. 

The photoactivatable ATP derivative 
3 ' -0 -  (4-benzoy1)benzoyl-ATP (BzATP) 
(8) was used to identify ATP-binding sub- 
units of factor b. When we incubated high- 
ly purified factor b with [C~-~~P]BZATP and 
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exposed the mixture to ultraviolet (UV) 
irradiation, the 85-kD polypeptide was la- 
beled with 32P (Fig. 1). The labeling was 
prevented by an excess of nonradioactive 
ATP and was dependent on UV irradia- 
tion. The 85-kD polypeptide therefore con- 
tains an ATP binding site and might be the 
catalytic subunit of the CTD kinase. An- 
other possibility is that the 85-kD polypep- 
tide has the DNA-dependent adenosine 
triphosphatase activity associated with fac- 
tor b (7). The relation between the two 
activities is presently unclear. 

The gene encoding the 75-kD subunit of 
factor b was cloned (9). Factor b was 
purified to near homogeneity (6), and the 
75-kD polypeptide was subjected to tryptic 
digestion. The NH2-terminal sequences of 
two peptides were obtained by sequential 
Edman degradation. Polymerase chain reac- 
tion with oligonucleotide primers derived 
from the peptide sequences gave an ampli- 
fied fragment of 1 kb, which was used to 
probe yeast genomic libraries. Sequence 
analysis of the resulting genomic clones 
(Fig. 2) disclosed an open reading frame 
(ORF) of 1926 nucleotides encoding a poly- 
peptide of 642 amino acids with a predicted 
molecular size of 73 kD. The sequences of 
both tryptic peptides were found within the 
ORF (Fig. 2). Analysis of yeast RNA (1 0) 
revealed a set of transcripts of 2.4 to 2.5 kb 
starting 11 to 35 bases upstream of the 
initiation codon. We have termed the gene 
TFB 1 (transcription factor b, subunit 1); 

the protein is designated TFB1. 
The deduced protein sequence of TFBl 

does not show any of the elements con- 
served in protein kinases, so the gene prod- 
uct is evidently not the catalytic subunit of 
the CTD kinase, as suggested by the affin- 
ity-labeling experiments. The 73-kD poly- 
peptide may function in the regulation of 
kinase activity or in the interaction of the 
kinase with other components of the tran- 
scription machinery. The sequence of the 
polypeptide is unrelated to any other se- 
quence in the Genbank database (release 
70), nor does it contain any recognizable 
sequence motifs. However, in its native size 
and subunit composition, yeast factor b 
resembles the rat liver initiation factor 8 
(1 1-13) and the HeLa factor BTF2 (14, 
15). Moreover, the deduced amino acid 
sequence encoded by TFBl is similar to 
that of a 62-kD subunit of BTF2 (Fig. 2). 
The most significant region of similarity 
(42% identity, 62.5% similarity; p = 14.7 
SD) (16) is in the region between amino 
acids 234 and 297; the 'similarity outside 
this region is only marginally significant 
(19% identity, 32% similarity; p = 3 SD). 

For purposes of genetic analysis, we pre- 
pared a yeast strain with most of the coding 
sequence of TFB'I (between the Acc I site 
corresponding to Ser3' and the Sal I-Acc I 
site corresponding to Asp528) deleted. Se- 
quences flanking the TFBl gene were in- 
serted in the integrative LEU2 vector 
pRS305 (1 7). After transformation of the 
diploid strain YPH501 (1 7), the replace- 
ment of TFBl sequences with plasmid se- 
quences was confirmed by DNA blot hy- 
bridization. The heterozygous cells were 
then sporulated and tetrads were manually 
dissected (1 0). Only two spores of each true 
tetrad germinated and formed colonies on 
rich medium (and. were both leu-), which 
demonstrates that the TFBl gene is essen- 
tial for viability. 

To establish the relation between the 
73-kD polypeptide encoded by the ORF 
and the polypeptides, transcription factor 
activity, and CTD kinase activity of factor 
b, antibodies were raised to the product of 
the cloned gene (1 8). The resulting antise- 
rum reacted with a polypeptide of -75 kD 
in a partially purified preparation of factor b 
(Fig. 3A); serum obtained from the same 
rabbit before immunization did not react 
with this polypeptide. To assess the associ- 
ation of the subunits and the biochemical 
activities, we covalently attached antibod- 
ies from immune and preimmune sera to 
Affi-Gel-protein A beads and used the an- 
tibodies to bind proteins from fractions 
containing factor b. Starting with a rela- 
tively crude fraction, a single step of immu- 
noaffinity purification resulted in an eluted 
preparation containing almost exclusively 
the 8 5 ,  73-, and 50-kD polypeptides (Fig. 
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Fig. 1. Affinity labeling of factor b with an ATP 
derivative. Highly purified factor b was incubat- 
ed with [u-~~PIBzATP and exposed to UV irra- 
diation. Proteins were separated by gel electro- 
phoresis and visualized by autoradiography 
(26). UV irradiation was omitted in lane 3; 
excess ATP was present in the reaction ana- 
lyzed in lane 2. The labeled band at 85 kD 
coincided with the position of the 85-kD poly- 
peptide of factor b in the stained gel (10). 
Molecular size markers are shown at the left (in 
kilodaltons). 

3B). The 73-kD polypeptide was only par- 
tially released from the antibody beads un- 
der the conditions used: harsher elution 
conditions released more of this polypeptide 
(1 0). The binding of the three polypeptides 
was stable to washing with 1 M ammonium 
sulfate and sodium deoxycholate (0.5%). 
These results establish the strong physical 
association between the three polypeptides 
of factor b and identifv them as subunits of 
a single molecule. 

In separate experiments (Fig. 4A), ma- 
terial flowing through the immune column 
was depleted of factor b transcriptional 
activity and retained only 26% of the ac- 
tivity in the starting fraction. Material 
bound to the column and eluted at pH 3 
exhibited a small amount of activity (about 
4% of that originally applied). In contrast, 
essentially all of the activity was found in 
the flow through and none in the eluted 
fraction from the preimmune column. The 
low recovery of activity in the eluate of the 
immune column may reflect the fact that 
only a small fraction of the 73-kD subunit 
was released from the column. However, 
material eluting at pH 2.1, which con- 
tained similar amounts of all three subunits, 
was nearly inactive (1 0) , probably owing to 
irreversible dissociation or denaturation of 
the subunits. 

Partially purified fractions from yeast 
(such as that used in Figs. 3B and 4A) 
contain abundant protein kinases and sub- 
strates, which makes it difficult to specifi- 
cally detect the kinase activity associated 
with factor b. To observe immunodepletion 
of CTD kinase activity, we repeated the 
immunoaffinity chromatography experi- 
ment with more highly purified factor b 

Fig. 2. Alignment of the de- 
duced amino acid se- 
quence of TFBl with that of 
the gene encoding the 62- 
kD subunit of BTF2 (15). 
Vertical lines mark identi- 
cal residues; dots mark 
similar residues (I ,  L, V, M,  
F, Y, and W; D and E; K 
and R; N and Q; S and T). 
TFBl sequences obtained 
by Edman sequencing of 
tryptic peptides are under- 
lined. The entire nucleotide 
sequence of TFBl has 
been deposited in Gen- 
Bank and assigned acces- 
sion number M95750. Ab- 
breviations for the amino 
acid residues are: A, Ala; 
C, Cys; D, Asp; E, Glu; F, 
Phe; G, Gly; H, His; I ,  Ile; K, 
Lys; L, Leu; M, Met; N, Asn; 
P, Pro; Q, Gln; R, Arg; S, 
Ser; T, Thr; V, Val; W, Trp; 
and Y, Tyr. 
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Fig. 3. Antibodies to TFBl - a 
recognize the 73-kD poly- m 

2 2 
peptide and immunopre- m 

A E B 2 
cipitate all three polypep- $ E 
tides of factor b. (A) Reac- .- E E 2 % ~ -  
tion of antibodies to TFBl 2 2 

a E r S E a  
with the 73-kD component " - nn-- 

of yeast initiation factor b. 
Extensively purified factor -116 
b (50 pl) was fractionated -97 200-1 

by SDS-PAGE, blotted -66 
onto a PVDF membrane, 116- r 
and incubated with preim- 97.4- r 
mune or immune serum c 85 - 73 
(27). (B) lmmunoaffinity 
purification of factor b sub- 

-45 66- r 

units (28). Factor b purified (-50 - 
through two chromato- 
graphic steps from whole- - 31 45- • 
cell extract was applied to - 

antibody-agarose columns 1 2 3 4  
formed from immune or 
preimmune serum. The columns were washed extensively with high salt (0.8 M potassium acetate) 
and detergents priton X-100 (0.5%) and sodium deoxycholate (0.5%)], and bound material was 
eluted at pH 3. Lane 1, markers; lane 2, column load; lane 3, immune eluate; lane 4, preimmune 
eluate. Molecular size markers are shown in kilodaltons. 

(Fig. 4B). The irnmunoaffinity protocol was 
the same as before, except that the factor b 
preparation was passed sequentially over 
the preimmune and immune columns. The 
load, flow through, and eluted fractions 
were then assayed for protein kinase activ- 
ity in the absence and presence of purified 
RNA polymerase 11. When the fraction 
loaded on the immunoaffinity columns was 
incubated with [y-32P]ATP and the pro- 
teins were separated by SDS-polyacrylam- 
ide gel electrophoresis (PAGE) and visual- 
ized by autoradiography, two major bands 
were obtained. These bands do not cochro- 
matograph with the transcriptional activity 
of factor b (7). In the presence of RNA 

polymerase 11, an additional band was ob- 
tained, slightly lower in mobility than the 
unphosphorylated fonn of the largest poly- 
merase subunit. This band corres~onds to 
the largest subunit, multiply phosphorylat- 
ed, predominantly on the CTD (7). The 
labeling of the band by the fraction that 
flowed through the immune column was 
only 36% of that obtained with the starting 
preparation. The phosphorylation of the 
polymerase subunit by the eluted fraction 
was about 0.1% of that obtained with the 
startine material. In contrast. the material 

u 

that flowed through the preimmune column 
retained 81% of the CTD kinase activity of 
the starting preparation, and no detectable 
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Fig. 4. Antibodies to TFBl specifically immuno- 
precipitate both transcriptional and CTD kinase 
activities of factor b. (A) lnteraction of factor b 
transcriptional activity from a crude yeast frac- 
tion with an anti-TFB1 antibody column (28). 
Affinity chromatography was performed as in 
Fig. 38, except that the detergent wash was 
omitted. The flow through (F.T.) was collected, 
and bound material was eluted at pH 3. All 
fractions were assayed for factor b activity in 
transcription, and an autoradiograph of the 
region of gel containing specific transcripts is 
shown. Lane 1, no factor b; lane 2, crude yeast 
fraction (2 pl) loaded on the columns; lanes 3 
and 4, flow through (3 ~ 1 )  from preimmune and 
immune columns, respectively; lanes 5 through 
8, eluted fractions (5 pl) from the preimmune 
column; lanes 9 to 12, eluted fractions (5 pl) 
from the immune column. (B) lnteraction of CTD 
kinase activity with an anti-TFB1 column (28). A 
highly purified factor b preparation (2 ml) was 
applied to a preimmune column. The flow 
through was then applied to an immune col- 
umn, and the column was washed and eluted. 
Fractions (0.05 p1 in lanes 1 through 4 and 1 pI 
in lanes 5 through 8) were assayed for protein 
kinase activity as described (7) in the presence 
5, and 7) of purified RNA polymerase I I  (Pol. I I )  
the left (in kilodaltons). 

activity was eluted. Because CTD phos- 
phorylation was not a linear function of the 
amount of factor b under these assay con- 
ditions, the results are only qualitative. It is 
possible that the catalytic subunit of the 
CTD kinase is only loosely bound to the 
other subunits of factor b, which could 
account for the low recovery in the eluate 
of the immune column. This is unlikely 
because similar kinase activity was recov- 
ered when the antibody column was washed 
under milder conditions (0.1 M potassium 
acetate) (1 0). 

The data presented here demonstrate 
the association of the 85-, 73-, and 50-kD 
polypeptides, factor b activity in transcrip- 
tion, and CTD kinase activity, an associa- 
tion that was previously suggested on the 
basis of cochromatography (6, 7). The two 
catalytic activities evidently reside in the 
same molecular assemblv: whether the ac- , , 

tivities are identical remains to be estab- 
lished. The kinase catalytic domain may 
reside in the 85-kD subunit, so the 73- and 
50-kD polypeptides may have other catalyt- 
ic, regulatory, or structural roles. Factor b 
differs from a CTD kinase (termed CTK) 
purified and cloned from yeast (1 9, 20) in 
subunit composition and chromatographic 
properties, and purified CTK did not sub- 
stitute for factor b in transcription in vitro 
(1 0). Factor b and the product of the TFBl 
gene do not resemble the molecularly de- 
fined HeLa factors TFIIA, B, D, E, or F in 
subunit organization or in amino acid se- 
quence, although evidence for CTD phos- 
phorylation points to the existence of a 
functional homolog of factor b in the human 

A 
F.T. Eluted fractions 

3' + i ' Preimm. " Imm. ' 
3 a E 1 2 3 4 1 2 3 4  

- . 

B 

Fraction 

Pol. II - + + +  - + -  + 

205- W - -  

! (lanes 2 through 4,6,  and 8) or absence (lanes 1, 
(25 ng) (29). Molecular size markers are shown at 

system. Yeast factor b does resemble initia- 
tion factor 6 from rat liver in size and in 
copurifylng with a DNA-dependent ATPase 
activity (I I). Recently, factor 6 was found 
to have a CTD kinase activity as well (13). 
The HeLa initiation factor BTFZ resembles 
both rat liver 6 and yeast factor b in size and 
subunit composition. The data reported here 
showing a sequence similarity between a 
subunit of BTFZ and TFBl suggest that all 
three factors have similar functions in tran- 
scription. 
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Cloning of the 62-Kilodalton Component of 
Basic Transcription Factor BTF2 

n o w  report the  c lon ing and properties o f  
the  62-kD component (p62) o f  BTF2. 

W e  designed three degenerate oligonu- 
cleotide probes o n  the basis o f  the  se- 
quences of  t rypt ic peptides f rom the purif ied 
p62 and used t h e m  for the  screening o f  a 
H e L a  ce l l  c D N A  l ibrary (9). Three inde- 
pendent c D N A  clones were isolated and 
sequenced. All o f  t hem contained a pre- 
dicted open reading frame (ORF) encoding 
a polypeptide o f  548 amino acids w i t h  a 
calculated molecular size o f  62.030 kD and 
a n  isoelectric po in t  (PI) o f  8.82 (Fig. I ) .  
T h e  encoded polypeptide contained the 
three oligopeptides that  we microse- 
quenced. W e  found n o  simi lar i ty w i t h  any 
o f  the sequences present in pro te in  and 
nucleic acid databases. N o  k n o w n  DNA 
b ind ing  motifs, kinase motifs, o r  nucleotide 
b ind ing  sites were found. W h e n  overex- 
pressed in Escherichia coli (10) or  in insect 
cells (1 1 ) , the recombinant polypeptide 
(rp62) h a d  the same electrophoretic mobi l -  
i t y  o n  SDS-polyacrylamide gel electropho- 
resis (PAGE) as the p62 f r o m  BTF2. T h e  
recombinant pro te in  f r om ei ther source did 
n o t  substitute for the  BTFZ act iv i ty in a 
H e L a  ce l l  in v i t r o  t r a n s c r i ~ t i o n  svstem lack- 
i n g  BTFZ (12), and nd st imulat ion was 
observed w h e n  rp62 was added t o  a n  in 

Laurent Fischer, Matthieu Gerard, Christian Chalut, Yves Lutz, .itro transcription system containing limit- 
Sandrine Humbert, Masamoto Kanno, Pierre Chambon, i n g  amounts o f  BTF2. T h i s  result indicates 

Jean-Marc Egly* that  rp62 alone is n o t  sufficient t o  restore 
BTFZ act iv i ty and that  other B T F 2  poly- 

Cloning of the mammalian basic transcription factors serves as a major step in under- peptides may be required. 
standing the mechanism of transcription initiation. The 62-kilodalton component (p62) of Several lines o f  evidence indicate tha t  
one of these transcription factors, BTF2 was cloned and overexpressed. A monoclonal p62 is associated w i t h  B T F 2  activity. First, 
antibody to this polypeptide inhibited transcription in vitro. lmmunoaffinity experiments a monoc lona l  ant ibody (M.Ab3c9) t o  pu- 
demonstrated that the 62-kilodalton component is closely associated with the other poly- rif ied rp62 (13), recognized a 62-kD poly-  
peptides present in the BTF2 factor. Sequence similarity suggests that BTF2 may be the peptide (p62) tha t  cofractionated w i t h  the 
human counterpart of RNA polymerase II initiation factor b from yeast. B T F 2  act iv i ty throughout the  pur i f icat ion 

(Fig. 2, A t o  D) (5, 12, 14). Second, 
i nh ib i t i on  o f  in v i t r o  transcription indicat-  
ed  that  p62 is a component o f  the  BTF2  

I n  v i t r o  transcription o f  genes requires include TF I IG ,  TFIII (6), T F I I H  (7), and 6 activity. Increasing amounts o f  either pur i -  
RNA polymerase B (11) and transcription (8). I t  is unclear whether BTFZ corresponds fied M .Ab3c9  or  a cont ro l  antibody 
factors T F I I A ,  TFIIB, T F I I D  ( I ) ,  TFIIE, t o  one or  more o f  these factors (5-8). W e  M.AbC (13) were incubated for 1 hou r  at  
TFIIF ( 2 4 ) ,  and BTF2 (5). T h e  BTF2  
transcr ipt ion factor was pur i f ied and  found 
to Loelute or to cosediment with five poly- Fig. 1. Analysis of the hu- I M A T s  s  E E v L L I v K K v  R Q K K Q D G A L y L M A E R 1 A w A p E G x  D R 

peptides ranging from 35 to kD after five man BTF2 p62 polypeptide 41 B T I s H M Y A D I x c Q K I s P E G K A K I Q L Q L v L H A G D T T N B H B s 
u- sequence.Posit ionsofthe a~ N E S T A V K E R D A V K D ~ ~ ~ ~ ~ L P K ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ E K N R M ~ ~ ~  

chromatographic steps and one glycerol gra- amino acids are indicated 121 D P V L F Q L Y K D L V V S Q V I S A E E F W A N R L N V N A T D S S S T S N H  
dient  (5). Transcr ipt ion factor BTFZ is on the The three pep- 161 K Q D V G I S A A F L A D V R P Q T D G C N G L R Y N L T S D I I E S I F R T Y  

required lor accurate in vitro tides that were microse- A ., ., , ., , , , , , . , , ,, . 
transcription f rom a m i n i m a l  promoter quenced from the purified , , , A x  I , , , , , , , v s  , , v x  , , , , , , , A ,[, , , , , , , , 
(containing the cap site and the TATA 62-10 polypeptide are ,,, as A I A A I I A A A 

box)  and sediments w i t h  a molecular size o f  boxed. Two imperfect ami- 321 , A , , , A A A K I L  , 
250 kD (5). O the r  t ranscr ipt ion factors no acid repeats [KDLLQI 361 mN I A , G P T P 1 Q S  L a Y A T s  D,I 

u- have also been ident i f ied and  purif ied and QLLPK (residues 93 to 401 I s s I A p s s s s A A s s I A s p A 

102) and LSSSNASSTI 
(residues 422 to 431)1 are 

441 M Q G G T Q Q A I N  Q M V P N  D  I Q S  E L X  H L Y V A V G E L L R H B W S  C B P 

Laboratoire de Genetique Moleculaire des Eucaryotes 401 V N T P F L E E K V V X M K S N L E R B Q V T X L C P F Q E X I R R Q Y L S T N  

du Centre National de la Recherche Scientiflque, Shown by inverted 
521 L V S H I E E M L Q T A Y N K L H T W Q S R R I H K X T T  

Unite 184 de Biologie Moleculalre et de Genie GQnB- The nucleotide se- 
tique de I'lnstitut National de la Sante et de la Recher- quence of the BTF2 p62 
che Medicale. Faculte de Medecine, 11 rue Humann, subunit can be found in GenBank under the accession number M95809. Abbreviations for the 
67085 Strasbourg Cedex, France. amino acid residues are: A, Ala; C. Cys; D, Asp; E, Glu; F, Phe, G, Gly; H,'His; I ,  Ile; K, Lys; L, Leu, 
*To whom correspondence should be addressed. M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S. Ser; T, Thr; V, Va l  W, Trp; and Y. Tyr. 
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