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All genes encoding proteins in eukaryotes are transcribed by RNA polymerase II. The first step
in analyzing transcriptional regulation requires understanding the general mechanisms of RNA
polymerase II-specific gene transcription. The basal promoter, a template containing a TATA box
devoid of upstream regulatory sequences, has been used to identify and characterize the factors
which, together with RNA polymerase II, govern transcription in mammalian systems: TFIIA, TFIIB,
TFIID, TFIIE, TFIIF, TFIIG, TFIIH, and TFIIJ. Interactions between regulatory transcription factors
and basal elements of the transcriptional machinery affect the transcriptional rate in a positive
or negative fashion. As these multiple proteins are purified, and their coding sequences are isolated,
we come closer to reproducing these processes in vitro with pure components, and thus to elu-
cidating the complex interactions among them.

Present understanding of eukaryotic tran-
scriptional mechanisms derives in great part
from mammalian systems. In documenting cur-
rent knowledge in the field, this review will
emphasize mammalian transcription factors.
Yeast and Drosophila will be mentioned briefly
if complementary information is available, and
other organisms will be excluded entirely. Like-
wise, several controversial issues are beyond the
scope of this review. (For recent comprehensive
reviews, see Saltzman and Weinmann, 1989; Mer-
melstein et al., 1989; Sawadogo and Sentenac,
1990; and Stone et al., 1991.)

Figure 1 summarizes our current understand-
ing of transcription in mammalian cell systems.
It represents schematically the basic reactions
occurring during transcription initiation by RNA
polymerase I, together with the function of each
transcription factor. While detailed knowledge
of some of these processes has lagged because
of difficulties in obtaining purified factors, con-
siderable progress has been made recently
through the cloning of specific factors and an

abundance of cloned gene products in bacteria.
The availability of these proteins, free of other
contaminant polypeptides, allows us to assign
specific functions unequivocally. At the same
time, novel requirements are revealed each time
new, recombinant, or purified transcription
factors— the latter free of other mammalian
proteins — are used in reconstituted in vitro tran-
scription systems (see for example Dynlacht et
al., 1991; Meisterernst et al., 1991). Some of the
genes encoding transcription factors described
below are now cloned, and active, bacterially
expressed versions of their proteins can be easily
obtained in the lab in large amounts, while oth-
ers must still be purified from cell extracts.
The earlier fractionation of transcriptionally
competent HeLa cell extracts after phospho-
cellulose chromatography (Matsui et al., 1980)
resulted in fractions eluted at 0.1 M KCl1, 0.3 M
KCl, 0.5 M KCl, and 1.0 M KCI. In transcription
reconstitution experiments, only fractions elut-
ing at 0.1, 0.5, and 1 M KCl were required (Mat-
sui et al,, 1980). The fraction eluting at 1 M KCl
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contained two activities, a poly-ADP-ribopoly-
merase binding at DNA nicks (Slattery et al.,
1983) and TFIID, while the fraction eluting at
0.5 M KCI contained TFIIB and TFIIE (Rein-
berg and Roeder, 1987).

The process of transcription initiation begins
by the binding of protein TFIID to the template
at the TATA box (step 1). The TATA box is an
important promoter sequence element present
in a large number of mammalian genes; it is
located approximately 30 nucleotides upstream
of the initiation start site. Binding of the IID
protein is the earliest event in the process of
transcription initiation and determines template
commitment (Davison et al., 1983; Fire et al.,,
1984; Reinberg et al., 1987). When binding to
the TATA box by a partially purified TFIID frac-
tion precedes the assembly of chromatin on
those same DNA fragments, the corresponding
promoter is active in an in vitro transcription
system (Workman and Roeder, 1987); in contrast,
when chromatin assembly precedes TFIID bind-
ing, the promoter is inactive. Thus, the presence
of the TATA box binding protein (TBP) is an
essential determinant for fulfilling the potential
for gene modulation by other transcription fac-
tors. Housekeeping genes and some viral genes
(adenovirus E2e and IVa2) have AT-rich sequences
which are distinct from typical TATA boxes.
However, the protein fraction containing factor
TFIID is still required for transcription of the
adenovirus IVa2 gene and artificial SP1 TATA-
less constructs in vitro (Carcamo et al., 1989; Pugh
and Tjian, 1991). In the case of IVa2, the func-
tional TATA box appears to be located down-
stream of the transcription start site, and the
direction of transcription may be determined
by the initiator (Smale and Baltimore, 1989;
Carcamo et al,, 1990, 1991). The initiator ele-
ment, whose presence was suggested by the effect
of point mutants around the start site (Lee et
al., 1988), was demonstrated by the experiments
of Smale and Baltimore (1989) on the terminal
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deoxynucleotidyltransferase promoter, and con-
firmed by the experiments of Carcamo et al.
(1989, 1990, 1991). The initiator element will be
discussed more fully below.

The TATA box binding protein (TBP)

TFIID, purified from the fraction eluting with
1 M salt from phosphocellulose, participates in
the initial steps of template commitment. This
protein’s instability has been a major roadblock
for further purification of other factors. The
differential thermal sensitivity of TFIID (Naka-
jima et al,, 1988) and the fact that a yeast pro-
tein fraction can complement the human TFIID-
depleted extracts (Buratowski et al., 1988) have
allowed several groups to purify the yeast TFIID
polypeptide and clone the yeast gene encoding
for it. The cloned gene predicts a protein of 27
kDa for yeast (Cavallini et al., 1989; Hahn et al.,
1989; Horikoshi et al., 1989; Schmidt et al., 1989;
Eisenmann et al., 1989; Fikes et al., 1990). Using
the sequence of the yeast TFIID gene, the hu-
man TBP gene was cloned (Kao et al., 1990;
Peterson et al., 1990; Hoffman et al., 1990), and
the open reading frame predicts a protein of
37 kDa. TBP contain a very highly conserved
carboxy-terminal 160-amino acid domain with
tandem repeats and homology to bacterial ¢ fac-
tor (Horikoshi et al., 1989; Hoffman et al., 1990).
Limited homology to bacterial ¢ has also been
found in RAP 30 (the small subunit of TFIIF),
the fourth subunit of yeast RNA polymerase II,
and mitochondrial RNA polymerase (reviewed
by Jaehning, 1991). A single gene appears to en-
code for the human, Drosophila, and yeast TBP,
but two TBP genes are present in Arabidopsis
(Gash et al., 1990; Hoey et al., 1990; Hoffman
etal, 1990). The human TBP contains an amino-
terminal domain with unique features, such as
a run of 38 glutamines in a row. Although the
yeast and human proteins appear to function
interchangeably in a mammalian in vitro tran-

Figure 1. Schematic representation of transcription initiation on the adenovirus 2 major late promoter (Ad2 MLP).
The diagram summarizes data available as of October 10, 1991, and contains many modifications which are not fully
described or attributed in the text, since not all of the data have been published. The location and role of some
required factors, such as BTF-3 (Zheng et al., 1990), TFIIG (Sumimoto et al., 1990), or TFIIH (Flores et al., 1991),
are less well characterized. The inverted G in step 9 indicates the 5-5' CAP dinucleotide formation, catalyzed by
a guanosyltransferase that may also be associated with the transcription complex (Reinberg et al., 1987). Interactions
with elongation factor SII or TFIIS (Rappaport et al., 1987, 1988) and the abortive initiation process (Luse and Jacob,
1987; Rougvie and Lis, 1988) or pausing (Resnekov and Aloni, 1989) are not discussed in this review. They do, however,
point to areas of further study, and to the fate of transcription factors and RNA polymerase in recycling.
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scription system, the human TFIID is unable to
substitute for the yeast TFIID in vivo. A region
in the carboxy-terminal domain (CTD) of the
yeast protein seems to be essential for this
species-specific restriction (Gill and Tjian, 1991;
McCormack et al., 1991). Binding specificity to
modified TATA boxes (TGTAAA) correlates to
amino acid changes in the second tandem re-
peat of the conserved domain (Strubin and
Struhl, 1992). The purified yeast TBP induces
DNA bending when bound to DNA (Horikoshi
et al., 1992). Activation by upstream regulatory
factors may require additional proteins (Peter-
son et al., 1990; Pugh and Tjian, 1990; Kelleher
et al., 1990; Flanagan et al., 1991; Lewin, 1990).
Most importantly, the yeast and mammalian TBP
overproduced in bacteria are active in the in
vitro transcriptional systems, insuring a steady
source of this important reagent.

TBP-associated factors

Although in in vitro transcription experiments
recombinant TBP is able to support transcrip-
tion from basal promoter in a highly purified
system, no response of upstream regulatory fac-
tors, such as SP1, could be detected, unless the
less pure mammalian cell TFIID fraction was
used (Peterson et al., 1990; Pugh and Tjian, 1990).
The nomenclature we follow, in accord with these
authors, is to call the multicomponent complex
purified from cells TFIID, and to call the recom-
binant 37-kDa protein TBP, for TATA box bind-
ing protein. Purification or immunoprecipita-
tion of TBP from cell extracts has revealed the
presence of tightly associated proteins impor-
tant for transactivation. They form what has been
called the TFIID fraction or complex (Inostroza
et al.,, 1991; Dynlacht et al., 1991). Some or all
of the six cellular proteins coprecipitating with
TBP-specific antibodies are required for activa-
tion by upstream factors (Dynlacht et al., 1991).
Other proteins, like TFIID repressor (Dr), co-
purifying with the TBP, might be negative reg-
ulators, since they displace the TBP-IIA DNA
complex to form TBP-Dr complexes with distinct
gel mobilities (J. Inostroza, F, Mermelstein, I. Ha,
W.S. Lane, and D. Reinberg, unpublished data).
A fraction containing upstream stimulatory
activity (USA) responsible for stimulation by
upstream SP1 and USF contains both positive
and negative regulatory elements (Meisterernst
et al., 1991) and may contain some of the same
proteins found in the TFIID complex.
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Transactivation

The exact mechanism by which TFIID-mediated
transactivation occurs remains unclear. Promoter
activity may be stimulated by direct interaction
of acidic transactivator proteins with TFIID. The
viral transactivator VP16 is able to interact with
yeast TFIID (Stringer et al., 1990). Point muta-
tions in VP16 that affect its transactivation po-
tential also affect its interaction with TFIID
(Ingles et al., 1991). Others have suggested that
VP16 interaction with TFIID is weak, while inter-
action with TFIIB is strong (Lin and Green, 1991).
Experiments in a yeast-reconstituted transcrip-
tion system suggest that “mediator” proteins are
required to detect gal4-VP16 effects (Kelleher
etal., 1990). We and others have recently shown
that human and yeast TFIIDs are able to inter-
act directly with adenovirus E1A, a potent pleio-
tropic transactivator (Horikoshi et al., 1991; Lee
et al., 1991). These interactions occur between
the first repeat and the basic domain of TBP and
the Zn*+ finger of E1A (Lee et al,, 1991; N.
Horikoshi, U. Graeven, and R. Weinmann, un-
published data). In contrast to VP16 (Lin and
Green, 1991), the interactions between E1A and
TBP are strong, while those between E1A and
TFIIB are weak (I. Ha, N. Horikoshi, D. Rein-
berg, and R. Weinmann, unpublished data). Re-
cent studies have revealed negative regulators
involved in basal and activated transcription. For
example, in the case of the retinoblastoma pro-
tein whose association with transcription factor
E2F represses its DNA-binding activity, dissoci-
ation by E1A of E2F/Rb complexes results in DNA
binding and possibly transcriptional activation
(Bagchi et al,, 1991; Hiebert et al., 1992). A 19-kDa
repressor protein (Dr) bound to TBP has recently
been purified and its encoding sequences iso-
lated (Inostroza and Reinberg, 1991). Properties
of the negative component of USA (NC1; Meister-
ernst et al., 1991) appear similar to the negative
regulator Dr. By analogy, dissociation of this Dr
transcriptional inhibitor from TFIID by E1A may
correlate with E1A-mediated activation via TATA
boxes (see discussion in Horikoshi et al., 1991).

Transcription initiation factor (Inr or TFIl 1)

The TATA motif is not the only promoter ele-
ment required for the assembly of transcription
competent complexes. Natural promoters with-
out apparent TATA motifs or mutations which
alter the sequence reduce but do not completely
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obliterate transcription. The sequences around
the start site and their importance as promoter
elements were first pointed out for the terminal
deoxynucleotidyl-transferase initiator (Inr; Smale
and Baltimore, 1989). Similar motifs with a com-
mon 164 sequence (where the A is the tran-
scriptional start) have been described for the
adenovirus major late and IVa2 promoters (Car-
camo et al., 1991).

The initiator protein bound to DNA can sub-
stitute for the TATA box as nucleation center
for the transcription initiation complex (Car-
camo et al., 1991). The DNA-bound initiator ele-
ment is directly and weakly recognized by RNA
polymerase IL. This process is greatly enhanced
by transcription factors IID, IIB, and IIF, which
selectively stimulate correct start site utilization
(Carcamo etal., 1991). It appears that strong ini-
tiators are required with weak TATA boxes, while
strong TATA boxes tolerate weak initiators. Thus,
cooperative interactions between the two ele-
ments appear important (Lee et al., 1988; Car-
camo et al.,, 1991). Moreover, the initiator motif
alone is able to nucleate all the other transcrip-
tion factors around itself in a complex contain-
ing IID, IIB, RNA polymerase II, and IIF in the
absence of a TATA box (Carcamo et el., 1991).
This explains the TBP requirement of TATA-less
promoters, since TBP can be recruited to the
promoter by the other proteins of the initiation
complex (Pugh and Tjian, 1991). The gene en-
coding the sequence for the transcription fac-
tor YY-1, a Kriippel-like 55-kDa polypeptide with
four Zn*+ fingers, was recently cloned by sev-
eral laboratories (Shi et al., 1991; Hariharan et
al,, 1991; Park and Atchison, 1991; Flanagan et
al., 1991). This protein is able to function in
an in vitro transcription system as an initiator,
either alone or in the presence of transcription
factor SP1 (Seto et al., 1991). A novel 120-kDa
helix-loop-helix initiator protein, which binds
at the initiation site of the adenovirus major late
promoter and is able to interact functionally with
the upstream factor USE, has been described
by Roy et al. (1991) as TFII L.

Transcription factor IIA (TFIIA)

The visualization of the sequential steps in tran-
scription complex assembly was greatly aided
by the development of a gel mobility shift assay
in which sequential binding of the transcription
factors could be readily followed (Buratowski
et al.,, 1989). The presence of TFIIA is required
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for formation of gel-shifted complexes between
TFIID and promoter DNA, but this requirement
can be overcome in the presence of excess
Mg*+ (Buratowski et al., 1989; Horikoshi et al.,
1989). Some report transcription factor IIA as
a 43-kDa polypeptide (Egly et al., 1984), or as
a 13- and 17-kDa protein complex (Samuels and
Sharp, 1986); others have purified a TFIIA 35-kDa
active protein from wheat (Burke et al., 1990).
The protein purified from calf thymus has full
activity in the in vitro system (Samuels and Sharp,
1986). Using eight chromatographic steps to puri-
fy this TFIIA factor, it appears that it contains
two activities (TFIIA and TFIJ; Cortes et al.,
1992). The TFIIA activity was further purified
by bacterially produced TDB-affinity chromatog-
raphy and contains polypeptides of 35, 19, and
14 kDa, corresponding to the previously de-
scribed TFIIA activity (Samuels and Sharp, 1986;
Cortes et al., 1992). It stimulates transcription
but is not required when TBP from recombi-
nant sources is used in reconstitution experi-
ments. In contrast, TFII] is required and appar-
ently acts at a later stage in the initiation process
(step 6; Cortes et al,, 1992). A more complete
understanding of the role of the different forms
of TFIIA and TFII] will have to await charac-
terization and cloning of the encoding genes,
and further study of the proteins. The require-
ment of TFIIA for the formation of the TBP
promoter complex appears controversial, and
depends on the source of TBP and binding
conditions.

Transcription factor 1IB (TFIIB)

After the TFIID-TFIIA complex is formed on
promoter DNA, the factor TFIIB enters into the
transcription complex (step 3). TFIIA stimulates
the formation of the DAB complex significantly
if D and B alone are provided but does not affect
later stages (Maldonado et al., 1990). The TFIIB
33-kDa protein appears distinct from the recently
reported BTF-3 (Zheng et al., 1990). The gene
encoding TFIIB has been cloned by Ha et al.
(1991) and Malik et al. (1991). It contains two
76 amino acid repeats and exhibits some homol-
ogy with bacterial ¢ factors. Evidence for inter-
action of VP16-derived acidic activators with
TFIIB has been recently presented (Lin and
Green, 1991; Lin et al., 1991). This interaction
appears to be stronger than the VP16TBP inter-
action, in contrast to what occurs with E1A (see
above).
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Transcription factor IIF (TFIIF)

The use of more purified factors in transcrip-
tion reconstitution has permitted the identifica-
tion of other activities in the phosphocellulose
fraction eluting at 0.5 M KCI: TFIIF and TFIIE
(Reinberg and Roeder, 1987). The two-subunit
transcription factor TFIIF is probably the same
as RAP 74-30 kDa, a bimolecular complex bind-
ing to RNA polymerase II (Sopta et al., 1985;
Flores et al., 1988; Burton et al., 1988), and also
possibly similar to By (Conaway et al., 1989) and
FC (Kitajima et al., 1990). The native protein
sediments as a dimer of 220 kDa, containing two
subunits of 30 kDa and two subunits of 78 kDa
(Flores et al., 1990). The latter is phosphory-
lated in vitro by casein kinase II (O. Flores,
R. Weinmann, and D. Reinberg, unpublished
data). The role of TFIIF is to mediate the entry
of RNA polymerase Ila into the complex of
TFIID, TFIIB, and promoter DNA (Flores et al.,
1991; step 3). Moreover, it appears that the
small subunit of TFIIF is sufficient to insure
entry of RNA polymerase II into the transcrip-
tional complex (Flores et al., 1991). It is inter-
esting to note that the sequence homology
found between the 30-kDa subunit of TFIIF
and the Escherichia coli ¢ 70 protein (Sopta
et al,, 1989) may thus extend to their func-
tional role in transcription (Flores et al,
1991). Although some reports suggested that
RAP 74 may be a helicase, no ATP-dependent
helicase activity or ATPase has been detected
in extensively purified human TFIIF (Flores
et al., 1990). The final word will come from re-
combinant proteins. The small subunit of this
two-subunit protein has been cloned by Sopta
et al. (1989). The large subunit has recently
been cloned by Aso et al. (1992), and by Finkel-
stein et al. (1992). The recombinant large and
small TFIIF subunits associate and stimulate
transcriptional activity of depleted extract, but
lack ATPase or helicase activities (Aso et al.,
1992; Finkelstein et al., 1992).

Transcription factor IIE (TFIIE)

TFIIE, also purified from phosphocellulose frac-
tion eluting at 0.5 M KCl, can be separated from
TFIIF on DEAE-5PW columns (Flores et al., 1990).
TFIIE is also composed of two subunits, one 56
kDa and one 34 kDa, and behaves in sizing
columns as a 200-kDa tetramer (Inostroza etal.,
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1991). The similar molecular weight of the poly-
peptides of the transcription factors TFIIE and
TFIIF has generated a great deal of confusion.
A factor purified from rat liver with activities
equivalent to TFIIE is € (Conaway et al., 1991b).
The two subunits of the TFIIE protein have
been recently cloned (M. G. Peterson et al., 1991;
Ohkuma et al., 1991; Sumimoto et al., 1991). The
34-kDa subunit contains a consensus nucleo-
tide binding site, and the 56-kDa contains a
pocket with a sequence similar to all Kinases,
in addition to a Zn finger domain possibly in-
volved in DNA binding (Peterson et al., 1991).
Although an ATPase activity was found associ-
ated with TFIIE, it is apparently absent in TFIIE
preparations purified to homogeneity (Inostroza
etal., 1991). The purification of this factor was
greatly facilitated by the finding that it leaks to
the cytoplasmic fraction (5100) during extract
preparation.

Other transcription factors

The recently described TFIIG protein fraction
(Sumimoto et al., 1990) is separated from the
TFIID fraction on further purification. Because
different laboratories use complementary frac-
tions with varying degrees of purification, the
exact nature of this factor will require purifi-
cation to homogeneity to ascertain whether it
is indeed a new factor or part of others previ-
ously described.

Recent purification results of Flores and Rein-
berg (1991) and Cortes et al. (1992) suggest that
the fraction described as TFIIG may be composed
of other proteins. After chromatography on SP-
Sepharose, S-Sepharose, and phenyl-Superose,
two activities, called TFII] and TFIIH, were sep-
arated (Flores and Reinberg, 1991). TFIIH could
also be purified from the TFIIF fraction, while
TFII] also co-purified through seven steps with
TFIIA (Flores and Reinberg, 1991). TFIIH ac-
tivity co-purified with polypeptides of 33, 40,
42, 60, and 90 kDa, while TFII] has not yet been
purified to homogeneity (Flores and Reinberg,
1991). Both factors enter the transcription com-
plex after DBPoIFE are assembled on the pro-
moter (steps 6 and 7 in the diagram). TFII] was
required only when bacterially produced TBP
was used, but was dispensable with TFIID puri-
fied from cells (Cortes et al., 1991). The small
subunit of TFIIF or TFIIH does not cross-react



RNA polymerase II transcription

with anti-BTF3 antibodies (Flores and Reinberg,
1990). BTF3 is a 30-kDa polypeptide which binds
to RNA polymerase II and is required in the tran-
scription system from which it was purified and
cloned (Zheng et al., 1990). Transcription factor
BTF2 is also composed of 5 subunits of 90, 60,
43, 41, and 35 kDa and appears homologous to
TFIIH and the rat liver 8 (Gerard et al., 1991).
The kinase involved in conversion of RNA poly-
merase Ila to Ilo in the transcription complex
appears to be associated with TFIIH (D. Rein-
berg, personal communication). A § factor iso-
lated from rat liver consists of at least 6 poly-
peptides and has a native molecular mass of 390
kDa (Conaway et al., 1989, 1991b). It is interest-
ing to note that rat liver & also contains poly-
peptides of 95, 85, 68, 46, 43, 38, and 35 kDa
(Conaway et al.,, 1991b), which may be related
to TFIIH. The native molecular weight of this
8 complex and its polypeptide composition also
appear to be related to the TFIID complex found
in Drosophila (Dynlacht et al., 1991). This liver
transcription factor has an ATPase activity asso-
ciated with TATA box DNA binding (Conaway
et al,, 1989). The exact relationship between
BTF2, the 8 multisubunit complex, TFIIG,
TFIIH, and TFII] remains to be determined.

RNA polymerase II

This enzyme, well characterized and purified by
different laboratories, is at the moment the re-
agent which even within the next few years will
continue to be purified from cells or tissues. For
recent reviews see Sawadogo and Sentenac (1990),
Corden (1990), Woychik and Young (1990), and
Young (1991). This is a large enzyme with 10 sub-
units, the largest of which is 215 kDa in size. Most
subunits of the yeast RNA polymerase Il enzyme
have been cloned by the laboratories of Sen-
tenac and Young (see Sawadogo and Sentenac,
1990; Kolodziej et al., 1990; Young, 1991). Some
subunits of the human enzyme have also been
cloned recently (Saltzman and Weinmann, 1989;
Pati and Weissman, 1989, 1990). Although most
of the subunits may be cloned in the next few
years, the reassembly of active enzyme from these
components seems to present a difficult prob-
lem. Two-dimensional crystals of yeast RNA poly-
merase Il are powerful analytical tools that have
been used to obtain structural information at
a resolution of 16A (Edwards et al., 1990; Darst
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et al., 1991). Structural analysis has revealed a
25A-diameter channel through which the DNA
may be threaded. This major 25A-wide groove
then bifurcates into a narrow groove, where
single-stranded nucleic acids may be interacting
(nascent RNA; Darst et al., 1991). A finger of pro-
tein projecting outward from the structure may
represent the CTD (Darst et al., 1991).

Phosphorylation of the CTD of RNA
polymerase Il

Three forms of RNA polymerase II are normally
purified from tissues: Ilo, Ila, and IIb. These
differ in the apparent size of the largest subunit,
which migrates in gels as 240 kDa (Ilo), 215 kDa
(IIa), and 180 kDa (IIb). From the results of
Corden et al. (1985), it is clear that IIb is a pro-
teolyzed form of Ila, lacking the CTD multi-
heptapeptide repeated sequence of the large sub-
unit. A unique feature of the 215 kDa polypeptide
is the presence at the CTD of a heptapeptide
which is repeated 52 times in the mouse enzyme
(Ahearn et al.,, 1987) and 27 times in yeast, with
variable numbers in other organisms (reviewed
in Corden, 1990). The Ilo form of RNA poly-
merase differs from IIa in the phosphorylation
of this multiheptapeptide repeated sequence and
is the only form found to crosslink with RNA
in transcription complexes (Bartholomew et al,,
1986). Although the IIb proteolyzed form has
been discounted as a contributor to transcrip-
tion in vivo, the transcriptional activity of IIb
in an in vitro system (Zehring et al., 1988; Kim
and Dahmus, 1989) suggests that this problem
has to be reexamined. Pure RNA polymerase can
be efficiently obtained by using nuclear pellets
that are byproducts of the preparation of nu-
clear extracts (Lu et al., 1991). In the in vitro
transcription system, reconstituted with highly
purified factors devoid of endogenous phospha-
tase or kinase activities, the Ila form is 8-10 times
more active in specific initiation than the Ilo
form, and forms stable complexes with promoter
DNA, TFIID, TFIIB, and TFIIF (Lu et al., 1991).
The interconversion of the two forms appar-
ently occurs in the transition from initiation to
elongation (Laybourn and Dahmus, 1989, 1990;
Payne et al,, 1989; Lu et al,, 1991; step 5 in the
diagram) and is accompanied by phosphoryla-
tion of the CTD. The kinase responsible for phos-
phorylation remains to be identified.
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We have established an ATP-hydrolysis require-
ment (Bunick et al., 1982) and a 5,6-diCl-1-8-D
ribofuranosyl-benzimidazole (DRB)-sensitive pro-
cess (Zandomeni et al., 1983) before formation
of the first dinucleotide bond (step 6). The ATP
hydrolysis suggested involvement of a kinase, a
DNA-dependent gyrase, or an ATPase (Bunick
et al,, 1982), as did the identification of DRB
sensitivity at an early transcriptional step (Zan-
domeni et al., 1983). We have identified casein
kinase II as a DRB-sensitive kinase (Zandomeni
and Weinmann, 1984; Zandomeni et al., 1986),
although only a single phosphorylation site for
this enzyme is present in the unique region of
the CTD (Corden, 1990). It is important to es-
tablish which kinase(s) is responsible for the phos-
phorylation of the large subunit associated with
the enzyme in the transcription complexes. One
of the questions that remains unanswered is the
nature of the ATP-hydrolysis requirement at tran-
scription initiation (Bunick et al., 1982).

The steps in the formation of the initiation
complexes have been defined by their sensitiv-
ities to sarkosyl, heparin, and salt, and the chal-
lenge by second templates (see Saltzman and
Weinmann, 1989, for references). Clarification
of the order of this process was recently provided
by the analysis of the assembly intermediates
of these complexes in a native gel system (Bura-
towski et al., 1989). The phosphorylation step
required to pass from the preinitiation to the
initiation complex results in the conversion of
the Rplla to Rpllo. The CTD domain of RpIl
contains 52 heptamer repeats, and it has been
reported that from 15 to 200 phosphates are
added to the CTD of RPIla (Zhang and Corden,
1991; Arias et al., 1991). This amount of incor-
porated phosphate may suffice to produce the
mobility shift to Ilo and may explain, at least
in part, the ATP requirement at initiation (steps
4-5). Since RNA polymerase Ila, Ilo, and IIb have
similar ATP hydrolysis requirements for tran-
scription initiation, in addition to the phosphory-
lation of the CTD, other ATP-requiring steps may
be involved (Laybourn and Dahmus, 1990). Sev-
eral kinases have been implicated in this step
of the initiation process, and it is not yet clear
which one is involved. We have provided evidence
for casein kinase II or a DRB-sensitive kinase
(Zandomeni et al., 1986), while others suggest
that a cell-cycle related kinase is involved in this
process (Cisek and Corden, 1989). Interestingly,
these latter kinases are also sensitive to DRB
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(Cisek and Corden, 1991). Kinases purified from
Aspergillus (Stone and Reinberg, 1992) and yeast
(Lee and Greenleaf, 1989) appear as single-
subunit of 57 kDa or three-subunit enzymes of
58 kDa, 38 kDa, and 32 kDa. The large subunit
of the yeast CTD kinase (CTK1) has been cloned
and is required for normal growth of yeast (Lee
and Greenleaf, 1991). One of the mammalian
kinases recently purified contains polypeptides
of 58 and 34 kDa. Its small subunit is related
to the CDC2-CDC28 cell cycle genes of yeast,
and the activity of the enzyme is sensitive to
DRB (Cisek and Corden, 1989, 1991). A variant
enzyme contains subunits of 62 kDa (equivalent
to cyclin B) and 34 kDa (cdc2), implying that
it is a major cell-cycle specific kinase (Cisek and
Corden, 1991). The enzyme purified from yeast
appears to be quite distinct in substrate spec-
ificity, amino acid sequence, and chromato-
graphic properties (Lee and Greenleaf, 1989).
An enzyme which is enhanced under heat-shock
conditions and able to phosphorylate a CTD pep-
tide appears to be more similar to the yeast-
Aspergillus enzyme (Legagneux et al., 1990). A
template-associated kinase has been implicated
in CTD phosphorylation, but the enzyme has
not been purified yet (Arias et al., 1991).

The substrate for the Rpll-kinase able to effi-
ciently convert the RNA polymerase Ila to Ilo
in the transcription complex can be either ATP,
dATP, or GTP (Lu et al., 1991). DRB acts as a
mixed-type inhibitor of casein kinase II (which
can also use ATP, GTP, or dATP as substrates)
and of in vivo and in vitro transcription at simi-
lar DRB concentrations (Zandomeni et al., 1986;
Zandomeni, 1989). Thus, the kinase involved in
phosphorylation of Rpll would also be sensitive
to DRB and, if different from CKII, sequence-
related in the active site. Finally, phosphoryla-
tion by one kinase may be required to induce
changes that allow phosphorylation by a second
kinase. The difficulty here is that these enzymes
act catalytically rather than stoichiometrically,
like the transcription factors described above.
This problem will be resolved when more puri-
fied components or recombinant proteins are
used in transcription reconstitution. Phosphory-
lation of the CTD and utilization of up to 200
molecules of ATP per initiation event do not ex-
clude the possibility that other ATP-dependent
processes, such as unwinding, or other ATPase
and kinase activities, are associated with the tran-
scription initiation process.
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Future directions

The availability of an increasing number of mam-
malian transcription factors from recombinant
sources will greatly facilitate the purification,
characterization, and cloning of the remaining
transcription factors. Although studies have fo-
cused on the adenovirus major late promoter
as a template and the HeLa cell as a source of
proteins, application to other promoters and sys-
tems will permit fuller understanding of the prin-
ciples of promoter selection, the mechanics of
transcription initiation, and the effects of regu-
lators on this process.

Other steps in the transcriptional process,
such as elongation (which can be regulated by
multiple factors, including TFIIS or SII and
TFIIF), may play an important role in the con-
trol of gene expression. Moreover, it seems that
some elements of the transcriptional machin-
ery may be reutilized directly, because they re-
main bound to the promoter after initiation of
RNA synthesis, like TFIID or TFIIA. Others, like
the Rpllo, have to be dephosphorylated so that
the Rplla can re-enter the transcription process,
while the fate of such factors as IIE, IIG, IIH,
and IIJ is unknown. Little is known about how
this recycling may occur and which enzymes are
involved. The tools provided by studying the
basal transcriptional machinery will also help
to clarify the multiple ways in which promoter
activity is regulated, as well as the multiple sites
of regulation used by different effectors. Finally,
we have addressed only those proteins directly
interacting with naked DNA. In higher eukary-
otes, cellular DNA is organized into chromatin
structures, and these are also important deter-
minants of gene expression (for a recent review,
see Felsenfeld, 1992).
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