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Phosphorylation in Transcription:
The CTD and More
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Phosphorylation appears to be one mechanism in the regulation of transcription. Indeed, a multitude of factors
involved in distinct steps of transcription, including RNA polymerase II, the general transcription factors, pre-
mRNA processing factors, and transcription activators/repressors are phosphoproteins and serve as substrates for
multiple kinases. Among these substrates, most attention has been paid in recent years to the phosphorylation of
the carboxyl-terminal domain (CTD) of RNA polymerase II and its role in transcription regulation. Kinases
responsible for such CTD phosphorylation that are associated with RNA polymerase II at distinct steps of
transcription, such as cdk7 and cdk8, also phosphorylate some other components of the transcription machinery
in a regulatory manner. These observations enlighten the pivotal role of such kinases in an entangled regulation
of transcription by phosphorylation. Summarizing the phosphorylation of various components of the transcription
machinery, we point out the variety of steps in transcription that are regulated by such protein modifications,
envisioning an interconnection of the several stages of mRNA synthesis by phosphorylation.

Transcription regulation Phosphorylation CTD GTFs Transcription activators

THE synthesis of messenger RNA in eukaryotes by cdk7, cdk8, cdk9, and the TBP associated factor
TAFII250, as well as the DNA-dependent protein ki-RNA polymerase II (RNA pol II) is a multistage pro-

cess and requires numerous general transcription fac- nase (DNA-PK), the mitogen activated protein
kinases (MAPK), and p34cdc2, which use as sub-tors (GTFs) allowing basal transcription [reviewed in

(73)]. Transcription factors with gene- and sequence- strates the C-terminal domain (CTD) of RNA pol II’s
largest subunit, all GTFs (TFIID, TFIIB, TFIIA,specific DNA binding and activation domains, the

activators and repressors, further modulate the basal TFIIF, TFIIE, and TFIIH), and specific transcription
factors such as p53, GAL4, E2F-1, and nuclear re-transcription machinery directly or via cofactors (30).

Many of these components of the transcription ma- ceptors.
In this study, we will focus our attention on thechinery turned out to be phosphoproteins. Thus, regu-

lation of mRNA synthesis is orchestrated by subtle kinases that participate in such phosphorylation pro-
cesses and that can be found tightly associated withmodifications of components of the transcription ma-

chinery, one of them being phospho-, dephosphoryla- the transcription machinery. Pointing out the multi-
tude of substrates for these kinases within the tran-tion. Kinases responsible for such transcription regu-

lation are found either freely diffusible in the cell or scription machinery, we will discuss the diverse ef-
fects of phosphorylation on transcription. Our finalas part of the transcription machinery, and are often

associated with the holoenzyme in some if not all aim is to shed light on the regulation and interconnec-
tion of the several stages of mRNA synthesis bysteps of the transcription reaction. This involves sev-

eral kinases such as the cyclin-dependent kinases phosphorylation (Fig. 1).
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Figure 1. Steps in mRNA synthesis regulated by kinases of the transcription machinery. Top: Shaded boxes represent the distinct stages of
transcription. The stages of activation/repression of transcription, transcription, and pre-mRNA processing interlock. The distinct steps of
the particular stages regulated through phosphorylation by kinases of the transcription machinery are outlined by arrows (bracket for elonga-
tion) at the top of the stage boxes. Middle: Kinases regulating the corresponding steps of mRNA synthesis are represented by shaded bars.
Arrows within these bars symbolize that a preceding phosphorylation by the particular kinase regulates mRNA synthesis during the following
steps. Factors phosphorylated by the kinases at distinct steps are described in the text. Bottom: Phosphorylation status of the CTD correlating
with the distinct steps of mRNA synthesis. After a first round of transcription RNA pol II can be either degraded or recycled by dephosphory-
lation, allowing reentry into the transcription cycle. The CTD phosphatase CTDP could act at different steps of mRNA synthesis as indicated
by arrows. The phosphorylation pattern of RNA Pol IIO CTD could be modified during elongation as indicated by an additional phosphate
symbol. Further explanations in the text.
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SEVERAL KINASES USE prephosphorylated by other kinases such as TFIIH
(65), although the nature of the amino acid residuesTHE CTD AS A SUBSTRATE
that are phosphorylated by cdk9 is not defined yet.
The murine homologue of cdk1 (p34cdc2), whichAlthough it was shown that several components

of the basal transcription machinery such as TFIIF, associates with cyclin A and B (19) and which is also
crucially involved in cell cycle regulation [reviewedTFIID, TFIIE, and TFIIH are subjected to phosphory-

lation, most of the studies performed to date concern in (29)], has turned out to be an efficient CTD kinase
in vitro. However, no in vivo significance for its CTDthe CTD of RNA pol II. In mammals, the CTD repre-

sents an almost perfect 52 repeat (45 in drosophila, kinase activity has been described yet. Mutations in
the cdc2-related kinase CTK1, which assembles with26 in yeast) of the heptapeptide Tyr1-Ser2-Pro3-

Thr4-Ser5-Pro6-Ser7 bearing five phosphate accept- its cyclin-like partner CTK2 and a CTK3 subunit the
yeast CTD kinase complex I (CTDK-I), result in aors that can be used as substrates by a multitude of

kinases. Deletions of the mouse (7), Drosophila hyperphosphorylated form of the CTD with altered
phosphorylation pattern (53,90). Furthermore, ctk1(101), or yeast (4) CTD turned out to be lethal, indi-

cating its pivotal role. Most of the kinases known to mutant cells exhibit retarded growth, cold sensitivity,
as well as abnormal differentiation (53). CTDK-I,be involved in CTD phosphorylation in vivo are

cyclin-dependent kinases including cdk7, cdk8, and which cannot be detected in purified yeast holoen-
zyme (48), may participate in a postinitiation eventcdk9. It remains that in vitro CTD phosphorylation

also occurs in the presence of DNA-PK, MAPK (50).
Phosphorylation of the CTD in vivo can also oc-ERK1/2, the c-Abl tyrosine kinase, as well as cdk1

(p34cdc2) [reviewed in (10)]. cur independently of transcription by the mitogen-
activated protein kinases ERK1/2 (11,25,94). InThe impact of the phosphorylation on transcription

was underlined by the presence of cdk7 in the TFIIH vitro phosphorylation of RNA pol II by ERK1/2
results in a new hyperphosphorylated form oftranscription factor and of two other cyclin-dependent

kinases associated with RNA pol II either within the RNA pol II’s largest subunit with respect to its mo-
bility in SDS-PAGE, designated IIm (11). Althoughholoenzyme (cdk8) or as part of the elongation factor

P-TEFb (cdk9) (56,59,65,74,76). A common feature RNA pol IIm can be isolated from cultured cells upon
osmotic stress, its function in vivo remains specula-of the cdks is the regulation of their kinase activities

through their own phosphorylation and pairing with tive.
DNA-dependent protein kinase (DNA-PK) phos-specific cyclin proteins. Although cdks are serine/

threonine kinases, they only phosphorylate serine res- phorylates the CTD at Ser-7 (6,94). When associated
with its regulatory subunit, the KU antigen [(26), re-idues of the CTD. The most prominent cdk, cdk7, is

associated with cyclin H and another regulatory sub- viewed in (88)] DNA-PK becomes activated in the
presence of double-stranded DNA, which has led tounit MAT1 in the CAK (cdk activating kinase) sub-

complex of TFIIH (1,82). Optimal phosphorylation speculations on a transcription regulatory function.
Although RNA pol II phosphorylation by DNA-PKof the CTD by TFIIH at Ser-5 (94) only occurs when

all the components of the basal transcription machin- occurs after its association with the template DNA
(6) and only in the presence of the GTFs TFIIB,ery are assembled on the promoter, thus conferring a

high level of specificity to this reaction (59). Addi- TFIID, and TFIIF (26), its main role seems to consist
in DNA double-strand break (DSB) repair (88).tion of ATP in the context of the initiation complex

shifts the hypophosphorylated (IIA) form of RNA pol Whether or not this phosphorylation as well as the
fact that TFIIH plays a role both in transcription andII to the hyperphosphorylated (IIO) form (59).

Cdk8 (yeast SRB10) and its cyclin partner C in DNA repair [reviewed in (28)] would connect tran-
scription to DNA repair in a transcription-coupled re-(yeast SRB11) were initially isolated in a yeast ge-

netic screen as suppressors of truncation mutations in pair mechanism pathway would be interesting to in-
vestigate.the CTD (47,93). SRB10/11 were found within holo-

enzymes and identified as a CTD kinase (56,74,93). The CTD can also be phosphorylated on its tyro-
sine residues by a kinase encoded by the c-abl proto-In contrast to cdk7 or its yeast homologue Kin28,

SRB10 possesses the ability to phosphorylate the oncogene (8). However, the role of the c-Abl tyrosine
kinase in in vivo CTD phosphorylation remains un-CTD at Ser-2 as well as Ser-5 prior to holoenzyme

binding to the DNA (31,91). Cdk9 forms with one of clear. Although the treatment of cells with DNA-
damaging agents activates the c-Abl kinase, resultingits corresponding cyclins T1 or T2 the elongation fac-

tor P-TEFb (77), which seems to suppress pausing by in an increased phosphotyrosine content of the CTD,
RNA pol II can be also tyrosine phosphorylated inRNA pol II (64). Interestingly, cdk9 uses preferen-

tially as a substrate the CTD that has been already c-Abl kinase negative cells, indicating the existence
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of other CTD tyrosine kinases than the c-Abl kinase diester bond, thus suggesting that the two events—
CTD phosphorylation and promoter opening—are(8,41,57).

Pointing out the distinct specificities of the various not related (92).
Once engaged in the transcription process, thekinases that use the CTD as substrate, this brief sur-

vey shows how the CTD substrate could be subtly CTD is subjected to further phosphorylation/dephos-
phorylation events along the progression of RNA polmodified, thus providing a key component of a com-

plex regulatory pathway that, as seen below, would II. Phosphorylation of the CTD might regulate RNA
pol II processivity during elongation by controllinginvolve several associated mechanisms.
its interaction with elongation factors such as DSIF
(DRB sensitivity-inducing factor) (97) and NELF
(negative elongation factor complex) (99) [reviewedPROGRESSION OF RNA POL II THROUGH
in (87)]. DSIF and NELF can concomitantly bind toTRANSCRIPTION CONTROLLED BY
RNA pol IIA and induce abortive transcription. Hy-CTD PHOSPHORYLATION
perphosphorylation of the CTD either within the PIC
by cdk7 or during elongation by cdk9 would thus pre-Much attention has been paid these past years on

the switch from a hypophosphorylated (IIA) to a hy- vent or disrupt the association of DSIF/NELF to
RNA pol II, facilitating the transition of RNA pol IIperphosphorylated (IIO) form of RNA pol II. The hy-

pophosphorylated form can be found either free in from abortive to productive elongation (98,99).
the cell or in preinitiation complexes (PIC), whereas
the hyperphosphorylated form is found in RNA pol
II complexes active in elongation or pre-mRNA pro- HYPERPHOSPHORYLATION OF THE CTD IS
cessing. Hyporphosphorylation of the CTD is a pre- ESSENTIAL FOR PRE-mRNA PROCESSING
requisite for RNA pol II to enter in the preinitiation
complex (15,95), although its function is not estab- Although the phosphorylation state of the CTD fa-

vors initiation, promoter escape, and elongation, CTDlished. In vitro transcription from TATA box-con-
taining promoters demonstrated that CTD is not re- phosphorylation is not absolutely essential for the

transcription process itself, at least in vitro (42,86,quired for preinitiation complex formation and
initiation of basal transcription. However, deletions 101). Subsequently, the idea arose to investigate if

the CTD phosphorylation was not connected withof the CTD in vivo are lethal (4,101), suggesting that
it is likely required in processes of gene expression other processes such as pre-mRNA processing (67,

68) or activated transcription (55,83). Indeed, severaland/or transcription other than PIC formation.
Still unanswered are the questions of when and facts support a scenario in which the phosphorylation

of the CTD couples functionally RNA pol II tran-which kinases facilitate CTD hyperphosphorylation
and how CTD hyperphosphorylation affects tran- scription with mRNA processing (34). First, deletions

of RNA pol II’s CTD negatively affect all three stepsscription. Before entering the transcription cycle by
incorporation into the PIC, RNA pol II can be found of mRNA processing in vitro and in vivo, which are

capping, cleavage/polyadenylation, and splicing (32,associated with cdk8 within the holoenzyme (43,49,
56,74). Activation of cdk8 at this stage would phos- 67,68). Second, several pre-mRNA processing factors

are recruited to the nascent pre-mRNA primarily byphorylate RNA pol II within the holoenzyme, thus
preventing its entry in the preinitiation complex the hyperphosphorylated CTD (17,32,36,44,67,68,

100). Third, the capping reaction occurs in vivo ex-(31,91). Although the function of cdk8 is not yet
clearly understood, it is hypothesized that it would clusively on pre-mRNA chains engaged within early

RNA pol II elongation complexes (21).act as a negative regulator of transcription at the pre-
initiation stage. In contrast, CTD phosphorylation by Indeed, it was demonstrated that shortly after initi-

ation the hyperphosphorylated CTD recruits thecdk7 within the (pre)initiation complex could pro-
mote the transition from the initiation to the elonga- mammalian capping enzyme to the nascent pre-

mRNA (17,36,68). In vitro experiments revealed thattion phase by destabilizing some intermolecular pro-
tein–protein interactions such as TFIID/CTD binding phosphorylated but not unphosphorylated CTD pep-

tides can stimulate the guanylyltransferase activity of(95), thus favoring RNA pol II escape from the initia-
tion complex (51,102). However, initiation itself is the capping enzyme; CTD phosphorylation at Ser-5

but not Ser-2 is crucial for this stimulation (36). Inter-not dependent on CTD phosphorylation. First, kin-
ase-deficient TFIIH supports TFIIH-dependent basal estingly, only CTD phosphorylation by Kin28, the

yeast homologue of cdk7, but not by CTDK1 ortranscription in vitro (2,61,92). Second, CTD phos-
phorylation can occur in vitro in the absence of SRB10-SRB11 (described above), is a prerequisite

for capping enzyme targeting in vivo (80). In a subse-promoter opening and formation of the first phospho-
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quent step, it is suggested that RNA pol IIO serves a cryptic phosphatase activity intrinsic to RNA pol II
(12,18). CTDP, as part of elongation complexes andas a platform to recruit splicing factors such as some

serine-arginine-rich (SR) proteins (44,100). In con- holoenzymes containing cdk7, TFIIS, or elongin A,
is stimulated by TFIIF (5,13,18). This stimulation cantrast, RNA pol IIA destabilizes early presplicing

complexes, thus preventing splicing (33). It has been be abolished either by TFIIB within the holoenzyme
or by the HIV-Tat protein during elongation (13,66).demonstrated in transcription-independent in vitro

assays that the endonucleolytic cleavage (3′ cleavage) CTD dephosphorylation by CTDP is further regu-
lated by additional undefined factors associated toof pre-mRNA preceding poly(A) addition by PAP

[poly(A) polymerase] requires CTD (32). Unlike cap- RNA pol II as well as the position of elongating RNA
pol II relative to the start site of transcription (54).ping and splicing that require a phosphorylation of

the CTD, 3′ cleavage is promoted by the CTD in a RNA pol II binding to DNA does not influence CTD
dephosphorylation by CTDP (54). It thus appears thatphosphorylation-independent manner (32). Indeed,

two polyadenylation factors, CstF (cleavage stimula- CTDP dephosphorylates CTD most likely during
elongation or in the context of termination (18).tion factor) and CPSF (cleavage polyadenylation

specificity factor), may bind to both forms of CTD
(23,78). The absence of connection between 3′ cleav-
age/polyadenylation and CTD phosphorylation might GENERAL TRANSCRIPTION FACTORS
be explained by the roles that RNA pol II could as- AND PHOSPHORYLATION
sume after polyadenylation and termination of tran-
scription. RNA pol IIO must become dephosphory- Almost all GTFs are phosphorylated, some of

them such as TFIIH, TFIID (TAFII250), and TFIIFαlated concomitant with polyadenylation/termination
in order to reinitiate, while RNA pol IIO destined possessing intrinsic kinase activities capable of phos-

phorylating GTFs themselves. Although very little in-to ubiquitination and degradation must be maintained
under a hyperphosphorylated state (70). Knowing formation is available, we observe that phosphoryla-

tion of GTFs could crucially affect transcription.that termination requires the CTD as well as a func-
tional poly(A) site (78), cleavage factors such as Indeed, global repression of Pol II transcription at mi-

tosis appears to be facilitated at least to some extentCPSF and CstF could also signal the elongating RNA
pol II to become less processive and more likely to by the reversible phosphorylation of GTFs (29).

The most remarkable GTF in terms of phosphory-terminate transcription upon recognition of poly(A)
sites on the nascent pre-mRNA (67). lation is TFIIH (20,28), which uses TBP, TFIIEα,

and TFIIFα as substrates within preinitiation com-
plexes (72). While relevance for the phosphorylation
of TBP (in vitro) and TFIIFα (in vivo) by kinasesCTD DEPHOSPHORYLATION
other than TFIIH has been demonstrated (see below),
it is not clear whether phosphorylation by TFIIH pos-Having pointed out that only the hypophosphory-

lated RNA pol IIA can assemble into preinitiation sesses a regulatory impact on transcription. Despite
its associated kinase activity, the p62 and cdk7 sub-complexes and that the IIA form is converted into the

IIO form during the transition from initiation units of TFIIH are also substrates for kinases such as
cdc2/cyclinB in vitro and in vivo (3,58). Phosphory-to elongation, it is obvious that the CTD must be

dephosphorylated concomitant with termination or lation of these TFIIH subunits (mainly cdk7) by
cdc2/cyclinB results in inhibition of the TFIIH-asso-between termination and initiation (18), if not ubiqui-

tinated (70). In addition, it can be considered that de- ciated enzymatic activities during mitosis, thus silenc-
ing transcription (3,58). The TAFII20/15, TAFII31,phosphorylation of the CTD regulates elongation. In-

deed, several kinases target the same amino acid TAFII80, and TBP components of TFIID are also
phosphorylated during mitosis. Resulting defects inresidues within the CTD and such phosphorylation

could require a partial dephosphorylation of the sub- activated transcription, but only slight deficiencies in
basal transcription, sustain a more prominent role forstrate, rendering possible action of other specific kin-

ases. Known so far, only one CTD phosphatase, TAFs rather than TBP phosphorylation in mitotic si-
lencing of transcription (85). It remains that the roleCTDP with its catalytic subunit FCP1, catalyzes the

conversion from the IIO to the IIA form of RNA pol of TBP phosphorylation in transcription is controver-
sial. On the one hand, in vitro phosphorylation ofII, allowing de novo transcription in vitro (5,12).

However, because the phosphatase activity of CTDP TBP (and TFIIB) by DNA-PK stimulates formation
of PIC and consequently transcription (16). On theis specific to the CTD within RNA pol II, but not to

a synthetic CTD peptide, it is not clear whether other hand, it was noticed that in vitro phosphoryla-
tion of yeast TBP by casein kinase II (CKII) de-CTDP itself is a phosphatase or whether it activates
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creases its TATA box binding capacity (62). In this viewed in (37)]. Because transcription factors interact
directly or via cofactors with the basal transcriptionaspect, it was not demonstrated whether DNA-PK or

CKII phosphorylates TBP in vivo. Interestingly, as machinery, it is likely that kinases within the basal
transcription machinery, such as cdk7, cdk8, cdk9,part of TFIID, TAFII250 contains in addition to its

histone acetyltransferase activity (71) a serine/threo- TAFII250, or TFIIF, could participate in the regula-
tion of transcription factor activity (Table 1). The ac-nine kinase activity capable of TFIIFα and TFIIA

phosphorylation in vitro (24,81). Studies with yeast tivation domain AF1 of some nuclear receptors, such
as the retinoic acid receptors RARα, RARγ, and es-TFIIA revealed that in vivo phosphorylation of

TFIIA by a yet not identified kinase likely enhances trogen receptor ERα, are phosphorylated in vivo as
well as in vitro by cdk7 (9,14,79). Similarly, it wasthe binding of TBP to the TATA box, an observation

also made in vitro by using CKII. Mutations in the observed that cdk7 (respectively its yeast homologue
Kin28) uses the activation domains of E2F-1 (96) andphosphorylation sites of yeast TFIIA reduce tran-

scription of inducible genes such as URA1, URA3, the yeast transcription factor GAL4 (activation region
2) (35) as well as—at least in vitro—the N-terminaland HIS3 (84). In addition to TAFII250, TFIIFα is

also phosphorylated by TFIIH as well as by its own activation domain of p53 as substrates (46). Addition-
ally, the C-terminal multifunctional domain of p53intrinsic kinase activity in vitro (24,72,81). In vivo

phosphorylation of TFIIF other than autophosphory- (60) and the DNA binding domains of Oct-1 and
GAL4 are also phosphorylated by cdk7/Kin28 (35,38).lation seems to play some role in the regulation of

both the initiation and the elongation steps (45). Au- The latter is further phosphorylated by SRB10 (cdk8)
in its glucose response domain (35). As a conse-tophosphorylation of TFIIFα at distinct sites down-

regulates at least RNA pol II elongation activity quence of such phosphorylation, one observes varia-
tions in gene expression levels. Phosphorylation of(81).

Although phosphorylation could modulate, in ad- the AF-1 activation domains of the RARs and ERα
by cdk7 has shown to be essential for at least part ofdition to the CTD, the action of some GTFs in tran-

scription, it is still not clear how the various modifi- their transactivating functions (9,14,79). Although
the AF-1 domain of the androgen receptor (AR) alsocations of components of the basal transcription

machinery are connected to each other to allow regu- interacts with CAK (52), it is not clear if a resulting
increase of the AR transactivation function is medi-lation of mRNA synthesis.
ated by cdk7 phosphorylation. The particular mecha-
nism by which the AF-1 domain of those receptors
activates transcription waits for further structure/TRANSCRIPTION FACTORS CAN BE
function studies. Phosphorylation of p53 activationREGULATED BY THE KINASES OF THE
domain stimulates transcription of some genes proba-BASAL TRANSCRIPTION MACHINERY
bly by modulating p53 interactions with proteins such
MDM-2, CBP/p300, or TFIID (69). Whether or notSeveral observations favor phosphorylation as the

most frequently used protein modification in the reg- cdk7 is one of the kinases responsible for this activa-
tion is not fully established.ulation of transcription factor function. First, almost

all of the up-to-date investigated cellular and viral Another regulatory pathway involves the phos-
phorylation of the DNA binding domain of activa-transcription factors are phosphoproteins. Second,

phosphorylation is both rapid and readily reversible. tors. The binding of p53 to DNA is drastically
enhanced upon phosphorylation of its C-terminalThird, many signal transduction pathways affecting

gene expression activate protein kinases such as multifunctional domain by cdk7 in vitro (60). In con-
trast, phosphorylation within the DNA binding do-MAPK, PKA, and cdks. Fourth, some cyclin-depen-

dent kinases of the cell cycle cascade phosphorylate main of Oct-1 partially prevents its interaction with
DNA during mitosis (84). Although cdk7 phospho-transcription (co)factors.

Phosphorylation of transcription factors can occur rylates the DNA binding domain of Oct-1 at mitosis-
specific sites in vitro, a modulation of Oct-1 bindingthroughout their protein sequences, including DNA

and effector binding domains, activation domains, as to DNA through such a phosphorylation has not yet
been established (38).well as domains responsible for protein–protein inter-

actions, thus providing a large spectrum of regulatory Phosphorylation could also affect the binding of
inducible transcription factors to their cognate ligandspathways. Indeed, both the ability of transcription

factors to bind to DNA and their transcription activat- (respectively effectors). Indeed, the phosphorylation
of the GAL4 glucose response domain by SRB10ing/repressing function are frequently regulated

through phosphorylation by multiple kinases [re- turned out to be a prerequisite for high-level galac-
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TABLE 1
PHOSPHORYLATION OF TRANSCRIPTION ACTIVATORS BY RNA POL II-ASSOCIATED

CYCLIN-DEPENDENT KINASES

Cyclin-
Transcription Dependent Phosphorylated
Activator Kinase Protein Domains Effect of Phosphorylation References

E2F1 cdk7 AD degradation 96

GAL4 cdk8 glucose response domain activation 35
cdk7 AD 2 and DBD ?

RARα cdk7 AF-1 domain activation 79

RARγ cdk7 AF-1 domain activation 9

ERα cdk7 AF-1 domain activation 14

AR cdk7? AF-1 domain/A/B-region activation 52
(only interaction?)

p53 cdk7 multifunctional domain DNA binding 46, 60
(C-term)
AD protein interactions

Oct-1 cdk7 DBD ? 38

AR: androgen receptor; RARα/γ: retinoic acid receptor α/γ; ERα: estrogen receptor α; AD: activation domain;
AF-1: activation function 1; DBD: DNA binding domain.

tose-induced transcription (35). However, it is not by RNA pol II-associated kinases couples transcrip-
tion with mRNA processing, enlightening the inter-clear whether this phosphorylation regulates the bind-

ing of effectors to GAL4. connections with the multiple mechanisms that direct
gene expression. Although the phosphorylation of theAn additional mechanism of transcription factor

regulation is provided by the phosphorylation of CTD is undoubtedly crucial, recent data underline the
key role of the RNA pol II-associated kinases in theE2F-1. Phosphorylation of the activation domain of

E2F-1 by cdk7/TFIIH does not modulate its transacti- regulation of the various steps of the transcription re-
action. Indeed, kinases associated with RNA pol IIvation activity directly, but favors the degradation of

E2F-1 (96). phosphorylate, in addition to the CTD, some tran-
scription activators modulating their transactivationHaving pointed out that transcription factors can

be regulated by kinases of the transcription machin- activity. These findings draw the kinases associated
to RNA pol II near to the focus of mRNA synthesisery, it is worth mentioning that there could also exist

transcription factors that modulate the activity of regulation. How phosphorylation allows the connec-
tion with the basal transcription machinery for a reg-RNA pol II-associated CTD kinases. Indeed, CTD

hyperphosphorylation by either cdk7 or cdk9 is up- ulation is a question that has to be addressed. The
significance of phosphorylation in transcription regu-regulated during HIV-1 Tat-activated transcription

(22,39,40,63,75,103). Although it is controversial lation is further underlined by the phosphorylation of
GTFs. Although only very little information is avail-which of the CTD kinases is preferentially stimulated

during HIV-1 Tat-activated transcription and how en- able about the effects of GTF phosphorylation, one
striking and important effect of the phosphorylationhanced CTD phosphorylation could then promote

transcription, it is conceivable that cdk7 and cdk9 of GTFs, such as TFIIH and TFIID, is the silencing
of transcription during mitosis. However, the rolesmight act synergistically in HIV-1 Tat-stimulated

CTD hyperphosphorylation. and significance of GTF phosphorylations other than
TFIIH and TFIID still remain speculative and have
to be answered.

CONCLUSION
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