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ABSTRACT

The largest subunit of the mammalian RNA poly-
merase |l possesses a C-terminal domain (CTD)
consisting of 52 repeats of the consensus sequence,
Tyr1-Ser2-Pro3-Thr4-Ser®-Pro®-Ser’. Phosphorylation of
the CTD is known to play a key role in gene expression.
We now show that treatments such as osmotic and
oxidative shocks or serum stimulation generate a
new type of phosphorylated subunit, the llm form.
This Ilm form might be generated in vivo by ERK-type
MAP kinase phosphorylation as: (i) ERK1/2 are major
CTD kinases found in cell extracts; (ii) the immuno-
reactivity of the Ilm form against a panel of monoclonal
antibodies indicates that the CTD is exclusively
phosphorylated on Ser-5 in the repeats, like RNA
polymerase Il phosphorylated in vitro by an ERK1/2;
and (iii) the llm form does not appear when ERK acti-
vation is prevented by treating cells with low concen-
trations of highly specific inhibitors of MEK1/2. Since
the llm subunit is not affected by inhibition of tran-
scription and is not bound to chromatin, it does not
participate in transcription.

INTRODUCTION

involved in the assembly of the preinitiation complex whereas
the phosphorylated CTD facilitates the assembly of the various
enzymatic complexes involved in the processing of the
primary transcript (3—7). To reinitiate transcription, the CTD
should be dephosphorylated.

Equivalent amounts of lla and llo forms are found in
growing mammalian cells (8). However, the lla/llo ratio is
rapidly modified upon treatment with transcription inhibitors
(8), heat-shock (9) and serum stimulation (10). Taken together,
these observations indicate that RNA polymerase Il undergoes
a continuous phosphorylation/dephosphorylation cycle.
Numerous cyclin-dependent kinases (CDK) phosphorylate the
CTDin vitro: CDK1 (11) and CTDK-I (12) were first identified.
Most interestingly, three CTD kinases are subunits of
complexes involved in transcription: CDK7 and its partner,
cyclin H, are subunits of the general transcription factor TFIIH
(13); CDK8 and its partner cyclin C are subunits of the mediator/
NAT (negative regulator of activated transcription) complex in
RNA polymerase 1l holoenzyme (14-16); and CDK9 and its
partners cyclins T1 and T2, are subunits of P-TEFb, a positive
transcription elongation factor (17). The CTD is dephos-
phorylated in a few minutes upon inactivation of the KIN28
gene product, the yeast CDK7 homolog (18,19). The CTD is
rapidly dephosphorylated in mammalian cells treated with
CDK®9 inhibitors including 5,6-dichloro-8-b-ribofuranosylben-
zimidazole (DRB) (8,20). Hence, CDK7 and CDK9 are likely
to contribute to the overall CTD phosphorylatiém vivo.

The C-terminal domain (CTD) of the largest RNA polymerase IIDNA-PK (21) and MAP kinases of the ERK type (10) are also
subunit comprises multiple repeats of a heptapeptide sequeneficient CTD kinases$n vitro. However, much less is known
(1). The CTD plays a key role in gene expression and itsibout the contribution of each of these kinases to phosphorylation
activity at different steps in the transcription cycle is regulatedf the CTDin vivo. ERK-type MAP kinases are major signalling
by multisite phosphorylation (2). The unphosphorylated formkinases controlling gene expression. Phosphorylation of RNA
of RNA polymerase Il, designated RNA polymerase IlA, polymerase Il correlates with the ERK-type MAP kinases,
assembles into a preinitiation complex on the promoter. Phos&=sRK1/2, activity in serum-stimulated mouse fibroblasts (10)
phorylation of the CTD occurs concomitant with initiation of and during meiosis inXenopus(22). The present study
transcription. Accordingly, elongation is catalyzed by theattempts to establish that ERK1/2 phosphorylate RNA
phosphorylated form of RNA polymerase Il, designated RNApolymerase 1l in living cells. Advantage is taken of highly
polymerase 11O. The largest subunits of RNA polymerases lIAspecific inhibitors of MEK1/2, the ERK1/2 activator (23,24)
and 110 are designated lla and llo, respectively. The unphosand a panel of monoclonal antibodies recognizing distinct
phorylated CTD mediates multiple protein—protein interactiongpitopes on the CTD (25).
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MATERIALS AND METHODS 3 10 2050 ] minutes
Cells - - E R
Monolayers of NIH 3T3 cells were propagated on tissue g -m
culture dishes or tubes in Dulbecco’s modified Eagle's as ‘. . a
medium supplemented with 10% fetal calf serum (DMEM,;

Gibco-BRL). For serum stimulation, subconfluent cells (24 h after -® 2 x|l e

plating) were placed in serum-free medium for 16 h. The resulting
quiescent cells were serum-stimulated by addition of fetal calf
serum (20%) to the medium. DRB (Sigma), actinomycin D

(Sigma), PD098059 (Alexis) and U0126 (Promega) were dissolvegaure 1. The lim form of RNA polymerase Il largest subunit is generated in
in dimethylsulfoxide NIH 3T3 cells submitted to an osmotic shock. Sorbitol (300 mM) was added to

the culture medium for various times indicated in minutes. Whole cell extracts
. . . . were analyzed by western blotting using POL3/3 antibody (upper panel) or anti-
Non'denaturmg cell IySIS and fractionation ERK?2 antibodies (lower panel). The position of the hypophosphorylated lla form,

Cells submitted to stress or not were washed twice with colde hyperphosphorylated Iim and llo forms of the largest subunit are indicated.
phosphate-buffer saline and lysed on ice in GP buffer (20 mM
sodium glycerophosphate, 1 mM EGTA, 5 mM MgCl mM
vanadate, 0.5% Nonidet P-40, 10% glycerol, 0.f%nercapto-
ethanol and adjusted to pH 7.5). The cell extract was fractionat
into a supernatant and a pellet by centrifugation at 15d@fe

tivation (Fig. 1). To investigate the phosphorylation of the
TD, a whole cell lysate from NIH 3T3 cells was analyzed by

10 min at £C. western blotting with the POL3/3 monoclonal antibody. This
antibody binds to an epitope of the RNA polymerase Il largest

In vitro phosphorylation of the CTD from purified RNA subunit, localized outside the CTD (27). In control cells, two

polymerase Il major bands are detected in equivalent amounts that migrate

Purified RNA polymerase Il (18 U) (26) was incubated at above the 200 kDa marker (Fig. 1, Ia_ne 0). The fastest one and
the slowest one correspond respectively to the lla (hypophos-

30°C in the presence of activated murine GST-p42 MAP
- - ; phorylated) and llo (hyperphosphorylated) forms of RNA
kinase (ERK2) (Upstate Biotechnology) (Q8) in GP butfer Polymerase Il largest subunit (8,32). Addition of sorbitol to the

containing 5 mM ATP. Reactions were arrested by addition Of Jlture medium resulted in the appearance of a new band
2x Laemmli sample buffer and analyzed by western blotting. migrating between the Ila and the llo forms (Fig. 1). The

Western blots and antibodies mobility of this band remained faster than that of the llo form
even after 60 min. In the following paragraphs, the new band

Whole cell extracts, supernatants and pellets in GP buffer we ill be designated as Iim.

supplemented with Laemmli sample buffer and heated for
6 min at 95C. Heated samples were loaded on sodium dodecyfhe IIm form of RNA polymerase Il largest subunit is not
sulfate (SDS) polyacrylamide gels. After electrophoreticengaged in transcription

transfer to Hybond-P membranes (Amersham), the blots wer_? o . .
probed with monoclonal antibodies against either ERK2 MAP! ranscription involves a succession of CTD phosphorylation
kinase (Santa Cruz) or RNA polymerase Il largest subunit. Thé:]nd dephqsphoryla’[lon steps .that rr]nlg.ht hlave been ;’:\It:red by
POL 3/3 monoclonal antibody (gift from Dr Ekkerhard Bautz)t € osmotic stress. To question the involvement of the Iim
recognizes the RNA polymerase Il largest subunit at aform in transcription, the cel_ls were lysed in a Iow_salt non-
evolutionarily conserved epitope located outside the CTD (27 lenaturing buffer and fractlonat_ed by ce_ntr|fugat|on. RNA
Epitopes in the CTD were recognized by the monoclonal antiPelymerase molecules engaged in transcription at the time of
bodies, CC3 (gift from Dr Michel Vincent) (28), B3 (gift from YSiS are thought to remain bound to the nuclei pelleted in
Dr Ron,ald Berezney) (29), H5 and H14 (gift frbm Dr Stephencondltlons that correspond to those used in run-on transcription
Warren) (30), MARA3 (gift,from Dr Bart Sefton). V6 and V15 assays (33)' A significant proportion of the lla form was
monoclonal antibodies were obtained after immunization 01“3|e""_sedd'T3 thedsolubrhe phalllse Wf;]e_fﬁas most OJ tp\e llo florm
Biozzi mice with the synthetic peptide (YSPTSPS)3 coupled tgemained bound to the pellet, which contained the nuclear
ovalbumin. The immunoreactive bands were visualized usir%ite”al (Fig. 2). In contrast, the llm form generated in osmotically-

anti-mouse IgG horseradish peroxidase conjugates (Prome ocked cells_was completely released in the soluble phase.
and enhanced chemiluminescence (Pierce). o further disconnect the appearance of the IIm form from

transcription, the effect of sorbitol treatment on CTD phospho-

rylation was investigated in cells that had been pretreated with
RESULTS transcription inhibitors. Treatment with DRB alone resulted in
the accumulation of the dephosphorylated lla form at the
expense of the llo form as described previously (8). When
sorbitol was added to the DRB-treated cells, the llm form was
To investigate the role of ERK in the phosphorylation of RNA still generated (Fig. 3). Its intensity and migration characteristics
polymerase Il, cells were submitted to an osmotic stress thatere similar to that in control untreated cells (Fig. 1). Treatment
had been reported to activate ERK1/2 kinases (31). In NIH 3T8vith actinomycin D promoted an accumulation of the llo form
cells, addition of sorbitol to the culture medium resulted in the(8,20). Addition of sorbitol to the actinomycin-treated cells
appearance of the slow migrating ERK2 band indicative of itggenerated again a lIm form at the expense of the remaining lla

Phosphorylation of the CTD in cells submitted to an
osmotic stress
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Figure 2. The IIm form of RNA polymerase |l largest subunit is readily
extracted in a low salt buffer. NIH 3T3 cells treated (+) or not () with sorbitol
(300 mM) during 30 min were lysed in GP buffer and the lysates were fractibnate \ .
by centrifugation into a supernatant (Sup.) and a pellet (Pel.). The RNA Control +PD
polymerase Il largest subunit was detected by western blotting using the POL3/ e - "
3 monoclonal antibody. B minutes | 0 10 20 | 0 10 20
H202 P -
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Figure 3. The lIm form of RNA polymerase Il largest subunit is also generated in C uo12s
the presence of transcription inhibitors. NIH 3T3 cells were pretreated with O 1 310 30 | UM
DRB (100 pM) or actinomycin D (ActD, 20ug/ml) for 30 min; sorbitol
(300 mM) was then added to the medium. The duration of sorbitol treatment
is indicated in minutes. The RNA polymerase Il largest subunit in whole cell - - m
extracts was detected by western blotting with the POL3/3 monoclonal antibody. [Frap——
. . B o | ERK2
form (Fig. 3). Thus, an osmotic stress generates the IIm form,

irrespective of the transcriptional activity of the cell. The lIm

Iargest subunits are un“kely to be engaged in transcription. Figure 4. Pretreatment of cells with MEK1/2 inhibitors prevents ERK2 activation

and the appearance of the IIm formd\)(NIH 3T3 cells were pretreated with
various concentrations of PD098059 or U0126 for 30 min before addition of
sorbitol (300 mM) for 30 min. Whole cell extracts were analyzed by western blotting
using the POL3/3 monoclonal antibody (upper panel) or an ERK2-specific
. o monoclonal antibody (lower panelB) PD098059 (10@M) was either added

A correlation between ERKZL/2 activation and RNA (+PD) or not added (Control) 30 min before the addition gOk(1 mM) to

polymerase Il phosphorylation has been observed in severgjponentially growing cells (upper panel) or before the addition of serum
bioloaical t 10.22 d h ith fi t %20%) to serum-starved cells (lower panel). Centrifugation-clarified supernatants
iological systems (10,22) an ere wi OSMOUC SUreSSyt Gp extracts prepared after 0, 10 or 20 min treatments were analyzed by

Indeed, treatment of cells with sorbitol resulted in a decreasegestern blotting using POL3/3 antibod€) Serum-starved cells were treated

mobility of ERK2, indicating the phosphorylation of the with various concentrations of U0126 for 30 min before the addition of 20%
. . serum for 15 min. Centrifugation-clarified supernatants of GP extracts were

_ERK]'/Z by ERK kmases_ (MEKl/Z) (Flg' 4A)'_ To test the analyzed by western blotting using POL3/3 antibody (upper panel) or anti-

involvement of ERK1/2 in CTD phosphorylation the cells ERK?2 antibodies (lower panel).

were pretreated with the highly specific inhibitors of the

MEK1/2, PD098059 (23) and U0126 (24). When cells were

pretreated with |nh|b|tors, the slow migrating ERK2 band |nterestingly, the appearance of such a phosphorylated form
decreased and disappeared above a concentration pM10 \as not restricted to osmotic stress. A soluble [Im form was
PD098059 and itM U0126. As little as 31M PD098059 and  a|so generated upon serum stimulation or upon an oxidative
1 uM U0126 suppressed the Iim form. Thus, the latterstress provoked by exposure to hydrogen peroxide (Fig. 4B).
compound was more efficient in both suppressing formation ofhe appearance of this form was prevented by PD098059.
the 1lm form and preventing ERK2 phosphorylation/activation. Awhen the llm form was generated upon serum stimulation, its
continuum of intermediates between the Ila and llo bands dibrmation was also inhibited by as little asuM of U0126

not disappear with high inhibitor concentrations and might(Fig. 4C). Therefore, MEK1/2 activity is required to generate

correspond to forms already present in unstimulated cells.  the Ilm form of the RNA polymerase Il largest subunit.

Pretreatment of cells with MEK1/2 inhibitors prevents the
appearance of the Ilm form in osmotically shocked and
serum-stimulated cells
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Figure 6. Effect of osmotic shock on immunoreactivity of RNA polymerase Il
largest subunit. NIH 3T3 cells were exposed or not to sorbitol (300 mM) for
Figure 5. Immunoreactivity of RNA polymerase Il largest subunit phosphorylated 10 or 20 min. The RNA polymerase Il largest subunit in whole cell extracts
by ERK type MAP kinase. Purified RNA polymerase Il was incubated with was detected by western blotting using the indicated monoclonal antibodies
activated murine GST-ERK2 and ATP. The reaction mixture was sampled duringMAb). The localization of the lla, Ilm and llo forms was determined by
a time course indicated in minutes and analyzed by western blotting using theeprobing all membranes with the POL3/3 antibody (data not shown).
indicated monoclonal antibodies (MADb). In lanes C, a whole-cell lysate from
unstressed NIH 3T3 cells was loaded and used as a control to localize the lla
and llo forms. The localization of the different forms was determined by reprobing
all membranes with the POL3/3 antibody (data not shown).

monoclonal antibodies. The H14, B3, H5, MARA3 and CC3
antibodies did not bind to the unphosphorylated lla subunit,
The Ilm form and the CTD phosphorylated by ERK2 have but they all reacted with a phosphorylated llo form present in
the same immunoreactivity unstressed cells (Fig. 6). In contrast, the V6 and V15 anti-

. . : bodies both reacted with the unphosphorylated lla form but not
ERK1/2 are major CTD kinases found in cell extracts (10). Tq ith the phosphorylated Ilo form present in unstressed cells.

strengthen the suggestion that ERK1/2 phosphorylate the CTﬁmong the whole set, B3, H14 and V6 were the only anti-

in vivo, the antigenicity of the Ilm form was compared with that ; ' . :
of the polymerase phosphorylatiedvitro by ERK2. Given the bodies to bind a form that co-migrated with the 1Im form.

repetitive nature of the CTD and the number of amino acidg 1© Summarize, the immunoreactivity of the lim form was
with hydroxylated side-chains in the repeats, the identificatio%UIIy consistent with its generation by ERK phosphorylation
of the residues phosphorylatéd vivo is a formidable task. Table 1).

However, a set of monoclonal antibodies has recently been

characterized and shown to recognize distinct epitopes on the

CT_D (25328)' _The v_arlous CTD kinases phospho_rylate dls_tmq'able 1. Summary of the antigenic recognition of RNA polymerase Il (RNAPII)
amino acid residues in the CTD (34) and generate different epitopgsgest subunit

(28). When purified RNA polymerase 1A (corresponding to hypo-

phosphorylated lla Iargest Subunit) was incubated with priﬁquAbs POL3/3 V15 V6 H14 B3 H5 CC3 MARA3
ERK?2 in the presence of ATP, the electrophoretic mobility of

the largest subunit decreased gradually with phosphorylatiorn * - - 0 T T
time and approached that of the phosphorylated llo form aftelfo + - -t o xF
60 min of reaction as revealed by western blotting using thém + - + o+ + - - -
POL 3/3 antibody (Fig. 5). Phosphorylation rapidly suppressedgyo + _ + o+ y - _
the V15 immunoreactivity but had little influence on the V6 CDKlcdec2  + ND ND + P .
immunoreactivity. The H5, B3, MARAS3, H14 and CC3 phospho-

epitopes are all generatéal vitro by phosphorylation of the CDK7 + ND ND ND ND ND +  ND
CTD with p34d92 (25). However, H14 and B3 were the sole Antigenic  / No No 5 5 2 2 2+5

antibodies to bind the CTD phosphorylated by MAP kinasephosphoserine
though H14 antigenicity required shorter phosphorylation
times than B3 (corresponding to lesser phosphate incorporatioRjta for lla, llo and lIm forms are taken from Figure 6. Data for the largest
(Fig. 5). subunit phosphorylateid vitro by ERK2 are taken from Figure 5, p8%from

. Patturajan and coworkers (25), phosphorylated by CDK7 from Dubaiks an
Next, whole-cell Iysates from control or osmotic ShOCkedcoworkers (28). Characterization of antigenic phosphoserines is from Patturajan

cells were analyzed by western blotting using the anti-CTDind coworkers (25). ND, not determined.
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DISCUSSION stimulation (10) is not affected by inhibition of transcription

. . . with DRB or actinomycin D. A small proportion of RNA
Ciross, cxidatve Sress o erum stmulation, & new form of hEOYMErase Il complexes seems to be targeted by ERK type
’ ! Einases in murine oKenopus(not shown) cultured cells. In

RNA polymerase Il Ilargesy S“b“r!" IS generated. Activation 0contrast, the CTD phosphorylation that might be ascribable to
an ERK-type MAP kinase is required to induce the appearan RK-type kinases is a major event duridg@nopusmeiosis

of this form, which possesses the same antigenic determina ). Durin C L

; i . g meiosis, the transcription is completely arrested
af] thehlarglef_t subbugg'ghosph(;)ryllaise_d/_l;trol b{hERK.' CID (and the nuclear structure is disrupted, thereby increasing the
phosphoryiation by IS gradual. simiiarly, the migration o probability for an ERK/RNA polymerase Il encounter. Thus,

the new f_orm slows d_own gradually durin_g_cell stimulation_.CTD phosphorylation might have a function disconnected
Hence, this new form is designated lIm as it is associated Wltlﬂom transcription

MéPtflna_se act(ljwty. Kers h initiated the ch terizati Interestingly enough, Hirose and Manley recently reported
atiurajan and COWOrkers have initiated the characterizaliqfyor pna polymerase Il is an essential cofactor in transcription-

of the phosphoepitopes recognized by some of the antibodi ; L
used in this work using repeats of the CTD consensus sequen?ﬁdgp?sniggtﬁggiifngﬁﬂogﬁ nz;jc:\eiltlgln\?vf%iia)éseésr”r?s,s?g ' gg €

Tyr-Sef-Prc-Thr'-Sef-Prd-Sef, fused to glutathioneStrans- o hanced by bhosphorviation. Furthermore. mRNA cappin
ferase (25). Phosphorylation with purified f%4generates the enzymes arg EecruFi)ted yby the phosphoryla’éed CTD (65)pan?j

H5, H14, B3, MARA3 and CC3 antigen?city. In contrast, gimylation in guanylyltransferase activity increases with the
ERK2 only generates H14 and B3 recognition (Table 1). From,  mper of Ser95—ph)</))s/phorylated heptadg (but not Ser-2) (40).
this result, Itis concluded ghat ERKZ phosphorylatt_as the_ CTDrhere are scarce reports of transcription-independent mRNA
less extensively than pS#. Using fusion proteins in which  ,jifications in somatic cells; an increased polyadenylation of
specific serines had been mutated, Patturajan a_md _coworke\; sopressin MRNAs has been described in osmotically stressed
showed that on the one hand, Ser-2 phosphorylation is essential ;ons of the hypothalamus (41). However, transcription-
for CC3 and H5 recognition but not for H14, MARAS and B3. independent mMRNA modifications are well documented during
On the other hand, Ser-5 phosphorylation is essential for H14,cte maturation: polyadenylation of specific mRNAs such
but not for MARA3, CC3 and HS5 recognition (25). Furthermore, o5 vos s increased (42,43); and guanine-7-methyl transferase
B3 reactivity is enhance_d when onIy_SerTS_ is phosphorylate ctivity, the second step in mMRNA capping, has been found to
(Ser-2 replaced by alanine). The antigenicity of the IIm formjncrease duringtenopusneiosis (44). The polyadenylation of
and of the MAP kinase phosphorylated CTD indicates thajos mRNA has been shown to be stimulated by ERK activity
they are phosphorylated exclusively on Ser-5 in contrast to thgying Xenopusmeiosis (45). Hence, it might be speculated that
llo form, which is phosphorylated on both Ser-2 and Ser-S.  ranscription-independent phosphorylation of RNA polymerase I

p3442(35) and hSRB10/CDK8-containing complexes (16)py ERK-type kinases could be involved in regulating post-
phosphorylate both Ser-2 and Ser-5. The TFIIH-associated CDK anscriptional modifications of mMRNAs.

phosphorylates Ser-5 on a synthetic peptide (34). However,
TFIIH is likely also to phosphorylate Ser-2 on the degenerated
repeats of the mammalian CTD as it generates the CC3 epitopCKNOWLEDGEMENTS
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