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The C-terminal domain (CTD) of mammalian RNA polymerase II (Pol II) consists of 52 repeats of the
consensus heptapeptide YSPTSPS and links transcription to the processing of pre-mRNA. The length of the
CTD and the number of repeats diverging from the consensus sequence have increased through evolution, but
their functional importance remains unknown. Here, we show that the deletion of repeats 1 to 3 or 52 leads to
cleavage and degradation of the CTD from Pol II in vivo. Including these repeats, however, allowed the
construction of stable, synthetic CTDs. To our surprise, polymerases consisting of just consensus repeats could
support normal growth and viability of cells. We conclude that all other nonconsensus CTD repeats are
dispensable for the transcription and pre-mRNA processing of genes essential for proliferation.

The unique C-terminal domain (CTD) of the RNA polymer-
ase II large subunit (Pol II LS/Rpb1) is highly conserved
through evolution, apparently increasing in length and diver-
sifying in structure with the complexity of organism (45). Of
the 52 mammalian CTD repeats, 21 obey the evolutionary
conserved, consensus heptapeptide Y1S2P3T4S5P6S7; the re-
maining 31, nonconsensus repeats display a variety of substi-
tutions at positions 2, 4, 5, and 7 (see Fig. 1) (11). The CTD is
essential for transcription initiation and elongation in the con-
text of chromatin (for a review, see reference 43). It is striking,
in that it is almost entirely composed of residues that can be
modified either through phosphorylation (Y1, S2, T4, S5, and
S7) (4, 49), isomerization (P3 and P6) (33), or glycosylation (S
and T) (23; for an overview, see reference 7). These modifica-
tions may influence the ability of factors to bind CTD, as well
as their activities. Such factors include components of the
capping machinery (10, 21, 35), serine/arginine-rich (SR) pro-
teins (6, 34, 38, 46, 47), splicing factors (32), elongation factors
(19, 36), including cyclin T1 (48), and factors involved in
3�RNA processing and transcription termination (15, 24, 28,
44). The CTD-interacting domains (CTD-ID) of several fac-
tors have been identified (3, 12). These also include the pro-
line-rich sequence-binding WW and FF domains (8, 32). The
CTD tandem repeat structure could serve to bind multiple
factors simultaneously, with the nonconsensus repeats provid-
ing further specificity for factor binding. The CTD may be
phosphorylated on more than 50 sites in vivo (39); the specific
phosphorylation status of serine-2 and -5 correlates with the
binding and displacement of CTD-binding factors at different
stages during the transcription cycle (26); a clear function for

the phosphorylation of tyrosine-1, threonine-4, and serine-7
has yet to be shown (5, 9).

Why the CTD sequence is 100% conserved across mammals
is a mystery: deletion to 31 repeats interferes with cell viability
(30); however, mice homozygous for a deletion to 39 repeats,
although smaller than wild-type littermates, are viable (29).
Several extensive studies in mammalian cells have attempted
to deconstruct the CTD, in order to understand the impor-
tance of the consensus and nonconsensus repeats in vivo (2,
16). The nonconsensus 52nd CTD repeat (CTD52) contains an
unusual 10-amino-acid extension, which includes a constitu-
tively phosphorylated CKII site (9) and is the binding site for
the Abl1 tyrosine kinase (5). Deletion of CTD52 results in the
increased degradation of such mutants to the CTD-less Pol IIb
form and a reduced ability to transcribe (9), splice, and 3�-end
process pre-mRNA (17). The consequences of removal of the
CTD in vivo are severe: a CTD-less polymerase cannot initiate
on the endogenous chromatin template; efficient coupling of
RNA processing to the transcription complex no longer occurs
(30, 31).

We now show that CTD52 is not the only element within the
CTD that can affect its stability. Through a sophisticated ge-
netic analysis, we demonstrate that a functional relationship
between repeats 1 to 3 and CTD52 serves to regulate the
stability of the Pol II by preventing its degradation to the IIb
form. All other repeats could be deleted without inducing
degradation. This important finding explains inconsistencies in
earlier data but more usefully paves the way for a rational
approach to analyze CTD function. We have now produced
stable mutants composed entirely of perfect, “consensus”
YSPTSPS repeats and found that a mutant containing 55 of
such repeats was able to functionally replace the endogenous
polymerase, in respect to growth and viability. These data
suggest that, in the context of cultured cell lines, the noncon-
sensus CTD repeats may have more to do with efficiency than
the regulation of processes essential for proliferation.
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MATERIALS AND METHODS

Cell lines and cell culture. Suspension cells were grown in RPMI 1640 medium
supplemented with 10% fetal calf serum, 100 U of penicillin/ml, 100 �g of
streptomycin/ml, and 2 mM L-glutamine (Invitrogen), which is referred to below
as growth medium. Stable cell lines were grown in the presence of 1 mg of
G418/ml and 0.1 �g of tetracycline/ml as previously described (9, 30). Raji is an
Epstein-Barr virus-positive Burkitt’s lymphoma cell line. Cells were transfected
with Pol II LS* expression vectors by electroporation (10 �g of plasmid DNA/107

cells; 960 �F, 250 V), and polyclonal cell lines were established after selection
with G418 and tetracycline. For the expression of the various recombinant large
subunits of Pol II, 107 cells were washed three times with 20 ml of phosphate-
buffered saline supplemented with 1% fetal calf serum and subsequently resus-
pended in 10 ml of growth medium. Monolayers of HeLa cells were propagated
on tissue culture dishes in Dulbecco modified Eagle medium (Invitrogen) sup-
plemented with 10% fetal calf serum (PAA). At 24 h after transfection or
induction, �-amanitin (2 �g/ml, final concentration; Roche) was added to the
medium to inhibit the endogenous Pol II. Protein samples were prepared after
48 h of �-amanitin treatment. After electroporation and during viability assays,
medium was supplemented with 50 �M �-thioglycerol to compensate for low cell
density.

Preparation and analysis of proteins. For Western blot analysis, whole-cell
extracts were prepared by using Laemmli buffer (30,000 cells/0.1 ml) supple-
mented with a protease-inhibitor cocktail plus EDTA, as directed by the man-
ufacturer (Roche). Separation was performed by using 6% sodium dodecyl
sulfate-polyacrylamide gels before transfer to a polyvinylidene difluoride mem-
brane (Immobilon-P or -FL; Millipore).

Antibodies. The following antibodies were used during the present study:
high-affinity rat anti-HA monoclonal antibody 3F10 (Roche), horseradish per-
oxidase-linked goat anti-rat immunoglobulin G conjugate (Sigma), and horse-
radish peroxidase-, Alexa-Fluor 680-linked goat anti-rat immunoglobulin G con-
jugate (Molecular Probes). Blots were visualized by using either enhanced
chemiluminescence (GE Healthcare) or the Odyssey IR scanner (Licor).

Plasmids. For the production of CTD mutants, a vector containing exon 29 of
Pol II LS (pUC19-CTD) was modified. To produce C-terminal fusions with a
truncated CTD52 (CTD52�), pUC19-CTD was digested with StyI and AgeI and
then treated with calf intestinal phosphatase before insertion of a linker com-
posed of the annealed phosphorylated primers A (5�-CAAGGGCTACAGCCT
CACCAGCCCAGCCATCAGCCCAACCGGTTAGC-3�) and B (5�-GGCCGC
TAACCGGTTGGGCTGATGGCTGGGCTGGTGAGGCTGTAGCC-3�).
Fusions of the distal CTD region with small acidic or basic peptides were
produced by insertion of phosphorylated linkers incorporating the encoding
sequences between the AgeI and NotI sites. hTRX1 was cloned into the AgeI site
after PCR of HeLa cDNA using the primers C (5�-AAAGACCGGTGTGAAG
CAGATCGAGAGCAAGACTGC-3�) and D (5�-TTAAGCCGGCTTAGACT
AATTCATTAATGGTGGC-3�) and digestion with AgeI and NgoMIV. Simi-
larly, a fusion with enhanced green fluorescent protein (EGFP) was produced by
digesting PCR product with AgeI and NotI (primer E, 5�-AAACGACCGGTT
TTGTGAGCAAGGGCGAGGAGCTGTTCA-3�, and primer F, 5�-AAAAGG
AAAGCGGCCGCGTCACTTGTACAGCTCGTCCATGCCGAG-3�).

Unique cut sites were introduced into pUC19-CTDwt and pUC19-�50 by
mutagenesis PCR (see Fig. S1 in the supplemental material): BspEI in intron 28
(primer G, 5�-CATGTTTGTATGTCCGGAGCTTCACCAAC-3�, and primer
H, 5�-GTTGGTGAAGCTCCGGACATACAAACATG-3�); AgeI in intron 28
(primer I, 5�-CATGTTTGTATGACCGGTGCTTCACCAAC-3�, and primer J,
5�-GTTGGTGAAGCACCGGTCATACAAACATG-3�); AvrII in exon 29, re-
peat 2 (primer K, 5�-CCTATAGGTGGTGCTATGTCTCCTAGGTACTCACC
GACATCACCAGCC-3�, and primer L, 5�-GGCTGGTGATGTCGGTGAGT
ACCTAGGAGACATAGCACCACCTATAGG-3�); NheI in exon 29, repeat 3
(primer M, 5�-GCTATACACCCCAGAGCCCCGCTAGCTACTCCCCTACTT
CACC-3�, and N, 5�-GGTGAAGTAGGGGAGTAGCTAGCGGGGCTCTGG
GGTGTATAGC-3�). In brief, 0.1 �g of plasmid was amplified over 18 cycles by
using Pfu (Promega) and the relevant primer pair. The PCR was DpnI digested,
heat inactivated, and transformed directly into bacteria. The cloning strategy
used enzyme isoschizomers, whose cut sites were destroyed when ligated to-
gether. The choice of enzymes used meant that the resulting sequence modifi-
cation produced no change in the CTD amino acid sequence. The “seamless”
deletion of repeats 1 to 3 was thereby achieved through digestion of the modified
pUC19-CTD vectors with AvrII and NheI, followed by religation: no new resi-
dues were introduced by using this strategy. Phosphorylated linkers encoding
repeat 52 flanked by two consensus repeats (primer O, 5�-CTAGCTACTCAC
CCACTAGCCCCAGCTACAGCCTCACCAGCCCAGCCATCAGCCCAG
ATGACAGCGATGAGGAGAACTCACCCACTAGCC-3�, and primer P,

5�-CTAGGGGCTAGTGGGTGAGTAGTTCTCCTCATCGCTGTCATCTGGG
CTGATGGCTGGGCTGGTGAGGCTGTAGCTGGGGCTAGTGGGTGAG
TAG-3�), or the Abl1CTD-ID (primer Q, 5�-CTAGCTACAGCATCCAGCAA
ATGAGGAACAAGTTTGCCTTCCGAGAGGCCATCAACAAGG-3�, and
primer R, 5�-CTAGCCTTGTTGATGGCCTCTCGGAAGGCAAACTTGTT
CCTCATTTGCTGGATGCTGTAG-3�) in sense or antisense. Mutants were
either transferred to a tetracycline-regulated vector, as previously described
(9), or by removal of mutant CTD with BspEI and NotI, and insertion via the
new AgeI site in intron 28 and NotI site in exon 29. In the same way, mutants
from J. Corden were recloned from supplied vectors by using primers G and
S (5�-ATAAGAATGCGGCCGCACAGGCCACCGAGGTTGTCTGAC-3�),
followed by digestion with BspEI and NotI. Synthetic CTDs were produced by
using a linker composed of primers T (5�-CTAGCTACAGCCCTACCTCTC
CTAGCTACTCGCCCACCTCCCCTAGCTACTCGCCAACCTCTCCTTC
CTATTCTCCAACATCACCTAGGGATGAGGAGAACTGAC-3�) and U
(5�-CTTGGTCAGTTCTCCTCATCCCTAGGTGATGTTGGAGAATAGG
AAGGAGAGGTTGGCGAGTAGCTAGGGGAGGTGGGCGAGTAGCT
AGGAGAGGTAGGGCTGTAG-3�) inserted between NheI and StyI. Con-
secutive cloning of a four-repeat, NheI-ClaI fragment from the resulting vector, back
into itself, via AvrII-ClaI increased the number of repeats. A mutant with 35 con-
sensus repeats (�3-52 Sub 35C) resulted from unexpected recombination in bacteria.
Fusion of this mutant with 1 of 20 repeats (�3-52 Sub 20C) yielded the mutant �4-52
Sub 55C: CTD52 was added to synthetic mutants in the form of a linker (primer V,
5�-CTAGCTACAGCCTCACCAGCCCAGCCATCAGCCCAGATGACAGCGA
TGAGGAGAACTGAGC-3�, and primer W, 5�-GGCCGCTCAGTTCTCCTCAT
CGCTGTCATCTGGGCTGATGGCTGGGCTGGTGAGGCTGTAG-3�). For
expression in HeLa cells, mutants were removed from their pUC19-CTD sub-
clone as NgoMIV and ClaI fragments and cloned between the NgoMIV and ClaI
sites of pSTC-TK HA Pol II LS* (18), a constitutive expression vector. All
vectors were sequenced before usage (SEQUISERVE.DE).

RNA analysis. HeLa cells were harvested by using TriFast RNA extraction
reagent (Peqlab). Then, 10 �g of total RNA was separated on a 1% agarose
formaldehyde gel and transferred to nitrocellulose membrane (Hybond N�; GE
Healthcare). Membranes were hybridized with 32P-labeled probes (HighPrime;
Roche). The accession numbers for probes used are as follows: PES, BC032489;
YY1, M77698; WDR12, NM_018256; NST, NM_014366; and c-Myc, D10493.

RESULTS

A system for the conditional expression and analysis of Pol
II LS mutants. We have established an episomal vector system
in which a genomic clone of the mouse RNA Pol II large
subunit (Pol II LS/Rbp1) is under the control of a tetracycline-
regulated promoter (9, 30). This clone has been modified to
include a hemagglutinin (HA) tag at its N terminus and a point
mutation conferring resistance to the Pol II inhibitor �-aman-
itin (LS*) (Fig. 1) (18). Unique restriction enzyme sites were
introduced at either side of exon 29 (encoding CTD) to allow
the wild-type (wt) sequence to be exchanged for mutated CTD
clones. Deletions, insertions, and mutations were performed in
a manner not to introduce foreign residues into the CTD
sequence other than those desired. After stable selection, the
expression of mutants was induced by removal of tetracycline
from the cell medium. The ability of Pol II LS* carrying mutant
CTDs to replace the function of the endogenous Pol II LS can
be assessed by culturing cells in medium containing �-aman-
itin, to which the endogenous Pol II LS is sensitive. The de-
pendency of cells on our �-amanitin-resistant polymerases was
controlled by readdition of tetracycline, as previously demon-
strated (9, 30). Cultures die over the days after shutoff of the
mutants’ expression. It is unlikely that survival is due to a
recombination event, since our mutants are episomally main-
tained and thus are present in many copies (30).

The number and complexity of mutants described in the
present study necessitate schematics for each figure: some mu-
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tants appear several times in the different figures for the pur-
pose of comparison. As a control, a stable polymerase (wt), and
a polymerase susceptible to degradation (�50) were included
alongside the various, numerically labeled mutants. The num-

ber assigned to each mutant may change in subsequent figures;
therefore, a key to the mutants is provided for each figure, in
compliance with the original nomenclature used by J. Corden
and coworkers (2).

FIG. 1. The mammalian Pol II CTD is composed of 52 repeats of the consensus heptapeptide YSPTSPS (left-hand panel). Deviations from the
consensus sequence, largely in the distal half of the CTD, are marked red. Repeats 1 to 3 and 52 (CTD52), the focus of the present study, are boxed in
red. A genomic clone of Pol II LS*wt was manipulated to introduce a variety of deletions and substitutions; an N-terminal HA tag allows identification
after Western transfer (upper panel). The schematics highlight the essential features of each mutant: repeats conforming to the consensus YSPTSPS are
turquoise, nonconsensus repeats are black or white, and CTD52 is red. PAGE reveals the phosphorylated (IIo), nonphosphorylated (IIa), and CTD-less
(IIb) forms of Pol II LS*. Mutant 1 was produced by replacing repeats 51 and 52 with a sequence encoding part of repeat 52 (YSLTSPAISPTG; yellow).
Mutants 2 to 6 were produced by cloning the given acidic and basic polypeptides or domains into 52� of mutant 1. Mutants 7 to 11 display a variety of
deletions and substitutions, as published previously. Stable Raji cell lines were produced for each mutant; after expression, cells were cultivated 48 h in
the presence of �-amanitin before cells were harvested, and the different forms produced by each mutant separated by polyacrylamide gel electrophoresis,
followed by Western analysis. The effect of these mutations on degradation to the Pol IIb form is visible in each blot and summarized as “Stability” in
the right-hand column. A wt clone, and a deletion mutant (�50) known to degrade to IIb were included as controls.
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A six-residue motif at the C terminus of the CTD prevents
degradation to Pol IIb. It was previously found that mutants
lacking the 17-amino-acid, 52nd repeat (CTD52) became de-
graded to the 180-kDa Pol IIb form in vivo (9). To further
investigate this phenomenon, a mutant was produced contain-
ing 49 repeats plus part of CTD52 (Fig. 1, mutant 1), to which
the sequences for a variety of polypeptides were cloned (Fig. 1,
mutants 2 to 6). Three mutants were produced ending in either
the acidic C-terminal sequence from the Drosophila melano-
gaster CTD (mutant 2) or a repetitive basic- or acid-amino acid
hexapeptide (mutants 3 or 4, respectively). Expression analysis
of these mutants (Fig. 1, upper panel) reveals both the non-
phosphorylated (IIa) and slower-migrating, phosphorylated
(IIo) forms. The CTD-less Pol IIb form appears only with
mutants 1 and 3, where either the C-terminal seven amino
acids of CTD52 are missing, or replaced by basic residues.
These data suggest that it is the acidic nature of the C-terminal
amino acids and not their specific sequence that is important in
preventing degradation. In addition, fusions with larger do-
mains, such as human thioredoxin 1 (hTRX) and EGFP were
produced (mutants 5 and 6, respectively) and also provide
protection against degradation. The degree to which a mutant
is degraded is noted as “stability” in each figure and is scored
as follows: �, no degradation; �, partial degradation; and �,
complete degradation.

Manipulation of internal CTD repeats does not induce
cleavage to IIb. To confirm that this effect is specific to the
C-terminal amino acids of CTD52, five mutants with a variety
of deletions and substitutions were obtained from J. Corden
and recloned into our system (2). Their composition and ex-
pression patterns are shown in Fig. 1, lower panel. Mutants 7
and 8 both lack CTD52 and are both degraded to IIb. Mutants
9 to 11 contain severe deletions or substitutions within the
CTD, but CTD52 is present. These mutants were not de-
graded, supporting the importance of CTD52 for CTD stabil-
ity. In contrast, neither the length of the CTD, nor the ratio of
consensus to nonconsensus repeats affected stability. The re-
duction in the amount of mutant 8 (both IIa and IIo forms)
compared to other mutants increases with time cultured in the
presence of �-amanitin. Its 36 repeats and instability are prob-
ably limiting to its own expression (30). Similarly, mutant 11
consistently demonstrated low levels of the IIo form compared
to IIa. This mutant diverges largely from the consensus se-
quence at position 7 (Ser/Lys) in almost every repeat, suggest-
ing that the choice of residue at this position may influence
CTD modifications.

Removal of CTD repeats 1 to 3 also induces degradation to
Pol IIb. Size comparison of the IIb form with truncated Pol II
mutants suggests that the CTD is proteolytically cleaved at, or
up to a site within the first few CTD repeats. Interestingly,
repeat 2 has a unique sequence not present elsewhere in the
CTD, a potential unique site for proteolytic cleavage. To in-
vestigate whether this is indeed the case, repeats 1 to 3 were
deleted in both wt and CTD-truncated (�50) polymerases, as
depicted in Fig. 2 (mutants 1 and 5). If a protease cuts the CTD
in this region, its deletion should rescue the phenotype of �50.
Expression profiles show, however, that this is not the case.
Moreover, deletion of repeats 1 to 3 can itself induce degra-
dation to the Pol IIb form, even in the presence of CTD52 (Fig.
2, mutant 1). This is most intriguing, given that other internal

mutations had no effect on stability (Fig. 1, mutants 7 to 11). In
the absence of both repeats 1 to 3 and CTD52 (mutant 5), the
effect appears to be synergistic: almost all of the polymerase is
converted to the IIb form, a finding suggestive of a functional
interaction between these two sequences. To investigate the
possibility of a specific interaction, point mutations of the most
likely candidate, the unique repeat 2, were produced (residues
were mutated back to the consensus sequence: E2S, R4T, and
GG7S) in both wt and �50 backgrounds, but no increased
degradation could be observed (data not shown). It is possible,
however, that these mutations were too subtle or that repeat 2
alone is not sufficient for CTD stability.

A random peptide can functionally replace repeats 1 to 3. To
further test the hypothesis that a functional interaction be-
tween repeats 1 to 3 and CTD52 is required for CTD’s stability,
two linkers were produced, encoding a motif from Abl1 pre-
viously shown to bind CTD52 (AblCTD-ID) (3), and a random
sequence of the same length (the Abl linker in antisense).
Could the AblCTD-ID motif replace repeats 1 to 3? Strikingly,
in the wt background both the AblCTD-ID and the random
linker replacement could prevent the degradation pattern seen
when repeats 1 to 3 were deleted (Fig. 2, mutants 2 and 3). To
our great surprise, the AblCTD-ID completely prevented deg-
radation of a mutant where both repeats 1 to 3 and CTD52 are
absent (mutant 6). In contrast, the random replacement (mu-
tant 7) in the same �50 background could not prevent degra-
dation to IIb, although the CTD seems to be more stable
compared to the deletion of repeats 1 to 3 (mutant 5).

Notably, introduction of the AblCTD-ID (mutants 2 and 6)
causes a shift in the migration pattern of both wt and �50
polymerases to a IIo form of higher apparent molecular
weight. This band is highly reactive with the anti-phospho-
CTD antibodies H5 and H14 (data not shown). We cannot
exclude that it is this hyperphosphorylation event that protects
these mutants from degradation. A previous study (17) de-
scribed the importance of CTD52 for the splicing and 3� pro-
cessing of pre-mRNA and showed that its exact position within
the CTD is irrelevant for its function. We therefore replaced
repeats 1 to 3 with a linker consisting of CTD52 sandwiched
between two consensus repeats (Fig. 2, mutants 4 and 8). In the
wt background (mutant 4), this linker can replace repeats 1 to
3 without inducing degradation. In the background of �50
(mutant 8), this linker prevents the complete degradation seen
with mutant 5 but cannot provide full protection from degra-
dation.

In summary, these data suggest that degradation is only
induced in the wt background when several consensus repeats
replace the nonconsensus repeats 1 to 3 (mutant 1).

EGFP prevents degradation to IIb in the absence of both
repeats 1 to 3 and 52. In Fig. 1, we demonstrated that the six
C-terminal amino acids of CTD52 could be functionally re-
placed by acidic amino acids or by a fusion with hTRX or
EGFP. It is not obvious, however, how these mutants can
prevent degradation. Can EGFP also rescue the degradation
induced by deletion of repeats 1 to 3? Figure 3A shows a panel
of mutants with both single and double deletions of repeats 1
to 3 and CTD52. EGFP prevents degradation to IIb in all
combinations. The fusion with EGFP decreases the rate of
migration in sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis compared to wt; unusually, a large proportion of
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these mutants remains in a form migrating somewhere be-
tween Pol IIa and IIo. However, this finding seems not to be
important in vivo since Raji B-cell lines expressing these mu-
tants could be cultured indefinitely in the presence of �-aman-
itin.

Acidic heptapeptides cannot prevent degradation in the ab-
sence of repeats 1 to 3. Do the mutants ending in acidic hep-
tapeptides behave like EGFP fusions or the wt CTD when
repeats 1 to 3 are deleted? These mutants exhibit the same
expression profile as those with or without CTD52 (Fig. 3B).
The basic hexapeptide cannot prevent degradation in the pres-
ence of repeats 1 to 3 (mutant 7), and in their absence Pol II
is totally degraded to IIb (mutant 8). The acidic hexapeptide,
and that from D. melanogaster polymerase (mutants 9�10 and
11�12, respectively) behave like the wt polymerase and a poly-
merase lacking repeats 1 to 3. This further suggests that it is the
acidic nature of the seven C-terminal amino acids of repeat 52,
rather than their specific sequence, that is important. Impor-
tantly, these sequences protect against degradation differently
from EGFP.

The seven C-terminal amino acids of Pol II CTD are dis-
pensable for pre-mRNA processing. To confirm the results
seen in Raji cells, CTD mutants fused to EGFP were sub-
cloned back into the vector pSTC-TK-Pol II LS*, originally
supplied by Walter Schaffner (18) (Fig. 4A). Expression from

this vector is constitutive and under the control of the thymi-
dine kinase promoter. For microscopy, an adherent cell line
was chosen. Stable HeLa cell lines were produced by selection
of these mutants with �-amanitin. No difference in the nuclear
distribution of the various mutants could be seen (data not
shown). Northern blot analysis of total RNA extracted from
these cell lines was compared to nontransfected control cells
cultured in �-amanitin for 48 h (Fig. 4B). The control cell line
(K) shows degradation of total cellular RNA, likely resulting
from exposure to �-amanitin. The expression of five endoge-
nous genes was examined. The PES1 and YY1 mRNAs show
partial stability in the presence of �-amanitin in all of the HeLa
cell lines tested here. The lack of slow-migrating pre-mRNA in
the control indicates that fresh Pol II transcription is blocked
in these cells. If the seven C-terminal amino acids of the wt
CTD or repeats 1 to 3 were required for efficient pre-mRNA
processing we would expect an accumulation of precursor com-
pared to processed RNA. This is not the case: both mutants
behave like Pol II wt EGFP.

Artificial CTDs allow the improved study of consensus and
nonconsensus repeats. Overlooking the effect of CTD muta-
tion on stability has compromised previous studies of CTD
function. Given our findings that repeats 1 to 3 and 52 are
essential for stability, but not viability and pre-mRNA process-
ing, it was possible to produce stable CTD mutants where

FIG. 2. Replacement of repeats 1 to 3 by consensus repeats induces degradation to Pol IIb. Deletion and substitution mutants of repeats 1 to
3 were created both in the wt and �50 backgrounds. Mutants 2 and 6 contain a substitution of repeats 1 to 3 for a motif from Abl1 (CTD-ID),
known to interact with CTD52 (sequences shown below). Similarly, mutants 3 and 7 contain a random linker of the same length. In mutants 4 and
8, repeats 1 to 3 were replaced by repeat 52 flanked at each side by a consensus repeat. Stable Raji cell lines were produced for each mutant; after
expression, cells were cultivated 48 h in the presence of �-amanitin before being harvested, and the different forms produced by each mutant were
separated by polyacrylamide gel electrophoresis, followed by Western analysis. The Western blot reveals the different forms produced by each
mutant; stability is summarized in the right-hand column.
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repeats 4 to 51 were replaced by synthetic CTD repeats. Al-
though EGFP could also provide stability, the mechanism by
which it does so is apparently different from that used by
repeats 1 to 3 and 52 and could potentially affect our results.
The aim was to create a mutant with repeats 1 to 3, 48
YSPTSPS repeats, and CTD52—a total of 52 repeats, like wt.
However, upon sequencing we discovered that recombination
events in bacteria had altered the expected repeat number.
Figure 5A shows three such mutants containing 20, 35, and 55
pure, consensus, YSPTSPS repeats (mutants 1, 2, and 3, re-
spectively). The schematic shows the position of consensus
repeats (turquoise) in each mutant compared to wt and �50.
Expression analysis confirms that including repeats 1 to 3 and
52 prevents degradation. These mutants were compared
against each other and to two mutants known not to support
long-term viability: �50 and a mutant containing 34 noncon-
senus repeats (mutant 4, which also contains repeats 1, 2, and
52) (2, 9). An analysis of their ability to support the prolifer-

ation (B) and viability (C) of cell lines under �-amanitin se-
lection reveals a general effect: as previously observed (9, 30),
cells growing with �-amanitin-resistant polymerases initially
grow slowly, with reduced viability; this is probably a negative
effect of overexpression. Raji cells overexpress c-myc and reg-
ularly undergo apoptosis; normal cell cultures often contain up
to 5% dead cells. The cumulative cell number accounts for cell
culture expansion over the course of the experiment, whereas
viability measures the amount of cell death. Taken together,
these data reveal the ability of CTD mutants to support the
long-term growth and survival of cells. It must be noted, how-
ever, that differences in cumulative cell number do not neces-
sarily mean reduced cell division, since it does not take into
account cell death.

Comparison of an �-amanitin-resistant polymerase with a wt
CTD to a mutant containing 55 consensus repeats revealed an
additional “adjustment” phase, after which the rate at which
viable cells were produced synchronized with that of the wt

FIG. 3. Fusions with EGFP, but not acidic polypeptides, prevent degradation in the absence of repeats 1 to 3 and 52. (A) EGFP was cloned
at the C terminus of mutants containing deletions of repeats 1 to 3, CTD52, and in combination. (B) Repeats 1 to 3 were deleted in the background
of truncated CTD52 and fusions thereof with acidic or basic hexapeptides. The sequence used in mutants 11 and 12 corresponds to the C-terminal
amino acids of D. melanogaster CTD. Stable Raji cell lines were produced after expression, cells were cultivated 48 h in the presence of �-amanitin
before being harvested, and the different forms produced by each mutant were separated by polyacrylamide gel electrophoresis, followed by
Western analysis; stability is summarized in the right-hand column.
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(cumulative cell number). The wt CTD contains 21 consensus
repeats and is viable; however, mutant 1 has 20 consensus
repeats and cannot sustain cell viability. Mutant 3 has 55 con-
sensus repeats and can support long-term growth and viability.
These data show that, despite their initial differences, the
length of the CTD is more important than the number of
consensus repeats. Interestingly, despite containing 10 repeats
more than mutant 1, cells expressing mutant 4 have, in com-
parison, a much reduced ability to support growth and viability
(Fig. 5B and C). The consensus repeats must therefore have a
unique function that cannot be performed by the nonconsen-
sus repeats. Mutant 2, with 35 consensus repeats, has an inter-
mediate phenotype: cells can be cultured for many weeks, but
viability remains low. This experiment was repeated several
times, and always the same mutants survived or died.

These data suggest that, at least in cell culture, a CTD
composed of 55 consensus repeats can fulfill all essential func-
tions for proliferation.

DISCUSSION

The CTD functionally connects transcription and the pre-
mRNA processing apparatus (reviewed in references 14, 20,
22, 40, and 50). To address the importance of the CTD se-
quence for this function, we performed an extensive genetic
analysis of unique sequences within the mammalian CTD. We
identified two regions which, when removed, lead to the deg-
radation of Pol II to its CTD-less, IIb form. Given the severe
effect of CTD removal on transcription and pre-mRNA pro-
cessing, it is possible that inducing CTD degradation may have
a role in an as-yet-undiscovered stress response; it has recently
been shown that BRCA1/BARD1 can induce the ubiquitina-

tion and degradation of Pol II LS after DNA damage by UV
(25). Degradation to IIb is specific to the removal of the re-
peats 1 to 3 and CTD52 only and not any other sequence
within the CTD. Removal of both sequences simultaneously is
more severe than individually, suggesting a relationship be-
tween the two regions. Mutagenesis of CTD52 revealed a re-
quirement for acidic amino acids at its C terminus, irrelevant
of their specific sequence. The sequence of repeats 1 to 3 shows
specificity only in that it is not composed of consensus repeats:
it can be replaced by any random sequence but not by
YSPTSPS repeats. The lack of sequence specificity in regulat-
ing this phenomenon, suggests that repeats 1 to 3 act as a
spacer between the “Linker” region and the CTD rather than
being the binding site for a specific factor (for Pol II architec-
ture, see reference 13). Deletion of repeats 1 to 3 shifts con-
sensus repeats in to their place and could cause a different
CTD structure, thereby exposing the CTD to proteolytic attack
or preventing a factor binding to the Linker that is involved in
regulating CTD stability.

In an unusual mutant where repeats 1 to 3 were exchanged
for the CTD52-binding motif of Abl1 (Abl1CTD-ID), degra-
dation to the IIb form could be totally prevented in the absence
of CTD52, a unique property among our many mutants. This
mutant also exhibited a different modification pattern, which
may protect against degradation. However, whether this re-
lates to phosphorylation per se or a specific modification is
currently difficult to determine; also, some mutants demon-
strate reduced amounts of the IIo form but are nevertheless
stable. Since the activity of Abl1 on Pol II is dependent on
double-stranded DNA breaks and its specific inhibitor STI571
or ionizing radiation fail to induce IIb (data not shown), it is
unlikely that Abl1 tyrosine kinase activity is responsible for this

FIG. 4. Deletion of repeats 1 to 3 and CTD52 has no apparent effect on RNA processing, cell growth, and viability. (A) Deletion mutants of
repeats 1 to 3 and CTD52 fused with EGFP were recloned into the expression vector pSTC-TK under the control of the constitutive thymidine-
kinase promoter. HeLa cells transfected with these mutants were cultured in the presence of �-amanitin for several weeks, after which total RNA
was extracted. As a control (K), nontransfected cells were cultured in �-amanitin for 48 h before RNA extraction. (B) The abundance of five
different RNAs examined (upper panel), and the 18S and 28S rRNAs (lower panel) are shown.
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effect. Further work is required to determine what this motif
binds in addition to CTD52.

The severe degradation caused by removal of repeats 1 to 3
and CTD52 could be rescued by EGFP but not an acidic
polypeptide at the C terminus. This would suggest that EGFP
prevents degradation via a different mechanism to CTD52.
Our results indicate that degradation occurs via an as-yet-
unidentified exopeptidase, which cuts back from the C termi-
nus: the 40-kDa fragment that should result from a single
cleavage could not be detected with anti-CTD antibody,
whereas a CTD-EGFP fragment induced by the cleavage of a
tobacco etch virus site inserted between Linker and CTD could
be detected (data not shown). The structure of EGFP may

prevent access of the exopeptidase to CTD, whereas CTD52
may depend on interactions with other proteins to prevent
degradation.

Importantly, the stability provided by EGFP allowed the
production of cell lines expressing mutants lacking repeats 1 to
3 and CTD52 under �-amanitin. That these cell lines could be
maintained indefinitely (�2 months in culture) demonstrates
that these motifs are not essential to Pol II function. Analysis
of their ability to process endogenous RNAs revealed no dif-
ference compared to a wt EGFP mutant. Our data are at odds
with previous work demonstrating CTD52 to be essential for
pre-mRNA processing (17). This can be explained through the
different systems used to analyze Pol II function. In our system,

FIG. 5. Repeats 4 to 51 can be replaced by consensus repeats and still support growth and viability. (A) Artificial CTDs were produced
containing 20 (mutant 1), 35 (mutant 2), and 55 (mutant 3) consensus repeats in place of repeats 4 to 51. The ability of these mutants to replace
the endogenous Pol II LS was tested by cultivation of cells in the presence of 2 �g of �-amanitin/ml. The cumulative growth (cell number 	 104;
B) and viability (C) of these cells were monitored over a period of weeks. A mutant known to be viable (wt) and two nonviable mutants (�50 and
mutant 4) were included as controls. The number of living (N1) and dead cells (Nd) was determined by trypan blue staining. The percentage of
viable cells (V) was calculated by using the formula V 
 100 	 N1(N1 � Nd). Cumulative growth was calculated by multiplying the number of cells
present by the factor by which the culture was split over the course of the experiment.
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we analyzed the effect of CTD mutation on the ability of Pol II
to transcribe and process the RNA from endogenous genes,
whereas other studies used transiently transfected reporter
assays. The degradation of Pol II LS to the IIb form produces
a CTD-less polymerase that, although unable to transcribe
chromatin, can transcribe “naked” transfected reporter genes
(30). Although the CTD has been shown to bind many factors
in vitro, it is not so clear whether the interaction with the CTD
is always essential for their function: a CTD-less polymerase
can stimulate capping in the absence of CTD, but the presence
of CTD improves the efficiency of the reaction fourfold (35); of
the CTD-interacting proteins described to date, only the yeast
U1snRNP component Prp40p has demonstrated splicing activ-
ity, but as yet no metazoan homologue has been discovered
(32, 37); CTD enhances but is not essential for RNA cleavage
and polyadenylation in vivo (28); a polymerase with just five
repeats is able to induce the albeit reduced expression of lu-
ciferase protein from a transiently transfected reporter in vivo
(30).

The importance of these processes occurring cotranscrip-
tionally is a topic of hot debate (1, 27, 37). There is good
evidence that the CTD localizes components of the splicing
machinery to sites of transcription (31, 34), but why the ex-
treme conservation of the CTD sequence across mammals,
when the only major phenotype of the mouse with a 13 repeat
deletion was its small size, and the higher rate of neonatal
lethality (29)? Several other studies suggest that certain CTD
functions are dependent on its length (41), but that specific
nonconsensus sequences may enhance this function (42).
Through this work we have found that those nonconsensus
sequences not affecting stability can be functionally replaced by
consensus repeats. The effect on cell viability and growth ap-
pears to be dependent on the number of repeats: the greater
the number of consensus repeats, the greater the rate of pro-
liferation and cell survival. As previously noted, a truncation of
the CTD to 31 repeats or less cannot support long-term via-
bility (30), but a mouse with 39 repeats could be produced (29).
In the present study, a mutant with 39 repeats (of which 35 are
consensus) demonstrated a growth defect and starkly reduced
viability; however, cells could be cultured continuously under
�-amanitin selection. In contrast, despite initially exhibiting a
growth deficiency compared to wt, a mutant with 59 repeats (of
which 55 are consensus) showed no long-term differences com-
pared to wt, suggesting that the cells may compensate for a
reduced function. Nevertheless, since these cells can be cul-
tured continuously with viable “consensus” polymerases, we
can assume that they are able to perform all of the essential
functions required of them. The highly conserved composition
of the mammalian CTD consensus and nonconsensus repeats
is perhaps not entirely essential for life but rather “optimized”
for efficient function or other, as-yet-unknown, purposes that
could convey a survival advantage (e.g., stress responses).
Small improvements in the efficiency of such an important
enzyme could account for its high evolutionary conservation. A
mutant composed of nonconsensus repeats had a severe
growth defect compared to mutants of similar length, contain-
ing consensus repeats. That these repeats differ from the con-
sensus sequence almost uniquely at Ser7 is suggestive of an
important role for this position. Interestingly, the crystal struc-
tures of several factors bound to the CTD thus far have not

indicated that this position plays a definitive role in their bind-
ing. It is possible that the nonconsensus repeats are important
for the expression of specific genes (perhaps during cellular
differentiation), alternative splicing, or stress responses. Pro-
ducing transgenic mice with “all-consensus” repeats would re-
solve this discussion. The mice produced by J. Corden’s group
(29) have an apparent defect in growth and not development,
but other, more subtle defects may have gone undetected.

Using our system, synthetic CTDs can be produced and their
function tested in vivo on the endogenous chromatin template.
For the first time, this approach allows CTDs of the same
length, but of different composition, to be accurately compared
for their abilities to support transcription and the processing of
RNA, while avoiding the adverse effects of variations in length
and instability.
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