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An interaction network connecting mRNA capping enzymes, the RNA polymerase II (Pol II) carboxyl-
terminal domain (CTD), elongation factor Spt5, and the Cdk7 and Cdk9 protein kinases is thought to
comprise a transcription elongation checkpoint. A crux of this network is Spt5, which regulates early
transcription elongation and has an imputed role in pre-mRNA processing via its physical association with
capping enzymes. Schizosaccharomyces pombe Spt5 has a distinctive CTD composed of tandem nonapeptide
repeats of the consensus sequence "TPAWNSGSK®. The Spt5 CTD binds the capping enzymes and is a
substrate for threonine phosphorylation by the Cdk9 kinase. Here we report that deletion of the S. pombe
Spt5 CTD results in slow growth and aberrant cell morphology. The severity of the spt5-ACTD phenotype
is exacerbated by truncation of the Pol II CTD and ameliorated by overexpression of the capping enzymes
RNA triphosphatase and RNA guanylyltransferase. These results suggest that the Spt5 and Pol II CTDs
play functionally overlapping roles in capping enzyme recruitment. We probed structure-activity relations
of the Spt5 CTD by alanine scanning of the consensus nonapeptide. The T1A change abolished CTD
phosphorylation by Cdk9 but did not affect CTD binding to the capping enzymes. The 714 and P24
mutations elicited cold-sensitive (cs) and temperature-sensitive (ts) growth defects and conferred sensi-
tivity to growth inhibition by 6-azauracil that was exacerbated by partial truncations of the Pol II CTD.
The T1A4 phenotypes were rescued by a phosphomimetic 7/E change but not by capping enzyme overex-
pression. These results imply a positive role for Spt5 CTD phosphorylation in Pol Il transcription
elongation in fission yeast, distinct from its capping enzyme interactions. Viability of yeast cells bearing
both Spt5 CTD T1A4 and Pol II CTD S24 mutations heralds that the Cdk9 kinase has an essential target

other than Spt5 and Pol II CTD-Ser2.

Eukaryal mRNA processing is linked physically and tempo-
rally to transcription elongation. The earliest processing step is
mRNA capping, which can occur as soon as the 5’ triphosphate
terminus of the nascent RNA extrudes from elongating RNA
polymerase (6, 15). The cellular RNA capping enzymes are
directed to nascent mRNAs by binding to the phosphorylated
carboxyl-terminal domain (CTD) of the largest subunit of
RNA polymerase II (Pol II) (7, 8, 18, 34, 29, 57). The Pol II
CTD, consisting of tandem heptapeptide repeats of the con-
sensus sequence Y'S?P*T*S°P°S’, functions as a landing pad
for diverse cellular proteins that regulate the initiation, elon-
gation, and termination steps of Pol II transcription, modify
chromatin structure, and catalyze or regulate RNA capping,
splicing, and polyadenylation (30, 37). The inherently plastic
CTD structure is sculpted by cyclin-dependent kinases (Cdks)
that have various positional specificities and act at different
stages of the transcription cycle. The Cdk7 kinase (a compo-
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nent of transcription factor TFIIH) acts at or shortly after
initiation to install Ser5-PO, and Ser7-PO, marks on the CTD
(1), of which Ser5-PO, is a critical determinant of capping
enzyme recruitment and mRNA capping in vivo (20, 22, 49).

Capping enzymes may also access the transcription complex
by binding to the Pol II elongation factor Spt5 (32, 52). Spt5 is
a large polypeptide (~1,000 to 1,200 amino acids [aa]) com-
posed of multiple domain modules, including a distinctive C-
terminal repeat domain (the “Spt5 CTD”) that directly binds
RNA capping enzymes and is targeted for threonine phosphor-
ylation by the Cdk9 protein kinase (33, 56). Spt5 exerts both
negative and positive effects on transcription elongation (2, 17,
21, 39, 44, 50, 55). For example, metazoan Spt5 elicits an
elongation arrest at promoter-proximal sites that is alleviated
by the Cdk9 subunit of P-TEFb (positive transcription elonga-
tion factor b) (50, 51). Cdk9 phosphorylates the Pol II CTD
and the Spt5 CTD. Studies with analog-sensitive kinase mu-
tants implicate the SptS CTD as a bona fide substrate for Cdk9
(or its budding yeast ortholog Burl) (26, 49, 58). Whereas
interactions of the capping enzyme with the SptS CTD are
independent of CTD phosphorylation (in contrast to the cap-
ping enzyme/Pol II CTD interactions) (32), the conversion of
Spt5 from a negative to a positive elongation mode requires
Spt5 CTD phosphorylation by Cdk9 (5, 56).

In the fission yeast Schizosaccharomyces pombe, the essential
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Cdk9 kinase exists as a stable heterotrimeric complex in vivo
with its cyclin partner Pchl and the mRNA cap methyltrans-
ferase Pcml (13, 33, 36). S. pombe Cdk9 also interacts with
Pctl, the RNA triphosphatase component of the capping ap-
paratus (35). In turn, Pctl and Pcel (the guanylyltransferase
component of the fission yeast capping system) bind directly
and independently to the unphosphorylated Spt5 CTD and the
phosphorylated Pol IT CTD (32, 34). These interactions and
others noted above underlie the proposal of a transcription
elongation checkpoint that ensures a temporal window for
capping of nascent mRNAs (27, 35, 36, 45).

The checkpoint model is attractive insofar as there is evi-
dence that positive and negative regulation of transcription can
occur at the step of capping enzyme recruitment (6, 12) and
that either diminished cap guanylylation activity or defective
installation of the guanylyltransferase-recruiting Ser5-PO, Pol
II CTD mark can result in the production of uncapped tran-
scripts that suffer premature 5’ exonucleolytic decay (20, 41).
However, recent studies highlight that the putative checkpoint
is either not enforced or not required on a large fraction of
cellular transcription units. For example, genetic or pharma-
cological inhibition of Cdk9 or Spt5 exerts fairly narrow effects
on the levels of certain mRNAs, rather than a global transcrip-
tional dyscrasia (24, 25, 49). One explanation for the limited
impact of such inhibition is that there is functional overlap
built into the systems that coordinate transcription elongation
and mRNA capping. One potential source of functional over-
lap is the independent interactions of the capping enzymes
with the Pol II and Spt5 CTDs.

S. pombe Spt5 and its CTD are the focus of the present
study. Spt5 is essential for cell growth in fission yeast (32), as
it is in budding yeast and in human somatic cells (24, 47).
The 990-aa S. pombe Spt5 protein consists of an acidic
N-terminal domain, central NusG-like NGN and KOW do-
mains, and an exceptionally regular CTD (aa 801 to 990)
composed of tandem repeats of the consensus nonapeptide
T'P?A’W*N’S°G’S3K? (see Fig. 2). S. pombe Spt5 forms a
stable heterodimeric complex with the 105-aa S. pombe Spt4
protein (42). The Spt4-docking site on Spt5 is localized to a
trypsin-resistant segment from aa 218 to 381 (42). The Spt4-
binding module is conserved in Saccharomyces cerevisiae and
human Spt5, wherein it adopts a compact tertiary structure
composed of a central antiparallel B-sheet flanked by three
a-helices (14, 16, 53). A genetic analysis of Spt4 in S. pombe
revealed it to be inessential for growth at 25 to 30°C but critical
at 37°C (42). Thus, the unconditionally essential Spt5 protein
must be performing Spt4-independent functions. Initial in-
sights into functional compartmentalization of Spt5 emerged
from studies of the effects of partial deletions of its CTD
nonamer repeat array. As few as three nonamer repeats suf-
ficed for normal S. pombe growth, but only when Spt4 was
present (42). Synthetic lethality of an spt5'%3° spt4A double
mutant at 34°C suggested that interaction of Spt4 with
the central domain of Spt5 overlaps functionally with the
Spt5 CTD.

Here we have studied the consequences of complete dele-
tion of the Spt5 CTD repeat array, which results in slow growth
and aberrant cell morphology. The spt5-ACTD phenotype is
enhanced by truncating the Pol II CTD and suppressed by
overexpressing capping enzymes. These results suggest that the
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Spt5 and Pol I CTDs play functionally overlapping roles in
capping enzyme recruitment in fission yeast. We illuminated
structure-activity relations in the Spt5 CTD by position-specific
alanine scanning. The effects of Thrl and Pro2 mutations on
growth and 6-azauracil sensitivity suggest a positive role for
Spt5 CTD phosphorylation in transcription elongation that
overlaps elongation functions of the Pol II CTD.

MATERIALS AND METHODS

Deletion of the Spt5 CTD in fission yeast. pUC19-based plasmids used for
integration of ura4* or kanMX markers downstream of spt5-(1-800) were con-
structed as follows. An spt5 gene fragment extending from an internal Ndel site
(at nucleotide +1736) to nucleotide +2400 of the spt5 open reading frame
(ORF) was amplified by PCR using a reverse primer that introduced a stop
codon at +2401 and a flanking BamHI site. The DNA fragment was restricted
and inserted upstream of the ura4 and kanMX genes in plasmids pUC19-ura4-
spt5®" and pUC19-kanMX-spt5*> (42). The spt52©-urad-spt5*> and spt52<>'-
kanMX-spt5®” integration cassettes (which contain the flanking 534-bp genomic
DNA fragment 3’ of the native spt5 stop codon) were excised and transformed
into a diploid S. pombe strain. Ura™ or Geneticin-resistant transformants were
selected, and diagnostic Southern blotting was used to verify targeted inser-
tion into the chromosomal spt5 locus. The heterozygous diploids were then
sporulated, and tetrads were dissected to obtain spt5-(1-800)::ura4* or
spt5-(1-800)::kanMX haploids, referred to herein as spt5-AC strains.

Missense mutations of the Spt5 CTD array. CTD cassettes composed of
tandem repeats of the wild-type nonamer consensus peptide or a T1A, P2A,
W4A, N5A, K9A, or T1E variant were constructed as follows. Pairs of comple-
mentary 27-mer 5'-phosphorylated DNA oligonucleotides were designed that,
when annealed, consisted of a 23-bp duplex with 5" GATC overhangs, the sense
strand of which encodes either the wild-type peptide GSKTPAWNS or the
mutant peptides GSKAPAWNSGS (T1A), GSKTAAWNSGS (P2A), etc. (oli-
gonucleotide sequences are available on request). Reactions of the annealed
oligonucleotides with DNA ligase generated concatameric arrays of the repeat-
ing units, either in a tail-to-head orientation encoding a tandem nonapeptide
repeat or in unfruitful tail-to-tail and head-to-head orientations. The tail-to-tail
ligation events generate a BamHI cleavage site (5'-GGATCC) at the junctions,
while the head-to-head junctions generate a BgIII site (5'-AGATCT). In con-
trast, the in-frame junctions (5'-GGATCT) are resistant to BamHI and BgIII.
The ligation products were digested with BamHI and BglII and then resolved by
PAGE. Resistant DNA fragments of ~200 bp were isolated from the gels and
then ligated into the BamHI site of pHis;,Smt3, which had been modified to
contain a translation stop codon immediately downstream of the BamHI site.
DNA sequencing established the continuity of the ORFs, the number of non-
apeptide repeats (either 7 or 8 in the constructs used here), and the desired
wild-type or mutated amino acid sequences of each repeat.

S. pombe strains with Spt5 CTD missense mutations. The wild-type and
mutated Spt5 CTD cassettes were PCR amplified from the respective
pHis;,Smt3-(CTD),.¢ plasmid templates with primers designed to introduce
BglII and Smal sites at the 5" and 3’ ends, respectively. The PCR products were
digested with BglIl and Smal and then fused to the spt5-(1-800) ORF of a
pDS474-based plasmid (10) by ligation between an engineered BglII site and a
filled-in BamHI site that flanked the stop codon. The resulting plasmids were
named pDS472-Spt5-(CTD),, pDS472-Spt5-(T1A),, etc. Cassettes for integra-
tion of the mutated spt5 alleles into S. pombe were constructed by restricting
these plasmids with Ndel (at nucleotide +1736 of the spt5 ORF) and Smal (in
the pDS472 vector) and inserting the ~860-bp CTD-encoding fragments up-
stream of the ura4 gene in the pUC19-urad-spt5> plasmid. The spt5CTD? -ura4-
spt5® integration cassettes were excised and transformed into S. pombe cells.
Ura™ transformants were selected and analyzed by diagnostic Southern blotting
to verify correct integration.

Truncations of the S. pombe Rpbl CTD array. To generate C-terminal trun-
cations of Rpbl1, we first constructed pUC19-natMX-rpb1*’, a plasmid containing
the natMX gene upstream of a 552-bp segment of S. pombe genomic DNA 3’ of
the rpb1™ stop codon. We then inserted upstream of natMX a series of rpb1 gene
fragments extending from an EcoRI site (at nucleotide +4086 in the rpbI " ORF)
to a newly created stop codon at position +4816, +4858, +4879, +4900, +4921,
+4984, +5086, or +5194 that truncated the Rpb1l CTD to 8, 10, 11, 12, 13, 16,
20, or 26 heptads, respectively. Excised rpb12¢TP> -natMX-rpb1>" DNA frag-
ments were introduced into diploid S. pombe cells. Transformants were selected
on yeast extract with supplements (YES) agar medium containing 0.1 mg/ml
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nourseothricin (clonNAT; Werner Bioagents), and the targeted insertions were
verified by diagnostic Southern blotting. The heterozygous rpbl ™" /rpb1-ACTD
diploids were then sporulated, and tetrads were dissected.

Combining Spt5 CTD deletion with Rpb1 CTD truncations. spt5-(1-800)::ura4™*
(h™) cells were mixed with each of the rpbI-ACTD::natMX (h~) strains (rpb1-26,
1pb1-20, rpb1-16, rpb1-13, and rpb1-12) on mating/sporulation agar (11), and the
plates were incubated for 2 to 3 days at 30°C. We then dissected 5 to 20 tetrads
for each cross and germinated the haploids on YES medium at 30°C. Their
genotypes were determined to identify ura™ nat® double mutants. Whereas
tetrad dissection did yield the spt5-AC rpb1-26 and spt5-AC rpb1-20 strains, no
viable ura® nat® haploids were isolated during tetrad dissections for the
other crosses. To screen a larger number of haploid progeny, we performed
random spore analysis (11). After plating ~500 spores (determined by count-
ing) on YES agar to determine the percentage that were viable, we plated
3,000 to 8,000 viable spores to selective medium lacking uracil and containing
nourseothricin.

Rpbl CTD-S2A mutant. The S. pombe rpb1-12xS2ACTD strain was kindly
provided by Jim Karagiannis, University of Western Ontario (23). Genomic
DNA was isolated, and a 950-bp C-terminal segment of the rpbI-12xS2ACTD
strain was amplified by PCR using a forward primer that annealed upstream of
the EcoRlI site at position +4086 within the 7pbl ORF and a reverse primer that
introduced an Xbal site downstream of the stop codon in the rpbI-12xS2ACTD
strain. The gene segment was restricted and inserted into pUC19. To expand the
S2A repeat domain, we restricted pUC19-rpb1U!2*524)%" with Aarl (at the site
corresponding to nucleotide position +4703 within the rpb ™ ORF) and Aval (at
a site 16 nucleotides downstream of the Aarl site in pUC19-rpb1(2¥524)3") and
inserted therein a short duplex DNA that was generated by annealing two
oligonucleotides (5'-ATG CCC TCT TCC CCA TCC TAC GCA CCA ACT
TCA CCA TCT TAT GCT CCG ACT TCC and 5'-T CGG GGA AGT CGG
AGC ATA AGA TGG TGA AGT TGG TGC GTA GGA TGG GGA AGA
GG). The resulting plasmid was named pUC19-rpb114S24)" The 990-bp
EcoRI/Xbal fragment encoding the modified CTD was excised from pUC19-
rpb1(14x824)5” and cloned into pUC19-term-natMX-rpb1*’, a modified version of
pUC19-natMX-rpb1®’, in which a 320-bp DNA segment from the S. cerevisiae
TPII transcription termination/polyadenylation signal had been inserted up-
stream of the natMX gene. In parallel, the pUC19-based plasmid for integration
of rpb1-16 was modified to contain the TPII termination/polyadenylation signal.
The integration cassettes were excised and transformed into haploid S. pombe
strains to obtain nourseothricin-resistant rpb1-S24 and rpb1-16t cells.

Combining the Rpb1-S2A and Rpb1-16 variants with Spt5 CTD mutations.
The linear rpb1(#S243”_term-natMX-rpb1%” integration cassette was introduced
into homozygous spt5-(CTD),/spt5-(CTD),, spt5-T1A/spt5-T1A, and spt5-T1E/
spt5-T1E diploids, and nourseothricin-resistant transformants were selected. The
resulting rpb1 " /rpb1-S2A diploid strains were then sporulated, and tetrads were
dissected to obtain the rpb1-S2A4 spt5-(CTD),, rpb1-S2A spt5-T1A, and rpb1-S2A
spt5-TIE haploid strains that were Ura™ and nourseothricin resistant. A set of
control strains containing the same spt5-CTD alleles in the rpbI-16 background
(which has a truncated Rbpl CTD array composed of wild-type heptads) was
generated by introducing the linear rpb1¢'%"term-natMX-rpb1®’ integration
cassette into the spt5-(CTD), spt5-T1A, and spt5-T1E haploids and selecting for
nourseothricin-resistant transformants. Correct targeting of the rpbI locus in
each case was confirmed by colony PCR and diagnostic Southern blotting.

Recombinant Pcel and Pctl proteins. The Pcel and Pctl ORFs were PCR
amplified from templates p132-PCE1 and pG1-PCT1 (34) with oligonucleotide
primers that introduced BamHI and Xhol sites adjacent to the start and stop
codons, respectively. The PCR fragments were restricted and inserted into plas-
mid pGEX-2TKN (Pharmacia) to yield expression plasmids encoding Pcel and
Pctl fused to an N-terminal GST (glutathione-S-transferase) domain. The
pGEX-Pctl and pGEX-Pcel plasmids were transformed into Escherichia coli
BL21(DE3) Codon Plus (Novagen). Cultures derived from single transformants
were maintained in logarithmic growth in LB medium containing 100 wg/ml
ampicillin until the A4y, of a 250-ml culture reached ~0.7. The cultures were
chilled on ice for 30 min, adjusted to 0.4 mM isopropyl-p-p-thiogalactopyrano-
side (IPTG) and 2% (vol/vol) ethanol, and then incubated for 16 h at 17°C with
constant shaking. Cells were harvested by centrifugation and stored at —80°C.
All subsequent procedures were performed at 4°C. Thawed bacteria were resus-
pended in 12.5 ml of PBS (50 mM potassium phosphate, pH 7.2, 150 mM NaCl).
The suspensions were adjusted to 0.2 mg/ml lysozyme and incubated for 45 min.
Triton X-100 was added to a final concentration of 0.1%, and incubation was
continued for 15 min. The cell suspensions were sonicated to reduce viscosity,
and insoluble material was removed by centrifugation for 30 min at 13,000 rpm
in a Sorvall SS34 rotor. The soluble extracts were mixed for 1 h with 0.5 ml of
glutathione-Sepharose 4B resin (Pharmacia Biotech) that had been equilibrated
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in PBS. The resins were recovered by centrifugation, suspended in PBS, and
poured into a column. The columns were washed twice with 10-ml aliquots of
PBS and then eluted with 5 ml of 10 mM glutathione in PBS. The eluates were
dialyzed against buffer D (50 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM
dithiothreitol [DTT], 10% glycerol, 0.05% Triton X-100) and then stored at
—80°C. The protein concentrations were determined by SDS-PAGE analysis of
aliquots of the GST-Pcel and GST-Pctl1 polypeptides in parallel with increasing
amounts of a bovine serum albumin (BSA) standard solution of known concen-
tration. The gel was stained with Coomassie blue dye, and the staining intensities
of GST-Pcel, GST-Pctl, and BSA were quantified with a Molecular Imager
ChemiDoc densitometry system. The concentrations of the GST-Pcel and GST-
Pctl polypeptides were determined by interpolation to the BSA standard curve.
The yields of GST-Pcel and GST-Pctl from 250-ml bacterial cultures were ~7
mg of each protein.

Recombinant Spt5-CTD proteins. The wild-type and mutated His,,-Smt3-
Spt5-(CTD),.¢ plasmids (see above) were transformed into Escherichia coli
BL21-Codon Plus (DE3). Cultures derived from single colonies were maintained
in logarithmic growth in LB medium with 50 pwg/ml kanamycin until the A, of
a 250-ml culture reached 0.6 to 0.8. The cultures were then placed on ice for 30
min and adjusted to 0.4 mM IPTG and 2% (vol/vol) ethanol before incubation
was continued for 16 h at 17°C with constant shaking. Cells were harvested by
centrifugation and stored at —80°C. All subsequent procedures were carried out
at 4°C. The thawed cell pellets were resuspended in 12.5 ml of buffer A (50 mM
Tris-HCI, pH 7.4, 10% sucrose, 250 mM NaCl). The cells were lysed, and soluble
extracts were prepared as described above for the recombinant capping enzymes.
The soluble lysates were mixed for 1 h with 1 ml of nickel-nitrilotriacetic acid
(Ni-NTA)-agarose (Qiagen) that had been equilibrated with buffer A. The resins
were recovered by centrifugation, suspended in 10 ml of buffer E (50 mM Tris
HCI, pH 7.4, 250 mM NaCl, 10% glycerol) containing 25 mM imidazole, and
then poured into columns. The columns were washed twice with 5-ml aliquots of
the same buffer, and the bound proteins were then eluted stepwise with 3-ml
aliquots of buffer E containing 300 and 500 mM imidazole. The elution profiles
were monitored by SDS-PAGE. The 300 mM imidazole eluates containing the
His, ,;-Smt3-CTD polypeptides were dialyzed against buffer D. Protein concen-
trations were determined by SDS-PAGE and quantification of staining intensi-
ties as described above for the capping enzymes. The yields of His,,-Smt3-CTD
polypeptides recovered from 250 ml bacterial cultures were as follows: 8 mg (wild
type), 6 mg (T1A variant), 10 mg (W4A variant), 6 mg (NSA variant), and 4.8 mg
(K9A variant).

Binding of Pcel to Spt5-CTD. His,,-Smt3-Spt5-CTD proteins (8 pg) were
mixed with 8 pg of GST-Pcel in 50 pl of buffer F (50 mM Tris-HCI [pH 7.4], 10%
glycerol) containing 25 mM imidazole. Aliquots were removed to assess “input”
material, and the samples were then mixed with 50 wl of a 5% slurry of magnetic
Ni-NTA-agarose resin (Qiagen) in buffer F with 25 mM imidazole. The suspen-
sions were incubated for 1 h at 4°C, after which the resins were collected and held
at the bottoms of the tubes in a magnetic separator (Qiagen) while the super-
natants containing unbound proteins were removed. The resins were washed
twice with 500 pl of buffer F with 25 mM imidazole. The bound proteins were
then eluted in 30 pl of 500 mM imidazole in buffer F.

Binding of Pctl to Spt5-CTD. His,,-Smt3-Spt5-CTD proteins (8 pg) were
mixed with 8 pg of GST-Pct1 in 50 pl of buffer E with 25 mM imidazole. Aliquots
were removed to assess input material, and the samples were then mixed with 50
wl of a 5% slurry of magnetic Ni-NTA-agarose resin in buffer E with 25 mM
imidazole. The suspensions were incubated for 1 h at 4°C, after which the resins
were collected and held at the bottoms of the tubes in a magnetic separator while
the supernatants containing unbound proteins were removed. The resins were
washed twice with 500 pl of buffer E with 25 mM imidazole. The bound proteins
were then eluted in 30 pl of 500 mM imidazole in buffer E.

Microscopy. Microscopy was performed using live cells from exponentially
growing liquid cultures of S. pombe. Cells were harvested by centrifugation,
washed in water, and resuspended in water at ~1 A, unit/ml. Aliquots (5 wl)
were applied to positively charged slides (Unifrost Plus; Azer Scientific). The
yeast cells were visualized and photographed with a Nikon Eclipse E600 micro-
scope (100X objective) coupled to an RT Slider Spot camera. The lengths of
individual cells were measured by drawing a bar along the axis of each cell using
the Spot Advanced software program (version 4.5).

Western blot analysis. The haploid spt5*, spt5-AC, and various spt5-(1-800)-
(CTD),_g strains were maintained in exponential growth in YES medium at 30°C.
Aliquots of cells from exponentially growing cultures (containing equivalent 4,
units) were harvested, and whole-cell extracts were prepared and subjected to
SDS-PAGE and immunoblotting with affinity-purified rabbit anti-Spt5 antibod-
ies as described previously (42). The immune complexes were visualized with
horseradish peroxidase-conjugated anti-rabbit immunoglobulin using an en-
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FIG. 1. Deletion of the Spt5 CTD affects cells growth and morphology. (A) Heterozygous spt5 ™" /spt5-(1-800)::ura4™ diploids were sporulated,
and asci were dissected. Individual spores (A, B, C, and D) from two tetrads (1 and 2) were germinated on YES agar at 30°C for 4 days (upper
panel). The four haploid progeny of tetrad 2 were grown in liquid culture. The cultures were diluted to attain an A, of 0.1, and aliquots (3 pl)
of serial 10-fold dilutions were spotted on YES agar medium. The plates were photographed after incubation for 3 days at 30°C (lower panel). The
spt5-AC haploids 2A and 2D are ura™; the spt5" haploids 2B and 2C are ura™. (B) spt5* and spt5-AC cells grown in YES medium at 30°C were
examined by light microscopy. Bars, 10 wm. (C) The lengths of 270 spt5* cells and 330 spt5-AC cells were measured and sorted into length bins
as specified. The percentage of cells in each bin is represented in a bar graph. (D) Dosage suppression of the spt5-AC phenotype by mammalian
capping enzyme Mcel. spt5-AC[spt5-(1-800)::ura4*] cells were transformed with LEU2 plasmids as specified. Serial dilutions of spt5-AC strains
harboring a pREP81x-Spt5 plasmid (positive control), an empty vector plasmid (negative control), or plasmids for expression of Mcel under the
transcriptional control of an intermediate-strength (41x) or a low-strength (81x) nmt promoter were spotted on Leu™ agar medium. The plates were
photographed after incubation for 6 days at 25°C or 3 days at 30°C. (E) Dosage suppression of spt5-AC by fission yeast capping enzymes. The spt5™*
and spt5-AC [spt5-(1-800)::kanMX] strains harbored two plasmids marked with ura4™ and LEU2, respectively. These were either empty vector
plasmids or plasmids for expression of S. pombe pct1* (RNA triphosphatase) and pcel+ (RNA guanylyltransferase) under the transcriptional
control of the low-strength nmt (81x) promoter. Cultures were grown at 30°C in minimal medium lacking uracil and leucine. Aliquots (3 pl) of serial
10-fold dilutions were spotted on Ura™ Leu~ agar medium and incubated at 25°C (4 days), 30°C (3 days), or 34°C (3 days) as specified.
(F) Overexpression of Mcel partially rescues the elongated phenotype of spr5-AC cells. The lengths of 300 to 500 individual cells were measured.
The percentages of cells in each of the four size categories are represented by vertical bars.

hanced chemiluminescence system. Where specified, the blot was stripped and
reprobed with anti-PSTAIRE (Cdc2p34) antibody (Santa Cruz Biotechnology),
which served as a cell extract loading control.

essential for viability (Fig. 1A). However, the CTD is im-
portant for normal cell growth, insofar as spt5-AC cells
formed smaller colonies than spt5™ sisters on YES agar at
30°C (Fig. 1A). The growth defect of spt5-AC cells on agar

RESULTS

The Spt5 CTD is important for normal cell growth. The
CTD of S. pombe Spt5 comprises 18 nonamer repeats of the
consensus sequence TPAWNSGSK (Fig. 2). To determine
whether the CTD is important for spt5* function in vivo, we
introduced spt5-(1-800)::ura4™ into diploid cells so as to
replace one copy of spt5* with an allele encoding Spt5-AC,
a variant that lacks the entire CTD. Ura™ haploids were
recovered upon sporulation and dissection of spt5*/
spt5-(1-800)::ura4™ cells, indicating that the Spt5 CTD is not

medium was also evident at 18°C, 20°C, 25°C, 32°C, 34°C,
and 37°C (Fig. 1D and E; see also Fig. 4D). The doubling
time of spt5-AC cells in YES liquid medium at 30°C was
3.5 h, versus 2.1 h for spt5* cells (not shown).

We observed that cells lacking the Spt5 CTD were elongated
compared to wild-type cells (Fig. 1B and C and Fig. 2).
Whereas 49% and 46% of spt5 ™" cells grown in YES medium at
30°C were <10 pm and 10 to 12 wm, respectively, only 18%
and 28% of the spt5-AC cells fell in these two categories. Thirty
percent of spt5-AC cells were >15 um (Fig. 1C), including
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FIG. 2. Deletion of the Spt5 CTD results in aberrant cell morphology. The amino acid sequence of the Spt5 CTD is displayed at right, with
the nonamer repeats aligned vertically. The consensus sequence TPAWNSGSK is shown below the alignment. Previously it was shown that
truncation of the CTD to amino acid 835, leaving three nonamer repeats, had no apparent impact on cells growth. In the present study, the entire
CTD was deleted in the spt5-AC strains of S. pombe. Cell morphology and nuclear DNA localization were assessed by light microscopy. spt5* and
spt5-AC cells were cultured in YES medium at 30°C. Exponentially growing cells were fixed in 70% ethanol, treated with 4’,6-diamidino-2-
phenylindole (DAPI), and then visualized by differential interference contrast (DIC) and fluorescence (DAPI) microscopy (Nikon Eclipse E600
microscope equipped with a Spot camera). The bars in the DIC images are 10 um. The arrows denote branched cells.

hyperelongated cells (>20 pwm) and cells with branches and
multiple septa (Fig. 2). We conclude that the absence of the
CTD results in slow growth and abnormal cell morphology.
Overexpression of capping enzymes alleviates the growth
phenotype of spt5-AC cells. The fission yeast mRNA capping
enzymes Pctl (RNA triphosphatase) and Pcel (RNA guany-
lyltransferase) bind directly to the Spt5 CTD (32). If the re-
cruitment of capping enzymes to the transcription complex
is impaired in the absence of the Spt5 CTD, then overex-
pression of capping enzymes might suppress some of the
spt5-AC phenotypes. We introduced into spt5-AC cells a
multicopy plasmid for expression of the mammalian capping
enzyme Mcel—a bifunctional triphosphatase-guanylyltrans-
ferase that binds avidly to the phosphorylated Pol II CTD
(18)—under the control of the medium-strength (41x) and
low-strength (81x) nmtl promoters (9). Growth was assessed
by spotting aliquots of serial dilutions of the cell cultures onto
agar medium and incubating the plates at 25°C and 30°C.
spt5-AC cells that had been transformed with a plasmid ex-
pressing Spt5 under the control of the 81x promoter served as
a positive control. We found that cells harboring MCE! plasmids
grew as well as the Spt5 control cells, as gauged by colony size
(Fig. 1D). nmt1-driven overexpression of both fission yeast cap-
ping enzymes (Pctl plus Pcel) on multicopy plasmids also sup-
pressed the slow-growth phenotype of spt5-AC cells (Fig. 1E).
Furthermore, overexpression of Mcel partially reversed the mor-
phological defects of spt5-AC cells, insofar as only 8 to 9% of
MCE] cells were >15 pm long, compared to 23% of spt5-AC cells
harboring the vector plasmid (Fig. 1F). In the suppressed strains,
no branched or multiseptated cells were observed (not shown).

These findings suggest that recruitment of the capping enzymes to
the transcription complex is compromised in the absence of the
Spt5 CTD, and we infer that dosage suppression is a consequence
of increased binding of the capping enzymes to Pol II, likely via
the Rpbl CTD.

Functional overlap of the Spt5 and Pol II CTDs. The CTD
of the S. pombe Pol I large subunit Rpb1, which consists of 29
heptad repeats of the consensus sequence YSPTSPS (4) (Fig.
3), binds directly to Pctl and Pcel (34) and thus provides an
alternative docking site for the capping enzymes on the Pol II
elongation complex, potentially buffering the impact of delet-
ing the Spt5 CTD. If so, we reasoned that deleting a portion of
the Rpbl CTD might exacerbate the growth defect of spt5-AC.
The effects of incremental shortening of the Pol IT CTD have
been studied extensively in budding yeast (31, 54), yielding
powerful genetic insights into transcriptional control mecha-
nisms (48). The role of Pol II CTD length in S. pombe has
received comparatively little attention (23).

Here we integrated a series of rpbI-ACTD::natMX alleles
into the rpbI™* locus in diploid cells, so as to express Rbpl
variants with 26, 20, 16, 13, 12, 11, 10, or 8 heptad repeats
(named pb1-26, rpb1-20, etc.) (Fig. 3). By sporulating the
diploids and characterizing the haploid progeny, we estab-
lished a clear hierarchy of CTD length effects on cell growth.
For example, eight heptad repeats were lethal, i.e., we never
recovered nourseothricin-resistant haploids after sporulation
of rpbI*/ipb1-8 diploids. rpb1-10 cells were viable, but they
grew poorly at 30°C and failed to form colonies at 20°C or 37°C
(Fig. 3A). mpbl-11, -12, and -13 cells showed gradually im-
proved growth at the low and high temperatures. The rpb1-16,
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FIG. 3. Genetic interactions of rpbI-ACTD mutants with spt5-AC. The amino acid sequence of the S. pombe Rpbl CTD (aa 1551 to 1752) is
shown at right; the 29 heptapeptide repeats are stacked vertically. The C termini of the rpbI-ACTD mutants are indicated by asterisks.
(A) Truncating the Rpbl CTD impairs growth. S. pombe strains bearing the indicated rpb1 alleles were tested for growth on YES agar. Aliquots
of serial 5-fold dilutions of cultures that had been adjusted to an A4y, of 0.1 were spotted onto YES agar and incubated at the indicated
temperatures. The plates were photographed after incubation for 7 days at 20°C, 4 days at 25°C, 3 days at 30°C, or 2 days at 37°C. rpb1 alleles are
named according to the length of the Rpbl protein variants; the numbers of heptad repeats are indicated. (B) Phenotypic enhancement of
rpb1-ACTD mutations by spt5-AC. Viable haploid double mutants harboring spt5-AC and the indicated CTD truncations of rpbI were analyzed by
spotting on YES agar. The plates were photographed after incubation for 3 days at 30, 34, or 37°C. (C) Aberrant morphology of spt5-AC
rpbl-ACTD double mutants. Aliquots of exponentially growing cultures were spotted on slides, and the cells were visualized by differential
interference contrast microscopy. All images, including the highlighted inserts, were taken at the same magnification. Bars, 10 pum.

rpb1-20, and rpb1-26 strains grew as well as the rpb1™ strain at
all temperatures tested (Fig. 3A). These results indicate that 16
heptad repeats comprise a fully active Pol II CTD in fission
yeast. Overexpression of Mcel had no salutary effect on the
conditional growth defects of the rmpbI-10, -11, -12, and -13
strains (not shown), suggesting that additional Pol II functions
were perturbed by these CTD truncations.

To illuminate genetic interactions between the Pol II and
Spt5 CTDs, we analyzed haploid progeny from genetic crosses
between the spr5-AC strain and several of the rpbI-ACTD mu-
tants. The rpb1-26 spt5-AC and rpb1-20 spt5-AC double mu-
tants were recovered at the expected frequencies (20 to 25% of
all spores analyzed). However, these strains were sicker than
the spt5-AC single mutant at 30 to 37°C (Fig. 3B) and failed to

form colonies at lower temperatures (data not shown). Light
microscopy inspection of rpb1-26 spt5-AC and rpb1-20 spt5-AC
cells grown in liquid culture at 30°C revealed a high percentage
with elongated and aberrant shapes (Fig. 3C).

Genetic crosses between the spt5-AC strain and the rpbI-16
or rpb1-13 strain yielded double mutants that comprised ~9%
and ~0.15%, respectively, of all haploid progeny, signifying
progressive synthetic interactions with CTD-less Spt5 as the
Pol II CTD was shortened below a critical threshold. Indeed,
the rare surviving rpb1-13 spt5-AC strains could not be propa-
gated when restreaked, and the rpbI-16 spt5-AC strain formed
microscopic colonies only (data not shown). Finally, we failed
to recover any rpb1-12 spt5-AC double mutants among ~4,500
haploid progeny screened. These findings of synthetic lethality



VoL. 30, 2010

FISSION YEAST Spt5 2359

B C 60
P ¥ oF

G IFEF ®

» 40

Spts [ee e &= & = @ 0
- o w o =

20

%d?’(f - e - - - - 10

0

| wT

length (um)

FIG. 4. Effects of alanine substitutions in the Spt5 CTD. (A) S. pombe strains with the indicated chromosomal spt5-(1-800)-CTD alleles—in
which 7 or 8 wild-type or mutated CTD nonamer repeats were fused to Spt5-(1-800)—were grown in liquid medium until the A, reached 0.3 to
0.5. The cultures were adjusted to equalize the A, and aliquots of serial 5-fold dilutions were spotted on YES agar medium. The plates were
photographed after incubation for 8 days at 18°C, 5 days at 20°C, 3 days at 25 and 37°C, or 2 days at 30 and 32°C. WT, wild type. (B) Western blot
analysis of Spt5. Whole-cell extracts of the indicated spt5-CTD strains were resolved by SDS-PAGE. The polypeptides were transferred to a
membrane and probed by serial Western blotting with affinity-purified polyclonal anti-Spt5 antibody (top panel) and then with anti-Cdc2-p34
(PSTAIRE) antibody as a loading control (bottom panel). (C) Morphological phenotypes of spt5-CTD mutants. Cultures of the indicated spt5-CTD
mutant strains were grown to mid-logarithmic phase at 30°C, and 300 to 500 individual cells were measured and sorted into the length bins
specified. The percentage of cells in each bin is represented in the bar graph. (D) Effects of a phosphomimetic T7E change. Aliquots (3 pl) of serial
S-fold dilutions from exponentially growing cultures of the indicated strains were spotted onto YES agar medium. The plates were photographed
after incubation for 8 days at 18°C, 6 days at 20°C, or 2.5 days at 30, 34, and 37°C.

and synthetic sickness suggest that the C-terminal repeat do-
mains of Rpbl and Spt5 overlap functionally.

Alanine scanning of the Spt5 TPAWNSGSK nonamer: ef-
fects on growth and morphology. To dissect the requirements
for individual residues within the consensus repeat sequence
T'P2PA’W*N’S°G’S®K?, we mutated the chromosomal spt5 lo-
cus by replacing Thrl, Pro2, Trp4, AsnS, or Lys9 with alanine
in each of 7 or 8 consecutive nonamer repeats that were fused
to the C terminus of Spt5-(1-800) (Fig. 4A). Adding seven
repeats of the wild type consensus sequence TPAWNSGSK to
Spt5-(1-800) served as the positive control, insofar as the re-
sulting spt5-(CTD), “wild-type” strain grew as well as spt5™" at
all temperatures tested (Fig. 4; see also Fig. 7). Analysis of the
CTD-Ala mutants showed that spt5-(N5A4)g and spt5-(K9A4),
formed wild-type-size colonies at all temperatures (Fig. 4A). In
contrast, the spt5-(W4A)g phenotype mirrored that of spt5-AC
with respect to slow growth and cold sensitivity (Fig. 4A and
D), signifying that single Trp-to-Ala mutations eliminated vir-
tually all beneficial effects of the CTD on Spt5 function in vivo.
spt5-(T1A), and spt5-(P2A) , cells grew as well as wild-type cells

at 25, 30, and 32°C but were slower growing at 37°C and
formed only tiny colonies at 18 to 20°C (Fig. 4A and D). Thus,
the T14 and P24 mutations were much milder than AC and
W4A with respect to cell growth. Thrl is the site of phospho-
rylation of the Spt5 CTD by the Cdk9/Pchl kinase (33); the
adjacent Pro2 completes the (S/T)P recognition motif for cy-
clin-dependent kinases. The finding of concordantly dimin-
ished CTD function at restrictive temperatures in 774 and
P24 mutants suggests that defective CTD phosphorylation
might underlie the observed growth defects. Note that the
Spt5-CTD mutant variants were expressed to comparable lev-
els as judged by Western blot analysis (Fig. 4B and other data
not shown).

We compared the cell size distributions of spt5-CTD-Ala
mutants grown at 30°C in rich medium (Fig. 4C). Whereas
spt5-(N5A)g and spt5-(K9A4), cells resembled spt5-(CTD), and
only 3 to 5% were 13 to 15 pm long, the fractions of spt5-
(T1A),, spt5-(P2A4),, and spt5-(W4A)g cells that were 13 to 15
pm long were 21, 24, and 23%, respectively (Fig. 4C). Only
spt5-(W4A) ¢ had a significant population of cells that were >15
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FIG. 5. Effects of Spt5 CTD-Ala mutations on binding to capping enzymes and on CTD phosphorylation by Cdk9. (A and B) Binding of
GST-tagged Pctl (A) or Pcel (B) to wild-type and Ala-substituted His,-Smt3-Spt5-CTD proteins was assessed by Ni-agarose affinity chroma-
tography as described in Materials and Methods. The input proteins are specified above the lanes by “+.” Aliquots comprising 10% of the input
material (top panels) and 30% of the bead-bound material (bottom panels) were analyzed by SDS-PAGE. Polypeptides were visualized by staining
the gels with Coomassie blue dye. (C) Kinase reaction mixtures (20 pl) containing 50 mM Tris acetate (pH 6.0), 1 mM DTT, 2.5 mM MnCl,, 50
uM [y*?P]JATP, ~100 ng of recombinant Cdk9™'?¥/Pchl kinase (36), and 1 wg of recombinant His,,-Smt3-Spt5-CTD phosphoacceptor as
specified were incubated for 1 h at 20°C. The reactions were quenched by adding SDS to a 1% final concentration. Aliquots (3 wl) of the reaction
mixtures were then analyzed by 12% SDS-PAGE. The *?P-labeled proteins were visualized by autoradiography of the dried gel (top panel). The
positions and sizes (kDa) of marker polypeptides are indicated on the left. The extents of label transfer from [y**P]ATP to His,-Smt3-Spt5-CTD
were quantified by scanning the gel with a Molecular Dynamics Typhoon Phosphorlmager. The data were normalized to the initial reaction volume
and are plotted as a bar graph in the bottom panel. Each datum is the average of results from three or four separate experiments + SD.

pm long (Fig. 4C) and aberrantly branched cells (data not
shown). Overexpression of Mcel, which suppressed the growth
defect of spt5-AC cells, also reversed the slow-growth pheno-
type of spt4-(W4A)g cells at 25, 30, and 32°C (not shown).
However, Mcel overexpression did not relieve the cold sensi-
tivity of spt5-(T1A4), cells (not shown).

Effects of Spt5-CTD-Ala mutations on interaction with fis-
sion yeast capping enzymes. To illuminate the basis for the
phenotypes of spt5-CTD-Ala mutants, we queried their effects
on binding to Pctl and Pcel. Recombinant GST-Pctl and
GST-Pcel proteins were produced in bacteria and purified
from soluble lysates by affinity chromatography. The Spt5-
CTD proteins were produced in bacteria as N-terminal His, -
Smt3 fusions. Whereas the recombinant wild-type, T1A, W4A,
N5A, and K9A CTDs were readily isolated from soluble lysates
by Ni*" affinity chromatography, the P2A mutant was intrac-
tably insoluble and therefore not amenable to biochemical
study. To assay CTD-capping enzyme interactions, the recom-
binant Pct1 and Pcel proteins were mixed with the wild-type or
mutant His;,-Smt3-Spt5-CTD proteins and then adsorbed to
Ni-agarose beads. The beads were recovered and washed ex-
tensively before the bound proteins were eluted with 0.5 M
imidazole. The input and bound polypeptides were then ana-
lyzed by SDS-PAGE (Fig. 5A and B). Whereas each of the
His, -Smt3-Spt5-CTD proteins was absorbed to the Ni-aga-
rose resin via the His, tag (lanes 2 to 11), the GST-tagged Pctl
and Pcel proteins per se did not bind to Ni-agarose (lanes 1).
However, when mixed with wild-type His,,-Smt3-Spt5-CTD,
Pct1 and Pcel were recovered in the bound fraction (lanes 3).
Pct1 and Pcel bound to the T1A and N5A CTD mutants (lanes
5 and 9). They also bound to the K9A mutant, though their
extents of binding to the K9A mutant were consistently lower
than those to the other CTDs (lane 11). The instructive find-

ings were as follows: (i) no Pctl was recovered in the bound
fraction when incubated with the W4A mutant (Fig. SA, lane
7), and (ii) only a trace amount of Pcel bound to the W4A
mutant CTD versus the wild-type CTD (Fig, 5B, lane 7). These
findings, together with those in the preceding section, suggest
the following: (i) that impaired Spt5-capping enzyme interac-
tions account for, or contribute to, the observed growth defect
of spt5-(W4A) cells (an idea consistent with the rescue of the
spt5-(W4A) growth defect by Mcel overexpression) and (ii)
the conditional growth defects of spt5-(T1A4), and spt5-(P2A),
cells have other causes.

Mutational effects on Spt5 CTD phosphorylation by Cdk9.
The Spt5 CTD is a substrate for threonine phosphorylation by
S. pombe Cdk9/Pchl (33, 49). The Cdk9 kinase is regulated by
the S. pombe Cdk-activating kinase Cskl, which phosphory-
lates Cdk9 on Thr212 (36). The phosphomimetic mutant
Cdk9™'?E s activated constitutively (33, 36). Here we assessed
the primary structure requirements for Spt5 phosphorylation
by reacting recombinant wild-type and alanine-substituted
His, ,-Smt3-Spt5-CTD proteins (1 pg; ~50 pmol) with recom-
binant Cdk9"?'**/Pchl kinase and [y**P]ATP. The reaction
products were analyzed by SDS-PAGE, and the extents of *?P
label transfer to the Spt5 CTD phosphoacceptors were quan-
tified (Fig. 5C). Whereas 60 pmol of *?P; was incorporated into
the wild-type CTD, we detected no label transfer to the T1A
CTD mutant (Fig. 5C). This result confirms previous infer-
ences from phosphoamino acid analysis (33) that Thrl is the
direct target for Cdk9 phosphorylation. The N5SA and K9A
mutants were as good or better as substrates for Cdk9 than
wild-type Spt5 CTD (Fig. 5C), consistent with the benign effect
of the NSA and K9A changes on Spt5 activity in vivo. In
contrast, the W4A mutation reduced the extent of CTD phos-
phorylation by a factor of 20 (Fig. 5C). The fact that Trp4 is
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critical for all aspects of Spt5 CTD function tested (cell growth
and morphology, capping enzyme binding, and phosphoryla-
tion by Cdk9) implies that Trp4 is essential for proper folding
of the Spt5 CTD, whether it be intrinsic to the CTD or tem-
plated by proteins that interact with the CTD.

Threonine-to-glutamate substitutions in the Spt5 CTD. We
replaced the chromosomal spz5™* locus with a T/E mutant in
which Thrl was changed to glutamate (a phosphomimetic) in
each of 7 nonamer repeats fused to Spt5-(1-800). The spt5-
(TIE), cells grew as well as wild-type spt5-(CTD), cells at all
temperatures tested (Fig. 4D), and they also displayed wild-
type morphology (not shown). These findings contrast with the
cold-sensitive growth defect and modestly elongated shape of
the spt5-(T1A4), mutant (Fig. 4C and D). We surmise that Thrl
phosphorylation of the Spt5 CTD is important in vivo and
there is no obvious penalty to a constitutive phosphomimetic
state.

Spt5 CTD T1A and P2A mutations confer sensitivity to
6-azauracil. The ribonucleotide-depleting drug 6-azauracil (6-
AU) slows the growth of yeast strains carrying mutations in
genes that encode proteins involved in transcription elongation
(3, 28, 43, 46). To determine whether spt5-CTD-Ala mutant
strains are sensitive to 6-AU, we tested their growth on agar
plates containing 0, 200, or 300 wg/ml 6-AU (Fig. 6). In par-
allel, we assessed the effect of 6-AU on growth of cells carrying
the spt5-CTD-Ala rpbI1-16 and spt5-CTD-Ala rpbl-12 alleles
(Fig. 6). The spt5-(N5A)s and spt5-(T1E), mutants grew com-
parably to the spt5-(CTD), strain in the rpbl™, rpbl-16, and
rpb1-12 strain backgrounds. In contrast, the CTD 714 and P24
mutations sensitized S. pombe to 300 wg/ml 6-AU in the rpbl ™
background, resulting in slowed growth (Fig. 6, top panels).
Whereas truncating the Rpbl CTD to 16 and 12 heptad re-
peats had little or no effect on 6-AU sensitivity per se, the
rpb1-16 and rpb1-12 alleles progressively exacerbated the 6-AU
sensitivity of the spt5-(T1A4), and spt5-(P2A4), mutants (Fig. 6,
middle and bottom panels). The distinctive effects of Thrl and
Pro2 mutations on 6-AU sensitivity imply a positive role for
Spt5 CTD phosphorylation in transcription elongation in fis-
sion yeast.

Combining Pol I CTD Ser2 and Spt5 CTD Thrl mutations.
S. pombe Cdk9 catalyzes threonine phosphorylation of the Spt5
CTD and serine phosphorylation of the Pol II CTD (33).
Probing of the Cdk9-phosphorylated Pol II CTD product with
various antibodies suggested that Cdk9 acts on Ser2 and Ser5
of the YSPTSPS heptad (13, 36). Most of the bulk Ser2 phos-
phorylation of the fission yeast Rpbl CTD in vivo depends on
a different nonessential Cdk enzyme named Lsk1 (23). None-
theless, a fraction of Rpbl Ser2 phosphorylation in vivo ap-
pears to require Cdk9, as inferred from experiments with
analog-sensitive kinase mutants (49). The finding that a mu-
tated Rpb1 CTD in which Ser2 was replaced by alanine could
sustain S. pombe viability, albeit with conditional defects in
cytokinesis (23), had two important ramifications: (i) that Ser2
phosphorylation is not globally essential for Pol II transcription
and (ii) that the essentiality of the S. pombe Cdk9 kinase (36)
reflects its phosphorylation of a critical target other than Rpbl
CTD-Ser2. One obvious candidate is the Spt5 CTD Thrl,
which, though also not essential, might overlap functionally
with Rpbl Ser2. To evaluate this scenario, we tested for mu-
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FIG. 6. Spt5 CTD T1A4 and P24 mutations sensitize fission yeast to
growth inhibition by 6-azauracil. Exponentially growing cultures of S.
pombe strains with the indicated rbp! and spt5 genotypes were adjusted
to an Ay, of 0.1, and aliquots (3 pl) of serial 5-fold dilutions were
spotted on synthetic agar medium lacking uracil and containing 6 mM
NH,OH and 0, 200, or 300 pg/ml 6-azauracil (6-AU) as specified. The
plates were incubated at 30°C for 4 days (no 6-AU), 5 days (200 pg/ml
6-AU), or 5.5 days (300 pg/ml 6-AU).

tational synergy between an Rpbl CTD-S2A mutation and an
Spt5 CTD T1A mutation.

We constructed an rpbI-S2A allele that encodes 14 tandem
repeats of the mutant heptad YAPTSPS fused to the first 4
imperfect heptad variants of the wild-type Rpb1 subunit (Fig.
7). Our version of S2A has two more mutant heptads than that
described previously (23). The haploid S. pombe rpbl-S2A
strain grew as well as the rpbI " and rpb1-16 (which contains a
“wild type” CTD sequence of similar length) strains at 30°C
but was slower growing at 25°C and extremely sick at 20 and
37°C (Fig. 7, bottom panels).

To assay mutational synergy, we combined the rpbI-S2A4
allele with spt5-(CTD),, spt5-(T1A),, and spt5-(TIE),. The rel-
evant findings were as follows: (i) truncating the Spt5 CTD to
7 “wild type” nonamer repeats (which had no effect in an
rpb1-16 background) exacerbated the rpbl-S2A cold-sensitive
phenotype (see results for 20°C); (ii) there was no synthetic
growth defect for the rpbl-S24 spt5-(T1A), double mutant;
(iii) the constitutive Spt5 phosphomimetic spt5-(T1E), muta-
tion did not suppress the conditional growth defects of rpbI-
$2A4 (Fig. 7). We surmise that phosphorylations of Rpbl Ser2



2362 SCHNEIDER ET AL.

rpb1* | sptb*
pb1-16 | sptb*
rpb1-16 | spt5-(CTD),
pb1-16 | sptb-T1A
rob1-16 | spt5-T1E
rpb1* | sptb*
pb1-16 | sptb*
rpb1-S2A | spt5*
rpb1-S2A | spt5-(CTD),
pb1-S2A | spt5-T1A
pb1-S2A | spt5-T1E

MoL. CELL. BIOL.

S2A

YGLTSPS
YSPSSPG
YS-TSPA
YMPSSPS
YAPTSPS
YAPTSPS
YAPTSPS
YAPTSPS
YAPTSPS
YAPTSPS
YAPTSPS
YAPTSPS
YAPTSPS
YAPTSPS
YAPTSPS
YAPTSPS
YAPTSPS
YAPTSPS

FIG. 7. Effects of spt5-CTD mutations in combination with rpb/-S24. The amino acid sequence of the S. pombe Rpbl CTD-S2A variant is
shown at right. The heptapeptide repeats are stacked vertically with the mutated Ser2 positions shaded in gray. The indicated fission yeast strains
were maintained in logarithmic growth at 30°C in YES medium. The cultures were adjusted to an A4y, of 0.01, and aliquots of 10-fold serial
dilutions were spotted on YES agar medium. The genotypes of the strains with respect to the rpbI and spt5 loci are indicated on the left. The plates
shown in the upper panels were incubated for either 2 days at 37 and 30°C, 3 days at 25°C, or 5 days at 20°C. The plates shown in the lower panels
were incubated for either 2 days at 37 and 30°C, 4 days at 25°C, or 7 days at 20°C.

and/or Spt5 Thrl are not essential for viability of S. pombe and
that Cdk9 phosphorylates another essential target site in vivo.

DISCUSSION

The Spt5 and Pol II CTDs perform overlapping essential
functions. We show here that the CTD nonamer repeat array
of fission yeast Spt5 is important for normal physiology, insofar
as its complete deletion elicits a constitutive slow-growth de-
fect and aberrant cell morphology. The spt5-AC phenotype is
mimicked by replacing Trp4 in each TPAWNSGSK nonapep-
tide with alanine, which attests to a likely structural role for
this defining residue of the S. pombe SptS CTD. The Spt5
homologs of other eukarya also have CTD arrays with repeat-
ing (Thr/Ser)Pro motifs, albeit less regular in their spacing and
primary structure than that of S. pombe (32). In particular,
whereas the residue located two positions downstream of the
Thr-Pro dipeptide in S. pombe Spt5 is a tryptophan in 12 of the
CTD repeats (Fig. 2), it is never a tryptophan in the human,
nematode, or zebra fish proteins. The Spt5 CTD of budding
yeast S. cerevisiae is atypical in that it contains 15 tandem
repeats of a proline-free hexapeptide motif of the consensus
sequence S(A/T)YWGG(A/Q), in which the first serine residue
is a substrate for phosphorylation by the cyclin-dependent
Burl kinase (26, 58). Budding yeast Burl is the ortholog of
fission yeast Cdk9 (33, 35). Immediately upstream of this CTD
hexapeptide array in S. cerevisiae Spt5 is a pair of Thr-Pro
dipeptides, each of which is embedded in a short motif—
205TPGWSS and *'TPAVNA—that bears some similarity to
the S. pombe Spt5 CTD repeat unit. Probing of cell extracts
with phosphoamino acid antibodies suggested that S. cerevisiae
Spt5 contains phosphothreonine (58), though the threonine
phosphorylation sites were not identified.

Notwithstanding these differences in CTD structure, there is
an emerging consensus from genetic studies that the Spt5 CTD
plays an important, but not strictly essential, role in Spt5 func-
tion in vivo. To wit, whereas knockdown of human Spt5

blocked proliferation of HeLa cells, cell growth was restored
by a human Spt5 mutant lacking the CTD repeat module (24).
This result prompted speculation of functional redundancy of
the human Spt5 CTD. Deletion of the hexapeptide CTD re-
peat array of S. cerevisiae Spt5 had no effect on cell growth at
30°C but resulted in slow growth at 16°C (26) and sensitivity to
6-AU (58). (Note that the spt5-ACTD growth phenotype in
budding yeast is less severe than that in S. pombe and appears
more akin to the effects of the S. pombe spt5-T1A4 mutant.)

To explore the potential functional redundancies of the S.
pombe Spt5 CTD, we focused on the Rbpl CTD heptad array,
reasoning that because both CTDs bind proteins that act co-
transcriptionally and receive inputs via phosphorylation of
their component repeats, the presence of one of the CTDs
might buffer the loss or truncation of the other CTD. Here we
conducted the first incremental deletion analysis of the S.
pombe Rpbl CTD, which revealed the following: (i) 16 of the
29 heptad repeats are needed for wild-type growth on standard
medium; (ii) less than 10 heptads is constitutively lethal; and
(iii) serial trimmings between 13 and 10 heptads progressively
worsen cell growth. Two prior studies had each documented a
single viable S. pombe rpb1-ACTD allele, though their nomen-
clatures differed from each other and from ours with respect to
heptad counting. By reference to the heptad alignment in Fig.
2, the viable but slow-growing rpbI-11 allele in the work of
Schramke et al. (40) contained 12 repeats, and the rpbI-
12xCTD allele of Karagiannis and Balasubramanian (23) con-
tained 16 repeats.

A key finding of our study is that the otherwise viable CTD
truncation mutations rpb1-11, -12, and -13 are synthetic lethal
with spt5-AC, while rpb-16 and spt5-AC are synthetically very
sick. Even a modest shortening of the Pol I CTD to 20 repeats
exacerbated the spt5-AC growth defect. These results provide
evidence for an essential overlapping function(s) of the Spt5
and Pol IT CTDs in fission yeast. Similar inferences were drawn
for budding yeast based on the observation that the viable
spt5-ACTD allele was synthetic lethal with a viable ctk/A null
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allele that lacks the major yeast Rbpl CTD-Ser2 kinase Ctkl
(26), a result taken to mean that Pol IT Ser2 phosphorylation
and Spt5 CTD phosphorylation are the functionally overlap-
ping principles. However, this scenario cannot pertain in fis-
sion yeast, where we see no synergy between an spt5-T1A
mutation that eliminates the SptS CTD phosphorylation site
and an rpb1-S2A4 mutation.

Fortifying the CTD connection to capping enzymes in S.
pombe. The fission yeast capping enzymes RNA triphos-
phatase (Pctl) and RNA guanylyltransferase (Pcel) are sep-
arately encoded essential proteins that bind independently
to the phosphorylated Rbpl CTD heptad array and to the
unphosphorylated S. pombe Spt5 CTD nonamer array (32,
34). The mammalian capping enzyme Mcel is a single modular
polypeptide composed of N-terminal triphosphatase and C-
terminal guanylyltransferase domains. The Mcel guanylyl-
transferase domain binds to the phosphorylated Pol II CTD
and thereby ferries the covalently tethered triphosphatase
module, which does not bind to the Pol II CTD on its own, to
the mammalian Pol II elongation complex (18, 19). Both iso-
lated domains of Mcel can bind to human Spt5 via its CTD,
and this interaction increases the efficiency of contranscrip-
tional capping, especially when the Pol II CTD is in the de-
phosphorylated state (27, 52). It is noteworthy that Mcel does
not bind to the S. pombe Spt5 CTD (32). Our finding here that
Mcel is a dosage suppressor of the growth defect and elon-
gated shape of the spt5-AC mutant attests that capping enzyme
recruitment is likely a limiting factor in the absence of the Spt5
CTD. Overexpression of Mcel, or combined overexpression of
Pctl and Pcel, presumably drives their binding directly to the
phosphorylated Rbpl CTD, either by simple mass action or by
competition with other cellular CTD-binding proteins. An ap-
pealing scenario, admittedly speculative at this stage, is that the
fission yeast triphosphatase and guanylyltransferase bind ini-
tially to the unphosphorylated Spt5 CTD and are then handed
off to the nearby Poll II CTD within the same transcription
complex after Rbpl is phosphorylated on SerS5. It is noteworthy
that capping enzyme overexpression does not alleviate the slow
growth of spt5-AC cells at low temperatures, indicating that the
Spt5 CTD has other functions beyond capping.

A genetically separable contribution of Spt5 to transcription
elongation relies on threonine phosphorylation. Replacing the
Spt5 CTD Thrl side chain with alanine abolished its ability to
serve as a phosphoacceptor substrate for Cdk9 without impact-
ing the interactions with the capping enzymes Pctl and Pcel.
The T1A mutation elicited a milder phenotype in vivo than did
complete deletion of the Spt5 CTD, said phenotype comprising
cold-sensitive (cs) and temperature-sensitive (ts) growth (that
was unaffected by Mcel overexpression) and sensitivity to
growth inhibition by 6-AU. The cs and ts growth and 6-AU
sensitivity are both suppressed by the phosphomimetic T1E
change, thereby implicating deficient Spt5 CTD phosphoryla-
tion as the culprit in a putative transcription elongation abnor-
mality in T1A4 cells. 6-AU sensitivity of 714 cells was enhanced
by shortening the Pol IT CTD to 16 heptad repeats, though the
rpbl1-16 allele itself caused no 6-AU sensitivity. This trend
progressed as spt5-T1A4 was combined with the rpbi-12 allele.
We surmise from these results that the Pol II CTD and the
threonine-phosphorylated Spt5 CTD play overlapping positive
roles in elongation. However, as noted above, the overlap is
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not at the level of Ser2 phosphorylation of the Rpbl CTD
array, because there was no synergy between rpbl-S24 and
spt5-T1A, as gauged by growth on standard medium. We
thereby infer the existence of at least one additional critical
target for the essential Cdk9 kinase. Conceivably, Cdk9 could
phosphorylate a different position within the Rbpl CTD hep-
tad (Ser5 and/or Ser7) or yet another protein involved in tran-
scriptional control in fission yeast. S. pombe Cdk9 can phos-
phorylate Rpbl on Ser5 in vitro (36), and it is appealing to
think that Cdk9 phosphorylation of Ser5, coordinated tempo-
rally (during the transcription cycle) and spatially (within the
linear heptad array) with Cdk7’s Ser5 phosphorylation func-
tion, might comprise an internal “CTD clock,” analogous to
recent discussions of how Cdk7 Ser5 phosphorylation primes
subsequent CTD phosphorylations of Ser2 (38, 49).
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