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In eukaryotic cells, transcription coupled nucleotide excision
repair (TCR) is believed to be initiated by RNA polymerase II
(Pol II) stalled at a lesion in the transcribed strand of a gene.
Rad26, the yeast homolog of the human Cockayne syndrome
group B (CSB) protein, plays an important role in TCR. Spt4, a
transcription elongation factor that forms a complex with Spt5,
has been shown to suppress TCR in rad26� cells. Here we pres-
ent evidence that Spt4 indirectly suppresses Rad26-indepen-
dent TCR by protecting Spt5 from degradation and stabilizing
the interaction of Spt5 with Pol II. We further found that the
C-terminal repeat (CTR) domain of Spt5, which is dispensable
for cell viability and is not involved in interactionswith Spt4 and
Pol II, plays an important role in the suppression. The Spt5 CTR
is phosphorylated by the Bur kinase. Inactivation of the Bur
kinase partially alleviates TCR in rad26� cells.We propose that
the Spt5 CTR suppresses Rad26-independent TCR by serving as
a platform for assembly of a multiple protein suppressor com-
plex that is associated with Pol II. Phosphorylation of the Spt5
CTR by the Bur kinase may facilitate the assembly of the sup-
pressor complex.

Nucleotide excision repair (NER)2 is a conservedDNA repair
mechanism capable of removing a variety of helix-distorting
lesions, such as UV-induced cyclobutane pyrimidine dimers
(CPDs) (1). NER can be grouped into two pathways: global
genomic repair (GGR), which refers to repair throughout the
genome, and transcription coupled repair (TCR), which refers
to a repair mechanism that is dedicated to the transcribed
strand of actively transcribed genes (2). In the yeast Saccharo-
myces cerevisiae, Rad7, Rad16 (3), and Elc1 (4) are specifically
required for GGR, but dispensable for TCR. Rad7 and Rad16
form a complex that binds specifically to UV-damaged DNA in
an ATP-dependent manner and has DNA-dependent ATPase
activity (5). Elc1 has been shown to be a component of a ubiq-
uitin ligase that contains Rad7 andRad16, and is responsible for
regulating the levels of Rad4 protein in response to UV damage
(6, 7). It has also been suggested that Elc1 is a component of

another ubiquitin ligase complex, which contains Ela1, Cul3,
and Roc1 but not Rad7 and Rad16 (8, 9). The role of Elc1 in
GGR may not be subsidiary to that of Rad7 and Rad16 (4).
The mechanistic details of TCR are relatively well under-

stood in Escherichia coli.The transcription repair coupling fac-
torMfd targets the transcribed strand for repair by recognizing
a stalled RNA polymerase and actively recruiting the NER
machinery to the transcription blocking lesion as it dissociates
the stalled RNA polymerase (10). Conversely, the TCR mecha-
nisms in eukaryotes appear to be extremely complicated (for
reviews, see Refs. 11 and 12). In mammalian cells, Cockayne
syndrome group A (CSA) and B (CSB) proteins are specifically
required for TCR, but dispensable for GGR (13–16). Like its
human homolog CSB, the yeast Rad26 plays an important role
in TCR but is dispensable for GGR (17). Both human CSB (18)
and yeast Rad26 (19) are DNA-stimulated ATPases and play
roles in transcription elongation (20, 21). However, TCR in
yeast is not solely dependent onRad26, as a substantial extent of
TCR still occurs in cells lacking Rad26 (22–24). Rpb9, a nones-
sential subunit of RNA polymerase II (Pol II), has also been
shown to play a role in TCR (22, 23, 25, 26).
Mutations in the SPT4 and SPT5 genes in yeast were origi-

nally isolated as suppressors of the Ty insertion mutations that
interfere with adjacent gene transcription (27). When the Ty
sequence is inserted in the upstream region of a gene, the tran-
scription signal directs transcription from the Ty promoter and
interferes with normal transcription of the adjacent gene. A
mutation in SPT4 or SPT5 attenuates the aberrant transcrip-
tion, restoring transcription from the normal site. The SPT4
gene is dispensable (28), whereas the SPT5 gene is essential (29)
for cell viability. Immunoprecipitation studies showed that
Spt4 and Spt5 form a complex, which physically interacts with
Pol II (30). Yeast cells lacking Spt4 show reduced efficiency of
Pol II elongation through GC-rich DNA sequences and a gen-
eral decrease in Pol II processivity (31, 32). These proteins are
conserved eukaryotic transcription-elongation factors and are
generally required for normal development and viral gene
expression in multicellular eukaryotes (33). In mammalian
cells, the Spt4-Spt5 complex, which is also called DRB sensitiv-
ity inducing factor, and represses transcription elongation at
the early elongation-recessive elongation transition (34, 35).
Phosphorylation of the C-terminal repeat region of Spt5 plays a
key role in converting the complex from a repressor to a posi-
tive regulator of transcription (36, 37).
Interestingly, it was shown that deletion of spt4 alleviates the

requirement of Rad26 for TCR in yeast, indicating that Spt4
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suppresses Rad26-independent TCR (38). Until now, whether
and/or how Spt5 is involved in the suppression is unclear. Like
the spt4 deletion, an Spt5 point mutation, spt5–194, results in
the Spt� phenotype (i.e. unable to suppress Ty insertion muta-
tions) and is sensitive to the nucleotide depletion drug 6-azau-
racil, indicating that spt4 deletion and spt5–194mutation may
cause similar deficiencies in transcription elongation (30, 39).
In addition, spt5–194 combined with an spt4mutation leads to
synthetic lethality (39). However, unlike spt4�, the spt5–194
mutation does not suppress UV sensitivity of rad16� rad26�
cells (38). This observation led to the proposition that, unlike
Spt4, Spt5 may not play a role in suppressing Rad26-indepen-
dent TCR or that, despite the shared phenotypes with spt4�,
the specific spt5–194 mutation may not lead to a defect in the
suppression. In this paper, we present evidence that Spt4 indi-
rectly suppresses Rad26-independent TCR by protecting Spt5
from degradation and stabilizing the interaction of Spt5 with
Pol II. We further found that the C-terminal repeat (CTR)
domain of Spt5, which contains 15 copies of a 6-amino acid
sequence that can be phosphorylated by theBur kinase, plays an
important role in suppressing Rad26-independent TCR.

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—Yeast strains used in this study
are listed in Table 1. Wild type yeast strain BJ5465 (MATa
ura3–52 trp1 leu2�1 his3�200 pep4::HIS3 prb1�1.6R can1)
was obtained from the American Type Culture Collection. All
deletion mutants were made in BJ5465 background and con-
firmed by PCR analysis, using procedures described previously
(22).URA3, LEU2, andKanMXwere used to replace the gene to
be deleted. In some cases, the URA3 gene that had replaced a
gene was further knocked-out as described previously (22).
Nucleotides (with respect to the starting codon ATG) �14 to
�288, �51 to �2400, �214 to �1454, �58 to �2297, and
�204 to�730were deleted for SPT4, SPT5,RAD7,RAD26, and
BUR2 genes, respectively. Strains with their genomic genes

taggedwith three consecutive FLAG (3xFLAG) sequences were
created using PCR products amplified from plasmid p3FLAG-
KanMX, as described previously (40).
A plasmid overexpressing 3xFLAG-tagged Spt5 under con-

trol of the GAL10 promoter was created using vector pESC-
URA (Fig. 2A). Two consecutive FLAGsequenceswere inserted
in-frame downstream of the FLAG sequence (downstream of
theGAL10 promoter) present in the original pESC-URA vector
to create a vector encoding 3xFLAG. The SPT5 gene coding
sequence was amplified by PCR and inserted in-frame down-
stream of the 3xFLAG sequence to create plasmid pGAL-SPT5
(Fig. 2A).
A single-copy centromeric plasmid with the URA3 gene as a

selection marker and encoding the wild type Spt5 protein was
created by using the plasmid pRS416 (41). The full-length of the
SPT5 gene encompassing the 5� promoter, the coding region,
and the 3� terminator was amplified by PCR and inserted
between BamHI and EagI sites of pRS416 to create plasmid
pRS416-SPT5. A single-copy centromeric plasmid with the
LEU2 gene as a selection marker and encoding the full-length
or truncated Spt5 proteins were created by using plasmid
pRS415 (Fig. 4, A and B) (41). The promoter, full-length or
truncated coding sequences, and the terminator of the SPT5
gene, and the 3 consecutive Myc sequences (3xMyc) were
amplified by PCR and ligated into pRS415 to create plasmids
expressing the full-length or CTR-deleted Spt5 (Fig. 4B).
Shuffling of Plasmids Encoding Different Spt5 Truncates—

Yeast cells were transformed with plasmid pRS416-SPT5 and
the genomic SPT5 gene was then deleted using a standard pro-
cedure as described above. The specific deletion of the genomic
SPT5 gene was confirmed by PCR using primer pairs specific
for the genomic SPT5 gene and the plasmid-borne SPT5 gene.
pRS415-based plasmids encoding the full-length or truncated
Spt5were transformed into the yeast cells whose genomic SPT5
gene had been deleted and complemented with pRS416-SPT5.

TABLE 1
Yeast strains used in this study

Strain Genotypea Ref./source

BJ5465 MATa ura3–52 trp1 leu2�1 his3�200 pep4::HIS3 prb1�1.6R can1 74
CR18 As BJ5465, but rad7� rad26� 75
CR78 As BJ5465, but rad7� rad26� spt4::LEU2 This study
BD4 As BJ5465, but rad7� rad26� (SPT4-3�FLAG) This study
BD7 As BJ5465, but (SPT5-3�FLAG) This study
BD9 As BJ5465, but rad7::URA3 (SPT5-3�FLAG) This study
BD10 As BJ5465, but rad7� rad26� (SPT5-3�FLAG) This study
BD13 As BJ5465, but spt4::LEU2 (SPT5-3�FLAG) This study
BD14 As BJ5465, but rad7� spt4::LEU2 (SPT5-3�FLAG) This study
BD15 As BJ5465, but rad7� rad26� spt4::LEU2 (SPT5-3�FLAG) This study
BD16 As CR18, but �pGAL-SPT5� This study
BD17 As CR78, but �pGAL-SPT5� This study
BD21 As BJ5465, but �pGAL-SPT5� This study
BD56 As CR18, but spt5::KanMX �pRS416-SPT5, pSPT5� This study
BD57 As CR18, but spt5::KanMX �pRS416-SPT5, pSPT5/CTR�� This study
BD58 As CR18, but spt5::KanMX �pRS416-SPT5, pSPT5/641-1063�� This study
BD59 As CR18, but spt5::KanMX �pRS416-SPT5, pSPT5/422-1063�� This study
BD60 As CR18, but spt5::KanMX �pRS416-SPT5, pSPT5/1–244�� This study
BD61 As CR18, but spt5::KanMX �pRS416-SPT5, pSPT5/1–421�� This study
BD62 As CR18, but spt5::KanMX �pRS416-SPT5, pSPT5/1–640�� This study
BD63 As BD56, but �pRS416-SPT5� removed This study
BD64 As BD57, but �pRS416-SPT5� removed This study
BD94 As CR18, but bur2::URA3 This study
BD95 As BD64, but bur2::URA3 This study
BD96 As BD63, but bur2::URA3 This study

a Genomic genes tagged with 3�FLAG are indicated in parentheses; plasmids contained in strains are indicated in brackets.
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The transformed cells were cultured in medium containing
uracil but not leucine to select the LEU2 plasmids and allow the
loss of theURA3 plasmid. A centromeric plasmid generally has
a loss rate of 1% per generation and shows virtually no segrega-
tion bias (42). The cultures were then spotted onto plates con-
taining 5-fluoroorotic acid (5-FOA), which is toxic to cells with
a functional URA3 gene (43), to select for cells that had lost
plasmid pRS416-SPT5.
Repair Analysis of UV-induced CPDs—Yeast cells were

grown at 30 °C in minimal medium containing 2% glucose
(SD) or 2% galactose (SG, for Spt5 overexpression) to late log
phase (A600 � 1.0), irradiated with 80 J/m2 of 254 nmUV and
incubated in YPDmedium (2% peptone, 1% yeast extract and
2% glucose) or YPG medium (2% peptone, 1% yeast extract
and 2% galactose) in the dark at 30 °C. At different times of
the repair incubation, aliquots were removed and the
genomic DNA was isolated using a hot SDS procedure as
described previously (22).
The gene fragments of interest were 3�-end labeled with

[�-32P]dATP using a procedure described previously (44, 45).
Briefly, 	1 �g of total genomic DNAwas digested with restric-
tion enzyme(s) to release the fragments of interest and incised
at CPD sites with an excess amount of T4 endonuclease V (Epi-
centre). Excess copies of biotinylated oligonucleotides, which
are complementary to the 3�-end of the fragments to be labeled,
were mixed with the sample. The mixture was heated at 95 °C
for 5min to denature the DNA and then cooled to an annealing
temperature of around 50 °C. The annealed fragments were
attached to streptavidin magnetic beads (Invitrogen), labeled
with [�-32P]dATP (PerkinElmer Life Sciences), and resolved on
sequencing gels. The gels were exposed to a PhosphorImager
screen (Bio-Rad). The signal intensities at gel bands corre-
sponding toCPDsiteswere quantified usingQuantityOne soft-
ware (Bio-Rad).
Whole Cell Extract Preparation and Immunoprecipitation—

Yeast cells were cultured at 30 °C in minimal medium contain-
ing 2% glucose or galactose (to induce a gene under the control
of the GAL10 promoter) to late log phase and harvested. For
measuring cellular levels of proteins of interest, whole cell
extracts were prepared using a trichloroacetic acid method
(46). The harvested cells from a 5-ml culture were resuspended
in 300 �l of 20% trichloroacetic acid and broken by vertexing
them with acid-washed glass beads. The proteins in the lysates
were pelleted by centrifugation, washed with ice-cold 80% ace-
tone, and dissolved in 100 �l of 2� SDS-PAGE gel loading
buffer (47).
To examine the effect of Spt4 on Spt5 degradation, spt4� and

SPT4� cells expressing 3xFLAG-tagged Spt5 were cultured to
late log phase. Cycloheximide (CHX), a potent protein synthe-
sis inhibitor (48), was added to the cultures to a final concen-
tration of 500 �g/ml to completely stop protein synthesis (46).
At different times following the addition of CHX, cells were
harvested and whole cell extracts were prepared using the tri-
chloroacetic acid method as described above.
For immunoprecipitation, the harvested cells from a 25-ml

culture were washed with and resupended in 0.5 ml of immu-
noprecipitation buffer (50 mM Tris-Cl, pH 7.4, 150 mMNaCl, 1
mM EDTA, 1 mM EGTA, 0.4 mM Na4VO3, 10 mM Na4P2O7, 10

mM sodium fluoride, 0.5%Nonidet P-40, 1%TritonX-100, 0.1%
SDS, 0.2 mM phenylmethylsulfonyl fluoride, and protease
inhibitors) (46). The cells were broken with acid-washed glass
beads, and cell debris was removed by centrifugation at
20,000 � g for 10 min at 4 °C. Fifty �l of the lysate was saved as
an “input.” The remaining lysate was added with 15 �g of anti-
FLAG (M2) (Sigma), anti-Myc (Sigma), 8WG16 (Neoclone), or
H14 (Covance) antibodies, which recognize FLAG tag peptide,
Myc tag peptide, the hypophosphorylated and hyperphosphor-
ylated C-terminal heptapeptide repeats of Rpb1, respectively
(49). The mixture was incubated at 4 °C overnight with gentle
rotation. Protein A- or G-coated agarose beads (Sigma) were
added to the mixture and incubated at 4 °C for 3 h with gentle
rotation. The beads were washed twice with immunoprecipita-
tion buffer containing 0.5 M NaCl and twice with immunopre-
cipitation buffer containing 150mMNaCl. Boundproteinswere
eluted by boiling the beads in 50 �l of 2� SDS-PAGE gel load-
ing buffer.
Treatment of Immunoprecipitated Pol II Complexes with �

Phosphatase—Pol II complex was immunoprecipitated from
yeast cells using antibodyH14 as described above. ProteinA- or
G-coated agarose beads attached with the immunoprecipitates
were resuspended in 100 �l of dephosphorylation reaction
buffer (50mMHEPES, 100mMNaCl, 2mMdithiothreitol, 0.01%
Brij-35, 1 mM MnCl2). Four hundred units of � protein phos-
phatase (New England Biolabs) were added to the sample. Fol-
lowing 30 min of incubation at 30 °C, 100 �l of 2� SDS-PAGE
gel loading bufferwas added to the sample. Proteinswere eluted
from the beads by boiling for 5 min.
Western Blot—Proteins in whole cell extracts, immunopre-

cipitation inputs, immunoprecipitated samples, or phospha-
tase-treated samples were resolved on an SDS-PAGE gel and
transferred onto a polyvinylidene difluoridemembrane (Immo-
bilon-P;Millipore). Rpb1was probedwith 8WG16 orH14 anti-
bodies. 3xFLAG- and 3xMyc-tagged proteins were probedwith
anti-FLAG M2 antibody (Sigma) and anti-Myc antibody
(Sigma), respectively. Blots were incubated with SuperSignal�
West Femto Maximum Sensitivity Substrate (Pierce), and the
protein bands were detected using a chemiluminescence scan-
ner (Fluorchem 8800, Alpha Innotech). Band intensities were
quantified using AlphaEaseFC 4.0 software.
Northern Blot—Yeast cells were cultured to late log phase

under the same conditions as those used forNER analysis. Total
RNA was isolated using a hot acidic phenol method, as
described (50). The RNA was fractionated on formaldehyde-
agarose gels (47), transferred onto Hybond-N� membranes
(GE Healthcare), and hybridized with radioactive probes gen-
erated using the Prime-It� II Random Primer Labeling Kit
(Stratagene).
UV Sensitivity Assay—Yeast cells were grown at 30 °C in

minimal medium to saturation, and sequential 10-fold dilu-
tions were made. The diluted samples were spotted onto
YPD plates. When the spots had dried, the plates were irra-
diated with different doses of 254 nm UV light. The plates
were incubated at 30 °C for 3–7 days in the dark prior to
being photographed.
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RESULTS

Spt4 Protects Spt5 from Degradation and Stabilizes the Inter-
action of Spt5 with Pol II—It has been shown that Spt4 partially
suppresses Rad26-independent TCR, as deletion of SPT4 rein-
states TCR in rad26� cells (38). Spt4 forms a complexwith Spt5
in yeast (30, 39) and human cells (34). In yeast, the SPT4 gene is
dispensable (28), whereas the SPT5 gene is essential for cell
viability (29). We wondered if Spt4 suppresses Rad26-indepen-
dent TCR directly or through or together with Spt5. To this
end, we first examined if Spt4 affects the cellular level of Spt5.
Three consecutive FLAG sequences (3xFLAG) were tagged to
the coding sequence of the genomic SPT5 gene in different
yeast mutants. The 3xFLAG tag did not cause any noticeable
deficiency to the cells (not shown). As shown in Fig. 1A, the
cellular level of Spt5 in spt4� cells was about 1⁄3 of that in SPT4�

cells, regardless of the presence of the GGR factor Rad7 or the
TCR factor Rad26. However, the SPT5mRNA levels were sim-
ilar between spt4� and SPT4� cells (Fig. 1B), indicating that the
lower cellular level of Spt5 in spt4� cells was not caused by a
decreased transcription of the SPT5 gene. For an unknown rea-
son, SPT5 mRNA levels were somewhat higher in rad7� cells
than in RAD7� cells (Fig. 1B, compare first and second lanes
with the third to sixth lanes). We then tested whether Spt5 was
degraded faster in spt4� cells. The level of Spt5 barely changed
in SPT4� cells during an 8-h incubation after protein synthesis

was completely suppressed by the
addition of the protein synthesis
inhibitor CHX (Fig. 1, C and D). In
contrast, the Spt5 level decreased
dramatically in spt4� cells under
the same incubation conditions
(Fig. 1, C andD). These results indi-
cate that Spt4 protects Spt5 from
degradation.
To test whether overexpression

of Spt5 in spt4� cells could compen-
sate for the absence of Spt4, we cre-
ated a multicopy (with 2-�m replica-
tion origin) plasmid (pGAL-SPT5)
expressing the 3xFLAG-tagged Spt5
under the control of the galactose
inducible GAL10 promoter (Fig.
2A). The plasmid was transformed
into different yeast mutant strains.
Upon galactose induction, the plas-
mid-encoded 3xFLAG-tagged Spt5
was expressed at cellular levels that
were 3–6 times of those of the
genomically encoded 3xFLAG-
tagged Spt5 (Fig. 2B, compare lanes
1 and 4, 2 and 5, and 3 and 6).

It has been shown that the Spt4-
Spt5 complex is associated with Pol
II (30). The elongation form of Pol II
is hyperphosphorylated at serines 2
and 5 of the C-terminal heptapep-
tide repeats (Y1S2P3T4S5P6S7) of
Rpb1, whereas the non-elongation

form of Pol II is hypophosphorylated at the repeats (51). Anti-
body 8WG16 recognizes the serine 2 unphosphorylated
repeats, whereas H14 recognizes the serine 5 phosphorylated
repeats (49). We immunoprecipitated 3xFLAG-tagged Spt5
with an anti-FLAG antibody. The presence of the hypo- and
hyperphosphorylated formsof Pol II in the immunoprecipitates
were examined by using antibodies 8WG16 and H14, respec-
tively. As can be seen in Fig. 2C, slightly more hyperphosphor-
ylated Pol II was coimmunoprecipated than hypophosphor-
ylated Pol II, suggesting that Spt5 may have a slight preference
for binding to the elongation form of Pol II.
To examinewhether Spt4 affects the binding of Spt5 to Pol II,

the hypo- and hyperphosphorylated Pol II were immunopre-
cipitated fromdifferent yeastmutants using antibodies 8WG16
and H14, respectively. The level of Spt5 associated with the
hyperphosphorylated Pol II was much lower in spt4� cells than
in SPT4� cells (Fig. 2D, compare lanes 1 and 2). Overexpression
of Spt5 increased its binding to the hyperphosphorylated Pol II,
especially in spt4� cells (Fig. 2D, compare lanes 2 and 4). How-
ever, the level of Spt5 associated with the hyperphosphorylated
Pol II in spt4� cells overexpressing the tagged Spt5 was still
somewhat lower than that in SPT4� cells normally expressing
the genomically tagged Spt5 (Fig. 2D, compare lanes 1 and 4),
although the cellular level of the overexpressed Spt5 in the
spt4� cells is higher (	1.5-fold) than that in SPT4� cells nor-

FIGURE 1. Spt4 protects Spt5 from degradation. A, Western blot showing cellular levels of Spt5 expressed
from the genomic SPT5 gene tagged with 3xFLAG in different strains. The control lane contains a sample
prepared from the wild type strain whose SPT5 gene was not tagged. The tubulin bands serve as internal
loading controls. The numbers at the bottom indicate relative cellular levels of the tagged Spt5 in the different
strains (the level in wild type cells is set as 1). B, Northern blot showing Spt5 mRNA levels in the different strains.
The lower panel shows an ethidium bromide-stained agarose gel containing the resolved total RNA before
being blotted onto a membrane. The numbers at the bottom indicate relative cellular levels of Spt5 mRNA in the
different strains (the level in wild type cells is set as 1). The 25 S and 18 S rRNA bands serve as internal loading
controls. C, Western blot showing levels of the tagged Spt5 at different times following the addition of CHX in
rad7� rad26� and rad7� rad26� spt4� strains. As the steady state level of the tagged Spt5 in spt4� cells was
lower than that in SPT4� cells, the amounts of cell extracts from rad7� rad26� spt4� cells were loaded more
than those from rad7� rad26� cells. Tubulin bands serve as internal loading controls. D, plot showing relative
levels of the tagged Spt5 at different times following the addition of CHX.
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mally expressing the genomically tagged Spt5 (Fig. 2B, compare
lanes 2 and 6). We observed similar trends of Spt5 binding to
the hypophosphorylated Pol II (recognized by 8WG16) in the
different yeastmutants (not shown). These results indicate that
the decreased binding of Spt5 to Pol II (both hypo- and hyper-
phosphorylated forms) in spt4� cells is due to both a lower
cellular level of Spt5 and a decreased interaction between Spt5
and Pol II.
Overexpression of Spt5 Suppresses Rad26-independent TCR

in spt4� Cells—Next, we determined if overexpression of Spt5
can suppress Rad26-independent TCR in spt4� cells. In yeast,
TCR can be exclusively analyzed in rad7� (or rad16� and
elc1�) cells, as these cells are defective in GGR (3, 4, 24). In
agreement with previous studies (e.g. Ref. 22), TCR initiates

	40 nucleotides upstream of the
transcription start site in the RPB2
gene (Fig. 3A). In rad7� rad26�
cells, little TCR can be seen in the
coding region of the RPB2 gene
except for a short region immedi-
ately downstream of the transcrip-
tion start site (Fig. 3A). In agree-
ment with the previous report (38),
theTCR rate is significantly faster in
rad7� rad26� spt4� cells than in
rad7� rad26� cells (Fig. 3, B,C, and
E), indicating that Spt4 can indeed
suppress Rad26-independent TCR.
The TCR rate in rad7� rad26�
spt4� cells overexpressing Spt5 is
similar to that in rad7� rad26�
cells (Fig. 3, B, D, and E), indicating
that overexpression can suppress
Rad26-independent TCR in the
absence of Spt4.
The CTR Domain of Spt5 Is Dis-

pensable for Cell Viability—Our
results described above indicate
that Spt5 may play a direct role
in suppressing Rad26-independent
TCR, whereas Spt4 may be indi-
rectly involved in the suppression by
protecting Spt5 from degradation
and stabilizing the binding of Spt5
to Pol II. We next asked which
domain(s) of Spt5 is involved in the
suppression. Based on the results of
human Spt5 domain mapping (35,
52) and the prediction with Pfam
and STRING software (53, 54),
yeast Spt5 consists of several dis-
tinct domains: an N-terminal
acidic region, an N-terminal NusG
(NGN), four KOW, and the C-ter-
minal region that contains 15 6-
amino acid repeats (CTR) (Fig. 4A).
We used a plasmid shuffling tech-
nique to map the functions of the

different domains of Spt5. A series of single-copy centromeric
LEU2 (pRS415 (41)) plasmids encoding full-length or different
truncated Spt5 proteins that are tagged with 3xMyc and are
under control of the native Spt5 promoter were created (Fig.
4B). These plasmids were transformed into yeast cells whose
genomic SPT5 gene was deleted and complemented with a sin-
gle-copy centromeric URA3 (pRS416 (41)) plasmid encoding
the full-length Spt5 (pRS416-SPT5). The transformed cells
were cultured in medium containing uracil but not leucine to
select for the LEU2 plasmids and allow the loss of pRS416-
SPT5. The cultures were then spotted onto plates containing
5-FOA,which is toxic to cells with a functionalURA3 gene (43).
Therefore, only those cells that had lost plasmid pRS416-SPT5
were able to grow on 5-FOA plates. As shown in Fig. 4C, cells

FIGURE 2. Spt4 stabilizes the interaction of Spt5 with Pol II. A, schematic of plasmid pGAL-SPT5 overexpress-
ing 3xFLAG-tagged Spt5. B, Western blot showing cellular levels of 3xFLAG-tagged Spt5 in different strains
cultured in a galactose medium (to induce overexpression of Spt5 encoded by plasmid pGAL-SPT5). Strains
containing plasmid pGAL-SPT5 are indicated in brackets. The tubulin bands serve as internal loading controls.
The numbers at the bottom indicate relative cellular levels of the tagged Spt5 in the different strains (the level in
wild type cells is set as 1). C, binding of Spt5 to hyperphosphorylated (recognized by H14) and hypophosphor-
ylated (recognized by 8WG16) Pol II. 3xFLAG-tagged Spt5-associated protein complexes were immunoprecipi-
tated from wild type cells by using an anti-FLAG (M2) antibody, and probed with antibodies H14 and 8WG16 on
Western blots. Numbers on the right of the blots indicate relative levels of hyperphosphorylated and hypophos-
phorylated Rpb1 co-immunoprecipitated with the tagged Spt5 (normalized to the respective immunoprecipi-
tation inputs). D, binding of Spt5 to Pol II in different mutants. Pol II complexes were immunoprecipitated from
different mutant cells cultured in a galactose medium by using the H14 antibody. Lane 5 was a mock immu-
noprecipitated sample by using nonspecific mouse IgM. Rpb1 and co-immunoprecipitated 3xFLAG-tagged
Spt5 were probed with H14 and anti-FLAG (M2) antibodies, respectively, on Western blots. Strains containing
plasmid pGAL-SPT5 are indicated in brackets. Numbers below the blots indicate relative levels of 3xFLAG-
tagged Spt5 co-immunoprecipitated (normalized the immunoprecipitated Rpb1) (the level in rad7� rad26�
cells is set as 1).

Role of Spt5 in Suppression of Transcription-coupled Repair

FEBRUARY 19, 2010 • VOLUME 285 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 5321

 at LO
U

IS
IA

N
A

 S
T

A
T

E
 U

N
IV

, on F
ebruary 26, 2010

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


transformed with LEU2 plasmids encoding the full-length or
the CTR-deleted Spt5 were able to grow on the 5-FOA plates,
whereas those transformed with the LEU2 plasmids encoding
the other Spt5 truncates were not (Fig. 4C). This indicates that
the CTR domain is dispensable, whereas all other domains of
Spt5 examined here are essential for cell viability.
Deletion of the Spt5 CTR Domain Does Not Affect Its Binding

to Spt4 or Pol II—To determine the role of the Spt5 CTR
domain in its bindings to Spt4 and Pol II, we conducted a series
of immunoprecipitation assays. A 3xFLAG was tagged to the
genomic SPT4 gene in cells whose genomic SPT5 gene was

deleted and complemented with the single-copy centromeric
LEU2 (pRS415) plasmid encoding 3xMyc-tagged full-length
(wild type) or CTR-deleted (CTR�) Spt5 (Fig. 4, A and B). The
Pol II complex Spt4 and Spt5 were immunoprecipited by using
H14, anti-FLAG, and anti-Myc antibodies, respectively. Rpb1,
the 3xFLAG-tagged Spt4, and 3xMyc-tagged Spt5 in the immu-
noprecipitation inputs and immunoprecipitates were detected
on Western blot. Deletion of the Spt5 CTR domain did not
appear to affect the cellular levels of Rpb1, Spt4, and Spt5 (Fig.
4D, INPUT). Furthermore, the deletion did not affect the levels
of Rpb1, Spt4, and Spt5 in the immunoprecipitates (Fig. 4D, IP),
indicating that the deletion does not affect the binding of Spt5
to Spt4 or Pol II.
TheCTRDomain of Spt5 Is Involved in Suppression of Rad26-

independent TCR—Due to the reinstatement of TCR, rad7�
rad26� spt4� cells are about 10 times more UV-resistant than
rad7� rad26� cells (Fig. 5). Interestingly, rad7� rad26� spt5�
cells expressing the CTR-deleted Spt5 (Fig. 4, A and B)
(rad7� rad26� spt5� � pSPT5-CTR�) are as UV-resistant as
rad7� rad26� spt4� cells (Fig. 5). On the other hand, rad7�
rad26� spt5� cells expressing the full-length Spt5 (Fig. 4,A and
B) (rad7� rad26� spt5� � pSPT5) are as UV-sensitive as
rad7� rad26� cells (Fig. 5). This indicates that, like Spt4, the
Spt5 CTR may suppress Rad26-independent TCR.
We then directly analyzed TCR in rad7� rad26� spt5� cells

expressing the full-length andCTR-deleted Spt5. The TCR rate
in cells expressing theCTR-deleted Spt5was significantly faster
than that in cells expressing the full-length Spt5 (Fig. 6), indi-
cating that the Spt5 CTR domain is indeed involved in suppres-
sion of Rad26-independent TCR.
Phosphorylation of the Spt5CTRDomain by BurKinase Plays

a Role in Suppression of Rad26-independent TCR—The Spt5
CTR domain contains 15 6-amino acid repeats with the con-
sensus sequence of S(A/T)WGG(A/Q) (29). The Ser and Thr
residues in these repeats are potential phosphorylation sites.
We noticed that the yeast Spt5 protein can show duplicate
bands on a Western blot, especially if the SDS-PAGE gel was
run long enough (Fig. 7A). The slower migrating band of Spt5
tends to be much stronger in the immunoprecipitated Pol II
complex, suggesting that this band may be a form of Spt5 that
preferably associates with Pol II. Treatment of the immunopre-
cipitated Pol II complex with a phosphatase eliminates the
slower migrating band (Fig. 7A), indicating that the band is the
phosphorylated Spt5. Deletion of the Spt5 CTR domain elimi-
nates the slower migrating band (Fig. 7B), indicating that the
phosphorylation occurs in the CTR.
In human cells, Spt5 can be phosphorylated by positive tran-

scription elongation factor b (P-TEFb), which is composed of
Ctk9 and a cyclin subunit (34, 36). In yeast, two cyclin-depen-
dent kinases are homologous to humanCtk9 (55, 56). The yeast
Ctk1 has been shown to phosphorylate serine 2 of the hep-
tapeptide repeats of the Rpb1 C-terminal domain (57, 58). The
activity of Bur1 kinase is dependent on its cyclin partner Bur2.
bur1 and bur2mutations cause nearly identical spectra of phe-
notypes (59). However, Bur1 is essential for cell viability,
whereas Bur2 is not. As can be seen in Fig. 7C, the slower
migrating band reflecting the phosphorylated Spt5 cannot be
detected in bur2� cells. This indicates that the Bur kinase is

FIGURE 3. Overexpression of Spt5 suppresses TCR in spt4� rad26� cells.
A–D, DNA sequencing gels showing TCR in the RPB2 gene in galactose cul-
tures (to induce overexpression of Spt5 encoded by plasmid pGAL-SPT5 (Fig.
2A)). Brackets at the top of panel D indicate plasmid pGAL-SPT5 contained in
the strain. The lanes are DNA samples from unirradiated (U) and UV-irradiated
cells following different times (hours) of repair incubation as indicated at the
top of the gels. The arrow on the left of the gels marks the transcription start
site. D, plot showing the mean (
S.D.) of percent CPDs repaired in the
transcribed region of the RPB2 gene in rad7� (open diamond), rad7� rad26�
(open square), rad7� rad26� spt4� (solid triangle), and rad7� rad26� spt4�
[pGAL-SPT5] (asterisk) cells.
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responsible for phosphorylation of Spt5 at the CTR, in agree-
ment with two recent reports (60, 61).
We then attempted to determine whether phosphorylation

of the Spt5 CTR domain by the Bur kinase plays a role in sup-
pression of Rad26-independent TCR. Although the bur2� cells
grew extremely slowly (with a doubling time of	8 h as opposed
to	2.5 h for BUR2� cells) (data not show), they showed signif-
icantly faster TCR than did the isogenic BUR� cells (compare

Figs. 6A and 8, A and C), especially
during the initial hour of the repair
incubation. This indicates that the
Bur kinase plays a role in suppres-
sion of Rad26-independent TCR,
especially during the initial period
of the repair incubation. However,
the TCR rate in bur� cells express-
ing the full-length Spt5 (rad7�
rad26� spt5� bur2� � pSPT5) was
somewhat slower than that in iso-
genic bur� cells expressing the
CTR-deleted Spt5 (rad7� rad26�
spt5� bur2� � pSPT5-CTR�),
especially during the later time
period of the repair incubation
(Fig. 8). This indicates that phos-
phorylation of the Spt5 CTR
domain by the Bur kinase may be
partially responsible for suppres-
sion of Rad26-independent TCR.
In other words, besides phosphor-
ylation, other components of the
Spt5 CTR may also play a signifi-
cant role in suppression of Rad26-
independent TCR.

DISCUSSION

In this paper, we show that the
nonessential CTR domain of Spt5
plays an important role in suppres-
sion of Rad26-independent TCR.
We also present evidence that the
interacting partner of Spt5, Spt4,
indirectly suppresses Rad26-inde-
pendent TCR by protecting Spt5

from degradation and by stabilizing the interaction between
Spt5 and Pol II.
TCR is generally believed to be initiated by stalling an RNA

polymerase at a lesion on the transcribed strand of a gene (12).
In principle, a high level of transcription may facilitate TCR.
Indeed, the transcription elongation function of Rpb9 is
involved in TCR in yeast cells (26). The human CSB and yeast
Rad26 enhance transcription elongation byPol II (20, 21).How-
ever, TCR is not always positively correlatedwith transcription.
For example, in E. coli the transcription factor Fis stimulates
transcription of the tRNA gene tyrT to a very high level and at
the same time suppressesTCR in this gene (62). It was proposed
that, during very high level transcription, an RNA polymerase
may arrive at the site of a downstream RNA polymerase stalled
at a lesion before the downstream RNA polymerase can initiate
or finish the TCR process, resulting in suppression of TCR (63).
Cells carrying mutations in SPT4 and SPT5 genes display

phenotypes associated with defects in transcription elongation
(39), and the gene products are thought to be involved directly
in transcription elongation (30, 32). However, the suppression
of Rad26-independent TCR by Spt4-Spt5 does not seem to be
achieved simply by stimulating transcription. First, the Spt4-

FIGURE 4. The Spt5 CTR is not essential for cell viability and does not affect the interactions of Spt5 with
Spt4 and Pol II. A, schematic of the Spt5 protein. Bars 1–7 below the schematic indicates full-length or trun-
cated Spt5 encoded by plasmids. B, structure of plasmids expressing the full-length or truncated Spt5.
C, growth of cells whose genomic SPT5 gene was deleted and transformed with a URA3 plasmid encoding the
full-length Spt5 ([pRS416-SPT5]) and a LEU2 plasmid encoding the full-length or truncated Spt5 (1–7, as shown
in panels A and B) on 5-FOA plates. D, coimmunoprecipitation of the full-length or CTR-deleted Spt5 with Pol II
and Spt4. Cells whose genomic SPT5 gene was deleted and SPT4 gene was tagged with 3xFLAG, and bearing
the LEU2 plasmid encoding the full-length or CTR-deleted Spt5 with a 3xMyc tag were cultured to log phase.
Pol II, 3xFLAG-tagged Spt4, and 3xMyc-tagged Spt5 were immunoprecipitated from the cells with H14, anti-
FLAG, and anti-Myc antibodies, respectively. The levels of Pol II, 3xFLAG-tagged Spt4, and 3xMyc-tagged
full-length or CTR-deleted Spt5 in the immunoprecipitates were probed with the respective antibodies on
Western blots.

FIGURE 5. Deletion of the Spt5 CTR increases the UV resistance of rad7�
rad26� cells to the same extent as spt4�. Saturated cultures of yeast strains
were sequentially 10-fold diluted and spotted onto YPD plates. When the
spots had dried, the plates were irradiated with the indicated doses of 254 nm
UV light. The plates were incubated at 30 °C for 3–5 days in the dark prior to
being photographed. Strains containing a single-copy plasmid encoding the
full-length ([pSPT5]) or the CTR-deleted ([pSPT5/CTR�]) Spt5 are indicated in
brackets.
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Spt5 complex does not seem to stimulate Pol II transcription to
a level that is high enough to suppress Rad26-independent
TCR. The galactose-induced GAL1–10 genes are among the
most robustly transcribed genes by Pol II in yeast (64). How-

ever, TCR occurs very rapidly (i.e. not suppressed) in these
genes in rad16� rad26� (SPT4� SPT5�) cells (22, 23). In con-
trast, TCR is much slower (i.e. largely suppressed) in the much
more slowly transcribed RPB2 gene in the same cells (22, 23).
Second, spt4 and spt5mutations that cause similar deficiency in
transcription elongation have different effects on suppression
of Rad26-independent NER. For example, the spt5–194 muta-
tion, which is due to S324F substitution of the Spt5 protein (65),
shares similar deficiency in transcription to spt4� (30) or dele-
tion of the Spt5 CTR domain (29). However, unlike spt4� or
deletion of the Spt5 CTR, the spt5–194mutation does not seem
to alleviate TCR in rad16� rad26� cells (38).
Although the exact binding site of Spt4-Spt5 on Pol II is cur-

rently unclear, it is predicted that this site is on the Rpb4-Rpb7
subcomplex that is dissociable from the 10-subunit core Pol II
(66). In the absence of Rpb4-Rpb7, Pol II has an open confirma-
tion, whereas in the presence of this subcomplex, Pol II assumes
a closed conformation (67, 68). Interestingly, deletion of rpb4
also reinstates TCR in rad26� cells (22). Therefore, it is likely
that Spt4-Spt5 and Rpb4-Rpb7 function together to suppress
Rad26-independent TCR.
In human cells, the NGN and Kow domains of Spt5 have

been shown to interact with Spt4 and Pol II, respectively (35,
52). Similar to that of the human Spt5, the NGN domain of the
yeast Spt5 is involved in interaction with Spt4 (65). The CTR
domain of Spt5 does not seem to be involved in these interac-
tions. Consistent with these studies, we found that deletion of
the Spt5 CTR does not affect the interaction with either Spt4 or
Pol II (Fig. 4D).
How does the CTR of Spt5 suppress Rad26-independent

TCR? It was found recently that the Spt5 CTR is a platform for
the association of proteins that promote both transcription
elongation and histone modification in transcribed regions
(61). One protein complex recruited by the Spt5 CTR is PAF
(61). Interestingly, deletion of PAF also reinstates TCR in
rad16� rad26� cells.3 PAF plays an important role for recruit-
ment ofmany factors involved in transcription elongation, such
as COMPASS, FACT, and Rad6/Bre1 (69, 70). Therefore, the

3 D. LeJeune, B. Ding, and S. Li, unpublished results.

FIGURE 6. Deletion of the Spt5 CTR increases Rad26-independent TCR.
A and B, DNA sequencing gels showing TCR in the RPB2 gene. Brackets at the
top indicate single-copy plasmid encoding the full-length ([pSPT5]) or CTR-
deleted ([pSPT5/CTR�]) Spt5. The lanes are DNA samples from unirradiated
(U) and UV-irradiated cells following different times (hours) of repair incuba-
tion as indicated at the top of the gels. The arrow on the left of the gels marks
the transcription start site. C, plot showing the mean (
S.D.) of percent CPDs
repaired in the transcribed region of the RPB2 gene in rad7� rad26� spt5�
([pSPT5]) (open triangle) and rad7� rad26� spt5� ([pSPT5/CTR�]) (solid square)
cells.

FIGURE 7. The Spt5 CTR is phosphorylated by the Bur kinase. A, Western
blot showing phosphorylation of Spt5. 3xMyc-tagged Spt5 was co-immuno-
precipitated with Pol II using antibody H14, treated or mock-treated with �
phosphatase, and probed with an anti-Myc antibody on a Western blot.
B, deletion of the Spt5 CTR abolishes phosphorylation. 3xMyc-tagged full-
length and CTR-deleted Spt5 was coimmunoprecipitated with Pol II by using
H14 antibody and probed with an anti-Myc antibody a Western blot. Numbers
on the right of the blot indicate approximate positions of molecular mass
standards (in kDa). C, deletion of bur2 abolishes Spt5 phosphorylation.
3xMyc-tagged Spt5 was co-immunoprecipitated with Pol II from BUR2� and
bur2� cells using antibody H14, and probed with an anti-Myc antibody a
Western blot. p and u on the left of each of the blots mark phosphorylated and
unphosphorylated Spt5, respectively.
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role of the Spt5 CTR in suppressing Rad26-independent TCR-
NERmay be achieved by serving as a platform for assembly of a
megasuppressor complex that is associated with Pol II. This

megasuppressor complex may suppress Rad26-independent
TCR by preventing Pol II from either efficiently “sensing” a
lesion or recruiting the NER machinery.
bur2� cells grow much slower than Spt5 CTR-deleted cells,

indicating more pleiotropic roles for the Bur kinase in tran-
scription. In addition to phosphorylation of the Spt5CTR, Bur2
also plays a minor role in phosphorylating serine 2 of the hep-
tapeptide repeats of the Rpb1CTD (71). Phosphorylation of the
Spt5 CTR by the Bur kinase may not be solely responsible for
suppression of Rad26-independent TCR by the Spt5 domain, as
TCR rate in rad7� rad26� bur2� cells expressing the full-
length Spt5 is somewhat slower than that in the same cells
expressing the CTR-deleted Spt5 (Fig. 8). It is possible that
phosphorylation of the Spt5CTRmay enhance but not be solely
responsible for the CTR to recruit other TCR suppressors, such
as PAF.
InRAD26� cells, TCR does not appear to be affected by dele-

tion of either spt4 (38) or the Spt5 CTR (not shown). It seems
that the suppression of TCR by Spt4-Spt5 is specifically antag-
onized by Rad26. Rpb9, a nonessential subunit of Pol II that also
plays an important role inTCR (22, 23), does not antagonize the
suppression of TCR by Spt4-Spt5.4 One important question
that remains to be answered is how Rad26 antagonizes the sup-
pression of TCR by Spt4-Spt5. Rad26 (19) and its human coun-
terpart CSB (18) are members of the SWI2/SNF2 family of
ATPases, and both are involved in transcription elongation by
Pol II (20, 21). Rad26 (72) and CSB (73) appear to dynamically
associate with Pol II, especially upon DNA damage. One expla-
nation is that Rad26 may somehow displace Spt4-Spt5 (and
possibly other suppressors) from Pol II through either compet-
itive binding to Pol II or remodeling the Pol II complex stalled at
a lesion, making Spt4-Spt5 unable to suppress TCR. We are
testing this hypothesis.
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