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ABSTRACT
Genetic and biochemical studies have identified many factors thought to be important for transcription

elongation. We investigated relationships between three classes of these factors: (1) transcription elongation
factors Spt4-Spt5, TFIIS, and Spt16; (2) the C-terminal heptapeptide repeat domain (CTD) of RNA
polymerase II; and (3) protein kinases that phosphorylate the CTD and a phosphatase that dephosphory-
lates it. We observe that spt4 and spt5 mutations cause strong synthetic phenotypes in combination with
mutations that shorten or alter the composition of the CTD; affect the Kin28, Bur1, or Ctk1 CTD kinases;
and affect the CTD phosphatase Fcp1. We show that Spt5 co-immunoprecipitates with RNA polymerase
II that has either a hyper- or a hypophosphorylated CTD. Furthermore, mutation of the CTD or of CTD
modifying enzymes does not affect the ability of Spt5 to bind RNA polymerase II. We find a similar set
of genetic interactions between the CTD, CTD modifying enzymes, and TFIIS. In contrast, an spt16
mutation did not show these interactions. These results suggest that the CTD plays a key role in modulating
elongation in vivo and that at least a subset of elongation factors are dependent upon the CTD for their
normal function.

THE carboxy-terminal domain (CTD) of the large is not required for initiation but plays an essential role
subunit of RNA polymerase II (Pol II) consists of 26 after initiation, either in promoter escape or early elon-

(in yeast) to 52 (in humans) repeats of the heptapeptide gation (Lee and Young 2000). P-TEFb, a CTD kinase
YSPTSPS (Dahmus 1996). The CTD is unphosphory- studied in humans and Drosophila, is required for effi-
lated prior to transcription initiation and becomes highly cient elongation but not initiation in vitro (Marshall
phosphorylated soon thereafter. Although CTD phos- and Price 1995; Mancebo et al. 1997; Zhu et al. 1997).
phorylation is a marker of elongating Pol II, the exact In yeast, Ctk1 and Bur1/Sgv1 are 42% identical to Cdk9,
role of the CTD in elongation is not clear (Dahmus the catalytic subunit of P-TEFb (Zhu et al. 1997). Both
1996). The phosphorylation state or even the presence Ctk1 and Bur1 can phosphorylate the CTD in vitro and
of the CTD has no effect on the intrinsic elongation are implicated in the regulation of elongation (Lee and
activity of Pol II (Kim and Dahmus 1988). However, the Greenleaf 1991, 1997; Zhu et al. 1997; Murray et al.
observations that CTD kinases and a CTD phosphatase 2001).
regulate elongation and that truncation of the CTD In vitro transcription studies have shown that when
perturbs elongation suggest that elongation is regulated P-TEFb is absent or inhibited, transcription elongation,
by CTD phosphorylation in vivo (Akhtar et al. 1996; but not initiation, is inhibited (Marshall et al. 1996;
Cho et al. 1999; Kobor et al. 1999; Price 2000). Wada et al. 1998b). Inhibition of elongation in the ab-

Enzymes that modify the CTD’s phosphorylation state sence of P-TEFb function is dependent upon two pro-
have been identified in many organisms. Fcp1, a con- tein complexes, DSIF and NELF (Wada et al. 1998a;
served CTD phosphatase, is required for transcription Yamaguchi et al. 1999). Interestingly, DSIF can also
of most yeast genes and may play both positive and promote elongation in vitro when nucleotide concentra-
negative roles in elongation (Cho et al. 1999; Kobor et tions are limiting, and both DSIF and P-TEFb are re-
al. 1999). Several conserved cyclin-dependent kinases quired for Tat-mediated stimulation of HIV transcrip-
are CTD kinases. Srb10/Cdk8 represses transcription tion in vitro (Wada et al. 1998a; Wu-Baer et al. 1998;
by phosphorylating free Pol II and thereby preventing

Ivanov et al. 2000; Price 2000). Elucidating the mecha-
assembly of preinitiation complexes (Hengartner et

nisms of action and interplay between the CTD, P-TEFb,al. 1998; Sun et al. 1998; Gu et al. 1999). Kin28/Cdk7,
and DSIF are of clear importance to our understandinga subunit of general transcription initiation factor TFIIH,
of transcription elongation and the regulation of HIV
transcription.

DSIF has two subunits, Supt4H and Supt5H, which
Corresponding author: Grant A. Hartzog, Department of MCD Biol- are conserved across eukaryotes (Chiang et al. 1996a,b;ogy, 349 Sinsheimer Labs, University of California, Santa Cruz, CA
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kin28-16 (a gift of Steve Buratowski) into pRS315. Plasmid2000; Guo et al. 2000; Kaplan et al. 2000). The yeast
pGP465, a LEU2 CEN plasmid carrying KIN28, was a gift fromhomologs of these proteins, Spt4 and Spt5, also form a
Greg Prelich. Plasmids pRS316-CTK1 and pSRB10 were giftsprotein complex that we refer to as Spt4-Spt5 (Hartzog of Arno Greenleaf and Greg Prelich.

et al. 1998). Early studies of Spt4-Spt5 led to the model Immunoprecipitation and immunoblotting: The anti-Spt5
that it affects transcription through interactions with antibody and the anti-CTD antibodies 8WG16, B3, H5, and

H14 have been previously described (Thompson et al. 1989;chromatin (Swanson and Winston 1992). More recent
Warren et al. 1992; Mortillaro et al. 1996; Hartzog et al.observations in yeast, including genetic interactions with
1998; Patturajan et al. 1998). H5 and H14 were purchasedPol II subunits and transcription elongation factor TFIIS, from Covance (Richmond, CA). RPB1(yN-18) was purchased

implicate Spt4-Spt5 in transcription elongation (Hart- from Santa Cruz Biotechnology (Santa Cruz, CA). HRP-cou-
zog et al. 1998). Furthermore, like DSIF, Spt4-Spt5 co- pled secondary antibodies were purchased from Bio-Rad (Her-

cules, CA) and Santa Cruz Biotechnology.immunoprecipitates with Pol II (Hartzog et al. 1998;
Cells were grown to midlog phase in YPD unless otherwiseWada et al. 1998a). These observations led us to propose

stated, harvested, and quickly frozen in liquid nitrogen. Thethat Spt4-Spt5 regulates transcription elongation by me-
frozen cell pellets were ground to a powder with a mortar and

diating interactions between Pol II and nucleosomes pestle under liquid nitrogen and thawed in extract buffer (30
(Hartzog et al. 1998). mm HEPES pH 7.4, 200 mm potassium acetate, 1 mm EGTA,

1 mm magnesium acetate, 10% glycerol, 0.05% Tween-20).In this study, we used genetic analysis in Saccharomyces
All extract and elution buffers included the following proteasecerevisiae to investigate the in vivo dependence of Spt4-
inhibitors: 2 �m pepstatin A, 0.6 �m leupeptin, 2 �g/mlSpt5 on the Pol II CTD and on regulators of CTD phos-
chymostatin, 2 mm benzamidine HCl, 1 mm phenylmethylsul-

phorylation. We find that Spt4-Spt5 function depends fonyl fluoride. Crude extracts were clarified by centrifugation
on the length of the CTD, the presence of particular at 89,000 � g for 30 min. For immunoprecipitations, �5 mg
phosphoacceptors within the CTD, the function of at of clarified extract was mixed with 20 �l anti-Flag (M2) anti-

body-conjugated beads (Sigma, St. Louis) and incubated forleast three CTD kinases, and a CTD phosphatase. Inter-
2 hr at 4�. The beads were pelleted and washed four timesestingly, we find that Spt5 binds to both hypophosphory-
with 25 volumes of extract buffer. Bound proteins were com-lated Pol II (Pol IIA) and hyperphosphorylated Pol II petitively eluted by incubating the beads with 500 �g/ml of

(Pol IIO) and that partial truncation of the CTD, or the Flag peptide (Research Genetics, Huntsville, AL), Asp-
mutations in CTD kinases or FCP1, do not affect Spt5- Tyr-Lys-Asp-Asp-Asp-Asp-Lys, for 15 min. This elution step was

repeated twice and eluates were pooled.Pol II binding. Furthermore, we show that transcription
Immunoblots were carried out by standard procedures, us-elongation factor TFIIS is similarly dependent upon the

ing the Pierce (Rockford, IL) SuperSignal West Pico reagent toCTD and CTD kinases.
identify HRP-labeled secondary antibodies. To separate Pol
IIA and Pol IIO, samples were electrophoresed on 20-cm-long
5% SDS-PAGE gels.MATERIALS AND METHODS

Media and genetic methods: Strain construction and other
genetic manipulations were carried out by standard methods RESULTS(Rose et al. 1990). Yeast media, including rich (YPD), minimal
(SD), synthetic complete (SC), and 5-fluoroorotic acid (5-FOA) Interactions of SPT4 and SPT5 with rpb1-CTD trunca-
media were made as described previously (Rose et al. 1990). tion mutations: To determine if yeast Spt4-Spt5 functionAll GHY and FY S. cerevisiae strains used in this study (Table 1)

depends on an intact CTD, we constructed spt rpb1�are isogenic to S288C (Winston et al. 1995). The ctk1�::HIS3
double mutants and used the plasmid shuffle assay tomutation was created by cutting plasmid pSZH4 (Sterner et

al. 1995) with SnaBI and VspI and transforming the digested ask if they displayed synthetic mutant phenotypes, a
DNA into a diploid FY strain. This mutation was confirmed hallmark behavior of genes involved in a common func-
by PCR and genetic analysis. The fcp1-110 allele is derived tion (Guarente 1993). We focused on three recessivefrom PCY335.

spt mutations: spt5-194 and spt4�, which cause strongThe dilution spotting growth assay was carried out by grow-
Spt� phenotypes, suppress snf/swi mutations, and causeing cells to saturation in liquid media. Cells were counted,

pelleted, washed in sterile water, and diluted to 1 � 107 cells/ moderate (spt5-194) to strong (spt4�) sensitivity to
ml. Serial fivefold dilutions of these cells were pipetted onto 6-azauracil, and spt5-242, which confers cold sensitivity
5-FOA (10-�l aliquots) or YPD plates (5-�l aliquots) and incu-

and a weak Spt� phenotype (Swanson et al. 1991; Swan-bated at 30� for the time indicated. The results of these assays
son and Winston 1992; Hartzog et al. 1996, 1998).were consistent with those obtained from replica-plating assays

using the same strains. The spt rpb1� strains were transformed with a series
In the plasmid shuffle experiments, multiple transformants of LEU2 plasmids carrying rpb1-CTD� alleles. Leu� Ura�

were scored for mutant phenotypes. transformants, which had lost the wild-type RPB1 URA3
Plasmids: All yeast plasmids used in this study were CEN

plasmid, were identified by growth on 5-FOA media andplasmids. RPB1 (26 CTD repeats) is carried on plasmids
scored for mutant phenotypes (Table 2). The spt4� andpRP114 (LEU2) and pRP112 (URA3), rpb1�-110 (13 CTD re-

peats) on pV5, rpb1�-101 (11 CTD repeats) on pC1, and rpb1�- spt5-194 strains were viable but slow growing when the
103 (10 CTD repeats) on pC3 (Nonet et al. 1987). Plasmids CTD was truncated to 10 repeats (Table 2). In contrast,
pY1WT(14), pY1WT(7)A5(7), and pY1WT(9)A2(6) have been a strain carrying the spt5-242 mutation was barely viabledescribed previously (West and Corden 1995). Plasmid

when the Rpb1 CTD was truncated to 11 repeats andpGH215, a LEU2 plasmid carrying kin28-16, was created by
subcloning a 1.25-kb BamHI/XhoI fragment from YCpLac22- was inviable when the CTD was truncated to 10 repeats.

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/159/2/487/6052450 by guest on 25 M

ay 2023



489Spt4-Spt5 Function Depends on the CTD

TABLE 1

Strains

Strain Genotype Source

FY74 MAT� his3�200 lys2-128� Fred Winston
FY120 MATa his4-912� lys2-128� leu2�1 ura3-52 Fred Winston
FY602 MATa his3�200 lys2-128� leu2�1 trp1�63 ura3-52 Fred Winston
GY785 MATa his4-912� lys2-128� leu2�1 ura3-52 trp1�63 srb10�::TRP1 Greg Prelich
GHY848 MAT� his4-912� lys2-128� suc2�UAS(-1900/-390) ura3-52 trp1�63 leu2�1 kin28�1::TRP1 [pGP457] Greg Prelich
PCY335 MATa leu2 ura3 fcp1-110 Karen Arndt
FY1634 MAT� his4-912� lys2-128� leu2�1 ura3-52 spt5-276 Hartzog

et al. (1998)
FY1635 MAT� his4-912� lys2-128� leu2�1 ura3-52 spt5-242 Hartzog

et al. (1998)
GHY13 MATa his4-912� lys2-128� leu2�1 ura3-52 trp1�63 spt5-194
GHY166 MATa his3�200 lys2-128� ura3-52 leu2�1 trp1�63 spt4�2::HIS3
GHY339 MAT� his4-912� ?his3�200? lys2-128� leu2�1 ura3-52 spt5-242 rpb1�187::HIS3 [pRP112]
GHY367 MAT� his4-912� lys2-128� leu2�1 spt5-242
GHY368 MAT� his4-912� lys2-128� leu2�1 spt4�2::HIS3
GHY379 MAT� his4-912� lys2-128� leu2�1 spt5-194
GHY417 MATa his4-912� lys2-128� leu2�1
GHY496 MATa ?his3�200? his4-912� lys2-128� leu2�1 ura3-52 dst1�::hisG rpb1�187::HIS3 [pRP112]
GHY498 MATa his3�200 his4-912� lys2-128� leu2�1 ura3-52 rpb1�187::HIS3 [pRP112]
GHY611 MAT� his4-912� lys2-128� leu2�1 trp1�63 SPT5-MYC
GHY617 MAT� his4-912� lys2-128� leu2�1 SPT5-FLAG
GHY627 MAT� his4-912� lys2-128� leu2�1 trp1�63 ura3-52 spt4�2::HIS3 rpb1�187::HIS3 ?his3�200? [pRP112]
GHY628 MATa lys2-128� leu2�1 trp1�63 ura3-52 spt4�2::HIS3 rpb1�187::HIS3 ?his3�200? [pRP112]
GHY630 MATa his3�200 lys2-128� ura3-52 ctk1�::HIS3
GHY665 MATa his3�200 his4-912� lys2-128� ura3-52 leu2�1 rpb1�187::HIS3 ctk1�::HIS3 [pRP112]
GHY681 MATa ?his3�200? lys2-128� ura3-52 leu2�1 trp1�63 SPT5-FLAG rpb1�187::HIS3 [pRP112]
GHY690 MAT� his3�200 lys2-128� ura3-52 leu2�1 spt4-3 trp1�63 ctk1�::HIS3
GHY705 MAT� his3�200 lys2-128� ura3-52 ctk1�::HIS3 trp1�63 [pRS316-CTK1]
GHY708 MATa his4-912� his3�200 lys2-128� ura3-52 ctk1�::HIS3 leu2�1 SPT5-FLAG [pRS316-CTK1]
GHY715 MATa his3�200 lys2-128� ura3-52 ctk1�::HIS3 spt5-194 [pRS316-CTK1]
GHY726 MAT� his3�200 lys2-128� ura3-52 spt5-276 ctk1�::HIS3
GHY745 MAT� his4-912� lys2-128� suc2�UAS(-1900/-390) bur1-2 SPT5-FLAG
GHY811 MAT� his4-912� lys2-128� leu2�1 ura3-52 trp1�63 spt5-194 srb10�::TRP1 [pSRB10]
GHY813 MAT� his4-912� lys2-128� leu2�1 ura3-52 trp1�63 spt4�2::HIS3 srb10�::TRP1 [pSRB10]
GHY815 MAT� his4-912� lys2-128� leu2�1 ura3-52 trp1�63 SPT5-FLAG srb10�::TRP1 [pSRB10]
GHY845 MAT� his3�200 lys2-128� leu2�1 ura3-52 trp1�63 spt5-242 srb10�::TRP1 [pSRB10]
GHY881 MATa his4-912� lys2-128� leu2�1 suc2�UAS(-1900/-390) trp1�63 ura3-52 spt5-194 kin28�1::TRP1

[pGP457]
GHY896 MATa lys2-128� ura3-52 leu2�1 trp1�63 dst1�::hisG kin28�1::TRP1 suc2�UAS(-1900/-390) [pGP457]
GHY909 MATa his4-912� lys2-128� ura3-52 leu2�1 trp1�63 spt4�2::HIS3 kin28�1::TRP1 [pGP457]
GHY916 MAT� his4-912� lys2-128� leu2�1 trp1�63 ura3-52 kin28�1::TRP1 spt16-197 [pGP457]
GHY938 MATa his4-912� lys2-128� leu2�1 ura3-52 trp1�63 spt5-242 kin28�1::TRP1 [pGP457]
GHY949 MATa his3�200 lys2-128� leu2�1 ura3-52 trp1�63 spt5-194 rpb1�187::HIS3 [pRP112]
GHY950 MAT� his3�200 lys2-128� leu2�1 ura3-52 trp1�63 spt5-194 rpb1�187::HIS3 [pRP112]
GHY955 MATa his3�200 lys2-128� leu2�1 ura3-52 ?trp1�63? kin28�1::TRP1 ctk1�::HIS3 [pGP457]
GHY1043 MATa his4-912� lys2-128� leu2�1 ura3-52 trp1�63 SPT5-FLAG kin28�1::TRP1 [pGH215]
GHY1061 MAT� his3�200 lys2-128� leu2�1 ura3-52 trp1�63 spt16-197 rpb1�187::HIS3 [pRP112]
OY143 MATa his4-912� lys2-128� leu2 ura3 fcp1-110
OY152 MATa his4-912� lys2-128� leu2�1 spt5-194 fcp1-110
OY155 MAT� his4-912� lys2-128� leu2�1 spt4�2::HIS3 fcp1-110
OY157 MATa his4-912� lys2-128� leu2�1 spt5-242 fcp1-110

The spt5 mutation in strains FY1634 and GHY726, spt5-276, causes the same single-amino-acid change as that caused by spt5-
242 ( J. Yamada and G. H. Hartzog, unpublished data). For the sake of simplicity, this allele is referred to as spt5-242 in the
text and Figure 2. ?trp1�63? or ?his3�200? indicates that the strain may carry this mutation.

Thus, the dependence on Spt4-Spt5 function for normal if Spt4-Spt5 function depends on one or more CTD
kinases in vivo. Complete deletions of the nonessentialgrowth is determined in part by the length of the CTD.

Genetic interactions between CTD kinases and SPT4 CTK1 and SRB10 genes were used. In contrast, because
BUR1 and KIN28 are essential for life, we used partialand SPT5: We used double mutant analysis to determine
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TABLE 2

Analysis of the effects of CTD truncation
on spt4 and spt5 mutations

Growth at 30�
RPB1
(no. CTD repeats) SPT� spt4� spt5-194 spt5-242

Wild type (26) ��� ��� �� ���
rpb1�-110 (13) ��� ��� �� �
rpb1�-101 (11) ��� �� �� �
rpb1�-103 (10) ��� �� � �

Cells were grown on SC-Leu plates at 30�, replica plated to
5-FOA media, and scored for growth as in Figure 1C. Strains
used were as follows: wild type, GHY498; spt4�, GHY627; spt5-
194, GHY949; and spt5-242, GHY339.

loss-of-function alleles, bur1-2 and kin28-16, for these
genes. We found that spt4� ctk1� and spt4� kin28-16
double mutants are inviable (Figure 1). Synthetic slow
growth defects were observed in spt5-194 ctk1� double
mutants, and spt5-194 kin28-16 double mutants were
inviable. Furthermore, we found that spt5-194 bur1-2

Cdouble mutants display moderate growth defects (data
not shown) and we have previously reported that bur1-2 Growth at 30�
is synthetically lethal with spt4� and the spt5-4 mutation

WT srb10� ctk1� kin28-16 bur1-2(Murray et al. 2001). In contrast, neither spt4� nor
spt5-194 displayed new mutant phenotypes in combina- WT ��� �� �� �� ��
tion with srb10�. spt4� ��� �� � �/� �a

spt5-194 �� �� � � �spt5-242 showed a distinct set of interactions with the
spt5-242 ��� � ��� � NDCTD kinases. Like spt5-194, spt5-242 caused inviability

when combined with kin28-16 (Figure 1B). In contrast, Some viable spt4� kin28-16 cells could be recovered after
spt5-242 partially suppressed the slow growth phenotype prolonged incubation on 5-FOA media. ND, not done. WT,

wild type.of ctk1� at 30� but not at 15�, the nonpermissive tempera-
a The bur1-2 spt4� double mutant has been described pre-ture for both mutations (Figure 2 and data not shown).

viously (Murray et al. 2001) and is included here for the sakeAlso, spt5-242 srb10� cells displayed marked synthetic of comparison.
growth defects (Figure 1A). These data are summarized

Figure 1.—SPT4 and SPT5 display genetic interactions within Figure 1C. The extensive and allele-specific genetic
SRB10, BUR1, CTK1, and KIN28. (A) Strains with the indicatedinteractions between SPT4, SPT5, and the genes encod-
genotypes were assayed by serial dilution onto YPD platesing several different CTD kinases suggest that the CTD’s followed by incubation at 30� for 2 days. The indicated strains

phosphorylation state may influence Spt4-Spt5 function. are as follows: WT, FY602; spt4�, GHY166; srb10�, GY785;
BUR1 and CTK1 interact genetically with KIN28 and spt4� srb10�, GHY813; ctk1�, GHY705; spt4� ctk1�, GHY690;

spt5-194, GHY13; spt5-194 srb10�, GHY811; spt5-194 ctk1�,the CTD: It is possible that Kin28, Srb10, Bur1, and
GHY715; spt5-242, FY1635; and spt5-242 srb10�, GHY845. (B)Ctk1 collaborate with one another or with other factors
spt kin28� mutants carrying a URA3 KIN28 plasmid were trans-

to regulate Spt4-Spt5 function. Consistent with this idea, formed with a LEU2 kin28-16 plasmid (pGH215) or a LEU2
Srb10 and Ctk1 have been reported to perform partially KIN28 plasmid (pGP465). Transformants were grown in SC-

Leu media and serial dilutions were spotted to 5-FOA platesoverlapping functions in vivo (Kuchin and Carlson
to select for cells that had lost the URA3 KIN28 plasmid. Plates1998) and bur1-2 ctk1� double mutants are inviable
were incubated 5 days at 30� and photographed. The indicated(Murray et al. 2001). To extend this analysis, srb10�,
strains are as follows: SPT �, GHY848; spt4�, GHY909; spt5-

bur1-2, and ctk1� mutants were crossed to a kin28-16 194, GHY881; and spt5-242, GHY938. (C) Summary of the
strain and the double mutant progeny of these crosses observed growth phenotypes. Strains that grew to form clearly

visible large colonies after 2 days were scored as ���; strainswere analyzed for new mutant phenotypes. The srb10�
that gave poor growth with small colonies after 2 days werekin28-16 double mutants did not display any striking
scored as ��; strains that grew poorly and did not give colo-new mutant phenotypes (data not shown). In contrast, nies clearly visible to the eye until day 3 or later were scored

bur1-2 kin28-16 and ctk1� kin28-16 double mutants were �; strains that were inviable were scored as �.
barely viable, giving visible colonies only after prolonged
incubation (Figure 3A and data not shown). We pre-
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interactions with the CTD, we constructed ctk1� rpb1�
double mutants as described above for spt rpb1� double
mutants. We found that truncating the CTD to 	13
repeats caused ctk1� cells to be inviable (Figure 3B).
Combined with the observation of synthetic phenotypes
in ctk1� kin28-16 double mutants, these observations
are consistent with the model that Bur1, Ctk1, and Kin28
are partially functionally redundant in vivo.

The predominant phosphorylation targets in Rpb1
of yeast are the serine 2 and 5 positions of the CTD
repeat (Y1S2P3T4S5P6S7; Bensaude et al. 1999). Substitu-
tion of serine 2 or 5 with alanine in every repeat of the
CTD results in inviability, but rpb1 mutants in which
only a subset of these serines are altered are viable
(West and Corden 1995). To ask if the ability to phos-
phorylate position 2 or 5 of the CTD repeat is important

Figure 2.—The growth defect of ctk1� strains is suppressed for Ctk1 function in vivo, we performed plasmid shuffles
by spt5-242. Strains were struck out to a YPD plate and incu- on ctk1� rpb1� double mutants. The wild-type URA3
bated for 2 days at 30�. Note that the spt5-242 ctk1� double RPB1 plasmid was replaced with one of three LEU2 rpb1mutant gives larger colonies than the ctk1� single mutant. The

plasmids: pY1AWT(14), in which the CTD is composedindicated strains are as follows: WT, FY120; spt5-242, FY1634;
of 14 wild-type repeats; pY1WT(7)A5(7), in which thectk1�, GHY630; spt5-242 ctk1�, GHY726.
CTD contains 7 wild-type repeats followed by 7 repeats
with a serine-to-alanine substitution at position 5; and

viously reported that a different kin28 mutation, kin28- pY1WT(9)A2(6), with 9 wild-type repeats followed by
ts4, does not cause synthetic phenotypes when com- 6 repeats in which alanine is substituted for serine 2.
bined with bur1-2 (Murray et al. 2001). Thus, our pres- Transformation of ctk1� rpb1� cells with these plasmids
ent observations may indicate an allele-specific BUR1 caused mild to strong dominant negative growth de-
KIN28 interaction or may be due to differences in strain fects, and when replica plated to 5-FOA plates, neither
background between the two experiments. the WT(9)A2(6) nor the WT(7)A5(7) plasmid could

CTD truncation mutations are suppressed by srb10 support viability (Figure 3C). Thus, in the absence of
mutations and enhanced by kin28 and bur1 mutations Ctk1, both the length and composition of the CTD take
(Nonet and Young 1989; Rodriguez et al. 2000; Mur- on an added importance in the cell.

Spt5 function depends upon the serine 2 and serineray et al. 2001). To determine if CTK1 also shows genetic

Figure 3.—Normal Ctk1
function depends on Kin28
and the length and composi-
tion of the CTD. (A) Analysis
of kin28 ctk1 double mutants. A
kin28� strain (GHY848) and a
kin28� ctk1� strain (GHY955),
both carrying a URA3 KIN28
plasmid, were transformed with
a LEU2 KIN28 plasmid or a
LEU2 kin28-16 plasmid. Trans-
formants were grown in SC-
Leu media, spotted to 5-FOA
plates, grown for 3 days at 30�,
and photographed. (B) Analy-
sis of ctk1 CTD truncation dou-
ble mutants. A rpb1� (GHY-
498) strain and a ctk1� rpb1�
strain (GHY665), each carrying
a URA3 RPB1 plasmid, were
transformed with the indicated
LEU2rpb1 plasmids and grown

to saturation in SC-LEU media. Transformants were spotted to 5-FOA plates and grown at 30� for 3 days. (C) Analysis of the
effect of substituting alanine for serine 2 or 5 of the CTD in ctk1 mutants. The ctk1� rpb1� strain used in B was transformed
with LEU2 CEN plasmids containing either the wild-type WT(26), WT(14), WT (9)A2(6), or WT(7)A5(7) alleles of rpb1. Trans-
formants were struck out to a SC-Leu plate, grown for 3.5 days at 30�, and photographed. This plate was replica plated to a SC-
Leu plate and a 5-FOA plate, each of which was grown for 2 days at 30� and photographed. The growth of CTK1� strains with
these rpb1 alleles is shown in Figure 4.
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Figure 5.—Synthetic growth defects of fcp1-110 with spt4
and spt5 mutations. The indicated mutants were spotted onto
YPD plates and grown for 2 days at 30�. The indicated strains
are as follows: WT, GHY417; fcp1-110, OY143; spt4�, GHY368;Figure 4.—Alteration of the serine 2 and serine 5 positions
spt4� fcp1-110, OY155; spt5-194, GHY379; spt5-194 fcp1-110,of the CTD repeat causes synthetic phenotypes when com-
OY152; spt5-242, GHY367; spt5-242 fcp1-110, OY157.bined with spt4 and spt5 mutations. Strains with the indicated

SPT genotype, an rpb1� mutation, and a URA3 RPB1 CEN
plasmid were transformed with a LEU2 plasmid carrying either
the WT(14), WT(9)A2(6), or WT(7)A5(7) rpb1 alleles. Trans-
formants were grown in SC-Leu media and serial dilutions after prolonged incubation (Figure 4 and data not
were spotted to 5-FOA plates, which were incubated at 30� for shown). In the presence of the WT(9)A2(6) allele, the
2 days and then photographed. Note that although the spt5- spt5-194 strain showed no growth defects, the spt4�242 WT(7)A5(7) double mutant was inviable, small colonies

strain displayed a moderate growth defect, and the spt5-were observed for the spt4� WT(7)A5(7) and the spt5-194
242 strain displayed severe growth defects (Figure 4).WT(7)A5(7) double mutants after 3 or more days of incuba-

tion. The indicated strains are as follows: SPT �, GHY498; Taken together, these results suggest a requirement for
spt4�, GHY628; spt5-194, GHY950; spt5-242, GHY339. the serine 2 and 5 residues in the CTD repeat for proper

Spt4-Spt5 function.
Interactions of SPT4 and SPT5 with FCP1: Following

transcription termination, the CTD must be dephos-5 positions of the CTD repeat: The experiments de-
phorylated before Pol II can be recycled into new preini-scribed above demonstrate a link between Spt4-Spt5 and
tiation complexes (Lee and Young 2000). To addressthe Rpb1-CTD and CTD kinases. However, they do not
the role of CTD dephosphorylation in Spt4-Spt5 func-prove that Spt4-Spt5 function depends on particular
tion we performed double mutant analysis with FCP1phosphorylation states of the CTD. Spt4-Spt5 may be
(Kobor et al. 1999). We found that the recessive fcp1-110directly phosphorylated and thereby regulated by one
mutation (Costa and Arndt 2000) causes moderateor more of the CTD kinases. To begin to determine
growth defects when combined with spt4� or spt5-242if the in vivo function of Spt4-Spt5 depends on CTD
and a severe growth defect in combination with spt5-194phosphorylation states, we performed plasmid shuffles
(Figure 5). These observations are consistent with theon spt rpb1� double mutants with the serine-to-alanine
idea that either hyper- or inappropriate phosphoryla-CTD substitution plasmids. In the presence of the WT(7)
tion of the CTD is deleterious in a spt mutant.A5(7) rpb1 allele, the spt5-242 rpb1� strain was inviable,

Spt5 associates with different Rpb1 phosphoisoforms:and the spt4� and spt5-194 strains displayed severe syn-
thetic growth defects, giving rise to visible colonies only To determine if Spt5’s association with Pol II is depen-
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Figure 6.—Co-immunopre-
cipitation of Pol II phosphoiso-
forms with Spt5-Flag. Anti-Flag
immunoprecipitations were per-
formed on whole cell lysates
made from wild-type (GHY611)
or Spt5-Flag (GHY617) strains.
Immunoprecipitates were sepa-
rated by SDS-PAGE, transferred
to nitrocellulose, and blotted
with B3 (�-Pol IIO) or 8WG16
(�-Pol IIA) antibodies as indi-
cated at bottom. Mock, immu-
noprecipitate from wild-type
extract; WCE, whole cell lysate
from Spt5-Flag strain; IP, im-
munoprecipitate from Spt5-
Flag extract.

dent on a particular CTD phosphorylation state, we subunit of Pol II. Using antibodies that recognize either
hyper- or hypophosphorylated Pol II to probe the immu-immunoprecipitated a Flag-epitope-tagged derivative of

Spt5 (Spt5-Flag) from yeast extracts and analyzed the noblots, we observed that Spt5 immunoprecipitated
both phosphorylated and unphosphorylated forms ofprecipitates by immunoblotting for Rpb1, the largest
Pol II (Figures 6 and 7B). This co-immunoprecipitation
depended upon the Flag epitope (Figures 6 and 7) and
was still observed in 0.3 m KCl and 0.1% NP-40 (data
not shown). Also, using a Spt5-Flag strain with a HA1
epitope-tagged allele of RPB1, we were able to simultane-
ously detect both forms of polymerase in anti-Spt5-Flag
immunoprecipitates, using an anti-HA1 antibody (data
not shown).

In a similar set of experiments, DSIF was reported to
preferentially associate with Pol IIA (Wada et al. 1998b).
We therefore considered the possibility that Spt5 was co-
immunoprecipitating with partially dephosphorylated
polymerase rather than Pol IIO. Two observations sug-
gest that this hypothesis is incorrect. First, phosphory-
lated Rpb1 in the immunoprecipitates migrated at the
same reduced mobility observed for Pol IIO in crude
extracts (Figure 6). Second, Pol IIA did not preferentially
immunoprecipitate with Spt5 (Figure 6). Thus, in yeast,
Spt5 associates with both Pol IIA and Pol IIO.

Spt5-Rpb1 association is not dependent on any single
CTD kinase: Having established that Spt5 associates with
both Pol IIA and Pol IIO, we next asked if any of the
CTD kinases are required for the Spt5-Rpb1 co-immuno-Figure 7.—Spt5-Rpb1 co-immunoprecipitations from CTD
precipitation. Extracts were prepared from Spt5-Flagkinase mutants. Anti-Flag immunoprecipitations were per-
strains carrying each of the CTD kinase mutants de-formed on whole cell lysates made from yeast strains with the

indicated mutations (Mock, GHY611; WT, GHY617; ctk1�, scribed above and a Spt5-Flag Rpb1-CTD� strain in
GHY708; kin28-16, GHY1043; srb10�, GHY815; rpb1 CTD�, which the CTD was truncated to 10 repeats. These ex-
GHY681[pC3]; bur1-2, GHY745). For the kin28-16 strain, ly- tracts were examined by immunoblotting with an anti-sates were prepared from cells grown to log phase at 30� and

Spt5 antibody and with an antibody directed against thethen shifted to fresh media at 30� or 37� for 40 min (see
N terminus of Rpb1. Spt5 and total Rpb1 levels werematerials and methods). Immunoprecipitated proteins

were separated by SDS-PAGE, transferred to nitrocellulose, unchanged in these mutants (Figure 7A). The blots were
and blotted with antibodies as indicated. (A) Western blots also probed with the antibodies specific for the serine-
of whole cell lysates. Each lane contains 50 �g total protein. 5-phosphorylated and serine-2-phosphorylated forms of(B) Western blots of immunoprecipitates. �-Ser5-PO4, mono-

the CTD repeat. Consistent with published results, weclonal antibody H14; �-Rpb1-N, anti-N-terminal antibody
RPB1 (yN-18); �-Spt5, anti-Spt5 polyclonal. observed increased levels of serine-5-phosphorylated
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TABLE 3

Analysis of the dependence of TFIIS and Spt16 on the CTD and CTD modifying enzymes

Growth at 30�

Combined with dst1� Combined with spt16-197

Wild type ��� ��� ���
rpb1�-110 ��� ��� ���
rpb1�-101 ��� � ��
rpb1�-103 ��� � ��
rpb1-WT(7)A5(7) �� � ��
rpb1-WT(9)A2(6) ��� �� ��
ctk1� �� � ��
kin28-16 �� � ��
srb10� �� �� ��
bur1-2 ���a ��a ���a

Strains were grown in 5-FOA (dst1� rpb1� and dst1� kin28-16) or YPD (all other strains) media at 30� and
scored as in Figure 1C. The dst1� rpb1�, dst1� kin28�, spt16-197 rpb1�, and spt16-197 kin28� strains used for
plasmid shuffles were GHY496, GHY896, GHY1061, and GHY916.

a These results are shown for purposes of comparison and were originally reported in Murray et al. (2001).

Rpb1 in extracts of ctk1� cells (Figure 7; Patturajan poorly (Table 3 and Murray et al. 2001). In contrast,
a dst1� srb10� double mutant displayed no new mutantet al. 1999). In yeast, significant levels of phosphorylation

of the serine-2 position of the CTD are observed only phenotypes (Table 3). Finally, fcp1-110 was previously
shown to cause a strong synthetic growth defect whenaround the time of the diauxic shift (Patturajan et al.

1998). Consistent with this finding, we did not observe combined with dst1� (Costa and Arndt 2000). Thus,
DST1 shares a similar set of genetic relationships withphosphorylation of the serine-2 position of the CTD in

our extracts, which were prepared from cells growing the CTD and CTD modifying enzymes as do SPT4 and
SPT5.in log phase (data not shown).

Anti-Flag immunoprecipitates were examined by im- SPT16 displays genetic interactions with the CTD and
CTD modifying enzymes that are distinct from thosemunoblotting (Figure 7B). Rpb1 co-immunoprecipi-

tated specifically with Spt5-Flag from each mutant extract observed for SPT4, SPT5, and DST1: To address further
the specificity of the interactions we observed betweentested, indicating that the physical interaction between

Spt5 and Rpb1 is not dramatically affected by the length CTD kinases and transcription elongation factors, we
expanded our analysis to include SPT16/CDC68. Likeof the CTD or the activity of any single CTD kinase.

Shifting the kin28-16 strain to 37�, its restrictive tempera- Spt4 and Spt5, Spt16 has been implicated in the reg-
ulation of transcription through effects on chromatinture, for 45 min prior to extract preparation resulted in

a significant decrease in the amount of phosphorylated (Malone et al. 1991; Rowley et al. 1991). Human Spt16
is a subunit of FACT (facilitates chromatin transcrip-Rpb1 associated with Spt5 (Figure 7B, �-Ser5-PO4) but

had no effect on the amount of total Rpb1 associated tion), which facilitates Pol II transcription through
nucleosomes in a defined in vitro system, and a similarwith Spt5. Thus, Spt5’s association with Pol II does not

depend upon the CTD’s phosphorylation state nor complex has been observed in yeast (Wittmeyer and
Formosa 1997; Evans et al. 1998; LeRoy et al. 1998;upon any single CTD kinase.

TFIIS-deficient cells display an increased dependence Orphanides et al. 1998, 1999). The mutation we chose
for our analysis, spt16-197, causes phenotypes similar toupon the CTD and CTD kinases for normal growth:

Biochemical studies have shown that when Pol II arrests those caused by the spt4� and spt5-194 mutations but
does not show strong genetic interactions with DST1,transcription in vitro, it is unable to resume elongation

until stimulated to do so by TFIIS (Uptain et al. 1997). SPT5, or SPT6, although it has been reported to suppress
the 6AUs phenotype of spt4� mutations (Malone et al.To determine if TFIIS is dependent upon an intact CTD

in vivo, we used the plasmid shuffle strategy to test the 1991; Orphanides et al. 1999). As shown in Table 3, we
observed only mild synthetic growth phenotypes whenphenotype of CTD mutations when combined with a

deletion of DST1, which encodes TFIIS. dst1� cells grew we analyzed rpb1-CTD mutations in a spt16-197 back-
ground and no synthetic growth phenotypes when spt16-very poorly when the CTD was truncated to 11 repeats

and were not viable when the CTD was truncated to 10 197 was combined with CTD kinase mutants. This sug-
gests that the observed synthetic phenotypes betweenrepeats (Table 3). Combining dst1� with either of the

WT(9)A2(6) or WT(7)A5(7) rpb1 alleles or the bur1-2, mutations in the CTD, CTD kinases, and SPT4 and SPT5
are the result of specific interactions between thesectk1�, or kin28-16 mutations also caused cells to grow
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genes and are not a general feature of transcription types with spt4 and spt5 mutants (Prelich and Winston
1993). Thus, Bur1 may directly regulate Spt4-Spt5 func-elongation factors.
tion.

In the absence of a direct Spt4-Spt5-CTD binding
DISCUSSION

interaction, we can propose a speculative model to ex-
plain the interdependence of Spt4-Spt5 and the CTD.Spt4-Spt5 and TFIIS functions depend on the CTD

and CTD modifying enzymes: The data presented here In this model, perturbation of CTD phosphorylation
leads to formation of elongation complexes with altereddemonstrate that the functions of Spt4-Spt5 and TFIIS

are interrelated with those of the Pol II CTD and the processivity and an altered dependence on Spt4-Spt5.
In this context, our observations that TFIIS and Spt4-enzymes that modify its phosphorylation state. Cells that

are defective for Spt4-Spt5 or TFIIS function show an Spt5 show a similar dependency on the CTD and CTD
kinases are intriguing. The only known biochemicalincreased dependence upon the length and composi-

tion of the CTD, Kin28, Bur1, Ctk1, and Fcp1. In con- function of TFIIS is to rescue polymerase from arrest
(Uptain et al. 1997). In otherwise wild-type cells, TFIIStrast to these genetic interactions, the srb10� mutation

caused new phenotypes only when combined with spt5- is not essential, and dst1� mutations display no mutant
phenotypes other than sensitivity to 6-azauracil and my-242. Thus, the interdependence of TFIIS and Spt4-Spt5

on the Srb10 CTD kinase, which is implicated in nega- cophenolic acid (Uptain et al. 1997). This suggests that
transcription arrest is normally a rare event, which cellstive regulation of preinitiation complex assembly (Hen-

gartner et al. 1998; Sun et al. 1998), is less clear. may survive in the absence of TFIIS. On the basis of
this and our observation of genetic interactions betweenHow does the CTD affect Spt4-Spt5 and TFIIS func-

tion? Several models have been proposed to explain the DST1, RPB1, and the genes encoding CTD modifying
enzymes, we propose that perturbation of CTD functiondependence of DSIF on P-TEFb. In one, phosphoryla-

tion of the CTD by P-TEFb is proposed to prevent DSIF leads to an increased frequency of transcription arrest
in vivo and hence an increased dependence upon TFIIS.from binding Pol II and inhibiting elongation (Wada

et al. 1998b). This cannot be true in yeast, since we Not all elongation factors depend on the CTD: We
found no clear evidence that Spt16 function dependsobserve that (1) Spt5 co-immunoprecipitates with both

Pol IIA and Pol IIO, (2) unphosphorylated polymerase upon the CTD or CTD modifying enzymes. Only a single
spt16 allele was tested in this study and it is possible thatdoes not preferentially co-immunoprecipitate with Spt5,
other alleles of spt16 would have behaved differently.(3) truncation of the CTD to 10 repeats does not alter
Nevertheless, the results presented here are likely sig-the quantity of Rpb1 that co-immunoprecipitates with
nificant, as spt16-197 causes mutant phenotypes that areSpt5, and (4) mutation of CTD kinases does not appreci-
nearly identical to those caused by spt4� and spt5-194ably alter Spt5-Rpb1 co-immunoprecipitation (Figures
(Malone et al. 1991). Thus, Spt16 likely functions by a6 and 7). Our observations are consistent with recent
mechanism that is distinct from that of Spt4-Spt5. Thisstudies demonstrating that Spt5 co-localizes with Pol IIO

conclusion is consistent with that of a recent biochemi-on Drosophila polytene chromosomes and with in vitro
cal study of P-TEFb, DSIF, and FACT (Wada et al. 2000).and in vivo studies showing that Spt5 is recruited to

The interdependence of many other transcriptiontranscribed regions of genes (Andrulis et al. 2000;
elongation factors and the CTD remains to be deter-Kaplan et al. 2000; Ping and Rana 2000).
mined. Of particular interest is SPT6, which has mutantRecently, the phosphorylation state of the CTD was
phenotypes identical to those of spt4 and spt5 mutantsfound to change as polymerase transcribes across a
and displays unlinked noncomplementation and syn-gene (Komarnitsky et al. 2000). Initially in elongation,
thetic lethality when combined with spt4 or spt5 muta-Pol II is heavily phosphorylated on the Ser5 position
tions (Winston et al. 1984; Swanson and Winstonof the CTD only, wherease late in elongation Ser5 is
1992). In Drosophila, Spt6 shows a distribution on poly-dephosphorylated and Ser2 phosphorylation predomi-
tene chromosomes similar to that of Spt5, and in humannates. Thus our observations of strong synthetic growth
cells it has been implicated in Tat-dependent HIV tran-defects in the spt WT(7)A5(7) strains compared to spt
scription (Wu-Baer et al. 1998; Andrulis et al. 2000;WT(9)A2(6) strains may indicate that Spt4-Spt5 func-
Kaplan et al. 2000). Thus, studies addressing the depen-tions primarily early in elongation. We initiated chroma-
dence of Spt6 and other elongation factors on Spt4-tin-immunoprecipitation experiments to test this model
Spt5 and the CTD may provide important insights intodirectly.
their roles in transcription.P-TEFb has also been shown to directly phosphorylate

Spt5 and to prevent its inhibitory function (Ivanov et We thank Karen Arndt, Steve Buratowski, Jeff Corden, Arno
Greenleaf, Greg Prelich, Fred Winston, and Rick Young for gifts ofal. 2000; Kim and Sharp 2001). Our data do not address
antibodies, plasmids, and strains; Steve Buratowski and Doug Kelloggthis model, and it is possible that Kin28, Ctk1, Bur1,
for advice on experiments; and Greg Prelich and Fred Winston forand Fcp1 may all directly regulate phosphorylation of critical comments on the manuscript. G.H. thanks Fred Winston for

Spt4-Spt5 in addition to the CTD. In this respect, it is support during the early phase of this work. This work was supported
by grant GM60479 from the National Institutes of Health to G.H.interesting to note that bur1 mutants share many pheno-
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