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ABSTRACT

Essl is an essential prolyl isomerase that binds the C-terminal domain (CTD) of Rpbl, the large subunit
of RNA polymerase II. Essl is proposed to control transcription by isomerizing phospho-Ser-Pro peptide
bonds within the CTD repeat. To determine which step(s) in the transcription cycle might require Ess1,
we examined genetic interactions between £ESSI and genes encoding the known CTD kinases (KIN2S,
CTKI, BURI, and SRBI10). Although genetic interactions were identified between ESSI and all four kinases,
the clearest interactions were with CTKI and SRB10. Reduced dosage of CTKI rescued the growth defect
of ess1* mutants, while overexpression of CTKI enhanced the growth defects of essI* mutants. Deletion
of SRBI0 suppressed essI* and essIA mutants. The interactions suggest that Ess1 opposes the functions of
these kinases, which are thought to function in preinitiation and elongation. Using a series of CTD
substitution alleles, we also identified Ser5-Pro6 as a potential target for Ess1 isomerization within the first
“half” of the CTD repeats. On the basis of the results, we suggest a model in which Ess1-directed conforma-
tional changes promote dephosphorylation of Serb to stimulate preinitiation complex formation and,

later, to inhibit elongation.

HE expression of eukaryotic RNA polymerase II

(pol II)-dependent genes is regulated at multiple levels:
transcription initiation, capping, elongation, splicing, ter-
mination, and transcript cleavage (LEE and YOUNG 2000).
Each step requires accessory proteins whose activities
appear to be coordinated, in part, by binding to the
C-terminal domain (CTD) of the pol II large subunit,
Rpbl (Hirost and MANLEY 2000). How binding of these
proteins to the CTD is regulated in such a way as to
promote efficient transcription and mRNA processing
is not understood.

The CTD is composed of multiple repeats of the con-
sensus heptapeptide sequence YSPTSPS. In yeast, the
CTD contains 26 or 27 repeats of this sequence, while
in mammals the CTD contains 52 repeats (CORDON 1990).
Changes in the phosphorylation state of this Ser-Pro-
rich region accompany the transitions of RNA polymer-
ase II as it moves from the promoter of a gene to its
terminus (KOMARNITSKY et al. 2000). The CTD is hypo-
phosphorylated during preinitiation complex (PIC) for-
mation and is phosphorylated as pol II leaves the pro-
moter and during elongation (LAYBOURN and DAHMUS
1989). The different phosphorylation states of the CTD
might act as a signal to coordinate binding and release
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of the multiple proteins required for individual steps
of transcription.

Four potential CTD kinases have been identified, each
functioning as part of a kinase-cyclin complex. These
kinases are thought to act at discrete steps in transcrip-
tion. Kin28-Ccll (Cdk7-cyclin H in humans), a compo-
nent of TFIIH, facilitates promoter clearance and mRNA
capping (CISMOWSKI et al. 1995; AKHTAR el al. 1996;
RODRIGUEZ et al. 2000). Ctk1-Ctk2, the kinase-cyclin sub-
units of CTDK-I, and Burl-Bur2 (Cdk9-cyclin T in hu-
mans) are thought to promote efficient elongation (LEE
and GREENLEAF 1997; MAJELLO e al. 1999; MURRAY et al.
2001). In addition, CTDK-I may help recruit pre-mRNA
processing factors involved in 3'-end formation (SKAAR
and GREENLEAF 2002). Srb10-Srb11 (Cdk8-cyclin C in
humans), a component of the SRB/mediator, negatively
regulates transcription of certain genes during expo-
nential growth in rich media (HOLSTEGE et al. 1998) by
inhibiting PIC formation (HENGARTNER et al. 1998) and
by promoting the degradation of certain transcription
activators (CHI et al. 2001). In addition to four CTD
kinases, two CTD-specific phosphatases have been iden-
tified, Fcpl (ARCHAMBAULT el al. 1997; KOBOR et al.
1999) and Ssu72 (K. SHANKARLING and M. HaMPSEY,
personal communication).

Changing the phosphorylation state of the CTD is
one mechanism by which binding of accessory proteins
to the CTD of pol II may be regulated. Another mecha-
nism might be conformational isomerization of the CTD
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by enzymes called peptidyl-prolyl cis/trans isomerases
(PPIases; ScHIENE and FiscHER 2000). A PPlase could
alter the structure of the CTD, changing the affinity of
accessory proteins known to bind the CTD. One such
enzyme, Ess1, which is essential for growth in yeast (HANES
et al. 1989), binds phospho-Ser-Pro motifs (YAFFE et al.
1997), such as those found within the phosphorylated
CTD. Essl has been shown to interact physically and
genetically with Rpbl (MoRrris et al. 1999; Wu et al.
2000, 2001) and is thought to stimulate the binding of
Fcpl, a CTD-specific phosphatase (LIN et al. 2002), to
the CTD. Analysis of the Byel high-copy suppressor of
ess] mutants led to the finding that Essl acts negatively
in transcription elongation (Wu et al. 2003).

Here, we examined genetic interactions between ESS1
and genes encoding the four known or suspected CTD
kinases. The goals were to help identify those step(s)
during the transcription cycle in which Essl might act
and to identify possible target sites within the CTD that
are shared between the CTD kinases and Ess1. Genetic
interactions with multiple CTD kinases indicate that
Essl is likely to act at more than one step in transcrip-
tion. In addition to a negative role in elongation, our
results point to a positive role for Essl in preinitiation
complex formation. We have also discovered that essI®
mutants are suppressed by serine-to-alanine mutations
(YSPTAPS) in the amino-terminal half of the CTD re-
peats. Since Serb-to-alanine substitution prevents phos-
phorylation at this position, suppression by this allele
suggests that Essl may function by promoting dephos-
phorylation of Ser5 in the amino-terminal portion of
the CTD.

MATERIALS AND METHODS

Yeast strains, genetic methods, and media: Yeast strains used
in these experiments are listed in Table 1 and most are derived
from the strain W303-1A (R. Rothstein), except YPR57, which
is derived from W1021-7C and W961-5B (R. Rothstein), the
rpbIA pRP112 strain (NONET and YoUuNG 1989), and GY604
(MURRAY et al. 2001). The essI mutant alleles have been de-
scribed previously (Wu et al. 2000). Standard methods were
used for transformation, mating, sporulation, and tetrad dis-
section (GUTHRIE and FINk 1991). Rich (YEPD), complete
synthetic (CSM), and 5-fluoroorotic acid (5-FOA) media were
prepared according to standard methods (ADAMS et al. 1997).
For spot tests, cells were grown in liquid culture to an ODg,
of 0.5-0.8 (~1-2 X 107 cells/ml). An estimated 2-3 .l of cells
(diluted to 0.5 ODyg, units) were spotted onto the equivalent
solid media, using a multiprong device following serial 1:5
dilutions.

Gene deletions and disruptions: KIN28, CTKI, and BURI
gene deletions were generated by transformation of yeast
strains W303-1A/B, CBW9, CBW15, and CBW32 with a poly-
merase chain reaction (PCR) product containing a G418®
cassette flanked by ~45 bp homologous to the ends of the
target open reading frame (WAcCH et al. 1994). Transformants
were selected on YEPD containing 400 mg/liter geneticin
(GIBCO BRL, Gaithersburg, MD). SRB10was disrupted (and
mostly deleted) by transformation of yeast with a Smal-Psi
restriction fragment of plasmid psrb10::TRP1 (gift of J. Dutko

and R. Zitomer). This construct deletes base pairs from 300
to 1307 of the 1668-bp coding sequence of SRBI10. The srb10
mutant strains generated using this construct are referred to
as deletions (srbI0A) throughout this article. The presence of
the knockouts was determined by PCR, using one primer
complementary to sequence within the marker gene and an-
other with complementarity to chromosomal DNA flanking
the gene of interest. The identity of essI* alleles in tetrad
segregants was determined by PCR, using oligonucleotides
specific to each allele, or by DNA sequencing. Oligonucleotide
sequences are available on request.

Plasmids: The high-copy plasmid pKIN28 was made by sub-
cloning KIN28-HA from pGK13 (KIMMELMAN et al. 1999) into
pRS425 (2w, LEUZ; CHRISTIANSON ef al. 1992), using PstI and
HindIIIL Plasmids containing kin28"'¢ and kin28™%** (in YCplac22;
CEN TRPI) were from Mark Solomon (KIMMELMAN et al.
1999). CTKI plasmids were from Jan Jones and Arno Green-
leaf. The high-copy plasmid pJYC1501 contains a BglII-Sall
fragment of the CTKI locus inserted into the same sites of
YEp24 (2, URA3). p]YC1501-HA3 and pJYC1501-K212A-HA3
are derivatives that encode HA-tagged wild-type and kinase-
deficient Ctkl (K212A), respectively. pJYC1511 is a centromeric
CTKI plasmid (CEN HIS3). Additional plasmids (2, URA3)
encoding wild-type (YEp112CTKIWT-HA) and kinase-deficient
Ctkl (D324N; YEp112CTKIDN-HA) were from Denis Ostapenko
and Mark Solomon. A high-copy SRB10 plasmid, YEp(195)SRB10
(2, URA3), was obtained from Richard Zitomer. Plasmids
bearing CTD mutations are listed in Table 4 and were from
Jeft Corden. BURI plasmids pGP232 (2w, LEU2 BURI), pGP162
(CEN TRPI BURI), and pGP163 (CEN TRPI burl-2) were from
Gregory Prelich. YEpHESS] has been described (HANES et al.
1989).

Plasmid-loss experiments: We used a plasmid encoding Can-
dida albicans Ess1, which complements Saccharomyces cerevisiae
ess] mutations (DEVASAHAYAM el al. 2002). The C. albicans
version was used rather than the S. cerevisiae version to reduce
possible recombination between the plasmid-borne copy of
ESSI and chromosomal essI mutations. The kin28 essI double-
mutant strains were patched to solid 5-FOA — TRP medium
to identify cells capable of growing after loss of pCaESS1 (2.,
URA3). For CTD mutant experiments, the haploid strains
rpbIA pRP112 and essI"** ypbIA pRP112 were transformed
with LEU2 plasmids carrying rpb1-CTD mutations, and growth
after loss of wild-type RPBI carried on pRP112 (URA3) was
monitored by replica plating to 5-FOA medium.

RESULTS

Allele-specific interactions between KIN28 and ESSI:
Kin28, an essential component of TFIIH, is thought to
phosphorylate the CTD at the time of promoter escape
(HENGARTNER et al. 1998). Because ESSI is an essential
gene, we used temperature-sensitive (&) alleles that allow
cell growth at 25° or 30° but not at 35° or 37°. The two
we used, essI"" and ess """, contain single-amino-acid
substitutions in structurally distinct regions of the pro-
tein, one in the catalytic site (H164R) and one at the
interface between the WW and prolyl isomerase domains
(A144T; Wu et al. 2000). To investigate a potential ge-
netic interaction between ESSI and KIN28, we first trans-
formed essI mutant strains with a high-copy plasmid to
overexpress KIN2S8. High-copy expression of KIN28 nei-
ther suppressed nor enhanced the s lethality of either
ess1” allele (data not shown), nor did lowering the dos-
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TABLE 1

S. cerevisiae strains

95

Strain Genotype Source

W303-1A MATa wra3-1 trpl-1 leu2-3,112 canl-100 ade2-1 his3-11,15 R. Rothstein

W303-1B MATo ura3-1 trpl-1 leu2-3,112 canl-100 ade2-1 his3-11,15 R. Rothstein

YGD-ts8W MATa ura3-1 leu2-3,112 trpl-1 canl-100 ade2-1 his3-11,15 essI*'*" Wu et al. (2000)

YGD-ts22W MATa wra3-1 leu2-3,112 trp1-1 canl-100 ade2-1 his3-11,15 essI"%" Wu et al. (2000)

YPR5 7« MATo ura3-1 trpl-1 canl-100 ade2-1 his3-11,15 essIAHIS3 pCaESS1 (URA3) P. Ren and S. Hanes

YPR57a MATa wra3-1 TRPI canl-100 ade2-1 his3-11,15 essIAHIS3 pCaESS1 (URA3) P. Ren and S. Hanes

YXW-2.1 MATa wra3-1 leu2-3,112 trpl-1 canl-100 ade2-1 his3-11,15 essIATRP1 pTPI-PIN1 (LEU2) Wu et al. (2000)

YSH-55 MATa/a ade2-1/ade2-1 canl-100/canl-100 his3-11,15/his3-11,15 leu2-3,112/LEU2 S. Hanes
wra3-1/ura3-1 trp1-1/TRPI essIAHIS3/ESS1

CBW9 MATa/MATo wra3-1/ura3-1 leu2-3,112/leu2-3,112 trp1-1/trp1-1 canl-100/canl-100 Wu et al. (2000)
ade2-1/ade2-1 his3-11,15/his3-11,15 ess10% fess 1'16*R

CBW15 MATa/MATo ura3-1/ura3-1 leu2-3,112/leu2-3,112 trp1-1/trp1-1 canl-100/canl-100 Wu et al. (2000)
ade2-1/ade2-1 his3-11,15/his3-11,15 ess1*™* /ess [A1#T

CBWI10 MATa/MATo wra3-1/ura3-1 leu2-3,112/leu2-3,112 trpl1-1/trp1-1 canl-100/canl-100 This study
ade2-1/ade2-1 his3-11,15/his3-11,15 kin28AG418%/KIN28

CBW23 MATa/MATo wra3-1/ura3-1 leu2-3,112/leu2-3,112 trp1-1/trp1-1 canl-100/canl-100 This study
ade2-1/ade2-1 his3-11,15/his3-11,15 kin28AG418%/KIN28 ess1™ fess 1111677

CBW24 MATa/MATo wra3-1/ura3-1 leu2-3,112/leu2-3,112 trp1-1/trp1-1 canl-100/canl-100 This study
ade2-1/ade2-1 his3-11,15/his3-11,15 kin28AG418%/KIN28 ess1'*7 Jess 1117

CBW25 MATa/MATo wra3-1/ura3-1 leu2-3,112/lew2-3,112 trp1-1/trp1-1 canl-100/canl-100 This study
ade2-1/ade2-1 his3-11,15/his3-11,15 cthIAG418%/CTK1

CBW26 MATa/MATo wra3-1/ura3-1 leu2-3,112/leu2-3,112 trp1-1/trp1-1 canl-100/canI-100 This study
ade2-1/ade2-1 his3-11,15/his3-11,15 cthIAG418%/CTKI ess1™0* /ess ]'116*R

CBW27 MATa/MATa wra3-1/ura3-1 leu2-3,112/leu2-3,112 trp1-1/trp1-1 canl-100/canl-100 This study
ade2-1/ade2-1 his3-11,15/his3-11,15 ctkIAG418%/CTKI essI*** fess [T

YJM1 MATa wra3-1 trpl-1 canl-100 ade2-1 his3-11,15 srb10::TRPI This study

YJM2 MATa wra3-1 trpl-1 canl-100 ade2-1 his3-11,15 essI"*™ srb10::TRP1 This study

YJM3 MATa ura3-1 trpl-1 canl-100 ade2-1 his3-11,15 essI*™*" srb10:: TRP1 This study

CBW22 MATa wra3-1 trpl-1 canl-100 ade2-1 his3-11,15 essIAHIS3 srb10::TRPI This study

YARH MATa/MATo wra3-1/ura3-1 leu2-3,112/lew2-3,112 trp1-1/trp1-1 canl-100/canl-100 This study
ade2-1/ade2-1 his3-11,15/his3-11,15 burlAG418%/BURI ESS1/ESS1

YARG6 MATa/MATo wra3-1/ura3-1 leu2-3,112/lew2-3,112 trp1-1/trp1-1 canl-100/canI-100 This study
ade2-1/ade2-1 his3-11,15/his3-11,15 burlAG418%/BURI ess1'1%*%/ ess ]"116*R

YAR7 MATa/MATo ura3-1/ura3-1 leu2-3,112/leu2-3,112 trp1-1/trp1-1 canl-100/canI-100 This study
ade2-1/ade2-1 his3-11,15/his3-11,15 burlAG418%/BURI ess1*'*"/ ess 1A 1#"

CBW32 MATa/MATo wra3-1/ura3-1 leu2-3,112/LEU2 trpl-1/trpl-1 canl-100/canl-100 This study
ade2-1/ade2-1 his3-11/his3-11 essIAHIS3/essIATRPI pCaESS1 (URA3)

YARS MATa/MATo wra3-1/ura3-1 leu2-3,112/LEU2 trp1-1/trpl-1 canl-100/canl-100 This study
ade2-1/ade2-1 his3-11,15/his3-11,15 burlAG418%/BURI essIAHIS3/essIATRP1
pCaESS1 (URA3)

YAR15 MATo ura3-1 LEU2 trpl-1 canl-100 ade2-1 his3-11,15 burIAG418"* essIAHIS3 pburl-2 This study
(TRPI) pCaESS1 (URA3)

GY604 MATo his3A250 lys2-1288 ura3-52 trp1A63 burl-2 MURRAY et al. (2001)

CBW1 MATa wra3-1 trpl-1 leu2-3,112 canl-100 ade2-1 his3-11,15 rpbIAG418" pRP112 Wu et al. (2000)
(RPB1 URA3)

CBW2 MATa wra3-1 trpl-1 leu2-3,112 canl-100 ade2-1 his3-11,15 essI"**" yppIAG418" pRP112 Wu et al. (2000)

(RPBI URA3)

age of KIN2S in diploid strains (kin28A/KIN2S ess1"/
ess1%; data not shown).

We next tested for synthetic lethality or suppression
using kin28A haploid derivatives of strain W303-1A that
carried the kin28 alleles on centromeric plasmids (e.g.,
kin28A ess1"* pkin28*'%). The kin28 alleles used were
kin28"', which is temperature sensitive for growth and
defective in kinase activity (CISMOWSKI ¢t al. 1995), and
kin28™% which has a nonphosphorylatable T-loop mu-

tation that severely reduces its kinase activity, but does
not generally affect growth (KIMMELMAN et al. 1999).
Genetic interaction was tested by monitoring the ability
of different kin28 ess1 double-mutant strains to grow on
5-FOA medium after loss of a plasmid-borne copy of
ESSI (Figure 1). In the wild-type ESSI background at
25°, the kin28"'% and kin28"%** mutations appear to re-
tain the pCaESS1 plasmid, as detected by moderate in-
creases in b-FOA sensitivity compared to KIN2§ cells
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(Figure 1A, left, row 1). Alternatively, it is possible that
the kin28 mutant cells lost the plasmid but are slow
growing (see below), giving rise to the apparent 5-FOA
sensitivity. In either case, the essI'** mutation seemed to
reverse this effect, facilitating loss of the pCaESSI1 plasmid
and subsequent growth on 5FOA by both £in28"' (at 25°)
and kin28"%?* (most visible at 30°). Results with the
essI'" mutant cells were uninformative, as essI*'*" ap-
peared to be generally resistant to pCaESS1 plasmid loss
(or slow growing on 5-FOA), even in KIN28 wild-type cells.

At higher temperature (30°) the effects were similar
but not identical (Figure 1A, right). Resistance to 5-FOA
of the kin28™%* ¢ss 1'% cells was more pronounced com-
pared to kin28"%* ESSI cells, indicating that the double-
mutant combination is favorable, allowing £SSI plasmid
loss. For kin28"'%, 5-FOA resistance is no longer detected
in either ESSI background, probably because kin28"'°
cells grow slowly at this temperature, rather than be-
cause of a failure to lose the plasmid. From these experi-
ments, it appears that there may be genetic interactions
between ESSI and KIN2S.

Genetic interaction was further examined by compar-
ing the relative growth rates of cells that had lost the
pCaESS1 plasmid on medium that lacked 5-FOA. The
results indicated that essI"® suppresses the ts-growth

F1Gure 1.—Complex allele-specific interaction
between ess] and kin28 mutations. (A) The chro-
mosomal KIN28 gene was deleted in ESSI and
ess] strains. KIN28 function was provided by a
plasmid-borne copy of KIN2§ or kin28 as indi-
cated. Cells were patched onto 5-FOA — trp me-
dium and tested for the ability to lose a 2, URA>
based ESSI plasmid (pCaESS1) at 25° and 30°.
Growth indicates ability to lose the ESSI plasmid.
The most prominent interaction observed is be-
tween essI" and kin28"%%. In kin28"°*" cells,
5-FOA resistance is maximal (z.e., highest frequency
of loss of pCaESS1) in an essI”'** background wvs.
ESSI control cells. (B) ESSI kin28A and essI1%®
kin28A cells bearing the indicated KIN28 or kin28
plasmids were spotted onto CSM — trp medium
(1:5 serial dilutions) and grown for 3 days at the
indicated temperatures. The essI"*** mutation ap-
pears to suppress the tsgrowth defects of both
kin28 mutants.

5-FOA

defects of both kin28"'% and kin28"%*" (Figure 1B). This
is most easily seen at 30° for kin28“', where there is
partial suppression, and at 37° for kin28"*** (compare
to ESSI). Independent isolates behaved similarly (data
not shown). The results also show that kin28™* sup-
pressed the tsgrowth defect of essI"* cells at 37°. Given
that Kin28 is involved in transcription initiation, the
results may implicate a role for Essl in this step. Other
genetic interaction experiments between ESSI and KIN2§
yielded results that suggest interactions between these
genes are likely to be complex and allele specific (data
not shown). The simplest interpretation of our results
is that Ess1 might oppose (attenuate) Kin28-dependent
initiation.

Reduced CTKI gene dosage suppresses essI* mutations:
Ctkl, another CTD kinase, has been shown to promote
transcription elongation efficiency in vitro (LEE and GREEN-
LEAF 1997) and is linked to 8’-end formation (CONRAD
et al. 2000; SKAAR and GREENLEAF 2002). Ess1 has been
proposed to inhibit elongation and promote termina-
tion (WU et al. 2003) and was recovered in a screen for
mutations that cause defects in 3’-end formation (HANT
et al. 1995). Therefore, Essl and Ctkl are predicted to
interact genetically, perhaps in an opposing manner.

Previous work has shown that CTKI is not essential,
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although c¢tkl mutants had a slow growth phenotype
(LEE and GREENLEAF 1991; GIAEVER e¢f al. 2002). In our
strain backgound (W303-1A), however, we could not
generate viable ctkIA haploid cells, even after the addi-
tion of SSDI-v, an allele of SSDI that suppresses a num-
ber of other mutations in this background (LoRENZ and
HerrMan 1998). In addition, high-copy expression of
ESS1 did not suppress the ctkIA mutation (data not
shown).

Instead, we worked with diploid strains in which one
copy of CTKI was deleted. The results show that ctkIA/
CTKI suppressed the s phenotype of essI'*" and essI**"
homozygous mutants at 34° (Figure 2A). The suppres-
sion by ctkIA/ CTKI was much stronger for the essI'**
mutant, whose growth is generally more robust than that
of essI'"*". Several independently derived ¢tk IA mutants
were used for these experiments and the results were the
same (data not shown). As a control we also showed that
adding back CTKI on a centromeric plasmid reversed
this effect, rendering ctkIA/ CTKI ess1™'%"/ ess 15" cells
more temperature sensitive than vector-only controls (Fig-
ure 2B). Western blot analysis indicated that the reduced
dosage of CTKI did not alter the expression levels of essI*
mutant proteins (data not shown). Decreased dosage of
CTK1 did not, however, suppress a complete deletion of
ESSI. This was tested using a ¢tkIA/CTKI essIA/essIA
strain carrying £SSI on a plasmid (pCaESS1) and find-
ing that cells were unable to lose the plasmid by plating
to 5-FOA (data not shown).

The above results indicated that reduced levels of
Ctk1 suppress the growth defects in essI* mutants. We
tested if the reciprocal was true, whether increased levels
of Ctkl might enhance the growth defects in ess/* mu-

Frcure 2.—Reduced dosage
of CTKI suppresses the growth
defect of essI” cells. (A) Serial
dilutions (1:5) of wild-type or
isogenic essI® diploids contain-
ing one or two copies of CTKI
were spotted onto YEPD me-
dium and grown for 2 days at
30° and 384°. essI"19"/ ss 1110
mutants with only one copy of
CTKI (CTK1/A) grew nearly as
well as ESS1/ESSI wild-type cells,
even at 34°. (B) As a control, cells
were transformed with a centro-
meric plasmid (pJYC1511) en-
coding CTKI or a vector control
(pRS413), spotted to CSM — his
medium (1:5 dilutions), and
grown for 3 days. Results show
that essI"*" mutant cells with a
reduced chromosomal dosage
of CTKI (CTK1/A) but carrying
apCTKI plasmid were restored
to temperature sensitivity (at
34°), whereas the vector con-
trol cells were not.

vector
pCTK1
vector
pCTKA1

tants. Indeed, high-copy expression of CTKI enhanced
the temperature sensitivity of both the essI"%" and
essIM*T cells (Figure 3A). This effect is detected at 30°
and 32° but is most prominent at 34°. Note that the
plasmid used in these experiments also contains a partial
open reading frame (ORF; TGLI). However, we do not
think this ORF could have caused the observed effect
because three-fifths of the coding sequence is missing.
In addition, independent experiments using plasmids
without this ORF present gave similar results, and an
equivalent plasmid carrying a CTKI catalytic mutant did
not produce this effect (both in Figure 3B, below).

To test whether the kinase activity of high-copy-
expressed Ctkl was required for enhancing the growth
defect of essI'*! cells, two kinase-deficient alleles of
CTKI were used, ctkI®¥*'* and cthI”*™. Plasmids carry-
ing these alleles did not enhance the growth defect of
ess 1115 cells at semipermissive temperature (34°) as did
wild-type control CTKI plasmids (Figure 3B). These re-
sults indicate that the kinase activity of Ctkl is required
for enhancing the (s-growth defect of essI”'%" cells.

In summary, reduced CTKI dosage suppresses essl”
mutations, while increased CTKI activity enhances essI*
mutations, indicating that Essl and Ctkl may have op-
posing functions during transcription. Since CTKI is
known to stimulate elongation, these results suggest that
Essl inhibits elongation, consistent with other recent
studies (Wu et al. 2003). In addition, since CTKI has
also been implicated in 3’-end processing (CONRAD et
al. 2000; SKAAR and GREENLEAF 2002), Essl may also
be important during this step.

Genetic interactions between between BURI and ESSI:
BURI encodes a kinase that may phosphorylate Serb
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residues within the CTD repeat and, like CTKI, acts
positively to promote transcription elongation (MUR-
RAY el al. 2001). Other studies confirm a role in elonga-
tion, but suggest that Burl kinase may have targets other
than the CTD (KeoGH et al. 2003).

We tested for genetic interaction between BURI and
ESS1, using a variety of experiments. High-copy BURI
expression did not enhance or suppress the isgrowth
defect of essI"* (or ess1*") mutant cells at various
temperatures (25°, 30°, 34°, and 37°), nor did a reduc-
tion in BURI dosage, for example, in a burlA/BURI
ess 116 fess 1'% diploid strain (data notshown). In addi-
ton, burlA/BURI essIA/essIA mutant cells were invia-
ble upon loss of an ESSI-containing (URA3) plasmid as
indicated by the failure to grow on 5-FOA medium (data

Ficure 3.—Overexpression of kinase-active
CTKI enhances the growth defect of essI® cells.
(A) Serial dilutions (1:5) of wild-type or isogenic
ess1* haploid cells containing vector alone or a
high-copy CTKI plasmid were spotted onto CSM —
ura medium and grown for 3 days at the indicated
temperatures. Both essI"** and essI*!**" mutants
bearing the pCTKI plasmid grew slower than cells
bearing the control vector; this is particularly visi-
ble at 32° and 34°. (B) Cells were treated as in A
except that plasmids encoding a kinase-deficient
mutant were used, and the cells were grown and
spotted on CSM — trp medium. Top, growth of
essI"" cells expresssing the control wild-type
CTKI, but not the kinase-deficient ctkI***, is in-
hibited at semirestrictive temperature (34°). Bot-
tom, similar to the top except mutant allele
ctkI"* and a CTKI control plasmid were used.

not shown). Thus, neither overexpression nor reduced
dosage of BURI suppressed (or enhanced) essI muta-
tions. We also generated a burIA essIA haploid mutant
bearing a plasmid-borne copy of the burl-2 allele (see
below) and an ESSI plasmid (pCaESSI). This strain
could not lose the pCaESS1 plasmid, suggesting there
is no suppression of essIA by burl-2 (data not shown).

Segregation analysis was then used to test whether
ess] burl double mutants are synthetic lethal. Because
both BURI and ESSI are essential, we used the burl-2
slow-growth allele (MURRAY et al. 2001), combined with
the essI™** s allele. The results are shown in Table 2.
For controls, we analyzed the burl-2 and essI"'" single
mutants. As previously demonstrated (MURRAY ¢t al. 2001),
burl-2/ BURI-2 diploids gave rise to four viable spores,
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TABLE 2

Segregation analysis of burl essI double mutants

Viable spores per tetrad*

Relevant genotype Cross No. of tetrads 0 1 2 3 4
burl-2/ BURI GY604 X W3031A 17 0 0 1 2 14
essI""/ ESS1 W3031B X YGDts22W 19 1 1 1 4 12
burl-2/ BURI ess1"'*""/ESS1 GY604 X YGDts22W 47 0 0 3 18 26

“Tetrads were dissected on YEPD plates and incubated 5-6 days at 25° (rows 1 and 3) or at 30° (row 2).

*X. Wu and S. D. Hanes (unpublished data).

and these showed 2:2 segregation for mild slow growth
(Figure 4). As expected, essI"'**/ESSI diploids gave rise
to four viable spores at the permissive temperature,
which grew equally well. In contrast, burl-2/BURI-2
ess1"""/ ESST double mutants gave rise to a large num-
ber of tetrads bearing fewer than four viable spores.
This result is consistent with two unlinked genes inter-
acting to produce a synthetic enhancement of their
individual growth defects (see also Figure 4 legend).
However, if the double-mutant combination was always
lethal, we would have expected far fewer than half the
tetrads to yield four viable spores. Instead, slightly more
than half the tetrads yielded four viable spores. This
result suggests that the double mutants are most likely
to be very slow growing (e.g., tiny colonies in tetrads 1,
4, and 7 in Figure 4), but that these mutants show some
variability in their growth phenotype, ranging from invi-
ability (e.g., dead spores in tetrads 2, 5, and 6; Figure
4) to slow/moderate growth (small/medium colony in
tetrad 3; Figure 4).

The slow-growing (and nonviable) colonies are in-
ferred to be burI-2 essI'"'"f double mutants. For ess /6%,
ts growth at 37° was monitored and segregation patterns
were consistent with the above inference. From these
experiments, we conclude that burl-2and essI"'** muta-
tions exhibit synthetic lethality or synthetic slow growth.

BURI has previously been shown to interact with other
genes involved in elongation (SP74/5), as well as with
RNA polIlitself and a CTD phosphatase (£'CP1; MURRAY
et al. 2001). Because ESSI also interacts with SPT4/5 (Wu
et al. 2003), as well as with RNA pol Il and FCPI (WU et al.
2000; see below), it was perhaps expected that we would
detectinteractions between BURI and ESSI. The genetic
interaction observed between ESSI and BURI is consis-
tent with a role for ESSI in elongation. However, in
contrast to results with CTKI, the BURI results seem to
indicate a positive role for Essl in elongation.

Disruption of SRB10 suppresses essI* and essIA muta-
tions: Phosphorylation of the CTD by Srb10 before PIC
formation has been shown to inhibit transcription
(HENGARTNER et al. 1998). We previously reported inter-
actions between ESSI and RPBI that implicate Essl as
a positive regulator of transcription (Wu et al. 2000).
This suggested that any interaction between Essl and

Srb10 would be antagonistic. Since SRB10is not essen-
tial (L1ao et al. 1995), we deleted SRBIO (srb10A) in
wild-type and essI” haploid strains to determine whether
there is a genetic interaction with ESS1. As expected,
the stb10A essI™ and srb10A essI*'*" double-mutant
strains grew at permissive temperatures (30° and 32°%
Figure 5). However, the double mutants also grew at
the semipermissive temperature (34°), and one of the
mutants, srb10A essI"% grew at the restrictive tempera-
ture (37°). These results indicate that the srb10A muta-
tion suppresses the growth defect of essI” mutants.

The srb10 mutation also suppressed a complete dele-
tion of ESSI. This was shown by deleting SRBI0 in a
haploid essIA strain bearing a pCaESS1 plasmid and
then curing cells of the plasmid (data notshown). These
stb10A essIA cells grew at 30°, 32°, and 34° (Figure 5).
However, due to the possibility that suppressors might
have arisen during the plasmid-loss procedure, we con-
firmed this result using standard segregation analysis
with diploid cells of the following genotype: srb10A/
SRB10 ess1A/ESSI. Suppression of the essIA mutation
by the unlinked sr010A mutation should alter the nor-
mal 2:2 viable:inviable segregation pattern observed for
LESS1 disruption (HANES et al. 1989), generating 3:1 and
4:0 segregation patterns and allowing recovery of viable
His™ segregants (i.e., that contain the essIA deletion).
Indeed, 3:1 and 4:0 segregation was observed (Table 3),
indicating that srb10A suppresses the essIA mutation.
As expected, all the viable His™ segregants (essIA:: HIS3)
obtained were also Trp*, indicating that the s1610 muta-
tion (srb10A:: TRPI) was also present. Viability was lower
at 30° than at 25°, consistent with our observations that
the requirement for ESSI is stricter at higher tempera-
tures (X. Wu, C. B. WiLcox and S. D. HANES, unpub-
lished results).

Of the 57 double-mutant tetrads dissected, however,
only 16 showed 3:1 segregation (28%), and 3 showed
4:0 segregation (5%) rather than the expected ~67 and
~17%, respectively. In addition, of the Trp™ segregants
(stb10A::TRPI), only 23% (rather than 50%) were His*
(essIA::HIS3). Random spore inviability may not be the
cause, since neither essIA/ESSInor srb10A /SRB10single
mutants showed spore-viability problems (Table 3). These
results indicate that another gene might be required or
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F1GURE 4.—Segregation analysis of burl essI double mutants
indicates a synthetic growth defect. Tetrads were dissected as
described in Table 2. Tetrads were verified using independent
markers. The darker color that is visible for some colonies is
due to segregation of the ade2-1 allele. Very small and non-
growing colonies (bottom) are likely to be burl-2 essl"**
double mutants. For two unlinked mutations, we expected
segregation patterns of 1:1:4 for PD:NPD:TT. If we assume
that burl-2 ess1""** double mutants are extremely slow growing
(or dead), then the following colony phenotypes would be
expected for segregants of the double-mutant cross: parental
ditype (PD), 2 large, 2 medium; nonparental ditype (NPD),
2 large, 2 small (or dead); tetratype (TT), 2 large, 1 medium,
1 small (or dead). Among the 26 tetrads that yielded four
viable spores (data from Table 2) the ditypes were scored as
follows: 5:3:18 for PD:NPD:TT. This ratio is close to the ex-
pected 1:1:4, supporting the assumption that burl-2 ess1"'**
double mutants are extremely slow growing or dead (in the
case of 3:1 viable:inviable tetrads).

that suppression by sr010A is not fully penetrant. It is
also possible that essIA srb10A double-mutant spores
have germination defects. In any case, the results show
that, in certain backgrounds, the deletion of SRB10 can
relieve cells of their requirement for ESSI. Given that
Srb10 inhibits PIC formation, it seems likely that Essl
stimulates PIC formation.

While deletion of SRBI0 suppressed the phenotype
of essIA mutants, deletion of ESSI did not suppress
the sv010A mutant phenotype, that of slow growth on
galactose-containing medium. If anything, essIA srb10A
double mutants grew slower than srb10A single mutants
on rich or synthetic media containing galactose as the

carbon source (data not shown). We also tested whether
high-copy expression of SRB10 enhanced or suppressed
growth defects caused by essI® mutations at restrictive
temperature. No effects were detected (data not shown),
as might be expected if Ess1 acts downstream of Srb10
(see DISCUSSION).

A CTD half-substitution allele that suppresses essl
mutants: The above results revealed genetic interactions
between ESSI and genes encoding CTD-modifying en-
zymes. This prompted us to investigate possible direct
genetic interactions between ESSI and the CTD. In
otherwise wild-type yeast, the CTD can be truncated to
10 YSPTSPS repeats with no apparent effect on growth,
and 8 repeats is sufficient for viability at 30°, but cells
are cold sensitive, while mutants bearing more severe
CTD truncation alleles are inviable at any temperature
(NoNET and YounG 1989; WesT and CoOrRDEN 1995).
These defects are suppressed, to a certain extent, by muta-
tions in suppressor of RNA pol B (SRB) genes (NONET
and Younc 1989), including SRB10 (THOMPSON et al.
1993; L1ao et al. 1995; HENGARTNER ¢t al. 1998). Pheno-
typically, deletion of SRB10 “lengthens” the CTD by several
repeats, augmenting Rpbl function (HENGARTNER ¢t al.
1998). Our previous work suggested that ess/ mutations
do just the opposite, compromising Rpbl function and
sensitizing cells to the effects of truncated CTD alleles,
i.e., effectively “shortening” the CTD (Wu et al. 2000).

Here, we examined genetic interactions between ess/
mutations and various “half-substitution” CTD trunca-
tion/subsitution alleles. The CTDs are truncated so they
contain only 10-14 heptad repeats rather than the usual
26-27, and they carry substitutions of Ser2 or Ser5 within
the repeat to either Ala or Glu. However, these substitu-
tions are restricted to either the “first half” or the “sec-
ond half” (amino- or carboxy-terminal ends) of the CTD
(see Table 4). In this way, we hoped to delineate the
importance of first-half vs. second-half CTD repeats, as well
as distinguishing the effects of Ser2 vs. Serb substitutions.
Previous analysis of CTD half-substitution mutants indi-
cated that serines at the same position (e.g., Serb) within
different heptad repeats may have distinct roles (WEST
and CorDEN 1995; FoNnG and BeENTLEY 2001). This is
supported by the finding that suppressors of second-
half mutations do not necessarily suppress first-half
mutations (YURYEV and CORDEN 1996). Here, we tested
whether the CTD half-substitution mutants could re-
place wild-type RPBI in an essI* background.

Plasmids expressing a CTD half mutant, wild-type
RPBI, or an empty vector were transformed into rpbIA
ESSIand rpbIA essI1"'**" strains carrying RPB1 on a URA3-
containing plasmid. Complementation of the rpbIA mu-
tation was measured by patching cells to 5-FOA medium
to detect RPB1 plasmid loss (Figure 6). This experiment
allowed us to compare the ability of different CTD al-
leles to function in ESSI vs. ess1” cells at the permissive
temperature (30°) to identify possible synthetic-lethal
interactions.
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Consistent with published observations (WEST and
CorDEN 1995), all four of the serine-to-alanine mutants
substituted for RPBI in the control ESSI strain (Figure
6, bottom left, rows 3, 4, 7, and 8). In the essI"** mutant
strain, however, only the Ser5-to-alanine substitutions
complemented the 7pbIA mutation, allowing cell growth
(bottom right, rows 4 and 8), whereas Ser2-to-alanine
substitutions did not (rows 3 and 7). These results iden-
tify a synthetic-lethal interaction between essI™** and
Ser2, but not Serb mutations. Similar results were ob-
tained with plasmid-loss experiments using liquid cul-

Ficure 5.—Deletion of SRBIO sup-
presses essI® and essIA mutants. Serial
dilutions (1:5) of wild-type or essI* cells
containing SRB10 or srb10A or an essIA
stb10A double deletion strain were spot-
ted onto YEPD medium and grown for 2
days at the indicated temperatures. The
s110 deletion alone resulted in only a
slight tsgrowth defect. Deletion of
SRBI0 allowed growth of the essI//'*'"
strains at restrictive temperature (37°)
and of the essIA strain at temperatures up
to 34°.

37°C

tures (data not shown). The lack of sensitivity between
essI"" and the Ser5-to-alanine mutation (i.e., mutating
both is no worse than mutating either one alone) points
to Serb as a possible direct target of Essl (see also below).

Mutation of Ser2 or Serb to glutamic acid in the first
half of the CTD (Figure 6, bottom, rows 5 and 6) did
not support growth in either ESSI or ess 1'% cells. While
the inability of these mutants to complement rpbIA may
indicate that dephosphorylation of Ser2 and Serb in the
first half of the CTD is essential for viability, this result
is relatively uninformative with respect to the role of

TABLE 3

Deletion of srb10 suppresses essl deletion mutants

Viable spores per tetrad

Relevant genotype (strain name) Temperature No. of tetrads 0 1 2 3 4
essIA::HIS3/ESSI* (YSH-55) 25° 19 1 1 16 1 0
30° 24 0 3 21 0 0

st010A:: TRP1/SRB10 (YJM1 X W303-1B) 25° 19 0 0 0 1 18
30° 15 0 0 0 2 13

stb10A:: TRP1/SRB10 ess1A::HIS3/ESS1’ 25° 21 0 1 11 6 3
(YJM1 X YPR57a) 30° 36 1 3 22 10 0

“ All viable segregants are His™.

" Of the 18 viable segregants that are His™, all are Trp™.
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TABLE 4

CTD mutant plasmids used

Plasmid Description® Original name’ Complements rpbIA?*
S2A,ctd (YAPTSPS),(YSPTSPS), pY1A2(4)WT(7) Yes

S5A;ctd, (YSPTAPS);(YSPTSPS), pY1A®(5)WT(7) Yes

S2E;ctd;, (YSPTEPS); (YSPTSPS), pY1E*(5)WT(7) No*

S5E;ctd; (YSPTEPS); (YSPTSPS), pY1E*(5)WT(7) No

ctd,S2A; (YSPTSPS), (YAPTSPS); pY1IWT (4)A%(6) Yes

ctd,SHA; (YSPTSPS); (YSPTAPS), pYIWT (7)A%(7) Yes

ctdsS2E, (YSPTSPS); (YEPTSPS); pYIWT (6)E2(7) No

ctdsSHE, (YSPTSPS); (YSPTEPS), pYIWT(6)E’(7) No

“Underline identifies position of substitution.
"WEesT and CORDEN (1995).

“Data are from WEST and COrDEN (1995), except for S2E;ctd; and ctdgS5E; (this study).

¢Reported as viable in WEST and CORDEN (1995).

E581

1. vector

2. pRPB1

3. S2A,ctd,
4. S5A.ctd,
5. S2E.ctd,
6. S5E ctd, g%
7.ctd,S2A,
8. cid-,SSA.,
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2. pRPB1

5. S2Ectd,
6. S5Ectd,
7. ctd,S2A,

5-FOA

L
rpb1A pRPB1 (URA3)

FicUure 6.—Synthetic-lethal interactions between essI"*"
and specific CTD mutations. The indicated plasmids (rows
1-9) were transformed into ESSI rpbIA pRPBI1 or essI"*"
rpbIA pRPB1 strains. Three individual transformants for each
plasmid were replica plated to leu™ control medium and to
5-FOA medium to detect loss of the pRPBI plasmid (2, URA3).
Cells were incubated at 30° for 4 days. Three CTD mutant
plasmids were unable to complement rpbIA in the essI™*"
mutant strain as detected by the inability to grow on 5-FOA
vs. the control leu” medium (right side; rows 3, 7, and 9).
Failure to grow on 5-FOA medium indicates synthetic lethality
between these three mutations and essI"**%,

Essl. However, mutation of Ser2 or Serb to glutamic
acid in the second half of the CTD (rows 9 and 10) did
support growth in the ESSI cells, but not in ess I cells
(7.e., they are synthetic lethal). This result is consistent
with the idea that essI mutations sensitize cells to second-
half mutations, as if Essl and these residues of the CTD
function in the same pathway but at different steps.

These results suggest that Ess1 targets a subdomain
within the CTD (Serb, first half). For example, Essl-
dependent isomerization might promote dephosphory-
lation of Serb in the first half of the CTD. If true, then
a Serb-to-alanine substitution (which mimics the de-
phosphorylated form of Ser5) in the first half of the
CTD might relieve the requirement for Essl, whereas
a Serb-to-alanine substitution in the second half of the
CTD would not, nor would a substitution of Ser2 to alanine.
This is exactly what we observed (Figure 7); a Serb first-half
mutation (SHA;ctd;) suppressed the temperature-sensitive
growth defect of essI""* cells (and essI****', data not shown)
at 34°, whereas a Serb second-half mutation (ctd,SHA;)
and a Ser2 first-half mutation (S2A,ctd;) did not. We
could not test Serb-to-glutamic acid substitutions (which
mimic the phophorylated forms) because they do not
support cell growth in an 7pbIA background (Figure 6).
The suppression of essI” mutations by SbA;ctd; suggests
that Ess1 binding to the CTD promotes dephosphoryla-
tion of first-half Serb residues, perhaps by isomerization
of Ser5-Pro6 dipeptide bonds. This could block the ac-
tion of CTD kinases on Serb or expose phospho-Serb
to the action of a CTD phosphatase.

DISCUSSION

In this article, we present genetic evidence that Essl
interacts with all four known CTD kinases, indicating
that it is likely to act at multiple stages of the transcrip-
tion cycle. The clearest genetic interactions indicate that
Essl opposes the effects of Ctkl and Srb10. Ess1 may
also oppose Kin28 and work positively with Burl. The
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FIGURE 7.—Serb in the first half of the CTD may be the
target of Ess1 within the CTD. ESSI rpbIA or essI"* ypbIA
strains carrying plasmids (CEN LEU2) encoding wild-type
RPB1 or CTD mutants with the indicated serine-to-alanine
substitutions were spotted (1:5 serial dilutions) onto YEPD
medium and grown for 2 days at 25° or 34°. Serb-to-alanine
substitution in the first half of the CTD (pSbA;ctd;) suppressed
the temperature sensitivity of essI"'**, allowing growth at 34°.

types of genetic interactions observed (summarized in
Table 5), combined with the known substrate prefer-
ence of Essl/Pinl prolylisomerases for phospho-Ser-
Pro motifs, suggest a model for Essl function. In this
model, Essl binds the CTD after the CTD is phosphory-
lated by Srbl0. Essl then catalyzes a conformational
change in the CTD that promotes dephosphorylation
by CTD-specific phosphatases, such as Fcpl and Ssu72.
This dephosphorylation would reverse the negative ef-
fects of Srb10 and stimulate PIC formation. Ess1 would
also be required later in the transcription process, possi-
bly during promoter clearance (Kin28 step), but more
likely for elongation and termination/3’-end formation
(see below). Here, Ess1 may act by helping Burl-depen-
dent elongation and later by antagonizing the effects
of Ctkl, which promotes elongation. Thus, our model
suggests that Essl and CTD kinases work together to
coordinate multiple steps in transcription and that both
covalent (phosphorylation) and noncovalent (isomeriza-
tion) modifications of the CTD are crucial to this process.

Essl acts positively in transcription initiation: In this
study, we observed genetic interactions between ESSI1
and SRB10, which regulates the formation of the preini-
tiation complex (HENGARTNER el al. 1998). Deletion

TABLE 5

Summary of genetic interactions between CTD kinases
and the CTD with ESSI

Effect on growth defect

Mutation or overexpression of essI* mutations

kin28 Suppress”
KIN281" No effect
ctkIA/CTKI Suppress
CTKI Enhance
stb10A Suppress’
SRBI10OT No effect
burl-2 Enhance’
BURIT No effect
CTD S2A (first half only) Enhance®/
CTD S2A (second half only) Enhance’
CTD S5A (first half only) Suppress’
CTD S5A (second half only) Enhance’
CTD S2E (second half only) Enhance’
CTD S5E (second half only) Enhance’

* Allele-specific interaction.

" Arrows (1) indicate high-copy expression.
“Also suppresses essIA.

¢ Apparent synthetic slow-growth /lethality.
‘Based on 5-FOA plasmid-loss assay (Figure 6).
/Based on growth of double mutant (Figure 7).

of SRB10 suppressed both s mutants and a complete
deletion of ESSI. Thus, when Srb10’s negative effect on
PIC formation is removed, Essl is no longer needed,
suggesting that the normal function of Essl, which oc-
curs genetically downstream of Srb10, is to overcome the
effects of Srb10 and stimulate PIC formation. Because
Srb10 phosphorylates the CTD, we presume that Ess1
isomerization promotes CTD dephosphorylation by
making the phospho-CTD a better conformational sub-
strate for a CTD-phosphatase. In addition, genetic inter-
actions observed with KIN28 suggest that Ess1 may also
play a role later during initiation and promoter clear-
ance, although these interactions appear to indicate a
negative role for Essl during these stages.

Ess1 may inhibit elongation and promote 3’-end for-
mation: Previous work has implicated Ess1 in 3’-end pre-
mRNA processing by an unknown mechanism (HANT et al.
1995). Here, we provide genetic data that might help
explain this finding. We found that reducing the dosage
of CTKI suppresses the lethality of essI” mutations at
restrictive temperature, indicating that Ess1 and Ctkl have
opposing functions. Ctkl has been shown to increase
elongation efficiency and may play a role in 3’-end pro-
cessing (LEE and GREENLEAF 1997; SKAAR and GREEN-
LEAF 2002), presumably by phosphorylating the CTD.
Since Ctk1 acts positively in elongation, the results point
to a negative role for Essl in elongation, consistent with
the findings of another recent study (Wu et al. 2003). We
propose the following scenario: Ess1 binds the phospho-
CTD on the elongating polymerase and catalyzes an
isomerization that in turn promotes dephosphorylation
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by Fcpl or Ssu72. By doing so, Ess1 would oppose the
pro-elongation action of Ctkl and perhaps enhance the
binding of pre-mRNA processing factors to the CTD,
thus stimulating 3’-end processing.

Isomerization by Essl likely promotes the dephos-
phorylation of the first half of the CTD at serine 5:
Results of complementation tests with Ser2 and Serb
substitutions (Figure 6) and the finding that the CTD
mutation, S5A;ctd;, suppresses essI® mutants (Figure 7)
imply that the mutation of Serb to alanine (S5A) in the
first half of the CTD compensates for the loss of Essl.
Together with genetic results showing that Ess1 opposes
the actions of at least two CTD kinases (Srb10 and Ctkl),
these data suggest that one role of Essl isomerization
is to prevent phosphorylation of Serb or to promote its
dephosphorylation. Therefore, when Essl function is
compromised, Serb would be inappropriately phosphor-
ylated, preventing PIC formation and, in later steps,
interfering with proper elongation and 3’-end forma-
tion.

While this model nicely fits our data, Srb10 and Ctkl
have been shown to phosphorylate the CTD on Ser2 to
a greater degree than that on Ser5 (HENGARTNER ¢f al.
1998; PATTURAJAN et al. 1999; CHO et al. 2001; RAMANA-
THAN et al. 2001; S. BuraATOWSKI and M. KEOGH, per-
sonal communication). At this point, it is not clear how
to explain this difference. There are many possibilities.
One is that these kinases also phosphorylate Serb to a
minor degree, but that these modifications have large
effects on Rpbl function. A second possibility is that
Essl acts indirectly to promote dephosphorylation of
Serb (in the first half of the CTD) and that this mecha-
nism might involve another CTD kinase, such as Kin28
or Burl, which are known to be important for phosphor-
ylation of Serb. For example, Ser2 phosphorylation by
Srbl0 (or Ctkl) might stimulate Essl binding to Ser2-
Pro3 and subsequent isomerization of the CTD. The
resulting conformational change might reduce Serb
phosphorylation (by Kin28 or Burl) or increase dephos-
phorylation by Ssu72 phosphatase, which seems to have
a preference for phospho-Serd (K. SHANKARLING and
M. HampsEy, personal communication). This might ex-
plain the observation that S2A mutations are synthetic
lethal (same pathway, different step) with the essI/**
mutation (Figure 6, rows 3 and 7), whereas an SbA
mutation suppresses essI'** (Figure 7), suggesting Serb
might be the functional target.

Finally, it is possible that the phosphorylation/dephos-
phorylation states of Ser2 and Serb are coupled. For
example, phosphorylation at Ser2 might stimulate phos-
phorylation at Serb, perhaps by a processive mechanism
involving one or more kinases. Thus, in the absence of
Srbl0 or Ctkl function, Ser2 would not be phosphory-
lated, causing loss of Serb phosphorylation, thereby re-
ducing or eliminating the requirement for Essl. In this
scenario Essl would normally act on Ser5-Pro6.

Conclusions: Ess] was originally proposed to regulate

cell division at mitosis. This was based primarily on the
mitotic defects observed in yeast ess] mutants (HANES
et al. 1989; Lu et al. 1996). Its human counterpart, Pinl,
was proposed to control mitosis in human cells by isom-
erization of mitotic phosphoproteins such as Cdc25
(CRENSHAW et al. 1998; SHEN et al. 1998). However, our
previous work (AREVALO-RODRIGUEZ et al. 2000; Wu et
al. 2000, 2001) suggested an alternative model, one in
which Essl (and Pinl) controls the transcription of
genes necessary for mitosis, and the mitotic-arrest phe-
notype in essI mutant cells is an indirect consequence
of the loss of Essl function. Work presented here sup-
ports a transcription-based model for mitotic regulation
in which Essl interacts with the CTD of RNA polymerase
II and along with CTD kinases controls the binding of
transcription and mRNA processing cofactors. Loss of
proper transcriptional control in ess/ mutants may trig-
ger mitotic arrest pathways. We suggest this model might
hold true in other organisms, including humans.
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