
Functional and Genetic Analysis of
the Ccr4-Not Complex in Yeast

Functionele en genetische analyse van het Ccr4-Not complex in gist

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag van
de rector magnificus prof.dr. W.H. Gispen, ingevolge het besluit van
het college voor promoties in het openbaar te verdedigen op
dinsdag 12 december 2006 des middags te 14:30

door

Klaas Willem Mulder

geboren op 30 april 1978
te Hoorn, Nederland



2

Promotor: prof.dr. H. Th. Marc Timmers

Department of Physiological Chemistry
Division of Biomedical Genetics
University Medical Centre Utrecht
Utrecht, the Netherlands

Reproduction: Gildeprint Drukkerijen

Cover: The woman behind the science (foto: Klaas Mulder)
Invitation: The London-Eye (foto: Klaas Mulder)

ISBN: 90-393-4421-3
978-90-393-4421-7

The research described in this thesis was financially supported by the Netherlands
Organization for Scientific Research (NWO) and the European Molecular Biology
Organization (EMBO)



3

”I love it when a plan comes together”
    John “Hannibal” Smith, the A-team



4



5

Index:    Page

Abbreviations…………………………………………………………………..………6

Chapter 1…………………………………………………………...………………...…7
  General Introduction

Chapter 2…………………………………………………………...……………....….27
  Modulation of Ubc4p/Ubc5p-mediated stress responses by the RING-finger
  dependent ubiquitin-protein ligase Not4p in Saccharomyces cerevisiae

Chapter 3…………………………………………………………...……………….…49
  DNA damage and replication stress induced transcription of RNR genes is
  dependent on the Ccr4-Not complex

Chapter 4…………………………………………………………...…………….……67
  The Ccr4-Not and Bur1/2 complexes cooperate to regulate histone
  H3K4 tri-methylation

Chapter 5…………………………………………………………...…………….……89
  A proteomic and topological study of the yeast Ccr4-Not complex

Chapter 6…………………………………………………………...……………...…103
  General Discussion

Summary ..………………………………………………………...……………...…113
Curriculum Vitae..………………………………………………………...…………117
Dankwoord…..……………………………………………………...…………….…119



6

List of Abbreviations:

5-FOA 5-Fluoro-orotic Acid

6-AU 6-Aza uracil

BUR bypasses UAS requirement

CBP Calmodulin binding peptide

ChIP Chromatin immunoprecipitation

EM electron microscopy

GTF General transcription factor

H3K4me3 Tri-methylated lysine 4 on histone H3

HA Heamaglutinine

HAT Histone acetyltransferase

HMT Histone methyltransferase

HU Hydroxyurea

MMS Methyl methane sulfonate

NOT Negative on TATA

pol II RNA polymerase II

protA proteinA

RING Really interesting new gene

RNR Ribonucleotide reductase

SAM S-adenosyl methionine

SC Synthetic complete

SET Su(var)3-9, Enhancer of Zeste [E(z)], and Trithorax

SGA synthetic genetic array

SL synthetic lethal

SS synthetic sick

TAF TBP associated factor

TBP TATA binding protein

UAS Upstream activating sequence

YPD Yeast extract, peptone, D-Glucose



Chapter 1: General Introduction

7

Chapter 1

  General Introduction



Chapter 1: General Introduction

8



Chapter 1: General Introduction

9

Transcription in the context of
chromatin

Chromatin
In eukaryotes, the genetic material is
packaged into chromatin and resides in
the nucleus. Chromatin is composed of
nucleosomes consisting of DNA wrapped
around the core histones (H2A, H2B, H3
and H4) and the linker histone H1 in a
manner resembling a necklace or, as
Roger Kornberg stated in 1974, “A
repeating unit of histones and DNA”
(Kornberg, 1974). Moreover, this repeating
pattern is not simply present as a long
thread. Instead, the nucleosomal DNA is
organized into secondary and tertiary
structures, which in turn are further
compacted to efficiently fit the nucleus.
Consequently, processes involving DNA
are subject to reorganizing and modifying
chromatin in order to be able to access the
genetic code (e.g. transcription, replication
and DNA repair).
In a broad generalization, there are two
forms of chromatin based on electron
microscopy (EM), heterochromatin and
euchromatin. The first is often found
associated with silent regions of the
genome, where transcription should not
and/or does not occur, that are
characterized by densely packed “closed”
chromatin. The latter is present on actively
transcribed regions with their characteristic
loosely packed or “open” chromatin. An
explanation for the correlation between
transcription and the level of chromatin
compaction is that transcription factors are
physically excluded from heterochromatin.
Interestingly, this possibly occurs at the
level of the basal transcription machinery
since sequence-specific activators have
been observed to bind DNA in a silenced
region, whereas RNA polymerase II was
excluded (Chen and Widom, 2005).

Chromatin modification and remodeling
Two non-mutually exclusive general
mechanisms exist to facilitate transcription
factor binding to DNA. First, nucleosomes
can be ‘opened’ by ATP-dependent

chromatin-remodeling enzyme complexes
such as SWI/SNF, SWR, INO80
comp lexes .  These  comp lexes
disassemble, displace and/or slide the
nucleosomes along the DNA revealing the
transcription factor binding sequences and
allowing the basal transcription machinery
to assemble (Mellor and Morillon, 2004).
Second, a number of chemical
modifications of the histone tails,
protruding from the nucleosomal particle,
and the core of the histones have been
shown to correlate with either
t ranscr ipt ional  act ivat ion and/or
repression. Amongst these modifications
are acetylation, phosphorylation, and
methy la t ion ,  ub iqu i ty la t ion  and
SUMOylation (reviewed in (Shilatifard,
2006).
An important observation in respect to
modification of histones was already made
in 1963 indicating that N-terminal groups
of lysine-rich histones (the current
nomenclature for histones was not
implemented yet) are acetylated in vivo
(Phi l l ips, 1963).  The funct ional
consequence of this modification was
discovered about a year later. In an
elegant series of experiments Allfrey and
colleagues showed that incorporation of
acetyl- and methyl-groups into histones
was not immediately sensitive to protein
synthesis inhibition by puromycin,
indicating that these modifications
occurred post-translationally (Allfrey et al.,
1964). In those days, histones were
thought to solely function in inhibition of
RNA synthesis by binding to the DNA.
Using in v i t ro chemical ly,  not
enzymatically, acetylated histones, it was
shown that the extent of acetylation
correlated with relief of this inhibitory
function, without affecting binding to DNA.
In hindsight, these observations were in
complete agreement with current ideas
that  histone acetylation facilitates
chromatin opening and transcription. In
addition, methylation of lysine-rich
histones was shown to be present in
histone extracts from transcriptionally-
active immature avian erythrocytes,
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whereas no methylation was found in
extracts from transcriptionally-inactive
mature avian erythrocytes (Gershey et al.,
1969). Interestingly, during maturation of
the erythrocytes the chromatin becomes
progressively condensed, coinciding with
transcriptional inactivation. Thirty-three
year later, Kouzarides and co-workers
showed that tri-methylation of histone H3
on lysine 4 strongly correlates with
transcriptional activity (Santos-Rosa et al.,
2002).
The observations that various histone
modifications play a role in the regulation
of DNA associated processes, such as
transcription, have led to the proposal of
the so-called “histone-code hypothesis”
(Strahl and Allis, 2000). According to this
hypothesis the combination of different
histone(- ta i l )  modi f icat ions (e.g.
phosphorylat ion, acetylat ion and
methylation) will have consequences for
subsequent events during the transcription
process. Although one can argue that a
‘code’ is something that is present prior to
and not subject to upstream events, it
seems clear that a specific combination of
histone modifications is involved in
accurate regulation of transcription.

Histone acetylation and deacetylation
Acetylation of lysine residues on histone-
tails is generally associated with activation
of transcription (reviewed in Kurdistani and
Grunstein, 2003).  Most histone
acetyltransferases (HATs) modify
nucleosomes in the promoter region with
an intrinsic activity towards one or several
lysine residues on the histone-tails,
although certain HATs have been
associated with modification of open
reading frames (ORFs) (Kurdistani and
Grunstein, 2003). Acetylation of histone-
tails is believed to loosen the histone-DNA
interaction within the nuclosome by
neutralization of the positive charge of the
histone-tails. However, this does not
always seem to be the case in vitro (Allfrey
et al., 1964). Therefore, an alternative
explanat ion might be that the
supramolecular structure of the chromatin

is altered by acetylation of the histone-
tails. Intriguingly, a variety of chromatin
remodeling factors (e.g. Snf2p and a
number of RSC complex components)
contain Bromo-domains, which are
described to mediate interaction with
acetylated histone-tails (Hassan et al.,
2002). In addition, histone deacetylases
(HDACs) are also critically involved in
transcription regulation by removing acetyl
groups from the histones, effectively
closing the chromatin to inhibit/prevent
transcriptional events (reviewed in
(Kurdistani and Grunstein, 2003).

Regulation of histone methylation
In recent years, it has become apparent
that, besides phosphorylation and
acetylation, (mono-, di- and tri-)
methylation of the nucleosome on the core
or the histone tails is an integral part of the
transcription process (reviewed in
(Shilatifard, 2006). Although a large body
of work describes a variety of methylated
lysine residues on histones and their
respective potential functions, the exact
consequences of these modifications are
relat ively unclear.  Most  histone
methyltransferases (HMTs) contain a so-
called SET-domain (derived from
Su(var)3-9, Enhancer of Zeste [E(z)], and
Trithorax). In contrast to metazoans,
HMTs for histone H3 lysine 9 (H3K9) and
27 (H3K27) are not represented in the S.
cerevisiae genome. In agreement, these
modifications have been implicated in X-
chromosome inactivation, amongst other
processes, an event not taking place in
yeast (reviewed in (Shilatifard, 2006).
Yeast contains six genes encoding SET-
domain containing proteins. Two of these,
Set1p and Set2p, have been shown to
display HMT activity and to be involved in
transcriptional regulation (Briggs et al.,
2001; Krogan et al., 2003; Roguev et al.,
2001; Strahl et al., 2002). It has recently
become apparent that Set2p-mediated
methylation of H3K36 occurs co-
transcriptionally during transcription
elongation and is required for suppression
of intragenic transcription by recruiting a
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repressive Rpd3p-HDAC containing
complex to the transcribed ORF (Carrozza
et al., 2005; Keogh et al., 2005). Although
(tri-)methylation of H3K4 by the Set1p-
containing complex (COMPASS) is highly
correlated with active transcription
(Santos-Rosa et al., 2002), its precise role
is not entirely clear. However, very recent
work indicates that certain PHD-finger
(plant homeo-domain) containing proteins
recognize H3K4 methylated nucleosomes
and thereby mediate downstream effects
(Shi et al., 2006; Wysocka et al., 2005;
Wysocka et al., 2006). In addition, DOT1
encodes an non-SET domain containing
HMT with specificity for H3K79 on the
surface of the core nucleosome (van
Leeuwen et al., 2002).
Various parallels exist between H3K4 and
H3K79  methylat ion. First,  both
modifications are required for efficient
silencing of telomeric, rDNA and mating
type loci (Briggs et al., 2001; van Leeuwen
et al., 2002). Deletion of either SET1 or
DOT1 will lead to transcription from these,
otherwise silent, regions of the genome.
Presumably, this is caused by
promiscuous binding of the Sir2 protein,
which is normally excluded from the
transcribed regions in the genome,
probably by methylated residues K4 and
K79 on histone H3 (van Leeuwen et al.,
2002). A second striking parallel is that of
the events preceding and required for
methylation by these HMTs (Figure 1).
Key in the series of steps leading to H3K4
and H3K79 methylation is attachment of a
ubiquitin moiety to lysine 123 of H2B (Ng
et al., 2002; Sun and Allis, 2002). This
event is catalyzed by the RING-finger
ubiquitin ligase (E3) Bre1p in concert with
the ubiquitin conjugating enzyme (E2)
Rad6p (Hwang et al., 2003; Robzyk et al.,
2000; Wood et al., 2003a). In turn, H2B
ubiquitylation is dependent on presence of
the PAF complex (Wood et al., 2003b) and
the Bur1/2 CDK/Cyclin pair, possibly by
direct phosphorylation of Rad6p (Laribee
et al., 2005; Wood et al., 2005).
Interestingly, deletion of BUR2 or mutation
of BUR1 seems to specifically result in

Figure 1. Scheme representing the pathway leading
to H3K4 methylation. In short, the Bur1/2 kinase
complex is recruited to the chromatin and is
required for Rad6p phosphorylation. In addition, the
Bur1/2 kinase facilitates recruitment of the PAF
complex. Exactly when and where RNA polymerase
II is recruited is not conclusively determined.
Phosphorylation of Rad6p and presence of the PAF
complex direct ubiquitylation of lysine 123 on
histone H2B, which is key in Set1p complex
mediated methylation of lysine 4 histone H3
(H3K4me). This modification is thought to result in
more efficient transcription elongation.

decreased H3K4me3, but not H3K4me2 or
H3K79 levels, via deregulation of H2B
ubiquitylation (Laribee et al., 2005). In
contrast, others have found additional
defects in H3K4me2, H3K79me2,
H3K79me3 and H3K36me3 levels (Chu et
al., 2006; Wood et al., 2005). These
discrepancies merit further investigation of
regulatory events preceding histone
methylation. In support of a role for this
pathway in regulation of transcription is the
observation that the Gcn5p-HAT
containing SAGA complex contains the
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deubiquitylating enzyme Ubp8p, deletion
of which results in increased global levels
of H2B ubiquitylation and deregulation of
SAGA dependent genes (Henry et al.,
2003).
Until recently, the dogma of histone
methylation has been that these
modifications are stable and long lasting
and the proposed mechanism of removal
was by exchange of the modified histones.
In agreement with this hypothesis is the
observation that the H3-H4 hetero-dimer is
lost from the nucleosome during
transcription (Kobor and Greenblatt, 2002;
Schwabish and Struhl, 2004). However, a
variety of histone demethylases have
recently been discovered that act via
various mechanisms such as deimination
of arginines by PADI4 (Cuthbert et al.,
2004) and direct demethylation of lysine
residues by LSD1 (Shi et al., 2004) or
jumonji-domain containing proteins (Klose
et al., 2006; Tsukada et al., 2006;
Whetstine et al., 2006; Yamane et al.,
2006). These studies suggest that
demethylation could be an integral part of
the transcription process, as are
deacetylation and deubiquitylation. As a
whole, the current literature provides roles
for the various histone modifications
described above in transcription
regulation, however, their exact
mechanisms and identification of the
factors involved is still under intense
investigation.

The basal RNA polymerase II
transcription machinery
RNA polymerase II (pol II) is required for
transcription of all protein coding genes
and responds to changes of a wide array
of environmental conditions. A first step
towards gene activation is binding of an
activator to a specific response element
within the promoter region of a gene.
Recruitment of co-activators (such as
HATs, chromatin remoddelers, and the
Srb/Mediator complex) will result in
formation of the pre-initiation complex
(PIC) (reviewed in (Hampsey, 1998). This
contains the general transcription factors

(GTFs) and pol II. The GTFs consist of
various multi-subunit complexes such as
TFIID (containing the TATA binding
protein, TBP), TFIIA, TFIIB, TFIIF, TFIIE
and TFIIH (Figure 2) (reviewed in
(Hampsey, 1998). In an ordered chain of
events, these factors are recruited to the
PIC to exert their function at the start of
transcription. One of the few proteins
within these complexes containing
sequence specificity is TBP, recognizing
the TATA-box present in most promoters.
The RNA polymerase II (pol II) enzyme
consists of 12 subunits in yeast all of
which, except Rbp4p, are essential for
survival. A RNA polymerase II holo-
enzyme has been proposed to consist of
pol II and Mediator, a large protein
complex containing over 20 subunits
(Koleske and Young, 1994). Originally
thought to act solely as a bridging factor
between sequence-specific activators and
the basal transcription machinery, the
Mediator complex has now also been
shown to transfer intra-molecular signals
to regulate transcription initiation (Hallberg
et al., 2004; van de Peppel et al., 2005). At
the transition of transcription initiation to
elongation, the Kin28p cyclin-dependent
kinase within TFIIH phosphorylates serine
5 of the hepta-peptide repeat (YSPTSPS)
of the C-terminal domain of Rpb1p, the
largest subunit of pol II (reviewed in
(Kobor and Greenblatt, 2002). However,
mechanist ic impl icat ions of this
phosphorylation event are not yet fully
appreciated. Possibly, it might serve as a
platform for certain factors to exert their
functions. Support for this idea comes
from a study of Ng and co-workers
showing that the interaction between pol II
and the Set1p HMT complex is facilitated
by phosphorylation of this serine (Ng et al.,
2003). Along the same lines is the
observation that the CTDK-I complex,
which phosphorylates serine 2 of the CTD,
is required for efficient targeting of Set2p
to the chromatin (Xiao et al., 2003). In
addition, various other factors required for
transcription elongation are associated
with pol II and/or the nascent transcript
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during this phase. Amongst these are the
classical elongation factor TFIIS, Spt4/5/6,
FACT, Bur1/2, the PAF complex and
Elongator, most of which are required for
efficient elongation through the chromatin
template by remodeling or modification of
the histones (reviewed in (Svejstrup,
2002), (Gilbert et al., 2004; Keogh et al.,
2003)). An interesting concept that has
recently developed is facilitation of re-
initiation through a physical connection
between the transcription initiation and
termination sites in a process called
“gene-looping” (O'Sullivan et al., 2004). In
addition, various factors associated with
the elongating pol II play a role in
transcription termination (Kim et al., 2004;
Penheiter et al., 2005). It is clear that
regulation of transcription requires an
intimate and intricate interplay between
many factors.

The Ccr4-Not complex and the mRNA
life-cycle
Identification of the Ccr4-Not complex
Originally identified as cell division cycle
genes CDC39 and CDC36 (Breter et al.,
1983), respectively, these genes were
renamed NOT1 (negative on TATA 1) and

                            Figure  2. Schematic represen-
tation of the activities and factors
involved in regulat ion of
transcription. In short, binding of a
sequence specific activator to its
concomitant binding-site will
subsequently lead to recruitment
of various regulatory factors and
activities. Several of these and
their abbreviations are indicated
below. These activities are
required for efficient assembly of
the pre-initiation complex (PIC)
consist ing of the general
transcription factors (GTFs) and
Pol  I I  and subsequent
transcription. Abbreviations, HATs:
Histone acetyl transferases, HMT:
Histone methyltransferases, Pol II:
RNA polymerase II, D: TFIID,
ACT: activator, UAS: Upstream
activating sequence, HDACs:
Histone deacetylases.

NOT2   following isolation in a genetic
utilization of a non-canonical TATA-
screen for mutants displaying alternative
element in the HIS3  promoter region
(Collart and Struhl, 1994). The same
screen yielded NOT3, NOT4 and NOT5
(Collart and Struhl, 1994; Oberholzer and
Collart, 1998). In addition, NOT4  (also
called SIG1 or MOT2 ) was found as a
regulator of G-protein coupled receptor
signaling (Leberer et al., 1994) and as a
transcription factor acting downstream of
the Ste4p-mediated pheromone signaling-
pathway (Cade and Errede, 1994; Irie et
al., 1994). CCR4 was Isolated as a factor
negatively regulating transcription of the
glucose repressed ADH2  gene (Denis,
1984) and has more recently been shown
to be the main cytoplasmic deadenylase
(Tucker et al., 2001). When, in 1998,
Ccr4p and its associated polypeptides
were purified it became clear that Ccr4p,
several Ccr4-associated factors (Caf1p,
Caf40p and Caf130p) and the Not-proteins
formed a high molecular weight complex in
vivo (Chen et al., 2001; Liu et al., 1998).
The nine-subunit core complex is present
as a 1 MDa moiety as determined by size
exclusion chromatography (Liu et al.,
1998). In addition, the core subunits are



Chapter 1: General Introduction

14

also found in a 1.9 MDa complex,
suggesting that additional factors can be
transiently and/or sub-stoichiometrically
associated with this complex (Chen et al.,
2001). Indeed, many proteins have been
described to interact with subunits of the
Ccr4-Not complex. Some of these
interactions and their (proposed) functions
will be discussed in more detail (see
below).

The Ccr4-Not complex and transcription
Negative regulation of transcription- Early
work on the genes encoding the subunits
of the Ccr4-Not complex suggested that
they encoded for factors broadly involved
in repression of transcription in yeast
(Cade and Errede, 1994; Collart and
Struhl, 1993; Collart and Struhl, 1994; Irie
et al., 1994; Leberer et al., 1994). Since
the NOT genes were hypothesized to act
directly on a repressed TATA-element of
the HIS3 gene, it was proposed that these
factors may locally restrict TFIID
accessibility to DNA (Collart and Struhl,
1994). Furthermore, deletion of genes
encoding Ccr4-Not complex subunits
results in derepression of stress-response
element (STRE) controlled genes in a
manner dependent on MSN2 and MSN4,
encoding STRE-binding transcription
factors (Lenssen et al., 2002). As
expected, increased cross-linking of TBP
to the STRE-containing promoters of
HSP12  and HSP104 in the absence of
NOT5 was observed. Although not directly
revealing a mechanism, these results
suggest negative regulation of TFIID
recruitment by the Ccr4-Not complex
(Lenssen et al., 2005). Previous and
recent work has provided evidence both
supporting and contradicting this
hypothesis. GST pull-down and co-
immunoprecipitation experiments have
been used to show interactions between
components of the Ccr4-Not and TFIID
complexes (Badarinarayana et al., 2000;
Deluen et al., 2002; Maillet et al., 2000).
However, the physical interactions
between TBP, Taf13p (formerly TAFII19p)
and the Ccr4-Not complex, may not

exclusively result in repression of
transcription. In disagreement with a
“TFIID-exclusion” hypothesis is the
observation that a loss of function allele of
TAF1 (taf1-4) displays synthetic lethality
with not2, not4, n o t 5  and caf1 alleles
(Deluen et al., 2002), suggesting
overlapping, instead of opposing, functions
for these complexes.

An alternative mechanism for the
transcription repression function of the
Ccr4-Not complex was suggested by the
finding that mutations in NOT1 , NOT3 ,
NOT5 or CAF1 were shown to suppress
the temperature sensitivity of the srb4-138
mutant (Lee et al., 1998). SRB4 encodes
Srb4p, an essential subunit of the
Mediator complex and is required for
general transcription in vivo (Holstege et
al., 1998). This multi-subunit complex is
associated with RNA polymerase II (pol II)
and has been hypothesized to link pol II
with transcriptional activators (Koleske and
Young, 1994) and thereby positively
regulate transcription. Besides this
“bridging” function, the kinase module
within the Mediator complex contributes to
its regulatory function by phosphorylation
of the Med2p subunit (Hallberg et al.,
2004; van de Peppel et al., 2005).
Interestingly, physical interactions were
found between this kinase-module,
comprised of Srb8-11p, and the Ccr4-Not
complex (Liu et al., 2001). Possibly, these
genetic and physical interactions relate to
direct inhibitory effects of the Ccr4-Not
complex on positive regulation of
transcription by the Mediator complex.
Alternatively, the Srb8-11p module may
prove to regulate the activity of the Ccr4-
Not complex.

Positive regulation of transcription- In
addition to a role in transcription
repression for the Ccr4-Not complex, data
suggesting a positive function in
transcription regulation are also available.
First, various mutant alleles of Ccr4-Not
subunits have been found to be sensitive
to 6-azauracil (6AU) and to genetically
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interact with components of the
transcription elongation machinery (Denis
et al., 2001). Although the direct functional
consequences of these findings are
unclear, they could suggest a role for the
Ccr4-Not complex in transcription
elongation. Second, activation of the
CYC1, HO and FKS1 promoters seems to
be (at least partially) dependent on
components of the Ccr4-Not complex (Liu
et al., 1998). Third, the complex functions
in Gcn4p-mediated activation of the ARG1
gene. Moreover, Not2p and Ccr4p
recruitment to the promoter region of this
gene is diminished in the absence of
G C N 4  (Swanson et al., 2003).
Interestingly, the original genetic selection
which identified the NOT genes was aimed
at finding suppressor mutations that
increase the transcription by a partially
defective Gcn4p activation domain (Collart
and Struhl, 1993). This suggests that the
role of the Ccr4-Not complex in
transcription might depend on promoter
context and the activators present.

Ccr4-Not complex and deadenylation
Turnover of mRNA species is a controlled
process involving export, deadenylation,
decapping and degradation. In general,
removal of the polyA-tail from the mRNA
molecule is an event preceding its
breakdown. Interestingly, the Ccr4p and
Caf1p subunits of the Ccr4-Not complex
have been found to be part of the major
cytoplasmic deadenylase (Tucker et al.,
2001). Indeed, Ccr4p is the responsible 3’-
5’ exonuclease, whereas Caf1p most likely
facil i tates Ccr4p without directly
contributing to catalysis (Chen et al., 2002;
Tucker et al., 2002; Viswanathan et al.,
2004). In contrast, deletion of the N O T
genes results in only a minor effect on
polyA-tail length, suggesting restriction of
the deadenylase activity to the Ccr4-Caf
module (Tucker et al., 2002).
mRNA degradation is suggested to take
place in specific areas within the
cytoplasm, the so-called processing-
bodies or P-bodies. These structures
contain factors involved in decapping,

deadenylation and degradation of the
mRNAs as determined by localization of
GFP-fused proteins (Sheth and Parker,
2003). In addition, localization of Dhh1-
GFP, an RNA helicase, to these ‘factories’
depends on CCR4  (Sheth and Parker,
2003). Interestingly, Dhh1p was found to
interact with Not1p and suggested to be
part of the 1.9 MDa form of the Ccr4-Not
complex (Maillet and Collart, 2002).
Furthermore, GFP fusions of Not1p,
Not2p, Not3p and Not4p display a P-body
like distribution in strains deleted for
D C P 1 , a major component of the
decapping machinery (Muhlrad and
Parker, 2005). In contrast, in the presence
of D C P 1 , no such localization was
observed, suggesting that the Not-module
of the Ccr4-Not complex may transiently
associate with P-body like structures.

Ccr4-Not complex in other processes
DNA damage responses
In order for a cell to maintain genomic
integrity, damaged DNA has to be faithfully
repaired. This can occur during
transcription by a process called
transcription-coupled repair (TCR) or
during replication using a number of
alternative strategies depending on the
type of damage. A wide variety of factors
are required for these and subsequent
events to occur.
A screen for ionizing radiation (IR)
sensitive homozygous diploid strains
revealed that deletion of several Ccr4-Not
complex subunits resulted in a defect in
G1 and S phase progression after IR or
HU treatment (Westmoreland et al., 2004).
For instance, a CCR4 deletion strain was
approximately five to ten times more
sensitive to IR than WT. Interestingly,
ccr4Δ  displayed an epistatic relationship
with rad9Δ cells, whereas a ccr4Δrad52Δ
strain showed hypersensitivity to this
treatment (Westmoreland et al., 2004).
The observation that CCR4 and RAD9 act
in a similar pathway was independently
confirmed by findings of Traven (Traven et
al., 2005) and Pan (Pan et al., 2006).
However, the mechanism by which the
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Ccr4-Not complex contributes to G1 and
S-phase progression remains unclear. In
addition, various reports show that
deletion of several genes encoding Ccr4-
Not complex components gives rise to
hydroxyurea (HU) sensitivity (Mulder et al.,
2005; Traven et al., 2005; Westmoreland
et al., 2004). As mentioned above, this
sensitivity to HU induced replication stress
correlated well with a defect in
transcriptional induction of the genes
encoding the ribonucleotide reductase
(RNR) (Mulder et al., 2005).

Ubiquitylation
Besides the deadenylation activity of
Ccr4p, the Ccr4-Not complex has been
attributed with a potential ubiquitin ligase
function. The CNOT4 subunit of the
human Ccr4-Not complex contains a
unique C4C4 variant RING-finger structure
located at its extreme N-terminus
(Hanzawa et al., 2001). This domain is
common for a subgroup of ubiquitin
ligases (E3) (Lorick et al., 1999). Indeed,
CNOT4 displayed in vitro ubiquitylation
activity (Albert et al., 2002). Moreover, this
enzymatic activity is dependent on its
selective and specific interaction with the
ubiquitin-conjugating enzyme (E2)
UbcH5B (Winkler et al., 2004). However,
relevant targets for the E3 ligase activity of
CNOT4 have not been reported. Our
recent work shows that the Not4p subunit
also contains the potential to auto-
ubiquitylate via its RING-finger mediated
interaction with Ubc4p and provide
evidence that this activity is required in
vivo  under several stress conditions
(Mulder et al., manuscript submitted).

Regulation of the Ccr4-Not complex
Several reports suggest regulation of the
Ccr4-Not complex by post-translational
modification of its subunits, although the
consequences have not been extensively
studied. First, the Caf1p (Pop2p) subunit is
phosphorylated upon glucose deprivation
on serine 97 (Moriya et al., 2001). The
responsible enzyme is Yak1p, a member
of the DYRK family of kinases.

Interestingly, substitution of S97 to alanine
resulted in defective G1 arrest following
acute glucose depletion, suggesting that
phosphorylation of this residue is required
for this event. This was confirmed by the
observation that deletion of YAK1 resulted
in a similar phenotype (Moriya et al.,
2001). Moreover, Yak1p was shown to
translocate from the cytoplasm to the
nucleus after glucose deprivation,
indicating that the phosphorylation of
Caf1p likely occurs in the nucleus.
However, the mechanistic consequences
of Caf1p S97 phosphorylation event for
the Ccr4-Not complex have not been
determined. Second, Not3p and Not5p
become phosphorylated under similar
conditions as Caf1p (Lenssen et al.,
2002). In contrast to Caf1p, Not3p and
Not5p seem to be degraded upon
phosphorylation. Importantly, modification
of the latter two proteins does not depend
on YAK1 (Lenssen et al., 2002). Finally,
the cell cycle regulated kinase Dbf2p
physically and functionally interacts with
the Ccr4-Not complex, but no direct
regulation of its subunits was reported.
However, overexpression of D B F 2
resulted in lethality in the absence of
C C R 4  or CAF1  and deletion of DBF2
resulted in phenotypes similar to deletion
of CCR4 or CAF1, suggesting that Dbf2p
might regulate these factors (Liu et al.,
1997).

The Ccr4-Not complex in metazoans
Identification of orthologous genes
The Ccr4-Not complex is conserved from
yeast to humans (Table 1). Cloning of the
genes encoding its subunits revealed
distinct differences between the yeast and
human complexes (Albert et al., 2000). For
instance, no detectable ortholog of NOT5
is present in mammalian genomes. In
contrast two paralogs of CAF1  were
identified, now renamed CNOT7 and
CNOT8. Yeast-two-hybrid studies showed
interactions between several of the human
subunits, suggesting that the complex acts
as a functional unit in mammalians (Albert
e t  a l . ,  2000) .  I ndeed ,  co -
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immunoprecipitation experiments showed
endogenous interactions between several
Ccr4-Not complex subunits in human cells
(Albert et al., 2000; Winkler et al., 2006).

Transcription regulation by the metazoan
Ccr4-Not complex
Functional conservation of Ccr4-Not
complex subunits was suggested by the
observation that CNOT4 and CNOT3 were
capable to partially complement not4Δ and
not3Δ associated phenotypes when
expressed in yeast cells (Albert et al.,
2000). To test whether the human
complex has an intrinsic potential to
repress transcription, Gal4-fusions of
several of its subunits were expressed in
mammalian cells and transcription of a
reporter gene was assayed. In this
experimental set-up expression of CNOT2
and CNOT9 (the human CAF40 ortholog,
formerly known as human RCD1) and
CNOT1, the scaffold of the complex,
resulted in repression of reporter gene
activity (Winkler et al., 2006; Zwartjes et
al., 2004). Further experiments mapped
the region of CNOT2 responsible for its
repression activity to a domain on its C-
terminus (Zwartjes et al., 2004). In
addition, the repression potential of both
CNOT2 and CNOT1 was sensitive to the
histone deacetylase (HDAC) inhibitor
tr ichostatin A (TSA), suggesting
involvement of histone acetylation in the
repression by the Ccr4-Not complex
(Winkler et al., 2006; Zwartjes et al.,
2004). Indeed, examination of the effect of
co-expressing SMRT or N-CoR together
with HDAC3 showed an additive effect of
these factors on CNOT2 mediated
repression (Jayne et al., 2006).
Interestingly, several reports have linked
the Ccr4-Not complex to transcriptional
regulation by members of the nuclear
receptor superfamily, providing a
physiological role for this complex (Hiroi et
al., 2002; Nakamura et al., 2004; Prevot et
al., 2001; Winkler et al., 2006). Ligand-
dependent functional and physical
interactions between CNOT7, CNOT1 and
the estrogen receptor α  (ERα ) were

reported (Prevot et al., 2001; Winkler et
al., 2006). Moreover, overexpression and
short interfering RNA (siRNA) mediated
knock-down experiments indicate that the
Ccr4-Not complex attenuates ligand
dependent activation of ERα-mediated
transcription (Winkler et al., 2006).
In addition, anti-sense mediated knock-
down of CNOT9/RCD1 was shown to
affect retinoic-acid (RA) induced
d i f f e ren t i a t i on  o f  mouse  F9
teratocarcinoma cells (Hiroi et al., 2002).
Indeed, CNOT9 was found to interact with
both the retinoic-acid receptor (RAR) and
the retinoic-X receptor (RXR) in an RA
d e p e n d e n t  m a n n e r  b y  c o -
immunoprecipitation. Recently, a direct
interaction between CNOT1 and the RXRα
was reported (Winkler et al., 2006). In
agreement with a role for the Ccr4-Not
complex in the RXR signaling pathway is
the observation that CNOT7 homozygous
knock-out mice phenocopy RXRβ -/- mice
(Nakamura et al., 2004).

Interactions with BTG and TOB proteins
Besides its interaction with nuclear
receptors, the Ccr4-Not complex
physically interacts with members of the B-
cell translocated gene 1 (BTG1) family of
proteins via CNOT7 and/or CNOT8
(Ikematsu et al., 1999; Prevot et al., 2001;
Rouault et al., 1998). The factors in this
family are all involved in regulation of cell
proliferation (reviewed in (Matsuda et al.,
2001)). The exact physiological relevance
for these interactions is not yet fully
understood, although it was suggested
that the BTG1 family members regulate
genes required for cell-cycle progression
via cyclin dependent kinases interacting
with CNOT7/CNOT8 (Ikematsu et al.,
1999). Further support for a role for the
metazoan Ccr4-Not complex in
transcription regulation comes from the
observation that CNOT3 displays a
physical interaction with TBP-interacting
protein 120B (TIP120B), which is 60%
identical to TIP120A (Aoki et al., 1999).
The functional implication of this
interaction has not been addressed (Aoki
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e t  a l . ,  2 0 0 2 ).  Interest ingly,
TIP120A/CAND1 is an inhibitor of CUL1
containing SCF ubiquit in l igase
c o m p l e x e s .  M o d i f i c a t i o n  o f
TIP120A/CAND1 by neddylation relieves
this inhibition by release from the SCF
complex (Liu et al., 2002; Zheng et al.,
2002). This observation suggests that the
ubiquitin ligase activity of the Ccr4-Not
complex could be regulated by a similar
mechanism.

Deadenylation
As predicted by the work performed with
yeast, the metazoan Ccr4-Not complex
also contains mRNA deadenylase activity
(Bianchin et al., 2005; Temme et al.,
2004). RNAi mediated knock-down of
Drosophila CAF1 or genomic mutation of
CCR4 resulted in an increase of steady
state polyA-tail lengths (Temme et al.,
2004). Interestingly, knock-down of NOT2
also affected polyA-tail length, although to
a lesser extent than CAF1 or CCR4,
suggesting a role for the Not-module in
mRNA deadenylation in Drosophi la .
Degradation of maternal transcripts during
oocyte activation is dependent on Smaug,
a protein biochemically and genetically
interacting with the Ccr4-Not complex
(Semotok et al., 2005). Possibly, the Not-
protein module is required for the physical
interaction, although direct evidence for
this is not available. In addition, very
recent work indicates that the Ccr4-Not
complex is required for microRNA
(miRNA) and GW182 targeted degradation
of mRNAs (Behm-Ansmant et al., 2006).
Interestingly, knock-down of NOT1 or
CAF1 resulted in decreased degradation
of reporter mRNA. Although this suggests
a role for the Not-module in mRNA
degradation, it can not be excluded that
this effect is derived from decreased
integrity of the entire complex by reduced
NOT1 expression. Experiments using
RNAi strategies targeting mRNAs
encoding other NOT proteins are required
to address this issue.
Given the apparent contradiction between
the cytoplasmic deadenylase function and

the role in transcription, it is important to
note that recent work shows that both
CCR4 and CAF1 shuttle between the
cytoplasm and the nucleus (Yamashita et
al., 2005). Moreover, this process was
sensitive to leptomycin B, indicating active
export of these factors by exportin-1. This
result suggests that the cytoplasmic and
nuclear functions of the Ccr4-Not complex
might be connected.

Recapitulating remarks on the Ccr4-Not
complex
In yeast, the core Ccr4-Not complex
consists of nine subunits. The genes
encoding the five Not-proteins, NOT1-5
(negative on TATA 1-5), were originally
identified as negative regulators of a non-
canonical TATA box located upstream of
the HIS3 gene (Collart and Struhl, 1994;
Oberholzer and Collart, 1998). In contrast,
CCR4 was found to be a positive regulator
of the A D H 2  gene (Denis, 1984).
Purification of Ccr4p revealed its
association with Caf1p (Ccr4p-associated
factor 1), Caf40p, Caf130p and,
surprisingly, Not1-5p (Liu et al., 1998).
Not1p is considered to be the scaffold of
the complex displaying physical
interactions with most of the other subunits
and its encoding gene is essential for
yeast viability (Maillet et al., 2000). In
contrast, Ccr4p does not interact directly
with Not1p, but requires Caf1p to connect
the two proteins (Liu et al., 1998),
Although initially identif ied as a
transcriptional regulator, Ccr4p has
recently been found to comprise the major
cytoplasmic deadenylase (Tucker et al.,
2001). The involvement of the Not-module
in this process is still a matter of debate.
Moreover, the exact function of this
module remains poorly understood and is
the main focus of this thesis.

Outline of this thesis
In the research presented in this thesis we
used the yeast Saccharomyces cerevisiae
as a model organism to study the in vivo
role of the Ccr4-Not complex in
transcription. In chapter 2, we describe a
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combination of biochemistry and genomics
and genetics showing that the RING-finger
mediated interaction between Not4p and
Ubc4/5p is required for its in vitro
ubiquitylation potential and that this activity
plays a role in vivo under various stress
conditions. Chapter 3 deals with a
possible role for the Ccr4-Not complex in
tolerance to replication stress and DNA
damage by aiding transcriptional induction
of genes encoding ribonucleotide
reductase subunits (RNR1-4), the rate
limiting enzyme in dNTP production. We
found that deletion of genes encoding
several Ccr4-Not complex subunits gave
rise to this phenotype and resulted in a
decreased ability to efficiently induce
genes encoding the ribonucleotide
reductase (RNR), RNR1-4 (Mulder et al.,
2005). The RNR is directly inhibited by HU
and induction of the genes encoding its
subunits is key to cope with the replication
stress induced by HU and DNA damage
(Chabes et al., 2003), providing a rationale
for the HU sensitivity of the Ccr4-Not
complex mutants. The work presented in
chapter 4 establishes that the Not-
proteins contribute to global levels of tri-
methylation of K4 on histone H3 by
facilitating PAF complex recruitment and
ubiquitylation of H2B downstream of the
Bur1/2 complex. These results provide
mechanistic insight into the role of the Not-
module of the Ccr4-Not complex in
positive regulation of transcription. Finally,
chapter 5 describes a proteomic and
topological study of the Ccr4-Not complex.
Chapter 6 is a general discussion of the
work described in this thesis and its
implications.
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ABSTRACT
The Ccr4-Not complex consists of nine subunits and acts as a regulator of mRNA
biogenesis in Saccharomyces cerevisiae. The human ortholog of yeast NOT4, CNOT4,
displays UbcH5B dependent ubiquitin-protein ligase (E3 ligase) activity in a reconstituted
in vitro system. However, an in vivo role for this enzymatic activity has not been
identified. Site-directed mutagenesis of the RING-finger of yeast Not4p identified
residues required for interaction with Ubc4p and Ubc5p, the yeast orthologs of UbcH5B.
Subsequent in vitro assays with purified Ccr4-Not complexes showed Not4p mediated
E3 ligase activity, which was dependent on the interaction with Ubc4p. To investigate the
in vivo relevance of this activity, we performed synthetic genetic array (SGA) analyses
using not4Δ and not4L35A alleles. This indicates involvement of the RING-finger of
Not4p in transcription, ubiquitylation and DNA damage responses. In addition, we found
a phenotypic overlap between deletions of UBC4 and mutants encoding single amino
acid substitutions of the RING-finger of Not4p. Together, our results show that Not4p
functions as an E3 ligase by modulating Ubc4p/Ubc5p mediated stress responses in
vivo.

INTRODUCTION
In yeast, the Ccr4-Not complex is
composed of nine subunits and has
initially been identified as a transcriptional
repressor (Collart and Struhl, 1994).
However, this evolutionary conserved
complex is now known to regulate mRNA
biogenesis at multiple levels (reviewed in:
(Collart and Timmers, 2004; Denis and
Chen, 2003). Several genetic and physical
interactions between the Ccr4-Not
complex and transcription initiation factors
were described (Collart, 1996; Deluen et
al., 2002; Lemaire and Collart, 2000). In
addition, genetic interactions suggest a
role for the Ccr4-Not complex in
transcription elongation (Denis et al.,
2001). Furthermore, the Ccr4p and Caf1p
subunits of the complex are part of the
major cytoplasmic mRNA deadenylase
(Chen et al., 2002; Tucker et al., 2001).

Our previous work showed a requirement
for the Ccr4-Not complex in transcriptional
activation of genes encoding subunits of
the ribonucleotide reductase (RNR)
enzyme, RNR1-4. TBP, Set1p complex
and RNA polymerase II recruitment to the
R N R 3  promoter was shown to be
dependent on NOT4 (Mulder et al., 2005).
Moreover, deletion of genes encoding
Ccr4-Not subunits resulted in derepression
of several stress-response element
(STRE) regulated genes in an Msn2p-
Msn4p dependent manner (Lenssen et al.,
2002). This function is controlled by the
Glc7p-Bud14p phosphatase (Lenssen et
al., 2005) and is responsible for
expression of HSP genes following heat-
shock (Martinez-Pastor et al., 1996).
Several studies noted that NOT4 encoded
a protein containing a Zn-finger motif
(Cade and Errede, 1994; Irie et al., 1994),
which was later found to be a RING-finger
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in its human counterpart CNOT4
(Hanzawa et al., 2001). RING-finger
containing proteins constitute a subgroup
of ubiquitin protein ligases (E3s) (Lorick et
al., 1999). Indeed, the human ortholog of
Not4p, CNOT4, displays ubiquitylation
activity in vitro (Albert et al., 2002).
Covalent attachment of ubiquitin to a
target lysine residue of a substrate
requires a three-step cascade involving an
activating enzyme (E1), a conjugating
enzyme (E2) and a ligase (E3) (reviewed
in: (Glickman and Ciechanover, 2002). In
addition, ubiquitylation of sequence
specific activators is a critical event in
transcription activation (reviewed in:
(Muratani and Tansey, 2003). The E3
ligase activity of CNOT4 was shown to be
dependent on the selective and specific
interaction with UbcH5B, an ubiquitin
conjugating enzyme (E2) (Winkler et al.,
2004). In yeast, two orthologs of UbcH5B
exist, UBC4 and UBC5. These genes are
redundant, but display partially distinct
functions in vivo (Chuang and Madura,
2005; Seufert and Jentsch, 1990).
Here, we show that yeast Not4p displays
E3 ligase activity in vitro and that this
activity is important in vivo for Ubc4/5p
dependent stress responses. We identify
residues in its RING-finger that are critical
for this activity by mediating interaction
with Ubc4p and Ubc5p. Three
independent approaches were taken to
investigate the relevance for this activity in
vivo. First, complementation of known
phenotypes of not4Δ strains, by
expressing RING-finger mutants, showed
that not all processes involving Not4p
require its E3 ligase activity. Second,
genetic screens carried out to isolate novel
synthetic lethal interactors of the not4Δ
and the n o t 4 L 3 5 A  allele reveal
overlapping, but distinct, functions in
transcription, ubiquitylation and tolerance
to DNA damage responses. Finally, we
found that Ubc4/5p-interaction deficient
RING-finger mutants displayed sensitivity
to HU, resistance to acute heat-shock and
sensitivity to hygromycin B. These
phenotypes are shared with deletions

UBC4 and UBC5. These data suggest that
the RING-finger mediated E3 ligase
activity of Not4p modulates Ubc4p/Ubc5p-
dependent stress responses in vivo.

MATERIALS AND METHODS
Strains and Media
Strains: see Table 1. Cells were grown in
YPD or SC lacking the appropriate amino
acids and at the indicated temperatures.

Plasmids
Plasmid pRS314, containing HA-tagged
wild-type NOT4 under the control of the
DED1 promoter, was used for site-directed
mutagenesis to generate the RING-finger
mutant alleles. pRS306-NOT4 (NOT4  nt -
473 to nt +1765 relative to the ATG) was
constructed using a PCR fragment
obtained from genomic DNA of strain
W303-1A. pRS306-n o t 4 L 3 5 A  and
pRS306-not4K97R were obtained by site-
directed mutagenesis of pRS306-NOT4.
Constructs were generated using Pfu DNA
polymerase and mutations were verified
by DNA sequence analysis.

Yeast genetic techniques
Yeast deletion strains (ATG to STOP)
were obtained using PCR-product
mediated gene replacement and were
verified by PCR analysis. Genomic not4
mutants were obtained by integrating the
pRS306-not4L35A or pRS306-not4K97R
plasmids into the genomic NOT4 locus in
a n o t 4Δ  background using the S m aI
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restriction site in the NOT4  promoter
region (nt –226 relative to +1 ATG).

Yeast two-hybrid analysis
EGY48 cells were transformed with the
indicated B42-NOT4  constructs (in the
pJG4-5 vector) and LexA-UBC4 or LexA-
UBC5 (in the pEG202 vector). Interactions
were determined by spot assay on X-Gal
indicator plates as described previously
(Albert et al., 2000).

Protein purifications
TAP-tag mediated protein purifications
were performed essentially as described
(Logie and Peterson, 1999). Briefly, 20
liters of YPD culture was grown to OD600
~2-3, washed and lysed in E-buffer (20
mM HEPES-KOH pH 8, 350 mM NaCl,
10% glycerol, 0.1% Tween-20). Lysates
were cleared by centrifugation in a
Beckman 50.2Ti rotor (45,000 rpm, 45
min, 4°C). An aliquot of lysate was used
for purification over a 200 µ l IgG
sepharose column (IgG-sepharose fast
flow, Pharmacia). Proteins were bound by
rotating at 4°C for 2 hours and
subsequently washed with 35 ml E-buffer
and 10 ml TEV protease cleavage-buffer
(10 mM Tris-HCl pH 8, 150 mM NaCl,
0.1% Tween-20, 0.5 mM EDTA and 1 mM
DTT). TEV protease (100 Units) cleavage
was performed in 1 ml at 18°C for 2 hours.
The TEV eluate was bound to 100 µ l
calmodulin affinity resin (Stratagene) in
binding buffer (10 mM Tris-HCl pH 8, 150
mM NaCl, 1 mM MgAc, 1 mM imidazole, 2
mM CaCl2, 0.1% Tween-20, 10% glycerol
and 10 mM β-mercaptoethanol) while
rotating at 4°C for 1 hour. The column was
washed with 25 ml binding buffer and
bound proteins were recovered in elution
buffer (10 mM Tris-HCl pH 8, 150 mM
NaCl, 1 mM MgAc, 1 mM imidazole, 2 mM
EGTA, 0.1% Tween-20, 10% glycerol and
10 mM β-mercaptoethanol). His-Ubc4p
was expressed from plasmid pQE32-
UBC4 (kind gift from Dr. T.K. Albert) and
purified over Ni-NTA resin and eluted in
lysis buffer (50 mM Tris–HCl pH 7.5, 50

mM KCl, 2.5 mM MgCl2, 0.5 mM EDTA,
0.25 mM dithiotreitol and 10% glycerol)
containing 200 mM imidazole. Peak
fractions were pooled and desalted using
a PD10 column (Pharmacia) to lysis buffer
without imidazole.

In vitro ubiquitylation assay
Purified Ccr4-Not complexes (~500 ng
total protein) were incubated with 250 ng
his-Ubc4p, 50 ng rabbit E1 enzyme
(Boston Biochem), 500 ng ubiquitin
(purified as described, (Winkler et al.,
2004) in reaction buffer (50 mM Tris–HCl
pH 8, 50 mM KCl, 2.5 mM MgCl2, 0.5 mM
EDTA, 0.25 mM dithiotreitol and 2 mM
ATP) for 90 minutes at 30°C. Reactions
were stopped by addition of sample buffer
and incubation at 95°C for 5 minutes.
Samples were separated by SDS-PAGE
on a 10% gel, transferred to a
nitrocellulose membrane and analyzed
using antibodies against ubiquitin (P4D1,
Santa Cruz Biotechnoloy) or Not4p (rabbit
polyclonal serum).

Plasmid shuffle assay
W303not4∆not5∆ cells expressing NOT5
from a URA3 plasmid, were transformed
with the indicated plasmid based not4
alleles. Purified colonies were taken from
plates, serially diluted (10-fold) and
spotted onto SC-W and SC-W + 0.05% 5-
Fluoroorotic acid (5-FOA). Cells were
grown for 3 days at 30°C.

Phenotypic analysis
W303not4∆ cells were transformed with
various NOT4 constructs. Purified colonies
were taken from plates, serially diluted
(10-fold) and spotted onto the appropriate
media. To test hydroxyurea (HU) or
hygromycin B sensitivity, cells were
spotted on YPD plates containing the
indicated concentrations of HU, or
hygromycin B. UV sensitivity was
assessed by spotting cells on YPD plates
and exposing to the indicated doses of UV
light (Stratalinker, Stratagene). Cells were
grown for 3-4 days at 30°C. To test
temperature sensitivity, cells were spotted
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on YPD plates and grown at 30°C and
37°C, respectively.

Synthetic Genetic Array (SGA) analysis
Synthetic genetic array (SGA) was
performed essentially as described
previously (Tong et al., 2001). Briefly,
BY4741 knock-out collection strains were
crossed with 2922not4∆ or 2922not4L35A
strains. Diploids were selected on media
containing G418 (200 µg/ml) lacking uracil
and subsequently sporulated for 8 days at
22°C. Haploid Mata progeny was selected
on minimal medium supplemented with
uracil, lysine and canavanine (50 µg/ml).
Mata  URA+ cells were subsequently
se lec ted  on  min ima l  med ium
supplemented with lysine and canavanine
(50 µg/ml). Double deletion strains were
isolated on minimal medium supplemented
with lysine, canavanine (50 µg/ml) and
G418 (200 µg/ml). Growth was assessed
after 24, 48, and 72 hrs by visual
inspection.
Isolated potential genetic interactors were
verified by repeating the SGA procedure
as described above, except that double
knock-out cells were selected on SC-URA
+ G418 (200 µg/ml).

Heat-shock survival assay
W303not4∆ cells expressing mutant not4
alleles or an empty vector (pRS314) were
cultured in YPD and kept in exponential
phase for at least 30 hours before heat-
shock at 50°C for 10 minutes. An
equivalent number of cells (~1000) were
plated on YPD medium before and after
heat-shock to assess the percentage
survival. Before treatment, samples were
taken for Northern blot analysis of HSP
gene expression. Plasmids expressing
not4 alleles were not lost during growth in
YPD (data not shown).

RNA extraction
Total RNA was purified using the hot
phenol extraction procedure, as described
previously (Mulder et al., 2005). Briefly, 40
ml yeast cultures (OD600 = 0.5-1) in YPD

were added to 40 ml YPD containing 400
m M  H U  o r  0 . 0 2 %  m e t h y l
methanesulfonate (MMS) to obtain the
final concentration of 200 mM HU or
0.01% MMS. Samples (7.5-10 ml) were
collected by centrifugation for 2 min at
5000 rpm. Cell pellets were frozen on dry
ice. Frozen cells were resuspended in 500
µl of acid hot phenol:chloroform (5:1, pH
4.7, 65°C) and 500 µl of TES buffer (10
mM Tris–HCl pH 7.5, 1 mM EDTA, 0.5%
SDS). Cells were incubated for 1 h at 65°C
and vortexed every 10 min for 20 s. The
aqueous solution was extracted with
p h e n o l : c h l o r o f o r m  a n d  w i t h
chloroform:isoamyl alcohol (25:1). Finally,
total RNA was collected by ethanol
precipitation.

Northern blotting
RNA (10 µ g) was separated by
electrophoresis on 1% agarose gel
containing 10 mM Na- phosphate pH 6.7.
Subsequently, RNA was transferred to a
nylon membrane and cross-linked by UV-
light irradiation. PCR product probes for
full length RNR1, RNR2, RNR3, RNR4,
HSP42, HSP78, HSP104, ACT1, TUB1
and 18S rRNA were radiolabeled using the
RediPrime II kit (Amersham Pharmacia
Biotech). After prehybridization (1-4 hrs),
probes were added and membranes
incubated overnight at 42°C. Blots were
rinsed with 2x SSC at RT and sequentially
washed with 2X SSC, 1X SSC, 0.5X SSC
and 0.3X SSC (twice) for 15 min at 65°C.
Membranes were exposed to either X-ray
films or subjected to quantification using a
Storm 820 PhosphorImager and
ImageQuant software.

RESULTS
Not4p interacts with Ubc4p/Ubc5p and
exhibits ubiquitin protein ligase activity
in vitro in the context of the Ccr4-Not
complex
CNOT4, the human ortholog of NOT4 ,
displays ubiquitylation activity in vitro
(Albert et al., 2002). This activity is
dependent on the specific and selective
interaction with UbcH5B (Winkler et al.,
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2004). In addition, Not4p was shown to
interact with both Ubc4p and Ubc5p, the
yeast orthologs of UbcH5B (Krogan et al.,
2006; Winkler et al., 2004). To be able to
investigate the role of this activity in vivo,
we took advantage of the high degree of
homology between the RING-finger
domains of human CNOT4 and yeast
Not4p. Using NMR chemical perturbation
data obtained from experiments using
CNOT4 and UbcH5B (Albert et al., 2002)
and the proposed structure of this complex
(Dominguez et al., 2004), we designed
RING-finger mutant alleles of NOT4
(Figure 1A). The encoded proteins
contained single amino acid substitutions
at the surface of Not4p and were predicted
to abolish the interaction between Not4p
and Ubc4p/Ubc5p. Using a yeast two-
hybrid set-up, we determined the
interaction with Ubc4p/Ubc5p. As shown in
Figure 1B, substitution of the leucine
residue at position 35 with alanine (L35A)
resulted in a complete loss of interaction
with both Ubc4p and Ubc5p. This was
similar to substitution of I37 (I37A) and I64
to alanine (I64A) or tryptophan (I64W).
Interestingly, we did not find that all
mutations disrupted Ubc4p/Ubc5p
interaction (Y61A, N63A, R78A and K97R)
(Figure 1B). The K97R substitution was
included to inactivate a potential
sumoylation site (LKME) located outside of
the RING-finger domain (Figure 1A). Equal
expression of the proteins was verified
(data not shown). Together, this analysis
indicated that residues L35, I37 and I64
are critical for the interaction between
Not4p and Ubc4p/Ubc5p.
Recombinant human CNOT4 was
previously shown to display ubiquitylation
activity in a reconstituted in vitro system
(Albert et al., 2002), but this has not been
shown for yeast Not4p. Moreover, these
experiments were not performed in the
context of the complete Ccr4-Not complex.
In order to purify the Ccr4-Not complex
from yeast, we fused the TAP-tag to the 3’
end of the endogenous CAF40 gene.
Deletion of NOT4 from this strain enabled

Figure 1. Isolation of NOT4  RING-finger point
mutants disrupting the interaction of Not4p with
Ubc4p/Ubc5p. (A) Alignment of the N-terminal
region (residues 1-120) of human and yeast Not4p
including the RING-finger. Identical (::) and similar
(:) residues are indicated. Black and grey shaded
residues specify the conserved cysteins and the
residues targeted for substitution, respectively. (B)
Yeast two-hybrid interaction between B42-Not4p
variants and LexA-Ubc4p or LexA-Ubc5p. Three
independent clones were spotted on X-Gal indicator
plates and grown overnight at 30ºC.

subsequent reintroduction of either the
wild-type or a mutant (not4L35A) allele of
N O T 4  to its original locus (data not
shown). Purification of TAP-tagged Caf40p
from strains expressing either NOT4 or
not4L35A yielded Ccr4-Not complexes
that were identical in subunit composition,
as verified by silver staining (Figure 2A)
and Western blotting (data not shown). In
vitro ubiquitylation assays were performed
using these complexes with a non-tagged
purification as a control. We observed a
robust auto-ubiquitylation activity in the
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lanes containing wild-type Not4p using
antibodies directed against ubiquitin or
Not4p (Figure 2B). In contrast, when the
Ccr4-Not complexes contained the L35A
form of Not4p, no auto-ubiquitylation could
be observed (Figure 2B). As expected,
Not4p mediated ubiquitylation was
dependent on addition of ATP and Ubc4p
to the reaction (Figure 2B and data not
shown). Together, these experiments
show for the first time that the Ccr4-Not
complex displays in vitro ubiquitylation
activity. Moreover, this activity critically
depends on the interaction between
Ubc4p and Not4p.

Not4p has functions distinct from its
ubiquitin protein ligase activity in vivo
To investigate the role for the ubiquitin
protein ligase (E3) activity of Not4p in vivo,
we tested complementation of several
known not4Δ phenotypes by our collection
of RING-finger mutants. Several genetic
interactions within the Ccr4-Not complex
are described (Maillet et al., 2000),
including synthetic lethality between
deletions of N O T 4  and NOT5 . We
hypothesized that if this function of Not4p
depends on its ubiquitylation activity, the
not4∆not5∆ synthetic lethality would not be

Figure 2. The Ccr4-Not complex
displays Ubc4p-dependent
ubiquitylation activity in vitro,
which requires an intact RING-
finger domain of Not4p. ( A )
Tandem affinity purified Ccr4-
Not complexes containing either
wild-type or L35A Not4p. Caf40-
TAP strains expressing NOT4 or
not4L35A were used to isolate
the Ccr4-Not complex. Purified
proteins were separated on by
10% SDS-PAGE and visualized
by silver staining. (B) Not4p
mediated ubiquitylation activity
depends on the interaction with
Ubc4p. Purif ied Ccr4-Not
complexes containing WT or
L35A forms of Not4p were used
in i n  v i t r o  ubiquitylation
reactions. Reactions were
analyzed by Western blotting
using ant ibodies against
ubiquitin and Not4p.

complemented by introduction of E2-
interaction deficient mutants. NOT4 RING-
finger mutants were introduced into
not4∆not5∆ cells expressing NOT5 from a
plasmid carrying the URA3  marker.
Plasmid shuffle analysis showed that
mutants disrupting the interaction between
Not4p and Ubc4p/Ubc5p were capable in
complementing the not4∆not5∆ synthetic
lethality, although a minor effect was
observed with the R78A allele (Figure 3A).
Next, complementation of the temperature
sensitivity of cells lacking NOT4  was
assessed. While not4∆ cells containing the
control plasmid (pRS314) did not grow at
the restrictive temperature, all RING-finger
mutants and the wild-type complemented
the growth defect at 37°C (Figure 3B). A
third phenotype of not4∆ cells is sensitivity
to UV irradiation (Westmoreland et al.,
2004). We found that cells lacking NOT4
were only mildly sensitive to this stress
and that all tested mutants behaved as
wild-type (Figure 3C). In conclusion,
mutation of the RING-finger did not affect
the complementation potential of Not4p.
This indicates that the RING-finger
mediated E3 ligase activity is not involved
in the phenotypes tested, but rather
involves a separate function of Not4p.
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Figure 3. The in vivo role of Not4p, is not restricted
to its E3 ligase function. (A) The not4∆not5∆
synthetic lethality is independent of the RING-finger
of Not4p. W303 not4∆not5∆ containing NOT5 on a
URA3 plasmid were transformed with the indicated
not4 mutants on a TRP1  plasmid or the empty
vector. Colonies were taken from plate, serially
diluted (5-fold) and spotted on plates with or without
0.05% 5-Fluoroorotic acid (5-FOA). Growth was
assessed after 4 days at 30ºC. (B) The temperature
sensitivity of not4∆ cells is complemented by RING-
finger mutant alleles of NOT4. W303 not4∆ cells
were transformed with plasmids expressing RING-
finger mutant alleles of NOT4 . Ten-fold serial
dilutions were spotted on YPD and grown at 30ºC or
37ºC for 4 days. (C) The not4∆ UV sensitivity is
complemented by RING-finger mutant alleles of
NOT4. Strains from (B) were serially diluted (ten-
fold), spotted on YPD and exposed to the indicated
doses of UV light. Growth was assessed after 3
days at 30ºC.

Synthetic genetic array (SGA) analysis
As a second approach to gain insight into
the physiological role of Not4p, we initiated
synthetic genetic array (SGA) experiments
to identify novel genetic interactions with
two not4 alleles. To this end, query strains
were constructed that were either not4∆,
or expressed the n o t 4 L 3 5 A  allele
integrated into the NOT4 genomic locus.
These strains were subsequently used to
perform SGA analysis on a collection of
~4800 deletion mutants (Tong et al.,
2001). Initially, 200 genes were identified
as potential genetic interactors using the
n o t 4∆  and the not4L35A RING-finger
mutant. Repetition of the screens
confirmed the genetic interaction for a total
of 49 genes (Table 2 and 3) with an

Figure 4. Significant overlap between genes
identified in not4L35A and not4∆ SGA screens. (A)
Venn diagram displaying overlap in genes isolated
in the SGA screens with not4∆ and not4L35A. (B)
Genes involved in the same biological process (GO
annotations) are grouped and displayed in pie
charts. Percentages of isolated genes in a functional
group are given.

overlap of 48% between the not4∆ and
not4L35A screens (p-value = 1.8x10-20;
Figure 4A). The genes identified as
genetic interactors were arranged into
va r i ous  f unc t i ona l  ca tego r i es
(Saccharomyces Genome Database;
Figure 4B). Genes involved in transcription
or the ubiquitin conjugating system
constituted a large portion of the identified
genes (18/49, 37%). Surprisingly, multiple
genes involved in the response to DNA
damage genetically interacted with a
deletion of NOT4  and/or the not4L35A
allele, suggesting a role for Not4p and its
RING-finger in this process. This is in
agreement with our previous observations
that the Ccr4-Not complex is involved in
regulation of DNA-damage induced gene
expression (Mulder et al., 2005).
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                  1 ORFs identified in both not4L35A and not4Δ screens are depicted in bold font
        2 Abbreviations stand for synthetic lethal and synthetic sick, respectively
                                   3 Annotations derived from the Saccharomyces genome database                            4 These ORFs are frequently identified in SGA screens, even when performed against wild-type query strains
                                     (E.C. and C.D.V. unpublished results)
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              1 ORFs identified in both not4L35A and not4Δ screens are depicted in bold font
                   2 Abbreviations stand for synthetic lethal and synthetic sick, respectively
                   3 Annotations derived from the Saccharomyces genome database

Interaction between Not4p and
Ubc4p/Ubc5p is required for tolerance
to hydroxyurea
Following the observation that the
not4L35A allele genetically interacts with
genes involved in DNA damage
responses, strains expressing the
not4L35A  or not4K97R allele from the
original NOT4 locus were constructed and
tested for hydroxyurea (HU) sensitivity.
The K97R mutation does not affect the
RING-finger structure or the interaction
with Ubc4p/Ubc5p (Figure 1B).
Interestingly, cells expressing not4L35A
were sensitive to HU at 200 mM, whereas

a control mutation (not4K97R) was not
(Figure 5A). To extend this observation,
not4∆ cells were transformed with
plasmids expressing other RING-finger
mutants. Several mutants that could still
interact with Ubc4p/Ubc5p (Y61A, N63A
and K97R) were included as controls.
Cells expressing the L35A and I37A
alleles, encoding proteins deficient in E2
interaction, displayed sensitivity to HU,
whereas the interaction-proficient mutants
behaved as wild-type (Figure 5B and
Figure 1B). Interestingly, cells deleted for
U B C 4  showed sensitivity to high
concentrations of HU comparable to the
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Figure 5. The E3 ligase potential of Not4p is
required for tolerance to high concentrations of HU.
( A )  The interaction between Not4p and
Ubc4p/Ubc5p is important for tolerance to HU.
W303 not4∆ cells expressing the indicated not4
alleles from its endogenous locus were serially
diluted (ten-fold) and spotted on YPD plates
containing the indicated concentration of hydroxy
urea (HU). Cells were grown for 3 days at 30ºC. (B)
Cells expressing pRS314 based E2-interaction
deficient RING-finger mutant alleles are sensitive to
high concentrations of HU. W303 not4∆ cells were
transformed with the indicated not4 mutants on a
CEN TRP1 plasmid or the empty vector (pRS314).
Analysis was performed as in (A). (C) Cells lacking
UBC4  are sensitive high concentrations of HU.
W303 not4∆ cells and W303 ubc4∆  cells were
analyzed as in (A). (D) Epistatic relationship
between NOT4 and UBC4 in HU sensitivity. W303
WT, not4∆, ubc4∆ and not4∆ubc4∆ cells were
analyzed as in (A). ( E )  The not4L35A allele
mediated HU sensitivity is independent of defects in
RNR gene transcription. W303 cells expressing the
indicated alleles, integrated into the NOT4 genomic
locus, were grown to exponential phase and treated
for 120 minutes with 200 mM HU or 0.01% MMS,
respectively. RNA was extracted and subjected to
Northern blot analysis (left panel). Probes were
radiolabeled PCR products. ACT1 was used as a
loading control. Quantification of the Northern blots
is shown in the panel panel on the right.

L35A and I37A mutants (compare Figure
5B and 5C). In contrast, cells lacking
NOT4 are sensitive to low doses of HU.
Nevertheless, a good correlation between
HU sensitivity at 200 mM and interaction
with Ubc4p/Ubc5p was observed,
indicating that the ubiquitylation potential
of Not4p is required for HU tolerance.
Analysis of the not4∆ubc4∆ double mutant
revealed an epistatic relationship for the
HU sensitivity phenotype (Figure 5D). This
supports the notion that Not4p and Ubc4p
constitute a functional E2-E3 pair in vivo.
Our previous work showed a requirement
for N O T 4  in efficient HU-induced
transcription of RNR genes (Mulder et al.,
2005). Therefore, cells lacking NOT4 or
expressing WT or not4L35A  from its
original locus were either mock-treated or
incubated with HU or MMS for two hours.
Transcript levels of RNR  genes were
determined by Northern blot analysis. As
expected, not4∆  cells show defects in
expression of RNR2, RNR3 and R N R 4
mRNA. However, disruption of the
interact ion between Not4p and
Ubc4p/Ubc5p did not significantly affect
the transcriptional induction of the RNR
genes (Figure 5E). Collectively, these
experiments suggest that the ubiquitin
protein ligase function of Not4p is involved
in tolerance to high concentrations of HU
in a manner distinct from transcriptional
regulation of the RNR genes.

Disruption of the RING-finger mediated
interaction with Ubc4p/Ubc5p leads to
resistance to acute heat-shock and
sensitivity to hygromycin B
UBC4 and UBC5 are shown to be involved
in stress responses, such as proteasomal
degradation of short-lived and abnormal
proteins (Seufert and Jentsch, 1990). One
of the phenotypes associated with this
function is resistance to acute heat-shock.
Indeed, ubc4∆ubc5∆  double mutant
strains display tolerance to acute heat-
shock (Seufert and Jentsch, 1990).
Interestingly, deletion of NOT4 or NOT5
results in the same phenotype (Lenssen et
al., 2002). We confirmed that deletion of
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NOT4  induced a strong resistance to
acute heat-stress (Figure 6A). In addition,
introduction of plasmids expressing RING-
finger variants of NOT4 showed that the
L35A, I37A, I64A and I64W alleles led to
an increased survival (Figure 6A). In
contrast, the Y61A, N63A and E69K
alleles, encoding proteins that retain the
interaction with Ubc4p/Ubc5p, resulted in
survival rates comparable to wild-type.
This suggests that the ubiquitin protein
ligase activity of Not4p, together with
Ubc4p and/or Ubc5p, is involved in
regulation of this stress response.
Tolerance to acute heat-stress in
ubc4∆ubc5∆, not5∆ and not4∆ strains has
been linked with increased levels of heat-
shock gene expression under normal
growth conditions (Lenssen et al., 2005;
Lenssen et al., 2002; Seufert and Jentsch,
1990). Therefore, Northern blot analysis
was performed to determine the level of
heat-shock gene expression in the RING-
finger mutant strains. Notably, HSP104 is
the major heat-shock protein responsible
for the response to acute heat-stress
(Sanchez and Lindquist, 1990). As
expected, HSP104, HSP78, and HSP42
transcript levels were increased in the
absence of NOT4 (Figure 6B). Although
interaction-deficient RING-finger mutants
were resistant to acute heat-stress, the
basal levels of HSP gene expression were
not affected (Figure 6B). In addition, heat-
shock induced transcription of these genes
in these strains was comparable to wild-
type (data not shown).
Recently, Ubc4p was reported to
associate to the 26S proteasome in the
presence of hygromycin B (Chuang and
Madura, 2005), a compound which
induces translation errors leading to
misfolded proteins. Strains deleted for
U B C 4  and U B C 5  were shown to be
sensitive to hygromycin B. Interestingly,
we found that the not4L35A expressing
strain was also sensitive to this drug
(Figure 5D). In conclusion, strains
expressing NOT4 RING-finger mutants
displayed similar phenotypes as strains
deleted for UBC4, supporting the model

that Ubc4p and Not4p form a functional
E2/E3 pair in vivo.

Figure 6. Disruption of the RING-finger mediated
interaction of Not4p with Ubc4p/Ubc5p results in
tolerance to acute heat-shock. (A) E2 interaction
deficient RING-finger mutants are resistant to acute
heat-shock. W303 not4∆  cells expressing the
indicated plasmid-based RING-finger mutants were
grown exponentially for 2 days in YPD.
Complementation of the no t4∆ slow growth
phenotype by all mutant alleles prevented plasmid
loss (data not shown). Identical cell numbers were
plated on YPD before and after acute heat-shock
(10 min, 50ºC). Error bars indicate standard
deviations of two experiments. (B) Heat-shock
resistance of RING-finger mutants is independent of
HSP  gene expression under normal conditions.
RNA was extracted before heat-shock and
subjected to Northern blotting. Quantification of
HSP42 , HSP78  and HSP104 expression (after
normalization to TUB1 signals) is shown. Error bars
indicate standard deviations of two experiments.
(C) The E3 ligase activity of Not4p is required for
tolerance to hygromycin B. Serial dilutions of W303
not4∆ strains expressing N O T 4, no t4L35A  or
not4K97R from its original locus were spotted on
YPD containing the indicated concentrations of
hygromycin B.
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DISCUSSION
Previous work showed that CNOT4, the
human ortholog of Not4p, displays
ubiquitin protein ligase (E3) activity in vitro
(Albert et al., 2002; Winkler et al., 2004).
To facilitate in vivo analysis of the RING-
finger of Not4p we first obtained mutants
preventing the interaction with Ubc4p and
Ubc5p (Figure 1). Substitution of leucine
35 with alanine resulted in complete loss
of in vitro E3 ligase activity of Not4p in the
context of the Ccr4-Not complex (Figure
2). Second, using synthetic genetic array
(SGA) analysis we identified various novel
genetic interactions with either not4∆ or
n o t 4 L 3 5 A  alleles (Table 2 and 3).
Significant overlap between the screens
was observed (Figure 4). Of the identified
genes, several were previously suggested
to play a role in DNA damage response
pathways. Interestingly, we could show
that disruption of the E3 ligase activity of
Not4p resulted in sensitivity to HU (Figure
5), a phenotype shared by many genes
involved in DNA damage responses.
Finally, we found a strong correlation
between the ability of Not4p to interact
with Ubc4p/Ubc5p and tolerance to acute
heat-shock and sensitivity to hygromycin B
(Figure 6). Together, our results
demonstrate that Not4p displays RING-
finger mediated, Ubc4p-dependent,
ubiquitin-protein ligase activity in the
context of the Ccr4-Not complex,
Moreover, our data suggest that this E3
activity is required for an adequate
response to replication stress and the
presence of misfolded proteins in vivo.

Not4p displays RING-finger mediated,
Ubc4p-dependent, ubiquitylation
activity
Human CNOT4 was identified as an E3
ligase requiring a specific and selective
interaction with the ubiquitin conjugating
enzyme UbcH5B (Albert et al., 2002;
Winkler et al., 2004). Based on mutational
analysis of CNOT4 (Albert et al., 2002) we
designed RING-finger mutants of Not4p
predicted to disrupt interaction with Ubc4p
and Ubc5p, the yeast orthologs of UbcH5B

(Albert et al., 2002). The ubiquitin
conjugating enzymes encoded by UBC4
and UBC5 are 92% identical in sequence
and function in several stress-related
processes (Chuang and Madura, 2005;
Seufert and Jentsch, 1990). Subsequent
analysis identified RING-finger mutants
that abolished the interaction with
Ubc4p/Ubc5p (L35A, Y61A, I64A and
I64W; Figure 1). These mutants were
capable of complementing several not4Δ
phenotypes,  inc luding not4Δnot5Δ
synthetic lethality (Figure 3). Biochemical
analysis showed for the fist time that the
yeast Ccr4-Not complex contains E3
ligase activity in vitro (Figure 2). In
addition, in vitro ubiquitylation assays
using complexes containing the L35A
variant of Not4p indicated a crucial role for
this residue by facilitating the interaction
with Ubc4p. These results permitted
analysis of the RING-finger mediated E3
activity of Not4p in vivo.

Isolation of synthetic genetic
interactors of not4 alleles reveals links
with transcription, ubiquitylation and
DNA damage responses
Complementation analysis of several
known phenotypes of not4∆ cells did not
yield insight into the physiological role of
the RING-finger of Not4p (Figure 3 and
data not shown). Therefore, we performed
genome-wide screens to identify novel
genetic interactions with either a null or a
RING-finger mutant (L35A) allele of NOT4
(Table 2 and 3). The synthetic interactors
isolated in these screens were categorized
in four major groups consisting of genes
involved in transcription, ubiquitylation,
DNA damage response processes
(discussed below) and organelle function
(Figure 4).

A transcription function for NOT4
Mutant alleles of NOT1, NOT3, NOT5 and
C A F 1  were previously found as
suppressors of srb4-138, a temperature
sensitive mutant of SRB4 (Lee et al.,
1998), which suggested opposing roles for
the Ccr4-Not and Srb/Mediator complexes.
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However, like the Ccr4-Not complex, the
Srb/Mediator  complex regulates
transcription both positively and negatively
(van de Peppel et al., 2005). Strikingly,
disruption of the tail-module of the
Srb/Mediator complex (by deletion of
MED15 or MED3), involved in interaction
with transcription activators, results in
synthetic lethality with a deletion of NOT4
or the not4L35A allele (Table 2 and 3).
This suggests a functional overlap
between the E3 ligase activity of Not4p
and activation of transcription by the
Srb/Mediator complex. Interestingly, the
Med8p subunit, which resides in the tail
module, has been shown to be part of an
E3 ligase complex in mammals (Brower et
al., 2002). A recent report showed that
cells lacking MED3 or the N-terminus of
Srb7 are defective in transcriptional
induction of RNR3 after MMS treatment
(Zhang and Reese, 2004). In agreement
with this, we found that deletion of MED15
or MED3 resulted in sensitivity to HU (data
not shown), a phenotype shared by cells
lacking NOT4 or expressing E2 interaction
deficient RING-finger mutants (Figure 4).
In addition, several genes involved in
transcription elongation showed a
synthetic growth phenotype when deleted
in combination with NOT4. Amongst these
were BUR2 , P S H 1 and YJL169W (a
dubious ORF partially overlapping with
SET2). Psh1p (Pob3p-Spt16p binding
protein) was found to co-purify with the
FACT complex, which faci l i tates
transcription elongation through chromatin
(Ho et al., 2002; Krogan et al., 2002). It is
noteworthy that our SGA analysis could
not uncover interactions with P O B 3 ,
SPT16 or NHP6A/B since the former two
genes are essential (and are not
represented in the collection of single
gene knock-outs) and the latter two
(N H P 6 A  and NHP6B) are functionally
redundant. This suggests that isolation of
PSH1/Y O L 0 5 4 W  could reflect further
functional interactions between the Ccr4-
Not and FACT complexes in transcription
elongation. In agreement with this, it was
recently found that the genes encoding the

FACT complex subunit Nhp6p (Formosa
et al., 2001), genetically interact with
components of the Ccr4-Not complex
(Biswas et al., 2006). The YJL169W ORF
is not likely to encode a protein, but its
deletion will likely result in a functional
knock-out of the overlapping SET2 ORF.
This gene encodes Set2p, the histone
methyltransferase specific for H3K36,
which is involved in transcription
elongation (Krogan et al., 2003). Finally,
N O T 4  and BUR2  display synthetic
lethality, as does a deletion of N O T 4
combined with a temperature sensitive
allele of BUR1 (K.W.M., A.I., and H.T.M.T,
manuscript in preparation).

NOT4 is linked to the Ubiquitin-26S
proteasome pathway
As expected, a second group of genes
displaying synthetic growth defects or
lethality with not4 alleles is linked to the
ubiquitin proteasome pathway, confirming
a role for the RING-finger of Not4p in this
process in vivo. For instance, Pib1p has
been described to contain RING-finger
dependent E3 ligase activity in vitro (Shin
et al., 2001). Possibly, Pib1p constitutes a
redundant E3 ligase for Not4p under
certain conditions. However, this
redundancy is not likely to be relevant for
the HU sensitivity of not4∆ and not4L35A,
since pib1∆ cells are not sensitive to HU
(data not shown). DOA4 is a member of
the family of deubiquitinating enzymes and
interacts with the 26S proteasome (Papa
et al., 1999; Papa and Hochstrasser,
1993). Interestingly, deletion of DOA4
results in sensitivity to HU in a manner
epistatic to rad9∆ (Fiorani et al., 2004).
Intriguingly, recent work shows that the
HU sensitivity of cells lacking CCR4 or
C A F 1  is also epistatic to the pathway
containing Rad9p (Traven et al., 2005),
suggesting that the Ccr4-Not complex and
Doa4p might be involved in this pathway in
parallel to each other. In addition, Ubc4p
has recently been shown to interact with
the 26S proteasome in the presence of
hygromycin B, inducing translational
misreading (Chuang and Madura, 2005).
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This is in concert with the observation that
U B C 4  and U B C 5  are required for
degradation of abnormal and short-lived
proteins (Seufert and Jentsch, 1990).

NOT4 and DNA damage responses
Interestingly, 11% (not4L35A) and 4%
(not4∆ ) of the genetic interactors are
involved in DNA damage responses
(Table 2, 3 and Figure 4). Our screens
revealed interactions with mms22∆ and
rad6∆, suggesting a role for the E3 ligase
activity of Not4p in the cellular response to
DNA damage. Notably, expression of
RING-finger mutant alleles complemented
the mild UV-sensitivity phenotype of not4∆
cells (Figure 3). Subsequent phenotypic
analysis showed HU sensitivity of strains
expressing RING-finger variants of Not4p
that were disrupted in their interaction with
Ubc4p and Ubc5p (Figure 1 and 4).
Moreover, it has been shown that
components of the Ccr4-Not complex are
required for cell cycle progression after
ionizing radiation in a manner epistatic to
the R A D 9 -dependent DNA-damage
checkpoint (Westmoreland et al., 2004).
Recent data suggests that MMS22 forms a
genetic module (MMS22m) together with
MMS21, RTT101 and RTT107 (Pan et al.,
2006). In addition, RAD6 is part of both the
BRE1m and the PRR (post-replication
repair pathway). Both these modules are
genetically distinct from the RAD9m ,
supporting the hypothesis that NOT4
functions the RAD9 pathway (Traven et
al., 2005; Westmoreland et al., 2004).

The E3 ligase activity of Not4p is
involved in regulation of Ubc4p/Ubc5p
mediated stress tolerance
Previous work showed that integrity of the
Ccr4-Not complex is required for survival
in the presence of hydroxyurea (HU)
(Mulder et al., 2005). This drug is known to
directly target the ribonucleotide reductase
(RNR) complex. RNR is responsible for
conversion of NDPs to dNDPs, which is
the rate-limiting step in dNTP production
(Jordan and Reichard, 1998). HU
treatment results in a decreased

replication rate by limiting the dNTP pools.
Deletion of genes involved in DNA-
damage repair pathways also leads to
sensitivity to HU. The observation that
disruption of the interaction between
Ubc4p/Ubc5p and Not4p confers HU
sensitivity indicates a role for its E3 ligase
activity in tolerance to replication stress.
Interestingly, deletion of UBC4 resulted in
a similar HU sensitivity (Figure 5). In
addition, deletion of both UBC4 and UBC5
leads to a severe slow growth phenotype
(Seufert and Jentsch, 1990), indicating
functional redundancy between these
genes. However, the regulation of
expression of these genes differs
significantly (Seufert and Jentsch, 1990).
For instance, UBC4  transcript levels
significantly drop during stationary phase,
whereas UBC5  levels are increased.
Differential regulation of transcription
might provide an explanation for the
observation that some phenotypes that are
associated with deletion of UBC4 are not
evident in ubc5∆  cells, although these
genes are functionally redundant during
normal growth. Furthermore, UBC4 and
UBC5 expression is increased by heat-
shock. Interestingly, strains deleted for
both UBC4 and UBC5 display tolerance to
acute heat-shock (Seufert and Jentsch,
1990). This treatment is thought to
produce aberrantly folded proteins in vivo.
Interestingly, deletion of NOT4 also gives
rise to resistance to heat-shock, which is
most likely to result from derepression of
HSP gene expression under non-inducing
conditions (Lenssen et al., 2005). We
found that the role of the RING-finger of
Not4p in tolerance to acute heat-shock is
independent of HSP  gene expression
(Figure 6). Strikingly, not4∆  as well as
u b c 4∆u b c 5∆  cells, are sensitive to
hygromycin B (Chuang and Madura,
2005). This drug induces misreading of the
mRNA template in the ribosome, resulting
in misfolding of the newly synthesized
proteins. This sensitivity is, at least in part,
dependent on the E3 ligase activity of
Not4p, since the not4L35A allele could not
fully complement this phenotype of not4∆
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cells  (Figure 6D). This suggests that the
Ubc4p/Ubc5p mediated response to
abnormal and translationally damaged
proteins is dependent on the interaction of
Not4p with Ubc4p/Ubc5p. In agreement
with this suggestion, we found a genetic
interaction between not4∆, not4L35A and
a deletion of YKE2 (Table 2 and 3). This
gene encodes a subunit of the
prefolding/GimC cytoplasmic chaperone
complex, involved in cellular protection
against protein aggregation.
It is clear that the RING-finger of Not4p is
involved in tolerance to various stresses,
including tolerance to misfolded proteins in
v ivo . However, its exact role in this
process and identification of its substrates
requires further investigation. Collectively,
our results provide the first evidence that
Not4p functions as a RING-finger
dependent E3 ligase in vitro and identified
involvement of this activity in several
processes in vivo.
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DNA damage and replication stress induced
transcription of RNR genes is dependent on the Ccr4-
Not complex

Klaas W. Mulder, G. Sebastiaan Winkler and H.Th. Marc Timmers
Department of Physiological Chemistry, University Medical Centre Utrecht, Universiteitsweg 100,
3584 CG Utrecht, The Netherlands

ABSTRACT
Genetic experiments have indicated a role for the Ccr4-Not complex in the response to
hydroxyurea (HU) induced replication stress and ionizing radiation in yeast. This
response includes transcriptional induction of the four genes constituting the
ribonucleotide reductase (RNR) enzymatic complex, RNR1-4, and degradation of its
inhibitor, Sml1p. The Ccr4-Not complex has originally been described as a negative
regulator of RNA polymerase II transcription, but it has also been implicated in mRNA
turnover and protein ubiquitination. We investigated the mechanism of the HU sensitivity
conferred by mutation of CCR4-NOT genes. We found that the ubiquitin protein ligase
activity of Not4p does not play a role in HU induced Sml1p degradation. We show,
however, that the HU sensitivity of ccr4-not mutant strains correlated very well with a
defect in accumulation of RNR2, RNR3 and RNR4 mRNA after HU or MMS treatment.
Chromatin immunoprecipitation experiments show that TBP, RNA polymerase II and
Set1p recruitment to the activated RNR3 locus is defective in cells lacking NOT4.
Moreover, RNR3 promoter activity is not induced by HU in these cells. Our experiments
show that induction of RNR gene transcription is defective in ccr4-not mutant strains,
providing an explanation for their sensitivity to HU.

INTRODUCTION
The Ccr4-Not complex is an essential
evolutionarily conserved transcriptional
regulator consisting of nine core subunits
in yeast. It was originally described as a
repressor of RNA polymerase II mediated
transcription (Albert et al., 2000; Chen et
al., 2001; Collart and Struhl, 1994; Liu et
al., 1998; Maillet et al., 2000; Oberholzer
and Collart, 1998). Multiple functional and
physical interactions between subunits of
the Ccr4-Not complex and components of
the general transcription machinery have
been described. These components
include subunits of TFIID (Badarinarayana
et al., 2000; Deluen et al., 2002; Lemaire
and Collart, 2000), the Mediator complex
(Lee et al., 1998; Liu et al., 2001; Maillet et
al., 2000) and SAGA (Benson et al., 1998;
Collart, 1996; Maillet et al., 2000). Besides
this, a role in positive regulation of

transcription as well as in transcription
elongation has been postulated (Denis et
al., 2001; Liu et al., 1998). In addition to its
roles in transcription, the Ccr4-Not
complex subunits Ccr4p and Caf1p have
been shown to represent the major
cytoplasmic mRNA deadenylase in various
species (Chen et al., 2002; Temme et al.,
2004; Tucker et al., 2002; Tucker et al.,
2001; Viswanathan et al., 2004). Deletion
of N O T  genes, however, only mildly
affects deadenylation (Tucker et al., 2002).
This is in agreement with the notion that
the roles of Ccr4p and Caf1p do not
completely overlap with those of the Not
proteins (Bai et al., 1999). In several
studies, it was noted that Not4p contains a
Zn-finger motif (Cade and Errede, 1994;
Irie et al., 1994), which we have identified
as a RING-finger domain in its human
ortholog CNOT4 (Hanzawa et al., 2001).
Proteins containing a RING-finger
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constitute a subgroup of ubiquitin-protein
ligases (E3s) (Lorick et al., 1999). Indeed,
CNOT4 displays RING-finger mediated E3
ligase activity in vitro (Albert et al., 2002).
We found that the ubiquitin-conjugating
enzyme (E2) UbcH5B was specifically
required for this (Winkler et al., 2004).
Implication of the E3 activity in cellular
processes and identification of CNOT4-
substrates remain open issues.
Recently, it was shown that the Ccr4-Not
complex plays a role in resistance to
ionizing radiation and DNA damage or
replication stress inducing chemicals
(Traven et al., 2005; Westmoreland et al.,
2004). One of the major signaling
pathways activated by DNA damage and
replication stress contains the kinases
Mec1p ,  Rad53p  and  Dun1p .
Phosphorylation of Rad53p by Mec1p
results in its activation, leading to
subsequent phosphorylation of Dun1p
(Allen et al., 1994; Sanchez et al., 1996).
A key event for survival after DNA damage
is an increase in dNTP levels in the cell
(Chabes et al., 2003), which is achieved
by regulation of ribonucleotide reductase
(RNR) activity (Jordan and Reichard,
1998). The RNR enzyme catalyses the
transition of NDPs to dNDPs, which
represents the rate limiting step in
production of dNTPs needed for DNA
replication and repair (Jordan and
Reichard, 1998). In yeast, the subunits of
the RNR complex are encoded by four
genes, RNR1-4 (Elledge and Davis, 1987;
Elledge and Davis, 1990; Huang and
Elledge, 1997; Wang et al., 1997), which
are transcriptionally induced following
DNA damage and replication stress in a
manner dependent on the Mec1p-Rad53p-
Dun1p pathway (Elledge et al., 1993;
Huang and Elledge, 1997; Zhou and
Elledge, 1993). Notably, mutations in RNR
genes (with the exception of RNR3) lead
to sensitivity to DNA damage and
hydroxyurea (HU), a chemical inhibitor of
the RNR (Elledge and Davis, 1989; Wang
et al., 1997). In fact, many genes involved
in DNA damage responses are sensitive to
HU, reinforcing the link between DNA

damage responses and dNTP levels
(Bennett et al., 2001; Parsons et al.,
2004). A genetic screen identified genes
facilitating constitutive transcription of the
RNR genes (Zhou and Elledge, 1992). For
example, Crt1p, a repressor of R N R
genes, binds to a specific DNA sequence
in RNR promoters (Huang et al., 1998).
Dun1p mediated hyperphosphorylation of
Crt1p relieves its repressive function by
reducing its DNA binding capacity and
enables derepression of the RNR genes
(Huang et al., 1998). This involves both
TFIID recruitment and SWI/SNF
remodeling of the promoter region (Li and
Reese, 2000; Sharma et al., 2003).
An additional mechanism to increase the
enzymatic activity of the RNR complex
depends on the depletion of Sml1p. The
gene encoding Sml1p was identified as a
suppressor of both mec1  and r a d 5 3
mutations, suggesting opposite roles for
SML1 and these checkpoint genes (Zhao
et al., 1998). Cells lacking SML1 have
higher basal levels of dNTPs and exhibit
an increased resistance to DNA damaging
agents (Zhao et al., 1998). In addition, the
Sml1 protein interacts with both the Rnr1p
and Rnr3p subunits and inhibits RNR
activity in vitro (Chabes et al., 1999; Zhao
et al., 2000). In response to DNA damage,
Sml1p is phosphorylated in a Mec1p-
Rad53p-Dun1p dependent manner leading
to its breakdown in the cell (Zhao et al.,
2001; Zhao and Rothstein, 2002). Recent
work has shown that the deadenylase
activity of Ccr4p plays a role in tolerance
to replication stress (Traven et al., 2005).
Epistasis analysis showed an enhanced
phenotype when ccr4  or caf1 mutations
were combined with a deletion of DUN1,
suggesting a mechanism distinct from
derepression of RNR genes (Traven et al.,
2005). No diminished RNR3  mRNA
expression was observed in ccr4 and caf1
mutant strains. In contrast, ccr4Δ  cells
showed a marked increase in RNR3
mRNA accumulation, but this was not
observed in a strain expressing a
deadenylase deficient point-mutant of
Ccr4 or in caf1Δ cells (Traven et al., 2005).
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RNR3 expression in NOT deletion mutants
was not tested in this study. Moreover, it
was postulated that the ubiquitin protein
ligase potential of Not4 might play a role in
the observed HU sensitivity phenotype
(Traven et al., 2005).
Here, we describe a role for the Ccr4-Not
complex in transcriptional induction of
RNR  genes in response to replication
stress and DNA damage. In agreement
with previous studies, we found that
several subunits of the complex are
important for tolerance to HU. Surprisingly,
sensitivity to HU correlates very well with
defects in accumulation of RNR2, RNR3
and RNR4  mRNA. We found that the
Not4p subunit is required for efficient
transcription induction of genes encoding
the RNR complex by facil itating
recruitment of various transcription factors,
providing support for a positive role in
transcription for the Ccr4-Not complex.

MATERIALS AND METHODS
Strains, genetic manipulation and
plasmids
The Saccharomyces cerevisiae strains
used in this study and their relevant
genotypes are listed in table 1. Cells were
grown in YPD at 30°C.

Yeast transformations were carried out
using a LiAc method. ATG to STOP
knock-out strains were made by one-step
gene replacement. Genomic not4L35A

mutants were obtained by integrating the
pRS306-not4L35A into the NOT4 locus in
a not4Δ background using the SmaI
restriction site in the NOT4  promoter
region (nt –226 relative to +1 ATG).
Integrated mutants and gene disruptions
were verified by PCR, phenotypic and/or
Western blot analysis. The RNR3
promoter-GAL1  fusion plasmids were
constructed by cloning PCR products into
pRS316. The complete G A L 1  open
reading frame and its terminator region
were fused to the RNR3 promoter using
an introduced BamHI restriction site. Pfu
polymerase was used to generate the
DNA fragments.

Hydroxyurea sensitivity
Single colonies of the indicated strains
were taken from plates, serially diluted
(10-fold) and spotted onto YPD plates
containing various concentrations of
hydroxyurea (HU). Cells were grown for 3-
4 days at 30°C.

Western blotting
Cells were grown to OD600=0.5-1 in YPD
and subsequently treated with 200 mM
HU. Samples (~2 OD units) were taken at
the indicated time points. Extracts were
prepared as described previously
(Kushnirov, 2000). Proteins were
separated by 15% SDS-PAGE, transferred
to a membrane and analyzed using Sml1
(Zhao et al., 2000) and yTBP antiserum
(Poon et al., 1991).

RNA extraction, Northern blotting and
cDNA synthesis
Total RNA was purified using the hot
phenol extraction procedure. Briefly, 40 ml
yeast cultures (OD600 = 0.5-1) in YPD were
added to 40 ml YPD containing 400 mM
HU or 0.02% MMS to obtain the final
concentration of 200 mM HU or 0.01%
MMS. Samples (7.5-10 ml) were taken
and centrifuged for 2 min at 5000 r.p.m..
Cell pellets were frozen on dry ice. Frozen
cells were resuspended in 500 µ l of
phenol:chloroform (5:1, pH 4.7, 65°C) and
500 µ l of TES buffer (10 mM Tris–HCl
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pH7.5, 1 mM EDTA, 0.5% SDS). Cells
were incubated for 1 h at 65°C and
vortexed every 10 min for 20 s. The
aqueous solution was extracted with
phenol:chloroform (5:1, pH 4.7, RT) and
with chloroform:isoamyl alcohol (25:1).
Finally, RNA was collected by ethanol
precipitation.
RNA (10 µ g) was separated by
electrophoresis on 1% agarose gel
containing 10 mM Na-phosphate pH 6.7.
RNA was then transferred to a nylon
membrane and cross-linked by UV
irradiation. The following PCR probes
were radiolabeled using the RediPrime II
kit (Amersham Pharmacia Biotech): RNR1
(nt 1-2667, complete ORF), RNR2 (nt 1-
1553 of genomic locus), RNR3 (nt 1-2610,
complete ORF), RNR4 (nt 1-1309 of
genomic locus) and ACT1 (nt 324-1347).
Probes were hybridized overnight at 42°C.
Blots were rinsed with 2x SSC at RT and
sequentially washed with 2X SSC, 1X
SSC, 0.5X SSC and 0.3X SSC (twice) for
15 min at 65°C. Membranes were
subjected to autoradiography.
Total RNA (750 ng) was taken to prepare
cDNA using random primers (Invitrogen)
and the Superscript II kit (Invitrogen)
according to the manufacturers protocol.

Chromatin immunoprecipitation
Cells were grown in YPD to OD600~0.6 and
subsequently treated with 200 mM HU by
adding an equal volume of YPD containing
400 mM HU and incubation at 30°C for 2
hours. Chromatin extracts were prepared
essentially as described previously
(Andrau et al., 2002) with the exception
that sonication was done using a bioruptor
instrument (Diagenode). The settings
were: medium strength, 7x 20/40 sec
on/off cycle in ice water. The average size
of the sheared DNA was ~300-500 bp.
Immunoprecipitations were performed with
12CA5 (anti-HA) or 8WG16 (anti-CTD of
Rpb1) antibodies and performed as in
(Andrau et al., 2002). IgG-sepharose fast
flow beads (Amersham) were used to
purify TAP-Set1/DNA complexes. Cross-
links were reversed by incubation at 65°C

overnight. DNA was purified over a
Qiaquick PCR purification column
(Qiagen) and analyzed by qPCR (see
below).

Quantitative PCR analysis
A range of five 10-fold dilutions of the input
material was used to quantify the ChIP
efficiency by SYBR Green based
quantitative PCR on a Chromo4 equipped
PCR cycler (MJ Research). ChIP signals
were normalized relative to the HMR (non
transcribed mating type cassette on
Chromosome III) signals.
Expression of RNR3, GAL1  and T U B 1
mRNAs was analyzed by RT-PCR.
Signals were quantified using a standard
reference of yeast genomic DNA
(Research Genetics) and normalized on
TUB1 expression. Primer sequences are
available upon request.

RESULTS
Mutation of genes encoding for subunits of
the Ccr4-Not complex confers sensitivity to
hydroxyurea (HU).
It was recently shown that components of
the Ccr4-Not complex are required for
efficient cell cycle progression after
ionizing radiation and tolerance to HU
(Traven et al., 2005; Westmoreland et al.,
2004). In agreement with this, we found
that not4 mutant cells display synthetic
lethality with several genes implicated in
DNA damage responses using synthetic
genetic array analysis (K.W.M., M.A.
Collart and H.Th.M.T., manuscript in
preparation). We confirmed this using
various mutants of Ccr4-Not complex
subunits by performing spot assays on
p l a t e s  c o n t a i n i n g  i n c r e a s i n g
concentrations of HU using various
genetic backgrounds to exclude strain
specific observations. In accordance to
published work (Traven et al., 2005),
deletion of N O T 2 , N O T 4  and N O T 5
resulted in a pronounced HU sensitivity
phenotype (Figure 1A, B and data not
shown). A mutant of the essential NOT1
g e n e  ( n o t 1 - 1  (W1753R), originally
identified as cdc39 (Reed, 1980)) also
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Figure 1. The Ccr4-Not complex is required for
tolerance to hydroxy urea. BY4741 (A) or MY1 (B)
derived ccr4-not mutant strains were spotted on
YPD plates containing the indicated concentrations
of hydroxyurea (HU) in 10-fold serial dilutions.
Growth was assessed after 4 days.

displayed HU sensitivity (Figure 1B).
Traven and co-workers recently reported
that a different mutant of NOT1 (not1-2
(S1298L,Q1316STOP),  (Collart and
Struhl, 1993)) is not sensitive to 100 mM
HU (Traven et al., 2005). Interestingly, we
found that this mutation, as well as
deletion of NOT3 resulted in sensitivity to
200 mM HU (Figure 1B). In addition, we
observed that deletion of CCR4 or CAF1
also led to sensitivity to HU (Figure 1A).
However, deletion of various Ccr4
associated factors (CAFs) that are
described to be associated with the Ccr4-
Not complex (Chen et al., 2001; Liu et al.,
2001) did not show decreased viability in
the presence of HU (Figure 1A and data
not shown). Our results confirm and
extend findings that the Ccr4-Not complex
is involved in tolerance to HU.

Sml1p stability is not affected by the
ubiquitin protein ligase potential of
Not4p
Under normal growth conditions, Sml1p is
associated with the RNR complex and
inhibits its activity (Chabes et al., 1999;
Zhao et al., 2000). In response to DNA
damage or HU treatment, the Sml1 protein
is phosphorylated by Dun1p and

subsequently degraded (Zhao et al., 2001;
Zhao and Rothstein, 2002). It has been
postulated that the RING-finger dependent
ubiquitin protein ligase (E3 ligase) activity
of Not4 may be involved in the role of the
Ccr4-Not complex in HU tolerance (Traven
et al., 2005). We investigated this
possibility by examining Sml1p levels after
HU treatment. To avoid dissociation of the
Ccr4-Not complex, we constructed a not4
mutant encoding a defective RING-finger
variant (Not4L35A), unable to interact with
either Ubc4p or Ubc5p, and expressed it
from its endogenous locus (our
unpublished data). Interestingly, this
mutant is sensitive to HU (K.W.M., M.A.
Collart and H.Th.M.T., manuscript in
preparation). No significant effect on the
reduction of cellular Sml1p levels after HU
treatment could be observed in not4L35A
cells, relative to WT cells (Figure 2A).
Similar results were obtained using a
not4Δ strain (data not shown). To further
investigate this, we checked for synthetic
interactions between NOT4 and SML1.
When HU sensitivity of not4Δ cells results
from a defect in Sml1p depletion, it can be
expected that deletion of SML1 would
suppress this phenotype. To test this, we
constructed an sml1Δ not4Δ strain and
tested its growth in the presence of HU.
No significant rescue from HU sensitivity
could be observed (Figure 2B), indicating
that the HU sensitivity of not4Δ  cells is
independent of Sml1p regulation.
Together, these results show that Not4p
does not act as an E3 ligase to diminish
Sml1 protein levels in response to HU
treatment.

NOT4 is required for normal
transcriptional induction of RNR genes
following replication stress and DNA
damage
A well-established reaction of the cell to
DNA damage, or HU treatment, is
transcriptional induction of the genes
encoding RNR subunits (Elledge et al.,
1993; Huang and Elledge, 1997; Zhou and
Elledge, 1993). Since the effect of deletion
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Figure 2. HU sensitivity of no t4Δ  cells is
independent of Sml1p regulation but instead
correlates with defective RNR gene transcription.
(A) W303 WT and not4L35A cells were grown to
mid-log phase and treated with 200 mM HU for the
indicated time. Extracts were subjected to western
blot analysis for Sml1p and yTBP protein levels. (B)
BY4741 single and double mutants were serially
diluted (10-fold) and spotted on YPD containing the
indicated concentrations of HU. Growth was
assessed after 4 days. (C) W303 WT and not4Δ
cells were grown to mid-log phase and either non-
treated or treated with 200 mM HU or 0.01% MMS
for 2 hours. Total RNA was extracted and subjected
to Northern blot hybridization using double stranded
probes for the genes indicated on the right. Pictures
are from the same blot and exposure.

of NOT genes on RNR gene expression
was not previously determined, we
examined whether the transcription
regulatory function of Not4 is involved this
process. W303 not4∆ cells were grown to
exponential phase and treated with HU, or
methyl-methane sulfonate (MMS), for the
indicated times. Unexpectedly, dramatic
defects in R N R 3  and R N R 4  mRNA
accumulation were observed after HU or

MMS treatment in cells lacking NOT4
(Figure 2C). In addition, small defects
were observed in accumulation of RNR1
and RNR2 mRNAs (Figure 2C). These
results indicate a role for Not4p in RNR
transcription induced by DNA damage and
replication stress.

Deregulated RNR  gene induction is
shared by several Ccr4-Not mutants
Next, we determined R N R mRNA
induction following treatment with HU of
other mutants of known Ccr4-Not complex
subunits, in various genetic backgrounds
(Figure 3). Northern blot analysis of not1-
1, not2Δ, not3Δ, not4∆ and not5∆ strains in
the MY1 background showed a strong
correlation between HU sensitivity and
defective RNR  expression (Figure 3A).
Accumulation of RNR2, RNR3 and RNR4
mRNAs is severely affected by deletion of
N O T 2 , N O T 4  or NOT5 . RNR1 mRNA
accumulation is only mildly affected in
these strains and seems to be slightly
delayed. Interestingly, the not1-1 and
not3Δ mutants display no defect in RNR
gene transcription and show minimal
(not3Δ) or moderate (not1-1 ) HU
sensitivities (Figure 1B). Identical results
were obtained for not4Δ and not5Δ  cells
using the BY4741 genetic background
(Figure 3B). Given that fact that ccr4Δ and
caf1Δ  cells are also sensitive to HU
(Figure 1A), we tested RNR transcription
following HU treatment (Figure 3B). In
contrast to what was previously found
(Traven et al., 2005), we observed severe
defects in R N R mRNA accumulation in
caf1Δ and ccr4Δ strains. This discrepancy
might be due to differences in strain
backgrounds. Since DNA damage and
replication stress lead to activation of the
same signal transduction pathway
(Elledge et al., 1993; Huang and Elledge,
1997; Zhou and Elledge, 1993), we also
determined RNR  transcription in not4Δ,
c a f 1Δ  and ccr4Δ  strains after MMS
treatment. Although less pronounced than
after HU treatment, ccr4Δ showed a defect
in RNR3 mRNA accumulation (diminished
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Figure 3. Ccr4-Not complex mutants display defects
in accumulation of RNR mRNA. MY1 (A) or BY4741
(B) derived Ccr4-Not mutants were grown to mid-log
phase and treated with 200 mM HU for the indicated
time (minutes). RNA was subjected to Northern blot
analysis as in Figure 2C.

about 3-fold, Figure 4). Interestingly, in this
experiment RNR1  mRNA levels were
elevated in the ccr4Δ and caf1Δ strains.
Although not observed reproducibly
(Figure 3B), this could indicate that Ccr4p
and Caf1p are specifically involved in
regulation of RNR1  mRNA stability.
However, deletion of NOT4 or CAF1 led to
strongly diminished levels of RNR2, RNR3
and RNR4 mRNA after MMS treatment

Figure 4. The Ccr4-Not complex is required for
transcriptional induction of RNR genes after DNA
damage induced by MMS. Cells were grown to mid-
log and subsequently treated with 0.01% MMS for 2
hours. RNA was extracted and subjected to
Northern blot analysis as in Figure 2C.

and this is comparable to the reduced
induction after HU treatment (Figure 3).
Together, these experiments show that
expression of RNR genes following HU or
MMS treatment in cells lacking Ccr4-Not
complex components is severely affected.
These results correlate very well with the
observed sensitivity to HU (Figure 1).

Not4p is required for recruitment of
TBP, RNA polymerase II and Set1p to
the activated RNR3 locus
To investigate the defect in RNR mRNA
expression further, we performed
chromatin immunoprecipitation (ChIP)
experiments to assess the recruitment of
various transcription factors to the RNR3
locus. Using antibodies recognizing the
CTD of RNA polymerase II (pol II), we
determined its recruitment to the activated
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Figure 5. Not4 plays a critical role in recruitment of
transcription factors to the RNR3 locus after HU
treatment. (A) Schematic representation of the
RNR3 locus, A-C represent the regions analyzed by
qPCR after chromatin immunoprecipitation. RNA
polymerase II (B), TAP-Set1p (C) and HA-TBP (D)
recruitment was determined in WT and not4Δ cells
treated with HU for 2 hours.

RNR3 gene. As shown in Figure 5B, pol II
was recruited to the locus in WT, but not in
not4Δ cells following HU treatment.
Remarkably, we observed elevated pol II
binding to the transcribed region in the
not4Δ cells compared to WT, under non-
inducing conditions. This does not result in
higher basal RNR3  mRNA levels (see
Figures 3 and 4). Similar results were
obtained using an antibody against the
Rpb3 subunit of pol II (data not shown).
Possibly, Not4p plays a role in preventing
mislocalization of pol II, but this requires
more extensive analysis. To confirm and
extend these observations, we determined
recruitment of Set1p to the RNR3 locus.
Previous work has shown that recruitment

of the Set1 complex is dependent on pol II
(Ng et al., 2003). As expected, Set1p was
not recruited in not4Δ cells whereas WT
cells showed a clear increase after HU
treatment (Figure 5C). Although pol II is
present on the 5’ transcribed region of the
RNR3  gene under normal conditions in
not4Δ cells, this was not reflected by
elevated levels of Set1p (Figure 5C).
Since pol II and Set1p were not recruited,
we analyzed whether an upstream event,
TBP recruitment, could still take place. As
expected, TBP was specifically recruited
to the region containing the TATA-box
(region A) in WT cells (Figure 5D). In
contrast, in cells lacking N O T 4  HU
treatment does not result in recruitment of
TBP to DNA (Figure 5D).

An R N R 3-promoter driven reporter
mimics endogenous gene regulation
To confirm that the observed effects in
recruitment of transcription machinery
components caused specific defects in
R N R 3  promoter activity after HU
treatment, we constructed fusions
between the RNR3 promoter region (either
-600 or -850 bp from ATG) and the GAL1
ORF and terminator sequence. We
determined that endogenous G A L 1
promoter activity and mRNA stability was
not affected by deletion of NOT4 (data not
shown), indicating that differences arising
from these reporter constructs would
reflect RNR3 promoter activity. The 850 bp
promoter region resembled a previously
published reporter construct (Zhou and
Elledge, 1992), whereas the 600 bp
promoter region represents the FIS1-
RNR3  intergenic region. WT and not4Δ
cells were transformed with the indicated
reporter plasmids or an empty vector
control. After treatment with HU, RNA was
extracted and mRNA expression was
analyzed by Northern blot hybridization.
GAL1 mRNA was readily detected after
HU treatment in WT cells (Figure 6A),
whereas GAL1  mRNA induction was
reduced (~2.5 fold) in n o t 4Δ  cells,
reflecting the defect in endogenous RNR3
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Figure 6. Not4 is required for transcription activation
of the RNR3 promoter. (A) Plasmids containing a
fusion of the RNR3 promoter (600 bp and 850 bp,
respectively) and the GAL1 ORF and terminator, or
an empty vector (pRS316), were used to transform
WT and not4Δ strains. Cells were grown to mid-log
phase and treated with 200 mM HU for the indicated
time (minutes). RNA was extracted and subjected to
Northern blot analysis as in Figure 2C. (B) cDNA
was generated from RNA samples in A (850 bp
R N R 3 -promoter construct) and subjected to
quantitative PCR analysis using RNR3 and GAL1
specific primers. Values are depicted as fold over
t=0 after normalization to TUB1 cDNA levels.

mRNA accumulation (~5 fold diminished)
(Figure 6A). Although the 600 bp promoter
construct seems to be more readily
induced compared to the 850 bp construct,
this difference is observed in both WT and
not4Δ cells (Figure 6A). This indicates that
the 600 bp FIS1-RNR3 intergenic region is
sufficient for HU induced activation and
Ccr4-Not dependence. We also noted that

ACT1 mRNA levels are generally reduced
in not4Δ cells (see also Figures 3 and 4).
However, this is not due to differences in
loading total RNA, since the 25S and 18S
ribosomal RNA signals are equal between
WT and not4Δ (Figure 6A). The Northern
blot results were confirmed using reverse
transcriptase quantitative PCR. Total RNA
of cells containing the 850 bp RNR3
promoter region was used to synthesize
cDNA. Tubulin (TUB1) mRNA was used
as an internal control. RNR3  cDNA is
detected in a time dependent manner in
cells containing the RNR3  promoter
construct, as well as in cells containing an
empty plasmid (Figure 6B). WT versus
not4Δ comparison shows a ~4.5 fold
difference in RNR3 expression (Figure
6B). This difference is even more
pronounced when analyzing the RNR3-
promoter driven GAL1 mRNA levels (~13
fold). As expected, no GAL1 mRNA signal
was observed in the cells containing an
empty vector (Figure 6B). Together with
the ChIP data (Figure 5), the analysis of
RNR3  promoter derived mRNA levels
(Figures 3, 4 and 6) show that R N R 3
promoter activity is compromised in not4Δ
cells. This indicates that the Ccr4-Not
complex is involved in regulation of HU
induced R N R gene transcription and
provides an explanation for the observed
HU sensitivity of ccr4-not mutant strains.

DISCUSSION
The Ccr4-Not complex was previously
shown to be a repressor of transcription,
possibly by blocking transcription initiation
by preventing binding of TFIID to DNA
(Collart, 1996; Collart and Struhl, 1993;
Collart and Struhl, 1994; Lenssen et al.,
2005; Lenssen et al., 2002; Liu et al.,
1998; Zwartjes et al., 2004). Here, we
provide evidence that the Ccr4-Not
complex is required for transcription
activation of the RNR3  promoter by
facilitating TBP, RNA polymerase II and
Set1p recruitment (Figure 5). This was
confirmed using an RNR3 promoter driven
reporter assay (Figure 6). The observed
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defects in induction of RNR genes strongly
correlate with the sensitivity to HU
displayed by various CCR4-NOT deletions
(Figures 1 and 3), indicating the
importance of the complex during
replication stress and DNA damage.

Regulation of the ribonucleotide
reductase by the Ccr4-Not complex
Previous work has genetically linked the
Ccr4-Not complex with a DNA damage
response pathway (Traven et al., 2005;
Westmoreland et al., 2004). We confirmed
that several deletion mutants of Ccr4-Not
complex subunits display a marked
sensitivity to hydroxyurea (HU) (Figure 1A
and B). Well-documented responses to
DNA damage include transcriptional
induction of the four genes encoding the
ribonucleotide reductase (RNR) complex,
R N R 1 - 4 , and degradation of Sml1p
(Elledge and Davis, 1989; Elledge et al.,
1993; Huang and Elledge, 1997; Wang et
al., 1997). An indistinguishable response
is elicited by treatment with HU, resulting
in replication stress (Elledge and Davis,
1989; Huang and Elledge, 1997; Wang et
al., 1997). The Sml1 protein can interact
with both Rnr1p and Rnr3p, resulting in
inhibition of the enzymatic activity of the
RNR complex (Chabes et al., 1999; Zhao
et al., 2000; Zhao et al., 1998). Direct
phosphorylation by Dun1p leads to a
decrease in Sml1p levels in the cell by an -
as yet- undefined mechanism (Zhao and
Rothstein, 2002). We considered the
possibility that the ubiquitin-protein ligase
function of Not4 was directly involved in
degradation of Sml1 following Dun1p-
mediated phosphorylation. However, we
found that expressing an ubiquitin ligase
deficient variant of Not4 or deleting NOT4
completely had no effect on HU induced
Sml1p depletion (Figure 2A and data not
shown). In agreement with the possibility
that Sml1p is degraded independently of
the ubiquitin-proteasome pathway, we
observed that HU induced Sml1p
degradation was not affected by MG132, a
26S proteasome inhibitor (data not
shown). However, increased levels of

Sml1p were observed under normal
conditions in the presence of MG132 (data
not shown). In addition, deletion of SML1
did not suppress the not4Δ HU sensitivity,
indicating that regulation of Sml1p is not
dependent on the Ccr4-Not complex
(Figure 2B).
Previous work showed that mutations in
RNR1, RNR2 or RNR4 result in sensitivity
to DNA damage or HU treatment (Elledge
and Davis, 1989; Elledge et al., 1993;
Huang and Elledge, 1997; Wang et al.,
1997). In addition, mutations disabling a
normal induction of R N R genes are
sensitive to HU and DNA damaging
agents (Zhou and Elledge, 1992). This
suggests a causative link between
deregulation of the R N R genes and
sensitivity to HU treatment. Both HU
sensitivity and defective R N R  gene
induction are observed in Ccr4-Not
complex mutants, suggesting a direct
relationship between the HU sensitivity
and the observed defects in RNR gene
expression in Ccr4-Not mutants.

Involvement of the Ccr4-Not complex in
RNR gene transcription
The mechanism by which the Ccr4-Not
complex is involved in tolerance to HU
was previously unidentified. However,
recent work by Traven and co-workers
showed involvement of the deadenylase
activity of Ccr4p and Caf1p in resistance
to HU in a pathway parallel to Dun1p, as
derived from epistasis analysis (Traven et
al., 2005). In addition, the authors showed
that in c c r 4Δ  cells, R N R 3 mRNA
accumulation after HU treatment was
increased compared to WT. However, this
was not the case in c c r 4 - 1  cells,
expressing an exonuclease domain
mutant (E556A) abrogat ing the
deadenylation activity of Ccr4p (Traven et
al., 2005). It seems difficult to reconcile the
increased RNR3  mRNA levels in ccr4Δ
cells with sensitivity to HU, especially
since this was not observed in the
catalytically inactive ccr4-1  mutant.
Interestingly, this mutant was not sensitive
to HU, but only displays a synthetic
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sensitivity when combined with a DUN1
deletion (Traven et al., 2005). In contrast,
we found that ccr4Δ  and caf1Δ strains
display reduced R N R 3  mRNA
accumulation in response to HU-treatment
or DNA damage (Figures 3 and 4). At
present, the reason for this discrepancy
remains unclear. Our data suggest that, in
addition to their documented roles in
mRNA degradation, Ccr4p and Caf1p may
have a positive function in transcription in
the context of the Ccr4-Not complex.
A growing number of factors including
repressors, chromatin remodelers and
basal transcription factors, have been
implicated in regulation of RNR3 gene
transcription (Huang et al., 1998; Li and
Reese, 2000; Li and Reese, 2001; Sharma
et al., 2003; Zhang et al., 2002). The
SWI/SNF chromatin-remodeling complex
was shown to be required for remodeling
and efficient induction of RNR genes after
MMS or HU treatment (Li and Reese,
2000; Sharma et al., 2003). The activity of
this complex on the RNR3 promoter is
facilitated by the SAGA complex (Sharma
et al., 2003) and dependent on general
transcription factors including RNA
polymerase II and TFIID (Li and Reese,
2000; Sharma et al., 2003). At present it is
not clear whether the effects we observe
on induction of RNR genes are direct or
indirect via deregulation of critical factors
involved in this process. However, it
seems unlikely that these factors would
include the transcriptional repressor Crt1p,
since we did not detect major effects on
basal levels of R N R  mRNAs. Our
observation that TBP is not recruited in
not4Δ cel ls, combined with the
documented genetic and physical
interactions between the Ccr4-Not
complex and TFIID (Badarinarayana et al.,
2000; Collart, 1996; Deluen et al., 2002;
Lemaire and Collart, 2000; Maillet et al.,
2000), could indicate a direct role for the
Ccr4-Not complex in regulation of RNR
genes after DNA damage and replication
stress. Although these interactions have
thus far been suggested to result in
transcription repression, they might also

contribute positively to transcription of
specific genes. In addition, a direct
interaction between Not2p and the SAGA
subunit Ada2 was described (Benson et
al., 1998) and could also be involved in
regulation of RNR gene activation. Both
these models would require the Ccr4-Not
complex to be present on the promoter
regions of RNR  genes. Thus far, our
efforts to crosslink Ccr4-Not complex
components to the RNR3 locus, under
both normal and induced conditions, failed
to provide evidence for this (data not
shown). Further investigation is required to
obtain more efficient protocols for cross-
linking the Ccr4-Not complex to DNA.
Regardless, our results clearly show that
the Ccr4-Not complex contributes to the
cellular DNA damage response by
facilitating proper transcription induction of
RNR genes.
Taken together, we showed that various
subunits of the Ccr4-Not complex are
involved in tolerance to HU induced
replication stress and that this strongly
correlates with a requirement for the Ccr4-
Not complex in RNR gene expression after
HU treatment or DNA damage. In addition,
we found that Not4p facilitates TBP, RNA
polymerase II and Set1p recruitment to the
R N R 3  locus after HU treatment,
establishing a positive function for the
Ccr4-Not complex in transcription
induction of specific pol II transcribed
genes. Our work provides an explanation
for the role of this complex in DNA
damage response pathways can serve as
a framework for further analysis of positive
functions in transcription for the Ccr4-Not
complex.
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regulate histone H3K4 tri-methylation
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ABSTRACT
Efficient transcription is directly linked to modification of chromatin. For instance, tri-
methylation of lysine 4 on histone H3 (H3K4) strongly correlates with transcriptional
activity and is regulated by the Bur1/2 kinase complex. Here, we find that the
evolutionary conserved Ccr4-Not complex is critical for tri-methylation of H3K4 in
Saccharomyces cerevisiae. We observe synthetic lethal interactions of Ccr4-Not
components with BUR1  and BUR2 . Deletions of NOT4  and BUR2 display similar
phenotypes and are defective in transcriptional induction of RNR3 following HU
treatment. Further analysis indicates that the genes encoding the Not-proteins are
essential for efficient regulation of H3K4me3, but not H3K4me1/2, H3K36me2 or
H3K79me2/3 levels. Moreover, Not4p localization coincides with occurrence of the
H3K4me3 mark at the 5’-region of the PYK1 gene. Finally, we find NOT4 to be important
for ubiquitylation of histone H2B via recruitment of the PAF complex, but not for
recruitment of the Bur1/2 complex. These results suggest a mechanism in which the
Ccr4-Not complex functions downstream of the Bur1/2 kinase to facilitate H3K4me3 via
PAF complex recruitment.

INTRODUCTION
Efficient transcription in eukaryotes
requires interplay between the RNA
polymerase II (pol II) transcription
machinery and factors regulating
modification of the chromatin (reviewed in:
(Berger, 2002). Tri-methylation of lysine 4
on histone H3 (H3K4) occurs co-
transcriptionally (Ng et al., 2003). In
addition, it is strongly correlated with
transcriptional activity (Santos-Rosa et al.,
2002) and is mediated by the Set1p
histone methyltransferase (HMT) complex
in yeast (Krogan et al., 2002; Roguev et
al., 2001). In recent years, several factors
required for this modification have been
identified. It is now apparent that
ubiquitylation of histone H2B is necessary
for methylation of H3K4 by Set1p (Sun
and Allis, 2002) and of H3K79 by Dot1p
(Ng et al., 2002). H2B ubiquitylation is
mediated by the Bre1p-Rad6p E3-E2 pair
(Hwang et al., 2003; Wood et al., 2003a).
The Bur1/2 kinase complex is involved in
transcription elongation. This CDK/cyclin

pair can phosphorylate the C-terminal
domain (CTD) of the largest subunit of pol
II in vitro (Murray et al., 2001), but it does
not seem to contribute to CTD
phosphorylation in vivo (Keogh et al.,
2003). Interestingly, this kinase complex is
required for H2B ubiquitylation and H3K4
methylation (Laribee et al., 2005), which
may involve direct phosphorylation of
Rad6p (Wood et al., 2005). Like the
Bur1/2 complex, the PAF complex is
implicated in transcription elongation and
is essential for efficient H2B ubiquitylation
and H3K4 methylation, but not for
recruitment of Rad6p (Krogan et al.,
2003a; Wood et al., 2003b). The PAF
complex consists of five subunits (Paf1p,
Rtf1p, Ctr9p, Leo1p and Cdc73p) and
interacts with pol II (Mueller and Jaehning,
2002; Squazzo et al., 2002). BUR2  is
required for efficient PAF complex
recruitment to chromatin, but the
mechanism by which this occurs remains
unclear (Laribee et al., 2005; Wood et al.,
2005).
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The evolutionary conserved Ccr4-Not
complex is composed of nine core
subunits and has been implicated in
various steps of mRNA production and
processing (reviewed in (Collart and
Timmers, 2004; Denis and Chen, 2003).
The genes encoding the Not-proteins
(N O T 1 - 5 ) were initially identified as
negative regulators of transcription
initiation. Support for such a role was
provided by the observation that several
mutations in N O T  genes suppress a
temperature sensitive allele of SRB4 (Lee
et al., 1998), which encodes an essential
subunit of the Mediator co-activator
complex (Holstege et al., 1998). However,
various reports also indicate a positive role
for the Ccr4-Not complex (Denis et al.,
2001; Liu et al., 1998; Mulder et al., 2005).
For example, this complex is required for
transcription of RNR genes following DNA
damage or replication stress (Mulder et al.,
2005). Genetic and physical interactions
between Ccr4-Not complex components
and transcription initiation and elongation
factors have been described (reviewed in
(Collart and Timmers, 2004; Denis and
Chen, 2003)). Besides this, Ccr4p and
Caf1p represent the major mRNA
deadenylases in yeast (Tucker et al.,
2001).
To further investigate the role of the Ccr4-
Not complex, we performed a genome-
wide screen to find non-essential gene
deletion mutants that display synthetic
genetic interactions with a deletion of
N O T 4 . Here, we describe genetic
interactions of components of the Ccr4-
Not complex with BUR2 and BUR1. We
found that the NOT genes are required to
specifically facilitate tri-methylation, but not
di-methylation, of H3K4. Deletion of NOT4
reduced both histone H2B ubiquitylation
and PAF complex recruitment, but did not
affect Bur1/2 recruitment.. Together, our
results show a novel role for the Ccr4-Not
complex in chromatin modification and
suggest a mechanism by which it
contributes to positive regulation of
transcription.

MATERIALS AND METHODS
Yeast genetics, media and plasmids
The yeast strains used in this study and
their relevant genotypes are indicated in
Table 1. Knock-out, TAP- and mycAVI-
tagged strains were constructed by
homologous recombination of a PCR
product and verified by PCR, phenotypic
and/or Western blot analysis. Cells were
routinely cultured in YPD or SC medium
lacking the appropriate amino acids. The
GAL1-LacZ fusion and pGR422 plasmids
have previously been described (Gardner
et al., 2005; Rondon et al., 2003). The
pRS306 based NOT4 integrative vector
was previously published (Mulder et al.,
2005).

Phenotypic assays
Ten or 5-fold serial dilutions of the
indicated strains were spotted on SC-U -/+
6-azauracil (100 µg/ml), YPD -/+ 100 mM
HU or SC -/+ 5-FOA (0.1%). For the 6-AU
sensitivity assay, cells were transformed
with pRS316. Growth at 30°C was
assessed after 3-4 days.

In vivo elongation assay
Cells transformed with the GAL1-LacZ
plasmid were grown in SC-U medium
containing 2% raffinose overnight,
collected and subsequently shifted to
medium containing 2% galactose.
Samples were taken at the indicated time-
points. RNA extraction and Northern blot
analysis were performed as described
previously (Mulder et al., 2005). PCR
product probes spanning the ORFs were
radio labeled using the Redi-prime II kit
(InVitrogen).

Western blotting and antibodies
Samples were taken from cells grown in
YPD and extracts were prepared as
described previously (Kushnirov, 2000).
Proteins were separated by SDS-PAGE
and analyzed by Western blot. Antibodies
against H3K4me1 (Ab8895), H3K4me2
(Ab7766) ,  H3K4me3 (Ab8580) ,
H3K79me3 (Ab2621) and the C-terminus
of H3 (Ab1791) were obtained from
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Abcam. H3K36me2 (#07-369) and
H3K79me2 (#07-366) antibodies were
from Upstate Biotechnology. TBP
antiserum was a kind gift from P.A. Weil.
Antibody 8WG16 was used to detect the
CTD of RNA pol II. TAP-tagged proteins
were detected using IgG-peroxidase
conjugates. Antibodies against the HA-tag
(12CA5 and 3F10) or the FLAG-tag (M2,
sigma) were used to detect Ctr9-HA, Bur1-
HA,  Bur2-HA and FLAG-H2B,
respectively.

Chromatin Immunoprecipitation (ChIP)
Cell cultures and extract preparation was
essentially performed as described
previously with minor modifications
(Mulder et al., 2005). Briefly, proteinA-
coupled agarose beads were incubated
with the appropriate antibody for 30 min at
4°C, washed and subsequently incubated
with extracts of cross-linked cells for 2-3
hours at 4°C. Beads were washed, DNA
eluted, and cross-links reversed at 65°C
overnight. DNA was isolated using a PCR
purification kit (Qiagen) and analyzed by
SYBR-green based quantitative PCR
analysis. Not4-mycAVI was purified using
streptavidin coated Dyna-beads (Dynal)
and subjected to stringent washing
conditions (3% SDS in TE) before reverse
cross-linking. Further analysis was
performed as above. Data is represented
as percentage of input with a region from
the HMR locus as a control.

Northern blot analysis and reverse
transcriptase qPCR
RNA extraction and Northern blots were
performed as described previously (Mulder
et al., 2005). Equal amounts of total RNA
were used to prepare cDNA using random
hexamers and the SuperScript II kit
( InV i t rogen)  accord ing to  the
manufacturers protocol. A dilution series of
genomic DNA was used to determine the
cDNA levels by SYBR-green based
quantitative PCR analysis.

RESULTS
The Ccr4-Not complex is involved in
transcription elongation
To obtain more insight into the function of
the Ccr4-Not complex, we performed a
genome-wide survey to find synthetic
genetic interactions with a null allele of
NOT4.  We identified several interactions
with genes implicated in transcription
elongation by RNA polymerase II (K.W.M.,
A.I. and H.T.M.T., manuscript in
preparation). Most striking was the
interaction between NOT4  and BUR2 .
Subsequent tetrad analysis of double
deletions of B U R 2  and Ccr4-Not
components showed additional synthetic
lethal interactions with NOT2 and CCR4,
but not with NOT3, CAF40 and CAF130
(Figure 1A). Notably, deletion of the gene
encoding Bur1p, the cyclin dependent
kinase partner of Bur2p, results in a strong
growth defect and this strain was not
represented in the library used for the
genetic screen. To test a genetic
interaction between NOT4 and BUR1, we
introduced a plasmid-based WT or
temperature sensitive mutant of BUR1
(bur1-23) into either NOT4 or not4Δ strains
in which the sole copy of B U R 1  was
expressed from a URA3  plasmid
(pRS316). Plasmid shuffle analysis
demonstrated synthetic lethality between a
deletion of NOT4 and bur1-23, already at
the permissive temperature (Figure 1B).
Considering the fact that the Bur1/2
complex was found to play a role in
transcription elongation (Keogh et al.,
2003; Murray et al., 2001), not4Δ  and
bur2Δ strains were tested for sensitivity to
6-azauracil (6AU). In agreement with
observations linking the Ccr4-Not complex
to transcription elongation (Denis et al.,
2001), cells lacking NOT4 or BUR2 were
6AU-sensitive (Figure 1C). Strikingly, a
strict correlation was observed between
the 6AU-sensitivity of Ccr4-Not gene
deletions and synthetic lethality with BUR2
(Denis et al., 2001). This suggests that this
synthetic lethality is due to defects in
transcription elongation. To extend these
observations, we investigated requirement
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Figure 1. Ccr4-Not complex components genetically
interact with BUR1 and BUR2  and play a role in
transcription elongation. (A) Tetrad analysis of
bur2Δ (KMY201) and BY4741 Ccr4-Not deletion or
not4Δ  (KMY40) BY4741bur2Δ  diploids. Circles
indicate double knock-out strains. Relevant
genotypes of the obtained haploid strains are
indicated (B) Plasmid-shuffle analysis of bur1-23
and not4Δ  double mutant strains containing
pRS316-BUR1 . Ten-fold serial dilutions of the
indicated strains were spotted on SC and SC
containing 0.1% 5-FOA. (C) 6-azauracil sensitivity
assay. Ten-fold serial dilutions of the indicated
strains were spotted on SC-U and SC-U containing
6-AU (100 µg/ml). (D)  In vivo transcription
elongation analysis of a long GC-rich reporter.
BY4741 and not4Δ (KMY58) strains transformed
with a GAL1pr-LacZ plasmid (pGR422) were grown
in medium containing raffinose and shifted to
medium containing galactose for 0, 45 and 90
minutes. Northern blot analysis on LacZ and
endogenous GAL1 mRNA was performed using 18S
rRNA as a control.

of NOT4  for transcription of a long and
GC-rich reporter gene. This experimental
set-up has previously been used to study
elongation defects (Krogan et al., 2003b;
Rondon et al., 2003). Figure 1D shows
that in cells lacking NOT4 , the G A L 1

promoter driven LacZ reporter gene was
inefficiently transcribed, whereas the
endogenous GAL1 gene was expressed to
WT levels. Together, these experiments
show that Ccr4-Not complex components
genetically interact with both BUR2 and
BUR1 and confirm a role for this complex
in transcription elongation (Denis et al.,
2001).

Efficient H3K4 tri-methylation is
dependent on the Ccr4-Not complex
The Bur1/2 complex has been implicated
in regulation of tri-methylation of H3K4
(Laribee et al., 2005; Wood et al., 2005).
Based on the genetic interactions between
NOT4, BUR2 and BUR1, involvement of
the Ccr4-Not complex in this process was
investigated by analyzing global levels of
H3K4me1, H3K4me2 and H3K4me3 using
specific antibodies. Strains deleted for
NOT4 or NOT5 displayed a loss of H3K4
tri-methylation, but not of mono- or di-
methylation (Figure 2A). However, deletion
of NOT3 , CCR4 or any of the Ccr4-
associated factors (CAFs) did not give rise
to this effect (Figure 2A). It is worth noting
that several CCR4-NOT gene deletion
phenotypes are not evident in not3Δ cells
(Liu et al., 1998; Mulder et al., 2005),
Figure 1A and data not shown).
To extend these observations, two mutant
alleles of the essential NOT1 gene and
deletions of the other NOT genes were
analyzed in a different genetic
background. Under permissive conditions,
both no t1  alleles displayed a clear
decrease in overall H3K4me3 levels (50-
70% as shown by quantification of the
results). Moreover, deletion of NOT2 ,
NOT4 or NOT5 reduced H3K4me3 levels
(86-94%; Figure 2B). In contrast,
H3K4me2 levels were not affected to the
same extent (Figure 2B). Set1p complexes
lacking Spp1p are unable to tri-methylate
H3K4 (Morillon et al., 2005; Schneider et
al., 2005). Deletion of NOT4  or NOT5
resulted in H3K4me3 levels comparable to
deletion of SPP1 (Figure 2C). In addition,
H3K79me2 and H3K79me3 levels in
extracts of CCR4-NOT deletion strains
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Figure 2. Specific requirement for the NOT genes
for global H3K4 tri-methylation. (A) Histone H3K4
mono-, di- and tri-methylation levels were
determined in lysates from logarithmically growing
BY4741-based CCR4-NOT gene deletion strains.
Protein extracts of the indicted strains were
separated by SDS-PAGE (15%) and subjected to
Western blotting using H3K4me1, H3K4me2 and
H3K4me3 specific antibodies. TBP levels were
determined as a loading control. (B) MY1-based
N O T  mutant strains were used to determine
H3K4me2, H3K4me3 and total H3 levels as in (A).
Quantified H3K4me3 and H3K4me2 levels are
shown as relative to WT after normalization to total
H3 levels. (C) Direct comparison of H3K4me2 and
H3K4me3 levels in BY4741, not4Δ , not5Δ and
spp1Δ strains. Analysis was performed as in (A).
(D)  H3K79me2 and H3K79me3 levels in the
indicated BY4741 deletion strains. Analysis was
performed as in (A) (E ) Silencing assay using
strains, containing URA3 in the telomeric region of
the left arm of chromosome 7, lacking NOT4 or
DOT1. Cells were spotted in 5-fold serial dilutions
on SC plates or on SC plates containing 5FOA.

were not affected. As expected deletion of
R A D 6  led to a severe decrease in
H3K79me2 and H3K79me3 levels. These
results suggest a specific requirement for
the NOT genes for H3K4 tri-methylation

(Figure 2D). Dot1p, the histone
methyltransferase specific for methylation
of H3K79 plays an important role in
silencing of genes near telomeres (van
Leeuwen et al., 2002). Deletion of SET1
also results in a defect in this process
(Krogan et al., 2002). Notably, integrity of
telomeric silencing was not affected by
deletion of N O T 4  (Figure 2E). This
observation is consistent with the notion
that H3K4me3 is not required for telomeric
silencing (Schneider et al., 2005).
Together, these results show that the NOT
gene encoded module of the Ccr4-Not
complex is essential for H3K4 tri-
methylation but not for H3K79 methylation
or telomeric silencing.

NOT4 and BUR2 are critical for efficient
transcription and H3K4 methylation of
the RNR3 gene
The Not-module of the Ccr4-Not complex
is essential for tolerance to hydroxyurea
(HU) by facilitating transcription of RNR
genes (Mulder et al., 2005). In agreement
with previous observations (Wood et al.,
2005), deletion of BUR2 also resulted in
sensitivity to HU (Figure 3A). In addition,
we found that BUR2  was required for
transcription of R N R 3  following HU
treatment, as previously found for NOT4
(Figure 3B).
The H3K4 methylation status of the RNR3
locus was analyzed by chromatin-
immunoprecipitation (ChIP) using extracts
from WT, not4Δ and bur2Δ cells, before
and after induction with HU (Figure 3C).
As expected, H3K4me2 and H3K4me3
levels were elevated and pol II was
recruited following HU treatment in WT
cells (Figure 3D). Interestingly, no
induction of H3K4 di- or tri-methylation or
recruitment of pol II was observed in cells
lacking NOT4, BUR2 (Figure 3E and F) or
R A D 6  (data not shown). These
experiments suggest that NOT4  and
B U R 2  collaborate to regulate H3K4
methylation and induction of RNR3
transcription following HU treatment.
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Figure 3. Transcription and H3K4 methylation of the
RNR3  gene are dependent on both NOT4 and
BUR2. (A) HU sensitivity of cells lacking NOT4 or
BUR2. BY4741 not4Δ  and bur2Δ  strains were
spotted in 10-fold serial dilutions on YPD or YPD
containing 100 mM hydroxyurea (HU). (B) HU
induced RNR3 transcription in cells lacking NOT4 or
BUR2. Exponentially growing BY4741, not4Δ and
bur2Δ strains were (mock-) treated with 200 mM HU
for 2 hours in YPD. RNA was extracted and
subjected to quantitative reverse-transcriptase PCR.
(C) Schematic representation of the RNR3 locus
and the amplicons used in panels (D-F). ( D )
Chromatin immunoprecipitation (ChIP) analysis of
the RNR3 locus. Exponentially growing BY4741,
not4Δ and bur2Δ strains were (mock-) treated with
200 mM HU for 2 hours in YPD. Chromatin
immunoprecipitation (ChIP) was performed using
histone H3K4me3 specific antibodies. (E) ChIP
analysis as in (B) using histone H3K4me2 specific
antibodies. (F) ChIP analysis as in (B) using CTD
antibodies.

H3K4 tri-methylation on the PYK1 locus
requires NOT4
To investigate a role for N O T 4  in
regulation of histone H3 methylation of the
constitutively active and highly expressed
PYK1  gene, ChIP experiments using
extracts of WT and no t4Δ  cells were
performed. H3K4me3, H3K4me2,
H3K36me2 and H3K79me2 levels at the 5’
and the middle region of the PYK1 ORF
were examined (Figure 4A-E). Not4Δ cells
displayed a clear decrease of the level of
H3K4me3 at the 5’ end of the PYK1 ORF
compared to WT (Figure 4B), whereas
H3K4me2 levels were not significantly
affected by deletion of NOT4 (Figure 4C).
ChIP analysis of an spp1Δ strain showed a
reduction of the H3K4me3 levels at the
PYK1  locus similar to deletion of NOT4
(Supplemental Figure 1A and B). Further
analysis showed that H3K36me2 and
H3K79me2 levels were not decreased in
not4Δ cells (Figure 4D and 4E). In
addition, pol II occupancy was determined
using antibodies against the CTD of
Rpb1p as a measure for transcriptional
activity. In parallel, P Y K 1  and TUB1
mRNA levels were measured by
quantitative RT-PCR in WT and not4Δ
cells. Both pol II association to the PYK1
ORF and PYK1  transcript levels were
diminished in the absence of NOT4
(Figure 4F and G). In agreement with this,
we found that deletion of SPP1 affected
PYK1 transcript levels to the same extent
as deletion of NOT4 (Supplemental Figure
1C). Extending on these results, we
determined the H3K4 methylation status of
cells deleted for N O T 2 .  Indeed,
examination of not2Δ  cells confirmed a
requirement for NOT2  in regulation of
H3K4me3 specifically (Figure 4H and I).
Notably, essentially identical results were
obtained when analyzing the PGK1 locus
(Supplemental Figure 2A-H), suggesting a
broad role for N O T 4  in regulating
H3K4me3 levels.
To assess direct involvement of Not4p in
regulation of PYK1  expression, ChIP
analysis using a chromosomally
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expressed tagged form of NOT4  was
performed. The encoded protein (Not4p-
mycAVI) was biotinylated in vivo by co-
expression of the E. coli derived BirA
biotin ligase (van Werven and Timmers,
2006). Streptavidin coupled beads were
used to capture the biotinylated Not4
proteins from chromatin extracts of cells
containing either a plasmid expressing
BirA or an empty vector. Interestingly,
Not4p was detected on the 5’ end of the
PYK1 ORF and the region spanning the
TATA-box (Figure 4J), coinciding with the
region targeted for tri-methylation by the
Set1p complex (Figure 4C).  Taken
together, these ChIP experiments confirm
the specificity of the H3K4me3 defect and
indicate that Not4p is physically present on
the 5’ region of the PYK1 ORF. In addition,
deletion of NOT4 resulted in decreased
pol II occupancy and transcript levels,
suggesting direct regulation of PYK1
expression by Not4p through tri-
methylation of H3K4.

Figure 4. NOT4  is required for
H3K4 tri-methylation but not di-
methylation of the PYK1 ORF. (A)
Schematic representation of the
P Y K 1  locus and the amplicons
used in (B-H). (B) ChIP analysis of
the PYK1 ORF in BY4741 and
no t4Δ  strains. Exponentially
growing cells were subjected to
ChIP analysis using H3K4me3
antibodies. (C)  As in (A), using
H3K4me2 antibodies. (D)  As in
(A), using H3K36me2 antibodies.
(E) As in (A), using H3K79me2
antibodies. (F)  As in (A), using
CTD antibodies. (G) Quantitative
reverse- t ranscr ip tase PCR
analysis of PYK1 and T U B 1
mRNA levels in BY4741 WT and
not4Δ strains. (H) ChIP analysis of
H3K4me3 levels in MY1 WT and
not2Δ cells. (I) ChIP analysis of
H3K4me2 levels in MY1 WT and
not2Δ cells. (J) Not4p is recruited
to the 5’ region of the PYK1 ORF.
Strains expressing mycAVI-tagged
Not4p were transformed with a
BirA expression plasmid and
subjected to ChIP analysis.
Signals were normalized to an
empty plasmid control.

NOT4  is critical for ubiquitylation of
histone H2B and recruitment of the PAF
complex
H2B ubiquitylation is required for efficient
H3K4 methylation (Wood et al., 2005). To
investigate a role for Not4p in
ubiquitylation of H2B, plasmid-based
FLAG-tagged H2B was expressed in
not4Δ cells. Ubiquitylated H2B could be
detected in logarithmically growing WT
cells, but was decreased in cells lacking
NOT4 and absent from cells expressing
FLAG-tagged H2B-K123R (Figure 5A).
H2B ubiquitylation is dependent on
recruitment of the PAF complex to
chromatin (Wood et al., 2003b). To assess
a role for Not4p in recruitment of the PAF
complex, strains expressing HA-tagged
Ctr9p and containing or lacking NOT4
were constructed. Ctr9-HA was expressed
to equal levels in the two strains, whereas
H3K4me3 levels were reduced in the
not4Δ cells as expected (Figure 5B).
Extracts were prepared from exponentially
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growing cells and subjected to ChIP
analysis. Whereas Ctr9-HA was readily
detected in the ORFs of PYK1 and PGK1
in WT cells, binding was severely reduced
in cells lacking NOT4 (Figure 5C and D).
Together, these results show a
requirement for N O T 4  in H2B
ubiquitylation and a role in regulation of
PAF complex recruitment to the PYK1 and
PGK1 genes to facilitate tri-methylation of
H3K4.

The Ccr4-Not complex functions
downstream of the Bur1/2 kinase
Chromatin association of the PAF complex
depends on the Bur1/2 complex (Laribee
et al., 2005; Wood et al., 2005). The
requirement for NOT4  for efficient PAF
complex recruitment places the Ccr4-Not
complex in the pathway containing the
Bur1/2 kinase. To investigate this further,
strains expressing HA-tagged Bur1p or
Bur2p, containing or lacking NOT4, were
constructed to determine occupancy of
Bur1p and Bur2p. Expression of the HA-
tagged versions of Bur1p and Bur2p was

Figure 5.  Deletion of NOT4
diminishes H2B ubiquitylation and
PAF complex recruitment. (A) NOT4
is required for efficient H2B
ubiquitylation. Extracts of the
indicated strains carrying a FLAG-
HTB1 plasmid were separated on a
12.5% SDS-PAGE gel and
subjected to Western blot analysis
using FLAG antibodies. The lower
panel shows a shorter exposure of
the same blot, indicating equal
loading. (B)  Ctr9-HA is equally
expressed in NOT4 and not4Δ cells.
Strains expressing HA-tagged Ctr9p,
containing or lacking NOT4, were
used to determine Ctr9-HA levels by
Western blotting. H3K4me3 and
TBP levels were used as controls.
(C, D) NOT4 is required for PAF
complex recruitment to the PYK1
and PGK1 ORFs. Strains from (B)
were subjected to ChIP analysis of
the PYK1  locus (amplicons are
schematically depicted in upper
panel). Exponentially growing cells
were cross-linked and ChIPs were
performed using anti-HA (12CA5)

          antibodies.

equal between WT and not4Δ cells (Figure
6A). ChIP analysis with these strains
showed that both Bur1p and Bur2p were
found to associate with the PYK1  and
PGK1 loci with similar efficiencies (Figure
6B and C). These results place the Ccr4-
Not complex downstream of the Bur1/2
kinase and upstream of the PAF complex
in the pathway leading to H3K4 tri-
methylation.

DISCUSSION
The Ccr4-Not complex is involved in
mRNA biogenesis at different levels
(reviewed in: (Collart and Timmers, 2004;
Denis and Chen, 2003)). Here, we show
that the NOT genes, in contrast to CCR4
and the CAF genes, are required for global
and gene specific tri-methylation of H3K4
(Figure 2, 3 and 4). In addition, we found
that the Ccr4-Not complex is functionally
linked to the Bur1/2 kinase complex
(Figure 1 and 3), which is also implicated
in H3K4 tri-methylation. The mechanism
by which the Ccr4-Not complex is involved
in this histone modification is independent
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Figure 6.  The Ccr4-Not complex functions
downstream of the Bur1/2 kinase. (A) Bur1-HA and
Bur2-HA are equally expressed in WT and not4Δ
cells. Extracts of cells expressing HA-tagged Bur1p
or Bur2p containing or lacking NOT4 , or a non-
tagged control, were subjected to Western blot
analysis using antibodies against the HA-tag,
H3K4me3 and TBP. (B) Recruitment of the Bur1/2
complex to the PYK1 locus does not depend on
NOT4. WT and not4Δ cells expressing HA-tagged
Bur1p or Bur2p, and a no-tag control, were
subjected to ChIP analysis using anti-HA (12CA5)
antibodies (amplicons are schematically depicted in
the upper panel). (C) As in (B), except that the
analysis was performed for the PGK1 locus.

of direct regulation of the Set1p histone
methyltranferase complex (discussed
below, Supplemental Figure 3). Instead,
the Ccr4-Not complex functions
downstream of Bur1/2p at the level of PAF

complex recruitment, resulting in
decreased ubiquitylation of H2B, in cells
lacking NOT4 (Figure 5 and 6). Together,
our results provide a detailed study of the
role of the Ccr4-Not complex in regulation
of global H3K4 tri-methylation. Further,
they confirm a functional distinction
between the cytoplasmic deadenylase
activity of the Ccr4p-Caf1p module and the
nuclear function of the Not-proteins of the
Ccr4-Not complex (Bai et al., 1999).

Regulation of H3K4 tri-methylation by
the Ccr4-Not complex and involvement
of the PAF complex
Our data show that the Ccr4-Not complex
facilitates tri-methylation of H3K4 on a
global scale by regulation of H2B
ubiquitylation through PAF complex
recruitment. Interestingly, Not4p contains
a RING-finger motif and displays
ubiquitylation activity in vitro (K.W.M., A.I.
and H.T.M.T., manuscript in preparation).
Therefore, the H3K4me3 status was
determined in cells expressing an inactive
(L35A) mutant of Not4p. However, the
H3K4me3 defect of not4Δ cells was
complemented by the L35A mutant of
Not4p, suggesting that its RING-finger is
not required for ubiquitylation of histone
H2B (data not shown). Another
explanation for the observed effect on
H3K4me3 levels would be that NOT4 is
required for either transcription of genes
encoding or incorporation of subunits of
the Set1p complex. For instance, deletion
of SPP1 results in formation of a Set1p
complex that is unable to tri-methylate
lysine 4 on histone H3 (Wood et al., 2005).
However, neither transcript levels of its
subunits nor composition of the Set1p
complex were significantly affected by
deletion of NOT4 (Supplemental Figure 3A
and B). In addition, using soluble histones
or (pre-methylated) synthetic peptides as
substrates, no intrinsic defect in the
methylation potential of Set1p complexes
purified from not4Δ cells could be detected
(Supplemental Figure 3C and D). The
mechanism underlying the H3K4me3
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Figure 7.  The Ccr4-Not complex functions
downstream of the Bur1/2 kinase in the pathway
leading to tri-methylation of H3K4. In short, the
Ccr4-Not complex functions downstream of the
Bur1/2 complex and facilitates recruitment (or stable
association) of the PAF complex to chromatin. This
is required for subsequent efficient H2B
ubiquitylation by Bre1p and Rad6p leading to tri-
methylation of H3K4. Since mutants of the Ccr4-Not
complex do not affect H3K79 methylation, this
suggest bifurcation of these pathways upstream of
the Ccr4-Not complex, but upstream of Bur1/2. In
addition, the spatial restriction of Ccr4-Not complex
recruitment might aid localization of the H3K4me3
mark.

defect in not4Δ cells is therefore distinct
from deregulation of the Set1p complex at
the level of transcription, composition or
intrinsic activity and specificity. In
agreement with this conclusion is the
observation that Set1p is not recruited to
the RNR3 locus upon stimulation with HU
(Mulder et al., 2005). In addition, this
observation can account for the observed
effect on H3K4me2 levels at the RNR3
locus in cells lacking NOT4  (Figure 3).
Moreover, the observation that Not4p is
physically present at the 5’ region of the
PYK1  ORF, coinciding with the H3K4
methylation mark and the PAF complex,

suggests a direct role for the Ccr4-Not
complex in regulation of this modification.
Possibly, recruitment of the Ccr4-Not
complex to this region aids localization of
the H3K4me3 mark. Another important
insight into the mechanism by which the
Ccr4-Not complex controls H3K4me3
levels comes from the observation that
PAF complex recruitment is severely
decreased in the absence of N O T 4 ,
whereas Bur1p and Bur2p recruitment is
not affected (Figure 5 and 6). Given that
the Bur1/2 kinase is required for
association of the PAF complex to
chromatin, this result places the Ccr4-Not
complex downstream or Bur1/2, but
upstream of the PAF complex in the
pathway leading to tri-methylation of H3K4
(Figure 7). Possibly, regulation of the
Ccr4-Not complex by the Bur1/2 kinase is
involved in recruitment and/or retention of
the PAF complex to transcribed genes. In
line with such a proposal, and the
suggestion that the Not-module and Ccr4p
play distinct roles in transcription
elongation (see above), is the observation
that CCR4, but none of the NOT genes, is
synthetic lethal with CDC73 and PAF1
(Maillet et al., 2000). In addition, it is
interesting to note that previous
experiments have physically linked the
PAF complex and Ccr4p (Chang et al.,
1999). However, we, and others have
failed to detect PAF complex members or
Bur1p/2p in Ccr4-Not purifications (Gavin
et al., 2002) and data not shown). In
addition, deletion of PAF1 gives rise to an
HU sensitivity phenotype and deregulation
of RNR  gene transcription (Betz et al.,
2002). Intriguingly, this was also observed
for deletions of CCR4-NOT genes (Mulder
et al., 2005) and deletion of BUR2 (Figure
3), suggesting a functional interplay
between these complexes. Alternatively,
alteration of other components of the
histone code might also contribute to the
regulation of H3K4me3 levels by the Ccr4-
Not complex.  Irrespective of this, it is
clear that further experiments are required
to elucidate the connections between the
Ccr4-Not and PAF complexes.
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Positive regulation of transcription by
the Ccr4-Not complex
The Bur1/2 complex was shown to
regulate H3K4 methylation (Laribee et al.,
2005)  and th is  may invo lve
phosphorylation of Rad6p (Wood et al.,
2005). The genetic interactions between
genes encoding Ccr4-Not complex
subunits (NOT2, NOT4 and CCR4) and
BUR1 and BUR2, suggest a role for this
complex in transcription elongation (Figure
1A). Interestingly, deletions of several
Ccr4-Not components were shown to
exhibit 6-AU sensitivity, suggesting such a
role (Denis et al., 2001). Notably, a strict
correlation between the published 6-AU
sensitivity for Ccr4-Not components and
synthetic lethality with B U R 2  was
observed. Since the Bur1/2 complex was
shown to be involved in regulation of
H3K4me3 levels (Laribee et al., 2005), we
determined the levels of various histone
H3 lysine methylation marks in cells
lacking genes encoding Ccr4-Not
components. We found a striking reduction
in global H3K4 tri-methylation levels in
NOT gene deletion strains (Figure 2, 3 and
4). In contrast, decreased H3K4me3 levels
were not observed in ccr4Δ  cells,
suggesting that Ccr4p and the Not-module
contribute to transcription elongation by
distinct mechanisms. An alternative
explanation would be that deletion of Ccr4-
Not components and BUR2  results in
partial loss of subsequent activities within
the same pathway, ultimately resulting in
the observed synthetic lethality.
Insight into the mechanism by which the
Not-proteins function in the pathway
leading to H3K4 tri-methylation comes
from the observations that PAF complex
recruitment and subsequent efficient
ubiquitylation of H2B, but not Bur1/2
complex recruitment, is dependent on the
presence of NOT4 (summarized in Figure
7). However, other modifications such as
H3K4 mono and di-methylation or H3K79
di- and tri-methylation were not affected by
deletion of NOT4. These results suggest a
model in which the pathways leading to
H3K4 and H3K79 methylation bifurcate

upstream of the Ccr4-Not complex (Figure
7) and are in agreement with a recent
reports showing that BUR2 is required for
H3K4 methylation (Laribee et al., 2005;
Wood et al., 2005). Alternatively, the
residual degree of ubiquitylated H2B that
is observed in cells lacking NOT4 may be
sufficient to sustain H3K79me2/3 and
H3K4me2 but not H3K4me3 levels. This
support for this hypothesis comes from the
observation that cells deleted for PAF1 or
C D C 7 3  show some residual H3K4
methylation ((Wood et al., 2003b) and data
not shown).
Our results support a global role for the
Ccr4-Not complex in positive regulation of
transcription. In addition, mutation of
components of this complex has been
shown to result in derepression of a
variety of genes. These seemingly
contradicting observations can be
reconciled by the observation that
recruitment of ING2 to tri-methylated
H3K4me3, via its PHD domain, is involved
in gene repression in human cells (Shi et
al., 2006). Furthermore, the PHD domain
of a homologous protein from yeast,
Pho23p, binds H3K4 methylated peptides
in vitro (Shi et al., 2006; Wysocka et al.,
2006). Notably, Pho23p was found to be
associated with the Rpd3p containing
histone deacetylase complex (Loewith et
al., 2001) and to be required for repression
of the PHO5  gene (Lau et al., 1998).
These observations suggest that Ccr4-Not
complex mediated repression could be
facilitated by its role in H3K4 methylation.
In summary, we have identified a role for
the Ccr4-Not complex in regulation H3K4
tr i -methylat ion levels by act ing
downstream of the Bur1/2 kinase to
facilitate PAF complex recruitment and
subsequent H2B ubiquitylation. These
results provide a connection between the
role of Ccr4-Not complex in positive
regulation of transcription and activating
histone methylation marks.
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SUPPLEMENTAL INFORMATION
MATERIALS AND METHODS
Tandem affinity purification
TAP-tag mediated protein purifications
were performed essentially as described
(Logie and Peterson, 1999). Briefly, 20
liters of YPD culture was grown to OD600
~2-3, washed and lysed in E-buffer (20
mM HEPES-KOH pH 8, 350 mM NaCl,
10% glycerol, 0.1% Tween-20). Lysates
were cleared by centrifugation in a
Beckman 50.2Ti rotor (45,000 rpm, 45
min, 4°C). An aliquot of lysate was used
for purification over a 200 µ l IgG
sepharose column (IgG-sepharose fast
flow, Pharmacia). Proteins were bound by
rotating at 4°C for 2 hours and
subsequently washed with 35 ml E-buffer
and 10 ml TEV protease cleavage-buffer
(10 mM Tris-HCl pH 8, 150 mM NaCl,
0.1% Tween-20, 0.5 mM EDTA and 1 mM
DTT). TEV protease (100 Units) cleavage
was performed in 1 ml at 18°C for 2 hours.
The TEV eluate was bound to 100 µ l
calmodulin affinity resin (Stratagene) in
binding buffer (10 mM Tris pH 8, 150 mM
NaCl, 1 mM MgAc, 1 mM imidazole, 2 mM
CaCl2, 0.1% Tween-20, 10% glycerol and
10 mM β-mercaptoethanol) rotating at 4°C
for 1 hour. The column was washed with
25 ml binding buffer and bound proteins
were recovered in elution buffer (10 mM
Tris-HCl pH 8, 150 mM NaCl, 1 mM MgAc,
1 mM imidazole, 2 mM EGTA, 0.1%
Tween-20, 10% glycerol and 10 mM β-
mercaptoethanol). A fraction of the purified
proteins was precipitated as described
(Wessel and Flugge, 1984), separated on
a 4-12% SDS-PAGE gradient gel
(NuPage, Invitrogen), stained with Biosafe
(BioRad) and processed for mass
spectrometric analysis.

Tandem Mass Spectrometry
In-gel proteolytic digestion of coomassie-
stained bands was performed essentially
as described (Kinter and Sherman, 2000),
using trypsin (Roche). Samples were
subjected to nanoflow liquid (LC)

chromatography (Agilent 1100 series) and
concentrated on a C18 precolumn (100
µm ID, 2 cm). Peptides were separated on
an analytical column (75 µM ID, 20 cm) at
a flow rate of 200 nl/min with a 60 min
linear acetonitrile gradient from 0 to 80%.
The LC system was directly coupled to a
QTOF Micro tandem mass spectrometer
(Micromass Waters, UK). A survey scan
was performed from 400-1200 amu/s and
precursor ions were sequenced in MS/MS
mode at a threshold of 150 counts. Data
were processed and subjected to
database searches using Proteinlynx
Global Server version 2.1 (Micromass,
UK) or MASCOT software (Matrixscience)
against SWISSPROT and the NCBI
nonredundant database, with a 0.25 Da
mass tolerance for both precursor ion and
fragment ion. The identified peptides were
confirmed by manual interpretation of the
spectra.

In vitro methylation assay
Set1p complexes (10-20 µl TEV eluate)
from WT or not4Δ cells were incubated
with 10 µg purified histones (Sigma) or 2.5
µ g H3 K4 (methylated) tail peptides
(Abcam, Ab7228, Ab1340, Ab7768 and
Ab1342, respectively), 1.5 µCi 3H-S-
adenosyl methionine in buffer (50 mM
Tris-HCl pH 8, 10 mM MgCl2 and 10 mM
β-mercaptoethanol) at 30°C for 30 min
After separation by SDS-PAGE, the gels
were dried and exposed to X-ray films.
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Supplemental Figure 1. H3K4 tri-methylation and
PYK1 transcription is affected by deletion of NOT4
or SPP1. (A) Schematic representation of the PYK1
gene and the amplicons. (B) Deletion of NOT4 or
SPP1  leads to a similar decrease in H3K4me3
levels on the PYK1 gene. Chromatin extracts of
BY4741, not4Δ and spp1Δ strains were subjected to
ChIP analysis using H3K4me3 specific antibodies.
(C) PYK1 mRNA transcript levels are affected by
deletion of NOT4 or SPP1. PYK1 mRNA in total
RNA of BY4147, not4Δ and spp1Δ strains was
analyzed by quantitative reverse-transcriptase PCR.

Supplemental Figure 2. NOT4 is required for H3K4
tri-methylation but not di-methylation of the PGK1
ORF. (A) Schematic representation of the PGK1
locus and the amplicons used in (B-H). (B) ChIP
analysis of the PYK1 ORF in BY4741 and not4Δ
strains. Exponentially growing cells were subjected
to ChIP analysis using H3K4me3 antibodies. (C) As
in (A), using H3K4me2 antibodies. (D) As in (A),
using H3K79me2 antibodies. (E) As in (A), using
CTD antibodies. (F)  Quantitative reverse-
transcriptase PCR analysis of PGK1 and TUB1
mRNA levels in BY4147 WT and not4Δ strains. (G)
ChIP analysis of H3K4me3 levels in MY1 WT and
not2Δ cells. (H) ChIP analysis of H3K4me2 levels in
MY1 WT and not2Δ cells.
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Supplemental Figure 3. The H3K4me3 defect in
not4Δ cells is independent of direct regulation of the
Set1p complex. (A) mRNA levels of Set1p complex
components. RNA was extracted from exponentially
growing BY4741 and not4Δ  and subjected to
Northern blot analysis using the indicated probes.
(B )  Subunit composition of purified Set1p
complexes. Strains containing or lacking NOT4 and
expressing a TAP-tagged Bre2p were used to purify
Set1p complexes (upper panel). Equal expression
of Bre2-TAP proteins was checked by Western blot
analysis (lower panel). The indicated proteins were
identified using LC-MS/MS. Several additional
proteins were present in the not4Δ purification when
compared to the WT. Mass spectrometry showed
that these bands contained non-related lysosomal
proteins. We consider this an artifact of the
purification, likely caused by differences in
concentration of the lysates of the WT and not4Δ
cells. (C) Histone methyl transferase assay using
purified Set1p complexes. Increasing amounts of
Set1p complex or a mock-purification control were
use to methylate soluble histones  (from calf
thymus) in vitro. Samples were separated on a 15%
SDS-PAA gel, stained with coomassie, dried and
exposed to an X-ray film. (D) In vitro methylation of
synthetic pre-methylated histone H3-tail peptides.
Pre-methylated peptides were used as substrates
for in vitro methylation using Set1p complexes
purified from WT or not4Δ  cells. Samples were
separated on a 20% SDS-PAA gel, dried and
exposed to an X-ray film. Signals were quantified
using ImageQuant software and represented as
arbitrary units after background correction.
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ABSTRACT
Protein phosphorylation is an important mechanism to regulate transcription in
eukaryotic cells. Many proteins involved in transcription are phosphorylated in order to
regulate their activities and/or facilitate physical interactions. Here, we describe a
proteomic and topological study of the evolutionary conserved Ccr4-Not complex in
Saccharomyces cerevisiae. By mass spectrometric analysis of purified complexes, we
identified several novel putative interactors and identify phosphorylation sites on Not1p,
Not4p and Caf1p. Indeed, Not4p shows a marked increase in SDS-PAGE mobility when
treated with alkaline phosphatase in vitro.  Furthermore, our results suggest that
phosphorylation of Not4p is dependent on BUR2, the gene encoding the cyclin partner of
the cyclin dependent kinase Bur1p. However, examination of strains expressing single
amino-acid substitutions of Not4p did not reveal a critical role for any of its individual
phosphorylation sites.
In addition, we used electron microscopy (EM) on purified Ccr4-Not complexes to
determine its topology. These experiments suggested the existence of two distinct forms
of the complex. Together, our current work describes novel putative interactors, post-
translational modifications and a first structural analysis of the Ccr4-Not complex.

INTRODUCTION
Phosphorylation of basal transcription
factors and RNA polymerase II (pol II)
occurs during various steps of the
transcription cycle, such as initiation and
elongation (reviewed in (Kobor and
Greenblatt, 2002). At least four kinases
are known to phosphorylate the C-terminal
domain (CTD) of the large subunit of pol II
in vitro. The CTD can be phosphorylated
on serine residues 2 and 5 of its hepta-
peptide repeat in vivo, depending on the
stage of transcription. Serine 5
phosphorylation by Kin28p, a component
of the TFIIH basal transcription factor
complex, is a hallmark of transcription
initiation. During transcription elongation
pol II is phophorylated on serine 2, which
depends on the CTDK-I complex. The
other CTD kinases are the cyclin

dependent kinases (CDKs) Srb10p and
Bur1p, which require Srb11p and Bur2p as
cycl in partners.  However,  their
requirement for CTD phosphorylation in
vivo is not clear. The Mediator complex
associated Srb10/Srb11p kinase seems to
play a role in transcription initiation, by
phophorylating the Med2p subunit of this
complex (Hallberg et al., 2004; van de
Peppel et al., 2005). In contrast, the
Bur1/Bur2p complex is required for
efficient transcription elongation (Keogh et
al., 2003) and is implicated in
ubiquitylation of histone H2B, and
subsequent histone H3K4 methylation, by
phosphorylating Rad6p (Wood et al.,
2005). The Ccr4-Not complex is a nine-
subunit complex involved in both negative
and positive regulation of transcription
(reviewed in (Collart and Timmers, 2004)
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and Chapter 3 and 4, this thesis). In
addition, the Ccr4p and Caf1p subunits of
the complex are part of the major
cytoplasmic deadenylase in yeast (Tucker
et al., 2002). Two of its subunits, Not3p
and Not5p, are phosphorylated and
appear to be degraded upon glucose
depletion (Lenssen et al., 2002). However,
the responsible kinase has not been
identified. In addition, under the same
conditions the Caf1p subunits has been
reported to be a substrate of the Yak1p
kinase. Interestingly, phosphorylation of
threonine 97 is involved in postdiauxic
transition and G1-arrest upon glucose
depletion (Moriya et al., 2001). Recent
work revealed a role for the Ccr4-Not
complex in specifically regulating H3K4 tri-
methylation (Chapter 4, this thesis).
Interestingly, synthetic lethality between
NOT4, BUR1 and BUR2 was observed
(Chapter 4, this thesis), possibly linking
regulation of the Ccr4-Not complex to this
CDK-cyclin pair.
Here, proteomic and structural approaches
were taken to gain more insight into the
regulation of the Ccr4-Not complex.
Besides several novel putative physical
interactors, our experiments reveal new
phorphorylation sites on several Ccr4-Not
complex components. Moreover, we show
that BUR2 plays a role in phosphorylation
of Not4p. In addition, negative-stain
electron microscopy (EM) indicates that
two distinct forms of the Ccr4-Not complex
might exist.

MATERIALS AND METHODS
Yeast strains, genetic manipulation and
plasmids
Yeast strains used in this study are listed
in Table 1. Plasmids pRS306-N O T 4
(Chapter 4, this thesis) was used as
template for site-directed mutagenesis by
PCR. PRS306-not4 alleles were linearized
using the SmaI restriction site in the NOT4
promoter region and integrated into its
original locus. TAP-tagged strains were
constructed by PCR mediated attachment
of the tag to the 3’ region of the gene.
Strains were checked by immunoblot and

co-immunoprecipitation analysis. In
addition, several strains were tested for
known phenotypes to exclude functional
interference by the TAP-tag. YSB787
(bur1Δ) contained the BUR1 allele on a
URA3  marked plasmid. Subsequently,
TAP-tagging of NOT4  was followed by
transformation with pRS315-BUR1HA3 or
pRS315-bur1-23HA3. Strains lacking the
URA3  plasmid containing BUR1  were
selected on plates containing 0.1% 5-FOA.

Temperature sensitivity assay
Ten-fold serial dilutions of the indicated
strains were spotted on YPD plates and
grown at 30°C or 37°C for 3 days.

Western blot and antibodies
Samples were taken from cells grown in
YPD and extracts were prepared as
described previously (Kushnirov, 2000).
Proteins were separated by SDS-PAGE
and analyzed by immunoblotting.
Antibodies against H3K4me2 (Ab7766),
H3K4me3 (Ab8580) were obtained from
Abcam. TAP-tagged proteins were
detec ted  us ing  IgG-perox idase
conjugates. Rabbit polyclonal antibodies
against Not1p, Not4p and Not5p were
kindly provided by Dr. M.A. Collart. TBP
antiserum was a kind gift from Dr. P.A.
Weil. HA-tagged proteins were detected
using the 12CA5 monoclonal antibody.

In vitro dephosphorylation assay
Proteins were captured on IgG beads
(4°C, 2 hours) and washed 3 times with E-
buffer (see below). Immunoprecipitated
material was (mock-) treated at 37°C for
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45 min with shrimp alkaline phosphatase
(SAP) or SAP pre-incubated (20 min, RT)
with 4 mM Na-Vanadate and 800 mM
NaF. Reactions were quenched by
addition of sample buffer and incubation at
95°C for 5 min. Proteins were subjected to
immunoblot analysis.

Tandem affinity purification
TAP-tag mediated protein purifications
were performed essentially as described
(Logie and Peterson, 1999). Briefly, 20
liters of YPD culture was grown to OD600
~2-3, washed and lysed in E-buffer (20
mM HEPES-KOH pH 8, 350 mM NaCl,
10% glycerol, 0.1% Tween-20). Lysates
were cleared by centrifugation in a
Beckman 50.2Ti rotor (45,000 rpm, 45
min, 4°C). Complexes were purified using
a 200 µ l IgG sepharose column (IgG-
sepharose fast flow, Pharmacia). Proteins
were bound by rotating at 4°C for 2 hours
and subsequently washed with 35 ml E-
buffer and 10 ml TEV protease cleavage-
buffer (10 mM Tris-HCl pH 8, 150 mM
NaCl, 0.1% Tween-20, 0.5 mM EDTA and
1 mM DTT). TEV protease (100 Units)
cleavage was performed in 1 ml at 18°C
for 2 hours. The TEV eluate was bound to
100 µ l  calmodulin aff inity resin
(Stratagene) in binding buffer (10 mM Tris-
HCl pH 8, 150 mM NaCl, 1 mM MgAc, 1
mM imidazole, 2 mM CaCl2, 0.1% Tween-
20, 10% glycerol and 10 mM β-
mercaptoethanol) rotating at 4°C for 1
hour. The column was washed with 25 ml
binding buffer and bound proteins were
recovered in elution buffer (10 mM Tris-
HCl pH 8, 150 mM NaCl, 1 mM MgAc, 1
mM imidazole, 2 mM EGTA, 0.1% Tween-
20, 10% glycerol and 10 mM β-
mercaptoethanol). A fraction of the purified
proteins was precipitated as described
(Wessel and Flugge, 1984), separated on
a 4-12% SDS-PAGE gradient gel
(NuPage, Invitrogen), stained with Biosafe
(BioRad) and processed for mass
spectrometric analysis.

Tandem Mass Spectrometry
In-gel proteolytic digestion of coomassie-
stained bands was performed essentially
as described (Kinter and Sherman, 2000),
using trypsin (Roche). Samples were
subjected to nanoflow liquid (LC)
chromatography (Agilent 1100 series) and
concentrated on a C18 precolumn (100
µm ID, 2 cm). Peptides were separated on
an analytical column (75 µM ID, 20 cm) at
a flow rate of 200 nl/min with a 60 min.
linear acetonitrile gradient from 0 to 80%.
The LC system was directly coupled to a
QTOF Micro tandem mass spectrometer
(Micromass Waters, UK). A survey scan
was performed from 400-1200 amu s-1 and
precursor ions were sequenced in MS/MS
mode at a threshold of 150 counts. Data
were processed and subjected to
database searches using Proteinlynx
Global Server version 2.1 (Micromass,
UK) or MASCOT software (Matrixscience)
against SWISSPROT and the NCBI
nonredundant database, with a 0.25 Da
mass tolerance for both precursor ion and
fragment ion. The identified peptides were
confirmed by manual interpretation of the
spectra.

RESULTS
Not4p is phosphorylated in vivo
To facilitate proteomic analysis of the
yeast Ccr4-Not complex, we constructed
strains expressing TAP-tagged versions of
Not1p, Not4p or Caf40p from their
endogenous loci. Immunoblot analysis
indicated that the Not4-TAP protein
migrates as a set of indiscrete bands
(Figure 1 and data not shown). To further
investigate this, TAP-tagged proteins
(Not1p, Not4p or Caf40p) were captured
on IgG-sepharose beads and subjected to
(mock-) treatment with shrimp alkaline
phosphatase (SAP). As a control, SAP
was inactivated using phosphatase
inhibitors prior to addition to the captured
proteins. SDS-PAGE mobility of TAP-
tagged proteins was assessed using
immunoblotting (Figure 1). A phosphatase-
activity dependent mobility shift was
observed for Not4p, but not for Not1p or
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Caf40p (Figure 1), indicating that Not4p is
phosphorylated in vivo.

Figure 1. Not4p is phosphorylated in vivo. TAP-
tagged versions of Not1p, Not4p or Caf40p were
captured on IgG beads and subjected to treatment
with shrimp alkaline phosphatase (SAP) or SAP pre-
incubated with phosphatase inhibitors. Samples
were resolved by SDS-PAGE and analyzed by
immunoblotting using antibodies recognizing the
protein A moiety of the TAP-tag. The positions of
co-migrating marker proteins of known sizes (in
kDa) are indicated on the left.

Identification of phosphorylation-sites
and interacting proteins of the Ccr4-Not
complex by mass spectrometry
In order to map the phosphorylated
residues on Not4p, the Ccr4-Not complex

was purified using Caf40-TAP as bait
(Figure 2A). After precipitation, proteins
were resolved on a 4-12% gradient Nu-
PAGE gel, digested with trypsin and
subjected to LC-MS/MS analysis. All nine
subunits of the core Ccr4-Not complex and
several co-purifying proteins were
identified with high confidence scores
(Figure 2B). In addition, six unique
phosphorylated peptides, corresponding to
Not1p (1), Caf1p (1) and Not4p (4), were
found (Figure 2A). Interestingly, Not4p
was phosphorylated on SP and TP sites,
which are often targets of CDK/cyclin-pair
kinases.

Bur2p is critical for phosphorylation of
Not4p in vivo
The identification of SP and TP sites as
phospho-acceptors on Not4p and the
genetic interactions between NOT4 and
the Bur1p/Bur2p CDK/cyclin pair (Chapter
4, this thesis) prompted us to test
involvement of this complex in
phosphorylation of Not4p. The Ccr4-Not
complex was purified from strains
containing or lacking BUR2 (Figure 3A)
and analyzed using antibodies against
Not1p, Not4p or Not5p (Figure 3B).
Migration of Not1p was not affected by
deletion of BUR2, whereas a slightly
increased mobility was observed for
Not5p. Notably, this could by a result of
differences in growth conditions between
the two cultures (data not shown). In
contrast, dramatically increased mobility
was observed for Not4p, suggesting a
requirement for BUR2 in phosphorylation
of Not4p in vivo. However, the
phosphorylation status of Not4p did not
seem to be affected in the bur1-23 mutant,
whereas the level of tri-methylation of
histone H3 on lysine 4 was significantly
decreased (Figure 3C). The latter is likely
a result of impaired phosphorylation of
Rad6p, which depends on the
Bur1p/Bur2p kinase. Together, these
experiments suggest that phosphorylation
of Not4p depends on BUR2.
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Figure 2. Mass spectrometric analysis of the Ccr4-Not complex, its post-translational modifications and
interacting proteins. (A) Ccr4-Not complexes were purified from a strain expressing CAF40-TAP. Tryptic
digestion of coomassie stained bands was followed by LC-MS/MS analysis, leading to the identification of
the indicated phosphorylated peptides (sequenced or probable phosphorylated residues are indicated in
underscored, bold, italic font). (B) Summary of the mass spectrometry results as identified by MASCOT
(www.matrixscience.com). Significance levels (p-value = –10 log(MASCOT score)).
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Figure 3. BUR2 is required for phosphorylation of Not4p. (A) Ccr4-Not complexes were purified from a
strain expressing Not4-TAP, containing or lacking BUR2. After purification, proteins were separated on a 4-
12% Nu-PAGE gel and stained with coomassie. (B) Purified proteins from (A) were subjected to immunoblot
analysis using the indicated antibodies. (C) Strains expressing Not4-TAP and either the BUR1 or the bur1-
23 allele, were incubated at 37°C for the indicated times. Samples were analyzed by immunoblotting using
the indicated antibodies.

M u t a t i o n  o f  s i n g l e  N o t 4 p
phosphorylation sites does not affect
H3K4me3 levels
Previous work shows synthetic lethality
between NOT4, BUR2 and BUR1, as well
as a requirement for the NOT  genes in
establishing H3K4me3 levels in a manner
involving recruitment of the PAF complex
(Chapter 4, this thesis). In addition, the
Bur1p/Bur2p kinase was recently
implicated in regulation of H3K4
methylation by phosphorylating Rad6p.
Therefore, we considered the possibility
that BUR2 dependent phosphorylation of
Not4p mediates regulation of H3K4me3
levels. Alleles encoding single amino acid
substitutions of Not4p phospho-acceptor
sites were constructed and integrated into
its genomic locus ensuring endogenous
expression of these mutants as the sole
source of Not4p in the cell. Cells
expressing these mutant not4 alleles were
tested for complementation of the not4Δ
associated temperature sensitivity.
However, all of the single mutants
complemented this phenotype (Figure 4A).
In addition, analysis of the H3K4me3

status in these strains showed none of the
individual phosphorylation sites of Not4p is
critical for sustaining H3K4 methylation
(Figure 4B).

Topology of the Ccr4-Not complex
Various lines of evidence suggest a
functional and physical separation of the
Ccr4p/Caf1p-module from the Not-protein
module within the Ccr4-Not complex (Bai
et al., 1999; Mulder et al., 2005); Chapter
3 and 4, this thesis). Mapping of protein
interaction domains of Not1p using yeast-
two-hybrid assays showed that the Ccr4-
and Caf-proteins mainly bind to its N-
terminus, whereas interaction with the Not-
proteins occurs predominantly at the C-
terminal half of Not1p (reviewed in (Collart
and Timmers, 2004; Denis and Chen,
2003). However, no data is available on
the structural and spatial organization of
the Ccr4-Not complex.
To gain more insight into this issue, Ccr4-
Not complexes were purified from Caf40-
TAP expressing strains (Figure 5A) and
analyzed by negative-stain electron
microscopy (EM). Protein samples were
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Figure 4. Mutation of single phosphorylation sites of
Not4p does not affect growth or H3K4me2/3 levels.
(A) A strain lacking NOT4 was complemented by
expressing alleles encoding WT or phosphorylation-
site substitutions of Not4p from its original locus.
Cells were tested for temperature sensitive growth
on YPD at 37°C. (B) Extracts of strains from (A)
were subjected to immunoblot analysis with
antibodies against H3K4me2 or H3K4me3.

absorbed on a carbon grid and stained
with uranyl acetate. Images were collected
under low dose conditions and 8320
particles were selected at a spacing of
0.38 nm (Figure 5B). Three different
classes of particles were discernable:
small, compact and elongated (Figure 5C).
The elongated and compact particles were
analyzed separately. The resulting
structures both contained two distinct
lobes of about 11 nm, connected by a

Figure 5.  Purification and electron micrographs of
the Ccr4-Not complex. (A) Ccr4-Not complexes
were purified via Caf40-TAP. A fraction (30 µl) was
separated on a 4-12% Nu-PAGE gel and subjected
to silver staining. Marker-protein positions and their
sizes are indicated on the left. (B) Protein samples
were absorbed on a carbon film and negatively
stained with uranyl acetate. Dotted and full circles
indicate elongated and compact particles,
respectively. (C) Gallery of aligned characteristic
class averages of 8320 picked particles. Small
particles were not analyzed further.

linker. The dimensions of the elongated
particle were approximately 22 nm by 11
nm, whereas the compact form was about
18 nm by 18 nm (Figure 6A). Various
views of the structures and the rotation
directions are displayed. One of the lobes
in both the elongated and the compact
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particles contained a hole (Figure 6B).
Taken together, these observations
suggest that the Ccr4-Not complex might
be present in two distinct conformations in
v ivo  and provide a model to further
investigate modularity and subunit
organization within the complex.

Figure 6. Topology of two forms of the Ccr4-Not
complex. (A)  Surface representation of the
calculated three-dimensional structure of the
elongated and compact forms of the Ccr4-Not
complex. The symbols Δ, † and * are indicated to
track different lobes following horizontal rotation.
Various views with their rotation directions are
indicated.  (B) Metric dimensions of the elongated
and compact particles in comparable views.

DISCUSSION
Here, we describe a proteomic and
structural biology approach to investigate
the Ccr4-Not complex. In vitro
phosphatase experiments showed that a
signif icant port ion of Not4p is
phosphorylated in vivo (Figure 1). Mass
spectrometric analysis of purified Ccr4-Not
c o m p l e x e s  i d e n t i f i e d  n o v e l

phosphorylation sites on Not1p, Not4p and
Caf1p (Figure 2). However, mutation of
single phosphorylation sites on Not4p did
not result in a growth defect at 37°C, nor
did it affect H3K4 methylation levels
(Figure 4). In parallel, the topology of the
Ccr4-Not complex was investigated by
negative-stain electron microscopy (EM)
analysis. Intriguingly, two distinct
structures (compact and elongated) were
found to exist, both containing two lobes
(Figure 5). Together, our results suggest
that the Ccr4-Not complex is regulated by
phosphorylation of Not4p, in a manner
dependent on BUR2, and describe the
topology of the complex.

Proteomic analysis of the Ccr4-Not
complex
To investigate whether Not1p, Not4p or
Caf40p are phospho-proteins, TAP-tag
modified versions of these proteins were
expressed from their endogenous locus in
vivo. Subsequent in vitro analysis showed
Not4p to be quantitatively phosphorylated.
We purified Ccr4-Not complexes from a
strain expressing C-terminally TAP-tagged
Caf40p (Figure 2A). The identity of
coomassie-stained proteins was obtained
using LC-QTOF tandem mass
spectrometry. We found a total of six novel
phosphorylation sites on Not1p (T2102),
Not4p (S92, S313, T355 or S343 and
T544) and Caf1p (S40) (Figure 2A). It is
important to note that the peptide
coverage of these proteins was not
complete (Figure 2B). Possibly, other
phosphorylation sites reside in the non-
sequenced fragments and could include
sites critical for regulation of H3K4 tri-
methylation. Importantly, all nine subunits
of the core Ccr4-Not complex and multiple
co-purifying proteins were identified
(Figure 2B). One of these putative
interactors, Egd2p, was subsequently
confirmed by western blot analysis of an
independent purification, including a non-
tagged control (data not shown).
Interestingly, Caf130p was previously
found to co-purify with the Yjl011c protein
(Gavin et al., 2006). Moreover, Egd2p was
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present in the same purification,
suggesting a functional interaction
between the Ccr4-Not complex, Egd2p
and Yrj011c. The third putative interactor
we identified was Bmh1p, which is a
member of the yeast 14-3-3 protein family
(reviewed in (van Heusden and Steensma,
2006). These proteins have been
implicated in cytoplasmic retention, active
nuclear export and masking of RNA
recognition motifs (RRMs). Notably, a
recent report shows that the mammalian
orthologs of Ccr4p and Caf1p are retained
in the nucleus by treatment with
leptomycin B, a drug blocking nuclear
export (Yamashita et al., 2005). In
addition, the Not4 protein contains an
RRM, but its function and regulation have
not been analyzed. It is therefore tempting
to speculate that the Ccr4-Not complex in
yeast, like its mammalian counterpart,
shuttles between the nucleus and
cytoplasm in a manner dependent on
Bmh1p.

Phosphorylation of the Ccr4-Not
complex
The observation that Not4p is
phosphorylated in vivo and exhibits
genetic and functional interactions with the
Bur1/2 complex prompted us to determine
the phosphorylation status of Not4p in
bur2Δ cells. This analysis indicated that
BUR2 is required for phosphorylation of
Not4p in vivo (Figure 3B). In contrast,
replacing BUR1 by the bur1-23 allele did
not affect the phosphorylation status of
Not4p (Figure 3C). A possible explanation
for this observation could be that, although
this allele affects H3K4me3 levels, and
therefore l ikely impairs Rad6p
phosphorylation, the residual kinase
activity of the encoded protein is sufficient
to sustain efficient phosphorylation of
Not4p in vivo. Alternatively, the effect of
de le t ion  o f  B U R 2  on Not4p
phosphorylation might not be a direct
consequence of the deregulation of Bur1p.
In addition, Not4p could not be
phosphorylated in vitro by purified
Bur1p/Bur2p complexes, whereas Bur1p

was readily autophosphorylated in these
reactions (data not shown). In this respect
it is interesting to note that a recent report
describes in vitro phosphorylation of
several Ccr4-Not subunits by multiple
kinases (Ptacek et al . ,  2005).
Unfortunately, Bur1p was not tested in
these in vitro kinase experiments and
Not4p was not present on the protein
micro-array used in this study. Out of 88
kinases tested, only 4 resulted in
phosphorylation of Ccr4-Not subunits:
Tpk3p (phosphorylates Not2p), Ypl150Wp
(phosphory la tes  Not5p) ,  Hs l1p
(phosphorylates Not3p and Not5p) and
Kss1p (phosphorylates Not3p, Not5p and
Caf40p). The Hsl1p kinase functions
together with Hsl7p (McMillan et al., 1999).
Interestingly, the HSL7 gene displays
synthetic lethality with the not4L35A allele
(Chapter 2, this thesis), providing an
additional functional link between the
Ccr4-Not complex and the Hsl1p kinase.
The HSL (histone synthetic lethal) genes
were isolated in a screen for mutations
that genetically interact with histones H3
and H4 (Ma et al., 1996). Although the
not4L35A  did not result in decreased
H3K4me3 levels, the Hsl1p kinase could
relate to regulation of H3K4 methylation by
the Ccr4-Not complex (Chapter 4, this
thesis).

Functional consequences of Not4p
phosphorylation
Prior work showed a requirement for the
Not-protein module of the Ccr4-Not
complex for tri-methylation of H3K4
(Chapter 4, this thesis). In addition, the
Bur1/2 complex is involved in the same
process (Laribee et al., 2005; Wood et al.,
2005). To investigate the role of Not4p
phosphorylation in regulating H3K4me3
levels, phosphorylation-site mutant alleles
were constructed and expressed from the
endogenous N O T 4  locus. Although
mutation of single phosphorylation-sites of
Not4p did not affect global H3K4me3
levels (Figure 4B), combination of multiple
mutations might provide more insight into
the role of Not4p phosphorylation in this
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process. Furthermore, the mechanistic
implications of this phosphorylation have
yet to be determined. An attractive
hypothesis is that this modification acts as
an activity switch for the Ccr4-Not
complex. Interestingly, the EM-derived
topology of the Ccr4-Not complex provides
evidence for the existence of two distinct
structural forms of this complex (Figure 4
and 5). Although these results are
preliminary, the “phosphorylation-switch”-
hypothesis would be supported by these
findings. Further experiments such as
mapping of various Ccr4-Not subunits
within the complex and analysis of
complexes purified from bur2Δ cells might
provide additional support for this model.
In conclusion, the work presented here
uncovered novel post-translational
modifications of Ccr4-Not complex
subunits and various novel putative
interactors. The functional consequences
of this remain to be determined, but our
results aid further investigation of the
mechanism of action of the Ccr4-Not
complex.

ACKNOWLEDGEMENTS
Drs. S. Buratowski, P.A. Weil and M.A.
Collart are gratefully acknowledged for
sharing reagents, Dr. W.W. Pijnappel for
advice on the TAP procedure and
members of the Timmers lab for useful
discussion. This work was supported by
grants from The Netherlands Organization
for Scientific Research (NWO-MW Pionier
#900-98-142 and NWO-CW #700-50-034),
European Union (Improving Human
Potential RTN2-2001-00026 and STREP
LSHG-CT-2004-502950) and EMBO
(ASTF 184.00-02).

REFERENCES
Bai, Y., Salvadore, C., Chiang, Y.C.,

Collart, M.A., Liu, H.Y. and Denis,
C.L. (1999) The CCR4 and CAF1
proteins of the CCR4-NOT
complex are physically and
functionally separated from NOT2,
NOT4, and NOT5. Mol Cell Biol,
19, 6642-6651.

Collart, M.A. and Timmers, H.T. (2004)
The eukaryotic Ccr4-not complex:
a regulatory platform integrating
mRNA metabolism with cellular
signaling pathways? Prog Nucleic
Acid Res Mol Biol, 77, 289-322.

Denis, C.L. and Chen, J. (2003) The
CCR4-NOT complex plays diverse
roles in mRNA metabolism. Prog
Nucleic Acid Res Mol Biol, 73, 221-
250.

Gavin, A.C., Aloy, P., Grandi, P., Krause,
R., Boesche, M., Marzioch, M.,
Rau, C., Jensen, L.J., Bastuck, S.,
Dumpelfeld, B., Edelmann, A.,
Heurtier, M.A., Hoffman, V.,
Hoefert, C., Klein, K., Hudak, M.,
Michon, A.M., Schelder, M.,
Schirle, M., Remor, M., Rudi, T.,
Hooper ,  S . ,  Bauer ,  A . ,
Bouwmeester, T., Casari, G.,
Drewes, G., Neubauer, G., Rick,
J.M., Kuster, B., Bork, P., Russell,
R.B. and Superti-Furga, G. (2006)
Pro teome survey  revea ls
modularity of the yeast cell
machinery. Nature, 440, 631-636.

Hallberg, M., Polozkov, G.V., Hu, G.Z.,
Beve, J., Gustafsson, C.M., Ronne,
H. and Bjorklund, S. (2004) Site-
s p e c i f i c  S r b 1 0 - d e p e n d e n t
phosphorylation of the yeast
Mediator subunit Med2 regulates
gene expression from the 2-
microm plasmid. Proc Natl Acad
Sci U S A, 101, 3370-3375.

Keogh, M.C., Podolny, V. and Buratowski,
S. (2003) Bur1 kinase is required
for efficient transcription elongation
by RNA polymerase II. Mol Cell
Biol, 23, 7005-7018.

Kinter, M. and Sherman, N.E. (2000)
Protein Sequencing Identification
Using Tandem Mass Spectrometry.
Wiley and Sons, New York.

Kobor, M.S. and Greenblatt, J. (2002)
Regulat ion of t ranscript ion
elongation by phosphorylation.
Biochim Biophys Acta, 1577, 261-
275.



Chapter 5: MS and EM analysis of the Ccr4-Not complex

101

Kushnirov, V.V. (2000) Rapid and reliable
protein extraction from yeast.
Yeast, 16, 857-860.

Laribee, R.N., Krogan, N.J., Xiao, T.,
Shibata, Y., Hughes, T.R.,
Greenblatt, J.F. and Strahl, B.D.
(2005) BUR kinase selectively
regulates H3 K4 trimethylation and
H2B ubiquitylat ion through
recruitment of the PAF elongation
complex. Curr Biol, 15, 1487-1493.

Lenssen, E., Oberholzer, U., Labarre, J.,
De Virgilio, C. and Collart, M.A.
(2002) Saccharomyces cerevisiae
Ccr4-not complex contributes to
the control of Msn2p-dependent
transcription by the Ras/cAMP
pathway. Mol Microbiol, 43, 1023-
1037.

Logie, C. and Peterson, C.L. (1999)
Purification and biochemical
properties of yeast SWI/SNF
complex. Methods Enzymol, 304,
726-741.

Ma, X.J., Lu, Q. and Grunstein, M. (1996)
A search for proteins that interact
genetically with histone H3 and H4
amino termini uncovers novel
regulators of the Swe1 kinase in
Saccharomyces cerevisiae. Genes
Dev, 10, 1327-1340.

McMillan, J.N., Longtine, M.S., Sia, R.A.,
Theesfeld, C.L., Bardes, E.S.,
Pringle, J.R. and Lew, D.J. (1999)
The morphogenesis checkpoint in
Saccharomyces cerevisiae: cell
cycle control of Swe1p degradation
by Hsl1p and Hsl7p. Mol Cell Biol,
19, 6929-6939.

Moriya, H., Shimizu-Yoshida, Y., Omori,
A., Iwashita, S., Katoh, M. and
Sakai, A. (2001) Yak1p, a DYRK
family kinase, translocates to the
nucleus and phosphorylates yeast
Pop2p in response to a glucose
signal. Genes Dev, 15, 1217-1228.

Mulder, K.W., Winkler, G.S. and Timmers,
H.T. (2005) DNA damage and
repl icat ion st ress induced
transcription of RNR genes is
dependent on the Ccr4-Not

complex. Nucleic Acids Res, 33,
6384-6392.

Ptacek, J., Devgan, G., Michaud, G., Zhu,
H., Zhu, X., Fasolo, J., Guo, H.,
Jona, G., Breitkreutz, A., Sopko,
R., McCartney, R.R., Schmidt,
M.C., Rachidi, N., Lee, S.J., Mah,
A.S., Meng, L., Stark, M.J., Stern,
D.F., De Virgilio, C., Tyers, M.,
Andrews, B., Gerstein, M.,
Schweitzer, B., Predki, P.F. and
Snyder, M. (2005) Global analysis
of protein phosphorylation in yeast.
Nature, 438, 679-684.

Roguev, A., Schaft, D., Shevchenko, A.,
Pijnappel, W.W., Wilm, M.,
Aasland, R. and Stewart, A.F.
(2001)  The  Saccharomyces
cerevisiae Set1 complex includes
an Ash2 homologue and
methylates histone 3 lysine 4.
Embo J, 20, 7137-7148.

Tucker, M., Staples, R.R., Valencia-
Sanchez, M.A., Muhlrad, D. and
Parker, R. (2002) Ccr4p is the
ca ta l y t i c  subun i t  o f  a
C c r 4 p / P o p 2 p / N o t p  m R N A
deadeny lase  comp lex  in
Saccharomyces cerevisiae. Embo
J, 21, 1427-1436.

van de Peppel, J., Kettelarij, N., van Bakel,
H., Kockelkorn, T.T., van Leenen,
D. and Holstege, F.C. (2005)
Mediator expression profiling
epistasis reveals a signal
t ransduct ion pathway wi th
antagonistic submodules and
highly specific downstream targets.
Mol Cell, 19, 511-522.

van Heusden, G.P. and Steensma, H.Y.
(2006) Yeast 14-3-3 proteins.
Yeast, 23, 159-171.

Wessel, D. and Flugge, U.I. (1984) A
method for the quantitative
recovery of protein in dilute
solution in the presence of
detergents and lipids. A n a l
Biochem, 138, 141-143.

Wood, A., Schneider, J., Dover, J.,
Johnston, M. and Shilatifard, A.
(2005) The Bur1/Bur2 complex is



Chapter 5: MS and EM analysis of the Ccr4-Not complex

102

requi red for  histone H2B
monoubiquitination by Rad6/Bre1
and histone methylation by
COMPASS. Mol Cell, 20, 589-599.

Yamashita, A., Chang, T.C., Yamashita,
Y., Zhu, W., Zhong, Z., Chen, C.Y.

and Shyu, A.B. (2005) Concerted
action of poly(A) nucleases and
decapping enzyme in mammalian
mRNA turnover. Nat Struct Mol
Biol, 12, 1054-1063.



Chapter 6: General Discussion

103

Chapter 6

  General Discussion



Chapter 6: General Discussion

104



Chapter 6: General Discussion

105

Adequate cel lular responses to
environmental challenges, cell growth,
differentiation and homeostasis are often
dependent on specific gene expression
programs. Many factors and complexes
play various pivotal roles in transcriptional
regulation. In general, as a first step,
stimulation of recruitment of DNA
sequence-specific activators is critical.
Furthermore, modification and remodeling
of the chromatin facilitates efficient
transcription by RNA polymerase II.
Interestingly, the factors required for these
events are involved in transcription of
many genes. The work presented in this
thesis describes a role for the Ccr4-Not
complex in positive regulation of
transcription and histone methyl-lation,
whereas most work to date has primarily
focused on transcriptional repression by
this complex.

What is the role of the RING-finger of
Not4p in vivo?
The Ccr4-Not complex component CNOT4
contains a RING-finger (Hanzawa et al.,
2001). Human CNOT4 was shown to
display UbcH5B dependent in vitro
ubiquitylation activity (Albert et al., 2002;
Winkler et al., 2004). To investigate the in
vivo role of this domain, single amino-acid
substitution alleles of N O T 4  were
designed and interaction between the
encoded proteins and Ubc4p and Ubc5p
were determined using a yeast two-hybrid
strategy. Various mutant alleles resulted in
disruption of this interaction. Subsequent
genetic screens revealed a possible
function for the RING-finger of Not4p in
hydroxyurea (HU) induced replication-
stress responses in vivo (chapter 2). This
drug depletes cellular dNTP pools by
inhibition of the ribonucleotide reductase
(RNR) complex, the rate-limiting enzyme
in production of dNTPs. Interestingly,
Ubc4p/Ubc5p interaction deficient variants
of Not4p showed sensitivity for high
concentrations of HU, as did deletion of
UBC4. In addition, the same alleles confer
sensitivity to hygromycin B, a compound
inducing misreading of the mRNA

template in the ribosome, resulting in
misfolding of the newly synthesized
proteins, and resistance to acute heat-
shock. These phenotypes are also
associated with deletion of UBC4  and
UBC5 (Chuang and Madura, 2005; Seufert
and Jentsch, 1990). Furthermore, we
could show for the fist time that Not4p
displays in vitro ubiquitylation activity in
the context of the Ccr4-Not complex.
Despite these results, the critical
molecular target for Not4p-mediated
ubiquitylation has not been identified.
Various approaches can be taken to
address this question. For instance, a
relatively unbiased method employing
mass spectrometry can be used. One can
imagine that purification of all ubiquitylated
proteins in a yeast cell under denaturing
condit ions (using histidine-tagged
ubiquitin) from wild-type cells and cells
expressing inactive Not4p could result in
identification the substrates, since these
would not be represented in the pool of
ubiquitylated proteins from the inactive
Not4p strain. Although this approach has
been used to identify many ubiquitylated
proteins from wild-type cells (Peng et al.,
2003), finding differences between the
wild-type and the mutant is technically
challenging. Potential problems include
reproducibility of the purification and
identification of the ubiquitylated proteins,
the growth conditions to be used and the
possibility of redundant E3 ligases present
in the cell. In this respect, performing such
experiments under the conditions resulting
in the RING-finger associated phenotypes
might circumvent the two latter issues. A
second approach could be screening of
potential substrates by performing in vitro
ubiquitylation assays. Since Ccr4-Not
complexes containing either wild-type or
an inactive variant of Not4p are available,
it should be possible to initiate a protein-
chip based in vitro ubiquitylation assay to
identify its substrates. Interestingly, a
protein-chip containing over 4000 purified
yeast proteins is commercially available
(ProtoArray, InVitrogen) which might be
suitable for such an approach.



Chapter 6: General Discussion

106

Complications of this approach are the fact
that the protein-array might contain protein
complexes in addition to monomeric
proteins and presence of post-translational
modifications on the purified factors. A
third possibility is taking advantage of the
sensitivity of RING-finger mutant allele
expressing cells for HU and hygromycin B
to initiate suppressor screens. The
rationale behind this would be that if these
alleles confer sensitivity to these drugs as
a result of impaired ubiquitylation of a
substrate, mutation or deletion of this
substrate would enable the cells to grow
under these conditions. Of the proposed
approaches, protein-array mediated
screening of potential targets could prove
relatively easy, direct and unbiased.
Therefore, it might be preferred over the
technically challenging mass-spectrometry
based and the indirect genetic
approaches.

Negative and positive regulation of
transcription by the Ccr4-Not complex.
The majority of the literature on the yeast
Ccr4-Not complex has focused on its
transcriptional repression function
(reviewed in (Collart and Timmers, 2004)
and (Denis and Chen, 2003)). In contrast,
we found that the Ccr4-Not complex might
play a role in positive regulation of
transcription by facilitating tri-methylation
of lysine 4 on histone H3 (H3K4me3)
(chapter 3 and 4). Can the seemingly
contradicting observation that deletion of
NOT-genes results in decreased global
H3K4me3 levels be reconciled with
derepression of certain genes? Various
genes that are negatively regulated by the
Ccr4-Not complex contain stress-response
elements (STREs) in their promoters
(Lenssen et al., 2005; Lenssen et al.,
2002). It has been hypothesized that
deletion of genes encoding Ccr4-Not
complex subunits results in derepression
of STRE-containing genes as a
consequence of ineffective limitation of
TFIID accessibility to DNA. However,
direct conclusive evidence for this is not
available yet. Alternatively, could the local

chromatin state be an integral part of the
repression mechanism? Some data to
support this hypothesis exists. For
instance, deletion of genes encoding
subunits of the SWR- and NuA4-
complexes results in derepression of
STRE-regulated genes (Lindstrom et al.,
2006). Moreover, these complexes were
previously implicated in positive regulation
of transcription (Krogan et al., 2003;
Morillon et al., 2005; Zhang et al., 2004),
suggesting that chromatin remodeling and
modifying complexes might play are role in
repressing STRE-regulated genes under
non-inducing conditions. In addition, it has
recently become apparent that methylated
H3K4 servers as a docking platform for
certain PHD-finger (plant homeodomain)
factors (Shi et al., 2006; Wysocka et al.,
2006). Interestingly, the H3K4me binding
PHD-finger containing factor ING2 is
required for transcription silencing (Shi et
al., 2006). Furthermore, out of the 15
proteins containing a PHD-finger in yeast,
seven were previously linked with
regulation of transcription, both positively
and negatively (Harbison et al., 2004;
Keogh et al., 2005; Krogan et al., 2006;
Loewith et al., 2001; Nourani et al., 2001;
Papamichos-Chronakis et al., 2002; Wu et
al., 2003). However, for a STRE-regulated
gene to be repressed by such a
mechanism would require histones to be
methylated under non-inducing conditions.
Interestingly, this is the case at the
promoter region of the HSP82 gene, which
is tri-methylated on H3K4 prior to
induction. Moreover, the extent of this
modification quickly decreases after heat-
shock, even when the signals were
corrected for nucleosome loss (Zhao et al.,
2005). Although highly speculative, a
model in which H3K4me3 results in a
repressed (but perhaps poised) state of a
particular locus could also explain how the
Ccr4-Not complex, by facilitating H3K4 tri-
methylation, would act to mediate
repression of such a gene. Clearly, the
validity of such a hypothesis could easily
be addressed experimental ly by
investigating derepression of STRE-
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regulated genes in strains defective for
certain histone methyl-transferases and
their regulatory factors.

Integrating the contradicting roles of
the Ccr4-Not complex
While the Ccr4-Not complex was originally
described as a regulator of transcription
(reviewed in (Collart and Timmers, 2004)
and (Denis and Chen, 2003)), it is now
evident that its subunits Ccr4p and Caf1p
are part of the major cytoplasmic
deadenylase (Tucker et al., 2001).
Although the role of the Not-module in this
process is still not clear, it is assumed that
the deadenylation activity of Ccr4p resides
within the Ccr4-Not complex. The
observation that the Ccr4-Not complex
plays a role in facilitating transcription and,
within the same complex, contains the
enzyme to induce degradation of mRNAs
implicates this complex in opposing roles
at different locations in the cell. Are these
two independent functions of the complex,
or are they connected? If so, how? Insight
into this issue may come from a large-
scale protein purification effort, showing
that Not3p binds to Yra1p, a factor
required for nuclear export of poly-
adenylated mRNA (Gavin et al., 2002).
Although this interaction needs to be
properly validated it suggests coupling of
the Ccr4-Not complex to the mRNA export
machinery, possibly connecting its nuclear
and cytoplasmic roles. In addition, this
hypothesis predicts that the Ccr4-Not
complex shuttles from the cytoplasm to the
nucleus. Indeed, a recent paper showed

Figure 1. Simplified model of how the transcription
and deadenylation function within the Ccr4-not
complex might be connected. (1) Recruitment of the
Ccr4-Not complex at the initiation-elongation
transition. (2) Co-transcriptional association of the
Ccr4-Not complex to the nascent RNA. ( 3 )
Termination and polyadenylation of the mRNA. (4)
Co-export of the mRNA and the Ccr4-Not complex
through the nuclear pore. (5) Localization of the
Ccr4-Not complex in the cytoplasm. (6) Ccr4p med
iated deadenylation and subsequent degradation of
the mRNA.
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that the mammalian orthologs of Caf1p
and Ccr4p are retained in the nucleus
upon treatment with leptomycin B
(Yamashita et al., 2005). This drug blocks
Exportin 1 (Crm1p in yeast), which is
required for nuclear export of a variety of
proteins. Moreover, the gene encoding
Dbp5p, a ATP dependent RNA helicase of
the DEAD-box family, displays synthetic
lethality with DHH1  (Tseng-Rogenski et
al., 2003). Interestingly, Dhh1p is known to
functionally and physically interact with the
Ccr4-Not complex (Maillet and Collart,
2002), suggesting a further link between
this complex and the process of mRNA
export. Furthermore, if the Ccr4-Not
complex is involved in mRNA export via its
role in transcription regulation it could be
expected to be present at the ORF and to
interact with the nascent RNA. Indeed, the
first criterion is met, at least at the PYK1
locus (chapter 4). Regarding a direct
interaction with the nascent RNA, it is
interesting to note that Not4p contains a
predicted RNA recognition motif (RRM) in
its N-terminal region. Based on these
observations, a model can be proposed in
which the Ccr4-Not complex is co-
transcriptionally associated with the
nascent RNA and co-exported to the
nucleus though the nuclear pore (Figure
1). In the cytoplasm, the complex might
direct the mRNA to the P-bodies for
degradation. However, this step should be
controlled and the deadenylation activity of
Ccr4p tightly regulated to prevent pre-
mature degradation of the mRNA.
Interestingly, defects in mRNA export give
rise to hyperadenylated nuclear mRNA
species (Jensen et al., 2001), which are
retained and controlled by the nuclear
exosome (Hilleren et al., 2001). This
observation might explain the relatively
mild effect of the Not-module on polyA-tail
length, since the nuclear exosome would
(partially) degrade the nuclear pool of
mRNA that is hyperadenylated. If the
proposed model proves correct, this would
implicate the Ccr4-Not complex as a
central player in the mRNA life-cycle.

Together, the work described in this thesis
led to the identification of novel functions
for the evolutionarily conserved Ccr4-Not
complex. Our observation that the RING-
finger mediated ubiquitylation activity of
Not4p is involved in the responses to
various stress conditions could aid
identification of its molecular substrates. In
addition, we show that the Ccr4-Not
complex might play a general role in
positive regulation of transcription by
facilitating H3K4 tri-methylation. In
conclusion, our results provide a basis for
future research aimed at understanding
the molecular and cellular functions of the
Ccr4-Not complex.
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SUMMARY
Transcription is a complex process that is
regulated at multiple levels. This involves
a wide variety of multi-subunit protein-
complexes including the basal (or general)
transcription factors and RNA polymerase
II. One of the major obstacles for the
transcription machinery is chromatin,
which consists of DNA wrapped around an
octamer composed of the histone core
particle (two molecules of H2A, H2B, H3
and H4) and the linker histone H1. One of
the complexes involved in regulation of
transcription is the nine-subunit Ccr4-Not
complex. Initially, components of this
complex were identified as negative
regulators of the non-consensus TATA
box driven transcription of the HIS3 gene.
In addition, some data also suggest an
additional positive role in transcription.
Recently, Ccr4p and Caf1p were identified
as the major cytoplasmic deadenylases in
yeast, indicating that his complex functions
in both transcription and mRNA turnover.
In addition, human CNOT4 displays RING-
finger mediated UbcH5B-dependent
ubiquitylation activity.

To address the physiological cones-
quences of the ubiquitylation activity of
Not4p, we used S a c c h a r o m y c e s
cerevisiae (bakers’ yeast) as a model
organism. First, site-directed mutagenesis
of the RING-finger of yeast Not4p
identified residues required for interaction
with Ubc4p and Ubc5p, the yeast
orthologs of UbcH5B. Subsequent in vitro
assays with purified Ccr4-Not complexes
showed Not4p mediated E3 ligase activity,
which was dependent on the interaction
with Ubc4p. Next, we performed synthetic
genetic array (SGA) analyses using not4Δ
and not4L35A alleles. This indicates
involvement of the RING-finger of Not4p in
transcription, ubiquitylation and DNA
damage responses. In addition, we found
overlapping phenotypes for deletions of
UBC4 and mutants encoding single amino
acid substitutions of the RING-finger of
Not4p. Together, the results presented in
chapter 2 show that Not4p functions as an

E3 ligase by modulating Ubc4p/Ubc5p
mediated stress responses in vivo.
Furthermore, genetic experiments have
indicated a role for the Ccr4-Not complex
in the response to hydroxyurea (HU)-
induced replication stress and ionizing
radiation. This response includes
transcriptional induction of the four genes
constituting the ribonucleotide reductase
(RNR) enzymatic complex, RNR1-4, and
degradation of its inhibitor, Sml1p. In
chapter 3, we investigated the mechanism
of the HU sensitivity conferred by mutation
of CCR4-NOT genes. We found that the
ubiquitin protein ligase activity of Not4p
does not play a role in HU-induced Sml1p
degradation. We showed, however, that
the HU sensitivity of ccr4-not mutant
strains correlated very well with a defect in
accumulation of RNR2, RNR3 and RNR4
mRNA after HU or MMS treatment.
Ch romat in  immuno-p rec ip i t a t i on
experiments showed that TBP, RNA
polymerase II and Set1p recruitment to the
activated RNR3  locus was defective in
cells lacking NOT4 . Moreover, R N R 3
promoter activity was not induced by HU
treatment of these cells. Together, these
experiments show that induction of RNR
gene transcription is defective in ccr4-not
mutant strains, providing an explanation
for their sensitivity to HU and implicating
the Ccr4-Not complex in positive
regulation of transcription. Chapter 4
elaborates on this positive role as we
found that Ccr4-Not components display
genetic interactions with BUR1 and BUR2.
These genes were previously shown to be
involved in transcription elongation. We
found that the genes encoding the Not-
proteins are essential for efficient
regulation of H3K4me3, but not
H3K4me1/2, H3K36me2 or H3K79me2/3
levels. In addition, we show that NOT4 is
important for ubiquitylation of histone H2B
via recruitment of the PAF complex
without affecting Bur1/2 recruitment,
providing evidence that the Ccr4-Not
complex facilitates H3K4 tri-methylation by
functioning downstream of the Bur1/2
kinase. Finally, the proteomic and electron
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microscopy (EM) study of the Ccr4-Not
complex described in chapter 5 provides
insight in possible regulation of its
functions. Multiple phosphorylation sites
on Not4p, Not1p and Caf1p were
identified. The functional conse-quences
of these modifications are the subject of
current work. Overall, the work presented
here contributes to our understanding of
the function of the Ccr4-Not complex and
act as a basis for future experiments to
further explore the exact function(s) of this
complex in regulation of mRNA
deadenylation and transcription.

Nederlandse samenvatting voor de leek
Een cel in het menselijk lichaam bevat
ongeveer twee meter aan DNA, het erfelijk
material, in de celkern. Deze streng DNA
is opgewonden om in de kern te passen
die een diameter heeft van ongeveer
0,000000002 meter en is te vergelijken
met een bolletje wol. De natuur heeft een
elegant mechanisme bedacht om het DNA
netjes opgewonden te krijgen door het
gebruik van zogenaamde histonen. Dit zijn
eiwitten die binden aan het DNA,
waardoor het erfelijk materiaal goed strak
ingepakt kan worden. Dit DNA- histon
complex wordt chromatine genoemd.
Hoewel het opbergen van zo’n grote
hoeveelheid DNA in een kleine kern erg
efficient is veroorzaakt het wel een groot
probleem. Hoe kan de cel het DNA
gebruiken als het zo strak ingepakt is? Dit
is een belangrijke vraag, want bij elke cel
deling moet het DNA verdubbeld worden
voor de dochter cel. Daarbij komt dat
schade aan het DNA gerepareerd moet
kunnen worden en de genen (de
functionele eenheden in het erfelijke
materiaal) moeten worden afge-schreven.
Dit probleem kan de cel op verschillende,
elkaar aanvullende, manieren aanpakken.
Het efficient afschrijven van genen is
bijvoorbeeld afhankelijk van het openen
van het chromatine door middel van
energie afhankelijke verplaatsing of verwij-
dering van de histonen. Daarnaast heeft
de cel een groot aantal enzymen tot zijn

beschikking om chemische groepen op
specifieke plekken van de histonen te
zetten. Deze histon-modificaties zorgen
ervoor dat het chromatine geopend, of
juist gesloten, kan worden afhankelijk van
de chemische groepen en de posities op
de histonen die gebruikt worden. Naast
het chromatine en de beinvloeding
daarvan is het afschrijven van genen ook
afhankelijk van vele grote en kleine eiwit-
complexen. Versimpeld kan dit proces
vergeleken worden met een groot bedrijf
waarin verschillende (groten en kleine)
afdelingen samenwerken om een product
(het mRNA transcript) op de markt te
zetten. Meerdere van deze afdelingen zijn
essentieel, bijvoorbeeld de productie-
afdeling, terwijl anderen vooral bijdragen
aan de algehele efficiency van het bedrijf,
denk aan de kant ine,  of  de
schoonmaakploeg. Eén van de
belangrijkste afdelingen in het bedrijf:
Transcriptie & Co is het RNA polymerase
II (de productie-afdeling). Een van de
eiwit-complexen waar in dit proefschrift
aan is gewerkt is het Ccr4-Not complex.
Dit complex bestaat uit negen onderdelen
(subunits) en is wellicht is te vergelijken
met een accountancy-afdeling, volledige
verwijdering leidt tot faillissement (cel-
dood), waar verwijdering van een gedeelte
leidt tot ernstige financiele problemen
(vertraagde groei-snelheid).
Uit de literatuur is bekend dat het Ccr4-Not
complex betrokken is bij het regelen van
transcriptie, maar ook bij het afbreken van
mRNA. Interessant om te melden is dat de
basis van het transcriptie proces niet veel
verschilt tussen mens en het één-cellige
eukaryotische organisme Saccharo-myces
cerevisiae, het veel gebruikte bakkers- of
bier-gist. Over het algemeen wordt
gedacht dat simpele organismen (zoals
gist) veel fundamentele processen
hetzelfde uitvoerd als menselijke cellen.
Kennelijk heeft het Ccr4-Not complex een
belangrijke functie, want het complex is
ook aanwezig in gist. Naast de groei-
snelheid is het grootste voordeel van het
gebruiken van gist als model systeem het
gemak waarmee het organisme genetisch
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aangepast kan worden, waardoor de
functies van een enkel gen bekeken
kunnen worden. Om meer inzicht te
krijgen in de functie van Not4, één van de
subunits, van het complex hebben we het
N O T 4  gen verwijderd uit de cel en
vervolgens gekeken naar het effect van
het verwijderen van andere genen. De
gedachte hierachter is dat het verwijderen
van twee genen die hetzelfde  (essentiele)
biologische proces reguleren zal leiden tot
een groei-defect of zelfs tot cel-dood.
Ofwel, zoals mijn professor Marc Timmers
het graag uitlegt, op twee benen kun je
lopen, op één been kun je hinkelen, maar
zonder benen kom je niet ver. Het één
voor één combineren van een deletie of
mutatie van NOT4 met 4800 andere gist-
genen identificeerde 48 genen die precies
dit effect gaven. De resultaten van deze
screen zijn beschreven in Hoofdstuk 2
van dit proefschrift. Opvallend was dat een
aantal van de geidentificeerde genen een
beschre-ven functie hadden in het
herstellen van DNA schade. Veel van
deze genen bleken ook gevoelig voor
hydroxyurea (HU), een chemische stof die
het kopieren van DNA remt door het
blokkeren van de aanmaak van de
bouwstenen van het DNA. Inderdaad
konden we aantonen dat deletie of mutatie
van subunits van het Ccr4-Not complex
leidt tot gevoeligheid voor HU.  Verdere
proeven onthulden het onderliggende
probleem: deze cellen konden bepaalde
genen, die belangrijk waren voor het
herstel van HU of DNA schade, niet meer
aanschakelen. Deze experimenten zijn
beschreven in Hoofdstuk 3.
Deze  resultaten waren enigzins
verrassend, want tot nu toe werd het Ccr4-
Not complex voornamelijk geassocieerd
met het remmen van transcriptie, niet met
het stimuleren ervan. Een aanwijzing voor
het mechanisme achter deze bevinding
kwam uit een experiment dat beschreven
is in Hoofdstuk 2. Daarin hadden we
gevonden dat het tegelijkertijd verwijderen
van de NOT4 en BUR2 genen resulteerd
in cel-dood, een goede indicatie dat deze
genen hetzelfde proces beinvloeden. Uit

de literatuur was bekend dat B U R 2
betrokken is bij het plaatsen van methyl-
groepen op lysine 4 van histone H3
(H3K4me3). Deze chemische verandering
is alleen te vinden op genen die actief
afgeschreven worden. Door gebruik te
maken van genetische, biochemische en
cel-biologische technieken hebben we
kunnen aantonen dat het Ccr4-Not
complex inderdaad direct betrokken is bij
het plaatsen van methyl-groepen op lysine
4 van histone H3. De proeven die dit laten
zien zijn beschreven in Hoofdstuk 4. In
het laatste experimentele hoofdstuk van
dit proefschrift (Hoofdstuk 5) beschrijven
we experimenten die mogelijke regulatie
van het Ccr4-Not complex zelf
beschrijven. Door het complex te zuiveren
in relatief grote hoeveelheden konden we,
met geavanceerde technieken, kijken naar
chemische veranderingen die de functie
van het Ccr4-Not complex kunnen
beinvloeden. Verschillende chemische
modificaties zijn inderdaad aanwezig op
het complex. De eerste proeven om te
kijken naar de functie van deze
modificaties hebben echter nog weinig
opgeleverd. Daarnaast hebben met een
electronen microscoop de vorm van onze
geisoleerde Ccr4-Not complexen bekeken.
Hoewel dit hoofdstuk nog niet afgerond is
lijkt het erop dat er wel degelijk een
bepaalde regulatie van het Ccr4-Not
complex en z’n activiteit plaats vindt. Hoe
en wat is een van de volgende vragen die
beantwoord zullen moeten worden.

Over het geheel genomen leiden de
resultaten die beschreven zijn in dit
proefschrift tot nieuwe inzichten in de
functie van het Ccr4-Not complex in het
proces van transcriptie door RNA
polymerase II. Eén van onze belangrijkste
en meest verrassende conclusies is dat
het Ccr4-Not complex complex, welke tot
dusver voornamelijk was beschreven als
een remmer van transcriptie, wellicht een
belangrijke rol in het stimuleren van dit
proces blijkt te spelen. Wat dit precies
inhoudt en hoe het Ccr4-Not complex dit
doet zijn vragen voor de jaren die komen.
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Na (iets meer dan) vijf jaar werken is het dan zover. Het einde is in zicht, tenminste van
deze periode van mijn leven. Zoals bij elke  AIO ging niet alles altijd zoals ik het graag
had gezien, maar als ik over mijn schouder kijk heb ik uiteindelijk geen enkele reden tot
klagen. Als ik er over na denk is de weg die ik heb genomen om op dit punt te komen
een aaneenschakeling van toevallige gebeurtenissen geweest. Het verhaal in het kort:

Toen ik in het najaar van 1999 mijn stage aan de afdeling hematologie in Groningen aan
het afronden was vertelde mijn vader dat er iemand een offerte bij hem had
aangevraagd voor het drukken van een proefschrift. Deze man bleek in Boston te zijn
gepromoveerd en was bereidt mijn CV te verspreiden onder zijn collega’s. Na enige tijd
kwam er een reactie van een Nederlandse post-doc uit het lab van Tayyaba Hasan. Of
ik interesse had om mee te helpen met haar onderzoek naar een nieuwe therapie voor
ovarium kanker. In Boston aangekomen hoorde ik van Anne dat ze mijn CV had
gekregen via een vriendin van haar, Madelon Maurice. Op het afscheidsfeestje van de
vriend van Anne ontmoette ik Madelon en we spraken af dat ik een derde stage zou
doen bij haar wanneer ze weer in Nederland zou zijn. Helaas ging die stage niet door
wegens ruimte gebrek op het lab van Hans Clevers, waar ze toen werkte. Via hem ben
ik terecht gekomen bij Jeanette Leusen op het WKZ. Via Mariette Oosterwegel
(getrouwd met Frank Holstege) die op dezelfde afdeling haar eigen groep had hoorde ik
dat een prof op de afdeling waar haar man werkte, ene Marc Timmers, een AIO zocht.
Getuige dit boekje is de rest geschiedenis. Nu rest mij niets anders dan het uitspreken
(opschrijven) van mijn dankbaarheid:

Allereest mijn promotor. Marc, vanaf het eerste moment leek je al vertrouwen in me te
hebben. Tenminste zo heb ik mijn sollicitatie gesprek geinterpreteerd. Maandag het
eerste contact via de mail, dinsdag een sollicitatie-brief, woensdag een gesprek. Ik weet
nog dat ik zeer verbaasd was over het feit dat je direct na het gesprek zei:”Ik wil je graag
de baan aanbieden”. Op mijn vraag:”Wanneer wil je weten of ik de baan aan neem?”
antwoordde je:”Vanavond, want ik vertrek morgen naar de VS”. Ik weet natuurlijk niet
wat je dacht, maar aan je gezicht te zien was je niet echt blij met mijn respons:”Ik wil
graag wat meer tijd, kan ik je vrijdag bellen in de VS?”. Je eerste contact met mijn
eigenwijsheid en koppigheid was een feit. Hopelijk heb je geen spijt gehad van je
beslissing mij aan te nemen, ik heb er in ieder geval geen spijt van voor jou en je groep
gekozen te hebben. Ik heb ontzettend veel geleerd en het erg naar mijn zin gehad in de
afgelopen vijf jaar, bedankt. En trouwens, je bent nog niet van me af. Hopelijk kunnen
we nog meer goede proeven doen de komende tijd.

Bas, van twee onbekenden die toevallig bijna tegelijkertijd begonnen in het lab tot
kamergenoten tot vrienden. Ik heb geen idee hoe de afgelopen jaren eruit zouden
hebben gezien zonder jouw niet aflatende steun. Je manier van dingen positief
benaderen heeft mij vaak versteld doen staan. Als ik weer eens klagend de kamen
binnen kwam kon jij vaak de balans herstellen door een simpele opmerking of vraag. Ik
wens je heel veel succes en plezier met het leiden van je eigen groep in Nottingham. We
zullen vaak langskomen als we zelf in Engeland zitten. Ook Joyce, Dennis, Roald en
Arthur onzettend bedankt voor jullie gezelschap.

Dear Martine, without your willingness to share your expertise on yeast genetics, my
PhD period would have looked very different. Unfortunately, my first visit did not give the
results we were hoping for. However, the second time around was better. The results
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from the SGA analysis was the basis for chapters 2, 3 and 4 of my thesis. Thank you
very much for you input and hospitality during my visits. I hope we can continue our
fruitful collaboration in the future. Thank you for sharing your niche with me.

Dan wil ik graag de (oud-)leden van het Timmers lab bedanken voor al hun steun en
kameraadschap. In willekeurige volgorede: Marcin, from lab-mates to both becoming
parents in the same week. I still miss your grumpy-ness in the morning. Best of wishes
for you, Monica and your son. Chris, lange tijd als enige gist-genoot op het lab. Heb je
nog muziek-tips voor me uit New York? Hopelijk komen we elkaar nog eens tegen.
Hetty, wat zou het lab zijn zonder jou? Bedankt voor al je steun, krantenknipsels,
allerhandes, het schoonmaken van het VMT-lab, het achter me broek aan zitten want-je-
moet-je-VMT-box-nog-leegmaken. Het mooiste moment was dat je, toen ik iets wilde
gebruiken dat jij in gebruik had, zei: pech voor je. Ik was zo trots op je…. Florence,
hereby, I would like to officially apologize for making fun of your accent. I am soo sorgy,
buut eet waz vergy kood to vurk wis you! Best wishes for your future projects. Akiko, je
was absoluut mijn beste student. Bedankt voor al je hulp, ik heb er veel van geleerd.
Suc6 met je mooie kleurtjes. Folkert, wanneer krijg je die ChIP-reChIP-on-chip nou eens
aan de gang? Ik hoop dat al die optimalisatie je veel goede resultaten zal geven. Ga
voor NCS! Koen, net als elke AIO in het begin stroef met de proeven, maar het laatste
jaar toch een erg mooie paper gescoord. Bedankt dat ik met je mee mocht werken. We
zullen snel een ‘playdate’ afspreken voor Flip en Thijmen. Richard en Yvonne, bedankt
voor alle tijd die ik tegen jullie aan heb mogen kletsen (en andersom) en voor alle dh5_’s
die jullie hebben gemaakt. Carin, vindt je transcriptie toch misschien wel heel erg leuk?
Hoe kan dat? Je gaat me toch niet vertellen dat je nog meer titraties wilt doen? Veel
plezier met Paul en Tim. Marianne, aka ‘chickie’ je bent de mafste regel/tiep-miep die er
is. Je playboy-bunny act is nog steeds ongeevenaard. Bedankt voor al je inzet voor het
regelen van mijn promotie. Sjoerd, na alle tegenslagen die je kunt bedenken tegen te
zijn gekomen heb je de high-throughput Y2H toch maar mooi aan de gang. Nu oogsten,
wat sta je hier nou nog, ga pinnen!! Pim, mijn hemel zeg, wat ben jij paranoia als het op
proeven doen aan komt. Tegenstrijdig genoeg ben je tegelijkertijd een van de meest
ontspannen mensen die ik ken (nogmaals, als het maar niet over proeven gaat). Laten
we snel samen een nature scoren…. Petra, hoe snel is TBP nou eigenlijk? Wedden dat
het Ccr4-Not complex sneller is? Hopelijk heb je je project snel afgerond, die stomme
snelle gist-mensen ook altijd. Gelukkig is microscopie in menselijke cellen toch een stuk
makkelijker. Radhika, for once you may take what I am saying seriously. You will do fine
as a PhD student, just trust yourself. Oh yes, and read a lot also outside your own
specific area. Nga-Chi, L.K.Z.. CNOT6, is dat nou humaan Ccr4? Veel succes met het
uitzoeken wat het complex nou precies doet (naast de al bekende functies). Marcel de
W., veel succes met je nieuwe baan. Marijke, jij ook succes met je nieuwe baan. Marcel,
ik kijk al uit naar je foto. Zet je zelf dat balkje neer, of moet ik dat doen? Ontzettend
bedankt voor het schoonhouden van al het glaswerk, voor al de 5 liter erlenmeyers. Ik
zal in de nabije toekomst vast nog wel eens gebruik maken van je diensten. Lloyd, it was
great seeing you again last summer. Don’t squeeze out any more, or were you holding
one in? I still don’t know. Come visit again soon. You know what, just come back and
live here. The weather here is crap, but the people are blunt and dutch, you’ll love it
once more.

Natuurlijk wil ik ook graag de andere groepen van de afdeling bedanken. Frank, bedankt
dat je in mijn AIO-evaluatie commissie hebt gezeten en voor je bemoedigende woorden
als het weer eens tegen zat. Martijn, ook jij bedankt voor je input tijdens de evaluatie
momenten en voor de interesse wanneer je weer eens in de buurt was. Nynke,
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ontzettend bedankt voor alle koffie momenten. We hebben vaak gepraat over koetjes,
kalfjes, proefjes en resultaten. Hebben we nou al eens alle proeven die we hebben
bedacht gedaan? Vast niet. Laat dat ons evenwel niet stoppen er nog meer te
bedenken. New York was leuk he. Marijana, please leave your camera at home during
my party, or at least all your old footage. I will save you a dance (as always). Jeroen, ik
weet nog dat jij zei over je Molecular Cell paper: “Ik ben blij dat ik er nu eindelijk vanaf
ben”. Je bent een koele kikker en een coole gozer, hopelijk zien we elkaar nog eens (in
ieder geval op mijn feestje, ok?). Jean-Christophe, we overlapped only a short while in
the Timmers group. Luckily you moved only one floor down so I could learn that great
French English accent from you. It came in handy, eesn’t zat rgait Florence?. Good luck
getting your own group together in Marseille. Ook de mensen van de Burgering en Bos
labs wil ik hartelijk danken voor al hun commentaar, steun, grapjes, radio geinduceerde
exlamaties (voor al door Armando, later opgevolgd door Peter). In het bijzonder wil ik
Arjan bedanken voor alle steun en de ontzettend goede en productieve samenwerking.
Je bent niet voor niets mijn paranimf. Ik ben natuurlijk nog wel even in de buurt,
misschien lever ik nog wel wat samples af voor ik ga.

Vanzelfsprekend waren de afgelopen vijf jaar niet om door te komen geweest zonder
hulp van mijn familie en vrienden. Een aantal hiervan wil ik graag even noemen.
Jochem, je bent als een broer voor me. Het spijt me dat ik heel vaak niet direct terug bel
(of uberhaupt niet vaak genoeg bel). De kookcursus vond ik echt super, misschien moet
je maar snel iets vinden in Amsterdam, zodat we met de vervolgcursus (inclusief
nadrinken) kunnen beginnen. Rob, alle middagen/avonden snookeren golden als pure
ontspanning en ontsnapping van de werkdruk. Morgen acht uur, bel jij even voor een
tafel? Gea, bedankt dat ik Rob zo vaak van je mocht lenen. Wanneer ga je nou eens les
nemen bij Ankie? Of is een DVD genoeg? Atie, Herman, Carina, Eduard, Mariska, Gerke
en Hanneke bedankt voor alle interesse en het lachen om mijn foute grappen. Frouke
(puk), dat heeft je uk toch maar mooi gedaan he. Dank je voor het feit dat je zo’n lieve
zus bent. Pappa en Mamma, ook al waren de afgelopen jaren niet altijd makkelijk jullie
hebben mij altijd gesteund en hebben vertrouwen in mij gehad. Ik heb geen idee waar ik
nu zou staan zonder jullie invloed, bedankt.

Thijmen, experiment geslaagd! Ik weet pas 2 weken hoe je eruit ziet, desalniettemin ben
je (samen met je moeder) het belangrijkste op aarde. Fijn dat je er bent. Leonie, al meer
dan 10 jaar samen en nog steeds verliefd. Hoe slecht de proeven ook gingen, jij kon me
toch weer laten lachen. Ik weet dat je veel hebt gegeven de afgelopen jaren. Hopelijk
kreeg je ook genoeg van me terug. Nu gaan we eerst genieten van ons jochie en op
naar de toekomst. Drie vingers omhoog voor jou! Krijg ik er vier terug?
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