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ABSTRACT

Ccr4-Not is a multi-functional, multi-protein complex consisting of nine subunits (Ccrdp,
Caflp, Caf40p, Caf130p, and Notl-5p) and plays a role in nuclear RNA polymerase II
transcription and cytoplasmic mRNA degradation. Not4, one of the subunits of the
complex, is an E3 ubiquitin ligase with an RNA recognition motif (RRM). The RRM is a
common protein domain in eukaryotes and is used for the binding of a variety of RNA
sequences and proteins. However, it has not yet been shown whether Not4 binds RNA or

whether the RRM of Not4 binds RNA.

In this research project, we cloned the full coding region of NOT4 and the NOT4 RRM
coding region into expression vectors to over-express the proteins in E. coli. The
expressed proteins were purified and used in in vitro RNA binding assays to determine
RNA binding activity. The in vitro RNA binding assays used were the fluorescence
polarization (FP) assay and electrophoretic mobility shift assay (EMSA). The Not4 full-
length protein binding assays gave variable dissociation constants. The Not4 RRM
binding assays did not show RNA binding under the conditions examined. These results
show that Not4 binds RNA but does not eliminate the possibility that the RRM

contributes to this function.

We propose that the variable RNA binding activity seen with the Not4 full-length protein

may be due to either experimental conditions that interfere with protein folding or



protein—RNA binding, and that the lack of RNA binding activity seen with the Not4

RRM may be due to additional protein domain requirements for RNA binding.

i



TABLE OF CONTENTS

LIST OF FIGURES ...ttt sttt st A%
LIST OF TABLES ... oottt vi
ACKNOWLEDGMENTS ...ttt vii
CHAPTER 1
INTRODUGCTION. ...ttt sttt sttt sttt st st be e 1
1.1 TranSCription CYCIE ..ccuiiiiiiieeiieeeiie ettt e e e et e st e e e e e enneees 1
1.1.1 Transcription pre-initiation and INItHAION .........cccveeerveeerieeeiieeeee e eevee e 1
1.1.2 Promoter clearance and transcription elongation............ccecccevvueeiieniiencenieenen. 2
1.1.3 Transcription termination and pre-mRNA processing............cceeeeerveerueerveennen. 2
1.2 MRINA AECAY....uiiiiiiiiiieiiecie ettt ettt ettt e be et e st e et e esbe e taeenseessaeenseessnesnsaens 3
1.3 CCRA-NOt COMPIEX ...eviieiiieeiiieeciiee et e ettt e et e et eeeteeeeteeessaeeessseeessseeensseeessseeennseens 4
1.4 NOt4 Protein SUDUNIE ....c..eeiiiiiiieiieeiiesie ettt ettt ettt e see et e sate et e seeeebeesaeeens 4
1.4.1 Role of Not4 in ubiquitination .........ccccveeriieriienieeieerie et eve e eeees 5
1.4.2 Not4 RNA recognition MOt ........ccoecuiieiiiieiiieeieeeieeeiteeeiee e 6
1.5 Scope and significance of this Project .........cccveevvieeriieeiiee e 6
CHAPTER 2
MATERIALS AND METHODS ...ttt 19
2.1 MAETIALS ..ttt sttt ettt 19
2.2 Cloning of Not4 ORF and Not4 RRM into pGEX-6P-1 vector ..........cccceevveeneenee. 19
2.3 DNA el pUITICATION ....eeeiiieeiiie ettt e e e e e e eeaee e 20
2.4 Bacterial cell transformation for plasmid amplification............ccecceevieriienieenenne. 20
2.5 Mini scale plasmid preparation...........cceeeveerieriieeniieeiieenie st eiee e see e seee e 21
2.6 Bacterial cell transformation with BL21(DE3)pLysS E. coli cells ..........c............. 22
2.7 Conditions fOr Protein EXPIESSION ....ccuuieerrreerrreerirreerrreesrreeasreesssreessseeesseeessseeesnnes 22
2.7 E. coli protein expression, purification and exXtraction ..............cceceevvevievierrerrenrennns 23
2.10 PreScision protease protein digeStion .........ccueevveerieeriienieeiiieniieeieenieereesieeeveenens 24

il



2.12 SP-sepharose column purification for Not4 full-length..............ccccovnirninnnn. 25

2.13 Bi0-Rad Protein @SSAY ....c.ueeevireriuiieiiieeniieesieeerteeeriteeeseteeeereessreessneesnseeesnseeennnes 26
2.14 Fluorescence polarization aSSAY..........cccveeerveeerureeiueeeseeesseeessseeesseeesseessssesensnes 26
2.15 Electrophoretic mobility shift assay .........cccceeviieriiiiiiirieeieeee e 27

CHAPTER 3

RESULTS Lttt et sttt ettt et e bt e bt et e saeenaeenees 29
3.1 Not4 full-length shows RNA binding activity INVItrO ...........cccccveevieieeieireeienee, 29
3.2 Not4 RRM does not show RNA binding activity in VItro ............ccccevveviererreenenens 32

CHAPTER 4

DISCUSSITON ...ttt ettt ettt ettt at et et e saee bt entesaeenaeenees 55
4.1 Role of RNA binding in Not4 E3 ubiquitin ligase activity..........cccceevvveeeveercneeennne. 55
4.2 Not4 full-length shows RNA binding activity ........ccceceevieriiiiniieiienieeieeseeeeene 55
4.3 Not4 RRM does not show RNA binding actiVity ..........ceceeereeriienieenieenienieeieenen 57
4.4 SUITIMATY ....veeiiiieeiieeeiteeeite e et e e et e e e taeesateeessbeeessseeesseeansseeansseeanseeesssaeennseesnnseesnnses 61

BIBLIOGRAPHIY ...ttt ettt ettt et na et e st e naeeneas 62

v



LIST OF FIGURES

Figure 1.1 Cell transcription CYCle.......cocuevuiriiriiiiiiiiiicieceteeeteeee e 8
Figure 1.2 Transcription initiation by RNAPIL..........ccccoiiiiiniiniiiiieeeeeeeeee 9
Figure 1.3 mMRINA PIrOCESSING ....ceeviiieiiiiiiiiieeiieeeieeeiee et e et e e eireesaeeesseessaeeesnseeesnseees 10
Figure 1.4 mRNA deadenylation decay.........ccccueervieeriiieeiiiieeeiie e e e 11
Figure 1.5 Ccr4-Not complex with protein SUbUNILS .........ccceecvereereriiinieneeiieneereeienens 12
Figure 1.6 Not4 full-length SUMMATY ........cccooiiiiiiiiiiieieeieee e 13
Figure 1.7 Not4 full-length protein SEqUENCE .........ccoeeeiieriieriieiieeie et eree e eeeeeeaeens 14
Figure 1.8 Schematic view of the RING finger structure of Not4..........cccoevvevvevciveennnenn. 15
Figure 1.9 Schematic view of the RRM........c.cccoiiiiiiiiniiiiiecccceeceeee 16
Figure 1.10 Protein ubiquitiNation .......c.cevuerueriieniieiienienieeieeie sttt 17
Figure 2.1 pGEX-6P-1 vector plasmid mMap .........cccoceevierieniieiienieneeiereeseeie e 28
Figure 3.1 Not4 full-length protein expression and purification ...........cccccceeeevveerieeennenn. 35
Figure 3.2 Not4 RRM protein expression and purification ..........cccceeceeveeeniienieesieennenns 38
Figure 3.3 Not4 full-length RNA binding assay graphs ...........ccccceevuievieniiieniencieeniieeienns 39
Figure 3.4 Re-plotted Not4 full-length binding to 20mer polyU.........c..ccceeevviiviinciiennnnnns 46
Figure 3.5 RRM RNA binding assay Sraphs ..........cccceecveeviierieenieniieeieeeieereesve e seveens 48
Figure 3.6 Electrophoretic mobility shift assay with 20mer polyU RNA ....................... 53



LIST OF TABLES

Table 1.1 Not4 full-length statistics

Table 3.1 Summary of dissociation

constants for Not4 full-length binding to RNA .......

vi



ACKNOWLEDGMENTS
To Dr. Reese and Dr. Dutta, to all members of the Reese Lab and the B M B

administrative staff, and to all who have aided and approved of me in the completion this

project, Thank you.

Vil



CHAPTER 1

INTRODUCTION

1.1 Transcription cycle

Gene expression in the cell is achieved through intermediary messenger RNAs (mRNAs)
that are transcribed from information contained in DNA by DNA-dependent RNA
polymerases (RNAP). RNAP acts in a 5 — 3’ direction in a transcription cycle divided

into the initiation, elongation and termination phase (Figure 1.1).

1.1.1 Transcription pre-initiation and initiation. The initiation of transcription is marked
by the recruitment of general transcription factors to the promoter to form the
preinitiation complex (PIC). These transcription factors include I1A, 1IB, 1ID, IIE, IIF,
and IIH (Figure 1.2). The TATA binding protein (TBP) subunit of TFIID binds the
promoter, causing the DNA to associate with proper positioning to RNAPII and TFIID.
TFIID functions as the scaffold for the assembly of the remainder of the transcription
complex. TFIIE then associates with the growing complex and recruits TFIIH. The
ATPase and helicase activity of TFIIH creates the transcription bubble by generating
negative superhelical tension in the DNA. Once the transcription bubble is formed, TFIIF
binds the coding strand to maintain the open bubble conformation. The non-coding strand

enters the RNAPII active site and transcription proceeds in the 5° — 3’ direction.



1.1.2 Promoter clearance and transcription elongation. Once transcription progresses
past six bases, TFIIB leaves the complex. After about 23 nucleotides, the transcription
complex is stabilized, RNAPII clears the promoter, and transcription elongation begins.
RNAPII then proceeds along the noncoding DNA strand and uses base pairing

complementarity with the DNA template for mRNA synthesis.

Chromatin is in constant flux with nucleosomes and DNA-binding proteins being
remodeled, removed or reassembled. DNA nucleosome structures are affected at a
distance during transcription elongation as RNAPII creates a positive superhelical stress
while translocating along the DNA template. This positive torque generates a wave
downstream of the RNAPII, destabilizing nucleosome structures with a domino-like
effect and allowing RNAPII to overcome the nucleosomal barrier (Zlatanova and Victor,
2009). When RNAPII encounters barriers such as DNA lesions, DNA-bound proteins,
and mismatched nucleotides during transcription elongation, the polymerase will pause,
arrest or terminate the transcription process. This disruption allows RNAPII to clear
obstacles such as DNA lesions and DNA-bound proteins and for the inherent
proofreading mechanisms of RNAPII to safeguard against mismatching nucleotides.
RNAPII continues to transcribe until a termination signal is encountered on the

noncoding DNA strand.

1.1.3 Transcription termination and pre-mRNA processing. Once transcription ends,

RNAPII releases the pre-mRNA transcript and disassociates from the DNA template. The



eukaryotic pre-mRNA undergoes extensive processing (Figure 1.3). A 5’ cap is added co-
transcriptionally by the Capping Enzyme Complex (CEC), which associates with
RNAPII prior to transcription initiation. A poly(A) tail is added to the 3’ end immediately
following transcription termination by polyadenylate polymerase and runs approximately
250 adenosine residues in length. Pre-mRNA splicing removes introns, and mRNA
editing may further change the nucleotide composition of the final mature mRNA
product. Mature mRNAs are recognized by their post-transcriptional modifications and

transported from the nucleus to the cytoplasm through nuclear pores for translation.

1.2 mRNA decay

The processes of translation and mRNA decay are carefully balanced in the cell to
regulate protein expression. Cytoplasmic P-bodies play a role in this balance by
localizing mRNA decay proteins involved in mRNA turnover and by safekeeping
mRNAs for later translation (Eulalio et al., 2007; Parker and Sheth, 2007). Prior to
mRNA decay, eukaryotic initiation factors elF-4E and elF-4G stabilizes the mRNA by
blocking the DCP2 decapping enzyme, and the poly(A) tail is stabilized by the poly(A)-
binding protein (PABP), which blocks the exosome complex (Gingras et al., 1999; Sachs
et al., 1997). The most prevalent pathway for mRNA decay in eukaryotic cells is the
deadenylation-dependent pathway, which begins with the deadenylation of the poly(A)
tail by specialized 3° — 5 exonucleases (Figure 1.4). In Saccharomyces cerevisiae, the
poly(A) tail is deadenylated 60 — 80 nucleotides by Pan2-Pan3, a PABP-dependent
poly(A) nuclease. The Ccr4-Not complex then completes the deadenylation of the

poly(A) tail through the PABP-independent Ccr4 and Pop2 polyA nucleases (Goldstrohm



and Wickens, 2008). Removal of the poly(A) tail destabilizes the elF-4E and elF-4G cap-
binding complex, leading to the degradation of the 5’ cap by the decapping complex. The
remaining transcript is then fully degraded by either the PM/Scl exosome complex or the

decapping complex.

1.3 CCR4-Not complex

Ccrd-Not was first identified in Saccharomyces cerevisiae as a multi-functional, multi-
protein global gene regulation complex consisting of nine subunits (Ccrdp, Caflp,
Caf40p, Caf130p, and Notlp to 5p) and plays a role in nuclear RNA polymerase II
transcription and cytoplasmic mRNA degradation (Figure 1.5) (Chen et al., 2001; Collart,
2003; Collart and Timmers, 2004; Denis and Chen, 2003). Notl1 is the scaffold protein for
the complex and is the only subunit essential for complex formation (Bai et al., 1999;
Maillet et al., 2000). The Ccr4 (carbon catabolite repressor) group of proteins interacts
with the N terminus of Notl while the Not group of proteins interacts with C terminus.
The Ccr4, Cafl (Ccrd-associated factor 1, also known as Pop2) and the Not proteins 1, 2,
4 and 5 all have identified roles in regulating transcription (Liu et al., 1998). Ccr4 and
Pop2 also have identified roles in the regulation of mRNA decay (Collart and Timmers,

2004; Maillet and Collart, 2002; Tucker et al., 2001).

1.4 Not4 protein subunit
The Not4 protein (also called Mot2) is a 587 amino acid E3 ubiquitin ligase containing
one C3HI1-type zinc finger, one RING-type zinc finger and one RNA recognition motif

(RRM) domain (Hanzawa et al., 2001; Laribee et al., 2007). Not4 is located on the



Chromosome V: 293,048-294,811 forward strand (Gene, 2011). A graphic of Not4 is
shown in Figure 1.6 and a summary of the Not4 full-length protein is given in Table 1.1.
The complete amino acid sequence of Not4 is given in Figure 1.7. The structure of the
Not4 RING finger is shown in Figure 1.8. A schematic of a typical RRM is depicted in

Figure 1.9.

1.4.1 Role of Not4 in ubiquitination. Ubiquitination is a post-translational process that
targets proteins for degradation in proteasomes through the attachment of ubiquitins to a
lysine residue on the target protein via an isopeptide bond (Figure 1.10). The process is
mediated by E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme and E3
ubiquitin ligase. E1 ubiquitin-activating enzyme activates ubiquition through an ATP-
dependent mechanism and transfers the activated ubiquitin to an E2 ubiquitin-conjugating
enzyme. An E3 ubiquitin ligase then interacts with the E2 ubiquitin-conjugating enzyme
to label the targeted protein with ubiquitin. Not4 E3 ubiquitin ligase binds to E2 through
its RING-type zinc finger domain (Laribee et al., 2007). Recent studies show that the
turn-over of cytoplasmic nascent polypeptide-associated complex (NAC) is regulated
through Not4-dependent ubiquitination (Panasenko et al., 2006). Not4 E3 ubiquitin ligase
activity also regulates the stability of Jhd2, the H3K4me3 demethylase (Laribee et al.,
2007; Mersman et al., 2009; Mulder et al., 2007). Additionally, Not4 E3 ligase is
important for proteasomes integrity through its association with the proteasome
chaperone Ecm29, a protein that stabilizes proteasomes. Not4 knock-out mutants showed
reduced levels of free ubiquitin and an accumulation of polyubiquitinated proteins

(Panasenko and Collart, 2011).



1.4.2 Not4 RNA recognition motif. The RNA Recognition Motif (RRM) is a common
protein domain in eukaryotes, present in about 0.5-1.0% of human genes and is used for
the binding of a variety of RNA sequences and proteins. The RRM is approximately 90
amino acids in length (Birney et al., 1993) and its domain structure is typically
characterized by two a-helices packed on a four-stranded -sheet with the f-sheets acting
as the primary RNA binding surface (Figure 1.9). Binding affinity and specificity of the
RRM to RNA is dependent on the B-strands, loops, and a-helices (Stefl et al., 2005).
Binding and affinity may also be influenced by the neighboring RRM domains, which

increase RNA-binding affinity and specificity (Maris et al., 2005).

The human counterpart of the yeast Not4, hNot4, was recently identified and
characterized (Albert et al., 2000). Like Not4, hNot4 interacts with yeast Notl and is able
to compensate for a NOT4-null mutation in yeast. Additionally, like Not4, hNot4 contains
two protein motifs in the N-terminal domain: a RING finger and an RRM. The RRM
domain of hNot4 has been shown to be involved in the binding of single-stranded nucleic

acids (reviewed in Nagai et al., 1995).

1.5 Scope and significance of this project

This project studied the RNA binding activity of the Not4 protein subunit of the Ccr4-Not
complex. We expressed and purified the Not4 full-length and the Not4 RRM and used in
vitro RNA binding assays to study the RNA binding activity. Our results reveal that Not4

has RNA binding activity. Interestingly, the Not4 RRM did not show RNA binding



activity. Together, these results suggest that Not4 binding to RNA may be dependent on

protein regions outside of the RRM domain.
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Figure 1.1 Cell transcription cycle

The cell transcription cycle is characterized by three stages

termination.

(Cambell et al., 2005)
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Figure 1.2
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Figure 1.2 Transcription initiation by RNAPII

The initiation of transcription is marked by the recruitment of general transcription
factors to the promoter to form the preinitiation complex (PIC). These transcription
factors include ITA, IIB, IID, IIE, IIF, and ITH. RNAPII transcription proceeds in the 5° —

3’ direction.



Figure 1.3
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Figure 1.3 mRNA processing

A 5’ cap is added co-transcriptionally by the Capping Enzyme Complex (CEC), which
associates with RNAPII prior to transcription initiation. A poly(A) tail is added to the 3’
end immediately following transcription termination by polyadenylate polymerate and
runs approximately 250 adenosine residues in length. Pre-mRNA splicing removes
introns, and mRNA editing may further change the nucleotide composition of the final
mature mRNA product.
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Figure 1.4
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Figure 1.4 mRNA deadenylation decay

The most prevalent pathway for mRNA decay in eukaryotic cells is the deadenylation-
dependent pathway, which begins with the deadenylation of the poly(A) tail by
specialized 3’ — 5° exonucleases. Removal of the poly(A) tail destabilizes the elF-4E and
elF-4G cap-binding complex, leading to the degradation of the 5’ cap by the decapping
complex. The remaining transcript is then fully degraded by either the PM/Scl exosome
complex or the decapping complex.
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Figure 1.5

Figure 1.5 Ccr4-Not complex with protein subunits

Ccr4-Not is a multi-functional, multi-protein global gene regulation complex consisting
of nine subunits (Ccrdp, Caflp, Caf40p, Cafl130p, and Notl-5p). The Ccr4 group of
proteins interacts with the N terminus of Notl while the Not group of proteins interacts
with C terminus. The Ccr4, Cafl (also known as Pop2) and the Not proteins 1, 2, 4 and 5
all have identified roles in regulating transcription. Ccr4 and Pop2 also have identified
roles in the regulation of mRNA decay.
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Figure 1.6
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Figure 1.6 Not4 full-length summary

(Gene, 2011)

NOT4 located on the Chromosome V: 293,048-294,811 forward strand. Not4 contains
two protein motifs in its N-terminal region: a RING finger and an RRM. The N-terminal
of the protein is evolutionarily conserved, in contrast to the C-terminal, which is not
(Albert et al., 2000).



Figure 1.7
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Figure 1.7 Not4 full-length protein sequence

Not4 is 587 amino acids in length. The Not4 RING finger extends from a.a. 33 to a.a. 77
and is shown with a single underline. The Not4 RRM extends from a.a. 138 to a.a. 228
and is shown with a double underline (Gene, 2011).
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Figure 1.8

(Hanzawa et al., 2001)

Figure 1.8 Schematic view of the RING finger structure of Not4

The conserved a-helix is seen in the center of the structure. The conserved zinc ions are
indicated as balls. Cysteine residues that coordinate the zinc ions are seen in close

proximity to the ions.
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Figure 1.9
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Figure 1.9 Schematic view of the RRM

The schematic shows an RRM interacting with a triplet UUU sequence. The RRM
domain structure is characterized by two a-helices packed on a four-stranded -sheet with

the B-sheets acting as the primary RNA binding surface.
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Figure 1.10
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Figure 1.10 Protein ubiquitination

(Woelk et al., 2007)

Protein ubiquitination is mediated by E1 ubiquitin-activating enzyme, E2 ubiquitin-
conjugating enzyme and E3 ubiquitin ligase. E1 ubiquitin-activating enzyme activates
ubiquition through an ATP-dependent mechanism and transfers the activated ubiquitin to
an E2 ubiquitin-conjugating enzyme. An E3 ubiquitin ligase then interacts with the E2
ubiquitin-conjugating enzyme to label the targeted protein with ubiquitin.
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Table 1.1 Not4 full-length statistics

Average residue weight 111.335
Charge 14.5
Isoelectric point 8.1690
Molecular weight 65,353.83
Number of residues 587

(Gene, 2011)

Table 1.1 Not4 full-length statistics. The Not4 protein (also called Mot2) is a 587 amino

acid E3 ubiquitin ligase.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials
The strain used in this work is BY4741 Not4-13myc::kanMX. All media were standard,
all RNA oligonucleotides were from Dharmacon Research; PreScission protease was

from GE Healthcare; all other reagents were from Sigma, Fisher Scientific or VWR.

2.2 Cloning of Not4 ORF and Not4 RRM into pGEX-6P-1 vector

The genomic DNA from a BY4741 Not4-13myc::kanMX strain was subjected to PCR to
amplify the NOT4 gene. The primers used for amplification of this sequence were 5'-
GGCGAATTCATGATGAATCCACACGTTCA-3' (forward) and 5'-
GGCCTCGAGTTAATTACCGGCGATAATTTTCC-3' (reverse). The amplified protein
product was then purified through phenol-chloroform isoamyl (PCIAA) extraction and
ethanol precipitation. The RNA Recognition Motif (RRM) of Not4 was purified through
PCIAA and ethanol precipitation as well in preparation for sequential restriction
digestion. Restriction enzyme Xhol was used to digest NOT4 ORF, the NOT4 RRM, and
the pGEX-6P-1 vector (Figure 2.1). PCIAA extraction and ethanol precipitation was
performed, and then restriction digestion with enzyme EcoR1 was performed. Sequential
restriction digestion was completed with the PCIAA extraction and ethanol precipitation

of both the NOT4 ORF and NOT4 RRM inserts and the pGEX-6P-1 vector. Treatment

19



with calf intestine alkaline phosphatase (CIAP) was further used for the pGEX-6P-1

vector.

2.3 DNA gel purification

DNA fragment gel purification was performed in 1% Low Melt agarose in 1.5X TAE
with STE buffer [10 mM Tris-HCI (pH 8), 100 mM NaCl, 1 mM EDTA] for NOT4 ORF,
NOT4 RRM, and pGEX-6P-1. The purified plasmid product was concentrated through
butanol extraction with an equal volume of anhydrous n-butanol to DNA samples, and
DNA concentrations were measured with a Thermo Scientific Nanodrop™ 2000
spectrophotometer. The ligation reaction was done with T4 DNA ligation buffer at a 3:1

ratio for the NOT4 ORF and NOT4 RRM insert to the pGEX-6P-1 vector.

2.4 Bacterial cell transformation for plasmid amplification

To amplify the recombinant plasmids in preparation for protein expression in competent
BL21(DE3)pLysS Escherichia coli cells, the recombinant plasmids were transformed
into DH5a competent E. coli cells in lysogeny broth (LB) media. A volume of 5 ul of
plasmid DNA was added to 100 pl of DH5a competent cells in a 1.5 ml microfuge tube.
The tube was immediately placed on ice for 30 minutes with intermittent mixing by
flicking every 10 minutes. The cell suspension was then placed in a 42 °C water bath for
1.5 minutes. 1 ml of room temperature LB media was added to the mixture and the
microfuge tube was placed in a 37 °C water bath for 30 minutes. The mixture was
centrifuged at 5000 rpm for one minute, and 500 pl of the supernatant was pipetted out

and discarded. The remaining contents of the microfuge tube were re-suspended gently
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by pipetting 3-4 times and inoculated to three LB and ampicillin (LB/AMP) culture
plates. The culture plates were incubated overnight in a 37 °C incubator and then stored

at 4 °C.

2.5 Mini scale plasmid preparation

Single colonies from both the NOT4 ORF / pGEX-6P-1 transformation plates and the
NOT4 RRM / pGEX-6P-1 transformation plates were each inoculated into separate 5 ml
of LB containing 100 pg/ml of ampicillin for 20 cultures total. The cultures were grown
overnight on a 37 °C shaker. The overnight cultures were then centrifuged for 10 minutes
at 4 °C and 2200 rpm and the supernatant was discarded. Each cell pellet was re-
suspended in 1 ml of 0.1X TE by vortexing and transferred to separate 1.7 ml microfuge
tubes. The cell suspensions were centrifuged for 1 minute at 4 °C and 5000 rpm and the
supernatants were aspirated. The pellets were re-suspended in 100 pl of cold Solution I
[50 mM glucose, 25 mM Tris-Cl (pH 8.0), 10 mM EDTA (pH 8.0)] by vortexing. 200 pl
of Solution II [0.2 M NaOH, 1% SDS] was then added and the contents were mixed by
inversion and placed on ice for 5 minutes. 150 pl of cold Solution III [3 M potassium
acetate, 5 M acetate] was added. The contents were then mixed by vortexing and placed
on ice for 5 minutes. The microfuge tubes were then centrifuged for 10 minutes at 4 °C
and 5000 rpm. Each supernatant was transferred into a separate fresh microfuge tube. 0.7
— 0.8 volume of isopropanol was added and mixed with the supernatant. The suspension
was placed at room temperature for 15 minutes, after which the supernatants were
discarded and the plasmid pellets were air dried and stored at 4 °C. Digestion with Xhol

and EcoR1 in 10X Buffer 2 was used to verify the plasmid prep product.
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2.6 Bacterial cell transformation with BL21(DE3)pLysS E. coli cells

Bacterial cell transformations for both the Not4 ORF pGEX-6P-1 and Not4 RRM pGEX-
6P-1 recombinant plasmid were performed beginning with 100 pl of competent
BL21(DE3)pLysS E. coli cells and 5 pl of the desired recombinant plasmid in a 1.7 ml
microfuge tube. The mixture was kept on ice for 30 minutes with intermittent mixing by
flicking every 10 minutes. The mixture was placed in a 42 °C water bath for 1.5 minutes.
1 ml of room temperature LB media was added to the mixture and the microfuge tube
was placed in a 37 °C waterbath for 30 minutes. The mixture was centrifuged at 5000
rpm for 1 minute, and 500 pl of the supernatant was pipetted out and discarded. The
remaining contents of the microfuge tube were re-suspended gently by pipetting and
plated over three LB/AMP plates. The culture plates were grown overnight at 37 °C and

then stored at 4 °C.

2.7 Conditions for protein expression

The Not4 ORF pGEX-6P-1 recombinant plasmid was transformed into either E. coli
BL21(DE3)pLysS or CODON+ competent cells. Protein expression was then performed
under auto-induction (Fox, 2009), LB only, and isopropyl B-D-1-thiogalactopyranoside
(IPTG) induction conditions to determine the most suitable competent cell strain and
expression condition to use for Not4 protein expression. BL21(DE3)pLysS competent

cells and IPTG induction was determined to be an appropriate choice.
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2.7 E. coli protein expression, purification and extraction

To make the starter culture, a smear (20-30 count) of colonies from the overnight
LB/AMP culture plates were used to inoculate 100 ml LB media containing 10 mg
ampicillin and 2.5 mg chloramphenicol (LB/AMP/CAM media). The cell culture was
grown for 2 hours in a 37° C shaker and the optical density (O.D.) was taken at the end of
the 2 hours. The starter culture in its entirety was then introduced to 4 L of
LB/AMP/CAM media and grown to an O.D. of 0.6 in a 37° C shaker (the doubling time
for E. coli cells is approximately 20 minutes). The culture was then induced with IPTG at
0.5 mM and placed in a 22° C shaker for 2 hours. Culture cells were sampled just before
and directly after IPTG induction and processed through Coomassie Brilliant Blue

staining SDS-PAGE.

To harvest the cells, the E. coli cell culture was centrifuged for 12 minutes at 4° C and
3300 rpm in the Sorvall SLC-6000 centrifuge. The supernatant was discarded and the
remaining cell sediment was washed 4 times with 10 ml of 1X PBS, centrifuging between
each wash. For storage, cells transferred to 15 ml test tubes, flash-frozen under dry ice for

5 minutes, and stored at —80 °C.

GST protein purification and extraction was performed on ice with pre-chilled buffers to
minimize protein degradation. Per 2 ml of harvested cells, 8 ml of 1 M NaCl GST bufter
[20 mM Tris (pH 7.5), 0.5 mM EDTA, 10 mM B-mercaptoethanol, 1 M NaCl, 0.1%
NP40] containing 1 mM benzamidine-HCI and 0.4 mM PMSF were used to re-suspend

the cells. 40 pl of DDT was added to each 10 ml total volume and the cell suspension was
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subjected to sonication using a Branson sonifier at power 6 and 60% duty for 10 pulses.
Sonication was repeated 4 times with a 3 minute chill interval on ice between each
session. After sonication, 0.8 ml of 10% Triton X-100 was added per 10 ml total volume
cell lysate. The cells were then incubated in a 22 °C shaker for 30 minutes and
centrifuged for 15 minutes at 4 °C and 15,000 rpm in the Sorvall SLC-6000 centrifuge.
After centrifugation, the supernatant was sampled and processed through Coomassie

Brilliant Blue staining SDS-PAGE.

The supernatant was introduced to 2 ml of Glutathione Sepharose4 Fast Flow beads pre-
washed with 1M GST buffer. Binding was given 2 hours on a 4 °C test tube rocker. The
beads were then centrifuged for 2 minutes at 4 °C and 1000 rpm. The flow-through was
sampled. 8 ml of GST buffer was used to wash the beads 4 times with a 5 minute interval
on the test tube rocker between each wash. The beads were then transferred to a fresh test
tube, washed once with GST buffer, and re-suspended in 1 ml GST buffer. The re-
suspended beads were sampled and processed through Coomassie Brilliant Blue staining

SDS-PAGE.

2.10 PreScision protease protein digestion

The protein-bound beads were washed with 10 ml ice-cold PreScision protease buffer [50
mM Tris-HCI (pH 7.0), 150 mM NaCl, 1 mM EDTA, 1 mM DTT] for 5 minutes on a
4 °C test tube rotator and centrifuged for 2 minutes at 4 °C and 1000 rpm. 1 mL of
PreScision protease buffer was used to re-suspend and transfer the protein-bound beads to

1.7 ml microcentrifuge tubes. The protein-bound beads were centrifuged for 2 minutes at
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4 °C and 1000 rpm and the supernatant was discarded. 400 pl of PreScision protease
buffer and 25 pl of PreScision protease were then added to each microcentrifuge tube and

the digestion was set at 4 °C for 20 hours.

After 20 hours, the beads were centrifuged for 3 minutes at 4 °C and 3000 rpm. The
supernatant was collected in a fresh 1.7 ml microcentrifuge tube. The remaining beads
were first washed with 200 pl of PreScision protease buffer and then washed three more
times with 500 pl of PreScision protease buffer. A sample of the supernatant and each
subsequent wash was taken and run on an SDS gel. Since the likelihood of protein elution
is highest in the first wash, the 200 pl wash would be combined with the supernatant if
protein was detected on the SDS gel. Additional washes typically did not elute protein

and were discarded.

The pooled protein preparation was concentrated using a Vivaspin 500 centrifugal
concentrator as described by the Vivaspin 500 protocol (Sartorius Stedim Biotech, 2008)
until total volume was reduced to 500 pl. The protein was then stored in 60 pl aliquots at

—80 °C.

2.12 SP-sepharose column purification for Not4 full-length

The pooled and concentrated Not4 protein was passed over a 0.5 ml SP-sepharose
column. The column was washed with 20 ml of buffer A [20 mM HEPES-NaOH (pH
7.4), 75 mM NaCl, 10% glycerol] followed by a wash with 10 ml of buffer B [20 mM

HEPES-NaOH (pH 7.4), 150 mM NacCl, 10% glycerol]. The protein was eluted using
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buffer C [20 mM HEPES-NaOH (pH 7.4), 500 mM NaCl, 10% glycerol]. The fractions
free of impurities were pooled and concentrated as described by the Vivaspin 500

protocol. The protein was stored at -80 °C.

2.13 Bio-Rad protein assay

Protein concentration was determined by the Bio-Rad Protein Assay, which is based on
the Bradford method. Acidic Coomassie Brilliant Blue G-250 dye is added to the protein
solution and measured at 595 nm with a spectrophotometer. A relative measurement of
protein concentration is then determined by comparison to a standard curve generated

with bovine serum albumin (BSA).

2.14 Fluorescence polarization assay

The fluorescence polarization (FP) assay was performed on a Beacon'™ 2000
fluorescence polarization system by GE Healthcare with minimal light exposure by
combining 0.1 nM 20mer 3’-fluorescein-labeled polyU RNA (Dharmacon) with
increasing concentrations of either the Not4 full-length or the Not4 RRM derivative
proteins in 1X RNA binding buffer [25 mM HEPES-NaOH (pH 7.4), 10 mM MgCl,, 1
mM B-mercaptoethanol and 50 mM NaCl] and measuring the flurescence polarization mP
value at each protein concentration. The volume of the protein mix was added at 10% of
the total reaction volume, the RNA mix was added at 50% of the total reaction volume,
and the RNA binding buffer was added at 5% of the total reaction volume. The mP value

was plotted against the protein concentration and a hyperbolic curve was fitted to the data
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using the Synergy Software KaleidaGraph program to determine the Ky dissociation

constant.

2.15 Electrophoretic mobility shift assay

The electrophoretic mobility shift assay (EMSA) was performed by mixing 100 nM
20mer 3’-fluorescein-labeled polyU RNA (Dharmacon) with increasing concentrations of
either the Not4 full-length or the Not4 RRM derivative proteins in 1X RNA binding
buffer. 10X native agarose gel loading buffer [15% ficoll, 0.25% xylene cyanol, 0.25%
bromophenol blue] was added to the RNA samples to a final concentration of 1X. The
final binding volume was 10 pl. Samples were run on a 5% native gel in a running buffer
[50 mM Tris (pH 8.5), 0.38 M Glycine, 2 mM EDTA (pH 8.0), 5 mM MgCl,]. The 5%
native polyacrylamide gel was composed of 5% polyacrylamide with 29:1
acrylamide/bis-acrylamide and 0.5X Tris-Borate-EDTA (TBE) running buffer [44.5 mM

Tris (pH 8.5), 44.5 mM boric acid, ] mM EDTA (pH 8.0)].

The gel was run at 100 V for 1 hour and analyzed using a Phosphorlmager. The gel was

scanned with the Molecular Dynamics Typhoon system and a Fluorescence 526 SP

emission filter, and ImageQuant was used to view the scan.
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Figure 2.1
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Figure 2.1 pGEX-6P-1 vector plasmid map

Restriction enzymes EcoR1 and Xhol were used to digest the pGEX-6P-1 vector at sites
954 and 969 respectively.

28



CHAPTER 3

RESULTS

3.1 Not4 full-length shows RNA binding activity in vitro

The Not4 protein is an E3 ubiquitin ligase containing one C3H1-type zinc finger, one
RING-type zinc finger and one RNA recognition motif (RRM) domain. While the three
domains in Not4 have all been described, only the function of the RING domain has been
identified (Panasenko and Collart, 2011). The RRM domain is conserved from humans to
yeast and is implicated in binding a variety of RNA sequences and proteins (Maris et al.,
2005). Interestingly, recent studies have linked the process of ubiquitination to mRNA
metabolism, and there is evidence to support the idea that RNA-binding activities of E3
ubiquitin ligases help to regulate RNA stability (Cano et al., 2010). However, the Not4
protein and the Not4 RRM domain have not been shown to bind RNA. It is possible that
as an E3 ubiquitin ligase with an RRM domain, the Not4 protein is able to bind RNA

through its RRM domain.

To study the RNA binding activity of Not4, the Not4 ORF was first cloned into pGEX-
6P-1 and the recombinant protein was expressed in either BL21-DE3 pLysS or CODON+
competent cells. Protein expression was then tried under auto-induction, LB only, and
IPTG induction conditions (Figure 3.1 A) to determine a suitable expression condition to
use for Not4 protein expression. BL21(DE3)pLysS competent cells and IPTG induction
was chosen for Not4 full-length protein expression (Figure 3.1 B) because the cells

showed strong Not4 expression relative to protein products not of interest to this study.
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GST protein purification and extraction was used to process the expressed Not4 full-
length protein and Glutathione Sepharose4 Fast Flow beads were used for protein

binding. Protein digestion was performed with PreScision protease (Figure 3.1 C).

The Not4 protein was concentrated with a Vivaspin 500 centrifugal concentrator (Figure
3.1 D). However, after protein concentration, the degradation products of the Not4 full-
length protein of interest became concentrated as well. A SDS-gel protein sample run
shows protein purity at approximately 60% (Figure 3.1 D). To increase percent purity, the
concentrated Not4 protein was passed through a 0.5 ml SP-sepharose column and eluted
at 500 mM NacCl (Figure 3.1 E). Six fractions were collected. Fractions one and three
(lane 2 and lane 4 of Figure 3.1 E respectively) were free of impurities and were pooled
and concentrated again with a Vivaspin 500 centrifugal concentrator to be used in RNA

binding assays.

Next, fluorescence polarization was used to determine the RNA binding activity of Not4.
Assays were performed by combining 0.1 nM 20mer 3’-fluorescein-labeled polyU RNA
with increasing concentrations of the Not4 full-length protein. Data was collected by
monitoring the change in the fluorescence polarization mP value. The Ky dissociation
constant for Not4 binding to RNA was determined by plotting fluorescence polarization
as a function of protein concentration and fitting the experimental data to a rectangular
hyperbola with the following equation: y=(m1*m0)/(m2+m0)+m3, where mO is the

protein concentration independent variable, m1 is the maximum fluorescence polarization
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mP value, m2 is the Ky dissociation constant, m3 is the y-axis shift, and y is the

fluorescence polarization mP dependent variable.

We observed variable RNA binding activity from assay to assay for the Not4 full-length
protein. The results from six assays are shown in Figure 3.3 A — F and typify the range
of binding activity seen in the fluorescence polarization assays. K4 values range from
385.62 + 202.8 (Figure 3.3 D) to 1787.1 + 1087.4 (Figure 3.3 B). Additionally, assays
showing no RNA binding activity were obtained such as that seen in Figure 3.3 E, where
the increase in mP value with increasing protein concentration appears with a linear
correlation that is likely due to protein aggregation and non-specific binding rather than
specific binding. The mean Ky value as determined from the fluorescence polarization
binding assays showing RNA binding (those shown in Figure 3.3 A — F, excluding that
shown in Figure 3.3 E) is 1174.38 with a standard deviation of 520.50. The variable

binding assay results suggest possible discrepancies in protein quality between assays.

The binding assay graph shown in Figure 3.3 F with a Ky value of 1221.2 + 412.35 was
re-plotted with the two terminal data points removed because the curvature of the plotted
data points suggests a smooth binding saturation and because the hyperbolic fit yields the
highest R-value, 0.99182. The two terminal data points were removed as outliers possibly
caused by protein aggregation at high protein concentrations and the plot was re-fitted to
a rectangular hyperbola (Figure 3.4). The re-plotted data yielded a better curve fit as seen
by an increase in R-value to 0.99707. The Ky value determined from this re-adjusted plot

is 594.46 + 114.28 (Table 3.1).
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To see if a different type of binding assay would yield more consistent results and further
confirm the binding activity of the Not4 protein, an electrophoretic mobility shift assay
(EMSA) was performed with 0.1 nM 20mer 3’-fluorescein-labeled polyU RNA and
increasing amounts of the purified Not4 protein. The EMSA did not show RNA binding
activity (Figure 3.6), suggesting that experimental conditions under which the EMSA
assay was performed was not as conducive to protein — RNA binding as that of the
fluorescence polarization assay. Factors that may have prevented protein — RNA binding
include the ionic strength and pH of the binding buffer and the temperature and time of
the binding reaction among other factors. Because the RNA binding activity of Not4 had
been demonstrated through fluorescence polarization, further Not4 full-length binding

assays through EMSA with adjusted conditions were not pursued.

3.2 Not4 RRM does not show RNA binding activity in vitro

The RRM is a common protein domain in eukaryotes, present in about 0.5-1.0% of
human genes and is involved in the binding of a variety of RNA sequences and proteins
(Maris et al., 2005). Its domain structure is characterized by two a-helices packed on a
four-stranded B-sheet with the B-sheets acting as the primary RNA binding surface
(Figure 1.9). Binding affinity and specificity of the RRM to RNA is dependent on the 3-
strands, loops, and a-helices (Stefl et al., 2005). Neighboring RRM domains influence
binding and affinity by increasing RNA-binding affinity and specificity (Maris et al.,
2005). However, little information is known about the binding activity of the RNA

recognition motif of Not4 (Panasenko and Collart, 2011). Since we have demonstrated
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that Not4 has RNA binding activity through fluorescence polarization assays, we

hypothesized that binding occurs via the evolutionarily conserved RRM region of Not4.

To study whether Not4 RNA binding occurs through the Not4 RRM domain, a derivative
of the NOT4 gene containing only the RRM was cloned into pGEX-6P-1. The
recombinant protein was expressed in E. coli BL21-DE3 pLyS competent cells (Figure
3.2 A). The protein was purified through GST protein purification using Glutathione
Sepharose4 Fast Flow beads for protein binding. Protein digestion was performed with
PreScision protease and the protein was concentrated with a Vivaspin 500 centrifugal
concentrator. RRM protein purity is approximately 95% (Figure 3.2 B). SP-sepharose
purification was not performed as was done for the Not4 full-length protein because

protein degradation was minimal.

Fluorescence polarization was used to determine the RNA binding activity of the Not4
RRM. Assays were performed by combining 0.1 nM 20mer 3’-fluorescein-labeled polyU
RNA with increasing concentrations of the Not4 RRM protein. Data was collected by
monitoring the change in the fluorescence polarization mP value. A total of four
fluorescence polarization assays were performed for the Not4 RRM derivative (Figure
3.5 A —D). In the 0.0 — 6.0 uM range of RRM protein concentrations tested, no binding
was observed. The increase in mP value with increasing protein concentration appears
with a linear correlation that is likely due to protein aggregation and non-specific binding
rather than specific binding. An EMSA binding assay was performed with 0.1 nM 20mer

3’-fluorescein-labeled polyU RNA and increasing amounts of the purified Not4 RRM
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protein in the concentration range of 0.0 — 10.0 uM. As with fluorescence polarization, no

RNA binding activity was observed for the Not4 RRM with EMSA (Figure 3.6).

Having shown that the Not4 full-length protein, but not the Not4 RRM, has RNA binding
activity, our results suggest that the Not4 RRM alone is not sufficient for RNA binding.
However, the RRM may still contribute to RNA binding within the context of the full-
length Not4 protein. Also, it is possible that the RNA binding activity of Not4 is

dependent on domain(s) other than the RRM.
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Figure 3.1 Not4 full-length protein expression and purification
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A. Not4 full-length protein expression under different conditions. Not4 / pGEX
recombinant protein was expressed in BL21-DE3 pLysS cells under auto-induction (lane
2) and IPTG induction (lane 3) conditions and in CODON+ competent cells under LB
(lane 4), auto-induction (lane 5), and IPTG induction (lane 6) conditions. A high
molecular weight marker is shown in lane 1.
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B. Not4 full-length protein expression in E. coli BL21-DE3 pLysS cells. Culture cells
were sampled before IPTG induction (lane 2) and after IPTG induction (lane 3). GST
protein purification and extraction was performed on the IPTG induced cell culture and
the supernatant was samples (lane 4). The protein was bound to Glutathione Sepharose4
Fast Flow beads (lane 6). The flow-through from the beads shows loss of protein (lane 5).
A high molecular weight marker is shown in lane 1.
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C. PreScission protease digestion of Not4 full-length. After 20 hours of digestion, the
supernatant (lane 3) and one wash (lane 4) were collected. The remaining beads showed
retention of the Not4 full-length (lane 2). A high molecular weight marker is shown in

lane 1.

106
97
66 | w— ww |-t— Not4 full-length
45

—_—
» . — -— GST

D. Not4 full-length protein concentration. The protein supernatant (lane 2) and wash
(lane 3) were pooled together (lane 5). Lane 4 shows remaining the Glutathione
Sepharose4 Fast Flow beads after protein digestion. The pooled protein was concentrated
using a Vivaspin 500 centrifugal concentrator (lane 7). No protein was detected in the
flow-through (lane 6) from the Vivaspin 500 concentration procedure. A high molecular

weight marker is shown in lane 1.
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E. Not4 full-length SP-sepharose column purification. The pooled and concentrated Not4
protein was passed over a 0.5 ml SP-sepharose column. The protein was eluted using
buffer C. Six fractions were collected (lanes 2 through 7 respectively). The column was
washed with buffer A (lane 9) followed by a wash with buffer B (lane 10). A sample of
the flow-through from the Vivaspin 500 concentration procedure was run again: protein
was detected in this gel (E, lane 8) whereas no protein was detected in the previous gel
(D, lane 6) because of gel picture contrast and resolution. A high molecular weight
marker is shown in lane 1.
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Figure 3.2 Not4 RRM protein expression and purification
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A. RRM expression in E. coli BL21-DE3 pLysS cells. Culture cells were sampled before
IPTG induction (lane 2) and after IPTG induction (lane 3). GST protein purification and
extraction was performed on the IPTG induced cell culture and the supernatant was
sampled (lane 4). The protein was bound to Glutathione Sepharose4 Fast Flow beads
(lane 6). The flow-through from the beads shows loss of protein (lane 5). A high
molecular weight marker is shown in lane 1.
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B. PreScission protease digestion of RRM. After 20 hours of digestion, the supernatant
(lane 3) and one wash (lane 4) were collected. The remaining beads showed retention of
the RRM (lane 2). A high molecular weight marker is shown in lane 1.
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Figure 3.3 Not4 full-length RNA binding assay graphs
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Not4 full-length binding to 20mer PolyU (2 Nov. 2009)
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Not4 full-length binding to 20mer PolyU (8 Nov. 2009)
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Not4 full-length binding to 20mer PolyU (27 Jan. 2010)
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Not4 full-length binding to 20mer PolyU (29 Jan. 2010)
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Not4 full-length binding to 20mer PolyU (30 Jan. 2010)
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Figure 3.3 Not4 full-length RNA binding assay graphs. [A] Fluorescence polarization
was used to determine the RNA binding activity of Not4. Assays were performed by
combining 0.1 nM 3’-fluorescein-labeled polyU RNA with increasing concentrations of
the Not4 full-length protein and monitoring the change in the fluorescence polarization
mP value. The Ky dissociation constant for Not4 full-length binding to RNA was
determined by plotting fluorescence polarization as a function of protein concentration
and fitting the experimental data to a rectangular hyperbola with the following equation:
y=(m1*m0)/(m2+m0)+m3, where mO is the protein concentration independent variable,
ml is the maximum fluorescence polarization mP value, m2 is the Ky dissociation
constant, m3 is the y-axis shift, and y is the fluorescence polarization mP dependent
variable. [B] Same as A except that the binding assay was performed again on a different
date with a separate protein preparation. [C] Same as A except that the binding assay was
performed again on a different date with a separate protein preparation. [D] Same as A
except that the binding assay was performed again on a different date with a separate
protein preparation. [E] Same as A except that the binding assay was performed again on
a different date with a separate protein preparation. [F] Same as A except that the binding
assay was performed again on a different date with a separate protein preparation.
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Figure 3.4 Re-plotted Not4 full-length binding to 20mer polyU
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Figure 3.4 Figure 3.3 [F] re-plotted for Not4 full-length binding to 20mer polyU. The
binding assay graph shown in Figure 3.3 F with a K4 value of 1221.2 + 412.35 was re-
plotted with the two terminal data points removed. The Kg4 value determined from this re-

adjusted plot is 594.46 + 114.28.
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Figure 3.5 RRM RNA binding assay graphs

RRM binding to 20mer PolyU (30 Oct. 2009)
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RRM binding to 20mer PolyU (20 Feb. 2010)
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Figure 3.5 RRM protein RNA binding assay graphs. [A] Fluorescence polarization was
used to determine the RNA binding activity of the RRM of Not4. Assays were performed
by combining 0.1 nM 3’-fluorescein-labeled polyU RNA with increasing concentrations
of the RRM derivative protein and monitoring the change in the fluorescence polarization
mP value. The K4 dissociation constant for RRM binding to RNA was determined by
plotting fluorescence polarization as a function of protein concentration and fitting the
experimental data to a rectangular hyperbola with the following equation:
y=(m1*m0)/(m2+m0)+m3, where mO is the protein concentration independent variable,
ml is the maximum fluorescence polarization mP value, m2 is the Ky dissociation
constant, m3 is the y-axis shift, and y is the fluorescence polarization mP dependent
variable. [B] Same as A except that the binding assay was performed again on a different
date with a separate protein preparation. [C] Same as A except that the binding assay was
performed again on a different date with a separate protein preparation. [D] Same as A
except that the binding assay was performed again on a different date with a separate
protein preparation.
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Figure 3.6
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Figure 3.6 Electrophoretic mobility shift assay with 20mer polyU RNA. The
electrophoretic mobility shift assay (EMSA) was performed with polyU RNA and
increasing concentrations of either the Not4 full-length or the Not4 RRM derivative
proteins. The samples were run on a 5% gel at 100 V for 1 hour. The gel scanned with the
Molecular Dynamics Typhoon system and a Fluorescence 526 SP emission filter.
ImageQuant was used to view the scan.
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Table 3.1 Summary of dissociation constants for Not4 full-length binding to RNA

Ky dissociation constant (nM) R-value
Figure 3.3
A 1044.6 + 389.99 0.99071
B 1787.1 £ 1087.4 0.98542
C 1433.4 + 608.25 0.99082
D 385.62 £202.8 0.96935
E no binding
F 1221.2 £412.35 0.99182
Figure 3.4
Figure 3.3 [F] re-plotted 594.46 + 114.28 0.99707

Table 3.1 Summary of dissociation constants for Not4 full-length binding to RNA. RNA
binding assay results for the Not4 full-length K4 dissociation constant is listed. The curve
fit R-value for each graph is listed as well.
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CHAPTER 4

DISCUSSION

4.1 Role of RNA binding in Not4 E3 ubiquitin ligase activity

In this project, we report that the Not4 E3 ubiquitin ligase has RNA binding activity.
Previous studies have demonstrated the existence of RNA-binding E3 ubiquitin ligases
that bind to and regulate RNA stability (Cano et al., 2010). Comparative genomics have
also confirmed many proteins in animals, plants and fungi containing both ubiquitination
and RNA-binding domains (Lucas et al., 2005). Although it is not clear what role RNA
binding plays in E3 ubiquitin ligase activity, it is interesting to note that the regulation of
protein and mRNA stability may be linked through the ubiquitin system. In light of the
role that Ccr4-Not complex plays as a global regulator of gene expression (Figure 1.5),
the result that the Not4 subunit of the complex is an E3 ubiquitin ligase with RNA
binding activity does not come as a contradiction to the current understanding of the

function of the subunit or the protein complex.

4.2 Not4 full-length shows RNA binding activity

Our results from in vitro fluorescence polarization binding assays show that Not4 binds
RNA at a K4 of approximately 594.46 + 114.28 nM (Figure 3.4). In comparison to
TcUBPI1, a well-characterized RRM protein, this K4 value is demonstrative of RNA

binding. TcUBP1, a trypanosome cytoplasmic RNA-binding protein involved in the
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selective destabilization of U-rich mRNAs, contains a single, conserved RRM domain

(Volpon et al., 2005) and binds RNA at a K4 of 14300 = 0.1 nM

We suggest that the RNA binding activity is important to the function of Not4 and the
Ccr4-Not complex. On one hand, Not4 contains an RRM, which is highly conserved
throughout evolution and is known to bind RNA sequences. On the other hand, Not4 is a
part of the larger Ccr4-Not complex, which is involved in nuclear transcription and
cytoplasmic mRNA degradation (Liu et al., 1998; Collart and Timmers, 2004; Maillet
and Collart, 2002; Tucker et al., 2001). The RNA binding activity of Not4 may very well
support the activity of the Ccr4-Not complex, although it is not yet clear what such a role

may be.

The results of our fluorescence polarization assays, although indicative of RNA binding,
show variable Not4-RNA binding strengths. K4 dissociation constants range from 385.62
+ 202.8 (Figure 3.3 E) to 1787.1 £ 1087.4 nM (Figure 3.3 B). The K4 determined from
the selected representative binding assay (Figure 3.4) is 594.46 nM. This K4 varies 2 — 3-
fold with different protein preparations, similar to the variability noted in other RNA —
protein systems (Hall and Stump, 1992). We believe these discrepancies may be due to
variations in the quality of the protein used for the RNA binding assays and to
imprecision in the estimation of the protein concentration due to break-down products.
Protein quality may be affected in the process of protein induction, purification and

concentration and in protein storage time and temperature. Additionally, binding assays
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conditions may affect both protein stability as well as RNA binding affinity, leading to

variable Ky dissociation constants.

Of the binding assay, we analyzed the plot with the best hyperbolic fit, or highest R-value
(Figure 3.3 F). Figure 3.3 F was re-fitted with the terminal two data points removed
(Figure 3.4). We believe that the deviation of the terminal two data points at 1400 nM
and 1500 nM Not4 protein concentrations mark the beginnings of protein aggregation and
non-specific binding due to the increase in protein concentration. A comparison between
the original fit and the adjusted fit shows a two-fold decrease in K4 from 1221.2 +412.35
to 594.46 + 114.28 nM and an small increase in R-value from 0.99182 to 0.99707 (Table

3.1).

20mer 3’-fluorescein-labeled polyU RNA was used in the RNA binding assays because
previous studies have shown that RNA-binding proteins show higher binding affinity for
polypyrimidines than polypurines (Albo et al., 1995) and that RRMs can bind polyU
RNA with an affinity ten-fold higher than nonspecific substrate polyA (Pérez et al.,

1997).

4.3 Not4 RRM does not show RNA binding activity

The RRM is approximately 90 amino acids in length (Birney et al., 1993) and its domain
structure is characterized by two a-helices packed on a four-stranded B-sheet with the -
sheets acting as the primary RNA binding surface (Figure 1.9) ina f; — oy — B2 — B3 — o2 —

B4 sequence. The RRM is an evolutionarily conserved domain, but it has only a few well-
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conserved residues. These conserved residues reside mostly in the RNP-1 (octomer) and
RNP-2 (hexamer) submotifs with the RNP-1 being the most obvious signature for the
typical RRM (Birney et al., 1993). The RNP-1 and RNP-2 submotifs reside in the central
anti-parallel B; and B; sheets respectively (Birney et al., 1993). While there is no
universal consensus sequence for the RRM, the RNP consensus sequences have been
determined. The RNP-1 consensus sequence is defined as Lys / Arg-Gly-Phe / Tyr-Gly /
Ala-Phe/Tyr-Val/Ile/Leu-X-Phe/ Tyr and the RNP-2 consensus sequence is defined as
Ile/Val/Leu-Phe/Tyr-lle/Val/Leu-X-Asn-Leu, where X can be any amino acid (Maris

et al., 2005).

While some RRMs are capable of forming a globular domain that is able to
independently bind RNA, RNA — binding usually requires a synergy between two or
more RRMs in a multi-domain protein (Birney et al., 1993). In eukaryotic proteins,
RRMs will appear as multiple copies 44% of the time and together with other domains
21% of the time (Maris et al., 2005). Neighboring RRM domains and other protein
domains influence the RNA-binding ability of the RRM by modulating its affinity and

specificity (Maris et al., 2005).

The presence of an RRM in protein is strongly suggestive of a functional role in RNA
binding. Furthermore, because the RRM domain of the human counterpart of the Not4
protein, hNot4, has been shown to be involved in the binding of single-stranded nucleic
acids (reviewed in Nagai et al., 1995), we hypothesized that the RNA binding activity of

Not4 occurs through the RRM region in the protein. After fluorescence polarization

58



confirmed the RNA binding activity of Not4, we further analyzed the Not4 RRM in in
vitro RNA binding assays. However, despite greater protein purity in RRM expression as
compared to the Not4 protein, no RNA binding was detected through either fluorescence

polarization (Figure 3.5) or EMSA for the Not4 RRM derivative (Figure 3.6).

Absence of Not4 RRM RNA binding activity may be due to several factors. It is possible
that the K4 value for the RRM domain had not been reached at the protein concentration
range used (0.0 — 10.0 uM). This possibility is unlikely when the compared to the K4
dissociation constants of the polypyrimidine tract binding protein (PTB) RRMs, which
are in the 0.010 — 0.020 uM range (Liu et al., 2002). However, PTB contains four RRMs.
The multiple RRMs may synergistically increase the binding affinity of PTB for RNA
and account for the lower Ky, suggesting the possibility that additional Not4 domains are

needed for proper RRM domain folding, stabilization and RNA binding.

It is known that a combination of two or more RRM domains will often notably increase
RNA binding affinity by lengthening the RNA binding platform of the protein and that
most RNA binding proteins do not solely rely on one RRM domain for RNA binding
(Maris, 2005). Full-length PTB protein binds RNA with dissociation constants in the
range of 0.03 — 0.06 uM. Truncation of PTB to include just the third and fourth RRM
domains in the C-terminal reduces RNA binding by approximately seven-fold (Conte et
al., 2000). Thus, RRM deletion constructs of PTB retain RNA binding activity at a lower

binding affinity (Pérez et al., 1997).
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Not4, however, only contains one RRM domain. Not4 also contains one RING-type zinc
finger and one C3HI-type zinc finger. Interestingly, in eukaryotic proteins, RRMs are
found in 21% of all cases together with other protein domains, the most common of
which are the C3H1 and C2HC zinc finger (Maris et al., 2005). Hence, it may be that
additional Not4 domains and secondary structures are needed for proper RRM domain

folding, stabilization and RNA binding.

A third possibility is that Not4 RNA binding occurs in a region of the protein other than
the RRM domain. A variety of domains other than the RRM enable proteins to bind
RNA. Such domains include the K Homology (KH) domain, Zinc finger (mainly C-x8-C-
x5-C-x3-H type), RGG box, DEAD/DEAH box, Pumilio/FBF (PUF) domain, double-
stranded RNA binding domain (DS-RBD), Piwi/Argonaute/Zwille (PAZ) domain, and
the Sm domain (Lee and Schedl, 2006). In a recent study of the translocated in
liposarcoma (TLS) RNA-binding protein, it was shown that the zinc finger domain of
TLS binds RNA with a dissociation constant of approximately 10 uM (Iko et al., 2004).
TLS, like Not4, contains both an RRM and a zinc finger domain. Interestingly, the RRM
domain of TLS showed no observable interaction with RNA, suggesting that the zinc
finger domain is more important for RNA recognition and binding than the RRM domain
(Iko et al., 2004). Thus, Not4 may very well rely on a protein domain other than the RRM

to bind RNA.
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4.4 Summary

Not4 is an E3 ubiquitin ligase with RNA binding activity. It has been suggested that the
RNA binding activity of E3 ubiquitin ligases helps to regulate RNA stability. While it is
known that Not4 contains an RRM domain, we were not able to show that Not4 binding
to RNA occurs through the RRM domain. Further research will answer these questions
and open up venues towards a better understanding of the properties and functions of

Not4.
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