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Abstract 

The circadian protein Nocturnin (NOCT) belongs to the exonuclease, 

endonuclease and phosphatase (EEP) superfamily and is most similar to the CCR4-class 

of deadenylases that degrade the poly-adenosine poly(A) tails of mRNAs. NOCT-deficient 

mice are resistant to diet-induced obesity and exhibit increased bone density; however, 

the mechanisms by which NOCT regulates these processes remain unknown.  

Based on homology, we predicted that NOCT adopts the α/β hydrolase fold that is 

characteristic of EEP deadenylases, has activity against poly(A) RNAs in vitro and 

regulates mRNA expression and half-lives in vivo. Since the NOCT null animals display 

alterations in lipid metabolism, we expected that we would identify target mRNAs of 

NOCT involved in lipid metabolism and adipogenesis. 

To determine the structure of the NOCT catalytic domain, we solved a pair of 

crystal structures of NOCT, demonstrating that the structure is highly conserved with 

other EEP deadenylases. Purified recombinant NOCT lacked  ribonuclease activity in 

vitro. However, in cell-based assays, we found that NOCT reduces translation and 

abundance of reporter mRNAs. Incomplete reversal of repression when the NOCT active 

site is mutated suggests a role for translational repression in addition to ribonuclease 

activity. NOCT-mediated repression of reporter mRNAs is additionally dependent upon 

the 3′ end, as reporters terminating with a 3′ MALAT1 structure cannot be repressed by 
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NOCT. Together, these data suggest a model by which NOCT represses expression from 

its target mRNAs through RNA decay and translational repression.  

We then examined the NOCT protein sequence for motifs indicating subcellular 

localization. Sequence features of the NOCT mRNA suggests that NOCT may be 

localized to the cytoplasm and the mitochondria. Additionally, the NOCT protein sequence 

has predicted motifs for mitochondrial localization. Consistent with these observations, 

we observed that the full-length NOCT is a preprotein that can be processed. Surprisingly, 

processing of NOCT appears to occur in a tissue-type specific manner, suggesting that 

NOCT is differentially located to the cytoplasm or mitochondria in different cell types. 

To identify potential targets of NOCT we generated HEK293 cells with cytoplasmic 

overexpression of NOCT and performed RNA-Seq. A dataset of transcripts that change 

in abundance with NOCT overexpression was identified, demonstrating that NOCT is able 

to affect steady state levels of mRNAs. In addition to these potential NOCT targets, we 

further confirmed a report that NOCT has phosphatase activity against NADPH and 

NADP+, indicating that NOCT can hydrolyze non-mRNA substrates.  These data suggest 

that NOCT may regulate metabolism through modulating the steady state levels of 

mRNAs as well as NADP(H).  
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CHAPTER 1 

Introduction 

 

1.1 mRNA and the central dogma 

The central dogma of molecular biology describes the flow of information from 

coded instructions in the nucleus to ribonucleic acids that encode temporary instructions 

for synthesis of proteins that maintain cellular function. This classical view of the central 

dogma, although intended to be a succinct description of a key biological process, 

understates the role of ribonucleic acid (RNA). While messenger RNA (mRNA) function 

is reflected in the transfer of information from DNA to protein, multiple types of RNA are 

encoded in the genome that function within the processes encompassed by the central 

dogma. Ribosomal RNAs (rRNAs) compose the catalytic core of the ribosome, which is 

responsible for protein synthesis in concert with transfer RNAs (tRNAs) that translate the 

three nucleotide codons of mRNA to a corresponding amino acid of the polypeptide chain. 

Other layers of gene regulation are performed by yet other RNAs, such as microRNAs 

(miRNAs), long noncoding RNAs (lncRNAs), and enhancer RNAs. Regulatory mRNAs 

such as these act on RNAs themselves, as in the case of miRNAs and lncRNAs that bind 

to specific sequences in mRNAs in order to destabilize them (Bartel, 2018; Yoon et al., 

2013).  While the remainder of this chapter will focus on regulation of eukaryotic mRNA 

expression levels and stability, it is worthwhile to consider that this is only one of many 

important RNAs involved in gene expression. 
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1.2 Pre-mRNA processing and eukaryotic mRNA maturation 

 Before an mRNA can be translated, it must first be transcribed, processed, and 

transported to the cytoplasm. RNA transcribed from DNA is called precursor mRNA (pre-

mRNA), which lacks features enabling translation and contains intronic sequences that 

must be removed for proper expression of the gene product. Therefore, the majority of 

pre-mRNA must undergo the processes of 5ʹ capping, splicing, and 3ʹ cleavage and 

polyadenylation before the transcripts are exported into the cytoplasm. These processes 

are closely linked to the transcription of these messages, as the C-terminal domain of 

RNA polymerase II (RNApol II) has been shown to regulate and facilitate pre-mRNA 

processing (Hsin and Manley, 2012; Lee and Tarn, 2013).  

 Capping occurs at the 5ʹ end of the nascent message, appending a 7-

methylguanosine cap (7mG) structure to the pre-mRNA in three enzymatic steps 

(Ramanathan et al., 2016). First, the 5ʹ γ phosphate is removed by an RNA 5ʹ 

triphosphatase before a guanosine monophosphate is transferred to the 5ʹ end by a 

guanylyl transferase to form a unique 5ʹ-5ʹ triphosphate linkage. Finally, the guanosine 

N7 position is methylated. The 5ʹ cap plays several roles, including protecting the mRNA 

from exonucleolytic decay, recruiting splicing factors to nascent pre-mRNA, and 

facilitating nuclear export of matured mRNAs (Ramanathan et al., 2016).  

In addition to capping, the pre-mRNA undergoes splicing. This is performed by the 

spliceosome complex, a large ribonucleoprotein complex that assembles on splice sites 

as they are transcribed. These splice sites delineate the 5ʹ and 3ʹ boundaries of the 

introns, which are removed through the activity of the spliceosome catalytic RNAs (Herzel 

et al., 2017; Shi, 2017a, b). The small nuclear ribonucleoproteins (snRNPs) of the 
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spliceosome assemble on the 5ʹ and 3ʹ splice sites and a site close to the 3ʹ end called 

a branch point. The branch point is ligated to the 5ʹ end of the intron after cleavage of the 

5ʹ splice site. At this point the intron is removed at the 3ʹ end and released as the 5ʹ and 

3ʹ exons are ligated together (Herzel et al., 2017; Shi, 2017a). Many transcripts are 

alternatively spliced, creating mRNA isoforms with varied properties and functionality. 

Regulation of this process includes differential expression of specific splicing regulators 

and post translational modification of general splicing factors (Chen and Manley, 2009). 

Proper splicing of pre-mRNAs is critical for generating an open reading frame (ORF) that 

will encode the correct gene product upon translation in the cytoplasm.  

 Further maturation of the pre-mRNA is carried out by the pre-mRNA 3ʹ end 

processing complex (Hirose and Manley, 1998). Cleavage by the multi-subunit 3ʹ end 

processing machinery occurs at sites defined by a CA or UA dinucleotide and upstream 

AAUAAA as well as a downstream U or GU-rich sequence element (Neve et al., 2017). 

After 3ʹ cleavage, the  poly(A) polymerase subunit adds the 3ʹ polyadenosine (poly(A)) 

tail in a non-templated polymerase reaction (Elkon et al., 2013; Neve et al., 2017). On 

average, poly(A) polymerase adds approximately 200-250 adenosines to the ends of 

mRNAs, though this can be highly variable (Chang et al., 2014; Jalkanen et al., 2014; 

Kuhn et al., 2009). Alternative cleavage and polyadenylation signals contribute to the 

diversity of isoforms that can be created from a given pre-mRNA (Elkon et al., 2013; Neve 

et al., 2017; Tian and Manley, 2013). These alternative signals can be in different exons, 

functionally linking alternative polyadenylation to alternative splicing (Kyburz et al., 2006; 

Tian and Manley, 2013).  
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Export of mRNAs from the nucleus is highly dependent on completion of pre-

mRNA processing and mRNA quality control surveillance pathways (Soheilypour and 

Mofrad, 2018). During pre-mRNA maturation, a large number of RNA binding proteins 

(RBPs) and RNA modifying proteins are recruited to the transcript, some of which are 

utilized in subsequent export pathways. The diversity of length, sequence, and structure 

found among mRNAs results in variation in what proteins are bound to the maturing 

transcripts, which necessitates the use of a number of different export receptors. Once 

an mRNA is paired with its appropriate export receptor, it is targeted to the nuclear pore 

complex and translocated into the cytoplasm. The mature mRNA is then released from 

the export machinery through an ATP-dependent mechanism, where it is then able to be 

translated in the cytoplasm (Carmody and Wente, 2009; Kohler and Hurt, 2007; Mandon 

et al., 2013; Stewart, 2019).  

 Mature mRNA transcripts, with few exceptions, are made up of a coding sequence 

that provides sequence information for the encoded protein in the open reading frame 

(ORF) of the mRNA (Figure 1.1). The ORF is defined by specific codons that dictate 

where translation should start and stop (Figure 1.1). Flanking the ORF on either side is a 

5ʹ untranslated region (5ʹ UTR) and 3ʹ untranslated region (3ʹ UTR) that contain a series 

 
Figure 1.1: mRNAs are comprised of an open reading frame as well as regulatory elements. 
The 5ʹ end of the transcript contains the 7 methylguanosine cap attached to the transcript through a 
triphosphate bond. The 5ʹ UTR houses regulatory elements that effect expression of the transcript’s 
gene product from the ORF. The ribosome translates the protein from this sequence. The 3ʹ UTR 
follows the CDS and also contains regulatory elements, many of which effect transcript translation 
and stability. The 3ʹ end of the transcript is polyadenylated, and this poly(A) tail ranges in size from 
approximately 25 to 250 nucleotides in length. The poly(A) tail is critical for translation and the 
removal of this tail affects translation and stability of the transcript.   
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of regulatory elements that control the efficiency of translation and the stability of the 

mRNA. Regulatory elements can also be found in the ORF itself (Figure 1.1). 

Pre-mRNA processing of nuclear-encoded mRNAs is an important process by 

which the RNA transcribed from its gene matures into a form with the elements needed 

for translation as well as the  correct flanking UTR sequences, which are important for 

downstream regulation of a transcript in the cytoplasm. For example, alternative 

polyadenylation can create transcript isoforms with different 3ʹ UTRs containing variable 

regulatory sequences that affect half-life, translation efficiency, and localization of mRNAs 

(Zheng et al., 2018). Differential polyadenylation can be regulated by extracellular 

signaling pathways such as the mitogen-activated protein kinase (MAPK) pathway, which 

responds to a variety extracellular signals and propagates them through multiple signaling 

cascades. In one example, MAPK signaling influences 3ʹ end processing of the thrombin 

mRNA during cellular stress responses (Cargnello and Roux, 2011; Danckwardt et al., 

2011). Additionally, the adiponectin receptor gene expresses multiple mRNA splice 

isoforms that are differentially translated, as one isoform contains a short upstream ORF 

that represses translation of the downstream ORF coding for the functional gene product 

(Ashwal et al., 2011). Thus, the role of pre-mRNA processing cannot be overlooked within 

the larger context of mRNA regulation. Mechanisms of crosstalk between mRNA 

metabolism in the cytoplasm and nucleus have been reported, including nuclear RBPs 

traveling with mRNAs into the cytoplasm and signal transduction pathways regulating pre-

mRNA splicing (Ashton-Beaucage et al., 2014; Kataoka et al., 2000; Moore and 

Proudfoot, 2009). Control of co-transcriptional processes from outside the nucleus is still 
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incompletely understood but may have large effects on differential pre-mRNA processing 

and downstream post-transcriptional and translational control.  

 
1.3 Regulation of translation initiation of mRNAs 

Translation by the ribosome occurs once an mRNA enters the cytoplasm. First, the  

mRNA is activated, bringing the 5ʹ and 3ʹ ends together to form a closed loop structure 

through interaction of proteins binding the poly(A) tail and 7mG cap (Figure 1.2). Poly(A) 

Binding Protein Isoform Cytoplasmic 1 (PABPC1) bound to the poly(A) tail interacts with 

eukaryotic Initiation Factor 4G (eIF4G) of the 7mG cap- binding complex (Figure 1.2) 

(Borman et al., 2000; Gallie, 1991; Michel et al., 2000). Another initiation factor, eIF4E, is 

bound to eIF4G and directly interacts with the 7mG cap. eIF4Ea and eIF4G, as well as 

the subunits eIF4B and eIF4A, make up the eIF4F translation initiation complex (Aitken 

and Lorsch, 2012; Ramanathan et al., 2016). The activated mRNA closed loop structure 

then stimulates translation 

initiation (Borman et al., 2000; 

Gallie, 1991; Michel et al., 2000).  

During initiation, the 

translation pre-initiation complex 

(PIC) is assembled, which 

requires the concerted action of 

ribosomal subunits and initiation 

factors (Figure 1.2). Formation of 

the PIC starts with association of 

the small ribosomal subunit with initiation factors eIF1, eIF1A, eIF3, eIF5, and eiF2 bound 

 
 

Figure 1.2: A schematic representation of the 
translation pre-initiation complex. The PIC is composed 
of the 7mG cap binding protein eIF4E, which associates 
with PABPC1 on the poly(A) tail through interaction with 
eIF4G to form the closed loop structure. In addition to the 
other initiation factors, the PIC is made up of the 40S small 
ribosomal subunit, and initiator Met-tRNA. The PIC scans 
for the AUG start codon, is joined by the 60S ribosome, and 
then commences elongation. Figure adapted from Arvola et 
al, 2016. 
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to GTP and initiator Met-tRNA. The 43S PIC then associates with the activated mRNA 

through contacts between the PIC, PABPC1, the mRNA, and eIF4F (Aitken and Lorsch, 

2012; Andreev et al., 2017; Jackson et al., 2010). The resulting 48S PIC then scans 

through the 5ʹ UTR to identify the AUG start codon while the initiation factors stabilize the 

open conformation of the ribosome and the RNA helicase eIF4A unwinds secondary 

structures in the 5ʹ UTR (Marintchev, 2013; Parsyan et al., 2011). The AUG start codon 

and surrounding consensus sequence (Kozak sequence) indicates the location for 

translation initiation (Kozak, 1991a, b). In the case where the Kozak sequence context 

has deviated from the consensus, downstream AUGs can be used for initiation in a 

process known as leaky scanning (Hinnebusch, 2014, 2017).  

The AUG start codon pairs with the Met-tRNA anticodon, at which point the PIC 

adopts a closed conformation. Initiator Met-tRNA is now poised in the ribosome P-site 

and eIF1 is released. eIF2 then hydrolyzes its bound GTP and is released along with  the 

other initiation factors, with the exception of eIF1A (Hinnebusch, 2014). The 80S 

ribosome, bound to eIF5B, binds the PIC before eIF5B cleaves its bound GTP and is 

released with eIF1A (Aitken and Lorsch, 2012; Jackson et al., 2010). The ribosome then 

proceeds to the elongation step and then translation is terminated at the first in-frame 

stop codon (UGA, UAG, or UAA) (Andreev et al., 2017; Dever and Green, 2012). 

Translation initiation is highly regulated, which includes global measures, as is 

observed with regulation by the mammalian Target of Rapamycin (mTOR) pathway. 

mTOR promotes PIC assembly on capped mRNAs by phosphorylating and inhibiting the 

action of eIF4E binding proteins (4E-BPs) that prevent association with the PIC (Gingras 

et al., 1998; Nandagopal and Roux, 2015). Regulation of translation can also be specific 
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to a subset of mRNAs sharing cis-acting sequence elements that recruit trans-factors. 

This is the case for miRNAs, which are highly sequence specific and function through 

base pairing to a complementary seed sequence to promote translational repression 

and/or mRNA decay (Bartel, 2009). Proposed mechanisms of this repression include 

promoting dissociation of PABPC1 from the poly(A) tail, disrupting PABPC1 interaction 

with eIF4G, or causing dissociation of eIF4A (Fukao et al., 2014; Iwakawa and Tomari, 

2015; Tritschler et al., 2010). These mechanisms commonly work by disrupting 

interactions stabilizing the mRNA closed loop structure.  

Translational repression can also occur by leaving the mRNA vulnerable to decay 

pathways (Kawahara et al., 2008; Zekri et al., 2013).  For example, Pumilio binding to its 

consensus sequence disrupts binding of Pabp (the Drosophila homolog of human 

PABPC1), increasing deadenylation by the Ccr4-NOT complex (Weidmann et al., 2014). 

Tristetraprolin (TTP) interacts with AU-rich elements in the 3ʹUTR of mRNAs and recruits 

decapping factors (Fenger-Gron et al., 2005; Lykke-Andersen and Wagner, 2005).  

Positive regulation of translation occurs when factors stabilize the bridging 

interactions between the 5ʹ and 3ʹ ends of the mRNA and their associated factors. Poly(A) 

Interacting Protein 1 (PAIP1) interacts with PABPC1, eIF4A, and the initiation factor eIF3 

to enhance translation (Craig et al., 1998; Martineau et al., 2008; Roy et al., 2002). The 

Cytoplasmic Polyadenylation Element Binding Protein (CPEB) can promote reversal of 

deadenylation by recruiting the poly(A) polymerase GLD2 to lengthen the tails of a 

deadenylated transcript, allowing for PABPC1 binding and formation of the activated 

closed-loop structure (Ivshina et al., 2014; Kim and Richter, 2008).   
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Cis-acting regulatory elements, most commonly found in the UTRs of mRNAs, bind 

RBPs that have effects ranging from promoting translation to affecting localization of 

mRNAs to regulate transcript expression (Abaza and Gebauer, 2008; Buxbaum et al., 

2015; Jackson et al., 2010). Examples include inhibition of PIC formation by the Iron 

Response Protein (IRP), which binds to a 5ʹ UTR RNA stem loop structure in the Ferritin 

mRNA when intracellular iron is low (Anderson et al., 2012; Muckenthaler et al., 1998; 

Thomson et al., 1999). CPEB is a bifunctional RBP; in contrast to the previous example 

of CPEB-mediated activation it can also bind to U-rich elements in 3ʹ UTRs during 

oogenesis and recruit 4E-BP to reducing expression of the bound mRNA transcript 

(Groisman et al., 2000; Stebbins-Boaz et al., 1999). 

This overview highlights the prevalence and diversity of post-transcriptional 

regulatory pathways. Further examples reviewed elsewhere, and surveys of RBPs have 

identified additional regulatory mechanisms (Dominguez et al., 2018; Gehring et al., 2017; 

Harvey et al., 2018; Ryder, 2016). RBP-mediated regulation shares common themes of 

targeting closed loop formation through disruption of protein-protein interactions or 

removal of the 5ʹ cap or poly(A) tail. These structures bind proteins involved in translation, 

but also protect the transcript from mRNA decay pathways. In this way, regulation of 

translation and mRNA decay are inexorably linked to one another. 

 
1.4 Canonical Pathways of mRNA Decay 

In general, mRNAs undergo spatially and temporally regulated decay to control 

levels of protein expression. Intrinsic or extrinsic signals alter decay rates through the 

processes of deadenylation, decapping, and  exonucleolytic decay.  RNA decay pathways 

are initiated from either the 3ʹ or 5ʹ ends of the transcript, or by endonucleolytic cleavage, 
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and can act redundantly to efficiently degrade an mRNA (Figure 1.3) (Garneau et al., 

2007).  

 

 
 
Figure 1.3: Canonical pathways of mRNA decay. (A) The PAN2/PAN3 complex begins 
deadenylation by shortening the poly(A) tail, which dissociates PABPC1. (B) The CCR4-NOT 
complex completes deadenylation through the action of two deadenylase subunits, CCR4, which can 
degrade the poly(A) tail bound by PABPC1, and (C) CAF1, which degrades the poly(A) tail 
sequences that are exposed when PABPC1 disassociates. The rest of the transcript is degraded by 
one of two alternative mRNA decay pathways. (D) The 5ʹ à 3ʹ decay pathway involves removal of 
the 7mG cap by the decapping complex of DCP1/DCP2, followed by (E) 5ʹ to 3ʹ directed decay of 
the remainder of the transcript by the XRN1 exonuclease. (F) Alternatively, the 3ʹ à 5ʹ decay 
pathway commences with the 3ʹ to 5ʹ exonucleolytic decay of the mRNA via the exosome, (G) 
leaving the 5ʹ 7mG cap which is processed by DCPS, the scavenging decapping enzyme that 
recovers free cap for eventual reuse. Figure adapted from Arvola et al, 2016. 
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 1.4.I Deadenylation of mRNAs 

Decay of cytoplasmic mRNAs frequently initiates through the action of 

deadenylases, magnesium-dependent exonucleases that degrade the poly(A) tail from 

the 3ʹ end, releasing 5ʹ AMP as a product (Goldstrohm and Wickens, 2008). 

Deadenylases generally fall into of two subfamilies. The DEDD domain deadenylases, 

named for the conserved glutamic and aspartic acid side chains in the active site, include 

PAN2, PARN, and CAF1 nucleases. The other deadenylases are members of the 

exonuclease, endonuclease, and phosphatase (EEP) superfamily, which include CCR4 

(and its human homologs CNOT6 and CNOT6L), Nocturnin (NOCT), and 

Phosphodiesterase 12 (PDE12) based on the sequence conservation (Goldstrohm and 

Wickens, 2008). Much of the work characterizing mRNA decay has been completed in 

yeast; however, mRNA decay is highly conserved and much of this data can be generally 

extrapolated to mammalian systems (Garneau et al., 2007; Siwaszek et al., 2014).  

Deadenylation is typically the first and rate-limiting step of mRNA decay and is 

thought to occur in two phases. Initial shortening of the poly(A) tail is catalyzed by the 

PAN2-PAN3 complex, shortening the tail down from ~250 to 60-80 nucleotides. The 

PAN2 deadenylase subunit requires the PAN3 dimer for activity and is stimulated by 

PABPC1 (Boeck et al., 1996; Brown et al., 1996; Yamashita et al., 2005; Yi et al., 2018). 

The second phase of deadenylation completes the degradation of the remaining poly(A) 

tail by the CCR4-NOT deadenylase complex (Yamashita et al., 2005; Yi et al., 2018). The 

CCR4-NOT complex is associated with two separate deadenylase subunits, Carbon 

catabolite repression 4 (yeast Ccr4; human CNOT6 and CNOT6L) and Caf1 (POP2 in 

Drosophila, CNOT7 and CNOT8 in humans) along with seven other components with 
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various functions outside of deadenylation (Tucker et al., 2001). CCR4-NOT is recruited 

to transcripts through interactions with RBPs and miRNA-mediated decay pathways. 

Recently, CC4 and CAF1 have been described as catalyzing alternating deadenylation, 

based on the differential ability of these subunits to deadenylate the poly(A) sequence 

associated with PABPC1. While CCR4 is able to degrade PABPC1-bound RNA, leading 

to the dissociation of PABPC1 RRM domains from the RNA, CAF1 is only able to degrade 

RNA in which PABPC1 is not bound, and has activity against the RNA that has been 

cleared during CCR4-mediated deadenylation (Webster et al., 2018; Yi et al., 2018).  

In general, deadenylases function in multiprotein complexes to remove the poly(A) 

tails of mRNAs, effecting stability and translation of their target transcripts (Goldstrohm 

and Wickens, 2008). The presence of multiple deadenylases with apparent redundancies 

in function belies the importance of this process in gene regulation as well as some of the 

important remaining questions in the field. It is probable that deadenylases have both 

overlapping and non-overlapping sets of substrates, and that their activities are 

differentially modulated by both extrinsic and intrinsic signals or expression of different 

sets of RBPs that can preferentially recruit different deadenylase enzymes. Ultimately, 

these regulatory processes may change which of the deadenylases are dominant in 

regulation of mRNAs involved in specific biological processes.  

 
1.4.II Decapping of mRNA transcripts 

Deadenylation is followed by one of two pathways that enzymatically degrade the 

remainder of the mRNA transcript. The 5ʹ to 3ʹ directed pathway begins with removal of 

the 5ʹ 7mG cap via the action of the decapping complex, a heterodimer of Decapping 

Protein 1 (DCP1) and Decapping Protein 2 (DCP2) (Grudzien-Nogalska and Kiledjian, 
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2017). Decapping factors are recruited by the deadenylase machinery, though 

deadenylase-independent decapping also occurs (Alhusaini and Coller, 2016; Badis et 

al., 2004; Behm-Ansmant et al., 2006; Yamashita et al., 2005). Within the DCP1/DCP2 

heterodimer, DCP2 is responsible for enzymatic decapping (Wang et al., 2002). 

Additional decapping factors such as DXO enzymes remove caps from mRNAs that are 

missing N7 methylation modifications, leading to their rapid destruction (Grudzien-

Nogalska and Kiledjian, 2017). The removal of the 5ʹ 7mG cap is highly regulated, with 

multiple protein partners controlling efficiency (Jonas and Izaurralde, 2013; Piccirillo et 

al., 2003; She et al., 2008). This process is activated by RNA helicases such as DHH1, 

the GE1 decapping factor, and other factors such as PAT1, which recruits the LSM 

complex to the 3ʹ deadenylated end to further promote decapping (Ling et al., 2011; She 

et al., 2008; Tharun and Parker, 2001; Yu et al., 2005). While deadenylation and 

decapping are reversible, decapping is frequently the step in which the fate of the mRNA 

is determined and the message is destroyed (Trotman and Schoenberg, 2019).  

 
1.4.III 5ʹ to 3ʹ directed mRNA decay 

In the 5ʹ to 3ʹ decay pathway, decapping is followed by exoribonucleolytic decay 

by 5ʹ – 3ʹ Exoribonuclease 1 (XRN1) and other 5ʹ exoribonucleases (Nagarajan et al., 

2013). XRN1 is recruited by decapping factors and recognizes the 5ʹ monophosphate of 

the RNA product post-decapping, rapidly and processively degrading the mRNA (Fischer 

and Weis, 2002; Nagarajan et al., 2013; Sinturel et al., 2012). While XRN1 is the major 

5ʹ exoribonuclease in the cytoplasm, other homologs of this protein, such as XRN2, 

function in the nucleus and are involved in maturation of rRNAs and small nucleolar RNAs 
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(snoRNAs), termination of RNA polymerase II transcription, and destruction of aberrant 

mRNAs (Das et al., 2003).  

 
1.4.IV 3ʹ to 5ʹ directed mRNA decay 

The exosome complex, comprised of 10-12 subunits, degrades deadenylated 

mRNAs via the 3ʹ exoribonuclease activity of the Dis3 subunit, leaving a 5ʹ capped 

polynucleotide (10> nt) (Liu et al., 2006; Reis et al., 2013; Siwaszek et al., 2014). A 

second exoribonuclease subunit, RRP6, is also associated with the nuclear exosome 

complex (Wasmuth and Lima, 2017). Nuclear and cytoplasmic forms of the exosome 

have been identified, and the complex functions in other processes beyond mRNA decay 

(LaCava et al., 2005; Zinder and Lima, 2017). After the mRNA is degraded, the scavenger 

decapping enzyme (DCPS) hydrolyzes the cap into 7mG monophosphate and a 

nucleotide diphosphate (Chen et al., 2005; Liu and Kiledjian, 2005). 

Individual mRNA transcripts can be degraded through the action of the 3ʹ to 5ʹ 

pathway, the 5ʹ to 3ʹ pathway, or through both pathways. What determines pathway 

preference for a certain mRNA transcript is not well understood. In addition to the 

nucleases described in canonical mRNA decay pathways, enzymes with very similar or 

identical activities could feasibly also function in mRNA decay. For example, the 

deadenylases, PAN2, CCR4, and CAF1, are well-described in mRNA decay pathways. 

However, other deadenylases including PARN, NOCT, ANGEL1 and ANGEL2, and 

PDE12 could also feasibly play a role (Goldstrohm and Wickens, 2008; Pearce et al., 

2017; Rorbach et al., 2011; Wang et al., 2010). These other proteins likely function in 

independent mRNA decay pathways, including alternative pathways of mRNA quality 

control. It is also possible that other deadenylases feed mRNAs into the 3ʹ to 5ʹ and 5ʹ to 
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3ʹ mRNA decay pathways and that alternative deadenylases regulate the decay rates of 

specific subsets of transcripts. These questions are incompletely understood in the mRNA 

decay field and remain important avenues of study in learning the precise mechanisms 

of gene control at the mRNA level.  

 
1.5 Molecular Functions of Human Deadenylases 

Yeast Ccr4 (which has human homologs CNOT6 and CNOT6L) is the founding 

member of the EEP deadenylase subfamily (Doidge et al., 2012; Maryati et al., 2015; 

Tucker et al., 2001). As a subunit of the CCR4-NOT complex, Ccr4 promotes mRNA 

decay through its deadenylase activity in canonical mRNA decay pathways (Figure 1.3) 

(Doidge et al., 2012; Maryati et al., 2015; Temme et al., 2010; Tucker et al., 2002). While 

these deadenylase enzymes were first described as poly(A)-specific 3ʹ exoribonucleases, 

non-mRNA substrates have been identified in the case of PDE12, which is active against 

2ʹ, 5ʹ oligoadenylate (2ʹ,5ʹ-A) and tRNAs with erroneous polyadenylation at the 3ʹ end 

(Pearce et al., 2017; Wood et al., 2015).  

NOCT was first classified as a member of the EEP deadenylase subfamily based 

on its sequence homology to Ccr4 (Baggs and Green, 2003). As biochemical 

characterization of NOCT had been limited prior to the studies discussed in Chapter 3, 

comparisons between NOCT and better characterized deadenylases can give insight into 

funcntion. The validity of this approach is highlighted by sequence conservation of the 

catalytic EEP domain among the 6 mammalian EEP deadenylases NOCT, CNOT6, 

CNOT6L, PDE12, ANGEL1, and ANGEL2 (Figure 1.4) (Ashkenazy et al., 2016; 

Ashkenazy et al., 2010; Celniker G., 2013; Glaser et al., 2003; Landau et al., 2005). This 

sequence conservation is reflected in the structural conservation between EEP family 



  16 

members and highlights the functional and/or structural importance of the conserved 

residues. Although structures of these enzymes in complex with RNA substrates have yet 

to be reported, both PDE12 and CNOT6L have been crystallized in complex with 

inhibitors and other nucleotides, offering potential insight into the molecular mechanism 

of substrate binding (Wang et al., 2010; Wood et al., 2015; Zhang et al., 2016). These 

structures will be described here and summarized in the context of what may be 

informative to the function of NOCT. 

Multiple structures of the catalytic (EEP) domain of human CNOT6L have been 

reported, including structures of the apoenzyme (Protein Data Bank (PDB) accession 

code 3NGQ) as well as in complex with multiple ligands, including AMP (3NGN) and 

poly(A) DNA (3NGO) (Table 1.1) (Wang et al., 2010). These structures illustrate the 

expected Mg2+- bound hydrolase fold observed in EEP-deadenylases. Mutation of the 

metal-binding residues Glu240 and Asp489 to alanine ablates enzyme activity completely 

in vitro. CNOT6L has the highest activity against poly(A) RNA substrates compared to 

other RNA homopolymers (e.g., poly-uridine or poly-cytosine) and prefers RNA over DNA 

substrates, all which support the described function of CNOT6L as a classical CCR4-type 

deadenylase (Wang et al., 2010). 

The CNOT6L catalytic domain has been co-crystallized individually with either 

AMP or a poly(A) DNA 5-mer to approximate the interactions between the enzyme and 

bound nucleotide substrates (Figure 1.5). In the CNOT6L-DNA co-crystal, the 

deoxyribose of A1 and the complete A2 and A3 nucleotides are resolved, occupying the 

binding cleft and active site with the A2 phosphate bond poised for hydrolysis. The A2 

phosphate is coordinated by the two active-site Mg2+ ions as well as by Asn412. This 
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substrate conformation would release a dinucleotide product instead of AMP, suggesting 

that the DNA, a non-native substrate of CNOT6L, may bind in the active site in a manner 

distinct from the endogenous RNA substrate. The rings of the adenine DNA base A2 

interact through base-stacking interactions with Phe484, an interaction which is preserved 

in the CNOT6L-AMP co-crystal, suggesting that Asn412 and Phe484 could be important 

for binding of poly(A) substrates. While this interaction was observed for both poly(A) 

 
Table 1.1: Chemical structures of ligands co-crystalized with human deadenylases. In addition 
to nucleotide ligands, PDE12 and CNOT6L have been crystallized in the presence of the inhibitors 
neomycin and GSK3036342A, respectively (Wang et al., 2010; Wood et al., 2015; Zhang et al., 
2016). 
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DNA and AMP co-crystals, there are no Mg2+ ions resolved in the active site of the AMP 

co-crystal, which are predicted to be important for coordinating the phosphate groups of 

CNOT6L substrates.  

Though these interactions have been hypothesized to be responsible for poly(A) 

specificity, the interactions identified through the use of non-native substrates must be 

validated using biochemical approaches and RNA substrates to fully elucidate the 

mechanisms of binding and catalysis. Co-crystals of CNOT6L with CMP (5DV2) and 

neomycin (5DV4) suggest that the CNOT6L active site displays a  certain degree of 

 
 
Figure 1.4: Conservation of the catalytic domain in mammalian EEP deadenylases. The ConSurf 
server was used to generate a color-coded conservation alignment mapped to the NOCT amino acid 
sequence. The multiple sequence alignment (MSA) was generated from 489 different sequences 
representing mammalian NOCT, CNOT6, CNOT6L, PDE12, ANGEL1 and ANGEL2, which were 
curated from UniProt and aligned using Clustal W. The MSA was submitted to ConSurf for analysis and 
the results are represented here. The NOCT catalytic domain is underlined in orange, the conserved 
active site residues are demoted by a yellow star, and the NOCT basic patch is denoted by blue 
triangles.  
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plasticity, enabling the binding of nucleotides other than adenine as well as non-

nucleotides (Figure 1.5 and Table 1.1) (Ren et al., 2002; Zhang et al., 2016).  

 PDE12 ( also known as 2ʹ5ʹ-PDE or 2ʹPDE) was first described as a member of 

the type-1 interferon (IFN) pathway, which plays a role in resisting infection by viruses 

with positive-strand RNA genomes (Ezelle and Hassel, 2012; Li et al., 2011; Silverman, 

2007). PDE12 degrades 2ʹ,5ʹ-A, an oligoadenylate nucleotide activator of RNAse L, 

which degrades viral RNA (Wood et al., 2015). Later, PDE12 was described to localize to 

the mitochondrial matrix in human cells and was originally believed to be active against 

mitochondrial mRNAs (mt-mRNAs) (Pearce et al., 2017; Rorbach et al., 2011). Because 

PDE12 overexpression resulted in shorter mt-mRNA tail lengths, it was predicted that 

 
 

Figure 1.5: CNOT6L structure active sites with bound ligands. CNOT6L structures for the 
apoenzyme (3NGQ), or bound to AMP (3NGN), poly(A) DNA (3NGO), CMP (5DV2) or neomycin (5DV4) 
are shown. CNOT6L is depicted in yellow, Mg2+ ions are depicted as grey spheres, and ligands are 
depicted in cyan. Interactions between Mg2+ and between active site residues are shown as dashed 
lines. Hydrogen bond cutoffs are set to 3.5 Å, where applicable. 
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PDE12 was a mitochondrial deadenylase (Poulsen et al., 2011; Rorbach et al., 2011). 

However, mt-mRNA tail length and stabilitiy is not affected by PDE12 knockout, 

suggesting previously observed reductions in mt-mRNA tail length could be explained by 

PDE12 overexpression. Further studies demonstrated that the likely cellular function of 

PDE12 is in mitochondrial tRNA quality control. Deletion of PDE12 in HEK293 cells 

significantly impaired mitochondrial translation, as a subset of mt-tRNAs had erroneous 

3ʹ polyadenylate sequences that impaired charging with amino acids and increased 

mitoribosome stalling, reducing translational efficiency (Pearce et al., 2017). The 

deadenylase activity of PDE12 maintains the quality of mt-tRNAs by deadenylating 

erroneous 3ʹ poly(A) extensions (Pearce et al., 2017).  

The crystal structure of PDE12 shows that this enzyme adopts an α/β hydrolase 

fold with a single bound Mg2+ion in the active site, which is coordinated Glu351 (Figure 

1.6). This residue is highly conserved in EEP enzymes and corresponds to the Mg2+-

binding residues in NOCT (Glu195) and in CNOT6L (Glu240). The viral infection-resistant 

phenotype of PDE12 knockout cells suggests that this enzyme may be a potential antiviral 

drug target (Kubota et al., 2004; Wood et al., 2015). A screen to identify potential lead 

compounds led to identification of inhibitor, GSK3036342A, that was ultimately co-

crystallized with PDE12. These structures allow for comparison of ligand binding between 

CNOT6L and PDE12 (Wang et al., 2010; Wood et al., 2015). A comparison of this 

structure with the nucleotide-bound structures of CNOT6L shows that the inhibitor is 

bound in a similar orientation to the poly(A) DNA ligand in CNOT6L, though the inhibitor 

structure is largely different than that of a nucleotide (Figure 1.6 and Table  1.1). The 

inhibitor bound structures of PDE12 and CNOT6L illustrate that common residues are 
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involved in ligand binding, for example, Pro461 and Phe556 in PDE12 interact in base 

stacking interactions and are analogous to interaction in bound ligands and CNOT6L 

residues Pro365 and Phe484. However, these interactions have only been validated in 

biochemical assays for CNOT6L (Figures 2.2 and 2.3) (Wang et al., 2010; Wood et al., 

2015). Steady state kinetic studies were utilized to confirm that the PDE12 inhibitors were 

acting as substrate competitors, which, along with the co-crystal structure, indicates that 

the interactions between ligands and active site are flexible and can accommodate the 

binding of non-native ligands through the apparent plasticity of the enzyme active sites. 

While both CNOT6L and PDE12 have activity against 2ʹ,5ʹ-A, PDE12 is significantly more 

active against this substrate and PDE12 inhibitors do not affect CNOT6L activity (Wood 

et al., 2015).  

These data indicate that there are differences in how the substrates and ligands 

are recognized by the different EEP deadenylases, although the mechanism of this is not 

fully understood and likely lay outside of the active site. The apparent differences in EEP 

deadenylase function can be addressed in part through structural studies that can 

 
 

Figure 1.6: PDE12 structure active sites with bound ligands. PDE12 structures for the apoenzyme 
(4Z0V) or bound to the GSK3036342A inhibitor (4Z2B) are shown. PDE12 is depicted in green, Mg2+ 
ions are depicted as grey spheres, and ligands are depicted in cyan. Interactions between Mg2+ and 
between active site residues are shown as dashed lines. Hydrogen bond cutoffs are set to 3.5 Å, where 
applicable. 
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highlight differences between the human EEP deadenylases and can yield insights into 

the relative specificities and unique features within this family of enzymes. We next review 

the observed phenotypes of NOCT and the biological processes in which NOCT is 

proposed to be involved, which indicate that NOCT has some specificity for mRNAs 

involved in lipid metabolism and storage.  

 
1.6 Biological Roles of NOCT 

NOCT is most closely related to the CCR4 deadenylase subunit of the CCR4-NOT 

complex by sequence homology, and thus, when first reported in the literature, was 

described to be an mRNA deadenylase. Initially, NOCT was described in a study that 

identified circadian transcripts within the Xenopus retina, which reported that NOCT has 

deadenylase activity (Green and Besharse, 1996a, b, 1997).  This activity was later 

reported in the murine homolog as well (Garbarino-Pico et al., 2007).  

The effect of depletion of NOCT has been examined at the cellular level and in 

mice. These studies determined that depletion of NOCT led to resistance to obesity on a 

high fat diet (HFD) and defects in lipid absorption, trafficking, and adipogenesis (Douris 

et al., 2011; Green et al., 2007; Kawai et al., 2010c).  These observations suggest that 

the deadenylase activity of NOCT regulates the expression of mRNA transcripts 

associated with lipid metabolism. Here, the existing studies on NOCT function at the 

organismal and cellular levels are reviewed and commented on in the context of putative 

NOCT enzymatic activity (Figure 1.4). 
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1.6.I Phenotypes related to the biological functions of NOCT 

The phenotypes associated with NOCT suggest ribonuclease activity against a 

more specialized subset of mRNAs in contrast to the global regulation observed for CCR4 

deadenylase orthologs CNOT6 and CNOT6L. NOCT knockout (KO) mice are viable and 

showed little difference from the wild type (WT) animals on a standard chow diet. When 

fed on an HFD, the WT mice become obese whereas the NOCT KO mice remain lean. 

This resistance to diet-induced obesity manifests in the reduced size of visceral adipose 

tissue in the KO versus WT animals. In addition, the KO mice accumulate fewer lipid 

deposits in their livers while on a HFD, the tissue where Noct mRNA expression is highest 

in mice (Douris et al., 2011; Green et al., 2007). These changes in body composition and 

the lack of weight gain seen in the NOCT KO animals on an HFD suggest that NOCT may 

function by regulating transcripts related to lipid metabolism, transport, and storage 

(Figure 1.7).  

NOCT appears to play a role in regulating absorption of dietary lipids in the small 

intestine, providing a potential explanation for the resistance to weight gain on an HFD. 

NOCT expression in the proximal small intestine is congruent with a putative function in 

known circadian-controlled processes involved in digestion and nutrient absorption 

(Hoogerwerf et al., 2007; Pan and Hussain, 2007, 2009). Noct mRNA expression 

fluctuates by approximately 5-fold in the small intestine, increasing in expression between 

Zeitgeber time (ZT) 0 (light onset) and ZT12 (dark onset) (Douris et al., 2011). This 

increase in Noct expression coincides with the expected feeding time for mice (Kavaliers 

et al., 1985).  
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NOCT KO mice were then treated with dietary fats to determine if the lean 

phenotype on an HFD could be explained by defects in lipid transport. NOCT-deficient 

mice fed an olive oil gavage had significantly lower plasma triglyceride and cholesterol 

levels versus WT mice, indicating that they may have defects in dietary lipid absorption. 

The proximal small intestines of NOCT KO mice retained significantly more lipids, 

indicating that decreased plasma lipid levels of KO mice may be due to defects in lipid 

trafficking from the small intestine. Consistent with this observation, isolated intestinal 

enterocytes retained these lipids in intracellular droplets instead of secreting them for 

 
 

Figure 1.7: Biological roles of NOCT have been observed at multiple levels of complexity, 
from molecular to physiological. At the molecular level, NOCT is observed to take part in 
regulation of translational control and mRNA metabolism, which appears to effect cellular 
differentiation and metabolism. These functions ultimately modulate body mass, development, and 
lipid metabolism. Figure by E. Abshire and taken from Hughes, K.L., Abshire, E.T., and Goldstrohm, 
A.C., 2018.  
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transport to other tissues (Douris et al., 2011). Deficits in lipid absorption and transport 

provide a reasonable explanation for resistance to weight gain on HFD, though the 

mechanism by which NOCT promotes absorption and trafficking of ingested lipids is 

undefined. Furthermore, the unabsorbed dietary lipids were not reported to be found in 

fecal matter, leaving the fate of these lipids ambiguous (Douris et al., 2011).  

 
1.6.II Proposed function of NOCT in negative regulation of osteogenesis  

The effects of NOCT are not limited to lipid absorption and storage, as the NOCT 

KO animals have increased bone mass relative to WT animals (Green et al., 2007; Kawai 

et al., 2010c). These observations suggest that NOCT may play a role in fate 

determination of a subset of progenitor mesenchymal stem cells (MSCs) that are 

differentiated into either adipose or osteoblasts (Chen et al., 2016; James, 2013; Yuan et 

al., 2016). Imbalances in this regulation cause diseases such as osteoporosis which is 

marked by increased bone adiposity (Choi et al., 2017; You et al., 2016). NOCT is 

negatively associated with osteogenesis in MC3T3-E1 pre-osteoblast cells and primary 

calvarial osteoblasts (COBs), as levels of NOCT mRNA and protein decrease during COB 

differentiation. Short hairpin (shRNA)-mediated knockdown of NOCT in MC3T3-E1 cells 

increased levels of mineralization, alkaline phosphatase activity, and expression of 

osteoblastic mRNAs in cultures treated with osteoblastogenic factors. In contrast, 

overexpression of NOCT in MC3T3-E1 cells had the opposite effect (Kawai et al., 2010c). 

In COBs lacking NOCT, an increase in Runx2 mRNA, which expresses a master 

positive regulator of osteoblastogenesis, was reported to increase by less than two-fold 

(Kawai et al., 2010c). Transcript levels of other important osteoblastogenic transcripts, 

Osterix, Osteocalcin, and Atf4 were examined in MC3T3-E1 cells overexpressing NOCT 
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and undergoing osteoblastogenesis. In all cases, the transcript levels decreased with 

NOCT overexpression though changes were also modest in these experiments with the 

exception of Osteocalcin mRNA, which decreased 4 to 5-fold (Kawai et al., 2010c). None 

of these transcripts have been examined for direct association with NOCT so it in 

unknown if this effect is due to NOCT ribonuclease activity. In an additional study, NOCT 

was reported to interact with Igf1 mRNA, a transcript that is associated with accumulation 

of bone mass and skeletal tissue maintenance (Kawai et al., 2010a). Noct mRNA was 

shown to be expressed in mouse femur in a circadian manner antiphase to Igf1 mRNA, 

and overexpression of NOCT in MC3T3-E1 cells reduced Igf1 expression. Furthermore, 

NOCT was shown to be directly associated with Igf1 mRNA. However, regulation of the 

Igf1 3ʹUTR in reporter assays was dependent on which mouse strain the sequence of the 

Igf1 3ʹ UTR was derived from, which indicates that there is natural variation in what 

transcripts are regulated by NOCT (Kawai et al., 2010a). As such, the mechanism of 

NOCT-mediated regulation of the adipogenesis/osteoblastogenesis differentiation axis 

has yet to be determined. 

  
1.6.III Proposed function of NOCT in positive regulation of adipogenesis 

The obesity-resistant phenotypes of the NOCT KO mice indicate that NOCT is 

likely a positive regulator of adipogenesis, (Green et al., 2007). Subsequent studies in 

3T3-L1 pre-adipocytes demonstrated that differentiation of these cells into adipocytes 

increased the level of NOCT mRNA and protein expression (Kawai et al., 2010c). mRNA 

levels of peroxisome proliferator-activated receptor γ (Pparγ2), a well-described 

proadipogenic factor, increases coincidently with Noct expression during adipogenesis of 
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3T3-L1 preadipocytes, whereas knockdown of NOCT reduced Pparγ2 expression (Kawai 

et al., 2010c; Kawai and Rosen, 2010).  

Overexpression of NOCT in differentiating 3T3-L1 cells led to increased 

accumulation of intercellular lipids relative to controls, a marker for adipogenesis. mRNA 

levels of the adipogenic differentiation marker Adipocyte protein 2 (aP2) were elevated in 

the NOCT overexpression (OE) cells. The opposite effect was observed in differentiated 

3T3-L1 cells wherein NOCT was depleted, with reduced lipid staining and decreased 

expression of adipogenic mRNAs (Kawai and Rosen, 2010). It was posited that a physical 

association between PPARγ and NOCT enhanced nuclear translocation of PPARγ, 

increasing its transcriptional activity. However, the exact mechanism of translocation 

remains unclear (Kawai and Rosen, 2010). Although NOCT loss of function models have 

impaired adipogenesis and overexpression models have increased markers of 

differentiation, the mechanism by which NOCT promotes adipogenesis has still not been 

established. The proposed exoribonuclease function of NOCT would predict that NOCT-

mediated RNA decay would target transcripts associated with negative regulation of 

adipogenesis. These observations necessitate further study into the relationship between 

NOCT targets and fate determination of adipogenic precursors. 

  
1.6.IV Circadian regulation of NOCT expression 

Early studies of NOCT function focused on the potential role of the enzyme in 

circadian function. NOCT was first identified in a screen for genes regulated by the 

circadian clock in the retina of Xenopus laevis, but the majority of characterization of the 

circadian regulation of NOCT expression has been performed in mice (Baggs and Green, 

2003, 2006; Green and Besharse, 1996a, b, 1997; Green et al., 2007; Wang et al., 2001). 
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In mice and in Xenopus, the zenith of NOCT expression occurs just after the onset of the 

dark phase in a 12:12 light-dark cycle. Noct mRNA levels fluctuated most significantly in 

the liver (~30-fold), where the expression of Noct is generally the highest versus other 

tissues. Smaller fluctuations were reported in heart and kidney (Wang et al., 2001). NOCT 

KO mice do not display defects in circadian rhythms or behaviors, which indicates that it 

is downstream of circadian effectors (Green et al., 2007).  

The NOCT promoter in mice and humans have conserved E-box elements that 

bind the core clock regulators BMAL1 and CLOCK (Li et al., 2008). However, the time-

dependence of these interactions varies by species—in mice, BMAL1 association with E-

boxes varies over the 24-hour cycle, while in humans, CLOCK and BMAL1 occupancy at 

this site is independent of the time of day. Binding of RevERBα, another core clock 

transcription factor, has also been described in mice and humans (Li et al., 2008). 

Transcriptional regulation of NOCT does not appear to be wholly controlled by the global 

molecular clock, as mice deficient in the global circadian clock via loss of CLOCK continue 

to rhythmically express NOCT in the liver, suggesting mechanisms of local control 

(Kornmann et al., 2007; Oishi et al., 2003). Overall, studies of NOCT transcriptional 

regulation remain limited, and the consequences of disrupting binding of CLOCK, BMAL1, 

or RevERBα in the NOCT promoter remain untested.  

Studies of circadian regulation of NOCT remain largely limited to measurements 

of mRNA abundance. To date, only one study has measured fluctuations in NOCT protein 

expression in mouse livers over a 24-hour time period, and the magnitude of these 

changes was less than two-fold (Kojima et al., 2010). In contrast, NOCT mRNA levels  

fluctuate in human Huh7 hepatocarcinoma cells and mouse liver tissues around 30-fold 
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(Li et al., 2008). As the protein fluctuation in mouse liver is comparably minor compared 

to that of the mRNA, the significance of circadian rhythmicity of the mRNA remains 

unclear.  Circadian fluctuation of NOCT also occurs in human oral mucosa, further 

suggesting that rhythmic expression occurs inn peripheral tissues; however, only mRNA 

levels were examined, and the magnitude of change between the light and dark phases 

was small (Zieker et al., 2010). An additional transcriptome analysis also provides 

evidence for rhythmic expression in humans in skeletal muscle (Perrin et al., 2018). The 

resistance of NOCT KO mice to diet-induced obesity suggests that NOCT functions in 

metabolic regulation, which is also tightly controlled by the circadian clock. Circadian 

regulation of NOCT may be relevant to the reported phenotypes of NOCT null mice, as 

livers of KO mice show changes in circadian expression of metabolic mRNAs and  

circadian fluctuations in levels of circulating lipids and bile acids (Stubblefield et al., 2018).  

 
1.6.V Regulation of NOCT expression in response to external stimuli 

NOCT expression is regulated by extracellular stimuli, including nutritional states, 

growth factors, and mitogens (Douris et al., 2011; Garbarino-Pico et al., 2007; Gilbert et 

al., 2011). This finding is consistent with the well-described relationship between 

metabolism and circadian regulation (Eckel-Mahan and Sassone-Corsi, 2013; Mayeuf-

Louchart et al., 2017). Noct mRNA expression was induced in NIH 3T3 cells by serum 

shock and also by the phorbal ester 12-O-Tetradecanoylphorbol-13-acetate (TPA), 

leading to the interpretation that NOCT expression is also modulated by external cues 

(Garbarino-Pico et al., 2007). It should be noted that TPA treatment has been shown to 

reset the circadian clock, which would indicate that in this case, external stimulation of 

NOCT may also affect its circadian expression (Akashi and Nishida, 2000). A similar 
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effect on the circadian clock has also been shown for serum shock (Balsalobre et al., 

1998). These responses cannot fully be attributed to clock resetting, as Noct mRNA 

increases to its maximal expression in the first two hours after TPA or serum treatment. 

This is a more rapid response than what is observed over circadian time, in which Noct 

reaches maximal expression over six hours (Garbarino-Pico et al., 2007; Wang et al., 

2001).  The promoter of the mouse Noct gene contains binding sites for PPARγ, CRE, 

and STAT3, while the human NOCT promoter has an observed FoxO binding site 

(Bourillot et al., 2009; Hamza et al., 2009; Kawai et al., 2010b; Paik et al., 2007). These 

transcription factor binding sites are indicative of the potential for multi-level control of 

NOCT transcription in response to nutrient states or other external cues.   

Evidence of NOCT induction by nutritional stimuli exists at the organismal level. In 

mice, an olive oil gavage induces expression of NOCT at ZT3 in the small intestine, when 

NOCT expression is typically low based on patterns of circadian expression (Douris et 

al., 2011). This is especially pronounced in the proximal small intestine, where the 

majority of dietary fat absorption takes place during digestion.  

Overall, NOCT expression appears to be jointly regulated by the circadian clock 

and external stimuli, especially signals that are related to nutritional state. These 

regulatory processes modulate the activity and expression of gene products related to 

metabolism. Therefore, NOCT regulation cannot necessarily be cleanly separated into 

regulation by the clock versus external signals. It should be noted that the mechanisms 

of direct regulation remain unexplored. For example, stimulation of NOCT expression by 

TPA and serum shock has been observed but the signaling pathways that exert these 

changes have not been identified. Describing how NOCT is modulated will be important 



  31 

in understanding how perturbations in expression can affect body mass and lipid 

metabolism, and how these regulatory mechanisms are translated into post-

transcriptional regulation downstream of NOCT.  

 
1.6.VI Global analysis of NOCT-regulated transcripts 

The molecular mechanism by which NOCT regulates body mass and lipid 

metabolism has been a persistent question in the field of NOCT biology. Identification of 

endogenous mRNA targets of NOCT has been pursued but still remains elusive. 

Determination of these targets is critical for further characterization of the NOCT 

molecular mechanism, as in vitro assays are limited by the lack of knowledge of natural 

substrates. While this lack of ribonuclease activity may also be a function of missing 

protein partners in in vitro experiments (discussed in Chapters 2 and 6), it is also possible 

that the substrates tested in vitro lack sequence or structural elements that are required 

for NOCT function. Such sequence elements may be able to be identified from datasets 

of NOCT-regulated transcripts. Several studies have reported efforts to identify NOCT-

regulated transcripts by looking at global changes in gene expression (Hee et al., 2012; 

Kojima et al., 2015; Stubblefield et al., 2018).  

Based on its relationship to exoribonucleases and its ability to repress mRNAs 

when directed to a reporter transcript, we would predict that NOCT targets will increase 

in abundance when NOCT is depleted. A study by Hee et al., assessed changes in 

transcript levels upon treatment of differentiated 3T3-L1 cells with NOCT shRNAs. 89 

upregulated genes and 184 downregulated genes were reported, which may include both 

direct targets of NOCT-mediated regulation as well as genes that are indirectly affected. 
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Genes that exhibited more than two-fold differences in expression were analyzed using 

Ingenuity Pathway Analysis (IPA), which identified cellular proliferation, movement, and 

development as the main pathways enriched in these gene sets (Hee et al., 2012). We 

took the 89 upregulated genes from this dataset and reanalyzed them using DAVID, an 

open-source platform for gene ontology analysis, which identified the enrichment of genes 

involved in lipid metabolism and mitochondrial function (Table 1.2) (Huang da et al., 

2009a, b). Different databases are used for DAVID and IPA, which may explain the 

differences in the identified pathways. Overall, the DAVID analysis provides terms that 

are more consistent with the described NOCT phenotypes related to lipid metabolism and 

A)  
 

 
B) 

 
 
Table 1.2 Analysis of differentially regulated genes in 3T3-L1 cells with depleted NOCT. (A) 
DAVID GO Term analysis of the 89 upregulated genes identified by microarray in Hee et al. (B) Top 
ten upregulated genes identified by microarray in Hee et al. 
 

Category Term Gene Count P-Value
GOTERM_BP_DIRECT brown fat cell differentiation 4 0.00032
GOTERM_BP_DIRECT oxidation-reduction process 10 0.0023
GOTERM_BP_DIRECT glucose transport 3 0.005
GOTERM_BP_DIRECT developmental process involved in reproduction 2 0.0019
GOTERM_BP_DIRECT lipid metabolic process 6 0.0034
GOTERM_BP_DIRECT hepatocyte apoptotic process 2 0.0054
GOTERM_BP_DIRECT negative regulation of lipid catabolic process 2 0.0061
GOTERM_BP_DIRECT phospholipid efflux 2 0.0061
GOTERM_BP_DIRECT cellular response to hypoxia 3 0.0062
GOTERM_BP_DIRECT immune system process 5 0.0064

Gene Fold Increase Gene Ontology
Slc16a1 9.8 Mitochondria
Cox6a2 7.9 Oxioreductase, Mitochondira, Obesity resistance

Ero1l 6.8 ER Stress and Apoptosis
Paqr5 6.7 Fat metabolism
Elovl3 6.7 Obesity resistance
Akp2 6.4 Bone mineralization

Cideda 6.2 Lipid storage, Mitochondria, Obesity resistance 
Cyp2c44 5.9 Oxioreductase, Fat metabolism

Ccl24 5.3 Immune response
Apoc1 5.2 Lipid transport and metabolism
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transport (Douris et al., 2011; Green et al., 2007; Kawai et al., 2010c). It remains unknown 

whether or not any of the upregulated transcripts physically associate with NOCT.  

Other global analyses of NOCT-mediated gene expression have elected to use 

poly(A) tail length and circadian expression patterns as criteria for identification of putative 

NOCT-regulated transcripts. Circadian time points, measured by Zeitgeber Time (ZT), 

standardize light onset to ZT0 and dark onset as ZT12. Noct mRNA reaches maximal 

expression after dark onset to ZT16 and has minimal expression at ZT4 on the other end 

of the light:dark cycle (Wang et al., 2001). Kojima et al. performed an analysis of the 

changes in global poly(A) tail lengths of mRNAs purified from the livers of WT and NOCT 

KO mice at ZT4 and ZT16 (Kojima et al., 2015). RNAs were separated into long and short 

poly(A) tail populations based on relative binding affinities for oligo (dT) resin. One 

limitation of this approach is negative bias against recovery of mRNAs with very short 

tails. Though this was controlled for by measuring correlation of between fractionated and 

unfractionated samples, this bias may be reflected in the higher variability of long to short 

tail length ratios in the KO vs WT animals (Kojima et al., 2015).  The assumption that 

NOCT targets would show significant differences in poly(A) tail lengths may not be 

accurate, as mRNA decay intermediates often do not accumulate in cells (Figure 4.7) 

(Abshire et al., 2018). While it was assumed that NOCT-mediated tail-length shortening 

would correlate to the rhythmic expression of Noct mRNA, only one study has shown that 

NOCT protein levels are also circadian and the timing of peak protein expression has not 

been assessed (Kojima et al., 2010; Kojima et al., 2015). In total, only 10 transcripts were 

identified by that had increased tail lengths at ZT16 in the NOCT KO samples and only 

213 transcripts overall that had longer poly(A) tails in the NOCT KO mice at both ZT16 
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and ZT4. The combined ZT16 and ZT4 datasets were enriched for transcripts involved in 

oxidative phosphorylation, suggesting a role for NOCT in mitochondrial biology. None of 

the 10 transcripts with longer tails at ZT16 in the NOCT KO livers are involved in metabolic 

function (Kojima et al., 2015). Ultimately, it is not known if these mRNAs represent bona 

fide NOCT targets. The approach used in this study limits identification of targets from the 

outset by assuming poly(A) tail shortening and circadian expression of these transcripts 

(Kojima et al., 2015). Therefore, the pool of identified potential targets is restricted and 

unlikely to capture the full effect of NOCT regulation.  

 A third study analyzed circadian changes in mRNA levels in livers from WT and 

NOCT KO mice using RNA-Seq. This analysis similarly assumed that bona fide NOCT 

targets would display cyclic behavior for both poly(A) tail lengths and mRNA abundance 

(Stubblefield et al., 2018). Transcripts that had increased amplitudes of circadian 

expression in KO mice were identified and included mRNAs involved in acetyl CoA, 

triglyceride, and cholesterol production (Stubblefield et al., 2018). To assess potential 

differences in lipid metabolism between the KO and WT mice, the authors measured 

levels of  circulating and hepatic triglycerides and cholesterol, as well as the levels of 

circulating lipoproteins in the plasma (Stubblefield et al., 2018). Most of these changes in 

lipid and lipoprotein concentrations between the WT and KO animals were modest so it 

is unclear that NOCT KO has a large effect on circulating and hepatic lipids. As 

homeostasis of lipid metabolism is tightly controlled, small changes are not necessarily 

unexpected. A complex endocrine signaling network coordinates metabolism in different 

tissues to respond to changes in energy states, which may allow for compensatory 

mechanisms that minimize the effects of NOCT KO (Hardie, 2012). The most notable 
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changes observed in the NOCT KO were increased gallbladder volumes during the light 

phase relative to WT mice (Stubblefield et al., 2018). This observation indicates that 

NOCT plays a role in bile acid production, which is vital for digestion of dietary fats (Qi et 

al., 2015; Stubblefield et al., 2018). Finally, the poly(A) tail lengths for a subset of 

transcripts identified in this study were analyzed for changes in the distribution of tail 

lengths between WT and NOCT KO mice. Very little difference was observed in the tail 

lengths of these transcripts between WT and NOCT KO mice, though this does not rule 

out differential regulation of transcripts by NOCT through methods of translational control 

(discussed in Chapter 4).  

Past studies analyzing NOCT-mediated changes in gene expression used a series 

of assumptions about the theoretical behavior of putative NOCT transcripts to determine 

which transcripts were considered significant (Kojima et al., 2015; Stubblefield et al., 

2018). First, it was assumed that the poly(A) tails of target transcripts will be significantly 

longer in the absence of NOCT. In the tethered function assays discussed in Chapter 4, 

mutagenesis of the NOCT active site did not eliminate reporter repression, suggesting 

that other methods of translational control may play a role. If this is true, then using 

abundance or tail-length changes as criteria to identify targets may exclude transcripts 

that do not change significantly in these assays but are repressed through association 

with NOCT. Second,  it has been assumed that circadian NOCT expression will enforce 

rhythmic expression patterns on its target mRNAs. This assumption is not necessarily 

inaccurate for these studies as they utilized liver tissue, where the amplitude of circadian 

expression of Noct is most significant (Wang et al., 2001). Validation of rhythmic 

expression at the protein level would strengthen this observation and indicate that 
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changes in the amplitudes of circadian mRNA abundances translate into functional 

differences (Kojima et al., 2015; Stubblefield et al., 2018; Wang et al., 2001). While 

paradigms of circadian regulation may be an important consideration, the assumption that 

NOCT targets should follow this expression pattern may again exclude potential NOCT 

targets. As Noct expression is also regulated by extracellular stimuli, its targets may be 

regulated by NOCT in other contexts (Douris et al., 2011; Garbarino-Pico et al., 2007). 

 
1.7 Remaining Questions in NOCT Biology 

Previous observations about NOCT functions fall into two categories: in vitro 

biochemical studies that describe NOCT as a deadenylase, cellular and genetic studies 

that describe the biological phenotypes of NOCT function. The human enzyme had not 

yet been characterized so we therefore addressed questions of in vitro and in vivo function 

of human NOCT by solving the first structure of NOCT from any species and measuring 

the activity of the human enzyme in vitro. We also determined whether NOCT could  

repression mRNA expression and reduce mRNA steady state levels in cells, which would 

be consistent with its predicted role as a deadenylase. This work aims to build a better 

understanding of relationship between NOCT phenotypes and mechanisms of mRNA 

decay and translational control. 
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CHAPTER 2 

Purification and Structural Characterization of NOCT1 

 
2.1 Abstract 

NOCT is a human Endonuclease, Exonuclease, and Phosphatase (EEP) 

superfamily enzyme that is most closely related to the human EEP deadenylases 

CNOT6L and PDE12. As structures of the NOCT enzyme had yet to be reported, we 

undertook structural studies of the human homolog. To ascertain the structure of the 

NOCT catalytic domain, we first optimized the purification of recombinant NOCT. While 

purified NOCT120-431 was sufficiently pure for crystallization, our observations of nucleic 

acid co-purification prompted further optimization of purification of a longer NOCT64-431 

construct for use in biochemistry. We then solved a pair of crystal structures of the NOCT 

catalytic domain and observed that NOCT forms a highly conserved α/β hydrolase fold 

that defines the EEP catalytic domain. Conserved active site residues form a core active 

site that is nearly identical to those of CNOT6L and PDE12. However, unique features of 

                                                        
1 This work was contributed to by Dr. Paul Del Rizzo, who designed, cloned, and did initial expression 

testing of the human NOCT constructs, and by Jennifer Chasseur, who performed the crystallization of 

NOCT with 3ʹ , 5; ADP. This work was published  in the following publication: Abshire, E.T., Chasseur, J., 

Bohn, J.A., Del Rizzo, P.A., Freddolino, P.L., Goldstrohm, A.C., and Trievel, R.C. (2018). The structure of 

human Nocturnin reveals a conserved ribonuclease domain that represses target transcript translation and 

abundance in cells. Nucleic acids research 46, 6257-6270. 
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the NOCT catalytic domain suggest that NOCT may recognize and bind its substrates 

through unique interactions, differentiating it from other members of the EEP family.   

 
2.2 Introduction 

 NOCT was initially described as an EEP deadenylase based on the homology of 

the Xenopus enzyme (xNOCT) with yeast Ccr4, the founding member of the EEP 

deadenylase subfamily (Baggs and Green, 2003). This study found that the C-terminal 

domains of Ccr4 and xNOCT were conserved with 31% sequence identity and 41% 

sequence similarity (Green and Besharse, 1996). These regions of xNOCT and Ccr4 

correspond to the EEP catalytic domain, and NOCT was therefore classified  as a member 

of the EEP deadenylase subfamily of Mg2+-ribonucleases. This group of enzymes include 

CNOT6L, the human homolog of Ccr4 and PDE12, a mitochondrial tRNA deadenylase, 

both of which have been structurally characterized (Pearce et al., 2017; Wang et al., 2010; 

Wood et al., 2015). The NOCT EEP domain has 22% and 24% sequence identity to 

CNOT6L and PDE12 EEP domains, respectively.  

 Structural characterization of NOCT is an important step forward in the field, as no 

structures of the enzyme had been determined prior to publication of the data presented 

in this chapter (Abshire et al., 2018). Structures of the NOCT catalytic domain will confirm 

that NOCT forms the predicted EEP hydrolase fold and that its active site is formed by 

the conserved residues predicted to be involved in catalysis. More importantly, NOCT 

structures will also identify unique features that differentiate NOCT from CNOT6L and 

PDE12, which may predict differences in function. Identifying variations in predicted 

substrate binding residues may explain why NOCT recognizes a specific subset of RNAs 

involved in lipid metabolism. 



 

 52 

 Here, we describe the steps taken to purify recombinant NOCT enzyme for both 

structural and biochemical characterization. In addition to the high degree of purity 

required for protein crystallization, removal of co-purifying nucleic acid was a major 

impetus for optimizing purification of NOCT used inn biochemical analysis. Residual 

nucleic acids are known to bring along nucleases that can confound the results of 

ribonuclease activity assays (Hrit et al., 2014). We then describe a pair of crystal 

structures of the NOCT EEP catalytic domain and discuss unique features of NOCT 

relative to CNOT6L and PDE12. NOCT is also compared to the EEP abasic site 

endonuclease APE1, which has a well-characterized catalytic mechanism and can be 

used to predict the potential function of NOCT active site residues. The structure of the 

NOCT catalytic domain can therefore be used as a powerful predictive tool in designing 

studies to test the importance of active site residues in NOCT activity.  

  
2.3 Results 

2.3.I Purification of NOCT120-431 for structural studies. 

In our initial purifications, we attempted to purify the full-length enzyme NOCT1-431 

but encountered difficulty with solubility and degradation of recombinant NOCT expressed 

in E.coli. We examined the predicted secondary structure elements of NOCT using the 

GlobPlot secondary structure prediction tool and comparison to structures of the closely 

related human enzyme CNOT6L. These analyses were then utilized in construct design 

to better predict EEP catalytic domain boundaries (Linding et al., 2003; Wang et al., 2010). 

According to these predictions, the N-terminus of NOCT is highly disordered and was 

therefore truncated in the constructs expressing recombinant NOCT. Addition of an N-

terminal Sumo tag improved solubility and stability of NOCT after cell lysis. 
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The Strep(II)-Sumo-NOCT120-431 fusion protein was selected for further 

optimization of purity and solubility. NOCT initially was expressed in Rosetta 2 DE3 E.coli 

and purified in a two-step scheme starting with a Strep-Tactin affinity purification followed 

by removal of the Strep(II)-Sumo tag by Sumo protease and finally, size exclusion 

chromatography. Purified NOCT eluted as multiple species, including a large peak 

corresponding to aggregated protein, indicating that the purified protein was fairly 

unstable (Figure 2.1).  Additionally, the purified protein co-purified with nucleic acid  

(Figure 2.1). As the identity of this nucleic acid was unknown and was assumed to be 

heterogeneous, we sought to remove it from our protein purifications. Addition of an anion 

 

A) 

 
 
B) 
 

 
C) 

 
Figure 2.1: Initial purification of NOCT120-431 yielded unstable protein containing nucleic acid 
contaminants. (A) Schematic of NOCT purification protocol prior to optimization. (B) Size exclusion 
chromatogram of NOCT120-431 purification on a Superdex 75 size exclusion column. The peak eluting at 
45 mL represents protein aggregates eluting in the column void volume. Monomeric NOCT120-431 elutes 
at approximately 70 mL. The fractions were pooled for analysis in three groups by size, corresponding 
to the fractions corresponding to the peak with an absorbance maximum at 55 mL, 63 mL, and 74 mL 
(Pool A, B, and C, respectively). (C) Fractions from Pool A, B, and C were visualized on an agarose gel 
with ethidium bromide.  
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exchange chromatography step to purifications resulted in differential elution of protein 

and nucleic acid, effectively removing nucleic acid from recombinant NOCT (Figure 2.2). 

Analysis of our final purified protein by measuring the A260/A280 ratios, which were in 

 

A)  
 

 
 

B)        Ion Exchange Purification of NOCT120-431     C) 
 

             
 

 
D)        Size Exclusion Purification of NOCT120-431 

 

 
 

Figure 2.2: NOCT protein purifications are optimized for purity and stability. (A) Schematic of the 
optimized NOCT120-431 purification protocol. (B) Chromatogram of NOCT120-431 purification on a Q 
Sepharose anion exchange column. The peak eluting at 90 mL represents Strep-Tactin affinity-purified 
Strep(II)- Sumo-NOCT. (C) The fractions associated with this peak can be visualized on an SDS PAGE 
gel using Coomassie Blue stain. The second peak at 125 mL represents nucleic acid-containing 
fractions and samples from this peak are not strongly Coomassie stain but are able to be visualized 
using ethidium bromide. (D) Chromatogram of NOCT120-431 purification on a Superdex75 Size Exclusion 
column. NOCT120-431 elutes in a single peak at approximately 70mL, the retention volume corresponding 
to the NOCT120-431 monomer. The shoulder peak at ~75mL corresponds to the Strep(II)-Sumo Tag, 
which partially copurifies with NOCT120-431. 
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the range of 1.8-1.9, indicating that nucleic acid comprised less than 5% of the final 

purified protein. 

NOCT purification buffer was optimized to include sulfate and glycerol additives, 

which increased protein stability. Size exclusion chromatography showed a single peak 

corresponding to the NOCT120-431 monomer and had very little signal corresponding to 

protein aggregate (Figure 2.2). The resulting protein from these purifications was 

sufficiently pure for use in crystallization trials. 

 
2.3.II Purification of NOCT64-431 for biochemical studies. 

For biochemical assays, we revisited purification of a longer NOCT64-431 construct 

with the optimized purification protocol, as recombinant NOCT was significantly more 

stable and soluble.  The NOCT64-431 construct was selected based on the proximity of the 

N-terminus truncation boundary to a second translation start site in the native NOCT 

mRNA sequence. This start site, which initiates at Met67, excludes predicted disordered 

regions but approximates a possible native NOCT truncated isoform. To obtain highly 

purified recombinant enzyme, we isolated NOCT64-431 using a stringent, multistep protocol 

modified from the method used to purify NOCT120-431 (see Materials and Methods for 

purification details) (Figures 2.2 and 2.3). Briefly, NOCT protein was expressed in a 

modified BL21 STAR E.coli cell line with mutant RNase E, which is catalytically inactive 

against mRNAs but still able to process rRNAs in bacteria (Lopez et al., 1999). Use of 

this cell line eliminated one potential source of co-purifying nuclease activity. The 

Strep(II)-tag affinity step was amended to include a 1M NaCl wash to better remove co-

purifying RNAs, and the Q Sepharose column used in the anion exchange 
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chromatography step was replaced with a higher resolution Source 15Q resin (to improve 

separation of protein from nucleic acid. This purification scheme resulted in highly purified 

protein (Figures 2.3 and 2.4). 

One commonly described challenge in purifying RNAses is co-purification of 

contaminating nucleases, which can result from bound nucleic acid remaining associated 

with the purified protein of interest, carrying other RNA binding proteins (RBPs) and 

     

A)       

 
 

B)                 C) 

                        
 

D) 

 
Figure 2.3: Purification of human NOCT for biochemical characterization. (A) Optimized 
purification of NOCT64-431. (B) Initial purification of NOCT using Strep-Tactin affinity purification. (C) 
NOCT is purified using ion exchange chromatography as a second purification step. (D) Purification 
of NOCT using gel filtration chromatography. 
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nucleases (Hrit et al., 2014). In early activity assays used to assess purifications of NOCT, 

ribonuclease activity was only observed at relatively high concentrations of NOCT (5 µM), 

which is greater than concentrations typically observed in conditions used to assay other 

deadenylases (Wang et al., 2010; Wood et al., 2015). This putative was highly variable 

between different purifications purported NOCT catalytic mutants purified as controls also 

had detectable ribonuclease activity. Thus, the observed RNA degradation was attributed 

to a co-purifying nuclease, and NOCT purifications were further optimized to eliminate 

this activity (Figures 2.3). As earlier studies reported that crude purifications of mouse 

NOCT had activity, we additionally cloned and purified the analogous NOCT construct 

from mouse (mNOCT62-429) in order to compare activity from the mouse and human 

enzymes (Figure 2.4) (Wang et al., 2001). 

 
                                                    B) 

                                  
Figure 2.4: Stringent purification of recombinant NOCT produced highly pure protein for use in 
biochemical analysis. (A) A representative SDS-PAGE gel of 5 μg of purified NOCT64-431, visualized 
using silver stain to detect impurities. The developing step was extended to facilitate detection of low-
abundance impurities. The expected molecular weight of purified recombinant NOCT64-431 is 41.7 
kDa. (B) A representative SDS-PAGE gel of 1 μg of purified hNOCT64-431, mNOCT62-429, single-step 
Strep-Tactin purified Strep(II)-Sumo- mNOCT62-429, CNOT6L158-555, and CNOT6L158-555 E240A 
visualized using silver stain.  
 



 

 58 

As positive and negative controls for RNA degradation, we purified the human 

deadenylase CNOT6L158-555 and the catalytically inactive CNOT6L158-555 E240A mutant 

using the same expression and purification procedure used for NOCT. This approach 

would confirm that the modified purification protocol was compatible with deadenylase 

activity. The longer NOCT64-431 construct used in these studies has analogous N-terminal 

boundary to the CNOT6L158-555 construct used in these assays and previously published 

studies (Wang et al., 2010). The purity of all enzymes used in biochemical 

characterization was assessed using silver staining and quantified using densitometry, 

which determined that the proteins used in biochemical studies have fraction purities 

ranging from 0.96 to 1.0 (Figure 2.7). Biochemical assays performed with these enzymes 

will be discussed in Chapter 3. 

 
 2.3.III Overall structure of the NOCT catalytic domain. 

Highly purified recombinant NOCT120-431 was used to solve structures of the NOCT 

catalytic domain in two different space groups for three separate crystals grown in 

different conditions (see Materials and Methods for details).  An initial NOCT structure 

was solved at 2.15 Å resolution and was used as a search model for molecular 

replacement (MR) for the two subsequent and higher-quality structures that were reported 

(Abshire et al., 2018). These structures were comprised of a 2.41 Å resolution crystal 

structure (PDP 6BT2) solved in the P41212 space group and a 1.48 Å resolution crystal 

structure (PDB 6BT1) solved in the P212121 space group (Figure 2.5 and Table 2.1). The 

NOCT catalytic domain forms an α/β sandwich hydrolase fold in which two anti-parallel 

β-sheets face each other in the core of the protein. One sheet is formed from the  β4- β5- 

β3- β2- β15- β14 and β1 strands and the other by the β6- β7- β8- β9- β13 and β10 strands. 
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These β-sheets are surrounded by α and 310 helices, which bury most of the protein core 

(Figure 2.5).  

          

           A) 

 

          B) 

 

          C) 

 

Figure 2.5: The crystal structure of the NOCT catalytic domain. (A) A cartoon representation of the 
1.48 Å resolution structure of the NOCT120-431. (B) The NOCT 1.48 Å resolution and 2.41 Å resolution 
structures were aligned (RMSD 0.268 Å over 1619 atoms). No conformational differences are observed 
with the different Mg2+ occupancies. (C) Cartoon representation of the NOCT120-431 1.48 Å resolution 
structure with secondary structural elements of the NOCT catalytic domain colored using PyMOL 
chainbow settings. 
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The NOCT structure also has an unusual π helix, a secondary structural element 

defined by an i, i+5 hydrogen bonding pattern (in contrast to the i, i+4 canonical hydrogen 

bonding pattern for an α-helix or i, i+3 hydrogen bonding for 310 helices). Functional roles 

for π helices have been previously described in the literature for other proteins such as 

fumarase C and lipoxygenase. For the π helices described in these structures, the π helix 

participates in ligand and/or substrate binding and are located close to these binding sites 

(Weaver, 2000). The hydrogen bonding patterns of π helices are less energetically 

favourable than those of α-helices, so it is likely that previously described structures with 

 
 

Table 2.1: X-ray Data Collection and Refinement Statistics 

Table 1: X-ray Data Collection and Refinement Statistics 
 

 NOCT 
(6BT2) 

NOCT  
(6BT1) 

Data collection   
Space group P212121 P41212 

Cell dimensions   
a, b, c (Å) 62.0, 69.4, 153.5 61.9, 61.9, 155.5 
α, β, γ (q) 90, 90, 90 90, 90, 90 

Resolution (Å) 48.20 - 2.41 (2.48-2.41)a 42.10 – 1.48 (1.51-1.48) a 
Rmerge, 
Rmeas 

0.104 (0.461) 
0.110 (0.503) 

0.085 (0.629) 
0.112 (0.500) 

I/σ(I) 13.82 (3.34) 15.78 (2.72) 
CC1/2 
CC* 

(0.895) 
(0.972) 

(0.680) 
(0.953) 

Completeness (%) 98.9 (90.7) 99.8 (98.0) 
Redundancy 8.9 (5.5) 11.6 (4.2) 

   
Refinement   

Resolution (Å) 2.41 1.48 
No. reflections 26012 (1301) 51337 (2567) 

Rwork / Rfree 0.16/0.22 0.15/0.19 
No. atoms 4544 2614 

Protein 4306 2348 
Ligand/ion 14 2 

Water 224 264 
B factors (Å2) 42.0 23.8 
Protein (Å2) 41.9 22.4 

Ligand/ion (Å2) 47.5 21.7 
Water (Å2) 44.3 36.8 

R.m.s. deviations   
Bond lengths (Å) 0.008 0.006 
Bond angles (q) 

Ramachandran (%) 
Favored (%) 
Allowed (%) 
Outliers (%) 

1.05 
 

97.0 
2.4 
0.6 

1.03 
 

97.6 
2.1 
0.3 

a Values in parentheses are for highest-resolution shell. 
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π helices stabilize the secondary structure by hydrogen bonding to reinforce the i, i+5 

hydrogen bonding pattern in the π helix. This finding is supported by the observation that 

a subset of these described π helices contain proline residues, which are known “helix 

breaking” side chains. Ultimately, the functional relevance of the NOCT π helix is 

unknown, and future studies may identify a role for this structural feature in roles such as 

protein-protein interactions. 

 
2.3.IV Active site of the NOCT catalytic domain. 

Prior to solving the structure of the NOCT catalytic domain, putative active site 

residues were identified based on homology to other EEP family members (Figure 1.4 

and Figure 2.11) (Wang et al., 2010; Wood et al., 2015). These residues cluster together 

in a solvent-exposed pocket with bound Mg2+ ions. The active site is composed of 

residues Asn149 on β2, Glu195 on β5, His286 on β8, Asp324 on β9, Asp377 on β13, 

His414, located in the β15 - α6 loop, and Asn326 in the β9 - α4 loop (Figure 2.7).  

 A)                                     B)                                          C) 

          
 

Figure 2.6: The NOCT catalytic domain contains a surface-exposed π helix. (A) A cartoon 
representation of the surface-exposed π helix, located immediately before the α3 helix. (B) The 
alternative hydrogen-bonding pattern found in the π helix can be attributed to Pro205, located in the 
NOCT α3 helix. (C) A depiction of the i, i+5 hydrogen bonding pattern for the π helix and α3 helix. 
Hydrogen bonds are depicted with dashed lines. Hydrogen bond distance cutoffs were assigned an 
upper limit of 3.3 Å. 
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Two variations of bound ligands were found in the crystal structures of NOCT, with 

one bound Mg2+ in the active site of the 1.48 Å resolution structure and two Mg2+ ions in 

the 2.41 Å resolution structure. Both NOCT structures have a Mg2+ coordinated directly 

to Glu195, which is the primary Mg2+-binding residue in EEP superfamily members. 

Mutation of this residue leads to catalytic inactivation of many EEP family enzymes, which 

 

                                                    B) 
 

         
 

                                                          D) 

          
 
Figure 2.7: The arrangement of residue side chains and Mg2+ ions in the active site of human 
NOCT. (A) A detailed view of the active site of the 2.41 Å resolution structure. Two Mg2+ ions are bound 
in the active site (one coordinated to Glu195 and the other to Asp324) and a sulfate anion is bound 
between Lys219 and Lys288 adjacent to the active site. Hydrogen bond distance cutoffs were assigned 
an upper limit of 3.3 Å. (B) A detailed view of the active site of the 2.41 Å resolution structure with the 
waters coordinated to the Mg2+ ions illustrated in teal dashed lines. C) A detailed view of the active site 
of the 1.48 Å resolution structure. A single Mg2+ ion is bound in the active site, coordinated to Glu195. 
Hydrogen bonds are depicted with dashed lines. D) A detailed view of the active site of the 1.48 Å 
resolution structure with the waters coordinated to the Mg2+ ion illustrated in teal dashed lines. 
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would predict that this residue is also critical for NOCT catalytic activity (Freudenthal et 

al., 2015; Schellenberg et al., 2012; Wang et al., 2010). The second Mg2+ observed in the 

2.41 Å resolution structure was coordinated to Glu324, which is the analogous to the 

second Mg2+-binding residue in the CNOT6L apoenzyme structure (Glu410, PDB 3NGQ). 

This Mg2+ binding residue has not been tested in mutagenesis studies and it is unclear 

whether this Mg2+ ion plays a role in catalysis. 

 
2.3.V Electrostatic and conservation analysis of the NOCT catalytic domain. 

The electrostatic surface of NOCT has a pronounced basic patch approximately 

13 Å long and 7.5 Å wide along the surface adjacent to the putative active site, which may 

be indicative of an RNA binding site. Similar, albeit less prominent, basic clefts are 

observed on CNOT6L and PDE12 structures, although the functions of these features 

have yet to be determined (Figure 2.8). We observed a sulfate anion from the buffer 

 
 

 
Figure 2.8: Comparison of surface charges of the human deadenylases NOCT, CNOT6L, and 
PDE12. Comparison of the electrostatic surface potential of the NOCT, CNOT6L, and PDE12 
catalytic domains. Renderings of surface charges are contoured to +/-3 kT/e for NOCT, CNOT6L, 
and PDE12. Active site Mg2+ ions are depicted in light grey. 
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bound in the basic cleft between two lysine residues (Lys219 and Lys288), potentially 

mimicking binding of the phosphodiester backbone of RNA (Figure 2.9). Although this 

observation has not been directly tested, the basic patch may at least partially explain the 

apparent affinity of recombinant NOCT for bacterial nucleic acids, which tend to 

persistently co-purify with the NOCT catalytic domain (Figure 2.2).  

We also examined the sequence 

conservation of the NOCT active site and basic 

patch residues among NOCT homologs.  

ConSurf analysis identifies the most variable 

and conserved residues of a protein and maps 

them to a surface representation of the 

structure. This conservation map indicates that 

the most conserved residues cluster in the 

predicted active site and extend into the basic 

cleft, indicating that the residues located in 

these regions likely serve important functional 

roles (Figure 2.10) (Ashkenazy et al., 2016; Ashkenazy et al., 2010; Celniker G., 2013; 

Glaser et al., 2003; Landau et al., 2005). In summary, the NOCT structure illustrates a 

conserved hydrolase domain with a conserved active site and divalent metal ion cofactors 

located adjacent to a basic cleft, consistent with its proposed function as a ribonuclease. 

 
 
Figure 2.9: Basic patch residues adjacent 
to the NOCT active site coordinate a 
sulfate anion. The active site of the 2.41 Å 
resolution structure and the adjacent basic 
residues are shown with the enzyme surface 
corresponding to the active site and basic 
patch superimposed. 
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2.4 Discussion  

Here we describe the process for obtaining highly-purified recombinant NOCT 

protein, which was critical for structural and biochemical studies. The NOCT catalytic 

forms the highly conserved α/β hydrolase fold that defines members of the EEP 

deadenylase subfamily. Conserved active site residues form the NOCT active site and 

 

 
 

Figure 2.10: Conservation of residues in the human NOCT catalytic domain and basic patch. (A) 
The ConSurf server was used to generate a color-coded conservation alignment mapped to the NOCT 
structure surface representation. The most highly conserved residues are clustered in the active site 
and the adjacent basic cleft. (B) A surface representation of the NOCT 1.48 Å resolution structure. 
Residues are coloured by conservation based on a multiple sequence alignment generated by ConSurf. 
The residues that are conserved are coloured in violet, and the most variable residues are coloured in 
teal. Neutral residues that are neither highly variable nor conserved are white. The most conserved 
residues are found in the active site and adjacent basic cleft, predicting that these side chains are 
important for NOCT function.  
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include a Mg2+-binding Glu residue found in many of the EEP enzymes. (Freudenthal et 

al., 2015; Schellenberg et al., 2012; Wang et al., 2010; Wood et al., 2015). We also 

identify unique features of NOCT, including a surface exposed π helix and a charged 

basic patch adjacent to the active site. In addition to our structures, another NOCT 

catalytic domain structure at 2.7 Å resolution was later published (Estrella et al., 2018). 

This structure was very similar to the structures discussed here (RMSD= 0.255 over 1861 

atoms). Very few differences were observed between these structures, but the structure 

by Estrella and colleagues was incompletely built in areas, limiting comparison. The 

authors noted that Arg290 may serve as a lid to obscure the active site; however, the 

position of this side chain is different in each of the published structures, suggesting that 

this side chain adopts a variety of conformations. Therefore, there is very little evidence 

of this residue serving as a gatekeeper to the NOCT active site, as biochemical studies 

of Arg290 mutants have not been performed to date (Estrella et al., 2018). Overall, the 

published NOCT structures serve to characterize the general features of the active site in 

the absence of ligand-bound structures.  

 The EEP deadenylases are highly structurally homologous enzymes with nearly 

identical active site conformations, as observed in the structures of human NOCT, 

CNOT6L, and PDE12 (Figure 2.11). CNOT6L and PDE12 have robust activity against 

poly(A) substrates (Rorbach et al., 2011; Wang et al., 2010). PDE12 also hydrolyzes the 

2ʹ,5ʹ-A oligoadenylate nucleotide (Wood et al., 2015). CNOT6L and PDE12 have been 

co-crystalized with non-native ligands with chemical structures distinct from the structures 

of their ligands, indicating that there is some inherent flexibility in the catalytic domain for 

ligand binding (discussed in Chapter 1, Table 1.1). 
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NOCT is most similar to the poly(A) specific enzyme CNOT6L, a well-documented 

CCR4-type deadenylase, but the precise determinants of deadenylase poly(A) specificity 

remain incompletely understood. Structural and functional studies of CNOT6L have 

provided some clues regarding this specificity and 3´-exoribonuclease mechanism (Wang 

et al., 2010). Alignments of NOCT with the EEP enzymes CNOT6L, PDE12, and APE1 

illustrate that the aspartate and histidine form a conserved pair that interact through side 

chain-mediated hydrogen bonding (Figure 2.11) (Freudenthal et al., 2015; Wang et al., 

2010; Wood et al., 2015). The imidazolium cation of this histidine may promote active site 

binding of the reactive phosphate of the nucleic acid substrate through hydrogen bonding, 

as proposed for the catalytic mechanism of APE1 (Freudenthal et al., 2015). In CNOT6L 

and NOCT structures, the carboxylate groups of conserved glutamates coordinate Mg2+ 

ions (Figure 2.11). In CNOT6L, coordination of these Mg2+ ions mediate the binding of 

poly(A) DNA. The loss of catalytic activity observed with the CNOT6L E240A mutant likely 

then results from a loss of Mg2+ binding (Wang et al., 2010). Alignment of the NOCT and 

 
 

Figure 2.11: Comparison of active site structures of NOCT with human deadenylases and APE1. 
The NOCT 1.48 Å resolution structure (light blue, Mg2+ ion in grey) was aligned with APE1 (5CFG in 
pink, Mg2+ ion in violet, RMSD 8.692Å), CNOT6L (3NGQ in yellow, Mg2+ ion in sand, RMSD 1.154Å), 
and PDE12 (4Z0V in green, Mg2+ ion in green, RMSD 1.170 Å). A subset of active site residues is 
conserved between NOCT and APE1, while the active sites of NOCT, CNOT6L, and PDE12 are highly 
conserved. 
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CNOT6L illustrates putative differences in the mechanisms of ligand binding for these 

enzymes (discussed in Chapter 1). The Phe484 residue in CNOT6L reported to be 

important in adenine binding is not conserved in NOCT which has a cystine (Cys372) at 

this position. Strikingly, Pro365 in CNOT6L is at the approximate position of Arg290 in 

NOCT, which is one of the residues in the NOCT basic patch (Figure 2.12). NOCT and 

CNOT6L may therefore recognize their ligands in distinct manners.  

Further supporting these putative 

differences in predicted RNA binding modes 

are the differences in surface charges.  NOCT 

has a prominent basic patch adjacent to the 

active site relative to CNOT6L and PDE12 

(Figure 2.8). The contribution of these basic 

patch residues to substrate residues is 

unknown and requires identification of an RNA 

substrate that can be bound by NOCT, as the 

ability of recombinant NOCT to interact with 

poly(A) RNA is currently unclear (discussed 

further in Chapter 3). While the function of some 

of the features identified in the NOCT structure have yet to be determined, the studies 

here represent an important step forward in comparative studies of EEP deadenylases 

by reporting the first crystal structures of NOCT. 

 
 

 

 

Figure 2.12: Comparison of active site 
and adjacent residues in the structures 
of NOCT and CNOT6L.The NOCT 1.48 Å 
resolution structure (6BT1, light blue, Mg2+ 
ion in grey) was aligned with CNOT6L 
(3NGQ in yellow, Mg2+ ion in sand, RMSD 
1.154Å). The residues described to be 
involved in base stacking interactions with 
CNOT6L ligands are not conserved in 
NOCT. 
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2.5 Materials and Methods 

Plasmids.  

 To generate the vectors for protein expression, Nocturnin120-431 or Nocturnin64-431 

was cloned into the pSumo vector using BamHI and XhoI restriction sites. The pSumo 

vector was digested using BamHI and XhoI restriction sites, and the NOCT insert was 

amplified by PCR, adding a 5ʹ BamHI overhang and 3ʹ XhoI overhang. The PCR insert 

and digested pSumo vector were joined using T4 DNA ligase. 

 
Protein purification for crystallography.  

 Strep(II)-Sumo-NOCT120-431 was expressed overnight at 18 °C in BL21 (DE3) E.coli 

cells (Millipore Sigma) grown in 2xYT media (Fisher Scientific). Cells were collected by 

centrifugation and resuspended in 50 mM phosphate buffer (pH 7.5), 150 mM NaCl, 1 

mM MgCl2, 5mM β-mercaptoethanol (βME), and 10% glycerol. For 35 mL of resuspended 

cells, 0.5 mg lysozyme, Thermo Scientific Halt Protease Inhibitor Cocktail (0.5x), NEB 

Micrococcal Nuclease (100U), and 5.0 mM CaCl2 were added to lyse the cells. Lysis 

reactions were incubated for 90 minutes at 4 °C, followed by sonication. Lysis was 

clarified using ultracentrifugation and then filtered using a 0.45 um syringe filter unit. The 

clarified lysate was purified on a BioRad NGC chromatography system, and lysate was 

passed over a Strep-Tactin Superflow Plus resin (Qiagen) in 50 mM phosphate buffer (pH 

7.5), 300 mM NaCl, 1 mM MgCl2, 5mM βME, and 10% glycerol and eluted with 2.5 mM 

desthiobiotin. The resulting fractions were analyzed for purity using SDS-PAGE. 15 µL of 

each fraction was mixed with 5 µL of 4x Laemmli Buffer (BioRad) and samples were 

heated at 95 °C. Samples were resolved on a 12% SDS PAGE gel and were stained 

using Coomassie Blue Stain and (50% (v/v) methanol, 10% (v/v) acetic acid, and 0.1% 
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(w/v) Coomassie Brilliant Blue) destained in deionized (dI) water. All samples were then 

pooled and the Strep (II) Sumo tag was cleaved overnight at 4 °C in Snake Skin 10,000 

MW cutoff dialysis tubing (Thermo) with Ulp1 Sumo protease in 10 mM phosphate buffer 

(pH 7.5), 20 mM NaCl, 1 mM MgCl2, 10% glycerol, and 5 mM βME. NOCT120-431 protein 

was purified further by ion exchange chromatography using Q Sepharose Fast Flow resin 

(GE Healthcare) in 10 mM phosphate buffer (pH 7.5), 20 mM NaCl, 1 mM MgCl2, 10% 

glycerol, and 5 mM βME and was eluted using a 20mM to 1M NaCl gradient. The fractions 

corresponding to the expected NOCT120-431 elution profile were collected and analyzed by 

SDS PAGE as previously described. Fractions were pooled and concentrated using a 

30,000 MW cutoff spin concentrator (Amicon) to a volume of 2 mL. The protein used to 

produce the 2.41 Å crystal structure was then purified in 50 mM Tris (pH 8.0), 50 mM 

Na2SO4, 1 mM MgCl2, 5% glycerol and 1 mM TCEP over a Superdex 75 gel filtration 

column (GE Healthcare). The protein used to produce the 1.48 Å crystal structure was 

purified using the same conditions with minor modifications to the buffer conditions, where 

50 mM Tris (pH 8.0), 75 mM Na2SO4, 4 mM MgCl2, 10% glycerol and 1 mM TCEP was 

used. The fractions corresponding to the expected NOCT120-431 elution profile were 

collected and analyzed by SDS PAGE as previously described. These fractions were 

pooled and concentrated using a 15 mL 30,000 MW cutoff spin concentrator (Amicon) to 

a volume corresponding to a final protein concentration of approximately 3.5 mg/mL + 0.5 

mg/mL, as analyzed by absorbance of the protein solution at 280 nm. Protein was 

aliquoted, flash frozen in liquid nitrogen, and stored at -80 °C. 
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Protein purification for biochemical assays. 

 For biochemical assays, Strep(II)-Sumo-NOCT64-431, Strep(II)-Sumo-mNOCT62-

429, Strep(II)-Sumo-CNOT6L158-555, and Strep(II)-Sumo-CNOT6L158-555 E240A were 

expressed using a Strep(II) pSumo vector in BL21 STAR (DE3) E. coli cells 

(ThermoFisher) transformed with the pRare2 plasmid (MilliporeSigma) and purified as 

described above, with the addition of a 1.0 M NaCl wash (50 mM phosphate buffer (pH 

7.5), 1.0 M NaCl, 1 mM MgCl2, 5mM βME and 10% glycerol) after the addition of lysate 

onto the Strep-Tactin Superflow Plus resin. The single step-purified mNOCT was 

concentrated and stored after the Strep-Tactin purification step. For all other proteins, the 

purifications were completed as described above. The ion exchange step was performed 

using Source 15Q resin (GE Healthcare) and the CNOT6L WT and E240A mutant 

proteins were purified in the phosphate and Tris buffers at pH 8.0, as described in the 

previous section. Human NOCT constructs were cloned by P. Del Rizzo. 

 
X-ray crystallography.  

 For the crystals used to determine the 2.15 Å resolution X-ray structure, aliquots 

of frozen NOCT120-431 were thawed and supplemented with 1.5 mM AMP and 8 mM 

MgCl2. Solutions were allowed to equilibrate on ice for 30 min before being concentrated 

in a 500 µL 10,000 MW cutoff spin concentrator (Amicon) to a volume corresponding to 

a final protein concentration of approximately 9 mg/mL + 0.5 mg/mL. Protein solutions 

were clarified by centrifugation at 18,000 x g and 4 °C for 1 minute. Crystals were grown 

using hanging drop vapor diffusion at room temperature (20 – 25 °C) in 2 µL drop volumes 

with a 1:1 ratio of protein solution and well solution. Crystals formed in 1-3 days in the 

conditions optimized for crystallography (100 mM HEPES buffer (pH 7.5), 100mM 
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ammonium sulfate, 14% PEG 10,000, and 4% ethylene glycol). Crystals were harvested 

on LithoLoops (Molecular Dimensions) and were flash frozen in liquid nitrogen in 

cryoprotectant (100 mM HEPES buffer (pH 7.5), 100mM ammonium sulfate, 28% PEG 

10,000, and 4% ethylene glycol). 

 For the crystals used to solve the 2.41 Å resolution crystal structure, aliquots of 

frozen NOCT120-431 were thawed and supplemented with 25 mM AMP and 10 mM MgCl2. 

Solutions were allowed to equilibrate on ice for 30 min before solutions were concentrated 

in a 500uL 10,000 MW cutoff spin concentrator (Amicon) to a volume corresponding to a 

final protein concentration of approximately 9 mg/mL + 0.5 mg/mL. Protein solutions were 

clarified by centrifugation at 18,000 x g and 4 °C for 1 minute. Crystals were grown using 

hanging drop vapor diffusion at room temperature (20 – 25 °C) in 2 µL drop volumes with 

a 1:1 ratio of protein solution and well solution. Crystals formed in 1-3 days in the 

conditions optimized for crystallography (100 mM HEPES buffer (pH 7.5), 5% 

isopropanol, 200 mM sodium acetate, and 10% PEG 4000). Crystals were harvested on 

LithoLoops (Molecular Dimensions) and were flash frozen in liquid nitrogen in 

cryoprotectant (100 mM HEPES buffer (pH 7.5), 5% isopropanol, 200 mM sodium 

acetate, 10% PEG 4000, 20% PEG 400, 10mM AMP, and 10mM MgCl2). 

 For the crystals used to determine the 1.48 Å resolution crystal structure, samples 

were treated as described above for the 2.41 resolution crystal structure with the 

modifications indicated here. Briefly, NOCT120-431 protein solutions were supplemented 

with 10 mM 3ʹ , 5ʹ  adenosine diphosphate and 6.0 mM MgCl2. Crystals were grown using 

hanging drop vapor diffusion with 3 µL drop volumes with a 1:1:1 ratio of protein solution, 

distilled water, and well solution. Crystals formed over 1-3 days and were grown in 100 
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mM Tris (pH 8.5), 100 mM MgCl2, 100 mM sodium citrate, and 14% PEG 4000. Crystals 

were harvested on LithoLoops (Molecular Dimensions) and were flash frozen in liquid 

nitrogen in cryoprotectant (100 mM Tris (pH 8.5), 100 mM MgCl2, 100 mM sodium citrate, 

14% PEG 4000, 20% PEG 400, 10 mM 3ʹ, 5ʹ  adenosine diphosphate and 6.0 mM MgCl2). 

Crystallization of the crystals used to determine the 1.48 Å resolution crystal structure 

was determined by J. Chasseur. 

 
Data collection and structure determination.  

 X-ray diffraction data were collected at the Argonne National Laboratories on the 

LS-CAT beamline 21 ID-F for the 2.15 Å initial crystal structure and on beamline 21 ID-G 

for the 2.41 Å and 1.48 Å crystal structures. Data were then indexed, integrated, and 

scaled using HKL-2000 (Otwinowski and Minor, 1997). The 2.15 Å dataset belonged to 

the space group P212121. This structure was solved by molecular replacement (MR) using 

a homology model of NOCT120-431 generated using I-TASSER (Roy et al., 2010). The 

generated homology model was based off of previously published structures of the closely 

related EEP deadenylase CNOT6L as the homology modeling template. The resulting 

MR solution was then used as a starting model for AutoBuild in Phenix, followed by 

iterative rounds of refinement in Phenix refine and model building in Coot (Emsley et al., 

2010). Metal ions present in the active sites of these structures were determined by 

generating an omit Fo-Fc omit map in models lacking Mg2+ ions and the coordinated water 

molecules, and the map was contoured to 5σ. Strong positive density peaks were 

observed, indicating that these peaks in the active site correspond to bound metal ions. 

These peaks were assumed to be Mg2+ ions based on the composition of our protein and 

well solutions used in generating crystals, and the Mg2+ and coordinating waters were 
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modeled into the active site. No density corresponding to the AMP nucleotide used in 

crystallization conditions was observed. The 2.41 Å and 1.48 Å structures were solved in 

the P41212 and P212121, respectively. Structures were determined using MR, with the 

initial 2.15 Å structure as the search model for MR of the 2.41 Å dataset and the 2.14 Å 

structure was used for MR of the 2.41 Å dataset. Refinement and model building 

performed as described above. 

 Surface electrostatic potentials were calculated for the 1.48 Å resolution structure 

in MacPyMOLx11Hybrid using the APBS Tools 2.1 Plugin. Input files were created using 

PDB2PQR using AMBER charges (ff99) and radii, which excluded the solvation shell and 

Mg2+ ions (Baker et al., 2001; Dolinsky et al., 2007; Dolinsky et al., 2004). Surface 

electrostatics were compared between NOCT, PDE12 (PDB 4Z0V) and CNOT6L (PDB 

3NGQ) by contouring each to +/- 3 kT/e. Surface renderings of the NOCT 1.48 Å 

resolution structure colored by conservation were generated using the ConSurf Server 

(http://consurf.tau.ac.il/2016/). The homolog search was done using the HMMER 

algorithm and the UniProt protein database. The minimal ID threshold was set to 15% to 

reflect the low sequence homology of NOCT and the most closely related human protein 

homologs CNOT6L (18% sequence identity) and PDE12 (16% sequence identity). The 

multiple sequence alignment was generated with MAFFT-L-INS-I (Ashkenazy et al., 2016; 

Ashkenazy et al., 2010; Celniker G., 2013; Glaser et al., 2003; Landau et al., 2005). 
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CHAPTER 3 

Biochemical Characterization of NOCT1 

3.1 Abstract 

The circadian protein Nocturnin (NOCT) belongs to the exonuclease, 

endonuclease, and phosphatase (EEP) superfamily and is most similar to the CCR4-class 

of deadenylases that degrade the 3ʹ  poly-adenosine (poly(A)) tails of mRNAs. The active 

site of NOCT is highly conserved with other exoribonucleases such as human CNOT6L 

and PDE12. In contrast to the related deadenylases, purified recombinant NOCT lacks in 

vitro ribonuclease activity, suggesting that unidentified factors are necessary for 

enzymatic activity. In addition to lacking ribonuclease activity, NOCT is not active against 

substrates of other EEP family members such as DNA and a select panel of 

phosphorylated signaling molecules. These studies demonstrate that NOCT behaves in 

a manner distinct from other EEP deadenylases and suggests that NOCT activity is 

regulated in the cellular context through mechanisms such as post-translational 

modification or by protein partners.  

 
 

                                                
1 This work is published in Abshire, E.T., Chasseur, J., Bohn, J.A., Del Rizzo, P.A., Freddolino, P.L., 

Goldstrohm, A.C., and Trievel, R.C. (2018). The structure of human Nocturnin reveals a conserved 

ribonuclease domain that represses target transcript translation and abundance in cells. Nucleic acids 

research 46, 6257-6270. 
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3.2 Introduction 

Much of what is known about the activity of human EEP deadenylases enzymes 

has resulted from studies of CNOT6L, a Ccr4 homolog, and PDE12. CNOT6L catalyzes 

removal of mRNA poly(A) tails as a subunit of the human CCR4-NOT complex, which 

regulates mRNA decay and translational repression globally (Doidge et al., 2012; Maryati 

et al., 2015; Mittal et al., 2011). PDE12 is a more specialized deadenylase localized to 

the mitochondria and plays a role in tRNA quality control. Mitochondrial tRNAs that are 

erroneously 3ʹ  polyadenylated by the mitochondrial poly(A) polymerase cannot be 

properly charged with their cognate amino acids, which impairs translation. Therefore, 

PDE12 is needed to remove these poly(A) tails in order to maintain tRNA quality in the 

mitochondria (Pearce et al., 2017). The biochemical activities of the human EEP enzymes 

therefore maintain the quality and abundance of multiple types of RNAs in the cell.  

Human CNOT6L and PDE12 are both active against poly(A) RNA in in vitro assays and 

the structural homology between NOCT and these enzymes suggest that NOCT has 

ribonuclease activity against poly(A) RNA as well (discussed in Chapter 2) (Rorbach et 

al., 2011; Wang et al., 2010). Mutagenesis studies of residues in the CNOT6L active site 

include those that are conserved in NOCT, suggesting that these same residues may be 

important for NOCT function as well (Wang et al., 2010).  

NOCT was first discovered in the retina of Xenopus laevis (xNOCT) in a screen for 

genes exhibiting circadian behavior (Green and Besharse, 1996a, b, 1997). Based on 

sequence homology, xNOCT and its homologs were described as Ccr4-type 

deadenylases and predicted to act through enzymatic removal of 3ʹ  poly(A) tails of its 

target transcripts in order to promote mRNA decay (Baggs and Green, 2003, 2006). 
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Putative RNA decay activity was reported for xNOCT against short RNA with mixed 

sequence and a 3ʹ 100-mer poly(A) tail. The observed ribonuclease activity was ablated 

upon addition of EDTA, indicating that RNA degradation was Mg2+-dependent. 

Mutagenesis of the predicted Mg2+-binding residue of xNOCT (E152A) had the same 

effect. This study also indicated that NOCT prefers poly(A) RNA over poly(A) DNA or 

mixed sequence RNA substrates (Baggs and Green, 2003). Ribonuclease activity has 

also been reported for the murine homolog of NOCT (mNOCT). The E193A Mg2+ binding 

residue was reported to also eliminate activity; however, reaction products were still 

observed using mutant mNOCT in reactions against polyadenylated RNA substrates 

(Garbarino-Pico et al., 2007).  A comprehensive biochemical analysis of NOCT activity is 

important to understanding its biological function, and here we discuss characterization 

of the human enzyme, which had not been previously studied.  

 
3.3 Results 

We measured the activity 

of recombinant wild-type (WT) 

NOCT64-431 against a poly(A)20 

RNA substrate in the reaction 

buffer previously reported for 

CNOT6L, as these conditions 

were known to be compatible 

with deadenylase activity. In 

 
 
Figure 3.1: NOCT is inactive against a poly(A)20 RNA 
substrate in vitro.  Recombinant NOCT64-431, CNOT6L158-555, 
and CNOT6L158-555 E240A were incubated with 5ʹ Cy3 labelled 
poly(A)20 RNA substrate. A representative gel is shown here. 
Where indicated, the chelator EDTA was added to stop the 
ribonuclease reaction. 
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these conditions, WT NOCT64-431 

did not degrade the poly(A)20 RNA 

substrate, whereas WT CNOT6L  

had robust ribonuclease activity 

(Figure 3.1). Consistent with prior 

studies, the CNOT6L E240A 

catalytic mutant was inactive and 

chelation of Mg2+ with EDTA 

inhibited WT CNOT6L activity 

(Wang et al., 2010). 

We considered that the 

reaction conditions may be 

suboptimal for human NOCT, and 

thus explored the effects of divalent and monovalent ions. First, we titrated Mg2+and NaCl 

concentrations, spanning concentrations necessary for activities of other deadenylases 

(Figure 3.2) (Lowell et al., 1992; Wang et al., 2010). NOCT activity was not observed in 

any of the conditions that we tested. Following these assays, we titrated the amount of 

poly(A) RNA substrate from concentrations below that of NOCT to concentrations well in 

excess of the enzyme, again 

observing that NOCT was inactive 

in all of the tested conditions 

(Figure 3.3).   
 

 

Figure 3.3: Increasing the concentration of RNA in 
NOCT ribonuclease reactions does not produce 
activity. NOCT ribonuclease reactions were performed 
with increasing concentrations of unlabelled p(A)20 added 
to titrate RNA concentrations. 

 

A) 

 
 
 

B) 

 
 
Figure 3.2: NOCT is inactive in a range of ionic 
strengths and Mg2+ ion concentrations. (A) The Mg2+ 

ion concentration was titrated in NOCT ribonuclease 
reactions and RNA product accumulation was measured. 
A representative gel is shown. (B) The ionic strength of the 
assay buffer was titrated in NOCT ribonuclease reactions. 



 

 82 

As many EEP enzymes and all EEP deadenylases are Mg2+-dependent activity, 

we had expected NOCT to be similarly dependent on Mg2+ for ribonuclease activity 

(Freudenthal et al., 

2015; Schellenberg et 

al., 2012; Wang et al., 

2010; Wood et al., 

2015). Additionally, in 

the NOCT crystal 

structures, the metals bound in the active site show octahedral coordination to Glu195 

and active site waters, consistent with Mg2+ ion binding. To ascertain whether NOCT 

instead uses an alternative metal, we screened biologically relevant divalent metal cations 

including Mn2+, Ca2+, and Zn2+ individually and in combination with Mg2+. NOCT activity 

was not observed in any of the conditions tested, which indicates that the inactivity 

observed in our exoribonuclease assays is not due to the inavailability of one the metal 

cofactors tested in these assays.  

Though the human and murine homologs of NOCT are very highly conserved (91% 

sequence identity) and are therefore unlikely to have distinct activities, we also 

considered the potential for species-specific differences in NOCT activity. We compared 

the activities of hNOCT and mouse NOCT (mNOCT62-429) purified under our multi-step, 

stringent conditions. Strep(II)-Sumo-mNOCT62-429 was additionally purified using Strep-

Tactin resin and a high salt wash (single step mNOCT) (detailed in the Chapter 2 

Materials and Methods) (Figure 2.3).  Using the conditions reported for CNOT6L, neither 

 
Figure 3.4: NOCT is not active in buffers with any of the tested 
biologically relevant divalent metals. Biologically relevant divalent 
metals were added individually or in combination to NOCT ribonuclease 
reactions and RNA product accumulation was measured.  
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human NOCT, mNOCT, nor single step purified mNOCT had detectible ribonuclease 

activity (Figure 3.5, top panel) (Wang et al., 2010).  

 We then assayed NOCT and mNOCT activity in two deadenylase reaction buffers 

that were previously reported to support activity of mNOCT or xNOCT  to determine if the 

CNOT6L assay buffer was incompatible with NOCT ribonuclease activity (Figure 3.5) 

(Baggs and Green, 2003; Garbarino-Pico et al., 2007). It is noteworthy that the reaction 

 
 

 
 

 
 
Figure 3.5: Human and mouse NOCT are not active in previously reported conditions used in 
biochemical studies of mNOCT and xNOCT. NOCT ribonuclease reactions were performed with 
NOCT, mNOCT, or single step purified mNOCT. NOCT activity in CNOT6L, xNOCT, and mNOCT 
assay buffers were compared. In the mNOCT buffer conditions with 0.01 mM MgOAc2, the final 
concentration of Mg2+ carried over from the protein purification is accounted for. Final Mg2+ 
concentrations are sub-physiological and are as follows: 0.04 mM (NOCT), 0.05 mM (mNOCT), 0.06 
mM (single step (ss) purified mNOCT), 0.05 mM (CNOT6L), and 0.09 mM (CNOT6L E240A). 
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conditions previously employed for measuring mNOCT or xNOCT activity contained 

either very low ionic strength or sub-physiological Mg2+ concentrations. In contrast, we 

used physiological ionic strength and Mg2+ concentrations in our initial conditions (Figures 

3.1-3.4), which were similar to those used to characterize the catalytic activity of human 

CNOT6L and PDE12. We did not observe deadenylase activity for NOCT in the xNOCT 

or mNOCT reaction buffers, whereas CNOT6L, but not the E240A mutant, could readily 

degrade poly(A) RNA (Figure 3.5). We conclude that purified recombinant human or 

mouse NOCT do not have detectable in vitro deadenylase activity under these conditions. 

Corroborating this result, a subsequent paper demonstrated no detectable human NOCT 

ribonuclease activity against poly(A) RNA (Estrella et al., 2018). 

We then turned to examining other potential substrates for NOCT to  see if another 

substrate would elicit activity. To examine whether NOCT has RNA endonuclease activity, 

we tested a long ~1100 nucleotide (nt) RNA substrate containing the Renilla Luciferase 

ORF with a short 3ʹ UTR and a 60 nt poly(A) tail. (Figure 3.6). It should be noted that the 

electrophoretic conditions for this assay are insufficient to resolve the size difference 

between the full-length 

substrate and a deadenylated 

substrate lacking the 60 nt 

poly(A) tail. Therefore, this 

assay is not likely to resolve 

exoribonuclease activity unless 

the RNA were to be degraded 

past the poly(A)60 tail. For 

 
                          

                     

Figure 3.6: NOCT does not display RNA endonuclease 
activity against an mRNA substrate analogue. A 1.1 kb in 
vitro transcribed mRNA was incubated with NOCT, CNOT6L, or 
CNOT6L E240A for 30 mins. RNase III was used as a positive 
control for endonuclease activity.  
 
 

Renilla ORF (A)60
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example, CNOT6L should readily deadenylate this mRNA substrate in this assay but this 

activity is not apparent. As a positive control for endonuclease activity, RNase III activity 

was assessed and shown to be distinguishable using these experimental conditions.  

Other members of 

the EEP superfamily, such 

as DNase I and APE1, 

exhibit endonuclease 

activity against DNA 

substrates (Freudenthal et 

al., 2015; Shiokawa and 

Tanuma, 2001). To test for 

activity against DNA, we tested whether NOCT can hydrolyze single stranded DNA 

(ssDNA) and double stranded DNA (dsDNA) 24-mers of mixed sequence. While this does 

not comprehensively sample the possible DNA sequences that could be NOCT 

substrates, a more thorough screen of substrates was not undertaken. Currently, there 

are no indications that NOCT is active against DNA substrates, as closely related 

enzymes CNOT6L and PDE12 do not display significant DNA exonuclease activity 

(Rorbach et al., 2011; Wang et al., 2010). 

NOCT is a member of the larger EEP superfamily which includes enzymes that 

hydrolyze a wide range of phosphorylated substrates. A subset of EEP family members 

have phosphatase activity, including the inositol phosphatases. Notably, these enzymes  

have hydrolase activity against a wide range of substrates in in vitro assays, potentially 

allowing for identification of NOCT phosphatase activity against suboptimal or non-

 
Figure 3.7: NOCT is not active against DNA substrates. NOCT 
was incubated with ssDNA sand dsDNA 24-mers and reaction 
products were resolved on a gel. Micrococcal Nuclease (MNase) 
was used as a positive control for ssDNA degradation and DNase I 
was used as a positive control for dsDNA degradation.  
 
s 
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physiological substrates (Dyson et al., 2012). We therefore screened a collection of 

phosphorylated signalling molecules, nucleotides, lipids and carbohydrates to determine 

if NOCT has phosphatase activity against any of these potential substrates (Table 3.1). 

Additionally, we included a panel of phosphorylated compounds representing known 

metabolic intermediates from glycolysis and the pentose phosphate pathway. Regulation 

of such intermediates would be potentially congruent with the metabolic phenotypes 

observed in NOCT knockout mice (Green et al., 2007; Stubblefield et al., 2018). However, 

NOCT did not have detectable phosphatase activity against any of these compounds 

(Figure 3.7). Together, our results indicate that the recombinant NOCT catalytic domain 

does not have ribonuclease activity on its own, and that NOCT is not active against DNA 

or any of the alternative nucleotides or phosphorylated signalling molecules tested here.   

 
 

 

 
 

Figure 3.8: NOCT does not display phosphatase activity towards various phosphorylated 
molecules.  NOCT activity was measured against a panel of phosphate molecules (Table 3.1) 
including nucleotides, inositol phosphates, sphingomyelins, and sugar phosphates. Phosphatase 
activity was measured using a Malachite Green Phosphate Assay. Calf intestinal phosphatase was 
used as a positive control for a subset of substrates. 
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3.4 Discussion 

Here, we report that recombinant NOCT does not have observable activity in 

ribonuclease, deoxyribonuclease, or phosphatase assays. The lack of exoribonuclease 

activity described in our in vitro assays seemingly contradicts previous reports that 

mNOCT and xNOCT could degrade poly(A) RNA substrates in vitro (Baggs and Green, 

2003; Garbarino-Pico et al., 2007). These assays utilized recombinant GST fusions of 

either full length mNOCT or xNOCT that were isolated by a single step affinity purification 

scheme using glutathione resin and wash steps of moderate stringency (150 mM NaCl) 

(Baggs and Green, 2003; Garbarino-Pico et al., 2007). The stringency of this purification 

scheme is not likely enough to prevent co-purification of contaminating nuclease bacterial 

nucleases (Hrit et al., 2014). In addition, the mNOCT and xNOCT used in these analyses 

were not eluted from the resin used in purification, which is problematic in precise 

quantification of enzyme concentrations that enable comparison between samples 

(Baggs and Green, 2003; Garbarino-Pico et al., 2007). Furthermore, the lower molecular 

weight product described as the result of NOCT ribonuclease activity was only a small 

fraction of RNA relative to the full-length substrate, though the activity reported for xNOCT 

appears stronger than that for mNOCT. Mutant NOCT protein with a glutamate to alanine 

substitution in the active site at the Mg2+ binding residue was assayed as a negative 

control. This magnesium-binding residue is well described as a critical side chain for EEP 

deadenylase function, as analogous mutations in other family members abolish activity 

(Freudenthal et al., 2015; Wang et al., 2010). The structures of the NOCT catalytic domain 

confirm that this residue (E195 in the human enzyme) directly coordinates Mg2+ in the 

active site (Chapter 2). Reactions with mutant NOCT did not exhibit observable 
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accumulation of the lower molecular weight RNA, although TLC analysis of the mNOCT 

reaction products indicate that AMP that would be released from exoribonuclease activity  

is detectable in mNOCT E193A reactions (Garbarino-Pico et al., 2007). Therefore, the 

methods by which NOCT was purified and assessed for deadenylase activity suggest that 

variations in purity and/or protein concentration could explain the apparent nuclease 

activity of NOCT. Due to these considerations, previous reports of NOCT deadenylase 

activity are ambiguous but may be reporting on activity due to contamination rather than 

bona fide NOCT activity (Baggs and Green, 2003; Garbarino-Pico et al., 2007). 

In order to obtain soluble NOCT protein, we had to truncate the N-terminal 63 

amino acids, which could feasibly have an effect on activity. It is noteworthy that NOCT 

protein isoforms are annotated in the GenBank database that start at the equivalent 

position to Met67. Moreover, NOCT64-431, which contains the entire EEP domain, is 

functional in cells (see Chapter 4), and similar truncations in other CCR4-family members, 

such as CNOT6L, yeast Ccr4, and PDE12 remain catalytically active (Figure 3.5) 

(Viswanathan et al., 2003; Wang et al., 2010; Wood et al., 2015). Therefore, it is unlikely 

that the lack of observed NOCT ribonuclease activity is due to deletion of N-terminal 

residues that are critical for activity. The lack of in vitro activity may be explained by the 

lack of a protein partner, which may act through one or more mechanisms of action. One 

possibility is that a protein partner may regulate NOCT activity by facilitating substrate 

binding. Precedent for this idea is exemplified by the Pan2 deadenylase, which is inactive 

without its RNA-binding protein partner, Pan3 (Brown et al., 1996; Wolf et al., 2014). 

Second, NOCT itself may have an intrinsic ability to bind to and regulate substrate RNAs 

but may be in an inactive conformation without the binding of a protein partner or cofactor 
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that allosterically activates the protein. One example of this type of regulation is the 

activation of RNase L, which multimerizes into an active state upon binding of 2,5-A to an 

allosteric site (Chakrabarti et al., 2011). In another example, the deadenylase PARN is 

activated by interaction with the 7mG mRNA cap (Virtanen et al., 2013).  

NOCT may bind to mRNA substrates by recognizing specific sequence motifs or 

three-dimensional RNA structures. In this case, poly(A) RNA would not be the consensus 

recognition sequence for NOCT, differentiating NOCT further from other Ccr4-type 

deadenylases. CNOT6L and PDE12 ribonuclease activity against poly(A) RNA in vitro 

suggests that poly(A) sequence is sufficient for substrate recognition by other human 

deadenylases (Rorbach et al., 2011; Wang et al., 2010). Finally, it is conceivable that 

NOCT activity may require post-translational modifications, which would be absent in the 

recombinant protein expressed in bacteria. Determination of the requirements for NOCT 

activity may be better informed by identification of endogenous substrates, protein 

partners, and potential post-translational modifications that occur when NOCT is 

expressed in human cells.  

 
3.5 Materials and Methods 

Biochemical Assays.  

Biochemical mRNA degradation reactions were performed in CNOT6L buffer (50 

mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) pH 7.4, 150 mM NaCl, 

10% glycerol, 2.0 mM MgCl2, and 1.0 mM dithiothreitol (DTT)). NOCT64-431, CNOT6L158-

555, or CNOT6L158-555 E240A (1 µM) were mixed with 10 nM 5ʹ Cy3 labelled p(A)20 

(Dharmacon), and RNasin RNase A inhibitor (Promega) and incubated over a 30-minute 

time course at 37 °C before stopping the reactions in 95% formamide and 25mM EDTA 
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(Ethylenediaminetetraacetic acid). To titrate the ionic strength or Mg2+ concentrations, 

individual buffers were made with the indicated NaCl or MgCl2 concentrations in the buffer 

described above. To test various divalent metals cations, NOCT64-431 or CNOT6L158-555 

were treated with 15 mM EDTA to chelate Mg2+ from the enzyme and protein buffer before 

dialysis in assay buffer lacking MgCl2. The divalent metal ions tested (Mg2+, Mn2+, Ca2+, 

and Zn2+) were added to assay buffer at a final concentration of 2.0 mM and combined 

with NOCT64-431 or CNOT6L158-555. To control for the effect of dialysis on activity, 

CNOT6L158-555 activity was compared pre- and post-dialysis in buffer containing Mg2+. To 

measure NOCT activity in a range of substrate RNA concentrations, 10 nM 5ʹ Cy3 

labelled p(A)20 (Dharmacon) was held constant and unlabelled p(A)19 (Dharmacon) was 

titrated into reactions at concentrations ranging from 0 nM to 10 μM unlabelled RNA. 

Reaction products were resolved on a 15% polyacrylamide sequencing gel and detected 

using a Typhoon Trio + (GE Healthcare).  

Additional biochemical assays were performed in the assay buffers described in 

Baggs and Green and in Garbarino-Pico et al. (Baggs and Green, 2003; Garbarino-Pico 

et al., 2007; Viswanathan et al., 2003). Briefly, mRNA degradation assays were 

performed in 1) xNOCT buffer (5 mM HEPES (pH 7.5), 2.0 mM MgCl2, 0.5 mM DTT, 10% 

glycerol, 0.2 mg/mL bovine serum albumin (BSA), 0.02% (v/v) NP-40, and 0.3% (w/v) 

spermidine); and 2) mNOCT buffer (50 mM HEPES (pH 8.0), 0.01 mM Mg(OAc)2, and 20 

mM KOAc). NOCT64-431, mNOCT62-429, CNOT6L158-555, or CNOT6L158-555 E240A (1 µM) 

were mixed with 10 nM 5ʹ Cy3 labelled p(A)20 (Dharmacon), and RNasin RNase A 

inhibitor (Promega) and incubated over a 30-minute time course at 37 °C. Reactions were 

stopped, resolved on a polyacrylamide gel, and imaged as described above.  
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To measure NOCT activity against a long mRNA substrate analog, the mRNA 

substrate template was generated by PCR using primers listed in Supplementary Table 

2 and a plasmid containing the Renilla Luciferase ORF. The mRNA substrate was 

produced using the HiScribe T7 High Yield RNA Synthesis Kit (NEB) and purified using 

an RNA Clean and Concentrator -25 Kit (Zymo Research). Reactions were incubated with 

the long RNA substrate and RNasin at 37 °C for a 30-minute time course. As a positive 

control, RNase III (NEB) was incubated with the long substrate RNA in 1x NEB RNase III 

buffer at 37 °C for a 30-minute time course. Products were resolved on a 2.5% agarose/ 

4% (v/v) formaldehyde/ 1x MOPS (200 mM 3-N-Morpholino propanesulfonic acid, 50 mM 

NaOAc, 10 mM EDTA) denaturing gel and detected by ethidium bromide (EtBr) staining 

and UV detection on a Syngene Gene Genius Bio Imaging System.  

NOCT64-431 activity against ssDNA and dsDNA was tested using 5ʹ FAM- labeled 

DNA 25-mers. The dsDNA substrate contained the ssDNA substrate forward strand 

sequence (5ʹ-FAM- CGATAGCATCCTACCTTCTCTCCAT-3ʹ ) annealed to the reverse 

complement sequence (5ʹ- ATGGAGAGAAGGTAGGATGCTATCG-3ʹ ). NOCT64-431, 

Micrococcal Nuclease (NEB), or DNase I (Sigma) were incubated with ssDNA or dsDNA 

in assay buffer for 30 minutes and resolved on a polyacrylamide gel as described above.  

Phosphatase activity assays against a panel of compounds (Table 2.3) were 

conducted using 500 nM NOCT64-431 and 100 μM of each phosphorylated compound 

incubated in 50 mM HEPES (pH 7.4), 150 mM NaCl, 10% glycerol, 2.0 mM MgCl2, and 

1.0 mM DTT for 30 minutes, and the resulting concentrations of phosphate were 

measured using a Malachite Green Assay (Cayman Chemical) with reactions performed 

in duplicate. To account for differences in the rate of phosphate production via 



 

 92 

spontaneous hydrolysis of each compound, each compound was tested in assay buffer 

lacking protein. Background phosphate production was then subtracted individually for 

each compound to account for non-enzymatic phosphate formation. Calf intestinal 

alkaline phosphatase (NEB) was used as a positive control. 

 
 

Table 3.1: Phosphorylated compounds used in screening for NOCT phosphatase activity. 

 

Number: Name: Source:
1 ATP NEB
2 CTP NEB
3 GTP NEB
4 TTP Promega
5 UTP NEB
6 AMP Sigma
7 3', 5' ADP Sigma
8 3' UMP Cayman Chemical
9 ADP Cayman Chemical

10 UDP Cayman Chemical
11 GMP Cayman Chemical
12 CMP Sigma
13 IMP Sigma
14 TMP Sigma
15 GDP Sigma
16 Cyclic AMP Cayman Chemical
17 Cyclic GMP Cayman Chemical
18 PtdIns-(5)-P1 (1,2-dihexanoyl) Cayman Chemical
19 PtdIns-(4,5)-P2 (1,2-dipalmitoyl) Cayman Chemical
20 D-myo-Inositol-1,4,5-triphosphate Cayman Chemical
21 PtdIns-(3,4,5)-P3 (1,2-dihexanoyl) Cayman Chemical
22 PtdIns-(3)-P1 (1,2-dioctanoyl) Cayman Chemical
23 D-myo-Inositol-4,5-diphosphate Cayman Chemical
24 PtdIns-(3,5)-P2 (1,2-dihexanoyl) Cayman Chemical
25 D-myo-Inositol-2,4-diphosphate Cayman Chemical
26 D-myo-Inositol-1,5,6-triphosphate Cayman Chemical
27 D-myo-Inositol-2,3,5-triphosphate Cayman Chemical
28 D-myo-Inositol-3,4,5-triphosphate Cayman Chemical
29 D-myo-Inositol-1,4,6-triphosphate Cayman Chemical
30 D-myo-Inositol-1,4-diphosphate Cayman Chemical
31 D-myo-Inositol-1,3,4,6-tetraphosphate Cayman Chemical
32 D-myo-Inositol-1,5-diphosphate Cayman Chemical
33 D-myo-Inositol-1,2,4,5,6-pentaphosphate Cayman Chemical
34 D-myo-Inositol-1,2,3,5-tetraphosphate Cayman Chemical
35 D-myo-Inositol-1,2,4,5-tetraphosphate Cayman Chemical
36 Palmitoyl Sphingomyelin     Cayman Chemical
37 Sphingosine-1-Phosphate     Cayman Chemical
38 Glucose 6 Phosphate Cayman Chemical
39 Ribulose 5 Phosphate Cayman Chemical
40 Mannose 6 Phosphate Cayman Chemical
41 Fructose 6 Phosphate Cayman Chemical
42 Fructose 1,6 bisphosphate Cayman Chemical
43 Glyceraldehyde 3 Phosphate Cayman Chemical
44 3 Phosphoglycerate Cayman Chemical
45 Phosphoenol pyruvate Cayman Chemical
46 Ribose 5 phosphate Sigma
47 Polyphosphate Calgon
48 B glycerophosphate Sigma
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CHAPTER 4 

NOCT Activity in Cell-based Reporter Assays 1  

 

4.1 Abstract 

NOCT was first classified as an EEP deadenylase based on its homology to the founding 

member of the protein family, yeast Ccr4. We hypothesized that NOCT has an additional 

requirement for activity present in the cellular context but not in in vitro experiments. 

Based on this prediction, we turned to cell-based assays to determine if NOCT could 

repress mRNA expression when directed to an mRNA reporter in cells. Here, we describe 

the first evidence that human NOCT represses the expression of a reporter mRNA in vivo 

and in a manner dependent on conserved residues in the active site. This effect was 

stronger at the level of protein expression than at the level of mRNA abundance, 

suggesting that translational repression may play a role in the mechanism of NOCT-

mediated repression. Furthermore, we determined that NOCT-mediated repression is 

dependent on the 3ʹ end of the mRNA and that NOCT does not recruit 5ʹ-acting factors 

that contribute to mRNA decay and translational repression. Together, these data show 

that NOCT is able to cause mRNA decay and represses translation of an mRNA reporter. 

                                                        
1 This work was contributed to by Dr. Peter Freddolino, who performed the statistical analysis of data from 
the tethered function assays and Northern blotting. This work was published in Abshire, E.T., Chasseur, 
J., Bohn, J.A., Del Rizzo, P.A., Freddolino, P.L., Goldstrohm, A.C., and Trievel, R.C. (2018). The structure 
of human Nocturnin reveals a conserved ribonuclease domain that represses target transcript translation 
and abundance in cells. Nucleic acids research 46, 6257-6270. 
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4.2 Introduction 

The majority of studies on NOCT function have been performed in knockout mice, 

which report that NOCT plays a role in regulating lipid metabolism through regulation of 

lipid trafficking, adipogenesis, and lipid synthesis (Douris et al., 2011; Green et al., 2007; 

Kawai et al., 2010; Stubblefield et al., 2018). These studies also uncovered a potential 

role for NOCT in negative regulation of osteogenesis, as the knockout mice have 

increased bone density and overexpression of NOCT in pre-osteoblasts inhibits 

differentiation (Green et al., 2007; Kawai et al., 2010).  

The increased bone mass in NOCT KO mice suggests that NOCT may negatively 

regulate mRNAs that promote osteoblastogenic differentiation. Conversely, 

overexpression of NOCT in MC3T3-E1 osteoblasts impairs differentiation, and the mRNA 

levels of osteoblastogenic markers Osteocalcin, Alkaline phosphatase, and Runx2 were 

decreased relative to GFP overexpression controls (Kawai et al., 2010). These mRNAs 

have the potential to be direct targets of NOCT but have not yet been tested as direct 

targets. To date, only one study has described the direct association of NOCT with an 

endogenous mRNA and has utilized reporter assays to examine regulation of a presumed 

target mRNA, the pro-osteoblastogenic factor Igf1. Igf1 is a circulating factor synthesized 

in the liver that acts as an endocrine factor to regulate bone accumulation in both mice 

and in humans (Elis et al., 2010; Langlois et al., 1998; Liu et al., 1993; Yakar et al., 2002). 

Igf1 mRNA expression appears to fluctuate in a circadian manner antiphase to Noct 

mRNA expression, raising the possibility that NOCT’s presumed deadenylase activity 

could explain expression pattern of Igf1 transcripts (Green and Besharse, 1996; Green et 

al., 2007; Yakar et al., 2002).  
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As the mechanism by which 

NOCT recognizes its targets has 

not been identified, we utilized a 

tethered function assay to examine 

whether NOCT could repress 

expression from a reporter mRNA in 

cells. This approach is widely used 

in studying mRNA regulation and 

enables quantitation of NOCT’s 

ability to regulate the expression of 

protein from a NanoLuciferase 

(NLuc) reporter mRNA in cells and the  steady-state levels of the reporter mRNA (Figure 

4.1) (Bos et al., 2016; Clement and Lykke-Andersen, 2008; Coller and Wickens, 2002; 

Van Etten et al., 2013). In these studies, we utilized a reporter construct that expresses 

an RNA with an ORF encoding the NLuc protein, followed by a 3ʹUTR bearing four binding 

sites for the MS2 coat protein followed by a cleavage and polyadenylation site (NLuc 

4xMS2BS p(A)). The use of the MS2 RNA stem loops as the recognition element in these 

assays is advantageous as the mechanism by which NOCT recognizes its substrates is 

unknown and provides the binding interaction between NOCT and a reporter substrate. 

We attempted to control for the potential effects of endogenous NOCT by utilizing 

HEK293 cells, which express low levels of endogenous NOCT protein in Western blotting 

experiments (data not shown). Using these assays, we examined the effect of NOCT on 

mRNAs in the cellular context as well as the role of individual active site residues in 

Figure 4.1: Schematic of tethered function assays 
measuring the effect of NOCT directed to a reporter 
mRNA. A plasmid expressing MS2 coat protein fused to 
NOCT or HaloTag control is co-transfected with ffLuc 
and NanoLuc 4xMS2BS plasmids. The interaction 
between MS2 and the RNA stem loops targets NOCT to 
the reporter RNA and the resulting effect on reporter 
RNA expression is measured using a dual-glo luciferase 
assay. 
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NOCT-mediated repression of mRNA expression, demonstrating that NOCT represses 

mRNA expression in cells. Additionally, we showed this repression is dependent on a 

subset of NOCT active site residues as well as the sequence and/or structure of the 3ʹ 

end of the mRNA. 

 
4.3 Results 

  To characterize the effect of NOCT on a reporter mRNA in the cellular context, we 

measured luciferase expression from the NLuc 4xMS2BS p(A) reporter when co-

transfected with MS2-NOCT in a tethered function assay. Tethered MS2-NOCT 

reproducibly repressed reporter RNA expression by 2.7 to 3.0-fold (Figure 4.2) (Abshire 

et al., 2018). A fusion of MS2-HT 

to the DEDD domain deadenylase 

CNOT7 (MS2-HT-CNOT7) also 

repressed the mRNA, consistent 

with its well-documented ability to 

inhibit translation and 

deadenylate mRNA (Aslam et al., 

2009; Doidge et al., 2012; 

Viswanathan et al., 2004). This is 

the first evidence that human 

NOCT can repress gene 

expression when directed to an 

mRNA in vivo.  

 

Figure 4.2. NOCT translationally represses a reporter 
mRNA in a cell-based tethered function assay. The 
effect of NOCT or control CNOT7 on normalized expression 
of NLuc from the NLuc 4xMS2BS mRNA p(A) reporter was 
measured in HEK293 cells, and log2 fold change in reporter 
activity is plotted relative to negative control MS2-HaloTag. 
Tethered effector proteins included MS2 coat protein 
fusions to WT NOCT1-431, NOCT64-431, CNOT7 and 
HaloTag. Error bars show 95% credible intervals; any 
comparisons where the 95% credible intervals do not 
overlap zero are considered significant and are denoted by 
a single star. Two stars denote a 95% posterior probability 
that the difference measured is >1.3-fold.  
 



 100 

We then compared the activities of the truncated MS2-NOCT64-431 to MS2-NOCT1-

431 in the tethered function assay. This comparison was used to ensure that the lack of 

activity observed in the in vitro assays previously described in Chapter 2 was not due to 

truncation of the NOCT N-terminus. Repression of reporter expression by NOCT64-431 and 

NOCT1-431 was comparable, indicating that the truncation of the N-terminus does not 

negatively affect NOCT activity in tethered function assays (Figure 4.2).  

The use of the tethered function assay allows us to interrogate the role of the 

NOCT active site residues in a cellular context, where NOCT activity is observable. We 

therefore individually mutated Glu195, Asn149, His286, Asp324, Asn326, Asp377, and 

His414 to alanine in the MS2-NOCT construct. Additionally, we examined the effect of 

mutating His414 to asparagine, which is a more conservative mutation more likely to 

preserve hydrogen-bonding interactions of His414 within the active site (Figure 2.8). 

Mutation of His414 to either alanine or asparagine (H414A and H414N) reduced reporter 

repression, which indicated that the His414 side chain itself serves an important function.  

N149A and D377A also reduced NOCT-mediated repression of the reporter (Figure 4.3). 

In contrast, the H286A, E324A, and N326A substitutions did not appreciably affect NOCT-

mediated repression. Strikingly, the E195A mutation slightly enhanced repression activity, 

which is the opposite of what would be expected from mutation of the residue that 

coordinates a catalytic Mg2+ ion (Figure 2.8). This mutation is broadly described as an 

inactivating mutant in EEP superfamily enzymes in general, including Ccr4, PDE12, 

APE1, and TDP2, though this effect has largely been shown in in vitro experiments (Chen 

et al., 2002; Freudenthal et al., 2015; Rorbach et al., 2011; Schellenberg et al., 2012).  
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A)               B) 

                                                              

C) 

 
 
Figure 4.3: NOCT repression of protein expression depends on conserved active site 
residues. (A) Mutation of NOCT the active site reduced but did not eliminate translational repression 
of the NLuc 4xMS2BS p(A) reporter. Tethered effectors fused to MS2 coat protein are listed on the 
bottom of the graph. Log2 fold change in reporter protein expression calculated relative to negative 
control MS2-HaloTag (MS2-HT) is plotted for each tethered effector. Error bars and significance stars 
are as in Figure 4.2. (B) As in (A), but with activity shown relative to WT NOCT. (C) Western blot 
detection of tethered effectors for three replicate samples using anti-V5 monoclonal antibody (WT 
and mutant MS2-NOCT effectors) or anti-HaloTag monoclonal antibody (MS2-HT and MS2-HT-
CNOT7).  
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 To ensure that the measured differences in reporter repression were not due to 

differential expression, we examined the steady state protein levels of the overexpressed 

NOCT catalytic mutants as compared to WT NOCT by Western blotting.  This showed 

that differences in the ability of NOCT to repress reporter mRNAs following mutagenesis 

the active site cannot be attributed to differences in expression of the NOCT fusion 

proteins. All constructs were well-expressed, and slight differences among expression 

levels of the mutant proteins do not correlate with differences in reporter expression 

(Figure 4.3). This also serves as confirmation that the mutations in the NOCT active site 

are not causing significant differences in protein stability to the extent that the active site 

mutants are significantly affected relative to wild-type NOCT. Together, our observations 

indicate that NOCT possesses the ability to repress protein expression when directed to 

a specific mRNA, and that this repressive activity is dependent at least in part on specific 

conserved active site residues. 

These tethered function assays were performed in HEK293 cells, as we have 

detected low levels of NOCT protein expression in this cell line, we elected to use it in 

order to minimize the potential effects of endogenous NOCT, especially in experiments 

using catalytic mutants of NOCT. HEK293 cells have a neuroadrenal phenotype, which 

is not necessarily a biologically relevant cell line with respect to NOCT expression (Lin et 

al., 2014; Shaw et al., 2002). Analysis of RNA expression in various human tissues 

indicated that NOCT is most highly expressed in adipose tissue and liver, as well as in 

lung and mammary tissues and transformed fibroblast and lymphocyte cell lines. 

Expression in brain tissue and adrenal glands were not among the tissues with the highest 

expression of NOCT mRNA (Figure 4.4) (Carithers and Moore, 2015; Consortium, 2013, 



 103 

2015; Keen and Moore, 2015). While NOCT has observed activity in HEK293 cells, we 

could not rule out that the behaviour of NOCT constructs would differ in cell lines that 

correspond to tissues that express higher levels of endogenous NOCT and may also 

express unidentified factors that affect NOCT activity. For this experiment we turned to 

HepG2 human hepatocarcinoma cells, which express higher levels of endogenous NOCT 

and are more representative of liver tissue, which has significant expression of 

endogenous Noct mRNA in mice (Green et al., 2007; Wang et al., 2001). Additionally, we 

have detected significantly more NOCT in HepG2 cells than in HEK293 cells (discussed 

in Chapter 5, Figure 5.2). Therefore, we repeated the tethered function assay in HepG2 

cells with WT MS2-NOCT and the H414A mutant and observed that NOCT has the same 

effect on mRNA reporters as it does in the assay performed in HEK293 cells (Figure 4.5). 

Figure 4.4: Expression of NOCT mRNA across different tissue types. The plot of mRNA 
expression data was obtained using the GTex database. Expression of NOCT mRNA is plotted as 
log10 transcripts per million (TPM) for each tissue type. NOCT expression is highest in adipose, liver, 
and mammary tissues. Plot is generated by GTEx release v6p (http://gtexportal.org).  
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Together, these data show that NOCT reproducibly represses mRNA reporter expression 

in another cell line.  

Given the relationship of NOCT to CCR4-type 3ʹ exoribonucleases, we next 

explored the effect of the 3ʹ end of the reporter mRNA on repression. The CCR4-NOT 

complex is known to act on the 3ʹ end of mRNAs through its deadenylase subunits, but 

also recruits factors that repress translation and promote 5ʹ directed decay (Alhusaini and 

Coller, 2016; Behm-Ansmant et al., 2006; Cooke et al., 2010). If this were true for NOCT 

we would expect tethered NOCT to recruit these factors, which would contribute to 

repression. To facilitate this analysis, we compared NOCT-mediated repression of a NLuc 

4xMS2BS reporter terminating with a 3ʹ poly(A) tail to a similar reporter terminating with 

 

A)       B) 

        
 

Figure 4.5: NOCT repression of reporter RNAs displays the same trend of repressive activity 
in HepG2 cells as in HEK293 cells. (A) The effect of NOCT or control CNOT7 on normalized 
expression of NLuc from the NLuc 4xMS2BS mRNA p(A) reporter was measured in HepG2 cells, 
and log2 fold change in reporter activity is plotted relative to negative control MS2-HaloTag. 
Tethered effector proteins included MS2 coat protein fusions to WT NOCT1-431, NOCT64-431, 
CNOT7 and HaloTag. Error bars and significance stars are as in Figure 4.2. (B) Western blot 
detection of tethered effectors using anti-V5 monoclonal antibody (WT and mutant MS2-NOCT 
effectors) or anti-HaloTag monoclonal antibody (MS2-HT and MS2-HT-CNOT7). Endogenous levels 
of NOCT in HepG2 cells were detected using an anti-NOCT polyclonal antibody to assess if 
overexpression of NOCT tethered effectors alters levels of endogenous NOCT protein. Detection of 
GAPDH with an anti-GAPDH monoclonal antibody is used to assess differences in loading.  
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a 3ʹ MALAT1 triple-helical structure 

(Figure 4.6). The MALAT1 3ʹ end is 

processed by RNase P and does 

not undergo canonical cleavage 

and polyadenylation (Wilusz, 

2016). Instead, a short, template- 

encoded poly(A) sequence is 

incorporated into a triple helix 

structure (Brown et al., 2014). As 

expected, WT NOCT repressed the 

poly(A) reporter, as did the positive 

control CNOT7. The NOCT H414A 

mutant exhibited reduced activity 

towards the poly(A) reporter 

compared to the WT enzyme. 

Strikingly, NOCT did not have any 

substantial activity towards the 

MALAT1 reporter, suggesting that 

the mechanism of repression is dependent on either poly(A) and/or the accessibility of 

the 3ʹ end (Figure 4.6). Tethered CNOT7 retained partial inhibitory function on the 

MALAT1 reporter, consistent with the documented ability of the CNOT complex to cause 

translational repression and promote 5ʹ decapping and decay (Alhusaini and Coller, 2016; 

Behm-Ansmant et al., 2006; Rouya et al., 2014). Taken together, these observations 

 

A) 

 
 

B) 

 
 

Figure 4.6: NOCT repression of protein expression 
depends on the identity of the mRNA 3ʹ end. (A) The 
reporters used in 3ʹ end analysis was derived from the 
original pNLP 4xMS2BS reporter with a 3ʹ cleavage and 
polyadenylation signal, allowing for 3ʹ end processing. 
The MALAT1 reporter contained the MALAT1 stable triple 
helical reporter in place of the cleavage and 
polyadenylation signal. (B) Tethered function assays (as 
in Figure 4.2) comparing repression of NLuc targets with 
the indicated 3ʹ ends by MS2-tethered effectors relative to 
that of MS2-HT. Error bars and significance stars are as 
in Figure 4.2. 
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indicate that NOCT acts at the 3ʹ end of the mRNA, consistent with CCR4-type 

exoribonucleases, and unlike CNOT7, does not appear to recruit 5´-directed decay 

factors or endonucleases to target mRNAs.  

 We subsequently analysed the effect of NOCT on NLuc 4xMS2BS p(A) reporter 

mRNA levels using Northern blot analysis to determine whether NOCT-mediated 

repression occurs through inhibition of translation, enhanced RNA decay, or a 

 

  A)       B) 

                         
 
 
C) 

 
 

Figure 4.7: WT NOCT degrades poly(A) RNA and mutating active site residues stabilizes NLuc 
RNA. (A) Fusion proteins of MS2 coat proteins with WT NOCT or NOCT active site mutants were 
transfected into HEK293 cells along with the NLuc 4xMS2 poly(A) reporter. Resulting levels of NLuc 
RNA relative to the MS2-HT control were measured by Northern blot analysis. WT NOCT reduced the 
steady state levels of the NLuc reporter RNA. Mutating the NOCT active site residues to alanine 
appeared to reduce degradation; however, the width of the credible intervals precludes a firm 
conclusion as to whether or not there is residual activity relative to HT. (B) As in panel (A), but with 
data shown relative to WT NOCT. The data suggest that all tested mutations reduce activity relative to 
WT, although only the H414A and N326A mutations showed strong evidence of loss of activity. (C) 
Representative Northern blot of NLuc and Firefly Luciferase mRNAs from tethered function assays. 
RNA levels in the presence of WT NOCT and NOCT mutants with polyadenylated substrates. 
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combination of both mechanisms. Relative to the MS2-HT control, tethered MS2-NOCT 

reduced the reporter mRNA levels by 2.2-fold (Figure 4.7).  

In contrast, based on our statistical criteria, the NOCT active site mutants did not 

discernibly reduce reporter mRNA levels relative to the MS2-HT negative control, 

suggesting that the mutations compromised their ability to degrade the mRNA. When 

compared to WT NOCT, loss of activity could only be firmly established for the H414A 

mutant (Figure 4.7). The other active 

site mutants showed some evidence of 

impaired activity relative to WT NOCT, 

but measurement noise precludes a 

firm conclusion on their relative activity 

compared with both HT and WT NOCT. 

Nevertheless, these data (particularly 

regarding the H414A mutant) indicate 

that the catalytic site of NOCT 

contributes to RNA decay in vivo.   

We also tested the ability of 

tethered NOCT to reduce levels of the 

NLuc 4xMS2BS 3ʹ MALAT1 mRNA and 

observed that NOCT was incapable of 

degrading the RNA, consistent with its 

inability to translationally repress the 

MALAT1 reporter (Figure 4.8). The 

 

  A) 

 
 

   B) 

 
 
Figure 4.8: WT NOCT degrades poly(A) RNA but 
not RNA with 3ʹ MALAT1. (A) MS2-NOCT reduced 
the steady state levels of NLuc 4xMS2BS p(A) but 
not 4xMS2BS MALAT1. Statistical significance is 
denoted as previously described in Figure 4.2. (B) 
Representative Northern blot of NLuc and Firefly 
Luciferase mRNAs from tethered function assays. 
RNA levels for poly(A) or 3ʹ MALAT1 substrates are 
shown here.  
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positive control MS2-HT-CNOT7 was capable of degrading the MALAT1 mRNA, albeit 

with reduced effectiveness compared to the poly(A) mRNA, consistent with CNOT-

mediated RNA degradation and 5ʹ-directed decay. These observations indicate that 

NOCT-mediated repression involves mRNA degradation and is dependent on either the 

sequence and/or structure of the 3ʹ end. 

 
4.4 Data Tables 

 
 
Table 4.1: Data analysis and statistics for Figure 4.2 
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Table 4.2: Data analysis and statistics for Figure 4.3 
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Table 4.3: Data analysis and statistics for Figure 4.6 
 
 



 111 

 
 
 
 
 
 
 

A) 
 

 
 
B) 

 

 
 
Table 4.4: Data analysis and statistics for Figure 4.7 
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4.5 Discussion  

The results presented here represent a major advance in the field of NOCT 

biology; we demonstrate that NOCT can translationally repress and degrade an mRNA 

when directed to that transcript in vivo, providing the first evidence of NOCT-mediated 

repression of mRNAs in human cells. We additionally tested the NOCT64-431 construct 

utilized in biochemical studies and compared its activity to NOCT1-431, which was not able 

to be assayed in in vitro assays (discussed in Chapters 2 and 3). While this result 

indicates that the first 63 amino acids of NOCT are dispensable for activity in the tethered 

function assay, it is still possible that these constructs may differ with respect to 

recognition and binding of endogenous target mRNAs. 

The structural homology between NOCT and CNOT6L (discussed in Chapter 2) 

suggests a role for NOCT in RNA degradation, which is supported by the in vivo data 

 
 
Table 4.5: Data analysis and statistics for Figure 4.8 
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presented here, demonstrating that NOCT reduces the levels of reporter mRNAs in a 

manner dependent on key conserved active site residues (Figures 4.3 and 4.7). A subset 

of these mutants behaves as expected based on homology with the other EEP 

deadenylases—mutational analysis of conserved actives site residues in CNOT6L 

demonstrated that E240A, D489A, and H529A mutations abolished deadenylase activity 

in vitro. Similarly, the D377A and H414A (and H414N) mutants of NOCT had reduced 

activity in the tethered function assays, though the CNOT6L and NOCT mutant activities 

were measured in very different contexts (Figures 4.3). Additionally, the NOCT H414A 

mutant reduced mRNA degradation in vivo relative to the WT enzyme, illustrating the 

catalytic defects associated with this mutant (Figure 4.7). 

Contrary to expectations, mutagenesis of NOCT Glu195 with alanine does not 

significantly alter mRNA repression or degradation in vivo (Figures 4.3 and 4.7), in 

contrast to the corresponding E240A mutant in CNOT6L. It is unknown why the E195A 

mutation in NOCT does not have an effect in tethered function assays and may reflect 

binding of this mutant to the reporter in a manner that inhibits translation of the transcript. 

This is one mechanism by which a catalytically inactive form of NOCT could potentially 

still repress reporter expression. In Northern blotting experiments the effect of E195A 

mutant on mRNA steady states was not able to be determined. Further studies are 

needed in order to determine if mRNA decay is abolished with the E195A mutant, and 

techniques such as transcription shutoff with Actinomycin D and half-life measurements 

may be more informative than the steady-state measurements used here.  

NOCT repression activity is also dependent on the sequence and/or structure of 

the 3ʹ end of the mRNA, as introduction of the MALAT1 structure blocks NOCT-mediated 
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decay and translational repression (Figures 4.6 and 4.8). If NOCT facilitated decay 

through recruitment of endonucleases, or if NOCT recruiting 5ʹ acting factors such as 

those that promote decapping, then a 3ʹ MALAT1 structure would not be expected to 

completely prevent RNA degradation and repression. While the structure and/or 

accessibility of the 3ʹ end is crucial, the potential for 3ʹ end sequence specificity of NOCT 

remains to be determined, as in vitro studies have not been able to demonstrate that 

NOCT recognizes poly(A) RNA. Both the 3ʹ poly(A) and 3ʹ MALAT1 reporter mRNAs 

terminate in adenosine residues, but the 3ʹ end of MALAT1 is sequestered within a stable 

triple helix, suggesting that the MALAT1 structure prevents NOCT from accessing the 3ʹ 

end of the reporter (Brown et al., 2014).  

In addition to observing repression of reports at the protein levels, we also turned 

to Northern blotting, which can be used to both measure relative RNA abundances and 

may resolve decay intermediates. No decay intermediates were observed, such as a 

shorter reporter mRNA that would correspond to a deadenylated mRNA. We cannot rule 

out that NOCT works in concert with other ribonucleases to promote mRNA decay. For 

instance, NOCT may deadenylate mRNA targets before another enzyme, such as the 

exosome, degrades the remainder of the RNA message (Zinder and Lima, 2017). In this 

case, NOCT may have a functional interaction with the canonical decay pathways in 

which deadenylated mRNAs are further degraded by either the 3ʹ to 5ʹ or 5ʹ to 3ʹ decay 

pathways (Goldstrohm and Wickens, 2008).  In these cases, decay would likely be too 

rapid for intermediates to be resolved in our assays. This hypothesis remains untested 

but could explain why mutagenesis of the NOCT active site did not completely ablate 
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repression of the reporter mRNAs, in the case that NOCT can recruit downstream decay 

factors, even when the active site is mutated.  

Based on these observations discussed here, which shows that NOCT represses 

expression and reduces steady-state levels of mRNA reporters in cell-based assays, and 

those in Chapter 2, in which NOCT had no detectable activity in vitro, we propose that 

NOCT requires one or more unidentified protein partners to be active. Such a partner may 

facilitate substrate binding, such as an RNA-binding protein that would direct NOCT to 

target mRNAs, thereby regulating its substrate specificity. Precedent for this idea is 

exemplified by the Pan2 deadenylase, which is inactive without its RNA-binding protein 

partner, Pan3 (Brown et al., 1996; Wolf et al., 2014). The tethered function assay used in 

this study may bypass the necessity of such a partner, but such a partner may also be 

necessary for activation of NOCT through mechanisms such as allosteric activation. 

Additionally, it cannot be ruled out that NOCT binds to mRNAs by recognizing specific 

sequence motifs or three-dimensional RNA structures, which were missing from the 

substrates tested in vitro. Finally, it is conceivable that NOCT activity may require post-

translational modifications, which would be absent in the recombinant protein expressed 

in bacteria.  

Our data suggest that NOCT may function in both translational repression and 

mRNA decay, functioning similarly to other described deadenylases. First, the H414A 

mutation diminishes NOCT-mediated decay of poly(A) reporter mRNA, indicating that its 

exoribonuclease function is important, yet this same mutant retains some translational 

repression activity (Figures 4.3 and 4.7). This suggests that a combination of exonuclease 

activity and an additional mechanism involving translational repression is responsible for 
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NOCT-mediated repression of polyadenylated target mRNAs. At this time, we cannot 

definitively discriminate between the contributions of these mechanisms. Second, NOCT-

mediated mRNA decay and translational repression activities are abrogated on the 

MALAT1 reporter, suggesting that both activities of NOCT are dependent on its ability to 

antagonize 3´ poly(A) and poly(A) binding protein function.  

A crucial challenge is to identify the natural mRNAs that are bound and regulated 

by NOCT. Our findings indicate that NOCT-regulated mRNAs are unlikely to accumulate 

as deadenylated intermediates, which could explain difficulties in identifying direct NOCT 

targets by surveying increased poly(A) tail length in NOCT-deficient mice (Kojima et al., 

2015; Stubblefield et al., 2018). NOCT repression is additionally manifested in reduced 

protein expression from its target mRNA; therefore, quantitative proteomics approaches 

may also facilitate identification of its regulatory impact on natural target mRNAs. Such 

approaches, conducted in physiologically relevant tissues and cell types, will be 

necessary to discover the post-transcriptional regulatory networks that underlie NOCT’s 

important physiological functions. 

 
4.6 Materials and Methods 

Cell-based Assays. 

  HEK293 cells (ATCC) were cultured in DMEM with glucose, 10% (v/v) FBS, 100 

U/mL penicillin, 100U/mL streptomycin, and 292 µg/mL glutamine 

(penicillin/streptomycin/glutamine from Gibco), at 37 °C and 5% CO2. The full-length 

NOCT coding region was cloned into the pF5K vector (Promega) to express MS2-NOCT 

in HEK293 cells. All protein constructs contained a V5 epitope tag for western blot 

detection. As a negative control, HaloTag (HT) fused to MS2 coat protein in the pFN21A 
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vector was used (Promega). Point mutations were generated using the oligonucleotide 

mediated site-directed mutagenesis method (Quikchange, Agilent). The reporter plasmid, 

pNLP 4xMS2BS p(A), was derived from the plasmid psiCheck1 (Promega) and contained 

the SV40 promoter driving NanoLuc Luciferase (NLuc) with a 3ʹ UTR containing 4 stem-

loop binding sites for phage MS2 coat protein. The NLuc 4xMS2BS p(A) and NLuc 

4xMS2BS MALAT1 reporters contained either a minimal synthetic 3ʹ cleavage and 

polyadenylation signal or a 3ʹ MALAT1 triple helix, respectively. The Firefly Luciferase 

internal control plasmid was pGL4.13 (Promega). 

For transfections, cells were plated at 600,000 cells per well in 6-well culturing 

plates. 24-hours post plating, DNA was transfected into cells using a 3μL:1ng ratio of 

ViaFect (Promega) to DNA including 1.25 μg of effector plasmid, 500 ng of Firefly plasmid, 

and 1.25 μg of the NLuc reporter plasmid.  48 hours post-transfection, cells were 

harvested in 1x PBS (pH 7.5). Cell suspensions were then plated into white-walled 96-

well plates and assayed for luminescence using the NanoGlo Dual Luciferase Assay 

System and a GloMax Multi+ luminometer according to the manufacturer’s instructions 

(Promega).  

Tethered function assay data were analysed using a hierarchical Bayesian model 

in order to account for the differences in variation between technical and biological 

replicates. The input data were the log2 ratios of NLuc activity to that of the Firefly 

Luciferase internal control (ffLuc). We modelled the average value for each biological 

replicate as arising from a t-distribution centred on the overall average value μprot for the 

particular protein variant of interest; a separately inferred average value for the ffLuc 

intensity on each particular day (μffluc,day, shared across all proteins considered on that 
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day) was applied as an additive offset to the day-wise values. The values for the technical 

replicates were further modelled with t-distributions centred on the appropriate daily 

average value μprot,day - μffluc,day. The protein-wise scale parameters σprot were modelled 

as arising from a common gamma distribution with uninformative hyperpriors, whereas 

the other scale parameters, and the degree of freedom parameters for the t distributions 

were simply assigned uninformative priors. We fitted the models using JAGS via the rjags 

interface, running four independent Monte Carlo chains for 250,000 iterations with 25,000 

steps of burn-in; we ensured convergence by verifying that the Gelman-Rubin shrinkage 

statistic for all parameters of interest was less than 1.1 (Gelman, 1992; Plummer, 2003a). 

Reported credible intervals were calculated using the highest posterior density approach 

with the R boa package; reported probabilities were calculated directly from the posterior 

distributions (Smith, 2007). We performed separate fits for each reporter construct. The 

main topic of interest in all cases is the central log ratio value μprot for each protein, which 

reflects the relative Luciferase level observed when that protein is present in the assay. 

We most frequently report the differences observed for the μprot value of a protein of 

interest relative to either that of a HT negative control or of WT NOCT. All raw data, 

number of replicates, and statistics from the fitted models are also shown in Section 4.5. 

The data analysis described here was designed and performed by P. Freddolino. 

 
Western Blotting.  

Cells harvested from the transfected cells used in the tethered function assays 

were harvested in 1x PBS, pelleted, and resuspended in radioactive immunoprecipitation 

assay buffer (RIPA buffer, 50 mM Tris (pH 8.0), 150 mM NaCl, 1% (v/v) IGEPAL CA-630, 

0.5% (w/v) sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulphate) for lysis. Lysates 
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were homogenized using QIAShredder Columns (Qiagen) and sample concentrations 

were determined using the BioRad DC Lowry assay. Each sample (8 μg total protein) was 

resolved on 4-20% TGX gradient gels (BioRad) and then transferred to Millipore EMD 

Immobilon membrane. Transfected NOCT proteins were detected using anti-V5 antibody 

(Invitrogen, R960-25) and HT was detected using anti-HT antibody (Promega, G9211). 

Blots were probed using HRP-conjugated Secondary Antibody (Sigma, A1047) and 

Pierce ECL Western Blotting substrate before exposure to autoradiography film. As a 

loading control, Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was detected on 

the same blots using anti-GAPDH antibody (Ambion, AM4300). 

 
 Northern Blotting.  

Cells, transfected as described in the cell-based assay method above, were 

harvested in 1x PBS and total cellular RNA was extracted using the ReliaPrep RNA Cell 

Miniprep System (Promega). For each experiment, triplicate RNA samples were pooled. 

RNA from each sample (3-5 μg total RNA) was prepared for electrophoresis in 1x MOPS, 

3.7% (v/v) formaldehyde, 25% (v/v) formamide, 5% (v/v) glycerol, 1 mM EDTA, 0.025% 

(w/v) bromophenol blue and 0.025% (w/v) xylene cyanol FF. Samples were resolved on 

a 1% MOPS agarose gel containing 4% formaldehyde before transfer to Millipore EMD 

Ny+ membrane using 20x SSC. The membrane was UV crosslinked and prehybridized 

with Ultrahyb buffer (Invitrogen).  

Table 4.6: Sequences of primers used to generate the probes for Northern blotting to detect 
NLuc and Firefly mRNAs in cell-based assays. 
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Antisense Northern probe templates for NLuc and Firefly were PCR amplified with 

primers containing the T7 promoter sequence (Table 4.6). Probes were transcribed using 

the MAXIscript T7 Transcription Kit (Ambion) with αP32 UTP (20 µCi at 3 µCi/mmol) and 

cold UTP (8 µM). Radiolabeled probes were purified using Sephadex G-25 resin (GE 

Healthcare). The final activity of the probes ranged from 1.3 x106 – 2.5 x106 counts per 

million/µg probe. Blots were probed overnight at 68 °C before washing with 2x SSC + 

0.1% (w/v) SDS and then 0.1x SSC + 0.1% (w/v) SDS. Blots were exposed to 

phosphoimager screens for 3 days and then imaged using a Typhoon FLA 9500. Image 

Quant (GE Healthcare) was used to quantify the intensity of the bands for NLuc and Firefly 

for each sample. Background correction was performed using the rolling ball method with 

a radius set to 200 to determine the baseline before peak integration. 

The quantitation data were analysed using a Bayesian hierarchical model similar 

to that described above for the tethered function assays, using the log2 ratio of NLuc to 

ffLuc peak areas as a key statistic for each sample. As before, we modelled the log2 ratio 

values as arising from a t-distribution, centred on the difference between day-wise values 

for NLuc (independently inferred for each target) and ffLuc (shared for all targets on that 

day). All such t-distributions used shared values for the scale and degree of freedom 

parameters, using an uninformative prior for the scale and the Gamma(2,0.1) prior 

suggested for the degrees of freedom (Juárez and Steel, 2010). Day-wise means were, 

in turn, modelled as arising from a normal distribution centered on μprot,day - μffluc,day with a 

shared variance parameter representing technical noise in the measurements 

themselves. The prior for the square root of the variance was set to be a Gamma(1,2) 

distribution, amounting to a weak assumption that the technical noise would make no 
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more than 1-2 log2 units of difference in the abundance measurements. The model was 

fitted in JAGS (Plummer, 2003b) using 8 independent Monte Carlo chains, with 500,000 

iterations per chain and a 25,000 step burn-in period, and convergence assessed as 

described above. All data, number of replicates, and statistics are shown in section 4.6. 

The data analysis described here was designed and performed by P. Freddolino. 
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CHAPTER 5 

Analysis of NOCT-mediated Regulation of Gene Expression and Metabolism1 

 

5.1 Abstract 

 NOCT-mediated regulation is thought to occur through repression of mRNAs 

involved in metabolic processes such as lipid trafficking and metabolism and regulation 

of body mass. However, identification of these mRNAs has proved difficult, and definitive 

evidence of direct regulation remains elusive. As the intracellular localization of NOCT 

protein would considerably change the pool of potential targets, we examined the NOCT 

protein sequence for motifs indicating subcellular localization. Sequence features of the 

NOCT protein suggests that full-length NOCT is a preprotein that may be localized to the 

mitochondria, wherein it can be proteolytically processed. Consistent with this hypothesis, 

mutagenesis of predicted mitochondrial targeting sequence features prevents processing 

of NOCT. Interestingly, processing of NOCT appears to occur in a cell and tissue type-

specific manner, suggesting the potential for differential localization of NOCT to the 

cytoplasm or mitochondria. Identification of endogenous NOCT substrates within these 

                                                        
1The work described in this chapter was a collaboration with Dr. Kelsey Hughes, who created the cell lines 

and RNA samples for the RNA sequencing experiments. Dr./ Hughes also performed the analysis of NOCT 

protein processing. Dr. Peter Freddolino and Rucheng Diao performed bioinformatic analysis of the RNA-

Seq datasets from these cell lines.  
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subcellular compartments is crucial for understanding and characterizing the recognition 

and specificity of NOCT substrates. To identify NOCT-mediated changes in gene 

expression, we expressed mutant version of NOCT that is restricted to the cytoplasm and 

measured resulting changes in mRNA levels by RNA-Seq. These results suggest that in 

a neuro-adrenal cell line, NOCT overexpression in the cytoplasm downregulates 

transcripts in a transcript isoform-dependent manner. We additionally confirmed a report 

that NOCT can dephosphorylate nicotinamide adenine dinucleotide substrates, providing 

a potential direct role for NOCT in  regulation of metabolism and/or redox biology.  

Together, our results suggest that NOCT is capable of affecting metabolism as a dual-

function enzyme involved in post-transcriptional gene regulation and modulation of 

metabolite levels. 

 
5.2 Introduction 

 Loss of NOCT expression has a profound effect on body mass, adipogenesis, and 

lipid metabolism and trafficking (Douris et al., 2011; Green et al., 2007; Kawai et al., 

2010b). This effect has been predicted to be mediated by through mechanisms of mRNA 

regulation, as NOCT is most similar to Ccr4-type deadenylases and represses expression 

of reporter mRNAs in vivo (Abshire et al., 2018; Baggs and Green, 2003; Douris et al., 

2011; Green et al., 2007; Kawai et al., 2010b). This hypothesis is supported by global 

studies that have identified changes in mRNA transcript levels upon perturbation of NOCT 

expression (Hee et al., 2012; Kojima et al., 2015; Stubblefield et al., 2018). However, 

some of these previous studies are limited in that it is assumed that mRNA targets of 

NOCT will display circadian behavior and decreased poly(A) tail lengths (discussed in 

Chapter 1) (Kojima et al., 2015; Stubblefield et al., 2018). Thus, while these studies 
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provide evidence that NOCT affects mRNA levels in vivo, the criteria for target 

identification may be overly restrictive.  

 Identification of putative NOCT targets have not taken into account the potential 

for localization of NOCT into different cellular compartments. NOCT has previously been 

described to localize to the nucleus and cytoplasm in murine oocytes and the perinucleus 

in HEK293 cells (Kawai et al., 2010b; Nishikawa et al., 2013). A pair of recent articles 

have additionally provided evidence that NOCT localizes to the mitochondria (Estrella et 

al., 2019; Le et al., 2019). The pools of mRNAs in cellular compartments can differ 

significantly, especially in the mitochondria, which has its own genome and transcribes 

and translates 13 mRNAs distinct from nuclear encoded mRNAs (D'Souza and Minczuk, 

2018). Therefore, determining NOCT localization can provide a greater understanding of 

the potential mRNAs it could affect. 

 While identification of endogenous NOCT targets has largely been limited to 

mRNAs, the potential for NOCT regulation of non-mRNA targets must be considered. 

This has been shown to be the case for the human EEP deadenylase PDE12, which has 

activity against both mitochondrial tRNAs and 2ʹ, 5ʹ oligoadenylate (2ʹ,5ʹ-A) (Pearce et 

al., 2017; Wood et al., 2015). During the writing of this thesis, a preprint publication 

reported NOCT activity against non-RNA substrates NADP+ and NADPH, an enzymatic 

activity that has only recently been suggested to exist in mammals (Ding et al., 2018; 

Estrella et al., 2019). This result suggests that NOCT may have non-RNA substrates and 

that this phosphatase activity may have significant effects on cellular metabolism.  

 Here we describe the features of the NOCT mRNA and protein that suggest that 

NOCT could be localized to the cytoplasm or to the mitochondria. These features are 
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interrogated through mutagenesis and we show that in HEK293 and HCT116 cells, the 

N-terminus of NOCT facilitates processing of the NOCT protein in a manner consistent 

with mitochondrial localization. In a survey of different mouse and human tissue types, 

we demonstrate that NOCT processing occurs in a tissue-dependent manner. We 

additionally discuss ongoing efforts to characterize the endogenous substrates of NOCT 

using RNA-Seq, demonstrating that overexpression of cytoplasmic NOCT alters steady 

state levels of mRNA transcripts. Additionally, we corroborate the reports of NADP+ and 

NADPH phosphatase activity. NOCT targets will be discussed in the context of NOCT 

phenotypes as well as the additional biological processes that may be influenced by 

NOCT activity. 

 
5.3 Results 

5.3.I NOCT is processed in a manner consistent with mitochondrial localization 

To accurately assess NOCT-mediated differential gene expression, the 

localization of NOCT first needed to be determined.  We examined the NOCT amino acid 

sequence using MitoFates to identify sequence elements predicted to influence 

 
 

Figure 5.1: Features of full-length NOCT predicted to influence subcellular localization. The 
NOCT N-terminus has a predicted mitochondrial localization sequence (aa1-15) followed by a 
consensus sequence for processing by mitochondrial peptidases. Additionally, there are two Met 
residues with Kozak sequences of varying optimality for initiating translation, one of which would 
exclude the mitochondrial localization sequence. 
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mitochondrial localization. MitoFates scores the probability of localization by identifying 

N-terminal protein sequences for enrichment of arginine residues within a sequence an 

amphipathic α-helix required for recognition by TOM20. These sequences facilitate import 

of polypeptides through the TOM and TIM translocase complexes into the mitochondrial 

matrix (Schmidt et al., 2010). This analysis identified a predicted mitochondrial targeting 

sequence (MTS) in the first 15 amino acids of the NOCT N-terminus (Probability (P)=0.94) 

(Fukasawa et al., 2015). Deletion of residues 2-15 from the NOCT protein sequence 

reduced the MitoFates prediction of localization to P=0.35. Downstream of this putative 

localization sequence are predicted cleavage sites for mitochondrial matrix processing 

peptidase (MPP) and intermediate cleaving peptidase 55 (Icp55), which would remove 

mitochondrial pre-sequences after Leu74 and then remove Tyr75, respectively (Figure 

5.1) (Fukasawa et al., 2015). Based on these observations, we designed a set of 

constructs with mutations in the NOCT N-terminus to address whether NOCT is 

processed in a manner consistent with mitochondrial localization and subsequent 

proteolytic processing.  

We examined the molecular weights of endogenous NOCT expressed in HEK293 

and HepG2 cell lines for evidence of proteolytic processing. For these experiments, we 

generated a polyclonal α-NOCT antibody against full-length NOCT and verified its 

reactivity against recombinant human NOCT64-431 (Figure 5.2). Full-length NOCT has an 

apparent molecular weight of 48.2 kDa based on amino acid sequence (Figure 5.2 A). In 

HepG2 cells, the major band is ~55 kDa, which is larger than predicted but may be 

indicative of the charge of the NOCT N-terminus, which is enriched in basic residues 

(Figure 5.2 B). In addition to the ~55 kDa band, a smaller, ~41 kDa band was observed 
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both in HepG2 and HEK293 cells, which may suggest that multiple isoforms of NOCT are 

generated in cells. While these sizes are consistent with the change in molecular weight 

predicted for processing by MPP and/or Icp55, we considered that these different NOCT 

isoforms may be produced by either differential translation or processing of NOCT mRNA.  

Previous studies have observed the human, mouse and Xenopus Noct mRNA 

sequences have two different potential start codons in the context of Kozak sequences, 

suggesting that multiple isoforms of NOCT may be translated (Wang et al., 2001). We 

investigated the potential usage of two translation start sites at Met1 and Met67 of the 

human NOCT mRNA sequence. Both Kozak sequences (Met1 5ʹ-CCCGCAUGU-3ʹ and 

Met67 5ʹ-UGUUCCAUGG-3ʹ) are divergent from the canonical sequence (5ʹ-

gccRccAUGG-3ʹ), suggesting that leaky scanning through the Met1 Kozak sequence may 

allow for translation of a long and a short isoform of NOCT. While we had also considered 

that differential processing of NOCT mRNA could produce transcripts expressing different 

NOCT isoforms, we did not find evidence of multiple isoforms of NOCT mRNA in humans.  

We examined the utilization the two observed NOCT translation initiation sites by 

cloning the NOCT ORF and 5ʹ leader sequences into expression vectors. These 

constructs were mutated either at the Met1 start codon (M1X) or at the Met67 start codon 

(M67G) and were then transfected into HEK293 cells. NOCT protein expression was 

assessed using Western blotting with α-NOCT. We observed an increase in the amount 

of the ~41 kDa band with overexpression of WT NOCT constructs, which is close to the 

size either produced by Met67 translation initiation (41.3 kDa) or by Met1 initiation 

followed by proteolytic processing to the ~41 kDa form (40.4 kDa). Mutation of Met1 

produced a ~41 kDa protein, indicating that leaky scanning can result in translation from  
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Met67. When Met67 is mutated, the observed protein is also ~41 kDa, indicating that 

Met1 initiation is followed by processing of NOCT to the shorter isoform (Figure 5.2 B). 

We also generated a construct where the putative MTS is deleted (NOCT ∆2-15), which 

 
 

Figure 5.2: NOCT is processed in a manner dependent on N-terminal amino acids. A) Schematic 
of the expected sizes of protein for NOCT that is either translated from different start sites or that is 
processed B) Key amino acids predicted to influence NOCT translation initiation and processing were 
mutated and overexpressed in HEK293 cells before detection using α-NOCT. NOCT is preferentially 
translated from Met1 but can also utilize Met67 when Met1 is absent. Translation from either initiation 
site results in expression of a ~41 kDa protein, suggesting the long isoform is processed. Deletion of 
amino acids 2-15 (∆2-15) abolishes processing consistent with mitochondrial localization and 
processing. Expression of endogenous NOCT in untransfected HEK293 and HepG2 lysates is shown 
here as a comparison. GAPDH is used as a loading control. C) As in A, with expression in HCT116 
cells. D) Truncation of amino acids 2-15 results in expression of a long form of NOCT, while truncation 
of amino acids 1-66 resulted in expression of NOCT consistent with the isoform observed at ~41 kDa. 
Vinculin is used here as a loading control. E) To determine of NOCT processing is affected by protein 
overexpression, the amount of transfected NOCT was titrated. Figure 5.2 adapted from K. Hughes, 
unpublished data. 
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resulted in the expression of a ~55 kDa protein as the predominant isoform. We also 

mutated Met67 in the NOCT ∆2-15 construct (∆2-15/M67G), which has a very similar 

pattern of protein expression compared to the NOCT ∆2-15 construct (Figure 5.2 B). This 

indicates that Met1 is the preferred translation initiation site, and that translation initiation 

from Met67 is observed when Met1 is mutated. Together, these data support a hypothesis 

wherein NOCT translation is initiated at the Met1 start codon, followed by proteolytic 

processing of the protein to a ~41 kDa form.  

 We further corroborated this hypothesis by transfecting the WT and mutant NOCT 

constructs into HCT116 cells. We observed that a ~41 kDa protein is the predominant 

form of NOCT that is produced unless the MTS is deleted, demonstrating that processing 

is not specific to the HEK293 cell line. Additionally, we examined processing of NOCT 

constructs with a 3x C-terminal FLAG tag as an alternative method of detecting molecular 

weight changes (Figure 5.2 C). Full length NOCT 3x FLAG was detected at ~44 kDa 

(which corresponds to the size expected for processed NOCT plus the ~3 kDa of mass 

added by the tag). NOCT ∆2-15 3x FLAG has an apparent molecular weight of ~58 kDa, 

which is consistent with the deletion of the MTS preventing processing (Figure 5.2 D). As 

a point of comparison, we transfected a NOCT ∆2-67 3x FLAG construct, which is 

observed at its expected size of ~44 kDa (Figure 5.2 D). As we have determined that 

expression of full-length (~55 kDa) NOCT does not necessarily result in processing (as is 

observed in HepG2 cells), we verified that the processing observed in HEK293 cells was 

not due to protein overexpression by titrated the amount of transfected WT NOCT.  We 

observed that the ~41 kDa species is seen even with smaller amounts of DNA 

transfected. The ~55 kDa band is observed with transfection of 0.75 µg of DNA or more, 
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indicating that WT NOCT is saturating the proteolytic machinery responsible for 

processing (Figure 5.2 E). These results suggest that the ~55 kDa species observed in 

HepG2 cells is a pre-protein that is processed to generate the ~41 kDa species. Based 

on our MitoFates analysis, we predict that processing occurs in the mitochondria, as 

deletion of the putative MTS prevents expression of the ~41 kDa protein (Figure 5.2 B). 

To assess if the N-terminus of NOCT is 

sufficient for processing, we created an EGFP 

fusion protein with the first 86 amino acids of 

NOCT at the N-terminus. We observed a minor  

band at ~36 kDa, which is the expected molecular 

weight for the full-length NOCT1-86- EGFP fusion 

protein. The major species has an apparent 

molecular weight of ~28 kDa, which is consistent 

with mitochondrial peptidases processing the 

NOCT1-86- EGFP fusion protein, leaving 12 

remaining amino acids of the NOCT N-terminus (amino acids 74-86) fused to EGFP 

(Figure 5.3). Together, our data indicate that in HEK293 and HCT116 cells, NOCT is 

processed in a manner consistent with predicted localization to the mitochondria, and that 

the N-terminus of NOCT is sufficient for processing of the presumed NOCT pre-protein. 

As we analyzed the apparent sizes of endogenous NOCT in various cell types, we 

observed that in HepG2 cells, the ~55 kDa form of NOCT is the major form (Figure 5.2 

B). The expression of the long isoform suggests that there are cases where NOCT is 

translated from the Met1 initiation site but is not processed. Following this observation, 

 

Figure 5.3: The N-terminus of NOCT is 
sufficient for processing. Fusion of the 
86 N-terminal amino acids of NOCT to 
EGFP results in processing of EGFP 
consistent with mitochondrial localization 
and processing. Figure 5.3 adapted from 
K. Hughes, unpublished data. 
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we next asked whether NOCT processing was specific to tissue type. We obtained blots 

with both mouse and human tissue extracts and probed for NOCT with our polyclonal α-

NOCT antibody (Figure 5.4). This revealed that the ~55 kDa band is present in multiple 

tissues such as kidney, brain, and human liver, as well as in stomach and brain in mouse 

tissue. We also observed bands around ~41 kDa, which would correspond to the smaller 

processed form in brain and skeletal muscle in human and in brain, heart, and skeletal 

muscle in mouse tissues. Other bands outside of the 40-55 kDa range cannot be 

explained by processing or full-length NOCT expression and may be proteins cross-

reacting with our polyclonal antibody. In tissues such as human spleen or mouse ovary, 

NOCT protein expression was below the limit of detection. The presence of bands at ~55 

kDa and ~41 kDa in various human and mouse tissues supports our hypothesis that 

NOCT processing occurs in a tissue-dependent manner. 

 

Figure 5.4: NOCT appears to be differentially processed in different tissue types. Western blots 
of tissue extracts from either A) human or B) mouse tissues were probed using α-NOCT. Bands 
consistent with the ~41 kDa and ~55 kDa forms of NOCT were observed, indicating that processing 
and possibly subcellular localization of endogenous NOCT may occur in a tissue-specific manner. 
Figure 5.4 adapted from K. Hughes, unpublished data. 
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 In summary, our results suggest that multiple NOCT isoforms are expressed, and 

that the expression of the shorter, ~41 kDa isoform of NOCT is dependent on the 

predicted MTS. The other major species detected is a ~55 kDa form consistent with 

expression of full-length, unprocessed NOCT, which suggests that NOCT is not 

processed in all cases. Furthermore, the patterns of expression and sizes of protein vary 

with cell and tissue type, suggesting that NOCT expression and processing is tissue 

specific (Figures 5.3 and 5.4). Using this information, current and future studies are 

focused on the cytoplasmic mRNA targets of NOCT as well as protein partners that are 

themselves localized to the cytoplasm.  

5.3.II Cytoplasmic NOCT overexpression results in differential regulation of mRNA 

transcripts.  

We next asked whether 

overexpression of a cytoplasmic form of 

NOCT (NOCT ∆2-15 3x FLAG) would result 

in changes in expression levels of nuclear-

encoded mRNAs. We performed RNA-Seq 

analysis of RNA from cell lines that 

constitutively overexpress NOCT ∆2-15 3x 

FLAG in HEK293 cells. Use of these cells is advantageous, as HEK293 express low levels 

of endogenous NOCT and are easily genetically manipulated. Clonal lines of HEK293 cell 

lines that  stably express  NOCT ∆2-15 3x FLAG; or, as a negative control, C-terminal 

FLAG-tagged Glutathione S-transferase (GST 3x FLAG), were created in order to assess 

the effect of NOCT overexpression (Figure 5.5). RNA samples from three clonal lines for 

 
 
Figure 5.5: Verification of stable expression 
of FLAG-tagged fusion proteins in HEK293 
cell lines. NOCT ∆2-15 3x FLAG and GST 3x 
FLAG expression was verified by Western 
blotting against the 3x FLAG epitope tag. 
Vinculin was used as a loading control. Figure 
5.5 adapted from K. Hughes, unpublished data.  
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each condition were submitted for RNA sequencing, resulting in a high-confidence 

dataset for changes in transcript abundance occurring with NOCT overexpression. Our 

analysis used rRNA depletion rather than oligo d(T) purification, so as to remove 

abundant rRNAs and identify regulated transcripts independently of poly(A) tail length.  

Furthermore, we did not restrict our analysis to circadian transcripts, as NOCT may 

regulate transcripts that do not show rhythmic expression. 

Using statistical significance criteria (adjusted p-value > -log10(0.05)) for 

expression changes, we identified 255 upregulated transcripts, with 32 transcripts 

regulated between 2 and 4-fold and 2 transcripts with greater than 4-fold changes. We 

also identified 235 downregulated transcripts, with 31 transcripts negatively regulated 

between 2 and 4-fold and 7 transcripts downregulated with greater than 4-fold changes 

(Figure 5.6 and Table 5.1). 

Differential regulation of 

mRNA transcripts upon 

NOCT overexpression 

indicates  that NOCT is able 

to modulate the abundances 

of endogenous nuclear-

encoded mRNA transcripts 

(Table 5.1). 

 
 

Figure 5.6: Differential regulation of mRNA abundances 
plotted by significance. Log2 shrunken fold changes are plotted 
against the Log10 p-values for each transcript. Genes with 
greater than 4-fold changes are plotted in red, 2 to 4-fold change 
in black, and changes that are 2-fold or less are plotted in grey. 
The dashed blue line indicates a p-value significance cutoff of -
Log10(0.05) 
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Table 5.1: Log2 Fold Changes observed for 5 selected transcripts in the top ten downregulated 
targets observed with NOCT overexpression. For each target the average transcripts per million 
(TPM) count for each HEK293 cell line is reported in addition to the Log2 fold changes measured in 
RNA-Seq and qPCR. 
 

Target Avg TPM (GST) Avg TPM (NOCT) RNAseq Log2 Fold Change qPCR Log2 Fold Change Function
DLGAP1 0.5305 0.0112 -2.44 -2.94 Neuron synapse, NMDA signaling

RORB 2.5833 0.3179 -2.02 -2.40 Circadian regualtion, neurodevelopment
TMEFF2 0.8877 0.1155 -2.64 -2.32 Neuron survival factor
PTPRZ1 0.1660 0.0337 -2.23 -2.13 Glutamate signaling, AMPA receptor
FRRS1L 1.0470 0.4481 -4.12 -2.12 Oligodenrocyte differentiation, receptor 

tyrosine phosphatase

 

Figure 5.7: Fold change expression of top downregulated mRNA targets in RNA-Seq 
experiments. Fold changes in expression for DLGAP1, RORβ, TMEFF2, PTPRZ1, FRRS1L, and 
NOCT were measured in the clonal lines overexpressing either GST 3x FLAG or NOCT ∆2-15 3x 
FLAG constructs. Differences in mRNA abundances for each cell line were normalized to TATA 
binding protein (TBP). In each case, NOCT overexpression is associated with reduced levels of 
mRNA abundances for these transcripts. 
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We validated out results by measuring the changes in mRNA expression levels 

using 5 of the top 10 downregulated transcripts by qPCR (Figure 5.7).  In all cases, the 

fold-change measurements in the qPCR data were very similar to those observed in the 

RNA-Seq dataset, which shows that we can measure NOCT-mediated changes in mRNA 

abundance using two different methods of quantitation (Table 5.1). To determine if the 

decrease in mRNA levels corresponded to a decrease in the steady state levels of protein 

encoded by these transcripts, we additionally examined the changes in protein levels in 

the NOCT ∆2-15 3x FLAG and GST 3x FLAG overexpression cell lines. Contrary to  what 

was observed for the mRNA levels of FRRS1L, PTPRZ1, and RORβ, protein levels did 

not decrease with overexpression of NOCT ∆2-15 3x FLAG  (Figure 5.8). These results 

are preliminary but suggest that other factors could regulate protein abundance for these 

genes, such that NOCT-mediated downregulation mRNA abundance is not sufficient to 

decrease steady state levels of 

protein. Additionally, steady 

state measurements of these 

proteins may not capture 

decreased translation from a 

pool of mRNAs with reduced 

expression levels. 

The RNA-Seq data was 

then examined at the transcript 

level to determine if differential 

regulation mRNA transcript 

 
Figure 5.8: Protein levels of top downregulated transcripts 
from RNA-Seq datasets do not reflect changes in mRNA 
levels. HEK293 clonal cell lines overexpressing GST 3x FLAG 
or NOCT ∆2-15 3x FLAG were examined for RORβ, PTPRZ1, 
or FRRS1L by Western Blotting. Protein levels were NOCT 
reduced in the NOCT overexpression cell lines relative to the 
GST overexpression cell lines. 
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isoforms are evident in the sequencing data. To do this, the RNA-Seq data were 

reanalyzed for log2 fold changes in expression at the level of individual transcript isoforms 

of DLGAP1, TMEFF2, and PTPRZ1 (Table 5.2). Within the different transcript isoforms 

of TMEFF2, the log2 fold changes for isoforms such as TMEFF2-202 (log2 FC = -4.8) 

and TMEFF2-203 (log2 FC= -2.18), were variable, suggesting that not all transcript 

isoforms are regulated to the same extent. Furthermore, not all isoforms for a given gene 

are significantly regulated.  For example, DLGAP1 has five different isoforms detected in 

our RNA-Seq data, all of which have decreased mRNA abundance with NOCT ∆2-15 

versus GST overexpression; however, only a subset of these isoforms have changes that 

reach statistical significance (false discovery rate adjusted p-values (q-values) below the 

threshold cutoff of q=0.05) (Table 5.2). This demonstrates that while changes in mRNA 

abundance are observed at the gene level of analysis, not all isoforms of a given gene 

 
Table 5.2: Differential regulation observed at the transcript level in RNA-Seq datasets. For these 
transcript isoforms, the decrease in mRNA abundance between NOCT ∆2-15 overexpression versus 
GST overexpression is reported. The significance is reported as a q-value, where significant changes 
in expression have q values < 0.05. 

Ensembl Accession: Transcript Name: Biotype: Log2 fold change with NOCT OE: q-value:

ENST00000400150 DLGAP1-205 mRNA, protein coding -3.25 0.9

ENST00000315677 DLGAP1-201 mRNA, protein coding -3.86 9.72E-05

ENST00000485480 DLGAP1-209 lncRNA, processed transcript -0.16 1

ENST00000581527 DLGAP1-218 mRNA, protein coding -4.36 4.67E-05

ENST00000272771 TMEFF2-201 mRNA, protein coding -2.75 0.01

ENST00000581550 DLGAP1-219 lncRNA, processed transcript -3.04 0.13

ENST00000409056 TMEFF2-203 mRNA, protein coding -2.18 2.68E-04

ENST00000392314 TMEFF2-202 mRNA, protein coding -4.8 3.06E-07

ENST00000449182 PTPRZ1-202 mRNA, protein coding -3.14 0.17

ENST00000393386 PTPRZ1-201 mRNA, protein coding -1.58 0.89

ENST00000471837 PTPRZ1-205 lncRNA, processed transcript -0.67 0.98
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may be regulated by overexpression of NOCT ∆2-15. Further validation of these results 

is needed to determine if these observed differences in mRNA isoform abundance results 

in biologically significant regulation of one isoform relative to another for a given gene and 

if regulation of certain isoforms relative to others results in functional changes at the 

protein level.  

 To assess what biological processes and pathways are enriched in the genes 

differentially regulated by NOCT overexpression, we performed a gene ontology (GO) 

analysis using iPAGE (Goodarzi et al., 2009). This analysis identified a total of 51 

 
Figure 5.9: iPAGE analysis of the RNA-Seq datasets reveals GO terms over and 
underrepresented in differentially regulated mRNA transcripts. 51 individual GO terms were 
identified that have changes in the abundances of their associated mRNAs with respect to NOCT 
expression/ GST expression. For each category, the mRNAs included within the category are 
equally distributed into bins, with the most downregulated transcripts on the left and most 
upregulated transcripts on the right of the heat map. Figure 5.9 was adapted from R.Diao, 
unpublished data. 
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categories in which mRNA abundances changed significantly in NOCT ∆2-15 versus GST 

overexpression cell lines (Figure 5.9). Within each category, the individual genes were 

equally partitioned into discrete “bins” so that overrepresentation and 

underrepresentation of the individual GO term category could be assessed with respect 

to mRNAs that have increased abundance or decreased abundance. The downregulated 

transcripts are enriched for terms such as “voltage gated potassium channels” and 

“negative regulation of osteoblast differentiation”, while terms such as “kinetochore” and 

“DNA replication” are underrepresented (Figure 5.9 and Table 5.3). It should be noted 

that the “kinetochore” and “DNA replication” terms are similarly underrepresented among 

the upregulated regulated genes (Table 5.4). For the genes that are upregulated with 

NOCT ∆2-15 overexpression, terms such as “retinol binding” and “positive regulation of 

cytosolic calcium ion concentration” are overrepresented.  

 While GO terms in any of these four categories can yield insight into the regulatory 

role of NOCT, we considered the terms that are overrepresented in the set of genes that 

are downregulated with NOCT overexpression, as these transcripts are regulated in a 

 
Table 5.3: GO terms over and underrepresented for the most significantly downregulated and 
upregulated mRNA transcripts. Terms represented in multiple categories are likely not biologically 
significant results.  
 
 

GO Term GO Term Description
Regulation of genes in GO 

Term (NOCT/GST):
Representation of GO Terms 

in Dataset: p-Value:
GO:0007156 homophilic cell adhesion via plasma membrane adhesion molecules Downregulated Overrepresented 2.89E-08
GO:0005249 voltage-gated potassium channel activity Downregulated Overrepresented 8.02E-07
GO:0045668 negative regulation of osteoblast differentiation Downregulated Overrepresented 1.02E-06
GO:0004714 transmembrane receptor protein tyrosine kinase activity Downregulated Overrepresented 2.61E-05
GO:0004970 ionotropic glutamate receptor activity Downregulated Overrepresented 7.14E-05

GO:0000776  kinetochore Downregulated Underrepresented 4.78E-05
GO:0003735  structural constituent of ribosome Downregulated Underrepresented 9.44E-05
GO:0006260 DNA replication Downregulated Underrepresented 4.51E-04
GO:0051082 unfolded protein binding Downregulated Underrepresented 1.01E-03
GO:0005681 spliceosomal complex Downregulated Underrepresented 1.48E-03

GO:0005604 basement membrane Upregulated Overrepresented 2.31E-11
GO:0019841 retinol binding Upregulated Overrepresented 1.87E-07
GO:0007204 positive regulation of cytosolic calcium ion concentration Upregulated Overrepresented 1.21E-06
GO:0008083 growth factor activity Upregulated Overrepresented 1.55E-06
GO:0010757 negative regulation of plasminogen activation Upregulated Overrepresented 1.69E-05

GO:0003735 structural constituent of ribosome Upregulated Underrepresented 1.34E-08
GO:0008168  methyltransferase activity Upregulated Underrepresented 3.00E-06
GO:0006260 DNA replication Upregulated Underrepresented 2.27E-05
GO:0043161 proteasome-mediated ubiquitin-dependent protein catabolic process Upregulated Underrepresented 3.73E-05
GO:0000776 kinetochore Upregulated Underrepresented 4.73E-05
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manner that would be consistent with the putative repressive activity of NOCT. Strikingly, 

the top five GO terms for the most significantly downregulated transcripts include the 

terms “voltage gated potassium channels,” and “ionotropic glutamate receptor activity,” 

which are associated with the downregulation of transcripts that are associated with 

function in neurons. Such transcripts include KCNQ5 and KCNQ2, which are voltage-

gated potassium channels that are expressed in the brain and are implicated in 

neurological disorders (Lehman et al., 2017; Niday et al., 2017). These results provide 

new evidence that NOCT is capable of causing differential regulation of transcripts related 

to neurological function and demonstrate that the RNA-Seq analysis reported here may 

uncover new biological roles associated with NOCT regulation of mRNA abundance. 

 
5.3.III NOCT has phosphatase activity against NADPH and NADP+ in vitro. 

  During the preparation of this dissertation, a preprint manuscript reported that 

NOCT has activity against non-mRNA nucleotide metabolites, specifically NADP(H) 

(Estrella et al., 2019). This finding has significant implications, especially within the 

context of NOCT mitochondrial localization and its impact on metabolism. Additionally, 

the changes in mRNA steady state levels observed in our RNA-Seq data set could also 

potentially reflect downstream responses in gene expression as a consequence of NOCT 

phosphatase activity. Using our highly purified, recombinant NOCT, we have now 

corroborated the phosphatase activity against NADP+ and NADPH (Figure 5.10). Using 

a Malachite Green phosphate assay we observed that free phosphate was produced in 

reactions with WT NOCT120-431 but not in reactions with NOCT120-431 E195A. Therefore, 

the effect of this mutation is consistent with bona fide NOCT enzymatic activity against 

nicotinamide dinucleotide substrates. These data, in conjunction with the ability of NOCT 
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to repress mRNAs in cell-based assays (discussed in Chapter 4), suggests that NOCT 

may act as a multifunctional enzyme.  

 
5.4 Discussion 

 Early studies of NOCT classified the enzyme as a circadian deadenylase and 

suggested that the observed phenotypes in mice, namely resistance to diet-induced 

obesity, increased bone mass, and defects in lipid trafficking, were a result of NOCT 

mediated mRNA decay of associated metabolic transcripts (Douris et al., 2011; Green et 

al., 2007; Kawai et al., 2010a). The data presented here suggest a more complex model 

of NOCT mediated regulation, by which NOCT is predicted to be localized and processed 

in a tissue dependent manner and potentially affects metabolic function through 

regulation of both mRNA targets and metabolites such as NADP+ and NADPH.  

 We observed that the NOCT N-terminus contains sequence motifs consistent with 

mitochondrial localization and processing by mitochondrial peptidases. In addition to 

these features in the NOCT protein sequence, the NOCT mRNA sequence has two 

translation initiation sites at Met1 and Met67, suggesting that leaky scanning may lead to 

expression of a short and a long form of NOCT (Figure 5.1). Using constructs with the 

      
  
Figure 5.10: NOCT has phosphatase activity against NADPH and NADP+. Recombinant NOCT 120-

431 and NOCT 120-431 E195A were incubated with either NADP+ and NADPH. Inorganic phosphate 
accumulation was measured using Malachite Green and absorbance at 600 nm. The concentration of 
phosphate produced was determined by quantification using phosphate standards.  
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native NOCT 5ʹ leader sequence and ORF, we determined that in HCT116 and HEK293 

cells, NOCT that is expressed from the Met1 initiation site is subsequently processed to 

form a ~41 kDa product (Figure 5.2). This processing is consistent with the predicted 

localization of NOCT to the mitochondria, which is supported by microscopy studies that 

observe NOCT localization in the mitochondria (Figure 5.2) (Estrella et al., 2019; Le et 

al., 2019). Fractionation experiments by Estrella, et al  detected NOCT in the mitochondria 

and nucleus but not the cytoplasm, though nuclear localization was not evident by 

microscopy. This study assessed mitochondrial localization by using NOCT 

overexpression constructs in A549 cells, and it is possible in this case that overexpression 

of NOCT altered protein localization in this cell type or that in this specific cell type NOCT 

localizes strictly to the mitochondria (Estrella et al., 2019). While we also used NOCT 

expression constructs to analyze processing, there are several advantages to our 

analysis. First, we used cell lines that have low levels of endogenous NOCT and 

overexpressed levels of NOCT protein comparable to endogenous levels in cell lines such 

as HepG2. Second, we titrated transfected WT NOCT and demonstrated that processing 

still occurred at lower levels of expression (Figure 5.2 E). Third, we observed expression 

of endogenous NOCT isoforms consistent with expression of full-length and processed 

forms in multiple human and murine tissues, indicating that processing is tissue specific. 

(Figure 5.4). Further validation of mitochondrial localization using detection of 

endogenous NOCT protein will be needed to confirm localization of NOCT. 

 NOCT may play distinct regulatory roles in different tissues based on the observed 

differential processing of endogenous NOCT. The presence of the ~55 kDa isoform 

suggests that NOCT is cytoplasmic in tissues expressing this form and that NOCT would 
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regulate nuclear-encoded mRNA expression consistent with the changes in mRNA 

abundance observed when NOCT expression is perturbed (Figure 5.6) (Hee et al., 2012; 

Kojima et al., 2015; Stubblefield et al., 2018). In tissues where NOCT would be solely 

localized to the mitochondria, this would greatly restrict the pool of potential target mRNAs 

to 13 transcripts. However, the presence of the short form of NOCT is not necessarily an 

indication of localization to only the mitochondria, as Met67 translation initiation may 

occur more frequently in other cell types. It has not yet been determined if NOCT 

regulates mitochondrial mRNAs, and NOCT may also regulate non-mRNAs, as is the 

case for PDE12, which processes polyadenylated mt-tRNAs to ensure efficient translation 

(Pearce et al., 2017). Mitochondrial transcripts encode a subset of the subunits of the 

electron transport chain, and regulation of mt-RNAs could have profound effects on 

metabolism and cellular energy states (D'Souza and Minczuk, 2018). Additionally, NOCT 

localization to the cytoplasm and/or the mitochondria would target two largely separate 

NADP(H) pools, as these metabolites are not shuttled across the mitochondrial 

membrane (Nikiforov et al., 2011). Differential localization of NOCT indicates that the 

regulatory effects on mRNAs and NADP(H) pools are therefore likely to be tissue specific.   

 We addressed the potential regulatory effects of cytoplasmic NOCT (NOCT ∆2-15 

3x FLAG) by measuring expression levels of nuclear-encoded mRNA transcripts when 

NOCT is overexpressed. Hundreds of mRNA transcripts were regulated (490 transcripts 

in total), which is the first evidence that NOCT overexpression in the cytoplasm changes 

mRNA abundances on a larger scale. 31 specific GO Terms were enriched in our dataset, 

suggesting that NOCT regulates specific biological processes. 235 of the regulated 

transcripts had decreased expression levels with NOCT ∆2-15 overexpression, which is 
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consistent with NOCT-mediated repression of these mRNAs. A subset of these 

transcripts may represent direct targets that are bound and repressed by NOCT, which 

must be validated through expressions such as RNA-Immunoprecipitation (RIP) to 

measure direct association of the mRNAs with NOCT. Determining enriched motifs in the 

mRNAs regulated by NOCT would potentially identify a sequence element that facilitates 

NOCT association with its direct targets and would aid in identification of other potential 

target mRNAs harboring this putative binding site. The activated mRNAs in our RNA-Seq 

data likely represent indirect targets that are affected by NOCT regulation of another 

target, such as a repressor. A fraction of the downregulated transcripts may also be 

indirect, if NOCT represses positive regulators of these mRNAs. 

During validation of our RNA-Seq results, we examined the steady state protein 

levels for three of our top regulated transcripts, FRRS1L, PTPRZ1, and RORβ. Contrary 

to the downregulation of these mRNAs, the protein levels did not decrease with NOCT 

overexpression (Figure 5.8) This observation may be indicate that these proteins are very 

stable, or that the reduction in mRNA levels was not sufficient to significantly impact 

translation. Additionally, these three transcripts represent a very small sample of the 235 

downregulated transcripts and decreased steady state levels of protein may be more 

evident for other genes in our dataset. Analysis of NOCT-mediated effects on mRNA 

levels may underestimate its impact on the proteome, given our observation of 

translational repression in tethered function assays (Figures 4.3 and 4.7). Therefore, it is 

possible that a subset of the transcripts in our dataset could be regulated by NOCT-

mediated translational repression, such that changes in abundance at the mRNA level 

could be more modest than the changes observed at the protein level.  
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 We found that multiple GO terms overrepresented in the genes downregulated 

with overexpression of NOCT ∆2-15 represented neurological functions (Table 5.4). While 

this is likely in part due to the neuro-adrenal phenotype of the HEK293 cells used in this 

study, it is possible that NOCT regulates transcripts in the brain, as endogenous NOCT 

appears to be expressed in both human and mouse brain tissue lysates (Figure 5.4). 

Neurological phenotypes have not been reported in NOCK KO models to determine its 

effects on gene expression and metabolism in brain tissue. There is precedence for 

mechanisms of post-transcriptional control in neurons effecting energy homeostasis; for 

example, in POMC neurons, Dicer activity and miRNA biogenesis is crucial for cell 

survival and POMC-mediated regulation of melanocortin signaling, which regulates 

metabolism and insulin signaling (Cansell and Luquet, 2012; Derghal et al., 2017; 

Schneeberger et al., 2012). The role of NOCT regulation in the brain should be further 

investigated using tools such as brain-specific knockout models in order to determine the 

neurological phenotypes of NOCT regulation.  

New insights into non-mRNA targets of NOCT provide another layer of complexity 

in interpreting the changes in gene expression when NOCT is overexpressed. Consistent 

with a recent report of NOCT activity against nicotinamide adenine dinucleotides, we 

observed that NOCT has phosphatase activity against NADP+ and NADPH (Figure 5.10) 

(Estrella et al., 2019). It is therefore important to evaluate the evidence for and against 

NOCT regulation of mRNAs to assess whether NOCT may have multiple functions. NOCT 

has phosphatase activity active against NADP(H) in vitro and represses reporter mRNA 

repression in vivo (Figure 4.2 and Figure 5.10). NOCT may be able to accommodate both 

mRNA and nicotinamide adenine dinucleotides in its active site, as the plasticity of EEP 
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deadenylase active sites has been shown to allow for binding of chemically diverse 

molecules (discussed in Chapter 2) (Wang et al., 2010; Wood et al., 2015; Zhang et al., 

2016). NOCT activity in tethered function assays is perturbed by mutation of the NOCT 

active site and is sensitive to the sequence and/or structure of the mRNA 3ʹend, 

suggesting that NOCT can function as a ribonuclease and has RNA substrate 

preferences in the cellular context (Figures 4.2 and 4.6)  

Understanding if and/or how NOCT affects cellular metabolism through the 

regulation of NADP(H) is a complex question, as these metabolites are used in a large 

range of biological functions ranging from reactive oxygen species (ROS) signaling to 

fatty acid biosynthesis (Figure 5.11). In this model, mitochondrial NOCT and the NAD(H) 

kinase NADK2 regulate the relative levels of NADP(H) and NAD(H), while NOCT and 

MESH1 would oppose the activity of NADK1 in the cytoplasm (Ding et al., 2018; Kawai 

and Murata, 2008; Ohashi et al., 2012). Metabolic changes that result from changing 

 
 

Figure 5.11: A proposed model for NOCT function in NADP(H) metabolism and potential 
downstream effects of NOCT regulation. NOCT may work in concert with NAD(H) kinases NADK1 
and NADK2 to regulate the levels of NADP(H), affecting a wide range of biological processes.  
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nicotinamide dinucleotide levels may cause downstream affects that alter gene 

expression at multiple levels. This is an important consideration in interpreting the 

phenotypes observed when NOCT expression levels are altered in overexpression or 

loss-of function models. The changes observed in RNA-Seq experiments may indicate 

NOCT-mediated repression of mRNA abundance and/or translation, or through 

processes responding to NOCT phosphatase activity against NADP(H), such as 

differential transcription, mRNA processing, or NOCT-independent mRNA decay.  

The obesity-resistant phenotype of the NOCT KO mice can be at least partly 

explained by the putative NOCT phosphatase activity in tissues. Loss of NADPH oxidase 

NOX4 sensitizes mice to diet-induced obesity and fatty liver disease, which are 

phenotypes observed in NOCT KO mice. Loss of NOCT would potentially provide more 

NADPH as a substrate for NOX4, increasing ROS signaling pathways that mediate 

glucose uptake into adipocytes and repress adipogenesis (Green et al., 2007; Li et al., 

2012). Therefore, the resistance to obesity in NOCT KO mice could be partially explained 

by increased NOX4 signaling. Not all reported effects observed in the NOCT KO mice 

can be attributed to the increase in NADP(H) levels predicted with the loss of NOCT 

phosphatase activity. For example, NOCT KO would be predicted to increase the pool of 

cytoplasmic NADPH, potentially increasing efficiency of fatty acid synthesis. Despite 

predicted increases in NADP(H) levels, the mass of fat pads and hepatic fat deposits are 

decreased. Furthermore, on an HFD, the conditions where loss of NOCT has the most 

significant effects on deceasing fat deposition in adipose and liver tissues, fatty acid 

synthesis is downregulated (Currie et al., 2013; Green et al., 2007; Parks and Parks, 

2002). While a loss of NOCT function is expected to decrease NAD(H) levels, increased 
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NAD+ and NADH is correlated with the same phenotypes seen in NOCT KO models, i.e., 

resistance to diet induced obesity. In one report, treatment of mice with an NAD+ precursor 

showed that increased levels of NAD+ are negatively correlated with HFD-induced obesity 

and mitochondrial dysfunction (Canto et al., 2012). NOCT KO mice would be expected to 

have decreased NAD+, which could potentially sensitize mice to the effects of HFD and 

could decrease fatty acid oxidation (Currie et al., 2013). NOCT phenotypes related to 

bone mass also conflict with the expected effect of reduced NADPH levels. Loss of 

NADPH oxidase activity from NOX2 has been reported to protect against loss of bone 

mass in mice fed an HFD (Rahman et al., 2018). Therefore, loss of NOCT expression 

would be expected to increase the amount of NADPH cofactor for NOX2, resulting in a 

potential increase in activity that would promote loss of bone mass. In contrast, NOCT 

KO mice have increased bone mass relative to WT mice (Kawai et al., 2010b). The NOCT 

phenotypes that do not appear to be attributable to altered NADP(H) metabolism may 

instead be more indicative of NOCT regulation of mRNA transcripts related to processes 

such as osteoblastogenesis and lipid metabolism. Ultimately, we cannot yet extrapolate 

NADP(H) phosphatase activity to the NOCT knockout phenotypes, as the effect of NOCT 

on NADP(H) has not been determined in cells or tissues. NOCT regulation of both mRNAs 

and NADP(H) levels remain possible mechanisms by which NOCT modulates 

metabolism, and it is possible that of both play a role in NOCT-mediated regulation. 

Understanding the relative contributions of NOCT ribonuclease and phosphatase 

activities to NOCT-mediated regulation will be important for fully understanding NOCT 

regulation in the cellular context.  
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5.5 Materials and Methods 

Cloning of plasmids 

 The pFC3F plasmid backbone was generated from the pF5A vector (Promega) to 

generate C-terminal 3x FLAG tag fusions. GST and NOCT1-431 were restriction cloned 

into pFC3F. The NOCT ∆2-15 3x FLAG pFC3F construct was generated by inverse PCR.  

For the cloning of the NOCT constructs with N-terminal point mutants, pCR4 TOPO NOCT 

was purchased from Open Biosystems and point mutants were generated using 

quikchange PCR to generate pCR4 TOPO constructs of NOCT1-431 M1X and NOCT1-431 

M67G and NOCT1-431 R15M. Inverse PCR was used to generate constructs NOCT ∆2-15 

and NOCT ∆2-15 M67G. PCR fragments and the pF5A backbone were digested and 

ligated using the Flexi Cloning System (Promega, C8640) according to the manufacturer’s 

instructions. The NOCT1-86 EGFP plasmid was generated by PCR amplification of the 

EGFP ORF from the pEGFPN1 vector (Clontech) with appended 5ʹ AfeI and 3ʹ EcoRI 

restriction sites. The PCR products and pF5A NOCT were restriction digested and the 

PCR amplicon was used to replace the AfeI – EcoRI fragment of NOCT1-431 pF5A.  

Cloning was performed by K. Hughes.   

 
Generation of α-NOCT Antibody 

The α-NOCT polyclonal antibody was produced in rabbits inoculated with MBP-

NOCT1-431. Briefly, MBP-NOCT1-431 was recombinantly expressed in BL21 DE3 cells and 

purified over amylose resin.  Crude serum was verified for reactivity against HEK293 cell 

extracts overexpressing MS2-NOCT1-431. Briefly, HEK293 cells were transfected with 3 

µg of MS2-NOCT1-431 pFN21a vector or HaloTag-MS2 in pFN21a using using a 3 μL:1 ng 

ratio of FuGene HD (Promega). Cells were harvested, pelleted, and lysed. 10 μg of each 
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sample were resolved using SDS PAGE and then transferred to Millipore EMD Immobilon 

membrane. Membranes were probed with a 1:1000 dilution of either pre-immune serum 

or terminal bleed serum and HRP conjugated goat α-mouse IgG secondary antibody 

(Sigma). Blots were visualized using Pierce ECL Western blotting substrate before 

exposure to autoradiography film. Verified serum was purified using ammonium sulfate 

fractionation and antigen affinity purification using recombinantly expressed HaloTag-

NOCT1-431 immobilized on HaloLink resin (Promega). The serum was purified over the 

immobilized NOCT column before elution with 5 M NaI and 1 mM ammonium thiocyanate. 

Antibody was subsequently dialyzed into 1x PBS (137 mM NaCl, 27 mM KCl, 10 mM 

Na2HPO4, and 18 mM KH2PO4) for 1 hour at 4 °C. Dialysis was repeated two additional 

times with the final dialysis step performed overnight. Insoluble material was removed by 

centrifugation at 18,000 xg and the antibody was concentrated to 1 mg/mL using a 

Centricon spin concentrator.  Purified polyclonal antibody was verified for reactivity 

against recombinant purified NOCT64-431. MBP-NOCT expression and purification was 

performed by N. Raynard. Serum testing was performed by E. Abshire. HaloTag NOCT 

expression and purification, NOCT antibody purification, and antibody purification 

performed by K. Hughes. 

 
Analysis of Human and Mouse Tissue blots 

 Pre-transferred blots of tissue extract panels from human and mouse were 

purchased from Novus Biologicals (NBP2-31378 and NBP2-20111). Blots were hydrated 

and washed before probing with α-NOCT antibody. Blots were probed using HRP 

conjugated goat α-mouse IgG secondary antibody (Sigma) and Pierce ECL Western 
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blotting substrate before imaging on a Chemidoc Touch (BioRad). Analysis was 

performed by K. Hughes. 

 
Analysis of Differential NOCT processing by Western blotting 

HEK293 cells were cultured in DMEM (Fisher, 11965118), 1% Pen/ Strep/ 

Glutamine (Fisher, 10378016) and 10% FBS (Thermo, 26140079) at 37 °C and 5% CO2. 

Cells were transfected with NOCT N-terminal mutant constructs using FugeneHD 

(Promega, E2312) in a ratio of 3 µL transfection reagent per 1 µg DNA. HCT116 were 

cultured as HEK 293 cells but in McCoy 5A (Fisher, 16600082), 1% Pen/ Strep/ Glutamine 

and 10% FBS. Cells were transfected using FugeneHD in a ratio of 4 µL transfection 

reagent per 1 µg DNA. Both HEK293 and HCT116 cells were harvested, pelleted, and 

resuspended in modified radioactive immunoprecipitation assay buffer (mRIPA buffer, 10 

mM Tris (pH 8.0), 140 mM NaCl, 1 mM Diaminoethane-tetraacetic acid (EDTA), 0.5 mM 

Triethylene glycol diamine tetraacetic acid (EGTA),1% (v/v) Triton X-100, 0.1% (w/v) 

sodium deoxycholate, and 0.1% (w/v) sodium dodecyl sulphate) for lysis. Lysates were 

homogenized using a handheld cell disruptor and sample concentrations were 

determined using the BioRad DC Lowry assay. Each sample was resolved using SDS 

PAGE and then transferred to Millipore EMD Immobilon membrane. Blots were probed 

using the following primary antibodies: α-NOCT (detecting NOCT MTS mutants 

expressed from pF5A), α-EGFP (detecting EGFP and NOCT1-86 EGFP, Clontech clone 

JL-8, 632380), and α-FLAG (detecting C-terminal 3x FLAG-tagged constructs). Blots 

were probed using HRP-conjugated Secondary Antibody (Sigma A0545 for α-NOCT 

blots, Sigma A1047 for α-EGFP and α-FLAG blots) and Millipore Immobilon Western 

Blotting substrate before imaging on a Chemidoc Touch (BioRad). As a loading control, 
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Vinculin was detected on the same blots using anti-Vinculin antibody (Fisher, 700062). 

Analysis was performed by K. Hughes. 

 
Generation of Cell lines 

To produce stably transfected HEK293 cell lines (ATCC), cells were transfected 

with a 1:10 molar ratio of pEF6 HisA (Invitrogen) to either GST 3x FLAG pFC3F or NOCT 

∆2-15 3x FLAG pFC3F using FugeneHD (Promega, E2312). 5 µg/mL Blasticidin S 

(Thermo Fisher, A1113903) was used to select Blasticidin resistant populations that were 

then subcloned using the dilution method. Blasticidin resistant clones expressing 3x 

FLAG-tagged fusion proteins for each construct were identified by screening clones using 

anti-FLAG Western blots. Cells were harvested in 1x PBS, pelleted, and frozen. Prior to 

use, cells were resuspended in mRIPA supplemented with protease inhibitor (Millipore 

Sigma, 5892791001) for lysis. Lysates were homogenized using a handheld cell disruptor 

and sample concentrations were determined using the BioRad DC Lowry assay. Each 

sample (10 μg total protein) was resolved on 4-20% TGX gradient gels (BioRad) and then 

transferred to Millipore EMD Immobilon membrane. Blots were probed using α-FLAG 

(Millipore Sigma F3165). Blots were probed using HRP-conjugated Secondary Antibody 

(Sigma, A1047) and Pierce ECL Western Blotting substrate before imaging on a 

Chemidoc Touch (BioRad).  Cell lines were generated and validated by K. Hughes.  

 
RNA-Seq Sample Preparation  

 For each clonal cell line, two 10 cm dishes were plated with 3x106 cells in DMEM 

+ 10% FBS and incubated for three days at 37 °C and 5% CO2. Cells were harvested by 

dissociation with TrypLE (ThermoFisher Scientific; 12605028) and were washed twice 
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with cold 1x PBS, pH 7.4 (Gibco, 10010023) by resuspension and centrifugation at 3,000 

xg for 5 min at room temp. Cells were resuspended in cold PBS and pelleted by 

centrifugation at 4°C for 5 minutes at 21,100 xg before storage at -80 °C. FLAG 

expression was verified by anti-FLAG western blot as described above. Total RNA was 

isolated from frozen cell pellets using a Maxwell RSCSimplyRNA Cells kit (Promega; 

AS1390) using a 2x concentration of DNAse I.  RNA was eluted in 50 µL nuclease-free 

water. Total RNA (5 µg) was combined with ERCC Spike-In Standards (5 µl of 1:50 diluted 

stock solution; Invitrogen, Carlsbad, CA; 4456700) and submitted to the University of 

Minnesota Genomics Center for library generation and sequencing. TruSeq strand-

specific 50 bp dual indexed RNA libraries were prepared using RiboZero rRNA depletion 

and sequenced on a HiSeq 2500 in High-output mode.  Sample preparation was 

performed by K. Hughes. Library generation and sequencing was performed by the 

University of Minnesota Genomics Center. 

 
RNA-Seq methods 

RNA-Seq data was analyzed for data quality using FastQC and MultiQC (Andrews, 

2010; Ewels et al., 2016). Due to overrepresentation of adaptor sequences in the 

sequencing reads, the first 10 bases were removed from each read using Cutadapt 

(version 1.8.1) followed by Trimmomatics (version 0.33) to remove low quality scores at 

the ends of each read and to exclude reads that are less than 20 base pairs after trimming 

(Bolger et al., 2014; Martin, 2011). Paired survival rates for all six samples were 

determined to be >99% after reads were filtered and trimmed.   STAR (version 2.5.2b) 

was used to build an annotated genome index starting with the GRCh38 human genome 

and incorporating the NOCT ∆2-15 3x FLAG pFC3F and GST 3X FLAG pFC3F plasmid 
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sequences and the ERCC spike-in controls. Reads were subsequently aligned to the 

genome with transcriptome guidance (Dobin et al., 2013; Dobin and Gingeras, 2015, 

2016).  Gene level quantification was performed using HTSeq to obtain a raw count of 

reads per gene (Anders et al., 2015). We next normalized raw counts and performed 

differential gene expression analysis using DESeq2 (Love et al., 2014). Once we 

determined a dataset of genes differentially regulated in NOCT ∆2-15 3x FLAG versus 

GST 3x FLAG samples, we used iPAGE to determine which GO Terms were 

overrepresented and underrepresented in the differentially expressed genes (Goodarzi 

et al., 2009). For transcript-level analysis, we quantified the transcripts using kallisto 

(version 0.43.0) and a reference transcriptome built from cDNAs and ncRNAs from 

GRCh38 and the transcript sequences for NOCT ∆2-15 3x FLAG and GST 3x FLAG (Bray 

et al., 2016a, b). Quantification was then analyzed using sleuth (version 0.29.0), including 

normalization and a Wald test to approximate Log2 fold changes (Pimentel et al., 2017). 

Data visualization was done in R using ggplot2 (Wickham, 2016). RNA-Seq data analysis 

was performed by R. Diao and P. Freddolino. 

 
Reverse Transcription and qPCR.  

Three replicate samples of each of the clonal cell lines produced for RNA-Seq were 

grown in T75 flasks at 37C and 5% CO2. Confluent flasks were trypsinized with TrypLE 

(Thermo, 12605028) and cells were resuspended in 10 mL DMEM + 10% FBS (Thermo, 

16000044) 2 aliquots of cell suspensions, 3 mL each, were collected by centrifugation at 

1000 x g. Supernatants were removed and cell pellets were stored at -80 °C until further 

use. RNA was harvested from one cell pellet from each cell line using the Maxwell RSC 

SimplyRNA Cells Kit (Promega). Briefly, cell pellets were resuspended in 200 µL of 
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Maxwell Lysis buffer and then mixed with 200 µL of Maxwell Homogenization buffer with 

1-Thioglycerol. Lysates were added to the Maxwell RSC SimplyRNA Cells Kit cartridges 

along with a 2x concentration of Maxwell DNaseI solution per cartridge. The Maxwell RSC 

SimplyRNA Cells protocol was run without modification on a Maxwell RSC Instrument 

(Promega) and RNA was eluted in 40 µL of RNase free water and was stored at -80 °C. 

RNA was quantified using absorbance at 260 nm on a Nanodrop One UV 

spectrophotometer (Thermo Fisher). Reverse transcription reactions were carried out 

using 500 ng of total RNA from each sample and the GoScript Reverse Transcription Mix, 

Random Primers Kit (Promega, A2800) according to the manufacturer’s protocol. For 

each sample, control reactions without reverse transcriptase (RT) were generated to 

assess background from other sources of DNA. RT+ and RT- reverse transcription 

reactions were diluted 67-fold in RNase/DNase free water and RT-qPCR was performed 

on the CFX96 Real Time System (BioRad) using GoTaq qPCR Master Mix (Promega, 

A6002). Cycling parameters were as follows: 1) 95 °C for 2 min, 2) 95 °C for 15 s, 3) 

variable annealing temperatures for 1 min, 4) 72 °C for 1 min. Steps 2-4 were repeated 

for a total of 40 cycles. Control reactions without template and without RT were performed 

for all primer sets. For each transcript, PrimeTime Assays (IDT) were used in qPCR 

experiments. The primers and annealing temperatures used are listed in Table 5.5.  

 
Table 5.5: Primers used in RT-qPCR experiments 
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Annealing temperatures for each primer set were optimized to 90-110 % efficiency 

at 200 nM primer concentration. Cycle threshold (Ct) values were measured using the 

CFX Manager software and analyzed using the Pfaffl method (Pfaffl, 2001) NOCT 

overexpression was additionally verified using RT-qPCR. For each cell line, the Ct values 

for the three experimental replicates were averaged to generate the values Ct NOCT, clonal 

average and Ct GST, clonal average. For analysis, the Ct values for each set of clonal cell lines 

were averaged to generate the values Ct NOCT, total average and Ct GST, total average. Fold change 

was calculated for each individual clonal cell line using the following:  

∆Ct = Ct GST, total average – Ct clonal average 

So that ∆Ct values for the target and TATA binding protein (TBP) control are calculated 

for each clonal cell line, generating the values ∆Ct target and ∆Ct TBP. E values were 

calculated using the following equation, where the slope is the linear fit produced when 

graphing Ct values for a 3-fold dilution series of cDNA in the qPCR reaction: 

E = 10-1/slope 

Fold changes for each clonal cell line were calculated using the following equation: 

 
Western Blotting for RNA-Seq Targets. 

 Cells harvested from the three clonal cell lines overexpressing GST 3x FLAG or NOCT 

∆2-15 3x FLAG were harvested in 1x PBS, pelleted, and resuspended in radioactive 

immunoprecipitation assay buffer (RIPA buffer, 50 mM Tris (pH 8.0), 150 mM NaCl, 1% 

(v/v) IGEPAL CA-630, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) sodium dodecyl 

sulphate) for lysis. Lysates were homogenized using a handheld cell disruptor and sample 

         FC = Etarget ∆Ct, target 

       ETBP ∆Ct, TBP 
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concentrations were determined using the BioRad DC Lowry assay. Each sample (10 μg 

total protein for analysis of FRRS1L and PTPRZ1, 25 μg total protein for analysis of 

RORΒ) was resolved on 4-20% TGX gradient gels (BioRad) and then transferred to 

Millipore EMD Immobilon membrane. Blots were probed using the following primary 

antibodies: α-PTPRZ1 (R&D, MAB2688), α-FRRS1L (Abcam, ab98878), and α-RORΒ 

(Abcam, ab187657). Blots were probed using HRP-conjugated Secondary Antibody 

(Sigma A0545 for FRRS1L and RORΒ blots, and CST 7077 for PTPRZ1 blots) and 

Millipore Immobilon Western Blotting substrate before imaging on a Chemidoc Touch 

(BioRad). As a loading control, Vinculin was detected on the same blots using anti-

Vinculin antibody (Fisher, 700062). 

 
Purification of Recombinant NOCT for Malachite Green Assays 

The Strep(II)- NOCT120-431 pSumo expression construct was cloned previously 

(Chapter 2) (Abshire et al., 2018). Briefly, the Nocturnin120-431 was PCR amplified with 

BamHI and XhoI overhangs and subcloned into BamHI and XhoI digested pSumo. The 

NOCT120-431 E195A mutant was generated using quikchange PCR to generate the point 

mutation. Strep(II)-Sumo-NOCT120-431 and Strep(II)-Sumo-NOCT120-431 E195A were 

expressed using a Strep(II) pSumo vector in BL21 STAR (DE3) E. coli cells 

(ThermoFisher) expressing the pRare2 plasmid (MilliporeSigma) and purified in 50 mM 

Tris, pH 8.0, 75 mM Na2SO4, 10% glycerol, 5 mM βME, and 4 mM MgCl2, with the 

addition of a 1.0 M NaCl wash (in 50 mM Tris, pH 8.0, 75 mM Na2SO4, 1 M NaCl, 10% 

glycerol, 5 mM βME, and 4 mM MgCl2) after the addition of lysate onto the Strep-Tactin 

Superflow Plus resin. All fractions were then pooled and the Strep (II) Sumo tag was 

cleaved overnight at 4 °C in Snake Skin 10,000 MW cutoff dialysis tubing (Thermo) with 
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Ulp1 Sumo protease in 50 mM Tris, pH 8.0, 75 mM Na2SO4, 10% glycerol, 5 mM βME, 

and 4 mM MgCl2. NOCT120-431 and NOCT120-431 E195A were then concentrated to ~6 

mg/mL and stored after the Strep-Tactin purification step. 

 
Malachite green NADP and NADPH phosphatase assays 

NOCT phosphatase activity assays against NAD and NADPH were conducted in triplicate 

using a Malachite Green Phosphate Assay Kit (Cayman Chemical 10009325) and a 

modified protocol from the manufacturer’s instructions. Reactions were performed using 

50 nM NOCT120-431 or NOCT120-431 E195A and 1 mM of either NADPH (Roche, 

10107824001) or NADP (Roche, 10128031001) incubated in 20 mM Tris (pH 8.0), 70 mM 

NaCl, and 2.0 mM MgCl2 for 10 minutes. Reactions were stopped with the MG Acid 

Solution (Cayman Chemical) and precipitates were cleared by centrifugation of reactions 

at 18,000xg for 5 minutes. The resulting concentrations of phosphate were measured 

using a Malachite Green Assay (Cayman Chemical) and absorbance at 600 nm was 

measured using a GloMax Discover plate reader (Promega). Phosphate concentrations 

were quantified using a phosphate standard curve.  
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CHAPTER 6 

Concluding Remarks and Future Directions 

 

6.1 Summary of Thesis 

6.1.I Structure and activity of NOCT 

The structural studies described here in this dissertation represent a major advance in 

understanding the functions of NOCT. The structures are the first that have been reported 

for NOCT and contribute to a growing body of structures of human EEP deadenylases 

(Abshire et al., 2018; Wang et al., 2010; Wood et al., 2015; Zhang et al., 2016). As the 

functions of these enzymes are uncovered it has become increasingly apparent that while 

the arrangement of core conserved active site residues are nearly identical, there must 

be fundamental differences between NOCT, CNOT6L, and PDE12 that distinguish 

between their different substrates and ultimately impact function (Abshire et al., 2018; 

Wang et al., 2010; Wood et al., 2015; Zhang et al., 2016). For example, CNOT6L has 

much less activity against 2ʹ,5ʹ -A, which is readily hydrolyzed by PDE12, which is 

indicative of difference in the EEP deadenylase active sites that confer different 

specificities, despite the conservation of the core catalytic residues (Figures 2.1 and 2.14) 

(Wood et al., 2015).  Structures of NOCT suggest that its mechanism of substrate 

recognition may be distinct from CNOT6L and PDE12, as it lacks the conserved Pro and 

Phe sidechains that appear to contribute to ligand binding  and has a unique basic patch 

adjacent to the active site (Chapter 2) 
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(Abshire et al., 2018; Wang et al., 2010; Wood et al., 2015). The mechanisms of specificity 

conferred at the level of individual residues and local structural elements have yet to be 

determined, but the growing body of literature on EEP catalytic domain structures will 

assist in designing studies that aim to understand how EEP deadenylases identify their 

substrates. 

Our ability to determine the structure of the NOCT catalytic domain and to 

accurately characterize the in vitro activity of NOCT relied heavily on obtaining highly pure 

enzyme. We performed the first characterization of the 3ʹ exoribonuclease activity of 

human NOCT against poly(A) RNA, the presumed substrate for human NOCT based on 

previous reports of mNOCT and xNOCT activity against poly(A) RNA and the poly(A) 

exoribonuclease activities of human PDE12 and CNOT6L (Baggs and Green, 2003; 

Garbarino-Pico et al., 2007; Rorbach et al., 2011; Wang et al., 2010). Previous reports of 

NOCT deadenylase activity utilized enzyme obtained from low stringency purifications of 

NOCT (Baggs and Green, 2003; Garbarino-Pico et al., 2007). Thus, it is possible that the 

observed activity in these assays may be exoribonuclease activity from co-purifying 

bacterial nucleases. Using an optimized purification protocol, we demonstrated that the 

human and mouse NOCT catalytic domains do not deadenylate poly(A) RNA in vitro, 

which was later corroborated in a subsequent publication from another group (Abshire et 

al., 2018; Estrella et al., 2018). This observation provides another example where EEP 

deadenylases with highly conserved active sites differ in activity against the same 

substrate, as PDE12 and CNOT6L both deadenylate short poly(A) RNAs (Rorbach et al., 

2011; Wang et al., 2010). The reason behind the lack of in vitro ribonuclease activity 

observed for NOCT has yet to be determined. 
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We then considered potential substrates from other groups of EEP enzymes, 

which hydrolyze substrates ranging from nucleic acids to sphingomyelins and inositol 

polyphosphates (Freudenthal et al., 2015; Gorelik et al., 2016; Tresaugues et al., 2014; 

Wang et al., 2010). While NOCT shares the greatest degree of homology with the EEP 

deadenylases, this homology did not rule out that NOCT possesses endonuclease, 

DNase, or phosphatase activity against phosphosubstrates that are more characteristic 

substrates of other EEP subfamilies. A candidate-based screen of other compounds 

including nucleotides, sphingomyelins, phosphorylated glycolytic intermediates, and 

inositol phosphates did not identify a substrate for NOCT (Figures 3.7 and 3.8) (Abshire 

et al., 2018). While this was not an exhaustive screen, we determined that NOCT was not 

likely able to hydrolyze these alternative substrates.  

At this point, our ability to perform in vitro assays characterizing the roles of 

individual NOCT active site residues was limited. Ideally, NOCT active site residues would 

have been mutated individually to observe the effect on enzymatic activity; however, the 

lack of in vitro activity means that we can only predict the functions of NOCT active site 

residues based on comparisons to other EEP enzymes. This type of comparative analysis 

has been performed for CNOT6L and APE1, an enzyme that removes abasic sites from 

DNA during repair pathways (Freudenthal et al., 2015). The endonuclease mechanism of 

APE1 has been studied in greater detail than the 3ʹ exoribonuclease mechanism of 

CNOT6L and the presumed catalytic mechanism of NOCT (Freudenthal et al., 2015; 

Wang et al., 2010). As the active sites of CNOT6L and NOCT are highly conserved, we 

performed this same comparison between APE1 and NOCT (Figure 6.1). EEP enzymes 

share a conserved divalent metal-dependent hydrolase mechanism, which suggests that 
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there may be functional overlap 

between active site residues that are 

conserved between NOCT and APE1 

(Figures 2.14 and 6.1). Though these 

types of comparisons can be highly 

informative in predicting the function 

of active site residues, there are 

several caveats to this approach. 

APE1 has endonuclease activity 

against the  backbone of DNA abasic 

sites, while NOCT is a NADP(H) 

phosphatase and putative 

exoribonuclease, meaning that there 

are important differences in the active sites of these enzymes that confer specificity to 

different substrates, even if the mechanism of hydrolysis is conserved (Abshire et al., 

2018; Estrella et al., 2019; Freudenthal et al., 2015). Furthermore, descriptions of the 

APE1 catalytic mechanism have not reached consensus. Similar to NOCT, APE1 

structures have been reported with either one or two metal ions bound in the active site, 

and it is unclear whether one or both metals are used in catalysis (Borjigin et al., 2012; 

Freudenthal et al., 2015; Oezguen et al., 2007). As such, the hypothetical functions of 

NOCT active site residues can only be considered in more general terms with the 

understanding that the suggested roles for NOCT active site residues will require further 

biochemical characterization. 

 
 

Figure 6.1 Aligning the NOCT and APE1 active sites 
suggests potential functions for the conserved 
residues in NOCT. The active site of APE1 (shown in 
pink, with the Mg2+ ion shown in gold), a well-described 
EEP superfamily endonuclease that is partially 
conserved with NOCT and other EEP family members. 
This conservation predicts that specific NOCT active 
site residues (shown in blue, with the Mg2+ ion shown in 
grey) are involved in nucleophilic activation, hydrolysis, 
and product stabilization.  
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In many of the EEP superfamily enzymes, a conserved glutamate (Glu195 in 

NOCT and Glu96 in APE1) residue coordinates a Mg2+ ion in the active site, which 

functions in stabilization of the pentavalent transition state and product stabilization in 

APE1 (Freudenthal et al., 2015; Mol et al., 1995). A second active site glutamate (Glu324 

and Glu210 in NOCT and APE1, respectively) activates an active site water nucleophile 

for hydrolysis of the phosphate backbone in the APE1 endonuclease mechanism. Other 

active site residues are generally described in substrate orientation and product 

stabilization as well as forming a hydrogen bond network assisting in shifting the pKa of 

the nucleophile-activating sidechain (Freudenthal et al., 2015). These predictions can 

guide both interpretations of structural studies of NOCT in complex with its substrates 

and efforts to characterize the NOCT active site in in vitro experiments.  

The recent discovery of NOCT in vitro activity against NADP(H) has allowed for 

the contribution of NOCT active site residues to its catalytic activity to be revisited. A 

recent preprint article examined the effect that mutagenizing residues in and around the 

active site of NOCT would have on NADP(H) phosphatase activity (Estrella et al., 2019). 

We replicated this activity in our own assays, also observing that the NOCT120-431 E195A 

point mutation abolished activity (Figure 5.10) (Estrella et al., 2019). Mutation of this 

glutamate residue similarly abolishes the activities of other EEP enzymes (Freudenthal 

et al., 2015; Schellenberg et al., 2012; Wang et al., 2010; Wood et al., 2015). The only 

other active site mutant that was tested by Estrella and colleagues (H286N) also appears 

to render NOCT inactive (Estrella et al., 2019). Other mutations around the active site 

had varying effects on NADP(H) phosphatase activity, however, it is still difficult to assess 

the exact function of these mutants as their proposed role in substrate binding is unclear. 
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The preprint article by Estrella and colleagues reports a structure of NOCT in complex 

with NADPH, however, the poor resolution of NADPH in the active site (NADPH average 

B-factors = 73.6 Å2 versus 48.7 Å2 for the protein) makes it difficult to interpret the 

proposed contacts between NOCT and NADP(H) (Estrella et al., 2019). Now that NOCT 

NADP(H) phosphatase activity has been characterized in preliminary studies, additional 

mutagenesis studies should also be performed in order to assess the necessity of the 

other active site residues in NOCT NADP(H) substrate binding and phosphatase activity 

(Estrella et al., 2019). By using amino acid substitutions that are more or less 

conservative, the function of individual active site residues may become clearer. Future 

work on identifying direct mRNA targets and substrates of NOCT will aid structural and 

biochemical studies that characterize how NOCT binds its various substrates and how 

this compares to the binding mechanisms of other EEP deadenylases.  

Though the biochemical results presented in Chapter 3 of this thesis did not find in 

vitro conditions in which NOCT was active, these results present an important finding in 

the field at the time of publication (Abshire et al., 2018). Previous work had assumed that 

NOCT is an active deadenylase in designing and interpreting the results of experiments 

utilizing NOCT active site mutants (Baggs and Green, 2003; Kawai et al., 2010a; Kawai 

et al., 2010b; Kojima et al., 2015; Stubblefield et al., 2018). While NOCT deadenylase 

activity is not ruled out by a lack of in vitro ribonuclease activity, these findings indicate 

that NOCT function is more complex than the enzyme targeting mRNAs on its own in 

vivo. NOCT may require a protein partner to be active, which has been observed for other 

deadenylases (Goldstrohm and Wickens, 2008). Such a protein partner may facilitate 

NOCT binding and recognition of target mRNAs or may allosterically activate NOCT. 
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Recombinant NOCT purified from bacteria may be missing a post-translational 

modification that is added to NOCT when it is expressed in mammalian cells. Additionally, 

the RNA substrates tested in our biochemical assays may not contain the sequence 

and/or structure context necessary for NOCT binding and activity.  

  
6.1.II Activity of NOCT in cell-based assays 

 Though we did not identify conditions under which NOCT has in vitro ribonuclease 

activity, the results of cell-based tethered function assays suggest that NOCT has 

repressive activity against mRNAs in cells (Figure 4.2). Furthermore, a subset of the 

NOCT active site residues reduced repression by NOCT, suggesting that the catalytic site 

was at least in part responsible for repression of the reporter mRNA (Figure 4.3). None 

of the active site mutations completely ablated repression, indicating that NOCT 

repression may also include mechanisms of translational repression. 

 We determined that the identity of the 3ʹ end of the RNA is crucial in determining 

whether NOCT can repress reporter mRNAs. While NOCT can readily repress an mRNA 

reporter with a 3ʹ cleavage and polyadenylation signal, a reporter with a MALAT1 triple 

helix at the 3ʹ end completely relieved repression (Figure 4.6). This indicates that NOCT-

mediated repression is dependent on the sequence and/or structure of the 3ʹ end of the 

mRNA, but also suggests that NOCT does not recruit factors that act on the 5ʹ end of the 

transcript. This provides another point of comparison between NOCT and CNOT6L; as a 

member of the CCR4-NOT deadenylase complex, CNOT6L-mediated repression 

involves recruiting the 5ʹ-acting decapping factors to target mRNAs by CCR4-NOT 

(Alhusaini and Coller, 2016). This observation partially explains the residual repression 

of the MALAT1 reporter by CNOT7 in these assays, as this deadenylase is also a subunit 
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of CCR4-NOT (Doidge et al., 2012). Repression of reporter mRNAs by NOCT is perturbed 

by altering either the active site residues or the features of its mRNA target, suggesting 

that NOCT directly mediates repression of mRNAs with specific sequences or structures. 

The mechanism of NOCT-mediated repression is a complex question, as it likely 

involves the identification of other protein factors that facilitate repression of NOCT target 

mRNAs and may include mechanisms of translational repression. This is reflected in the 

results of Northern blotting experiments, in which stabilization of the reporter mRNA levels 

were detected with the NOCT H414A mutant such that the mRNA levels were similar to 

those with the negative control (Figure 4.7). However, effect upon mRNA abundance was 

unable to be determined in the case of the other active site residues so that it is unclear 

whether these other active site residues play a role in NOCT-mediated mRNA decay 

(Figure 4.7). Overall, the effect of NOCT appears to be more significant when protein 

expression from the reporter is measured versus the observed effects steady state levels 

of reporter mRNA. This may indicate that the contribution of RNA decay in NOCT-

mediated mRNA repression is modest and that the combined effect of translational 

repression and mRNA decay is what ultimately represses expression from the mRNA 

reporter. The effects of NOCT on mRNA abundance may also be transcript dependent 

with respect to mRNA decay and translational repression, as overexpression of NOCT 

significantly affected the abundance of endogenous mRNAs in HEK293 cells (Figure 5.6). 

This observed regulation of endogenous transcripts underscores the importance of 

identification of endogenous NOCT targets to assess mechanisms of NOCT-mediated 

repression of mRNA transcripts. Thus, our cell-based assays suggest a model by which 

NOCT represses mRNAs through a combinatorial mechanism of RNA decay and 
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translational repression in a manner dependent on the sequence and/or structure of the 

3ʹ end of the mRNA (Figure 6.2).  

 

6.1.III Endogenous targets of NOCT 

 To accurately determine the effect of NOCT on endogenous mRNAs, we first 

considered the localization of NOCT, as the protein sequence has elements that suggest 

localization of NOCT to the mitochondria. The observation of multiple molecular weight 

species in Western blots of cell lysates indicates that NOCT is processed (Figure 5.2). 

Upon examination of the N-terminus using the MitoFates prediction software, we 

identified an arginine-enriched sequence predicted to form an amphipathic helix 

consistent with a mitochondrial targeting sequence (residues 2-15), as well as 

downstream consensus sequences for mitochondrial peptidases cleaving at L74/Y75. 

These sequence features contribute to a significant probability score for putative 

 

Figure 6.2 A putative model of NOCT repression of mRNAs and regulation of NOCT function. 
NOCT may directly or indirectly associate with mRNA transcripts through recognition of a sequence 
and/or structural element, here referred to as a recognition element (RE). In the case of indirect 
association, this element may be a binding site for an RBP that recruits NOCT, which then mediates 
association between NOCT and its targets. Non-RBP binding partners may control NOCT activity 
through allosteric mechanisms. As NOCT is not active against mRNAs in vitro, such a partner (either 
RBP or non-RBP) may be necessary for NOCT activity against mRNAs. Additionally, NOCT activity 
could be dependent on post-translational modifications. These putative regulatory mechanisms have 
yet to be identified or ruled out and a combination of these mechanisms may modulate NOCT-
mediated mRNA repression. This figure has been adapted from a review by K. Hughes et al (Hughes 
et al., 2018).  
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localization of NOCT to the mitochondria (P= 0.94) (Fukasawa et al., 2015). As the pools 

of available substrate mRNAs are highly different in the cytoplasm versus the 

mitochondria, localization would greatly impact the target identification (D'Souza and 

Minczuk, 2018; Solnestam et al., 2012). Furthermore, the NADP(H) pools in these cellular 

compartments are largely distinct, suggesting that localization would also greatly impact 

the downstream effects of NOCT phosphatase activity (Nikiforov et al., 2011).   

Consistent with this predicted localization, transfected full-length NOCT has an 

apparent molecular weight of ~41 kDa, which is the size expected if NOCT is processed 

(Figure 5.2). However, this observation is not necessarily an indication of processing, as 

there is a downstream Met67 residue and Kozak sequence that would allow for translation 

of a short isoform of NOCT that also would produce a ~41 kDa protein. We then examined 

the effect of mutagenizing the sequences predicted to be associated with either NOCT 

localization and processing or alternative translation initiation. Truncation of the 

amphipathic helix (residues 2-15) resulted in detection of a longer, ~55 kDa form of 

NOCT, suggesting that mitochondrial localization leads to processing. Furthermore, the 

presence of a ~41 kDa band attributable to Met67 initiation was only observed in when 

Met1 was mutated, suggesting that Met1 is the preferred translation initiation site in 

HEK293 and HCT116 cell lines (Figure 5.2). Fusion of the NOCT N-terminus (residues 1-

86) to EGFP was also sufficient to cause processing (Figure 5.3). Together, these data 

suggest that NOCT can processed in a manner consistent with mitochondrial localization.  

We then examined the molecular weights of endogenous NOCT in different mouse 

and human tissue extracts and observed multiple bands consistent with the molecular 

weights expected for the different predicted isoforms that would result from full-length 
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NOCT or the form produced by mitochondrial localization and processing and/or Met67 

translation initiation (Figure 5.4). These expression patterns varied by tissue, suggesting 

that processing is dependent on tissue type. The ~55 kDa form of endogenous NOCT 

corresponds to Met1 initiated NOCT that is not localized or processed, which is presumed 

to be cytoplasmic. It is unknown why a full-length form of NOCT that contains the 

sequence elements necessary for localization and processing would not be imported into 

the mitochondria and cleaved into its short form. This result suggests that there may be 

additional mechanisms of regulation that determine localization patterns in various cell 

types, which will be important in understanding how NOCT activity is regulated.   

 We next addressed the effect that overexpression of cytoplasmic NOCT has on 

differential expression of endogenous mRNA transcripts. RNA-Seq was performed in 

HEK293 cells overexpressing a NOCT ∆2-15 3x FLAG. We analyzed this data without 

constraining our dataset to circadian transcripts with differences in poly(A) tail lengths as 

had been done in previous work (Kojima et al., 2015; Stubblefield et al., 2018).  This 

identifying a total of 490 regulated genes, including 235 downregulated transcripts 

(Figures 5.6 and 5.7). To validate our results, we confirmed that the mRNA abundance 

was reduced in a subset of the top downregulated genes identified by RNA-Seq 

(DLAGP1, TMEFF2, PTPRZ1, RORβ, and FRRS1L) using qPCR (Figure 5.6). When we 

attempted to demonstrate that overexpression of NOCT also resulted in a decrease in 

steady-state protein levels for a subset of the top downregulated targets, we did not 

observe a decrease in protein levels for PTPRZ1, RORβ, or FRRS1L (Figure 5.8). This 

may be due to effects of protein stability such that steady state measurements are unable 

to detect differential regulation, or efficient translation of the remaining transcripts may be 
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enough to mask the effect of NOCT. Additionally, further validation of the antibodies used 

in these experiments is needed. As these targets represent only a small number of 

regulated mRNAs, we will need to experiment further to determine the functional outcome 

of NOCT-mediated changes in mRNA abundance. We examined the RNA-Seq data at 

the transcript level for evidence that NOCT regulates mRNAs in an isoform-specific 

manner. Isoform-level differences in fold change expression were observed for DLAGP1, 

TMEFF2, and PTPRZ1 mRNAs, suggesting that NOCT regulates some transcript isoform 

abundances more than others. Though we observed differential changes in overall 

abundance for these mRNAs, further validation is needed to determine biological 

significance.  

In addition to differences in data analysis, we turned to the neuro-adrenal HEK293 

cell line, which has low levels of endogenous NOCT protein expression and is easily 

genetically manipulated (Figure 5.2). We also anticipate that these cells have the 

necessary cofactors needed for NOCT function, based on the results of the tethered 

function assays (Figure 4.2). While this piece of evidence does not mean that the 

endogenous NOCT targets are also expressed in this cell type, NOCT mRNA is 

expressed to some extent in brain, kidney, and adrenal gland and could feasibly regulate 

mRNAs in these tissues (Figure 4.4) (Wang et al., 2001).  

In this thesis, we confirmed reports of NOCT NADP(H) phosphatase activity in in 

vitro assays, demonstrating that NOCT could potentially regulate metabolite levels in vivo. 

While it first needs to be validated that NOCT phosphatase activity has a significant effect 

on NADP(H) in cells, this observation must be considered in the interpretation of our RNA-

Seq results, which could also be measuring changes in the transcriptome that occur in 
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response to modulation of NADP(H) levels. Parsing the different effects of NOCT 

repression of mRNA targets and phosphatase activity against nicotinamide adenine 

dinucleotides may prove challenging in light of the many effects that may occur 

downstream of post-transcriptional regulation of a large number of mRNAs (Figure 5.6) 

and fluctuations in NADP(H) levels (Figure 5.11). Both mechanisms may contribute to 

NOCT-mediated regulation. Some phenotypes of the NOCT KO mice can be explained 

by increased NADP(H) levels, such as the inhibition of ROS-signaling mediated 

adipogenesis that would be predicted by increased NADP(H) levels (discussed in Chapter 

5) (Li et al., 2012). Conversely, other phenotypes do not seem to correlate with the 

putative effects of NOCT KO. These observations include the increased NADPH levels in 

KO mice that would be predicted to increase fatty acid synthesis and decrease bone 

mass, contrary to what is observed, and that loss of NOCT may increase NAD+ levels, 

which may sensitize mice to HFD-induced obesity (Canto et al., 2012; Currie et al., 2013; 

Rahman et al., 2018) (discussed in Chapter 5). These phenotypes may therefore be more 

indicative of NOCT regulation of transcripts rather than regulation through modulation of 

NADP(H) levels. Ultimately, these are predicted effects of NOCT-mediated regulation and 

the effect of NOCT on cellular NADP(H) levels in different cellular compartments must 

first be determined.  

 
6.2 Future Directions: Identifying protein partners of NOCT 

 NOCT represses mRNA expression in vivo but has no measurable ribonuclease 

activity in vitro (discussed in Chapter 3). This observation predicts that protein partners 

may regulate NOCT activity in vivo, though none have been identified to date. Therefore, 

it is still possible that the cellular functions of NOCT are not regulated by binding partners. 
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This may be the case for NOCT phosphatase activity, as the catalytic domain displays 

this activity in vitro; however, for the ribonuclease activity of NOCT this would indicate 

that while the active site of NOCT is nearly identical to those of PDE12 and CNOT6L 

(discussed in Chapter 2), it does not have the enzymatic activity against poly(A) RNA 

substrates observed for PDE12 and CNOT6L (Rorbach et al., 2011; Wang et al., 2010).  

 Our tethered function assays provide the primary evidence for NOCT ribonuclease 

activity in cells (Figure 4.3). While repression of reporter mRNAs may occur through 

mechanisms other than NOCT activity, differences were observed in NOCT-mediated 

repression that were dependent on the active site of NOCT. Mutagenesis of the active 

site residues His414, Asp377, and Asn149 to alanine moderately relieved repression of 

NLuc mRNA reporters, indicating that perturbation of conserved active site residues 

reduces repression of the reporter mRNA. Northern Blotting for the NLuc reporter co-

transfected with the NOCT H414A mutant suggests that active site mutagenesis stabilizes 

the levels of reporter mRNA consistent with NOCT promoting the decay of the reporter 

mRNA in a manner dependent on its active site. These results suggest that NOCT has 

ribonuclease activity in cells and that a protein partner or post-translational modification 

not found in our in vitro conditions may be necessary for NOCT activity.  

Conservation between NOCT, PDE12, and CNOT6L indicate that NOCT has an 

intact active site that is competent for deadenylase activity. Many cases can be found 

where enzymes are evolutionarily repurposed for another function and lack ancestral 

activity, however, these cases usually involve changes in the active site so that key 

residues once involved in enzymatic activity are mutated in the active site of the 

pseudoenzyme (Murphy et al., 2017). This finding is not the case for NOCT, suggesting 
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that the enzyme has deadenylase activity, but not in the in vitro conditions tested here in 

this work. Since many conditions compatible with deadenylase activity were surveyed, 

(Figures 3.1-8), it seems probable that an unknown factor found in vivo would be 

necessary for NOCT activity. While NOCT diverges from CNOT6L and PDE12 with 

respect to the Pro and Phe residues that contribute to ligand binding, the presence of a 

conserved basic patch compatible with RNA binding suggests that NOCT may have a 

different mechanism of putative mRNA substrate binding, not that it is incapable 

(discussed in Chapter 2) (Wang et al., 2010; Wood et al., 2015; Zhang et al., 2016).  

 Regulation of ribonuclease activity by protein partners has been well-described for 

other enzymes. For example, the Ccr4-NOT complex has two nuclease modules, Ccr4 

(CNOT6 or CNOT6L in humans) Caf1 (CNOT7 or CNOT8 in humans), which are Ccr4 

regulated by a variety of protein partners such as PABPC1, which stimulates the activity 

of Ccr4 against mRNA poly(A) tails while inhibiting Caf1-mediated decay (Webster et al., 

2018; Yi et al., 2018). Caf1 interacts directly with the anti-proliferative protein BTG2, which 

stimulates mRNA decay activity of Caf1, and to a lesser extent, Ccr4 (Mauxion et al., 

2008; Prevot et al., 2001; Rouault et al., 1998).  

To date, only one binding partner of NOCT has been described. PPARγ was 

shown to physically interact with NOCT in immunoprecipitation (IP) experiments. This 

observation was further tested by introducing a NOCT peptide with predicted sequence 

homology to a Src homology 2 (SH2) domain binding motif. This peptide appears to 

compete with the NOCT-PPARγ interaction observed in IP experiments (Kawai et al., 

2010b).  The authors of this study defined the SH2 sequence motif as the interaction 

surface of NOCT with PPARγ; however, this motif was not tested for interaction with 
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PPARγ in the context of full-length NOCT via mutational analysis. When mapped to the 

surface of the NOCT crystal structure, the side chains of the proposed interaction motif  

(341- 351) are not largely surface exposed and accessible for interaction (Figure 6.3) . 

Furthermore, SH2 domains are known to be downstream of a phosphotyrosine essential 

for the binding interaction. While there is a tyrosine residue at position 334 in the NOCT 

protein sequence, this residue has not been observed to be phosphorylated and was not 

included in the peptide used in competition studies (Kawai et al., 2010b; Liu et al., 2010).  

       A) 

 
 

     B)              C) 

 
 
Figure 6.3: Features of the predicted PPARγ interaction site mapped to the NOCT catalytic 
domain structure. (A) Location of the PPARγ recognition sequence reported by Kawai, et al with 
respect to the location of the NOCT active site. The surface rendering of the NOCT catalytic domain is 
shown in blue, with the PPARγ recognition sequence shown in yellow and the active site is shown in 
red, with the Mg2+ ion rendered in grey. (B) A magnified view of a surface rendering of the proposed 
PPARγ recognition site. Amino acids with surface-exposed side changes are colored in orange. (C) A 
cartoon rendering of the 10 amino acid peptide predicted to comprise the PPARγ recognition motif of 
NOCT. Amino acids with surface-exposed side changes are colored in orange.  This figure has been 
adapted from a review by K. Hughes et al (Hughes et al., 2018).  
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The interaction between NOCT and PPARγ has been implicated in the pro-

adipogenic functions predicted for NOCT (Green et al., 2007; Hee et al., 2012; Kawai et 

al., 2010b). Interaction with NOCT was reported to increase nuclear translocation of 

PPARγ to the nucleus, which is presumed to increase the transcriptional of pro-  

adipogenic PPARγ targets (Lefterova et al., 2014). NOCT was observed to be perinuclear 

in this context, localizing to the nuclear membrane but not crossing into the nucleus itself 

(Kawai et al., 2010b). These conclusions must be cautiously interpreted, as the resolution 

of these experiments was not high enough to be definitive with respect to nuclear 

localization. While fractionation experiments have detected NOCT in nuclear fractions, 

this has not been observed in microscopy studies (Estrella et al., 2019).  The functional 

effect of the interaction between NOCT and PPARγ on the transcriptional targets of 

PPARγ or the endogenous mRNA targets of NOCT is therefore still unknown. 

Other candidate-based approaches based on the known function of NOCT may 

yield identification of NOCT protein partners. Currently, the best candidates for these 

approaches are proteins involved in RNA decay and translational control pathways. 

Protein partners that may regulate the phosphatase activity of NOCT are more difficult to 

assess, as this is not a well-described activity in mammals. As NOCT is most closely 

related to CCR4-type deadenylases, it is feasible that NOCT could interact with the 

human CCR4-NOT complex as an alternative deadenylase subunit analogous to CNOT6 

and CNOT6L (Doidge et al., 2012). NOCT lacks the leucine-rich motif that facilitates 

interaction between CNOT6 or CNOT6L and CCR4-NOT (Ng et al., 2011). The lack of 

this motif does not necessarily rule out alternative mechanisms of interaction between 

NOCT and CCR4-NOT or that CNOT6L, CNOT6, and NOCT are mutually exclusive 
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deadenylase subunits of CCR4- NOT. Interaction between NOCT and the CCR4-NOT 

complex has been shown in Drosophila but this may not hold true for human NOCT, as 

there is very little conservation between the N-termini of Drosophila and human NOCT 

(the 120 N-terminal amino acids in NOCT is 8% identical to the aligned sequence in the 

Drosophila homolog, Curled) (Temme et al., 2010).  

 
6.3 Future Directions: The function of the NOCT N-terminus 

 NOC has a unique N-terminal domain that is predicted to be largely disordered. 

Analysis of the NOCT protein sequence using GlobPlot illustrates the high degree of 

disorder in the N-terminus (Linding et al., 2003; Marchler-Bauer et al., 2017; Marchler-

Bauer and Bryant, 2004; Marchler-Bauer et al., 2015; Marchler-Bauer et al., 2011). The 

data presented in Chapter 5 indicate that the NOCT N-terminus may mediate localization 

of NOCT to the mitochondria; however, we observed that endogenous NOCT cann be 

expressed as a ~55 kDa form consistent with full-length unprocessed protein (Figures 5.2 

and 5.4). Therefore, additional functions of the NOCT N-terminus may be possible.  

The N-terminus of CNOT6L has an identifiable leucine-rich repeat domain (LRR) 

that is reported to be important for the interaction between CNOT6L (Ccr4) and CCR4-

NOT via Caf1 (CNOT7 and CNOT8) (Clark et al., 2004; Ng et al., 2011). One study 

suggests that the LRR might also be important for subcellular localization of CNOT6L to 

the nucleus (Mittal et al., 2011).  Xenopus NOCT is reported to contain a similar LRR in 

the N-terminus, but this repeat motif appears to be poorly conserved relative to other LRR 

motifs (Baggs and Green, 2003; Ng et al., 2011). Furthermore, interactions between 

Xenopus Noct and Caf1 have not been demonstrated. NOCT may therefore be 
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differentiated from canonical CCR4 deadenylases by its lack of an LRR, which makes it 

unlikely that it interacts with CCR4-NOT.  

Our cell-based assays demonstrated that full-length MS2-NOCT1-431 and a 

truncated MS2-NOCT64-431 construct equivalently repressed a NLuc reporter mRNA. In 

these assays, the MS2 domain of the fusion proteins facilitated the interaction between 

NOCT and the reporter mRNA MS2 stem loops (Figures 4.1 and 4.2). It is possible that 

the NOCT N-terminus plays a yet undiscovered role in specific recognition of endogenous 

mRNA targets that is bypassed by MS2-facilitated interaction with the mRNA reporters, 

or that the NOCT N-terminus could mediates protein-protein interactions in certain 

contexts.  Identification of direct targets will help in determining what elements of NOCT 

and its targets are required for target recognition. 

 
6.4 Future Directions: Functional significance of NOCT-mediated changes in mRNA 

abundance  

RNA-Seq analysis of the NOCT ∆2-15 overexpression cell lines identified 235 

downregulated transcripts. We expect that a subset of these transcripts are repressed as 

a result of direct association with NOCT. To determine the requirements for NOCT target 

recognition, we attempted to identify motifs present in the downregulated transcripts at 

the gene level but were unable to determine a high-confidence motif located in the 3ʹ 

UTR. Based on our evidence that regulation is isoform-specific (Table 5.3), we plan to 

further analyze NOCT targets using RNA-Seq data at the transcript level. Once the most 

highly regulated isoforms are identified, a high-confidence motif is more likely to be 

successfully identified, which would either represent a novel binding site directly 

recognized by NOCT or would represent a known motif of another RBP that could mediate 
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NOCT association with its targets. We also cannot rule out that the motif is outside the 

3ʹUTR and will therefore include the 5ʹUTR and ORF in motif analysis.  

For further validation of NOCT targets, we plan to clone the putative motifs 

associated with NOCT regulation into reporter mRNAs and measure repression their 

repression when NOCT is overexpressed. By showing that these motifs can confer 

NOCT-mediated regulation on a reporter, we would provide evidence that mRNAs 

containing these motifs are regulated by NOCT. Additionally, we plan to conduct RNA 

immunoprecipitation experiments using the targets validated in qPCR experiments 

(Figure 5.7). By showing association between the overexpressed NOCT ∆2-15 and the 

differentially regulated transcript, we can identify the detected transcripts as direct targets 

of NOCT regulation and not changed as a result of indirect effects. These data would 

provide the first concrete evidence of a direct endogenous mRNA target of human NOCT. 

It is also important to illustrate the biological significance of NOCT regulation in 

brain, based on the enrichment of targets associated with neuronal function. NOCT 

function has been characterized in liver, adipose, bone, and small intestine, but NOCT 

function in other tissues cannot be ruled out as NOCT phenotypes have not yet been 

examined in the brain (Douris et al., 2011; Green et al., 2007; Kawai et al., 2010b; 

Stubblefield et al., 2018). Enrichment  of GO terms associated with neurological function 

may be related to the neuro-adrenal phenotype of HEK293 cells, but it is certainly feasible 

that NOCT regulates targets related to neurological function in the brain, as endogenous 

NOCT is expressed in both human and mouse brain tissue (Figure 5.4). Therefore, we 

anticipate that NOCT may have the ability to regulate neurological function. 
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The biological significance of NOCT regulation in brain tissue can be addressed 

using SH-SY5Y neuroblastoma cells, a well-described model for studying neuronal 

function that can be differentiated into different neuronal cell types (Kovalevich and 

Langford, 2013). Using lentiviral transduction, NOCT can be stably expressed or knocked 

down and functions associated with the most significant GO terms can be assessed. For 

example, voltage-gated potassium channel activity can be assayed using dyes sensitive 

to stimulation of potassium channels, which would provide a quantitative measure of the 

effects of NOCT on expression of potassium channels (Beacham et al., 2010). 

Measurement of transmembrane tyrosine kinases may be possible through assays that 

rely on measurement of the amounts of phosphorylated tyrosine, if the appropriate 

phosphotyrosine antibodies and/or agonists are available (Minor, 2005). These assays 

would report not just on receptor expression but also activation, which could be affected 

by NOCT regulation of NADP(H) levels.  Mitochondrial function is known to be impacted 

by Ca2+ signaling in SH-SY5Y cells  in response to carbachol, a compound that stimulates 

nicotinic acid adenine dinucleotide phosphate (NAADPH) signaling (Aley et al., 2013; 

Sherer et al., 2001). This indicates that NOCT overexpression could alter Ca2+ signaling 

in SH-SY5Y cells through depletion of NADP, the molecular precursor of NAADP, in 

addition to regulation of mRNAs associated with this function (Figure 5.11) (Galione, 

2015). Measuring the affect NOCT-mediated regulation in neuronal models would provide 

an indication of the combined effects of NOCT mRNA repression and phosphatase 

activities in brain tissue. 
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6.5 Future Directions: Cellular effects of NOCT activity against non-mRNA 

substrates  

 NOCT phosphatase activity against NADP+ and NADPH was reported during the 

writing of this thesis and was subsequently confirmed in our own studies (Figure 5.10) 

(Estrella et al., 2019). We had not predicted this activity and included it in our phosphatase 

screen due to few examples of mammalian NADP+ and NADPH phosphatases (Figure 

3.8). While this activity was described in rat liver lysates in the 1980s, very little follow up 

was performed to identify the responsible enzymes (Navas et al., 1986; Richter, 1987). A 

second mammalian enzyme, MESH1, was recently reported to have NADP(H) 

phosphatase activity, which indicates that NADP(H) phosphatase activity in the cytoplasm 

is not unique to NOCT (Ding et al., 2018). Numerous reports on NADP+ and NADPH 

phosphatase activity have been published for bacteria, archaea, and plants (Gallais et 

al., 2000; Kawai et al., 2005; Kawai et al., 2004). The biological significance of NOCT 

NADP(H) phosphatase activity has not yet been determined in tissues or cells, which is 

crucial to fully understanding the mechanisms of NOCT-mediated regulation. 

 The observation that NOCT lacks in vitro ribonuclease activity but has NADP(H) 

phosphatase activity was suggested to exclude the possibility of NOCT activity against 

mRNAs (Estrella et al., 2019). However, several key pieces of evidence presented in this 

dissertation suggest otherwise. NOCT represses reporter mRNAs in cell-based tethered 

function assays, and a subset of mutations in the NOCT active partially alleviate 

repression, indicating that ribonuclease activity contributes to NOCT repression of 

mRNAs (Figure 4.3). Additionally, NOCT repression is highly sensitive to the sequence 

and/or structure of the 3ʹ end of the mRNA, indicating that NOCT repression is specific 
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for certain mRNA features (Figure 4.6). For NOCT have both NADP(H) phosphatase and 

ribonuclease activity, its active site would have to be able to accommodate and hydrolyze 

both 3ʹ and 2ʹ position phosphate bonds in nucleotide substrates. Flexibility within the 

active sites of other EEP deadenylases have been reported, such as for PDE12, which 

degrades 2ʹ,5ʹ-A oligoadenylate in addition to poly(A) RNA. CNOT6L has also been 

shown to have weak activity against 2ʹ,5ʹ-A (Wood et al., 2015). Therefore, we cannot 

exclude a model wherein NOCT requires a protein partner for activity against mRNA in 

cells, which may be an important mechanism of regulating the dual activities of NOCT.  

 We propose here that NOCT acts in two capacities, regulating mRNA transcripts 

that express gene products related to metabolism as well as modulating the levels of 

NADP(H). Several examples of RNA-binding metabolic enzymes, or “moonlighting RBPs”  

have been described in the literature (Castello et al., 2015). In one example, inosine 5ʹ 

monophosphate dehydrogenase 1 (IMPDH1), a purine biosynthesis enzyme, has 

reported disease-associated RNA binding mutants that cause retinal degeneration 

(Hedstrom, 2008; McLean et al., 2004; Mortimer and Hedstrom, 2005; Mortimer et al., 

2008). Other classic examples include the citric acid cycle enzyme aconitase, which binds 

to RNA stem-loops of transcripts involved in iron homeostasis, and glyceraldehyde-3- 

phosphate dehydrogenase (GAPDH), which binds to AU-rich elements of many different 

mRNA transcripts (Constable et al., 1992; Dollenmaier and Weitz, 2003; Hentze et al., 

1987; Mullner and Kuhn, 1988). Strikingly, GAPDH binds NAD+ and RNA in the same 

binding site (Nagy et al., 2000; Nagy and Rigby, 1995). These examples illustrate how 

the RNA binding activity of metabolic enzymes can serve highly important functions. 

Surveys of RNA binding proteins have identified other examples of moonlighting RBPs, 
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suggesting that many of these dual activity enzymes provide a level of translational 

control in response to metabolic states (Castello et al., 2015).  

 NOCT phosphatase activity against NADP(H) would have different effects based 

on localization to the mitochondria or the cytoplasm. NADP(H) is not in flux between these 

subcellular compartments, which suggests that differential localization of NOCT may 

affect distinct pools of NADPH (Nikiforov et al., 2011). Cellular mechanisms that 

exchange precursors of NADPH between these compartments likely enables a degree of 

compensation for disruption of the different pools of nicotinamide dinucleotides (Adler et 

al., 2014). The exchange of these precursors is highly regulated and occurs through 

specialized shuttle systems (Xiao et al., 2018). These processes may enable adaptation 

to NOCT-mediated perturbations in NADP(H) levels, especially in the case of using 

models that constitutively alter NOCT expression. Therefore, the use of inducible 

knockdown or overexpression models may be especially valuable in these studies. In the 

cytoplasm, MESH1 phosphatase also regulates NADP(H) levels in the cytoplasm, which 

may complicate studying the effects of NOCT in the cytoplasm through its redundant 

activity (Ding et al., 2018). This redundant activity may necessitate knockdown of MESH1 

to more easily observe the role of NOCT phosphatase activity in cellular function. 

 As NADP(H) is involved in a large range of biological processes, there are many 

directions that could be taken to determine the cellular effects of NOCT phosphatase 

activity (Figure 5.11). First, the changes in cellular NAD(H) and NADP(H) levels in 

response to perturbation of NOCT expression will be important to determine the functional 

significance of NOCT NADP(H) phosphatase activity. Our RNA-Seq dataset may also 

indicate which pathways are more significantly affected by NOCT. As the changes in gene 
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expression may indicate cellular effects that are both direct and indirect, some of the 

observed changes in gene expression may be downstream of NOCT activity against 

nicotinamide dinucleotides. Comparing the iPAGE analysis (Figure 5.9) to known 

functions of cellular NADP(H) may help target the pathways most sensitive to NOCT 

overexpression, such as Ca2+ signaling, antioxidant activity, and mitochondrial function 

(Xiao et al., 2018; Ying, 2008). The role of NOCT phosphatase activity must therefore be 

determined in order to understand the full effects of NOCT-mediated regulation. 

 
6.6 Concluding Remarks 

 This work represents several advancements in understanding NOCT biology. We 

solved the first structure of the NOCT catalytic domain, illustrating the structural homology 

of NOCT with other EEP deadenylases. We determined that NOCT lacks in vitro 

ribonuclease activity but corroborate that has a unique in vitro phosphatase activity 

against nicotinamide dinucleotides. We also provide the first evidence that human NOCT 

can repress expression of a reporter mRNA in vivo and changes the abundance of 

hundreds of endogenous transcripts when overexpressed. Furthermore, we identify that 

the NOCT N-terminus is processed in a tissue-specific manner consistent with 

mitochondrial and cytoplasmic localization. Broadly, these data suggest that NOCT is 

dual-function enzyme that is localized to multiple compartments and has activity against 

mRNA and nicotinamide dinucleotides, resulting in regulation of metabolic processes 

(Figure 6.4). 

 This work also opens up many new areas of inquiry. Among the most important 

include understanding the protein partners, co-factors and/or post translational 

modifications that enable NOCT to repress mRNA expression in vivo that are missing in 
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vitro.  It is still not understood how the combination of NOCT activities leads to phenotypes 

of obesity resistance, impaired dietary fat transport, and increased bone density. We still 

do not know the mechanism by which NOCT recognizes and targets its mRNA substrates. 

Despite the many questions that remain, the work here lays a foundation for addressing 

these questions and understanding the biological functions of NOCT. 
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