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ABSTRACT OF THE THESIS 

!
Molecular Characterization of ATPase MOV10 

!
by 

!
Kelly-Anne Feldman 

Master of Science in Biology 

!
University of California, San Diego, 2014 

Professor Jens Lykke-Andersen, Chair 

!
 The regulation of gene expression is crucial to proper cell function. Cells have 

multiple layers of regulation including transcriptional control, translational control, 

and control of the stability of mRNAs. One of the pathways that serves to regulate the 

stability of certain mRNAs is Nonsense Mediated Decay (NMD). In NMD the SF1 

helicase Upf1 remodels protein-coated mRNAs to facilitate the access of this mRNA  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to a variety of decay enzymes. Recent publications have implicated a close homolog 

of Upf1, MOV10, to also be involved in NMD. However, very little is known about 

the molecular function of MOV10. Here I begin the molecular characterization of the 

ATPase known as MOV10. 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 The basic process of eukaryotic gene expression is tightly regulated. Protein-

coding genes are transcribed to mRNA, which is subsequently translated into protein. 

The levels of protein in the cell must constantly be regulated in response to a changing 

environment. For example, cyclin levels change with respect to the phase of the cell 

cycle. The amount of protein translation can be modulated by regulating the levels of 

readily available template mRNA for protein synthesis through one of several 

characterized mRNA turnover pathways. Similarly, aberrant mRNAs that may produce 

truncated or non-functional proteins must be degraded (Reznik and Lykke-Andersen, 

2010). Thus, the processes by which mRNA stability is regulated must be tightly 

controlled, as deregulation of these processes can lead to the development of diseases 

such as cancer (Eberhardt et al., 2007).   

 One pathway by which the stability of mRNAs is regulated is Nonsense 

Mediated Decay (NMD). This quality control pathway modulates the levels of mRNA 

that have premature stop codons, or nonsense mutations, which, if translated could 

cause dominant negative or deleterious effects (Reznik and Lykke-Andersen, 2010). 

NMD not only regulates expression of deviant mRNAs, but it also regulates the 

expression of many functional mRNAs (Kervestin and Jacobson, 2012). Some 

mRNAs with long 3’ untranslated regions (UTRs) allow for NMD factors to bind 

(Chamieh et al., 2008). The binding of NMD factors to both functional and PTC-

containing transcripts triggers translational repression followed by the release of the 

ribosome and the decay of the mRNA (Eberle et al. 2008). One of the factors crucial to 
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this process is the SF1 helicase, Upf1. As most mRNAs are coated in proteins and 

exist primarily as messenger ribonucleoproteins (mRNPs), the question of how the 

decay enzymes access the mRNA arises. In the case of NMD, the ATPase Upf1 

remodels those mRNPs to allow decay proteins access to the mRNA; subsequently 

allowing for degradation (Franks et al., 2010). In addition, our lab has shown that 

Upf1 utilizes its ATP hydrolysis activity as a method for distinguishing between NMD 

targets and non-targets (Lee and Lykke-Andersen, manuscript in prep). 

 Helicases are classically known to operate by binding to the RNA and effecting 

ATP driven unwinding or translocation (Fairman-Williams et al. 2010). An additional 

function is that that these helicases can also remodel or displace RNPs, as RNPases 

(Cordin et al. 2006). Upf1 functions as the primary regulator by facilitating mRNP 

disassembly, and recruiting enzymes to promote endonucleolytic cleavage and 

degradation of the targeted mRNA (Franks et al., 2012). The role of Upf1 in NMD 

raises the question as to whether there are other RNA helicases that act to remodel 

mRNPs. 

 Upf1 contains an N-terminal domain, a cysteine/histidine-rich (CH) domain 

and a helicase domain (Fiorini et al. 2010). The CH domain acts as a cis-inhibitory 

regulator of Upf1 ATPase activity by binding the helicase domain (Chamieh et al. 

2008). Mutations in this domain affect RNA binding as well as hydrolysis activity 

(Chakrabarti et al. 2011). There is also evidence that the CH domain interacts with 

Upf2, another factor implicated in NMD (Cheng et al. 2007). When Upf2 binds to the 
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CH domain it causes a conformational change in Upf1, decreasing the affinity of Upf1 

for RNA and triggering its helicase activity (Chakrabarti et al. 2011). Since the CH 

domain can bind to both the helicase core as well as Upf2, there is an on-going 

competition. When the CH domain is occupied with Upf2 it can no longer act as a cis-

inhibitory element for the ATPase activity of Upf1; the switching of the CH domain 

between Upf2 and the helicase domain signals the helicase function of Upf1 

(Chakrabarti et al. 2011).  

  MOV10, also an SF1 helicase, is a close homolog to Upf1, and is thought to 

be involved in regulating gene expression. MOV10 has also been shown to localize in 

P-bodies (Vincente and Lykke-Andersen, unpublished and Meister et al. 2005) and to 

interact with many mRNAs (Castello et al. 2012). It has also been characterized as a 

member of the RNA-induced silencing complex (RISC) due to its interaction with 

Argonaute (Ago)1 and Ago 2 (Meister et al. 2005). Human MOV10 is also implicated 

in mRNA stability.  Upon knockdown of MOV10, the levels of protein translated from 

a miRNA-targeted reporter increase (Chendrimada et al. 2007), implying that MOV10 

is important in miRNA-induced silencing. In Drosophila the ortholog of MOV10, 

Armitage (Armi), is known to affect RISC assembly. In armi mutants, RISC can no 

longer assemble correctly (Tomari et al., 2004). Armi is also required for translational 

silencing oskar mRNA. Normal silencing of oskar mRNA is required for axis 

specification during development in Drosophila embryos. Mutants for Armi prevent 
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oskar from being silenced and subsequently inhibit embryonic axis specification in 

Drosophila (Cook et al. 2004). 

 Other work shows that interference of the interaction between MOV10 and 

Ago2 inhibits translational repression (Liu et al. 2012). Evidence also demonstrates 

that MOV10 is able to inhibit the mobility of LINE-1 elements (Arjan-Odedra et al. 

2012; Li et al. 2013). LINE-1 is the autonomous retrotransposon in the human 

genome, which uses a copy and paste mechanism to replicate itself throughout the 

genome. Depletion of MOV10 leads to an increase in a LINE-1 cDNA product, 

derived from a LINE-1 RNA transcript, while over-expression leads to a significant 

decrease in LINE-1 cDNA, which supports a post-transcriptional regulatory role for 

MOV10 (Li et al. 2013). Finally, it was recently found that MOV10 interacts with 

Upf1 and that depletion of MOV10 causes stabilization of NMD substrates (Gregersen 

et al. 2014).  These pieces of evidence further implicate MOV10 in RNA metabolism; 

however, very little is known about the molecular function of MOV10.  

 The homology of MOV10 to the well-characterized Upf1 and the central role 

of the ATPase activity for Upf1 function motivated us to study the regulation of 

MOV10 ATPase activity. As SF1 helicases, Upf1 and MOV10 proteins contain highly 

conserved SF1 helicase motifs to hydrolyze ATP (Fairman-Williams et al. 2010). 

Beyond the helicase domain, it’s hypothesized that MOV10, like Upf1, contains a 

putative CH domain (Abudu et al. 2012), making it a possibility that MOV10 is 

autoregulated in a similar manner to Upf1.   
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 To investigate the ATPase activity of MOV10, I optimized an ATPase assay for 

MOV10 isolated by immunopurification from stably transfected human cell lines. I 

generated and isolated MOV10 deletion mutants (Figure 1) to monitor the importance 

of MOV10 domains for MOV10 ATPase activity and for MOV10 complex formation 

with associated proteins. These studies pave the way for understanding the molecular 

function and mechanism of MOV10 in RNA processing event.   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Characterization of MOV10 ATPase activity 

 MOV10 is homologous to Upf1 and it is an SF1 helicase; however, the ATPase 

activity of MOV10 until now had never been tested. Once the ATP hydrolysis activity 

of MOV10 was established, I could then determine how the putative domains of 

MOV10 affected its activity. Purified proteins can be tested for ATPase activity by 

incubation with γ-32P-labeled ATP followed by treatment with activated charcoal, 

which separates inorganic phosphate (Pi) from remaining ATP (see Materials and 

Methods). Using a scintillation counter, the separation of Pi from ATP allows us to 

calculate the % ATP hydrolyzed ([Counts Pi/Counts total]*100), which enables us to 

compare the amount of activity between purified protein samples. 

 To characterize the ATPase activity of MOV10 in vitro ATPase assays were 

conducted with N-terminally FLAG-tagged purified proteins over-expressed from 

FITR HEK293 stable cell lines. Cells expressing wildtype MOV10 (MOV10 WT) 

were lysed in hypotonic lysis buffer containing RNaseA and immunoprecipitated 

(IPed) with anti-FLAG-conjugated beads, followed by elution with a FLAG peptide 

and subsequently visualized via polyacrylamide gel electrophoresis (PAGE) followed 

by silver staining (Figure 2). 

 I used the same method for characterizing MOV10 WT ATPase activity as 

what was used to test the activity of Upf1 (Bhattacharya et al. 2000). Initially a 

titration of unlabeled ATP was done to determine the optimal concentration for 



!9

MOV10 activity. This showed ATP concentration-dependent activity of MOV10 

(Figure 3a). 

 Next, the optimal pH for activity was determined. Wild-type Upf1 (Upf1 WT) 

and Upf1 DE636AA (Upf1 DE; a Upf1 ATPase mutant) were used as positive and 

negative controls, respectively. The Upf1 DE mutant functions as a catalytically 

inactive mutant, making it an ideal negative control (Bhattacharya et al. 2000). A 

range from pH 4 to pH 10 was tested, with pH 5 yielding the largest amount of 

activity, while the physiological pH of 7 yielded the least amount of activity (Figure 

3b).  I decided to use pH 5 for subsequent assays as it was optimal for MOV10, as 

well has yielding strong activity from Upf1, a close homolog to MOV10. 

  Next, the levels of KOAc were examined for their affect on activity at pH 5. 

In a similar fashion to pH, salt has the ability to affect MOV10 activity. A titration of 

KOAc from 0 to 200 mM resulted in highest activity occurring at 200 mM (Figure 3c).  

 Without binding to a polynucleotide substrate, SF1 helicases do not hydrolyze 

ATP (Fairman-Williams et al. 2010). As an SF1 RNA helicase, Upf1 requires RNA in 

order to hydrolyze ATP. Subsequently, based upon the optimization of Upf1 

(Bhattacharya et al. 2000), different RNAs were assayed to determine their effects on 

MOV10 activity. Poly(U) and poly(A) were tested as these yielded the most activity 

with respect to Upf1 (Bhattacharya et al. 2000). Also, total yeast RNA was used as 

another substrate. In contrast to Upf1, MOV10 did not appear to show sequence 

specificity (Figure 3d). 



!10

 Lastly, I tested MOV10 ATPase activity over several time points. This revealed 

that activity increase over the span of one hour (Figure 3e). 

Testing predicted ATPase-deficient mutant MOV10 proteins 

 Once the conditions for optimal activity had been determined, I tested the 

effect of mutating amino acids predicted to be central for the ATPase activity. MOV10 

DE636AA (MOV10 DE) was designed based upon the catalytically inactive Upf1 DE 

mutant. Upf1 WT and Upf1 DE were used to establish what active and dead ATPases 

looked like, respectively. Unexpectedly, this assay demonstrated that the predicted 

ATPase mutant had a much greater amount of hydrolysis activity than both Upf1 WT 

and MOV10 WT (Figure 4). Further inspection of the immunoprecipitated MOV10 

proteins by silver staining revealed a co-purifying protein with a molecular weight of 

~70 kDa, which showed a particularly prominent association with the MOV10 DE 

mutant (Figure 2). 

 Mass spectrometry data from our lab suggests that this unknown band is likely 

Hsp70, a chaperone. Hsp70 is known to have ATPase activity independent of RNA 

(Morano, 2007). Given that MOV10 requires RNA to hydrolyze ATP, I wanted to 

determine the contributions to ATPase activity from MOV10 and that from our co-

purifying contaminant. To do this, equivalent ATPase assays were conducted in the 

presence and absence of RNA. Upf1 WT and Upf1 DE behaved as anticipated (Figure 

5A). Upf1 WT had limited activity without RNA, yet with the addition of RNA, 

activity increased. Upf1 DE remained catalytically inactive under both conditions. 
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Activity of MOV10 WT was observed even in the absence of RNA, although the 

activity appeared to increase slightly with the addition of RNA. The MOV10 DE 

mutant showed even greater activity than MOV10 WT, both with and without RNA 

(Figure 5a). Activity of MOV10 DE correlated with increased levels of the 70 kD co-

purifying protein (Figure 2). While only a single trial was completed in testing for 

ATPase activity without the presence of RNA, it provided enough of impetus to 

identify a solution for contamination. These results suggested that the activity 

observed in the mutant MOV10 protein samples may be due to a co-purifying RNA-

independent ATPase, likely Hsp70. 

 A method by which Hsp70 might be removed had been developed previously 

to remove the Eschericia coli DnaK, a homolog of Hsp70, from proteins isolated from 

E.coli (Rial and Ceccarelli, 2002). As an ATP-dependent chaperone, the primary 

function of Hsp70 is to fold denatured proteins in an ATP dependent manner. By 

incubating with denatured E. coli lysate in the presence of ATP Hsp70 is titrated from 

the purified protein sample to the denatured bacterial proteins (Rial and Ceccarelli, 

2002). For this study, washing with the denatured lysate should compete Hsp70 off 

MOV10 and onto the denatured proteins. A mutant MOV10 K530A (MOV10 K) 

predicted to be defective in binding ATP, was used instead of MOV10 DE as it 

purified more efficiently. Isolation of MOV10 WT and mutant protein in this manner 

led to depletion of the 70 kD co-purifying protein below detection levels (Figure 5B). 
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An ATPase assay completed with RNA confirms that the MOV10 K ATPase mutant is, 

in fact, catalytically inactive (Figure 5C). 

Truncations result in catalytically inactive mutants of MOV10 

 Following our identification of a catalytically inactive mutant, serving as a 

negative control, I began to investigate the different domains of MOV10. Based upon 

sequence alignments to Upf1, it was hypothesized that MOV10 also contains a 

putative CH domain. It is unknown whether this domain of MOV10 would function to 

activate or inhibit MOV10 ATP hydrolysis activity; however, I hypothesized that it 

would act to autoregulate the helicase domain similar to the autoregulatory function of 

the CH domain of Upf1. To test this, three different truncation mutants were created 

and purified: ΔCH, ΔNtCH, and Δhelicase (Figure 1). 

 Based upon the function of the CH domain of Upf1 as a cis-inhibitor, it was 

expected that the ΔCH and ΔNtCH would show an increase in MOV10 hydrolysis 

activity. All of the purified MOV10 variants were monitored by western blotting, and 

levels normalized before performing the ATPase assay (Figure 7a). Against 

expectations, all of the deletion mutants showed loss of activity similar to the 

catalytically inactive ATPase mutant. There was a statistically significant difference 

between MOV10 WT and each of the mutants (Figure 7b). There was no statistically 

significant difference between the ATPase activity of any of the mutants. Thus, the CH 

domain of MOV10 might behave opposite of the Upf1 CH domain and stimulate, 

rather than repress, MOV10 ATPase activity. 
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Poly-A Binding Protein (PABP) and Upf1 show RNase insensitive complex 

formation with MOV10 

 Based upon mass-spectrometry data from a collaboration between our lab and 

the Bennett laboratory at UCSD, I suspected that MOV10 is able to interact with 

PABP and Upf1 in an RNA independent manner. To test which domains would be 

important for those interactions, MOV10 truncation variants were expressed at 

endogenous levels in our established stable cell lines (Figure 7a). This was possible 

because exogenous MOV10 variants in these cell lines are expressed from a 

tetracycline-inducible promoter. The cells were harvested, divided in two, and treated 

with RNase 1, which degrades all RNA dinucleotide bonds, or RNase A, which 

cleaves C’s and Us, in the isotonic lysis buffer before co-immunoprecipitation (co-IP). 

Co-purifying material was eluted in SDS loading buffer and subjected to PAGE-

western blot analysis. The western blot was probed with FLAG and PABP antibodies. 

This revealed an interaction between MOV10 and PABP under RNase A treatment, 

while none of the deletion mutants showed detectable interaction with PABP (Figure 

7b). The only difference upon viewing RNase 1 treatment, was an apparent decrease in 

interaction between MOV10WT and PABP. 

 To identify the domain(s) responsible for interaction with Upf1 the elutions 

from the co-immunoprecipitations (co-IP) were probed with an antibody to Upf1. The 

western blot was probed with a Upf1 antibody. Under RNase A treatment MOV10WT 

interacts with Upf1. While the MOV10DE and MOV10K mutants still interact with 
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Upf1, they do not interact as well as MOV10WT. Interaction with Upf1 is lost with the 

Δhelicase and ΔNtCH mutants; however, the interaction is not lost with the ΔCH 

mutant (Figure 8c). 

 Upon RNase 1 treatment, Upf1 co-purifies with MOV10WT, similarly to the 

samples under RNase A conditions. MOV10DE and MOV10K under RNase 1 

treatment show slightly impaired interactions with Upf1, which is consistent with the 

RNase A conditions. The Δhelicase mutant appears to have an interaction with Upf1 

under RNase 1 treatment. ΔNtCH again had no interaction with Upf1 while the 

interaction was regained with the ΔCH MOV10 variant has an interaction with Upf1. 

These data suggest that the N-terminal domain of MOV10 is important for the 

interaction of MOV10 with Upf1 (Figure 7c). Performing a co-IP with a ΔNt 

truncation mutant would help to confirm this. 

 To ensure adequate RNA degradation, RNA was extracted from 2.5% of lysate 

and subject to denaturing electrophoresis and staining  by SYBR Gold to confirm 

sufficient digest of the RNA by RNaseA and RNase1. Figure 8 shows that samples 

treated with RNase A and RNase 1 (lanes 2-8) lacked detectable levels of RNA when 

compared to an equivalent amount of total RNA extracted from lysate treated with 

RNase inhibitor (lane 1). 

Upf1 and PABP may inhibit MOV10 ATPase activity 

 After discovering that PABP and Upf1 WT interact with MOV10, I wondered 

whether either of these proteins activate or inhibit MOV10 activity. I decided to add 
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Upf1 or PABP in different concentrations to see how they affect ATP hydrolysis. Since 

Upf1 is an ATPase itself, I used the Upf1 DE mutant, since it is unable to hydrolyze 

ATP. I decided to use a 1:1 ratio and a 1:5 ratio. Initial assays indicate that an excess of 

PABP or Upf1 appears to cause a decrease in MOV10 ATPase activity (Figure 9).  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!!!!!!!!!!!!!!!!
Figure 1. Four truncation mutants were created !
Schematic of the mutant constructs created from MOV10 WT. The helicase domain 
contains both the RNA binding domain as well as the ATP binding domain. !!!!!!!!!!!!!!!!!!!!
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!!!!!!!!!!!!!!!!!!!!
Figure 2. Purified MOV10 variants can be detected by silver stain !
Immunoprecipitations of FLAG-MOV10 variants show that all of the mutants can be 
purified . * indicates a co-purifying contaminant. !!!!!!!!!!!!!!!!!!!!!
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A. !!!!!!!!!!!!!!!!
Figure 3. MOV10 ATPase activity was optimized. !
A. An ATPase assay with a titration of cold ATP to shows that activity is maximized at 
0.05mM cold ATP. 1 trial completed. B. An ATPase at different pHs indicates 
MOV10WT hydrolysis activity is maximized at pH5. 1 trial completed. C. An ATPase 
assay at pH 5 with a titration of KOAc yields maximal activity at 200mM KOAc. 1 
trial completed. D. An ATPase assay determining that Poly(U) RNA at pH5 and 
200mM KOAc yielded the best activity. 1 trial completed. E. A time-course varying 
the incubation time of each reaction mixture shows that ATP hydrolysis activity does 
not saturate prior to 60 minutes. 2 trials completed. Standard error bars are shown. !!!!!!!!!!!!!!!!
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B. !!!!!!!!!!!!!!!!!!!!!!!
Figure 3. continued !!!!!!!!!!!!!!!!!!!

ATPase Activity While Varying pH

%
 A

TP
 h

yd
ro

ly
si

s 
ac

tiv
ity

0

20

40

60

80

Upf1 WT
Upf1 DE

MOV10 WT

pH4pH5pH6pH7pH8pH9
pH10 pH4pH5pH6pH7pH8pH9

pH10 pH4pH5pH6pH7pH8pH9
pH10



!20

C. !!!!!!!!!!!!!!!!!!!!!!
Figure 3. continued !!!!!!!!!!!!!!!!!!!!!!!!!!

ATPase Activity at pH5 While Varying KOAc concentration
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D. !!!!!!!!!!!!!!!!!!!!!!!!!
Figure 3. continued !!!!!!!!!!!!!!!!!!!!!!!

ATPase activity at pH5, 200mM KOAC, and varying RNA 
substrates
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E. !!!!!!!!!!!!!!!!!!!!!!!!!!
Figure 3. continued !!!!!!!!!!!!!!!!!!!!!!

Time-Course of ATPase activity at pH5, 200mM KOAc, and with 
Poly(U)
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 !!!!!!!!!!!!!!!!!!!!!
Figure 4. Testing MOV10 ATPase mutant !
Upf1 WT serves as a positive control. Upf1 DE (ATPase mutant) serves as a negative 
control for ATP hydrolysis activity. The predicted ATPase mutant of MOV10 shows a 
greater amount of ATPase activity than MOV10WT. Only 1 trial done. !!!!!!!!!!!!!!!!!!!
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A. !!!!!!!!!!!!!!!!!!
Figure 5. Co-purifying contaminant has RNA-independent activity !
A. No RNA control sample shows the contribution of RNA-independent ATPase 
activity in MOV10DE. Only 1 trial done under these reaction conditions. B. PAGE-
silver stain of lysate-washed purification of MOV10 variants show successful removal 
of the contaminant. C. ATPase assay of lysate-washed purified MOV10 ATPase 
mutant demonstrates the functional removal of ATPase contaminant. Only 1 trial was 
completed !!!!!!!!!!!!!!!!!
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B. !!
  !!!!!!!!!!!!!!!
Figure 5. continued !!!!!!!!!!!!!!!!!!!!!
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C. !!!!!!!!!!!!!!!!!!
Figure 5. continued !!!!!!!!!!!!!!!!!!!!!

ATPase Assay after removal of Contaminant
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A. !!!!!!!!!!!!!!!!!!!
Figure 6. ATPase assay demonstrates the contribution of each domain to MOV10 
ATPase activity. !
A. Eluted MOV10 variants were quantified by PAGE-western for FLAG and 
normalized for subsequent ATPase assays. B. ATPase assay comparing the hydrolysis 
activity of the truncation mutants to MOV10WT and MOV10 ATPase mutant shows 
that all truncation mutants are catalytically inactive. Standard error bars are shown. p-
values calculated with a two tailed independent t-test. !!!!!!!!!!!!!
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B. !!!!!!!!!!!!!!!!!!
Figure 6. continued !!!!!!!!!!!!!!!!!!!

*compared MOV10WT

ATPase activity of Upf1WT, MOV10WT, and mutants
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 !!!!!!!!!!!!!!!!!!!
Figure 7. Immunoprecipitation of MOV10 and the mutants of MOV10 after 
induction at endogenous levels !
A. Tetracycline induction titration of FLAG-tagged MOV10 mutant variants followed 
by western blotting for MOV10 demonstrates the concentration of tetracycline 
required to achieve endogenous levels. B. FLAG IP probed with PABP antibody. C. 
FLAG IP probed with Upf1 antibody. For B and C MOV10WT, K, and ΔNtCH were 
induced at 2.0 ng/mL tetracycline. MOV10ΔCH was induced at 2.5 ng/mL tetracycline. 
MOV10DE was induced at 5.0 ng/mL tetracycline. MOV10Δhelicase and FLAG only 
were induced at 3.5 and 10.0 ng/mL tetracycline, respectively. !!!!!!!!!!!
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B.  !!!!!!!!!!!!!!!!
Figure 7. continued !!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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C. !!!!!!!!!!!!!!!
Figure 7. continued  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A. !!!!!!!!!!!!!!!!!!!
Figure 8. RNA degradation during lysis of IP !
An experiment was done to establish the degree of RNA degradation following RNase 
treatment. A. 2.5% of totals subject to RNase A treatment were analyzed by denaturing 
electrophoresis. B. 2.5% of totals subject to RNase 1 treatment were analyzed by 
denaturing electrophoresis. !!!!!!!!!!!!!!!
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B. !!!!!!!!!!!!!!!!!!!!
 Figure 8. continued.  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 !!!!!!!!!!!!!!!!!!!
Figure 9. Upf1 and PABP affect MOV10 hydrolysis activity !
MOV10 proteins were purified from human HEK293T cells. Upf1 and PABP were 
purified from E. Coli. 2 Trials were completed and an independent two-tailed t-test 
was completed as compared to MOV10 in EB  

The addition of Upf1 and PABP in excess affects MOV10 
activity.
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A. !!!!!!!!!
 
B. !!!!!!!!!!!
Figure 10. Alignment of Upf1 and MOV10. !
A. An alignment showing the amino acids that compose the hydrophobic pocket of 
Upf1, indicated by arrows. Candidates for the hydrophobic pocket of MOV10 are 
indicated by boxes. B. An alignment of human MOV10, murine MOV10, and 
armitage. The amino acids that alignment with the hydrophobic pocket of Upf1 are 
indicated by arrows. Candidates for the hydrophobic pocket of MOV10 are indicated 
by boxes. !!
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 Our ATPase assays revealed that MOV10 truncation mutants co-purify with a 

contaminant that is able to hydrolyze ATP, likely Hsp70. However, I was able to 

establish a purification protocol capable of eliminating that contaminant. This was 

essential for gathering reliable information from the ATPase assays. Also, the CH 

domain of MOV10 appears to be necessary for its ATPase activity.  I also discovered, 

via western blot, that Upf1 interacts with MOV10WT and a couple of its mutants, 

while PABP appears to only interact with MOV10WT. 

Does the CH domain of MOV10 stimulate MOV10 ATPase activity? 

 The ATPase activity of Upf1 has been well characterized. It is understood that 

the helicase domain is responsible for both the ATP hydrolysis activity and RNA 

binding activity. Upon experimentation with Upf1 mutants, it was discovered that the 

CH domain functioned as a cis-inhibitor for the ATPase activity of Upf1 (Chamieh et 

al. 2008). The RecA2 motif within the helicase domain and Upf2 compete to bind to 

the CH domain; this binding regulates the ATPase activity. Unlike Upf1, the results 

shown in this thesis reveal that the CH domain of MOV10 may be necessary for the 

ATP hydrolysis activity of MOV10. Thus, the CH domain of MOV10 might stimulate 

MOV10 ATPase activity, and as for Upf1, could be a point of MOV10 regulation. In 

the future, testing a mutant lacking the N-terminus would distinguish whether the N-

terminus plays a critical role in the ATPase activity. Although we cannot rule out that 

MOV10 deletion mutants have defects in folding, the evidence provided here suggest 

a novel mechanism of regulation for an SF1 helicase.  
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All domains of MOV10 are necessary for the interaction with PABP 

 Co-IPs of MOV10 and truncation mutants in the presence of RNase allows us 

to determine which domains are important for complex formation between PABP and 

Upf1, independent of RNA. Mass spectrometry data, from both RNase treated and 

RNase-free co-IPs suggest that PABP interacts with MOV10 WT, although there was a 

much stronger signal under RNase free conditions. It is possible that PABP primarily 

interacts with MOV10 through the poly-A tail. Incubation of lysate with RNase 1, 

which cleaves after all of the four of the ribonucleic acids, we can get a clear idea of 

the RNA independent interactions. As is shown in Figure 7a, it appears that MOV10 

and PABP have a completely RNA-independent interaction.   

The N-terminal domain of MOV10 is necessary for RNA independent complex 

formation between MOV10 and Upf1 

 Mass-spectrometry data from our lab shows that Upf1 interacts with MOV10 

under both RNase free and treated conditions; although the mass-spectrometry 

indicates that this is a partially RNA-dependent interaction. After treatment with 

RNase 1, followed by an immunoprecipitation, it was confirmed that MOV10 WT 

interacts with Upf1. Based upon RNase 1 treatment, the N-terminal domain appears to 

be necessary for Upf1 and MOV10 interaction. 

 Preliminary experiments suggests that an excess of Upf1 or PABP in 

combination with MOV10 might act to suppress MOV10 ATPase activity. It is 

possible that both Upf1 and PABP serve this function in MOV10. Early statistics show 
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promise, however, these experiments need to be repeated to establish whether these 

effects are significant. This would allow us to determine, whether Upf1 and PABP  

actually inhibit MOV10 activity. 

Future work 

 This work has provided a scaffold for understanding the basic molecular 

function of MOV10. Although we cannot rule out that the mutants are misfolded, our 

data indicate that the CH domain stimulates MOV10 hydrolysis activity. It will be 

interesting to understand how the CH domain elicits this function. The CH domain of 

Upf1 contains a hydrophobic pocket formed by Val157, Phe192, and Ile233. This 

hydrophobic pocket is responsible for the binding of Upf2 or the RecA2 domain of 

Upf1 (Chakrabarti et al. 2011). While there is no conservation between Upf1 and 

MOV10 for those three specific amino acids, there are hydrophobic amino acids in the 

vicinity conserved between MOV10 orthologs (Figure 10a). These amino acids could 

be candidates for the putative hydrophobic pocket of MOV10 (Figure 10b). Point 

mutations of these candidate amino acids may have different effects on MOV10 

hydrolysis activity in comparison to the ΔCH mutant. 

 Another interesting question is whether MOV10 has co-factors that affect 

hydrolysis activity. Upf1 has cofactors Upf2 and Upf3. As a close homolog, does 

MOV10 have its own set of co-factors? If so, how do these co-factors affect its 

activity. Upf2 and the RecA2 domain of Upf1 compete for binding on the CH domain 

of Upf1. Upf2 binding triggers RNA unwinding (Chakrabarti et al. 2011). Mass 
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spectrometry with the mutant variants can be used to test if MOV10 has cofactors 

analogous to those of Upf1. It will be important to determine whether these cofactors 

affect the function of MOV10. For example, it will be interesting to understand the 

contribution of the different domains of MOV10 to its biological function. MOV10 

has recently been reported to be important for NMD, and thus, the effect that the 

truncation mutants of MOV10 have on the decay of NMD substrates would be 

interesting to test (Gregersen et al. 2014).  

 Misregulation of gene expression can lead to an over or under expression of 

proteins crucial for proper cellular function. As a result downstream processes, such as 

cell growth, regulated cell death, or loss of contact inhibition may be affected and lead 

to the development of cancer and other diseases Therefore, it is important to 

understand that proteins that have the ability to regulate gene expression, such has 

MOV10. Once the fundamental domains of MOV10 are characterized, they can be 

manipulated to determine how MOV10 impacts gene expression. Once more 

knowledge is gained as to which processes MOV10 is involved in, understanding the 

fundamental mechanisms of regulation of gene expression is crucial to learning how 

cells function and how to target cells with inappropriate expression.  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Primers (ValueGene) for creation of DNA constructs 

ΔCH construct was created using site-directed mutagenesis for deletions.  

Forward Primer 5’ to 3’:  

CCA GAA AAG AGG AGA CCC ATG CTT CTT CAG GGA ACA AGT A 

Reverse Primer 5’ to 3’: 

CTG AAG AAG CAT GGG TCT CCT CTT TTC TGG GAA CCG CAC G 

ΔCH primers for colony PCR. 

Forward Primer 5’ to 3’: 

CTT CAA GAT CAG CTT TGG GAC CC 

Reverse Primer 5’ to 3’: 

TAT CAT GCT CCA TCT GCA GTT CCT C 

ΔNtCH construct was created via PCR and ligated into pcDNA5FLAG backbone 

Forward primer 5’ to 3’: 

AAA AAT GGA TCC CCC ATG CTT CTT CAG GGA ACA AGT ATC  TT 

Reverse primer 5’ to 3’: 

AAA AAG CGG CCG CTC AGA GCT CAT TCC TCC ACT CTG GC 

ΔHelicase construct was created via PCR and ligated into pcDNA5FLAG backbone 

Forward primer 5’ to 3’: 

AAA AAT GGA TCC ATG CCC AGT AAG TTC AGC TGC CG 

Reverse primer 5’ to 3’: 

AAA AAG CGG CCG CGA GCA GCT GCC TGA GGC GG 
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Creation of truncation mutants 

The ΔCH constructs was created from pcDNA5-FLAG-MOV10 via a deletion using 

site-directed mutagenesis.The primers for site-directed mutagenesis are listed above. 

PCR reaction done with Herculase II fusion enzyme (Agilent) Ta=68.5˚C. The PCR 

reaction was DpnI (NEB) digested for 2 hours and transformed into DH5ɑ E. coli 

cells. Clones with the correct sequence were used for transfection in the creation of 

stable FITR cell lines (see creation of stable cell lines). 

ΔNtCH was created by using PCR with flanking restriction sites to create the desired 

insert with PfuUltra II Fusion (Agilent) with Ta at 61.7˚C. The primers are listed 

above. PCR reactions and pcDNA5-FLAG backbone were digested with NotI (NEB) 

and BamHI(NEB). pcDNA5-FLAG and the insert were ligated together in a 1:3 molar 

ratio, respectively, and transformed into DH5ɑ E. coli cells. Clones with the correct 

sequence were r used for transfection in the creation of stable cell lines. 

Δhelicase was created by using PCR with flanking restriction sites of NotI and BamHI 

to create the desired insert with PfuUltra II Fusion with Ta at 61.7˚C. The primers are 

listed above. PCR reactions and pcDNA3MYC backbone were digested with Not1 and 

BamH1. The samples were gel purified. pcDNA3MYC and the insert were ligated 

together in a 1:3 molar ratio, respectively, and transformed into DH5ɑ E. coli cells. 

Clones containing the correct sequence were digested with NotI and BamHI and gel 

purified. pcDNA5-FLAG and the insert were ligated together in a 1:3 molar ratio, 

respectively, and transformed into DH5ɑ E. coli cells.  Positive clones were used for 
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transfection in the creation of stable cell lines.  

Creation of stable cell lines  

Stable cell lines were created in Flp-In T-REx 293t cells (Invitrogen). Cells were 

transfected with a 1:9 ratio (µg) of contract to pOG44. The untransfected and 

transfected plate were selected for with blasticidin (Corning) at 15 µg/ml and 

hygromycin B (Invitrogen) at 100 µg/ml until foci began to develop. Media was 

changed every 3-4 days. Colonies were pooled and frozen in 5% DMSO and FBS 

(Gibco Life Technologies). 

Immunoprecipitation of MOV10 for ATPase Assays via Cerenkov method 

Stable cell lines were grown in 2x 15cm plates and were induced at 5µg/ml 

tetracycline (Sigma-aldrich). Cells were then lysed in hypotonic lysis buffer (1mL/ 

10cm plate; 10mM Tris-HCl pH 7.5, 10mM NaCl, 2mM EDTA, 0.5% Triton-X100, 

1mM PMSF, 2 µg/ml Aprotinin, 2 µg/ml Leupeptin, and 5 µl/ml RNAse A), incubated on 

ice for 10 minutes, and NaCl was added back a final concentration of 150mM. The 

cell lysis was spun down at 15K RPM at 4˚C for 15 minutes. 5% of the supernatant 

was removed for “total” analysis. FLAG peptide was added to the remaining lysate 

(Sigma Aldrich) at 1µg/ml and then added to pre-washed anti-FLAG agarose beads 

(Sigma-Aldrich) and nutated from 2-4 hours at 4˚C. After at least 2 hours, the IPs were 

spun down and washed the beads with NET-2 (50mM Tris-HCl pH 7.5, 150mM NaCl, 

and 0.05% Triton-X100) 8-9 times. NET-2 buffer was swapped for elution buffer 

lacking FLAG peptide (5mM Tris-HCl pH 7.5, 50mM KOAc, and 0.05% Triton-
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X100).  Beads were then eluted two times in elution buffer with FLAG peptide (5mM 

Tris-HCl pH 7.5, 50mM KOAc, 0.05% Triton-X100, and 300 µg/ml FLAG peptide). 

The elutions were pooled and aliquoted into 10 µl samples that were flash frozen and 

stored at -80˚C. 

Immunoprecipitation of MOV10 to remove contaminant 

IPs were performed as described above (Immunoprecipitation of MOV10 for ATPase 

Assays via Cerenkov method). After nutating for 2-4 hours, the beads were washed 

one time in NET-2. After one wash, the beads were then incubated 3 times for 20 

minutes in 0.1 mg/ml denatured E. coli lysate (created via sonicating a liquid cell 

culture) and Buffer A (50mM Tris-HCl pH 8.0, 150mM NaCl, and 1mM PMSF) at 

4˚C. The beads were then washed with NET-2 8-9 times. The IP was then completed in 

the same manner as the IP protocol described above. 

Creation of E.coli lysate 

DH5ɑ cells were grown at 37˚C overnight in 200mL of LB. DH5ɑ cells were spun 

down and then resuspended in 20mLs BufferA. The 10mLs was then put in 2 15mL 

falcon tubes. Cells were sonicated at an intensity of 6.5 for 30 seconds with 30 

seconds of rest 8 times. The falcon tubes were kept on ice, and the procedure was done 

at 4˚C to keep the cells cool. The sonicated cells were then spun down for 5 minutes at 

1,500rpm. 1.5mLs was then aliquoted into eppindorf tubes and incubated for 10 

minutes at 65˚C. The incubated solution was spun down at a maximum speed for 10 
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minutes.  The supernatant was quantified via Bradford assay. The supernatant was then 

flash frozen in 500µl aliquots and stored at -80˚C. 

Protein normalization for ATPase Assays 

In order to normalize the protein levels for the ATPase assays 10µl of each protein 

sample were separated on and 8% SDS-PAGE gel. The gel was transferred to 

nitrocellulose membrane at 80V for 2 hours. The membrane was blocked for at least 

30 minutes and then probed with a FLAG antibody (see below). Afterwards the 

western blot was visualized with ECL+ (ThermoScientific), and then scanned and 

quantified. 

ATPase Assay via Cerenkov Method 

ATPase assays were performed in vitro. A no-protein control reaction was used to 

establish spontaneous ATP hydrolysis as well as total ATP.  The reaction mixture 

consisted of 5x ATPase buffer (250mM MES pH6.5, 250mM KOAc, 25mM MgOAc, 

100mM DTT, and 500 ng/µl BSA) diluted to 1x, 1µl Poly(U) RNA at 2ng/µl, 0.05mM 

ATP, 0.025µl γ32P-ATP (3000Ci/mmol 10mCi/ml) (Perkin-Elmer ), concentration of 

purified protein, and water to bring to 10µl. The reaction mixture was incubated at 

30˚C for 1 hr. Following the incubation the hydrolysis reactions were quenched by 

adding 4µl of the reaction to 400µl 10% activated charcoal/10mM EDTA and 4µl of 

the reaction to 400µl 10mM EDTA only and vortexing thoroughly. These quenched 

reactions were incubated on ice for 30-60 minutes. After incubation they were spun 

down at maximum speed for 15 minutes at 4˚C. Then at least 50µl (depending on the 
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age of the radioactivity) of supernatant was removed and added to a scintillation vial 

and counted for 1 minute under 32P on a liquid scintillation counter. 

RNA free Co-Immoprecipitations of mutants for western blot analysis 

Stable cell lines of mutant constructs were grown in 10cm plates and induced at 

endogenous levels: MOV10WT, K, and ΔNtCH were induced at 2.0 ng/mL tetracycline. 

MOV10ΔCH was induced at 2.5 ng/mL tetracycline. MOV10DE was induced at 5.0 ng/

mL tetracycline. MOV10Δhelicase and FLAG only were induced at 3.5 and 10.0 ng/mL 

tetracycline, respectively. The cells were harvested and then lysed in isotonic lysis 

buffer (1mL/10cm plate; 10mM Tris-HCl pH 7.5, 150mM NaCl, 2mM EDTA, 0.5% 

Triton-X100, 1mM PMSF, 2 µg/ml Aprotinin, 2 µg/ml Leupeptin, and 5 µl/ml RNAse A or 

RNase 1). The lysed cells were incubated on ice for 10 minutes and then spun down at 

maximum speed for 15 minutes at 4˚C. 5% of supernatant was saved for protein 

analysis and 5%  was added to 600µl Trizol (Ambion) for RNA analysis. The rest of 

the supernatant was removed and FLAG peptide was added at 1µg/ml. The supernatant 

with FLAG peptide to pre-washed Anti-FLAG agarose beads (Sigma-Aldrich) and 

nutated for 2-4 hours at 4˚C. After nutating, the IPs were spun down gently at 1.5K 

RPM and 10% of the unbound fraction was taken, 5% for protein analysis and 5% for 

RNA analysis. The beads were washed with NET-2 8-9 times, and then 25µl of 1x 

Protein Loading buffer was added. Samples were boiled for 10-15 before they were 

loaded on a protein gel. 

Western Blots 
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Samples were separated on an 8% SDS-PAGE gel and then transferred to a 

nitrocellulose membrane. Afterwards the membrane was blocked in Blot Buffer 

(100mM Tris-HCl pH7.5, 150mM NaCl, and 0.1% Tween 20)/10% milk for 30 

minutes or more. The blot was then incubated overnight with the primary antibody at 

4˚C. The next morning it was washed 2x in blot buffer and incubated with secondary 

antibody for 1-4 hours. It was then washed 3x for 15 minutes in blot buffer and 

visualized with PICO (Pierce), Femto (Pierce), or ECL+ (Pierce). 

RNA analysis 

RNA analysis: RNA was extracted from 2.5% of total lysate by Trizol (Life Tech). 

RNA pellets were resuspended in formamide loading buffer (94% formamide, 5mM 

EDTA, 0.1% bromophenol blue, 0.1% xylene cyanol). One third of the resuspended 

sample was heated for 5 minutes at 85 *degrees*C loaded onto a pre-run 7.5% 19:1 

polyacrylamide, 8M urea, 1xTBE gel and run at 10 mA/gel for 1 hour. The gel was 

stained with SYBR Gold (Life Tech) and imaged. 

Antibodies used for western blot analysis 

FLAG (rabbit, polyclonal, Sigma-aldrich, F7425), Upf1 raised in rabbit (Lykke-

Andersen et al. 2000), MOV10 (rabbit, polyclonal, Proteintech, 10370-1-AP), and 

PABP (rabbit, polyclonal, abcam, ab21060) 

!
!!!
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