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ABSTRACT 

PROTEIN PHOSPHATASE 1 ALPHA MODULATES L POLYMERASE 

PHOSPHORYLATION AND REGULATES RIFT VALLEY FEVER VIRUS 

REPLICATION 

Alan Baer, M.S. 

George Mason University, 2015 

Dissertation Director: Dr. Kylene Kehn-Hall 

 

Members of the Bunyaviridae family are amongst the most widespread viruses in the 

world. Rift Valley fever virus (RVFV), family Bunyaviridae, is a mosquito-borne 

phlebovirus capable of causing cyclic Rift Valley fever epidemics devastating both 

livestock and human populations throughout sub-Saharan Africa. Despite being 

recognized as an emerging threat, relatively little is known about the virulence 

mechanisms of RVFV, or the host factors involved in viral pathogenesis. Currently there 

are no FDA licensed vaccines or therapeutics to treat RVF. The Ser/Thr cellular kinase 

Protein Phosphatase 1 (PP1) is an attractive target for viral manipulation as it is involved 

in numerous host signaling events, and has previously been shown to play a significant 

role in the replication of numerous viruses such as human immunodeficiency virus types 

1 and 2 and the Ebola virus. Numerous studies have shown that PP1 can play a prominent 

role in viral replication, affecting sensing, signal transduction, cell cycle checkpoint 
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control, RNA splicing, and protein synthesis. Here we demonstrate PP1 playing a 

prominent role in RVFV replication through interaction with the viral L polymerase. The 

viral RNA-dependent polymerase of RVFV is a 238-kDa protein that is involved in both 

cytoplasmic viral mRNA transcription, and in genomic viral RNA replication. While the 

L polymerase is known to interact with the viral nucleoprotein, forming pseudohelicoidal 

ribonucleoprotein complexs (RNPs), cellular-polymerase interactions have not yet been 

identified. In our studies, inhibition of the PP1α subunit through both siRNA knockdown 

and a small molecule inhibitor 1E7-03, resulted in decreased viral titers in a highly 

selective manner. Following infection, our results identified L polymerase 

phosphorylation and interaction with PP1, suggesting that it may be a substrate of PP1α. 

Treatment with 1E7-03 was also found to globally reduce both viral RNA and protein 

levels, while not inhibiting cellular transcription or translation. Following 1E7-03 

treatment (inhibiting PP1 phosphatase ability) increased phosphorylation of the viral L 

polymerase was also detected. Our results indicated that the mode of action for 1E7-03 is 

independent of the viral NSs protein, and demonstrates a link between the PP1α subunit 

and the viral L polymerase. These results demonstrate that PP1α activity is important for 

RVFV replication, potentially through dephosphorylation of the viral L polymerase,  or 

through dephosphorylation of a viral or host intermediary.  
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CHAPTER ONE: STATEMENT OF PROBLEM 

Viruses in the Bunyaviridae family are extremely diverse and widespread throughout the 

world, posing a significant threat to both human and livestock population
1–3

. Rift Valley 

fever virus (RVFV), genus Phlebovirus family Bunyaviridae, is a mosquito-borne-virus 

whose cyclic epidemics have had devastating economic effects on livestock populations 

throughout much of Africa
4–6

. In humans, RVFV infection causes inflammation of the 

brain, spinal cord, and meninges, and in some cases retinitis with visual impairments and 

hemorrhagic liver necrosis
4–6

. Past outbreaks have resulted in significant economic loss 

and high human and livestock mortality rates
4
. Recent outbreaks have spread from 

continental Africa into Mozambique, Yemen and Saudi Arabia, with human mortality 

rates increasing from 2 to 45%, demonstrating increased virulence and the ability to move 

across significant geographic barriers. While bunyaviruses are found throughout the 

world, most species have a limited geographic distribution due to their reliance on a 

select number of specific arthropod species to maintain their natural transmission cycle
2
. 

Due to its increasing susceptibility, spread, ease of aerosolization, and most importantly a 

high degree of vector plasticity, RVFV has been listed as an emerging infectious disease 

and a category A pathogen by NIH/NIAID and a select agent by the US Centers for 

Disease Control and Prevention (CDC)
5
. RVFV is also considered an overlap select agent 

with the United States Department of Agriculture due to its occurrence in livestock 
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populations
5
. Despite being recognized as an emerging threat, relatively little is known 

about the virulence mechanisms of RVFV and there are currently no FDA licensed 

vaccines or therapeutics. In addition, there is a gap of knowledge regarding the basics of 

host-pathogen interactions that would allow for a rationale therapeutic design.  

 

The long-term goal of our research is to develop a greater understanding of the interplay 

between viral and cellular proteins in order to elucidate the fundamental mechanisms of 

host susceptibility to viral infection and disease. By identifying these mechanisms we 

hope to develop therapeutics targeted to the host, establishing a much broader range of 

targets with decreased likelihood of viral adaptation, and the potential for broader usage 

among viruses utilizing highly conserved pathways.  
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CHAPTER TWO: SPECIFIC AIMS 

Despite having relatively small genomes and few proteins at their disposal, viruses are 

capable of completely subjugating their hosts cellular machinery
7
. Recent systematic 

analyses of host-pathogen protein interaction maps have demonstrated that viral proteins 

tend to target human proteins or ‘control hubs’ which are highly involved in cell cycle 

regulation and signaling pathways
7
. Our preliminary studies demonstrated that RVFV 

phosphorylates a large number of host signaling proteins such as ATM, p53, p38, ERK, 

and numerous other mitogen-activated protein kinase (MAPK) cascades
8–10

. Protein 

phosphorylation and dephosphorylation are well-conserved signaling mechanisms for 

modulating the functional properties of a large number of proteins involved in: gene 

expression, cell cycle control, cell proliferation, and apoptosis. The ability to determine 

the state of phosphorylation for specific proteins is of great value in the functional 

establishment of a given protein
11,12

. Phosphoproteins account for ~30% of the total 

proteome with >86% of these being phosphorylated on Ser/Thr residues
11,12

. Cells are 

able to maintain this vast network of delicately regulated phosphoproteins through 

kinases and phosphatases, making these highly conserved nodes important regulators in 

the cell. Due to the fact that many of these protein kinases and phosphatases are 

implicated in cancer, as well as neurodegenerative and pathogenic diseases, researchers 

are actively seeking candidate drugs that can very specifically control the activity of 
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selected protein kinases which serve as central checkpoints and hubs of cellular signaling. 

Protein phosphatase 1 (PP1) is a well characterized and conserved Ser/Thr phosphatase 

encoded by three highly related genes and is known to interact with over 200 regulatory 

proteins, including MAP kinases (MAPK), as well as numerous components of MAPK 

signaling cascade, DNA damage response pathway, cell cycle proteins, and p53 

activation
13

. PP1 has previously been shown to play a significant role in the viral 

replication of papovaviruses, adenoviruses, human immunodeficiency virus types 1 and 2 

and the Ebola virus
14–16

.  Numerous studies have shown that PP1 can play a prominent 

role in viral replication, affecting sensing, signal transduction, cell cycle checkpoint 

control, RNA splicing, and protein synthesis
12,13

.   

 

In our studies the inhibition of the Ser/Thr protein phosphatase PP1, through a novel and 

nontoxic PP1 inhibitor, 1E7-03, has shown marked decreases in RVFV titers and viral 

protein production. The PP1 holoenzyme is composed of a constant catalytic subunit 

(usually one of three distinct isoforms: PP1α, PP1β/δ or PP1λ), along with a regulatory 

subunit that determines the localization, activity and substrate-specificity of the 

phosphatase
17

. 1E7-03 acts as a small molecule non-competitive inhibitor of PP1 that 

specifically disrupts the interaction of PP1α with substrates containing a RVXF PP1-

binding motif
18

. Our preliminary data indicate that the mode of action for 1E7-03 is 

independent of the viral NSs protein, a major virulence factor unique to RVFV, and 

demonstrates a link between the PP1α subunit and the viral polymerase (L protein). As a 

well characterized regulatory phosphatase, we hypothesize that PP1α subunit activity is 
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important for viral replication and spread through dephosphorylation of the viral L 

protein; therefore if we specifically inhibit PP1α activity we will see a decrease in viral 

replication and/or spread. 

 

Aim 1: Determine importance of PP1α in RVFV replication.  

A) PP1α subunit relevance to RVFV: Our first goal is to determine if knockdown of the 

PP1α subunit alone inhibits viral propagation, confirming our hypothesis. Intracellular 

RNA production along with viral titers will be looked at dynamically in the context of 

1E7-03 or siRNA knockdowns through qRT-PCR and plaque assay. B) Determine if L 

protein is phosphorylated: Phosphorylation of the viral L protein will be determined by 

mass spectrometry from immunoprecipitated L protein and through analysis with 

phospho-specific antibodies. C) Identify the effects of 1E7-03 on L protein 

phorsphorylation: Determine if L protein phosphorylation is affected by addition of the 

PP1 inhibitor 1E7-03. 

 

Aim 2: L phosphorylations relevance to viral replication:  

A) Identify potential viral L polymerase interactions with viral N protein. 

Colocalization studies and binding interactions between viral L and N will be used to 

determine if the interaction and phorsphorylation of L is a requirement in its binding to 

N. B) N protein dimerization. While nucleoprotein protein dimerization and its 

subsequent interactions with ribonucleoproteins and viral RNA have been well 
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established; the determination of potential N protein dimerization and its reliance on L 

polymerase phorsphorylation will be studied. 

 

Aim 3: Evaluate the importance of PP1 for wild type RVFV in vitro.  

We will expand our findings to determine if fully virulent RVFV ZH501 (BSL-3) also 

utilizes PP1 for replication. A) PP1 inhibition of ZH501 in vitro: The influence of 1E7-

03 on viral replication will be tested with ZH501 in vitro through plaque assay.   
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CHAPTER THREE: RVFV 

Section 1: Virology 

Arboviruses are among the most widespread viral group in the world. Rift Valley fever 

virus (RVFV), genus Phlebovirus family Bunyaviridae, is an arthropod-borne-virus first 

identified in central Africa during the 1930s in the Rift Valley region of Kenya
4,5

.  RVFV 

has been categorized as a temporal virus in that epidemics tend to be cyclical in nature, 

typically following periods of intense rainfall and increased temperature
19,20

. 

Traditionally outbreaks of RVFV have had devastating effects on livestock populations 

throughout much of sub-Saharan Africa
4,6

, while recent outbreaks in Egypt (1997), 

Madagascar (1979), East Africa (1997), and in the Arabian Peninsula (2000) have 

demonstrated significant geographic spread and increased virulence towards humans
4,6

. 

Studies have indicated that increasing rates of globalization, along with changing climate 

factors will likely play a role in further increasing viral dissemination in the near future
4,6

.  

 

In humans, RVFV typically causes Rift Valley fever (RVF) a self limiting mild to 

moderate febrile illness, and in a small percentage of patients retinitis with visual 

impairment, hemorrhagic liver necrosis, and permanent neurological damage due to 

inflammation of the spinal cord and meninges
4,5

. Past outbreaks have been a source of 

significant concern as RVFV has proven adept in its ability to break past traditional 
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geographic barriers, escaping continental Africa into the Arabian Peninsula and 

Madagascar
4,5

. The recent geographical expansion of West Nile virus and yellow fever 

virus are particularly troubling as RVFV is capable of being transmitted by similar 

arthropod vectors and has been isolated from up to 40 different species of mosquitoes in 

the field
1,3

. Due to its increasing spread, host susceptibility, and in particular vector 

plasticity and ease of aerosolization (RVFV was weaponized by the US offensive 

biological warfare program prior to its termination in 1969), RVFV has been listed as an 

emerging infectious disease and a category A pathogen by NIH/NIAID and a select agent 

by the US Centers for Disease Control and Prevention (CDC)
55,21

. While RVFV has been 

well recognized as a significant and emerging threat, further studies are required for 

clarification of the mechanisms associated with RVFV pathogenesis at the molecular 

level. To date there are no FDA licensed vaccines or therapeutics for RVF and there is an 

urgent need for their development. 

  

Molecular Biology.   

RVFV contains a tripartite single stranded negative sense RNA genome composed of the 

large (L), medium (M), and the small (S) segments. The viral RNA-dependent RNA 

polymerase or L protein (238 kDa) is encoded on the L segment, while the M segment 

encodes the precursors for the two glycoproteins which are post-translationally processed 

into the mature glycoproteins Gc (56 kDa) and Gn (54 kDa), and the nonstructural NSm 

protein (a 14-kDa cytosolic protein, and P78/NSm-GN, a 78-kDa glycoprotein)
4,6

. The S 

segment codes for the viral nucleoprotein N (26 kDa) and the nonstructural protein NSs 
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(31 kDa) 
4,6

. While the nonstructural proteins are replication dispensable; they do play a 

significant role in the pathogenesis of the disease in vivo
4,6

. The NSs protein in particular 

has been established as a major virulence factor due to its ability to suppress the host’s 

innate immune response
4,6

. Interestingly the S segment encodes NSs in an ambisense 

manner with NSs RNA present in the viron as cRNA, allowing first and early expression, 

likely due to its immediate and efficient inhibition of the interferon response and cellular 

transcrption
22

. Past studies have shown NSs to be a multifaceted protein, inducing post-

transcriptional down regulation of dsRNA-dependent protein kinase (PKR) in order to 

prevent phosphorylation of eIF2alpha, promoting viral translation in infected cells by 

acting as an inhibitor of IFN
4,6

. NSs has also been shown to act as a general inhibitor of 

cellular transcription through the sequestration of the p44 subunit of basal transcription 

factor TFIIH
4,22

, and has been shown to interact with the cellular SAP30 Sin3A complex 

which is involved in gene transcription regulation, including that of IFN
23

.  

 

 

Section 2: Epidemiology/Pathogenicity 

RVFV is primarily endemic throughout Kenya, Zimbabwe and the central African belt, 

although recent outbreaks have occurred as far away as Egypt, Saudi Arabia and Yemen
5
. 

Outbreaks of RVFV typically occur in a cyclical nature, lying dormant during the dry 

season, only to reemerge during periods of intense rainfall
20,26,27

. Throughout the dry 

portions of the year, RVFV primarily persists among the mosquito species belonging to 

the genus Culex or Anopheles, although these species are typically seen as amplification 
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vectors and not reservoirs of the disease
20,26,27

. The majority of outbreaks typically start 

by following a route of vertical transovarian transmission by the floodwater Aedes 

species following periods of intense rain, followed by the horizontal transmission of 

RVFV by mosquitoes among animals
4
. Infected eggs of floodwater Aedes mosquitoes are 

a principal source of infection, maintaining the virus during dry conditions 
4
.  

 

Disease in sheep and cattle 

Outbreaks of RVFV, are often first detected among ruminants by classical “abortion 

storms”, with mortality rates among ruminant fetuses as high as 100%. Among 

ruminants, sheep have traditionally been the most susceptible species, followed by cattle, 

goats, and camels
4,5

. Infection by RVFV is typified by fever and liver necrosis. Following 

its establishment in livestock populations, RVFV typically begins a period of horizontal 

amplification, propagated by feeding mosquitoes, and begins spreading among humans, 

resulting in an epizootic event closely followed by an epidemic
4,5

. 

 

Disease in humans 

Mosquitoes play an important role in the spread of RVFV, infecting both animal and 

human populations. While mosquitoes are typically responsible for the wide geographic 

spread of an outbreak, humans primarily contact the disease through the exposure of  

infected bodily tissues or fluids
4
. In humans, initial infection by RVFV typically follows 

an incubation period of 4–6 days, with patients remaining viremic during the febrile 

phase
4
. Incubation is then followed by a mild to moderate febrile illness. Acute cases, 
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while rare, often result in the development of chills, high fever, malaise, dizziness, 

nausea, severe headache and musculature pain, along with the potential for retinitis, live 

necrosis, and neurological sequale
4
. A small percentage of patients develop a 

hemorrhagic fever
4
. Complete recovery often take weeks; with weakness, musculature 

pain, visual impairment, and neurological sequelae often persisting for weeks to a year
4
.  

 

Environmental and Social Factors. 

The ability of RVFV to spread and significantly impact geographic locales outside of 

traditionally endemic areas is of significant concern. Potential modes of spread include: 

the transport of virus-carrying vectors, importation of viremic hosts, and the intentional 

entry of RVFV as a biological weapon
3
. Of particular concern for RVFV is the large 

number of common arthropod vectors found throughout the world that are able to 

transmit the disease: various mosquitoes in the Aedes and Culex genus (over 30 species), 

as well as sandflies and ticks, have all been identified as competent vecors
1,3,27

  

 

While the overall case fatality rate for RVFV has typically been between 1% and 2% of 

infected humans, recent outbreaks in Kenya, Somalia and Tanzania during 2006 through 

2008, have resulted in mortality rates as high as 10-40%, demonstrating an increased 

lethality
27

. These factors have all contributed to RVFV’s classification as an emerging 

infectious disease and a category A pathogen (NIH/NIAID) and a select agent by the 

CDC and USDA
4,5

.  
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Section 3: Current Therapeutics and Vaccines 

To date, there are no FDA approved vaccines or therapeutics for RVF. Initial vaccine 

trials using inactivated virus failed to mount a sufficient immune response, requiring 

repeated and continual vaccinations in order to maintain immunity
4
.  
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CHAPTER FOUR: VIRAL PROTEIN KINASES AND PHOSPHATASES 

Section 1: Kinases and Phosphatases.   

Kinases and phosphatases are enzymes that are able to produce reversible covalent 

modifications of a substrate through either the addition of a phosphate group by a kinase, 

or their removal by a phosphatase. Taken together, these two groups of enzymes are 

responsible for modulating over 1/3 of cellular proteins, often in response to external 

environmental or pathogenic stimuliation
30

. Protein phosphorylation regulates numerous 

signal transduction cascades initiated during: development, the immune response, general 

transcription, apoptosis, and cell differentiation
13,30

. The ability to determine the 

phosphorylation state for a specific protein is of great value in its functional 

establishment. A large number of studies have demonstrated that protein phosphorylation 

plays a critical role in the development of numerous pathological states, ranging from 

infection to cancer
10,30–33

.  

 

Section 2: Viral-Host Interactions and PP1 Targeted Therapeutics 

Pathogens utilize various methods to hijack the cellular machinery, often activating or 

inactivating critical signaling pathways in order to provide an environment favorable for 

their replication
34

. Our preliminary studies demonstrated that RVFV infection results in 
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phosphorylation of a large number of host signaling proteins such as ATM, p53, p38, 

ERK, and numerous other mitogen-activated protein kinase (MAPK) cascades
8–10

.   

 

Protein Phosphatase 1 

PP1 is a well characterized and conserved Ser/Thr phosphatase encoded by three highly 

related genes, encoding for the α, β, and γ catalytic subunits, and is known to interact 

with over 200 regulatory proteins such as MAP kinases, as well as numerous components 

of MAPK, DNA damage, cell cycle regulation, and p53 regulation
8–10

.  

 

PP1 is highly conserved in both eukaryotic and prokaryotic cells, and is composed of a 

regulatory and a catalytic subunit
8–10

. The regulatory subunit typically plays the largest 

role in determining both substrate specificity and cellular localization
8–10

. PP1 is then 

further targeted in the cellular environment through interaction with its binding substrate.  

Structural studies for the catalytic unit have demonstrated multiple bindings sites 

comprised of a α/β fold with a central β-sandwich arranged between two α-helical 

domains forming a shallow and promiscous active binding groove
8–10

. The active site for 

the binding groove is centrally located around Mn and Fe ions which are bridged by a 

single water molecule, this dimetal ion is responsible for initiation of the nucleophilic 

attack on phosphorus atoms
8–10

.  
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PP1 is known to interact with several Families of viruses such as the papovaviruses, 

adenoviruses, human immunodeficiency virus (HIV) types 1 and 2 and the Ebola 

virus
15,35–38

. As a phosphatase, viruses typically utilize PP1 in order to remove phosphates 

from specific viral or cellular substrates in order to regulate viral replication. Among 

cellular components targeted by viruses through PP1 interaction, eIF2alpha 

phosphorylation appears to be a common and critical target, allowing viruses to inhibit 

PKR activity and translational shutoff.   

 

For the Ebola Virus, the viral polymerase complex regulates both viral transcription and 

replication. In the transcriptional mode, the polymerase transcribes each gene through a 

series of start and stop codons
15

. In the replication mode the polymerase uses the genomic 

RNA to produce a complementary strand of anti-genome, from which to generate a new 

genomic RNA strand
15

. Several studies have indicated that VP30 acts as a unique 

regulator between the transcriptional and replication state of the RNA-dependent 

polymerase complex in a phosphorylation dependant manner
22,36,39,40

. VP30 has been 

shown to play a critical role in the regulation of viral transcription by existing in either an 

inactive phosphorylated state or an active dephosphorylated form
22,36,39,40

. In a recent 

study, VP30 dephosphorylation was shown to be dependent on PP1 through the addition 

of a low molecular weight compound 1E7-03, which is able to functionally mimic the 

PP1-binding RVXF motif
15

. Addition of 1E7-03 was found to dephosphorylate VP30, 

resulting in decreased  viral transcription, but not replication
15

.  
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In HIV-1, transcription of viral genes is activated by the viral Tat protein which induces 

phosphorylation of the C-terminal domain of RNA polymerase-II by CDK9/cyclin 

T1
14,41

. In a recent publication, Tat was shown to target PP1 to the nucleus
14,35

, and PP1 

was shown to regulate Tat induced HIV-1 transcription
14,35

. The phosphorylation status of 

the C-terminal domain of RNA polymerase-II by CDK9/cyclin T1is functionally critical 

for HIV-1 transcription and is mediated through PP1 activity. Disruption of PP1-Tat 

interaction has been shown to inhibit induction of HIV-1 transcription in an in vitro 

model
14,35

. 

 

Our collaborators developed a library of PP1-targeting small molecules that were 

modeled to fit the RVXF-accommodating cavity of PP1
14,18

. A screening of different 

compounds, identified a tetrahydroquinoline derivative 1E7-03
18

. 1E7-03 was found to 

bind to PP1 in vitro and prevented shuttling of PP1 into the nucleus
14,18

. To date, 1E7-03  

has demonstrated negligible cytotoxicity, along with increased in vitro efficacy in 

comparison to traditional PP1 inhibitors
18

. 1E7-03’s targeted specificity was achieved 

through selective disruption between PP1 and its weakly binding interactors containing 

an RVXF binding motif 
55,56

. By specifically targeting a single PP1 binding motif, the 

number of off target effects can be greatly reduced 
66

. Previous control studies with 1E7-

03 treated samples showed negligible changes among the classical regulatory subunits of 

PP1α (NIPP1 and PNUTS), or the expression of over 200 other host cellular proteins that 

were profiled using mass spectrometry (MS) 
55

. These studies further suggest that the 

targeting of PP1 can be done in a highly specific manner with few off target effects.  
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Viral induced alterations of highly conserved host signaling pathways such as PP1 are an 

ideal target for therapeutics as they have demonstrated efficacy in a number of viral 

pathogens. Along with broader application potential among other pathogens, the use of a 

highly specific PP1 inhibitor is thus likely to prove less susceptible to viral mutations and 

resistance than conventional therapeutics.   

 

Section 3: Clinical Relevance 

Due to the fact that many protein kinases and phosphatases are implicated in cancer, as 

well as neurodegenerative and pathogenic diseases, researchers are actively seeking 

candidate drugs that can very specifically control the activity of selected protein 

kinases
11,34

. One of the benefits of targeting cellular substrates such as PP1, both from a 

therapeutic and viral perspective, is the high degree of conservation across animal cell 

types and lines. The use of host based therapeutics also provides less potential for viral 

adaptation, as we are looking at modifying fixed targets within the host that the virus is 

reliant on in order to mount a persistent infection. We hypothesize that activation of 

cellular phosphosignaling by RVFV is an early event that profoundly affects both the 

host response and viral multiplication, and that the disruption of those signaling events 

critical to the viral life cycle, through the use of a highly selective inhibitor, will provide 

valuable therapeutic targets with minimal off target effects. Investigating RVFV and its 

interaction with the host proteome, through phosphosignaling and PP1α, has the potential 

to greatly aid in the design of effective and novel therapeutics that can control the 
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pathogenic process at a very early stage post infection, while providing novel insights 

into RVFV viral replication and spread.  
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CHAPTER FIVE: METHODS AND MATERIALS 

Viruses and Infections. The MP-12 strain of RVFV, a live attenuated strain derived 

from the ZH548 strain, was isolated from a patient with uncomplicated RVFV infection 

and generated by 12 serial passages in MRC5 cells in the presence of 5-fluorouracil, 

which induced a total of 25 nucleotide changes across the three viral genome segments. 

rMP-12-NSsdel (ΔNSs) completely lacks the NSs ORF or in the case of rMP-12-NSsLuc 

(NSs-Luc) was replaced with a renilla luciferase reporter
42

. rMP-12-Flag (NSs-Flag) has 

a C-terminal Flag-tagged NSs 
42

. rMP-12-LV5 is a recombinant strain derived from MP-

12 with a V5 tag inserted between amino acid position 1852 and 1853 of the viral L 

protein. Control experiments were performed with California influenza (A/2009 H1N1) 

and Venezuelan Equine Encephalitis TC83 (VEEV). 

 

During viral infections the growth media was removed, cells washed with phosphate 

buffered saline (PBS) without calcium and magnesium, overlaid with a viral inoculum 

diluted in growth media, and incubated for an hour at 37°C at 5% CO2. Following a one 

hour incubation at 37°C, infectious supernatant was removed, cells washed with PBS, 

and replaced with supplemented growth media. Cells were maintained at 37°C and 5% 

CO2.   
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Cell Culture and Extract Preparation. Human small airway lung epithelial cells 

(HSAECs) (Cambrex Inc.) were kept at 37°C and 5% CO2. Ham's F12 was used as the 

media, and supplemented with 1% penicillin/streptomycin, 1% glutamax, 1% 

nonessential amino acids, 1% sodium pyruvate, 0.001% β-mercaptoethanol (1000x) and 

10% FBS. MDCK, 293T cells and Vero cells were cultured using standard protocols 

using DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% 

glutamax. Cell collection for western blot analysis was performed with a lysis buffer 

containing a mixture of T-PER reagent (Pierce, IL), 2× Tris-glycine SDS sample buffer 

(Novex, Invitrogen), 33 mM DTT, and protease and phosphatase inhibitor cocktail (1× 

Halt cocktail, Pierce) applied directly to the cells, lysates were boiled for 10 minutes.   

 

Immunofluorescent Staining. Cells were grown and treated on cover slips in a 6-well 

plate, fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 in 1× 

PBS (without calcium and magnesium), blocked in 3% BSA, and incubated with primary 

antibody in blocking buffer for 1hr at 37°C using antibodies as described in the western 

blot analysis section below.  After the 1hr incubation, cells were washed 3× in PBS plus 

300mM NaCl and 0.1% Triton X-100 for 3 minutes. Cells were incubated with Alexa 

Fluor 488 and 568 donkey anti-mouse and anti-rabbit secondary antibodies respectively 

at a 1:500 dilution (Invitrogen), then washed and stained with DAPI to visualize the 

nuclei.  Fluorescence microscopy was carried out using a Nikon Eclipse 90i microscope. 

Confocal sections were taken along the Z axis, which corresponded to the optical axis of 
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the microscope and taken from the top down of an individual cell. Data analysis and 

image rendering was performed using Nikon’s NIS Elements AR 3.2 software package. 

 

Western Blot Analysis. Cell lysates were separated in 4–12% Bis-Tris gels and 

transferred overnight using a wet transfer on PVDF. The membranes were blocked with 

either a 3% BSA or 3% boiled milk solution in Phosphate Buffered Saline with Tween20 

(PBS-T) for an hour at room temperature (RT). Membranes were probed with anti-RVFV 

N, anti-RVFV Gn, anti-V5 (Serotec), anti-Flag, anti-PP1 α and λ (Cell Signaling), anti-

PP1β (abcam), anti-NP (Influenza Cell Signaling), anti-Glycoprotein (VEEV), anti-

Serine and anti-Threonine (EMD Millipore) and HRP conjugated anti-β actin antibodies, 

diluted in 3% milk or BSA, and then incubated overnight at 4°C. The blots were then 

washed 3 times with PBS-T and incubated with either secondary HRP-coupled anti-goat, 

anti-rabbit or anti-mouse antibody diluted in 3% milk or BSA. The blots were visualized 

by chemiluminescence using SuperSignal West Femto Maximum Sensitivity Substrate 

kit (ThermoScientific) through the Molecular Imager ChemiDoc XRS system (Bio-Rad). 

 

Immunoprecipitation. Vero cells were infected with MP-12 LV5 at an MOI 3 or 

transfected with the desired plasmids, collected and lysed in a buffer containing 0.5% 

NP40, 50 mM Tris HCL pH 7.4, 120 mM NaCl, 5 mM EDTA, 50 mM NaF, 0.2 mM 

Na3VO4 and protease cocktail tablet. Dynabeads G from Invitrogen were incubated with 

1 ug of antibody for 1 hr at RT and then washed (with what?). One mg of whole cell 

lysates was then added (was the sample rotated?) for 8 hrs and antibody:protein 
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complexes were washed 4x each with a PBS and lysis buffer combination (what type of 

combination? 1:1?). Beads were stripped using an SDS based loading buffer, and eluates 

along with whole cell lysates were run on a 4-12% Bis-Tris gel and visualized through 

western blotting. 
 

 

siRNA Transfections and Plasmids. Prior to transfection, 293T cells were plated at 

2x10
4 

and then transfected the following day using Thermo Scientific DharmaFECT 

transfection reagent. Thermo Scientific On-Targetplus SMARTpool PP1α siRNA or 

Qiagen’s All Stars siRNA negative controls were used as recommended by the 

manufacturer. At 48 hours post transfection (hpt) cells were infected with rMP-12 NSs 

Luc at MOI 0.1, then collected at 24 hpi. 

 

Plasmids encoding the rMP-12 L protein were generated by modification of pT7-IRES-

vL encoding the MP-12 L protein (pT7-IRES-HA-L and pT7-IRES-GFP-L ) as 

previously described by Makino et al. 
43

. Generation of the pCMV-N plasmid construct 

has been previously described by Brun et al. 
44

. 

 

Drug Treatments and Plaque Assays. Cells were treated with either DMSO or the 

PP1target small molecule compound 1E7-03 at indicated times and concentrations, 

infected with inoculum for 1hr at the indicated MOI and then reintroduced to 

supplemented growth media with drugs as dictated per experiment.  For plaque assays, 

Vero cells were plated in 6 well plates at 10
6 

in order to achieve 90% to 100% 
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confluency.  Samples were diluted in growth media from 10
1 

to 10
8,

 infections were then 

carried out for each dilution in duplicate. After the one hour infection an overlay of 3 ml 

of a 1:1 solution of 0.6% agarose in dH20 with 2X Earls Minimal Essential Media 

(EMEM) for plaque assays, containing 2.5% FBS, 1% L-Glutamine, 2% 

penicillin/streptomycin, 1% nonessential amino acids, and 1% sodium pyruvate was 

added to each well, allowed to solidify and incubated at 37°C at 5% CO2 for 72 hrs.  

After 72 hrs, cells were fixed using 10% formaldehyde for 1 hr at room temperature, agar 

plugs discarded and fixed cellular monolayers were stained with a 1% crystal violet, 20% 

methanol solution for 30 min to allow visualization of the plaques.  Averages were taken 

from duplicates, with dilutions containing fewer than 5 or more than 100 plaques being 

discounted. 

 

Cell Viability Assay.  Cells were cultured, treated and infected as described above. At 

the appropriate time point a cell viability assay using CellTiter-Glo Cell Luminescent 

Viability Assay (Promega) was performed according to manufacturer’s protocol.  

 

Quantitative RT-PCR. HSAEC’s were grown in 12 well plates, and collected in 350 µl 

of Buffer RLT + β-mercaptoethanol. The RNA was extracted using RNeasy Mini Kit 

(Qiagen) in accordance with manufacturer’s protocol. The RNA was then DNAse treated 

(DNase I-RNase-Free, Ambion) to remove any contaminating DNA. qRT-PCR with viral 

specific primers was performed using RNA UltraSense One-Step Quantitative RT-PCR 

System (Life Technologies). The experiment was performed according to a standardized 
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protocol using 15 µL of master mix and 10 µM forward primer and reverse primer mixes. 

RVFV L segment (Forward GGTGGCATGTTCAATCCT and Reverse 

GCATTCTGGGAAGTTCTGGA), M segment (Forward AGTCCATAGCCCAGGTG 

TTG and Reverse CATTCAGCCAGGAAGGTTGT), S segment (Forward 

GAGAGGATCCGATTACTTTCCTGTGATATCTGTTGATTTGC and Reverse 

GAGACTCGAGCTAATCAACCTCAACAAATCCATCATCATCA CTCTCC) and 

Actin (Forward GCCGGTCGCAATGGAAGAAAGA and Reverse 

CATGGCCGGGGTGTTGAAGGT) added to five µL of extracted RNA. Fold changes 

were calculated relative to Actin using the ΔΔCt method. 

 

In Silico Analysis. Multiple Sequence Alignment (MSA) utilizing Clustal Omega, using 

seeded guide trees and HMM profile-profile techniques were used to generate sequence 

alignments in order to identify regions of similarity that may indicate functional, 

structural and/or evolutionary relationships between two biological sequences.  

 

LC MS/MS: MS analysis was carried out on immunoprecipitated material that was 

further separated on a 4–12% Bis-Tris gel, bands corresponding to the L polymerase were 

then cut out. The separated material was then subjected to in-gel tryptic digestion 

(trypsin, Promega) overnight at 37 °C. The digested peptides were eluted using ZipTip 

purification (Millipore), and identification of the peptides was performed by LTQ-

MS/MS equipped with a reverse-phase liquid chromatography nanospray (Thermo Fisher 

Scientific). The reverse-phase column was slurry-packed in-house with 5 μM, 200 Å-pore 
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size, C18 resin (Michrom Bioresources) in a 100 μm × 10 cm fused silica capillary 

(Polymicro Technologies) with a laser-pulled tip. After a sample injection, the column 

was washed for 5 min at 200 nl/min with 0.1% formic acid; peptides were eluted using a 

50-min linear gradient from 0 to 40% acetonitrile and an additional step of 80% 

acetonitrile (all in 0.1% formic acid) for 5 min. The LTQ-MS was operated in a data-

dependent mode in which each full MS scan was followed by five MS/MS scans where 

the five most abundant molecular ions were dynamically selected and fragmented by 

collision-induced dissociation using normalized collision energy of 35%. Tandem mass 

spectra were matched against the National Center for Biotechnology Information mouse 

database by SEQUEST BioWorks software (Thermo Fisher Scientific) with full tryptic 

cleavage constraints and static cysteine alkylation by iodoacetamide. For a peptide to be 

considered legitimately identified, it had to be the top number one matched and had to 

achieve cross-correlation scores of 1.9 for [M+H]
1+

, 2.2 for [M+2H]
2+

, and 3.5 for 

[M+3H]
3+

 with ΔCn > 0.1 and a maximum probability of randomized identification of 

0.01. 

 

RVFV Viral Stocks: Recombinant MP12 viruses were rescued by transfection of BSR-

T7/5 cells which stably expresses T7 RNA polymerase (T7 pol) with the following 

plasmids: pProT7-M(+), pProT7-L(+), pProT7-S(+), pT7-IRES-vN, pT7-IRES-vL, and 

pCAGGS-vG
45

. To generate an initial seed stock, cells (seeded at 3 × 10
6
 cells per 75cm2 

flask) were transfected with pProT7-M(+), pProT7-L(+), pProT7-S(+), pT7-IRES-vN and 

pT7-IRES-vL, and pCAGGS-vG. To generate a P1 viral stock, subconfluent Vero 
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monolayers were infected at an MOI of 0.1. Two days post infection, when cytopathic 

effects were observed within the culture, media supernatants were harvested twice and 

stored at 4 °C. After the last collection, supernatants were pooled together, filtered (0.2 

μM), and stored at −80°C in aliquots. 

 

Cloning: The rMP-12 AVLA and ATLA constructs were performed using standard PCR 

overlap extension recombination techniques. In brief, sections of the viral L-polymerase 

containing the KVLF and RTLF motifs were created from the proT7-L plasmid, and 

constructed using primers containing alanine mutations for the first and last residues of 

the KVLF>AVLA and RTLF>ATLA motifs. The construct were confirmed with 

enzymatic digestion and sequencing. Plasmid and primer sequences are available upon 

request. 

 

N protein Dimerization and Cross-linking: Cells were transfected with pT7-IRES-

GFP-L and pCMV-N plasmid then treated with the 1E7-03 for 24 hours. Samples were 

collected and lysed in a buffer containing 0.5% NP40, 50 mM Tris HCL pH 7.4, 120 mM 

NaCl, 5 mM EDTA, 50 mM NaF, 0.2 mM Na3VO4 and protease cocktail tablet for 30 

min at room temperature. Lysates were then cleared by centrifugation (13,000 rpm for 10 

minutes) and incubated with a solution of glutaraldehyde (25%; Sigma Aldritch) diluted 

to a final concentration of 0.05% for 30 min at room temperature as previously 

descrbied
46

. The samples were then denatured using an SDS based loading buffer with 

Dithiothreitol (DTT) and separated on a 4-12% Bis-Tris gel. Immunoblotting was carried 
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out with cocktail of RVFV N-specific monocolonal antibodies (1:1; N mab R3-1D8-1-1a 

and N EC13).  
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CHAPTER SIX: RESULTS 

Section 1: Loss of PP1α reduces RVFV replication. 

PP1α has been implicated in the sensing and regulation of numerous host cellular process 

that affect the life cycle of RVFV
47,48

. In order to determine if PP1 activity is linked to 

RVFV replication, siRNA knockdown experiments were performed. For increased 

knockdown efficiency, 293T cells were used and transfected for 48hrs with siPP1α. Cells 

were then infected with the reporter virus, rMP-12 ΔNSs-Luc, and collected at 24 hours 

post infection (hpi). PP1α knockdown resulted in over a 50% reduction in viral 

luminescence in comparison to the siRNA negative control (Fig. 1A). Plaque assays 

confirmed these results for the rMP-12 ΔNSs-Luc, demonstrating a significant decrease 

in viral titers (Fig. 1B), indicating that reduction in viral progeny was likely independent 

of NSs.  

To confirm PP1 α knockdown, cell lysates were probed through western blot analysis at 

both 48 hours post transfection (time of initial infection) as well as 24 hpi (time of 

collection), in order to confirm knockdown throughout the course of the infection (Fig. 

1C). This experiment was repeated using rMP-12 strain (containing the NSs protein).  A 

two log reduction was noted in this context (Fig. 1D). Collectively these results indicate 

that loss of PP1α decreases RVFV replication. 
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Fig. 1: Loss of PP1reduces RVFV replication. In panels A-C, an MP-12 ΔNSs-Luc viral reporter was 

used to infect cells in conjunction with siRNA knockdown of PP1. 293T cells were transfected for 48hrs 

with either siPP1 or a siRNA negative control. Intracellular viral reporter levels were compared between 

siPP1 and siNeg in panel A, along with viral titers from the supernatants through plaque assay in panel B. 

At 48 hours post transfection and just prior to infection (0hpi), a set of replicates were collected and probed 

for knockdown confirmation (panel C). Panel D represents a repeat of panel B with the rMP-12 strain. P 

values < 0.01.   
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Section 2: PP1α is redistributed to the cytoplasm following RVFV infection. 

Characteristic alterations of PP1α abundance and subcellular distribution have been well 

documented in the literature following numerous pathologies
49–51

. In order to determine if 

RVFV resulted in any such alterations, total levels of the PP1 isoforms PP1α, PP1β and 

PP1γwere examined following MP-12 infection through western blot analysis (Fig. 2). 

While a slight increase in both PP1α and PP1γ levels was seen at 2 hpi along with a 

corresponding decrease at 24 hpi, overall levels of the individual PP1 catalytic subunits 

appeared mostly unchanged and stayed largely consistent during the time points probed, 

when comparing mock versus infected cells for HSAECs (Fig. 2A) and Vero cells (Fig. 

2B).  
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Fig. 2: PP1 levels following MP12 Infection.  In panel A, HSAECs were infected with rMP-12 (MOI 3) 

with lysates collected at 2, 4, 8, 16, and 24 hpi. PP1 holoenzymes and , along with the viral N-protein 

and actin were probed by western blot analysis. Identical conditions were used in panel B with Vero cells. 

 

 

 

PP1 is highly mobile in most cell types, and isoforms are frequently relocalized through 

numerous interactions with targeting subunits
49–51

. As PP1 protein expression levels were 

unaltered, cellular localization of the separate isoforms were studied through nuclear and 
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cytoplasmic fractionations (Fig. 3A and B). After RVFV infection there was a clear shift 

in the distribution of PP1α from the nucleus to the cytoplasm (Fig. 3A, compare lanes 1 

and 3). In order to quantitate these results, total cytoplasmic levels of PP1α from three 

independent biological replicates were normalized to both GAPDH and total PP1α in Fig. 

3C, demonstrating a significant increase in the cytoplasmic redistribution of PP1α 

following MP-12 infection. Control samples for PP1β followed a similar trend to PP1α, 

while PP1γ demonstrated no shift. 
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Fig. 3: PP1distribution following MP12 Infection and Fractionation. In panel A and B, nuclear and 

cytoplasmic fractions of HSAECs infected with rMP-12 MOI 3 were collected at 16hpi and probed for 

PP1α,  and , along with GAPDH and Lamin as loading and fractionation controls. In panel C, 

densitometry was used to determine the intensity of bands corresponding to PP1α and GAPDH for three 

separate biological replicates. Averages were taken for respective replicates, with PP1α levels normalized 

to matching GAPDH as loading controls. Normalized values were then divided by total PP1α levels to 

determine the total cytoplasmic distribution. *P values < 0.01.   

 

 

 

In order to confirm the cytoplasmic shift detected through fractionation, confocal 

microscopy was performed (Fig. 4). PP1α, while primarily nuclear in origin, is diffusely 

located throughout the cell, shuttling between the nuclear and cytoplasmic compartments. 
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In contrast, PP1γ is extremely nuclear, with PP1γ preferentially localized in the nucleolus 

(data not shown). Interestingly RVFV infection resulted in an apparent cytoplasmic 

concentration and perinuclear redistribution of PP1α (Fig. 4). Relocalization of PP1α to 

the cytoplasm would follow suit for a cytoplasmic replicating virus interacting with the 

PP1α isoform
52

. In contrast to PP1α, no changes in PP1γ subunit localization were seen 

following RVFV infection either through fractionation (Fig. 3B) or through microcopy 

(data not shown). Unexpectedly, an increase in the cytoplasmic concentration of 

PP1βwas also seen following RVFV infection through fractionation (Fig.3B), but not 

microscopy (data not shown).  
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Fig. 4: PP1distribution following MP12 Infection through Microscopy. Vero cells were infected with 

rMP-12-LV5 at an MOI 1 and fixed at 16hpi. Cells were probed with DAPI, anti-V5 (green) and anti-

PP1(red)and analyzed by confocal microscopy. Z-stacks images. 

 

 

 

Due to the high degree of PP1α mobility and its involvement in the cellular life cycle, 

experiments testing for the nonspecific redistribution of PP1α following general cellular 

stress were performed using influenza A as a control (Fig. 5). Infection with influenza A 

resulted in no apparent shift in the distribution or amount of PP1α (Fig. 5). These results 

indicate that RVFV selectively targets and redistributes the PP1α isoform in a perinuclear 

and cytoplasmic manner. 
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Fig. 5: Specificity of PPdistribution. In panel A, MDCK cells were infected with influenza A at an 

MOI 1 and fixed at 24hpi. Cells were probed with DAPI, anti-NP (red) and anti-PP1(green). Z-stacks 

images are shown for both figures. 

 

 

 

Section 3: PP1-targeting small molecule compounds decrease RVFV replication. 

In order to confirm the importance of PP1 for RVFV replication, a novel and highly 

selective PP1 deregulator, 1E7-03
53

 (Fig. 6B), was tested in infected tissue cultures. Both 

HepG2 liver cells and HSAECs were assayed in order to look at relevant tissue models as 

RVFV is easily aerosolized and localizes to the liver during infection
54

. HepG2 cells were 
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infected at an MOI 3 for 24 hrs while pre- and post-treated with the small molecule 

compound 1E7-03. Treatment with 1E7-03 resulted in reduced viral levels (Fig. 6A), 

with no observed cytotoxicity as observed by measurement of ATP levels (Fig. 6F and 

G). 1E7-03 was found to be self-limiting in its toxicity, as the compound became 

insoluble at >50 μM when dissolved in DMSO. The CC50 (50% cytotoxicity 

concentration) for 1E7-03 was thus determined to be greater than 50 μM (Fig. 6C).  

Inhibition of RVFV replication by 1E7-03 was further confirmed through plaque assays, 

with a nearly two-log drop in viral titers indicating a loss in infectious viral progeny in 

both HSAECs and HepG2 cells (Fig. 6D). In order to determine if the drop in RVFV 

titers was due to off target cellular toxicity, 1E7-03 was applied to cells infected with 

influenza A (Fig. 6E), with no changes detected in plaque morphology (data not shown) 

or viral titers. These results demonstrate the ability of the PP1-targeting compound 1E7-

03 to reduce viral replication, without cytotoxic effect, in a highly specific manner across 

several relevant cell types. 
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Fig. 6: PP1 inhibitor 1E7-03 decrease viral replication. In panel A, HepG2 cells were infected with MP-

12 (MOI 3) and pre/post treated with 1E7-03 at 10uM and collected 24hpi. Viral supernatants were used for 

qRT-PCR. Panel B, depicts the chemical structure of 1E7-03. Cellular toxicity for 1E7-03 was determined 

using Promega’s Celltiter Glo ATP viability assay in panel C. In panel D, conditions were performed as in 

A using both HSAECs and HepG2 cells. In panel E, MDCK cells were infected with influenza type A 

(California strain) at MOI 1 and treated as previously in panel A, supernatants where collected at both 24 

and 48 hpi. Cell viability through Cell TiterGlo for HepG2 cells is shown in Panel F and for HSAECs in 

panel G. P values < 0.01.   
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Section 4: 1E7-03 treatment decreases RVFV viral protein levels. 

Viral protein levels in the context of 1E7-03 treatment were analyzed to help determine if 

a specific viral protein was being impacted by PP1 deregulation. Due to limitations of 

commercial antibodies for viral protein detection, recombinant strains derived from MP-

12: rMP-12-Flag (NSs-Flag) encoding a C-terminal Flag-tagged NSs, and rMP-12-LV5 

with a V5 tag inserted between amino acid position 1852 and 1853 of the viral L protein, 

were used alongside the unmodified MP-12 strain for viral protein detection (depicted in 

Fig. 7A).  

HSAECs were treated with either DMSO or 1E7-03, infected at an MOI 3 and collected 

at 8, 16, and 24 hpi. In the DMSO controls, the viral nucleoprotein (N) protein did not 

reach detectable levels until 16 hpi, with an increase at 24 hpi (Fig. 7B). Following 1E7-

03 treatment, N protein was undetectable at both 8 and 16 hpi, and was faintly detectable 

at 24 hpi, suggesting translation was occurring, albeit at a much reduced capacity (Fig. 

7B, compare lanes 6 and 10, with lanes 8 and 12). The viral NSs protein was faintly 

detected at 8 hpi in the DMSO control, with NSs levels increasing over subsequent time 

points (Fig. 7C). Earlier detection of NSs in comparison to the N protein may be due in 

part to the virus’s ambisense coding strategy, or to differing antibody sensitivity. The 

addition of 1E7-03 completely abrogated expression of the NSs protein, as well as the Gn 

protein (Fig. 7C). For the viral L polymerase detection in the DMSO controls occurred as 

early as 8 hpi, with an across the board decrease following 1E7-03 treatment (Fig. 7D). 
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Overall PP1 inhibition appeared to globally decrease levels of viral protein production, 

indicating viral dependence on PP1α. 

 

 

 

 

Fig. 7: 1E7-03 decreases MP-12 viral protein levels. Diagrams of the wild type MP-12 virus and the 

modified L segment of the rMP-12 L-V5 virus and the modified S segment of the rMP-12 NSs-Flag 

recombinant viruses are shown in Panel A. In panels B-D, HSAECs were pre/post treated with either 1E7-

03 (10uM) or DMSO, and infected at an MOI of 3 with either rMP-12 in panel B, rMP-12 NSs-Flag in 

panel C, or rMP-12 V5 in panel D. Cell lysates were probed through western blotting and collected at 

various time points with anti-viral N protein, anti-Flag, anti-Gn, anti-LV5, and anti-β-actin antibodies. 
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Section 5: 1E7-03 treatment decreases RVFV RNA levels. 

Global inhibition of viral proteins indicated 1E7-03 treatment was affecting a critical or 

early event during viral replication. In order to corroborate these findings and further 

narrow the event that was being influenced by PP1 deregulation, viral RNA levels were 

examined in the context of 1E7-03 treatment following infection (Fig. 8). Interestingly 

RNA levels for the L, M and S segments demonstrated an across the board decrease 

among viral RNA levels when compared to DMSO controls and normalized to actin.   

 

Previous studies utilizing the PP1 inhibitor okadaic acid demonstrated a reduction in 

phosphorylation levels for cellular RNA polymerase II 
57

. Overexpression studies of a 

mutant nuclear inhibitor of PP1 (incapable of PP1 binding), have also been shown to 

significantly increase RNA polymerase II phosphorylation on C-terminal Serine 2 

residues 
53

. As 1E7-03 treatment of infected cells demonstrated across the board 

reductions in viral RNA and protein levels; we wanted to ensure that 1E7-03 was not 

generally inhibiting cellular transcription or translation. Inclusion of a control experiment 

consisting of a CMV driven GFP reporter, which is transcribed by RNA polymerase II, 

was performed. GFP was transfected in the presence of either DMSO, 1E7-03 or 

actinomycin D (Fig. 8D). Following transfection and treatment, levels of the GFP 

reporter demonstrated no significant decrease in 1E7-03 treated samples in comparison to 

the DMSO control, while actinomycin D, a well characterized inhibitor of eukaryotic 

transcription 
58

, demonstrated a significant reduction in GFP levels.   
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Overall; decreases in both viral RNA and protein levels in 1E7-03 treated cells remained 

consistent across all of the time points tested, with no significant differences in cellular 

RNA polymerase II driven GFP expression. These results indicate that 1E7-03 is likely 

specifically targeting an early stage event in the viral life cycle, potentially between viral 

entry and transcription. 

 

 

 

Fig. 8: 1E7-03 globally decreases RVFV RNA levels. HSAECs were infected with rMP-12 (MOI 3) and 

then pre/post treated with either 1E7-03 (10uM) or DMSO. Cells were collected and intracellular RNA 

extracted at 8, 16, and 24hpi. QRT-PCR was performed using viral primers targeting the L, M or S 
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segments of RVFV. In panel D, a CMV-GFP encoding eukaryotic class II-driven polymerase was 

transfected in the presence of either DMSO, 1E7-03 (10uM) or actinomycin D (0.1 ug/ml). Cells were 

collected 24 hrs post transfection with levels of GFP expression assessed by flow cytometry. P values < 

0.01.   

 

 

 

Section 6: 1E7-03 treatment inhibits early viral replication independently of NSs. 

NSs has been shown to down regulate host cellular transcription while potently inhibiting 

the IFN response early on during infection 
54,59

. Based on this and our previous work 

demonstrating the reliance of p53 phosphorylation and the DNA damage response on 

NSs 
60,61

, we were interested in determining if PP1’s viral inhibition was linked to NSs. 

To this end we tested the ability of 1E7-03 to inhibit a recombinant MP-12 strain with 

either a complete deletion of the NSs ORF (ΔNSs), or a luciferase reporter substitution 

for the NSs ORF (referred to as ΔNSs-Luc), Figure 9. Interestingly 1E7-03 was able to 

reduce both plaque formation and luciferase reporter levels by over 2 logs, and 50% in 

comparison to DMSO controls (Fig. 9A and B).  These results are in agreement with our 

PP1 siRNA data which also utilized the MP12 ΔNSs-Luc strain (Fig. 1). 
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Fig. 9: 1E7-03 viral inhibition is independent of NSs. In panel A, HSAECs were infected with MP-12 

NSs-Luc (MOI 3) and pre/post treated with 1E7-03 at 10uM. Cells were collected at 16hpi and viral 

luciferase activity compared to DMSO controls. In panel B, HSAECs were infected with either MP-12 or 

ΔNSs (MOI 3). Cells were pre/post treated with 1E7-03 (10uM) and viral supernatants collected at 16hpi 

for analysis by plaque assays.  P values < 0.01.  Diagrams of the modified S segment of the recombinant 

MP-12 viruses used are shown below each panel.  

 

 

 

In order to narrow down the point of the viral life cycle 1E7-03 was influencing, a time of 

addition study was performed (Fig. 10). HSAECs were infected with rMP-12 ΔNSs-Luc, 

then treated with 1E7-03 starting at the indicated times pre- and post- infection. For drug 

treatment, a discrete pulse of 1E7-03 was added at the indicated time points (depicted in 

Fig. 10A). HSAECs that had been continuously pre- and post-treated with either 1E7-03 

or DMSO were used as reference controls. For the discreet pulse treatment experiments, 

1E7-03 was added solely at the indicated time points as a pulse treatment, then removed, 

washed with PBS and replaced with media alone (Fig. 10B). Differences between sample 

sets were pronounced, with the greatest impact of 1E7-03 on RVFV at the first hour post-

infection.  
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A repeat experiment was performed in the context of the intact rMP-12 background with 

changes in viral plaques decreasing dramatically at the first hour post infection (Fig. 

10C), corroborating the results seen in the context of the viral luciferase reporter. These 

results indicate that PP1 activity is most relevant at an early stage event during the viral 

life cycle, likely during the first few hours post entry, and may potentially be acting on 

viral trafficking, transcription or replication.  
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Fig. 10: 1E7-03 Treatment Displayed Early Inhibition of Viral Replication. Discrete drug pulses (grey 

bars) were applied at the times indicated modeled in panel A. In panel B, HSAECs were infected with rMP-

12 ΔNSs-Luc (MOI 3) and treated with 1E7-03 (10uM). In panel C, drug treatments were performed as in 

panel B, with viral supernatants analyzed by plaque assays. All samples sets were checked at 16hpi. P 

values < 0.01, with treated samples normalized to DMSO.   

 

 

 

Section 7: PP1α interacts and colocalizes with the viral L polymerase. 

Our data thus far indicates that PP1α plays an early role during the life cycle of RVFV 

and demonstrates a clear cytoplasmic and perinuclear shift following infection. Previous 

studies with RVFV have demonstrated a distinct perinuclear distribution of the viral L 

polymerase, which is also known to play an important role early during infection and 

viral transcription
52

. Based on this information, we decided to look at the potential for 

colocalization and interaction between PP1α and the L polymerase.  

 

Immunostaining and confocal microscopy were performed for both the viral L protein 

and PP1α using the rMP-12 L V5 tagged virus. Among infected cells, a moderate degree 

of colocalization was visually detected in Vero cells between PP1α and the viral L 

polymerase (Fig. 11A, small white arrows) using a 60x objective with 1.0x field zoom. A 

separate field of cells in an independently repeated experiment is shown enlarged below 

using 2.7x zoom. The exact degree of colocalization was determined to be 0.63 using the 

Pearson coefficient for the selected ROI (region of interest) taken from the Z-stacks of 4 

separate fields approximating 90 cells. A Pearson coefficient of 0.63 indicates a moderate 

degree of correlation between the intensity distributions of the two channels selected. To 
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further corroborate the Pearson coefficient, a line scan displaying the profile of the 

relative fluorescence intensities of L-V5 and PP1α across the perinuclear region of a 

selected cell was performed (Fig. 11B, representing the long white line from bottom 

panel Fig. 11A). In the line scan an increase in the intensity of L-V5 fluorescence (green) 

can clearly be seen to correspond and overlap with the intensity of PP1α (red). 

 

With the demonstration of colocalization between the PP1α isoform and the viral L 

polymerase, we next decided to look for potential interaction between the two proteins in 

vitro. For our in vitro study, an immunoprecipitation (IP) of the viral L polymerase was 

carried out (Fig. 11C). Following infection with rMP-12-L-V5, PP1α was found in 

complex with L polymerase (Fig. 11C, lane 2), indicating the likelihood of either a direct 

or indirect interaction between the viral L polymerase and the cellular PP1α isoform. 

RVFV nucleoprotein (N) was also observed in complex with L polymerase, serving as a 

positive control. These results support our hypothesis of a potential PP1α-viral 

polymerase interaction that is being specifically modulated by 1E7-03.  
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Fig. 11: PP1α interaction and colocalization with L polymerase. In panel A, Vero cells were infected 

with rMP-12 LV5 at an MOI 1 and fixed/collected at 16hpi. Cells were probed with DAPI, anti-V5 (green) 

and anti-PP1α (red), then analyzed by confocal microscopy. Z-stacks images are shown with colocalization 

demonstrated in the final merged images as indicated by the white arrows in panel A (60x objective with 

1.0x field zoom). The long white arrow in the second panel series below (60x objective with 2.7x field 

zoom), indicates the area of the line scan in panel B, from an independently repeated experiment using 

identical conditions. In panel B, the profile of a line scan quantifying the relative intensity of the two 

fluorochromes used, anti-V5 (green) and anti-PP1α(red). The area of the line scan is demonstrated by the 

grey arrow in panel B, which was placed on the perinuclear region of the highlighted cell. In panel C, 

immunoprecipitation of Vero cells was carried out using rMP-12 L-V5 MOI 1. Cell lysates were collected 

at 16hpi and immunoprecipitated with the V5 antibody for the viral L protein. Western blots were 

performed for PP1α, LV5 and nucleoprotein. 
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Section 8: Viral L polymerase phosphorylation is regulated by 1E7-03. 

To date phosphorylation of L Polymerase has never been demonstrated; therefore 

experiments were performed to determine if L polymerase was indeed phosphorylated, a 

requirement in a substrate of PP1α. As the vast majority of phosphorylation events occur 

on either serine or threonine residues, L polymerase immunoprecipitated samples were 

probed with highly selective anti-phosphoserine or anti-phosphothreonine antibodies. 

Serine phosphorylation of L polymerase was readily detected by immunoblot (Fig. 12A, 

top panel). In contrast no threonine phosphorylation was observed. A western blot for N 

protein and L polymerase were included as controls for the immunoprecipitation assays 

(Fig. 12A, bottom panel). Control immunoprecipitations from doxorubicin treated cells 

using anti-p-p53 (Ser15) and anti-pChk2 (Thr68) antibodies were also included to ensure 

phosphoserine and phosphothreonine antibodies were capable of detecting 

phosphorylated proteins (Fig. 12B).  

 

In order to corroborate our novel identification of L polymerase phorsphorylation, Vero 

cells infected with the rMP-12-L-V5 strain were processed for LC-MS/MS. Analysis of 

peptides corresponding to the L polymerase sequence demonstrated serine and threonine 

phosphorylation (Fig. 12C), corroborating identification through western blot. 
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Fig. 12: Viral L Polymerase phosphorylation. In panel A, rMP-12 L-V5 tagged virus was used to infect 

Vero cells (MOI 3), which were then used for the IP of the L polymerase as previously described. Anti-

phosphoserine or anti-phosphothreonine antibodies were then used to probe immunoprecipitated samples 

for phosphorylation of the viral L polymerase. Phorsphorylation control IP’s using serine (p-P53) and 

threonine (p-Chk2) taken from Vero cells treated with 1 µM doxorubicin for 4 hrs were used in panel B. In 

panel C, Vero cells infected with rMP12 (MOI 3) were collected at 16hpi for LC-MS/MS analysis 

following phosphoenrichment. Peptide sequences corresponding to the viral L polymerase are shown, with 

phosphorylated residues highlighted in red. 

 

 

 

With detection of serine phosphorylation on the L protein, plasmids encoding L and N 

proteins for RVFV were used in the context of 1E7-03 in order to determine if inhibition 

of PP1α had an influence on L polymerase phosphorylation. Based on our hypothesis, 

action by PP1α on L polymerase would predicate dephosphorylation of the substrate, 
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while inhibition through 1E7-03 would retain or increase phosphorylation. To this end, 

cells were transfected with N alone, L alone, or a combination of N and L at various 

ratios. Interestingly and possibly due to stability issues, expression of L alone 

demonstrated markedly lower rates of expression than when used in combination with N 

(data not shown). The ratio of 2:1 N to L provided optimal expression of L polymerase 

(data not shown). Co-transfections of the N and L plasmids were then performed in the 

presence or absence of 1E7-03, followed by an immunoprecipitation of the L protein. 

Interestingly and unexpectedly, 1E7-03 treatment was found to slightly reduce viral L 

protein levels (Fig. 13A, lane 3), while resulting in the predicted increase in detectable 

serine phosphorylation (Fig. 12B). An average of three independently repeated 

experiments normalized to L polymerase levels are shown in the bar graph; 

demonstrating serine phorsphorylation measured by densitometry. These results 

collectively demonstrate that serine phosphorylation of the viral L polymerase is 

occurring, and is likely regulated by PP1α. 
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Fig. 13: Viral L Polymerase phosphorylation is regulated by 1E7-03. In panel A, transfections and drug 

treatments were followed with an IP of the HA tagged L protein and probed by western blot as previously 

described. Anti-phosphoserine or anti-phosphothreonine antibodies were then used to probe 

immunoprecipitated samples for phosphorylation of the viral L polymerase following 1E7-03 treatment in 

panel B. The bar graph in figure B represents the densitometry average of two independent experiments 

normalized to HA-L. 

 

 

 

Section 9: Identification of a PP1α RVXF binding motif on the L polymerase.  

As 1E7-03 was designed to selectively target PP1 through its RVXF binding motif, and 

was found to increase the phosphorylation state of the viral L polymerase, it appears that 

the viral L polymerase of RVFV may be a substrate of the cellular PP1α isoform. 

Multiple sequence alignments utilizing Clustal Omega were performed in order to 
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identify potential RVXF motifs within the L polymerase (Fig. 14). N protein was also 

included in this analysis as it is found in complex with the L polymerase and is known to 

regulate viral transcription
62

. Clustal Omega was able to identify RVXF motifs for both 

the N and L proteins, which were conserved between the MP-12 and the parental wild 

type ZH548 strain of RVFV. RVXF motifs of other well characterized and classical 

PP1αinteractors such as PNUTS (R**F) and NIPP1 (RV*F) were used as references 

controls, and were found to utilize similar sequences to the viral proteins in question.  

 

For the viral L polymerase, three additional RVXF motifs were identified by sequence 

alignment (Fig. 15). Previous studies have demonstrated that an exact RVXF sequence 

match is not required as the RVXF motif has only a “proximity” effect and promotes the 

binding of secondary interaction sites to PP1
63

. These results indicate that the viral L 

polymerase contains 4 potential RVXF motifs, which could be targeted by 1E7-03, 

resulting in the disruption of the PP1α-viral polymerase interaction. 

 

 



54 

 

 

Fig. 14: Identification of a potential RVXF binding motif in the L polymerase. Clustal Omega was 

used for sequence alignment matches between the RVxF motif and viral nucleoprotein and L polymerase 

for both the MP-12 and ZH548 parental strain, along with HIV-1 Tat and canonical interactors PNUTS and 

NIPP1. For Clustal Omega an * (asterisk) represents positions which have a single fully conserved residue, 

a : (colon) indicates that there is conservation between groups due to strongly similar properties equating to 

scoring > 0.5 in the Gonnet PAM 250 matrix, while a . (period) indicates conservation between groups 

which have weakly corresponding properties with scoring = < 0.5 in the Gonnet PAM 250 matrix. 

 

 

 

Section 10: Relevance of the PP1α RVXF binding motif on RVFV replication.  

In order to determine if the identified RVXF binding sites on the viral L polymerase were 

relevant to viral replication a Clustal Omega sequence scan was used to identify 

potentially homologous RVXF motifs for the viral L polymerase (Fig. 15A). The top two 

candidates (KVLF and RTLF) identified by sequence alignment were selected for 

mutational studies Fig. 15C. These two motifs were chosen based on the highest degree 

of homology to classical PP1 interactors.  Cloning and mutation studies were then 
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performed in order to identify their relevance to RVFV replication (Fig. 15. A schematic 

of known domains on the L polymerase is shown in Fig. 15B and indicates that the RTLF 

domain may overlap with the endonuclease domain responsible for cap snatching. 

 

 

 

 

 

Fig. 15: Selection of RVXF binding motifs for L-Polymerase Cloning. In panel A, Clustal Omega 

sequence alignments were matched between the rMP-12 viral L Polymerase and the PP1α RVXF binding 

motif (colored: Pink, Red, Green, Teal). Panel B indicates the known domains for the L polymerase of 

MP12. In panel C, the two binding motifs with the greatest degree of homology were selected for mutations 

through alanine substitutions 
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The rMP-12 AVLA and ATLA constructs were created using standard PCR overlap 

extension techniques. In brief, sections of the viral L-polymerase containing the KVLF 

and RTLF motifs were created from the proT7-L plasmid using primers containing 

alanine mutations for the first and last residues of the K
2060

VLF
2063

>AVLA and 

R
201

TLF
204

>ATLA motifs, then subcloned into the proT7-L plasmid. Growth kinetics 

from both recombinant MP-12 strains containing mutated AVLA and ATLA sites were 

then compared against the parental rMP-12 strain (Fig. 16A) by plaque assay following 

launch of the recombinant system and subsequent generation of a P1 stock solution as 

previously described by Makino
45

. Interestingly the rMP-12 AVLA strain demonstrated 

delayed viral growth kinetics when compared to the parental rMP-12 strain, along with an 

overall decrease in plaque size (Fig. 16B and C). The ATLA strain produced markedly 

smaller plaques than either the AVLA or parental strain, growth kinetics have not yet 

been produced for this strain for comparisons. While further studies are currently 

underway to determine the relevance of the RVXF binding motif of the L polymerase on 

RVFV replication, these preliminary studies indicate that it does play an important and 

relevant to the viral life cycle. 
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Fig. 16: Relevance of  RVXF binding motifs to RVFV replication. In panel A, BSR-T7 cells where 

transfected with the viral strains, rMP12, rMP-12 AVLA, and rMP-12 ATLA at an MOI of 0.1 generating a 

P0 stock. P0 stocks where then passaged once in Vero cells generating a P1 stock. P1stocks of the three 

viruses indicated where then used at an  MOI of 0.1 in Vero cells, with supernatants collected at the 

indicated time points for analysis by plaque assays in panel B (rMP12 ATLA data not shown). 

Representative plaques from day 3 post infection are demonstrated in panel C. 
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Section 11: 1E7-03 Affects RVFV L Polymerase and Nucleoprotein. 

Our results indicate that 1E7-03 is significantly affecting viral replication, likely through 

PP1α interaction between the viral L polymerase, or through one of its substrates. In 

order to help identify potential alterations in L polymerase levels or localization 

following 1E7-03 treatment, a plasmid encoding pT7-IRES-GFP-L was transfected into 

Vero cells treated with 1E7-03, then fixed for immunofluorescence (Fig. 17). 

Interestingly 1E7-03 treatment appeared to result in the aggregation of the viral 

polymerase, demonstrating marked changes from control samples. 
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Fig. 17: 1E7-03 Effects RVFV L Polymerase Distribution. Vero cells were transfected with pT7-IRES-

GFP-L for 8 hours, then treated with 10uM 1E7-03 for 24 hours. Cells where then fixed and stained for 

immunofluorescence (DAPI blue). The top panels and bottom panels are representative of Z-stacks taken 

from two independent experiments at two separate field zooms.  

 

 

 

The above experiment was performed with L polymerase expressed in the absence of any 

other viral components.  To determine if the same aggregation phenotype would be 

observed in the context of other viral proteins, both L polymerase and N protein were 
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transfected into Vero cells in the presence or absence of 1E7-03. The viral N protein was 

chosen, as it binds and forms complexes with the L polymerase following infection
4,46

. 

Somewhat surprisingly, addition of the N protein did not appear to affect the altered 

appearance of the viral polymerase following 1E7-03 treatment (Fig. 18). Interestingly, 

the N protein did appear to become slightly more concentrated following 1E7-03 

treatment, although visual differences were not significant. 
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Fig. 18: 1E7-03 in the context of L Polymerase and the N protein. Vero cells were cotransfected with 

pT7-IRES-GFP-L and pCMV-N and for 8 hours, then treated with 10uM 1E7-03 for 24 hours. Cells where 

then fixed and stained for immunofluorescence (DAPI blue). The top panels and bottom panels are 

representative of Z-stacks taken from two independent experiments at two separate field zooms.  

 

 

 

Section 12: 1E7-03 Affects N Protein Dimerization. 

During infection, the N protein is the most abundantly produced viral protein, forming 

pseudohelicoidal ribonucleoproteins (RNPs) that are associated with numerous copies of 

both itself, the viral genome, and the viral L polymerase
4,46

. These RNPs play a central 

role as both templates and regulators of viral transcription and replication
4,46

. Based on 

the well characterized interactions between the viral polymerase and the N protein, along 

with the slight but apparent cytoplasmic concentration of the viral N protein (Fig. 18), we 

decided to look at N protein dimerazation
46

,  in order to more accurately measure changes 

following 1E7-03 treatment. 

 

For our dimerization studies, cells were transfected with N alone and then treated with 

1E7-03, crosslinked and then denatured before western blot analysis for viral 

nucleoprotein as previously described
46

. Interestingly there appeared to be a slight but not 

statistically significant increase in the individual oligomeric abundances of the viral 

nucleoprotein when treated with 1E7-03 (Fig. 19B). Changes in the distribution of N 

however became extremely apparent once cells had been cotransfected with the viral N 

and L plasmids when comparing cells treated with 1E7-03 versus DMSO (Fig. 19A, 

compare lanes 4 and 5). Interestingly, 1E7-03 treatment appeared to result in a dramatic 

and significant decrease in the monomeric, dimeric, and oligomeric forms of the viral 



62 

 

nucleoprotein Fig. 19B (N+L). Microscopy images (Fig. 19C) and the abundant presence 

of uncrosslinked nucleoprotein in the presence of 1E7-03 (Fig. 19A lanes 3 and 6) 

indicate that the N protein may be bound as a much larger complex (greater than 

300kDa). It has previously been suggested that the cytoplasmic concentration of viral 

nucleoprotein may play a role in regulating the switch between viral transcription and 

replication
4,46

. Nucleoprotein alterations following PP1alphainhibition could indicate a 

potential N-L interaction dependent on the phosphorylation state of the viral polymerase. 
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Fig. 19: 1E7-03 Affects RVFV Nucleoprotein Distribution. Vero cells were cotransfected with either 

pCMV-N alone, or pT7-IRES-GFP-L and pCMV-N, for 8 hours, then treated with 10uM 1E7-03 for 24 

hours. Cells lysates were then collected and fixed before being run on a denaturing gel in panel A. Western 

blot images correspond to the bar graphs which are an average of five biological replicates are shown in 

panel B. P values < 0.01. In panel C a representation of images showing Vero cells cotransfected with pT7-

IRES-GFP-L and pCMV-N as demonstrated in Figure 17 is shown +/- 1E7-03. 

 

 

 

Section 13: PP1α Interaction with the viral L polymerase. 

Our current working model illustrates how PP1α may be dephosphorylating and 

regulating the viral L polymerase. In the top half of Figure 20, PP1α is shown interacting 

with and dephosphorylating the viral polymerase, resulting in deregulation of the 

polymerase. In the bottom panel of Figure 20, PP1α-L polymerase interaction is 

abrogated by the addition of the compound 1E7-03 by inhibiting binding through the 

PP1α RVXF motif. Loss of PP1α-L polymerase interaction results in deregulation of the 

natural phosphorylation status of the polymerase, resulting in decreased viral titers. It is 

possible the phosphorlation status of the polymerase regulates the switch between 

transcription and replication, and/or may be affecting binding of the polymerase to the 

viral nucleoprotein. 
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Figure 20: PP1α Interactions with the viral L polymerase. PP1α subunit activity is important for viral 

replication and spread, likely through either the direct dephosphorylation (red P) of: the viral L protein (L 

Pol), the viral nucleoprotein (N), or an intermediary cellular protein (top half of the schematic). The bottom 

schematic demonstrates how through addition of 1E7-03, which is able to dock and selectively bind to the 

RVxF-accommodating groove of PP1, selective deregulation of PP1 is achieved. Addition of 1E7-03 then 

results in the inability of the viral polymerase to become dephosphorylated (black P), resulting in decreased 

viral replication.  
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CHAPTER SEVEN: DISCUSSION 

 

Viral interactions with the host cellular network are critical in the establishment of a 

successful infection. During an infection viruses must circumvent their host’s natural 

defenses while hijacking cellular machinery in order to replicate. Host based therapeutics 

offer several advantages over viral targeted strategies in that they establish a much 

broader range of targets with decreased likelihood of viral adaptation.  

 

The phosphorylation status of many viral proteins have been shown to play a critical role 

in the life cycle of numerous viruses
47,47,64,65

. Targeting key cellular phosphatases, such as 

PP1α, which may be regulating the phosphorlyation status of these viral proteins, holds 

broad application potential as a potential therapeutics, as protein phosphatases tend to be 

highly conserved among eukaryotic cells. Recently this approach was used to 

demonstrate inhibition of the Ebola virus
15

. The ribonucleoprotein complex of Ebola 

virus includes VP30 protein, in addition to NP, VP35, and L-polymerase
15,40

. The 

polymerase complex mediates both the transcription of individual genes and replication 

of the whole genome. In this process, VP30 functions as a switch between the 

transcription and replication mode, with phosphorylation of EBOV VP30 protein, at two 

serine clusters at positions 29-31 and 42-46, shifting the switch to  transcription and not 

genome replication
15,40

. 1E7-03 was able to deregulate VP30’s phosphorylation status, 
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and effectively suppressed replication of EBOV  in cultured cells
15

. Analysis of the effect 

of 1E7-03 on EBOV transcription and replication using a mini-genome system showed 

reduction of EBOV transcription, but not replication.  

 

Our studies with RVFV have revealed that PP1α plays a significant role early on during 

the viral life cycle (Fig. 10). Global decreases in both viral RNA and protein levels in the 

presence of 1E7-03 (Fig. 7 and 8) further strengthen this notion. Following infection a 

distinct cytoplasmic/perinuclear redistribution of the PP1α isoform was also noted, along 

with colocalization of PP1α with the viral L polymerase. These results, in conjunction 

with the immunoprecipitation of the viral L polymerase with PP1α suggest that the PP1α 

isoform is found in complex with the viral L polymerase (Fig. 3 and 11). Our results 

establish a strong link between the viral L polymerase and PP1α, likely in a 

phosphorylation dependent manner (Fig. 12 and 13). This was further supported by 

siRNA knockdown of PP1α, which resulted in reductions of both viral luciferase reporter 

levels and viral titers comparable to 1E7-03 treatment (Fig. 1). Based on these data, we 

hypothesized that PP1α may be dephosphorylating the viral L polymerase, and may play 

a role in the stability or functionality of the L polymerase (Fig. 16 and 17). In our 

working model, PP1α is able to dephosphorylate either the viral L polymerase or an 

intermediary interactor, resulting in increased viral replication. Addition of 1E7-03 

demonstrated a redistribution and cytoplasmic concentration of the viral L protein, 

potentially through interference with the RVXF binding motif of PP1, as viral titers, and 

plaque morphology changed following treatment with 1E7-03.  
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Previous studies have demonstrated that both the L and N protein are needed for viral 

RNA replication and viral mRNA synthesis, with both the N and L proteins undergoing 

oligomerization
4,46

. The viral RNA-dependent polymerase of RVFV is involved in both  

viral mRNA transcription and in the genomic replication of viral RNA. The synthesis of 

viral mRNA is accomplished through the initial release of RNPs, and is tightly associated 

with the L polymerase supporting primary transcription 
54,67,68

. Viral protein production 

then allows replication to initiate, which copies the entire template and is not reliant on a 

primer for initiation 
54,67,69

. Interestingly, nucleoproteins in some Arenaviruses and 

Bunyaviruses have been postulated to regulate their own synthesis independently of their 

viral polymerase 
62,67,70

. It is thought that the nucleoprotein may act as a self-limiting 

terminator, regulating the switch from viral transcription to replication. The switch from 

transcription to viral replication would thus be reliant on sufficient levels of viral N 

protein occurring before encapsidation and RNP formation can occur, the viral 

polymerase would then be able to switch from transcription to replication, in essence 

allowing the N protein to regulate its own synthesis in a rate limiting manner
70

. One 

possibility is that RVFV similarly uses the levels of viral N protein to regulate the switch 

between transcription and replication, and that the phorsphorylation status of the L 

polymerase alters the interaction between the viral polymerase and the N protein and 

subsequently the formation of RNP’s. This model was tentatively supported by our 

dimerization and localization studies following 1E7-03 treatment (Fig. 18 and 19). Our 

data collectively indicates that inhibition of PP1α demonstrates promise in controlling 



68 

 

RVFV multiplication along with the potential to provide novel and critical insight on the 

mechanisms governing the viral polymerase and its association with the viral 

nucleoprotein protein.  

 

The disruption and targeting of viral-host, protein-protein interactions pose an attractive 

therapeutic target, and can provide novel insights into viral life cycles, as demonstrated 

by the novel functions identified in this study for the viral L polymerase. Viral mutations 

and reproductive rates far outstrip our own and viruses are completely dependent upon 

the hosts cellular machinery for reproduction, thus identifying novel cellular targets such 

as those specifically activated upon RVFV infection could provide potent and novel 

therapeutic targets. 
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