
 

 

 

Regulation of the Human Cell Cycle by the HIV-1 Accessory Protein Vif 

 
 
 
 
 
 
 
 
 

Madeline Freeman 
 
 
 
 
 
 
 
 
 

Submitted under the supervision of Reuben Harris to the University Honors Program at the 
University of Minnesota-Twin Cities in partial fulfillment of the requirements for the degree 

of Bachelor of Science, summa cum laude, in genetics, cell biology, and development. 
 
 
 
 
 
 
 
 
 
 

April 14, 2017 

 
  



	 2	

ACKNOWLEDGEMENTS 
 

I would like to extend a special thank you to Dr. Reuben Harris and Dr. Dan Salamango for 
their guidance and patience throughout the course of this project. I would also like to thank 

the members of the Harris lab for the help and support. 
 
 
 



	 3	

TABLE OF CONTENTS 

ABSTRACT ....................................................................................................................... 4 

INTRODUCTION ....................................................................................................... 5-19 
HIV PATHOGENESIS ...................................................................................................... 5-6 
HIV ANATOMY ............................................................................................................. 6-7 
THE HIV LIFE CYCLE .................................................................................................... 8-9 
HOST-ENCODED VIRUS RESTRICTION FACTORS .......................................................... 9-11 
HIV ACCESSORY PROTEINS ...................................................................................... 11-13 
VIF’S ROLE IN G2 CELL CYCLE ARREST ................................................................... 13-17 
VIF BINDING INTERFACES ......................................................................................... 17-18 
DETERMINING THE VIF BINDING INTERFACE FOR G2 CELL CYCLE ARREST .................... 19 

MATERIALS AND METHODS .............................................................................. 20-24 

MUTAGENIC VIF LIBRARY SELECTION SCREEN AND CELL CULTURE .............................. 20 
SANGER SEQUENCING PREPARATION ........................................................................ 20-21 
CELL CYCLE ARREST ASSAY .......................................................................................... 22 
ILLUMINA NEXT-GENERATION SEQUENCING ............................................................ 22-23 
MUTANT LIBRARY VIF EXPRESSION CONSTRUCTS .................................................... 23-24 
SINGLE AMINO ACID SUBSTITUTION VIF CLONE SYNTHESIS  ................................... 24-25 

 
RESULTS ................................................................................................................... 25-30 

ABBREVIATED DNA LIBRARY AND CELL LIBRARY GENERATION  .................................. 25 
LARGE SCALE SELECTION AND FUNCTIONAL VALIDATION ....................................... 25-27 
FUNCTIONAL VALIDATION OF SANGER SEQUENCE RESULTS ..................................... 27-28 
ILLUMINA NEXT-GENERATION SEQUENCING  ............................................................ 28-29 
DETERMINING THE ROLE OF a-HELIX 1 IN G2 CELL CYCLE ARREST ............................... 30 

DISCUSSION ............................................................................................................. 31-37 

SANGER SEQUENCING OF SELECTED MUTAGENIC LIBRARY VIF CLONES ................. 31-32 
FUNCTIONAL VALIDATION OF SANGER SEQUENCING ................................................ 32-34 

    ILLUMINA NEXT-GENERATION SEQUENCING OF SELECTED MUTAGENIC LIBRARY VIF 
CLONES ..................................................................................................................... 34-35 
DETERMINING THE ROLE OF a-HELIX 1 IN G2 CELL CYCLE ARREST ......................... 35-37 
CONCLUSION ................................................................................................................... 37 

FIGURES AND TABLES ......................................................................................... 38-53 

REFERENCES .......................................................................................................... 54-62 
  



	 4	

 
ABSTRACT  
 

HIV-1 is transmissible lentivirus that infects millions of people worldwide and causes 

progressive immunodeficiency. The accessory proteins Nef, Vpr, Vpu, and Vif set HIV-1 apart 

from other retroviruses. Each promotes HIV survival and propagation by counteracting one or 

more host-encoded antiviral proteins. In its canonical role, Vif functions by recruiting the 

cellular CUL5-ELOB/C ubiquitin ligase complex to degrade members of the APOBEC3 

protein family of DNA cytosine dreaminess. Vif also induces G2 cell cycle arrest by an unclear, 

only partially understood mechanism. This research takes a comprehensive approach, via a 

large semi-randomized mutant Vif library, containing ~100,000-200,000 unique Vif 

sequences, to identify and clarify the amino acid residues in Vif necessary for the interaction 

with host factors that lead to host G2 cell cycle arrest. Here we show a-helix 1 may be a key 

structure in Vif’s role in G2 cell cycle arrest. A cell cycle selection screen was performed in 

CD4+ T cells (SupT) using the large semi-randomized mutant Vif library over a 6-week time 

course to enrich for vif sequences with a loss in ability to induce G2 arrest. Sanger sequencing 

on a partial sample showed enrichment of frameshift mutations and depletion of wild type Vif. 

A subset of selected mutagenic Vif clones were functionally validated for loss of arrest 

phenotype. Whole population Illumina sequencing showed enrichment for non-functional 

mutants in the a-helix 1 region. We hypothesize helix 1 is a docking station for a host cell 

factor, enabling the host cell factor to interact with two soluble loop domains. Single amino 

acid substation Vif clones were generated for a-helix 1 amino acid residues. Preliminary results 

showed each single amino acid substitution Vif clones had reduced ability to induce G2 cell 

cycle arrest. This finding has led to current work to isolate the precise amino acids in a-helix 

1 responsible for a possible interaction. We anticipate this work to contribute to the effort to 

isolate and identify the key host cell proteins that interact with Vif to induce G2 cell cycle 

arrest.  
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INTRODUCTION 

The scene was 1981 Los Angeles; four previously healthy young men were consumed 

by recurrent cases of pneumonia, mucosal candidiasis, and viral infections (Grundy, 1981). 

These cases were the first reports of a potential transmissible immunodeficiency virus, and this 

possibility daunted the medical community. In 1983, the virus was isolated and named the 

Human Immunodeficiency Virus, HIV (Barré-Sinoussi et al., 1983). Thirty-five years after not 

knowing what HIV was, scientists are able to mutate it, deconstruct it, and study it at an 

intimate level. Overall, incredible strides have been made in HIV research. Two strains of HIV 

are known to infect humans (Maartens et al., 2014). HIV-1 (HIV) is the more prevalent strain 

and therefore is the strain most focused on in research and therapy development, including this 

directed research project. HIV-2 causes the same symptoms as HIV-1 but is mostly contained 

in West Africa and is less virulent and transmissible (Maartens et al., 2014).  There is no cure 

for HIV, and in 2015, 36.7 million people were living with HIV and 1.1 million people died 

due to Acquired Immune Deficiency Syndrome, AIDS, the syndrome caused by the HIV virus 

(World Health Organization, 2016). The health, economic, and humanitarian consequences of 

HIV continue to motivate the large and active field of HIV research. 

 

HIV Pathogenesis 

HIV pathogenesis occurs through progressive immunodeficiency in the host. The main 

target of HIV is CD4 T lymphocytes (Grundy, 1981; Maartens et al., 2014). CD4 T cells are 

part of the immune system and play a critical role in facilitating adaptive immune responses. 

HIV eventually kills infected CD4 T cells (Andersen et al., 2008; Grundy, 1981; Sakai et al., 

2006a). When the CD4 T cell count falls below 200 cells per cubic millimeter of blood, or if 

one or more opportunistic infections are diagnosed in an HIV positive patient, HIV has 

progressed to AIDS (U.S. Department of Health & Human Services, 2016). The process by 
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which HIV kills cells is not precisely understood. Several mechanisms may contribute to cell 

death. Research indicates that HIV accessory proteins play a role in CD4 cell disease and death, 

but the proposed mechanisms and relationship to cell cycle control are unclear (Andersen et 

al., 2008; Sakai et al., 2006). CD4 T cells, like other cells in the body, undergo checkpoints 

during cell division to verify that DNA and cell contents are acceptable to undergo division 

(Avissar, 2017). There are three checkpoints: G1, where the decision to divide occurs, G2, 

which ensures the cell is ready to actively divide, and the spindle checkpoint, which ensures 

proper chromosome alignment (Avissar, 2017).  My project aims to understand the role of the 

HIV-1 accessory protein Vif in cell cycle arrest at the G2 checkpoint, a process that may 

contribute to cell death.  

In the time between initial cellular infection and cell death, HIV uses each infected cell 

as a viral replication factory (Selliah et al., 2003). Understanding the replication cycle of HIV 

spurred the development of effective treatments. Antiretroviral therapies (ART) fully eliminate 

the virus from the body; instead, these therapies target different points in the viral life cycle, 

and a combination of antiretroviral medications can effectively suppress replication (Broder, 

2010). ART has transformed HIV from a deadly infectious disease into a chronic condition that 

can be managed by continual medication (Broder, 2010).  

 

HIV Anatomy   

HIV is an enveloped lentivirus composed of a nine gene single stranded RNA genome 

that encodes fifteen proteins (Fig. 1) (Frankel and Young, 1998; Swanson and Malim, 2008; 

Barré-Sinoussi et al., 1983). Its proteins, discussed below, can be divided into four main 

categories: structural, enzymatic, regulatory, and accessory.  The structural proteins can be 

further divided by the gene and polyprotein from which they are derived. In the infected cell, 

the gag gene is transcribed and translated into the p55Gag precursor polyprotein (Freed, 1998). 
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Upon maturation, it is cleaved into the p6gag, Nucleocapsid (NC/p7gag), Matrix (MA, p17gag), 

and Capsid (CA/p24gag) (Freed, 1998). These proteins are important for viral assembly and 

budding, virion structure and protection, and early entry support (Frankel and Young, 1998; 

Freed, 1998; Swanson and Malim, 2008). The env gene is transcribed and translated into the 

envelope polyprotein (Frankel and Young, 1998). The envelope polyprotein is synthesized and 

modified in the endoplasmic reticulum. The Env polyprotein is cleaved into the transmembrane 

glycoprotein (TM/gp41env) and surface glycoprotein (SU/gp120env) (Frankel and Young, 

1998). Both TM and SU are on the virion surface and aid in viral attachment and fusion to 

naïve target cells (Frankel and Young, 1998; Swanson and Malim, 2008).  

A single gene, pol, encodes the three HIV enzymes. The HIV pol gene is transcribed 

and translated into the Pol (Gag-Pol) precursor polyprotein (Freed, 1998). Upon maturation, 

the precursor protein is cleaved into the three HIV enzymes: reverse transcriptase (RT), 

integrase (IN), and protease (PR) (Frankel and Young, 1998). RT reverse transcribes the RNA 

genome, IN integrates the viral cDNA into the host genome, and PR, present in the virion from 

the previous life cycle, cleaves the Gag and Gag-Pol polyproteins during maturation (Swanson 

and Malim, 2008).  

HIV also has two regulatory proteins, Trans-activator of transcription (Tat) and 

Regulator of expression of virion proteins (Rev) (Freed 1998). Tat actively stimulates the 

transcription and further elongation of the viral transcripts, while Rev facilitates the nuclear 

export of intron-containing viral RNA (Swanson and Malim, 2008).  Finally, the four HIV 

accessory proteins, Negative factor (Nef), Viral Protein U (Vpu), Viral Protein R (Vpr), and 

Viral Infectivity factor (Vif), help HIV escape the host immune system and facilitate the HIV 

life cycle. Accessory proteins are discussed later in detail. Each HIV protein promotes HIV 

success and replication by playing an integral role in the HIV life cycle.  
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The HIV Life Cycle  

The HIV Life cycle was elucidated by the end of the 20th century (Barré-Sinoussi et 

al., 2013; Engelman and Cherepanov, 2012; Frankel and Young, 1998). HIV evades the innate 

and adaptive immune system and hijacks the host cell’s machinery to complete its thirteen-step 

replication cycle (Fig. 2) (Engelman and Cherepanov, 2012). To enter the cell, the HIV 

envelope proteins target the CD4 receptor and primary co-receptors CXC-Chemokine receptor 

4 and CC-Chemokine receptor 5 to facilitate the attachment and fusion of the virion to the 

naïve CD4 T cell (Dalgleish et al., 1984; Klatzmann et al., 1984; Barre-Sinoussi et al., 2013; 

Chan et al., 1997; Weissenhorn et al., 1997). Upon entry, the capsid proteins uncoat and 

partially disassemble. Disassembly releases the virion contents into the host cell cytoplasm and 

promotes reverse transcription (Engelman and Cherepanov, 2012). 

 After reverse transcription, a pre-integration complex consisting of IN, MA, Vpr and 

viral DNA forms in the cytoplasm (Bukrinsky et al., 1993; Popov et al., 1998). The pre-

integration complex is actively transported across the nuclear membrane by host factors with 

the assistance of the accessory protein Vpr (Popov et al., 1998). Once inside the nucleus, IN 

incorporates viral DNA into the host DNA, and the host replication machinery fills the 

remaining gaps to form a stable provirus that can now be copied as part of the host cellular 

genome (Engelman and Cherepanov, 2012). Integration marks the transition from early to late 

phase of infection.  

With the aid of the HIV regulatory proteins Tat and Rev, the host machinery transcribes 

the viral genome and exports it out of the nucleus. In the cytoplasm, the host machinery 

translates the viral RNA into the HIV polyproteins Gag and Gag-Pol and the accessory proteins 

(Engelman and Cherepanov, 2012). Viral assembly begins when Gag and Gag-pol 

polyproteins, HIV accessory proteins and the genomic RNA assemble at cell surface near the 

Env proteins (Gheysen et al., 1989). Assembly initiates budding and p6gag promotes the release 
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of the nascent viral particle (Engelman and Cherepanov, 2012; Gottlinger et al., 1991). The 

final step of the life cycle occurs in the viral particle, soon after budding. Maturation is 

complete when the accessory protein PR cleaves Gag and Gag-pol polyproteins into their sub 

proteins (Freed, 1998; Engelman and Cherepanov, 2012). The established viral particle can 

infect a new cell, completing the cycle.  

 

Host-encoded Virus Restriction Factors  

While the HIV life cycle is an elegantly orchestrated system that successfully promotes 

HIV infection, it also makes HIV vulnerable to pointed attacks. HIV is not an unopposed 

invader; host cell-encoded proteins called virus restriction factors are capable of blocking 

specific steps of the HIV life cycle (Fig. 3). Like antiretroviral therapies, each host restriction 

factor targets a unique step of the cycle to reduce viral replication and infectivity. In this way, 

each serves a small role in the overall innate immune response to HIV. Four restriction factors, 

discussed below, are important in the HIV immune response in humans: SERINC5, TRIM5α, 

BST-2/Tetherin, and the APOBEC3 family (Conticello et al., 2005; Harris et al., 2002, 2003, 

2012; Perez-Caballero et al., 2009; Rosa et al., 2015; Sheehy et al., 2002; Stremlau et al., 2004; 

Usami et al., 2015).  

In 2015 the multi-pass plasma membrane protein SERINC5 was identified as an HIV 

restriction factor (Rosa et al., 2015; Usami et al., 2015). SERINC5 incorporates into the 

membrane of the virus particle as it emerges from (buds from) an infected host cell. However, 

it does not exert its function until the virion reaches the new target cell. SERIN5C arrests proper 

virion fusion with the new target cell, prevents full translocation of viral particle contents into 

the target cell cytoplasm, and hinders full reverse transcription (Rosa et al., 2015; Usami et al., 

2015).  
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TRIM5α was first discovered as an HIV restriction factor in old world monkey cells 

(Stremlau et al., 2004). TRIM5α selectively binds CA, disrupts the normal structure of the viral 

capsid, and rapidly uncoats the virus (Sebastian et al., 2005; Black and Aiken, 2010). 

Consequently, the contents of the capsid are released into the cytoplasm and quickly degraded 

before reverse transcription can occur, terminating the viral life cycle (Black and Aiken, 2010; 

Stremlau et al., 2006). Human TRIM5α does not function as a potent HIV restriction factor, 

but point mutation studies have activated TRIM5α to target and restrict HIV in a similar manner 

as simian TRIM5α (Veillette et al., 2013; Yap et al., 2005).  

BST-2/Tetherin is embedded in the cellular plasma membrane and projects to the cell 

exterior (Perez-Caballero et al., 2009). The restriction factor interferes at the budding phase of 

the viral life cycle. The viral particle buds off the infected cell, but BST-2/tetherin incorporates 

into the particle. Tetherin physically secures the viral particle to the infected cell and prevents 

further infection of naïve cells (Neil et al., 2008).  

APOBEC1 was the first discovered family member of the APOBEC/AID superfamily, 

which plays a critical role in innate and adaptive immunity (Conticello et al., 2005; Harris et 

al., 2002, 2003; Teng et al., 1993). This superfamily includes the seven-membered APOBEC3 

subfamily (APOBEC3A-H), which are encoded by tandemly arranged genes on chromosome 

22 (Jarmuz et al., 2002; Wedekind et al., 2003). In 2002, researchers isolated the first 

APOBEC3 family member CEM15 (now called APOBEC3G) as an HIV restriction factor 

(Sheehy et al., 2002). APOBEC3 proteins function as DNA cytosine deaminases that convert 

cytosine to uracil and result in guanine to adenosine hypermutations in viral DNA (Harris et 

al., 2002, 2003). APOBEC3D/F/G/H serve as host restriction factors to reduce HIV infectivity 

(Sheehy et al., 2002; Harris et al., 2003; Hultquist et al., 2011). In the infected cell, 

APOBEC3D/F/G/H incorporate into the virion and subsequently enter the new target cell with 

the viral components (Sheehy et al., 2002; Harris et al., 2003; Hultquist et al., 2011). In the 
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absence of a key HIV accessory protein (Vif discussed below), APOBEC renders budding 

virions non-infectious and makes cells non-permissive to HIV-1 replication (Sheehy et al., 

2002). The APOBEC3s attack HIV at the reverse transcription stage. APOBEC3D/F/G/H 

inhibit reverse transcription and use their deaminase activity to mutate the cytosine bases to 

uracil bases in the viral single stranded cDNA (Hultquist et al., 2011). Mutation of the cDNA 

has two possible outcomes: either the mutations destabilize the viral cDNA and it is degraded, 

or the cDNA gets integrated into the host genome in a highly mutated but functional or non-

functional state (Hultquist et al., 2011).   

 

HIV Accessory Proteins  

HIV overcomes host-encoded restriction factors with four accessory proteins: Nef, 

Vpu, Vpr, and Vif (Fig. 3) (Harris et al., 2012). Accessory proteins distinguish HIV from other 

retroviruses and facilitate HIV survival and pathogenesis in a variety of ways (Malim and 

Emerman, 2008). Accessory proteins promote viral replication, contribute to HIV pathogenesis 

and evade the innate or adaptive immune system. The four HIV accessory proteins achieve 

these feats by specific as well as overlapping functions. The following paragraphs detail the 

contributions of each accessory protein. 

Nef and Vpu share three main functions: host cell surface molecule modification, viral 

replication promotion, and restriction factor counteraction (Aiken et al., 1994; Chaudhuri et 

al., 2007; Mariani and Skowronski, 1993; Le Gall et al., 1997; Thoulouze et al., 2006; Kerkau 

et al., 1997; Margottin et al., 1998; Margottin et al., 1998; Kerkau et al., 1997). Nef and Vpu 

down regulate CD4, MHCI, and CD3 expression on the cell surface of CD4 T cells. Down 

regulation of CD4 prevents Env proteins from attaching to the cell surface during the budding 

process (Aiken et al., 1994; Chaudhuri et al., 2007; Mariani and Skowronski, 1993; Kerkau et 

al., 1997; Margottin et al., 1998). Down regulation of MHCI and CD3, cell surface 
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identification proteins, prevents cytotoxic T cells from recognizing infected T helper cells (Le 

Gall et al., 1997; Margottin et al., 1998; Thoulouze et al., 2006). Consequently, the infected 

cell is not destroyed, and HIV is able to evade the adaptive immune system. Nef also 

encourages viral replication by enhancing viral DNA synthesis (Aiken and Trono, 1995). Nef 

counteracts the SERIN5C restriction factor early in the replication cycle (Usami et al., 2015; 

Rosa et al., 2015). Vpu strikes later in the replication cycle to antagonize the restriction factor 

BST-2/Tetherin: it recruits a ubiquitin ligase complex and tags BST-2/Tetherin for proteasome 

degradation (Douglas et al., 2009; Neil et al., 2008).  

Vpr is distinct from Nef and Vpu in that its activity targets cell integrity. Interestingly, 

Vpr is the only accessory protein that does not have a known restriction factor target. Vpr 

transactivates the HIV LTR, mediates nuclear import of the PIC, prompts G2 cell cycle arrest 

and is associated with cell death (Andersen et al., 2008, Andersen et al., 2006; Dehart and 

Planelles, 2008; Goh et al., 1998; Muthumani et al., 2002; Le Rouzic et al., 2007; Sakai et al., 

2006b). Vpr recruits the ubiquitin proteasome system Cullin4-DDB1 E3 ligase by the DCAF-

1 (VprBR) protein and ultimately activates the ATR pathway, a DNA damage replication stress 

response (Dehart and Planelles, 2008). However, there is debate as to whether Vpr cell cycle 

arrest and cytopathic activities are related and more research needs to be done to determine the 

cell cycle factors that are critical for Vpr cell cycle restriction (reviewed by Andersen et al., 

2008).  

Vif contributes a diverse array of functions to HIV pathogenicity. Vif’s canonical role 

is the counteracting the restriction activity of APOBEC3 proteins (Harris et al., 2003; Sheehy 

et al., 2002). During viral assembly Vif directly interacts with CBF-ß, which is essential for 

stability and recruitment of the Cul5-ElonginB/C E3 ligase complex (Jäger et al., 2011; Zhang 

et al., 2011). The Cul5-ElonginB/C E3 ligase complex polyubiquitylates the APOBEC3 

proteins and labels them for degradation by the 26S proteasome (Hultquist et al., 2011; Yu et 
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al., 2003). As a result, APOBEC3 proteins do not incorporate into assembling viral particles 

and no longer restrict HIV. Vif also has a secondary, less studied function in cell cycle 

regulation. Vif performs a two-prong role in the cell cycle. Like Vpr, Vif targets and arrests 

CD4 T cells at the G2/M checkpoint in a by recruiting a Cullin involved ubiquitin ligase system 

and appears to contribute to cell death (DeHart et al., 2008a; Sakai et al., 2006a; Wang et al., 

2007). Conversely, Vif promotes cell cycle progression at the G1 checkpoint independent of 

the Cullin involved ubiquitin ligase (Wang et al., 2011). HIV capitalizes on the host cell cycle 

to promote itself; HIV induces host cell cycle arrest create an ideal environment for HIV 

replication. The role of Vif in G2 cell cycle arrest is of interest and will be further explored in 

this project.   

  

Vif’s Role in G2 Cell Cycle Arrest 

Both Vpr and Vif target the second checkpoint, the G2 checkpoint at the G2-M 

transition, and arrest the host cell in the G2 phase (Andersen et al., 2008; Wang et al, 2007; 

Sakai et al., 2006a). G2 cell cycle arrest may be advantageous to HIV because the G2 phase 

creates the ideal conditions for viral replication and subsequent HIV propagation in the host 

before infect cell dies (Izumi et al., 2010; Andersen et al., 2008). The viral promoter, or long 

terminal repeat, is highly active in the G2 phase of the cell cycle, which results in increased 

transcription of the viral genome (Andersen et al., 2008; Goh et al., 1998). Additionally, the 

G2 phase favors translation from internal ribosome entry sites over cap-dependent translation, 

which results in increased viral translation (Andersen et al., 2008).  

Vpr was the first accessory connected with HIV’s ability to induce G2 cell cycle arrest 

(Bartz et al., 1996; Hattori et al., 1990; Ogawa et al., 1989). It has been more intensively studied 

for this function because it demonstrates a stronger arrest phenotype (Sakai et al., 2006a). 
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However, Vpr deficient HIV does not cause full abrogation of cell cycle arrest (Sakai et al., 

2006; Wang et al., 2007). This indicates that another HIV protein contributes to this function.  

To determine the second HIV protein involved in G2 cell cycle arrest, the Sakai and 

Wang groups performed similar studies: each created systematic individual and combination 

deletion mutations for Env, Vpu, Vpr and Vif HIV proteins to determine which HIV proteins 

were responsible for cell cycle arrest (Wang group and Sakai group) and cell death (Sakai 

group). The Sakai group found that Vif and Vpr play a role in cell cycle delay and cell death; 

individual deletion of Vif and Vpr in HIV infection led to better cell survival and a loss of the 

G2 cell cycle arrest phenotype (Sakai et al., 2006). However, only simultaneous elimination of 

both Vpr and Vif completely abrogated the cell cycle arrest phenotype and cell death (Sakai et 

al., 2006). The Wang group’s work supported similar findings by the Sakai group. The Wang 

group observed that G2:G1 ratio was significantly higher in the ∆Env mutants compared to the 

∆Vif, ∆Vpr and ∆Vif∆Vpr mutants (∆ signifies a deletion) (Wang et al., 2007). A synergistic 

effect was seen in the double mutant: lack of Vif and Vpr accessory proteins leads to the loss 

of the G2 cell cycle delay function in HIV infection with cell cycle phase ratios comparable to 

the CD8 T cell control (Wang et al., 2007).   

Similar work done by the Planelles collaboration supports the findings of the Sakai and 

Wang groups. CD4 T cells were transduced with Vif-Vpr, ∆Vif∆Vpr, Vpr, and Vif lentiviral 

vectors and the cell cycle profile was assessed 48 hours later. The single Vpr deficient and 

single Vif deficient conditions alone had weaker G2 cell cycle arrest phenotypes, but did not 

experience a full loss arrest function (DeHart et al., 2008). The Planelles group found that only 

the double deficient (∆Vif∆Vpr) condition fully removed the G2 cell cycle arrest phenotype 

and returned the cell cycle profile to control-like conditions (DeHart et al., 2008). Vif is the 

second accessory protein involved in G2 cell cycle arrest.  
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It is now clear that Vif has a role in G2 cell cycle arrest, but the precise mechanism has 

yet to be elucidated. The current findings on Vif’s role in G2 cell cycle arrest are summarized 

in the following paragraphs (Fig. 4). The DeHart collaboration made three discoveries 

regarding Vif’s involvement in the cell cycle: (1) Vif blocks the G2-M transition by recruiting 

the same Cullin5-ElonginB/C E3 ubiquitin ligase complex used to target APOBEC3 proteins, 

(2) Vif contributes to cell cycle delay, rather than arrest, and (3) Vif delays cell cycle by 

interacting with a protein other than APOBEC3 members (DeHart et al., 2008b). Cullin5 (Cul5) 

and Elongin B and C are two proteins in the ubiquitin ligase complex that Vif uses to tag host 

cell proteins for destruction (Yu et al., 2003). To determine the importance of the Cul5-

ElonginB/C E3 ligase complex in Vif’s cell cycle arrest phenotype, the DeHart group created 

mutations in Vif to disrupt interaction with Cul5 (C114S) and Elongin 5B/C, respectfully 

(L145A) (DeHart et al., 2008b). Both mutant Vif proteins could not arrest cells in the G2 phase. 

Independent knockdown of Cul5 and Elongin B/C function by RNA interference demonstrated 

similar results (Dehart et al., 2008b). To assess the relationship between cell cycle delay and 

APOBEC3 proteins, the group measured cell cycle delay in the absence or increasing presence 

of APOBEC3D/F/G and found no difference in Vif’s influence on G2 cell cycle delay (DeHart 

et al., 2008b). Finally, when treated with caffeine, the Vif cell cycle arrest was overridden and 

the cells could divide. Caffeine inhibits phosphatidylinositol kinase-like kinases (PIKK), so 

this indicates that Vif may modulate cell cycle function via activation of a PIKK. Since this 

finding also indicates that Vif’s action on the cell cycle is not permanent, this group suggests 

cell cycle delay may be a better description of Vif’s function than cell cycle arrest (DeHart et 

al., 2008b). The term delay is not largely or yet embraced, and the term most widely used to 

describe Vif’s G2 cell cycle function continues to be arrest.  

The Izumi group found that Vif cell cycle arrest is TP53-dependent (Izumi et al., 2010). 

TP53 is a tumor suppressor protein that responds to a variety of cellular stresses and modulates 
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gene expression to induce a variety of cell functions including cell cycle arrest and apoptosis 

(National Center for Biotechnology Information, 2016). This study concluded that Vif could 

not induce cell cycle arrest in the absence of TP53 or when Vif was mutated so that it could 

not bind TP53. The Izumi group postulated that Vif upregulates and stabilizes TP53 expression 

in the nucleus, where TP53 interacts with the N-terminus of Vif and stimulates the TP53 

pathway.   

The Sakai group more recently investigated the role of Vif in the dysregulation of 

CYCLIN B1 and CDK1 (Sakai et al., 2011). CYCLIN B1 and CDK1 are chief cell cycle factors 

that regulate the G2-M transition checkpoint (Sakai et al., 2011). CYCLIN B1 and CDK1 bind 

in the nucleus of cells to form the mitosis-promoting factor (MPF), which triggers transition to 

mitosis (Sakai et al., 2011).  The Sakai group developed ∆Vpr deletion mutants to study the 

effects of Vif in G2 cell cycle in the absence of Vpr. In full HIV infection, CYCLIN B1 and 

CDK1 levels eventually drop once the cell is in the M stage. Infection with the ∆Vpr mutant 

resulted in constant CYCLIN B1 and CDK1 levels, which indicates unusual cell cycle 

regulation (Sakai et al., 2011). In the Sakai study, CYCLIN B1 also maintained its ability to 

translocate in and out of the nucleus of cells infected with ∆Vpr. However, CDK1 stayed 

cytoplasmic in its inhibitory state. Retention of CDK1 in the cytoplasm prevents formation and 

accumulation of the MPF complex in the nucleus and thus stops the cell cycle. This study poses 

a mechanism for Vif induced G2 cell cycle arrest: Vif G2 cell cycle arrest may occur via CDK1- 

CYCLINB1 deregulation (Sakai et al., 2011).  

The exact role of Vif in G2 cell cycle delay remains uncertain. The overarching 

conclusion from the aforementioned studies is that more research needs to be conducted. We 

are unsure whether Vif delays or arrests the cell at the G2 phase. What we first need to assess 

is the protein interactions of Vif that lead to the accumulation of HIV infected in the G2 phase 

of the cell cycle. To understand Vif’s protein target and role in cell cycle delay, it is imperative 
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to first elucidate the binding interface within Vif that is necessary for interacting with the target 

cellular factor. This project aims to determine the critical Vif regions and amino acid residues 

involved in this binding interface.  

 

Vif Binding Interfaces  

Vif is a relatively small protein (23kDa), 192 amino acid residues, and binds many 

different proteins (Fig. 4, left pane, Fig. 5) (Malim and Emerman, 2008; Jäger et al., 2011). 

Vif directly interacts with CUL5, ELOC, CBF-ß, APOBEC3D/F/G/H and at least one protein 

involved in G2 cell cycle arrest (Yu et al., 2003; DeHart et al., 2008b; Jäger et al., 2011; 

Hultquist et al., 2011; Greenwood et al.). While there are likely to be overlap zones, this number 

of direct interactions is a tall order for a single, small viral protein (DeHart et al., 2008; Zhao 

et al., 2015). Research on the Vif binding interface involved in G2 cell cycle arrest has made 

some concrete findings but remains incomplete. The following summarizes the current findings 

about the identified Vif amino acid residues important in G2 cell cycle arrest function. It is 

established that Vif binds the host protein involved in G2 cell cycle arrest near the Vif N 

terminus domain (NTD, position 1-80); most point mutations that diminish the ability of Vif 

to arrest the G2 cell cycle occur in this region, and a series of deletion mutants found that Vif 

∆4-22 prevents TP53 binding (Izumi et al., 2010; Zhao et al., 2015).  

The Izumi group identified Vif amino acid residues I31, R33, K36, T47, and K50 as 

being important for G2 arrest function (Izumi et al., 2010). The Zhao group sequence aligned 

Vif variants and identified these five positions as residues of interest (Zhao et al., 2015). Vif 

point mutations I31V, R33G, K36R, and K50R reduced or eliminated G2 cell cycle arrest 

strength (Zhao et al., 2015). However, in conflict with the Izumi group, the Zhao group found 

that position 47 did not have significant effect on Vif cell cycle delay function (Zhao et al., 

2015). The Zhao group also found that Vif had distinct but overlapping binding regions for G2 
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cell cycle delay and APOBEC3H degradation (Zhao et al., 2015). Zhao and colleagues 

demonstrated that Vif cannot simultaneously degrade APOBEC3H and arrest the cell cycle, 

but is still able to suppress APOBEC3F/G and recruit Cullin5-ElonginB/C E3 ubiquitin ligase 

complex. N48 and F49 are both documented to be important in APOBEC3H degradation (Zhao 

et al., 2015). N48H mutation abolished Vif’s ability to induce G2 cell cycle arrest, but F39V 

had no effect (Zhao et al., 2015). This indicates that an important amino acid residue in the 

overlapping zone is N48 but not F49.  

The Planelles group found that vif point mutations D14A and Y44A both significantly 

reduced Vif’s ability to induce G2 cell cycle arrest (DeHart et al., 2008b). The D14A mutation 

hindered Vif’s ability to degrade APOBEC3F but not APOBEC3G. Conversely, the Y44A 

mutation hindered Vif’s ability to degrade APOBEC3G but not APOBEC3F. Collectively, the 

Dehart group findings indicate there is an overlap in the cell cycle arrest domain with the 

APOBEC3F and APOBEC3G domains, but the D14A and Y44A point mutations did not lead 

to a full loss of Vif function (DeHart et al. 2008). 

 In summary, current research has identified that the Vif cell cycle arrest binding 

interface may overlap with APOBEC3F/G/H binding domains, and amino acid positions D14, 

I31, R33, K36, Y44, T47, N48 and K50 in the vif sequence are points of interest (Fig. 5). There 

is interest in investigating Vif amino acid residue positions I31, R33, and K36 because they 

have been identified twice and have outward facing side chains that could interact with a 

protein (Guo et al., 2014). Several of the detected amino acid residues are located in two 

soluble-exposed loop domains of Vif, but the importance of a wide range of amino acid 

residues in the NTD that interact with cell cycle arrest factors are still in question.  
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Determining the Vif Binding Interface for G2 Cell Cycle Arrest  

This project aims to identify the Vif binding interface necessary for the interaction with 

cellular proteins to induce G2 cell cycle arrest. The conventional approach to study protein 

behavior is single amino acid substitution. This method only addresses one residue at a time, 

so research is slow and has assessed only a select number of amino acid residues. Consequently, 

Vif protein region(s) important for G2 arrest may have gone unnoticed and an incomplete body 

of data has been generated that may be complementary or conflicting. Additionally, one point 

mutation may in fact disrupt Vif function, but it may be one of several amino acids involved in 

the binding interface. Analysis of only a few amino acid residues leaves out potential 

connections and does not provide the full picture of the binding interface. Ultimately, the 

identity, number, and precise location of critical amino residues is unclear. An approach that 

provides a robust picture is needed to resolve the entire Vif cell cycle binding interface.  

The advent of sequencing technology allows us to look at entire populations of 

thousands of different mutational profiles to efficiently study protein structure and behavior. 

Instead of analyzing a few point mutants like previous studies, we expanded on this sequencing 

technology to generate comprehensive recombinant semi-randomized mutant vif library that 

provides a robust sequence library. A large scale in vivo cell viability screen using this 

mutagenic Vif library was performed to select for mutagenic Vif clones that could not induce 

G2 cell cycle arrest. Preliminary analysis of the selected library indicated that it contains 

~100,000-200,000 unique mutant vif sequences. Simultaneous study of hundreds of thousands 

of unique vif sequences with random point mutations may help us locate the Vif protein 

structure involved in G2 cell cycle arrest and determine the identity of all amino acid residues 

in the cell cycle binding interface. Mutagenic Vif clones were studied to identify regions in Vif 

critical for G2 cell cycle arrest.   
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METHODS AND MATERIALS 

Mutagenic Vif Library Selection Screen and Cell Culture 

Mutagenic vif sequences from the large semi-randomized mutant vif  library were 

cloned into an mCherry-T2A-Vif cassette in a lentiviral expression construct. T2A is a self-

cleaving viral peptide sequence that allows for translation of multiple proteins from a single 

transcript (Szymczak et al., 2004). Mutagenic library vif sequences were co-transfected with 

HIV Gag-Pol plasmid and VSV-G plasmid into 293T HEK cells (2x106 cells) to generate HIV-

1 pseudotyped viral particles. The virus was collected, tittered, and transduced into SupT1 CD4 

T cells at a low multiplicity of infection (MOI) of ~0.1. Fluorescence activated cells sorting 

(FACS) was used to select for infected SupT1 cells (mCherry). Cells were collected 2, 4, and 

6 weeks post infection. To collect cell samples, SupT1 cells were spun down for 5 minutes 

(1000xg). Supernatant, containing dead cells, was collected. The cell pellet was suspended and 

cultured. Cells were cultured in RPMI (HyClone), heat inactivated Fetal Bovine Serum (HI 

FBS) (Gibco), and penicillin/ streptomycin (HyClone) during the selection screen. This 

experiment was performed in a BSL 2+ facility.  

 

Sanger Sequencing Preparation 

RNA Extraction  

RNA collected from the cells from each time point (2, 4, and 6 weeks post-infection). 

The cell suspension was spun down to form a cell pellet. Trizol (1 mL) was added to the cell 

pellet and incubated at room temperature (RT) for 5 minutes.  Chloroform (200 µl) was added 

and the samples were vortexed to mix and incubated at RT for 3 minutes. Samples were spun 

for 15 minutes (12000 RPM, 4˚C), and the top supernatant was collected. Isopropanol (500 µl) 

was added to samples to precipitate RNA from the aqueous layer. Samples were incubated at 

RT for 1-2 hours. At 1-2 hours, samples were spun down for 15 minutes (12000 RPM, 4˚C) . 
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Supernatant was removed and the RNA precipitate pellet was washed with 70% cold ethanol; 

samples were vortexed to mix. Samples were spun down for 5 minutes (7500 RPM, 4˚C). 

Ethanol was removed and pellets were air-dried for 10-15 minutes. Pellets were suspended in 

RNase free H2O (25-50 µl). 

cDNA Synthesis 

cDNA was generated from the isolated vif  RNA. Sample vif  RNA, dNTP mix (10 mM) 

Random Hexamers (100 µM), and DN/Rnasefree H2O were mixed and incubated at 65˚C for 

5 minutes and subsequently placed on ice. 5x reverse transcriptase buffer, MgCl2, RNase 

inhibitor, and Reverse Transcriptase were added to the samples. Samples were incubated at 

42˚C for 2 hr. To heat denature reverse transcriptase, samples were incubated at 85˚C for 5 

min.  

Sub-cloning 

Isolated mutagenic library vif DNA sequences were subcloned into a pJET shuttle 

vector per the CloneJET PCR Cloning protocol (Thermo Scientific). vif -pJET constructs were 

transformed into DH10ß competent Escherichia Coli cells by the following transformation 

protocol. DH10ß competent cells (100µl) were transformed with vif expression constructs (4 

µl), incubated on ice for 5 minutes, and heat shocked in a 42˚C water bath for 30 seconds. 

Samples were returned to ice and SOB (1 mL) was added. Samples were incubated at 37˚C for 

20 minutes. Cells were spun down for 3 minutes (8000xg). Supernatant was removed and the 

cell pellet was suspended in the residual media. Cells (100 µl) were plated on ampicillin LB 

plates at 37˚C overnight. Positive colonies were inoculated in ampicillin LB overnight at 37˚C 

in a shaker. Plasmid DNA was isolated per the Plasmid GeneJet Miniprep Kit protocol (Epoch 

Life Science). Samples were sequenced (GeneWiz) and analyzed for patterns. 
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Cell Cycle Arrest Assay  

GFP-T2A vif (mutant and WT) lentiviral expression constructs (2 µg) were transfected 

into 293T HEK cells (2x106 cells), in 10 cm plates, with LTI transfection reagent (3:1 LTI to 

DNA) in serum-free DMEM High Glucose media (HyClone), and cells were incubated for 48 

hr. At 48 hr. Cells were collected, fixed, and stained per the Flow cytometry cell cycle analysis 

using propidium iodide DNA staining protocol (Abcam). A modified protocol was later 

developed due to low transfection efficiency. GFP-T2A vif (mutant) lentiviral expression 

constructs (2 µg) were transfected into 293T HEK cells (1x106 cells), in 6 well plates, with LTI 

transfection reagent (3:1 LTI to DNA) in serum-free DMEM High Glucose media (HyClone), 

and cells were incubated for 24 hr. At 24 hr., cells were transferred to 10 cm plates and 

incubated for 48 hr. At 48 hr. FACS was used quantify the DNA content of the cells. Cells 

were cultured in DMEM High Glucose (HyClone), heat inactivated Fetal Bovine Serum (HI 

FBS) (Gibco), and penicillin/ streptomycin (HyClone) during the selection screen. This 

experiment was performed in a BSL 2+ facility. 

 

Illumina Next-Generation Sequencing  

cDNA libraries were diluted 1:2 with RNase- and DNase-free water, and 5-µl volumes 

of the diluted samples were used as the template for PCR amplification to introduce Illumina 

adapters and sequencing indices for multiplexing. Samples were analyzed using Illumina 

MiSeq (University of Minnesota Genomics Core Facility) 2 × 300-nucleotide (nt) paired-end 

reads. Reads were paired using FLASh (Johns Hopkins University Center of Computational 

Biology). Data processing was performed using a locally installed FASTX-Toolkit (Cold 

Harbor Spring Laboratory, Hannah Laboratory). Fastx clipper was used to trim the 3′ constant 

region from sequences, and a stand-alone script was used to trim 5′ constant regions. During 

this process, sequences shorter than 150 nucleotides, or non-trimmed sequences, were 
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discarded. Trimmed sequences were then filtered for high-quality reads using the FASTQ 

quality filter. Sequences with a Phred quality score less than 30 (99.9% base calling accuracy) 

at any position were eliminated. Finally, nucleotide sequences were translated to amino acid 

sequences using the TranSeq program in a locally installed EMBOSS package (EMBL-EBI, 

Hinxton, U.K.). Preprocessed sequences were then further analyzed using the FASTAptamer 

toolkit (Burke Lab, University of Missouri).  

FASTAptamer-Count was used to determine the number of times each sequence was 

sampled from the population. Each sequence was then ranked and sorted based on overall 

abundance, normalized to the total number of reads in each population, and directed into 

FASTAptamer-Enrich. FASTAptamer-Enrich calculates the fold enrichment ratios from a 

starting population to a selected population by using the normalized reads-per-million values 

for each sequence. After generating the enrichment file, nucleotide changes in each sequence 

were determine by using FASTAptamer-Distance, which identifies how many mutations each 

sequence has relative to a wild type (WT) input sequence. Sequences with fewer than 5 reads-

per-million in the starting population or with more than 6 nucleotide mutations were filter 

removed from the population. Only sequences with a single nonsynonymous amino acid 

substitution with up to 6 nucleotide substitutions were considered for the final analysis.  

 

Mutant Library Vif Expression Constructs  

Sanger sequencing results on vif sequences from the cell cycle selection screen SupT1 

6-week time point revealed possible non-functional vif mutant sequences of interest and were 

validated for loss of function. Selected vif mutant sequences were cloned into a lentiviral 

expression construct for use in later validation experiments (Table 1). 6-week time point 

mutagenic library vif constructs were transformed into DH10ß competent E. Coli cells per the 
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previously described transformation protocol. Plasmid DNA was isolated per the GeneJet 

Plasmid Miniprep Kit protocol (Epoch Life Science). 

Vif was subcloned into a lentiviral expression vector containing a GFP-T2A (vif) 

expression cassette using XhoI and EcoRI restriction enzymes in Cutsmart buffer (New 

England BioLabs) at 37˚C for 1 hr. Digested samples were separated using gel electrophoresis 

on 1% agarose gel at 119 V/0.06 A for 15-20 minutes or until fully run. DNA was purified per 

the GenCatch Gel Extraction kit protocol (Epoch Life Science). Vif sequences were ligated into 

the expression construct backbone using T4 DNA ligase in 10X Ligation buffer per the 

corresponding protocol (New England Biolabs). Expression constructs were transformed into 

DH10ß competent E. Coli cells per previously described transformation protocol. Positive 

colonies were inoculated in ampicillin LB overnight at 37˚C in a shaker. Plasmid DNA was 

isolated per the GeneJet Plasmid Miniprep Kit protocol (Epoch Life Science). Mutant vif 

expression constructs were sequenced for validation (GeneWiz).  

 

Single Amino Acid Substitution Vif Clone Synthesis  

Forward and reverse primers targeting a specific region of the vif genetic code were 

used to intentionally change amino acid residues of interest by site directed mutagenesis (Table 

2). Primers were designed by Dan Salamango and synthesized through Integrated DNA 

Technologies. PCR was performed using Phusion Taq Polymerase (Thermo Fisher) to generate 

and amplify the new mutant Vif sequences with unique forward reverse primers on a WT vif -

pJET expression construct template. PCR was run at 95-55-72 ˚C/ 30-30-90 seconds for 34 

cycles. A dpnI digest was performed to remove residual input DNA. Sequences were purified 

from PCR per the GeneJET PCR purification kit protocol (Thermo Scientific). Expression 

constructs were transformed into DH10ß component E. coli cells per the previously described 

transformation protocol. Colonies were PCR screened, and positive colonies were inoculated 
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overnight in ampicillin LB at 37˚C in a shaker. Plasmid DNA was isolated per the GeneJet 

Plasmid Miniprep Kit protocol (Epoch Life Science). Mutant vif sequences were sequenced for 

validation (GeneWiz). Successfully mutated vif sequences were cloned into a retroviral 

expression vector containing a GFP-T2A (vif) expression cassette using ClaI and EcorI 

restriction enzymes via the same methods used to clone the mutant library vif expression 

constructs.  

RESULTS 

Abbreviated DNA Library and Cell Library Generation 

 To determine the amino acid residues of HIV-1 Vif necessary for inducing G2 cell cycle 

arrest, we generated a dense mutagenic library targeting 160 contiguous amino acid residues, 

the coding region of the Vif protein that does not overlap with other coding seqeunces (Fig. 

6a). Our goal was to identify amino acid residues that contribute to the protein-protein 

interactions between Vif and target cell cycle regulators. Random mutagenesis was achieved 

by synthesizing and assembling oligonucleotides that contained a positional mutation rate of 

3%, correlating to roughly 15 nucleotide changes per assembled vif amplicon. The library was 

introduced into a CD4+ T cell line (SupT) at a low multiplicity of infection (MOI) so that, on 

average, a majority of cells only expressed a single Vif mutant variant. Transduced cells were 

sorted based on mCherry fluorescence expression to generate a pure cell population (Fig. 7a) 

(Specifics of the library generation and assembly have been omitted because they were 

performed by my postdoctoral mentor. Only the necessary information to understand the 

project has been provided above).  

 

Large Scale Selection and Functional Validation  

We coupled next-generation and Sanger sequencing to a large-scale cell viability selection 

to identify mutant Vif variants that were impaired for their ability to induced G2 arrest and 
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subsequent cell death. The current working model in the field is that Vif induced cell cycle 

arrest and cell death are coupled phenotypes, in which arrest initiates the cell death program. 

Consequently, in this study, we refer to G2 cell cycle arrest when speaking about the 

presumably coupled phenotypes. The mutated vif gene was maintained only if the encoded Vif 

was non-functional for cell cycle arrest/induced cell death. We cultured the pure SupT vif 

library described above for a period of six weeks, collecting library samples at 2 week intervals 

(Fig. 7b).  Apparent fitness of each Vif mutant was assessed based on relative sequence 

abundance determined by Illumina next-generation sequencing at each time point, or, by 

Sanger sequencing at the 6-week time point.  

Following the cell cycle/cell viability selection described above, the mutated gene segments 

were recovered by PCR for both Illumina and Sanger sequencing. For Sanger sequencing, the 

mutant vif sequences were sub-cloned into a DNA shuttle vector (pJET vector).  Approximately 

80 mutant vif sequences were successfully recovered using a pJET shuttle vector, as seen in 

the representative PCR validation shown in Fig. 8. The colony PCR validation was performed 

using vif specific primers to identify positive clones that contained vif sequences recovered 

from the 6-week time point. Positive clones migrated the same distance as the wild-type vif 

control, around 0.7 kb, in 1% agarose gel electrophoresis (Fig. 8).  

All bacterial colonies that PCR screened positive were prepared for Sanger sequencing to 

address two things: 1) Generally, was the large-scale biological selection successful for 

selecting non-functional vif sequences (i.e. enrichment of mutant sequences encoding stop 

codons and depletion of wild-type vif sequences) and 2) are there any mutational similarities 

co-enriched in this small population that would infer the protein component of Vif necessary 

for inducing G2 arrest. Of the ~80 mutant Vif clones sequenced, 28 contained stop codons or 

point deletion frameshift mutations that occurred early in the vif open reading frame 

(representing 37% of the sequenced clones) and 8 samples were wild type clones (representing 
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11% of the sequenced clones) (Fig. 9). The high percentage of premature stop codon and 

frameshift mutant Vif clones and low percentage of wild type clones supported the notion that 

the cell cycle selection screen was effective for selecting non-functional Vif clones. These 

sequencing results also indicated the presence of multiple mutations throughout the targeted 

vif coding sequence, indicating that the library construction and screen were not selecting for 

artificial bias towards any one region of vif (refer to the library construction shown in Fig. 

6). Interestingly, an accumulation of substitutions is observed near the N-terminus of Vif, 

particularly in ß-strand 1 (residues 6-12) and a-helix 1 (residues 14-30). In total, roughly 112 

amino acid residue substitutions were observed throughout Vif, with 65 substitutions 

accumulating from residues 6-30 (representing 58% of the observed residue substitutions) 

(black boxes, Fig. 9).  

 

Functional Validation of Sanger Sequence Results 

The Sanger sequencing results described above only show that isolated vif sequences 

were likely to encode non-functional proteins, they did not directly demonstrate whether a 

given mutant was abrogated for inducing cell cycle arrest. Therefore, we selected 9 mutants 

isolated from the Sanger sequencing results that had one, two, or three amino acid substitutions 

to examine whether G2 cell cycle arrest was indeed abrogated.  

Briefly, the procedure described below was used to validate G2 arrest activity from 

mutant vif sequences isolated from the 6-week time point. A subset of mutant vif sequences 

were cloned downstream of the T2A site in the lentiviral expression vector CMV-GFP-T2A. 

T2A is a self-cleaving viral peptide sequence that allows for translation of multiple proteins 

from a single transcript (Szymczak et al., 2004). GFP was used as the fluorescence expression 

reporter instead of the original mCherry reporter to avoid the overlapping fluorescence 

spectrum with propidium iodide, a stain typically used to assay for DNA content in cells. GFP 
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expression allows for normalization between wild-type and mutant Vif clones, ensuring that 

any observed differences in G2 arrest were not due to inadequate transfection efficiencies. 

Mutant vif sequences were removed from the pJET shuttle vector using restriction digestion 

and subcloned directly into the GFP-T2A (vif) expression cassette described above. Successful 

cloning was confirmed by restriction enzyme digestion and Sanger sequencing (GeneWiz).  

 Mutant Vif clones were transiently expressed in 293T cells and assayed for their ability 

to induce cell cycle arrest 48 h post-transfection compared to wild-type and vector only 

controls. Results are quantified as the ratio of (G2+M)/G1 and were determined by the relative 

amount of propidium iodide staining detected by flow cytometry (Fig. 10a). Control 

(G2+M)/G1 values (1.54 for WT Vif and 0.43 for vector only) are consistent with previously 

published literature (DeHart et al., 2008). This experiment was only performed once (see 

discussion). In general, all Vif mutants tested showed reduced ability to induce G2 cell cycle 

arrest compared to WT and Vif-null controls (Fig. 10b).  

 

Illumina Next-Generation Sequencing 

The Sanger sequencing results described above only examined a small sub-population 

of the library at a single time point. To further investigate the mutational landscape of the 

library, and how it changed over the course of selection, we utilized Illumina MiSeq next-

generation DNA sequencing technology to provide a comprehensive, in-depth study of the 

entire library. The initial viral library and the 6-week time point selection screen mutagenic 

library vif population, estimated to be at least 100,000-200,000 unique sequences, were deep 

sequenced and compared for mutational patterns. Due to the large size of the population, MiSeq 

sequencing results for the top 1,000 sequences from the 6-week time point mutagenic were 

converted into a heat map in Fig. 11. Each selected sequence was represented more than 5 

reads per million, on average, and the sequences in total have approximately 120 reads per 
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million. Due to the large size of the library, the MiSeq machine could not get high reading 

coverage of every unique vif sequence. Consequently, depth of coverage was lower than 

expected.  

Deep sequencing results show the likely effect of the given mutation on the Vif clone’s 

ability to induce G2 cell cycle arrest by a color scale from blue (functional) to yellow (non-

functional). The scale was determined by comparing the mutational enrichment and depletion 

in the initial library and the 6-week mutant Vif population. If there is an enrichment in a Vif 

sequence mutation at the 6-week time point, it strengthens the prospect that the mutation is 

non-functional for G2 arrest. In the heat map, this can be seen in at position V10 in the Vif 

protein sequence. At this position, boxes indicated substitutions and average fitness scale are 

yellow, indicating mutant Vif clones at V10 are non-functional and this residue may be critical 

residue for G2 arrest. Conversely, if there is a depletion in a vif sequence mutation at the 6-

week time point, the mutation is likely functional for G2 arrest. In the heat map, this can be 

seen in at position S130 in the Vif protein sequence. At this position, boxes indicated 

substitutions and average fitness scale are blue, indicating the mutant Vif clones at S130 are 

functional and this residue is likely not critical residue for G2 arrest. 

Mutations are detected throughout the targeted vif coding sequence and each target 

amino acid has an average of 6-9 amino acid substitutions, reinforcing that the screen was not 

selecting for artificial bias towards any one region of vif (refer to the library construction 

shown in Fig. 6b). The mutational landscape observed for the 6-week time point selected 

population is consistent with the bacterial input library population (see Fig. 6b and Fig. 11). 

There is accumulation of potential non-functional mutations (grey-yellow) from residues 6-90, 

in the N-terminus of Vif (residues 1-80), and potential functional mutations (blue) from 

residues 105-160. Residues 91-104 did not successfully sequence. Deep sequencing results 

were mapped onto the Vif crystal structure to highlight prospective regions (yellow) important 
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for G2 cell cycle arrest (Fig. 12). There is a high concentration of prospective non-functional 

mutations (yellow) in ß-strand 1 (amino acid residues 6-12) and a-helix 1 (amino acid residues 

14-30) (Fig. 11, Fig. 12).    

Determining the Role of  a-helix 1 in G2 Cell Cycle Arrest 

Based on mutational signatures observed by both Sanger and Illumina sequencing, we 

hypothesized that a-helix 1 plays a critical role in mediating G2 arrest. To test this hypothesis, 

we generated single amino acid substitutions targeting the soluble exposed portions on face 1 

of a-helix 1 (Fig. 13a). Most of these residues were either charged or polar, and therefore, were 

mutated to a more neutral residue (alanine) or to an opposing charge based on the wild-type 

sequence (i.e. lysine or arginine substituted to a glutamate and vice-versa).  

 Single amino acid substitutions were generated by site directed mutagenesis PCR with 

vif complementary forward and reverse primers, unique for each intended mutation, on a WT 

vif pJET template. PCR products were generated in pJET shuttle vector, confirmed by Sanger 

sequencing (GeneWiz) and restriction enzyme digestion, as seen in a representative agarose 

gel image (Fig. 13b). Each correct vif sequence is 578 bp, which corresponds to the middle 

fragment. The region is not clear due to proximity of ladder bands.. Mutant vif sequence were 

then cloned into the aforementioned GFP-T2A vif expression cassette and confirmed by 

restriction enzyme digest. Single amino acid substitution Vif clones were prepared and ready 

for use in the cell cycle arrest assay. A cell cycle arrest assay, as previously described for 

mutagenic library Vif clones, was performed to assess the function of single amino acid 

substitution Vif clones. Control (G2+M)/G1 values (1.56 for WT Vif and 0.62 for no Vif/vector 

only) are consistent with previously published literature (DeHart et al., 2008). This experiemt 

was performed one to three times per mutant (see discussion). All single amino acid 

substitution Vif clones showed reduced ability to induce G2 cell cycle arrest compared to WT 

Vif (Fig. 14).  Mutant Vif clone cell cycle arrest fitness is similar. R15E and N19A Vif clones 
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show the greatest reduction in arrest phenotype, and fall within the standard error of the mean 

of the Vif-null negative control.  

DISCUSSION  

In this study, we utilized a large scale mutagenic library of HIV-1 vif sequences to 

evaluate amino acid residues necessary for inducing cell cycle arrest.  We coupled a large-scale 

cell viability selection with Sanger sequencing and Illumina next-generation sequencing to 

correlate the ability of the mutagenic library to induce G2 arrest and subsequent cell death. A 

number of amino acid substitutions were identified that were predicted to disrupt Vif-induced 

cell cycle arrest/death. Interestingly, a majority of these substitutions displayed a strong 

enrichment (predicted to be non-functional mutations) that mapped to ß-strand 1, a previosuly 

characterized CBF-β binding interface, and to α-helix 1, a previously characterized APOBEC3 

binding surface (Dang et al., 2009; Jäger et al., 2011a; Zhang et al., 2011; Reingewertz et al., 

2013; Guo et al., 2014).  

 

Sanger Sequencing of Selected Mutagenic Library Vif Clones  

We identified several putative residues throughout the N-terminus of Vif predicted to 

be critical for the induction of cell cycle arrest and subsequent cell death. In general, many of 

the substitutions identified were either stop codons/point deletions (roughly 37% of the mutants 

sequenced) or were located within the first 30 amino acid residues of Vif (roughly 58% of the 

coding mutations observed in residues 6-30). Additionally, only 11% of the sequences analyzed 

contained wild-type protein sequence with synonymous nucleotide substitutions. The 

enrichment of, presumably non-functional, mutants with frameshift/stop codons and the 

depletion of wild-type sequences (predicted abundance of wild-type sequence should be ~97%) 

would strongly suggest that the large-scale biological selection was effective for selecting Vif 
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variants unable to induce cell cycle arrest.  Abrogation of ability to induce G2 cell cycle arrest 

by mutations seen at the 6-week time point must be confirmed by a functional assay.  

Non-conservative amino acid substitutions were observed in D14 (to E), Y44 (to L), 

and K50 (to R), strengthening the evidence of their importance in G2 cell cycle arrest function 

(DeHart et al. 2008; Izumi et al., 2010; Zhao et al., 2015). However, we did not observe 

mutations in Vif amino acid residues I31, R33, K36, T47, and N48, which have been previously 

cited to be involved in G2 cell cycle arrest (Izumi et al., 2010; Zhao et al., 2015). Sanger 

sequencing only evaluated ~80 Vif clones from the estimated 100,000-200,000 unique 

sequences in the selected mutagenic Vif library population. This is a very small portion of the 

total 6-week time point population, so it is possible these previously cited amino acids were 

selected in the selection screen but are not present in this subset of the population. Vif 

secondary structures ß-sheet 1 and a-helix 1, located in the N-terminus, contained a high 

number of mutations. Sequencing results lead to two experiments: 1. validating of loss of G2 

cell cycle arrest function in library mutagenic Vif clones and 2. Illumina next-generation 

sequencing of the entire 6-week time point mutagenic library Vif population.  

 

Functional Validation of Sanger Sequencing  

Small-scale verification of Sanger sequencing showed all mutagenic Vif clones tested 

had reduced ability to induce G2 cell cycle arrest, though to varying degrees. Four single point 

mutants showed moderate-strong depletion in G2 cell cycle arrest. Strong depletion due to only 

a single mutation indicates that original amino acid is important to Vif function in G2 cell cycle 

arrest. Since a single amino acid mutation is a small change in the protein structure itself, a 

strong loss of function phenotype in a single mutant is more likely to be due to disruption of 

protein function rather than a secondary factor such as stable expression.   
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The mutated amino acid could be involved in Vif stability or folding, ubiquitin ligase 

recruitment, or direct interaction with the unidentified host cell factor(s). Depletion, rather than 

completely loss, of G2 cell cycle arrest function lends evidence that Vif is still present in the 

cells. However, the tested mutations may have prompted Vif to be degraded. Future work needs 

to be performed to confirm the functional expression of Vif by western blot or a Vif-APOBEC3 

functional assay.  

Two mutagenic Vif clones, R15T and Q6H/I18V/L24I, stood out in the cell cycle arrest 

assay. R15T is the second amino acid in a-helix 1. R15T showed strong depletion in G2 arrest 

function. This lends evidence to the importance of a-helix 1 in Vif’s ability to induce G2 cell 

cycle arrest. Q6H/I18V/L24I largely retained its ability to arrest the cell in G2, but its presence 

at the 6-week time point indicates this mutation may affect the cell in a different way. Since 

Vif is also involved in cell death, this mutation combination may abrogate Vif’s ability to cause 

cell death. Future work aims to determine if Vif’s role in G2 cell cycle arrest and cell death is 

one function or two independent functions. We expect the cell cycle selection screen to be 

leaky and have 80-90% efficiency, where 80-90%	 of	mutagenic Vif clones are truly non-

functional. This functional assay displayed 88% efficiency, strengthening the legitimacy of the 

results, with eight of nine tested mutagenic Vif clones displaying substantial loss of G2 cell 

cycle arrest function. 

The cell cycle arrest assay for 6-week time point mutagenic library Vif clones was 

attempted three times, but only one assay was successful. The other two assays were deemed 

unsuccessful by lack of GFP 293T cells, which signifies cells were not successfully transfected 

with Vif. This experiment was therefore an n of 1, which is not ideal, and caution should be 

taken when interpreting results. The positive control, WT Vif, and negative control, No Vif 

(GFP-T2A-Stuffer), have (G2+M)/ G1 ratios consistent with literature (DeHart et al., 2008). 

Control ratios consistent with previously published works supports the validity of this cell cycle 
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arrest assay. The assay was performed with 12% of the total sample and matched the expected 

selection screen efficiency at 88%, which is an ample for a quick validation screen. The results 

from the small-scale test validate the screen and the assumption can apply to the large-scale 

sample of 6-week time point library mutagenic Vif clones. 

 

Illumina Next-Generation Sequencing of Selected Mutagenic Library Vif clones  

We identified a-helix 1 as a possible region of Vif critical for G2 cell cycle arrest (Fig. 

12). Large accumulation of prospective non-functional mutation was also seen in ß-strand 1. 

However, it has been shown extensively that ß-strand 1 (residues 6-12) of Vif is involved in 

sequestering the cellular protein CBF-ß, which is essential for Vif protein stability in vivo 

(Jäger et al., 2011a; Zhang et al., 2011; Guo et al., 2014). It is likely that the enrichment of 

missense mutations in the ß-stand 1 region disrupt Vif stability and accumulation. 

Consequently, we decided to focus our attention to a-helix 1 (residues 13-30) . Each residue 

in a-helix 1, except R15 and Y30, has anticipated moderate (grey-yellow) to strong (yellow) 

non-functional average fitness. R15 and Y30 appear to be prospective functional (blue) or 

weakly functional (grey-blue) mutations, respectively. While these results are somewhat 

inconsistent with functional validation results, the overall predicted non-functionality pattern 

is consistent with Sanger sequencing and later function validation of a-helix 1.  

Many of the mutations that rendered Vif non-functional produced amino acid 

substitutions in the N-terminus of Vif, which coincides with literature (Izumi et al., 2010; Zhao 

et al., 2015). Amino acid residues previously cited to be involved in G2 cell cycle arrest had a 

range of average fitness values: I31, K36, and K50 are prospective functional mutations, Y44, 

T47 and N48 are prospective weak to moderately functional mutations, and D14 and R33 are 

prospective non-functional mutations (DeHart et al. 2008; Izumi et al., 2010; Zhao et al., 2015). 

Cloning of single amino acid substitution Vif clones is underway for each amino acid 
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previously cited to be involved in G2 cell cycle arrest, and their ability to induce G2 arrest will 

be assessed by functional assay. Deep sequencing of the entire population strengthens and 

reinforces patterns seen by Sanger sequencing of the sub-population.  

 

Determining role of  a-helix 1 in G2 Cell Cycle Arrest 

Illumina sequencing and Sanger sequencing results discussed above indicated Vif a-

helix 1 is sensitive to mutation. Interestingly, x-ray crystallography has shown that α-helix 1 

has two soluble faces with a high number of outward facing polar and charged amino acid 

residues and has been implicated mediating binding with the APOBEC3s (Fig. 5) (Dang et al., 

2009; Guo et al., 2014; Reingewertz et al., 2013). We hypothesized that a cell cycle factor may 

interact with a-helix 1 through electrostatic interactions. Vif a-helix 1 may serve as a docking 

station for unidentified cell cycle factor(s) involved in G2 cell cycle arrest. Once docked via 

electrostatic interactions, the cell factor can interact with two Vif soluble exposed loops. This 

interaction type would allow Vif bindings flexibility, which is amenable to the fact that Vif 

interacts with many different host factors (Malim and Emerman, 2008; Jäger et al., 2011b; Guo 

et al., 2014). To determine the importance of a-helix 1, face 1 loss of charge and opposite 

charge single amino acid substitution Vif clones were created to study their ability to induce 

G2 cell cycle arrest.  

All single amino acid substitutions showed reduce ability to induce G2 cell cycle arrest 

compared to WT Vif (Fig. 14). If Vif interacts with the unidentified cell cycle factor by 

electrostatic interactions, a change to an opposite charge may cause mutant Vif to repel its 

interactor. If this is the case, we expected the swap in charge to show a stronger change in 

phenotype compared to the neutral mutation. Overall, this trend was weakly observed and 

exhibited at residues R15, K22, and R23. Reduced G2 arrest function of D14A Vif is consistent 

with literature (DeHart et al., 2008b). R15 and R23 are located in the DRMR binding motif for 
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APOBEC3F binding (Russell et al., 2009). Russel et al. showed that A3F could not bind to Vif 

when alanine substitutions were introduced to the Vif DRMR motif. However, the alanine 

substituted DRMR Vif restricted APOBEC3G, demonstrating the mutant DRMR Vif folded 

properly, was expressed, and retained its other functions. Reduced ability for R15 and R23 Vif 

clones to induce G2 arrest suggests a possible overlap in binding interface for A3F and the 

unidentified cell cycle factor.  

We did not expect all of the mutated amino acid residues on face 1 of a-helix 1 to show 

a reduced ability to induce G2 arrest. Vif interacts with many host cell proteins, including 

APOBEC3 proteins on a-helix 1, and has limited space on its surface (Malim and Emerman, 

2008; Dang et al., 2009; Jäger et al., 2011b; Guo et al., 2014) . It is unlikely that Vif uses the 

entire face 1 of a-helix 1 to induce G2 cell cycle arrest. The functional validation assay was 

performed one or two times per sample due to poor transfection efficiency and cloning issues; 

we consider these trials preliminary results. The positive control, WT Vif, and negative control, 

No Vif (GFP-T2A-Stuffer), have (G2+M)/ G1 ratios consistent with literature (DeHart et al., 

2008). This strengthens the validity of the functional assay trials that were collected. With more 

data, it is likely that a clearer pattern in ability to induce G2 arrest will emerge. This will allow 

us to precisely identify the amino acids in a-helix 1, and perhaps other regions of the protein, 

that are critical for G2 cell cycle arrest.  

Identification of Vif a-helix 1 amino acids important in the G2 cell cycle arrest 

phenotype leads to several follow up experiments. Further experiments need to be performed 

to validate the importance of identified amino acids. Single amino acid substitution mutations 

may have caused Vif to be degraded.  Consequently, the observed reduced ability to induce G2 

arrest in the functional assay may have been cause by lack of protein rather than the mutation. 

The functional validation did not test for protein expression, so Vif presence needs to be 

verified by western blot or a Vif-APOBEC3 functional assay. If substituted amino acids are 
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critical and mutant Vif clones are expressed non-functional proteins, then immunoprecipitation 

and proteomic studies will be performed to identify the host cell factor(s) Vif interacts with to 

induce G2 cell cycle arrest.  

 

Conclusion 

In summary, we sought to identify the Vif amino acid residues necessary for the 

interaction with cellular proteins to induce G2 cell cycle arrest. A comprehensive recombinant 

semi-randomized mutant vif library was generated to simultaneously study all of Vif’s amino 

acid residues in a large-scale genomic analysis. This new mutational study approach provided 

a richer depiction of Vif in G2 cell cycle arrest and revealed a-helix 1 as a novel structure 

involved in Vif’s non-canonical function. Increased understanding of the role of Vif in G2 cell 

cycle arrest contributes to the body of knowledge on HIV-1 pathophysiology.  Identification 

of the specific Vif structure involved in G2 cell cycle arrest allows for the future identification 

of the currently unknown host cell factor(s) that Vif targets to induce G2 arrest. Such discovery 

may lead to new Vif targeted HIV-1 therapies. Here we proposed that Vif induces G2 cell cycle 

arrest by the following mechanism: host cell factor(s) dock onto Vif a-helix 1 via electrostatic 

forces and interact with active sites in two Vif soluble exposed loops. Current and future work 

will determine and expectantly validate the significance of a-helix 1 in Vif’s ability to induce 

G2 cell cycle arrest.  
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FIGURES 
 

 
Figure 1. HIV Anatomy.  
Depiction of an immature (left) mature (right) HIV virion. Virion maturation occurs when PR, 
present in the virion, cleaves the Gag-Pol polyproteins into their respective proteins. The HIV 
virion outer membrane envelope is composed of the host cellular membrane. The structural 
proteins provide shape and support. MA proteins line the internal face of the outer membrane. 
CA proteins encapsulate the HIV genome and proteins. NC proteins support the viral genome. 
TM and SU are inserted in the envelope and project from the envelope.  
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Figure 2. HIV Life Cycle.  
The HIV life cycle begins when the mature virion 1. Attaches to a naïve host cell and 2. Fuses 
with the host cell surface. The capsid 3. Uncoats and Dissembles, causing the viral contents to 
release into the host cytoplasm. 4. Reverse transcription of the viral RNA genome into a DNA 
genome occurs in the cytoplasm and the pre-integration complex forms. 5. Active Nuclear 
Import of the pre-integration complex occurs and 6. Integration of the HIV DNA into the host 
genome follows in the nucleus. 7. Transcription of the viral genome occurs and 8. Nuclear 
Export of HIV RNA allows for 8. Translation of the of Gag and Pol polyproteins. 10. Viral 
assembly of the Gag-Pol polyproteins, HIV RNA genome, and HIV proteins prompts 11. 
Budding and 12. Release of a nascent HIV virion. 13. Maturation occurs when PR cleaves the 
Gag-Pol polyproteins in the virion.  
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Figure 3. Overview of Host-encoded Restriction Factor and HIV Accessory Protein 
Actions.  
Host protein SERINC5 incorporates into the HIV virion and restricts proper virion fusion to 
the naïve host cell and translocation of viral contents. HIV accessory Nef counteracts SERINC5 
and prevents its incorporation into the budding virion. BST-2/Tetherin fastens new viral 
particles to the infected host cell to prevent infection of new host cells. Vpu counteracts BST-
2/Tetherin by sequestering it from the host cell membrane, allowing new virions to release 
from the cell. TRIM5α rapidly uncoats the viral capsid in the newly infected cell, leading to 
degradation of the viral genome. TRIM5α is not known to serve as an HIV host-encoded 
restriction factor in humans and there is not a known HIV protein that counters its function. 
APOBEC3D/F/G/H incorporate into the budding virion and enter the newly infected cell. In 
the newly infected cell, APOBEC3 proteins mutate cytosines to uracils in viral cDNA, and the 
viral cDNA is degraded or integrated in a mutated state. Vif’s canonical role is to counteract 
the APOBEC3 proteins by tagging them for degradation via the 26s proteasome. Vif also plays 
a role in G2 cell cycle arrest. Vpr arrests the cell cycle at the G2 checkpoint and is associated 
with cell death.  
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Figure 4. Multiple Hypotheses for Vif’s Role in G2 Cell Cycle Arrest.  
(a) DeHart Vif mechanism. The Dehart collaboration work suggests Vif recruits the same 
CUL5-ELO5B/C E3 ligase system it uses to restrict APOBEC3 proteins. They also suggested 
Vif may modulate cell cycle by activation of a kinase (PIKK). They suggest Vif causes G2 cell 
cycle delay, not arrest.  
(b) Izumi Vif mechanism. The Izumi group work suggests Vif’s role in G2 cell cycle arrest is 
TP53-dependent. Vif may allow TP53 to accumulate in the nucleus and subsequently trigger 
cell cycle arrest and apoptosis.  
(c) Sakai Vif mechanism. The Sakai group work suggests CDK1 and CYCLINB1, two chief 
cell cycle factors at the G2-M checkpoint, become dysregulated. CDK1 does not translocate 
into the nucleus, so the MPF complex cannot form and trigger the shift to mitosis.  
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Figure 5. Vif Crystal Protein Structure.  
Blue indicates previously published amino acid residues critical for Vif G2 cell cycle arrest. 
Red highlights a-helix 1. The side view reveals the two faces of outward facing residues on 
helix 1. The two loops containing highlighted amino acids and a-helix 1 are soluble exposed 
(Guo et al., 2014). Vif structure generated on ChimeraX. 
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(a) 

 
 
(b) 
 
 
 
 
 

 
Figure 6. Mutagenic Library Construction.  
(a) Schematic of library construction. Mutagenic Vif library was generated by targeting 167 
amino acids for random mutagenesis. Six long forward primers at consecutive non-overlapping 
mutagenic segments created random mutation. A recombination reaction using modified PCR 
was performed without primers to generate one product with mutagenesis throughout the whole 
sequence. Sequences were cloned into a modified lentiviral expression construct, CMV-
mCherry-T2A-Vif (mutant). Deep sequencing confirmed significant mutagenesis covering all 
targeted regions on Vif (not shown).  
(b) Illumina next-generation sequencing results for library. Deep sequencing confirms 
significant depth in mutation variety and coverage of all targeted regions of Vif. Library 
consists of 3.7 million mutant Vif clones, with ~100,000-200,000 unique vif sequences. Top 
20,000 clones are shown above. Black boxes represent an amino acid substitution.  
  

Cycles:   0    15     35 WT 1 2 3 4 5 6 

A3 Binding CBFβ Cul5/Zn Finger BC-box Dim. Mot. 



	 53	

 
(a) 

 
(b) 

 
 
Figure 7. Cell Cycle Selection Screen.  
(a) Stable cell line generation. A mCherry-T2A-Vif expression cassette was co-transfected with 
Gag-Pol and VSV-G into 293T cells to generate pseudotyped virus. SupT1 cells were 
transduced at a low MOI, and transduced cells were selected by FACS.   
(b) Cells were cultured for 6 weeks to assess Vif G2 cell cycle arrest function. Cell samples 
were collected at weeks 2, 4, and 6. 
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Figure 8. Mutagenic Vif Clones from Cell Cycle Selection Screen 6-week Time Point. 
Agarose gel of PCR screen of representative sample of mutagenic vif library-pJET shuttle 
vector clones. Clones were PCR screened for presence of vif in the pJET shuttle vector. WT vif 
serves as the positive control run around 600 bp. Positive samples, clones with bands around 
600 bp, were prepared for sequencing.  
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Figure 10. Cell Cycle Arrest Assay to Test the G2 Arrest Function of Sequenced Vif 
Mutants.  
(a) Representative FACS histogram of negative control (left) and positive control (right). 
Vector only negative control has a higher proportion of cells in G1, with DNA content 
concentration of 1. Wild type (WT) Vif positive control has a high proportion of cells in G2, 
with DNA content concentration of 2.  
(b) Plot of (G2+M)/ G1 ratio for cell cycle arrest assay. Dashed line denotes vector only 
positive control ratio. Ratios calculated from FACS transfected cell counts. High (G2+M)/ G1 
ratio indicates more cells are in G2 cell cycle phase than G1 cell cycle phase. Low (G2+M)/ 
G1 ratio indicates more cells are in G1 than G2.  
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Figure 12. Map of MiSeq Deep Sequencing Data on Vif Crystal Structure.  
Yellow indicates prospective non-functional mutations and blue indicates prospective 
functional mutations, regarding to Vif’s ability to induce G2 cell cycle arrest. Red indicates 
Vif amino	acid	residues that were not sequenced. Vif crystal structure generated in ChimeraX 
and retrieved from Guo et al. (2014).		
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 (a) 

    
(b) 

 
 
Figure 13. Single Amino Acid Substitution Vif-pJET Restriction Digest. 
(a) Crystal Structure of HIV-1 Accessory Protein Vif. Helix 1 (red) with labeled single amino 
acid substitutions. Vif a-helix 1 contains many charged residues on two outward soluble 
exposed faces. * denotes mutated residue in a-helix 1.  
(b) Diagnostic restriction digest of representative mutant Vif clones to verify presence of vif 
in the pJET shuttle vector (agarose gel). Mutant Vif clones K22E, K26E, and R23A and V51, 
a GFP-T2A-Stuffer lentiviral expression construct, were digested using EcoRI and ClaI 
restriction enzymes. Mutant vif sequence was digested out of a pJET shuttle vector. Vif is the 
middle band, around the 850-650 bp region. Lower band was likely residual RNA or DNA 
fragments.  
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Figure 14. Functional Validation of Single Amino Acid Substitution Vif Clones. 
Plot of (G2+M)/ G1 ratio for cell cycle arrest assay. A Cell Cycle Arrest Assay was performed 
to test mutant Vif clones’ ability to induce G2 cell cycle arrest.  Ratios calculated from FACS 
transfected cell counts. High (G2+M)/ G1 ratio indicates more cells are in G2 cell cycle phase 
than G1 cell cycle phase. Low (G2+M)/ G1 ratio indicates more cells are in G1 than G2. Error 
bars indicate standard error of the mean. Mutant Vif clones D14A and R23A n=1; all other 
clones n=2.  
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Table 1. Selected Mutant Vif Library Sequences.  
 

Number of Mutations 1 2 3 
Mutation V7L Q12L, V98A Q6H, I9N, M16I 

R15T L148M, L150V Q6H, I18V, L24I 
R15M   
E171V   
N122H   
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Table 2. Helix 1 Single Amino Acid Substitution Vif Clones.  
 
Mutation  Amino acid Change  
D14A - ð neutral (o) 
R15A + ð o 
R15E + ð – 
N19A polar ð o 
K22A + ð o 
K22E  + ð – 
R23A + ð o 
R23E + ð – 
K26A + ð o 
K26E + ð – 
Y30A Polar aromatic ð nonpolar 
Y30F Polar aromatic ð nonpolar aromatic 
	
	
 
 

 
 
	
 

	


