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Abstract 

Host dNTPase SAMHD1, Lentiviral Accessory Protein Vpx/Vpr, and the Evolutionarily Honed 

Reverse Transcriptases of SAMHD1 Non-Counteracting Lentiviruses 

By Si’Ana A. Coggins 

Since its devastating appearance in 1981, human immunodeficiency virus (HIV) has remained a 

major global health concern. With approximately 37.9 million people infected worldwide, the need to 

understand and adequately treat HIV infections is ever-present. HIV-1 and HIV-2 are the result of two 

independent cross-species transmission events, with the originating viruses being simian immunodeficiency 

virus (SIV) from chimpanzees and sooty mangabeys respectively. During the course of viral pathogenesis, 

HIV/SIV infects dividing (i.e. CD4+ T cells) and nondividing (i.e. macrophages and microglia) CD4+ cells 

within the host immune system. With no necessity to support DNA replication, nondividing myeloid cells 

express high levels of SAM domain- and HD domain-containing protein 1 (SAMHD1), an enzyme that 

hydrolyzes dNTPs into 2’-deoxynucleoside (dNs) and actively depletes intracellular dNTP pools in 

nondividing cells. While sharing a target cell tropism, HIV-1 and HIV-2 display distinct replication kinetics 

in nondividing macrophages: contrary to HIV-1 infection, which is restricted in macrophages, HIV-2 and 

some SIVs readily replicate in this target cell type. This is because HIV-2 and some SIVs target host 

SAMHD1 for proteasomal degradation using their viral protein R (Vpr) or viral protein X (Vpx) proteins. 

Virus-induced degradation of SAMHD1 elevates intracellular dNTP concentrations and enables efficient 

viral replication in macrophages. Unlike HIV-2, HIV-1 cannot counteract SAMHD1 and thus replicates 

under low dNTP conditions in nondividing myeloid cells.  

Previous studies have shown that reverse transcriptase (RT) proteins from lentiviruses without the 

ability to counteract SAMHD1 (i.e. HIV-1) reach maximum velocity at lower dNTP concentrations and are 

able to incorporate dNTP substrates faster than RTs from SAMHD1 counteracting lentiviruses (i.e. 

SIVmac239). The enhanced kinetics of HIV-1 RT enable complete proviral DNA synthesis in restrictive 

dNTP concentrations. This dissertation builds upon previous knowledge by showing that RTs from 

SAMHD1 non-counteracting lentiviruses circumvent SAMHD1 restriction by executing a faster 

polymerase conformational change during dNTP incorporation. Further, RTs from SIVmac239 infections 

devoid of Vpx display enhanced enzyme kinetics when compared to RTs from wild type infections—

suggesting that intracellular dNTP environments and the lentiviral ability to counteract host SAMHD1 can 

influence RT kinetics and evolution during the infection of a single host.  
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Chapter 1: Introduction 

1.1 HIV/AIDS 

 In June 1981, UCLA Medical Center observed advanced and unexplained immunodeficiency in 

four young, previously healthy, homosexual men[1, 2]. Soon after, clustered outbreaks of opportunistic 

infections such as Pneumocystis carinii pneumonia, cytomegalovirus, and Kaposi’s sarcoma rapidly arose 

within the United States. While initial cases appeared to be concentrated to the gay and Haitian 

communities, individuals requiring frequent blood transfusions, and intravenous drug users, the epidemic 

quickly spread across the world, indiscriminate of sexual orientation, ethnicity, socioeconomic standing, 

and previous health history[3-5]. Both the scientific and medical communities alike presumed the disease 

likely spread horizontally in humans through blood or fluid contact and noted a similarity amongst all the 

reported cases: a stark decrease in T cell populations[6, 7]. By September 1982, the Centers for Disease 

Control and Prevention (CDC) reported 593 cases of this novel disease termed acquired immunodeficiency 

syndrome (AIDS), of which 243 concluded in the patient’s death[8]. In 1983, the laboratories of Drs. Robert 

Gallo at the National Cancer Institute in Bethesda, MD and Luc Montagnier at the Pasteur Institute in Paris, 

France independently isolated the causative agent of AIDS, a novel pathogen belonging to a group of 

reverse transcribing RNA viruses named Retroviridae family. While the two labs settled on different names 

for the infecting virus, Dr. Gallo’s “human T-cell leukemia virus III (HTLV-III)”[9] and Dr. Montagnier’s 

“lymphadenopathy-associated virus (LAV)”[10] were, in fact, what we know today as human 

immunodeficiency virus type 1 (HIV-1).  

A. Global Impact 

 Within a year of its discovery, the isolation and propagation of HIV-1 from AIDS patient samples 

was well documented and reproducible[11, 12].  Serological tests, developed to identify positive cases[13, 14], 

were instrumental in executing the mass community testing that ultimately confirmed the link between HIV 

and AIDS. Molecular cloning[15-17] and sequencing[18, 19] of HIV-1 in 1984 enabled segmentation of the virus 

into its various components and development of patient viral load tests, unleashing the opportunity for 

further scientific and treatment exploration. These initial studies were crucial to the identification of a 
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second variant in 1986, HIV type 2 (HIV-2), which  was isolated from AIDS patients in West Africa[20]. 

While morphologically and biologically similar to HIV-1, HIV-2 bore more sequence similarity and 

serological resemblance to simian immunodeficiency virus (SIV), a virus initially discovered in macaque 

animal populations that was known to induce host immunodeficiency in a manner similar to AIDS[21, 22]. 

 By the year-end of 2018 there were 1,040,352 individuals living with diagnosed HIV infections in 

the United States—that is 374.6 diagnosed infections for every 100,000 people[23]. UNAIDS estimated that 

by the end of 2018, 37.9 million people globally were living with HIV, 20.6 million of whom live in eastern 

and southern Africa, a sub-portion of sub-Saharan Africa. The advent of antiretroviral therapy (ART) and 

highly active antiretroviral therapy (HAART) throughout the years has drastically improved the prognosis 

of HIV/AIDS, however, adherence and access remain the two most prominent hurdles to minimizing viral 

re-emergence in treated individuals and preventing viral spread to the uninfected global community. While 

new infections are down from 2.9 million newly infected people during the peak of the pandemic in 1997 

to 1.7 million in 2018, 770,000 people died from AIDS-related illnesses in 2018 while only 62% of the 

global population had access to and were on ART[24]. In addition to its enduring prevalence, HIV still 

disproportionately impacts various groups including the LBGTQ and Black/African American communities 

within the United States. Globally, HIV remains a public health concern and current efforts aim not only to 

improve the reach of HIV testing and treatment[25] but also to continue advancing scientific knowledge of 

the virus: where it comes from, what biochemical, immunological, and evolutionary dynamics exist 

between it and the human body, and how these findings can help expand HIV treatment options as well as 

aid in the investigation of other viruses. 

B. Origins 

 In 1985, the isolation of a simian retrovirus from sick rhesus macaques at the New England 

Regional Primate Research Center (NERPRC) sprouted the first branch on the HIV/SIV phylogenetic 

tree[26, 27]. Scientists observed that this simian virus, now commonly known as SIVmac, caused 

immunodeficiency in its primate host—indicated by cytopathic effects to CD4+ T cell populations—and 

was antigenically similar to HIV-1[28]. Subsequently, healthy African green monkeys (SIVagm)[29] and 
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sooty mangabeys (SIVsm)[30] were found to be naturally infected by HIV-related viruses that did not cause 

the disease symptoms seen in HIV-1 and SIVmac infections. Upon the isolation of HIV-2 in 1986, sequence 

analysis revealed HIV-2 was more closely related to SIVmac than HIV-1, sharing 75% and 40% genome 

sequence homology respectively[21, 22, 31].  

 To better understand the origin and evolution of HIVs and SIVs, isolates have been taken from over 

45 species of nonhuman primates—including mandrills (SIVmnd)[32] and red-capped mangabeys 

(SIVrcm)[33]—to observe phylogenetic relationships through viral genome sequence comparisons[34]. 

Various studies have analyzed a combination of five key categories of data to assess the probability of SIV 

zoonotic transmission into humans: (i) viral genome organization, (ii) phylogenetic relatedness, (iii) 

prevalence of the virus in the natural host, (iv) geographic coincidence, and (v) plausible routes of 

transmission[35]. The culmination of these studies revealed that HIV-1, HIV-2, and all known SIVs 

originated from a single viral lineage within the Lentiviridae genus, a genus comprised of viruses that cause 

chronic and progressive disease states that are characterized by long viral incubation periods[36]. As such, 

HIV/AIDS has been found to be the result of at least eleven independent zoonotic transmission events of 

SIV into human populations spanning back to the early 20th century[37, 38]. While the nature of the SIV 

zoonoses remains unknown, it is likely the virus was transferred to humans through exposure to infected 

primate bodily fluids during the hunting of bushmeat[39]. 

 The aforementioned viral surveillance and sequencing projects were instrumental in comparing the 

viral genomes of various isolates originating from naturally infected wild primates in sub-Suharan Africa 

and captive primates across the world. Interestingly, the vast majority of recovered SIV strains do not induce 

immunodeficiency in their natural hosts, rather, they are endemic to the originating primate species and 

only possess pathogenic potential following cross-species transmission events into a new host organism[40]. 

Unlike other SIVs, SIVmac was initially identified due to the AIDS-like disease state observed in virtually 

all infected macaque animals. Retrospective phylogenetic analysis revealed that a cross-species 

transmission event of SIVsm to rhesus macaques in the 1970s resulted in the establishment of the SIVmac 

viral strain[41, 42], with ancestral SIV strains existing only a few hundred years ago[37] (Figure 1.1). It was 
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the transfer of SIVsm to humans in two independent transmission events that resulted in the establishment 

of HIV-2 groups A and B in the 1930s[37].  

 While HIV-2 can be traced back to the SIVsm/SIVmac lineage[42] with extreme clarity,  the origins 

of HIV-1 are more complicated.  HIV-1 is characterized by high genetic variation and has been transmitted 

to humans in multiple transmission events resulting in strains that can be grouped by their genetic similarity: 

groups M (main), O (outlier), N (non-M and non-O), and P (pending the identification of further human 

cases). While HIV-1 groups M and N are most closely related to SIVcpz, an SIV strain originating from a 

common chimpanzee (Pan troglodytes troglodytes) in Cameroon[35, 43, 44], HIV-1 groups O and P are more 

closely related to SIVgor from western gorillas (Gorilla gorilla gorilla) also in Cameroon[45-47]. Studies show 

that despite distinct geographical clustering of various chimpanzee colonies within the west Central African 

region, there is evidence of multiple SIVcpz coinfection and recombination events within single 

chimpanzee and gorilla hosts, adding to the genetic diversity of this group and its resulting HIV-1 strains[48, 

49].   

 HIV-1 group M viruses are responsible for more than 90% of HIV infections worldwide[50] and are 

so genetically diverse they are subclassified into eleven distinct clades that are denoted as subtypes A-K[51]. 

Like SIVcpz, group M viruses frequently establish coinfections in human hosts, thus increasing genetic 

diversity and promoting the further division of subtypes A-K into circulating recombinant forms (CRFs). 

With a total number of 100,000 estimated cases globally[52], HIV-1 group O accounts for roughly 1-5% of 

HIV infections[53, 54] and is primarily isolated to west Central Africa[55]. Unlike HIV-1 group M viruses, 

group N and the newly discovered group P viruses[46] are extremely rare[56]. By 2010, group N viruses 

accounted for only 0.1% of HIV infections in Cameroon with only 13 total cases identified worldwide[57]. 

Similarly, in 2011, group P only represented 0.006% of HIV-1 infections[58], leading some to hypothesize 

that this group is less adapted to humans and less pathogenic than other HIV-1 strains[59]. 
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Figure 1.1 Phylogenetic tree of HIV-1, HIV-2, and SIVs. An unrooted phylogenetic comparison based 

on HIV/SIV Gag polyprotein amino acid sequences was generated using the neighbor-joining method. This 

figure was created by Yosuke Sakai[60] and is distributed under a CC BY 4.0 license. 
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1.2 Viral Genome and Replication Cycle 

 During lentiviral pathogenesis, HIV-1, HIV-2, and SIV hijack host cell machinery and utilize 

virally encoded proteins in order to successfully replicate viral genetic material,  produce viral proteins, 

assemble progeny virions, and propagate viral infection. 

A. Viral Genome Organization 

 HIV-1, HIV-2, and SIV are positive sense, single-stranded RNA viruses (i.e. (+)ssRNA viruses) 

that contain two copies of a viral RNA (vRNA) genome that is roughly 10,000 nucleotides long. HIV/SIV 

genomes are flanked by long terminal repeat (LTR) sequences that are approximately 640 base pairs in 

length, contain several regulatory sites that are essential for viral replication, and can be segmented into the 

U3, R, and U5 regions that are characteristic of all retroviruses[61]. Key elements of the HIV/SIV LTR 

include (i) the transactivation response (TAR) element (nt +1 to +60) which forms a 5’ stem-loop structure 

that can be bound by viral and cellular proteins to regulate the transcription of viral genes[62], (ii) a core 

promoter (nt -78 to -1), (iii) an enhancer element (nt -104 to -81), and (iv) a modulatory region (nt -454 to 

-78) that contains the negative regulatory element (NRE) (nt -340 to -185) (location of LTR regions 

reviewed in[63]). Interestingly, deletion of the NRE results in a 2-3 fold increase in viral gene expression[64], 

indicating that this region might be involved in the negative regulation of viral replication, hence its name. 

Extensive studies have demonstrated that numerous cellular proteins interact with the genomic and proviral 

HIV/SIV LTR in a sequence-specific manner to enact a variety of functional roles throughout the viral 

lifecycle[65]. 

 Viral proteins originate from the nine open reading frames (ORFs) between the LTRs: three of 

these genes—gag, pol, and env—encode for structural proteins essential for viral replication and common 

to all retroviruses[61], while the remaining six are either regulatory or accessory proteins. Since HIV-1, HIV-

2, and SIV share a common single ancestor, it is expected that they display similar genome organization. 

However, a stark difference in accessory proteins was demarked by the discovery of vpu exclusively in the 

HIV-1 lineages, and the presence of vpx in HIV-2 and some SIV strains including SIVsm, SIVmac, SIVrcm 

and SIVmnd2 (Figure 1.2). This distinction lies at the foundation of this thesis.  
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Figure 1.2 HIV/SIV genomic organization. Three types of HIV/SIV retroviral genomes are schematically 

illustrated. Representative viral strains are listed to the right of the genome. This figure was created by 

Yosuke Sakai[60] and is distributed under a CC BY 4.0 license. 
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B. Viral Components 

 While protein weight and nomenclature may differ between HIV-1, HIV-2, and SIV viruses  (e.g. 

capsid protein is called p24 in HIV-1 versus p28 in SIV), functional properties are retained amongst these 

lentiviruses. The gene products of the HIV-1 genome are discussed below. 

Gag 

 The gag gene encodes for a precursor polyprotein, known as Gag (or Pr55gag for HIV-1), that is 

cleaved during viral pathogenesis into four structural proteins called matrix (MA, p17), capsid (CA, p24), 

nucleocapsid (NC, p7) and p6 as well as two spacer peptides termed p1 and p2. Sequential proteolytic 

processing of Gag is regulated by p1 and p2[66], while the resulting functional proteins are required for the 

formation of retroviral virion structures, recruitment of viral components to the plasma membrane, and 

budding of newly assembled virions. Additionally, Pr55gag itself is recruited to the plasma membrane during 

viral assembly for packaging into immature virions[67]. 

 As a 17 kDa proteolytic product of Gag, MA constitutes the N-terminal domain of the polyprotein 

prior to cleavage. MA is cotranslationally myristoylated at the N-terminus, a post-translational modification 

that is necessary for virus production[68] as it promotes the targeting of this structural protein to lipid rafts 

at the plasma membrane[69]. Functional trimeric MA[70] lines the inner surface of the viral membrane in a 

mature virion and is responsible for recruiting envelope glycoproteins[71], Gag, Gag-Pol[72], and possibly 

genomic vRNA[73] to the site of viral assembly. Finally, early in the viral replication lifecycle, MA is a 

component of the pre-integration complex (PIC). While it is rumored the nuclear localization sequence 

(NLS) of MA may aid in viral nuclear import during the infection of nondividing cells, recent studies fail 

to fully support this hypothesis (reviewed in[74]). 

 In a mature virion, the canonical capsid core is comprised of approximately 1,500 CA monomers[75] 

(24 kDa) assembled predominantly into hexamers and pentamers[76]. This cone-like protein shell encloses 

the dimeric (+)ssRNA genome, numerous NC proteins, auxiliary/accessory proteins, and viral enzymes[77, 

78], protecting its contents from detection by the host immune system[79, 80]. Interestingly, studies within the 

21st century have implicated CA as a potential determinant of retroviral infectivity in nondividing cells[81]. 
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 NC is a small (7 kDa), basic protein that utilizes its zinc fingers to non-specifically bind the 

phospho-backbone of nucleic acids, yet specifically interacts with a packaging signal at the 5’ end of 

genomic vRNA (Ψ)[82] to recruit the viral genome to sites of viral assembly[83]. Ultimately encapsulating 

the genomic material in mature virions, NC anneals tRNALys3 to vRNA, promotes efficient minus-strand 

transfer, and facilitates the remodeling of nucleic acid structures during reverse transcription (reviewed 

in[84]). Lastly, NC is a component of the PIC. 

 Originating from the C-terminal of Gag, p6 aids in virion assembly and maturation through its 

recruitment of accessory protein Vpr[85] (or Vpx for HIV-2 and some SIVs) and facilitation of viral 

budding[86, 87] through its highly conserved PTAP motif that interacts with the cellular endosomal sorting 

complex required for transport (ESCRT) machinery[88]. Recent studies have demonstrated that p6 is 

phosphorylated at many residues including a highly conserved serine at position 40 (S40)[89], illuminating 

a mechanism to its function as a membrane-associated docking site for numerous cellular binding 

partners[90]. 

Pol 

 All Pol proteins are generated by the processing of the Gag-Pol precursor polyprotein 

(Pr160gagpol)—a fused translation product that is produced at a frequency of 5-10%[91] of all Gag translation 

events and results from a -1 ribosomal frameshift event at the palindromic region between gag and pol[92]. 

Once cleaved, Pol produces the viral enzyme components: protease (PR), reverse transcriptase (RT), and 

integrase (IN). 

 Encoded by the pol gene, viral aspartic protease PR catalyzes the sequential cleavage of the Gag 

and Gag-Pol polyproteins to drive viral maturation following viral assembly and budding from the plasma 

membrane[93]. Once liberated from Pr160gagpol in a two-step proteolytic cleavage process called precursor 

autoprocessing[94], PR forms tightly associated dimers (Kd < 5nM) and cleaves at least ten sites of Gag and 

Gag-Pol to generate mature viral proteins[95]. Proteolytic processing of the Gag and Gag-Pol polyproteins 

is essential for viral maturation, making functional PR not only required for production of infectious 

progeny virions[96] but also a major antiviral drug target (reviewed in[97]). 
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 RT  is a viral RNA- and DNA- dependent DNA polymerase that is responsible for converting the 

(+)ssRNA genome into a double-stranded proviral DNA during the course of viral pathogenesis. This 

heterodimeric enzyme is generated by two PR cleavage reactions: the first cleavage creates the RT catalytic 

subunit (p66 in HIV-1/SIV and p68 in HIV-2) from the Gag-Pol polyprotein, while the second reaction 

further processes half of these proteolytic products by cutting a 15 kDa fragment from the larger RT subunit 

to generate the structural subunit (p51 in HIV-1/SIV and p54 in HIV-2) of RT[98, 99]. In addition to DNA 

polymerization, RT is capable of performing strand transfer and strand displacement functions while also 

harboring an RNaseH domain that is responsible for degrading viral RNA during proviral DNA 

synthesis[100]. Overall, functional RT possesses five enzymatic functions, all of which will be discussed in 

further detail in Section 1.3.  

 IN (32 kDa)  is formed from the C-terminal end of Pr160gagpol and is an essential member of the 

PIC. Made up of an N-terminal zinc-binding domain, central catalytic domain, and a nonspecific C-terminal 

DNA-binding domain. IN is tasked with inserting the proviral dsDNA genome into the host genome 

following translocation of the PIC to the nucleus. IN begins performing this function by first locating a 

CAGT sequence in the proviral DNA 3’-LTRs in order to cleave off the terminal GT dinucleotide and 

generate vDNA 3’-OH overhangs[101]. The catalytic core then facilitates a nucleophilic attack of a 

phosphodiester bond within the host genome, resulting in the successful insertion of viral DNA into the 

host genome[102]. Interestingly, IN possesses an NLS that may aid in the infection of nondividing cells[103], 

however its role in PIC nuclear import is unclear[104]. Since it holds the least resemblance to any human 

protein, IN is also an attract anti-HIV drug target [105, 106]. 

Env 

 Env (gp160) is a heavily glycosylated polyprotein that trimerizes in the endoplasmic reticulum 

(ER) prior to being cleaved by cellular furin-like proteases to generate surface (SU, gp120 in HIV-1 and 

gp105 in HIV-2) and transmembrane (TM, gp41 in HIV-1 and gp36 in HIV-2) proteins[107, 108]. Env proteins 

gp120 and gp41 remain associated through weak noncovalent interactions and are trafficked, via the Golgi 

secretory pathway, to the plasma membrane where the trimerized proteins anchor themselves and form 
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spike structures on the cell surface (reviewed in[109]). Env spike structures interact with CD4—a cell receptor 

unique to immune cells—to gain entry into target cells during the initial stages of viral infection. While 

gp120 is rapidly recycled through endocytosis[110], resulting in the incorporation of roughly ten spikes per 

virion[111] (53), the human immune system generates large numbers of broadly neutralizing antibodies 

against the surface-exposed residues of Env protein, thus creating immense selective  pressure that drives 

viral immune evasion and the constant evolution of Env[112].  Interestingly, Joshi et al. recently identified 

an Env variant that displays > 300% increased viral infectivity in the presence of HIV-1-positive plasma, 

revealing an intriguing virus-host interaction in which host defenses alleviate a viral defect[113]. In HIV-1, 

the env gene is translated from a bicistronic mRNA that encodes for both Env proteins (gp120 and gp41) 

as well as Vpu.  

Vif 

Vif is a 23 kDa accessory protein[114] that counteracts host restriction factor (APOBEC3G)[115],  a 

cytidine deaminase that catalyzes the conversion of cytosine to uracil in ssDNA and has the potential to 

severely mutate nascent viral ssDNA during reverse transcription[116]. Viral Vif targets host APOBEC3G 

for ubiquitination and subsequent proteasomal degradation via the Cul5-SCF pathway[117]. 

Vpr 

 Vpr—the arginine-rich, 15 kDa accessory protein resulting from the vpr gene—is packaged into 

virions via p6[118] and serves a multitude of functions in lentiviral HIV-1, HIV-2, and SIV. Like IN, MA, 

NC, and p6, Vpr is a component of the PIC. While it does not possess a classical NLS, Vpr appears to 

participate in PIC nuclear entry by utilizing a cluster of six arginine resides at its C-terminus[119] to support 

MA binding to karyopherin α, a cell receptor for nuclear-targeted proteins[120]. HIV-1 Vpr is required for 

efficient replication in macrophage populations[121] and is known to prevent the progression of the cell cycle 

from G2 to M phase (G2 arrest) in CD4+ cells irrespective of cellular proliferative state[122], leading Jacquot 

et al. to conclude that both properties may be dependent on the nuclear localization of HIV-1 Vpr[123]. Unlike 

HIV-1 Vpr, HIV-2/SIVsm Vpr does not participate in PIC nuclear import but still retains the ability to 

induce G2 arrest[124].  
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 Additionally, some SIV strains (e.g. SIVmus1, SIVdeb, SIVagm677, and SIVagm9648[125]) contain 

Vpr proteins that are able to interact with DCAF1, a cellular substrate receptor that forms a complex with 

Cullin4-RING E3 ubiquitin ligase (CRL4). The Vpr-DCAF1-CRL4 complex recruits and targets host sterile 

alpha motif (SAM) domain and histidine-aspartate domain (HD)-containing protein 1 (SAMHD1), an 

enzyme that degrades cellular deoxyribonucleotide triphosphates (dNTPs) into 2’-deoxynucleosides (dNs) 

and triphosphates (reviewed in[126]), for ubiquitin-mediated proteasomal degradation[127]. In nondividing 

cells, like macrophages, deoxynucleotide triphosphohydrolase (dNTPase) SAMHD1 depletes intracellular 

dNTPs, restricts viral reverse transcription, and delays replication kinetics[128] during HIV-1 infections. 

Therefore, in some SIVs, virus induced degradation of SAMHD1 by Vpr elevates macrophage cellular 

dNTP pools and promotes complete and efficient reverse transcription of the viral genome. Recently, Zhou 

et al. showed that HIV-1 Vpr degrades host helicase-like transcription factor (HTLF), a protein involved in 

DNA repair and genome maintenance, in a manner similar to SAMHD1[129].  

Vpx 

 The vpx gene, found exclusively in the HIV-2/SIVsm lineage (Figure 1.2), is the suggested gene 

duplication product of vpr[130]. Once translated, Vpx is a 14 kDa viral accessory protein that is composed 

of a three-helix bundle that is stabilized by a zinc finger motif. Interestingly, this protein is expressed at 

strain-dependent levels[60], however ~150 molecules are packaged into a budding virion. Like HIV-1 Vpr, 

Vpx is packaged into virions by p6[131] and is required for nuclear import[124]. HIV-2/SIVsm Vpx hijacks 

the same cellular ubiquitination pathway used by some Vpr proteins[132-134], in order to counteract host 

restriction factor SAMHD1[135],  elevate intracellular dNTPs, and successfully replicate within the 

restrictive dNTP pools found in macrophages[136]. Crystal structures have shown that both Vpr and Vpx 

directly interact with SAMHD1 in the Vpr/Vpx-DCAF1-CRL4-SAMHD1 complex. This interaction has 

driven the evolution of the interface between SAMHD1 and Vpr/Vpx, spurring a virus-host arms race[137]. 

The focus of this dissertation involves virus induced SAMHD1 degradation and its effects on viral protein 

evolution. 

Vpu 
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 Translated from a bicistronic mRNA containing Env[138], Vpu is a viral accessory protein that is 

exclusive to the HIV-1/SIVcpz lineage (Figure 1.2). Vpu targets newly synthesized CD4 in the endoplasmic 

reticulum (ER) and induces rapid degradation[139] of the receptor in a process that is dependent upon the 

phosphorylation of its S52 and S56 residues[140]. Antagonization of CD4 disrupts the formation of gp160-

CD4 complexes[141] and protects against host detection via antibodies involved in antibody-dependent cell-

mediated cytotoxicity (ADCC)[142]. In addition to downregulating CD4, Vpu also counteracts host 

restriction factor tetherin (i.e. BST-2), a protein that dimerizes at the cell surface and prevents viral release 

in the absence of Vpu[143, 144]. HIV-1 Vpu—an integral membrane protein that is comprised of a plasma 

membrane-anchored N-terminal region, a transmembrane region, and a cytoplasmic C-terminal region—

uses its transmembrane domain to interact with the transmembrane domain of tetherin, inducing the 

degradation of the host restriction factor via a lysosomal pathway[145]. Recent studies have shown that Vpu 

from SIV originating from greater spot-nose monkeys (SIVgsn71), uses different residues to counteract 

BST-2, instead requiring two AxxxxxxxW motifs to properly induce the degradation of the host restriction 

factor[146]. Ultimately, the counteraction of host CD4 and tetherin proteins by viral Vpu protects HIV-1 

infected cells from antibody-mediated cell lysis and enhances the efficiency of virion production[147]. 

Tat 

 The tat gene is comprised of two exons that surround and partially overlap the env gene[148, 149] 

within the HIV/SIV genome. Once properly spliced and translated, Tat is an 86 amino acid long protein 

that is essential for efficient HIV replication[150, 151]. As a trans-activator, Tat binds the vRNA TAR element 

and cellular kinase CDK9[152] to induce phosphorylation of the RNA Polymerase II carboxyl terminal 

domain (CTD) and facilitate the production of full-length viral transcripts[153-155]. Since the tat gene is 

located near the viral promoter, generation of incomplete transcripts often produces mRNA encoding the 

Tat protein. Therefore, the protein exists in a feedback loop that inevitably results in its high expression in 

both productively and latently infected cells. Studies have shown that HIV-1-infected cells secrete the 

majority of the Tat produced during their lifespan through a nontraditional mechanism involving 

phospholipids at the cellular plasma membrane[156]. Since extracellular Tat remains biologically active and 
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can be endocytosed by uninfected cells, recent studies have associated the viral protein with the 

dysregulation of intracellular processes in HIV-1-associated neurocognitive disorders (HAND)[157]. 

Rev 

 Rev is a 16 kDa protein that conducts the nuclear export of intron-containing vRNA transcripts to 

the cytoplasm for translation[72]. Studies demonstrate that vRNA transcripts are fully spliced and fail to be 

trafficked to the cytoplasm in the absence of Rev[158], making this protein essential for viral replication[159]. 

Rev binds a roughly 350-nucleotide region within an intron of the viral genome (nt 7362-7596) called the 

Rev response element (RRE). The RRE is characterized by several hairpin structures[160] which Rev binds 

with a stoichiometric ratio of 4 Rev proteins to 1 RRE[161, 162]. Current studies seek to employ a gRNA-

directed CRISPR/Cas9 system to selectively remove integrated viral DNA from host genomes by targeting 

conserved tat and rev sequences[163].  

Nef 

 Nef (27 kDa) is translated from a multiply spliced mRNA (like Tat and Rev) and is myristoylated 

(like MA)[164]. As a master regulator, Nef modulates the cell surface expression of various receptors[165], 

downregulating both CD4 (reviewed in[166]) and major histocompatibility complex class I (MHC-I)[167] thus 

protecting infected cells from superinfection[168] and against killing by cytotoxic T cells[169]. SIV Nef has 

also been found to downregulate BST-2 expression in infected rhesus macaque and sooty mangabey 

animals, counteracting tetherin restriction, much like HIV-1 Vpu, to achieve successful viral budding[170]. 

Recent studies seek to explore Nef as a potential therapeutic target after discovering the viral protein induces 

expression of C-C motif chemokine ligand 2 (CCL2), a leukocyte chemoattractant whose dysregulation is 

suspected to result in a variety of neurological diseases[171]. 
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C. Viral Replication Cycle 

The HIV/SIV replication cycle (Figure 1.3) is one that can be divided into two phases: the early 

stage (which includes viral entry, uncoating, reverse transcription, and integration) and the late stage (which 

is comprised of transcription and translation of viral gene products, followed by virion assembly, budding, 

and maturation). The viral replication cycle of HIV-1 will be discussed in this section. For the scope of this 

dissertation, distinct emphasis will be placed on the process of reverse transcription. 
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Figure 1.3 HIV replication cycle. (A) To initiate infection of a target host cell, HIV first binds CD4 and a 

coreceptor at the cell surface. The outer layer of the HIV virion fuses with the host cell, depositing the viral 

capsid into the cytoplasm. (B) Capsid uncoating then empties the viral contents into the cytoplasm. (C) RT 

converts the (+)ssRNA genome into proviral DNA which is transported to the nucleus where (D) IN inserts 

the viral dsDNA into the host genome. (E) Host RNA Pol II transcribes viral proteins from the integrated 

DNA segment, generating full-length mRNAs that are shuttled out of the nucleus by Rev so they can either 

be packaged into a progeny virion or (F) spliced by cellular enzymes. Cellular ribosomes translate viral 
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mRNAs into proteins, (G) which are then assembled at the cell surface. (H) Host ESCRT proteins are 

recruited by viral p6 to facilitate virion budding. Once the virion is release, PR cleaves Gag and Gag-Pol 

polyproteins to create a mature viral particle. This figure was produced by OpenStax under a CC BY 4.0 

license and is adapted from NIAID, NIH. 
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Entry 

 The viral replication cycle begins with entry of a mature virion into a target immune cell (Figure 

1.3A). Mature lentiviral virions are enveloped in host cell plasma membrane that is decorated with 

glycosylated viral Env trimeric spikes. Binding of the SU glycoprotein (gp120) to host surface receptor 

CD4[172, 173] induces a conformational change of the gp120/CD4 complex, exposing an Env co-receptor 

binding site[174, 175] that accommodates binding to host C-X-C motif receptor 4 (CXCR4)[176] or C-C motif 

receptor 5 (CCR5)[177] which are G protein-coupled chemokine receptors with seven transmembrane (7TM) 

domains that facilitate the transduction of extracellular signal to intracellular signaling cascades. Following 

co-receptor binding, gp41 undergoes a conformational change in which its hydrophobic N-terminal fusion 

peptide (FP) translocates and inserts into the plasma membrane before forming a six-helical bundle known 

as the postfusion conformation[178]. This series of sequential conformational changes promotes fusion of the 

viral envelope with the host cell plasma membrane—in a process that is dependent on virus-induced, 

surface exposed phosphatidylserine[179]—thereby allowing entry of the viral capsid into the cytoplasm. 

Uncoating 

 Once inside the host cell, the viral capsid, which is roughly 119 nm in length with a maximum 

diameter of 60 nm[75], disassembles to allow nuclear import of the PIC through the nuclear pore which 

permits entry of macromolecules with diameters of approximately 39 nm[180] (Figure 1.3B). The temporal 

and mechanistic details of uncoating remain unclear[181-185]. 

Reverse Transcription 

 The process of reverse transcription occurs within the reverse transcriptase complex (RTC)[186], a 

complex that converts the (+)ssRNA viral genome into proviral dsDNA that can be processed and integrated 

into the host genome (reviewed in[187]) (Figure 1.3C, Figure 1.4). Using a tRNALys3 primer that is packaged 

into the virion during viral assembly and annealed to the 5’-primer binding site (PBS) on the vRNA genome 

through complementary sequences[188] (Figure 1.4A), reverse transcriptase begins processive RNA-

dependent DNA polymerization that continues through the U5 and R sequences of the 5’-LTR until 

reaching the end of the viral genome[189]. This initial stage of polymerization is called minus-strand strong 
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stop DNA synthesis, as it generates a complementary (-)ssDNA prior to synthesis that halts at the end of 

the vRNA strand (Figure 1.4B). During minus-strand synthesis, RT utilizes its p66 C-terminal RNaseH 

domain to degrade the vRNA genome. This liberates the nascent DNA nucleotides from their previous base 

pair interactions and enables the newly synthesized 5’-R sequence to complementarily bind to the vRNA 

3’-R sequence in the first strand transfer event (Figure 1.4C). Subsequent elongation of minus-strand DNA 

proceeds towards the 5’-PBS at end of the viral genome, all while viral RT actively degrades its vRNA 

template. While HIV/SIV virions harbor two copies of genomic RNA, these RNAs are often nicked. To 

circumvent damaged nucleic acid regions, minus-strand synthesis can be transferred to the second vRNA 

template in a process called template switching[190].   

 Two purine-rich regions of vRNA called the central polypurine tract (cPPT) and the 3’-polypurine 

tract (3’PPT) are resistant to RNaseH degradation and remain annealed to the minus-strand during 

elongation[191] (Figure 1.4D). These resilient PPT regions serve as primers for plus-strand DNA-dependent 

DNA synthesis that uses the newly synthesized DNA as a template for polymerization. Unlike 3’PPT, cPPT 

is not essential for HIV-1 replication; however, generation and use of the cPPT enhances plus-strand DNA 

synthesis and aids in efficient viral replication[192]. Once tRNALys3 is copied at the end plus-strand strong 

stop DNA synthesis, generating a 3’-PBS sequence, the tRNA is finally degraded by the RNaseH domain 

of RT[193] (Figure 1.4E). The tRNALys3-derived 3’-PBS sequence on strong stop plus-strand DNA 

complementarily binds to the 5’PBS sequence in the minus-strand DNA, facilitating a second strand transfer 

event (Figure 1.4F). Proviral DNA synthesis is completed via the DNA-dependent DNA polymerization 

and strand displacement activities of RT, ultimately yielding a linear double-stranded vDNA that can 

undergo integration into host genomes (Figure 1.4G).  

 NC aids in reverse transcription by lowering the melting temperature of DNA which  facilitates 

stable DNA annealing, promotes efficient strand transfer, catalyzes the rearrangement of nucleic acid into 

thermodynamically stable structures that favor efficient DNA polymerization by RT[194]. Reverse 

transcription can lead to the generation of 2-LTR circles[195], a circularized byproduct often found in the 

nucleus that is created through ligation of the two distal LTRs in viral dsDNA by cellular non-homologous 
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end joining (NHEJ) machinery (reviewed in[196, 197]). While Brussel et al. reported evidence of gene 

expression from 2-LTRs, the biological functions of this circularized viral DNA and its subsequent 

transcript are still unclear[198]. Since RT is a low fidelity enzyme that not only possesses template switching 

abilities but also lacks a proofreading mechanism, reverse transcription is a highly mutagenic process. 

Lastly, recent studies have called into question the order of events regarding viral uncoating and reverse 

transcription: while uncoating is often depicted as preceding reverse transcription during viral replication, 

it has been shown that intracellular nucleotides are packaged into budding virions, enabling endogenous 

reverse transcription within the virion after viral maturation[199]. Interestingly, other studies have 

demonstrated that reverse transcription strand transfer events trigger viral uncoating[181]. Reviews by 

Sarafianos et al.[100] and Hu and Hughes[187] discuss the process of reverse transcription and the various 

mechanisms of RT-based viral mutagenesis in great detail. 
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Figure 1.4 Process of HIV/SIV reverse transcription. (A) During viral assembly, cellular tRNALys3 

(purple) is annealed to the PBS sequence at the 5’ end of the viral RNA genome (black). Using cellular 

dNTPs, reverse transcriptase initiates RNA-dependent DNA polymerization, (B) synthesizes minus-strand 

(red) DNA, and encounters the first strong stop after reaching the 5’ end of the HIV/SIV genome. While 

polymerizing, RT degrades the viral RNA template (dashed line). (C) The first strand transfer event is 

facilitated by homologous R regions in the nascent DNA and 3’ end of the viral genome. (D) Elongation of 

the minus-strand persists as RT degrades the vRNA genome, leaving behind the RNaseH resistant 
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polypurine tract (PPT). (E) Plus-strand (blue) synthesis is initiated from the PPT and continues until 

reaching the 3’ end of the vRNA genome (second strong stop), where RT degrades tRNALys3. (F) A second 

strand transfer event takes place in which homologous PBS sequences on the plus- and minus-strands 

interact, enabling DNA-dependent DNA synthesis and the elongation both strands. (G) Full extension of 

minus- and plus-strands concludes reverse transcription and generates proviral DNA. This schematic 

representation of lentiviral reverse transcription was adapted from original art licensed under a CC BY 3.0 

created by Ilina et al.[200].  
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Integration 

 Upon the completion of reverse transcription, the proviral dsDNA is bound by IN within the PIC 

which then catalyzes an endonucleolytic cleavage of the conserved 3’-CA sites at the proviral DNA ends. 

This cleavage reaction generates CA-3’-OH ends that conduct a nucleophilic attack of the host DNA 

phosphodiester bond[101], effectively inserting the proviral DNA into the host genome (Figure 1.3D). 

Researchers have found that viral integration is targeted to transcriptionally active regions of the genome 

via association of IN with lens epithelium-derived growth factor (LEDGF/p75)[201], a host protein 

implicated in the regulation of gene expression that tethers the PIC to host genomic DNA[202, 203]. 

Transcription and Translation 

 Integration of proviral DNA into the host genome enables the transcription of viral genes by host 

RNA polymerase II, a process greatly enhanced by viral Tat (Figure 1.3E). Proviral DNA contains a 

polyadenylation signal located between nucleotides 9205 and 9210 that is used to generate the 3’ end of 

viral mRNA transcripts[72]. This process yields full-length viral mRNAs that are bound by Rev at their RRE 

sequences and shuttled from the nucleus into the cytoplasm[204]. Similarly, Hulver et al. recently reported 

cellular HIV-1 dependency factor Tat-specific factor 1 (Tat-SF1)[205] binds HIV-1 RNAs at the TAR to 

selectively transport unspliced vRNA out of the nucleus while retaining singly spliced RNAs in the 

nucleus[206]. Host splicing machinery produces singly- or multiply-spliced viral mRNAs that encode the 

various viral proteins (reviewed in[207]) while unspliced, full-length viral mRNA serves two purposes: 

synthesis of the Gag and Gag/Pol polyproteins and packaging into virions during viral assembly. Viral 

mRNAs are translated into viral proteins by host ribosomes and undergo the necessary post-translational 

modifications by cellular machinery (reviewed in[208]) (Figure 1.3F). 
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Assembly 

During viral assembly (Figure 1.3G), HIV-1 Vpu promotes degradation of newly 

synthesized CD4 at the ER, a function that enables the trimeric Env glycoprotein to easily traffic 

to the surface of the infected cell without forming intracellular Env-CD4 dimers. Additionally, CD4 

present at the cell surface is recycled by Nef, protecting the cell from superinfections and, once 

again, preventing the formation of Env-CD4 dimers. Localization of unprocessed Gag and Gag-Pol 

polyproteins within lipid microdomains at the cell membrane is facilitated through the N-terminal 

myristic acid moiety of the Gag polyprotein (MA) and Gag-Gag interactions. Once anchored at the 

plasma membrane, the p6 domain of Gag recruits Vpr/Vpx proteins to the site of viral assembly. 

Similarly, the NC domain of Gag recruits full-length viral RNA to the assembly site  (reviewed 

in[209]) where the two (+)ssRNA genomes dimerize at their 5’-ends forming a “kissing loop” hairpin 

structure that ensures both copies are encapsulated into the assembled virion[210]. Ultimately, 

various viral and cellular proteins are assembled into the virion including viral Vif and Nef as well 

as various cellular proteins including lysyl-tRNA synthetase, tRNALys3, ubiquitin, actin, and 

various actin binding proteins[211].    

Budding and Maturation 

 Assembled viral particles begin pinching away from the infected cell in a process called viral 

budding. Here, using its PTAP motif, the C-terminal domain of Gag (p6) recruits host ESCRT machinery 

which complexes with other cellular factors to constrict the membrane at the neck of the budding virion 

and sever the immature viral virion from the infected cell[212]. Finally, precursor autoprocessing liberates 

PR from the Gag-Pol polyprotein, permitting complete processing of Gag and Gag-Pol into their various 

viral components, and completing virion maturation as CA forms a capsid around the dimerized, NC-

covered (+)ssRNA genome (Figure 1.3H).  
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D. Disease Progression to AIDS 

 HIV transmission occurs through exposure to infectious virus at host mucosal surfaces—this can 

often be in the form of sexual contact or the exchange of bodily fluids like blood, semen, vaginal fluid, or 

breast milk through damaged tissues or lesions in the skin. Broadly, 70% of HIV-1 infections can be 

attributed to heterosexual sexual transmission[213]. While there are many confounding risk factors for 

exposure and subsequent transmission, the biological markers of infection and disease progression are well 

characterized and reproducible.  

 Since macaques display AIDS-like disease progression when infected with SIV, much of our 

knowledge regarding HIV-1 infections has been aided through animal studies. Following exposure, founder 

viruses from the originating host[214] productively infect CD4+ cell populations proximal to the mucosal 

entry site in an event that can be visualized as early as two days post infection[215]. Within an infected host, 

viral spread can occur via cell-free or cell-to-cell transmission. Cell-free transmission is the most common 

in vivo infection route (described in Section 1.2C) however, this route exposes infectious particles to harsh 

host immune defenses. Conversely, cell-to-cell transmission occurs via virological synapses that form 

between the infected cell and target cell and in an infection process that is completed within roughly 6 

hours[216]. Within two weeks, the virus spreads to draining lymph nodes which disseminate the virus to the 

lymphoid system and throughout the body, creating a widespread infection in a period termed the eclipse 

phase (Figure 1.5A). During this phase, reservoirs in lymphatic tissue are established[217, 218], and an initial 

interferon response generated by the host immune system. 

 Around 2-3 weeks post infection, the number of viral RNAs detected in the plasma rapidly increase 

and the acute phase of viral infection begins (Figure 1.5B). The onset of seroconversion, or the point in 

time where antigen-specific antibodies against an exogeneous biomaterial become available in the blood, 

prompts the infected individual to experience fevers, swollen lymph nodes, oral ulcers, skin rashes, and flu-

like symptoms[219]. During this time, there is a sharp decrease in CD4+ T cell populations[220] as 10-100 

million infected CD4+ T cells die per day[221], each producing about 20 progeny virions during their 

lifetime[222]. Since the gut serves as one of the largest replication sites during viral pathogenesis[223], the GI 

25



tract experiences substantial CD4+ T cell depletion which persists throughout all stages of disease 

progression[224, 225].  Around six weeks post infection, the adaptive immune system mounts an activated 

immune response using HIV-specific CD8+ cytotoxic T lymphocytes, follicular helper T cells, and B cells, 

drastically reducing viral levels[226-228]. Assault of the virus by the immune system promotes the generation 

of cytotoxic T lymphocyte (CTL) mutant virus that aid in viral escape and the establishment of reservoirs 

that are impervious to host clearance mechanisms[229]. CTL mutant viruses often contain numerous mutants 

in the Env viral protein. 

 Partial immune control over the virus results in a slight rebound in CD4+ T cell numbers and the 

establishment of the viremia set point ((Figure 1.5, black arrow), or the steady state level of virus going 

into the clinical latency phase (Figure 1.5C). High set points are often associated with elevated levels of 

inflammation, viral escape, and poor disease prognosis while lower set points typically coincide with minor 

inflammation, poorly fit virus, and better disease prognosis—with this, the virus set point during clinical 

latency is often used as a predictor of HIV progression and disease outcome[230]. During viral latency, an 

estimated 1 billion virions are produced per day while host humoral and cellular defenses attempt to control 

the infection[231]. Unrelenting evolutionary pressure from the immune system generates more viral CTL 

escape mutants (reviewed in[232]), resulting in prolonged immune activation and steady virus production 

during the latency phase, which can persist for five to ten years depending on genetics and the strength of 

the individual’s immune system[233]. If adhered to, HAART can drastically suppress viral replication and 

virtually induce perpetual viral latency—however, viral rebound and the emergence of drug resistant 

mutants closely follows the discontinuance of treatment, making adherence a must[234]. 

 Likely due to exhaustion from prolonged immune activation[235, 236], steadily declining CD4+ T cell 

counts are accompanied by upward creeping viral loads during the latency period. While severe bacterial 

infections present around <350 CD4+ T cells per µL (CD4+ cell counts are often obtained through 

bloodwork), the patient is said to have AIDS once CD4+ T cell levels drop beneath 200 cells per µL, 

according to the CDC[237] (Figure 1.5D). During this time, it is possible to acquire a variety of opportunistic 
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infections such as Pneumocystis pneumonia, cytomegalovirus, and oesophageal candidiasis that are 

typically only found in immunosuppressed individuals.  

 A small group of individuals called elite controllers (ECs) maintain low viral set points and never 

progress towards AIDS. Rather, they experience a unique immune control over the virus, often displaying 

undetectable viral loads and no immune cell loss[238]. The mechanism of viral control by ECs is of great 

interests to researchers as it could provide insight for therapeutic intervention. ECs have been found to 

contain an enrichment of a particular antigen (human leukocyte antigen-B*5701 (HLA-B*5701)[239]) that 

presents at the surface of CD8+ cells and could potentially interact with natural killer cells[240, 241]. 

Interestingly, despite harboring a Vpx protein that enables efficient reverse transcription in cells with low 

dNTP levels, HIV-2 has lower transmission rates and is characterized by a milder pathogenesis and slower 

disease progression when compared to HIV-1[242]. In fact, the majority of HIV-2 infections never progress 

to AIDS[243]. Researchers are still working to understand the underlying determinants prescribing the 

dampened pathogenesis of HIV-2. 
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Figure 1.5 AIDS disease progression. (A) After transmission of HIV-1 (red line), a primary infection is 

established near the mucosal entry site as the eclipse phase begins. For the next few weeks, the virus spreads 

through cell-free and cell-to-cell transmission routes and quietly seeds viral reservoirs in lymphatic tissue 

while viral RNA remains undetectable in the blood. (B) As the infection continues to spread throughout the 

body, viral RNA becomes detectable in the blood stream. This signifies entry into the acute phase where 

rapid viral replication in CD4+ cells has detrimental cytopathic effects that are clinically observable in the 

form of plummeting CD4+ T cells counts (blue line). (C) Finally, 6-9 weeks post infection, the host immune 

system gains partial control over the virus resulting in decreased viral loads, a slight rebound in CD4+ T 

cell numbers, the establishment of a viremia set point (black arrow), and the entry into clinical latency. The 

host immune system can suppress viral replication for years; however, fatigue of the immune system is seen 

as CD4+ T cells continue to decline during this time. (D) Drastically reduced immune cell counts expose 

the immune system to opportunistic infections. Once CD4+ T cell counts drop below 200 cells per µL the 

individual is said to have AIDS. Over time, the weakened immune system becomes overwhelmed by 

opportunistic infections which ultimately results in death. This figure was modified from an adaptation by 

Sigve that was created under a CC0 1.0 license.  The original copyrighted material was reproduced with 

permission from (Pantaleo et al., 1993[244]), Copyright Massachusetts Medical Society.   
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E. HIV/SIV Target Cells 

 HIV/SIV lentiviral receptor CD4 is expressed at the cell surface of a variety of human cells (e.g. 

thymocytes, mature T lymphocytes, monocytes, macrophages, neurons, microglia, and immature dendritic 

cells (DCs))[245] and tissues (e.g. brain, spleen, appendix, lymph nodes, liver, lungs, and gut)[246], however, 

expression can be highly variable. For example, while the density of CD4 expression on the surface of 

monocyte derived macrophages (MDMs) is 20-fold lower than that of its parental monocyte, MDMs and 

CD4+ T cells have similar numbers of CD4 molecules at their cell surfaces, even though T cells have a 

significantly smaller surface area[247]. In the body, CD4 receptors recognize peptide antigens presented by 

major histocompatibility complex II (MHC-II) molecules and subsequently initiate signaling cascades 

required for the proper targeting of cells containing exogeneous biological material[248]. While CD4 is 

required for HIV/SIV viral entry[249] and is commonly associated with its expression in the immune system 

and brain[250], viral Env amino acid sequences together with coreceptor expression and use ultimately dictate 

viral tropism.  

i. Viral Tropism 

 Upon binding to CD4, Env undergoes a conformational change that exposes two regions called the 

V3 loop and the bridging sheet that can selectively interact with either CCR5 (R5) or CXCR4 (X4) to 

facilitate coreceptor binding. In vitro experiments have resulted in the identification of over 14 7TM 

receptors (including CCR1, CCR2b, CCR3, and CCR5) that can serve as potential coreceptors for 

HIV/SIV[251]. While the identified receptors are members, or distant relatives, of the chemokine receptor 

family, CCR5 and CXCR4 are recognized as the primary coreceptors in HIV/SIV infections. Like CD4, 

coreceptor expression is highly cell-specific: memory CD4+ T cells primarily express large levels of CCR5 

while naïve CD4+ T cells harbor no CCR5 on their cell surface, only CXCR4[252]. Interesting, macrophages 

coreceptor expression is dependent upon cytokine secretions as these monocytic cells display upregulation 

of CXCR4 when stimulated with macrophage colony stimulating factor (M-CSF) and an upregulation of 

CCR5 when treated with granulocyte macrophage colony-stimulating factor (GM-CSF)[253]. 
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 Studies observing the genetic diversity of env within single host infections have found that 

productive clinical infections often result from successful infection by 1-5 founder virions that often have 

a preference for CCR5+ cells[254]. Initial investigations noticed that HIV favors CCR5-mediated entry during 

the early stages of infections and evolves to utilize the CXCR4 coreceptor during the course of infection[255, 

256]. Researchers observed differential viral pathogenesis and believed CCR5 coreceptor entry was 

associated with non-syncytium inducing (NSI) infection of macrophages—a target cell type that supported 

slow viral replication—while CXCR4 usage was thought to permit rapid viral replication in T cells, 

resulting in a syncytium inducing (SI) phenotype[257]. Differences in coreceptor usage and their perceived 

correlation with cell permissivity (i.e. which target cells supported productive infection by the viral 

variants) spurred the development of new nomenclature: viruses that used CCR5 for macrophage-specific 

cell entry were called M-tropic viruses and those which used CXCR4 coreceptors were termed T-tropic 

viruses[258].   

 Our understanding of viral tropism has since evolved to recognize that there are, in fact, three virial 

tropisms during HIV infection: (i) R5 M-tropic variants capable of entering macrophages and possibly other 

cells expressing low levels of CD4, (ii) R5 T-tropic variants that have adapted to enter memory CD4+ T 

cells, and (iii) X4 T-tropic viruses that are capable of gaining entry into naïve CD4+ T cells. Since MDMs 

are highly variable in their HIV-1 infectivity[259] and are hardly identified outside of the central nervous 

system (reviewed in[260]), founder viruses are assumed to be R5 T-tropic variants that replicate in memory 

CD4+ T cells and grow to represent the majority of blood-derived HIV-1 virions found in productive 

infections[261]. However, viral tropism is highly clade dependent within the M group of HIV-1 viruses: for 

example, clade A viruses remain R5 even in the late stages of infection, clade B viruses hardly transition to 

X4 tropism during pathogenesis, and clade C viruses utilize dual tropism throughout pathogenesis 

(reviewed in[50]). 

 Recent studies aim to elucidate the role of Env V3 and bridging sheet sequences in the 

determination of HIV-1 coreceptor use and cellular tropism[262]. Additionally, many groups are working to 

locate and characterize the cellular populations involved in viral latency and reservoir establishment 
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(reviewed in[263]). While much is still unknown, it is thought that M-tropic and R5 T-tropic viral variants 

seed these reservoirs during the early stages of viral infection, thus creating monocytic and resting memory 

CD4+ T cell populations[264-266] that can potentially be therapeutically activated and targeted to reverse viral 

latency[267, 268].  

ii. Intracellular dNTP Pools and SAMHD1 

 In addition to the variable surface expression of CD4 and its CCR5/CXCR4 coreceptors, the 

intracellular dNTP environment is another factor that contributes to HIV/SIV cellular permissivity. Steady 

state intracellular dNTP pools are carefully maintained by various cellular enzymes that either synthesize 

or degrade dNTP molecules. The protein expression and enzymatic activity of cellular dNTP biosynthesis 

machinery, which includes enzymes such as thymidine kinase (TK)[269, 270] and ribonucleotide reductase 

(RNR)[271-273], are highly dependent upon the cell cycle: upregulation of these two proteins is observed in 

late G1 in preparation for DNA replication in S phase[274, 275]. Conversely, SAMHD1 (reviewed in[126])—a 

negative regulator of intracellular dNTP pools that catalyzes water-mediated cleavage of dNTP 

molecules[276, 277]—maintains consistent protein expression throughout the cell cycle. Instead, the dNTPase 

activity of SAMHD1 is thought to be controlled through phosphorylation of its T592 residue (pSAMHD1) 

by the cyclin A2/CDK complex during S phase[278] and subsequent dephosphorylation by PP2A with a 

B55alpha subunit (PP2A-55α)[279] during mitotic exit. While many groups have found that phosphorylation 

of T592 destabilizes the active SAMHD1 tetramer and results in the loss of dNTPase activity[280, 281], 

conflicting reports illustrate that pSAMHD1 and phosphomimetic mutants T592D and T592E display 

dNTPase activity that is comparable to wildtype SAMHD1[282, 283].  

 The dual mechanism involved in steady state intracellular dNTP pool maintenance—the balance of 

dNTP synthesis and degradation—is responsible for creating the divergent intracellular environments found 

in nondividing and dividing HIV/SIV target cells. As discussed above, cellular biosynthesis machinery is 

regulated with respect to the cell cycle, as they provide dNTP substrates for use by cellular polymerases 

responsible for DNA replication during S phase. Since nondividing cells, like macrophages, do not undergo 

cell division or participate in active DNA replication, they have no necessity to support dNTP biosynthesis. 

31



Similarly, while SAMHD1 protein expression is not regulated by the cell cycle, its relative expression levels 

can drastically vary depending on cell type. SAMHD1 expression is elevated in nondividing macrophages, 

DCs, and resting CD4+ T cells; this is in stark contrast to the relatively low SAMHD1 expression seen in 

activated/dividing CD4+ T cells[284, 285], which can be attributed to samhd1 promotor methylation[286] and 

impaired mRNA translation by miR-181[287, 288] in this target cell type. As a result, dNTP concentrations in 

nondividing MDMs (20-40 nM) are 100-250 fold lower than those found in activated CD4+ T cells (2-5 

µM)[289].  

 The low dNTP pools found in macrophages and resting CD4+ T cells, which results from 

diminished dNTP biosynthesis and the dNTPase activity of SAMHD1, have been shown to restrict HIV-1 

replication[128, 290]. This viral restriction is alleviated in HIV-2 and some SIV infections by the deployment 

of SAMHD1-counteracting Vpr or Vpx proteins[22, 291]. In a process that is independent of viral 

uncoating[292], Vpx and some Vpr accessory proteins recruit DCAF1 to facilitate the formation of the 

Vpr/Vpx-DCAF1-CRL4-E3 ubiquitin ligase complex which can target host dNTPase SAMHD1 for 

proteasomal degradation. Viral counteraction of SAMHD1 results in a transient 10-fold increase in 

macrophage and resting CD4+ T cell dNTP concentrations[293-295], elevating intracellular dNTPs above the 

substrate concentration needed to obtain half maximal activity (Km) of HIV-1 RT[128] and promoting 

complete proviral DNA synthesis in these otherwise restrictive cell types. Interestingly, in addition to the 

dNTPase-dependent depletion of nondividing HIV/SIV target cell dNTP pools, many studies have 

suggested that SAMHD1 possesses antiviral activity that is independent of its dNTPase activity and is 

regulated by phosphorylation of T592[296, 297]. The direct interaction of Vpr/Vpx and antiviral restriction 

factor SAMHD1 in the pro-degradation complex has resulted in their co-evolution as they engage in a host-

virus evolutionary arms race[137, 298, 299]—Vpr/Vpx adapting to better target the dNTPase for proteasomal 

degradation to support permissive infection in restricted cell types, and SAMHD1 adapting to evade viral 

counteraction while striving to maintain the enzymatic functions required for proper intracellular dNTP 

regulation. 
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1.3 Reverse Transcriptase 

We have recently surpassed the 50 year mark since the discovery of reverse transcriptase by Dr. David 

Baltimore at Massachusetts Institute of Technology[300] and Drs. Howard Temin and Satoshi Mizutani at 

the University of Wisconsin[301] in June 1970. The protein was identified from rous sarcoma virus (RSV) 

virions and was unique since it functioned opposite of the central dogma (i.e. DNA→ RNA→Protein) as it 

converts RNA into DNA. Here, we will discuss the structure and function of  the HIV/SIV reverse 

transcriptase protein (Figure 1.6). 
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Figure 1.6 HIV-1 reverse transcriptase structure and reaction pathway. (A) The crystal structure of 

heterodimeric HIV-1 RT bound with nucleic acid is shown (PBD: 1RTD). The p66 subunit contains the 

polymerase and RNaseH active sites while p51 (grey) serves a structural role during polymerization. The 

p66 subunit can be further divided into the fingers (pink), palm (orange), thumb (green), connection 

(yellow), and RNaseH (cyan) subdomains. This figure was adapted from original art licensed under a CC 

BY 3.0 created by Ilina et al.[200]. (B) As a DNA polymerase, RT adheres to the well-known DNA 

polymerase reaction pathway. Reverse transcription begins by RT binding to a template-primer (T/P) to 

form the binary complex, a steady state event characterized by KD. A dNTP molecule can then bind to the 

polymerase active site to form the ternary complex in a reversible association characterized by Kd. Upon 

formation of the ternary complex, RT undergoes a conformational change (RT → RT* = Kconf) and catalyzes 
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the formation of a phosophodiester bond between the incoming nucleotide and the 3’-OH of the primer 

(Kchem). The sum of Kconf and Kchem yield pre-steady state kpol. A pyrophosphate (PPi) byproduct is produced 

during the incorporation reaction and is released in the final step of the DNA polymerase reaction pathway. 
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A. Structural Features and Drug-Induced Viral Mutagenesis 

 HIV-1 reverse transcriptase is processed from the Gag-Pol polyprotein through sequential cleavage 

reactions that are performed by the viral protease. The cleavage process first results in p66 monomers which 

dimerize to form p66/p66 homodimers[302]. PR then executes a final proteolytic cleavage that excises the C-

terminal RNaseH domain from one p66 subunit, consequently generating a p15 fragment and p66/p51 

heterodimeric RT, the viral DNA polymerase of HIV which assumes a right-handed polymerase structure 

(Figure 1.6A). The larger of the two subunits (p66 in HIV-1/SIV, p68 in HIV-2) contain the polymerase 

and RNaseH active sites while the smaller subunit (p51 in HIV-1/SIV, p54 in HIV-2)  is catalytically 

inactive and plays a structural role during polymerization. Structure certainly confers function in the p66 

subunit as the two enzymatic functions of RT are separated into two spatially distinct domains: the 

polymerase domain and RNaseH domains. The polymerase domain can be further divided into the fingers 

(residues 1-85, 118-155), palm (residues 86-117, 156-236), thumb (residues 237-318), and connection 

(residues 319-426) subdomains[303, 304]. While p51 contains the same polymerase subdomains as p66, their 

relative spatial locations are different in this truncated subunit.  

 During polymerization, the p66 thumb subdomain orients the template-primer (T/P) such that the 

3’-OH functional group of the primer sits within in the priming site (P) of the polymerase active site. This 

requires crucial interactions between both the template and primer strands as well as a β12-β13 hairpin 

structure within the thumb domain called the “primer grip”[305, 306].Once positioned correctly within the 

nucleic acid binding cleft—composed of all p66 subdomains and the p51 thumb and connection 

subdomains—the bound T/P interacts with both the polymerase and RNaseH active sites, which are 

separated by 17-18 base pairs. The polymerase active site contains three catalytic aspartic acid residues 

from the β9-β10 loop within the palm subdomain of p66 (D110, D185, D186), which orchestrate two Mg2+ 

ions within the active site[307]. Residues D185 and D186 belong to the canonical YXDD motif that is 

conserved across the Retroviridae family in which X is methionine in HIV-1 RT and valine, alanine, or 

leucine in other viral RTs[308]. Similarly, metal ions (likely Mg2+) are oriented by conserved residues D442, 

E478, D498 and D549 within the RNaseH active site. Once the RT primer grip (p66 thumb) correctly orients 
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the T/P, forming the binary complex, a dNTP molecule is able to bind within the nucleotide binding site 

(N) to form the ternary complex. This binding event requires residues R72 and K65 which facilitate binding 

of the β- and γ-phosphates respectively in the incoming nucleotide[309]. While residues Q151 and Y115 

differentially interact with the 3’-OH group of the nucleotide bound to the N site, Y115 prevents the 

incorporation of 2’-OH containing nucleotides thereby effectively acting as a steric gate that deciphers 

between deoxy- and ribonucleotide substrates[310, 311]. Once the ternary complex is formed, RT undergoes a 

conformational change in which the p66 finger subdomain closes down over the dNTP in the N site, aligning 

the α-phosphate of the nucleotide substrate with the 3’-OH of the P site primer and the polymerase active 

site[312, 313] (i.e. “closed” RT conformation). RT then catalyzes a quick chemical reaction, in which a 

phosphodiester bond is formed between the 3’-OH of the primer and the incoming nucleotide, resulting in 

the formation of a pyrophosphate byproduct. Following nucleotide incorporation, the p66 fingers open to 

allow release of the pyrophosphate (i.e. “open” conformation) and, during processive polymerization, the 

nucleic acid translocates to free the N site for binding by the next dNTP substrate.  

 Since RT is a DNA- and RNA-dependent DNA polymerase, HIV-1 research is rich with studies 

that have characterized its differential activities when bound to RNA/DNA heteroduplex and DNA/DNA 

homoduplex nucleic acids. Interestingly, not only is the distance between polymerase and RNaseH active 

sites different between the two T/Ps (17 nucleotides for homoduplex and 18 nucleotides for heteroduplex), 

but RT also binds RNA/DNA with a lower off-rate constant (koff) than DNA/DNA[191, 314, 315]. Pre-steady 

state kinetic analysis revealed that while dNTP binding is enhanced when using a DNA template (Kd(DNA)= 

4µM; Kd(RNA)= 14µM), the rate of dNTP incorporation (kpol) increases two-fold when polymerizing from an 

RNA template[313]. Finally, steady state reactions reveal that the concentration of substrate required to reach 

half maximal RT polymerization activity (Km) is 3-21 fold lower when using an RNA template, resulting 

in an elevated catalytic efficiency during polymerization from a heteroduplex template[316, 317]. Additionally, 

while p66/p51 and p66/p66 bind homoduplex DNA with the same affinity[318], RT heterodimers are more 

stable and slightly more efficient at incorporating dNTPs during DNA synthesis, potentially providing 
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reason for why evolution has preserved further processing of the p66 homodimer despite there currently 

being no known functions for the p15 cleavage product[319-321]. 

 Because RT is essential to viral replication, it has been a key target for antiviral drug development. 

Anti-RT drugs come in two varieties: nucleoside RT inhibitors (NRTIs) and non-nucleoside RT inhibitors 

(NNRTIs). As nucleoside analogs, NRTIs, which typically lack 3’-OH groups, are incorporated into the 

nascent DNA and function as chain terminators. Their incorporation oftentimes leads to the formation of 

“dead end complexes” or ternary complexes trapped in the “closed” conformation with the NRTI stably 

bound to the translocated primer (P site). Conversely, NNRTIs bind a hydrophobic pocket that is adjacent 

to the p66 polymerase active site called the NNIBP (residues L100, K101, K103, V106, T107, V108, V179, 

Y181, Y188, V189, G190, F227, W229, L234, and Y318 of p66 and E138 of p51). This binding event locks 

the polymerase in a conformation where the p66 thumb and finger subdomains are hyperextended, leaving 

RT unable to perform the chemical catalysis necessary for dNTP substrate incorporation. There is no 

additional NNIBP on the p51 subunit and, interestingly, this hydrophobic pocket does not exist in the 

absence of NNRTIs .  

 While some compounds have been discontinued, there are currently five FDA approved NRTIs 

(zidovudine-AZT, abacavir-ABC, emtricitabine-FTC, lamivudine-3TC, and tenofovir DF-TDF) and five 

NNRTIs (doravirin-DOR, efavirenz-EFV, etravirine-ETR, nevirapine-NVP, and rilpivirine-RPV)[322]. 

Unfortunately, due to its high mutation rate, HIV-1 can generate and select for drug-resistant RT variants 

throughout the course of pathogenesis. NRTI-resistance mutations generally function via one of two 

mechanisms: excision of the drug following incorporation (e.g. combinations of M41L, D67N, K70R, 

L210W, K219E/Q, and most importantly T215F/Y mutations are known to reduce AZT efficacy by 

facilitating ATP-mediated drug excision[323]) or exclusion of the drug from the polymerase active site (e.g. 

M184V/I mutations reduce incorporation of FTC and 3TC through steric hindrance[324]). Since NNRTIs 

bind the NNIBP, most NNRTI-resistance mutations are found near this region (reviewed in[100]). Due to the 

generation of drug-resistant RT variants, which can be integrated in transmissible virions, these antivirals 

are often taken in combination with one another (i.e. 3TC+AZT= combivir ; EFV+FTC+TDF= symfi ; 
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ABC+3TC= epzicom ; ABC+3TC+AZT= trizivir) or in conjunction with drugs targeting other viral 

proteins (i.e. protease, integrase, fusion, and entry inhibitors)[322]. 

B. DNA Polymerase Reaction Pathway and Kinetics 

 As a DNA polymerase, reverse transcriptase follows the typical DNA polymerase reaction pathway 

(reviewed in[325]) (Figure 1.6B) in which the enzyme first binds to a template-primer (T/P) to form the 

binary complex (KD). Binding of a dNTP substrate to this binary complex (i.e. pre-steady state Kd) yields 

the ternary complex. Formation of the ternary complex induces an RT finger-closing conformational change 

(RT→RT*) to correctly orient the incoming dNTP for incorporation, in an event that is characterized by 

pre-steady state kinetic parameter Kconf. Once the dNTP is positioned correctly, RT catalyzes a quick 

chemical reaction that results in the formation of a phosphodiester bond between the T/P and incoming 

dNTP. This sub-step is characterized by pre-steady state Kchem. The sum of the conformational change (Kconf) 

and the chemistry step (Kchem) is represented by the kinetic factor kpol. The last step of the pathway is the 

release of pyrophosphate following nucleotide incorporation and, ultimately, the release of the template-

primer containing the newly incorporated nucleotides (T/P+1). Release of T/P+1 is the rate-limiting step in 

steady state polymerase reactions.  

 Steady state reactions observe product formation in the presence of equimolar enzyme and enzyme-

substrate complexes. Often used for multiple-nucleotide incorporation studies, but applicable for single-

nucleotide incorporation experiments, steady state conditions characterize the maximum enzyme activity 

and yield kinetic parameters Km, Vmax, and kcat. Km describes the concentration of dNTP substrate required 

for the enzyme to function at half its maximum product formation velocity (Vmax), while kcat (i.e. catalytic 

turnover rate) represents the rate that each enzyme active site turns substrate (dNTPs) into product (T/P+1). 

Since steady state polymerization follows Michaelis-Menten enzyme kinetics, Vmax can be converted to kcat 

if divided by the concentration of total enzyme in the reaction ([E]0). The efficiency of steady state enzyme 

activity can be found through determination of its catalytic efficiency (kcat/Km). While steady state studies 

provide an overview of enzyme activity, pre-steady state studies enable delineation of mechanism. 
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 Pre-steady state reactions observe the formation and consumption of enzyme-substrate 

intermediates. To isolate dNTP incorporation kinetics from the rate-limiting steady state T/P binding and 

dissociation kinetics (i.e. kon and koff of T/P binding to RT at the beginning of the DNA reaction pathway), 

pre-steady state reactions are conducted with RT pre-bound to radiolabeled T/P and are quenched prior to 

(i) T/P dissociation from the RT:T/P+1 complex and (ii) subsequent formation of new binary complexes. 

Since these reactions permit only a single round of polymerization, they are conducted for short durations 

of time ranging from 0.001-3 seconds depending on the enzyme in question. Pre-steady state studies yield 

kinetic parameters Kd (the equilibrium dissociation constant for the dNTP substrate) and kpol (the maximum 

rate of dNTP incorporation). Similar to the steady state catalytic efficiency value, the incorporation 

efficiency communicates the efficiency of T/P+1 generation. Various studies have characterized the pre-

steady state kinetics of numerous polymerases including the Klenow Fragment (KF) of E. coli DNA 

polymerase I[326], the T7 DNA polymerase[327, 328], many human DNA polymerases[329-331], and a variety of 

viral DNA polymerases[312, 313, 332-334].   

C. Differences Between RTs from SAMHD1 Counteracting and Non-Counteracting Lentiviruses 

 Over the years, our lab has done extensive studies on retroviral polymerases and the many factors 

that govern their enzymatic activity and polymerization fidelity. While lentiviruses, like HIV and SIV, 

replicate in both dividing and nondividing target cell types, other non-lentiviral retroviruses, such as 

gammaretroviral feline leukemia virus (FeLV) and murine leukemia virus (MuLV), exclusively replicate 

in dividing cells[335-337]. Our lab found that MuLV RT has a dNTP binding affinity (Kd) that is 3.8-fold lower 

than that of HIV-1 RT[338], suggesting that replication within the bountiful dNTP environments of dividing 

cells easily results in productive MuLV infection while the low dNTP pools of nondividing cells pose more 

of a challenge. This finding suggested that viral polymerase properties could potentially join (co)receptor 

expression and intracellular dNTPs on the list of cellular permissivity determinants. 

  Since there are kinetic differences between the RTs originating from lentiviral- and non-lentiviral 

retroviruses, our lab sought to determine whether there were kinetic difference between RTs originating 

from lentiviruses with and without the ability to counteract host restriction factor SAMHD1 (SAMHD1 

40



counteracting and SAMHD1 non-counteracting lentiviruses respectively). To do this, we must first consider 

the dynamics of nondividing target cell infections by SAMHD1 counteracting viruses, like HIV-2 and some 

SIVs, compared to that of SAMHD1 non-counteracting viruses, like HIV-1 (Figure 1.7). When HIV-1 

infects a macrophage, the SAMHD1-depleted intracellular dNTP pools slow reverse transcription and 

restrict HIV-1 infection in this cell type. Conversely, HIV-2 and some SIVs use viral Vpr or Vpx proteins 

to induce the proteasomal degradation of SAMHD1, increase intracellular dNTP pools, complete proviral 

DNA synthesis, and result in the permissive infection of nondividing macrophages. Since SAMHD1 non-

counteracting lentiviruses are left to replicate within the low dNTP pools of the macrophage, our lab 

kinetically assessed RTs from various SAMHD1 counteracting and non-counteracting lentiviral strains to 

investigate whether differences in cellular dNTP availability has (i) served as a selective pressure that drives 

RT evolution in SAMHD1 non-counteracting lentiviruses and (ii) influenced the kinetic properties of 

HIV/SIV RT.  

  Interestingly, while SAMHD1 counteracting and non-counteracting lentiviral RTs displayed 

similar kcat and Kd values, SAMHD1 non-counteracting RTs were characterized by lower steady state Km 

values and faster rates of incorporation (kpol) when compared to SAMHD1 counteracting lentiviral RTs[339, 

340]. This demonstrates that, in order to overcome SAMHD1 restriction in nondividing target cells, 

SAMHD1 non-counteracting viruses, like HIV-1, evolved over time to harbor RT proteins that could 

efficiently synthesize DNA in the low dNTP concentrations found macrophages. Conversely, since 

SAMHD1 counteracting viruses, like HIV-2 and SIVmac239, utilize their Vpr or Vpx proteins to induce 

proteasomal degradation of SAMHD1—increasing intracellular dNTP concentrations above the Km of their 

viral RT, in otherwise restrictive host cellular environments—there is no pressure exerted on the viruses to 

promote evolution of their RT proteins. The unique interplay between host dNTPase SAMHD1, viral 

Vpr/Vpx, and intracellular dNTP concentrations ultimately drives lentiviral RT evolution, resulting in 

kinetic differences between RTs originating from SAMHD1 counteracting and non-counteracting 

lentiviruses. 
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Figure 1.7 Implications of SAMHD1 restriction on HIV/SIV infection in nondividing cells and 

evolution of reverse transcriptase. Host dNTPase SAMHD1 degrades intracellular dNTPs in 

nondividing cells, resulting in slow but complete reverse transcription and a restrictive infection in 

nondividing target cell types (left). Conversely, viral Vpx/Vpr in SAMHD1 counteracting lentiviruses 

targets SAMHD1 for proteasomal degradation via the DCAF1:CRL4 complex. This increases cellular 

dNTP pools and promotes efficient reverse transcription in an otherwise restrictive cell type (right). RTs 

from SAMHD non-counteracting lentiviruses are characterized by lower Km values and faster kpol values. 

This figure was created with BioRender.com and adapted from original work published by St Gelais et 

al.[341] under a CC BY license. 
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1.4 Dissertation Direction  

 Since virus-induced SAMHD1 counteraction appears to be correlated with lentiviral RT kinetics, 

this dissertation seeks to understand how SAMHD1 non-counteracting lentiviral RTs execute faster DNA 

polymerization (Chapter 2) and whether RT enzyme kinetics are evolutionarily enhanced in the absence of 

Vpx during in vivo SIVmac239 infections (Chapter 3). Ultimately, we conclude that SAMHD1 non-

counteracting lentiviral RTs execute a faster finger-closing conformational change during dNTP 

incorporation, resulting in faster kpol values when compared to SAMHD1 counteracting lentiviral RTs. 

Additionally, we observe that RTs from SIVmac239 infections devoid of Vpx (i.e. Vpx (-) virus) undergo 

enzymatic enhancement, displaying faster steady state and pre-steady state kinetics when compared to RTs 

from WT SIVmac239 infections. While Vpx (-) RTs display faster kinetics, these enzymatic improvements 

are not enough to overcome the SAMHD1-mediated low dNTP pools of nondividing macrophages, as both 

in vitro and in vivo experiments show that Vpx (-) virus is unable to infect this target cell type.   
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Chapter 2 

 

Efficient Pre-catalytic Conformational Change of Reverse Transcriptases from SAMHD1 Non-

counteracting Primate Lentiviruses During dNTP Incorporation 
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Abstract 

Unlike HIV-1, HIV-2 and some SIV strains replicate at high dNTP concentrations even in macrophages 

due to their accessory proteins, Vpx or Vpr, that target SAMHD1 dNTPase for proteasomal degradation. 

We previously reported that HIV-1 reverse transcriptase (RT) efficiently synthesizes DNA even at low 

dNTP concentrations because HIV-1 RT displays faster pre-steady state kpol values than SAMHD1 

counteracting lentiviral RTs. Here, since the kpol step consists of two sequential sub-steps post dNTP 

binding, conformational change and chemistry, we investigated which of the two sub-steps RTs from 

SAMHD1 non-counteracting viruses accelerate in order to complete reverse transcription in the limited 

dNTP pools found in macrophages. Our study demonstrates that RTs of SAMHD1 non-counteracting 

lentiviruses have a faster conformational change rate during dNTP incorporation, supporting that these 

lentiviruses may have evolved to harbor RTs that can efficiently execute the conformational change step in 

order to circumvent SAMHD1 restriction and dNTP depletion in macrophages.  
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Introduction 

During the course of its pathogenesis, HIV-1 infects both activated/dividing CD4+ T cells and terminally 

differentiated/nondividing myeloid cells such as macrophages and microglia[1-4]. While activated CD4+ T 

cells support robust HIV-1 replication kinetics and undergo rapid cell death upon infection, HIV-1 

replication kinetics in macrophages is greatly suppressed. HIV-1 infected myeloid cells display long cell 

survival, leading to the persistent production of low levels of HIV-1, particularly in the brain[5, 6].  A series 

of recent studies revealed that the observed suppressed HIV-1 replication kinetics in myeloid cells is due 

to host SAM domain and HD domain containing protein 1 (SAMHD1) which is a dNTP 

triphosphohydrolase (dNTPase) that depletes the dNTP substrates of reverse transcriptases (RT) in 

macrophages[7, 8]. However, some SIV strains replicate rapidly even in macrophages. The fast replication 

capability of these SIV strains is due to their accessory protein, viral protein X (Vpx)[9, 10], which is a gene 

duplication product of another viral accessory protein, viral protein R (Vpr)[11, 12]. Lentiviral Vpx directly 

binds to host SAMHD1 protein and induces the E3-ligase mediated proteasomal degradation of SAMHD1[9, 

13, 14]. Less abundant SAMHD1 leads to the elevation of cellular dNTP concentrations in macrophages and 

the acceleration of reverse transcription during the viral replication cycle[15]. Several studies demonstrated 

that this SAMHD1 degradation capability already existed among SIV strains that encode Vpr, but not Vpx, 

such as the SIVagm strains[16]. These SIV strains use their Vpr proteins to counteract their host SAMHD1 

via the same proteasomal degradation pathway hijacked by Vpx[17, 18]. Importantly, while SAMHD1 

sequence variations are observed among the many primate host species, Vpr/Vpx species specificity also 

recognizes host-specific SAMHD1 sequences for the proteasomal degradation[19, 20]. 

Due to the presence of host SAMHD1, SAMHD1 non-counteracting lentiviruses such as HIV-1 

replicate in limited dNTP pools during the infection of macrophages; conversely, SAMHD1 counteracting 

lentiviruses such as SIVmac239 replicate under abundant dNTP conditions even in macrophages. We 

previously observed that SAMHD1 non-counteracting lentiviral RTs can efficiently synthesize DNA even 

at the low dNTP concentrations found in macrophages. This suggests that the efficient DNA synthesis 

capability of SAMHD1 non-counteracting lentiviral RTs enables these lentiviruses to overcome SAMHD1-
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mediated viral restriction[21]. The slower replication kinetics of HIV-1 compared to those of SAMHD1 

counteracting strains such as HIV-2 and some SIVs, reveal that the potential RT-mediated mechanism to 

overcome low dNTP concentrations in macrophages is much less effective than Vpx/Vpr-mediated 

SAMHD1 degradation. However, this RT-mediated mechanism may enable HIV-1 to complete its reverse 

transcription step even in macrophages with limited dNTP pools. Pre-steady state kinetic analysis using a 

rapid quench instrument[22, 23] can simultaneously measure Kd (dNTP binding affinity) and kpol (Kconf +Kchem), 

lending insight into the molecular activities and mechanisms of various enzymes. Employing the use of 

pre-steady state kinetic analyses, we previously reported that while SAMHD1 non-counteracting lentiviral 

RTs display faster rates of incorporation (kpol) when compared to SAMHD1 counteracting lentiviral RTs, 

these polymerases share similar Kd values[23]. This suggests that the faster kpol values of the SAMHD1 non-

counteracting lentiviral RTs allow these viruses to complete proviral DNA synthesis even at the low dNTP 

concentrations found in macrophages.                         

  In this study, we investigated the pre-steady state kinetics and elemental effect of RTs from various 

SAMHD1 counteracting and non-counteracting primate lentivirus strains in order to understand the 

differential relationship between RT kinetics and host SAMHD1 proteins among these lentiviruses. It was 

demonstrated with many DNA polymerases[24-27], including HIV-1 RT[28], that (i) the Kconf step is the 

slowest/rate-limiting step during the pre-steady state dNTP incorporation reaction and (ii) the Kchem step is 

very rapid, indicating that the kpol value is predominantly represented by the Kconf step (kpol ≈ Kconf). This 

conclusion was experimentally made by the absence of the phosphorothioate elemental effect when using 

dNTPαS substrates which contain sulfur instead of oxygen at the α-phosphate position of dNTP. During 

the incorporation of dNTPαS, the sulfur atom present on the alpha-phosphate of the substrate slows only 

the chemistry step (Kchem), a phenomenon defined as an elemental effect.  

 In this study, we determined the elemental effect of RTs from SAMHD1 non-counteracting SIV strains, 

SIVcpz and SIVgor, and RTs from SAMHD1 counteracting SIV strains, SIVagm 9063-2 and SIVmne CL8. 

Overall, our kinetic analysis explains how the RTs of the SAMHD1 non-counteracting lentiviruses 

mechanistically gained faster kpol rates and how these lentiviruses became capable of circumventing 
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SAMHD1-mediated restriction in order to complete proviral DNA synthesis even at the extremely low 

cellular dNTP concentrations found in nondividing macrophages.  
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Experimental Procedures 

Cells, plasmids and chemicals: The following full-length clones of various HIV-1 and SIV strains were 

obtained through the AIDS Reagent Program, Division of AIDS, NIAID, National Institutes of Health: 

HIV-1 94UG114.1 Non-infectious Molecular Clone from Drs. Beatrice Hahn and Feng Gao, and the 

UNAIDS Network for HIV Isolation and Characterization (cat# 4001)[29]; HIV-1 94CY017.41 Non-

infectious Molecular Clone from Drs. Stanley A. Trask, Feng Gao, Beatrice H. Hahn, and the Aaron 

Diamond AIDS Research Center (cat# 6175)[30]; pSIVgorCP2139 from Drs. Jun Takehisa, Matthias H. 

Kraus, and Beatrice H. Hahn (cat#11722)[31]; SIVCPZTAN2.69 from Drs. Jun Takehisa, Matthias H. Kraus 

and Beatrice H. Hahn (Cat #11497)[32]. A full-length molecular clone of SIVmne CL8 was previously 

constructed[33], while a full-length molecular clone of SIVagm 9063-2 was kindly provided by V. Hirsh[34] 

(National Institutes of Health, Bethesda, MD). The aforementioned molecular clones were used to clone 

the flag tagged Vpr genes of HIV-1 Ug and HIV-1 Cy into pCDNA3.1/hygro (+)  (HindIII and XhoI, 

ThermoFisher) while the flag tagged Vpr genes of SIVgor, SIVcpz, and SIVagm 9063-2 were synthesized 

into pcDNA3.1/Hygro (+) by GenScript (Piscataway, NJ). Full length molecular clones were also used to 

clone the RT genes of HIV-1 Cy[21], HIV-1 Ug[21], SIVagm 9063-2[35], SIVgor, SIVcpz 2.69 into pET28a 

(NdeI and XhoI sites, Novagen) and SIVmneCL8 RT into pHis (NdeI and EcoRI). The following SAMHD1 

proteins were synthesized into pLVX-IRES- mCherry with an N-terminal HA tag from NCBI Reference 

sequences NM_001280510.1 (chimpanzee) and NM_001279619.1 (gorilla). The hSAMHD1 gene encoded 

from the plasmid provided by Dr. Felipe Diaz-Griffero[36] was cloned into pLVX-IRES-mCherry with an 

N-terminal HA tag. African Green Monkey SAMHD1 haplotype IV in pLPCX was gifted from Dr. Michael 

Emerman[37] (Fred Hutchinson Cancer Research Center, Seattle, WA). Pigtail macaque SAMHD1 gene was 

amplified from pigtail macaque mRNAs and cloned into pcDNA3.1. Rhesus macaque SAMHD1 in pLenti 

was generously obtained from Dr. Nathaniel Landau (New York University, New York, NY). Also obtained 

from Dr. Nathaniel Landau were a plasmid expressing SIVmac251 proteins except Env (pSIV3 +Vpx) and 

pSIV3 with Vpx deletion (pSIV -Vpx)[38, 39].  
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SAMHD1 degradation assay: The SAMHD1 degradation assay was conducted as previously reported[19, 

37, 40]. Briefly, using polyethylenimine, 293T cells (2 x 106 cells) were co-transfected with a plasmid 

expressing host specific HA-tagged SAMHD1 proteins (0.1g) and a plasmid expressing either flag-tagged 

(SIVagm 9063-2) or HA-tagged (HIV-1 Cy, HIV-1 Ug, SIVgor, and SIVcpz) viral accessary proteins 

Vpx/Vpr or the entire proviral genome (SIVmne CL8) (2g). The cell lysates were prepared by sonication 

from the transfected cells at 48 h post transfection and western blots were performed to visualize not only 

HA-tagged primate SAMHD1 proteins using an anti-HA antibody, but also hSAMHD1 using anti-

hSAMHD1 antibody. GAPDH was used for as a loading control. Vpr and Vpx proteins were visualized 

using anti-flag tag and anti-HA tag antibodies. The mean relative SAMHD1 levels were calculated by 

densitometry analysis and normalized to the GAPDH loading control.  The ratios of the normalized 

SAMHD1 levels with and without viral protein expression were calculated for determining the SAMHD1 

degradation efficiency. 

RT protein expression and purification: All six N-terminal His-tagged RTs were expressed in E. coli BL21 

Rosetta2 DE3 (Millipore) and their p66/p66 homodimers were purified as described previously[41] with the 

following changes. For HIV-1 Cy and SIVagm 9063-2 RTs, clear lysate obtained through sonication was 

applied to His·Bind resin (Millipore) equilibrated with a binding buffer containing 0.5M NaCl, 20mM Tris-

HCl pH 7.9, and 5mM imidazole. The column was washed with 15 column volumes binding buffer prior 

to being eluted in 1mL fractions by a solution containing 20mM Tris-HCl pH 7.9, 0.5M NaCl, and 1M 

imidazole. Fractions containing the His tagged-p66/p66 were pooled and dialyzed for 16 hours in a buffer 

containing 50mM Tris-HCl pH 7.5, 200mM NaCl, 1mM EDTA, and 10% glycerol. The RTs then 

underwent an additional 3-hour dialysis in a solution containing 50mM Tris-HCl pH 7.5, 200mM NaCl, 

1mM EDTA, 10% glycerol, and 1mM DTT. Purification of HIV-1 Ug, SIVmne CL8, SIVgor, and SIVcpz 

2.69 RTs required different binding, elution, and dialysis/storage buffers. The clear lysate of these RTs was 

loaded onto a His-resin bed equilibrated with binding buffer containing 40mM Tris-HCl pH 7.5, 250mM 

KCl, 5 mM MgCl2, 5mM beta-mercaptoethanol, 20mM imidazole, and 10% glycerol. The proteins were 
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eluted from the column using a solution containing 40mM Tris-HCl pH 7.5, 250mM KCl, 5mM MgCl2, 

240mM imidazole, and 10% glycerol before being dialyzed for 16 hours in a buffer containing 50mM Tris-

HCl pH 7.5, 150mM KCl, 0.25mM EDTA, 1mM beta-mercaptoethanol, and 20% glycerol. To examine the 

purity of the proteins, the dialyzed RTs were run on a 4-15% SDS-PAGE gel (BioRad) (Supplemental 

Figure 2.1). All RTs were determined to have at least 95% purity and were flash frozen in liquid nitrogen 

prior to being stored at -80°C for future use. 

Pre-steady state kinetic analysis: To determine the active site concentration of the six RT proteins, we first 

performed pre-steady-state burst experiments using an RFQ-3 rapid quench-flow apparatus (KinTek 

Corporation). A 32P-labelled template:primer (T/P) was prepared by annealing a 5’-32P-labeled 17mer 

primer (5’- CGCGCCGAA TTCCCGCT-3’, Integrated DNA Technologies) to a 3-fold excess of 40mer 

RNA template (5’-AAGCUUGGCUGCAGAAUAUUGCUAGCGGGAAUUCGGCGCG-3’, Integrated 

DNA Technologies). In burst experiments, 100nM RT pre-bound to 300nM T/P through a 10 min 

incubation at 37°C was rapidly mixed with a solution containing 300uM dATP, 10mM MgCl2, 50mM Tris-

HCl, pH 7.8 and 50mM NaCl at 37°C. The reactions were quenched at the following time points with 

EDTA: 0, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 2, and 3 seconds. Reaction products were separated on 14% 

polyacrylamide/8M urea gel, visualized using a PharosFX (Bio-Rad), and quantified with Image Lab 

Software (Bio-Rad). To determine the active site concentration of each purified RT, product formation was 

fit to the burst equation (Eq.1). 

Eq. 1: [𝑃𝑟𝑜𝑑𝑢𝑐𝑡] = 𝐴[1 − exp(−𝑘𝑜𝑏𝑠 × 𝑡)] + (𝑘𝑠𝑠 × 𝑡) 

In this equation, A is the amplitude of the burst and reflects the concentration of enzyme that is in an active 

form, kobs is the observed first-order burst rate for dNTP incorporation, and kss is the linear steady state rate 

constant[23, 42, 43]. Active site titrations were performed in triplicate for each lentiviral RT. 

Finally, to determine the pre-steady state kinetic activity of the six RTs, we employed single turnover 

experiments. For these experiments, a 32P-labelled template:primer (T/P) was prepared by annealing a 5’-

32P-labeled 22mer primer (5’- CGCGCCGAATTCCCGC TAGCAA-3’, Integrated DNA Technologies) to 

a 3-fold excess of 40mer RNA template (5’-
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AAGCUUGGCUGCAGAAUAUUGCUAGCGGGAAUUCGGCGCG-3’, Integrated DNA 

Technologies). In single turnover experiments, 250nM active RT enzyme pre-bound to 50nM T/P was 

rapidly mixed with a solution containing 10mM MgCl2 and varying concentrations (1.6, 6.25, 12.5, 25, 50, 

and 100µM) of either dTTP or dTTPαS substrate in the presence of 50mM Tris-HCl, pH 7.8, and 50mM 

NaCl. The reactions were quenched at various time points (0, 0.01, 0.03, 0.05, 0.1, 0.5, and 2 seconds) with 

3mM EDTA and visualized using the same methods as above. The amounts of product were quantified 

using ImageLab software and plotted as a function of time. The data were then fit to a single exponential 

equation (Eq. 2). 

Eq. 2: [𝑃𝑟𝑜𝑑𝑢𝑐𝑡] = 𝐴(1 − 𝑒−𝑘𝑜𝑏𝑠𝑡) 

In which A is the amplitude of product formation, kobs is the observed pre-steady state rate for dNTP 

incorporation, and t is time. Next, kobs was plotted as a function of substrate concentration and fit to a non-

linear regression curve equation (Eq. 3). 

Eq. 3: 𝑘𝑜𝑏𝑠 =
𝑘𝑝𝑜𝑙[𝑑𝑁𝑇𝑃]

𝐾𝑑+[𝑑𝑁𝑇𝑃]
 

In which kpol is the maximum rate of dNTP incorporation and Kd is the equilibrium dissociation constant 

for the dNTP substrate[44]. Single turnover experiments were conducted in triplicate for both dTTP and 

dTTPS substrates. 

Elemental effect analysis: The elemental effect of each RT was determined using the following 

equation[45]: 

Eq. 4: 𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝐸𝑓𝑓𝑒𝑐𝑡 =  
𝑘𝑝𝑜𝑙(𝑑𝑇𝑇𝑃)

𝑘𝑝𝑜𝑙(𝑑𝑇𝑇𝑃𝛼𝑆)
 

If this value exceeds 4, it can be concluded that there is elemental effect. If this value is ≤ 4, then there is 

no elemental effect present[46, 47]. 
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Results and Discussion 

 Test for SAMHD1 degradation capability of SIV strains: While SAMHD1 non-counteracting 

HIV-1 replicates in the SAMHD1-mediated limited dNTP pools found in macrophages, SAMHD1 

counteracting lentiviruses such as HIV-2 and some SIV strains replicate under abundant dNTP conditions 

even in macrophages[48, 49]. We previously reported that unlike RTs from SAMHD1 counteracting 

lentiviruses, HIV-1 RTs efficiently synthesize DNA even in the low dNTP concentrations found in 

macrophages[21]. This led us to hypothesize that the efficient DNA synthesis capability of the SAMHD1 

non-counteracting HIV-1 RTs enables these viruses to complete proviral DNA synthesis even in the 

SAMHD1 mediated limited dNTP concentrations found in infected macrophages. Our follow-up pre-steady 

state kinetic analysis reported that the efficient DNA synthesis kinetics of HIV-1 RTs is due to their 

performing a faster kpol step than SAMHD1 counteracting lentiviral RTs[23] - a kinetic event which occurs 

after the binding of dNTP substrate (Kd step) to the active site [50].  

In this study, since the kpol step consists of two sequential sub-steps[50]: 1) a conformational step 

followed by a 2) chemistry step[28, 42], we investigated which of these two post dNTP binding sub-steps the 

RTs of the SAMHD1 non-counteracting primate lentiviruses accelerate in order to execute the faster kpol 

step than the RTs of the SAMHD1 counteracting lentiviruses. This study aimed at mechanistically 

elucidating how these two groups of lentiviruses evolutionarily adapted to the largely different cellular 

dNTP concentrations found in their nondividing myeloid target cells. For this investigation, we employed 

RTs of four different SIV strains: SIVgor, SIVcpz, SIVagm 9063-2 and SIVmne CL8. 

Many SIV strains from various primate species counteract the anti-viral activity of SAMHD1 by 

targeting the host protein for E3-ligase dependent proteasomal degradation[9, 13, 16, 17, 51]. The mechanism of 

counteracting SAMHD1 via proteasomal degradation was initially found in SIV strains encoding Vpx [i.e. 

SIVsm[10]], a protein which directly binds to SAMHD1 and recruits the host DDB1-CUL4-DCAF E3 ligase 

complex to induce the proteasomal degradation of SAMHD1[9, 10, 14]. Later works demonstrated that this 

anti-SAMHD1 mechanism already existed even in some of SIV strains that do not encode Vpx. However, 

another accessary protein of these SIV strains, Vpr, is capable of inducing SAMHD1 degradation in these 
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primate lentiviruses. This suggests that there was a splitting of anti-SAMHD1 function during the gene 

duplication of Vpr that appears to have created Vpx and two populations of Vpr: one that is able to 

counteract SAMHD1 and one that is not[12, 19]. Therefore, we began by testing the SAMHD1 degradation 

activity of the four SIV strains (SIVgor, SIVcpz, SIVagm 9063-2, and SIVmne CL8) that we here 

investigated for their RT enzyme kinetics.  

SIVcpz and SIVgor are considered to be the origin of HIV-1[52, 53], and like HIV-1, these two SIV 

strains encode Vpr, but not Vpx. Since it was previously reported that as observed with HIV-1 strains, 

SIVcpz Vpr does not proteasomal degrade chimpanzee SAMHD1[16], we first verified these results and 

tested whether SIVgor Vpr can induce the proteasomal degradation of gorilla SAMHD1. Additionally, we 

tested the capability of SIVmne CL8 and SIVagm 9063-2 to degrade their host SAMHD1 proteins. Due to 

the host SAMHD1-lentivirus specificity[19] including SAMHD1 sequence variations among the host 

species, we expressed SAMHD1 proteins from  the specific host species related to each of primate 

lentiviruses used in this study: gorilla, chimpanzee, pig-tailed macaque, and African green monkey 

(haplotype IV)[37] for the SAMHD1 degradation assay[19, 37, 40]. The Vpr genes of SIVgor, SIVcpz and 

SIVagm 9063-2 were expressed in order to observe their ability to mediate the degradation of their host 

SAMHD1.  As a control, Vpx of SIVmac251 (pSIV3) was tested. In the SAMHD1 degradation assay[19, 37, 

40], 293T cells were co-transfected with a lentiviral plasmid expressing the host SAMHD1 protein and a 

mammalian plasmid expressing the corresponding Vpr or Vpx protein.  SAMHD1 protein levels were 

monitored by western blots. Vpr, Vpx, and SAMHD1 proteins expressed in this assay were tagged with 

either HA- or Flag-tag at their N-terminal ends. The ratios of the SAMHD1 protein levels in each of the 

triplicated SAMHD1 degradation assay were calculated for comparison using densitometry analysis. Since 

SIVmne CL8 has never been assessed for its ability to degrade SAMHD1, SIVmne CL8 Vpr or Vpx could 

possess or lack the ability to counteract SAMHD1. For this reason, we utilized a full-length molecular clone 

of SIVmne CL8, rather than a plasmid containing its Vpr or Vpx protein, to assess the SAMHD1 

degradation capabilities of this virus. 
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First, as shown in Figure 2.1A, the level of the rhesus macaque SAMHD1 protein in the transfected 

293T cells was markedly reduced when the cells were co-transfected with a SIVmac251 plasmid (pSIVmac 

+Vpx) that expresses all viral proteins except Env. However, this reduction was not observed when 

SAMHD1 was co-transfected with the same SIVmac251 plasmid containing a Vpx deletion (pSIVmac -

Vpx). However, Vpr proteins of two HIV-1 strains, HIV-1 Cy (Figure 2.1B) and HIV-1 Ug (Figure 2.1C), 

could not degrade their host SAMHD1 proteins. In contrast, Vpr of SIVagm 9063-2 (Figure 2.1F) degraded 

African green monkey haplotype IV SAMHD1 protein in this assay. It was previously reported that SIVagm 

strains from different subspecies of African green monkeys use their Vpr proteins to degrade their host 

haploid type specific SAMHD1 proteins[37]. Also, the transfection of the molecular clone of Vpx-encoding 

SIVmne CL8 (Figure 2.1G) also degraded pig-tail macaque SAMHD1 protein. Importantly, Vpr proteins 

of both SIVcpz (Figure 2.1D) and SIVgor (Figure 2.1E) could not degrade their host SAMHD1 proteins. 

Collectively, the results in Figure 2.1 demonstrate that, as is the case for HIV-1, SIVgor and SIVcpz do not 

degrade their host SAMHD1 protein, whereas SIVagm 9063-2 and SIVmne CL8 proteasomally degrade 

their host SAMHD1 proteins. Therefore, this data suggests that while SIVgor and SIVcpz should replicate 

under SAMHD1-mediated limited dNTP pools in macrophages, both SIVagm 9063-2 and SIVmne CL8 

should replicate under abundant dNTP conditions even in macrophages. 
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Figure 2.1: SAMHD1 degradation capability of primate lentiviruses. SAMHD1 degradation capability 

by lentiviral proteins was determined using the SAMHD1 degradation assay (19,37,40). In this assay, 293T 

cells were co-transfected with a plasmid expressing host specific HA-tagged SAMHD1 proteins (0.1 µg) 

and a plasmid expressing either flag-tagged or HA-tagged viral accessary proteins (Vpx or Vpr), the entire 
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(SIVmne CL8), or partial viral proteins (SIVmac251) (2 µg). The levels of SAMHD1 were determined by 

western blots with anti-HA antibody (A, D-G) or anti-hSAMHD1 antibody (B and C), and the expression 

of the viral accessary protein (Vpx or Vpr) were determined by anti-flag tag (SIVagm 9063-2) or anti-HA 

tag (HIV-1 Cy, HIV-1 Ug, SIVgor, and SIVcpz) antibody. GAPDH was used as a loading control. (A) Test 

for Rhesus macaque (Rh Mac) SAMHD1 degradation by SIVmac251 (-) and (+) Vpx. (B) Test for human 

SAMHD1 degradation by HIV-1 Cy Vpr protein. (C) Test for human SAMHD1 degradation by HIV-1 Ug 

Vpr. (D) Test for chimpanzee SAMHD1 degradation by SIVcpz Vpr. (E) Test for gorilla SAMHD1 

degradation by SIVgor Vpr. (F) Test for African green monkey haploid type IV SAMHD1 (Agm SAMHD1 

IV) degradation by SIVagm 9063-2 Vpr. (G) Test for pig-tail macaque (Pt Mac) SAMHD1 degradation by 

SIVmne CL8 full length molecular clone.  pCDNA3.1-hygro, a plasmid that does not express viral proteins, 

was used as a negative (-) control in B-G. The molecular weight of each protein presented is marked. The 

data presented in this figure are representative data from two independent transfections. The mean relative 

SAMHD1 levels shown were calculated by densitometry analysis and normalized to the GAPDH loading 

control. The calculated mean±SD (standard deviation) values corresponding to the normalized SAMHD1 

levels following challenge with Vpr/Vpx are (A) 0.024±0.025 (B) 1.042± 0.485 (C) 0.766±0.101 and (D) 

0.181±0.061 (E) 0.397±0.093 (F) 2.121±0.233 (G) 0.959±0.548. 
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 Pre-steady state kinetic analysis of SIVgor and SIVcpz RTs: The enzymatic dNTP incorporation 

by DNA polymerases including RTs follows a series of sequential mechanistic steps that can be separately 

measured for their kinetic rates[28, 42, 45, 50]. Typically, as illustrated in Figure 2.2A, first, RT binds to 

template:primer (T/P, KD), forming a binary complex (RT:T/P), and this binary complex binds to a dNTP 

substrate (Kd, dNTP binding affinity), forming ternary complex (RT:T/P:dNTP). Next, the ternary complex 

will undergo the kpol step, which consists of two sequential sub-steps: 1) a conformational change of the 

complex (RT*:T/P:dNTP, Kconf) followed by 2) a chemistry step (Kchem) to complete the phosphodiester 

bond formation between 3’ OH of the primer and α-phosphate of the dNTP substrate. Substrate 

incorporation is finally followed by the slow release of PPi product. Single round pre-steady state kinetic 

analysis has been extensively employed to determine the kinetic rate of these individual steps involved 

dNTP incorporation by DNA polymerases[23, 28, 42, 45, 50, 54, 55]. 

Previous studies have shown that RTs originating from SAMHD1 non-counteracting HIV-1 strains 

are characterized by higher kpol than RTs from various SAMHD1-counteracting SIV strains, which 

suggested that HIV-1 RTs might have evolved to have faster kpol step in order to complete proviral DNA 

synthesis even in macrophages harboring SAMHD1-mediated low dNTP pools[23]. SIVcpz and SIVgor are 

the closest relatives of HIV-1 and, particularly, SIVcpz is considered as the origin of HIV-1. In addition, 

unlike the SAMHD1-counteracting SIV strains that we previously characterized, SIVcpz and SIVgor not 

only lack Vpx, but their Vpr proteins do not proteasomally degrade their host SAMHD1 proteins (Figure 

2.1)[16]. Therefore, we tested whether SIVcpz and SIVgor RTs also have higher dNTP incorporation 

efficiency (kpol/Kd) and faster kpol rates, compared to the RTs of SAMHD1-counteracting SIVs (SIVagm 

9063-2 and SIVmne CL8). We also employed RTs of two HIV-1 strains (HIV-1 Ug and HIV-1 Cy) as 

comparison controls. 

In order to measure the pre-steady state kinetic values of the RT proteins, which requires a single 

round of incorporation, we first measured the active site concentration of each purified RT enzyme using 

pre-steady state burst experiments. Pre-steady state burst experiments, which are performed using an excess 

T/P to RT enzyme, provide a burst amplitude that defines the concentration of active RT:T/P complexes 
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capable of dNTP incorporation (Equation 1, Experimental Procedures) and is followed by a steady-state 

turnover rate as the product complex is released from the enzyme in the rate limiting step of the dNTP 

incorporation pathway[28]. We observed typical burst kinetics for all six RTs and found they all possessed 

20-75% active protein (Figure 2.2B-C and Supplemental Figure 2.2). 

 

Figure 2.2: Determination of active site concentrations of SIVgor and SIVcpz reverse transcriptase 

proteins by burst kinetic analysis. (A) Scheme for dNTP incorporation by reverse transcriptase (RT). 

Free RT molecules initially bind to template:primer (T/P, KD), forming the RT:T/P binary complex. Next, 

dNTP substrate binds to the binary complex, forming RT:T/P:dNTP ternary complex (Kd, dNTP binding 

affinity). The ternary complex then undergoes the kpol step which consists of two sequential sub-steps, 1) 

pre-catalytic conformational change (Kconf) forming RT*:T/P:dNTP and 2) chemistry (Kchem) extending T/P 

to T/P n +1, followed by the PPi product release. Burst kinetic analysis of all RT proteins, including (B) 

SIVgor RT and (C) SIVcpz RT, determined the active site concentration of these proteins. Active site 

titrations were performed in excess T/P conditions to ensure all RT active sites were occupied by T/P. 

Substrate (dATP) was added to the reaction to allow single nucleotide incorporation events to occur for 0-

3 seconds. Reaction product was quantified and fit to a burst equation to determine the active site 

concentration of each RT (Equation 1, Experimental Procedures). Secondary burst kinetic curves for all 

RTs are shown in Supplemental Figure 2.2 to display the range of active site activity for each purified 

enzyme. Active site concentrations were determined from triplicate experiments for all six RT proteins and 

the calculated activities were found to range from 20-75%. 
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 Next, using all six RTs normalized for their active site concentrations, we employed pre-steady 

state single turnover experiments to determine the kinetic parameters, Kd and kpol, involved in single 

nucleotide incorporation by these RTs. In single turnover experiments, prebound RT:T/P binary complexes, 

created by pre-incubating fivefold excess active RT with radiolabeled T/P, are rapidly mixed with MgCl2 

and various concentrations of dTTP substrate ranging from 1-100 µM for reactions ranging from 0-2 

seconds. Every reaction was quenched at its designated time using EDTA. We first determined the rate of 

single nucleotide incorporation at each substrate concentration (Equation 2, Experimental Procedures). 

These rates were then plotted against substrate concentration to determine the dNTP binding affinity (Kd), 

maximum rate of dNTP incorporation (kpol), and the dNTP incorporation efficiency (kpol/Kd) for each 

enzyme (Equation 3, Experimental Procedures; Supplemental Figure 2.3). As summarized in Table 2.1 and 

Figure 2.3A, both HIV-1 Ug and HIV-1 Cy RTs displayed relatively fast kpol rates of incorporation (HIV-1 

Ug: 594.7 s-1, HIV-1 Cy: 139.80 s-1) in comparison to their SIV SAMHD1-counteracting counterparts 

(SIVagm 9063-2: 42.92 s-1, SIVmneCL8: 68.17 s-1). The relative difference in kpol values between HIV-1 

Ug and HIV-1 Cy was interesting to observe. This roughly four-fold difference between the two lentiviral 

RT kpol values was retained when conducting pre-steady state kinetic analysis of a C incorporation event at 

a different location along the same primer-template (data not shown). This suggests that the observed 

difference is not an effect of primer-template sequence, rather a product of RT activity. Amino acid 

sequence comparisons of HIV-1 Cy and HIV-1 Ug RTs did not reveal any striking differences outside of a 

number of proline residue variations that might affect overall protein structure. However, of the many 

residue differences HIV-1 Cy and HIV-1 Ug RTs possess, any of them could play a role in overall protein 

dynamics during polymerization. Importantly, RTs from SIVgor and SIVcpz also displayed fast kpol values 

similar to the HIV-1 RTs at 193.10 s-1 and 355.70 s-1 respectively. Consistent with previous studies, all six 

RTs displayed relatively similar Kd values during the incorporation of the dTTP substrate. This indicates 

that all RTs bind the dNTP substrate with similar affinity, whereas the RTs from the SAMHD1 non-

counteracting lentiviruses displayed faster kpol values than the RTs of the SAMHD1 counteracting lentiviral 

origins (Figure 2.3A). We were surprised to find the Kd of HIV-1 Ug RT to be relatively high in comparison 

to that HIV-1 Cy RT. When observing the aforementioned pre-steady state kinetics of a C incorporation 

event, HIV-1 Ug displayed Kd values similar to that of HIV-1 Cy, suggesting that the elevated Kd value 

reported here could possibly be an effect of the primer-template sequence (data not shown).  In addition, 

the overall dNTP incorporation efficiency (kpol/Kd, Figure 2.3B and Table 2.1) is 4-6 times higher in the 

RTs from the SAMHD1 non-counteracting lentiviruses compared to the RTs from the SAMHD1 

counteracting lentiviruses. This data supports the idea that the RTs of the SAMHD1 non-counteracting 

lentiviruses (HIV-1, SIVgor, and SIVcpz) enable these lentiviruses to circumvent the SAMHD1 restriction 
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and to complete the provirial DNA synthesis even in the limited dNTP pools found in nondividing myeloid 

cells. 

 
Figure 2.3: Comparison of pre-steady state kinetic values among six lentiviral RT proteins. The pre-

steady state kinetic kpol and Kd values of HIV-1 Ug, HIV-1 Cy, SIVagm 9063-2, SIVmne CL8, SIVgor, and 

SIVcpz RT proteins were determined with dTTP (Table 2.1) as described in Experimental Procedures. Their 

kpol (A) and kpol/Kd (B) values were compared. The assays were conducted in triplicate. Statistical 

significance was determined by first grouping the lentiviral RTs into three groups for comparison: HIV-1 

(HIV-1 Cy and HIV-1 Ug), SAMHD1-counteracting SIVs (SIVagm 9063-2 and SIVmne CL8), and 

SAMHD1 non-counteracting SIVs (SIVgor and SIVcpz). Statistical significance from unpaired two-tailed 

student’s t-tests is indicated as: *, p<.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. 

 

Table 2.1: Pre-steady state kinetic values of six primate lentiviral RT proteins with dTTP. Single 

turnover pre-steady state kinetic analysis was performed using a dTTP substrate. Experiments were 

conducted in triplicate. Representative plots from which this data derived can be found in Supplemental 

Figure 2.3. 

dTTP 

RT strains kpol (s
-1) Kd (µM) kpol/Kd (s

-1 * µM-1) 

HIV-1 Ug 594.70±144.00 167.90±69.47 3.71 

HIV-1 Cy 139.80±52.40 41.54±21.96 3.58 

SIVagm 9063-2 42.92±15.27 40.82±20.63 1.11 

SIVmne CL8 68.17±4.46 90.37±37.14 0.83 

SIVgor 193.10±77.67 45.21±22.62 5.18 

SIVcpz 355.70±83.50 104.50±21.45 3.39 
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 Phosphorothioate elemental effect of RTs from SAMHD1 non-counteracting and counteracting 

primate lentiviruses: The kpol step consists of two sequential sub-steps, 1) conformational change (Kconf) 

and 2) chemistry (Kchem). Therefore, we next tested which of these two sub-steps RTs of SAMHD1 non-

counteracting lentiviruses evolutionarily honed over time in order to gain a faster kpol step. The 

phosphorothioate elemental effect has been used to determine whether the chemical step of a 

polymerization reaction is rate-limiting and is evaluated by comparing the rates of incorporation of the 

natural dNTP substrate versus a dNTPαS substrate (Equation 4, Experimental Procedures)[46, 50]. The sulfur 

on the α-phosphate in dNTPαS significantly slows down the Kchem rate, while not affecting Kconf. Therefore, 

if the Kchem step is rate limiting, then kpol during the incorporation of dNTPαS also becomes slower than that 

of the natural dNTP substrate (kpol for dNTPαS is 4~11 times smaller than that for natural dNTPs: elemental 

effect = 4~11)[45-47]. In contrast, if Kconf is the rate limiting and Kchem is fast (much smaller than Kconf or close 

to 0), the delayed chemistry step by dNTPαS does not significantly affect the overall kpol step (kpol values 

for both dNTPs and dNTPαS are similar: elemental effect is less than 4), implying that the kpol rate 

predominantly represents its pre-catalytic conformational change rate, Kconf (kpol ≈ Kconf)
[24, 46, 50, 56, 57].   

To determine whether an elemental effect was present among the six RTs studied here, single 

turnover experiments were conducted as described above using a dTTPαS substrate and pre-steady state 

parameters were calculated and compared to those determined with natural dTTP (Table 2.2; Figure 2.4) 

for each RT. As shown in Figure 2.4 and Table 2.2, phosphorothioate elemental effects (kpol
dTPP/kpol

dTTPαS) 

of all six RT proteins examined in this study were less than 4. The absence of phosphorothioate elemental 

effect indicates that the conformational change step of these RTs, not their chemistry step, is rate limiting 

during their overall kpol step, and their kpol values are predominately represented by their conformational 

change rates. These findings suggest that the faster kpol rate observed with RTs of SAMHD1 non-

counteracting lentiviruses (SIVcpz, SIVgor, and HIV-1 strains) is due to their faster rates of the 

conformational change that occurs post dNTP binding.  
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Table 2.2: Pre-steady state kinetic values of six primate lentiviral RT proteins with dTTPαS. Single 

turnover pre-steady state kinetic analysis was performed using a dTTPαS substrate. Experiments were 

conducted in triplicate. Representative plots from which this data derived can be found in Supplemental 

Figure 2.4. 

dTTPS 

RT strains kpol (s
-1) Kd (µM) kpol/Kd (s

-1 * µM-1) 

HIV-1 Ug 182.2±12.22 105.6±16.43 1.74 

HIV-1 Cy 140.3±36.36 102.5±66.65 1.69 

SIVagm 9063-2 51.11±9.563 114.1±33.35 0.46 

SIVmne CL8 50.73±24.43 119.5±41.73 0.41 

SIVgor 265.3±92.09 141.8±57.33 1.91 

SIVcpz 244.2±163.5 190.5±149.3 1.36 

 

Figure 2.4: Phosphorothioate elemental effect of six lentiviral RT proteins. The Kd and kpol values of 

the six lentiviral RT proteins with dTTP (Table 2.1) and dTTPαS (Table 2.2) were determined as described 

in Experimental procedures, and the phosphorothioate elemental effect of these proteins were calculated as 

the ratios between mean kpol values with natural dTTP and dTTPS (kpol
dTPP/kpol

dTTPαS) (Equation 4, 

Experimental Procedures). An elemental effect value of less than 4 (dotted line) indicates that the 

conformational change sub-step of the kpol step is rate-limiting[46, 47] and that the pre-catalytic conformational 

change rate predominantly represents the kpol step in these six RT proteins. 

63



 

Figure 2.5: Model for anti-SAMHD1 strategies employed by SAMHD1 non-counteracting and 

counteracting lentiviruses in non-dividing myeloid cells. In nondividing myeloid cells, while SAMHD1 

counteracting viruses utilize Vpx (HIV-2, SIVsm, SIVmac, and SIVmne, green) or Vpr (SIVagm, SIVmus, 

and SIVdeb, purple) to elevate intercellular dNTP pools and rapidly complete reverse transcription (green 

and purple lines respectively), SAMHD1 non-counteracting lentiviruses (HIV-1, SIVcpz, and SIVgor) have 

been evolutionarily honed to perform a faster conformational change step of their RT protein during dNTP 

incorporation (red dotted line) in order to complete reverse transcription even in the SAMHD1-mediated 

low dNTP pools. While the mechanism of executing a faster RT conformational change to overcome 

SAMHD1 restriction is not as effective as the Vpx/Vpr mechanism in overcoming SAMHD1 restriction, it 

is still sufficient to circumvent (red dotted line) SAMHD1 restriction and complete reverse transcription 

even at the SAMHD1 mediated low dNTP concentrations found in macrophages. 

  

64



As illustrated in our model (Figure 2.5), while SAMHD1 counteracting lentiviruses (SIVmac239, 

SIVagm 9063-2, and SIVmne CL8) utilize Vpr/Vpx to counteract SAMHD1 and overcome the kinetic 

barrier presented in macrophages, our study suggests that SAMHD1 non-counteracting lentiviruses may 

have evolved over time to harbor RTs that execute a faster conformational change step during nucleotide 

incorporation, thus enabling the viruses to complete reverse transcription even in the SAMHD1 mediated 

low dNTP pools of nondividing myeloid cells. In conclusion, while the mechanism employed by SAMHD1 

non-counteracting lentiviruses of executing a faster RT conformational change is less effective in 

overcoming SAMHD1 restriction than the Vpx/Vpr mechanism employed by SAMHD1 counteracting 

lentiviruses, this RT-based mechanism is sufficient to complete reverse transcription, albeit at slower rates, 

in the SAMHD1 mediated low dNTP concentrations found in macrophages. 

FRET-based measurements have been reported to monitor the post-dNTP binding finger-closing 

conformational change rate of several DNA polymerases such as DNA polymerase β[25] and Klenow 

fragment of E. coli DNA polymerase I[58]. However, this type of the measurement has not been fully 

established for any RT protein. It is possible that this FRET-based assay can be applied for directly 

comparing the pre-catalytic fingers-closing rates between SAMHD1 counteracting lentiviral RTs and 

SAMHD non-counteracting lentiviral RTs. There are two potential mechanistic pathways to explain the 

adaption of the more efficient post dNTP binding conformational change displayed by SAMHD1 non-

counteracting lentiviral RTs. First, it is possible that the finger-closing conformational change rates of the 

SAMHD1 non-counteracting lentiviral RTs are simply faster than those of the SAMHD1 counteracting 

lentiviral RTs. This possibility can be tested by using the FRET-based assay as described for other DNA 

polymerases. Second, it is possible that the distance of the movement during the finger-closing 

conformational change is shorter for the RT proteins of the SAMHD1 non-counteracting lentiviruses, 

compared to the RT proteins of the SAMHD1 counteracting lentiviruses. This possibility can be 

investigated through the structural comparison of the ternary complexes of the RT proteins from the 

SAMHD1 non-counteracting lentiviruses and SAMHD1 counteracting lentiviruses.  
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Overall, these kinetic studies support the idea that SAMHD1 non-counteracting primate 

lentiviruses such as HIV-1, SIVgor and SIVcpz might have evolved over time to possess RTs that can more 

efficiently execute the conformational change step, which enables these lentiviruses to circumvent 

SAMHD1-mediated dNTP depletion and complete proviral DNA synthesis in nondividing myeloid target 

cell types.  
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Supplemental Figure 2.1: Purity of the six lentiviral reverse transcriptase enzymes used in pre-steady 

state studies. Equimolar amounts of the various RTs were loaded to display the purity of each enzyme. 

 

 

 
Supplemental Figure 2.2: Representative active site titration curves. Burst kinetic analysis of HIV-1 

Ug (A), HIV-1 Cy (B), and SIVagm 9063-2 (C), and SIVmne CL8 (D) reverse transcriptase proteins. 
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Abstract 

While HIV Type 1 (HIV-1) and simian immunodeficiency virus (SIV) share a target cell tropism of dividing 

CD4+ T cells and nondividing myeloid cells, the lentiviruses display differential replication kinetics in 

macrophages. High expression levels of active host deoxynucleotide triphosphohydrolase (dNTPase) sterile 

alpha motif (SAM) domain and histidine-aspartate (HD) domain-containing protein 1 (SAMHD1) in 

macrophages depletes intracellular dNTPs, restricts HIV-1 reverse transcription, and results in a restrictive 

infection in this myeloid cell type. Some SIVs overcome SAMHD1 restriction using viral protein X (Vpx),  

a viral accessory protein that induces proteasomal degradation of SAMHD1, increasing cellular dNTP 

concentrations in macrophages and enabling efficient proviral DNA synthesis. We previously reported that 

SAMHD1 non-counteracting lentiviruses may have evolved to harbor reverse transcriptase (RT) proteins 

that efficiently polymerize DNA, even at low dNTP concentrations, to circumvent SAMHD1 restriction in 

macrophages. Here we investigated whether RTs from SIVmac239 virus lacking a Vpx protein                     

(i.e. Vpx (-) virus) evolve during the course of in vivo infection to more efficiently synthesize DNA at the 

low dNTP concentrations found in macrophages, much like the RT of SAMHD1 non-counteracting HIV-

1. Sequence analysis of RTs cloned from Vpx (+) and Vpx (-) SIVmac239 infected animals revealed that 

Vpx (-) RTs contained more extensive mutations than Vpx (+) RTs. While the amino acid substitutions 

were dispersed indiscriminately across the protein, steady state and pre-steady state analysis demonstrated 

that selected SIVmac239 Vpx (-) RTs are characterized by higher catalytic efficiency and incorporation 

efficiency values than RTs cloned from SIVmac239 Vpx (+) infections.  
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Introduction 

 During the course of their pathogenesis, lentiviruses such as human immunodeficiency virus type 

1 (HIV-1), HIV-2, and simian immunodeficiency virus (SIV) infect both dividing CD4+ T cells and 

terminally differentiated/nondividing myeloid cells such as macrophages and microglia[1-4]. While sharing 

a selective cellular tropism, cell-dependent replication kinetics differ amongst the viruses, as HIV-1 

replication kinetics are delayed in nondividing cell populations[5]. Slowed replication kinetics in 

macrophage and microglial populations, particularly in the brain, support the persistent production of HIV-

1 at low levels[6]. This is in stark contrast to the robust replication of HIV-1 in CD4+ T cells which leads to 

rapid cell death.  While dividing cells, like activated CD4+ T cells, undergo dNTP biosynthesis in S phase, 

terminally differentiated cells like macrophages have no necessity to support chromosomal DNA 

replication or mitotic division and are thus characterized by lower dNTP pools[7, 8]. Indeed, cellular dNTP 

concentrations in human primary monocyte-derived macrophages (20-40 nM) are 100-250 times lower than 

those found in activated/dividing CD4+ T cells (2-5 µM)[8]. Recent studies have revealed that host 

deoxynucleotide triphosphohydrolase (dNTPase) sterile alpha motif (SAM) domain and histidine-aspartate 

(HD) domain-containing protein 1 (SAMHD1), which is active and highly expressed in macrophages, is 

responsible for the depletion of cellular dNTPs within this nondividing target cell type[9-12]. While 

macrophages are not refractory to HIV-1 infection, the SAMHD1-mediated limited substrate availability 

for reverse transcriptase (RT) during viral replication kinetically restricts HIV-1 proviral DNA synthesis in 

macrophages[13, 14]. Conversely, HIV-2 and some SIV strains replicate rapidly in this nondividing myeloid 

cell type through the implementation of a virally encoded accessory protein called viral protein X (Vpx)[11, 

15, 16]. Lentiviral Vpx targets host SAMHD1 for proteasomal degradation through the E3 ubiquitination 

pathway, robustly reducing SAMHD1 protein levels and increasing intracellular dNTP concentrations in 

infected macrophages[17-19]. In the absence of SAMHD1, abundant dNTP substrate accelerates reverse 

transcription during the viral replication cycle and enables rapid proviral DNA synthesis of SAMHD1 

counteracting viruses[20]. Since Vpx arose from a gene duplication event of accessory protein viral protein 

R (Vpr)[21, 22], Vpr proteins of some SIV strains lacking Vpx (e.g. SIVagm677, SIVagm9648, SIVdeb, 
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SIVmus1) also possess the ability to target SAMHD1 for proteasomal degradation through the same 

pathway hijacked by Vpx [23-25]. However, the Vpr proteins of SAMHD1 non-counteracting strains such as 

HIV-1 and SIVcpz are unable to induce degradation of their host SAMHD1 proteins[25, 26]. 

 Unlike SAMHD1 counteracting viruses including SIVmac239 and SIVagm677, which replicate 

under abundant cellular dNTP concentrations even in macrophages[20], SAMHD1 non-counteracting viruses 

such as HIV-1 and SIVcpz replicate within limited dNTP pools during the infection of this nondividing 

target cell type. Interestingly, recent studies have suggested that SAMHD1 non-counteracting lentiviral RTs 

have been evolutionarily honed to complete proviral DNA synthesis even at the low dNTP concentrations 

found in macrophages. We previously observed that RTs from SAMHD1 non-counteracting lentiviruses 

(e.g. HIV-1) were characterized by lower steady state Km values and displayed faster pre-steady state rates 

of dNTP incorporation (kpol) when compared to RTs from SAMHD1 counteracting lentiviruses (e.g. 

SIVmac239)[27, 28]. Further pre-steady state kinetic analysis revealed that SAMHD1 non-counteracting 

lentiviruses overcome low dNTP concentrations in macrophages through the use of RT proteins that execute 

a faster conformational change during the incorporation of an incoming nucleotide substrate[29]. While less 

effective than Vpx/Vpr-induced degradation of SAMHD1, this RT-mediated mechanism enables the slow, 

but complete, reverse transcription of the viral genome during infection of macrophages by SAMHD1 non-

counteracting lentiviruses like HIV-1. 

 Given the influence of Vpx on viral reverse transcription and replication kinetics in macrophages, 

Westermoreland et al. previously sought to characterize the cellular and tissue targets of a Vpx-deleted 

mutant of SIVmac239 (Vpx (-)) in infected Rhesus macaques. Apart from the 101-base deletion of the vpx 

gene, Vpx (-) mutant virus was identical to wild type SIVmac239 (Vpx (+)) virus in this study[30, 31]. While 

macaques infected with Vpx (-) virus eventually developed AIDS with opportunistic infections and AIDS-

defining lesions, Vpx (-)-infected animals (mean survival: 935.4 dpi) lived roughly 2.5 times longer than 

those infected with Vpx (+) wild type virus (mean survival: 364.3 dpi). Additionally, the group observed 

that viral replication in myeloid cells was drastically impaired in the absence of Vpx[32]. Previous studies 

have shown that HIV-1 disease progression is associated with the appearance of viral variants containing 
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an array of different coreceptors that enable the virus to infect a wider range of host cell types[33]. These 

viral variants are speculated to arise from selective pressure exerted by the host immune system that drives 

HIV-1 evolution during the course of infection. Similarly, steady and pre-steady state studies of SAMHD1 

non-counteracting RTs (HIV-1 RTs) have demonstrated that SAMHD1 non-counteracting primate 

lentiviruses might have evolved over time to harbor RTs that can more efficiently incorporate nucleotides 

at the low dNTP concentrations found in macrophages, which allows these lentiviruses to circumvent the 

anti-viral selective pressure from dNTPase SAMHD1[27-29]. 

 In this study, we sought to investigate whether SIVmac239 RT, which is kinetically less efficient 

than RTs from SAMHD1 non-counteracting HIV-1 strains[27], undergoes enzymatic improvement in the 

absence of Vpx during the course of pathogenesis in order to circumvent the SAMHD1 restriction in 

myeloid cells. For this, we biochemically characterized SIVmac239 RT variants cloned from adult rhesus 

macaques infected with either Vpx (+) or Vpx (-) SIVmac239 virus and observed that Vpx (-) RT variants, 

encoding frequently identified amino acid mutations, displayed elevated steady state catalytic efficiency 

(kcat/Km) and pre-steady state incorporation efficiency (kpol/Kd)  values when compared to Vpx (+) RTs. 

Overall, our sequence and kinetic analyses support the idea that RTs of SAMHD1-noncounteracting 

lentiviruses may evolve in vivo to better support proviral DNA synthesis in the SAMHD1-mediated low 

dNTP pools of target macrophage cell populations.  
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Experimental Procedures 

Animal Samples: Serum samples originating from two rhesus macaques infected with Vpx-deleted 

SIVmac239 (animals 1 and 2) were obtained from the Westmoreland et al. study[32] and PBMCs from two 

rhesus macaques infected with wild type SIVmac239 (animals 3 and 4) were provided by Dr. Guido 

Silvestri. Vpx-deleted SIVmac239 samples were collected 3 years post-infection while wild type 

SIVmac239 samples, animals 3 and 4, were collected 27- and 29-weeks post-infection respectively. 

Cloning and Sequencing Vpx+ and Vpx- RTs: RNA was extracted from infected samples using the 

RNeasy Mini Kit (Qiagen). SIVmac239 RT sequences were amplified by RT-PCR using SuperScript III 

One-Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen) with 5NdeIF (5’-

AAAAAAACATATGCCCATAGCTAAAGTAGAGCC-3’; resulting amplicon has 5’ NdeI site) and 

3XhoIR (5’-AAAAAACTCGAGTTATTGACTAACTAG-3; resulting amplicon has 3’ XhoI site) for 40 

cycles with primer annealing at 45°C for 30 seconds and primer extension at 68°C for 3 minutes. PCR 

fragments were isolated using the QIAquick PCR Purification Kit (Qiagen) and subsequently cloned 

directly into the pCR4-TOPO vector (TOPO-RT) using the TOPO TA Cloning Kit (Invitrogen). TOPO-RT 

vectors were sequenced using M13 Forward (-20) and M13 Reverse primers. Viral RT nucleotide and 

amino acid sequences were analyzed and compared to parental viral clone SIVmac239 RT [30-32]. Ultimately, 

40 complete RT clones were identified from each infected sample, and alterations in nucleotide and amino 

acid sequences noted. The first number within the name of the cloned RT signifies the originating animal—

animals 1 and 2 are Vpx (-) infected animals while animals 3 and 4 were infected by WT or Vpx (+) 

SIVmac239 virus. The subsequent letter and number following the animal distinction are in reference to 

sequencing records. 

RT protein expression and purification: N-terminal His-tagged RT proteins were expressed from cloned 

pET28a-RT expression plasmids in E.coli BL21 Rosetta 2 DE3 (Millipore) and the p66/p66 homodimers 

were purified as described previously[34] with the following changes. For large-scale purifications, clear 

lysate obtained through sonication of 1L cultures was applied to charged His・Bind resin (Millipore) 
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equilibrated with a binding buffer containing 40mM Tris-HCl pH 7.5, 250mM KCl, 5mM MgCl2, 20mM 

imidazole, and 10% glycerol. The column was washed with 15 column volumes binding buffer prior to 

being eluted in 1 mL fractions by a solution containing 40mM Tris-HCl pH 7.5, 250mM KCl, 5mM MgCl2, 

240mM imidazole, and 10% glycerol. Fractions containing the His tagged-p66/p66 were pooled and 

dialyzed for 16 hours in a storage buffer containing 50mM Tris-HCl pH 7.5, 150mM KCl, 0.25mM EDTA, 

1mM beta-mercaptoethanol, and 20% glycerol. To examine the purity of the proteins, the dialyzed RTs 

were run on a 4–15% SDS-PAGE gel (BioRad). All RTs were determined to have at least 95% purity and 

were flash frozen in liquid nitrogen prior to being stored at −80 °C for future use. Small-scale protein 

preparations used in the steady state multiple nucleotide incorporation kinetic screen were obtained from 

250 mL cultures using His SpinTrap (GE Healthcare) columns and the same buffers utilized in large-scale 

purifications.  

Steady state multiple nucleotide incorporation assay: The previously described primer extension assay [8, 

27] was slightly modified for this study. Briefly, a 32P-labelled template/primer (T/P) was prepared by 

annealing a 5’-32P 17mer DNA primer (17D: 5′-CGCGCCGAATTCCCGCT-3’, Integrated DNA 

Technologies) to a 3-fold excess of 39mer RNA (39R: 5′-

AGCUUGGCUGCAGAAUAUUGCUAGCGGGAAUUCGGCGCG-3′, Integrated DNA Technologies). 

Assay mixtures (20 µL) contained 10 nM T/P, RT, and varying dNTP concentrations (50, 25, 10, 5, 1, 0.5, 

0.25, 0.1, 0.05, and 0.025 µM). RT activity was normalized for 50% extension at the highest dNTP 

concentration (50 µM), and with all dNTPs supplied, this reaction allows multiple rounds of primer 

extension. Reaction mixtures were incubated at 37°C for 5 minutes, quenched with 40 mM EDTA in 99% 

formamide, and placed at 95°C for 2 minutes to further inactivate RT. Reaction products were separated on 

a 14% polyacrylamide/8M urea gel, visualized using a PharosFX (Bio-Rad) phosphoimager, and quantified 

with Image Lab Software (Bio-Rad). Data were fit to a nonlinear regression curve to obtain Michealis-

Menten kinetic parameters describing the maximal reaction velocity (Vmax) and the amount of substrate 

required to reach half Vmax (Km). 
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Steady state single nucleotide incorporation assay: Single nucleotide incorporation experiments were 

conducted using a 5’-32P-labelled 22mer DNA primer (5′- CGCGCCGAATTCCCGC TAGCAA-3′, 

Integrated DNA Technologies) annealed to a 39mer RNA (39R) or DNA (39D: 5′-

AGCTTGGCTGCAGAATATTGCTAGCGGGAATTCGGCGCG-3′, Integrated DNA Technologies) 

template using the same methods described above with the following changes. Instead of adding all four 

dNTPs to the reaction mixture, the incoming nucleotide (dTTP) was supplied in various concentrations 

ranging from 25 nM to 50 µM. Reactions were conducted and quantified as previously described. Per 

Michaelis-Menten kinetics, Vmax values were converted to catalytic turnover (kcat) values using total enzyme 

concentrations. Steady state experiments were conducted in triplicate for each RT. 

Pre-steady state single-turnover experiments: The pre-steady state kinetic parameters kpol and Kd were 

determined as previously described[27, 29, 35]. Briefly, the active site concentrations of WT SIVmac239 RT 

and Vpx (-) RT clones 2G7, 2N0, and 1M6 were determined using pre-steady state burst experiments 

conducted with an RFQ-3  rapid quench-flow apparatus (KinTek Corporation) and a 17mer 32P-labelled 

DNA primer (17D) annealed to a  39mer DNA template (39D) supplied in 3-fold excess to RT. The 

reactions were quenched with EDTA at the following timepoints: 0, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 2, and 3 

seconds. Active site concentrations were determined by fitting product formation to the burst equation (Eq. 

1): 

Eq. 1: [𝑃𝑟𝑜𝑑𝑢𝑐𝑡] = 𝐴[1 − exp(−𝑘𝑜𝑏𝑠 × 𝑡)] + (𝑘𝑠𝑠 × 𝑡) 

In which A is the amplitude of the burst and reflects the concentration of enzyme that is in an active form, 

kobs represents the observed first-order burst rate for dNTP incorporation, and kss is the linear steady state 

rate constant[27, 36, 37]. Active site titrations were performed in triplicate for each RT. 

RT active site concentrations were used to ensure subsequent single turnover experiments contained 250 

nM active RT enzyme, a 5-fold excess to the 50nM T/P (a 5’-32P-labelled 22mer DNA primer annealed to 

39mer DNA template with enables incorporation of a dTTP molecule, i.e. T-T/P) present in the reactions. 

In single turnover experiments, excess RT pre-bound to T-T/P was rapidly mixed with a solution containing 

10 mM MgCl2 and varying concentrations of dTTP (1.6-100 µM). The reactions were quenched with EDTA 

82



 

 

at various timepoints ranging from 0.01 seconds to 2 seconds and visualized using the same methods as 

above. The data were then fit to a single exponential equation (Eq. 2) to obtain the observed pre-steady state 

rate for dNTP incorporation (kobs) at every dTTP substrate concentration tested.  

Eq. 2: [𝑃𝑟𝑜𝑑𝑢𝑐𝑡] = 𝐴(1 − 𝑒−𝑘𝑜𝑏𝑠𝑡) 

In this equation A is the amplitude of product formation, kobs is the observed pre-steady state rate for dNTP 

incorporation, and t is time. 

Next, kobs was plotted as a function of substrate concentration and fit to a nonlinear regression curve (Eq. 

3) to obtain kinetic parameters kpol and Kd for each characterized RT. 

Eq. 3: 𝑘𝑜𝑏𝑠 =
𝑘𝑝𝑜𝑙[𝑑𝑁𝑇𝑃]

𝐾𝑑+[𝑑𝑁𝑇𝑃]
 

In which kpol is the maximum rate of dNTP incorporation and Kd is the equilibrium dissociation constant 

for the dNTP substrate[38]. Pre-steady state single turnover experiments were conducted in triplicate for each 

RT. 

Thermostability Shift Assay: Protein mixtures (40 µL) containing 2.5 µM purified RT protein and 5 mM 

MgCl2 in RT storage buffer (50mM Tris-HCl pH 7.5, 150mM KCl, 0.25mM EDTA, 1mM beta-

mercaptoethanol, and 20% glycerol) were added to a 96 well plate (Lightcycler 480 Multiwell Plate 96 

white, Roche) in triplicate for each RT. Wells containing either no enzyme or no dye were performed in 

triplicate as negative controls. Sypro Orange Protein Gel Stain (Sigma-Aldrich) was diluted 1:20 in RT 

storage buffer and 1µL of the dilution added to the protein mixture in each well. Reactions mixtures were 

heated from 32°C to 99°C at the rate of 0.02°C per second by a real-time PCR device (LightCycler 480 II, 

Roche) that monitored protein unfolding signified by changes in fluorescence of the Sypro Orange 

fluorophore. The resulting fluorescence intensities were plotted against temperature for each sample well 

and fit to the Boltzmann equation using Spyder Software (Anaconda). The midpoint of each transition (Tm), 

or melting temperature of the enzyme, was calculated for each well and the average Tm of each RT 

calculated by averaging the results of the triplicate wells. 
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Results 

 Isolation and sequencing of SIVmac239 RT variants from Rhesus macaques infected with Vpx 

(+) wild type and Vpx (-) mutant SIVmac239 viruses: We previously observed that RT of SAMHD1 

counteracting SIVmac239 synthesizes DNA with low efficiency at macrophage-like dNTP concentrations, 

displaying lower steady state catalytic efficiency (kcat/Km) values when compared RTs of SAMHD1 non-

counteracting HIV-1 strains[27]. We predicted that the lower enzymatic efficiency of RTs originating from 

SAMHD1 counteracting lentiviruses (e.g. SIVmac239) is an evolutionary consequence of natural viral 

replication occurring within high cellular dNTP concentrations, even in nondividing myeloid target cells, 

due to the virus induced SAMHD1 proteasomal degradation. Therefore, here, we reasoned that if Vpx (-) 

mutant SIVmac239 replicates in animals, the viral RTs may be selectively honed during in vivo infections 

to contain mutations that can improve viral DNA synthesis efficiency, even in the low dNTP pools found 

in macrophages that result from the presence of dNTPase SAMHD1 and the absence of Vpx, much like 

HIV-1 RT[39].  

 To test this, we utilized samples previously collected from Rhesus macaques infected with either 

Vpx (+) wild type or Vpx (-) mutant SIVmac239. We chose samples collected upon the development of 

AIDS characteristics in these infected animals. To begin, we extracted RNAs from two samples originating 

from animals infected with Vpx (+) wild type virus (27 and 29 weeks post infection) and two samples from 

animals infected with Vpx (-) mutant virus (both 36 months post infection[32]). Since these timepoints 

immediately precede the development of AIDS in the infected animals, the initially inoculated viruses 

underwent the entirety of in vivo evolution and host pathogenesis. In this near-terminal stage, viral titers 

were considerably elevated[32]—even in animals infected with Vpx (-) mutant SIVmac239—which was 

convenient for our collection of the abundant viral RNA samples. Next, we conducted RT-PCR for the full-

length reverse transcriptase gene and cloned the resulting amplicons to obtain plasmids containing Vpx (+) 

and Vpx (-) RT variants. The cloned RT plasmids were sequenced and compared to wild type RT 

SIVmac239 nucleotide and amino acid sequences (GeneBank: AY588946.1). A few minor RT clones 

containing premature stop codons or frame shift mutations were discarded, and a total of 40 complete RT 
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sequences compiled for each animal sample: 80 clones for Vpx (-) infections and 80 clones for Vpx (-) 

infections. We first observed that nucleotide and amino acid mutations in both Vpx (+) and Vpx (-) RTs 

are indiscriminately distributed throughout the five RT functional and structural subdomains (i.e. the 

fingers, palm, thumb, connection, and RNase H domains) (Table 3.1). Interestingly, when analyzing the 

number of amino acid mutations present per cloned RT, we found that Vpx (-) RTs, on average, harbored 

about 2.6 times more amino acid mutations than Vpx (+) RTs (Figure 3.1A). In fact, when observing the 

distribution of the number of amino acid mutations present in each clone, the predominant number of 

mutations shifts from 1 in Vpx (+) RTs to 3-4 in Vpx (-) RTs (Figure 3.1B). Consistent with this 

observation, we determined more than 20 out of 80 RT clones remained unmutated (wild type) in the Vpx 

(+) infected samples while only 3 out of 80 RT clones showed wild type amino acid sequences in the Vpx 

(-) infected samples (Figure 3.1B). The maximum number of amino acid mutations present in a single clone 

was 8 for both groups while the maximum number of nucleic acid mutations was 11 and 16 for Vpx (+) 

and Vpx (-) RTs, respectively. The data shown in Figure 3.1 suggest that more mutations per cloned RT 

were found in Vpx (-) samples compared to Vpx (+) samples, which may simply result from Vpx (-) infected 

animals experiencing infection periods approximately 6 times longer of than Vpx (+) infected animals (Vpx 

(-): 36 months ; Vpx (+): 27-29 weeks). 

 Interestingly, while amino acid mutations M164L, S211N, and E218D are found in multiple clones 

from both Vpx (-) animals, a number of mutations, including K394R, A492V, and E522K, are seen in both 

Vpx (-) and Vpx (+) RT proteins (Table 3.1). Even though a greater redundancy in amino acid mutations is 

seen in Vpx (-) RTs, there are surprisingly six mutations exclusive to Vpx (+) RTs (Table 3.1). Overall, we 

found that if RT clones were identical in amino acid mutation profiles, differing mutations were observed 

at the gene levels (e.g. different codons for the same amino acid) thus supporting that redundancy in amino 

acid mutations is less likely the result of amplification during RT-PCR.  Overall, these data reveal that 

while mutations are not isolated to one region of the enzyme, Vpx (-) RTs contain more mutations than 

Vpx (+) RTs at both the nucleic acid and amino acid levels.  
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Table 3.1: Redundant amino acid mutations found in Vpx (+) and Vpx (-) RTs. 

Mutation 
RT 

Subdomains 

Number of Clones (out of 40) with Noted Mutation 

A1  

Vpx (-) 

A2 

Vpx (-) 

A3 

Vpx (+) 

A4 

Vpx (+) 

I2L Fingers 2       

V32I Fingers 1 21   1 

V32A Fingers     2 1 

R82K Fingers 1   1   

L100I Palm   2     

E122K Fingers     2 1 

I145M Fingers     1 2 

M164L Palm 1 38     

L196P Palm     1 1 

S211N Palm 24 9     

I212L Palm 2       

E218D Palm 23 2     

Q228R Palm     1 1 

M230I Palm     1 1 

R281K Thumb 5       

G285E Thumb   1 1   

G322D Connection   2     

P324L Connection   16     

I330V Connection   15     

V385I Connection 1   1   

K394R Connection 2 37   1 

E412G Connection 1   1   

S417P Connection     1 1 

S449T RNaseH   2     

T486I RNaseH 2 1     

V465I RNaseH     1 2 

A492V RNaseH 2   2   

C508R RNaseH 1   1 1 

E522K RNaseH 1 2 1   

E523K RNaseH 1 1     

I525S RNaseH 1 1     

 

86



 

 

 

Figure 3.1: Summary of amino acid mutations found in Vpx (+) and Vpx (-) RT variants. (A) The 

average number of amino acid mutations per cloned RT was plotted for Vpx (+) (black) and Vpx (-) (blue) 

RTs, with error bars representing standard deviation. Statistical significance from an unpaired two-tailed 

student’s t-test is indicated as ****, p < 0.0001. (B)  RT clones were grouped by the number of mutations 

present in the amino acid sequence. The distribution of the number of amino acid mutations present in Vpx 

(+) and Vpx (-) RTs are shown using black and blue lines respectively.  
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 Steady state kinetic analysis of Vpx (+) and Vpx (-) RTs: Previous studies have shown that there 

are kinetic variations between RTs originating from lentiviruses with and without the ability to counteract 

SAMHD1[27, 28]. To broadly characterize the differential steady state multi-nucleotide incorporation kinetics 

in Vpx (+) and Vpx (-) infected animals, we conducted a steady state kinetic assay. Starting with the 40 RT 

clones that were collected and sequenced per animal (Table 3.1), we systematically chose 10 RT clones per 

animal with commonly identified mutations, proper protein expression in E. coli, and close to wild type RT 

purification yields to conduct multiple nucleotide incorporation kinetic analysis in steady state conditions. 

Ultimately, 20 Vpx (+) and 20 Vpx (-) RT variant proteins were chosen for enzymatic analysis. To 

determine the steady state substrate efficiency (Vmax/Km) for each RT, we examined the RNA-dependent 

DNA polymerization activity of these purified RT proteins using a 39mer RNA template annealed to a 5’-

32P-labelled 17mer DNA primer and varying concentrations of dNTPs (25 nM to 50 µM). RTs displaying 

substrate efficiency values lower than 0.1 x 10-5 sec-1 were considered dead enzymes and were omitted from 

final quantifications.  As summarized in Figure 3.2, Vpx (-) RTs synthesized DNA from an RNA template 

with substrate efficiencies approximately two-fold greater than Vpx (+) RTs, indicating that SIVmac239 

RT might have improved its steady state kinetic DNA synthesis efficiency during the course of infection in 

the absence of Vpx. 

 

Figure 3.2: Steady state kinetic measurement of Vpx (+) and Vpx (-) RT variants. Substrate efficiency 

(Vmax/Km) for Vpx (+) (black) and Vpx (-) (blue) RTs are represented using scatter dot plots with the grey 

lines signifying mean and standard deviation values. Statistical significance from an unpaired two-tailed 

student’s t-test is indicated as *, p=0.0182. 
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 Steady state single nucleotide incorporation kinetic activity of two Vpx (-) RT variants: 

Interestingly, the initial kinetic analysis enabled the identification of two Vpx (-) RT variants with substrate 

efficiencies much higher than the mean substrate efficiency of Vpx (+) RTs (1.831*10-5 sec-1)—RTs 2G7 

(6.781 x 10-5 sec-1) and 2N0 (8.135 x 10-5 sec-1). Relative to wild type SIVmac239 RT, 2G7 and 2N0 variants 

both contain four amino acid mutations—two of which they share (M164L and K394R)—however, they 

differ in the number of nucleic acid mutations present in their sequences (Table 3.3). Here, we conducted a 

more extensive kinetic characterization of these two SIVmac239 RT variants identified from Vpx (-) 

infections. First, considering that these two RTs contain multiple mutations, we tested whether these 

mutations alter their observed protein thermostability, which is indicative of overall protein stability[40, 41]. 

As shown in Table 3.2, both RT variant proteins possess melting temperatures (Tm values) similar to that 

of wild type SIVmac239 RT protein, indicating that the amino acid mutations present in 2G7 and 2N0 RT 

variants cause no significant abnormalities in protein folding or structure. 
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Table 3.2: Melting temperatures (Tm) of various Vpx (+) and Vpx (-) RTs compared to that of wild 

type SIVmac239 RT. 

Clone† Tm (°C) 

SIVmac239 54.65 

1M6 51.24 

2N0 53.78 

2G7 54.26 

† Prefix of 1 or 2 indicate the cloned RT originated from Vpx (-) animals 1 and 2 respectively. 

 

 

 

 

 

 

 

Table 3.3: Amino acid mutations present in Vpx (-) clones 2G7, 2N0, and 1M6. 

Clone NT† AA‡ Mut 1 Mut 2 Mut 3 Mut 4 Mut 5 Mut 6 Mut 7 Mut 8 

2G7 10 4 V32A M164L G322D K394R     

2N0 8 4 M164L P324L I340V K394R     

1M6 10 8 A158S S211N E250K K357R A368T S514N E522K E523K 

† Number of nucleic acid substitutions 

‡ Number of amino acid substitutions 
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 To better understand the kinetic activities of 2G7 and 2N0 RT variants during first and second 

strand synthesis, we conducted steady state single nucleotide incorporation kinetic analysis to observe their 

RNA- and DNA-dependent DNA polymerization efficiency. Consistent with previous studies, we found 

that the Km associated with dTTP incorporation by wild type SIVmac239 RT from a DNA template (98.15 

nM) was two times greater than that observed when using an RNA template (48.08 nM) (Table 3.4)[42, 43]. 

This was not the case for 2G7 and 2N0 RT variants which displayed slightly reduced Km values when 

polymerizing from a DNA template (2G7: 36.09 nM, 2N0: 33.69 nM) compared to those observed when 

using an RNA template (2G7: 45.82 nM, 2N0: 47.51 nM). However, RT variants 2G7 and 2N0 were found 

to turnover substrate faster than WT SIVmac239 RT regardless of template type, as demonstrated by 

significantly larger kcat values (Table 3.4). As expected, we found that wild type SIVmac239 RT 

incorporated dTTP using an RNA template (Figure 3.3A, 21902 sec-1µM-1) with almost twice the catalytic 

efficiency (kcat/Km) than when polymerizing on a DNA template (Figure 3.3B, 11987 sec-1µM-1). 

Conversely, 2G7 RT catalyzed dTTP incorporation from RNA- and DNA- templates with similar kinetics, 

while 2N0 RT more efficiently incorporated dTTP when utilizing a DNA template (Figure 3.3). Despite 

sharing similar Km values when polymerizing from an RNA template, the large template-independent kcat 

values of 2G7 and 2N0 enable the Vpx (-) RTs to be more catalytically efficient than SIVmac239 RT during 

DNA synthesis from both RNA and DNA templates (Table 3.4, Figure 3.3). 
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Table 3.4: Steady state dTTP incorporation by WT SIVmac239 RT and Vpx (-) RTs 2G7 and 2N0 

from RNA and DNA templates. 

Clone RNA Template DNA Template 

Km (nM) 

WT 48.08 ± 26.70 98.15 ± 14.98 

2G7 45.82 ± 21.61 36.09 ± 5.33 

2N0 47.51 ± 5.60 33.69 ± 6.94 

kcat (sec-1) 

WT 8.96 x 10-4 ± 0.57 x 10-4 11.65 x 10-4 ± 1.57 x 10-4 

2G7 16.43 x 10-4 ± 1.40 x 10-4 15.10 x 10-4 ± 0.56 x 10-4 

2N0 23.82 x 10-4 ± 0.99 x 10-4 32.22 x 10-4 ± 1.86 x 10-4 

kcat/Km (sec-1M-1) 

WT 21902 ± 9137 11897 ± 232.4 

2G7 41046 ± 16749 42540 ± 7283 

2N0 50464 ± 4550 98030 ± 17571 
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Figure 3.3: Steady state kinetic activity of Vpx (-) 2G7 and 2N0 RT variants compared to that of wild 

type SIVmac239 RT. Steady state kinetic parameters were determined for WT SIVmac239 RT and Vpx 

(-) RTs 2G7 and 2N0 with dTTP using RNA (A-C) and DNA (D-F) templates (Table 3.3) as described in 

Experimental Procedures. The assays were conducted in triplicate before Km (A, D), kcat (B, E), and catalytic 

efficiency (kcat/Km) (C, F) values of Vpx (-) RTs were compared that of wild type RT. Statistical significance 

from unpaired two-tailed student’s t-tests is indicated as: ns, p < 0.1234; *, p < 0.0332; **, p < 0.0021; ***, 

p < 0.002; ****, p < 0.0001.  
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 Pre-steady state kinetic analysis of two Vpx (-) RT variants: Previous studies have detailed the 

pre-steady state kinetic differences between SAMHD1 counteracting and non-counteracting lentiviral RTs. 

While characterized by similar dNTP dissociation constants (Kd), SAMHD1 non-counteracting RTs (e.g. 

HIV-1 RTs) have demonstrated higher rates of polymerization (kpol) and elevated incorporation efficiency 

values (kpol/Kd) relative to SAMHD1 counteracting lentiviral RTs[27, 29]. Since it has been shown that 

SAMHD1 non-counteracting lentiviral RTs can more efficiently incorporate an incoming nucleotide, pre-

steady state single turnover experiments were conducted using normalized concentrations of active 2G7, 

2N0, and WT SIVmac239 RT proteins in order to assess pre-steady state kinetic activity.  

 First, we determined the active site concentrations of these purified SIVmac239 RT proteins by 

conducting pre-steady state burst experiments using a 5’-32P-labeled 17-mer A primer annealed to a 39mer 

DNA template (A-T/P). We measured the 18mer product formation resulting from the mixture of a solution 

containing RT protein (100 nM RT proteins, see below) pre-bound to A-T/P (300 nM, excess T/P) with a 

solution containing 300 μM dATP and 10 mM MgCl2 for various durations of time ranging from 0.05-3 

seconds. As shown in Figure 3.4, there was an initial burst of product formation by WT (Figure 3.4A), 2G7 

(Figure 3.4B) and 2N0 (Figure 3.4C) RTs due to dATP incorporation onto the pre-bound RT·T/P complex 

(pre-steady state kinetics), which is followed by a slower, linear phase of product formation corresponding 

to the steady-state kinetics associated with multiple rounds of DNA polymerization. By fitting these results 

to the burst equation (Eq.1), we observed that 12-30% the SIVmac239 RT variant proteins are active. 
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Figure 3.4: Active site determination for wild type SIVmac239 RT and Vpx (-) 2G7 and 2N0 RT 

variants. Pre-steady state burst kinetics of (A) WT, (B) 2G7, and (C) 2N0 SIVmac239 RTs detailing the 

incorporation a single dATP molecule onto A-T/P in excess T/P conditions (Experimental Procedures, 3 

T/P: 1 active RT) was used to determine the active site concentration of these proteins. The solid line 

represents the fit of the data to a burst equation (Eq 1). Burst experiments were conducted in triplicate for 

each enzyme. These RT proteins display 15-30% active enzyme. 
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 Next, using concentrations of dTTP ranging from 1.6-100 µM, 250 nM active RT, and a 5’-32P-

labelled 22mer T primer annealed to the same 39mer DNA template used for the active site determination 

(T-T/P), we determined the rate of pre-steady state single nucleotide incorporation at each dNTP 

concentration (Eq. 2). The resulting rates were then plotted as a function of substrate concentration and fit 

to a non-linear regression curve equation (Eq. 3) to obtain kpol and Kd values. As summarized in Table 3.5 

and Figure 3.5A, 2G7 displays faster rates of nucleotide incorporation (35.29 sec-1) compared to 2N0 (21.35 

sec-1) and WT SIVmac239 RT (20.29 sec-1). While previous studies have shown that SAMHD1 

counteracting and non-counteracting lentiviral RTs are characterized by similar Kd values [27, 29], both Vpx 

(-) RTs displayed lower Kd values (2G7: 15.99 µM, 2N0: 17.28 µM) compared to WT SIVmac239 RT 

(33.32 µM) (Table 3.5, Figure 3.5B). Overall, incorporation efficiency for 2G7 (2.33 sec-1µM-1) and 2N0 

(1.28 sec-1µM-1) is 2-3 fold greater than that of WT RT (0.61 sec-1µM-1) (Table 3.5, Figure 3.5C). Since the 

increased pre-steady state kinetic activity of 2G7 and 2N0 could be due to their shared amino acid 

mutations, Vpx (-) RT mutant 1M6 was also kinetically assessed. Like 2G7 and 2N0, Tm measurements 

revealed that 1M6 is not significantly less stable than WT SIVmac239 RT, inferring it is not structurally 

impaired (Table 3.2). 1M6 contains 10 nucleic acid mutations and 8 amino acid mutations, none of which 

are shared by 2G7 or 2N0 (Table 3.3). Vpx (-) RT 1M6 displayed faster kpol (31.48 sec-1) and lower Kd 

(22.34 µM) values than WT SIVmac239 RT, resulting in a significantly larger incorporation efficiency 

(1.44 sec-1µM-1) (Table 3.5, Figure 3.5). This result suggests that Vpx (-) RTs can achieve increased enzyme 

kinetics through numerous differential amino acid mutations.   

Table 3.5: Pre-steady state dTTP incorporation by wild type SIVmac239 RT and Vpx (-) RT variants 

2G7, 2N0, and 1M6 from DNA template. 

RT Kd (µM) kpol (sec-1) kpol/Kd (sec-1µM-1) 

WT 33.32 ± 2.27 20.29 ± 1.06 0.61 ± 0.01 

2G7 15.99 ± 4.86 35.29 ± 0.36 2.33 ± 0.61 

2N0 17.28 ±2.89 21.35 ± 3.24 1.28 ± 0.42 

1M6 22.34 ± 4.25 31.48 ± 1.75 1.44 ± 0.28 
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Figure 3.5: Pre-steady state kinetic activity of Vpx (-) 2G7, 2N0 RT, and 1M6 RT variants compared 

to that of wild type SIVmac239 RT. Pre-steady state kinetic values were determined for WT SIVmac239 

RT and Vpx (-) RTs 2G7, 2N0, and 1M6 with dTTP using a DNA template (Table 3.4) as described in 

Experimental Procedures. The assays were conducted in triplicate before kpol (A), Kd (B), and incorporation 

efficiency (kpol/Kd) (C) values of Vpx (-) RTs were compared to that of wild type RT. Statistical significance 

from unpaired two-tailed student’s t-tests is indicated as: ns, p < 0.1234; *, p < 0.0332; **, p < 0.0021; ***, 

p < 0.002; ****, p < 0.0001.  
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Discussion 

 It was previously demonstrated that the limited intracellular dNTP pools found in nondividing 

myeloid cells restrict lentiviral reverse transcription, and that this limited dNTP availability is a biochemical 

restriction factor against HIV-1 RT in nondividing myeloid target cells[8].  Later studies revealed that host 

dNTPase SAMHD1 is responsible for the low dNTP pools found in these nondividing target cells[16, 44, 45], 

and that, for SAMHD1 non-counteracting lentiviruses (beyond and including HIV-1), the SAMHD1-

mediated low dNTP pools in macrophages serve as a kinetic hurdle that delays complete reverse 

transcription and slows proviral DNA synthesis kinetics during the course of viral replication. Indeed, 

SAMHD1 is a strong myeloid-specific HIV-1 restriction factor that can suppress three distinct intracellular 

dNTP-dependent steps during a single HIV-1 lifecycle, 1) reverse transcription, 2) DNA gap filling, and 3) 

endogenous reverse transcription[46]. Conversely, SAMHD1 counteracting lentiviruses, like SIVmac239, 

employ viral Vpx proteins to target host dNTPase SAMHD1 for proteasomal degradation, resulting in 

increased cellular dNTPs and the alleviation of kinetic restriction.  

 Studies have shown that RTs from lentiviruses without the ability to counteract SAMHD1 have 

evolved over time to execute a faster enzyme conformational change during dNTP incorporation. This 

enables SAMHD1 non-counteracting lentiviruses to circumvent SAMHD1 restriction and complete reverse 

transcription even in the low dNTP concentrations found in nondividing myeloid cells. Since kinetic 

similarities are seen amongst RTs originating from various lentiviral phylogroups depending on their ability 

or inability to counteract SAMHD1, the evolution of SAMHD1 non-counteracting lentiviral RTs is 

presumed to have occurred over many years and by viral passage through many hosts[47, 48]. In this study, 

we reasoned that SIVmac239 RT—an enzyme known to synthesize DNA with low efficiency within the 

limited dNTP pools of the macrophage[27, 28]—can improve its enzyme kinetics to resemble enzymatically 

efficient HIV-1 RT when SIVmac239 virus replicates within animals in the absence of Vpx (like HIV-1), 

an in vivo environment likely to create a strong anti-viral selective pressure in myeloid cells due to the 

presence of host SAMHD1. 
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 SIVmac239 RT proteins assayed in this study originated from single infected animal sources with 

survival durations of 27-29 weeks and 3 years post-infection for Vpx (+) and Vpx (-) infections respectively. 

We found that RTs originating from Vpx (-) infections, on average, contained more amino acid mutations 

and display faster steady state and pre-steady state kinetics than WT SIVmac239 RT and RTs cloned from 

Vpx (+) infections. However, since Vpx (-) animals lived roughly six times longer than the Vpx (+) animals 

used in this study, we cannot exclude the possibility that the mutations we observed in Vpx (-) RTs are the 

result of randomly accumulated viral mutagenesis rather than mutations that have been selected for due to 

the evolutionary pressure exerted by the absence of Vpx[49-51]. It is also possible that some of the commonly 

observed mutations are escape products resulting from certain types of immune selections. Lastly, since 

vpx is the result of a gene duplication event of vpr, both proteins have been found to have the potential to 

counteract SAMHD1, depending on the species origins of the viral Vpx/Vpr and host SAMHD1 proteins. 

While SIVmac239 Vpr does not possess SAMHD1 counteraction activity, it is possible that Vpx (-) viruses 

evolved a Vpr protein that can induce the degradation of host dNTPase SAMHD1. Vpx protein was cloned 

and sequenced from Vpx (-) infected samples in a manner identical to the RTs in this study, revealing 

truncated vpx genes that presumably resulted in no protein product (data not shown). However, neither the 

anti-SAMHD1 activity of Vpr nor the SAMHD1 protein expression in Vpx (-)-infected cells were verified 

in this study. Therefore, we cannot negate the possibility that Vpx (-) viruses evolved SAMHD1-

counteraction ability through the evolution of Vpr. 

 As shown in our data, the selected SIVmac239 RT variants from Vpx (-) infections improved their 

steady state DNA synthesis abilities by having lower Km values and higher dNTP binding affinity (Kd), 

compared to wild type SIVmac239 RT. While both 2G7 and 1M6 displayed faster kpol values, 2N0 exhibited 

no significant difference from WT SIVmac239 RT. These kinetic changes are different from the uniformity 

we observed between SAMHD1 non-counteracting HIV-1 RTs and SAMHD1 counteracting SIV RTs: 

HIV-1 RT is characterized by lower steady state Km values, similar Kd values, and faster pre-steady state 

kpol values when compared to SIV RT[27, 28]. To improve their enzyme kinetic efficiency, it appears that the 

two SIVmac239 RT variants (2G7 and 2N0), originating from a single Vpx (-) infection, employ differential 
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mechanistic pathways than what has been previously observed for HIV-1 RTs. Multiple-nucleotide 

incorporation experiments revealed that Vpx (-) RTs, on average, display substrate efficiency values two-

fold greater than those observed for Vpx (+) RTs. While a two-fold difference seems minute in number, a 

two-fold kinetic increase in vivo translates into a 6-hour replication period rather than 12 hours, thus 

drastically decreasing the time required for viral replication. Conversely, a two-fold decrease in kinetics 

would result in replication taking 24 hours rather than 12 hours—exposing the viral material to cellular 

defenses for longer durations of time and potentially negatively impacting viral replication.  

 With no solved structure for the SIV RT heterodimer, a structure of heterodimeric HIV-1 RT bound 

to nucleic acid (PBD ID: 1RTD) was used to highlight the location of the equivalent residues mutated in 

Vpx (-) RT clones 2G7 (top panels), 2N0 (middle panels), and 1M6 (bottom panels) (Figure 3.6). This 

structure of HIV-1 RT shows a large portion of the p66 subunit participating in T/P binding. Interestingly, 

all three clones contain mutations of residues near the T/P binding cleft, providing possibility that these 

mutations may impact not only the formation of the binary complex but also polymerase processivity during 

steady state polymerization. While many mutations are surface exposed (i.e. 3 out of 4 residues in 2G7; 2 

out of 4 in 2N0; 4 out of 8 residues in 1M6), residue M164 lies just outside of the active site and is not only 

substituted in both 2G7 and 2N0 RTs, but has also been adopted by 38 out of the 40 RT variants cloned 

from one Vpx (-) infected animal (Table 3.1). Additionally, 1M6 contains substitutions of three residues 

near the heterodimeric interface: A158, K357, and A368. Nevertheless, since Vpx (-) RT variants contain 

substitutions at residues that are not close to any known residues involved in dNTP binding or catalysis in 

HIV-1 RT, it is difficult to explain the mechanistic and structural impact made by the various combinations 

of the observed mutations. Possibly, some, or all, of the mutations found in the three Vpx (-) RTs indirectly 

coordinate local structural changes to improve dNTP binding affinity in these polymerases.  

 Finally, these biochemical findings can be further verified through virological investigations that 

compare the viral infectivity of infectious SIVmac239∆Vpx mutant virus harboring the two Vpx (-) RT 

variants to that of SIVmac239∆Vpx encoding for wild type RT. These experiments seek to characterize the 

differential impact of these mutated RTs during single round infection in activated CD4+ T cells and 
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macrophages. Further studies could also identify the specific RT amino acid mutations contributing to the 

altered enzyme kinetics in Vpx (-) RTs and explore the associated mechanisms. Collectively, these 

sequencing and kinetic studies support the idea that the absence of Vpx in SIVmac239 infections results in 

RT enzymes with more numerous amino acid mutations and enhanced kinetics which enable more efficient 

polymerization from RNA and DNA templates. 
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Figure 3.6: Location of mutated residues in 2G7, 2N0, and 1M6 Vpx (-) RT variants. The crystal 

structure of heterodimeric HIV-1 RT bound to nucleic acid (PBD ID: 1RTD) was used to map the location 

of the equivalent mutated residues (blue spheres) in 2G7 (first row), 2N0 (second row), and 1M6 (third 

row) SIVmac239 Vpx (-) RT variants. Front and back views of the polymerase are displayed in the first 

and second column respectively. The p66 fingers (pink), palm (orange), thumb (green), connection 

(yellow), and RNaseH (cyan) subdomains and p51 (grey) subunits are color coordinated in agreeance with 

Figure 1.6.  
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Chapter 4: General Discussion 

 The connection between cell permissivity and viral polymerase kinetics is one that the Kim Lab 

has been working to characterize for over a decade. While gammaretroviruses like MuLV and FeLV 

replicate exclusively in dividing cells, the cellular tropism of lentiviruses like HIV and SIV include both 

dividing and nondividing target cell types[342, 343]. Development of a sensitive, RT-based dNTP 

quantification assay revealed a stark distinction between the intracellular environments of dividing and 

nondividing HIV/SIV target cells: while dividing activated CD4+ T cells house 2-5 µM dNTPs, nondividing 

MDMs contain dNTP concentrations that are 100-250 fold lower (20-40 nM)[289]. Previous studies have 

shown that differences in target cell dNTP concentrations are mirrored by viral polymerase kinetics, as 

lentiviral (e.g. HIV, SIV, and FIV) RTs possess lower Km and higher Kd values than non-lentiviral (e.g. 

MuLV and FeLV) RTs[337, 338]. Interestingly, vectors containing mutant HIV-1 RTs with reduced dNTP 

binding affinities (i.e. higher Kd) failed to infect macrophages, thus suggesting that the ability of HIV-1 RT 

to synthesize DNA in cellular environments with limited dNTP substrate enables HIV-1 to infect 

nondividing macrophage populations.  

 Disparities in RT enzyme kinetics are not only seen along the basis of lentiviral classification, but 

also within the Lentiviridae genus itself. Kinetic differences between RTs from HIV-1 and HIV-2 viruses 

were observed as early as 1991: Hizi et al. reported that steady state Km values for single dNTP 

incorporation events were significantly lower for HIV-1 RT when compared to HIV-2 RT[98]. The role of 

the dNTPase SAMHD1 as a lentiviral restriction factor was exposed in 2011, confirming previous 

hypotheses that the low dNTP concentrations in macrophages lay at the foundation of the restrictive, rather 

than permissive, HIV-1 infections of these nondividing myeloid cell types[344, 345]. Though SAMHD1 was 

previously known as one of the seven proteins involved in Aicardi–Goutières Syndrome (AGS), a rare 

genetic encephalopathy that mimics a congenital viral infection[346], further studies found that selective 

counteraction of this host restriction factor by lentiviral Vpr or Vpx proteins elevated cellular dNTPs above 

the Km of HIV-1 RT and enabled efficient proviral DNA synthesis in an otherwise restrictive intracellular 

environment[128, 291, 347]. Indeed, both in vitro (cellular) and in vivo (animal) studies have demonstrated that 
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Vpx is essential for HIV-2 and SIVmac replication in nondividing myeloid cells[348-350]. Interestingly, 

despite the importance of SAMHD1 counteraction in the replication of some SIV strains and HIV-2, some 

lentiviruses (e.g. HIV-1) harbor Vpr proteins that lack the ability to induce proteasomal degradation of this 

host restriction factor. Lim et al. determined the common ancestral SIV of all HIV/SIV lineages likely 

encoded a single Vpr protein that lacked SAMHD1-counteraction ability[125]. It is postulated, then, that Vpr 

adapted the ability to induce SAMHD1 degradation during the split of SIVagm and SIVdeb/mus/mon 

lineages prior to the birth of Vpx through a gene duplication event. Since Vpr/Vpx directly interacts with 

SAMHD1 in the pro-degradation complex, studies have identified that viral Vpr/Vpx proteins co-evolve 

with host SAMHD1, toggling between interactions with the N- and C-terminus of the restriction factor and 

driving positive selection for SAMHD1 mutations that disrupt the Vpr/Vpx-SAMHD1 interface[137]. Similar 

virus-host evolutionary arms races have resulted in the coevolution of viral Vif and host restriction factor 

APOBEC3G[351] as well as the adaptation of HIV-1 Vpu when human tetherin proved itself resistant to 

degradation by Nef[352].  

 SAMHD1 counteraction by lentiviral Vpr and Vpx proteins coupled with the known kinetic 

variations between HIV-1 and HIV-2 RTs presents potential for a fascinating virus-host evolutionary 

dynamic, whereby restriction of viral replication by host dNTPase SAMHD1 can possibly spur divergent 

lentiviral evolutionary pathways: kinetic enhancement of viral RT in the case of HIV-1 and elevation of 

intracellular dNTPs through viral counteraction of SAMHD1 in the case of HIV-2 and some SIVs. The 

thesis work of Dr. Gina M. Lenzi delved into this divergent evolutionary scenario and assessed the kinetic 

differences between RTs originating from SAMHD1 counteracting and non-counteracting lentiviruses. RTs 

from SAMHD1 non-counteracting viruses (e.g. HIV-1) were found to be characterized by lower Km values 

and faster rates of polymerization when compared to RTs from SAMHD1 counteracting lentiviruses (e.g. 

SIVmac239)[339, 340] (Figure 1.7). Phylogenetic analysis of RT and Vpr/Vpx amino acid sequences from 

SAMHD1 counteracting and non-counteracting lentiviruses are consistent with this data, displaying similar 

clustering patterns with respect to viral ability or disability to induce host SAMHD1 degradation[353]. 
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 This thesis expanded upon the culmination of this work: first seeking to identify which 

polymerization step is accelerated by SAMHD1 non-counteracting lentiviral RTs in order to achieve the 

observed enhanced enzyme kinetics. In Chapter 2 we found that, relative to SAMHD1 counteracting 

lentiviral RTs (e.g. SIVagm9063-2 and SIVmne CL8 RTs), SAMHD1 non-counteracting lentiviral RTs 

(e.g. SIVcpz and HIV-1 Cy RTs) execute a faster conformational change step (i.e. faster Kconf) during the 

incorporation of a dNTP substrate—this enables circumvention of SAMHD1 restriction in nondividing 

cells, like macrophages, eliminating the need for Vpr/Vpx[354]. This suggests that the low dNTP pools within 

nondividing myeloid cells exert selective pressure on viral RT proteins during infection by SAMHD1 non-

counteracting lentivirus, evolutionarily honing the enzymes to complete slow proviral DNA synthesis 

despite the strikingly low substrate availability in these target cells. This evolutionary pressure is absent in 

SAMHD1 counteracting lentiviral infections since virus induced SAMHD1 degradation results in increased 

intracellular dNTP concentrations and promotes efficient reverse transcription in nondividing macrophages. 

This work provides a mechanism detailing how SAMHD1 non-counteracting lentiviral RTs achieve 

improved enzyme kinetics when compared to SAMHD1 counteracting lentiviral RTs and provides support 

for the intimate connection between polymerase kinetics and dNTP substrate availability. 

 Since previous studies observed differences between RTs from SAMHD1 counteracting and non-

counteracting lentiviruses that are separated by centuries of evolution, in Chapter 3 we sought to investigate 

whether SIVmac239 RT underwent similar enzymatic improvement in the absence of Vpx during the course 

of pathogenesis in a single host. To investigate this question, we cloned RTs from animals that were infected 

with either wild type SIVmac239 virus (i.e. Vpx (+) virus) or a Vpx-deleted mutant of SIVmac239 virus 

(i.e. Vpx (-) virus).  We selected samples collected upon the development of AIDS characteristics to ensure 

the studied RT proteins had undergone the entirety of in vivo evolution. While earlier timepoints would 

have been crucial in mapping the appearance and potential selection for various RT mutations, samples 

collected at 1- and 2 years post infection contained such low viral load that RT-PCR did not amplify RT 

sequences for subsequent cloning efforts. Using samples collected upon AIDS diagnoses (3 years post 
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infection), we found that RTs from Vpx (-) animals are characterized by improved steady state and pre-

steady state kinetics when compared to RTs from Vpx (+) infections. In addition, Vpx (-) RT variants 

contain more numerous amino acid mutations than Vpx (+) RTs, all of which are indiscriminately dispersed 

throughout the polymerase subdomains. Since Vpx (-) infected animals lived 3-6 times longer than Vpx (+) 

infected animals, we cannot state with certainty—without data from earlier infection timepoints—whether 

the observed mutations and improved kinetics of Vpx (-) RTs were the result of evolutionary selection or 

the byproduct of random viral mutagenesis derived from prolonged pathogenesis within the host.  

 The kinetic disparities between Vpx (+) and Vpx (-) RT variants are different than those seen 

between SAMHD1 counteracting and non-counteracting lentiviral RTs. Dr. Lenzi found that while 

SAMHD1 counteracting and non-counteracting RTs display similar kcat and Kd values, SAMHD1 non-

counteracting lentiviral RTs are characterized by lower Km and faster kpol values when compared to 

SAMHD1 counteracting lentiviral RTs[339, 340]. Conversely, in steady state studies, Vpx (-) variants 2G7 and 

2N0 RTs display lower Km values than wild type (WT) RT only when polymerizing from a DNA template 

(showing no statistical difference in Km values when using an RNA template). Interestingly, while 2N0 has 

higher a kcat value than WT RT independent of template type, 2G7 only displays a significantly larger kcat 

value when polymerizing from a DNA template. Pre-steady state studies revealed that all three Vpx (-) RT 

variants—2G7, 2N0, and 1M6—display lower Kd values than WT RT when using a DNA template. 

However, unlike SAMHD1 non-counteracting lentiviral RTs, the three Vpx (-) RT clones do not reflect 

uniformly larger kpol values than WT SIVmac239 RT (i.e. SAMHD1 counteracting RT). Instead, only 2G7 

and 1M6 are characterized by larger kpol values than WT RT when synthesizing DNA from a DNA template. 

Collectively, these steady state and pre-steady state data demonstrate that while Vpx (-) RTs display 

improved enzyme kinetics when compared to Vpx (+) and WT RTs, the mechanisms employed to obtain 

enhanced enzyme performance appear to be different than those previously observed for SAMHD1 non-

counteracting lentiviral RTs. Since the identified mutations in Vpx (-) RTs are not located near residues 

involved in polymerase catalysis, dNTP substrate binding, or T/P binding, it is difficult to predict the 

structural or mechanistic impact of each individual mutation. It is possible that some, or all, of the observed 
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mutations contribute to increased binding affinities, altered polymerase fidelity, improved polymerase 

processivity, or more efficient structural changes during polymerization.  

Further studies can (i) compare the steady state and pre-steady state kinetic activity of Vpx (-) RT 

variants and SAMHD1 non-counteracting lentiviral RTs like HIV-1 RT, (ii) characterize the 

processivity of Vpx (+) and Vpx (-) RTs during multiple nucleotide incorporation from DNA and RNA 

templates of significant length (e.g. > 400 nucleotides to mimic elongation during in vivo reverse 

transcription), (iii) investigate the fidelity and T/P binding activities of Vpx (+) and Vpx (-) RTs 

compared to WT SIVmac239 RT (iv) identify which amino acid mutations are responsible for the 

enhanced enzyme kinetics of Vpx (-) RTs, (v) elucidate the mechanisms employed by Vpx (-) RTs to 

achieve this improved kinetic activity, and (vi) characterize the infectivity of SIVmac239 Vpx (-) 

viruses containing Vpx (-) RT variants in dividing and nondividing target cell types. Additionally, while 

recent studies observed viral infectivity after swapping HIV-1 RT for SIV RT[355], these experiments 

failed to consider the role of important sequences that lie outside the pol gene—namely variable 

sequences within the LTR regions and the PBS that can influence proviral DNA synthesis and 

subsequent viral infectivity. Further experiments must take into account these regions of sequence 

variability in order to properly assess the influence of SAMHD1 non-counteracting lentiviral RTs 

within an HIV-1 background. Lastly, more in-depth investigations regarding the role and mechanism 

of pSAMHD1 in HIV-1 restriction could help elucidate a potential dNTPase-independent mechanism 

of host restriction and possibly expand our understanding of viral SAMHD1 counteraction via Vpr/Vpx 

proteins past its implications in the modulation of intracellular dNTPs and the resulting evolution of 

lentiviral RT.  

Ultimately, the relationship between viral pathogenicity and the ability to antagonize host 

restriction factors remains complicated and unclear. Unlike HIV-1, HIV-2 uses viral accessory protein 

Vpx to counteract host restriction factor SAMHD1 and permissively infect nondividing myeloid target 

cell populations; however, HIV-1 is known to be highly transmissible, characterized by significantly 

higher viral loads, and far more likely to progress to AIDS[356]. Little is known regarding the differences 
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in pathogenicity between HIV-1 and HIV-2 viral strains—some believe virus-induced cytotoxicity in CD4+ 

T cells is the key to the aggressive pathogenicity of HIV-1 while others suspect additional viral accessory 

proteins or host restriction factors are at the crux of this distinction. Ultimately, the current confounding 

literature fails to support a specific hypothesis. SIVmnd1 and SIVmnd2 tell a similar story. While SIVmnd1 

only encodes for a single Vpr protein which is inactive against mandrill SAMHD1 (mSAMHD1), SIVmnd2 

encodes for both Vpr and Vpx, using the latter of the two to counteract mSAMHD1. Like HIV-1, SIVmnd1 

is more pathogenic SIVmnd2[357]. Interestingly, this dynamic appears to be unique to the viral antagonism 

of SAMHD1, as the narrative is a bit different when discussing the evolution of HIV-1 Vpu. HIV-1 Group 

M viruses to harbor Vpu proteins with the ability to not only degrade CD4 but also counteract tetherin; 

conversely, Group N strains lack the ability to degrade CD4 while Group O viruses are weak tetherin 

antagonists[352]. HIV-1 Group M viruses constitute the majority of global HIV/AIDS cases, potentially 

owing in part to the dual counteraction ability of their Vpu protein.  

This thesis has built upon the idea that while HIV-1 (and other SAMHD1 non-counteracting 

lentiviruses) cannot counteract SAMHD1, this virus has evolved alternative countermeasures that enable 

sufficient viral replication in target host cells, including the restrictive but slow replication in nondividing 

macrophages. Since HIV-2 (and other SAMHD1 counteracting lentiviruses) rely solely on SAMHD1 

counteraction to infect nondividing cells, this lentivirus never requires selection for alternative mechanisms 

and is thus evolutionarily stunted. While the absence of Vpx during the course of SIVmac239 viral 

pathogenesis resulted in significantly enhanced RT enzyme kinetics (Figure 4.1), Vpx (-) virus was still 

undetectable in in vivo macrophage populations[350]. This suggests that viral evolution within a single host 

is likely insufficient to overcome SAMHD1 restriction in nondividing myeloid cells. Rather, the 

evolutionary honing of SAMHD1 non-counteracting lentiviral RTs is the result of hundreds of years of 

replication within the limited intracellular dNTP environments of many host organisms—a process that has 

produced a viral polymerase capable of overcoming the SAMHD1-depleted dNTP pools of nondividing 

myeloid cells, an environment notoriously known to preclude infection by other non-lentiviruses. 

Collectively, these studies support our hypothesis that (i) cellular dNTP availability, and its modulation by 
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viral proteins, is mechanistically tethered to the kinetic properties of viral RT and (ii)  the absence of 

SAMHD1 counteraction during lentiviral infection can drive the evolution of viral RT proteins and result 

in their kinetic improvement. 

 

Figure 4.1: Summary of thesis work. HIV and SIV originated from a single ancestral lentivirus (green 

virion) that harbored common retroviral components, including a reverse transcriptase protein (green RT) 

with unknown kinetic properties (red question mark). Previous studies have shown that RTs from SAMHD1 

non-counteracting lentiviruses, like HIV-1 (red RT), are characterized by elevated enzyme kinetics when 

compared to SAMHD1 counteracting lentiviral RTs, like SIVmac239 RT (blue RT). With the aid of Vpx 

during viral replication, SIVmac239 RT sustains no evolutionary pressure, and thus displays no significant 

kinetic enhancement during replication within a single host or passage through many hosts during natural 

evolution. Conversely, the absence of SAMHD1 counteraction in HIV-1 infections results in low dNTP 

pools that apply significant evolutionary pressure on the SAMHD1 non-counteracting RT. Viral replication 

within the low dNTP pools of many hosts over time created the kinetically honed SAMHD1 non-

counteracting lentiviral polymerase that is able to efficiently polymerize proviral DNA even in low dNTP 

environments. Thus, the enhanced kinetics of HIV-1 RT, enable this virus to achieve Vpx/Vpr-independent 
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infection of nondividing target cells (dashed line). Similarly, replication of SIVmac239∆Vpx virus in one 

host organism resulted in Vpx (-) RTs (purple RT) with elevated enzyme kinetics when compared to WT 

SIVmac239 RT and Vpx (+) RTs. However, this increase in RT kinetics is not sufficient to overcome 

SAMHD1 restriction in nondividing myeloid cells in vitro or in vivo. This figure was created using 

Biorender.com.  
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