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Abstract

Super Restriction Factors against HIV-1 created from APOBEC3

Mollie M. McDonnell

Chair of the Supervisory Committee:
Michael Emerman
Departments of Human Biology and Basic Sciences,

Fred Hutchinson Cancer Research Center

The innate immune system provides the first defense against novel pathogens.
As a part of the innate immune system, humans encode proteins, called restriction
factors, that inhibit replication of viruses like HIV-1. These restriction factors would pose
a potent block to HIV-1 viral infection; however, HIV-1 encodes accessory proteins to
evade or antagonize the host restriction factors. In this dissertation, | created “super
restriction factors,” defined as evolution-guided variants of a natural antiviral protein with
improved antiviral activity and resistance to viral antagonism. These super restriction
factors provide useful insights about the evolution of host restriction factors and the
complex interactions with their viral antagonists as well as a prospective approach to

understand cross-species transmission.
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Chapter 1. Introduction

Viruses are obligate intracellular parasites that depend on a host to coopt
resources to replicate. They are the most abundant species on this planet with an
estimated 10 nonillion (10 to the 315t power) individual viruses that infiltrate every niche
of this world, including the ocean, soil, and all living species (1). Hundreds of different
types of viruses, both those that are pathogenic and those that cause no disease, can
infect humans. However, we remain largely protected from this virus-filled world
because the human immune system has evolved diverse mechanisms to combat viral
infections. As a prelude to my thesis work to develop novel variants of antiviral proteins
with improved properties, this thesis introduction will describe some of the mechanisms
of cell autonomous or intrinsic immunity that are an ancient form of host defense against

viral pathogens.

HIV-1 origins and viral lifecycle section

While some viruses, such as Hepatitis B Virus and human papillomaviruses,
share a long evolutionary history with humans, many other viruses such as SARS-CoV
2 and Ebola exist in animals and cross species to infect humans (2—6). These events,
called zoonoses or zoonotic transmissions, sometimes require viral adaptations to
overcome the barriers imposed from a new species and their immune system, in this
case humans. Similarly, the pandemic caused by the Human Immunodeficiency Virus 1
(HIV-1), originated from a cross-species transmission from a similar virus circulating in

chimpanzees, the Simian Immunodeficiency Virus of chimpanzees (SIVcpz).



More than 35 years after the discovery of HIV, this pandemic still has a global
burden on human health. According to the World Health Organization, as of 2018 there
are more than 37.9 million people infected with HIV in the world, with 1.7 million new
infections occurring annually. While cases have been reported in all countries, sub-
Saharan Africa has the largest disease burden. To date, despite the extensive research,
there is no cure nor is there a vaccine to prevent HIV infection. However, extensive
improvements have been made to make more effective and more tolerable antiretroviral
therapies to improve the lifespan of HIV+ patients and prophylactic treatments (PrEP)
for those people in higher risk groups (7).

HIV and SIV belong to the lentivirus genus of the virus family, Retroviridae. A
broad range of vertebrates including cats, horses, sheep, goats, and primates harbor
lentiviruses which cause chronic and deadly diseases in their hosts (8). All known
lentiviruses infect immune cells, such as monocytes/macrophages and lymphocytes (7).
Untreated HIV replication leads to progressive CD4+ T cell loss and a wide range of
immunological abnormalities, leading to increased risk of infectious and oncological
complications. Combination antiretroviral therapy drugs are highly effective at inhibiting
viral replication, and for individuals that adhere to these drugs, the therapy leads to
suppression of viral replication. Viral suppression may prevent or delay the risk of
developing chronic HIV infection. If the infection is left untreated, chronic HIV infection
can cause widespread immune cell death and progressive failure immune defense
called acquired immune deficiency syndrome (AIDS).

HIV was first discovered in 1983 at the Pasteur Institute in Paris, France and

categorized as a lentivirus because of its reverse transcriptase activity and its structural



similarity to other lentiviruses as seen via electron microscopy (9, 10). While the first
cases were being described in the US, cases were reported in African populations soon
after. The genetic diversity of the viruses isolated from African populations was much
higher than viruses isolated from other parts of the world, suggesting that the origins of
this viral pandemic lie in Africa. Furthermore, the presence of an AIDS-like disease in
rhesus macaques eventually led scientists to look for similar viruses in wild populations
of primates, linking the origins of HIV (11). The additional discovery and sequencing of
viruses from different African primate species, including chimpanzees and gorillas,
validated the hypothesis that HIV is a consequence of a cross-species transmission
from primates (12, 13).

There are two types of HIV that circulate, HIV-1 (the virus that is responsible for
the current AIDS pandemic) and HIV-2. There are four groups of HIV-1: M, N, O, and P,
each which arose due to a separate cross-species transmission event directly from
African apes into humans. SIVcpz strains from chimpanzees were transmitted on at
least two occasions to humans forming the groups M (the precursor that spawned the
current HIV-1 pandemic) and N. HIV-1 from groups O and P, however, originated from
an SIV infecting gorillas. Furthermore, SIVcpz can be traced back to a recombination
event from two SIVs that infect Old World Monkeys, SIVrcm (an SIV that infects red
capped mangabeys) and SIVmus/mon/gsn (an SIV that infects the genus of
Cercopithecus monkeys). On the other hand, HIV-2 infections are much less common
and more highly concentrated to West Africa. HIV-2 is less pathogenic and progresses

slower than HIV-1. HIV-2 can be categorized into seven distinct groups A-H, each group



coming from a distinct cross-species transmission event from an SIV that infects sooty
mangabeys (SIVsmm).

HIV-1 has a genome size of 9.7 kb and encodes for nine genes (gag, pol, env,
vif, vpu, vpr, nef, tat, and rev). When HIV-1 infects a susceptible cell, such as T cells, it
binds to its receptors, CD4 and co-receptor CXCR4 or CCRS5, using the envelope
proteins. HIV fuses to the host cell membrane and releases its viral contents into the
host cell that is shielded from the immune system by the viral capsid (CA) protein.
Inside of capsid contains two copies of the RNA viral genome and other enzymes
needed for the subsequent steps of the viral lifecycle. After entry the reverse
transcriptase (RT) enzyme begins converting the RNA genome into a double stranded
DNA product using the host lys-tRNA as a primer, and host dNTPs. Once the double
stranded DNA product is completed, it is integrated into the host genome using a viral
enzyme, integrase, and host proteins. Once HIV-1 DNA has integrated into host
chromosomes, it can exist in either an active replication phase or a dormant phase
(called latency), and the cell remains infected for the duration of its lifetime.

Post-integration, viral gene transcription may begin, but it is initially inefficiently
elongated until sufficient Tat protein is produced. Tat enhances transcription elongation
from the viral LTR by recruiting a host factor, pTEFD, to the viral RNA at the 5’ end in an
RNA element called TAR (tat-response regions), producing completely spliced, multiple
spliced, and unspliced full-length RNA. To export incompletely spliced viral mMRNAs from
the nucleus, the HIV-1 Rev protein binds to the incompletely spliced transcripts (env,
vpr, vpu, and vif) and unspliced transcripts (gag-pol and the viral genome) using the

RRE (Rev Response Element) to export these mRNA out of the nucleus via the host



CRM1 pathway. After translation of the viral genes occurs, virions assemble at the host
cell membrane. The structural subunits are translated from gag to create matrix, capsid,
and nucleocapsid as well as two spacer domains. As Gag multimers assemble to form
an immature virion, other components, such as two copies of the viral genome,
integrase, protease, and reverse transcriptase are packaged. Env proteins are also
inserted into the viral membrane to produce the immature virion. Some host proteins are
also incorporated into the virions such as the APOBECS antiviral proteins described
below. The virion buds from the host membrane and is released through co-opting the
endosomal sorting complex required for transport (ESCRT) machinery. To become an
infectious particle, HIV virions must undergo maturation through cleavage of
polyproteins by the viral protease forming the conical capsid shape. This infectious
particle has completed the viral lifecycle and can now infect a new cell spreading the

infection.

Innate immune system and evolutionary change

The innate immune system is the first response induced to protect the body from
infections using germline encoded proteins to act cell autonomously to broadly and
quickly recognize pathogens. When cells sense a novel viral pathogen, innate cytokines
such as the type | and type lll interferon molecules, are released and induce a signaling
cascade to produce interferon-stimulated genes (ISGs). These ISGs take on numerous
roles, but collectively are highly effective at resisting and controlling pathogens. Some
antiviral genes are interferon stimulated, while others are constitutively expressed with

tightly regulated activation (14).



Antiviral proteins, also called restriction factors, can act at different stages of the viral
lifecycle and often times leverage the obligate nature of viruses to target essential
components of viral replication, giving them broad activity (Figure 1). Many restriction
factors are induced by interferon. For example, IFITMs are a family of interferon induced
transmembrane proteins that alter membrane fluidity to broadly inhibit many viruses,
including HIV-1, through targeting viral fusion (15-17). Another interferon induced
restriction factor, Tetherin (BST-2), inhibits a wide range of enveloped viruses and
works at the stage of viral release from the cell by tethering virions (such as HIV-1
virions) to the cell membrane (18). In contrast to the generalist strategies used by some
antiviral proteins, other restriction factors target specific viral proteins. For example,
TRIMSa (tripartite motif-containing protein 5a) is an interferon-induced restriction factor
that intercepts HIV-1 replication by recognizing and binding to the incoming viral capsid

and causes premature uncoating.
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Figure 1. HIV-1 restriction and resistance factors

In the absence of virally encoded antagonists (or viral escape), host cell proteins called HIV-1
restriction factors (yellow) inhibit various stages of the replication cycle. The tripartite motif-
containing protein 5a (TRIM5a) promotes accelerated fragmentation of viral cores, preventing
cDNA synthesis. SAM and HD domain-containing protein 1 (SAMHD1) depletes the cellular
levels of 2'-deoxynucleoside 5'-triphosphates (ANTPs), which are required for efficient cDNA
synthesis. APOBEC3 (apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 3)
proteins interfere with the processivity of HIV-1 reverse transcriptase and induce hypermutation
of viral cDNA by cytidine deamination. Tetherin prevents the release of budded virions from the
infected cell. Several viral proteins (blue) antagonize these cellular restriction factors. Viral
infectivity factor (Vif) antagonizes APOBECS3 proteins, viral protein unique (Vpu) antagonizes
tetherin, and the HIV-2 viral protein X (Vpx) antagonizes SAMHD1. HIV-1 resistance factors
(brown) inhibit other stages of viral replication and are not counteracted by the virus. Myxovirus
resistance 2 (MX2) prevents the nuclear import and integration of viral cDNA. Schlafen 11
(SLFN11) suppresses the translation of viral proteins. Interferon-induced transmembrane
proteins (IFITMs) inhibit viral entry by interfering with membrane fusion. dsDNA, double-
stranded DNA; gRNA, viral genomic RNA; LTR, long terminal repeat; ssDNA, single-stranded
DNA. Reprinted with permission from (19) under license number 4891450268949.

Because restriction factors are germline-encoded, they are subject to slow
evolutionary pressures that increase fitness of the host species. That is, polymorphisms
in restriction factors within a host species that increase resistance to a pathogen, will
eventually rise in frequency since they give a fithess advantage to individuals with that
polymorphism. Eventually, these polymorphisms become fixed within the species,
rendering the species less susceptible to this particular pathogen, but still sensitive to
new variants of the pathogen that have adapted to the new polymorphism, or to other
pathogens. This pattern of host resistance and virus adaptation leads to what has been
called the host-virus arms race, or genetic conflict.

Signatures of these genetic conflicts can be measured by amino acid
substitutions. Comparing the accumulation of nonsynonymous mutations (dN) to
synonymous mutations (dS) over time can be analyzed using maximum likelihood

statistical methods. Many non-coding regions in the genome have the same ratio of dN



to dS mutations. These types of genes, such as pseudogenes, are said to be evolving
under neutral selection in that changes in allele frequency are due to genetic drift rather
than fitness effects. On the other hand, most host protein-coding genes are evolving
under negative (purifying) selection to purge the non-synonymous mutation from the
population to maintain the function of the protein. Negative selection is reflected in a dN
to dS ratio of less than one. By contrast, the interaction between restriction factors and
viral proteins lead to evolution under positive selection. The genetic conflict these
proteins results in an accumulation of dN over dS, with a ratio greater than 1. Ultimately,
these positive selection analyses provide insight about restriction factor function, cross-
species transmission events, and ancient viral infections.

Many types of genetic conflict between virus and host are driven by proteins
encoded by the virus to directly counter-act restriction factors. We call these factors viral
antagonists. However, viral escape can be also achieved through selecting for escape
mutations that effect binding affinity of restriction factors. Together, these evasion
techniques overcome the host pressure from the restriction factors and allow for
successful infection of HIV-1. In turn, this exerts evolutionary pressure on the host to
select for alleles that encode for antiviral proteins that are resistant to or escape viral
antagonism by uncoupling the protein-protein interaction. However, the virus quickly
adapts and evolves new mutations at sites that directly interact with restriction factors to
restore the interaction. This back-and-forth evolution between host restriction factors
and viral proteins is termed the host evolutionary arms’ race since the adaptation and

counter-adaptation is a continual feedback cycle of genetic conflict (Figure 2).
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Figure 2. Virus-driven evolution fuels a genetic conflict.

(a) Depicted is a cycle of host—virus coevolution initiated when an antagonist encoded by a
pathogenic virus counteracts a host restriction factor. Host factor variants are drawn in solid
black, and viral antagonists are drawn in white. Selection of host factor variants that
successfully evade antagonism is followed by counter-selection of viral variants that re-establish
the host—virus interaction, applying selective pressure on the host once again, resulting in a
cycle of coevolution. Note that the ‘direction’ of the arms race can be reversed, such that host
antiviral effectors ‘chase’ their viral targets. (b) The age of host genetic adaptations, and
consequently of the causal pathogenic viruses, can be estimated when superimposed onto the
primate species phylogeny. For instance, the origins of positive selection on primate SAMHD1
appear to coincide with the birth of SAMHD1-degrading activity specific to some lentiviruses. (c)
In cases where a particular restriction factor can be generally antagonized by a variety of
different antagonists, information about binding sites can nevertheless delineate those amino
acid changes that occurred on account of lentiviruses rather than due to antagonists encoded
by other viruses (grey shading). (d) By tracing these lentiviral-specific changes on the primate
phylogeny, one can infer whether one or several branches in primate phylogeny underwent
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selection on account of pathogenic lentiviruses. For instance, despite being antagonized by
several viruses, changes in APOBEC3G required to evade lentiviral Vif can be used to calibrate
Vif-escaping adaptive episodes in primate APOBEC3G. Reprinted with permission from (20).

Classically defined restriction factors: rapidly evolving and have viral targets
Tetherin

For the purposes of this review, | am defining “classic” restriction factors against
HIV as those that are both under positive selection and also have viral targets. There
are several examples of restriction factors that act against HIV and have viral
antagonists. For example, HIV-1 encodes a viral protein called Vpu to antagonize
Tetherin. Tetherin uses its N-terminal transmembrane domain and a C-terminal
glycosylphosphatidylinositol anchor to attach to the plasma membrane and
simultaneously incorporate in HIV-1 particle membranes to physically tether virions to
the plasma membrane (18, 21-24). HIV-1 Vpu prevents Tetherin incorporation into
virions, downregulating the surface level expression of Tetherin, targeting it to the early
endosome, and ultimately promoting its degradation (21, 22, 25). Although HIV-1,
SIVcpz, SIVgor, SIVmus, encode a vpu gene, only HIV-1 Vpu can degrade Tetherin.
SIVcpz, SIVgor, and SIVmus instead use Nef to antagonize Tetherin. Interestingly, the
majority of primate lentiviruses, such as SIVmac and SIVsm, do not have a vpu gene
(26, 27). In the absence of a vpu gene, SIV from Old World monkeys use Nef to
counteract Tetherin (26, 27). HIV-2, which also does not encode Vpu, instead uses Env
to antagonize Tetherin (28, 29). While SIVcpz Nef and SIVgor Nef can potently
antagonize chimpanzee and gorilla Tetherin, these proteins cannot antagonize human
Tetherin (27, 30, 31). Conversely, Vpu from SIVcpz and SIVgor are unable to

antagonize human Tetherin, while this function has been gained by HIV-1 (27, 30, 31).
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Indeed, HIV-1 Nef is unable to restrict human Tetherin (32). This species-specific
activity maps to five amino acid sequence that is in the cytoplasmic domain of Tetherin
and these sites are under strong positive selection in hominoids and Old World
monkeys. Interestingly, this sequence is deleted in the human Tetherin, suggesting a
viral pathogen drove human Tetherin to select for proteins with a deletion in this five
amino acid sequence to avoid a viral antagonist. Furthermore, a cross-species
transmission of HIV-1 to humans necessitated a gain of function by Vpu through
adaptations in two regions within the N-terminal transmembrane domain of Vpu to

replace the function of Nef.

SAMHD1

Other restriction factors have lentiviral antagonists, but interestingly not one
encoded by HIV-1. For example, Human sterile alpha motif and HD-domain containing
protein 1, SAMHD1, is a restriction factor that inhibits the process of reverse
transcription of viral RNA through depleting the concentration of ANTPs. SAMHD1 is
primarily active in non-dividing CD4+ T cells, dendritic cells, and macrophages (33). The
lentiviral antagonist of SAMHD1 is either Vpx or the paralog Vpr (34). Interestingly, only
two major lineages of lentiviruses encode vpx, whereas all encode vpr. In lineages that
encode both vpx and vpr genes, the Vpx protein is used for SAMHD1 antagonism,
whereas in lentiviral lineages that do not encode vpx, the Vpr protein sometimes
functions to degrade SAMHD1 (35). HIV-1 does not have encode an antagonist of
SAMHD1 (33, 35). Neither HIV-1 nor SIVcpz encodes a vpx gene and their respective

Vpr proteins do not degrade SAMHD1 due to a deletion that occurred during the
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generation of SIVcpz (36). The sites of positive selection in SAMHD1 are found in both
the N- and C-terminal domain. These sites directly correlate with the phylogenetic
separation of Vpx, with the SIVsmm/SIVmac/HIV-2 Vpx proteins interacting with the C-
terminus of SAMHD1, while the SIVmnd2/SIVrcm Vpx proteins interacting with the N-
terminus of SAMHD1 (33, 37-39). To determine if the sites under positive selection are
responsible for the species-specificity of SAMHD1 antagonism by Vpx, amino acids in
sites that are under positive selection can be swapped and tested to explain lentiviral
evolution. For example, SIVmnd2 Vpx was challenged against an AGM SAMHD1 that
was altered in the sites of positive selection to the amino acids found in mandrill
SAMHD1. SIVmnd2 Vpx now had increased susceptibility to degrade SIVmnd2 Vpx
(35). Thus, changes at the positively selected residues in SAMHD1 influences species-
specificity. Together, the evolution between Vpx/Vpr and SAMHD1 is dynamic, with

virus and host sides evolving to counteract each other through an evolvable interface.

TRIMs

TRIMS5a (tripartite motif-containing protein 5 alpha) is a restriction factor against
lentiviruses (and some other retroviruses) in which the positive selection directly
correlates with binding of viral proteins, but without viral antagonism. TRIM5a is an
interferon induced restriction factor (40, 41) that intercepts HIV-1 replication by
recognizes the incoming viral capsid and causing premature uncoating (42). In this
case, the arms race is set up by the escape of lentiviruses from TRIMSa by mutations in
CA, rather than the direct antagonism of TRIM5. Human TRIMSa can block some

retroviruses, but weakly inhibits HIV-1 (43, 44). However, TRIM5a from rhesus
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macaque and other primates can potently inhibit HIV-1 (43, 45-48). Indeed, an in vivo
study revealed that rhesus TRIMS5a can potently inhibit SIV from sooty mangabey with
100-fold to 1,000-fold viral attenuation and suppress cross-species transmission (49).
Trim5a is under positive selection and species specificity of TRIMS5a. for retroviruses can
be altered with amino acid changes in the coil-coiled/ B30.2 protein domain that
corresponds to amino acids that are under positive selection (50-52).

Cyclophilin A, referred to as CypA, interacts with Gag, is incorporated into
virions, and was once thought to function as a foldase or protein chaperone during viral
uncoating (53). However, more recent data suggests that its role is to protect the capsid
core from TRIMS5-mediated rapid uncoating. Additionally, the role of CypA itself in the
virus life cycle is not completely resolved. Interestingly, only viruses from the HIV-
1/SIVcpz lineage require CypA for replication (53). Nonetheless, primate genomes have
also evolved a recurrent gene fusion between TRIMS and CypA, called TRIMcyp, as an
additional mechanism to counter new viral challenges. At least four times in primate
evolutionary history additional innovation in the TRIMS locus has been sampled with
TRIM-cyclophilin A chimeric proteins, which arose via the capture of a new exon (54—
60). In this novel protein, cyclophilin A has replaced the B30.2 protein domain that was
the antiviral specificity determinant. Through reconstructing evolutionary history and
phylogenetic analysis, an ancient TRIMCypA3 gene was discovered that has potent
antiviral activity (61). This ancient gene could have arisen in response to a lentiviral
pathogen encountered by primate ancestors but since the divergence of all simian
primates, TRIMCypA3 has lost specificity and decayed in many extant sequences.

Similar to TRIMSa, TRIM-Cyp does not have a lentiviral antagonist, but rather viral
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escape from TRIM-CypA can occur because not all lentiviruses bind CypA. Thus,
selection for mutations that disrupt the TRIM-Cyp interaction are another form of viral
escape (62, 63).

TRIMSa belongs to a large family of proteins, with over 70 members in the
Human genome, with a variety of functions. TRIM34, located adjacent to TRIM5a on the
human gene locus, was recently characterized as a restriction factor to inhibit HIV-1 and
S|V capsids (64). Interestingly, there is no evidence of positive selection in TRIM34 (65,
66). However, the restriction of TRIM34 on HIV-1 has been shown to be dependent on
TRIMS5a, which is under strong positive selection (51, 64). Since TRIM34 and TRIM5a
interact and colocalize, perhaps TRIM34 is not under positive selection because its
binding partner, TRIM5aq, is the protein that is the target of host and viral selection (64,

67).

APOBEC3s

The apolipoprotein B mRNA editing enzyme catalytic-polypeptide like 3,
APOBECS3 (shortened to A3 here) are a family of cytidine deaminases that hypermutate
ssDNA. The APOBECS3 (A3) gene locus in primates encodes seven cytidine deaminase
proteins (A3A-A3H), all with a conserved zinc coordinating motif His-X-Glu-X23-28-Pro-
Cys-X2.4-Cys, that inhibit endogenous retroelements, like LINE-1, and retroviruses, such
as HIV-1, among many other viruses. The antiviral activity of the A3 proteins is
antagonized by the lentiviral accessory protein Vif.

A3s were first discovered because of a phenotype observed such that cell lines

that were lacking a vif gene, termed nonpermissive cells, were not infectable by HIV
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(68, 69). However, other cell lines, called permissive cells, could sustain full viral
infection (70, 71). Through a series of fusion experiments, a dominant factor was
identified as APOBEC3G (A3G) that was controlling the viral replication in the
nonpermissive cells (72). Since then, A3s have been extensively studied as a potent
restriction factor of HIV-1.

In order to inhibit HIV, A3s must get incorporated into budding HIV-1 virions in
the producer cells. Once the virion with A3 packaged fuses to a target cell, A3s can act
to inhibit HIV-1 by hypermutating ssDNA during the reverse transcription process. A3s
convert cytidines to uridines on the minus strand, which in turn results in a G-to-A
hypermutation on the positive sense strand. A3G is unique since it preferentially
deaminate the 3’ cytidine in a 5-CCC-3’ or 5’-CC-3’ sequence on the newly synthesized
minus strand. However, other antiviral A3s, such as A3C, A3D, A3F, and A3H,
deaminate cytidines in a 5’-TTC-3’ or 5TC-3" motif. Furthermore, A3s tend to deaminate
more heavily in the 5’ region of the viral genome, perhaps because this single stranded
region is exposed longer than the 3’ end and/or because of the intrinsic biochemical
properties of these A3s scanning ssDNA (73, 74). A3G scans processively ssDNA by a
combination of primarily sliding and occasional jumping motions to reach the target
cytidines (74). A3F, however, primarily uses jumping movements to scan ssDNA, which
in turn leads to less efficient and less extensive deamination sites during reverse
transcription (75). Together, these mutations can ultimately render the provirus inactive.
Additionally, these A3s can inhibit HIV-1 in a cytidine deaminase independent
mechanism, although this inhibition only accounts for less than 10% of the antiviral

activity (76—79). Recent work has shown that A3G can restrict HIV-1 in a cytidine
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deaminase independent mechanism through binding to reverse transcriptase and
sterically hindering reverse transcription (76).

HIV-1 has overcome this barrier by devoting an accessory protein, Vif, to
counteract the APOBECS3s. Vif employs multiple strategies to counteract A3 proteins,
but the most well-established mechanism involves hijacking a cellular Cullin-RING
ubiquitin ligase, resulting in ubiquitination and subsequent targeting of A3 for
proteasomal degradation (72, 80-84). HIV-1 Vif is able to antagonize multiple A3
proteins including A3C, A3D, A3F, A3G, and A3H. To induce A3 degradation, Vif binds
to CBF-B and recruits CUL5-EloB/C-E3 ubiquitin ligase complex to promote
polyubiquitination and the subsequent proteasomal degradation of the A3s (85). Vif
uses three distinct interfaces to bind to A3s: one for A3G, another for A3C/A3D/A3F,
and another for A3H (86). Evolving an antagonist like Vif to target A3G must have been
essential for lentiviruses, since almost all lentiviruses encode a Vif protein except
equine infectious anaemia virus (8, 87). Furthermore, the interaction between Vif and
A3 proteins is often species specific and the key determinant of interspecies
transmission events such as the zoonotic transmission that resulted in the SIVcpz and
HIV-1 (20).

The best evidence that a lentiviral antagonist is responsible for some of the
positive selection seen in a restriction factor comes from the study of the evolution of
A3G and Vif in different Old World monkeys and their endemic SIVs. As a result of
antagonism-evolution, A3G has been adaptively diversifying within AGMs (88). Single
amino acid substitutions that allow evasion of Vif-mediated degradation independently

emerged on several occasions during primate evolution, the oldest of which appeared at
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least 5 Mya in the common ancestor of the guenon species. An even older Vif-blocking
adaptation in A3G, a multi-residue insertion event, arose at least 12 Mya in a subset of
OWNMs (Colobinae) (89). These examples show interspecies divergences, presumably
fixed mutations that distinguish the antiviral gene of one species from another.
However, selection can also occur as allele variation, known as polymorphism within a
species. These polymorphisms provide powerful tools to reveal ongoing or more recent
selective pressures.

The natural SIV infection that occurs in African green monkeys (AGMs) provides
a unique opportunity to assess how host antiviral genes impact the evolution of
lentiviruses, and vice versa, on a relatively recent timescale since AGMs have been
diverging for approximately four million years (20). AGMs are the most abundant
nonhuman primates in Africa that are comprised of four different subspecies, commonly
known as grivet, sabaeus, vervet, and tantalus monkey (90). Each subspecies is
infected with a distinct subspecies of SIV, named after the specific host it infects: SIVgri,
SlVsab, SIVver, and SIVtan (91). In two of those subspecies, single amino acid
changes in A3G emerged independently to allow evasion of the lentiviral antagonist, Vif.
Specifically, these adaptive mutations prevent degradation by Vif from heterologous
SIVagm isolates, suggesting that they are selected as a result of Vif-mediated selective
pressure (88).

To better understand prospectively the dynamics of viral adaptation, plasma
virema from infections of sabaeus monkeys with an SlVver strain was characterized.
Vif readily counteracted A3G in individuals homozygous for the ancestral A3G allele. In

animals that were homozygous for the A3G (D130H) allele that was resistant to Vif from
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the initial virus inoculum, the vif gene evolved within the animal in order to counter this
A3G polymorphism. However, in a sabaeus monkey that was heterozygous, encoding
both an ancestral A3G allele and a D130H allele, SIVver Vif failed to evolve the capacity
to antagonize both variants in vivo (88). Interestingly, this gain of antagonism to the
A3G D130H mutation came at a cost to Vif, because as a result, Vif lost activity to the
ancestral A3G (88). These studies demonstrate that A3G-driven evolution of Vif is a
natural occurring phenomenon because the specificity of Vif proteins from the SIVagm
subtypes reflects adaptation to subspecies-specific A3G variants in AGM populations
exposed to SIV in the wild.

Furthermore, structural analysis of different species of Vif protein can provide
insight to lentiviral evolution and cross-species transmissions. SIVrcm Vif, the precursor
to SIVcpz/HIV-1 lineage, poorly antagonizes chimpanzee A3D and A3G proteins (36,
92). Adaptations to SIVrcm Vif were essential for the cross-species transmission of SIV
from OWM into chimpanzees. Through comparing the HIV-1 Vif structure to the SIVrcm
Vif structure, key similarities and differences were identified that contribute to the Vif
substrate specificity(93). For example, a single amino acid change, Y86H, in SIVrcm Vif
conferred specificity and adaptation towards cpzA3G and huA3G (93). This adaptation
at position Y86 allowed for SIVrcm Vif to gain the ability to antagonize hominid primate

A3Gs and to at least partially accommodate a change in A3G at position 128 (93).
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Figure 3. Overview of APOBEC3 mode of restriction against HIV and gene locus

(A) APOBECS3 proteins are degraded in the producer cell in the presence of Vif, but in the
absence of Vif they are packaged into the budding viral particle. In the next cycle of infection,
the APOBEC3 proteins mutagenize the viral genome during reverse transcription by
deaminating cytosines to uracils in the minus-strand DNA. Mutated viral DNA may be degraded
by DNA repair enzymes or integrated into the host cell genome. Reprinted with permission from
(94) under license number 4917781351844. (B) Organization of the A3 locus on chromosome
22. Colors indicate the evolutionary history of the corresponding zinc domain according to (95).

OTHER APOBEC3s

In addition to A3G, there are six other A3 proteins in the human genome that
arose due to recombination and duplication to give rise to three single deaminase
domain A3s (A3A, A3C, and A3H) and four double deaminase domain A3s (A3B, A3D,
A3F, and A3G) (95). The duplication events of the A3 locus occurred before the

expansion and diversification of placental mammals, which is roughly between 95-120
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Mya (95). Furthermore, these A3s can be categorized by the presence of a A3Z1, A3Z2,
or A3Z3 domain based on sequence conservation (96). For example, an example of a
A3Z1 is A3A, A3Z2 is A3C, and A3Z3 is A3H. The A3Z3 domain is the most
evolutionary diverged A3 sequence. Not only do these A3s vary in the number of
domains they have but they also vary in their ability to inhibit HIV-1.

Five of the human A3s have antiviral activity against HIV-1: A3C, A3D, A3F,
A3G, and A3H with A3G being the most potent (97). In order to inhibit HIV, each of
these A3s need to be expressed in CD4+ T lymphocytes and get packaged into budding
HIV virions. A3C, A3D, A3F, A3G, and A3H are expressed in CD4+ T lymphocytes,
while A3A and A3B are not, explaining why A3A and A3B do not inhibit HIV-1.
Furthermore, A3D, A3F, A3G, A3H, and less so A3C, get packaged into virions, while
A3A and A3B do not, again supporting the conclusion that only some A3s are antiviral
(97, 98). A3D is interesting because human A3D is not as antiviral as its homolog in
chimpanzees which corresponds to additional packaging of the chimpanzee version of
A3D compared to human A3D (99).

A3s can also have one of three different subcellular localizations: nuclear,
cytoplasmic, or cell wide. A3A, which is not packaged, has a cell-wide localization.
However, when A3A is linked to Vpr, a viral protein that is efficiently packaged into
virions, Vpr-A3A is packaged, suggesting that cellular localization could be an important
determinate for packaging (100). A3B has a nuclear localization (97). A3C has a cell-
wide localization and is not packaged very abundantly (97, 98). A3D, A3F, and A3G all
have primarily cytoplasmic localizations (97). A3H has different haplotypes circulating in

human populations that have different localization patterns. For example, A3H
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haplotype | is more nuclear, less stable, packaged less, and therefore, less antiviral
against HIV-1 (101-103). On the other hand, A3H haplotype Il is more cytoplasmic,
more stable, packaged more, and thus, more antiviral than A3H haplotype | (101-103).
While it is known that antiviral A3s get packaged into virions, the exact mechanism for
A3 packaging remains unknown. For A3G, it has been shown that A3G exists in cells in
high molecular mass complexes that is bound to RNA and other proteins in stress
granule and P-bodies. This form of A3G remains enzymatically inactive. However, the
newly synthesized A3G binds to RNA that is in the same complex as HIV-1 gag and
therefore, gets packaged into virions (104, 105). A3s are constitutively expressed in
cells and have rather nonspecific substrate, ssDNA. Therefore, A3s that have nuclear
localizations, such as A3B and A3H haplotype |, have also been associated with many
cancers (106, 107). These oncological findings also suggest that there is a balance to
A3 activity and too much activity could be detrimental to the host.

Like A3G, many of the other A3 genes have also been driven by positive
selection in primates including A3A (108), A3C (98), A3D (99), and A3H (103). In the
case of A3C and A3H, there is some evidence that the amino acids under positive
selection also correspond to sites of interaction of Vif (98, 109), while for A3D the sites
of positive selection overlap with amino acids that led to increase antiviral activity of the
restriction factor in chimpanzees (99). However, there is considerably more positive
selection in all the A3 genes than can be explained by interactions with Vif alone, which
suggests that each of these A3 proteins has also been engaged in arms-races with

other pathogens over evolutionary time in primates (110).
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In addition to the multiple A3 genes in humans, there is additional diversity in the A3
locus in the form of human polymorphisms that affect the antiviral activity against HIV-1.
For instance, there are at least twelve different haplotypes of A3H that vary in their ability
to restrict HIV-1 (111, 112). The reconstructed sequence of the A3H from the common
ancestor of humans and chimps encodes a stable and nuclear protein (101). However,
the four major human A3H haplotypes (hap I-1V) differ in protein stability, which affects
steady-state expression levels and subcellular localization, but none are both nuclear and
stable (101, 102). Most humans possess the unstable A3H haplotype |, with frequencies
ranging from 49%-96% depending on the population (101). However, a fraction of the
population expresses a protein encoded by the stable, cytoplasmic A3H haplotype Il
(101, 102). In addition, the most common form of human A3C, which encodes for a
serine at position 188, has little, if any, activity against HIV-1. However, about 10% of
African individuals carry a polymorphism in A3C that encodes an isoleucine at position
188, instead of a serine. This one amino acid change is correlated with increased antiviral
activity against HIV-1 resulting from an increased ability of A3C to form dimers and
increased cytidine deaminase activity in vitro (98). Furthermore, chimpanzee and gorilla
A3Cs have different amino acids at position 115 than humans and introducing these
amino acids into human A3C also increases dimerization and cytidine deaminase activity
(113). Nonetheless, even with these mutations, A3C is less active against HIV-1 compared

to many of the other A3 proteins (114).
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Restriction factors under positive selection with no viral target

MxB

Although in the examples above, some restriction factors against lentiviruses
have been evolutionarily driven by ancient interactions with lentiviruses, this is not the
case for all restriction factors against HIV-1. For example, MxB is an interferon induced
restriction factor that has been shown to suppress infection of a wide range of HIV-1
strains (115-117). In an HIV-1 CRISPR screen designed to reveal the restriction factors
that inhibit a lab-adapted strain to HIV-1, MxB was identified as a dominant mediator of
IFN induced inhibition of HIV-1 infection (118). MxB inhibits HIV-1 infection by binding to
HIV-1 capsids and inhibiting their entry into the nucleus.

While MxB has evolved under positive selection in primates, there is no overlap
between the residues identified in the positive selection analysis and the residues
identified for lentivirus restriction (119). Moreover, in contrast to what one would expect
by a restriction factor driven by positive selection by lentiviruses, MxB from many
different species, human, rhesus macaque, and African green monkey all potently
inhibit HIV-1 unlike the case seen with TRIMS or APOBEC3G (120). Thus, despite the
potent block MxB imposes, there is no viral antagonist to counteract MxB and no
evidence that escape of lentiviral capsids from MxB has driven positive selection (in
contrast, for example, to TRIMS). One possible explanation is that perhaps HIV-1
cannot escape the pressures of MxB because many mutations would be necessary to
alter the binding interface and these would ultimately disrupting the structural integrity of
capsid (121). Alternatively, because MxB only can restrict HIV replication 5-10-fold,

possibly it is not important enough selective pressure to target by HIV to make a
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difference for viral replication (115—117). The sites under positive selection in MxB do
not correspond to species specific lentiviral escape, suggesting that MxB evolution is
not driven by lentiviruses. However, in an experiment designed to better understand
HIV-1 infection in pigtail macaques, monkeys were infected with a simian tropic HIV-1
and viral sequences were analyzed for adaptation. Interestingly, adaptation in the viral
sequence were found in CA, which was surprising given that these pig tail macaques do
not encode a TRIMS and CA has extreme genetic fragility (59, 121). Further
experiments showed that there was partial resistant to MxB, suggesting that MxB could
have driven the acquisition of these changes. However, sequences isolated with full
resistant to MxB had a replication fitness cost, providing some insights as to why

lentiviruses might not have evolved a viral target to counteract MxB (122).

ZAP/Schlafen11

Schlafen11, a interferon-induced restriction factor, inhibits viral replication by
recognizing the differential codon usage between host and retroviral transcripts and
blocking translation (123). Interestingly, this restriction factor is another example where
HIV-1 has not evolved an antagonist against Schlafen11, possibly because human
Schlafen11 only weakly inhibits HIV-1 (124). Similar to MxB, Schlafen11 is under
positive selection, however the resides determined undergoing rapid evolution have
nothing to do with anti-lentivirus activity, suggesting that another pathogen is driving this
host-arms race (124). Perhaps, also similar to MxB, Schlafen11 does not pose an
important enough block, and therefore lentiviruses have not bothered with evolving a

counteract.
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Zinc finger antiviral protein, ZAP, is another restriction factor that has potent
activity against alphaviruses and filoviruses as well as moderate activity against
retroviruses (125-130). ZAP blocks viral replication by degrading viral RNA with high
CG dinucleotide content (128, 131, 132). ZAP alone does not have any enzymatic
activity, but instead recruits other cellular proteins to inhibit viral replication, such as
TRIM25 and KHNYN (128, 133). There are two human ZAP isoforms, ZAP-L and ZAP-
S. Both isoforms contain a N-terminal RNA binding domain containing four CCCHOtype
zinc finger motifs, but ZAP-L also contains a catalytically inactive C-terminal poly(ADP-
ribose) polymerase (PARP)-like domain and a functional CaaX prenylation motif (127,
134). ZAP-S functions as a negative feedback regulator of the interferon response
through binding to and mediating the degradation of several host interferon messenger
RNA (135). In contrast, the long isoform is the primary antiviral factor. The sites of
positive selection are only found in the catalytically inactive C-terminal PARP domain of
ZAP-L (127). If a viral protein were to prevent ZAP-L function by binding the N-terminal
domain, it would also disrupt the activity of ZAP-S and increase the IFN response(135).
This example of isoform-specific positive selection could be explained by ZAP-S acting
as an evolutionary shield to protect the remainder of the protein from antagonism.
Rather than dedicating an accessory protein to antagonize ZAP, retroviruses have
evolved to evade ZAP by modulating the CG dinucleotide content of transcripts (136). It
has been observed that HIV-1 and SIVcpz have fewer CpG dinucleotides than the
precursor virus, SIVmon/gsn/mus, which could suggest than ZAP is the driving force for

lowering the CG content of HIV-1 transcripts (136). However, HIV-2 has higher CG
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content than its precursor SIVsmm, suggesting that most likely ZAP does not drive

lentivirus evolution (136).

Restriction factors with no positive selection

IFITMs and SERINC3/5 and HUSH

There are restriction factors that have viral targets, but nonetheless, show no
signs of genetic conflict with positive selection. IFITMs, specifically IFITM1, IFITM2, and
IFITM3, are a family of interferon-induced transmembrane proteins that broadly inhibit
many viruses (15, 17). In the context of lentiviruses, IFITM proteins have been shown to
be incorporated into virions and inhibit viral entry (16, 137). In addition, IFITM proteins
also impact late stages of the HIV-1 life cycle by reducing lentivirus envelope protein
abundance (138). IFITMs has been shown to be under purifying selection, suggesting
that the function of the IFITMs is conserved and perhaps related to the fact that IFITMs
have roles in other cellular processes like embryonic development and cancer (17, 139).
However, rather than containing the classical rapid evolution hallmarks of antiviral
proteins, perhaps IFITMs have gotten around the viral block by diversification through
gene duplication (IFITM1, IFITM2, and IFITM3) and cellular localization (140). This
strategy which has also been shown in other antiviral proteins, such as IFIT, could lead
to a boost in antiviral activity against broad viral targets (140, 141). On the other hand,
viruses have evolved mechanisms to evade the entry blocks that IFITMs pose by
mutations in envelope as well as having multiple routes of cellular entry (138).

The transmembrane proteins SERINC3/5 are restriction factors that are

incorporated into virions to prevent HIV-1 viral entry (142, 143). HIV-1 Nef
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downregulates the expression of SERINC3/5 from the cell surface to prevent
incorporation into HIV-1 virions (142, 144). Interestingly, SERINC3/5 are not under
positive selection in primates, perhaps because similar to IFITMs the cellular function of
SERINC:s is limiting the ability of these proteins to evolve (145). On the other hand,
escape from SERINC3/5 can also occur through mutations in HIV-1 env (146), so it is
possible that there is little pressure on SERINC5 because escape is too easy.
Curiously though, other retroviruses, such as MLV also encode an antagonist of
SERINC3/5, the glycoGag protein (147), yet again, there is no evidence that this
antagonist has driven selection of SERINC3/5 in their natural host.

Vpx has another restriction factor target, Human silencing hub (HUSH) complex
(148, 149). The HUSH complex functions to help impose and maintain HIV
transcriptional silencing. Interestingly, despite HUSH complex being counteracted by
Vpx in a species-specific manner, it is not under strong positive selection. While there
have been no detectable strong signatures of evolutionary conflicts in the HUSH
complex, proteins within the HUSH complex, such as TASOR, SETDB1, and periphilin,
have signatures of other genetic innovations such as transcriptional variations and
multiple isoforms (149). HUSH is involved in many other transcription programs,
however, such as silencing endogenous retroviruses and retroelements (150, 151), so it
is possible that the host would pay too high of a fitness cost to protect its genome if the

specificity of these factors were to evolve.
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Super Restriction Factors

Despite hosts encoding a cascade of restriction factors to inhibit lentiviral
replication, lentiviruses encode means to counteract these blocks through antagonists
and sequence escape. Therefore, my thesis work sought to create super restriction
factors to improve the naturally found proteins. Super restriction factors are defined as
evolution-guided variants of natural restriction factors that are more active and more
resistant to viral antagonists (152, 153). Previous work on MxA, another broadly acting
restriction factor that works to counteract both positive sense and negative sense RNA
viruses like orthomyxoviruses, bunyaviruses, paramyxoviruses, picornaviruses,
rhabdoviruses and togaviruses, has revealed that the antiviral activity of MxA can be
improved through altering the five amino acids that are under positive selection (154).
However, this work showed that broadly acting antiviral proteins like MxA skirt breadth-
versus-specificity trade-offs that constrain their adaptations against multiple viruses
(152). Here, | wanted to make an HIV restriction factor with increased potency, but also
resistance to viral antagonism. My graduate dissertation focuses on the antiviral protein
APOBEC3 and the viral antagonist HIV-1 Vif. Using an evolution-guided approach, the
A3 super restriction factors are useful tools to prospectively study evolution for a protein
that has not been sampled in nature. Additionally, these proteins have provided insights
about A3 mechanisms to restrict HIV-1 and ultimately the evolutionary compromises for

paths that have yet to be sampled in nature.
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Chapter 2. Materials and Methods

APOBEC3 Tandem Deaminase Domain Sequences
The A3C-A3C synthetic tandem domain was designed after the most closely

related A3, A3F. The N-terminal subunit consists of amino acid residues 1-187 of A3C
(residue numbers 188-190 were deleted) and was codon optimized to distinguish the N-
terminus from the C-terminus. The codon-optimized N-terminus was linked to the single
domain human A3C at the C-terminus using a short amino acid sequence that is found
in A3F and A3D, Arg-Asn-Pro (RNP), and naturally found in A3C single domain. The C-
terminal domain begins at amino acid 6 (15 nucleotide deletion) to include this RNP
sequence and extends to include the remainder of A3C followed by a flexible linker and
a triple FLAG tag. The A3C-A3C tandem domain was constructed using overlapping
extension PCR, as described in (98) and cloned into a pcDNA4/TO vector
(ThermoFisher, V102020) using BamHI/Xbal restriction sites. All point mutations were
made using Site Directed Mutagenesis QuikChange Il Kit (Agilent; 200524).

Similar to A3C-A3C, A3C/A3H double domains were designed using A3C and
A3H haplotype |, connected with an Arg-Asn-Pro (RNP) linker sequence, found in A3F
and generated via gene synthesis (IDT) for both A3C-A3H hap | and A3H hap I-A3C.
The constructs were cloned into the pCDNA4/TO backbone with a C-terminal 3XFLAG
tag using restriction sites at EcoRI/Xhol. To create the A3C/A3H hap Il variants, Site
Directed Mutagenesis (Agilent; 200524) PCR introduced G105R, K121D, and E178D to

convert A3H haplotype | to haplotype Il
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Cell Culture and Transfections

HEK293T cells (ATCC, CRL-3216) were cultured in DMEM (Gibco,
#11965092) with 10% HyClone Fetal Bovine Serum (GE Healthcare, #SH30910.03) and
1% penicillin-streptomycin (Gibco; #15140122) at 37°C in a humidified CO: incubator.
SUPT1 cells, acquired from ATCC (CRL-1942), were maintained similarly but in RPMI
medium (Gibco, #11875093), 10% HyClone Fetal Bovine Serum (GE Healthcare,
#SH30910.03), 1% penicillin-streptomycin (Gibco, #15140122), and 10mM HEPES.
HEK293T cells were plated in 6-well dishes for transfections at a density of 1.5x10°
cells per 1mL. Transfections were performed with the TransIT-LT1 transfection reagent

(Mirus, #MIR2304) at a reagent:plasmid DNA ratio of 3:1.

Intracellular Protein Expression and Packaging Experiments

Intracellular expression of APOBEC3 proteins during virion production was
determined by lysis of the virion-producing 293T cells with NP-40 buffer with protease
inhibitor (200mM NaCl, 50mM Tris pH 7.4, 0.5% NP-40 Alternative, 1mM DTT,
and Roche Complete Mini, EDTA-free tablets; 11836170001). Lysate samples were
resolved on an 4-12% SDS-PAGE gel using MES buffer and transferred to a
nitrocellulose membrane for western blot analysis. Anti-FLAG (Sigma; F3164), anti-
tubulin (Sigma; T6199), and anti-p24gag (NIH-ARP; 3537) (155, 156) antibodies were
used for western blots at a dilution of 1:5,000. StarBright Blue 700 Goat Anti-Mouse 1gG
(BIO-RAD, 12005866) were used to detect primary antibodies at a dilution of 1:5,000.

The chemiluminescent signals from all western blots were imaged using a
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ChemiDocMPImaging System (Bio-Rad) and images were processed using Fiji/lmageJ
software to quantify the densitometry for each antibody detected band.

The amount of A3 packaged into virions was evaluated by co-transfecting
either 100ng or 600ng pcDNA4/TO.A3.3XFLAG and 1000ng HIV-1AVifAEnvLuc2
(unless denoted) in a 6-well plate. Three days post-transfection, cell lysates were
harvested as described above and 1.5mL of the supernatant was collected, filtered
through a 0.2 micron filter, and spun down using a tabletop microcentrifuge for 1 hour at
max speed at 4°C to pellet the virions. The supernatant was aspirated off and 25uL of
NuPAGE 4X loading dye (Invitrogen, #NP0007) was added to each sample. Samples

were boiled for 10min at 95°C and loaded on an SDS-PAGE gel.

Single-cycle Infectivity Assay

Single-cycle infectivity assays using HIV-1 were previously described (109).
293T cells were seeded at a density of 1.5x10° cells/mL in a 6-well plate. The following
day, cells were transfected with 100ng or 600ng provirus (HIV-1AVifAEnvLuc2, unless
otherwise noted), 100ng L-VSV-G, and 400ng pcDNA4/TO.A3.3XFLAG or
pcDNA4/TOPO empty vector unless otherwise indicated. 72 hours later, virus was
harvested and normalized for virion production using an RT-qPCR assay, as described
(157, 158). A volume of virus equivalent to 2000mU/mL of RT were used for infection of
SUPT1 cells. For infectivity assays, SUPT1 cells were seeded at 2x10* cells per well in
a 96-well plate in media containing 20 ug/mL DEAE-dextran. 72 hours later, infected
cells were lysed in luciferase lysis reagent (Bright-Glo, Promega #E2610) and luciferase

expression was measured on a luminometer (LUMISTAR Omega, BMG Labtech).
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Infectivity of each virus was normalized to 100% based on a No A3 control. All HIV-1
constructs are based on the LAl strain. A clade B patient derived Vif (PID:1203) that is

able to antagonize A3H haplotype Il was previously described (109).

Deep Sequencing of A3 Mediated Mutations

To analyze A3 mediated mutations, 293T cells were seeded at a density of
1.5x10° cells/mL in a 6-well plate. The following day, cells were transfected with 600ng
provirus (HIV-1AVifAEnvLuc2), 100ng L-VSV-G, and 400ng pcDNA4/TO.A3.3XFLAG or
pcDNA4/TO empty vector. Three days later, virions were harvested and quantified
similar to single-cycle infectivity assay mentioned above. 2x10° SUPT1 cells were
infected with 500uL of each Benzonase-treated virus with and without a 10mM
nevirapine control and spinoculated at 1,100 x g for 30min at 30°C. Twelve hours later,
unintegrated viral cDNA was isolated using Qiagen Miniprep Kit (QlAprep Spin Miniprep
Kit, 27106).

To determine A3 mediated mutations, we used a barcoded Illlumina deep
sequencing approach previously described (159) and explained in more detail
at https://jbloomlab.github.io/dms_tools2/bcsubamp.html. This approach attaches
unique molecular identifiers (8*N) to each DNA molecule, which enables increased
correction of PCR and sequencing errors by determining molecule-specific consensus
sequences. A region of pol (92, 160) was amplified using KOD Hot Start Master Mix
(Millipore, 71842) in a first round of PCR with forward primer:
CTTTCCCTACACGACGCTCTTCCGATCTNNNNNNNNGACAAGGAACTGTATCCTTT

AACTT and reverse primer:
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GGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNCTGGTACAGTTTCAATAGGA
CTAAT. The first round PCR was carried out using the following parameters: 95°C for
2min and 20 cycles of 95°C for 20sec, 70°C for 1sec, 50°C for 10sec, 70°C for 2 min,
followed by a 95°C for 1min and a hold at 4°C. PCR products were cleaned up using
AMPure beads (Beckman Coulter, A63880) and quantified with Qubit dsDNA HS Assay
Kit (ThermoFisher, Q32854). Next, round 1 PCR products were bottlenecked such that
each uniquely barcoded ssDNA molecules would be read ~2.9 times during sequencing.
A second round of PCR performed with KOD Hot Start Master Mix (Millipore, 71842)
supplemented with 1mM MgCl. under the following parameters: 95°C for 2min and 23
cycles of 95°C for 20sec, 70°C for 1sec, 60°C for 10sec, 70°C for 10sec, followed by a
hold at 4°C. Samples were again cleaned up, quantified, pooled, purified via gel
electrophoresis, and sequenced on an lllumina MiSeq, using 2x250 paired-end reads.
Deep sequencing was carried out in technical replicate for each experimental condition,
starting with the initial PCR reactions.

We used the software package dms_tools2 to align sequencing reads and
build consensus sequences for each uniquely tagged DNA molecule (161). Error-
corrected reads were compared to the target sequence to determine the number,
identity, and surrounding nucleotides of all substitutions in each read. Reads with high
numbers of substitutions (>10% of non-G nucleotides) at the junction of the two paired-
end reads were removed from the analysis as these substitutions were most often found
to be alignment artifacts. Since A3s are known to cause G-to-A substitutions, we initially
subsampled our data to look only at G-to-A substitutions. We plotted the frequency of

reads in each sample with a given number of G-to-A mutations (0, 1, 2, etc. up to 9, and
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then 10+). Frequencies were calculated as the average frequency of technical replicates
and read counts are shown as the sum of reads for both replicates.

To investigate if substitutions occurred more frequently in certain nucleotide
contexts, we computationally extracted all three-nucleotide sequences centered on a
substitution from each sample. This gave us a count for each sample of how many
times each nucleotide was immediately upstream (site -1) of a substitution, underwent a
substitution (site 0), or immediately downstream of a substitution (site 1). We then
calculated the frequency for each nucleotide at each of these three sites in each
sample. Data for technical replicates were combined by averaging the frequencies of
each nucleotide at each site across the two replicates for each sample. Next, we
calculated background-corrected frequencies for each nucleotide at each site using the
frequencies in plasmid control sample as our background. We based this frequency
correction on the ‘type 2’ logos from Gorodkin, et al. (162).

If q;,is the frequency of base k at site i in the sample and p;is that frequency

in the background, then the background corrected frequency is:

o = Qix/Pik
e i Qi / Pik

We then calculated the information content of each site as:

I; =log, N — (— z Cix log, Cik)

k€A

Where A is the set of nucleotides [A, C, G, T] and N is the number of elements in A
(162, 163).
Finally, we calculated the letter height at each site as:

dix = Cix I;
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The sequencing reads were uploaded to the NCBI SRA with the BioProject accession
number PRINAG605864 and run accession numbers SRR11059567 to SRR110595809.
The computational pipeline to analyze the sequencing data and generate Figure4 is
available on Github

(https://github.com/jbloomlab/SuperRestrictionFactor Hypermutation).

qPCR Assay for HIV Late Reverse Transcription Products

For gPCR analysis of HIV late RT products, 2x10% SUPT1 cells were infected
with 500uL of each Benzonase-treated virus with and without a 10mM nevirapine
control and spinoculated at 1,100 x g for 1hr at 30°C. 18 hours post infection,
unintegrated viral cDNA was isolated using Qiagen Miniprep Kit (QlAprep Spin Miniprep
Kit, 27106). HIV cDNA was amplified with TagMan Gene Expression Master Mix
(AppliedBiosystems #4369016), J1 FWD (Late RT F) —
ACAAGCTAGTACCAGTTGAGCCAGATAAG, J2 REV (Late RT R)
GCCGTGCGCGCTTCAGCAAGC, and LRT-P (late RT Probe) — FAM-
CAGTGGCGCCCGAACAGGGA-TAMRA (164, 165). Data was acquired on an ABI

QuantStudio5 Real Time (QPCR) machine and analyzed on Prism software.

Velocity Sedimentation

For analysis of A3 migration on a sucrose gradient, 293T were harvested 72
hours post-transfection (1000ng or 100ng of A3 per well in a 6-well plate) using a low
salt and EDTA buffer (0.2M HEPES pH7.9, 0.1M NacCl, 0.01 MgClz, 0.002 EDTA pH8.0,

3.5% triton-X 100) (166) with protease inhibitor cocktail (Roche, 11836170001). For
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each sample, 50uL of lysate was layered on a step gradient (10%, 15%, 40%, 50%,
60%, 70%, and 80% sucrose in lysis buffer) and subjected to velocity sedimentation in a
Beckman MLS50 rotor at 45,000rpm (163,000 x g) for 37min at 4°C, as described
previously (102). Gradients were fractioned (400uL) from top to bottom and analyzed

via western blotting.
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Chapter 3. APOBEC3C tandem domain proteins create super
restriction factors against HIV-1

Abstract
Humans encode proteins, called restriction factors, that inhibit replication of

viruses like HIV-1. One family of antiviral proteins, apolipoprotein B mRNA-editing
enzyme catalytic polypeptide-like 3 (APOBECS3, shortened to A3) acts by deaminating
cytidines to uridines during the reverse transcription reaction of HIV-1. The A3 locus
encodes seven genes, named A3A-A3H. These genes either have one or two cytidine
deaminase domains and several of these A3s potently restrict HIV-1. A3C, which has
only a single cytidine deaminase domain, however, inhibits HIV-1 only very weakly. We
tested novel double domain protein combinations by genetically linking two A3C genes
to make a synthetic tandem domain protein. This protein functioned as a “super
restriction factor” that had more potent antiviral activity than the native A3C protein,
which correlated with increased packaging into virions. Furthermore, disabling one of
the active sites of the synthetic tandem domain protein results in an even greater
increase in the antiviral activity—recapitulating a similar evolution seen in A3F and A3G
(double domain A3s that only use a single catalytically active deaminase domain).
These A3C tandem domain proteins do not have an increase in mutational activity, but
instead inhibit formation of reverse transcription products which correlates with their
ability to form large higher order complexes in cells. Finally, the A3C-A3C super

restriction factor largely escaped antagonism by the HIV-1 viral protein, Vif.
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Importance

As a part of the innate immune system, humans encode proteins that inhibit
viruses like HIV-1. These broadly acting antiviral proteins do not protect humans from
viral infections because viruses encode proteins that antagonize the host antiviral
proteins to evade the innate immune system. One such example of a host antiviral
protein is APOBEC3C (A3C), which weakly inhibits HIV-1. Here, we show that we can
improve the antiviral activity of A3C by duplicating the DNA sequence to create a
synthetic tandem domain protein, and furthermore, these new proteins are relatively
resistant to the viral antagonist, Vif. Together, these data give insights about how nature

has evolved a defense against viral pathogens like HIV.

Introduction

The APOBECS3 (A3) gene locus in primates encodes cytidine deaminase proteins
that inhibit endogenous retroelements, like LINE-1, and retroviruses, such as HIV-1,
among other viruses including hepatitis B virus, human papillomavirus, and some
herpes viruses (86, 167-169). This A3 gene locus has expanded in primates to give rise
to the seven members of the A3 family, named A3A to A3H (95). For A3 proteins to
inhibit HIV-1 replication, they must be packaged into budding virions and brought to the
target cell, where they extensively deaminate cytidines on the negative strand of ssSDNA
to uridines during reverse transcription (86, 167). The resultant G-to-A hypermutation on
the positive strand renders the provirus non-functional. The most potent naturally found
A3, A3G, can mutate up to 10% of the guanines on a single provirus (170). In addition to

extensive hypermutation, some A3s can also inhibit reverse transcription via deamination-
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independent mechanisms as demonstrated by the presence of truncated cDNA products
in the presence of A3s (77-79, 167, 171). Recent studies of A3G show that this non-
enzymatic mechanism functions by binding and sterically hindering the enzymatic activity
of reverse transcriptase (76).

There are four human A3s that have endogenous antiviral activity against HIV-1
in T cells: A3D, A3F, A3G, and A3H with A3G being the most potent (97). In order to
replicate in the presence of these A3s, HIV-1 and other lentiviruses encode a protein,
Vif, that targets A3s for proteasomal degradation. Vif has evolved three separate
interfaces in order to degrade A3s: one binding A3G, another one A3H, and a third able
to recruit A3C/A3D/A3F (86). Moreover, Vif also binds to the host factor CBF-f to help
recruit an E3 ubiquitin ligase complex composed of CULS5, ELOB, ELOC, RBX2, and
ARIH2 proteins that mediate polyubiquitination and rapid degradation of the A3s
through the proteasome (83, 172).

In addition to the multiple A3 genes in humans, there is additional diversity in the A3
locus in the form of human polymorphisms that affect the antiviral activity against HIV-1.
For instance, there are at least twelve haplotypes of A3H that vary in their ability to restrict
HIV-1 (111, 112). In addition, the most common form of human A3C, which encodes for a
serine at position 188, has little, if any, activity against HIV-1. However, about 10% of
African individuals carry a polymorphism in A3C that encodes an isoleucine at position
188. This one amino acid change from a serine to an isoleucine is correlated with
increased antiviral activity against HIV-1 resulting from an increased ability of A3C to form
dimers and increased cytidine deaminase activity in vitro (98). Furthermore, chimpanzee

and gorilla A3Cs have different amino acids at position 115 than humans and
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introducing these amino acids into human A3C also increase dimerization and cytidine
deaminase activity (113). Nonetheless, even with these mutations, A3C is less active
against HIV-1 compared to many of the other A3 proteins (114).

Each A3 gene can be classified according to the presence of a zinc-coordinating
domain motif: A3Z1, A3Z2, or A3Z3 (96). The evolutionary history of the A3 locus is
characterized by duplication, recombination, and deletion events; in the last 50 million
years, three duplication events have occurred in the A3Z1 and A3Z2 sub-families, but
not in the A3Z3 (95). These fusion and recombination events gave rise to the seven A3s
found in primates that include the three single deaminase domain A3s (A3A, A3C, and
A3H) and four double deaminase domain A3s (A3B, A3D, A3F, and A3G).

Super restriction factors are defined as evolution-guided variants of natural
restriction factors with improved properties based on previous work done on the
restriction factor MXA (152). Super restriction factors provide a unique tool to study how
restriction factors work and the evolutionary compromises for paths that have yet to be
sampled in nature. Because the most active A3s are double domain proteins, we
examined the hypothesis that super restrictor factors could be made by duplicating the
poorly active single domain A3C protein into a synthetic tandem domain protein. We did
this for both the common form of human A3C (A3Cs1gg) and the more active variant of
A3C (A3Ci1s8). Remarkably, we found that all A3C tandem domain variants have greater
antiviral activity relative to their single domain counterparts. We found that the tandem
deaminase A3C variants are packaged into virions at higher levels than their single
domain counterparts, likely explaining the majority of the increase in antiviral activity. In

the natural double domain APOBEC3 proteins, only the C-terminal cytidine deaminase
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active sites are used for hypermutation (173, 174). Surprisingly, we found that mutation
of the cytidine deaminase active site in the C-terminal domain of A3Cs1gs-A3Cs1ss
results in even greater antiviral activity than the same protein with two active sites. This
increase in antiviral activity is correlated with elevated packaging into virions and is
largely independent of increased mutational load. Instead, there were lower amounts of
reverse transcriptase products in cells infected with virus produced in the presence of
these A3C tandem domain proteins. This inhibition of late reverse transcription products
is also correlated with the formation of large higher-order complexes in the A3C-A3C
variants compared to their single domain counterparts. Finally, we show that the A3C
tandem domain proteins are largely resistant to antagonism by HIV-1 Vif. These A3C-
A3C super restriction factors provide a unique tool to understand evolutionary paths of

antiviral genes and their antagonism by viral proteins.

Results

Synthetic tandem domains of A3C have increased antiviral activity and are better
packaged into virions

Of the four antiviral A3s, three of these, A3D, A3F, and A3G, all have two
cytidine deaminase domains, whereas A3C has one cytidine deaminase domain and
only weakly inhibits HIV-1 (98, 101, 103). These observations led us to hypothesize that
synthetic double domain variants of the weakly active A3C would be more active than
the single domain counterparts. To determine the antiviral effects of single versus
double domain A3s, we created synthetic tandem domain A3Cs, called A3C-A3C here,

using both A3Css1ss, the variant that is most common in the human population, and

43



A3Ci1ss, the variant that has increased antiviral activity and is present at a low frequency
in humans (98).

We modeled the synthetic tandem deaminase protein after the most closely
sequence-related double deaminase A3 genes, A3D and A3F. A3C-A3C constructs
were created by fusing two A3C sequences connected with a linker sequence (Arg-Asn-
Pro) that is naturally found between the N- and C- terminal domains of A3D and A3F, as
well as the natural deletion in the N-terminus of the second domain of A3C such that the
C-terminal domain of ASC-A3C begins at the fifth amino acid of A3C, a methionine
(Supplemental Figure 1).

We first examined the ability of each epitope-tagged variant to be expressed in
cells and packaged into virions in 293T cells. All A3C variants were expressed at similar
levels in cells (Figure 4A top), albeit with somewhat lower expression for the A3Ci1gs-
A3C,1ss protein. However, the tandem domain A3C proteins were better packaged into
virions compared to the natural single domain A3 proteins. In virions, we find that there
is about a 1.6-fold increase in packaging for A3Cs1ss-A3Cs1ss compared to A3C s1ss and
about a 2.9-fold increase in packaging of A3Ci1s8s-A3Ci1ss relative to A3C s1ss (quantified
in Figure 4A bottom, based on three independent experiments).

To evaluate the antiviral activity of these tandem domain proteins, we tested
each variant at increasing concentrations in a single-cycle HIV-1AVif infectivity assay.
As previously shown (98), A3Cs1ss inhibits HIV-1AVif only weakly, and A3C,1gs has
increased antiviral activity relative to A3Cs1ss (Figure 4B: approximately 2-fold greater
activity at the highest plasmid dosage). We found that A3Cs18s-A3Cs1ss has

approximately 2-fold increased antiviral activity at every concentration relative to the
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A3Cs1ss single domain protein (black in Figure 4B). These levels of enhanced antiviral
activity are similar to the previously characterized A3Ci1gs (98). A3Ci188-A3Ci1sgs,
however, gained 3-fold greater antiviral activity when compared to its single domain
counterpart A3Cy1ss, restricting HIV-1AVif to 5.8% infectivity at its highest concentration
(blue in Figure 4B). Thus, these data show that A3C tandem domain proteins have
increased antiviral activity relative to their single domain counterparts. This increased
antiviral activity of the tandem domain variants relative to the parent single domains
(Figure 4B) largely correlates with the increased packaging of the tandem domain A3Cs

related to the single domain A3Cs (Figure 4A).
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Figure 4. A3C tandem domain proteins have increased antiviral activity and packaged
more than their single domain counterparts

(A) Intracellular expression and packaging of A3C variants into virions. HIV-1AEnvAVif provirus
was co-transfected into 293T cells with 400ng of each A3C variant. Top: western blot of cellular
lysates probed with anti-FLAG antibody showing intracellular expression levels for A3s and
tubulin as a loading control. Middle: western blot of proteins in the pelleted virions and probed
with anti-FLAG antibody for A3 levels and anti-p24gag for normalization. An empty vector
condition was used a negative control and labeled no A3. Western blot shown is representative
of 3 biological replicates. Bottom: Bar graph showing quantification of A3 protein packaged into
virions from 3 biological replicates. The relative abundance of A3 in cell lysates and virions was
quantified with Image Lab. Relative A3 packaged was calculated by dividing the relative
abundance of A3 in the virions by the normalized levels of each A3 expressed in the cells. (B)
The % infectivity of HIV-1AEnvAVif pseudotyped with VSV-g and increasing doses of A3C
variants is plotted, normalized to a control with no A3. The amount of each A3 plasmid
transfected in ng is shown on the X-axis. A3Cs1ss (black open squares, solid line), A3Cs1ss-
A3Cs1gs (black closed squares, solid line), A3Ci1gs (blue open triangles, dashed blue line), and
A3Ci188-A3Ci1gs (blue close triangles, dashed blue line) are compared. Data points are an
average of 3 biological replicates, with each biological replicate consisting of 3 triplicate
infections. Error bars show the standard deviation of the mean (+/- SEM). Statistical differences
were determined by unpaired t tests between A3Cs1gs and A3Cs1ss-A3Cs1ss (black bracket) and
A3Ci1ss and A3Ci18s-A3Ci1gs (blue bracket): ** P<0.01, *** P<0.001.

Mutation of one active site in A3Cs1ss-A3Cs1ss increases antiviral activity even
further

A3Cs188-A3C s188 contains two cytidine deaminase motifs within the A3
conserved amino acid sequence His-X-Glu-X23.28-Cys-Pro-X24-Cys (Supplemental
Figure 1). In A3F and A3G, the C-terminal catalytic domain exerts the key enzymatic
activity, while the N-terminal catalytic domain mediates packaging into virions (79, 173,
174). Therefore, we next asked if the increase in antiviral activity of A3Cs1gs-A3Cs1ss is
due to two active cytidine deaminase sites and whether or not the enzymatic functions
of A3C are important for restriction. We created active site point mutations by changing
the essential glutamic acid to an alanine in each domain, EG68A and E254A,
respectively, and found that these changes did not affect protein expression levels in
293T cells (Figure 5A). As expected, when the glutamic acid was mutated to an alanine

in the single domain A3Cs1ss (called A3Cs1ss E68A), the protein completely lost its
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relatively weak antiviral activity (Figure 5B). In contrast and unexpectedly, when the C-
terminal active site of A3Cs183-A3Cs1ss was mutated, A3Cs1ss-A3Cs1ss E254A, the
antiviral activity instead increased by 5.8-fold (Figure 5B). On the other hand, when the
N-terminal active site is inactivated in A3Cs1ss-A3Cs1ss (called A3Cs18s-A3Cs1s8 EG8A),
the antiviral activity did not significantly change (Figure 5B), suggesting that this site is
not necessary for the antiviral activity, but that the active site at position 254 inhibits
antiviral activity.

We further tested the abilities of A3Cs1ss-A3Cs1ss E254A and A3Cs1s3-A3Cs1ss to
inhibit HIV-1AVif in a dose-response experiment by increasing the amount of A3
plasmid. At the highest concentrations of plasmid transfected, A3Cs1gs-A3Cs1ss E254A
was able to reduce the infectivity to 3%, while the wild-type A3Cs1ss-A3Cs1ss only
reduced infectivity to 18% (Figure 5C). This potent antiviral activity of the A3Cs1ss-
A3Cs18s E254A mutant suggests that having only one functional active site increases its
antiviral effect.

In order to test if the increase in antiviral activity of the A3Cs1g3-A3Cs1ss E254A
mutant is also linked to increased packaging into virions, we examined the amount of
packaged A3 via western blot. When compared to the intracellular expression, A3Cs1gg-
A3Cs1ss and A3Cs1ss-A3Cs18s E254A are expressed at relatively equal amounts (Figure
5D). However, when we evaluate the A3 packaged into virions, we see a 2.3-fold
increase in A3Cs183-A3Cs1ss E254A packaging compared to A3Cs1ss (Figure 5D). This
finding suggests that having only one, rather than two, functional catalytic sites

increases the packaging and antiviral activity of A3Cs1gs-A3Cs1ss.
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Both cytidine deaminase-dependent and cytidine deaminase-independent
mechanisms of A3 inhibition of HIV-1 have been described (76-79, 167, 171). The
antiviral activity of A3Cs1gs requires an intact deaminase motif, as demonstrated by the
total loss of restriction in A3Cs1gs EG8A (Figure 5B). However, when both active sites are
mutated to make a catalytically inactive A3Cs1ss-A3Cs1ss, we still see 3.8-fold restriction
of HIV-1AVif — a level of activity indistinguishable from the wild-type A3Cs18s-A3Cs1ss
(Figure 5B). This suggests that the synthetic tandem domain A3Cs1ss-A3Cs1ss functions
as an antiviral protein in a cytidine deaminase-independent manner.

We also asked if A3Ci188-A3Ci18s increased antiviral activity with only one active
deaminase domain. Therefore, we mutated each of the essential glutamic acids to an
alanine in A3Ci18s-A3Ci18s and tested for their ability to restrict HIV-1AVif. All of these
A3C188-A3Ci18s active site mutants are expressed to similar levels in 293T cells
(Supplemental Figure 2A). When the C-terminal active site was mutated, A3Ci1gs-
A3Ci18s E254A lost antiviral activity (2.2-fold restriction) compared to the wild-type
A3Ci188-A3Ci18s. Similar to A3Cs18s-A3Cs1ss, the N-terminal active site mutant had
antiviral activity that was not statistically significant from the wild-type A3Ci18s-A3Ci1ss
(Supplemental Figure 2B). However, in contrast to A3Cs18s-A3Cs1ss, the C-terminally
inactive mutant A3C,18s-A3Ci18s E254A and the double inactive mutant A3C1g8-A3Ci1ss
E68A E254A were indistinguishable in their antiviral activity, suggesting that A3Ci1ss-
A3Ci188 only uses one catalytic site, like A3F and A3G. Thus, we speculate that A3C,1gs-

A3Ci1ss is already optimized for its most potent restriction.
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Figure 5. One functional deaminase domain in a tandem domain A3C protein is optimal
for antiviral activity and packaging into virions

(A) Western bot analysis of intracellular expression levels of active site point mutation in
A3Cs183-A3C s188. WT denotes wild-type A3Cs1gs-A3C s1gs; E68A refers to a mutation in the
catalytic deaminase site in either the single domain A3C or N-terminus of the synthetic tandem
domain A3Cs1gs-A3Cs1ss; E254A refers to a mutation in the C-terminus of the synthetic tandem
domain A3Cs18s-A3Cs1ss; E68A E254A refers to a double catalytic deaminase site mutant in
A3Cs188-A3Cs1ss. Antibodies to FLAG were used to detect A3s and tubulin was used as a
loading control. (B) Single-cycle infectivity assay measuring the percent infectivity of each A3C
variant and active site mutant against HIV-1AEnvAVif. Nomenclature of A3C variants is the
same as in panel A. Cells were transfected with 400ng of A3 and 600ng of HIV-1AEnvAVif
pseudotyped with 100ng of VSV-g. Virus production was normalized and equal amounts of virus
was used infect SUPT1 cells. Results from each experiment were normalized to a no APOBEC3
control. Bar graph shows an average of 3 biological replicates, each with triplicate infections (+/-
SEM). Statistical differences were determined by unpaired ¢ tests: * P<0.05, ns= not significant.
(C) Dose response analysis showing the infectivity of HIV-1AEnvAVif pseudotyped with VSV-g,
comparing A3Cs1ss-A3Cs1ss (open triangles, solid line) to A3Cs1ss-A3Cs1ss E254A (open square,
dotted line). Infection was normalized to a no A3 control. Amount of A3 transfected in ng is on
the x-axis. Data points are an average of 3 biological replicates, with triplicate infections. Error
bars represent SEM. Statistical differences were determined by unpaired t tests: * P<0.05, **
P<0.01. (D) Representative western blot of the packaging of A3Cs1ss-A3Cs1ss E254A into
virions. HIV-1AEnvAVif provirus was co-transfected into 293T cells with A3C variants. Left:
intracellular expression levels western blot probed with anti-FLAG antibody for A3 levels and
anti-tubulin as a loading control. Right: proteins in the pelleted virions shown in a western blot
and probed with anti-FLAG antibody for A3 levels and anti-p24gag for normalization. No A3 was
used a transfection control. Bar graph below shows quantification of A3 protein packaged into
virions from 4 biological replicates. Relative abundance of A3 in cell lysates and virions was
quantified with Image Lab. Relative A3 packaged was calculated by dividing the relative
abundance of A3 in the virions by the A3 in the cells.

The A3C synthetic tandem domain antiviral activity does not correlate with
hypermutation activity
In order to directly test the ability of the A3C-A3C variants to hypermutate HIV-1

ssDNA, we developed an assay to assess G-to-A mutations by sequencing large
numbers of unintegrated viral DNA products 12 hours post infection. This assay utilizes
primers with unique barcodes designed to distinguish between A3 mutations and
lllumina sequencing error (175). A plasmid-only control was used to identify sequencing
error rates and the frequency of mutations acquired during PCR. A “No A3” control was

used to distinguish mutations made by reverse transcriptase from those introduced by
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the A3 variants and any residual A3 activity in 293T cells. Each sequencing read spans
the same length of HIV-1 pol. The number of unique sequencing reads for each
condition ranged from 90,833 to 905,916. Only 0.2% of the reads from the plasmid-only
control have any G-to-A mutations (Error! Reference source not found.A). 7% of the
reads from the infection without any added A3 have a G-to-A mutation (Error!
Reference source not found.B), presumably the result of mutations from reverse
transcriptase or residual A3 activity from 293T cells. In contrast, A3G shows the highest
rate of G-to-A hypermutation with 88% of reads that have at least one mutation and with
over 30% of the reads having 10 or more mutations. A3G also induces a distribution of
templates having 2 to 9 of such mutations (Error! Reference source not found.C). In
contrast, A3Cs1ss causes fewer G-to-A mutations than A3G with 27% of reads
containing at least one mutation and 9% having two or more mutations, as shown with
the shift towards the left in the bar graphs relative to A3G (comparing Error! Reference
source not found.C to Error! Reference source not found.D). As expected from the
single-cycle infectivity assay (Figure 5B), the mutational burden induced by the A3Cs1ss
E68A active site mutant is not above background levels — only 5% of reads have any G-
to-A mutations and 2% of reads have two or more of such mutations (Error! Reference
source not found.E).

Consistent with the result that much of the antiviral activity of A3Cs18s-A3Cs1ss
does not depend on an active cytidine deaminase (Figure 5B), we find that A3Cs1ss-
A3Cs1gg does not increase G-to-A mutations when compared to A3Cs1gs (compare
Error! Reference source not found.F and Error! Reference source not found.D).

For the A3Cs188-A3Cs1ss and A3Cs1ss samples, 26% and 27% of reads have any G-to-A
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mutations, respectively, and the distribution of the G-to-A mutation plots are nearly
identical. Interestingly, 24% of reads from the A3Cs1s3-A3Cs1ss E254A sample have a G-
to-A mutation, resulting in a similar to distribution as the bar graph for A3Cs1gs-A3Cs1ss
(Error! Reference source not found.G and Error! Reference source not found.F,
respectively). This finding complements the increase in packaging results seen in Figure
5D. As an additional control, A3Cs1ss-A3Cs1ss EG8A E254A has a G-to-A substitution
rate below background levels (Error! Reference source not found.H).

Previous studies have shown that the increase in antiviral activity of A3Ci1ss is
due to an increase in enzymatic activity (98). This finding is replicated here with a shift
towards the right in the A3C,1gs bar graph when compared to A3Cs1gs (comparing Error!
Reference source not found.| and Error! Reference source not found.D) such that
49% of reads have at least one G-to-A mutation. A3C,1g8-A3Ci1ss, despite having more
antiviral activity than A3Ci1gs (Figure 4A), does not have a higher percentage of
mutations—49% of reads have at least one mutation in A3Ci1ss and 45% in A3Ci1ss-
A3Ci1ss (Error! Reference source not found.l and Error! Reference source not
found.J). In sum, the hypermutation activities for the double domain A3Cs appear to
have nearly identical distributions as the corresponding single domain A3Cs. Taken
together, these deep sequencing data of A3 hypermutation support our earlier
conclusion from the double active site mutations (Figure 5B) that the increase in antiviral
activity is not due to an increase in enzymatic activity.

In addition, we determined if the nucleotide preferences for G-to-A mutations
were changed by adding a second cytidine deaminase domain to A3C. As expected

(73), A3G has a strong preference of 5-GG-3’ on the positive sense strand with the -1
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site having equal preference among the nucleotides present (Error! Reference source
not found.K). However, both A3Cs1ss and A3Cs18s-A3Cs18s show a similar lack of
preference for the -1 and +1 position (Error! Reference source not found.M and
Error! Reference source not found.N), further supporting that an increase in mutation

frequency does not explain the different antiviral activities of A3Cs1ss and A3Cs1gs-

A3Cs1ss.
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Figure 6. Frequency of G-to-A mutations does not increase in A3C tandem domain
proteins
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(A-J) Paired-end sequencing reads were analyzed for G-to-A mutations. Data is shown as
frequency distribution bar graphs of the percent of reads by the number of G-to-A substitutions
in each read for each A3 tested: A3G (C), A3Cs1ss (D), A3Cs1ss E6G8A (E), A3Cs188-A3Cs1ss (F),
A3Cs188-A3Cs188 E254A (G), A3Cs18s-A3Cs1ss E6BA E254A (H), A3Ci1ss (1), A3Ci18s-A3Ci1ss (J).
Plasmid control (A) is used as a sequencing control and a no APOBEC3 (B) sample was used
to distinguish background mutations, including RT mutations. Frequencies are calculated as the
average frequency of technical replicates and read counts are shown as the sum of the reads
for both replicates. (K-N) Extracted sequence information for all substitutions (and neighboring
bases) in the No A3 (K), A3G (L), A3Cs1ss (M), or A3Cs18s-A3Cs1ss (N) samples on viral cDNA.
The constructed three-nucleotide logo plots are centered on the site of substitution, such that
site 0 is fixed as the site of substitution and the -1 and +1 sites indicate the nucleotides
immediately 5’ and 3’ of any substitution in these samples. The letter height is directly
proportional to the frequency of that nucleotide at that site in the sample compared to the
plasmid control.

A3Cs133-A3Cs1ss tandem domain variants reduce the accumulation of reverse
transcription products

Since we did not see an increase in G-to-A mutations in the A3C-A3C variants
relative to A3C alone, we suspected that, similar to studies with an A3G active site
mutant (76, 77, 171), the A3C-A3C tandem domain proteins might decrease reverse
transcriptase products independent of hypermutation. To test this hypothesis, we used
gPCR to quantify late reverse transcription (RT) products from unintegrated viral DNA.
Virus produced in the presence of A3G showed a significant decrease in relative late RT
products compared to the No A3 control, while A3Cs1ss had equivalent levels of late RT
products as the No A3 control (Figure 7). However, the amount of RT products
produced from virus made in the presence of A3Cs1gs-A3Cs1ss was significantly reduced
(2.5-fold less) relative to that made in the presence of A3Cs1ss (Figure 7). A3Cs1gs-
A3Cs18s E254A had equivalent late RT products as A3Cs1ss-A3Cs1ss, consistent with the
hypothesis that the increase in antiviral activity comes from the increase in packaging
into virions (Figure 7, Figure 5C, and Figure 5D). Lastly, there was no significant
difference in the late RT products of A3Cs1gs-A3Cs18s and A3Cs18s-A3Cs1ss EGBA

E254A, suggesting that inhibition of RT is likely the mechanism by which these variants
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act (Figure 7 and Figure 5B). These findings further support the hypothesis that A3C
super restriction factors function through a distinct mechanism to restrict HIV-1

compared to A3C single domain proteins.
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Figure 7. A3C tandem domain proteins operate in a deaminase-independent mechanism
to inhibit reverse transcription products

(A) To evaluate the relative copies of late reverse transcription products, SUPT1 cells were
infected with HIV-1AEnvAvif and either no APOBECS3 or A3 to test for inhibition of HIV-1 reverse
transcription. 18 hours later, viral cDNA was harvested and the levels of HIV-1 late reverse
transcription products were assayed by qPCR. Each circle represents a normalized value for the
respective biological replicate, with qPCR technical duplicates. Each sample has been adjusted
for equal viral infection and a nevirapine control. Error bars indicate the SEM. Statistical
differences were determined by unpaired f tests: ** P<0.01, **** P<0.0001, ns= not significant.

Tandem domain variants of A3C form larger higher-order complexes in cells
relative to their native single domains

The ability of A3G to oligomerize in cells has been correlated with its antiviral
activity because this oligomerization leads to increased packaging into virions (176,
177). The A3G oligomerization state also affects its binding to ssDNA and its catalytic
activity (178). More specifically, A3G in lower molecular mass complexes has the ability
to deaminate ssDNA (104, 178), while A3G residing in high molecular mass complexes
is inactive, hinders rapid deamination of ssDNA, and is hypothesized to instead form a
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roadblock to inhibit reverse transcription (104, 178). Because we observed that the
A3C-A3C variants inhibited late RT products (Figure 7) rather than inducing
hypermutation (Error! Reference source not found.), we examined the ability of each
of the A3C variants to form high molecular weight complexes in a velocity
sedimentation. As expected from previous reports (176, 179), A3G forms both lower
and higher order complexes as demonstrated by its presence in the top and middle
fractions of the a sucrose gradient (Figure5A). In contrast, both A3Cs1ss and A3Ci1ss
were found in the top fractions of the gradient, overlapping with the GAPDH soluble
control (Figure 8B and Figure 8D, respectively). This suggests the A3C single domain
protein does not form higher-order complexes, unlike A3G. In contrast, we found that
both A3Cs188-A3Cs18s and A3Ci188-A3Ci188 formed complexes that migrated farther down
the sucrose gradient, similar to A3G (Figure 8C and Figure 8E, respectively). However,
A3Cs188-A3Cs1gs migrated even farther down the sucrose gradient than the pattern
defined for A3G. Furthermore, both A3Cs18s-A3Cs1ss and A3Ci18s-A3Ci18s have less
protein in the top fractions than both A3G and their single domain counterparts (Figure
8F). Together, these findings suggest that the A3C tandem domain variants reside

primarily in larger higher-order complexes.
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Figure 8. A3C double deaminase domain proteins form larger complexes than the single
domains

(A-E) Velocity sedimentation and sucrose fractionation of A3C variants. Cell lysates transfected
with 1000ng of A3 were subjected to velocity sedimentation fractionation (lanes 1-10) and 2.5%
of each fraction was analyzed on a western blot: (A) A3G (B) A3Cs1ss (C) A3Cs1ss-s1ss (D)
A3Ci1gs (E) A3Ci188-A3Ci18s. Each western blot is probed with anti-FLAG to analyze A3s levels
and anti-GAPDH to mark the soluble fraction. (F) Quantification of percentage of the total A3
protein in each fraction. Relative abundance of A3 in each fraction from the sucrose gradient
western blots was quantified with Image Lab and calculated as a percentage of total APOBEC3
protein found in all the fractions combined. A3G is shown in green circles, A3Cs1gs in open black
squares, A3Cs183-A3Cs1ssin closed back squares, A3Ci1gsin open blue triangles, A3Ci1ss-A3Ci1ss
in closed blue triangles.

A3C tandem domain proteins are largely resistant to viral antagonism by Vif

The most effective super restriction factors would need to both increase in
antiviral activity and overcome viral antagonism. Therefore, we next examined the ability
of the A3C-A3C super restriction factors to escape viral antagonism. To test if HIV-1 Vif
from two different strains could degrade novel A3C tandem domain protein targets, we
used a single-cycle infectivity assay using a HIV provirus containing a Vif gene from
either a lab-adapted strain (LAI) or a primary-isolate Vif (patient ID 1203) that has been
previously shown to degrade A3H and A3C variants (109). In the absence of the viral

antagonist Vif, A3G potently inhibits HIV-1AVif, (

60



Figure 9A), and, as expected, the presence of either HIV-1 LAl Vif (light purple bars) or an HIV-1
primary-isolate of Vif (dark purple bars) leads to full antagonism of A3G (
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Figure 9A). While, A3Csigs and A3Ci1gs inhibit HIV-1AVif, the presence of Vif fully antagonizes this
antiviral activity (
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Figure 9A). In contrast, each of the A3C tandem variants is partially resistant to Vif degradation
as infectivity is not completely restored (

Figure 9A). Even in the presence of Vif, A3Cs1ss-A3Csiss still restricted HIV-1 from LAI Vif to 20%
infectivity and a primary-isolate Vif to 24%. Furthermore, A3Cs1ss-A3Cs183 E254A restricted HIV-
1to 7% and 12% infectivity (LAl Vif and primary-isolate Vif, respectively), and A3Ci1gs-A3Ci1ss
inhibits infection to 10% with both HIV-1 Vifs (
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Figure 9A).
As expected from the inability of HIV-1 Vif to antagonize the A3C-A3C tandem

domain proteins (
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Figure 9A), we found that HIV-1 Vif did not decrease the amount of A3C-A3C packaged into
virions (
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Figure 9B). We used a western blot to evaluate levels of A3 proteins packaged into virions in the
presence and absence of Vif (
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Figure 9B). As a control, we used A3G, A3Cs1ss, and A3Ci1gg as naturally found A3s that are
degraded by HIV-1 Vif. Using densitometry, we quantified and compared the fraction of A3
probed in the presence of an HIV-1 provirus containing a deletion in the Vif gene to a LAl HIV-1
provirus retaining the Vif gene. As expected, A3G has 0.2 fraction of A3 remaining in

the presence of Vif, A3Csigs has 0.1, and A3Cj1gs has 0.4, since HIV-1 Vif is able to

degrade the naturally found A3s (

Figure 9B). Furthermore, these data support rescue of infection observed in the single-cycle
infectivity assay (

67



Figure 9A). We found that A3Cs1ss-A3Cs1ss, A3Cs183-A3Cs1ss E254A, and A3C153-A3Ciisgare
packaged into budding virions in the presence of HIV-1 Vif with a fraction of A3 remaining in the
presence of Vif to be 0.8, 0.7, and 1.7, respectively (
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Figure 9B). This fraction of A3 remaining is much higher than the single domain counterparts
and supports the inhibition of HIV-1 infection in the presence of Vif seen in the single-cycle
infectivity assay (
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Figure 9A and
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Figure 9B). Since HIV-1 Vif from two divergent strains is unable to fully

antagonize these A3C-A3C variants, our data show that a synthetic tandem domain

version of an A3 protein can both increase its potency and allow it to resist antagonism

by HIV-1 Vif.
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Figure 9. A3C tandem domain variants are resistant to viral antagonism

(A) Single-cycle infectivity assay performed in the presence of HIV-1AEnvAvif (white), HIV-
1AEnv +LAl Vif (light purple), and HIV-1AEnv+1203 Vif (dark purple). Cells were transfected
with 400ng of A3 and 600ng of noted HIV-1AEnv provirus pseudotyped with 100ng of VSV-g.
Virus production was normalized and equal amounts of virus was used infect SUPT1 cells.
Results from each experiment were normalized to a no APOBEC3 control. Bar graph shows an
average of 3 biological replicates and triplicate infections (+/- SEM). (B) Western blot of the
packaging of A3C variants into virions. Either HIV-1AEnvAVif or HIV-1AEnv+LAl Vif provirus
was co-transfected into 293T cells with A3C variants. Proteins in the pelleted virions are shown
in a western blot probed with anti-FLAG antibody for A3 levels and anti-p24gag as a loading
control. Densitometry calculations were performed to determine the fraction of A3 remaining in
the presence of Vif. Western blot shown is a representative of 3 biological replicates.
Discussion
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Although human A3C can weakly inhibit HIV-1 replication, here we show that a
super restriction factor can be created by linking two A3C sequences. These tandem
domain proteins both increase anti-HIV-1 activity and yield a restriction factor that is
partially resistant to antagonism by HIV-1 Vif. We have shown that this increase in
antiviral activity is mostly explained by increased packaging of tandem domain A3s into
budding virions. Moreover, we found that A3Cs18s-A3Cs1ss appears to use both a
cytidine deaminase-dependent and independent mechanism for HIV-1 restriction.
However, we could further increase the antiviral activity of A3Cs1gs-A3Cs1ss by mutating
the C-terminal active site (A3Cs183-A3Cs188 E254A). We found that A3C-A3C tandem
domain proteins do not have an increase in mutation frequency when compared to their
single domain counterparts, but rather the dominant mechanism of restriction is through
inhibition of reverse transcription. Additionally, all the A3C tandem domain variants are
resistant to HIV-1 Vif degradation. Together, these data point towards a selective
advantage of double versus single domain A3 proteins against a viral target and support
the idea that additional potency and escape from viral antagonism can be derived from

combinations of APOBEC3 domains that have not been sampled in nature.

Two domain A3C proteins are packaged at higher levels than single domain A3C

proteins

In order for the A3 proteins to be antiviral, they must be packaged into virions to
function during the reverse transcription process that occurs in the target cell. We found
that increase in antiviral activity of the A3C tandem domain proteins increase relative to

their single domain counterparts closely parallels both the increase of A3 packaged into
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budding virions (Figure 4 and Figure 5). However, the variability of the packaging assay
does not allow us to conclude that packaging alone is responsible for the increased
antiviral activity. Nonetheless, each of the A3C-A3C variants formed larger higher-order
complexes when compared to their single domains (Figure 8) and it has been shown that
oligomerization is important for A3G to be packaged into virions (177). A3H is an
interesting exception to the idea that double cytidine deaminase A3 proteins have better
oligomerization characteristics relative to single cytidine deaminase A3 proteins
because it is the most distantly related A3 with only one deaminase domain that never
duplicated or recombined to form a double deaminase protein (95). However, similar to
A3G and the A3C-A3C variants, A3H can form large complexes in sucrose gradients,
yet these complexes are RNA dependent (102, 180). Also, A3H is polymorphic in
human populations like A3C, yet, A3H haplotype Il confers strong antiviral activity (101).
Recent structural work has shown that A3H binds to RNA to make functional dimers
(180-182). This suggests that perhaps A3H evolved an independent mechanism to
form higher-order structures that is dependent on RNA, but that A3C is unable to do this
unless the second cytidine deaminase domain is artificially engineered. Furthermore,
we can speculate that nature has selected for both single and double domain A3s
because of the selective advantage of both monomer and dimer populations for
deaminase-dependent activity as well as a larger order complex population for

deaminase-independent activity.

Deaminase-dependent and deaminase-independent mechanisms of super restriction

factor antiviral activity

74



Naturally found A3 proteins primarily restrict HIV-1 through hypermutation of
ssDNA intermediates during reverse transcription. Studies have reported that A3G and
A3F can also function through a cytidine deaminase-independent mechanism to restrict
HIV-1 (77-79, 171). However, hypermutation rather than steric inhibition are the primary
modes of restriction (76, 78, 79). Furthermore, A3G forms both low and high order
complexes in cells, but the A3G residing in the higher-order complexes has been shown
to have hindered deaminase activity (178). While A3G residing in the smaller complexes
appears to be deaminating ssDNA targets, these large A3G complexes have been
hypothesized to form a roadblock to inhibit reverse transcription (178). Interestingly, the
A3Cs188-A3Cs18s double inactive site mutant (A3Cs1ss-A3Cs1s8 E68A E254A) still
retained antiviral activity that, in fact, is indistinguishable from the wild type A3Cs1gs-
A3Cs1ss (Figure 5B). The A3 mediated hypermutation assay data added to these findings
by showing that the tandem domain A3 proteins do not have more enzymatic activity
than their single domain counterparts (Error! Reference source not found.). Rather,
both A3Cs183-A3Cs1ss and A3Cs183-A3Cs18s E254A inhibited the total late RT products
more than their A3C single domain counterparts (Figure 7). Each of these results is also
consistent with a lack of total A3 in the top fraction of the A3C tandem domains (Figure
8). This finding supports the hypothesis that these large higher-order complex contribute
to hindering reverse transcription in a deaminase-independent mechanism. Thus, we
found that these A3C-A3C variants gained a new mechanism to restrict reverse
transcription: the ability to inhibit HIV-1 reverse transcription, most likely through forming

large complexes of oligomers.
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Only one cvtidine deaminase domain is active in tandem domain APOBEC3 proteins

A3G and A3F have two deaminase domains, yet these naturally found A3s
primarily rely on one domain, the C-terminal domain, for their catalytic activity (173,
174). Our finding that only one active domain is more antiviral than two active domains
(Figure 5) is similar to how the A3F and A3G domains have evolved. However, A3G and
A3F do not have enhanced antiviral activity when active site mutations are created (79,
174). Additionally, the preferred enzymatic domain for A3Cs1gs-A3Cs1ss is the N-terminal
domain, unlike with A3F and A3G. Nevertheless, the C-terminal active site mutant of
A3Cs188-A3Cs1gs can parallel the evolutionary process that the naturally found A3s have
undergone. Since A3Cs18s-A3Cs1ss is less potent as a restriction factor than A3Cs1ss-
A3Cs18s E254A, this suggests that there is a disadvantage to having two fully active
deaminase sites. We speculate that the specialization of the A3 domains could be
important for optimal efficiency as an enzyme, such that one domain is primarily used
for packaging into virions and oligomerization while the other is important for scanning
ssDNA for its deamination activity. Since A3F and A3G have evolved to only use one
domain for hypermutation, mutating one catalytic site will not increase antiviral activity.
However, A3Cs18s-A3Cs1ss can be further improve upon by mutating the protein such
that only one active site is used, A3Cs18s-A3Cs1ss E254A, to recapitulate natural

selection seen in A3F and A3G.

A3C-A3C super restriction factors are mostly resistant to Vif antagonism

Previous studies have shown that HIV-1 Vif binds and degrades A3Cs1ss and
A3Ciss (98, 183). One viral protein, Vif, must counteract the antiviral activity of multiple
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A3s to achieve maximal infectivity for the virus (86). HIV-1 Vif has evolved three separate
interfaces in order to degrade A3s: one for binding A3G, another for A3H, and a third interface that
is able to interact with A3C/A3D/A3F (86). In contrast to the human A3 proteins, HIV-1 has never
evolved to antagonize an A3C-A3C tandem domain protein. The synthetic nature of these tandem
domain A3s may explain why HIV-1 Vif is not able to completely antagonize any A3C-A3C variants

(

Figure 9). The two different strains of HIV-1 Vif are approximately 85% identical
and cannot fully antagonize A3C-A3C tandem domain proteins, suggesting a potential
mechanism that the interface Vif previously used to bind to the A3C is now occluded by
these tandem domain proteins. However, another possibility is that A3C-A3C is

packaged so efficiently that Vif is unable to target all the active A3 prior to packaging
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into virions, although only a ~1.5-fold increase in packaging of the super restriction
factors makes this less likely. In either case, the increased activity and resistance to Vif
antagonism of these super restriction factors provide useful insights about the initial

constraints of Vif recognition to novel A3 variants.
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Chapter 4. Synthetic double domain APOBEC3 chimeras create
antiviral factors against HIV-1 that are more potent than APOBEC3G

Introduction

Positive selection in antiviral genes is a result of the host-virus “arms-race” due to
repeated cycles of host resistance and virus adaptation. However, in addition to the
increased evolutionary rate single amino acid substitutions that characterize host
antiviral genes under positive selection, additional gene innovation in these antiviral
genes has also been sampled through gene duplication and recombination to create
antiviral gene families. Indeed, neo- or sub-functionalization upon gene duplication is an
attractive evolutionary strategy to expand host anti-pathogen response through evasion
of a viral gene or evolution of a new inhibitory mechanism. Such examples include the
Mx, IFIT and TRIM genes. Most mammals, including humans, encode two paralogs of
Mx proteins, MxA and MxB. Human MxA has broad and potent activity against a diverse
range of RNA and DNA viruses, while the antiviral scope of human MxB is more
restricted to lentiviruses and herpesviruses (115, 116, 154, 184). The number and
identify of gene families can vary substantially between species. For example, humans
have five IFIT genes (IFIT1, 1B, 2, 3, and 5), rats have four (IFIT1, 1b, 2, and 3) and
mice have six (IFIT1, 1b, 1c, 2, 3, and 3b) (141). Conversely, TRIMS, a potent restriction
factor against lentiviruses, is present in only a single copy in most primates, whereas it
is present in up to six copies in rodents (185).

Another such example of antiviral gene family expansion is seen within the
apolipoprotein B mRNA editing enzyme catalytic-polypeptide like 3, APOBECS3

(shortened to A3 here) locus. A3s are a family of cytidine deaminases that hypermutate
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retroviruses such as HIV-1 and other endogenous retroelements. The APOBEC3 (A3)
locus, which is unique to placental mammals, as undergone dramatic expansion in
many mammalian lineages including primates. The A3 loci is flanked by CBX6 and
CBX7 genes, suggesting that the amplification of A3 genes has mainly occurred via
tandem gene duplication. The human genome encodes seven A3 paralogs (named
A3A, A3B, A3C, A3D, A3F, and A3H). In addition to this gene duplication, most of the
A3 proteins have also evolved under positive selection in primates.

The A3 gene family encodes a characteristic zinc-coordinating catalytic motif
(His-X-Glu-X23.28-Pro-Cys-X2.4-Cys) and the A3 proteins can be grouped into 3 classes
(A3Z21, A3Z2, and A3Z3) on the bases of their conserved Z domain sequences. Of the
seven A3 paralogs in humans A3A, A3C, and A3H encode single domain proteins
(A321, A3Z2, and A3Z3, respectively), whereas the four remaining A3s are double Z
domains. A3B and A3G are categorized as A3Z2-A3Z2, while A3D and A3F are A3Z2-
A3Z1. In addition to characterizing A3s by their Z domains, these proteins vary in their
ability to restrict HIV-1. A3A and A3B do not have antiviral activity against HIV-1, while
A3G is the most potent naturally found A3. Despite the potent antiviral restriction these
A3 pose, HIV-1 encodes an antagonist, Vif, to ameliorate this host block. To induce A3
degradation, Vif binds to CBF-p and recruits CUL5-EloB/C-E3 ubiquitin ligase complex
to promote polyubiquitination and the subsequent proteasomal degradation of the A3s
(72, 80-85). Vif is able to antagonize multiple A3 proteins including A3C, A3D, A3F,
A3G, and A3H. Vif uses three distinct interfaces to bind to A3s: one for A3G, another for

A3C/A3D/A3F, and another for A3H (86).
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The human A3 locus has sampled additional diversity through polymorphisms
that encode proteins with different antiviral activities. For example, A3C also has a
common form that encodes a serine at position 188 that weakly inhibits HIV-1, but a
polymorphism found at 10% of African populations encodes for an isoleucine at position
188 of A3C has greater antiviral activity than the common form. A3H has four major
haplotypes circulating in the human population with varying ability to restrict HIV-1. The
viral Vif protein also has polymorphisms which affect its ability to degrade different A3H
variants.

Despite the variation in A3 genes in their potency, domain composition, and
ability to be antagonized by Vif, there is additional unsampled evolutionary variants of
human A3 proteins that may prove to be more effective inhibitors of HIV-1. For example,
not all of double Z domain combinations have been sampled by nature, and many
combinations of A3 polymorphisms are unsampled. Our previous study showed that by
duplicating the single A3Z2 domain protein A3C to make an A3C-A3C tandem domains
protein, we could create a protein with increased antiviral activity relative to A3C single
domain counterpart that was also largely resistant to degradation by HIV-1 Vif. These
evolutionary-based variants of natural antiviral proteins with improved potency and/or
escape from antagonism are called “super restriction factors”. Nonetheless, A3C-A3C is
still not as potent as A3G, which is the most potent natural A3 protein against, HIV-1

In this study, we created novel A3 proteins by combining the single domain A3C
with the single domain A3H protein in different orientations and with different natural
polymorphisms. We found that these A3C/A3H double domains are potent inhibitors of

HIV-1 in the absence of Vif, even more so than the most antiviral naturally found A3,
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A3G. A3C/A3H hap Il doubles are packaged into virions approximately 6-7x as much as
A3C, likely explaining the increase in antiviral activity. Interestingly, ASC/A3H double
domains do not have an increase in hypermutation activity relative to their single
domain counterparts. HIV-1 Vif cannot fully degrade A3C/A3H double domains, similar
to A3C-A3C. Together, this data suggests that novel A3Z2/A3Z3 domains are potent

HIV-1 inhibitors.

Results

A3H/A3C chimeras are as potent or more potent than A3G

Each of the human A3s is comprised of either one or two of these conserved

zinc-coordinating domains. A3H is unique because it is the only A3 with a Z3 domain.
Furthermore, this Z3 domain has never been duplicated and recombined to make a

double Z3 domain A3 in mammalian linages (95, 186, 187). Therefore, in order to

explore the evolutionary potential of novel A3 combinations, we created synthetic

tandem domain proteins consisting of one Z2 and one Z3 domain together in a single

protein. These synthetic Z2-Z3 and Z3-Z2 proteins consist of A3H and the common

form of A3Cs1ss domains (Figure 10A). We also used two variants of A3H, hap |, the less stable
and less antiviral A3H protein, and A3H hap Il, the more stable and more antiviral A3H protein,
and two different A3C variants, which, by themselves, are weak restrictors of HIV-1 (Figure 10A).
We modeled these synthetic tandem domains after naturally found double Z2 domain A3s, A3D
and A3F. We designed Z2/Z3 and Z3/Z2 double domains based on similar alignments as A3D
and A3F, incorporating the naturally found short linker sequence between both domains Arg-
Asn-Pro in A3D and A3F (
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Figure 10A). These designed Z2/Z3 and Z3/Z2 double domains are combinations
nature has yet to sample.

In order to test the antiviral activity of these proteins, expression vectors

encoding these synthetic genes were transfected into 293T cells and an HIV-1 provirus
expressing a reporter gene, and we performed a single-cycle infectivity assay to
compare their antiviral activities. A3G was used as a positive control, as it is the most
potent naturally found A3. A3G can restrict HIV-1 infection by over two orders of
magnitude infection (
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Figure 10B top). As previously reported, A3H hap | weakly inhibits HIV-1 and A3H hap Il more
potently inhibits A3H hap | but not as strongly as A3G, even at similar expression levels (
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Figure 10B). Similar to A3H hap |, A3C also weakly inhibits HIV-1. As we
previously reported, the antiviral activity of A3C can be increased by at least 2-fold, by
creating a synthetic tandem domain, A3C-A3C, but A3C-A3C is nonetheless, still less
antiviral than A3G at similar expression levels.

However, we found that A3C-A3H hap | and A3H hap I-A3C synthetic tandem

domain proteins were as potent of antiviral proteins than the most active natural A3
protein, A3G (
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Figure 10B top). That is, a synthetic tandem domain protein created from two A3 single domain
proteins that on their own have little to no antiviral activity, produced an antiviral protein with
the ability to decrease HIV-1 by two orders of magnitude. Moreover, combining A3C with the
more active A3H haplotype, A3H hap Il to create A3C-A3H hap Il and A3H hap 1I-A3C, we could
make antiviral proteins that are 9-fold and 11-fold, respectively, more active against HIV-1 than

A3G (
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Figure 10B top). This increase in antiviral activity could not be explained by increased expression
levels alone since A3C and A3H hap Il single domain proteins are expressed to similar levels as
A3C-A3H hap Il and A3H hap II-A3C (
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Figure 10B bottom). Additionally, A3C-A3H hap Il and A3H hap II-A3C are expressed to the same
level as A3G (
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Figure 10B bottom). In summary, A3 single domain proteins with weak antiviral
activity can be genetically linked them together to create a new double domain A3 that
are as good or better than the most potent naturally found A3, A3G.

In order to determine the dose-response of the antiviral potential from A3C-A3H

hap Il and A3H hap II-A3C at various expression levels, we transfected different
amounts of plasmids encoding these synthetic tandem domain proteins along with a
range of different levels of A3G. A3G could restrict HIV-1 to approximately 29%
infectivity even at the lowest level of DNA transfected (10ng). However, both A3C-A3H
hap Il and A3H hapll-A3C were able to restrict HIV-1AVif more potently than A3G at
every dose tested, which again is not explained by differences in expression levels (
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Figure 10C). In summary, by creating novel double Z domains from single
domains that are not very antiviral on their own, we can create a super restriction factor

that is even more potent than A3G over a range of protein expression levels.

A3C/A3H chimeras are packaged better than the single domains

In order for A3s to be antiviral, A3s must get packaged into budding virions, with
a direct correlation of increase in packaging to more potent A3. Therefore, we tested the
ability of A3C/A3H hap Il double domains to get packaged into virions via western blot.
The intracellular expression levels of the naturally found A3s, A3G, A3H hap II, and
A3C, are all similar to A3C-A3H hap Il and A3H hap II-A3C (Figure 11 top). Both A3C

and A3H hap Il single domain proteins are incorporated into virions approximately in
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Figure 10. A3C/A3H double domains are more potent restriction factors than A3G

(A) Cartoon schematic of A3C/A3H double domains synthesized. A3C is depicted in cyan and
A3H is in purple. All double domains used in these experiments have a C-terminal 3Xflag tag for
western blotting. (B) Top: Single-cycle infectivity assay measuring the percent infectivity of each
A3 variant against HIV-1AEnvAVif. Cells are transfected with 100ng of A3 and 600ng of HIV-
1AEnvAVif pseudotyped with 100ng of VSV-g. Virus production was normalized and equal
amounts of virus was used infect SUPT1 cells. Results from each experiment were normalized
to a no APOBEC3 control. Bar graph shows an average of 3 biological replicates, each with
triplicate infections (+/- SEM). Statistical differences were determined by unpaired t tests: **
P<0.01, ns= not significant. Bottom: Representative western blot of the intracellular levels of A3
in 293Ts. Antibodies to FLAG were used to detect A3s and actin was used as a loading control.
(C) Top: The % infectivity of HIV-1AEnvAVif pseudotyped with VSV-g and increasing doses of
A3G (black, solid line), A3C-A3H hap Il (light purple, dashed line), or A3H hap [I-A3C (dark
purple, dashed line) are plotted, normalized to a control with no A3. The amount of each A3
plasmid transfected in ng is shown on the X-axis. Data points are an average of 3 biological
replicates, with each biological replicate consisting of 3 triplicate infections. Error bars show the
standard deviation of the mean (+/- SEM). Statistical differences were determined by unpaired ¢
tests between A3G and A3C-A3H hap Il and A3G and A3H hap 1I-A3C: * P<0.05, ns= not
significant. Bottom: Representative western blot showing the intracellular expression levels of
A3G, A3C-A3H hap Il, and A3H hap 1I-A3C probed with anti-FLAG antibody showing
intracellular expression levels for A3s and actin as a loading control. The ng of A3 transfected
are denoted on top of the western blot.

similar quantities to each other, but more poorly than any of the double domain proteins
(Figure 11 bottom). The synthetic tandem double domain protein A3C-A3C is packaged
4.9-fold more than A3C, which is similar to A3G (Figure 11 bottom). Similarly, A3C-A3H
hap Il is packaged 6.0-fold more than A3C and A3H hap 1I-A3C is packaged 7.6-fold
more than A3C (Figure 11 bottom). However, despite this increase in packaging, it still
does not explain the 650-fold increase in antiviral activity between A3C and A3C/A3H
hap Il double domains, nor the increased activity of A3C-A3H hap |l and A3H hap II-

A3C relative to A3G.
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Figure 11. A3C/A3H double domains are packaged more than their single domain
counterparts.

Intracellular expression and packaging of A3 into virions. HIV-1AEnvAVif provirus was co-
transfected into 293T cells with 100ng of each A3. Top: western blot of cellular lysates probed
with anti-FLAG antibody showing intracellular expression levels for A3s and actin as a loading
control. Bottom: western blot of proteins in the pelleted virions and probed with anti-FLAG
antibody for A3 levels and anti-p24gag for normalization. An empty vector condition was used a
negative control and labeled no A3. Western blot shown is representative of 3 biological
replicates. The relative abundance of A3 in cell lysates and virions was quantified with Image
Lab. Relative A3 packaged was calculated by dividing the relative abundance of A3 in the
virions by the normalized levels of each A3 expressed in the cells and written below.

A3H/A3C chimeras use deaminase -dependent and -independent mechanisms to
inhibit HIV
Naturally found A3s primarily use deaminase-dependent mechanisms to inhibit

HIV-1. During the reverse transcription step of the HIV-1 life cycle, A3s act on the
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opportunistic ssDNA intermediates to convert cytidines to uracils on the minus strand.
As a result of the A3, this leads to G-to-A signatures in the dsDNA. A3G, the most
potent A3G, has been documented to hypermutate up to 10% of guanosine in the HIV-1
genome (170). A3G primarily uses deaminase dependent methods of hypermutation to
inhibit HIV-1 replication (76, 78). Previously, we found that A3C-A3C double domain
proteins do not have an increase in deaminase-dependent restriction of HIV-1
compared to A3C, despite the 2-fold increase in antiviral activity (153). Instead, we
found that A3C-A3C tandem domain proteins increased their antiviral activity through a
gain in a cytidine deaminase independent inhibition of reverse transcription (153).

To test whether or not the large increase in antiviral activity of ASC/A3H double
domains can be explained by an increase in hypermutation, we performed an A3
mediated hypermutation assay with each A3C/A3H double domain using a previously
developed A3-mediated hypermutation assay to deep sequence all G-to-A mutations
induced by a given A3 (153). Each sequencing read spanned the same region of HIV-1
pol. A “plasmid control” was used to identify PCR induced errors (Figure 12A). The “No
A3” condition controlled for mutations that are induced from reverse transcriptase rather
than those introduced from A3s (Figure 12B). A3G serves as a positive control since
over 96% of the reads have more than 1 mutation and over 43% of the reads having
more than 10 mutations. A3G also caused a distribution of reads with 2 to 9 G-to-A
mutations (Figure 12C). In contrast, A3C had much fewer samples with G-to-A
mutations, as demonstrated with a shift to the left in the frequency bar graph and only
12% of the reads have 2 or more mutations (Figure 12D). As expected, A3H hap Il has

more deaminase activity than A3H hap | (data not shown). More than 66% of the A3H
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hap Il reads have at least one G-to-A mutation and approximately 10% of the reads
have 10 or more mutations (Figure 12E). Despite the extensive deaminase activity of
A3H hap I, A3G still had more reads with higher frequency of mutations. Indeed, A3C-
A3C has similar frequencies of G-to-A mutations as A3C (Figure 12F).

A3C-A3H hap Il has 55% of the reads with at least one G-to-A mutation, with
38% of all reads having 2 or more mutations (Figure 12G). Interestingly, A3H hap II-
A3C has approximately 30% of reads with at least one mutation (Figure 12H). However,
despite the 500-fold increase in antiviral activity of A3C-A3H hap Il and A3H hapll-A3C
compared to A3H hap Il, there is not 500-fold more hypermutation in either A3C-A3H
hap Il or A3H haplI-A3C. Intriguingly, the distribution of the reads with G-to-A mutations
in A3C-A3H hap Il and A3H hapll-A3C is shifted to the left, with more reads having
fewer mutations, when compared to A3H hap Il (compare Figure 12E, Figure 12G, and
Figure 12H). These data suggest that the increase in antiviral activity cannot be

explained by an increased rate of hypermutation.
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Figure 12. Frequency of G-to-A mutations does not increase in A3C/A3H hap Il double
domains

(A-H) Paired-end sequencing reads were analyzed for G-to-A mutations. Data is shown as
frequency distribution bar graphs of the percent of reads by the number of G-to-A substitutions
in each read for each A3 tested: A3G (C), A3H hap Il (D), A3C (E), A3C-A3C (F), A3C-A3H hap
Il (G), A3H hap II-A3C (H). Plasmid control (A) is used as a sequencing control and a no
APOBECS3 (B) sample was used to distinguish background mutations, including RT mutations.
Frequencies are calculated as the average frequency of technical replicates and read counts
are shown as the sum of the reads for both replicates.

Because the hypermutation data did not reveal an increase in deaminase activity,
we next explored if ASC/A3H double domains inhibit reverse transcription in a
deaminase independent manner. Previously, we found that A3C-A3C had an increase

in deaminase independent antiviral activity that decreased the amount of reverse
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transcriptase products after infection (153). To test this hypothesis, we transfected 293T
cells using 100ng of A3 and 600ng of provirus to make A3 packaged virus and infected
SUPT1 cells. 18hrs post-infection, we harvested unintegrated viral cDNA and quantified
the amount late reverse transcription (RT) products normalized to the amount of virus
used for each infection. Each infection was also done in biological triplicate. As
expected, virus produced in the presence of A3G showed a significant decrease in
relative late RT products compared to the no A3 control, while A3H hap Il and A3C had
more similar levels of late RT products as the no A3 control (Figure 13). At this lower
concentration of A3C-A3C, we found that A3C-A3C had similar copies of late RT
products as A3C (Figure 13). This difference in this finding compared to our previous
results with A3C-A3C (153) finding most likely stems from the different concentration of
A3 transfected during viral production since these transfections were done at levels of
A3C-A3C that are barely antiviral (data not shown). Strikingly, virus made in the
presence of A3C-A3H hap Il or A3H hap II-A3C has even fewer accumulation of late RT
products when compared to A3G (approximately 1.5 logs difference) (Figure 13). The
difference in RT products between A3G and A3C/A3H hap Il double domains infections
closely correlates the difference in antiviral activity (Figure 10B). These results suggest
that inhibition of RT is likely the major mechanism by which A3C/A3H double domains
act and account for their greater antiviral activity relative to A3G. These findings support
the hypothesis that A3C/A3H super restriction factors function in a novel deaminase

independent mechanism compared to their single domain counterparts.
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Figure 13. A3C/A3H double domains use deaminase independent mechanisms to restrict
HIV-1

To evaluate the relative copies of late reverse transcription products, SUPT1 cells were infected
with HIV-1AEnvAvif and either no APOBEC3 or 100ng of A3 to test for inhibition of HIV-1
reverse transcription. 18 hours later, viral cDNA was harvested and the levels of HIV-1 late
reverse transcription products were assayed by gPCR. Each circle represents a normalized
value for the respective biological replicate, with gPCR technical duplicates. Each sample has
been adjusted for equal viral infection and a nevirapine control. Bars represent the mean across
3 biological replicates.

A3C-A3H hap Il forms both low molecular weight and high molecular weight
complexes

The A3G oligomerization state affects its binding to ssDNA and its catalytic
activity (178). A3G in lower molecular mass complexes (LMM) has the ability to
deaminate ssDNA (104, 178), while A3G residing in high molecular mass (HMM)

complexes is inactive, hinders rapid deamination of ssDNA, and is hypothesized to
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instead form a block to inhibit reverse transcription (104, 178). Furthermore, the
oligomerization state of A3G has been found to be RNA dependent (176). Based on the
hypermutation data, we would expect that A3C-A3H hap Il has the ability to form both
LMM and HMM complexes since it retains some enzymatic activity, however,
presumably largely functions in a deaminase independent mechanism. In order to test
this hypothesis, we subjected cell lysates transfected with A3C-A3H hap Il to velocity
sedimentation, using A3G and A3C-A3C as controls.

As expected, A3G forms both LMM complexes and HMM complexes as
prominent bands are present in the top and middle fractions (first 5 lanes of the western
blot) (Figure 14A top). When cell lysates transfected with A3G are treated with RNase
A, there is a shift in the migration pattern of A3G towards the top fractions, suggesting
that the HMM complex are RNase dependent (Figure 14A bottom). We previously
reported that A3C-A3C primarily forms HMM, with only a small detectable amount of
protein found in the first lane and the prominent bands in lanes 2-4 (Figure 14B top).
Here, we also tested if A3C-A3C oligomerization state is RNA dependent. We found
that upon RNase treatment, A3SC-A3C is spread across the first seven lanes as well as
more A3C-A3C is found in the pellet, perhaps demonstrating that RNA is maintaining
A3C-A3C in distinct complexes (Figure 14B bottom). Similar to A3G, A3C-A3H hap |l
forms both LMMs and HMMs, however, the distribution of the migration pattern is much
larger, as A3C-A3H hap Il is found in the top 7 fractions (Figure 14C top). Upon RNase
treatment, A3C-A3H hap Il can be found in all 11 fractions including the pellet,
suggesting that similar to A3C-A3C, RNA is holding A3C-A3H hap Il in distinct

complexes (Figure 14C bottom). Similar to A3G, since A3C-A3H hap Il is found in LMMs,
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these data support the hypermutation data that there is some deaminase activity
occurring, however it does not explain the entirety of the viral restriction. Furthermore,
since A3C-A3H hap Il forms even larger HMM complexes than A3G, which supports the
hypothesis that A3C-A3H hap Il acts primarily in a deaminase independent mechanism

to restrict HIV-1 (Figure 12 and Figure 13).
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Figure 14. A3C/A3H double domains form both low molecular mass complexes and high
molecular mass complexes.

(A-C) Velocity sedimentation and sucrose fractionation of APOBEC3s. Cell lysates transfected
with A3 were subjected to velocity sedimentation fractionation +/- RNaseA treatment and 2.5%
of each fraction was analyzed on a western blot: (A) A3G (B) A3C.A3H hap Il (C) A3H hap II-
A3C. Each western blot is probed with anti-FLAG to analyze A3s levels.

A3C-A3H hap Il is partially resistant to HIV-1 Vif degradation

HIV-1 Vif binds to human A3C, A3D, A3F, A3G, and A3H and targets them for
proteasomal degradation, thus alleviating the antiviral pressure that these A3 pose on
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HIV-1 infection (167). Vif uses three interfaces to bind to antiviral A3s: one for A3G,
another for A3H, and a third for A3C/A3D/A3F (86). However, we previously found that
an A3C-A3C synthetic tandem domain protein was relatively resistant to Vif antagonism.
To determine if Vif could target an A3 combination that it had never encountered
naturally, we performed a single cycle infectivity assay with A3C-A3H hap Il in the
absence of HIV-1 Vif and in the presence of two HIV-1 Vifs, a patient-derived strain
(patient identifier: 1203) and a lab adapted strain (LAIl), that are approximately 85%
identical. Vif 1203 was chosen for this experiment because previous work had shown
that this Vif protein could degrade A3H hap Il (109). A3G was used a positive control, as
it potently restricts HIV-1AVif, but in the presence of a lab adapted Vif or a patient
isolate Vif, Vif rescues infection to the levels of infection in the absence of A3 proteins (

Figure 15A). As expected from our previous work, the A3C-A3C combination is resistant to viral
antagonism by Vif (
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Figure 15A) (153). We find that the sensitivity of A3C-A3H hap Il to Vif is partial. That is, in the
absence of Vif, A3C-A3H hap Il can restrict HIV-1 infection to 0.1% infectivity, while in the
presence of either a lab adapted Vif or a patient isolate Vif, A3C-A3H hap Il can still restrict HIV-1
infection to 2% (

Figure 15A). Therefore, HIV-1 Vif can degrade some of A3C-A3H hap Il, but not

enough to fully antagonize and remove the host defense.

The functional infectivity data of sensitivity of these A3 combinations to Vif
antagonism is also supported by Western blot of the harvested cells transfected with
HIV-1 provirus and A3s. A3G was used as a positive control, as it is expressed in the
absence of HIV-1 Vif, but in the presence of either a patient isolate or a lab-adapted Vif,
A3G is extensively degraded with only 10% of the A3G remaining (

Figure 15B). On the other hand, neither a patient-isolated or a lab-adapted HIV-1 Vif is able to
fully degrade A3C-A3C, as shown with 50% of the protein band present in the western blot and
quantification of the relative amount of A3 (
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Figure 15B). Interestingly, A3C-A3H hap Il is also able to evade Vif antagonism from
both Vifs tested with 50% of the protein remaining in the presence of Vif, similar to A3C-

A3C (

Figure 15B). Together, these data demonstrate that A3C-A3H hap Il is a super

restriction factor that evades Vif antagonism.
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Figure 15. HIV-1 Vif cannot fully degrade A3C/A3H double domains

(A) Single-cycle infectivity assay performed in the presence of HIV-1AEnvAvif (white), HIV-
1AEnv +LAl Vif (light purple), and HIV-1AEnv+1203 Vif (dark purple). Cells were transfected
with 100ng of A3 and 600ng of noted HIV-1AEnv provirus pseudotyped with 100ng of VSV-g.
Virus production was normalized and equal amounts of virus was used infect SUPT1 cells.
Results from each experiment were normalized to a no APOBEC3 control. Bar graph shows an
average of 3 biological replicates and triplicate infections (+/- SEM). Dotted line is drawn at
100% infectivity. (B) Top: Western blot of the packaging of A3G, A3C-A3C, and A3C-A3H hap I
into virions. Either HIV-1AEnvAVif (no), HIV-1AEnv+1203 Vif (PD), or HIV-1AEnv+LAl Vif (LA)
provirus was co-transfected into 293T cells with A3C variants. Proteins in the pelleted virions
are shown in a western blot probed with anti-FLAG antibody for A3 levels and anti-p24gag as a
loading control. Densitometry calculations were performed to determine the fraction of A3
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remaining in the presence of Vif. Western blot shown is a representative of 3 biological
replicates. Bottom: Bar graph showing quantification of relative amount of A3 protein from 3
biological replicates quantified with Image Lab. Dotted line is drawn at 0.5 and each sample is
normalized to a no HIV-1 Vif control.

Discussion

Although A3G is a potent inhibitor of HIV-1 in the absence of Vif, here we show

that we can create a super restriction factor with A3C/A3H double domains that are
more potent than A3G. These A3C-A3H hap Il and A3H hap 1I-A3C double domains are
not only about 10-fold more antiviral against HIV-1 than A3G, but also partially resistant

to HIV-1 antagonism (Figure 10 and

Figure 15). We found that A3C/A3H double domains are packaged into budding
virions more than both their single domain counterparts as well as A3G, however, the
increase in packaging can only partially explain the increase in antiviral activity (Figure
11). However, the ability of the A3C/A3H synthetic double domain proteins to inhibit
reverse transcription after viral infection of the target cells does correlate well with their

increased ability to inhibit HIV-1 (Figure 13).

Why are A3C/A3H double domains more potent than other double domains?
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Previous studies have created and tested A3H double domain proteins (two A3H
domains genetically linked together) and shown that they do not exhibit an increase in
the antiviral activity compared to the single domain counterparts (102, 188). We recently
showed that A3C-A3C proteins have a 2-fold increase in antiviral activity when
compared to A3C single domain (153). However, here we show that ASC/A3H hap Il
double domains are over 100-fold more potent than A3C-A3C (Figure 10B). Therefore,
A3C and A3H double domain proteins together are much more powerful antiviral
proteins than either of the same single domains combined. These data argue that it is
not just the fact that these proteins are double deaminase domain proteins that makes
them more potent.

The ability of A3G to oligomerize in cells has been correlated with its antiviral
activity because this oligomerization leads to increased packaging into virions (176,
177). Furthermore, the LMM fraction has been hypothesized to be the deaminase
dependent form of A3G, while the HMM fraction to be the deaminase independent form.
We speculate that the increased antiviral activity of A3C/A3H could be due to the ability
of A3C-A3H hap Il to form both high molecular weight complexes and low molecular
weight complexes. Thus, since A3C-A3H hap Il is has a larger percentage of protein in
the LMM fraction and a much more expansive HMM fraction (spanning lanes 2-6) as
well as packaged 6-fold more than A3C, this could explain why A3C/A3H double
domains are better than other naturally found double domains (Figure 14).

An alternative, but not mutually exclusive hypothesis, is that A3C-A3H hap |l
could bind to RNA or DNA more than other double domains. This is supported from

recent structural work that has shown that A3H binds to RNA to make functional dimers
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(180-182). It is possible that A3C-A3H hap Il packaged into virions binds either viral
RNA or newly synthesized viral DNA and blocks reverse transcriptase from synthesizing

full-length proviral DNA.

Why has a A3Z3 never used in a double domain A3?

Despite the potent antiviral activity of ASC/A3H double domains, nature has
never recombined to form a Z3 in double domain A3. Interestingly, the amplification of
A3Z3 domains has not been sampled in nature by any mammalian groups except in
Carnivora, in which duplicated A3Z3 genes were almost entirely pseudogenized (187).
These results suggest that a Z3 domain as part of a double domain protein could be
selected against in nature. It is possible that these proteins are too potent to express in
cells and could have alternative, harmful deaminase targets like cellular genomic DNA.
A3B and A3H hap I, A3s with more nuclear localization, have been implicated in
contributing to cancer, suggesting that they could be detrimental to the host (106, 107).
We do see some evidence of this toxicity in that transfection of A3C-A3H constructs
often result in lower yields of virus produced, although this phenomenon needs to be

explored in more detail in future experiments.

Diversity within A3 locus

The A3 gene locus has recombined and duplicated to form the 7 A3s found in
tandem on chromosome 22 (95, 187). This expansion of the A3 gene family has allowed
for different specificities and activities for A3s. For example, A3A is a potent inhibitor of

retrotransposons and retroelements (189, 190). While A3B has no activity against HIV,
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A3B uses its nuclear localization to restrict dsDNA viruses like EBV and KSHV (169).
A3C and A3H have sampled additional diversity through polymorphisms circulating
within populations with different antiviral activity. For instance, the most common form of
human A3C encodes a serine at position 188 and weakly inhibits HIV (98). There is a
polymorphism, found at 10% of African populations, at position 188 that encodes for an
isoleucine and is 2-fold more antiviral than the more common form of A3C (98). A3Ci1ss
has the ability to form dimers in solution as well as greater enzymatic activity.
Additionally, A3H has 12 different haplotypes circulating in human populations. Majority
of the human population encodes for A3H hap I, which is unstable, more nuclear, and
weakly inhibits HIV (102, 103). However, A3H hap Il encodes for a stable, more
cytoplasmic, and more antiviral A3 (102). In fact, humans A3H has lost antiviral activity
in two independent events to destabilize the protein, A3H hap | and A3H hap IlI/IV

(101).

What we can learn from super restriction factors?

Through making novel tandem domain proteins that nature has not sampled, we
have learned that more potent antiviral activity can be achieved with increasing
packaging into budding virions, however, an increase in incorporation into virions is not
enough to create an antiviral protein that is more potent than A3G. Despite these double
deaminase domain proteins having twice as many catalytic domains, the increase in
antiviral activity with does not come from an increase in hypermutation, but instead from
deaminase independent mechanisms. Thus, our data suggest that there is an untapped

mechanism of potent antiviral activity within the A3 locus that could block reverse
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transcription directly rather than act through hypermutation. Lastly, these A3C/A3H
double domains are partially resistant to Vif degradation. Further exploration of the
ability for Vif to adapt to novel A3 targets will be interesting to determine if these super
restriction factors could give rise to HIV-1 resistant cells. Together, these super
restriction factors provide powerful tools to better understand prospectively evolution of

this A3 locus.

Chapter 5. Perspectives and Concluding Remarks

In my dissertation, | showed that combining novel A3 single domain proteins into

double domain A3s creates super restriction factors. These super restriction factors

have increased antiviral activity and are resistant to viral antagonists. By simply linking

two A3C, a weak inhibitor of HIV-1, sequences together, we can improve the antiviral

activity by 2-fold (Figure 4). This increase in antiviral activity is closely correlated with an
increase in packaging into budding HIV-1 virions (Figure 4). Furthermore, if we inactivate the C-
terminal the catalytic site, we can further improve the antiviral activity of A3C-A3C (Figure 5). We
found that this increase in antiviral activity is due to a novel gain of function in deaminase
independent mechanisms rather than an increase in deaminase dependent activity (Figure 7).
Also, these A3C-A3C variants are resistant to viral antagonism in a single cycle infectivity assay (
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Figure 9). However, the synthetic tandem domain of A3C-A3C was never as

potent as A3G.

Therefore, we explored other A3 single domain combinations and found that

A3C/A3H double domains are as potent or more potent than A3G (Figure 10). A3C/A3H double
domains have an increase in packaging relative to their single domain counterparts and A3G,
however, this increase in packaging cannot fully explain the 9 to 11-fold increase in antiviral
activity when compared to A3G (Figure 11). Similar to A3C-A3C, we found that A3C/A3H double
domain proteins do not have an increase in deaminase activity, but instead an increase in
deaminase independent mechanisms, as seen from the dramatic reduction in late RT products
(Figure 12 and Figure 13). HIV-1 Vif can partially, but not fully degrade A3C-A3H hap Il (
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Figure 15). Making these novel A3 double deaminase domains has provided
insights about how APOBEC3 proteins function. | will use this discussion section to

comment on additional questions and avenues of research.

Further characterization of A3C/A3H double domains

Here, we have shown that A3C-A3C and A3C/A3H double domains have an
increase in deaminase independent inhibition of HIV-1 through quantifying the late
reverse transcription products (Figure 7 and Figure 13). However, it still remains unknown
where this block is occurring. Previous studies have shown that A3G is sterically
hindering the process of reverse transcription through binding directly to reverse
transcriptase (76). Performing CO-IPs with A3C/A3H double domains and HIV-1
reverse transcriptase will be interesting to see if A3C/A3H double domains follow a
similar pattern as A3G, which serves a positive control. Additionally, it would be
interesting to test if these A3C/A3H double domains inhibit early or intermediate reverse
transcription products, using a RT-qPCR based assay. Alternatively, another hypothesis
is that these A3C/A3H super restriction factors are binding to the nucleic acids more
tightly. Making purified protein and testing both binding to DNA as well as binding to
RNA in biochemistry assay would help resolve some of these questions.

A3 proteins have different localizations, but the cytoplasmic proteins have been
correlated with greater antiviral activity. The best example stems from A3H
polymorphisms. A3H hap |, the less stable and weakly antiviral protein, has a nuclear
localization, while A3H hap II, the more stable and potent antiviral protein, has a
cytoplasmic localization (102). A3C has a cell wide localization pattern (97). Therefore,

it would be interesting to test if A3C/A3H double domains have a more cytoplasmic
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localization through microscopy and cellular fractionation. Furthermore, there is a
possibility that these super restriction factors could be toxic to cells. We have seen
some evidence of this in transfection of 293T cells, which leads to lower yields of virus
produced. Exploring the localization and DNA binding capability of ASC/A3H double
domains could help understand if a nuclear localization and/or an increase in DNA
binding is contributing to this toxicity.

Not only has an increase in packaging been correlated with cytoplasmic
localization, but it has been hypothesized that there is a protein-protein interaction that
could retain A3H hap Il in the cytosol (102). Therefore, it would be informative to test all
protein-protein interactions with mass spectrometry of super restriction factors and
compare the top hits with their single domain counterparts. These comparisons would
give insights to subcellular compartments and RNA granules/complexes in which these
A3C/A3H double domains reside. Using RNase A treatment, we could test that the top
hits of A3C/A3H double domains are most likely direct protein-protein interactions.
Additionally, comparing the top protein hits of ASC/A3H hap Il and A3G could provide
insight as to why A3C-A3H hap Il is more antiviral, as well as an understanding as to

why an A3Z3 double domain has not existed in nature.

Acquiring purified A3C-A3H hap Il protein not only would help elucidate the

remaining biochemistry questions, but also could be used to in structural biology
analyses, by crystallography. Both A3C and A3H hap Il single domain proteins have
been crystallized and until only recently, there has not been a full length double domain
A3 structure (180-182, 191, 192). Obtaining the A3C-A3H hap Il structure would help
understand how both domains are interacting with each other. These finding could
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complement the sucrose gradient findings and maybe help explain how higher order complexes
are formed. Additionally, HIV-1 Vif is only partially able to antagonize A3C-A3H hap Il (

Figure 15). Using the A3C-A3H hap Il crystal structure, we can better understand
the A3C-A3H hap Il and Vif binding site. One hypothesis is that this Vif binding site is
now partially occluded due to the folding of the two A3 domains. An alternative, but not
a mutually exclusive option, is that A3C-A3H hap Il is a bulkier protein and when bound
to Vif, it disrupts Vif's ability to bind to other proteins like CBF-f. Crystal structures as
well as HIV-1 Vif and A3C-A3H hap Il CO-IP experiments are avenues to research to

understand why super restriction factors cannot be fully degraded by HIV-1 Vif.

In vitro evolution experiments

There are four human A3s that have antiviral activity against HIV-1: A3D, A3F,
A3G, and A3H. One single viral protein, Vif, must counteract all of these antiviral
proteins to achieve maximal infectivity for the virus (193). Previous work suggests that
HIV-1 Vif has evolved three separate interfaces in order to degrade A3s: one binding
A3G, another one A3H, and a third able to recruit A3C/A3D/A3F (194). As shown in the
single round infectivity assay in
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Figure 15, both HIV-1 Vifs are able to only partially degrade A3C-A3H hap Il. To follow
up, | want to determine the evolutionary constraints of HIV-1 Vif to adapt to fully
degrade a novel target and the subsequent consequences to target the native A3s. To
do this, | would create T cell lines that stable express A3SC-A3H hap Il and use A3G as a
positive control (195). | would challenge these cell lines to a long-term cell culture
experiment to track the ability of Vif to evolve to novel A3 targets. Upon detection of
super restriction factor-resistant virus, | would perform PCR amplifications of HIV-1 Vif
derived from integrated proviral sequences found in the genomic DNA of infected cells.
If a resistant virus arises, | plan to evaluate the ability of this adapted Vif to antagonize
the naturally found A3s, with the idea that the gain of activity against A3C-A3H hap Il
may have come at cost of a loss of activity against other A3s. Specifically, | would
passage the adapted HIV-1 virus in the presence of SUPT1 cell lines that stably
express A3F, A3G, or A3H that our lab has previously created to determine if Vif is still
capable of antagonizing the wild-type A3s, after gaining anti-A3C-A3H hap Il activity.
Together, these experiments will help prospectively explore the evolutionary potential
for Vif to adapt to new antiviral specificities as a unique means to study viral evolution.
Furthermore, these super restriction factors could be used to make human cells that are

resistant to HIV-1 infection. Experiments where these super restriction factors are used
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in cells during an infection are needed to determine whether or not HIV-1 could readily

develop resistance to these novel mechanisms.

Concluding remarks

Super Restriction Factors as potential HIV therapies

It is possible that super restriction factors could serve as a scaffold to designing
new therapies against HIV-1. One avenue would be genetic alteration of cells with the
addition of a super restrictor gene. For example, T cell precursors are currently being
altered with CCRS5 deletions to make the cells resistant to HIV-1 infection. The addition
of a super restrictor gene to these cells should increase their resistance to infection
even further. Two potential drawbacks of this approach are the T cell mediated immune
response to a novel gene product, and also the potential cytotoxicity of the super
restriction factor. An alternative approach suggested by our work is perhaps a small
molecule could be designed that would mimic a super restriction factor increasing the
activity of one of the APOBECS proteins (perhaps by forced multimerization) or by
inhibiting its binding to Vif. This synthetic decoy would prevent Vif from interacting with
the naturally found A3s, allowing them functionally to inhibit HIV-1 without antagonism.
Another targeted approach would be to increase the levels of the APOBECS proteins
either at the transcriptional or post-transcriptional stages. Previously, attempts have
been made to boost activity of all restriction factors as a therapy. This strategy involved
delivering type-I interferon to induce all ISG expression in patients coinfected with HIV-1
and Hepatitis C virus. The data suggests that short-term treatment with IFN alpha could

reduce HIV-1 RNA and decrease CD4+ T cell activation (196). In other experiments with
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rhesus macaques infected with SIV, treatment of IFN alpha initially upregulated the
expression of antiviral genes and prevented systemic infection (197). However,
continued IFN alpha treatment induced IFN-I desensitization and decrease antiviral
gene expression, enabling infection with increased SIV reservoir size and accelerated
CD4 T-cell loss (197). Rather than stimulating all ISGs, my dissertation suggests a more
targeted approach of boosting a singular restriction factor could serve as potential

therapy and perhaps get around the detrimental effects of IFN-I treatments.

Why do APOBECS have enzymatic activity if they can be super potent just through

blocking reverse transcription through binding?

It is interesting that the naturally found A3s restrict HIV-1 through hypermutation,
but potent restriction can also be achieved by blocking reverse transcription through
steric hindrance. Perhaps the naturally found A3s evolved to maintain their enzymatic
activity because less A3 is needed to inhibit HIV-1 replication. Furthermore,
hypermutation could cause more permanent damage than truncated reverse
transcription products. A follow up experiment to evaluate if super restriction factors
continue to use a deaminase-independent mechanism to restrict HIV-1 in a spreading
infection context is currently being done. These results will be of interest in asking why
have more potent APOBEC3 proteins that act in a cytidine-deaminase independent

mechanism not evolved naturally.

Why is it important to study restriction factors given that they do not actually inhibit HIV-

1 infection in humans?
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Creating super restriction factors has allowed for a retrospective understanding
of how double domain A3s function. For example, through mutating the amino acids
responsible for deamination in the A3C-A3C double domain, we learned that having one
domain with a functional active site for deamination is better than having two functional
domains. This information is useful to better understand how we can boost restriction
factors to better combat HIV-1. Additionally, understanding how restriction factors work

provides insight as to how viruses adapt to novel hosts.
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Appendix I: Supplemental Figures
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Supplemental Figure 1. Clustal Omega amino acid alignment of A3C-A3C and the closely
related A3, A3F

The “RNP” amino acid sequence (Arginine-Asparagine-Proline) that links the two deaminase
domains together is highlighted in yellow. The end of the first domain and the beginning of the

second domain of A3C-A3C is delineated with a red arrow. The isoleucine human polymorphism

in each of the domains is shown in blue text. The conserved A3 cytidine deaminase motif, His-

X-Glu-X23.28-Cys-Pro-X2.4-Cys, is highlighted in grey. The essential glutamic acid that is

necessary for deaminase activity is in green text. Asterisks indicates positions which have a
conserved residue between A3C-A3C and A3F; a colon denotes conservation between groups
of strongly similar properties; a period indicates conservation between groups of weakly similar

properties.
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Supplemental Figure 2. A3Ci13s-A3Ci18s require both functioning active sites for full antiviral
activity

(A) Western blot analysis of intracellular expression levels of active site point mutation in
A3Ci188-A3Ci18s. WT denotes wild-type A3Ci1gs-A3Ci1ss; EG8A refers to a mutation in the catalytic
deaminase site in either the single domain A3C or N-terminus of the synthetic tandem domain
A3C18s-A3Ci1g3; E254A refers to a mutation in the C-terminus of the synthetic tandem domain
A3Ci18s-A3Ci18s; EBBA E254A refers to a double catalytic deaminase site mutant in A3Ci1gs-
A3Ci1gs. Antibodies to FLAG were used to detect A3s and tubulin was used as a loading control.
(B) Single-cycle infectivity assay measuring the percent infectivity of each A3C variant and
active site mutant against HIV-1AEnvAVif. Results from each experiment were normalized to a
no A3 control. Bar graph shows the mean of three biological replicates, each with triplicate
infections. Error bars represent the SEM. Statistical differences were determined by unpaired t
tests: * P<0.05, ** P<0.01, ns= not significant
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