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Abstract
The APOBEC3 (A3) DNA cytosine deaminase family comprises a fundamental
arm of the innate immune response and is best known for retrovirus restriction. Several
A3 enzymes restrict HIV-1 and related retroviruses by deaminating viral cDNA cytosines
to uracils compromising viral genomes. Human APOBEC3B (A3B) and APOBEC3G
(A3G) show strong virus restriction activities in a variety of experimental systems. A3B
and A3G are also subject to tight post-translational regulation evidenced by cell-specific
HIV-1 restriction activity of A3B and HIV-1 Vif-mediated degradation of A3G.
After observing several potential acetylations on A3B in a mass spectrometry
screen, we asked whether lysines and/or lysine post-translational modifications are
required for these A3B activities. A lysine-free derivative of human A3B was constructed
and shown to be indistinguishable from the wild-type enzyme in DNA cytosine
deamination, HIV-1 restriction, and nuclear localization activities. However, lysine loss
did render the protein resistant to degradation by SIV Vif. Taken together, we conclude
that lysine side chains and modifications thereof are unlikely to be central to A3B
function or regulation in human cells.
HIV-1 replication in CD4-positive T lymphocytes requires counteraction of
multiple different innate antiviral mechanisms. Many studies have combined to
demonstrate roles for APOBEC3D, APOBEC3F, APOBEC3G, and APOBEC3H in HIV1 restriction and mutation in CD4-positive T lymphocytes, whereas the APOBEC
enzymes (if any) involved in HIV-1 restriction in macrophages has yet to be delineated.
We show that multiple APOBEC3 genes are expressed in myeloid cell lines including
iv

THP-1. Vif-deficient HIV-1 produced from THP-1 is less infectious than Vif-proficient
virus indicating the presence of at least one functional APOBEC3 enzyme. Proviral DNA
resulting from such infections shows strong G-to-A mutation biases in the dinucleotide
motif preferred by APOBEC3G. Moreover, Vif mutant viruses selectively sensitive to
APOBEC3G show Vif-null virus-like infectivity levels and similarly strong
APOBEC3G-biased G-to-A mutation spectra. These studies combine to indicate that
APOBEC3G is the main HIV-1 restricting APOBEC3 family member in THP-1 cells.
Overall, my thesis research provides new insights into the post-translational
regulation of A3B as well as uncovering a novel restriction mechanism in myeloid
lineage cells. This research provides a great backbone to build on in understanding how
the HIV-1 replication cycle works in myeloid cells as well as contributing to the
understanding of the post-translational regulation of A3B.
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Chapter 1
Introduction – The Regulation of APOBEC3 Proteins and their Roles in HIV-1
Restriction and Mutation in Cancer.
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History of HIV and Global Impact
As of 2016, there are over 36.7M people in the world who are infected with
Human Immunodeficiency Virus (HIV) and over 1.0M of these infected people will die
each year according to the World Health Organization (WHO). There are two major
subtypes of HIV: HIV-1 and HIV-2 with HIV-1 representing the vast majority of
worldwide HIV cases and therefore being the focus of this thesis 1. The global HIV
pandemic has spanned 4-decades and cannot be currently cured or vaccinated against.
However, major breakthroughs have dramatically impacted how infected patients live
with HIV. In the early 1990s a group of drugs that aimed to target viral and host proteins
critical for HIV replication emerged as a treatment to stop viral replication 2. This class of
drugs has since been expanded on, and combined in therapies now referred to as “antiretroviral therapies” (ART). The treatments available today can not only keep HIV from
progressing to AIDS but can also be given to AIDS patients to revert their prognosis back
to an inactive HIV infection 2.
The advent of ART has changed the way we view HIV and AIDS diagnosis in
most of the developed world. If you are in a country that has access to public healthcare,
these treatments are widely available, meaning that a diagnosis of HIV or AIDS is no
longer a death-sentence. However, in countries with little or no healthcare infrastructure,
such as many of the counties in Africa, this is not the case. Also, as ART does not cure
HIV, the cost of treatment over many years is another prohibitive roadblock to ensuring
that patients infected with HIV can lead long and fulfilling lives. Finally, some patients
who use ART to treat HIV can end up with mutated strains of HIV that can no longer be
2

targeted by ART. Taken together, this means that we need to continue to use basic
research to find a cure for HIV as well as a vaccine in order to put an end this pandemic.

Host and Viral Interactions During HIV Infection
During an active HIV infection there are several opportunities for to reduce the
efficiency of the virus, the first being targeting the viral proteins themselves. HIV is a
positive-sense, single-stranded RNA lentivirus encoding nine proteins: Gag, Pol
polyprotein, Gp160, Tat, Tev, Nef, Vif, Vpr, and Vpu. Gag and Env are the essential
structural proteins that comprise the capsid and envelope of the virus 3. The primary
function of Tat and Rev are to enhance viral replication post-entry through transactivation of the viral genome and enabling reverse transcription, respectively 3. In an
infected producer cell, the integrated provirus is transcribed into RNA, which is then
either translated into accessary proteins or packaged into budding HIV particles (Figure
1-1). Several of the accessory proteins can act within the producer cell and/or the target
cell to abrogate the host defense mechanisms.
For instance, the viral protein Vif forms an E3 ubiquitin ligase complex with
CUL5, CBFb, RBX2, and ELOB/C with most of the restrictive members of the A3
family including A3D, A3F, A3G, and A3H, marking them for proteasomal degradation,
thus inhibiting their ability to restrict HIV-1 (Figure 1-1). Vif also targets CBFb during
active infections, interrupting the interaction between RUNX1:CBFb and changes the
transcriptional profile of infected cells to increase viral replication efficiency 4, 5. The
3

other accessory proteins, including Nef, Vpr, Vpx, and Vpu mostly function to inhibit
other restrictive cellular factors besides the A3 family of proteins. In HIV-2, Vpx
counteracts SAMHD1, a ribonucleotide reductase responsible for inhibiting viral reverse
transcription, by polyubiquitination and degradation 6 and in HIV-1 viral protein Vpu
counteracts the restriction of the virus particle assembly by BST-2/tetherin 3, 7, 8. Finally,
Nef downregulates SERINC5, an integral membrane protein, to facilitate more efficient
viral budding, although the exact molecular mechanism is still unknown 9, 10.
Many different cells can become infected in a human body during an HIV
infection including macrophages, monocytes, and microglial cells and the cellular and
viral interactions differ depending on the cell type. The literature review above represents
the broad strokes of the interactions between host and viral interactions as much of the
research on HIV-1 has been focused on studying how the virus behaves in CD4+ T-cells,
as these cells are considered the primary replication center for the virus in vivo 11, 12.
More work needs to be done to fully understand the interactions between viral and host
factors in all cell types that can be infected by HIV in order to determine how the virus
avoids eradication by ART therapy.

HIV Viral and Host Interactions in Myeloid Lineage Cell
The myeloid lineage includes macrophages, monocytes, and dendritic cells.
Myeloid cells were suspected of being capable of infection by HIV early on because they
express all 3 of the receptors (CD4, CXCR4, and CCR5) necessary for HIV infection.
Indeed, in 1986, a manuscript in Science showed that macrophages were permissive to
4

HIV-1 infection and could replicate the virus 13. The infected macrophages were capable
of producing HIV-1 virus for a much longer time period than CD4+ T-cells suggesting
that they had found a mechanism to cope with virus-induced cytopathy 13 This led to the
hypothesis that myeloid lineage cells could be a potential “viral reservoir” for HIV-1 in
human patients undergoing ART therapy, which in turn led to a major debate as to the
relevance of infected myeloid lineage cells in human patients. In the following years,
several groups showed that monocytes and macrophages were actually difficult to
productively infect in vitro, suggesting that their role for harboring HIV in infected
patients may have been overstated

14-17

. During this same period however, two other

laboratories showed evidence for infection of CD16+ monocytes in vitro and in vivo
suggesting that these cell types could be infected in human patients 18-20.
Despite this over 30-year old argument as to whether or not myeloid lineage cells
are a ‘viral reservoir’ in human patients, the interaction between viral and host factors has
not been as robustly studied in myeloid cells as it has in other cell types. The most highly
studied HIV restriction factor in myeloid cells is the ribonucleotide reductase, SAMHD1.
The mechanism through which SAMHD1 restricts HIV-1 in myeloid cells is by reducing
the available deoxynucleotide triphosphates (dNTPs) to interrupt the viral replication
cycle 6. Additionally, there is some evidence for restriction of viral replication by
transcriptional repression of the integrated provirus through beta-catenin/TCF4

21, 22

.

With regards to the A3 family in particular the literature has conflicting evidence as to
their role in myeloid cells and myeloid derivative lines. For instance, in one early report,
it was shown that Vif was required for productive viral infections in myeloid cells
5

derived from PBMCs indicating that the Vif:A3 interaction needed to be interrupted in
order for infectious virus to be produced from these cells 23. In a more recent publication
however, the infection levels of dendritic cells were similar with or without Vif 24. Even
more interesting, the presence or absence of Vif did not appear to negatively affect the
ability of A3G and A3F to mutate the viral genome and restrict the virus

24

. Yet others

still have found that dendritic cells are highly resistant to establishing productive HIV
infections, likely due to an additional layer of restriction factors beyond SAMHD1

25, 26

.

The conflicting and incomplete evidence represented in the myeloid literature leaves a
critical gap in knowledge that clearly necessitates further studies.

The Role of APOBEC3s in Viral Restriction
The apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like or
APOBEC superfamily of enzymes is an 11-member family of enzymes including
Activity Induced Deaminase (AID), APOBEC1, APOBEC2, APOBEC4, and the 7membered APOBEC3 (A3) family (Figure 1-2a) 27. The A3 family of enzymes is
believed to be the product of a gene duplication event that occurred during the evolution
of primates, as they are found in far lower numbers in other mammalian lineages 27, 28. A3
proteins are comprised of either one or two zinc-coordinating motifs (Z1, Z2, or Z3,
Figure 1-2a). The namesake of the APBOEC superfamily of enzymes, APOBEC1, was
first discovered as an editor of the APOB mRNA 29-32. It was subsequently found that
APOBEC1, and several of its homologues, including the A3 family of enzymes, were
capable of catalyzing C-to-U mutations in DNA, and restricting HIV30-32.
6

The A3 family of enzymes restricts viruses through directly attacking singlestranded DNA and converting cytosines to uracils, which can result in C-to-T mutations
or substrate degradation 8, 33-35 (Figure 1-2b). In the case of retroviruses such as HIV-1,
reverse transcription immortalizes cDNA strand C-to-U lesions as genomic strand G-to-A
mutations. However, as discussed earlier, most of the HIV-1 restriction activity of human
A3 enzymes is counteracted by HIV-1 Vif through a proteasomal degradation mechanism
that efficiently eliminates restrictive A3 enzymes from cells and therefore also entry into
nascent viral particles. The only A3 that is known to be naturally resistant to HIV-1 Vif,
while still being capable of restricting the virus, is A3B 36-38. Exploiting the differential
regulatory mechanisms of the A3 family members to control their restrictive capabilities
could provide a new opportunity to combat HIV infection.

Consequences of APOBEC3 Proteins in Cancer
Over the past 5 years A3B and A3H have emerged as major sources of mutation
in breast, head/neck, lung, bladder, ovarian, cervical and other cancers 39-43 When
primary breast tumor samples were analyzed for expression of the A3 family members it
was found that A3B was the only A3 family member whose expression was much higher
in tumors compared to normal tissue 39. This finding was immediately followed up by a
paper showing that A3B was significantly upregulated in tumors from multiple different
types of cancers when compared to normal tissue 40, 44.
Not only was A3B upregulated in tumors, but tumors expressing high amounts of
A3B bore what would later be named an ‘APOBEC mutagenic signature’ in their
7

genomes 45. A3B prefers to mutate cytosine residues at TCW motifs and in this and
several other studies it was shown that in tumors expressing high levels of A3B there
were significantly higher mutation loads occurring within these A3B-preferred motifs 3941, 44

. Although the initial publications showed an increase in mutational load in tumors

with high levels of A3B, they did not address the question of whether or not the
mutations were ‘driver’ (contributing to progression) or ‘passenger’ (not contributing to
progression) mutations.
To address how these A3B-mediated mutations were impacting progression in
human patients, a cohort of breast-cancer survival patient data from the Netherlands was
analyzed. This cohort was particularly unique in that the treatment for their breast-cancer
was exclusively surgical resection, which removed any confounding factors that could be
caused by adjuvant therapy 46. The results from this study clearly showed that patients
with estrogen receptor (ER) positive breast cancer expressing high levels of A3B had a
significantly poorer overall survival than those with low levels of A3B after 5 years, and
the discrepancy continued to increase in magnitude up to 12 years from diagnosis 46. The
next piece of evidence for A3B contributing to driver mutations in cancer was observed
by a group investigating the origins of PIK3CA mutations in HPV+ versus HPV- cancers.
This group showed that a known oncogenic mutation in the PI3KCa was within the
preferred context of A3B and furthermore, that the mutation was more likely to be found
in tumors expressing higher levels of A3B 47. Together, these two reports suggested that
A3B is not generating passenger mutations but rather driver mutations that could be
contributing to disease progression.
8

Another question regarding A3B-mediated mutation in cancer is, can these
mutations increase drug-resistance? To address this hypothesis, mouse xenograft models
that are commonly used to study tamoxifen resistance were used. Using shRNA stable
A3B knockdowns of the ER+ breast cancer cell line MCF7-L the impact of A3B on
tamoxifen resistance was investigated48. The data from this study showed that when A3B
was present at high levels tamoxifen resistance developed faster, indicating that A3B was
contributing to the increase in tamoxifen resistance 48.
The evidence presented above makes a compelling case for A3B mutagenesis
playing a major role in tumor evolution. However, in 2016 it was found that a two-copy
deletion of A3B in the genome resulted in an increased risk of breast cancer in a cohort of
1451 Asian women 49. This finding was initially somewhat paradoxical to the literature,
in that it suggested that the deletion of an enzyme shown to be a source of mutation in
cancer was associated with a higher risk of breast cancer. Furthermore, these tumors still
had an APOBEC-signature despite encoding no A3B protein45. A potential answer to the
paradox was found in a study that showed that the deletion of A3B was more likely to cooccur with the expression of a nuclear, mutagenic haplotype of A3H (A3H-I) 43.
The investigation of the APOBEC-signature mutations in A3B-deletion patients
was expanded their analysis to the largest cohort of available breast tumor patient
datasets to get a better picture of which APOBEC may be playing a role in the absence of
A3B 43. This study showed that in tumors where A3B is deleted and there were 1 or 2
copies of A3H-1 present, APOBEC-signature mutations were the strongest, although they
were slower-accumulating over time than the A3B-mediated mutations 43. The evidence
9

for A3H-I mediated mutation in the absence of A3B was further strengthened by the
demonstration that A3H-I could access the nucleus and therefore genomic DNA whereas
most of the rest of A3 family of proteins is predominantly cytoplasmic 43, 50.
As it stands, this evidence together brings us to a model where a cancer cell
expressing high levels of A3B subsequently has higher mutation loads (Figure 1-3). In
the absence of A3B, A3H-1 provides a simmering level of mutation that provides the
APOBEC-signature observed in these tumors (Figure 1-3a). This increase in mutation
can potentially lead to accelerated tumor evolution, metastasis, and drug resistance
(Figure 1-3b). Identifying novel mechanisms for A3B regulation will lead to new
opportunities for therapy that could diminish the rate at which tumors evolve to
metastasize and develop drug resistance.

APOBEC3 Post-translational Regulation and Opportunities for Therapeutics
Post-translational regulation of proteins can occur through protein:protein
interactions, post-translational modification, or proteolysis. It has been extensively shown
by multiple different groups that A3 proteins are subject to post-translational regulation,
mainly by poly-ubiquitination and degradation by HIV Vif 8, 34, 35, 51. Several groups have
employed site-directed-mutagenesis of A3 expression constructs to determine that the
internal lysine residues are the critical residues that are poly-ubiquitinated during the
Vif:A3 interaction

52, 53

. In addition to the known lysine modifications, there have been

several studies reporting that AID and APOBEC3G are regulated by other posttranslational modifications including phosphorylation and N-linked glycosylation

54-57

.
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As the only A3 family member that has been shown to be resistant to HIV Vif-mediated
degradation, we questioned whether or not A3B could be, in part, protected from Vif by a
post-translational modification.
Exploiting a naturally occurring form of regulation in A3 proteins to control their
function could be useful in multiple therapeutic areas. Ideally, we would leverage our
knowledge of post-translational modifications that impact the A3 protein levels,
enzymatic activity, or localization and determine which enzymes are responsible for the
modification and/or demodification. We would use this knowledge to target the
modifying enzymes with pharmaceutical drugs to either inhibit or activate the modifying
proteins to achieve optimal levels of active A3 proteins depending on the disease state.
In the context of HIV, there is the potential to protect A3 family members from
HIV Vif-mediated degradation. This could be achieved by blocking a binding interface
with a post-translational modification. If successful, this would potentially allow for the
restrictive A3 family members to package into virions and prevent infectious virus
particle production (Figure 1-4a). Secondly, in the context of cancer treatments, we
could potentially use post-translational modification to inhibit the mutagenic capacity of
A3B (and potentially A3H if the regulatory mechanism is conserved) and slow tumorprogression and drug resistance. In this scenario we would target repressive regulatory
sites on the protein that could be used to localize the protein to the cytosol and prevent
their access to genomic DNA or decrease their biochemical activity directly by targeting
a residue critical for enzymatic activity (Figure 1-4b).

11

Post-translational Modifications on A3B Lysine Residues
There is a variety of evidence that A3B is post-translationally regulated. First,
A3B is the only A3 protein to be constitutively localized in the nucleus despite sharing up
to 92% homology with other A3 family members

50

. Second, A3B has cell-dependent

HIV viral restriction capabilities. When A3B is expressed in a CD4+ T-cell line such as
SupT1 cells it is unable to restrict HIV-1 whereas the potent restriction factor A3G can
restrict the virus extensively

38

. However, when A3B is exogenously expressed in 293T

cells it can restrict HIV-1 just as well as the canonical A3G family member suggesting
that the ability of A3B to restrict viruses is cell-type dependent 38. Finally, when observed
by immunoblot, A3B migrates at two distinct molecular weights, a commonly observed
phenotype when a post-translational modification is present on the protein

58

. Taken

together, this data provides strong supportive evidence for post-translational regulation of
A3B, potentially by post-translational modification.
There are over 400 different types of post-translational modifications and, with
the exception of phenylalanine, isoleucine, and leucine, modifications have been
observed on every other amino acid. Lysine residues stand out, not only in their ability to
sustain multiple different types of modifications including acetylation, methylation,
sumolation, phosphorylation, ubiquitination, and more, but also for their ability to sustain
unique modifications that are only observed on lysines such as polyphosphorylation 59.
The potential for lysine residues to play a part in the post-translational regulation
of A3B is supported by multiple independent lines of evidence. First, lysine is one of the
most post-translationally modified residues and can sustain multiple different types of
12

modifications. Second, lysine residues are the amino acid targeted for poly-ubiquitination
by the viral protein Vif, and it is possible that A3B’s resistance to Vif-mediated
degradation is through one or more lysine modifications. Third, when our laboratory
affinity-purified A3B and sent purified protein for analysis by mass spectrometry, we
found several hits for acetylation.

Goals and Objectives
Elucidating how A3B is regulated post-translationally will be critical in
understanding its role in both mutagenesis in cancer and its contribution to viral
restriction. With mounting evidence for A3B being post-translationally modified, the goal
of my thesis research was to identify the potential post-translational modifications, and
determine how they impact the function of the protein. Lysine residues were initially
targeted as these residues can be post-translationally modified on multiple A3s by polyubiquitination. Additionally, the observation of two different A3B acetylations by mass
spectrometry provided further reason to target lysine residues in our initial study. A
molecular understanding of the post-translational regulation may reveal a strategy
for deploying this enzyme against HIV-1, and protecting the genome from additional
mutations in cancer.
As I studied the post-translational regulation of A3B and its cell specific ability to
restrict HIV-1, I naturally became curious as to how the A3 family member’s regulation
varies from cell-type to cell-type. One of the most interesting and understudied cell-types
in the context of HIV infection is myeloid lineage cells. It has been shown by multiple
13

previous groups that these cells can become infected in human patients and this has led to
the hypothesis that they may provide a reservoir for HIV after acute infection is
suppressed. However, while the role of the A3 family members in viral restriction has
been robustly studied in CD4+ T-cells, little is known about their function in myeloid
cells. As A3B’s ability to restrict HIV-1 is cell-type specific, we wanted to ask whether
A3B, or any other A3 family members, contribute to HIV-1 restriction in myeloid cells.
To answer these questions, we used model myeloid cell lines and single cycle infectivity
assays to determine which A3 family members, if any, contribute to viral restriction.
Overall the objective of my thesis research is to determine molecular mechanisms
for post-translational regulations of A3B as well as investigating the role that A3B and
other A3 proteins play in the restriction of HIV-1 in myeloid lineage cells. The work
shown in Chapter 2 addresses the hypothesis that, “A3B is regulated by one or more posttranslational modification on lysine residues” and the work in Chapter 3 addresses the
hypothesis that, “A3 proteins can restrict Vif-deficient HIV-1 in myeloid lineage cells”.

14

Adapted with permission from Hultquist, et al., Journal of Biological Chemistry 2012

Figure 1-1. Cellular and Host Interactions in HIV-1 Infection. During cell-to-cell
HIV-1 transmission the producer cells transcribes the integrated viral transcript into RNA
which is then either translated or packaged into budding virions (steps 1, 2). The
translated proteins include the viral structural proteins Gag polyprotein, Pol polyprotein,
and Gp160 as well as the accessory proteins Vif, Vpu, Rev, Tat, and Nef (2). The
structural proteins will assemble to form the virion structure (3) and the accessory genes
will confer their antiviral counteraction in the producer cell as described in the text. Once
the virus buds off the producer cell (4) and fuses with the target cell (5) the virus uncoats
the RNA (6). The RNA is then reverse transcribed into cDNA (7) and then can be
integrated into the target cell genomic DNA (8). APOBEC3D, APOBEC3F,
15

APOBEC3G, APOBEC3H, and in some cell types APOBEC3B, can encapsidate into
HIV virions during the assembly step in order to move to the target cell. This can result in
the deamination of cytosines to uracils in viral cDNA post reverse transcription (7)
resulting in G>A and T>C mutations in the integrated transcript (8). In the producer cell
HIV-1 Vif counteracts the APOBEC3s by binding CBFβ and recruiting an E3 ubiquitin
ligase complex to polyubiquitinate the APOBEC3 proteins and mark them for
degradation by the 26S proteasome.

16

Adapted in part from LaRue, et al., BMC Molecular Biology 2008

Figure 1-2. Structure and Function of the APOBEC Superfamily of Enzymes. (A)
The APOBEC superfamily has 11 family members including AID and APOBEC1 (A1)
located on chromosome 12, APOBEC2 located on chromosome 6, the 7-member
APOBEC3 (A3) family located in tandem on chromosome 22, and APOBEC4 located on
chromosome 1. A1 and the A3 proteins are single or double domain proteins comprised
of zinc-coordinating motifs (Z1, Z2, or Z3) required for their enzymatic activity. (B) A3
proteins catalyze cytosine deamination reactions converting a cytosine (C) to a uracil (U)
in single stranded DNA.
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Figure 1-3. Using Post-Translational Modification of A3B for Therapeutic Strategies
in Cancer and Viral Infection. By determining activating and/or repressive posttranslational modifications (PTM) of APOBEC3B we could manipulate a proportion of
modified A3B to be a greater defense mechanism in cancer and viral infection disease
states. Through inhibiting an activating PTM or increasing a repressive PTM we could
potentially decrease the amount of tumor mutations in patients with an A3B-high cancer.
Alternatively, through increasing an activating PTM or decreasing a repressive PTM we
could (temporarily) increase A3B’s ability to restrict viruses and aid in viral clearance.
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Figure 1-4. Current Model for A3B and A3H-I Mediated Mutations in Cancer.
(A) The model for A3B mutagenesis in cancer starts with a tumor-initiating event, or a
downstream event, leading to an elevation in the expression of A3B. This in turn
increases the amount of mutation in the genomic DNA which can lead to accelerated
tumor evolution, increased metastasis, and increased drug resistance. (B) The model for
A3H-I mutagenesis in cancer begins with a person who has a deletion in the A3B
genomic region undergoing a tumor-initiating event. Through an as-of-yet unknown
mechanism this increases the amount of A3H-I-mediated mutations observed in these
tumors cells which leads to a slow, simmering level of mutations that could eventually
drive accelerated tumor evolution.
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Chapter 2. APOBEC3B lysine residues are dispensable for DNA cytosine
deamination, HIV-1 restriction, and nuclear localization
Reprinted with permission from Molan, A. M., Hanson, H. M., Chweya, C. M., Anderson,
B. D., Starrett, G. J., Richards, C. M., & Harris, R. S. (2017). APOBEC3B lysine residues
are dispensable for DNA cytosine deamination, HIV-1 restriction, and nuclear
localization. Virology, 511, 74-81.
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Background
Cellular proteins such as APOBECs, TETHERIN, MX2, SERINCs, TRIMs,
SAMHD1, and likely others, are called restriction factors because they are able to
potently suppress the infectivity of a wide array of pathogenic elements including
retroviruses [reviewed by 8, 33, 34]. The APOBEC3 family of enzymes constitutes a unique
arm of this innate immune defense network because they directly attack single-stranded
DNA converting cytosines to uracils, which can result in C-to-T mutations or substrate
degradation [reviewed by

8, 33, 34

]. In the case of retroviruses such as HIV-1, reverse

transcription immortalizes cDNA strand C-to-U lesions as genomic strand G-to-A
mutations. However, most of the HIV-1 restriction activity of human APOBEC3
enzymes is counteracted by HIV-1 Vif through a poly-ubiquitination and proteasomal
degradation mechanism that efficiently eliminates restrictive APOBEC3 enzymes from
cells and therefore also entry into nascent viral particles.
In comparison to APOBEC3G (A3G) and other human APOBEC3 enzymes,
which have been characterized as robust virus restriction factors, the existing data on
APOBEC3B (A3B) are less clear. First, although A3B does not appear to overtly restrict
the replication of polyomaviruses and papillomaviruses, the preferred 5’-TC ssDNA
target motifs of A3B are depleted from these viral genomes and the predicted 5’-TT
product is enriched implying continual selective pressure 43, 60-64. Moreover, both of these
small DNA viruses specifically upregulate A3B at the transcriptional level

60, 63-65

.

Second, A3B knockdown in liver-derived HepG2 cells results in elevated levels of HBV
circular DNA replication intermediates suggesting A3B may have a role in suppressing
21

virus replication

66

, however this result has been debated

67-71

. Moreover, disagreement

exists regarding HBV infection rates in individuals lacking the entire A3B gene due to a
common deletion allele [higher: 72; unchanged: 73].
Finally, in the case of HIV-1, it has long been hypothesized that, unlike other A3
family members, A3B is not relevant when it comes to the restriction of HIV-1 due to the
simple fact that it is not a target for proteasomal degradation by the viral protein Vif,
indicating that the virus did not evolve a mechanism to escape the restriction of A3B 36-38.
However, multiple studies have shown that A3B can potently restrict HIV-1 in 293T cells
36-38

, whereas it cannot in various T-cell lines

38

. Further complicating the story, human

A3B can be targeted for protesomal degradation by SIV Vif leading to the possibility that
A3B may still be relevant in some situations or, at the very least, was relevant in our
primate ancestors 74. To better understand how and why A3B is able to restrict HIV-1 in
some cell types but not others, and evade some but not all retroviral Vif proteins, we
investigated mechanisms responsible for A3B post-translational regulation.
The mechanism of HIV-1 Vif-mediated degradation of APOBEC3 family
members occurs through non-specific ubiquitination of lysine residues despite specific
engagement of target APOBECs by Vif. Therefore, one hypothesis that could explain
why A3B is able to restrict retroviruses in some cell types but not others, is that a lysine
modification is part of A3B’s post-translational regulatory mechanism, and the
modification state depends on the cell type. To determine how lysine residues contribute
to the overall regulation of A3B we constructed two lysine-free (K-free) mutant
constructs, one fused to eGFP and one untagged, and performed head-to-head functional
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tests including DNA cytosine deamination activity, localization, and HIV-1 viral
restriction assays.

Results
All lysine residues are dispensable for human A3B DNA cytosine deamination activity
Human A3B has 10 lysine residues, with 8 located in the non-catalytic N-terminal
domain and 2 in the catalytic C-terminal domain (Fig. 1A). Recent crystal and solution
structures show that the 2 lysines in the C-terminal domain are solvent-exposed and
located near the catalytic site

75-77

(Fig. 1B). An N-terminal domain structure has yet to

be determined. Therefore, Phyre2 was used to develop a structural model of the Nterminal domain, which predicted that 7/8 are located in solvent-exposed regions,
including 3 near the pseudo-active site which is likely to regulate enzyme activities
including nucleic acid binding.
To address whether lysine post-translational modification has a role in regulating
A3B DNA cytosine deaminase activity, we constructed a non-epitope tagged derivative
with all 10 lysines converted to arginines (K-free A3B; Fig. 1). This construct was
transfected into 293T cells and expression was assessed by immunoblot with a
monoclonal antibody that recognizes a common C-terminal epitope
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(highlighted in

yellow in Fig. 1A). Overall K-free A3B was expressed at levels similar to those of the
parental wild-type enzyme, although minor variation was observed between biologically
independent experiments (e.g., Fig. 2A versus Fig. 2C). In parallel, whole cell extracts
were used in a single-stranded DNA cytosine deaminase activity assay with a 43 deoxy23

nucleotide substrate containing a single 5’-TC motif preferred by A3B

39, 44

(Fig. 2B).

Deamination is coupled to uracil excision and abasic site cleavage, which yields a shorter
30 deoxy-nucleotide product. In this assay, extracts expressing wild-type or K-free A3B
showed similar activity, which is dependent on the catalytic glutamate of the enzyme
(E58A, E255A catalytic mutant, CM, in Fig. 2B). As negative controls, 293T extracts
expressing a vector control or A3G, which prefers a different dinucleotide motif (5’-CC),
showed much lower background levels of DNA deaminase activity.
To more precisely compare the catalytic activity of wild-type and K-free A3B, a
dose response experiment was performed with increasing amounts of whole cell lysates
expressing similar levels of either wild-type or K-free A3B. PAGE was used to analyze
three independent experiments, as described above, and Image J was used to quantify the
percentage of DNA deamination (substrate accumulation). Both enzymes showed similar
activities at all concentrations, and had similar levels of protein expression (Fig. 2C with
immunoblot in graph inset). These data indicate that all 10 lysines are dispensable for the
steady state single-stranded DNA cytosine deaminase activity of A3B.

Lysine residues are dispensable for A3B-catalyzed restriction and hypermutation of Vifdeficient HIV-1
The overall ability of an APOBEC enzyme to restrict Vif-deficient HIV-1 is due
to multiple intrinsic properties including packaging into the core of nascent viral particles
and binding and deaminating single-stranded DNA. Virus infectivity therefore provides a
sensitive biological measure of overall APOBEC functionality. To test if any of these
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properties may be affected by lysine modification, the restriction activity of wild-type
and K-free A3B was assessed in dose response experiments against Vif-deficient HIV-1
IIIB in comparison to A3G as a positive control (Fig. 3A). As expected from prior
studies, A3G restricts Vif-deficient HIV-1 in a strong, dose-responsive manner.
Interestingly, both wild-type and K-free A3B restricted Vif-deficient HIV-1 to similar
levels, and as strong as those due to A3G restriction. The majority of the anti-viral
activity of wild-type A3B requires an intact catalytic glutamate, as evidenced by higher
viral infectivity in the presence of an E255A catalytic mutant (CM), particularly at lower
protein concentrations. Some deaminase-independent effects were observed at higher
protein concentrations, reminiscent of prior work for A3G 78-80 In addition, despite higher
levels of A3B relative to A3G in cell lysates, less wild-type or K-free A3B protein was
packaged into viral particles suggesting the antiviral effects of this enzyme may be
greater than those of A3G (immunoblots in Fig. 3A). Similar results were obtained for
both wild-type and K-free A3B against another Vif-deficient HIV-1 strain (LAI data in
Fig. 3B). Overall, the results of these virus infectivity experiments indicate that neither
lysines nor lysine modifications are non-essential for A3B-mediated restriction of Vifdeficient HIV-1 in 293T cells.

SIV Vif-mediated degradation of human A3B is only partly affected by lysine loss
Despite the inability of HIV-1 Vif to degrade human A3B, the Vif protein of
multiple SIV strains is remarkably active for human A3B degradation

74

. Vif-mediated

degradation of A3 enzymes is mediated mainly by poly-ubiquitination of lysine residues
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and subsequent processing by the 26S proteasome 8, 51 Therefore, we sought to determine
whether K-free A3B would become resistant to SIV Vif-mediated degradation. This
experiment was done by co-transfecting 293T cells with an HA-tagged SIV-Vif construct
and either untagged wild-type or K-free A3B followed by measurement of steady state
A3B levels via immunoblotting (Fig. 4A). As a positive control, SIV Vif caused the
degradation of human A3G, and this effect could be partly reversed by MG132 which
blocks proteasomal processing. SIV Vif also mediated the degradation of human A3B, as
reported 74, and this effect could also be suppressed by MG132. In contrast, K-free A3B
was unaffected by SIV Vif expression or MG132 treatment. These data indicate first that
wild-type A3B levels in the cell are not likely to be regulated by polyubiquitination and
proteomsomal degradation (little difference in band intensities with/without MG132), and
second that SIV Vif-mediated degradation of wild-type A3B most likely occurs by the
canonical lysine polyubiquitination and proteasomal degradation mechanism.

The hallmark nuclear localization activity of A3B does not require lysine residues or
lysine post-translational modifications
The most obvious activity that sets A3B apart from related human APOBEC
family members is constitutive nuclear localization

81, 82 39, 50, 83

;

. To determine whether

lysine residues or lysine post-translational modifications contribute to the nuclear
localization activity of A3B, immunofluorescent microscopy was used to assess the
subcellular localization of wild-type and K-free A3B was assessed in HeLa and 293T
cells (HeLa data in Fig. 5A and 293T data not shown). As expected, wild-type A3B was
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predominantly nuclear and, as a contrasting control, A3G was largely cytoplasmic. K-free
A3B also localized to the nuclear compartment, indicating that lysine amino acid side
chains and/or modifications are not likely to be part of the A3B nuclear localization
mechanism.
A subcellular fractionation procedure was used to confirm the K-free A3B nuclear
localization result (Fig. 5B-C). 293T cells were transfected with relevant A3 constructs,
processed into whole cell, cytoplasmic, and nuclear extracts, and subjected to analysis by
immunoblotting with HSP90 and Histone H3 as cytoplasmic and nuclear controls,
respectively. Representative immunoblots revealed little difference between the nuclear
localization of wild-type and K-free A3B (Fig. 5B). Immunoblot signals were quantified
from 3 biologically independent experiments and, again, the nuclear localization
activities of wild-type and K-free A3B were indistinguishable (Fig. 5C). Independent
experiments with HeLa cells yielded similar results (not shown). Overall, these
microscopy and subcellular fractionation results combined to show that lysine side chains
and modifications are unlikely to be an essential part of the nuclear localization
mechanism of A3B.

Discussion
Our results indicate that neither lysine residues nor lysine post-translational
modifications are required for several activities of A3B. Single-stranded DNA cytosine
deamination is the hallmark activity of the APOBEC family, and titration experiments
showed no difference in catalytic activity between wild-type and K-free A3B. Restriction
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of Vif-deficient HIV-1 is to-date the most sensitive bioassay for APOBEC activity, as it
provides a quantitative read-out of several enzyme activities including encapsidation
(likely RNA binding activity) and viral cDNA deamination. This is the first report, to our
knowledge, showing a requirement of A3B catalytic activity for Vif-deficient HIV-1
restriction. This result parallels prior reports for A3G in which the bulk of HIV-1
restriction activity is dependent upon catalytic activity and some deaminase-independent
effects are observed at higher expression levels 78-80, 84. However, despite observing clear
deamination-dependent effects, no measurable differences were seen between the Vifdeficient HIV-1 restriction activities of wild-type A3B and K-free A3B. In addition, even
steady-state nuclear localization, which is the only APOBEC activity unique to A3B, was
unaffected by changing all 10 lysines into arginines. We conclude that the DNA cytosine
deamination, HIV-1 restriction, and nuclear localization activities of human A3B do not
require lysines or lysine post-translational modifications. However, we note that lysine
post-translational modification could still play an important role in A3B regulation in
other cell types, or in normal or cancerous cells in vivo.
The lysine residues of human A3B are required for SIV Vif-mediated degradation
evidenced by MG132 blocking degradation of wild-type A3B and K-free A3B
completely resisting degradation. These results indicate that, despite the nonphysiological cross-species comparison, SIV Vif is still using the canonical polyubiquitination and proteasome degradation pathway to purge cells of human A3B. These
results mirror prior studies on human A3G and A3F, where 20 and 19 lysines were
simultaneously converted to arginine, and the K-less variants resisted Vif-mediated
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degradation

52, 85, 86

. Since A3B may very well restrict the replication of other viruses,

including HBV, HPV, and HTLV 43, 60-64, 66, it is likely that additional A3B counteraction
strategies exist and that the functional K-free construct described here may be useful as a
mechanistic probe. The K-free enzyme may also be useful for future studies investigating
A3B cellular interactions.
Our results indicate that the viral protein Vif is not required for productive infection in
myeloid cells. This is the first time that it has been shown that myeloid cells can be
infected at relatively robust levels in the presence or absence of Vif despite their
expression of a host of restrictive A3 famimly members (Figures 1A, 1B, 4B). This
result is particularly interesting given that the literature shows conflicting evidence on the
role of Vif in viral infection in myeloid cells

23, 24

and it has been well established by

many others that Vif is critical for productive infection in CD4+ T-cells 87.

Materials and Methods
Structures and modeling
The A3B C-terminal domain x-ray structure depicted in Fig. 1 is derived from
pdb 5CQD

76

. Phyre2 was used to draw upon existing pdb information to develop a

composite structural model of the N-terminal domain 88.

Plasmids
The untagged wild-type and eGFP tagged APOBEC3B (NM_004900.4)
constructs were made by changing threonine 146 to lysine using a previously described
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untagged APOBEC3B construct [UniProtKB/Swiss-Prot: Q9UH17.1; described in 38] as
a template for site-directed mutagenesis. The K-free A3B construct was ordered as a GBlock from IDT where all 10 lysine residues were mutated to arginines and subsequently
cloned into an untagged expression vector pcDNA 3.1 (+) or into pEGFP-N3 (Clontech).
The untagged A3B catalytic mutant (CM) construct coding sequence was PCR amplified
from existing pEGFP-N3 (Clontech) plasmids described previously
two

mutations

(E68A/E255A)

38, 39, 50, 74

using

containing
primers

NNNAAGCTTACCGCCATGAATCCACAGATC

and

NNNNGCGGCCGCTCAGTTTCCCTGATTCTGGAGAATGG. PCR products were
then digested with restriction enzymes HindIII-HF and NotI-HF in CutSmart Buffer
(NEB #R3104S and #R3189S respectively). After digestion, the backbone and insert
fragments were gel extracted using the Epoch GenCatch Gel Extraction Kit protocol
(Epoch #2160250). The backbone and insert fragments were ligated with T4 DNA ligase
(NEB #M0202S). Plasmid DNA was isolated utilizing the Thermo Fisher Scientific
GeneJet Plasmid Miniprep Kit protocol (Thermo #K0503). The DNA sequences of all
plasmid constructs were confirmed by Sanger sequencing using sequencing primers
CGTGTACGGTGGGAGGTCTA,

GCCCGCGTGACGATCATGGACTATGA,

and

GGAAAGCAAAATCTCAGGCTTTGAGG and manually aligned with Sequencher.
Larger plasmid preparations utilized the Thermo Fisher Scientific PureLink HiPure
Plasmid Maxiprep Kit (Thermo #K210007).
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Cell culture
HeLa and 293T cells were grown in HyClone RPMI 1640 media supplemented
with 10% heat inactivated fetal bovine serum, penicillin and streptomycin (100U) on
adhesion cell culture plates and incubated at 37°C (5% CO2). Semi-confluent cells were
transfected using the Mirus TransIT- LT1 transfection reagent protocol (Mirus #MIR
3205). Cells were harvested 48 hrs after transfection by disrupting adhesion with 0.05%
Trypsin-EDTA (Gibco, #25300-054) diluted 1:10 in PBS-EDTA.

Gel electrophoresis and immunoblotting
Protein samples were boiled in 6X Laemmli sample buffer and incubated at 98°C
for 10 min. Proteins were separated by SDS-PAGE (4% stacking, 12.5% resolving) in
SDS-PAGE running buffer at 90V for 20 min and 150V for 90 min. The proteins were
transferred to a Licor PVDF membrane at 90 V for 2 hrs. Membranes were blocked with
5% powdered milk in tween 20-PBS (PBST) followed by incubation for 16-24 hrs at 4°C
with primary antibodies: mouse α TUBULIN (Sigma-Aldrich B512); rabbit α HA (Cell
Signaling, #3724); mouse α HSP90 (Thermo Fisher Scientific, PA3-012); rabbit α
H3F3A (Thermo Fisher Scientific, E.960.2); rabbit α APOBEC3B (RSH #10.87.13
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).

The membranes were washed in PBST for 10-30 min and incubated with a secondary
antibody: TUBULIN - 800 α mouse IgG (Licor 926-32350); HSP90 - 680 α Mouse IgG
(Licor 926-68020); HA and HISTONE3 - 800 α Rabbit IgG (Licor 926-32211);
APOBEC3B - HRP α Rabbit IgG (Jackson Immunodiagnostics, # 111035144) for 45 min
at room temperature. The membranes were washed with PBST for 30 min and antibody
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detection was performed using the Licor Fc for the fluorescent antibodies and the
Denville HyGLO Chemiluminescent HRP reagent.

DNA cytosine deaminase oligo cleavage assay
5.0x105 293T cells were transiently transfected with 500 ng of DNA in a 6-well
plate and harvested 48 hrs later. Pellets from transfected cells were resuspended in 500uL
HED buffer (25 mM HEPES, 5mM, 10% glycerol, 1mM DTT and 1 EDTA-free
Proteasome inhibitor tablet) and placed on ice. The samples were sonicated at the lowest
setting with the Misonix Sonicator system for three 5-second pulses and kept on ice
between pulses. They were centrifuged at 13,000 rpm for 20 min at 4°C and the
supernatant was transferred to cold fresh tubes. Deamination reactions were prepared
with 25 µl RNase A, 2 µl 10X UDG buffer, .25 µl UDG, 1 µl 4uM
ATTATTATTATTCTAATGGATTTATTTATTTATTTATTTATTT-fluorescein,

and

16.5uL cleared lysate. Reactions were incubated at 37°C for 1 hour and subsequently
treated with 2uL 1M NaOH and incubated at 98°C for 10 min. 22 µl 2X formamide
buffer was added to each reaction and they were heated at 98°C for 5 min. 10 µl of each
sample was loaded onto a 15% Urea-TBE gel in 1X TBE buffer and electrophoresed at
150V for 60 min. Oligos were imaged using fluorescence detection via a Typhoon FLA
7000 fluorescent imager (GE Healthcare Life Sciences) laser scanner. To quantify the
percent of substrate cleavage, ImageJ was used to perform densitometry from 3
independent deamination reactions and plotted versus an increasing titration of lysate
44, 60, 76, 89

39,

.
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Subcellular localization
5.0x105 HeLa cells were transiently transfected with 500 ng of plasmid. Protein
was harvested at 48 hrs as described in “REAP: A two-minute cell fractionation method”
90

. After harvest cells were washed with 1 mL of phosphate buffered saline (PBS), 300 µl

of the whole cell lysate was placed in a cold 1.5 mL microfuge tube and kept on ice. The
remaining 600 µl was pulse spun to maximum speed of 14,800 rpm for 10 seconds. 300
µl of the supernatant was placed in a cold 1.5 mL microfuge tube as the cytosolic fraction
and kept on ice; the remaining supernatant was discarded. The nuclear fraction was
resuspended in 180 µl 1x Laemmli sample buffer. 100 µl of 5x Laemmli sample buffer
was added to the whole cell and cytosolic fractions. All fractions were sonicated twice for
5 seconds at the lowest setting of the Misonix Sonicator system and kept on ice in
between sonications. All samples were incubated at 98°C for 10 min and centrifuged at
high speed for 10 seconds after cooling. The fractions were analyzed by gel
electrophoresis and immunoblotting.

Immunofluorescent microscopy experiments
2.5x104 HeLa cells were plated into 6-well plates containing glass coverslips,
transfected with 500 ng of plasmid DNA at 80% confluency, and incubated at 37°C for
48 hrs. Cells were then washed 3 times with PBS and fixed with 4% paraformaldehyde in
PBS. Cells were washed again in PBS and subsequently incubated with primary
antibodies rabbit a A3B [RSH #10.87.13
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] (1:50) and mouse a TUBULIN (Sigma33

Aldrich, #B512) (1:500) rocking at 4°C overnight. The cells were washed 5 times with
PBS and incubated with secondary antibodies rabbit aFITC (Abcam, #ab6717) (1:500)
and mouse aTRITC (Abcam, #ab6786) (1:500) for 1 hour at room temperature and
washed in PBS. The glass coverslips were extracted and excess liquid was removed. 15
µl of 50% glycerol with .01% DAPI was placed on the center of a glass microscope slide
and the cell covered surface of the coverslip was placed on the glycerol and sealed with
clear nail polish. Imaging was performed using a Nikon Inverted TiE Deconvolution
Microscope System [based on protocols described in 43].

SIV Vif-mediated degradation of A3B
5.0x105 293T cells were co-transfected with pcDNA3.1-derived constructs
encoding wild-type A3B, K-free A3B, A3G, or empty vector and SIV Vif or additional
empty vector. After 48 hrs incubation, cells were treated with 10 µM MG132 (Stem Cell
Technologies), or mock-treated as a negative control, for an additional 18 hrs, prior to
harvesting for immunoblot experiments [based on protocol previously described in 74].

HIV-1 single cycle experiments
Single cycle experiments were performed as described

38

. Infectious particles

were produced by cotransfecting 5.0x105 293T cells with an HIV-1IIIB A200C molecular
clone (pIIIB) and an expression construct for A3G, A3B, K-free A3B, or vector control.
Supernatants containing viruses were harvested after 48 hrs, filtered (0.45 µm), and used
to infect CEM-GFP reporter cells. After an additional 48 hrs incubation, infectivity was
34

quantified by flow cytometry and reported as the percentage of GFP-positive cells. 1 mL
of the virus-containing supernatants was concentrated by centrifugation (16,000g, 2 hrs,
RT) and used for immunoblotting.
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Fig 2-1. Lysine Residues in Human APOBEC3B.
(A) Amino acid alignment of wild-type and K-free A3B. Lysine to arginine substitutions
are highlighted with red boxes, N-terminal and C-terminal zinc-coordinating domains by
open boxes, and 5210-87-13 mAb epitope by a thick yellow line. (B) Ribbon structures of
36

A3Bntd (model) and A3Bctd (pdb: 5CQD) with lysines colored red.

Fig. 2-2. Lysines are Dispensable for APOBEC3B ssDNA Deamination Activity.
(A) Immunoblot of the indicated proteins expressed in 293T cells with tubulin as a
loading control. (B) Extracts from reactions in panel A tested for deaminase activity
using an end-laboratoryeled ssDNA substrate (S). Deamination followed by uracil
excision and cleavage results in a shorter product (P). (C) Quantification of ssDNA
deaminase activity of increasing amounts of 293T whole cell extracts expressing wildtype or K-free A3B. Each data point is the average +/- SD of 3 independent reactions.
Inset immunoblot of lysates expressing vector only (1), wild-type A3B (2), and K-free
A3B (3) relative to tubulin as a loading control.
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Fig. 2-3. Lysine Free APOBEC3B Shows Wild-type Levels of HIV-1 Restriction.
(A) Infectivity of Vif-deficient HIV-1IIIB produced in 293T cells expressing increasing
amounts of the indicated expression constructs (25, 50, and 100 ng). Each histogram bar
is the average +/- SD of technical triplicate infections. Immunoblots of the indicated
cellular and viral proteins in whole cell extracts and virus-like particles with tubulin and
p24 as loading controls, respectively. (B) Infectivity of Vif-deficient HIV-1LAI produced
in 293T cells expressing a single amount of the indicated expression constructs (25 ng).
Each histogram bar is the average +/- SD of technical triplicate infections. Immunoblots
of the indicated cellular and viral proteins in whole cell extracts and virus-like particles
with tubulin and p24 as loading controls, respectively.
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Fig. 2-4. SIV-Vif Mediated Degradation Occurs Through Lysines in Human A3B.
Immunoblot of the indicated APOBEC proteins in the presence or absence of SIV-Vif
and with or without 10 µM MG132 (18 hrs). The corresponding blot below shows
reactions with Vif (anti-HA). The anti-tubulin blot controls for loading.
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Fig. 5. Nuclear Localization of APOBEC3B does not Require Lysines.
(A) Representative images of HeLa cells expressing an empty vector, A3G (untagged),
wild-type A3B (untagged), or K-free A3B (untagged). The rabbit mAb 5210-87-13 was
used to detect each A3 protein through a common C-terminal epitope (anti-rabbit IgGFITC as secondary). 100 µM scale applies to all images. (B) Immunoblot of 293T whole
cell (W), nuclear (N), and cytoplasmic extracts expressing eGFP, wild-type A3B-eGFP,
or K-free A3B-eGFP. Fractionation controls are anti-Histone H3 for nuclear components,
and anti-HSP90 for cytoplasmic components. (C) Quantification of the fractionation data
from panel B and 2 biologically independent experiments (not shown). Each histogram
40

bar reports the mean +/- SEM nuclear to cytoplasmic ratio for the indicated constructs.

Chapter 3: HIV-1 restriction by APOBEC3G in the myeloid cell line
THP-1
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INTRODUCTION
Human cells have the potential to encode up to seven different single-stranded
DNA cytosine deaminase enzymes of the APOBEC3 (A3) subfamily, APOBEC3A-D
and APOBEC3F-H (A3A-D, A3F-H). These enzymes have overlapping functions in
providing innate immune protection against a broad number of parasitic DNA-based
elements (reviewed by

8, 12, 34, 51, 91

). Due to reverse transcription having obligate single-

stranded cDNA replication intermediates, retroviruses are particularly sensitive to attack
by A3 enzymes as cDNA strand C-to-U deamination events result in genomic strand Gto-A mutations. The best-studied example to-date is the mechanism of HIV-1 restriction
in which A3D, A3F, A3G, and A3H have the capacity to mutate viral cDNA replication
intermediates, as well as interfere with reverse transcription by deaminase-independent
mechanisms (reviewed by

8, 12, 34, 51, 91

). Due to the intrinsic preferences of A3 enzymes

for cytosine bases in specific dinucletide motifs, 5’CC (A3G) or 5’TC (A3D, A3F, and
A3H), viral cDNA deamination events typically manifest as genomic strand 5’GG-to-AG
mutations or 5’GA-to-AA mutations.
HIV-1, HIV-2, and non-human lentiviruses counteract this restriction mechanism
through the virus-encoded virion infectivity factor (Vif), which nucleates the formation of
an E3 ubiquitin ligase complex that binds and degrades restrictive A3 enzymes (reviewed
by

8, 12, 34, 51, 91

). At the heart of this complex is Vif heterodimerization with the

transcription co-factor CBF-b 92, 93, which also interferes with expression of restrictive A3
genes by preventing formation of CBF-b/RUNX transcriptional activation complexes 5.
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Although this Vif-mediated counterdefense mechanism can be quite effective, a large
body of evidence also indicates that A3 enzymes frequently escape degradation in CD4positive T cells, package into assembling viral particles, deaminate viral cDNA
replication intermediates, and ultimately contribute to HIV-1 genetic diversification
including immune evasion and drug resistance mutations (e.g.,

94-98

). HIV-1 is also

known to infect myeloid lineage cell types including macrophages, which is thought to
constitute an additional important reservoir for virus replication and latency in vivo
(reviewed by 99-102). However, considerably less is known about A3 function in these cell
types. Here we ask whether the A3 restriction mechanism works similarly or differently
against Vif-deficient HIV-1 in the myeloid cell line THP-1. Interestingly, although
multiple restrictive A3s are expressed in THP-1, both infectivity data and G-to-A
hypermutation patterns combine to indicate that A3G may be the predominant (and
perhaps the only) A3 family member capable of restricting Vif-deficient HIV-1 in this
system.

RESULTS
Multiple APOBEC3 family members are expressed THP-1 and other myeloid cell
lines
Previous studies have reported mRNA expression of multiple A3 family members
including A3F, A3G, and A3H in primary myeloid lineage cell types including
macrophages and dendritic cells

103-107

. To determine whether a similarly complex A3

repertoire is expressed in an experimentally tractable model, we first used our established
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RT-qPCR assays to quantify the mRNA levels of each of the 7 human A3 genes in the
monocyte cell line THP-1

39, 104, 105

. Relative to the housekeeping gene TATA-binding

protein (TBP), significant levels of 5 different A3 family member mRNAs were evident –
A3B, A3C, A3F, A3G, and A3H (Fig. 1a). Moreover, infection by HIV-1IIIB caused
modest increases in mRNA levels for A3F, A3G, and A3H, but to lesser extents than
reported previously for HIV-1 infection of primary CD4-positive T lymphocytes 38, 108.
To ask whether this mRNA expression profile is similar to those in other myeloid
cell lines, we analyzed A3 expression levels in RNAseq data sets representing 72
different myeloid cell lines availaboratoryle through the Cancer Cell Line Encyclopedia
(CCLE)

109

. These analyses revealed a similar overall expression pattern for most of the

cell lines with high levels of A3B, A3C, and A3G and varying amounts of other A3
mRNAs (Fig. 1b). These expression-profiling studies indicated that THP-1 is a
reasonable model system for studies on A3 restriction in myeloid lineage cells.

Vif-deficient HIV-1 is restricted in THP-1 cells
Next, we wanted to determine if the A3 enzymes expressed in THP-1 could
functionally restrict virus infectivity. Vif-proficient and Vif-deficient HIV-1IIIB stocks
were produced using 293T cells, and MOIs were determined by titering on CEM-GXR
reporter cells 110. Equivalent amounts of each virus were used to infect THP-1 cells (MOI
= 0.25). As controls, parallel infections were done with SupT11 cells expressing an
empty vector or A3G. SupT11 does not express any A3 mRNA to significant levels and,
therefore, the empty vector line is expected to be fully permissive for replication of both
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viruses and the A3G expressing line will be non-permissive for Vif-deficient virus
replication and permissive for Vif-proficient virus replication 38. In both systems, newly
produced viruses were harvested after 48 hours of incubation, and then infectivity was
quantified using TZM-bl reporter cells. Short incubation durations of 48 hours were
chosen to enable estimates of the magnitude of virus restriction in a single round (or near
single round) of virus replication.
As expected for a cell line expressing multiple restrictive A3 enzymes, the
infectivity of Vif-proficient virus was higher than that of the Vif-deficient virus (Fig. 2a).
A similar fold-difference was observed for the same viruses produced in the SupT11A3G cell line and, also as expected, no infectivity difference was seen for viruses
produced in the SupT11-vector cell line (Fig. 2a). These results were corroborated by
anti-A3G immunoblots of protein extracts from these infected cell lines and from the
resulting viral particles. For both the THP-1 and SupT11-A3G cell lines, A3G was
clearly expressed in the whole cell extracts and incorporated into viral particles.
Importantly, Vif caused A3G to be degraded, which resulted in lower steady-state levels
of A3G in cells, lower amounts of A3G incorporated into particles, and higher overall
infectivity levels in comparison to Vif-deficient reaction conditions. Similar results were
obtained for a different HIV-1 strain (LAI), which produces a Vif protein that more
effectively degrades human A3H 111 (Fig. 2b). These results combined to implicate A3G
as a HIV-1 restriction factor in THP-1 cells, but they did not exclude the possibility of
another A3 family member contributing to the observed restriction phenotype.
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Base substitution mutation spectra for Vif-deficient and Vif-proficient HIV-1
produced from THP-1 cells
To examine the base substitution mutation spectra, and particularly the G-to-A
mutation contexts, the HIV-1IIIB proviral DNA from the infectivity experiments described
above in Fig. 2 was cloned and sequenced. Specifically, total genomic DNA was
prepared from infected TZM-bl reporter cells, and the pol region of the virus was
amplified by high-fidelity PCR, cloned, and Sanger sequenced. As expected, the mutation
levels were low in all Vif-proficient experimental conditions, likely due to degradation of
restrictive A3 enzymes (Fig. 3a-b). Also as expected, Vif-deficient viruses produced in
SupT11-A3G cells had high frequencies of G-to-A mutation loads in A3G signature
motifs (GG-to-AG on the genomic strand due to CC-to-CU deamination events on the
cDNA strand) (Fig. 3a-b). Approximately 11% of A3G-induced mutations also occurred
in GA-to-AA motifs, further consistent with original studies on A3G in retrovirus
restriction

112-115

. However, unexpectedly, Vif-deficient viruses produced from THP-1

cells had lower overall G-to-A mutation frequencies and the majority occurred in A3G
signature motifs (88%). The lower overall mutation frequency and the fact that A3G is
capable of catalyzing deamination within both 5’CC (~85%) and 5’TC (~15%) motifs
prevented conclusions regarding the potential contribution of other 5’TC preferring A3
family members to the overall mutation spectrum observed in Vif-deficient HIV-1
produced in THP-1 cells.

The majority of Vif-deficient HIV-1 restriction in THP-1 is caused by APOBEC3G
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To more precisely gauge the importance of A3G in the Vif-deficient HIV-1
restriction phenotype in THP-1 cells, we used previously described Vif separation-offunction mutants that are completely sensitive to A3G and simultaneously fully capable
of counteracting the other restrictive A3 enzymes. Specifically, penta-alanine (5A)
substitution of Vif residues 40-44 (YRHHY in IIIB and NL4-3) renders HIV-1
susceptible to restriction by A3G but not A3F (A3D) or A3H

116, 117

. Similarly, dual-

glutamine substitution of Vif residues 26 and 27 (i.e., KH to QQ; 2Q) renders HIV-1
sensitive to restriction by A3G but not A3F (A3D) or A3H

118

. These separation-of-

function Vif mutant viruses were used as molecular probes, along with Vif-deficient and
Vif-proficient viruses in pseudo-single cycle experiments with THP-1, SupT11-vector,
and SupT11-A3G cell lines as described above.
We were surprised to find that the decline in infectivity of the 5A and 2Q Vif
mutant viruses produced in THP-1 cells is very similar to that of the fully Vif-null virus
produced in parallel (Fig. 4a). This suggested that A3G may be the dominant (and
perhaps the only) restrictive A3 family member in THP-1 cells. In support of this
possibility and confirming that the 5A and 2Q viruses are truly deficient in counteracting
A3G, immunoblots showed that levels of A3G incorporated into 5A, 2Q, and Vif-null
particles are similar. As expected, these three Vif mutants all showed similarly high
levels of A3G encapsidation and similarly low levels of infectivity following production
in SupT11-A3G cells (Fig. 4b). The otherwise fully functional nature of these Vif
mutants was confirmed by uniformly high levels of infectivity following production in
SupT11-vector cells (Fig. 4b).
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APOBEC3G signature GG-to-AG mutations dominate the mutation spectra of Vifmutant viruses
The infectivity data for the Vif separation-of-function viruses described above
indicated that A3G might be the only source of A3 mutagenesis in THP-1 cells. To
further test this possibility, the pol region of these viruses was sequenced as described
above. Although the mutation levels were relatively low in Vif mutant viruses produced
in THP-1 cells, the observed G-to-A mutations were predominantly within the GG-to-AG
signature motif of A3G (Fig. 5a). Importantly, the relative proportion of mutations within
GG-to-AG motifs was similar for Vif-null virus and the two Vif separation-of-function
mutants 5A and 2Q (90%, 93%, and 93%, respectively; Fig. 5b). Moreover, high levels
of G-to-A mutations within GG motifs were observed for all three Vif mutant viruses
produced in SupT11-A3G cells and the relative proportions were similar to those
observed in viruses from THP-1 cells (88%, 90%, and 94%, respectively; Fig. 5a-b). The
similar results from THP-1 cells with a complex A3 repertoire and SupT11-A3G cells
with a single A3G protein combined to indicate that A3G is likely to be the only
functionally restrictive A3 enzyme in THP-1 cells.

DISCUSSION
We initiated these studies to ask whether the “rules of restriction” for A3 enzymes
are similar in myeloid and T cell lines. Prior work from our group and others had
combined to demonstrate that four different A3 enzymes, A3D, A3F, A3G, and A3H
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(stable haplotypes only), contribute to Vif-deficient HIV-1 restriction and hypermutation
in CD4-positive T cell lines and primary T-lymphocytes (e.g.,

38, 111, 119

). Here, using the

myeloid lineage cell line THP-1, we show that A3G is the main and possibly the only A3
family member capable of causing Vif-deficient HIV-1 restriction and G-to-A
hypermutation. The most compelling results were similar restriction and hypermutation
phenotypes for two separation-of-function Vif mutants and otherwise isogenic Vif-null
virus. In particular, in all three of these conditions, the emergent viruses showed high
levels of A3G signature GG-to-AG mutations and, importantly, the relative ratios of these
mutations to GA-to-AA mutations were similar. If a TC-preferring A3 family member
were contributing to Vif-null HIV-1 restriction in THP-1 cells (i.e., A3D, A3F, and/or
A3H), then the ratio of GG-to-GA to GA-to-AA mutations in this condition should have
been lower that the ratios observed in the separation-of-function mutants.
To our knowledge, only two prior studies have examined the role of Vif (and
therefore also of A3 enzymes) in HIV-1 infectivity in myeloid cells. Nearly a decade
before the discovery of A3 enzymes in 2002

30, 32, 120

, Gabuzda and colleagues showed

that Vif is required for virus replication in primary macrophages 23. In contrast, after the
discovery of A3 enzymes, Pion and coworkers showed that infection levels of dendritic
cells were low and similar with or without Vif suggesting that A3 enzymes may be nonrestrictive in this system

24

. Moreover, despite similar levels of infectivity for Vif-

proficient and Vif-deficient viruses, G-to-A mutations were still evident in nef-U5 region
sequences

24

. It is therefore possible that the mechanism for viral restriction and the

49

interaction between Vif and cellular A3 proteins is distinct in dendritic cells compared to
monocyte/macrophage cells.
Additional studies will be needed to ask whether the findings here may be
generalized to other myeloid lineage cell lines and primary cell types including
macrophages and dendritic cells. This endeavor is anticipated to be challenging because
myeloid lineage cells are notoriously hard to engineer and are naturally more resistant to
HIV-1 infection than T lymphocytes. The A3 genotype of the host cells may also be a
factor because, for instance, stable haplotypes of A3H are restrictive whereas unstable
haplotypes are not

111, 119, 121, 122

. Moreover, the restriction capacity of the cellular A3

repertoire may be influenced by developmental stage and, especially, by the immune
microenvironment including levels of various cytokines and chemokines. For example,
the overall antiviral state, including expression levels of several A3 family members, is
dramatically strengthened by activation of the type I interferon response

103-107, 123, 124

.

Such studies may ultimately contribute to a greater understanding of potential reservoirs
for HIV-1 infection and latency in vivo, and possibly also to prospects of activating
antiviral restriction factors to suppress and/or clear virus infection.

METHODS
Cell lines and culture conditions
293T (CRL-3216) was obtained from American Type Culture Collection. TZM-bl
(#8129)

125

was obtained from the NIH AIDS Reagent Program. CEM-GXR, CEM-GFP

expressing CCR5 was kindly provided by Dr. Todd Allen (Harvard University, USA).
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THP-1 was kindly provided by Dr. Andrea Cimarelli (INSERM, France)

110

. Adherent

cells were maintained in DMEM supplemented with 10% fetal bovine serum (FBS) and
0.5% penicillin/streptomycin (P/S). Suspension cells were cultured in RPMI with 10%
FBS and 0.5% P/S.
The creation and characterization of the permissive T cell line SupT11 has been
reported 104, 118. A transfer vector pTRPE-CCR5 was created by placing the coding region
of CCR5 (AH005786.2) in pTRPE

126

. To create SupT11 stably expressing CCR5

(SupT11-CCR5), high titer lentiviral supernatant was generated as previously described
127

[kindly provided by Dr. James L. Riley (University of Pennsylvania, USA)] and used

for transduction. A single cell subclone of SupT11-CCR5 (clone#8) was isolated by
limiting dilution and expanded. pcDNA3.1 and pcDNA3.1-A3G have been described 128.
To create SupT11-CCR5 cells stably expressing A3G, SupT11-CCR5 cells were
electroporated with 20 µg of linearized pcDNA3.1-A3G or vector control, plated at
several dilutions in 96 well plates and selected with 1 mg/ml G418. Then, single cell
clones of SupT11-CCR5-A3G and -vector were expanded and analyzed by immunoblots
for A3G expression (data now shown).

RT-qPCR
Total RNA was extracted from THP-1 cells using the High Pure RNA Isolation Kit
(Roche), and cDNAs were made using qScript cDNA SuperMix XL (Quantabio). After
reverse transcription, quantitative (q)PCR was performed as described using specific
primer-probe combinations for each APOBEC 39, 104.
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CCLE gene expression analysis
Gene expression information for relevant cell lines was obtained from the Cancer Cell
Line Encyclopedia 109 (CCLE, accessible online at https://portals.broadinstitute.org/ccle).
Reads per Kilobase per Million (RPKM) values were obtained for all availaboratoryle
hematopoietic and lymphoid cells lines from the latest CCLE preprocessing pipeline to
quality control reads, align/assemble reads to a human reference genome, and quantify
individual

human

gene

expression

RPKM

values

(CCLE_DepMap_18Q1_RNAseq_RPKM_20180214.gct). Data was formatting using the
statistical analysis software R and RStudio, and visualized using the R package ggplot2
129, 130

.

HIV-1 infectivity assays
Vif-proficient and Vif-deficient (X26 and X27) HIV-1 IIIB C200 proviral expression
constructs have been reported
Q27 has been characterized

131

132

. An HIV-1 IIIB C200 variant encoding Vif Q26 and

(here called 2Q mutant). An HIV-1 IIIB C200 Vif 5A

variant (40AAAAA44) was created by digesting pNLCSFV3-5A proviral DNA construct
(117; kindly provided by Dr. Kei Sato, University of Tokyo, Japan) at SwaI and SalI sites
and similarly cloned into pIIIB C200 proviral construct. HIV-1 single-cycle assays using
VSV-G pseudotyped viruses were performed as described previously with minor
modifications

38, 133

. VSV-G pseudotyped viruses were generated by transfecting 2.4 µg

of proviral DNA construct and 0.6 µg of VSV-G expression vector using TransIT-LT1
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reagent (Mirus Bio) into 293T cells (3.0x106). 48 h later, supernatants were harvested,
filtered by 0.45-µm filters (Millipore) and used to infect into 2.5x104 CEM-GXR reporter
cells for MOI determinations. 5x105 target cells were infected with a MOI of 0.05 (for
SupT11-CCR5-vector and SupT11-CCR5-A3G) or 0.25 (for THP-1), washed with PBS
after 24 h of the infection, and then incubated for an additional 24 h. 24 h later,
supernatants were collected and filtered. The resulting viral particles were normalized by
p24 ELISA (ZeptoMetrix) and viral infectivity was measured using TZM-bl cells.

Hypermutation analysis
Hypermutation analyses were performed as described

38, 108

. Proviral DNAs were

recovered by infecting virus produced in THP-1 or SupT11-CCR5 cells into TZM-bl or
SupT11-CCR5 using Gentra Puregene Cell Kit (Qiagen)

133

. Following DpnI digestion,

the viral pol region was amplified by nested PCR with outer primers (876 bp) [(5’-TCC
ART ATT TRC CAT AAA RAA AAA-3’) and (5’-TTY AGA TTT TTA AAT GGY
TYT TGA-3’)] and inner primers (564 bp) [(5’-AAT ATT CCA RTR TAR CAT RAC
AAA AAT-3’) and (5’-AAT GGY TYT TGA TAA ATT TGA TAT GT-3’)]. The
resulting 564 bp amplicon was cloned into CloneJet (ThermoScientific). At least 7
independent clones were Sanger sequenced for each condition. Clones with identical
mutations were eliminated.

Immunoblots
Cells were lysed in 2.5xLaemmli sample buffer. Virions were dissolved in 2.5xLaemmli
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sample buffer after pelleting down using 20% sucrose (26,200 x g, 4˚C, 2 h). Proteins in
cell and viral lysates were separated by SDS-PAGE and transferred to PVDF membranes
(LI-COR Biosciences). Membranes were blocked with 5% milk in PBS containing 0.1%
Tween 20 and incubated with primary antibodies: mouse anti-HSP90 (Thermo Fisher
Scientific, PA3-012); rabbit anti-APOBEC3B (RSH#10.87.13; first described in

58

);

rabbit anti-A3G (NARP, #10201); mouse anti-Vif (319, NARP, #6459); mouse anti-p24
(183-H12-5C, NARP, #1513). Subsequently, the membranes were incubated with
horseradish peroxidase (HRP) or fluorescent dye-conjugated secondary antibodies:
IRDye 680LT anti-mouse IgG (LI-COR Biosciences, 926-68020); anti-rabbit IgG-HRP
(Jackson

ImmunoResearch,

111-035-144);

anti-mouse

IgG-HRP

(Jackson

ImmunoResearch, 715-035-150). HyGlo chemiluminescent HRP detection reagent
(Denville Scientific) was used for HRP detection. Bands were visualized by using film
exposure or the Odyssey Fc Imager (LI-COR Biosciences).
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Figure 3-1: Multiple APOBEC3 genes are expressed in myeloid lineage cell lines.
(A) A3 mRNA levels relative to the housekeeping gene TBP in THP-1 cells +/- HIV-1IIIB
infection (MOI = 0.5). Each histogram bar shows the mean +/- SEM of 3 independent
experiments. (B) A3 mRNA levels relative to the housekeeping gene TBP in 72 different
myeloid cell lines (RNAseq data from CCLE). Red indicates high expression levels and
blue lower levels.
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Figure 3-2: Infectivity of Vif-proficient and Vif-deficient HIV-1 in THP-1 cells.
(A) Infectivity of Vif-proficient and Vif-deficient HIV-1IIIB produced from THP-1 cells
in comparison to the same viruses produced from SupT11 cells expressing either a
control vector or A3G. Each histogram bar is the average of triplicate experiments +/- SD
in which raw data are normalized to Vif-proficient virus infectivity. Immunoblots of the
indicated cellular and viral proteins in whole cell extracts and virus-like particles (VLPs)
with tubulin and p24 as loading controls, respectively. (B) Experiments similar to those
in panel A except a different HIV-1 strain was used (LAI).
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Figure 3-3: Base substitution mutation
spectra of Vif-proficient and Vif-deficient
HIV-1 produced from THP-1 cells.
(A)

Dinucleotide

contexts

of

G-to-A

mutations in the gag-pol region of the
indicated HIV-1IIIB viruses produced from the
indicated cell lines. Each G-to-A mutation is
shown as a vertical line (tick) on top of
individual sequences illustrated to scale on a
564 bp amplicon with colors corresponding
to dinucleotide context. (B) Average G-to-A
mutation loads in proviral DNA following
Vif-proficient and Vif-deficient HIV-1IIIB
production from THP-1 cells or SupT11 cells
expressing either a control vector or A3G.
Each histogram bar is the average +/- SD of triplicate infections (p-values obtained by
student t-test).
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Figure 3-4: APOBEC3G is the main Vif-counteracted APOBEC family member in
THP-1 cells.
(A) Histogram showing relative infectivity levels for the indicated HIV-1IIIB viruses
produced from THP-1 cells. The 5A and 2Q viruses are Vif mutants that are selectively
sensitive to restriction by A3G (see text for additional details). Each histogram bar is the
mean +/- SD of 3 independent experiments. Immunoblots are shown below for the
indicated viral and cellular proteins in viral particle and whole cell extracts with tubulin
and p24 as loading controls, respectively. (B) Histograms showing relative infectivity
levels for the indicated HIV-1IIIB viruses produced from SupT11 cells expressing a
control vector or A3G. Apart from virus-producing cell type, all procedures, conditions,
and proteins analyzed are identical to those used in panel A.
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Figure 3-5. APOBEC3G is the primary source of G-to-A mutations in THP-1 cells.
(A) Dinucleotide contexts of G-to-A mutations in the gag-pol region of the indicated
HIV-1IIIB viruses produced from the indicated cell lines. Each G-to-A mutation is shown
as a vertical line (tick) on top of individual sequences illustrated to scale on a 564 bp
amplicon with colors corresponding to dinucleotide context. (B) Average G-to-A
mutation loads +/- SD for 3 independent experiments for the viruses and conditions
described in panel A.
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Chapter 4
Discussion and Conclusions
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Discussion
Lysine Residues and their Impact on the Post-translational Regulation of A3B
The APOBEC family of proteins are known to be subjected to post-translational
regulation through localization as well as post-translational modifications that regulate
both enzymatic activity (phosphorylation of AID and A3G) and protein levels
(polyubiquitination of lysine residues)

8, 54-57

. A3B is of particular interest in the context

of post-translational regulation as it is the only constitutively nuclear localized A3, it
evades polyubiquitination and degradation by HIV-1 Vif, and it restricts HIV-1 in a cellspecific manner

37, 38, 50

. As A3B has been uniquely shown to be a factor in both cancer

and viral disease states understanding how it is post-translationally regulated could
provide useful insight into how we can leverage its regulation to provide patients with
better treatments.
The work shown in Chapter 2 represents the first comprehensive investigation
into the post-translational regulation of A3B through lysine residues. It had been
previously shown that A3B could be targeted for proteosomal degradation by SIV Vif 74.
This coupled with our mass spectrometry data showing multiple acetylations suggested
that A3B could be in part regulated by modifications on lysine residues. We showed that
even when A3B encoded no lysine residues in its coding sequence that it had wild-type
biochemical activity, localization, and HIV-1 viral restriction. Interestingly, when all the
lysine residues in A3B are mutated to alanine residues, the protein is partially protected
from SIV Vif mediated degradation (Chapter 2).
While A3B has been shown to be resistant to HIV-1 Vif-mediated degradation,
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the observation that loss of lysine residues protects the protein from SIV Vif-mediated
degradation could have implications for using other more ubiquitously restrictive A3
proteins as an HIV-1 defense. For instance, when several key lysine residues in A3G are
mutated to alanines the protein is protected from HIV-1 Vif-mediated degradation while
maintaining its biological restriction capability53. This would allow us to effectively
weaponize A3G to fight against HIV-1 and could potentially lead to total viral clearance
in human patients once an amenable delivery system is tested.
Although A3B is intrinsically resistant to HIV-1 Vif-mediated degradation, we
still do not understand enough about its post-translational regulation to effectively
purpose it as an anti-HIV-1 treatment. The fact remains that A3B does not restrict HIV-1
in CD4+ T-cells where most viral propagation occurs. We need to fully investigate how
A3B is capable of restricting virus in 293T but not in biologically relevant cell lines like
SupT1 cells before we can determine how to best target the protein to restrict HIV in a
meaningful way.
Additionally, as the lysine-free A3B had both wild-type biochemical activity and
cellular localization, we have eliminated lysine residues and their modifications as a
potential target to down-regulate A3B’s mutagenic capacity in cancer cells (Chapter 2).
While lysine residues are not the key to abrogating A3B-mediated mutations in tumor
cells, it is possible that another post-translational regulatory mechanism for A3B or A3HI will emerge as a potential treatment to reduce tumor heterogeneity.

Restriction of HIV-1 by A3 Proteins in Myeloid Lineage Cells
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Despite the facts that myeloid cells can be productively infected, avoid HIV
mediated cytopathy, and can produce virus for up to 40 days after infection, still little is
known about how the virus and host factors interact in myeloid cells

13, 99

. This is best

exemplified by the results from a PubMed search for reviews containing the keywords
‘HIV T cells” (175 pages of results) versus ‘HIV myeloid cells’ (34 pages of results).
Myeloid lineage cells including monocytes, macrophages, and dendritic cells have been
shown to be important in HIV cell-to-cell viral transfer neurological dysfunction in ART
patients, and potentially in establishing a latent viral reservoir

134-137

. Overcoming latent

viral infection and preventing neurological dysfunction in ART patients are key steps to
both curing the virus, and providing a better quality of life for those infected with HIV.
Our work in Chapter 3 is the first look at the interaction between A3 proteins and
HIV in monocyte cells. We found that in monocytes, A3G can restrict 2 independent viral
HIV-1 strains (IIIB and LAI) by mutating proviral DNA in the absence of Vif (Chapter
3). By testing 2 different viral strains, we were able to conclusively eliminate any strainspecific restriction and conclude that this phenotype is broadly applicable to HIV-1.
Additionally, by looking specifically at the mutational signature patterns in the proviral
DNA by sequencing we were able to confirm that A3G was the predominate A3 protein
restricting the virus. Furthermore, when we infected THP-1 cells with virus encoding a
Vif that was capable of targeting all other A3 family members for poly-ubiquitination and
degradation except for A3G, we found that the infectivity was comparable to wild-type
HIV-1, indicating that A3G is the predominate A3 restriction factor in monocytes
(Chapter 3).
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Expectedly, data from Chapter 3 showed that in THP-1 cells infected with HIV-1
encoding Vif, endogenous A3G was unable to package into virions at wild-type levels,
although some A3G was detected in virions (Figures 3-3B, 3-3D). This would suggest
that endogenous A3G could potentially be catalyzing sub-lethal mutations in the presence
of Vif, which may contribute to mutations that are evolutionarily beneficial for the virus,
either in gaining drug resistance, or in gaining new tropisms. More work will need to be
done to fully understand the exact consequence of the A3G-catalyzed mutations in HIV-1
proviruses in myeloid cells.

Conclusions
As we look at ways to combat the formation of viral reservoirs as well as A3mediated mutations in tumors, it is critical to understand the basic molecular mechanisms
through which the A3 family of proteins is regulated. My thesis work represents steps
toward understanding both the post-translational regulation of A3B as well as the A3
restrictive repertoire in myeloid lineage cells. The results from Chapter 2 indicate that
lysine residues may not be necessary for wild-type function of some A3 family members
while still protecting the enzyme from Vif-mediated degradation, suggesting that lysineless restrictive A3’s may be able to be employed against HIV-1 in the future.
Additionally, the results from Chapter 3 show that HIV-1 is restricted in myeloid
cells by more than just SAMHD1 and, in fact, that A3G can catalyze mutations in the
coding sequence of HIV both in the presence and absence of Vif, albeit at much lower
levels in the presence of Vif. This finding will be important in determining an effective
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strategy to prevent and/or eliminate HIV-1 viral reservoirs from myeloid lineage cells.
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