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Abstract

A cell’s DNA provides its operating instructions. Consequently, cells rigorously
maintain their DNA. At the same time, cells must prevent foreign DNA from persisting,
or risk having their operations hijacked. This thesis describes how APOBEC3 proteins
help fulfill this double imperative, by limiting the replication of mobile genetic elements,
and by triggering the destabilization of foreign intracellular DNA.

The APOBEC3s are a family of DNA modifying enzymes that convert
deoxycytidines to deoxyuridines. Introducing uridines into DNA can alter the sequence
of genes or regulatory elements, in essence removing information content from the
molecule. Such an alteration also often leads to the destabilization and degradation of the
DNA. Previously, APOBEC3s had been shown to act on a relatively limited subset of
viral and retrotransposon DNA replication intermediates. The major contribution of this
work is to expand the range of biologically relevant APOBEC3 substrates to include
LINE-1 retrotransposons and foreign intracellular DNA in general.

LINE-1s are the only retrotransposons currently active in humans, and their
mobilization can cause disease by a variety of mechanisms, the most straightforward of
which is by inserting in or near a gene and disrupting its function. Expression of several
APOBEC3 proteins reduces the rate of LINE-1 retrotransposition in human cells. Less
retrotransposed LINE-1 DNA accumulates in these cells, suggesting that the block occurs
prior to retrotransposon integration. The APOBEC3s therefore limit the mutagenic
potential of LINE-1 elements.

Foreign intracellular DNA is inherently dangerous and is often associated with

microbial infection. In recognition of this danger, sensors within cells detect foreign

il



DNA, but, previously, little was known about mechanisms that respond to DNA detection
to mediate its clearance. This thesis demonstrates that APOBEC3 family members are
induced following DNA detection and destabilize foreign DNA. This defense system is
likely to have evolved to respond to intracellular microbial DNA, but it may also
diminish the efficacy of processes such as genetic engineering and gene therapy.

Finally, this thesis explores the molecular basis of the differential sub-cellular
localization of the APOBEC3 proteins. Sequestering APOBEC3 proteins in different
cellular compartments may be a way to regulate the DNA substrates to which they have
access. This thesis therefore offers several insights into a family of proteins that modify

potentially harmful DNA in order to protect the well-being and proper function of cells.

v
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Chapter 1: Introduction

Portions of this chapter are adapted with permission, from Stenglein, LaRue,
Schumacher, and Harris. “Host Factors that Restrict Retrovirus Replication”, a chapter

of: Viral Genome Replication Cameron, Craig E.; Gotte, Matthias; Raney, Kevin D.
(Eds.) 2009. ISBN: 978-0-387-89425-6



DNA is the genetic material of cellular organisms. It is therefore critical that cells
maintain the integrity of their genomes, and multiple systems detect and repair damaged
DNA"’. In addition to protecting their own DNA, cells must prevent foreign DNA from
persisting or being expressed. This thesis is about a family of DNA modifying enzymes,
the APOBEC3s, and how these proteins safeguard the cell by limiting the mobility of

viruses and transposable elements and by counteracting foreign DNA.

The APOBEC3s form a family of seven DNA cytidine deaminases in humans.
These enzymes modify DNA, converting deoxycytidine (for short, cytidine, or C) to
deoxyuridine (uridine, or U) (Fig. 1-1). Uridines base pair like thymidines (T) and a C-to-
U conversion creates a G:U mismatch in double-stranded (ds) DNA. Like any DNA
lesion, such a mismatch has the potential to disrupt cis-acting regulatory elements and
protein coding capacity. If left unrepaired, the C-to-U lesion can become fixed as a C-to-
T mutation when the DNA is replicated. Consequently, DNA uridines are normally

recognized and removed by DNA repair pathways'® (

Fig. 1-2).

So in essence APOBEC3 proteins do the opposite of what would seem to be

beneficial to the cell (

Fig. 1-2). However, the very fact that APOBEC3s exist suggests that they must
perform some useful function. The beneficial function of APOBEC3s can be understood

by answering two fundamental questions: what DNA molecules are APOBEC3

substrates? And, what is the purpose of introducing uridines into these molecules?




The major findings of this thesis help answer these questions. The findings are that:

APOBEC3s limit the mobility of LINE-1 retrotransposons (chapter 2), and that

APOBEC3s engage and destabilize intracellular foreign DNA (chapter 3). In other

words, this thesis defines two new classes of APOBEC3 substrates and suggests

biological purposes for deaminating them.

One obvious follow-up question is: How are APOBEC3 proteins specifically targeted

to some DNA molecules and kept away from others (e.g., genomic DNA)? One means of

accomplishing this may be to sequester APOBEC3s in different subcellular

compartments, and chapter 4 of this thesis examines the molecular bases for differential

APOBEC3 subcellular localization.

The Discovery of APOBEC3s

The APOBEC3 (A3s) proteins were discovered independently and virtually

simultaneously three different ways®*’"'*,

One study used genomic DNA sequencing
and a computational approach to identify a cluster of genes on chromosome 22 that were
predicted to encode proteins that shared an amino acid motif with the RNA-editing
enzyme APOBEC]1 (apolipoprotein B, mRNA-editing catalytic polypeptide-1)°. These
newly identified genes were named APOBEC3A — APOBEC3H (A3A — A3H; Fig. 1-4).
A second study answered a longstanding question in the human immunodeficiency virus
(HIV) field, by identifying A3G as a cellular factor that prevented certain HIV strains

from replicating in certain T-cell lines'*’

. A third report demonstrated that, unlike their
namesake APOBECI1, A3s were not RNA cytidine deaminases but instead were DNA-

editing enzymes®. An explosion of studies followed these three foundational reports, and

their key findings are discussed below.



The APOBEC3s are part of a larger family of related enzymes.

A3s were so named because their predicted amino acid sequences share a motif
with the mRNA-editing enzyme APOBECI1 (H-x-E-x24-C-P-x,.4-C, where x is nearly any

27,59,114

amino acid; Fig. 1-3) . The conserved amino acids in this motif are catalytically

important. The histidine and the two cysteines coordinate a zinc ion and the glutamate is

U7 In addition to

thought to act as a proton donor in the deaminase reaction
APOBECI and the A3s, the larger APOBEC family includes APOBEC2, APOBEC4, and
activation induced deaminase (AID)*’. Of these, APOBEC2 and AID appear to be the
oldest evolutionarily, as they are the only ones found in all vertebrates® **'. APOBEC4
is specific to higher vertebrates'>>. APOBEC1 and the A3 proteins are found only in

29,30,49,59,70,173

mammals . A brief overview of these other family members follows, with a

focus on what is known about their physiological nucleic acid substrates and functions.

APOBECI1: The namesake of the APOBEC family, APOBECI’s best-
characterized function is to deaminate cytidine 6666 of the Apolipoprotein B (ApoB)
mRNA**'">! " Deaminating this nucleotide converts a glutamine codon (CAA) into a
stop codon (UAA). APOBECI is specifically targeted to this cytidine by cis-acting
elements in the ApoB mRNA and by a protein co-factor, APOBECI-complementation

85,102,103

factor APOBECI is predominantly expressed in the intestine and liver.

Consequently, editing is restricted to those tissues, where it results in the expression of a

shortened ApoB protein*>®*"*!,

APOBEC! was found to possess both RNA and DNA deaminase activity™, but
it’s principle physiological function appears to be to edit the ApoB mRNA. The only

discernible phenotypes of APOBECI1-deficient mice are a loss of ApoB mRNA editing



and subtle changes in blood lipoprotein composition®''".  Thus, APOBECI’s
biologically relevant substrate is the ApoB mRNA and deamination serves to generate

two protein isoforms from this mRNA.

APOBEC2: APOBEC2 was identified as a protein containing the characteristic
APOBEC cytidine deaminase motif’ "% However, APOBEC2 has shown no DNA,
RNA or free nucleotide cytidine deaminase activity in various assays, and its biological
function remains unclear®”'>. APOBEC2 deficient mice have no discernable phenotypic

difference from their APOBEC2 proficient littermates '*°.

APOBEC4: More recently, another gene predicted to encode a protein with
sequence homology to the other APOBEC family members was identified and named

APOBEC4"”’. Like APOBEC2, it remains unclear whether APOBEC4 possesses

enzymatic activity or what its function in vivo might be.

Activation Induced Deaminase (AID): AID is expressed predominantly in

activated B cells, where it deaminates genomic cytidines at the immunoglobulin

110,130

(antibody) locus . This deamination is required for somatic hypermutation and class

switch recombination, two components of antibody gene diversification, an integral part

1 1 1,37,61,90,93,95,109
of the adaptive immune response'>’°"?%>%> ,

Mice lacking AID are defective in
somatic hypermutation and do not undergo class switch recombination'®”. Similarly,
humans with AID deficiency suffer from immunodeficiency because they are unable to

. . . 133
undergo class-switch recombination

. Thus, AID’s physiologically relevant substrate is
genomic DNA (at a particular locus), which AID deaminates to trigger antibody gene

diversification. It remains unclear how AID is targeted specifically to the antibody locus

and not to other parts of the genome. In addition to this role in adaptive immunity, AID



may engage retroelement DNA substrates, and therefore may also function in the innate

immune system in a manner similar to the A3s (described below)””.

The APOBEC3s: Because of their similarity to AID (in sequence and in
enzymatic activity) it has been proposed that duplications of an ancestral AID gene gave
rise to the precursors of the present day APOBEC1 and A3 genes” . A3 gene number
varies in different mammalian species (Fig. 1-4). For instance, the mouse has a single A3
gene, but the human family is composed of seven members (Fig. 1-4). Phylogenetic
analyses suggest that these differences are due to lineage-specific gene expansions and

deletions.

A3s can be classified into one of two categories, termed single or double domain.
Single domain A3s (in humans A3A, A3C, and A3H) are about 200 amino acids long
(~25 kDa). Their structure is predicted to be similar to that of the C-terminal half of A3G
(Fig. 1-3). At around 400 amino acids (~50 kDa), double domain A3s (A3B, A3DE,
A3F, and A3G in humans) are about twice as long as the single domain proteins. Double
domain A3s contain two characteristic zinc-binding motifs, and likely arose from the

duplication or fusion of two single-domain A3 genes *'~*%.

A3 proteins exhibit two major biochemical activities in vitro: cytidine
deamination and nucleic acid binding. Cytidine deamination appears to be restricted to
single-stranded (ss) DNA substrates; A3s show no activity on RNA, RNA/DNA hybrids,
or double-stranded (ds) DNA substrates®”**7%1¢183  Although A3s only deaminate
ssDNA in vitro, they bind single- and double-stranded nucleic acids in a sequence non-

. 68
specific manner .



Although they originated from an AID-like ancestor, A3s function in the innate
immune system and not in adaptive immunity, like AID'®'®  The innate immune
response does not involve the direct production of antigen-specific T- and B-cell
receptors. Instead the innate immune response targets invariant molecular features of
pathogens®. The emerging picture of A3 function is that they employ their cytidine
deaminase activity to neutralize potentially harmful DNA molecules, including viral and

transposable element DNA.

A3s limit retroviral replication.

The most studied and best-known A3s function is to block retroviral replication.
This antiviral activity was first demonstrated in 2002 when it was shown that A3G was a

cellular factor antagonistic to HIV-1 replication'"’.

The existence of such a factor was
inferred before its identity was unveiled. This inference was based on the observation
that HIV-1 strains lacking the virion infectivity factor (Vif) accessory gene were only
able to replicate in a subset of human T cell lines. The Vif-proficient parent virus

45,50,112,151,158,170

replicated normally in these cells [e.g., ]. Hybrid T cells, created by fusing

permissive and non-permissive cells, also failed to replicate Vif-defective viruses’*'*".
These fusion experiments argued that Vif was not required to compensate for a cellular
factor lacking in non-permissive cells. Instead, the results were consistent with the

existence of a dominant cellular factor in the non-permissive cells that prevented

replication of Vif-deficient HIV-1.

To identify this presumed antiviral factor, Malim and coworkers made use of a

related pair of T cell lines: the permissive CEM line and its non-permissive derivative,



CEM-SS "', Reasoning that the dominant factor would be more highly expressed in non-
permissive cells, these investigators performed subtractive hybridization experiments to
isolate mRNAs that were more abundant in CEM than in CEM-SS '¥. Among the
mRNAs so identified was A3G. Expressing A3G in CEM-SS cells rendered them non-
permissive for HIV-1AVif replication. A number of investigations following this study
answered two key questions: (1) what is the molecular mechanism underlying the
antiviral effect of A3G? And, (2) how does Vif permit HIV-1 to replicate in the presence

of this potent anti-viral protein?

The fact that A3G is a DNA deaminase suggested that it might exert its antiviral
effect by deaminating viral DNA®. It was hypothesized that A3G deaminated ssDNA
intermediates during reverse transcription, the process by which retroviruses convert their
genome from a ssSRNA copy to a dsDNA copy (Fig. 1-5). In support of this hypothesis,
proviral DNA (integrated dsDNA viral genomes) from viruses produced in A3G-

58.,84,96,185
P Because

expressing cells contained dramatic increases in C/G-to-T/A mutations
they were biased to one strand, the mutations could be attributed to deamination of

cytidines on the first DNA strand synthesized during reverse transcription (Fig. 1-

58,96,183,185
5) .

Numerous studies have further elucidated the mechanism by which A3G blocks
HIV-1 replication, and have shown that there are several major requirements for this
antiviral activity. The first such requirement is for cytidine deaminase activity. There are
reports that overexpression of A3G mutants lacking enzymatic activity partially inhibit

7,119,149

retroviral replication But the inhibition disappears at lower expression



15,106,144
levels > >,

And, when expressed at levels comparable to endogenous protein in
primary cells, A3G mutants lacking enzymatic activity do not limit the replication of
HIV-1AVif'>'%!* The second major requirement is that A3G must be packaged into
newly forming virus particles as they bud from an infected cell (Fig. 1-5)"'*'*. This is
because reverse transcription in a newly infected cell takes place in the protected
environment of the viral core. Therefore, A3G in the cell being infected has no access to
the reverse transcription reaction, and does not block viral replication. The third major

requirement is that A3G has to evade viral countermeasures, such as the Vif protein (this

is obviously not the case in most HIV-1 infected individuals).

Indeed, understanding the mechanism of A3G’s antiviral activity did not help
explain how Vif allowed HIV-1 to replicate in the presence of A3G. However, it was not
long before several groups showed that Vif triggered the proteasome-dependent
degradation of A3G in infected cells®®®*%!19L14818% " This degradation reduces A3G
protein levels below an effective threshold, allowing the virus to replicate unhindered.
An epitope-tagged HIV-1 Vif protein was used to affinity purify an E3 ubiquitin ligase
complex consisting of CUL5, ELONGIN B, ELONGINC and RBX2'*. Cells depleted
for these proteins or expressing dominant negative variants preserved A3G and resisted

HIV-1 (Vif+) infection'*"'*,

Several salient points have emerged from the studies on the antiviral activity of
A3 proteins. First, other A3s in addition to A3G are capable of limiting retroviral

replication. A3F, in particular, appears to be as good as A3G at blocking HIV-1

87,176,186

replication Other A3s have been shown to inhibit HIV-1 weakly or not at



8,153,182
all>>

. Furthermore, various A3s have been demonstrated to restrict the replication of
other viruses, and not just HIV-1. The list of A3-susceptible viruses includes retroviruses
such as human T-lymphotropic virus type I (HTLV-1), murine leukemia virus (MLV),
simian immunodeficiency viruses (SIV), and equine infectious anemia virus (EIAV) **%°,
The list also includes viruses similar to retroviruses, such as hepatitis B virus (HBV), and
more distant DNA viruses such as adeno-associated virus (AAV), however the data on

: . 18,165
non-retroviruses is much less abundant ™

. There also appears to be species specificity
to these antiviral activities. So, for instance, human A3G does not limit wild type HIV-1
replication (because of Vif), but human A3G restricts the simian immunodeficiency virus
that infects African green monkeys (SIVagm). Conversely, the African green monkey

A3G restricts HIV-1, but not SIVagm. Thus, an important function of A3 proteins may

be to prevent cross-species viral transmission.

APOBEC3s limit the mobility of retrotransposons

As described above, the A3 gene family has expanded in the primate lineage, and
there are seven human A3 genes (Fig. 1-4). An evolutionary analysis has estimated that
this expansion occurred in the period between 100 and 25 million years ago, i.e., long

before HIV began infecting humans within the past hundred years®>*’

. Therefore, strictly
speaking A3 genes did not evolve to block HIV replication. Of course, A3s may have
evolved to block the replication of other, more ancient, retroviruses, and that is likely the
case. But, some A3 family members appear to have very limited or no activity against

retroviruses (at least against those viruses that have been tested). So, a major question

remains: what are the other functions of these proteins? A number of studies, including
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one described in chapter 2 have demonstrated that one major additional A3 function is to

limit the mobility of transposable retroelements.

Judging from their prevalence in many genomes, transposable elements are very
successful genetic pathogens. For instance, approximately one half of the human genome
is composed of DNA that is recognizably derived from these mobile DNA elements®'.
Such elements can be broadly divided into two classes: retroelements and DNA

transposons (Fig. 1-6)>**'.

Retroelements mobilize via a “copy and paste” mechanism:
They transcribe their genome, and this transcript is reverse transcribed and integrated into
a new genomic locus. DNA transposons, in contrast, move via a ‘“cut and paste”

mechanism. The transposon-encoded transposase enzyme excises the entire dsDNA

transposon and subsequently integrates it into a new locus.

Retroelements can be further divided into four major classes (Fig. 1-6). The first
class consists of retroviruses such as HIV. The second class is known as the LTR
retrotransposons, because, like retroviruses, their genomes contain long terminal repeats.
Because LTR retrotransposons share many characteristics of genome organization and
life cycle with (exogenous) retroviruses, these are sometimes referred to as “endogenous
retroviruses”. The main difference between exogenous and endogenous retroviruses is
that the life cycle of endogenous retroviruses is confined to a single cell, whereas the
retroviruses lifecycle begins in one cell and ends in another. The third major class of
retroelements is the non-LTR retrotransposons whose genomes, like their name suggests,
lack LTRs. The genome organization and lifecycle of these elements differs substantially

from the LTR retroelements (these differences are explained in greater detail in chapter
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2). The final class of retroelement is the non-autonomous retrotransposon. These are
relatively short DNA elements that do not encode any gene products. Instead, these

retrotransposons rely on proteins encoded by non-LTR retrotransposons to mobilize.

Because of their similarities to exogenous retroviruses, and because of the broad
anti-retroviral activity of A3 proteins, it was perhaps not too surprising to find that human
A3s limit the mobility of endogenous retroviruses. This was shown for mouse, pig, and

40,41,72,145

yeast retroelements Perhaps more surprising was the finding that A3s also

decrease the transposition efficiency of non-LTR retrotransposons. Chapter 2 describes

- . - . 10,11,18,26,78,108,120,153
one of the first studies arriving at this conclusion '*!"!826.78108.120.153

Are APOBECS3 activities relevant in vivo?

Although many of the above-mentioned studies showing that A3 proteins possess
antiviral and anti-retrotransposon activity are based on cell culture experiments, there is
ample evidence that A3 proteins perform these functions in vivo. First, A3-deficient mice
are more susceptible to infection by murine leukemia virus and mouse mammary tumor

112212 Second, there are many reports of patient-derived HIV sequences

virus
containing high levels of C/G-to-T/A transition mutations (e.g., reference*®). In fact, this
phenomenon, termed ‘“hypermutation”, was evident well before A3G was discovered.
There are also reports of patient-derived hypermutated hepatitis B virus (HBV) and
human papilloma virus (HPV) sequences””'®.  Third, the existence of viral
countermeasures argues that A3 proteins constitute a potent barrier to viral replication.

HIV-1 only encodes 15 proteins, but a major function of one of them, Vif, is to cause A3

proteins to be degraded. Other retroviruses don’t necessarily encode Vif proteins, but
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many have ways of evading A3s. For example, the foamy viruses (a family of

37 Finally,

retroviruses) encode Bet, a protein that allows the virus to evade A3s
bioinformatics analyses have shown that endogenized mouse and human retroelements
bear scars of A3-like deamination events (i.e., a higher level of C/G-to-T/A mutations

2,42,71,77,129

than would be predicted to occur randomly) . These studies testify to the in vivo

relevance of A3s.
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Fig. 1-1. APOBEC3s are DNA cytidine deaminases. A3s convert 2’ deoxycytidine to
2’ deoxyuridine within single-stranded DNA substrates.
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Fig. 1-2. APOBEC3s seemingly oppose DNA repair systems. By deaminating
cytidines to uridines, A3 proteins introduce lesions into DNA. Such lesions are normally

repaired by DNA repair systems.
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Fig. 1-3. A typical APOBEC3 domain. (A) A schematic of an A3 domain, typified by
the C-terminal half of A3G. Secondary structure elements and catalytically important
active site residues are indicated. (B) A ribbon diagram of the NMR structure of the C-
terminal half of A3G (adapted from ***’; PDB 2KEM). Secondary structure elements are
colored as in (A). The active site zinc ion is colored purple, as are zinc-binding residues.

The catalytic glutamic acid is colored cyan. The N- and C- termini are indicated.
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Fig. 1-4. The mammalian A3s. The A3 repertoire of several representative mammalian

species is shown. Coloring reflects deduced evolutionary relationships. Double domain

A3s are depicted as being twice as long as single domain A3s (adapted from™).
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Fig. 1-5. A model of how A3G blocks retroviral replication. In the absence of Vif,
A3G is packaged into retroviral particles as they bud from an infected cell (left). Once
the virus infects a new cell (right), A3G acts, as the viral RNA genome is reverse
transcribed into a dsDNA copy. A3G deaminates cytidines in nascent viral DNA,
converting them to uridines. The result is either integration of a hypermutated,
genetically inactivated, viral genome (provirus), or degradation of the viral DNA. In the
presence of Vif, A3G is degraded in a proteasome-dependent manner and thus is

unavailable to be packaged into a virus particle. See text for additional details.
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Fig. 1-6. The major classes of transposable elements. Cartoon schematics of the
genomes of the major classes of transposable elements. Genomes are drawn
approximately to scale. Dark shaded ends of elements indicate the long terminal repeats
(LTR) of retroviruses and LTR retrotransposons, the untranslated regions of non-LTR
retrotransposons, and the inverted repeats of DNA transposons. Element-encoded gene

products are indicated. Figure adapted from: **.
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Chapter 2: APOBEC3B and APOBEC3F Inhibit L1 Retrotransposition

by a DNA Deamination-Independent Mechanism

This chapter provides evidence that A3 proteins limit the mobility of LINE-1
retrotransposons. This is important because LINE-1 elements are the only active
transposable element in humans, and because previously APOBECs were only known to
inhibit LTR-containing retroelements such as retroviruses and related retrotransposons.

Adapted, with permission, from: Stenglein and Harris (2006) J Biol Chem 281(25)
16837-16841
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Chapter Summary

The most common transposable genetic element in humans, the long interspersed
nuclear element-1 (LINE-1, or L1), constitutes about 20% of the genome. The activity of
L1 and related retrotransposons such as Alu elements causes disease and contributes to
speciation. Little is known about the cellular mechanisms that control their spread
posttranscriptionally. Here, we show that expression of human A3B or A3F decreased the
rate of L1 retrotransposition by 5 to 10-fold. Expression of two related proteins, A3D or
A3G, had little effect. Two lines of evidence indicated that these A3 proteins use a
deamination-independent mechanism to inhibit L1. First, a catalytically inactive A3B
mutant maintained L1 inhibition activity. Second, C-to-T hypermutations were not
detected in L1 elements that had replicated in the presence of A3B or A3F. In addition,
lower levels of retrotransposed L1 DNA accumulated in the presence of A3B and A3F.
Together, these data suggest a model in which A3B or A3F provide a pre-integration
barrier to L1 retrotransposition. An inverse correlation between L1 activity and A3 gene

number suggest the relevance of this mechanism to mammals.
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Introduction

Several human APOBEC3 (A3) proteins have been shown to be capable of
inhibiting the replication of a diverse and growing number of retroelements (for a review
see chapter 1). Retroelements replicate by reverse transcribing their genomic RNA into a
double-strand DNA. Prior to this study, A3 anti-retroelement activity was thought to be
limited to those whose genomes contained long terminal repeats (LTRs). For such LTR-
containing retroelements, reverse transcription occurs in the cytoplasm of the host cell. It
is in this subcellular compartment that the human A3 proteins are thought to engage the
retroelement as it assembles its core components into a ribonucleoprotein complex. Much
of the mechanistic understanding of this activity has derived from studying A3G (A3G).
A3G accesses assembling virus particles through interactions with their Gag structural
protein*""'*’. There, A3G is positioned to exert its antiviral effect by deaminating nascent

896185 The uridines template the

cDNA cytidines during reverse transcription
incorporation of second cDNA strand adenosines and, ultimately this mutagenic process
results in a lethal level of retroelement C/G -> T/A transition mutations (hypermutations).
Additional evidence indicates that several of the other human A3 proteins can also inhibit
a variety of retrotransposons and retroviruses by a similar cDNA cytidine deamination

8,10,15,35,58,87,96,106,137,144,145,159,176,182] However partial inhibition of HIV-
M 9

mechanism [e.g.,
1P6HEI918 TRy B0 "HTL VI*! and yeast Ty1™ was still observed with A3G catalytic
mutants, indicating that, although deaminase activity is the major mechanism, other
deamination independent mechanisms might also contribute to inhibition.

LTR retrotransposons such as the human endogenous retrovirus make up about

8% of the human genome, and most (if not all) of these are thought to be inactive®'. In
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contrast, about 75% of the repetitive DNA in the human genome (34% of the total) is
composed of retroelements that do not require LTRs for replication. The most prominent
examples include long interspersed nuclear element-1 (LINE-1 or L1), which replicates
autonomously, and Alu elements, whose replication requires L1 protein activities’*'*,
These elements make up 17 and 11% of the genome respectively®'. The mechanism of L1
replication is fundamentally different from that of LTR-dependent retroelements. Most
importantly, L1 elements reverse transcribe their RNA genome upon integration into the
host cell genomic DNA by a process called target-primed reverse transcription'**,
Although most of the estimated 500,000 L1 elements in the human genome are incapable
of mobilizing, about 100 are active and they can compromise genomic integrity by
disrupting genes, interfering with transcriptional programs, mobilizing other elements
and precipitating recombination®*'**. One of every 10 to 250 human infants is estimated

. . . 124
to contain a new L1 insertion

. L1 elements can thereby cause disease and, over many
generations, contribute to speciation. Hypermethylation of L1 element genes has been
shown to lead to their transcriptional silencing'®, but cellular mechanisms that limit L1
activity post-transcriptionally are poorly understood.

During A3 protein localization studies we discovered that A3B is
predominantly nuclear, in contrast to A3G, which is mostly cytoplasmic (see chapter 4

and refs’®”

). Because L1 elements undergo nuclear reverse transcription, and because
A3s are thought to block retroelements at this stage, we hypothesized that A3B could
inhibit L1 retrotransposition. Using a GFP-based L1 retrotransposition reporter assay, we
found that expression of A3B or A3F strongly inhibited L1 retrotransposition. Expression

166

of the related human proteins A3D or, as previously shown ~, A3G did not significantly
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effect the rate of L1 retrotransposition. Interestingly, the mechanism of inhibition
appeared to be deaminase-independent, as hypermutations were not apparent in
retrotransposed L1 DNA and inhibition was still observed with a catalytically inactive
A3B protein. Such a mechanism was further supported by PCR experiments showing that
less integrated L1 DNA accumulated in the presence of A3B or A3F. These data
combined to suggest a model in which these A3 proteins interfere with L1 transposition

prior to retroelement integration.
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Results

The cytoplasmic localization of the human A3G protein’®”®

correlates with its
ability to inhibit the replication of LTR-dependent retroelements [reviewed in chapter 1
and in ref’*]. We confirmed prior reports of A3G’s predominantly cytoplasmic
localization by visualizing A3-GFP fusion proteins in live HeLa cells, and showed that
A3D and A3F located similarly (Fig. 2-1A). In contrast, A3B-GFP localized
predominantly to the nucleus, and GFP alone distributed throughout the cell (Fig. 2-1A).
Similar results were obtained in human 293T cells with A3-GFP and A3-HA constructs,
indicating that localization was not cell, tag or fixation-dependent (Fig. 2-1B and see
chapter 4).

The nuclear compartmentalization of A3B and the fact that L1 elements reverse
transcribe in the nucleus suggested that A3B might inhibit replication of L1. To test this
hypothesis, it was necessary to establish human 293 cell clones expressing near-
equivalent amounts of HA-tagged A3B, A3D, A3F and A3G (Fig. 2-2A). It is important
to note that these A3 constructs were not massively over-expressed, as control
immunoblots using a polyclonal antibody specific to A3G showed that the A3G-HA
levels were comparable to the levels of endogenous A3G in two well-studied, HIV-
infectable T cell lines [H9 and CEM; e.g., 147.176. qata not shown]. Thus, to a reasonable
approximation, the stable cell lines were expressing near physiological levels of A3F,
A3G and likely also the other A3 proteins.

Successful replication of an L1 element requires that it be transcribed, transported

to the cytosol, assembled into a ribonucleoprotein complex, returned to the nucleus, and
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reverse-transcribed and integrated'**. To monitor L1 retrotransposition, we made use of a
plasmid-based L1 element harboring a reporter gene (GFP) in its 3> UTR (Fig. 2-2B).
The GFP gene is transcribed from its own promoter and is in the opposite orientation as
the L1 genome. The GFP gene is disrupted by an intron that is in the same orientation as
the L1 element. Thus, functional GFP protein cannot be expressed from the plasmid.
However if the L1 element is transcribed, spliced, reverse transcribed, and integrated,
then functional GFP protein can be expressed from the newly integrated, now intronless
GFP gene. This provides a system for monitoring retrotransposition kinetics [Fig. 2-2B;
1071257

To assess whether A3B was able to inhibit L1 retrotransposition, the GFP-based
L1 reporter construct was transfected into several independent 293 clones stably
expressing a control vector, A3B, A3D, A3F, or A3G (between 3 and 5 clones for each
A3 were transfected). These analyses focused on these A3s because they are the double
A3 proteins, and hence are overall similar to each other, and because one of them (A3G)
was expected to function as a negative control'®. The steady accumulation of GFP-
positive cells (around 1% increase in GFP+ cells per day) indicated that similar
retrotransposition rates occurred in 293 cells expressing the control vector, A3D and A3G
(Fig. 2-2C). In contrast, expression of A3B decreased the rate of L1 retrotransposition by
5- to 10-fold. Additionally, contrary to expectations based on our localization studies,
expression of A3F also provided a strong barrier to L1 retrotransposition.

As an additional control for A3 protein function, we monitored the infectivity of
an HIV-based retrovirus produced in the presence of each of the A3-HA constructs or in

the presence of an empty control vector (Fig. 2-2D). As previously reported by several
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laboratories, the infectivity of Vif-deficient HIV was decreased strongly by A3G, and
A3F and weakly by A3B [e.g., **"'7%'"] Expression of A3D had little effect. These
controls are important because they show that the L1 inhibition data are not simply
phenocopies of the HIV restriction activities of the human A3 proteins. Moreover, these
data strongly suggest that other trivial explanations for the L1 phenotype (such as non-
specific nucleic acid binding) are not likely. For instance, A3G potently restricts many
LTR-dependent retroviruses (Fig. 2-2D and introductory references) and it binds single
strand nucleic acid®''®, but it does little to the rates of L1 retrotranspostion (Fig. 2-2C).

To begin to dissect the mechanism of L1 inhibition, we isolated a DNA cytidine
deaminase-deficient A3B mutant, A3Bwasr, p3ien. Several previous studies have
demonstrated that expression of human A3 proteins in E. coli causes a mutator
phenotype, thereby providing a measure of their DNA cytidine deaminase activity (e.g.,
2660y 'E. coli expressing A3B and A3G showed, respectively, 58- and 23-fold increases in
the frequency of mutation to rifampicin-resistance (Rif%; Fig. 2-3A). In comparison,
control vector- and A3B waast, p3ien -transformed cells showed much lower and nearly
identical levels of Rif* mutation, which were attributable to spontaneous mutations that
occur during E. coli growth. The E. coli studies therefore demonstrated that A3B w2osr.,
p316N 18 not able to catalyze DNA cytidine deamination and that catalytically active A3B
is a potent DNA mutator.

To address whether deaminase activity is required for L1 inhibition,
retrotransposition assays were done using 293 clones stably expressing a vector control or
A3B wast, p31en. Interestingly, the catalytically inactive A3B protein also caused 5- to

10-fold reductions in the rate of L1 retrotransposition (Fig. 2-3B). These data indicated
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that the L1 inhibition activity of A3B is independent of deaminase activity. In further
support of such a mechanism, retrotransposed L1 DNA showed no signs of the hallmark,
strand-specific C/G to T/A transition mutations that are commonly found in A3-restricted
LTR-type retroelements. Between 7 and 22 retrotransposed L1-GFP substrates were
sequenced for each experimental condition, and only 3 base substitutions were found in
26,640 bp sequences. In contrast, HIV experiments with A3F and A3G yielded 8 and 21
C to T transitions per 1000 bp of viral DNA analyzed™®. To further elucidate the
mechanism of inhibition, we recovered genomic DNA from cells at the end of the
retrotransposition experiments and used PCR to quantify integrated L1 DNA (see
experimental procedures). These experiments repeatedly produced less intense or barely
visible retrotransposition bands from the genomic DNA samples of cells expressing A3B
or A3F (Fig. 2-3C). In many instances, an additional semi-nested PCR was required to
visualize retrotransposed L1 DNA (data not shown). These data combined to strongly
indicate that A3B and A3F interfere with L1 retrotransposition prior to integration by a

process that does not require DNA cytidine deamination.
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Discussion

Initially, we were surprised that the L1 inhibition activity of A3B and A3F failed
to correlate with obvious subcellular localization. However, the similar inhibitory
potentials of A3B and A3F suggested that this activity might derive from a common
domain. Indeed, these proteins are 96% identical between residues 66-190 and 65-189,
respectively, whereas the remainder of these polypeptides shares less than 57% identity.
It is likely that this region of concentrated identity mediates L1 inhibition. This is
particularly interesting because the corresponding region of A3G is less than 50%
identical, and it is required for associating with HIV-1 Gag and thereby mediating its
specific encapsidation''®. By analogy, this region of A3B and A3F may mediate L1
inhibition by associating with the L1 ORF2 protein, which, like the nucleocapsid region
of HIV Gag, binds both zinc and nucleic acid'**. This ORF2 region is conserved amongst
L1 and related elements. Thus, an A3-ORF2 association may also interfere with the
mobilization of related autonomous retroelements and with some non-autonomous ones,
such as Alu, because they require ORF2 for transposition.

The precise mechanism by which A3s limit LINE-1 retrotransposition remains
unclear, and additional studies could help answer some key remaining questions. For
instance, although mutated LINE-1 DNA was not detected in cells expressing A3B or
A3F, it is possible that such DNA could be detected using a sensitive PCR technique that
selectively amplifies hypermutated DNA'®. It would also be possible to determine where
in the cell inhibition occurs by using A3B and A3F proteins that are more definitely
restricted to particular subcellular compartments. For instance, experiments using A3B

fused to a nuclear export signal or a protein that is retained in the cytoplasm could
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determine whether A3B normally acts in the nucleus. Experiments using transgenic mice
harboring a marked human LINE-1 element could be very informative'>>. Measuring the
retrotransposition rate in these mice (and in mice crossed with transgenic mice expressing
human A3s) would help demonstrate the in vivo relevance of A3-mediated LINE-1
inhibition.

The primate A3 genes bear strong signatures of positive selection (defined as a
high ratio non-synonymous to synonymous mutations)'**. Such selection is often evident
in genes involved in host-pathogen interactions. This positive selection and the A3 gene
expansion in the primate lineage may indicate that primate A3s are able to engage a
variety of retroelements, including L1, as the data presented here suggests. This affords a
possible explanation for why L1 retrotransposition levels are much higher in germ cells
of mice than in those of humans®®. Indeed, sequencing of the mouse and human genome
has revealed a profound difference in the mobility of L1 retrotransposons — and

. - 81,172
transposable elements in general — between mice and humans®"'".

It is possible to
estimate the age of retrotransposon insertions by comparing their sequence to a consensus
sequence (newer insertions have accumulated fewer mutations). In the rodent lineage,
transposable elements appear to be as active today as they were 100 million years

ago’"'"?. In contrast, in the lineage leading to humans, transposable elements have been

declining in mobility over the last 100 million years®"'"*

. This decline corresponds to an
increase in A3 gene number (rodent genomes only encode a single A3 gene; the human
genome encodes 7). Obviously, many factors could account for this difference in

addition to the anti-retrotransposon activities of A3 proteins. Nevertheless, there is a

striking inverse correlation between transposable element mobility and A3 gene number.
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Going forward, it will be particularly interesting to assess A3 function in the germ
lineage, for it is only retrotransposon insertions in these cells that have a chance of being

inherited and increasing in frequency in the population.
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Experimental Procedures

DNA constructs. The L1 construct, pL1-ac002980-EGFP'?, and the functionally active
A3B construct, pcDNA3.1-A3B-HA182, have been described. The deaminase-deficient
A3B construct has two amino acid substitutions, W228L and D316N, and it was isolated
by PCR using oligonucleotides 5’-GAG CTC GGT ACC ACC ATG AAT CCA CAG
ATC AGA AAT and 5°-GTC GAC CAT CCT TCC GTT TCC CTG ATT CTG GAG
and IMAGE clones 3915193 and 4707934 as amplification templates. A3D, A3F and

A3G were amplified from existing laboratory constructs®®***’

using oligonucleotides
A3D: 5°-GAG CTC GGT ACC ACC ATG AAT CCA CAG ATC AGA AAT/5-GTC
GAC TCC CTG GAG AAT CTC CCG TAG C, A3F: 5°-GAG CTC AGG TAC CAC
CAT GAA GCC TCA CTT CAG AAA C/5°- GTC GAC TCC CTC GAG AAT CTC
CTG CAG CTT, and A3G: 5’-GAG CTC AGG TAC CAC CAT GAA GCC TCA CTT
CAG AAA C/5-GTC GAC TCC GTT TTC CTG ATT CTG GAG AAT. The A3B,
A3D, A3F and A3G PCR products were digested with Sacl and Sall and cloned into a
similarly digested pEGFP-N3 (Clontech). They were also digested with Kpnl and Sall
and cloned into a modified version of pcDNA3.1(+) (Invitrogen) containing a carboxy-
terminal 3x influenza hemagglutinin (HA) tag. This modified pcDNA3.1 vector was
created by cloning a triple HA tag between the Xhol and Xbal sites in the polylinker. The
E. coli expression plasmids, pTrc99A and pTrc99A-A3G were reported previously”*®.
The A3B expressing derivatives of pTrc99A were constructed by PCR using
oligonucleotides 5’-GGT ACC ACC ATG AAT CCA CAG ATC AGA AAT and 5’-
GTC GAC CCC ATC CTT CAG TTT CCC TGA TTC TGG AG, Kpnl and Sall

restriction and ligation into similarly digested vector. All constructs were verified by
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DNA sequencing. The cDNA sequences for A3F and A3G were identical to NCBI
Reference Sequences. The cDNA sequence for A3D is also called A3D-E, and it is
represented by GenBank cDNA BE888971. Active A3B differed in eight positions from
GenBank NP 004891 (K62E, L80P, F107L, T146K, M193V, D205G, T337A and
R372K). The limited number of A3B sequences in GenBank prevented us from

determining whether these variations are naturally occurring.

Cell Lines. Human embryonic kidney (HEK) 293 cells and HeLa cells were maintained
in DMEM supplemented with 10% FBS and 25 U/ml penicillin and 25 ug/ml
streptomycin (all Gibco) at 37°C and 5% CO,. Transfections were performed using
FuGene 6 according to the manufacturer’s protocol (Roche). Stable, A3-expressing 293
cell lines were established by transfecting with linearized A3-HA expression constructs,
followed by a selection with growth media containing 880 ug/ml G418 (Roche). Clones
expressing HA-tagged A3 proteins were identified and quantified by anti-HA (Covance)
immunoblotting. Maintaining all clones in growth media supplemented with 220 ug/ml

G418 ensured stable A3 protein expression.

Microscopy. 15,000 HeLa or 50,000 293T cells were seeded on LabTek chambered
coverglasses (Nunc). After 24 hrs of incubation, these cells were transfected with 250 ng
of the pEGFP-N3-based DNA constructs. After an additional 24 hrs of incubation,
images of the live cells were collected on a Zeiss Axiovert 200 microscope. 293T cells
transfected with the A3-GFP constructs were fixed in 4% formaldehyde, permeablized in
0.2% TritonX-100, stained with 100 ng/ml DAPI and imaged as above. The A3B waase

p3ieN construct was used to acquire the images presented in Fig. 1. Additional
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experiments using other A3B constructs have also shown a predominantly nuclear

localization (see chapter 4).

L1 Retrotransposition Assays. L1 assays were performed as originally described with
minor modifications'*’. For each condition, 3-5 independent A3 or control 293 clones
were plated at a density of 3x10° cells per well in 6 well plates. After 24 hrs of
incubation, the cells were transfected with 500 ng of pL1-ac002980-EGFP. After an
additional 24 hrs of incubation, L1 plasmid-containing cells were selected with 0.67
pg/ml puromycin (US Biological). Maintenance of the L1 substrate was ensured by the
continual presence of puromycin (0.15 pg/ml) through the duration of the experiment. At
72 hr intervals, the cells were passaged and at least 25,000 cells were examined by flow
cytometry. A GFP-positive region was established such that less than 0.01% of negative-

control 293 cells profiled within this gate.

Immunoblotting. Total cellular protein extracts were prepared using a serial freeze/thaw
procedure. The extracted proteins were quantified by Bradford assays (BioRad) and equal
amounts were fractionated by SDS-PAGE, transferred to a PVDF membrane (Millipore)
and probed with monoclonal anti-HA (Covance), monoclonal anti-alpha-tubulin
(BioRad) or polyclonal anti-A3G ''°. Primary antibodies were detected by incubation
with horseradish peroxidase-coupled anti-mouse IgG (BioRad) or anti-rabbit IgG

(BioRad), followed by chemi-luminescence (Roche).

L1 DNA analyses. To ensure the exclusive amplification and detection of L1
retrotransposition events, we designed a PCR-based assay that would specifically amplify

intronless GFP DNA. Most importantly, a splice-specific oligonucleotide, 5’-CAG CGT
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GCA GCT GGC C was designed to span the intron by annealing to exonic sequences 10
bp immediately upstream and 6 bp downstream. The GFP gene-specific annealing of this
oligonucleotide would only occur if the intron were spliced out, reverse transcribed and
integrated. This primer was used in combination with 5’-CGA TCC CCT CAG AAG
AAC TCG or 5’-CGA TCC CCT CAG AAG AAC TCG to generate a larger 360 bp or a

smaller (semi-nested) 240 bp PCR product.

E. coli mutation assays. The intrinsic DNA cytidine deaminase activity of several A3
proteins including A3G has been assayed by quantifying the accumulation of rifampicin-

resistance mutations in E. coli expressing these proteins [e.g., >*%].
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Figures

Fig. 2-1. Subcellular distribution of human A3B, A3D, A3F and A3G. (A)
Representative live HeLa cells showing the subcellular localization of GFP-tagged
human A3B, A3D, A3F and A3G. (B) Representative fixed 293T cells showing the
subcellular localization of GFP-tagged human A3B, A3D, A3F and A3G (top panel). The
middle and bottom panels show DAPI-stained and bright field images of the same fields,

respectively. The scales indicate 10 um. (See also Fig. 4-1).
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Fig. 2-2. Expression of A3B or A3F inhibits L1 retrotransposition. (A) anti-HA and
anti-alpha-tubulin immunoblots showing expression of HA-tagged A3 proteins in
representative stable 293 cell lines. The A3B clones shown express the catalytically
inactive A3B waxsr. p3ien construct. The active A3B construct contains a single HA
epitope'®” and, as expected, its immunoblot intensity was approximately one-third that of
the triple HA-tagged proteins (data not shown). (B) a schematic of the GFP-based L1
retrotransposition system'>. A complete L1 genome contained in the plasmid harbors an
antisense, intron-interrupted GFP cassette in its 3° UTR (intron colored red). L1
transcription, splicing, reverse transcription and integration are necessary for GFP
expression (green color indicates non-interrupted GFP gene) (sd: splice donor; sa: splice
acceptor). GFP fluorescence as monitored by flow cytometry provides a quantitative
measure of L1 activity. (C) A3B and A3F inhibit L1 retrotransposition. The accumulation
of GFP-positive cells over time is shown. For each dataset, the mean and SEM of 3-5
independently derived 293 clones, which stably express the control vector or a human A3
protein, are indicated. (D) Single cycle HIV infectivity assays. HIV-GFP viruses were
produced in the presence of the control or the indicated A3-HA constructs and used to
infect non-fluorescent 293T target cells, as described previously’®®”. After 48 hours of
incubation, target cell GFP fluorescence was monitored by flow cytometry, providing a
quantitative measure of a single round of infectivity. Data are presented relative to

control, and the mean of three parallel experiments is indicated.
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Fig. 2-3. The inhibition of L1 retrotransposition does not require DNA cytidine
deaminase activity. (A) The DNA cytidine deaminase activity of A3B, A3Bw22sr. D316N,
and A3G was quantified using an E. coli-based mutation assay (see experimental
procedures). Empty-vector transformed bacteria serve as a negative control and indicate
the background mutation frequency. (B) L1 inhibition by catalytically active and inactive
A3B proteins. A3By, denotes the catalytically inactive A3B w2251, p316n construct. This
experiment was performed as described in Fig. 2-2 and, for comparison, the A3B data
from Fig. 2-2B are shown (dotted line). (C) an ethidium bromide stained agarose gel
showing less integrated L1 DNA in cells expressing A3B or A3F (a 360 bp specific
band). A non-specific higher molecular weight band (ca. 950 bp) indicates that similar
amounts of genomic DNA were used in each PCR reaction. See the experimental

procedures for additional details.
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Chapter 3: APOBEC3 Proteins Restrict Foreign DNA

The experiments described in this chapter show that APOBEC3 proteins restrict foreign
intracellular DNA. This expands the range of biologically relevant APOBEC substrates
and has implications for therapeutic processes involving DNA transfer such as gene
therapy and for standard molecular biology procedures such as transfection.

This chapter is adapted from a manuscript submitted for publication in June 2009 that is
awaiting peer review
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Chapter Summary

Intracellular foreign DNA is inherently dangerous and is often associated with
viral or bacterial infection. Innate immune sensors detect intracellular foreign DNA, but
little is known about mechanisms that respond to clear it. Here, we show that cytidine
deaminase A3A is a key effector in one such mechanism. In primary cells, A3A is
strongly induced by interferon following DNA detection. A3A triggers degradation of
transfected foreign DNA by editing cytidines to uridines. These noncanonical DNA
nucleosides are converted into destabilizing abasic sites by uracil DNA glycosylase. This
mechanism is evident in cell lines and primary monocytes, where up to 97% of
transfected DNA cytidines show signs of editing. These findings expand the notion of
what is a biologically relevant A3 substrate, offer insights into innate immune responses
to infection, and may impact applied processes such as genetic engineering and gene

therapy.
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Introduction

Intracellular foreign DNA threatens the well-being and proper function of a cell.
If the DNA is pathogenic in origin, it could encode cytotoxic gene products or it could be
replicated to propagate an infection. Even non-pathogenic DNA, for instance DNA from
necrotic cells internalized by a phagocyte, threatens to insert into the genome or disrupt
the cell’s gene expression equilibrium. Foreign DNA is sensed by Toll-like receptor
(TLR)-dependent and TLR-independent mechanisms'®'®’. TLR9 senses DNA in
endosomal compartments and signals to induce the production of type 1 interferons and
pro-inflammatory cytokines and chemokines. The identity of the TLR-independent
cytosolic DNA sensor is unknown, but this pathway also results in robust interferon
(IFN) induction®"*""'**_ TIFN in turn stimulates the transcription of many genes whose
products orchestrate a wide variety of innate immune responses' . For instance, Tetherin
blocks viral budding, PKR inhibits translation, RNaseL. degrades intracellular RNA, and

3,75,104,117,134,168

ADARI1 deaminates double-strand RNA adenosines to inosines . However,

little is known about cellular proteins that mediate the clearance of foreign intracellular
DNA.

The enzymatic conversion of DNA cytidines to uridines has at least two
fundamental roles in immunity. Activation-induced deaminase (AID) deaminates
antibody gene DNA and triggers antibody gene diversification by somatic hypermutation
and class switch recombination®’. The APOBEC3s (A3s): A3A, A3B, A3C, A3DE, A3F,
A3G and A3H, are DNA cytidine deaminases that have been shown to inhibit the
replication of a diverse set of retroviruses and retrotransposons (see chapter 1 and

reviews 24222463128 " A3E and A3G, the best-studied members of this family, strongly
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inhibit the replication of Vif-defective HIV-1 by deaminating viral cDNA during
retrovirus reverse transcription. In contrast, A3A does not restrict HIV-1, but it has been
shown to limit retrotransposition of L1 and Alu elements and replication of adeno-

8,10,11,18,

associated virus (AAV) 26108113 " Other DNA viruses such as hepatitis B virus

(HBV) and human papillomavirus (HPV) may also be targets of A3 proteins'>*"'®’.

The fact that human cells have innate mechanisms to sense foreign DNA and the
fact that A3s are potent DNA deaminases with established roles in immunity led us to
hypothesize that one or more of these proteins acts downstream of DNA-sensing
molecules to mediate the clearance of foreign DNA. This hypothesis was also prompted
by two observations. First, we had noted that transient expression of A3A seemed to
decrease expression of co-transfected reporter genes. Second, we had preliminary data
that suggested that A3A was upregulated in DNA-stimulated primary leukocytes.

Here, we show that A3A has all of the hallmarks of a foreign DNA restriction
factor. We find that A3A is predominantly expressed in phagocytic cells, is strongly

induced following DNA detection, and triggers the degradation of foreign DNA by a

cytidine deamination and uracil excision mechanism.
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Results

A3A is expressed in phagocytes and strongly induced by IFN and CpG DNA

We reasoned that if A3s were indeed DNA restriction factors, then they ought to
be expressed in cells frequently exposed to foreign DNA and would likely be induced by
foreign DNA detection. We focused on A3A, because of reports suggesting that A3A is
expressed predominantly in monocytes, macrophages, and neutrophils'®'**. These highly
phagocytic cells ingest large quantities of foreign materials, including nucleic acids. To
confirm and extend these studies, we obtained fresh human peripheral blood mononuclear
cells (PBMCs), purified CD14-positive cells (monocytes and macrophages) by magnetic
cell sorting, and used a panel of specific PCR assays to quantify A3 expression (Fig. 3-1
& Fig. 3-2). Several A3s were expressed in PBMCs, with A3A, A3C and A3G
consistently showing the highest basal mRNA levels (Fig. 3-1B). The relative A3A
expression level increased 3-fold in the CD14-enriched cell population and decreased
proportionately in the CD14-depleted fraction, whereas A3C and A3G mRNA levels
were similar in the different populations (Fig. 3-1B). These observations indicated that
A3A is expressed predominantly in CD14-positive phagocytic cells.

Although prior reports have indicated that several A3s can be induced by interferon
(IFN) 219126127 M0 STAGIT1 -y gystematic and quantitative analysis of the entire repertoire
had not been done. Therefore, fresh PBMCs were treated with IFN, and RNA was
isolated at multiple time points for quantification by real-time PCR. A3A was strongly
IFN-responsive with mRNA levels consistently peaking 100-fold above those in
untreated cells (Fig. 3-1C). It is unclear whether this results from an increase in

transcription or in mRNA stability. Other A3s showed modest 2- to 3-fold increases.
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Moreover, we found that incubating PBMCs with the CpG-containing ssDNA
oligonucleotide (known as CpG DNA, these are potent TLR9 ligands) caused a 200-fold
increase in A3A, and a 2- to 4-fold increase in the expression of other A3s (Fig. 3-1D, E).
The dramatic induction of A3A by CpG DNA, but not GpC control DNA, was also
visible by immunoblotting using an A3A-specific polyclonal antibody (Fig. 3-1F). We
also compared the degree of A3A induction to other well-characterized IFN-stimulated
genes>*. A3A mRNA was induced slightly less than ISG15 (one of the most IFN-
stimulated genes'**) but significantly higher than IFNa2, IFNB, PKR, and ADARI (Fig.
3-1E). As a control, we measured the mRNA levels of RNaseL, which is activated post-
transcriptionally in response to IFN signaling. Accordingly, RNaseL mRNA abundance
did not increase upon stimulation. The relative mRNA levels of 3 “housekeeping” genes:
TBP, RPL13A, and HPRT, varied little under each experimental condition and they were
therefore used as internal normalization standards.
A3A inhibits stable gene transfer

The finding that A3A is expressed in cells that ingest pathogens and extracellular
debris, and the fact that its expression is induced by DNA detection suggests that it might
play a role in the clearance of foreign DNA. To directly test this hypothesis, we
quantified the impact of A3A expression on several measures of foreign DNA integrity
and stability. First, we measured the impact of A3A on the stable gene transfer efficiency
(Fig. 3-3). HEK-293 cells, which lack detectable A3A mRNA, were co-transfected with a
neomycin-resistance (Neo®) reporter plasmid and an expression construct for A3A, A3A-
E72A (a catalytically inactive mutant; (Fig. 3-4), and'®), or a GFP control. Two days

were allowed for integration of the reporter plasmid into chromosomal DNA and for
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expression of the Neo® gene product. The cells were then plated into neomycin (G418)-
containing medium, and drug resistant colonies were allowed to grow. The resulting
Neo® colonies were fixed, stained, scanned, and counted. A3A expression resulted in a
dose-dependent decrease in the frequency of Neo® colonies in comparison to either
control condition (Fig. 3-3B, C). This effect was potent: transfecting as little as 16 ng of
A3A expression plasmid decreased gene transfer efficiency to 40% of controls (Fig. 3-
3C). A3A expression did not decrease the number of colony-forming cells (assessed by
plating in drug-free medium), nor was there any indication of increased apoptosis or
decreased proliferation in A3A-expressing cells (Fig. 3-5). Essentially identical data were
obtained with HeLa cells, and using a more efficient DNA transposon-mediated gene
transfer system (Fig. 3-6).

A3A glutamate 72 is part of a conserved zinc-coordinating catalytic motif, H-x-E-
X24-C-P-x54-C (where x is any amino acid)27’83’“4. The fact that A3A-E72A-GFP
expression did not decrease the efficiency of stable gene transfer suggested that this
effect requires A3A’s cytidine deaminase activity (addressed below).

A3A inhibits transient gene expression

As a second measure of foreign DNA stability, we tested whether transient gene
expression would be affected by A3A. GFP-encoding plasmid DNA was delivered to
HEK-293 cells and GFP fluorescence was monitored by flow cytometry at 2 and 5 days
post-transfection (Fig. 3-3). After two days, the higher A3A expression levels caused a
small decrease in GFP fluorescence. By five days, all A3A levels caused significant
reductions in GFP fluorescence, and a clear dose response was apparent. The rate of GFP

fluorescence decay was also accelerated in A3A-expressing cells compared to control
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cells (~4% decline in GFP-positive cells per day versus 2% in the control cells). Thus,

A3A expression caused a more rapid disappearance of transient reporter gene expression.

A3A destabilizes transfected plasmid DNA

Because reduced gene transfer efficiency and diminished reporter gene expression
could both result from a reduction in the quantity or integrity of the transfected DNA
itself, we used quantitative PCR to directly measure plasmid DNA levels in A3A
expressing cells. These experiments revealed a 60% reduction in plasmid DNA levels in
comparison to control cells two days after transfection (Fig. 3-3E). It is noteworthy that
this is likely an underestimate of the potency of A3A, because transfected DNA may
resist DNase digestion (done prior to cell lysis to remove free DNA) or become
sequestered in A3A-impermeable compartments (e.g., endosomes). Nevertheless, these
data showed that A3A can directly compromise the integrity of foreign plasmid DNA,

and that this effect requires the conserved catalytic glutamate.

A3A triggers the degradation of foreign DNA by a mechanism that requires uracil
excision and yields C/G-to-T/A hypermutations
If A3A indeed triggers the clearance of foreign DNA by a mechanism involving
DNA deamination, then, in addition to a requirement for catalytic activity, two major
predictions follow. First, the immediate products of deamination, DNA uridines, might be
substrates for excision by cellular uracil DNA glycosylases. The most obvious candidate
is the major cellular uracil DNA glycosylase, UNG2, which functions normally in error-

free excision repair of genomic uracils but also processes uracils during error-prone
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antibody gene diversification events’”’*. Second, since DNA uridines base-pair like
thymidine and template the insertion of adenosines, they ought to amplify by PCR and
result in C/G-to-T/A transition mutations. Furthermore, if A3A was causing these
mutations, then the mutated cytidines should preferentially occur within 5°-TC
dinucleotides, since A3A has been shown to exhibit this local preference in vitro'®.

To test these predictions, we used a uracil DNA glycosylase inhibitor (UGI) to
inhibit UNG2°®, and a PCR-based technique called differential DNA denaturation PCR
(3D-PCR)" that uses lower than normal PCR denaturation temperatures. We did this
because if UNG2 processes A3A-generated uridines, then inhibiting it should cause
uridine-containing intermediates to accumulate. 3D-PCR is based on the idea that DNA
with relatively fewer inter-strand hydrogen bonds (e.g., duplex DNA with G-U
mismatches or A/T rich DNA) will denature at lower temperatures and thus will
selectively amplify at lower PCR denaturation temperatures. Therefore, 3D-PCR
combined with UNG2 inhibition allows for the detection of potentially short-lived
uridine-containing DNA intermediates.

UGlI-expressing HEK-293T cells were co-transfected with a reporter plasmid and
A3A or A3A-E72A expression plasmids. Two days later, transfected DNA was
recovered from the cells and analyzed by 3D-PCR. At the highest denaturation
temperatures, plasmid DNA recovered from A3A and A3A-E72A-expressing cells
amplified by PCR (Fig. 3-7A). However, at lower denaturation temperatures, only
plasmid DNA recovered from A3A-expressing cells amplified. Cells not expressing UGI

were similary transfected and amplification at lower denaturation temperatures was not
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detected. These results suggested that A3A could be editing transfected plasmid DNA
and that UNG2 might normally be processing the edited molecules.

To confirm that UNG2 was acting on uridine-containing DNA molecules
generated by A3A, we transfected HEK-293 cells with a reporter plasmid, A3A or A3A-
E72A expression plasmid, and increasing amounts of a UGI expression plasmid. In
support of the prior experiments, higher doses of UGI (greater UNG?2 inhibition) led to a
greater abundance of lower denaturation temperature PCR products (Fig. 3-7B).
Moreover, UNG?2 inhibition alone was not sufficient to enable the recovery of low
denaturation temperature PCR amplicons (expression of catalytically active A3A was
also required).

To confirm that the low denaturation temperature amplification corresponded to
A3A-edited molecules, we cloned and sequenced a number of PCR products (Fig. 3-7C).
These analyses revealed high levels of C/G-to-T/A transition mutations in molecules
recovered from A3A-expressing cells. In contrast, no mutations were found in molecules
recovered from A3A-E72A-expressing cells. Mutations were even apparent in the
majority of molecules amplified at a non-selective denaturation temperature (94.4°C),
indicating that selective amplification by 3D-PCR was not required to detect edited
sequences. The edited cytidines were preferentially within 5’-TC dinucleotides (15/15 TC
cytidines were edited in at least one sequence, but only 14/78 of cytidines in AC, CC, or
GC contexts were edited in at least one sequence). 5’-TC dinucleotides have previously
shown to be the preferred A3A deamination target in vitro'®. Overall, these data
demonstrated that A3A deaminates foreign DNA in human cells and that the resulting

uracils are substrates for UNG2.
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Extensive foreign DNA hypermutation occurs in primary human monocytes

We next wanted to assess the impact of foreign DNA editing in A3A’s normal
physiological context, i.e. in primary human phagocytes. We took advantage of the fact
that a two log difference in A3A expression exists between CpG-treated and mock-
treated PBMCs (Fig. 3-1D, E, F). These two cell populations were prepared and
transfected with GFP-encoding plasmid DNA or mock-transfected with buffer alone. We
found that the introduction of plasmid DNA into cells caused A3A to be induced,
regardless of whether the cells had been pre-treated with CpG DNA (Fig. 3-8A). These
data are consistent with prior studies showing the introduction of plasmid DNA into
leukocytes induces a robust TLR-independent IFN-response®>'*°.

Next, to determine whether endogenous A3A mutates transfected plasmid DNA,
we recovered DNA from cells at 8 and 24 hours post-transfection and used 3D-PCR to
amplify a region of the GFP gene. For a control template, we mixed GFP plasmid DNA
with DNA recovered from mock-transfected cells. Using this control template, products
amplified only at the highest denaturation temperatures (Fig. 3-8B, “pDNA”). In contrast,
we were able to detect plasmid DNA amplification at lower denaturation temperatures
using the DNA recovered from transfected monocytes. Cloning and sequencing these
PCR products confirmed that they resulted from amplification of extensively edited
plasmid DNA (Fig. 3-8C), with some molecules having as many as 72/93 cytidines
edited in the 257 nucleotide amplicon. We also noted that amplification occurred at lower
denaturation temperatures using DNA recovered from the CpG-pretreated cells than from
the non-pretreated cells at 8 hours post-transfection. This suggested that the plasmid

DNA had been more extensively mutated in the cells that were expressing higher levels
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of A3A at the time of transfection. At 24 hours post-transfection, we detected weak
bands at the lowest denaturation temperatures in the mock-pretreated cells, likely
corresponding to mutations catalyzed by A3A that had been induced by plasmid DNA
transfection itself (Fig. 3-8B).

In addition to cloning and sequencing individual molecules, we also directly
sequenced populations of PCR products (Fig. 3-9). By analyzing these sequences, we
found evidence for C-to-U conversion of 70/72 cytidines (97%) within a 200 nucleotide
region of the GFP gene (i.e., that these cytidines had been edited in at least some of the
molecules amplified; Fig. 3-9). We were also able to confirm a strong bias towards
deamination at 5’-TC dinucleotides, consistent with catalysis by A3A (Fig. 3-8D, Fig. 3-
9). This approach also detected evidence for C/G-to-T/A mutation in the DNA
populations amplified at the standard PCR denaturation temperature of 95°C (Fig. 3-9).
Thus, even without the selective amplification of 3D-PCR, a detectable fraction of the
DNA transfected into monocytes was mutated by endogenous A3A (and/or by one of the
other A3s expressed in monocytes). We also found that, in contrast to experiments in
HEK-293 cells, we were able to detect hyper-edited DNA molecules recovered from
primary monocytes without inhibiting UNG2. This suggested that UNG2 activity is
greater in HEK-293 cells, that transfected A3A inactivates its own expression plasmid
(attenuating its efficacy in cotransfection experiments), and/or that editing is more
extensive in primary monocytes (consistent with the dramatic induction of A3A).
Essentially identical results were obtained using PBMCs isolated from three independent

donors and an additional set of PCR primers (Fig. 3-10).
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These results demonstrated that endogenous A3A hypermutates foreign DNA in
primary cells. The extensive levels of mutation suggested that foreign DNA becomes
genetically inert prior to eventual degradation. Indeed, A3A-mediated foreign DNA
clearance is possibly one of the causes underlying the extremely short-lived GFP
expression evident in transfected monocytes, which decreased from ~5% GFP-positive at

8 hours to 0.5% by 24 hours in the CpG-pretreated transfected cells (Fig. 3-8E).
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Discussion

The recognition and clearance of foreign intracellular DNA has been postulated to
be a fundamental arm of the innate immune response®**>'*°. Although TLR-dependent
and -independent pathways sense foreign DNA and trigger IFN production, little is
known about effector proteins downstream of IFN signalling, some of which presumably
must function to mediate DNA clearance. Here, we show that A3A is such a foreign
DNA restriction factor. A3A is expressed predominantly in CD14-positive phagocytic
cells and it is strongly IFN-inducible, consistent with a front-line role in foreign DNA
restriction. A3A is also induced by CpG single-strand DNA or double-strand DNA,
presumably through the induction of IFN by DNA detection pathways. A3A reduces
foreign DNA stability and integrity by three measures: stable gene transfer, transient gene
expression, and DNA persistence. The extraordinary levels of foreign DNA C/G-to-T/A
hypermutation, a requirement for the A3A active site glutamate, and the influence of the
uracil DNA glycosylase inhibitor UGI combine to demonstrate that foreign DNA
restriction is a deamination and uracil-excision dependent process.

Our data indicate a model in which A3A deaminates foreign DNA cytidines to
uridines and that these lesions are subsequently converted by the cellular uracil DNA
glycosylase UNG?2 to nuclease-susceptible abasic sites (Fig. 3-11). It is likely that these
abasic sites are processed by the endonuclease APEX, which cleaves the DNA
phosphodiester backbone adjacent to abasic sites’*, but many other cellular nucleases
could also be involved. We are additionally intrigued by the apparent strand specificity of

the hypermutations, and we are investigating its basis.
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Although the studies described in this chapter focus on A3A, humans have six
other A3 proteins. All of the A3 proteins possess DNA deaminase activity, and the other
A3s have broader expression profiles than that of A3A'™%7%1% It may be that these
other APOBE3 proteins mediate foreign DNA restriction in other cell types. In support of
this, several of the other human A3 proteins decrease the efficiency of stable gene
transfer in a cell culture assay, although none as efficiently as A3A (Fig. 3-12). The
presence of A3s in mammals and related DNA cytidine deaminases in all vertebrates
suggests that the DNA restriction mechanism described here may constitute a general
innate immune response.

In addition to shedding light on a potential response to infection, the findings
described here may also impact applied processes that rely on gene transfer. For
example, many laboratory experiments rely on the introduction of DNA into cells.
Similarly, gene therapy requires that DNA be stably incorporated into and expressed by a
cell. And, in order to create induced pluripotent stem cells, multiple transgenes must be
stably introduced into primary somatic cells. In all of the above cases, a major obstacle is
that many cells - especially primary cells - express and incorporate foreign DNA very
inefficiently. It is possible that endogenous A3 proteins are one of the barriers that make
this process so inefficient. Further experiments will be necessary to validate this
prediction and to assess the breadth of editing-based DNA restriction.

Several important unanswered questions remain. First, what DNA molecules are
the targets of this activity in vivo? Candidate targets include bacterial, viral, and parastic
DNA, as well as self DNA released from necrotic cells. Such DNA could enter the cell

by phagocytosis, other endocytic pathways, or by infection. Studies that have detected
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C/G-to-T/A hypermutated HBV and HPV DNA in primary tissues suggest that viral

DNAs are subject to editing by A3s in vivo'>'®

. But this activity is not limited to viral
DNA, as we have shown that transfected plasmid DNA (i.e., bacterial DNA) is restricted.

Additional studies will be required to determine the range of foreign DNA that is
subject to A3-mediated restriction. For example, to determine whether (non-transfected)
bacterial DNA is subject to A3A-mediated restriction, primary monocytes could be
infected with an intracellular bacterium such as Listeria monocytogenes. Following
infection, DNA could be recovered from cells and 3D-PCR could be used to detect A3A-
edited bacterial DNA. Similarly, cells could be infected with different DNA viruses to
determine whether their genomes were being edited during infection.

Another unresolved question is where in the cell does editing occur? Epitope-
tagged A3A distributes throughout the cell (see chapter 4), so it could act in the cytosol,
following DNA escape from endocytic compartments, or in the nucleus. Experiments
with chimeric A3 proteins that are restricted to the nucleus or the cytoplasm could help
resolve this issue.

Finally, it is worth noting that strong parallels can be drawn between the
mechanism of foreign DNA restriction described here and the mechanisms of antibody
gene diversification by AID and HIV-1 restriction by A3F and A3G. In all three cases, a
DNA deaminase is targeted to a particular DNA substrate: foreign DNA, antibody gene
DNA, and retroviral cDNA, respectively. In all three cases, ubiquitous DNA ‘repair’

enzymes are diverted to process the resulting DNA uridines, resulting in foreign DNA

restriction, antibody gene diversification, and retrovirus restriction. Thus, we conclude
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that DNA deamination has at least three fundamental roles in the vertebrate innate and

adaptive immune responses.
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Experimental Procedures

Plasmids: The A3A coding region (Genbank accession NM 145699) was
amplified by PCR using 5’-GAG CTC GGT ACC ACC ATG GAA GCC AGC CCA
GC-3’ and 5’-GTC GAC CAT CCT TCC GTT TCC CTG ATT CTG GAG-3’, digested
with Sacl/Sall and ligated into similarly digested pEGFP-N3 (Clontech) and pcDNA3.1-
HA vectors'>*. The A3A-GFP fusion reading frame was cut out of pEGFP-N3-A3A by
digesting with Nhel/Notl and ligated into an Xbal/Notl-digested pEF, a derivative of
pEAKS (Edge Biosystems)’*. Amino acid substitution mutants were generated using site-
directed mutagenesis (QuikChange, Stratagene; primer sequences available on request).
All constructs were confirmed by restriction digestion and DNA sequencing. The uracil
DNA glycosylase inhibitor expression plasmid, pcDNA3.1-UGI, was created by
digesting pEF-UGI*® with EcoRI/NotI and ligating the UGI-encoding fragment into a
similarly digested pcDNA3.1 (Invitrogen). The Sleeping Beauty DNA transposon
plasmids, pT2/SV-neo and pCMV-SB10 are as described’®’. pTre2-mCherry was
created by amplifying the mCherry coding region from pRSETB-mCherry (a gift from
Roger Tsien) using primers 5’-GCG GCC GCT TAC TTG TAC AGC TCG TCC ATG
CCG-3" and 5> GGA TCC ATC GCC ACC ATG GTG AGC AAG GGC GAG G-3’. The
PCR product was digested BamHI/Notl and ligated into a similarly digested pTre2pur
(Clontech). This plasmid was digested with Xhol, and the larger fragment was purified
on an agarose gel and self ligated.

Cell Culture: Human embryonic kidney (HEK) 293, 293T, and HeLa cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine

serum and 25 units/ml penicillin and 25 ug/ml streptomycin at 37 °C and 5% CO,.
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Transfections of these cells used TransIT-LT1 (Mirus Bio Corporation) according to the
manufacturer’s protocol.

Cell Lines: HEK-293T cell stably expressing uracil DNA glycosylase were
created by transfecting cells with pEF-UGI*®. Stably transfected cells were selected in
puromycin and clonal cell lines screened for inhibition of UDG activity as described’®.

Primary Cells: Primary human peripheral blood mononuclear cells (PBMCs)
were isolated from peripheral blood obtained from healthy donors (Memorial Blood
Centers, Minneapolis, MN). PBMCs were isolated by density gradient centrifugation
using Ficoll Paque Plus according to the manufacturer’s directions (GE Healthcare Life
Sciences). In some experiments, monocytes were further enriched by negative selection
of non-monocytes using magnetic separation (MACS separation, Miltenyi Biotec) or
centrifugation (RosetteSep, Stem Cell Technologies), according to the manufacturer’s
protocols. Enrichment was monitored by flow cytometry and staining with fluorescein-
labeled anti-CD14 antibody (Miltenyi Biotec).

PBMC stimulation: PBMCs or monocytes were treated with 2 ng/ml universal
type 1 interferon (R&D Systems) or with 3 uM CpG DNA oligonucleotide (“ODN2216”
5’- ggG GGA CGA TCG TCg ggg gg -3°, lower case letters designate nucleotides linked
by phosphorothioate bonds) or with 3 uM control GpC DNA oligonucleotide (5°- tgc tgc
ttt tgt get ttt gtg ctt -3’; this GpC-containing oligo is not an efficient TLRY ligand) for the
times indicated in the text and figures.

Flow Cytometry: Cells were analyzed using a Cell Lab Quanta SC flow
cytometer (Beckman Coulter). CD14+ cells were stained with CD14-FITC (Miltenyi

Biotec). Cells were incubated with propidium iodide to assess cell viability.
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Immunoblotting: Cells were harvested and total protein extracted in a buffer
containing 25 mM HEPES (pH 7.4), 10% glycerol, 150 mM NacCl, 0.5% Triton X-100, 1
mM EDTA, 1 mM MgCl, 1 mM ZnCl,, and protease inhibitors. The extracts were
clarified by centrifugation for 10 minutes at 20,800g at 4°C. The extracted proteins (15
ug) were fractionated by SDS-PAGE, transferred to a polyvinylidene difluoride
membrane (Millipore), and probed with an anti-A3A polyclonal antiserum (see below),
an anti-GFP monoclonal antibody (Clontech), or anti-EFla monoclonal antibody
(Upstate). Primary antibodies were detected by incubation with fluorescently labeled
secondary antibodies and imaging on an Odyssey imaging device (LI-COR Biosciences).
In some experiments, the PVDF membrane was stained with Ponceau S to visualize total
protein as a loading control.

A3A antiserum: A rabbit was immunized with a peptide corresponding to A3A
residues 171-199 (CPFQPWDGLEEHSQALSGRLRAILQNQGN) mixed with TiterMax
Gold adjuvant (Sigma). Serum was collected and the ability of the serum to detect A3A
was confirmed (data not shown).

Quantitative reverse-transcription PCR assays: Total RNA was isolated from
cells (RNeasy, Qiagen). cDNA was reverse transcribed from 1 pg of total RNA using
random hexamer primers and AMV reverse transcriptase (Roche). cDNA was used as
template in qPCR reactions performed in a Lightcycler 480 instrument (Roche) according
to the manufacturer’s protocol. Reactions were performed in duplicate and the mean of
the duplicates reported. All gene expression data were normalized to the geometric mean
of at least two of the following three reference genes, whose levels varied little in our

experiments: TATA-box binding protein (TBP), Ribosomal protein 13A (RPL13A), or
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hypoxanthine-guanine phosphoribosyltransferase (HPRT). The sequences of all primers
and probes are listed in Table S1.

Gene transfer experiments: 250,000 293 or HeLa cells were plated into 6-well
plates. After 24 hours of incubation, the cells were transfected with neo-encoding plasmid
pcDNA3.1 (Invitrogen) and pEF-A3A-GFP or pEF-A3A-E72A-GFP. When A3A
expression plasmid was titrated, additional empty pEF vector was added to transfections
to keep the pDNA mass constant. Two days post transfection, 100,000 cells were plated
into 10cm dishes containing media supplemented with 1 mg/ml G418 (Cellgro). At the
same time, to confirm that equivalent numbers of colony-forming cells were plated, serial
dilutions of cells were plated into drug-free media in 24 well plates. After 12-14 days of
additional incubation, colonies were fixed, stained with crystal violet, and counted.
Experiments were performed in triplicate and the mean and standard deviation is
reported. Essentially identical results were obtained in 293 and HeLa cells. Sleeping
Beauty DNA transposon-mediated gene transfer assays were performed similarly,
essentially as described®’.

Cell viability assays: 293 or HeLa cells were transfected as above, and at the
indicated time points post transfection, cells were harvested, labeled with propidium
iodide, a fluorescent dye to which live cells are impermeable, and analyzed by flow
cytometry.

Cell proliferation assays: 293 or HeLa cells were transfected as above, and at
each day post transfection, cells were treated with the Cell Titer 96 aqueous reagent

(Promega), according to the manufacturer’s instructions.
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Transient GFP-expression assays: 293 or HeLa cells were transfected as above,
and at the indicated times post transfection, GFP-fluorescence was analyzed cells by flow
cytometry.

Plasmid DNA qPCR assays: 293 or HeLa cells were transfected as above, and at
the indicated times post transfection, cells were harvested and total DNA extracted
(DNeasy, Qiagen). 50 ng of total DNA was used as input to qPCR reactions. Reactions
were performed on an iCycler instrument using SYBR Green dye (BioRad) according to
the manufacturer’s protocol. Reactions were performed in duplicate and the mean of
duplicates reported. Plasmid DNA levels were normalized to genomic DNA levels as
measured by a qPCR assay specific for the beta actin locus. Primers are listed in Table
S1.

Cytidine deaminase assays: 293T cells were transfected as above and two days
post transfection, cells lysates were prepared as above for immunoblotting. The
deaminase activity in the lysates was determined using a FRET-based assay essentially as
described'®. Briefly, serial dilutions of the lysate were incubated for two hours at 37°C
with a ssDNA oligonucleotide (5’-AAATTCTAATAGATAATGTGA) labeled on one
the 5° end with FAM and the 3’ end with TAMRA. These fluorophores are close enough
that FRET occurs between them and FAM fluorescence is diminished. Cytosine
deaminase activity in the lysates converts a cytidine in the oligo to a uridine.
Recombinant UDG is added to excises the resulting uracil, leaving an abasic site. The
reactions are heated to cleave the abasic site. Once cleaved, the FAM and TAMRA
labels are physically separated, FRET stops, and FAM fluorescence increases. The FAM

fluorescence is therefore proportional to the amount of cytosine deaminase activity.
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Assays to detect hyper-editing in cell-lines: 293 cells, 293T cells, or 293T cells
stably expressing UGI were transfected with reporter plasmids pTRE2-Apuro-mCherry or
pEGFP-N3, pcDNA3.1-UGI or pcDNA3.1, and pEF-A3A-GFP or pEF-A3A-E72A-GFP.
When UGI expression was titrated empty pcDNA3.1 vector was added to keep pDNA
mass constant. One day post transfection, cells were treated with DNasel (Roche) to
remove extracellular input plasmid. One day later, cells were harvested and total DNA
extracted (DNeasy, Qiagen). 50 ng of total DNA was used as input to PCR using primers
listed in Table S2 and Taq DNA polymerase (Roche), which amplifies uracil-containing
DNA (the uridine templates the incorporation of an adenosine), with other reagents
according to the manufacturer’s protocol. Reaction conditions were: 94°C for 30 seconds,
then 25 cycles of 94°C for 15 seconds, 50°C for 30 seconds, and 68°C for 2 minutes, and
a final extension at 68°C for 7 minutes. 2.5 ul of this PCR was used as template in a
second PCR using nested primers (Table S2). Nested PCR reactions used Phusion DNA
polymerase (Finnzymes), with other reagents according to the manufacturer’s protocol.
Reaction conditions were: a gradient of denaturation temperatures (T4) for 30 seconds,
then 25 cycles of the T4 gradient for 15 seconds, 52°C for 30 seconds, and 72°C for 2
minutes, and a final extension at 72°C for 7 minutes. T4 gradients are as indicated in
figures. PCR products were separated on agarose gels and detected by ethidium-bromide
staining.

DNA sequencing: PCR products were separated by agarose gel electrophoresis
and purified (QIAquick, Qiagen). 20 ng of purified PCR product was sequenced directly

(Genewiz) or PCR products were cloned (Clonejet, Fermentas) and sequenced.
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DNA sequence analysis: Sequences of PCR products were analyzed using phred

software version 0.071220.b (www.phrap.org; reference*®). Phred calls bases but also
calls “secondary bases” if there is a second peak above the background at the same
position as the primary peak. At each position in the nucleotide sequence, if the primary
or secondary base was not the expected base, the identity of the unexpected base and the
fraction editing was calculated as follows: fraction editing = [area of the unexpected peak
/ (area of the unexpected peak + area of the expected peak)].

Primary cell transfection: Monocytes were treated for 20-24 hours with 3 uM
CpG DNA oligonucleotide or mock treated. Monocytes were then transfected with
endotoxin-free DNA preparations (Qiagen) using a Nucleofector 2 electroporation device
according to the manufacturers instructions (Amaxa). Three hours post-transfection, cells
were treated with DNasel to remove non-transfected extracellular DNA. At various time
points pre and post transfection, as indicated in the text, cells were harvested and RNA
and protein was isolated. Gene expression was monitored using qRT-PCR, and recovered

DNA was analyzed as above.

63



Figures

a PBMCs  CDi4" cDh14” b 250
[7) + -
£ 200 EPrBMCs [ CDi4t []CD14
8 8% 86% 3% .
[N AW 1A\ g
CD14 ——» € 150
[
€ 12 | =
10 M ©
m2 E 100
04 Hrs post-IFN
< s 50
Z 10! 016
£ W48
[
-% A3A  A3B  A3C A3DE A3F A3G A3H
S _ 0
2" d.z w2
[O4 Hrs post-CpG DNA
- O21

ABA A3B A3C ASDE A3F A3G AGH IFNB

o
W
Relative mRNA
=)

10 m2
[O4 Hrs post-CpG DNA 0
M : O 21 10
B _
< 10 =
£ 107 AL
E | A3A A3B A3C ADE A3F A3G A3H o2 B
g 10 IFN
= f None CpG GpC
& o 0 2 421 2 421 2 4 21hrs
10 A3A‘ - . ‘_22
gt EF1a‘r‘~:rﬁ:’:f:*f“.ﬁ'r:-‘f#é-‘+~?-‘-5°

ISG15 A3A IFNo2 IFNB PKR ADAR1 RNaselL

Fig. 3-1. A3A is expressed in monocytes and macrophages and is induced by

interferon. a, flow cytometry histograms showing the efficiency of CD14-positive cell
enrichment. b, basal relative A3 mRNA levels in PBMCs or the specified cell
subpopulations, with a value of 1 assigned to the level of A3H mRNA in bulk PBMCs. ¢
& d, A3 and IFN mRNA levels in PBMCs treated with recombinant IFN or CpG DNA
oligonucleotide for the indicated number of hours. mRNA levels are relative to those
measured in untreated cells at each time point. e, mRNA levels of the indicated IFN-
responsive genes in PBMCs treated with CpG DNA for the indicated times. mRNA levels
are relative to those measured in untreated cells at each time point. f, A3A protein levels
in PBMCs treated with CpG or with a control GpC DNA oligonucleotide. The same
membrane was probed with anti-eEFla for a loading control. Samples from one

representative experiment were analyzed in d, e, and f.
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Fig. 3-2. Characterization of A3 qPCR Assays. a, assay efficiencies: a dilution series
of templates containing the indicated A3 coding and partial UTR sequences were
amplified by qPCR. The cycle at which PCR products accumulated above a threshold
level (Ct) is indicated. The y-axis intercept and reaction efficiency for each assay is
indicated. b, assay specificities: Templates containing the indicated A3 coding and partial
UTR sequences were amplified by the indicated assays. The relative amount of template

detected by each assay is shown.
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Fig. 3-3. Foreign DNA restriction by A3A. a, schematic of plasmid-based stable gene
transfer studies. b, images of representative plates of Neo" clones obtained in a stable
gene transfer experiment initiated by co-transfecting HEK-293 cells with a Neo® plasmid
and expression construct for A3A, A3A-E72A or an empty control vector. ¢, the mean
and standard deviation of the data in (b) and two additional experiments are shown. The
amount of A3A-expression plasmid was decreased in a two-fold dilution series from 500
to 16ng as indicated. d, transient expression of a GFP reporter plasmid transfected into
293 cells in the presence of A3A, A3A-E72A or an empty expression vector. GFP
fluorescence was quantified by flow cytometry at 2 and 5 days post-transfection, and the
mean and standard deviation of three experiments is shown. e, Total DNA from HeLa
cells transfected with A3A or A3A-E72A was recovered 2 days post-transfection. The
amount of three co-transfected plasmids was monitored by quantitative PCR. The A3A-
E72A data were normalized to one, and the mean and standard deviation from three

experiments is shown. NT, non-transfected control.
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Fig. 3-4. A3A(E72A) lacks deaminase activity and is expressed at wild type levels. A
fluorescence-based cytidine deaminase assay was used to compare the cytidine
deaminase activity in the lysate of 293T cells transfected with wild type A3A-GFP or
A3Ag7A-GFP (see experimental procedures for details). The mean and standard
deviation of two experiments is shown. Inset: a western blot comparing A3A and

A3Ag7a expression levels in the lysates.
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Fig. 3-5. A3A expression does not negatively impact several measures of cellular
viability and proliferation. a, in addition to plating cells transfected with the indicated
expression constructs into drug-containing media (as in Fig. 3-3), dilutions of the same
transfected cell populations were plated into drug-free media to quantify the number of
viable colony-forming cells. Twelve days post-plating, cells were fixed, stained, and
imaged. b, HEK-293 cells were transfected with the indicated expression constructs. At
the indicated number of days post-transfection, viable cells were quantified using the
CellTiter reagent (Promega). The mean and standard deviation of three experiments are
shown. ¢, Cells were transfected as above. At the indicated number of days post-
transfection, cells were stained with propidium iodide and quantified by flow cytometry.
Live cells with intact membranes are impermeable to propidium iodide. Hydrogen-

peroxide (H,O,; 0.5 mM) served as a cytotoxic control treatment.
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Fig. 3-6. A3A limits DNA-transposon-mediated gene transfer in multiple cell types a,
HEK-293 cells were transfected with a transposase-expressing plasmid, a Neo® reporter
transposon plasmid, and A3A-expressing or control constructs as indicated. Two days
post-transfection, cells were plated into G418-containing medium and colonies allowed
to grow for twelve days, at which point the colonies were fixed, stained, and counted. No
transposase controls were not transfected with transposase expression plasmid, so G418"
colonies likely arise from random integration of the neo® plasmid, as in Fig. 3-3C. b,
A3A limits stable gene transfer in multiple cell types. HeLa cells were transfected as in
Fig. 3-3C with a Neo" reporter plasmid (pcDNA3.1) and gene transfer efficiency was

measured as above.
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Fig. 3-7. A3A deaminates transfected plasmid DNA to generate lesions for uracil
DNA glycosylase. a, agarose gel analysis of hyper-editing assay PCR products. UGI-
expressing HEK-293T cells were transfected with plasmids encoding A3A or A3A-E72A
and a Neo" reporter construct. Total DNA was recovered 48 hours post-transfection and
analyzed by 3D-PCR at the indicated denaturation temperatures (Td). b, agarose gel
analysis of hyper-editing assay PCR products. HEK-293 cells were transfected with
increasing amounts of UGI plasmid, a Neo" reporter construct, and a plasmid encoding
A3A or A3A-E72A. Total DNA was recovered 48 hours post-transfection and analyzed
by 3D-PCR at the indicated Td. ¢, summary of the plasmid DNA sequences recovered
from the experiment in (b). C/G-to-T/A hypermutations are indicated as red tics along the
consensus sequence, and all other base substitutions as black tics. The control sequences
were obtained from cells expressing A3A-E72A. The number of times each sequence was

recovered, the number of C-to-T conversions in each sequence (out of 93 total cytidines),
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and the PCR Td used to amplify the populations of molecules from which the sequences

are derived are indicated.
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Fig. 3-8. A3A mutates foreign DNA in primary cells. a, A3A expression levels in
CpG-pretreated or untreated monocytes transfected with plasmid DNA (+DNA) or with
buffer alone (-DNA). RNA was harvested 8 hours post transfection, and A3A mRNA
levels were determined by qRT-PCR and are shown relative to the level in non-
pretreated, mock-transfected cells. b, agarose gel analysis of hyper-editing assay PCR
products from the experiment described in panel (a). Total DNA was isolated and a
portion of the GFP gene was amplified using a gradient of PCR denaturation
temperatures (Td). “Mock™ Total DNA extracted from mock-transfected cells was
subjected to the same PCR scheme. “pDNA”: DNA from the same preparation used to
transfect the monocytes was mixed with total DNA from mock-transfected cells and
subjected to the same PCR scheme. ¢, summary of plasmid DNA sequences recovered
from the experiment described in panel (b). Plasmid DNA recovered from primary
monocytes was subjected to PCR as in (a). Molecules from the population amplified at
87°C Td were cloned and sequenced. C/G-to-T/A mutations are indicated as red tics
along the consensus sequence, and all other base substitutions as black tics. d, DNA
recovered from CpG-treated monocytes was amplified by PCR as in (c) and the
percentage of molecules in the population that were edited at each cytidine was
determined by analyzing the chromatograms (partially edited cytidines exhibited mixed
C/T peaks, see also Fig. 3-9). The percentages were grouped according to dinucleotide

context and the median percentage per group is indicated by a horizontal line. For
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instance, 5 of the 9 cytidines within 5’-TC dinucleotides were edited in 100% of the
molecules amplified (i.e., only a T peak was evident in the chromatogram). e, GFP
expression in primary monocytes was determined at the indicated time post transfection

using flow cytometry.
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Fig. 3-9. Analysis of populations of hyperedited molecules. Plasmid DNA was
recovered from transfected monocytes, amplified using an 87°C PCR denaturation
temperature, purified by agarose gel electrophoresis, and sequenced. These sequences
originated from a population of molecules, so if a sufficiently large fraction differed from
the expected nucleotide at each position, then a mixed chromatogram peak would be
evident. a, A representative region of chromatograms of sequences of PCR products from
plasmid DNA recovered from monocytes (top) or control PCR products (bottom).
Multiple instances of cytidines that had been completely (filled arrowheads) or partially
(open arrowheads) converted to uridines were evident. b, a 200 nucleotide region of the
amplicon, for which there was chromatogram data of sufficiently high quality, was
analyzed using phred software™ (see Methods). 70/72 cytidines (97%) in this region
displayed some evidence of C-to-T (C-to-U) conversion (i.e. had been edited in a fraction
of the molecules in the population). The fraction edited for each of these cytidines is
indicated. The position of the two cytidines for which there was no evidence of editing
are marked by black arrowheads (there was no obvious sequence context that explained
why those cytidines remained unedited). The position of the 200 nucleotide region in the
plasmid pEGFP-N3 (Clontech) is indicated. ¢, the same analysis was performed on a
control sample, which was generated by mixing GFP-encoding plasmid with total DNA
isolated from mock-transfected cells and subjected to the same PCR amplification and
sequencing scheme. PCR products from the lowest denaturation temperature at which
product amplified (95 °C) were sequenced. Only minor secondary peaks are evident,
likely arising from sequencing error or mutations introduced during PCR. d,
representative regions of chromatograms are shown. Cytidines that have experienced
100% editing are indicated with filled arrowheads. Cytidines that have undergone partial
editing (i.e., a fraction of the molecules in the population have been edited at that
position) are indicated with open arrowheads. The PCR denaturation temperatures used to

amplify the populations of molecules and the source of the template DNA are indicated.

75



Donor #2 - CD14+ Monocytes

PCR denaturation temp (°C) Pre-
87 95| treatment
T f
GEP ransfected Sihadhin N
PCR - @ & None
Mock + pDNA &8 8 \one
Ll B L L T 1 Jelte
Transfected
neo
PCR C-Baese o
Mock + pDNA S \one

Fig. 3-10. Hyperedited plasmid DNA recovered from transfected monocytes is
detectable using multiple sets of PCR conditions and multiple donors. a, primary
monocytes were transfected with a GFP expression plasmid (pEGFP-N3). Twenty hours
later, total DNA was recovered from the cells and PCR to detect hyperedited DNA were
performed as in Fig. 4b. Regions of the plasmid containing portions of the GFP and the

R . .
Neo™ coding sequences were amplified.
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Fig. 3-11. A model for foreign DNA restriction triggered by A3A. Foreign DNA

APEX 2 |

enters the cell by escaping from an endosomal or phagosomal compartment, by infection,
or by other means. TLR9 senses DNA in endosomes or an unknown factor senses it in the
cytosol. Both sensors initiate signaling cascades that result in production of type 1 IFNs.
The IFN response induces A3A expression. A3A engages the foreign DNA, deaminating
multiple cytidines in a molecule. The resulting uracils are excised by UNG2, creating
nuclease-sensitive abasic sites. Cleavage of the backbone by APEX or other

endonucleases results in fragmentation and degradation of the foreign DNA.
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Table 3-1. PCR primers and probes.
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Auaypw-zey 1d prwserd uf (q)
EN-dADdd pruwserd uj (e)

babbaeoor1bbbebyeos 97Z9¢HSY bebeobeeoizebebobbbe TYSTHSY ADd PaIsaN &CE:UE
o3oevRROOHIHIeILD6H6] LOPEHSY bejeoojlooeb3zzazabiaobo  TSOITHSY ADd 1sd1d Sy
eobebbeobbozoizzzoeie 99GCHSY boeobyzebbiyebeeorebije 88ETHSY ADd PAaIsaN 09N
ej3lebeobeobeeohizzbia 99CHSY boo3o3jeoooboozzbeo  LECTHSY ADd 18I 209N
1663H63eevedDR3ID3DORRRRIDRRDD 0SSHSY oeebibbeeojzeobboeebe  (96IHSY UDd PAaIsaN oddD
eoboOboO33bbbHhHeyeR CL8THSY ebbebobbbeeobebibbieooeddb 8SECTHSY ADd 1s1 oddD

(.€-.S) bag dweN (.€-.S) bag dweN
JowLd € JwL] (S AELER)

Table 3-2. 3D-PCR primers and probes.
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Chapter 4: Two Regions within the Amino-Terminal Half of

APOBEC3G Cooperate To Determine Cytoplasmic Localization.

This chapter explores the molecular bases for the cytoplasmic localization of
APOBEC3G. Sequestering some APOBEC3s in the cytoplasm may be a way to keep
them away from genomic DNA.

Adapted with permission from: Stenglein, Matsuo, and Harris (2008) J Virology 81(18)
pp. 9591-9599. Permission granted by The American Society for Biochemistry and
Molecular Biology.
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Chapter Summary

The human A3 proteins share certain characteristics. For instance, all possess
nucleic acid binding and cytidine deaminase activities. But it is also possible to
differentiate the A3s, with one of the most obvious differences being that these proteins
occupy different subcellular compartments (Fig. 4-1). This differential
compartmentalization may relate to differences in A3 function. A3G, for instance,
localizes predominantly to the cytoplasm of cells. This localization pattern is consistent
with a model wherein cytosolic A3G packages into virus particles as they assemble on
the plasma membrane. Sequestering some A3s in the cytoplasm may also be a way to
keep them away from genomic DNA. To better understand the basis for differential A3
subcellular localization, we compared A3G to A3B, which is predominantly nuclear.
A3G/A3B chimeric proteins mapped a primary subcellular localization determinant to a
region within the first 60 residues of each protein. A panel of 25 A3G mutants, each with
a residue replaced by the corresponding A3B residue, revealed that several positions
within this region were particularly important, with Y19D showing the largest effect. The
mislocalization phenotype of these mutants was only apparent in the context of the
amino-terminal half of A3G and not the full-length protein, suggesting the existence of an
additional localization determinant. Indeed, a panel of 5 single amino acid substitutions
within the 113-128 region had little effect by themselves, but, in combination with Y19D,
two (F126S and W127A) caused full-length A3G to redistribute throughout the cell. The
critical localization-determining residues were predicted to cluster on a solvent-exposed
surface, suggesting a model in which these two regions of A3G combine to mediate an

intermolecular interaction that controls subcellular localization.
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Introduction

The human genome encodes seven apolipoprotein B mRNA-editing enzyme,
catalytic polypeptide-like 3 (APOBEC3 or A3) proteins '°. These proteins are capable of
defending cells against a variety of genetic pathogens such as endogenous
retrotransposons and exogenous retroviruses [see introduction in chapter 1 and these

6243234631281 " The most-studied A3 target is human immunodeficiency virus-1

reviews
(HIV-1). A3 proteins, in particular APOBEC3F (A3F) and APOBEC3G (A3GQG), are able
to limit the replication of Vif-deficient HIV-1. They do this by gaining access to viral
particles as they bud from infected cells. The A3s transit within the virus particle to a cell
that will be infected. There, the A3s employ their DNA cytidine deaminase enzymatic
activity to convert cytidine bases in the viral genome to uracils during reverse
transcription, thereby blocking infection.

Members of the A3 family possess DNA cytidine deaminase activity, but they can
be differentiated on the basis of other activities [e.g., SALIT.33.60.68.87.133.176.1861 = pop
instance, some A3s such as A3F and A3G are potent inhibitors of HIV-1 replication,
while others such as APOBEC3B (A3B) have modest anti-HIV activity [e.g., **%!*>!%%].

The subcellular distribution of A3 proteins is also a distinguishing feature (Fig. 4-1 and

4,5,11,12,16,18,51,52,55,78,96-98,108,120,153,174,175
refs ).

For instance, A3G is predominantly
cytoplasmic, whereas A3B 1is primarily nuclear. These differences in subcellular
localization presumably reflect differences in the sets of proteins and/or nucleic acids
with which the A3s interact and they also suggest that the A3s may perform distinct

functions within the cell.
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The A3 proteins are evolutionarily related to the mRNA editor APOBECI and the
antibody gene DNA deaminase AID. AID is present in all vertebrates but A3s are found
only in mammals, suggesting that an ancestral 4/D gene duplicated and diverged to give

3039709315173 1t was therefore reasonable to hypothesize

rise to the present day 43 genes
that the A3s and AID share conserved properties in addition to DNA cytidine deaminase
activity. For instance, both AID and APOBECI are nucleo-cytoplasmic shuttling proteins
that are exported from the nucleus by the CRMI-dependent nuclear export pathway
13:23.66.99.180.181 “A3G also has a putative leucine-rich CRM1 nuclear export sequence
spanning residues 369-379 (Fig. 4-2). However, localization studies indicated that A3G is
not subject to CRM1-dependent nuclear export®. Rather, its cytoplasmic localization was
ascribed to a 16-residue peptide, dubbed a cytoplasmic retention signal (CRS), spanning
residues 113-128°.

In the studies described in this chapter, we inhibited CRM1 and deleted the
leucine-rich region of A3G to independently confirm some of this prior work. However,
our analyses of chimeric A3G-A3B proteins and A3G amino acid substitution mutants
suggested a more complex molecular explanation for A3G’s cytoplasmic localization,
namely that residues within amino acids 1-60 and 113-128 cooperate to determine A3G’s
cytoplasmic localization. A structural model of the amino(N)-terminal half of A3G

supported these data by indicating that critical residues within this region are likely to be

solvent-exposed and therefore available for intermolecular interactions.
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Results

A predicted nuclear export signal is not required for A3G’s cytoplasmic localization.

A3G residues 369-379 QDLSGRLRAIL are similar to the canonical leucine-rich
nuclear export motif (LXLX,3LX, ;L) that enables proteins to be bound by CRM1 and
shuttled to the cytoplasm [e.g., the nuclear export signal (NES) of AID: LRDAFRTLGL
13:47.669.118:1321 "We analyzed the localization of A3G-GFP and AID-GFP in the presence
and absence of the CRM1 inhibitor leptomycin B [LMB '7*]. LMB caused AID-GFP to
accumulate in nuclei of transiently transfected HeLa cells, as shown previously [Fig. 4-
3A; #1399 In contrast, LMB treatment of cells expressing A3G-GFP had no effect
[Fig. 4-3A and *]. To support this finding, we deleted the entire putative NES of A3G and
observed that this construct, encoding A3Gj_3¢9 fused to GFP, was still predominantly
cytoplasmic (Fig. 4-3B). These data corroborated prior studies that used LMB and

substitution mutants to show that A3G is not being shuttled by CRM1 out of the nucleus

4

A putative nuclear localization signal in A3B is not required for its nuclear
localization.

To contrast with A3G, we also tested the hypothesis that A3B, a nuclear resident,
is actively imported into the nucleus. In support of this hypothesis, A3B has a putative
nuclear localization signal (NLS) at amino acids 206-212 (PLVLRRR; Fig. 4-2), and it
has been reported to be a nucleo-cytoplasmic shuttling protein''. This amino acid motif is

similar to a functional NLS in the SV40 large T antigen [PKKKRKVE 48’73]. We
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performed site-directed mutagenesis, replacing the proline and arginines in this motif
with alanines. All of these A3B mutants remained nuclear, including a quadruple mutant
with the putative NLS motif changed at four positions to ALVLAAA (Fig. 4-3C and data
not shown). This result demonstrated that the putative NLS is not required for A3B’s
nuclear localization in HeLa cells, and that A3B may be transported to or retained in the
nucleus by other means. We did note that there was a slight increase in cytoplasmic
fluorescence with the quadruple mutant, but the bulk of the fluorescence clearly remained

nuclear.

The N-terminal halves of A3G and A3B recapitulate the localization of the full-

length proteins.

A3G and A3B are termed “double-domain” A3s because each has two zinc-
binding domains. The genes of the double-domain proteins are likely to have arisen from
the duplication of an ancestral “single-domain” AID-like 43 gene’®*"*'" We therefore
examined the localization of the N- and C-terminal halves of A3B and A3G by
themselves to map the determinants of the localization of the full-length protein. Previous
structural studies on the C-terminal domain informed the selection of the dividing line
between the domains, which was chosen so as to not disrupt secondary structure [Fig. 4-
2, Fig. 4-5, and 2021577,

The N-terminal domain of A3G (A3Gi.19¢-GFP, A3G-NTD) localized
predominantly to the cytoplasm and the N-terminal domain of A3B (A3B,.19.-GFP, A3B-
NTD) to the nucleus, much like their respective full-length parental proteins (Fig. 4-4A).

In contrast, their C-terminal domains, A3Gj97.334 (A3G-CTD) and A3B93.332-GFP (A3G-
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CTD), distributed throughout the cell in a manner indistinguishable from GFP alone.
Similar data were obtained with HA-tagged proteins in fixed cells (Fig. 4-4B). Thus, the
N-terminal halves of the proteins clearly contained their primary localization
determinants. These data are largely consistent with prior deletion studies™"".

As an additional test that the N-terminal half of A3G and A3B contained these
proteins’ major subcellular localization determinants, we constructed full-length chimeric
proteins combining one domain of A3B with one domain of A3G. We created a chimera
combining the N-terminal domain of A3B with the C-terminal domain of A3G (A3B;.
190G195.334) and one that fused the N-terminal domain of A3G with the C-terminal domain
of A3B (A3Gi.194B191:352). The chimera crossover point was selected to maintain overall
structural integrity, occurring within a region of high similarity that is predicted to link
the N- and C-terminal domains of these proteins (i.e., after a5 in the A3G-NTD model
structure; Fig. 4-2 and Fig. 4-5). Similar crossover points were previously used to
generate functional A3G/F chimeras, and an A3G-A3A chimera’”>?°. Like A3B, the
chimera consisting of the NTD of A3B and the CTD of A3G localized predominantly to
the nucleus (Fig. 4-4A and Fig. 4-4B). In contrast, like A3G, the chimera fusing the NTD
of A3G and the CTD of A3B localized predominantly to the cytoplasm (although we
noted that this chimera exhibited a higher degree of nuclear fluorescence than wild-type
A3G@G). Virtually identical results were obtained with GFP-tagged proteins in live cells and
HA-tagged proteins and immunofluorescence in fixed cells (Fig. 4-4A and Fig. 4-4B).
These data support the conclusion that the N-terminal halves of A3B and A3G provide

the primary determinants of their subcellular localization.
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The first 60 amino acids of A3G and A3B harbor key subcellular localization

determinants.

We next wanted to more finely map the region within the N-terminal half of A3B
and A3G that determines their subcellular distributions. Our strategy to do this was
guided by A3B, A3F and A3G amino acid alignments (Fig. 4-2). We and others have

STBISITS We also noted that,

previously shown that A3F, like A3G, is cytoplasmic
although the full-length proteins distribute to opposite compartments of the cell, the
amino terminal halves of A3B and A3F are largely identical (Fig. 4-2; residues 65-191 of
A3B and 66-192 of A3F are 93% identical). In contrast, residues 1-65 of A3F and 1-64 of
A3B share only 56% identity, whereas A3F and A3G are virtually identical over the same
region [59 out of the first 60 residues; shaded blue in Fig. 4-2 and *’]. These correlations
strongly implied that a key determinant of the subcellular localization of both A3G and
A3B would reside within the first 60 amino acids.

We therefore constructed chimeras that replaced the first 60 amino acids of A3G
with the corresponding residues or A3B and vice versa (Fig. 4-2). These chimeric
proteins are also likely to be structurally sound, because the fusion junctions were
predicted to lie in a flexible loop between the 2 strand and a1 helix [see Fig. 4-2, Fig. 4-
5, and *]. To verify their structural integrity, we performed E. coli-based mutation
assays. All of the chimeras exhibited intrinsic DNA deaminase activity equal to or greater
than that of the proteins from which they were derived (data not shown). We next
assessed the localization patterns of these chimeras. Like A3G, the A3Gj_s50Bei-3s2

chimera exhibited a predominantly cytoplasmic localization in the majority of cells (Fig.

4-6C). In contrast, the A3B;.60Geo-334 chimera localized predominantly to the nucleus in
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most cells. Similar results were again obtained using GFP- and HA-tagged proteins (Fig.
4-6C). We noted that these results were less clear-cut than those for the chimeras crossing
over at the midway point. Nevertheless, the first 59 residues of A3G conferred an A3G-
like localization pattern to the rest of A3B. And replacing the first 59 residues of A3G
with those of A3B caused A3G to adopt an A3B-like localization pattern. These results
supported the conclusion that the first 60 amino acids of A3G harbor a major subcellular

localization determinant.

Single amino acid substitutions can disrupt the subcellular distribution of A3G.

To more finely map the region of A3G responsible for its cytoplasmic
localization, we constructed a panel of amino acid substitution mutants within this critical
60 amino acid N-terminal region. A3G and A3B differ at 27 residues within their first 63
amino acids (Fig. 4-2). At 25 of these differing positions, we generated a mutant with the
A3G residue replaced by the corresponding A3B residue. For instance, we created an
A3G mutant with lysine 2 replaced by asparagine 2 of A3B (A3G-K2N). We did not
generate two possible mutants because they were deemed conservative (M9/V9,
153/V54).

We first examined the subcellular distribution of the single amino acid
substitution mutants, initially as A3G-NTD-GFP derivatives. The localization of most of
the mutants was predominantly cytoplasmic and indistinguishable from the wild-type
protein (e.g., A3G-NTD-S18Y-GFP in Fig. 4-7A). However several mutants, such as
Y19D and Y22E, exhibited a clearly disrupted localization pattern (Fig. 4-7A). For
instance, 86% of the Y19D-expressing cells and 64% of the Y22E-expressing cells had a

cell-wide or predominantly nuclear fluorescence localization pattern (Fig. 4-7B). Several
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other mutants such as R24E, S28Y, T32Y and S60F also mislocalized (Fig. 4-7B). As a
control, we characterized the expression level of the A3G-NTD-GFP mutants by
immunoblotting (Fig. 4-7C). Some of the mutations resulted in an apparent decrease in
steady-state protein expression level or a decrease in protein solubility. Immunoblotting
also revealed the presence of cross-reacting bands of higher mobility that could
correspond to fragments of the A3G-NTD-GFP proteins. However, there was no apparent
correlation between mislocalization and expression level. These data therefore defined
single amino acids required for A3G-NTD localization and confirmed that the first 60

amino acids form a region critical for determining the protein’s subcellular distribution.

Two regions of A3G cooperate to determine cytoplasmic localization.

Despite the fact that A3G-NTD-Y19D or -Y22E localized aberrantly, none of
these substitutions by themselves significantly altered the cytoplasmic localization of the
full-length protein (Fig. 4-8, Fig. 4-9, and data not shown). A previous study had
suggested that A3G residues 113-128 were important for cytoplasmic localization °. We
therefore hypothesized that residues within amino acids 1-60 and 113-128 might
cooperatively determine A3G’s subcellular distribution. To test this hypothesis, we
combined Y19D with single amino acid substitutions within the F126 to D130 region,
which is predicted to be solvent exposed (see below and Fig. 4-10). Specifically, we
analyzed the subcellular distribution of A3G-F126S, -W127A, -D128K, -P129R and -
D130K alone and in combination with Y19D. Like the single amino acid substitutions
within the first 60 amino acids, none of these mutations by themselves significantly
disrupted full-length A3G’s cytoplasmic localization (Fig. 4-8A). However, when

combined with Y19D, two of these substitutions, F126S and W127A, caused full-length
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A3G to distribute cell-wide (Fig. 4-8B). These data supported the hypothesis that two

distinct regions of A3G cooperate to determine cytoplasmic localization.

Residues critical for cytoplasmic localization are predicted to cluster on a common
solvent exposed surface.

The Matsuo and Harris laboratories recently used NMR spectroscopy to obtain
several high-resolution structures of the C-terminal domain of A3G **”’. This structural
information and sequence homology between the N- and C-terminal domains were used
to generate a three-dimensional model of the N-terminal half of A3G (Fig. 4-10, Fig. 4-5,
and experimental procedures). Interestingly, the predicted A3G-NTD structure indicated
that most of the critical localization-determining residues, including Y19, Y22, F126, and
W127, cluster on a common solvent exposed surface. The proximity of the two critical
regions on the protein’s surface strongly suggests that they cooperate to mediate an

intermolecular interaction that governs A3G’s cytoplasmic localization.
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Discussion

Many prior studies have noted that A3G localizes to the cytoplasm of cells, in a
diffuse cytosolic manner and in some cells in punctate bodies thought to be mRNA-
processing centers (P bodies) or other RNA-containing

4,5,11,12,16,18,25,26,52,55,78,80,96-98,108,120,153,174,175 However a clear molecular
M b

structures
explanation for this property has been elusive. Here, we confirmed prior work showing
that, unlike its homolog AID, A3G is not subject to CRM1-dependent nuclear export and
therefore that it is unlikely to be a nucleo-cytoplasmic shuttling protein®. We additionally
used A3G deletion, chimera and single amino acid substitution derivatives to show that
the first 60 residues strongly influence the protein’s cytoplasmic localization. Several N-
terminal amino acids, including aromatic residues Y19 and Y22, appeared particularly
important.

Several lines of evidence clearly showed that the first 60 amino acids of A3G
contribute to cytoplasmic localization. First, N-terminal amino acid conservation between
cytoplasmic A3G and A3F, but not nuclear A3B, implicated this region in such a role.
Second, replacing the first 60 amino acids of A3G with the corresponding A3B residues
caused the chimeric protein to redistribute to the nucleus. Third, replacing the first 60
residues of A3B with this portion of A3G caused the resulting chimera to become
predominantly cytoplasmic. Fourth, single amino acid substitutions in this region of A3G
caused the N-terminal half of the protein, which is normally cytoplasmic, to redistribute

throughout the cell. Fifth, the critical amino acids so identified clustered on a predicted

solvent-exposed surface with the potential to mediate an interaction required for
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cytoplasmic localization. These data therefore combined to demonstrate that this N-
terminal portion of A3G provides key determinants of cytoplasmic localization.

However, there was also evidence that this 60-residue region alone is not solely
responsible. In particular, the single amino acid substitutions that disrupted the
localization of the N-terminal half of the protein failed to mislocalize full-length A3G. A
recent study from the Smith group indicated that A3G residues 113-128 may also be
involved in cytoplasmic localization’. Our data showed that, like the Y19 region, this
region alone is not sufficient for cytoplasmic localization of full-length A3G, because
mutation of five of the predicted solvent-exposed residues within this region had no
effect on the protein’s cellular distribution. However, two double mutants that combined
substitutions within the two critical regions, Y19D-F126S and Y19D-W127A, caused
full-length A3G to distribute cell-wide. These data therefore indicated that these two
regions cooperate to determine the cytoplasmic localization of full-length A3G. These
regions are predicted to be juxtaposed on the same solvent-accessible surface (Fig. 4-10).
Taken together with prior studies demonstrating the propensity for A3G to multimerize,
to bind RNA and to form ribonucleoprotein complexes *>2**%%780 it is Jikely that the
surface defined here mediates at least one of these important macromolecular interactions

and thereby controls A3G’s subcellular distribution.
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Experimental Procedures

DNA Constructs: The pEGFP-N3 (Clontech) based plasmids encoding carboxy(C)-
terminally green fluorescent protein (GFP)-tagged full-length AID, A3B and A3G were
described previously [AID: *%; A3B and A3G: .

PCR was used to create the truncated A3B and A3G/GFP fusion constructs. The
primers were: A3Gi.seo: 5-NNN NGA GCT CAG GTA CCA CCA TGA AGC CTC
ACT TCA GAA AC (RSH431) and 5’-NNN NGT CGA CTT GGC TGT GCT CAT
CTA GTC C; A3B-NTD: 5’-NNN NGA GCT CGG TAC CAC CAT GAA TCC ACA
GAT CAG AAA T (RSH567) and 5’-NNN NGT CGA CCA TCC TTC CCA GGT ATC
TGA GAA TCT CCT TTA G; A3B-CTD: 5°-NNN NGT CGA CCA TCC TTC ACA
GGT ATC TGA GAA TCT CCT TTA G and 5’-NNN NGT CGA CCA TCC TTC CGT
TTC CCT GAT TCT GGA G (RSH580); A3G-NTD: RSH431 and 5’-NNN NGT CGA
CCG AGT GTC TGA GAA TCT CCC CC; A3G-CTD: 5’-NNN GAG CTC AGG TAC
CAC CAT GGA TCC ACC CAC ATT CAC TTT C and 5’-NNN GTC GAC TCC GTT
TTC CTG ATT CTG GAG AAT (RSH498). PCR products were digested with Sacl and
Sall and ligated into similarly digested pEGFP-N3.

The A3B/G chimeric constructs were created using overlapping PCR. The
primers used were: A3B;_60Geo-334: RSH567, 5'-CTG GGT GGT ACT TAA GTT CGG
AAT ACA CCT GGC CTC GAA AGA C, 5'-TCC GAA CTT AAG TAC CAC CCA G,
and 5° RSH498; A3Gi.50Bei-3s2: RSH431, 5-GCG TGG TAC TGA GGC TTG AAA
TAC ACC TGG CCT CGA AAG AC, 5-TTC AAG CCT CAG TAC CAC GC, and
RSHS580; A3Bi.190Gi9s.3s4: RSH567, 5'-GTG GGT GGA TCC ATC GAG TGT CTG

AGA ATC TCC TTT AGC G, 5'-CAC TCG ATG GAT CCA CCC AC, and RSH498;
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A3Gi.194B191332: RSH431, 5'-GTG TCT GGA TCC ATC AGG TAT CTG AGA ATC
TCC CCC AGC A, 5'-TAC CTG ATG GAT CCA GAC AC, and RSH580. PCR products
were digested with Sacl and Sall and ligated into a similarly digested pEGFP-N3.

The GFP-tagged truncated and chimeric constructs were subcloned into C-
terminal hemagglutinin (HA)-tagged mammalian and bacterial expression vectors. The
A3 coding region was cut out of the pEGFP-N3-based plasmids using Kpnl and Sall and
ligated into Kpnl/Xhol digested pcDNA3.1-HA and pTrc99-HA ">

Amino acid substitution mutants were generated using site-directed mutagenesis
(QuikChange, Stratagene; primer sequences available on request). A3G double mutants
were created by site-directed mutagenesis using single mutants as PCR templates.
pEGFP-N3-A3G-NTD mutants were subcloned as Kpnl/Rsrll fragments into similarly
digested full-length A3G expression constructs pEGFP-N3-A3G and pcDNA3.1-A3G-
HA, reported previously '>. All constructs were confirmed by restriction digestion and
DNA sequencing.

Cell Culture: Human embryonic kidney 293T and HeLa cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum and 25
units/ml penicillin and 25 pg/ml streptomycin at 37 °C and 5% CO,. All transfections
used FuGENE (Roche Applied Science) or TransIT-LT1 (Mirus Bio Corporation)
according to the manufacturers’ protocols.

Microscopy: HelLa or 293T cells were seeded on 8-well LabTek chambered cover
glasses (Nunc). After 24h of incubation, the cells were transfected with the indicated
pEGFP-N3-based constructs. After an additional 24h of incubation, images of the live

cells were captured on a Zeiss Axiovert 200 microscope. Images were cropped and their
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brightness and contrast adjusted linearly  using Image) software

(http://rsb.info.nih.gov/ij/). For leptomycin B experiments, cells were treated for two

hours with 20 ng/ml leptomycin B (LC Laboratories) or mock treated with an equivalent
dilution of ethanol (the vehicle).

For immunofluorescence experiments, HeLa cells were seeded onto sterilized
coverglasses set in culture dishes. After 24h of incubation, the cells were transfected with
the indicated pcDNA3.1-HA-based constructs. After an additional 24h of incubation,
cells were fixed with 4% formaldehyde, permeabilized in 0.2% Triton X-100, incubated,
first, with anti-HA antibody (Covance), and, second, with fluorescein-conjugated anti-

mouse secondary antibody (Jackson ImmunoResearch), and imaged as above.

E. coli Mutation Assays: An E. coli-based rifampicin-resistance assay was used to
quantify the intrinsic DNA cytidine deaminase activity of A3B, A3G and chimeric and

mutant derivatives. This assay has been described previously [e.g., **].

Immunoblotting: 293T cells were plated in 6-well plates. After 24h of incubation, the
cells were transfected with APOBEC expression plasmid (or appropriate control
plasmids). 36h later, the cells were harvested and total proteins extracted in a buffer
containing 50 mM Tris (pH 7.5), 150 mM NacCl, 1% Nonidet P-40, 0.1% sodium dodecyl
sulfate, 0.5% sodium deoxycholate, and a protease inhibitor cocktail (Roche). The
extracts were clarified by centrifugation for 10 minutes at 20,800g at 4°C. The extracted
proteins were fractionated by SDS-PAGE, transferred to a polyvinylidene difluoride
membrane (Millipore), and probed with monoclonal anti-HA (Covance) or monoclonal
anti-GFP (Clontech). Primary antibodies were detected by incubation with horseradish

peroxidase-coupled anti-mouse IgG (Bio-Rad) or anti-rabbit IgG (Bio-Rad) followed by
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chemiluminescence (Roche Applied Science). Ponceau S (Sigma) staining of the PVDF

membrane following immunoblotting served as a protein loading control.

Amino acid alignments: The amino acids sequences of A3B, A3F and A3G were
aligned using ClustalW and edited manually. The protein sequences correspond to
GenBank accession numbers NP 004891, NP_660341 and NP_068594, respectively.

Structural modeling of A3Gntd: The primary amino acid sequences of A3G-NTD
(residues 1-196) and A3G-CTD (residues 197-384) were aligned using the homology
modeling module of the InsightIl program (Accelrys). These amino acid sequences are
35% identical and 52% similar (according to the bl2seq program, NCBI). The secondary
structure elements of A3G-NTD were predicted by projecting the actual secondary
structure of A3G-CTD [PDB 2jyw; **°’] over the A3G-NTD/A3G-CTD primary amino
acid sequence alignment. Because of amino acid conservation in the corresponding
regions, the secondary structure elements of A3G-NTD were predicted to correspond
directly with the actual elements in the A3G-CTD (Fig. 4-5). Finally, this information
was used to construct a three-dimensional model of the A3G-NTD (InsightIl program,

Accelrys). Images of the model were created using MacPyMol (DeLano Scientific).
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GFP A3A-GFP A3B-GFP A3C-GFP

A3D-GFP A3F-GFP A3G-GFP A3H-GFP

Fig. 4-1. A3 subcellular localization. Images of representative live HeLa cells
transiently transfected with the indicated A3-GFP expression plasmids. The scale bar

indicates 10 pm.
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A3B MNPQIRNPME RMYRDTFYDN
A3F MKPHFRNTVE RMYRDTFSYN
A3G MKPHFRNTVE RMYRDTFSYN
A3B FKPQYHAEMC FLSWFCGN-Q
A3F SQPEHHAEMC FLSWFCGN-Q
A3G SELKYHPEMR FFHWEFSKWRK
putative A3G CRS

A3B AARLYYYWER DYRRALCRLS
A3F AARLYYYWER DYRRALCRLS
A3G VARLYYFWDP DYQEALRSLC
A3B ENYAFLHRTL

A3F DNYAFLHRTL

A3G KYYILLHIML

A3B QHMGFLCNEA KNLLCGFYGR
A3F R--GVFRNQV DPETH----C
A3G OQRRGFLCNQA PHKHGFLEGR
A3B VRAFLQENTH VRLRIFAARI
A3F VAEFLARHSN VNLTIFTARL
A3G MAKFISKNKH VSLCIFTARI
A3B QGCPFQPWDG LEEHSQALSG
A3F DDEPFKPWKG LKYNFLFLDS
A3G QGCPFQPWDG LDEHS@DLSG

Fig. 4-2. An alignment of A3B, A3F and A3G amino acid sequences, highlighting
regions of concentrated identity. Blue and green shading indicates regions of
concentrated identity between A3G and A3F and A3B and A3F, respectively. Gray-
shaded residues are identical between at least two of the proteins. The crossing arrows
indicate the junctions of chimeric proteins. Dashed boxes outline the putative cytoplasmic
retention signal (CRS) and nuclear export signal (NES) of A3G and the putative nuclear
localization signal (NLS) of A3B. The histidine, glutamic acid and cysteine residues of

the two zinc-coordinating motifs are indicated in bold. The amino acids deleted in A3G;.

FENEPILYGR
FYNRPILSRR
FYNRPILSRR

LPAYKCFQIT
LPAYKCFEFQIT
LHRDQEYEVT

QAG----ARV
QAG----ARV
OKRDGPRATM

MDPDTEFTENF
MYPHIFYFHEF
MDPPTEFTENF

HAELRFLDLV
HAERCFLSWFE
HAELCFLDVI

YDY-DPLYKE
YYFWDTDYQE
YDD-QGRCQE

putative A3G NES

RLRATILONQG
KLQEILE-——

RLRAILQNQE

SYTWLCYEVK
NTVWLCYEVK
NTVWLCYEVK

WEVSWTPCPD
WEVSWTPCPD
WYISWSPCTK

TIMDYEEFAY
KIMDDEEFAY
KIMNYDEFQH

IKRGRSNLLW
TK-GPSRPRL
TK-GPSRPPL

CVAKLAEFLS
CVAKLAEFLA
CTRDMATFELA

CWENFVYNEG
CWENFVYSEG
CWSKFEVYSQR

putative A3B NLS

KNLRKAYGRN
NNEPWVRGRH

PSLQLDPAQT
CDDILSPNTN
PFWKLDLDQD

ALQOMLRDAGA
GLRSLSQEGA
GLRTLAEAGA

N 382
- 373
N 384

ESWLCFTMEV
ETYLCYEVER

YRVTWEISWS
YEVTWYTSWS
YRVTCETSWS

QVSIMTYDEF
SVEIMGYKDFE
KISIMTYSEF

369 are underlined. Additional details can be found in the text.
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DTGVFRGQVY
DAKIFRGQVY
DAKIFRGQVY

EHPNVTLTIS
EHPNVTLTIS

= o

EDPKVILTIE
QOFMPWYKED
QPFMPWYKED
ELFEPWNNLP

LDNGTWVLMD
VKHHSPISWK
MHNDTWVLLN

PCEFSWGCAGE
PCPE--CAGE
PCFS--CAQE

EYCWDTEVYR
KYCWENEVYN
KHCWDTFEVDH

119
118
119

175
174
179

232
234
236

292
286
294

351
346
353



A - LMB + LMB

A3G

Fig. 4-3. Predicted nucleo-cytoplasmic shuttling signals in A3G and A3B are not
required for their subcellular distributions. Images of representative live HeLa cells
transiently transfected with the indicated A3-GFP expression plasmids. The scale bar
indicates 10 pm. (A) LMB caused AID-GFP but not A3G-GFP to accumulate in the
nucleus. Minus (-)LMB indicates mock-treated cells. (B) Localization of A3G-GFP and
the A3Gj_369.GFP mutant lacking the putative C-terminal NES. (C) Localization of wild
type A3B and a mutant A3B with four alanines replacing residues in the putative NLS
(A3Buyar).
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A3B-GFP A3G-GFP

3

Full-
Length

Fig. 4-4. The N-terminal halves of A3B and A3G recapitulate the localization
patterns of the full-length proteins. Representative images of HeLa cells transfected
with the indicated A3-GFP or A3-HA expression plasmids. The NTD of A3B and A3G
consists of amino acids 1-192 and 1-196, respectively. The CTD of A3B and A3G
consists of amino acids 193-382 and 197-384, respectively. (A) Live cells expressing the
indicated GFP-fusion proteins. (B) Fixed cells expressing the indicated HA-fusion

proteins. The scale bar indicates 10 pm.
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A3G-NTD
A3G-CTD

A3G-NTD
A3G-CTD

A3G-NTD
A3G-CTD

A3G-NTD
A3G-CTD

Fig. 4-5. Alignment of the amino acid sequences of A3G-NTD and A3G-CTD. The
amino acid alignment between A3G-NTD (residues 1-196) and A3G-CTD (residues 197-
384) used to create the A3G-NTD model structure is shown. Identical amino acids are
shaded gray and similar amino acids blue. The beta strands and alpha helices of the actual

A3G-CTD NMR structure are illustrated for comparison *°. Arrows indicate chimera

MKPHFRNTVERMYRD--TESYNEFYNRPILSRRNTVWLCYEVKTKGPSRPPL 49
————————————— MDPPTETENENNEPWVRGRHETYLCYEVERMH-NDTWV 233

B1 B2
DAKIFRGQVYSEL-——————— KYHPEMRFFHWESKWRKLHRDOQEYEVIWYI 93
LLNQRRGFLCNOQAPHKHGFLEGRHAELCFLDVIPEFW-KLDLDODYRVTCET 283
B2 o B3

SWSPCTKCTRDMATFLAEDPKVTLTIFVARLYYFWDPDYQEALRSLCQKRD 143
SWSPCEFSCAQEMAKFISKNKHVSLCIFTARIYD-DQGRCOQEGLRTLAEA-—- 331
.| .|
o2 B4 o3 v
GPRATMKIMNYDEFQHCWSKEVYSQRELFEPWNNLPKYYILLHIMLGEILRHS—-- 196
——GAKISIMTYSEFKHCWDTFEFVDHQGCPFQPWDGLDEHSQDLSGRLRAILONQEN 384

B5 o4 o5

crossover points (described in text).
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Fig. 4-6. The first 60 amino acids of A3B and A3G possess essential subcellular
localization determinants. Representative images of HeLa cells transfected with the
indicated chimeric-A3 expression plasmids. The GFP-tagged constructs were visualized
in live cells and the HA-tagged proteins were visualized in fixed cells. (A) Cells
expressing A3B or A3G. (B) Cells showing the localization of chimeras that fuse the
NTD of A3B with the CTD of A3G and vice-versa. (C) Cells showing the localization of
chimeras that swap the first 60 amino acids of A3B for those of A3G and vice-versa. The

scale bar indicates 10 pm.
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Fig. 4-7. Single amino acid substitutions within the first 60 amino acids of A3G
disrupt cytoplasmic localization. (A) Representative images of live HeLa cells
transiently transfected with the indicated A3G-NTD-GFP or derivative expression
plasmids. The scale bar indicates 10 um. (B) A quantification of the extent of disrupted
localization for the mutants. Individual cells expressing the indicated proteins were
scored and grouped into three categories based on their overall pattern of cellular
fluorescence: those with more apparent nuclear than cytoplasmic fluorescence (C < N),
equivalent nuclear and cytoplasmic fluorescence (C = N), or more apparent cytoplasmic
than nuclear fluorescence (C > N). The percentage of cells falling into each category is
indicated for each mutant. Cells from two to four independent experiments were scored
and the tallies were combined. The total number of cells (N) scored for each construct is
indicated. (C) An anti-GFP immunoblot showing the expression of the indicated A3G-
NTD-GFP proteins. An arrowhead indicates the band corresponding to A3G-NTD-GFP
and mutant derivatives. Ponceau S staining of the membrane served as a protein loading

control.
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A3G-Y19D  A3G-F126S A3G-W127A A3G-D128K  A3G-P129R  A3G-D130K

A3G-Y19D
double
mutants

Fig. 4-8. Two regions within the N-terminal half of A3G cooperatively determine the
cytoplasmic localization of the full-length protein. Representative images of live HeLa
cells transfected with the indicated A3-GFP expression plasmids. The scale bar indicates
10 um. (A) Representative cells showing the localization of the indicated (A) full-length
A3G single mutants, or (B) full-length A3G double mutants.
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A3G-HA A3G-Y19D-HA A3G-Y22E-HA

Fig. 4-9. Y19D and Y22E do not significantly alter the localization of the full-length
A3G. Representative images of HeLa cells transfected with the indicated A3-HA
expression plasmids. Protein localization was visualized by immunofluorescence in fixed

cells. The scale bar indicates 10 pm.
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Fig. 4-10. A predicted structure of the N-terminal half of A3G highlighting residues
that influence cytoplasmic localization. A predicted three-dimensional structure of
A3G-NTD, based on NMR structures of A3G-CTD **". A3G residues 1-60 are colored
light green. The conserved zinc-coordinating residues H65, E67, C97 and C100 are
colored cyan and labeled (Zn>"). Residues within the first 60 amino acids whose mutation
results in a mislocalization of A3G-NTD-GFP are highlighted in red, orange and yellow
according to the degree of mislocalization (>50%, 25-50% or 10-25% respectively in
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Fig. 4-7B). The previously reported CRS ° is colored tan and critical residues within this
motif are indicated (F126 and W127). Surface (A) and ribbon (B) representations are
shown. Zinc ion in (B) is colored magenta. Two residues with a significantly altered
localization pattern [L49W and ins(R42)] were not predicted to be on the same surface,

but it is probable that these mutations perturb the protein’s structure.

110



Chapter 5: Conclusions and Discussion

The major findings of this thesis, that A3 proteins inhibit LINE-1
retrotransposition, and that A3 proteins restrict foreign DNA have been discussed in
detail in chapters 2 and 3. The following is a discussion of several of the unifying themes
of the thesis, a discussion of some of the most important unresolved questions raised by
these studies, and future experimental directions that could be used to address these

questions.

The relationship between A3 subcellular localization and function

The most striking (or at least the most visual) difference between the A3s is their
different subcellular localization patterns. These different cellular distributions seem like
they should reflect differences in function. And indeed, A3s perform different functions,
or at least possess different activities. For instance, some A3s, like A3F and A3G, are
particularly good at inhibiting HIV replication. Others, like A3A and A3B are potent
limiters of LINE-1 retrotransposition. But, there does not seem to be a good correlation
between subcellular localization and these other activities. One likely explanation for
this is that the coarse localization patterns determined by visualizing overexpressed,
epitope-tagged A3s do not accurately represent the full range of cellular compartments to
which these proteins have access. Therefore, although it is tempting to base hypotheses
about A3 function on coarse A3 localization patterns (as we did when originally
undertaking the LINE-1 inhibition studies), this approach has the potential to be

misleading.
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One hypothesis that would seem to still be based on good rationale, however, is
that A3 proteins that are sequestered in the cytoplasm pose less of a risk to genomic DNA
than the nuclear A3s. This idea is supported by the observation that the only A3 with a
predominant nuclear localization, A3B, is being lost from some human populations’®.
The worldwide allele frequency of the A3B deletion is 22%, and there are some
populations (e.g., Micronesians), that are essentially A3B null. This suggests that the risk

posed by this nuclear DNA-mutating enzyme may outweigh its beneficial functions.

Deamination-dependent vs. deamination-independent A3 activities

Another potentially confusing characteristic of the A3s is that in some cases their
activities seem to depend on their catalytic activity and in other cases they apparently
function in a deamination-independent fashion. For instance, catalytically inactive A3B
decreases the rate of LINE-1 retrotransposition to the same extent as catalytically
competent A3B. Thus, LINE-1 inhibition does not depend on catalytic activity, which is
one of the major conclusions of chapter 2. In contrast, the foreign-DNA restriction
activity of A3A appears to depend on deaminase activity (chapter 3).

There are several possible explanations for this apparent contradiction. The most
straightforward is that LINE-1 inhibition and foreign DNA restriction are fundamentally
different activities and one requires deaminase activity and one doesn’t. Another
possibility is that LINE-1 inhibition is indeed a deamination-dependent process and that
the A3B mutant that was used maintains a very low level of deaminase activity that is
undetectable in our deaminase assays but is sufficient to inhibit retrotransposition. The

third possible explanation is that foreign DNA restriction does not require deaminase
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activity, but a separation of function mutant that demonstrates this fact has not been

discovered.

The experimental complications of DNA restriction

One implication of the findings of chapter 3 is that transient transfection
experiments employing A3s are fraught with potential complications. For instance, A3A
mutates its own expression plasmid (Fig. 3-3), which likely attenuates its own
expression, and dampens its own effects in such experiments. This may explain why
DNA restriction in primary monocytes appears to be significantly more potent than that
in 293 cells expressing A3A from a plasmid (compare Fig. 3-7 & Fig. 3-8). Other A3s
appear to have similar activity and likely mutate any transfected plasmids, not just their
own expression construct.

Does knowing this nullify the conclusions of chapter 2, that A3s inhibit LINE-1
retrotransposition? This is a possibility because the LINE-1 assay is plasmid-based, so it
is possible that A3s are simply destabilizing the LINE-1 plasmid, and not blocking
retrotransposition per se.

There are two main arguments against this possibility. First, retrotransposition
rates were measured in cells harboring plasmid DNA. This is true because the LINE-1
plasmid contains a puromycin® gene and an autonomous replication origin, and the
transfected cells were selected in puromycin. This was originally done to mitigate the
possible effect of differing transfection efficiencies between the different clonal cell lines.
But it also means that retrotransposition rates were being measured in drug resistant cells

that were therefore harboring plasmid DNA. Of course it is possible to imagine scenarios
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where the portion of the plasmid containing the puromycin® gene was maintained intact
in the cells but the LINE-1 portion of the plasmid was mutated or lost.

The second main argument that LINE-1 inhibition and DNA restriction are
fundamentally different activities is that the former does not require A3 catalytic activity
whereas the latter does. This different requirement suggests a major difference in
mechanism.

Nevertheless, to conclusively demonstrate that A3s limit LINE-1
retrotransposition, a new system measuring retrotransposition from a genomic LINE-1
element would have to be developed. Alternatively, it would be possible to take
advantage of the fact that some humans are A3B deficient (due to the deletion described
above)’®. In principle, it would be possible to assemble cohorts of A3B-proficient and —
deficient people and determine the frequency of novel LINE-1 insertions in these
different populations. This can be done using high-throughput DNA sequencing or
whole genome tiling array technologies. In any case, this example illustrates the caution
that must be taken when interpreting A3-related results based on transient transfection

experiments.

Other DNA restriction systems

That A3 proteins recognize and eliminate foreign DNA is the most important
finding of this thesis. This discovery can be put in the context of other DNA defense
systems that operate in eukaryotic and prokaryotic cells.

In animal cells, one of the most potent DNA defenses is that provided by the
DNase-II enzymes™. DNase-II homologs have been identified in many vertebrate and

invertebrate species. These endonucleases cleave the DNA phosphodiester backbone,
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introducing single-stranded nicks. DNase-II localizes to endosomal compartments and is
thought to facilitate the degradation of DNA that enters the cell by endocytosis, the major
way that most foreign material enters cells. One obvious difference between nucleases
such as DNase-II and DNA deaminases such as A3s is that nucleases actually cleave the
DNA molecule; A3s introduce a relatively subtle modification. Another major difference
is their localization: different A3 proteins occupy essentially every cellular compartment
(Fig. 4-1), and therefore have access to many more DNA substrates than endosomal
DNase-II proteins. Therefore, A3s have the potential to engage nuclear and cytosolic
retroelement replication intermediates, but DNase-1I enzymes are probably not properly
situated to do so. Another difference is that DNase-II enzymes are ubiquitously and
constitutively expressed, whereas A3 expression is restricted to certain tissues and is
inducible by cytokines such as IFN.

Another IFN-inducible DNA-defense system is provided by the exonuclease
TRex1'>. Unlike A3A, TRex1 is expressed ubiquitously, but like A3A it is induced by
IFN following foreign DNA detection. Similar to some A3 family members, TRex1
localizes to the cytosol of cells. TRex1-deficient mice die prematurely, apparently of a
toxic autoimmune response to due the accumulation of intracellular DNA".  Also, like
some A3s, it has been suggested that TRex1 operates on DNA generated by retroelement
reverse transcription'>>. Thus, in addition to A3 family members, TRex] may be an
important DNA-modifying enzyme that facilitates the clearance of intracellular foreign
and retroelement DNA.

The A3s, TRex1, and DNasell operate in eukaryotic cells. In bacterial cells, anti-

DNA defense systems are provided by restriction endonucleases'’’. These sequence-
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specific endonucleases are typically co-expressed with cognate DNA methyl transferases,
which mark the cell’s own DNA by methylating it. The endonucleases cleave DNA
lacking the protective methylation, thereby neutralizing non-self intracellular DNA. This
system is analogous to the A3-mediated anti-foreign-DNA mechanism described here.
Thus, the recognition and clearance of foreign DNA is a characteristic of prokaryotic and

eukaryotic life forms.

Going forward

The studies described in this thesis create as many questions as they answer.
Some of the most interesting of these unresolved questions relate to the finding that A3s
restrict foreign DNA.

One such question is whether cytidine deamination activity is absolutely required
to restrict foreign DNA. This question arises because in other contexts, such as LINE-1
inhibition, deaminase activity is not required (nucleic acid binding may suffice). Our data
suggest that deamination is required, but several experimental approaches could fortify
this conclusion. One approach could use a panel of hypomorphic A3A mutants that we
have generated. These mutants exhibit a range of intrinsic deaminase activity ranging
from dead to fully active. Demonstrating a strong correlation between deaminase activity
and DNA restriction would support the conclusion that restriction requires deamination.
(Showing that these mutants bound DNA with equal affinities would be a necessary
control). A second approach would rely on inhibitors of A3 deaminase activity.
Currently, our laboratory is conducting a screen of a large library of chemical compounds
for small molecules that inhibit deaminase activity. Such compounds would be useful if

they inhibited deamination but left nucleic acid binding activity unaltered. It is likely

116



that these studies will conclusively demonstrate that A3 deamination activity is indeed
required for foreign DNA restriction.

Another question relates to the generality of A3-mediated DNA restriction.
Although this activity is pronounced in primary monocytes, it is possible that A3s act
against foreign DNA in a variety of human cell types. As a first step towards testing this,
it will be necessary to determine in which cells A3s are expressed. This could be done by
applying the panel of g-RT-PCR assays described in chapter 3 to RNA samples from a
panel of tissues. It would also be straightforward to transfect plasmid DNA into a variety
of primary human cell types, and then recover the DNA and subject it to 3D-PCR to
detect editing. It would be particularly interesting to determine whether this occurs in
dermal fibroblasts, the cells most commonly used to create induced pluripotent stem
cells.

A related question dealing with the breadth of DNA-editing mediated DNA
restriction is whether it extends beyond humans and beyond A3s. All mammalian species
examined to date contain A3 proteins, and orthologs of A3A, the human family member
with the most potent DNA restriction activity, exist in other mammals (Fig. 1-4). It is
likely that these A3 proteins restrict foreign DNA in these other species. But editing-
mediated DNA restriction need not be limited to A3s. All vertebrates contain related
cytidine deaminases (such as AID) and it is possible that these enzymes restrict foreign
DNA in non-mammalian species by a similar mechanism.

Perhaps the most important unanswered A3-related question is: how are these
enzymes specifically targeted to foreign and retroelement DNA and not (presumably) to

genomic DNA? Three simple models can be proposed. One is that foreign DNA may be
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recognizably foreign, for instance by different methylation patterns. In this model (the
“sentinel” model), A3A or a targeting cofactor recognizes the foreign characteristic. A
cofactor could be an enzyme such as a DNA helicase that unwinds the foreign dsDNA,
rendering it susceptible to editing by A3s. In the second model (the “failsafe” model),
self DNA is protected by associated factors or epigenetic markings. DNA lacking this
marking is attacked by A3s. This latter mechanism would be analogous to prokaryotic
restriction/modification systems, in which self DNA is protected from restriction by a
nucleic acid modification (usually methylation). The third model (the “location” model)
is that any DNA in certain cellular compartments (for example the cytosol) is subject to
A3-mediated editing. Experiments using synthetic or chromatinized DNA substrates and

localization-restricted A3 chimeras could help differentiate between these models.

Concluding Remarks

The A3 paradox is that they are DNA mutating enzymes that protect the cell.
This paradox is explainable by the observation that A3 deamination seems to be restricted
to DNA substrates that threaten the cell’s well-being. Here, I have significantly
expanded the notion of what constitutes an A3 target, by showing that A3 proteins act
against LINE-1 retrotransposons and foreign DNA in general. The latter finding is
particularly important because A3-mediated DNA restriction may reduce the efficacy of
therapies reliant on DNA transfer. Such therapies include gene therapy and the
generation of induced pluripotent stem cells. Because of their potential to cure
previously intractable diseases, these therapies rank among the most promising on
medicine’s horizon. Transient administration of A3-inhibiting drugs may facilitate the

delivery of beneficial DNA and could help convert therapeutic promise into reality.
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