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Abstract 

Our immune system is faced with the challenge of neutralizing the daily 

bombardment of invading pathogens. This requires two major response mechanisms in 

order to achieve this task. The innate immune system acts quickly in response to non-

specific bacterial, viral and nucleic acid based antigens to prevent the onset of disease. In 

contrast, the adaptive immune system functions slowly but has the added advantage of 

providing memory and long-term immunity to specific pathogens. Two members of the 

AID/APOBEC family of cytidine deaminases, APOBEC3G (A3G) and activation-

induced deaminase (AID), are critical components of the innate and adaptive immune 

responses. 

 A3G is a potent inhibitor of Human Immunodeficiency Virus type-1 (HIV-1) as 

well as a number of other endogenous replicative elements that threaten our genomic 

integrity. This is accomplished by actively mutating cytosines to uracil in the viral 

genome during replication. These mutations render the virus non-functional and therefore 

incapable of spreading infection. AID is necessary for our bodies to generate a diverse 

antibody repertoire. This is achieved through the initiation of class-switch recombination 

and somatic hypermutation, processes that allow developing B-cells to generate 

antibodies of varying isotype with a high specificity for a given antigen. Both of these 

enzymes, AID and A3G, are DNA mutating enzymes with the potential to wreak havoc 

on our genome and contribute to cancer. The regulation of these enzymes is multi-

faceted, involving differential transcription, miRNAs, subcellular localization, 

interactions with regulatory proteins, and post-translational modifications.  
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This thesis focuses specifically on understanding the regulatory mechanisms that 

govern the mutating capacity of AID and A3G. I have identified and characterized two 

novel AID interacting proteins, CIB1 and DND1, which I propose to have a role in the 

regulation of AID. Additionally, I discovered that AID, A3G and related DNA 

deaminases are negatively regulated by phosphorylation of a conserved threonine located 

adjacent to the active site of these enzymes. A phospho-mimetic T-to-E amino acid 

substitution impairs deaminase activity and blocks their function in cells [defective in 

class switch recombination (AID) and HIV-1 restriction (A3G)]. Due to near-universal 

conservation of this solvent exposed threonine, it is likely that this phospho-regulatory 

mechanism will be applicable to nearly all DNA deaminase family members spanning the 

entire vertebrate phylogeny. It is an extremely attractive adaptive/innate immunity 

mechanism because it provides a “real-time” switch to finely tune the deaminase activity 

of expressed proteins without the time delays intrinsic to other mechanisms. Finally, 

using chimeras and single amino acid substitutions, I identified cis-acting elements in 

human and mouse AID that are important for nucleocytoplasmic shuttling of these 

proteins.  
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Chapter 1: Introduction 
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Mammalian DNA cytidine deaminases 

 The information encoded by the genome of a cell is of vital importance. Cells go to 

great lengths to protect the integrity of this information. There are many exogenous 

sources of DNA mutation including UV damage, radiation and carcinogens. Another 

threat to genomic integrity is the hydrolytic deamination of cytosine by water, which 

results in the conversion to uracil1. The cell combats these mutations using enzymes 

called uracil DNA glycosylases, which recognize the aberrant uracil bases in DNA and 

remove them.  

 It is curious then, why would organisms possess enzymes that actually catalyze the 

deamination of cytidine? The AID/APOBEC family of cytidine deaminases is comprised 

of enzymes that actively facilitate the conversion of cytosine to uracil. Activation induced 

deaminase (AID) is thought to be the most ancestral of the APOBEC family, with its 

origin rooted in bony fish2,3. A duplication of the gene gave rise to APOBEC1 (A1), 

which is conserved down to chickens, lizards, and opossum (Fig. 1-1). Further 

duplication and evolution of this gene family resulted in the generation of the APOBEC3 

(A3) family, with ancestral placental mammals believed to encode three copies (A3Z1, 

A3Z2 and A3Z3). Interestingly, mice, rats and pigs seem to have lost the A3Z1 domain. 

On the other hand, in humans and primates there has been an explosion of the APOBEC3 

locus, predominantly of the A3Z2 subtype, totaling 7 separate domains present today 

(Fig. 1-1).  

 Overall, the human genome encodes 11 different AID/APOBEC family members: 

AID, APOBEC1, APOBEC2, APOBEC3A, APOBEC3B, APOBEC3C, APOBEC3D, 

APOBEC3F, APOBEC3G, APOBEC3H and APOBEC4. Several members of the 
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AID/APOBEC family of cytidine deaminases are capable of generating uracil bases, 

which are typically only found in RNA, in DNA polynucleotides molecules. These 

aberrant bases would seemingly be detrimental to the organism, but these enzymes have 

been maintained throughout evolution due to their beneficial specialized functions in the 

adaptive and innate immune response by facilitating antibody gene diversification and 

inhibition of exogenous and endogenous retroelements. 

 

Antibody gene diversification 

 One of the mechanisms mammals use to defend themselves against invading 

foreign pathogens is through neutralization with highly specific antibodies. Great 

diversity is required in the antigen binding region in order to generate antibodies capable 

of recognizing invading pathogens. Antibodies, or immunoglobulins (Ig), are composed 

of heavy and light polypeptide chains. Each Ig is made up of two heavy and two light 

chains that are connected together by disulfide bonds. The N-terminal ends of the heavy 

and light chains form the antigen binding domain, called the variable region. The C-

terminal end of the heavy chain composes the constant region, the region that determines 

the antibody’s effector function. 

 Individual B lymphocytes diversify their specific immunoglobulin through several 

mechanisms, the first of which is V(D)J recombination (Fig. 1-2A). This process, 

catalyzed by the RAG1/2 heterodimer, randomly joins together a combination of variable 

(V), diversity (D) and joining (J) regions from tandem arrays encoded at the Ig locus4. 

This generates a unique functional immunoglobulin that the B lymphocyte can express on 
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its cell surface as it circulates looking for antigen. 

 In most mammals, two additional processes can further diversify the antibody 

repertoire: somatic hypermutation (SHM) and class switch recombination (CSR) (Fig. 1-

2B,C). These processes, amazingly, were both found to be initiated by AID catalyzed 

deamination at the Ig locus5-7. Somatic hypermutation is a process that occurs in germinal 

center B cells undergoing affinity maturation in which AID introduces non-templated 

point mutations into the variable region of the immunoglobulin8 (Fig. 1-2B). This 

randomly alters the specificity of the Ig for its cognate antigen. Mutations that result in 

increased affinity towards an antigen are selected for, while those that decrease affinity 

are selected against. This process results in clonal B lymphocytes that produce Igs with 

greater affinity for a specific antigen than V(D)J recombination can generate alone.  

 The second mechanism, class switch recombination, is also catalyzed by AID 

deamination at the Ig locus5,9. AID deaminates cytidine to uracil in the repetitive switch 

regions found immediately upstream of an array of constant regions at the Ig heavy chain 

locus (Fig. 1-2C). These lesions are processed by repair machinery to result in 

recombination that changes the default constant region Cµ (designated IgM) to a 

downstream constant region (e.g. Cα, Cε, Cγ; IgA, IgE, IgG). These constant regions 

(and therefore isotypes) differ in several ways including the length of the hinge region, 

the number and location of interchain disulfide bonds and the number of attached 

oligosaccharide moieties10. These differences determine the immunoglobulin’s effector 

function and generate further diversity in the antibody response. For example, IgG1 and 

IgG3 antibodies are recognized by receptors present on the surface of phagocytic cells 
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such as macrophages and neutrophils, whereas IgE is bound by mast cells, basophils, and 

eosinophils11,12. A single rearranged variable region may be expressed in IgG, IgA, or IgE 

antibodies to provide a multifaceted immune response. 

 The absence of AID in humans manifests as an immunodeficiency called hyper-

IgM syndrome type-2 (HIGM2)13. These patients are characterized by B lymphocytes that 

are unable to perform CSR and therefore only generate IgM antibodies. The case for 

SHM is more difficult to study in human patients, however evidence suggests that 

humans lacking AID have a decreased capacity to generate high affinity antibodies by 

affinity maturation14. In mouse models for AID deficiency, defects in CSR and SHM are 

both apparent5. 

 

Retroelement restriction 

 Of the 2.9 billion nucleotides in the human genome, only 1.5% actually codes for 

known proteins15. A large portion is made up of transposable elements such as DNA 

transposons, retrotransposons and retroviruses. DNA transposons, which move via a “cut 

and paste” mechanism that results in the transposon moving about the genome without 

increasing the total number of insertions, only comprise a small portion. These insertions, 

however, can be detrimental when they land within a gene and interrupt its normal 

expression. On the other hand, replicative retrotransposons including long terminal repeat 

(LTR) transposons, and non-LTR elements such as long interspersed nuclear elements 

(LINEs) and small interspersed nuclear elements (SINEs), make up a much larger portion 

of the genome. These replicative elements move via a “copy and paste” mechanism, 
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where they are transcribed to generate an RNA copy that is subsequently reverse-

transcribed to DNA and reinserted somewhere else in the genome. This results in an 

increase in the number of insertions upon each replicative cycle. There are estimated to 

be more than 500,000 long interspersed nuclear element-1 (LINE-1) integrations in the 

human genome, comprising about 17%15,16.  

 Exogenouses retroviruses, including human immunodeficiency virus-1 (HIV-1), are 

very similar to retrotransposons in that they reproduce via a “copy and paste” mechanism. 

The major difference is that they have an extracellular stage in their lifecycle. After 

transcription of the retroviral genome into RNA, it is packaged into viral particles along 

with other viral proteins and released from the cell by budding from the cell membrane. 

When the viral particle encounters a new cell, it fuses with the membrane and deposits its 

cargo into the cytoplasm. Here, the RNA is reverse-transcribed to DNA and integrated 

into the newly infected cell’s genome.  

 Several members of the AID/APOBEC family have been shown to inhibit the 

replication of these mobile elements. The best documented is APOBEC3G’s (A3G) 

ability to inhibit the replication of HIV-117-21. A3G is co-packaged with the HIV-1 RNA 

genome into budding virions. Upon infection of a new cell, A3G deaminates cytidine to 

uracil in the first strand cDNA during reverse transcription (Fig. 1-3, left cycle). This 

results in a hypermutated viral genome that effectively terminates further replication of 

the virus. The ability of other members of the AID/APOBEC family to inhibit the 

replication of HIV-1 has been debated, however strong evidence suggests APOBEC3F is 

also fully capable of restriction22-24. 
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 As for endogenous retroelements, AID/APOBEC proteins have also been shown to 

inhibit their replication. The replication of LINE-1, the most common retroelement in the 

human genome, is strongly inhibited by AID, A3A, A3B and A3F25-28. Furthermore, 

APOBEC3 proteins have been reported to inhibit the replication of other common 

retroelements from several other species including MusD (mouse), IAP (mouse) and Ty1 

(yeast)29-31 (Fig. 1-3, right cycle). It is clear that AID/APOBEC proteins can play an 

important role in maintaining the integrity of the genome through the inhibition of 

mutagenic retroelements. However, these enzymes themselves are capable of generating 

genomic mutation and therefore must be tightly regulated. 

 

Mechanisms of regulation 

 The described beneficial properties of cytidine deaminases in innate and adaptive 

immunity must outweigh the potential costs of compromised genomic integrity in order 

for these enzymes to have thrived in the evolutionary process. For this to be true, one 

would expect tight regulation of the AID/APOBEC family members to prevent off-target 

deamination of the genome. To date, multiple mechanisms have been described that 

contribute to minimizing these potentially damaging effects.  

Transcription 

 AID/APOBEC proteins are not ubiquitously expressed in every tissue. AID was 

first identified as a B cell specific factor that was required for SHM and CSR5,6. However, 

more recent reports have also identified its expression in human and mouse testes27,32. 

APOBEC1, which edits an mRNA important in lipid metabolism, is found in highest 
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quantities in the small intestine, liver and spleen33,34. APOBEC2 is expressed primarily in 

muscle35, however no known function has been described until very recently. APOBEC2 

deficiency has now been reported to result in left-right axis defect during frog 

embryogenesis and altered muscle fiber types and myopathy in mice36,37.  

 Due to high sequence similarity between the different APOBEC3s, it has been 

difficult to generate an accurate expression profile. Many of the early reports were flawed 

in their ability to actually distinguish between the 7 human A3s. Our laboratory devoted a 

significant amount of effort to generate a panel of quantitative PCR reagents capable of 

profiling the expression of the A3s separately38. The detailed results of this study are too 

exhaustive to describe here, however some general observations can be made. Overall, 

the highest A3 expression was found in lymphoid organs such as the thymus and spleen, 

where large populations of T and B lymphocytes are found. A3A expression was found to 

be highest in tissues containing macrophages, consistent with its role in degrading foreign 

DNA in phagocytic cells39.  

Inhibition by micro RNA 

 Another common mechanism for gene regulation is through translational inhibition 

by micro-RNAs (miRNA)40-42. miRNAs are endogenous small double-stranded RNA 

molecules that are processed into a ~22 nucleotide single-stranded RNA by the enzymes 

drosha and dicer. This small RNA molecule is then guided by an RNA interference 

silencing complex to bind to the 3’UTR of a target mRNA to inhibit translation. An 

endogenous miRNA (miR-155) has been reported to negatively regulate AID expression 

via this mechanism43,44.  
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Ubiquitin mediated proteasomal degradation  

 In the cellular environment, proteins modified with poly-ubiquitin chains are 

targeted for degradation by the proteasome. Three members of the AID/APOBEC family 

have been demonstrated to be poly-ubiquitinated for degradation via this mechanism. In 

one example, HIV-1 counteracts APOBEC3 restriction by encoding a small protein called 

vif that binds to APOBEC3G and APOBEC3F and recruits members of a ubiquitin ligase 

complex including elongin B/C, cullin5, and RBX22-24,45-49. The ubiquitinated APOBEC3 

proteins are degraded by the proteasome to effectively deplete the cell of these restriction 

factors and allow for viral replication.  

 In another case, proteasomal degradation of an AID/APOBEC member is thought 

to be beneficial for the cell. Nuclear AID has been shown to have a reduced lifespan due 

to proteasomal degradation50. This is presumed to help protect the genomic DNA by 

limiting the amount of AID that resides in the nucleus. However, as of yet, the specific 

ubiquitin ligase complex members have not been identified. 

Subcellular localization 

 The AID/APOBEC family presents a complex distribution of subcellular 

localization. Each of the APOBEC3 proteins has differential cellular distributions (Fig. 1-

4). A3A can be found throughout the cell, evenly distributed between nucleus and 

cytoplasm, while A3D, A3F and A3G are mainly restricted to the cytoplasmic 

compartment. A3C and A3H have a slight bias towards the nucleus, but can be found in 

the cytoplasm as well. A3B seems to be the only APOBEC3 that is predominantly 

nuclear.  
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 The most ancestral member, AID, is a nucleocytoplasmic shuttling protein, with 

nuclear export via CRM1/exportin, nuclear import by the karyopherin α family and 

cytoplasmic retention all contributing to the dynamics of subcellular localization51-53. AID 

is found predominantly in the cytoplasmic compartment due to active export from the 

nucleus via the CRM1 export machinery. However, AID must enter the nucleus to reach 

its physiological target, the immunoglobulin locus. There is some controversy in the 

literature regarding how this is achieved and this thesis addresses these issues through the 

identification of cis-acting elements in human and mouse AID that contribute to the 

active import and cytoplasmic retention of these proteins (Appendix II). 

Regulatory protein interactions 

 Numerous proteins have been proposed to interact with various members of the 

AID/APOBEC family. The functional implications of these interactions are more 

apparent for some than others. APOBEC1 complementation factor (ACF), an RNA-

binding protein, is necessary for APOBEC1 to act on its known target, apolipoprotein B 

mRNA54,55. 

 Several proteins have been proposed to interact with AID including CTNNBL156,57, 

GANP58, HSP9059, MDM260, protein kinase A (PKA)61-63 and RPA64. The implications of 

these interactions vary, with some facilitating antibody diversification56, affecting protein 

stability59, enabling interaction with single-stranded DNA64 or affecting cellular 

localization57,58. The implications of phosphorylation by cellular kinases will be discussed 

in detail below. 

 The work described in this thesis extends this field through the identification and 
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characterization of two novel AID interacting proteins: calcium and integrin binding 

protein-1 (CIB1) (Chapter 2) and dead-end (DND1) (Appendix I). 

Phosphorylation 

 Post-translational modification by phosphorylation is a common mechanism for 

regulation of cellular processes. AID is subject to phosphorylation at numerous sites 

including S3, T27, S38, S41, S43, T140 and Y18461,63,65-67. However, only the 

modifications at S3, S38, and T140 have been characterized. Phosphorylation at serine-3 

has been reported to negatively regulate AID’s ability to facilitate CSR without altering 

its intrinsic deaminase activity65. In contrast, phosphorylation at threonine-140 seems to 

increase the rate of somatic hypermutation and class switch recombination66. Lastly, 

serine-38 phosphorylation enables interaction with the ssDNA binding protein RPA and 

facilitates SHM and CSR61,64,67,68. 

 APOBEC3G appears also to be a substrate for post-translational modification by 

phosphorylation. A report indicates that it is phosphorylated at threonine-32 by protein 

kinase A (PKA)69. The authors suggest that this modification dampens vif’s ability to 

target A3G for proteasomal degradation. This thesis describes a novel regulatory 

mechanism involving the phosphorylation of a threonine that is conserved among nearly 

all mammalian AID/APOBEC members (Chapter 3).   
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Figures 

 
Fig. 1-1. Phylogenetic tree illustrating the expansion of APOBEC members. 

Schematic illustrating the expansion of the AID/APOBEC family in vertebrates. AID 

originates in bony fish. A1 is found in chicken, lizard and opossum, while the A3 family 

is rooted in placental mammals. Figure courtesy of Rebecca LaRue. 
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Fig. 1-2. Mechanisms of antibody diversification. A. The process of V(D)J 
recombination is facilitated by the RAG1/2 heterodimer. A single variable (V), diversity 
(D) and joining (J) region are recombined at random to form a unique combination for 
antibody recognition. B. Somatic hypermutation (SHM) is a process where non-templated 
point mutations are introduced into the antigen binding region after V(D)J recombination. 
C. Class switch recombination (CSR) occurs between repetitive switch regions (e.g., Sμ, 
Sγ3) to result in exchange of the default constant region (μ) for one of several found 
downstream (e.g., Cγ3, Cγ1, Cα1, Cγ2, Cε, Cα2). Figure adapted from70. 
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Fig. 1-3. Retroelement restriction by AID/APOBEC proteins. A model for APOBEC3 

(A3) mediated restriction of exogenous retroelements (e.g., HIV, left cycle) and 

endogenous elements (e.g., LINE-1, right cycle). The A3 is packaged into budding 

virions and travels with the virus to a new cell. Upon fusion, A3 converts cytosine (C) to 

uracil (U) in the first strand cDNA during reverse transcription. In the case of 

endogenous elements, the entire lifecycle occurs within the cell. RT=reverse 

transcription, INT= integration. Modified from71. 
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Fig. 1-4. Cellular distribution of human APOBEC3s. Images of human APOBEC3s 

expressed as N-terminal GFP fusion proteins transiently transfected into HeLa cells. Live 

cell images of steady-state localization were taken 48 hours after transfection. Images 

courtesy of Lela Lackey. 
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Chapter 2: The Interaction Between AID and CIB1 is Nonessential for 

Antibody Gene Diversification by Gene Conversion or Class Switch 

Recombination 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Adapted, with permission, from: Demorest et al. (2010) PLoS One 5(7):e11660. 
W.L. Brown conducted the experiments presented in Fig. 2-1. D.A. MacDuff 
generated the data for Fig. 2-2. Z.L. Demorest performed the experiments for Figs. 2-3,  
2-4, and 2-5. 
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Chapter summary 
 

Activation-induced deaminase (AID) initiates somatic hypermutation, gene 

conversion and class switch recombination by deaminating variable and switch region 

DNA cytidines to uridines. AID is predominantly cytoplasmic and must enter the nuclear 

compartment to initiate these distinct antibody gene diversification reactions. Nuclear 

AID is relatively short-lived, as it is efficiently exported by a CRM1-dependent 

mechanism and it is susceptible to proteasome-dependent degradation. To help shed light 

on mechanisms of post-translational regulation, a yeast-based screen was performed to 

identify AID-interacting proteins. The calcium and integrin binding protein CIB1 was 

identified by sequencing and the interaction was confirmed by immunoprecipitation 

experiments. The AID/CIB1 interaction resisted DNase and RNase treatment, and it is 

therefore unlikely to be mediated by nucleic acid. The requirement for CIB1 in AID-

mediated antibody gene diversification reactions was assessed in CIB1-deficient DT40 

cells and in knockout mice, but immunoglobulin gene conversion and class switch 

recombination appeared normal. The DT40 system was also used to show that CIB1 

over-expression has no effect on gene conversion and that AID-EGFP subcellular 

localization is normal. These combined data demonstrate that CIB1 is not required for 

AID to mediate antibody gene diversification processes. It remains possible that CIB1 

has an alternative, a redundant or a subtle non-limiting regulatory role in AID biology. 

 



 

 18 

Introduction 
 

Following V(D)J recombination, the expressed antibody repertoire in vertebrate B 

lymphocytes gains additional diversity through the processes of immunoglobulin (Ig) 

gene conversion (IGC), somatic hypermutation (SHM), and class-switch recombination 

(CSR) (reviewed by8,9,72). Most vertebrates use SHM to diversify variable (V) region 

sequences, but a few species, such as birds and rabbits, use a template-dependent IGC 

mechanism to generate antigen-binding diversity and improve antibody affinity. All 

vertebrates use CSR to irreversibly change the constant (C) region of the heavy chain Ig 

gene, which dictates the antibody tissue distribution and function. 

All three of these antibody gene diversification reactions are initiated at the DNA 

level by activation-induced cytidine deaminase (AID)-catalyzed deoxy-cytidine to deoxy-

uridine editing7 (reviewed by8,9,72). Once these lesions occur in Ig gene DNA, ubiquitious 

DNA ‘repair’ enzymes catalyze further reactions that ultimately result in the distinct 

outcomes described above. For instance, both the uracil DNA glycosylase UNG2 and the 

mismatch recognition proteins MSH2/6 help process AID-catalyzed DNA uridines73-75. 

Several lines of evidence indicate that AID is subject to numerous levels of post-

translational regulation. First, AID is predominantly cytoplasmic, and recent data suggest 

that this may occur through an active retention mechanism53,76,77. Second, AID is actively 

imported into the nuclear compartment, a step that is undoubtedly required for its 

essential role in antibody gene diversification51,53. Third, AID is exported from the 

nuclear compartment by virtue of a carboxy-terminal leucine-rich motif, which is bound 

by CRM1 and necessary for export51-53,77,78. Fourth, AID is susceptible to post-
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translational regulation by ubiquitination and phosphorylation50,61,63,66,68,79,80. The 

responsible E3 ubiquitin ligation complex has yet to be identified, but protein kinase A 

(PKA) has been shown to phosphorylate AID61,63,80. Finally, phosphorylation enhances the 

interaction between AID and replication protein A, which may be an important DNA 

level co-factor64. These studies combine to indicate that multiple cellular proteins regulate 

AID, and several of these have yet to be identified. 

To gain further insights into the proteins that regulate AID, we used high-

throughput yeast two-hybrid screening to identify interacting proteins. We found that 

AID interacts with the calcium and integrin binding protein 1 (CIB1), a 22 kDa 

regulatory protein that is broadly expressed, comprised of four EF hand motifs (two of 

which bind calcium), and required for spermatogenesis in mice81,82. CIB1 is a provocative 

AID-interacting protein, because it could potentially link B cell receptor signaling, 

activation through calcium fluctuations, and the germinal center specific antibody gene 

diversification reactions. The requirement for CIB1 in AID-mediated processes was 

examined in two model systems for antibody gene diversification, the chicken B cell line 

DT40 and murine B lymphocytes. 
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Results 
 

The AID-CIB1 interaction 

A large scale, Gal4-based yeast two-hybrid screen was conducted as described83. 

A bait plasmid expressing human AID residues 56-198 was used to screen a tongue and 

tonsil cDNA library. DNA sequencing was used to identify candidate interactors, and 

false positives were eliminated by cross checking literature, public databases, and 

unpublished data. Only one positive hit resisted triage: residues 1-191 of the calcium and 

integrin binding protein 1 (CIB1). Other reported AID-interaction proteins, DNA-PKcs84, 

MDM260, RPA64, PKA61,63, and CTNNBL156, were not recovered.  

To confirm the yeast two-hybrid result, we co-expressed AID-EGFP and myc-

CIB1 in HEK-293T cells and asked whether the two proteins interacted by co-

immunoprecipitation (co-IP). These experiments showed that myc-CIB1 was able to co-

IP AID-EGFP (Fig. 2-1A). In contrast, myc-CIB1 did not co-IP an EGFP control. 

AID can bind single-stranded nucleic acids, including both DNA and RNA85. AID 

homologs such as APOBEC3G also bind RNA, and this interaction enables indirect 

associations with many different cellular proteins86-90. To ask whether the AID-CIB1 

interaction occurs through a nucleic acid bridge, co-IP experiments were repeated in the 

presence of DNase or RNase. An α-GFP (AID) IP resulted in strong myc-CIB1 

immunoblot signals, which were not diminished by incubating extracts with either DNase 

I or RNase A (Fig. 2-1B). These data strongly suggested that the interaction between AID 

and CIB1 occurs independently of a nucleic acid bridge. 
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To further substantiate the AID-CIB1 interaction, a pull-down experiment was 

performed with a tandem affinity purification construct AID-STZ (Experimental 

procedures). This construct, or an EGFP-STZ control, was transfected into HEK-293T 

cells, expressed for 48 hours, and ultimately pulled-down with IgG Sepharose, which 

binds the Z domain of Protein A. Immunoblotting with a CIB1-specific monoclonal 

antibody revealed that endogenous CIB1 associates with AID-STZ but not with EGFP-

STZ, which was even more highly expressed (Fig. 2-1C).  

 

CIB1 over-expression in DT40 

To begin to test whether CIB1 regulates AID-dependent antibody gene 

diversification reactions, we over-expressed both human and chicken CIB1 proteins in 

the chicken B cell line DT40. This cell line constitutes a good model system for studying 

IGC, because the reversion of an Ig frameshift mutation is AID-dependent and can be 

monitored at the cellular level by flow cytometry of surface Ig positive cells91,92. CIB1 

over-expressing lines were established and subjected to limiting dilution, and 8-12 of the 

resulting subclones were cultured continuously for 6 weeks. The median percentage of 

surface Ig positive cells among the control vector transfected subclones was 7.5%, and 

the medians of the CIB1 over-expressing subclones were not significantly different (Fig. 

2-2). These data indicated that CIB1 protein levels are not limiting in DT40 for gene 

conversion at the antibody locus. 
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Immunoglobulin gene conversion in CIB1 knockout DT40 

To determine whether CIB1 is required for IGC in DT40, serial gene targeting 

was used to delete exons 5 and 6 of the CIB1 gene (Fig. 2-3A). A linearized targeting 

vector encoding the puromycin-resistance gene was transfected into a surface Ig-negative 

DT40 line and resistant colonies were isolated. Gene targeting events were identified by 

PCR (Figs. 2-3A & B). CIB1 heterozygous lines were subjected to a second round of 

gene targeting with a blasticidin resistance construct. CIB1 null lines were identified by 

allele-specific PCR reactions and confirmed by reverse-transcription PCR and Southern 

blot analyses (Figs. 2-3B & C and data not shown). The CIB1 defective cells showed no 

obvious growth defects or cellular abnormalities demonstrating that this protein is not 

essential in DT40 cells. 

To ask whether AID-dependent IGC requires CIB1, surface Ig-negative CIB1+/+, 

CIB1+/-, and CIB1-/- cell lines were subcloned by limiting dilution, maintained in culture 

for 6 weeks, labeled with α-Ig antibody, and quantified by flow cytometry. We found that 

the median frequency of surface Ig-positive subclones was nearly identical for CIB1+/+, 

CIB1+/-, and CIB1-/- cell lines, 4.5%, 3.9%, and 4.4%, respectively (Fig. 2-3D). These 

data provided an unambiguous demonstration that CIB1 is not required for IGC in DT40. 

 

AID localization in CIB1 knockout DT40 

Another property of AID is that it localizes predominantly to the cytoplasm of 

cells (e.g.,27,53,76,77). To ask whether CIB1 is required for this process, we stably 

transduced wildtype and CIB1-deficient DT40 cells with an AID-EGFP expression 
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construct and used fluorescent microscopy to image the resulting localization patterns 

(Fig. 2-4). The cytoplasmic localization of AID-EGFP was indistinguishable in wildtype 

and CIB1-deficient cells indicating that CIB1 is also dispensable for this property. 

 

Isotype switching in CIB1 knockout mice  

To evaluate the potential contribution of CIB1 to another AID-dependent process 

in another model organism, we examined the CSR phenotype of CIB1-deficient mice82. 

First, we measured the abundance of alternative antibody isotypes in sera from 3 wildtype 

and 6 CIB1-deficient mice by ELISA (Fig. 2-5A). Normal levels of IgM, IgG1, IgG2a, 

IgG2b, IgG3, and IgA were observed indicating that a CIB1 deficiency does not result in 

a gross CSR defect. 

 However, minor deficiencies in CSR can be readily eclipsed by antigen driven 

clonal expansions of alternative isotype expressing B lymphocytes. We therefore next 

examined the capacity of wildtype and CIB1-deficient primary B lymphocytes to undergo 

CSR ex vivo in response to lipopolysacharride (LPS) and interleukin-4 (IL-4) treatment. 

This stimulatory regimen drives CSR from IgM to IgG1, which is easily quantified by α-

IgG1 staining and flow cytometry (e.g.,73). After 4 days in culture, 28% of the wildtype 

cells expressed surface IgG1 and near-identical results were obtained with CIB1-deficient 

B lymphocytes (Fig. 2-5B). These data combined to demonstrate that CIB1 is not 

required for CSR in mice or in murine B lymphocytes ex vivo. 
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Germinal center morphology in CIB1 knockout mice 

AID-deficient mice have enlarged germinal centers and spleenomegaly5. To ask 

whether the CIB1 interaction with AID may be important for proper development in vivo, 

we compared the morphology of the spleens of wildtype and CIB1-deficient mice. 

Spleens were removed, sectioned, and stained with hematoxylin and eosin. CIB1-

deficient mice were found to have a normal spleen and germinal center morphology (Fig. 

2-5C). 
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Discussion 
 

AID-mediated antibody diversification reactions are conserved processes in 

vertebrates. However, the precise mechanisms that regulate AID remain to be fully 

understood. We identified the calcium and integrin binding protein 1 (CIB1) as a strong 

AID-interacting protein. This protein is an attractive regulatory candidate because 

calcium signaling is an integral part of antigen-dependent adaptive immune responses. 

However, the complete ablation of CIB1 in DT40 or mice demonstrated that this protein 

is dispensable for both IGC and CSR in these organisms (i.e., CIB1 is not an antibody 

diversification co-factor). Moreover, the lack of any detectable antibody diversification 

phenotype also indicated that CIB1 is unlikely to be a critical positive or negative 

regulator of AID. This point was further underscored by the lack of an Ig diversification 

phenotype in CIB1 over-expressing DT40. 

CIB1 is however important for other functions in vertebrates. It is a nonenzymatic 

regulatory molecule that binds an array of target proteins and modulates their activity. 

For example, CIB1 activates the serine/threonine kinase p21-activated kinase (PAK1) 

and thereby modulates the migratory and proliferative capacities of cells93. It inhibits 

polo-like kinase 3 (PLK3), which may slow the G1 phase of the cell cycle94, and it 

inhibits apoptosis signal-regulating kinase (ASK1), which negatively regulates the stress-

activated MAP kinases JNK and p3895. The CIB1 knockout mouse develops near 

normally under non-stressed conditions except that the CIB1-/- male is sterile82. This is 

most likely due to a disrupted progression of the haploid phase of spermatogenesis. 

Significantly slowed proliferation of mouse embryo fibroblasts was also noted. While the 
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exact cause of the disrupted haploid phase is unclear, it may be related to elevated levels 

of the cell cycle regulator CDC2/CDK1. 

Since the interaction between AID and CIB1 is robust, we were surprised that 

antibody gene diversification reactions are not obviously affected. This could be due to a 

functional overlap between CIB1 and the related calcium and integrin binding proteins, 

CIB2 and CIB3, which share over 60% amino acid similarity81,96. However, AID may 

have other roles in the biology of vertebrates, such as the provision of innate immunity to 

retrotransposition27,31,97,98, the restriction of foreign DNA39, or the epigenetic 

reprogramming of stem cells99,100. Future studies will be necessary to address the role of 

CIB1 in these potentially interesting alternatives. 
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Experimental procedures 

Ethics Statement 

 All experimental procedures for working with mice, described in full below, were 

approved by the University of Minnesota Institutional Animal Care and Use Committee 

(IACUC Protocol Number: 0703A04446). 

DNA constructs 

The parental myc expression vector encoding 6 copies of an N-terminal myc tag 

was a generous gift from Dr. Shigeki Miyamoto (University of Wisconsin)101. Human 

CIB1 cDNA was PCR amplified from a spleen cDNA library (Invitrogen) using primers 

5’-GAA-TTC-TGA-TGG-GGG-GCT-CGG-GCA-GTC-GC and 5’-CTC-GAG-TCA-

CAG-GAC-AAT-CTT-AAA-GGA-GCT-G, digested with EcoRI/XhoI and ligated into 

p6xmyc to generate p6xmyc-hCIB1 (pRH1023). Chicken CIB1 cDNA was PCR 

amplified from DT40 cDNA using primers 5’-GAA-TTC-TCA-TGG-GGG-GCT-CCA-

GCA-GTC-TGC and 5’-CTC-GAG-TCA-CAG-GAC-AAT-CTT-GAA-GG, digested 

with EcoRI/XhoI, and ligated into p6xmyc to generate p6xmyc-cCIB1 (pRH1511). 

Human AID cDNA60 was PCR amplified using primers 5’-TAA-TAC-GAC-

TCA-CTA-TAG-GG and 5’-GTC-GAC-AAG-TCC-CAA-AGT-ACG-AAA-TGC, 

digested with HindIII/SalI, and ligated into similarly cut pEGFP-N3 (Clontech) 

(pRH984). The lentiviral transduction vector pCSII-AID-EGFP (pRH1892) was 

generated by directly subcloning AID-EGFP from pEGFP-N3-AID (pRH986) into 

pCSII-EF-MCS (pRH1892)102 using the XhoI/NotI sites. The lentiviral packaging and 
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helper plasmids pMDG (pRH429) and ΔNRF (pRH1899) were provided by Dr. Nik 

Somia (University of Minnesota)103,104. 

The tandem affinity purification constructs, pAID-STZ and pEGFP-STZ (Strep, 

TEV, Z domain), were made as follows. First, a Tobacco Etch Virus (TEV) protease 

cleavage site (ENLYFQG) was cloned into the EcoRI/XmaI sites of pBluescript II KS+ 

(Stratagene). Second, two tandem copies of the IgG binding Z domain of protein A were 

amplified by PCR from pRAV-flag105 using primers 5’-CCC-GGG-ATG-AGG-TTA-

ACC-ATG-GCG-CAA and 5’-GAG-CTC-TCT-AGA-TTA-CGC-GTC-TAC-TTT-CGG-

CGC-CTG and cloned into SacI/SmaI sites of pBluescript-TEV. Third, a XhoI-NotI-

EcoRI linker was added by ligating annealed primers 5’-TCG-AGA-GCG-GCC-GCA-

TG and 5’-AAT-TCA-TGC-GGC-CGC-TC into the XhoI/EcoRI sites. Fourth, a 

Streptavidin tag was added by ligating annealed oligonucleotides 5’-GGC-CGC-ATG-

GCT-AGC-TGG-AGC-CAC-CCG-CAG-TTC-GAA-AAA-GGC-GCC and 5’-GGC-

CGG-CGC-CTT-TTT-CGA-ACT-GCG-GGT-GGC-TCC-AGC-TAG-CCA-TGC into 

the NotI site. Fifth, Strep-TEV-ZZ was subcloned into the XhoI/XbaI sites of 

pcDNA3.1(Invitrogen). Finally human AID or EGFP were subcloned into KpnI/SalI sites 

of this construct to generate pAID-STZ (pRH1216) and pEGFP-STZ (pRH1233). 

The chicken CIB1 targeting vectors were generated by amplifying targeting arms 

from DT40 genomic DNA using primers 5’-GGC-CCG-TTT-TCG-TCC-CCC-GGA and 

5’-ACG-GCA-CCT-CCG-TGC-GGG-AGC (1.2 kb left arm) and 5’-TCC-AGC-AGC-

ATA-AGG-GGT-CCC and 5’-CTG-CAC-AGA-GCT-CGT-TCC-CCA (1.0 kb right 

arm). These PCR products were cloned into pCR-BluntII-TOPO (Invitrogen) and 
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subcloned into pBluescript II KS+ (Stratagene) using NotI/BamHI (left arm) and 

EcoRI/HindIII (right arm). The puromycin or blasticidin resistance cassettes were then 

subcloned from bML4 or bML591 into the BamHI site between the homology arms 

(pRH1479).  

Immunoprecipitation experiments 

HEK-293T cells were transfected with 5 µg of plasmid pEGFP-N3-AID or 

pEGFP-N3 and p6xmyc-CIB1 in a 10 cm dish (~60% confluent) using a ratio of 1 µg 

DNA to 3 µl FuGene6 (Roche). 48 hrs post-transfection, cells were treated with 50 µM 

MG132 for 5 hours prior to harvesting. MG132 was included to minimize the degradation 

of AID by the proteasome50, although it was not necessary to detect the AID/CIB1 

interaction (data not shown). The cells were washed in cold PBS and resuspended in lysis 

buffer [25 mM HEPES, pH 7.4; 150 mM NaCl; 1 mM EDTA; 1 mM MgCl2; 1 mM 

ZnCl2; 10% glycerol; 1% NP40; protease inhibitors (Complete, EDTA-free, Roche)], on 

a rotating wheel for 1 hour at 4oC. The lysate was clarified by centrifugation at 13,000 g 

for 20 minutes and 300 µl was incubated with 2.5 µL (2.5 µg) α-myc mAb (LabVision) 

on a rotating wheel for 30 minutes at 4oC before the addition of 25 µL of pre-washed 

Protein G Sepharose (GE Healthcare). Bound complexes were washed three times with 

lysis buffer and once with TBS/0.05% Tween 20. Proteins were eluted off the beads with 

0.1M glycine (pH 2.5) and resolved by 10% SDS-PAGE. The proteins were transferred to 

PVDF membrane and blotted with a rabbit α-GFP polyclonal Ab (Invitrogen) to detect 

AID-GFP.  
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Reciprocal pulldowns were conducted by transfecting pEGFP-N3-AID or pEGFP-

N3 and 6xmyc-hCIB1 as above. Lysates (300 µL) were incubated with 20 µg of RNase 

A, DNase I or BSA at 37 oC for 20 minutes (Sigma). They were then incubated with 5 µL 

(5 µg) of α-GFP mAb (Clontech JL8) on a rotating wheel for 30 minutes at 4oC before 

the addition of 25 µL of washed Protein G Sepharose beads. The beads were washed, 

eluted, and transferred as above then blotted with α-myc (LabVision 9E11 mAb). 

For the endogenous CIB1 pull-down experiments, HEK-293T cells were 

transfected as above with pAID-STZ or pEGFP-STZ. These proteins were precipitated 

with IgG Sepharose (GE Healthcare), removed from beads by TEV protease cleavage, 

processed as above to a PVDF membrane, and probed first with an α-CIB1 monoclonal 

antibody106 and second with an α-Strep monoclonal antibody (Novagen). Primary 

antibodies were detected with α-rabbit-HRP or α-mouse-HRP secondary reagents 

(BioRad). 

DT40 experiments  

Surface Ig-negative DT40 cells were maintained in RPMI (Hyclone) 

supplemented with 10% FBS (Gibco) and 50 µM 2-mercaptoethanol. Cells were 

subcloned by limiting dilution and grown continuously for 6 weeks. The IGC capacity 

was determined by measuring the percentage of cells that reverted to surface Ig-positive 

by staining with R-PE conjugated mouse α-chicken Ig antibody (Southern Biotechnology 

Associates, Inc.) and quantifying labeled cells by flow-cytometry (FACSCalibur, BD 

Biosciences). 8-12 independent subclones were examined for each condition and the 
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median percentage of surface Ig-positive cells was used to assess gene conversion 

capacity.  

CIB1-deficient DT40 was constructed by serial gene targeting60,92. Targeting 

constructs were linearized with NotI and electroporated into 20 million cells (500 V, 25 

µF; BioRad GenePulser II). Following the appropriate drug selection (0.25 µg/ml 

puromycin, 10µg/ml blasticidin), single clones were isolated and expanded for screening 

by PCR, RT-PCR, and Southern blotting. For PCR screening, a common reverse primer 

5’-CTT-TGT-GCC-TCC-CGT-TAG-AG located 3’ to the targeting arm was used in 

combination with forward primers designed specifically for exon 5 5’-GAT-GGC-ACC-

ATC-AAC-CTC-TC, the blasticidin drug cassette 5’-GAA-GAC-CCC-AAG-GAC-TTT-

CC, or the puromycin cassette 5’-CCC-CCT-GAA-CCT-GAA-ACA-TA. To confirm 

loss of CIB1 mRNA expression, cDNA was generated from total mRNA and subjected to 

RT-PCR using primers spanning intron 4 5’-GGG-ATG-ACA-GCA-TGT-CCT-TT and 

5’-TGA-GCT-GCT-CCA-TCT-CAA-TG. Primers for AID expression were used to 

verify the presence of cDNA 5’-TGG-ACA-GCC-TCT-TGA-TG and 5’- GTC-CCA-

GAG-TTT-TAA-AG. For Southern blotting, a 3’ probe was generated by PCR from 

DT40 genomic DNA using primers 5’-GAT-CCC-TCC-CTC-CTT-GGG-AGA and 5’-

CCG-GAG-GCG-TTG-GCT-GGT-GCC. 

DT40 lines stably expressing chicken CIB1 or human CIB1 were generated by 

electroporating linearized (BglII) p6xmyc-hCIB1 or p6xmyc-cCIB1 (250 V, 950 µF, 2 

pulses; BioRad GenePulser II) into surface Ig negative DT40, selecting with 1.5 mg/ml 

Geneticin (Invitrogen), and screening for expression by immunoblotting. 2 x 106 cells 
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were lysed in NP40 lysis buffer [25mM HEPES, pH 7.4; 150mM NaCl; 1mM EDTA; 

1mM MgCl2; 1mM ZnCl2; 10% glycerol; 1% NP40; protease inhibitors (Complete, 

EDTA-free, Roche)] on ice for 1 hr and then clarified by centrifugation (16,100 g, 5 

min). The supernatants were denatured in Laemmli loading buffer and separated by SDS-

PAGE. Proteins were transferred to PVDF membrane and blotted with α-myc (LabVision 

9E11 mAb) to detect transfected CIB1 or α-tubulin (Covance mAb).  

AID localization was determined in DT40 by transducing cells with a lentivirus 

encoding AID-EGFP (above). Lentiviruses were produced by transfecting HEK-293T 

cells with pCSII-AID-EGFP, the VSV-G envelope vector pMDG, and the ΔNRF 

packaging construct encoding the HIV-1 gag, pol, rev, tat, and vpu genes as described 

previously104. DT40 cells were cultured in lentiviral supernatant for 12 hrs to enable viral 

transduction. After an additional 36 hrs, the cells were washed with fresh media and AID-

EGFP localization was determined by fluorescence microscopy (40x objective; 

Deltavision). 

Mouse experiments 

Experimental procedures were conducted in accordance with the University of 

Minnesota Institutional Animal Care and Use Committee guidelines. The CIB1-deficent 

mice were reported previously82. Heterozygous mice were bred to produce experimental 

wildtype and CIB1-deficient littermates, which were housed approximately 7 weeks and 

then used for experiments.  

To quantify serum Ig levels, 50-100 µl blood was collected from mice via facial 

vein bleeding and allowed to clot at room temperature. After removing cells by 
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centrifugation, serum antibody titers for isotypes IgM, IgG1, IgG2a, IgG2b, IgG3, and 

IgA were determined by ELISA using a Mouse Immunoglobulin Isotyping Kit (BD 

Pharmingen). 

To determine the frequencies of ex-vivo CSR, resting B-cells were isolated from 

dissociated spleen through magnetic sorting by negative selection using an antibody 

cocktail against CD43 (Ly-48), CD4 (L3T4), and Ter-119 (Miltenyi Biotech). Isolated B-

cells shown to be over 90% CD19 positive were then cultured for in RPMI media (Gibco) 

supplemented with 10% FBS plus 50 ng/ml IL-4 (R&D Systems) and 50 µg/ml LPS 

(Sigma). After 4 days, cells were analyzed for CSR by flow-cytometry using a α-IgG1-

PE antibody (BD Biosciences). 

For histology experiments, spleens were removed from euthanized animals, 

preserved in 10% phosphate-buffered formalin, sliced into 10 µm thick sections (Leica 

Instruments), stained with hematoxylin and eosin, and examined by light microscopy to 

identify germinal centers (Zeiss Axiovert). 
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Figures 

 

 

Figure 2-1. AID interacts with the calcium and integrin binding protein 1. A. myc-

CIB1 co-IPs AID-EGFP but not EGFP only (left and right lanes, respectively). A myc-

specific monoclonal antibody was used to precipitate complexes, and AID-GFP was 

detected with an α-GFP polyclonal antibody. B. AID-EGFP co-IPs myc-CIB1 in a 

DNase I- and RNase A-resistant manner. A α-GFP monoclonal antibody was used to 

precipitate AID-GFP, and myc-CIB1 was detected with a α-myc monoclonal antibody. 

C. AID-STZ pulls down endogenous CIB1 from HEK-293T cell extracts. IgG Sepharose 

was used to pull-down STZ complexes, and CIB1 was detected using a α-CIB1 

polyclonal antibody. AID-STZ and GFP-STZ were detected with a α-strep antibody. A 

low level of non-specific background was observed in the vicinity of AID-STZ. For cell 

lysate (input) control blots, two panels are shown because EGFP-STZ is expressed over 

100-fold better than AID-STZ. A quantification of the input versus pull-down signal 

indicated that 1% of cellular CIB1 can be pulled-down with AID complexes when IgG 

sepharose beads are limiting. 
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Figure 2-2. CIB1 over-expression in DT40. A. An IGC fluctuation analysis showing the 

percentage of surface Ig-positive cells in subclone cultures over-expressing human (h) or 

chicken (c) CIB1. Each X represents data from an individual subclone and the labeled 

horizontal bars report the medians for each data set. B. CIB1 over-expression confirmed 

by immunoblotting. Loading was controlled by stripping and re-probing the blot with an 

α-tubulin antibody. 
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Figure 2-3. CIB1 is dispensable for immunoglobulin gene conversion in DT40. A. 

Schematic showing the constructs used to replace exons 5 and 6 of CIB1 with the 

indicated drug resistance cassettes. The positions of the allele-specific PCR primers for 

genotyping and the XhoI sites and the position of the 3’ external probe used for Southern 

blot analysis are shown. B. An agarose gel image showing the allele-specific PCR 

products from CIB1+/+, +/-, and -/- cell lines. C. An agarose gel image of CIB1-specific 

RT-PCR products from CIB1+/+, +/-, and -/- cell lines. AID-specific reactions were used 

to demonstrate the integrity of each cDNA preparation. D. An IGC fluctuation analysis 

showing the percentage of surface Ig-positive cells in subclone cultures of the indicated 

genotype. Each X represents data from an individual subclone and the labeled horizontal 

bars report the medians for each data set.  
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Figure 2-4. AID localization in CIB-/- DT40 cells. A. AID-EGFP localization in CIB1+/+ 

DT40. B. AID-EGFP localization in CIB1-/- DT40. Images were taken using a 40X 

objective and the scale bars indicate 10 µm. 



 

 39 

 

 

Figure 2-5. CIB1 is dispensable for CSR in mice. A. Relative levels of each antibody 

isotype in sera from CIB1+/+ or CIB1-/- mice as measured by ELISA. The CIB1-/- data 

were normalized to the mean antibody levels in sera from wildtype (WT) littermates 

(arbitrarily set to 1 for comparison). Each X represents data from an independent animal 

and the horizontal bars and labels report the median values (n=3 for CIB+/+ and n=6 for 

CIB-/-). B. IgM to IgG1 CSR ex vivo. B-cells were isolated from the spleens of CIB1+/+ or 

CIB1-/- mice, cultured for 4 days in the presence of LPS and IL-4, and analyzed by α-

IgG1-PE labeling and flow cytometry. Each X represents data from an independent 

animal and the horizontal bars and labels report the median values. C. Images of 

hematoxylin and eosin stained sections of spleen isolated from CIB1+/+ and CIB1-/- mice. 

Scale bars indicate 500 µm. 
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Chapter 3: Phosphorylation Directly Regulates the DNA Cytidine 

Deaminase Activity of AID and APOBEC3G 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted, with permission, from: Demorest et al. (2011) J Biol Chem Jun 9. [Epub ahead 
of print]. © The American Society for Biochemistry and Molecular Biology.  
Z.L. Demorest performed the experiments for Figs. 3-1, 3-2, 3-3, 3-4, 3-5, 3-6, and 3-S2. 
M. Li generated the data for Fig. 3-S1. 
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Chapter 3 summary 

The beneficial effects of DNA cytidine deamination by AID (antibody gene 

diversification) and APOBEC3G (retrovirus restriction) are tempered by probable 

contributions to carcinogenesis. Multiple regulatory mechanisms serve to minimize this 

detrimental outcome. Here, we show that phosphorylation of a conserved threonine 

attenuates the intrinsic activity of AID (T27) and APOBEC3G (T218). Phospho-null 

alanine mutants maintain intrinsic DNA deaminase activity, whereas phospho-mimetic 

glutamate mutants are inactive. The phospho-mimetic variants fail to mediate isotype-

switching in activated mouse splenic B lymphocytes or suppress HIV-1 replication in 

human T cells. Our data combine to suggest a model in which this critical threonine acts 

as a phospho-switch that fine-tunes the adaptive and innate immune responses and helps 

protect mammalian genomic DNA from pro-carcinogenic lesions. 
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Introduction 

Activation-induced deaminase (AID) and APOBEC3G (A3G) are the archetypal 

members of a larger family of polynucleotide cytidine-to-uridine (C-to-U) deaminases 

with critical functions in adaptive and innate immunity8,107. All mammals have AID, 

apolipoprotein B mRNA editing catalytic subunit 1 (APOBEC1), and APOBEC2 and 

variable numbers of APOBEC3s (A3) ranging from one in rodents to seven in most 

primates including humans (A3A/B/C/D/F/G/H)3. AID, A1, A3A, A3C, and A3H are 

single domain proteins with one zinc-coordinating active site, whereas several A3s 

including rodent A3 and human A3B, A3D, A3F, and A3G are double domain proteins 

with two zinc-coordinating motifs (both are conserved but typically only one is active). 

Atomic structures for the catalytic domain of human A3G108-111 and APOBEC2112 are 

available, and these enable structure-function studies and homology models.  

Considerable effort has been devoted to understanding the multiple mechanisms 

that combine to regulate AID and A3G activity. First, the transcription of each of these 

genes is tissue specific, with AID being expressed predominantly in B lymphocytes and 

A3G in most cell types6,38,113. Second, AID and A3G transcription levels are upregulated 

by distinct signal transduction pathways (STAT/NFκB for AID and NFAT/IRF for 

A3G)114,115. Third, AID expression is regulated by at least one micro RNA miR-15543,44. 

Fourth, both proteins are predominantly cytoplasmic, with AID having additional nuclear 

import and export capabilities51-53,116,117. Finally, both proteins are subject to proteasome-

dependent degradation, AID in the nuclear compartment50 and A3G in the cytoplasmic 

compartment118-120.  
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In addition, numerous proteins have been implicated in regulating AID and A3G 

function [MDM260, RPA64, HSP9059, GANP58 CIB1121, CTNNBL156], with protein kinase 

A [(PKA61-63,69] being most relevant to the work described here. PKA phosphorylates AID 

at threonine-27 and serine-38, with serine-38 phosphorylation promoting interactions 

with replication protein A (RPA) and facilitating class-switch recombination (CSR) and 

somatic hypermutation (SHM)61-63,67. Phosphorylation of the homologous residue in A3G, 

threonine 32, also has functional consequences by rendering the protein less susceptible 

to HIV-1 Vif-induced ubiquitylation and degradation69. Here, we provide evidence in 

support of a new role for threonine/serine phosphorylation in directly suppressing the 

intrinsic DNA deaminase activity of AID and A3G. Extensive conservation of this 

particular residue suggests that phospho-regulation may extend to most other DNA 

deaminase superfamily members.  
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Results 

AID-T27, A3G-T32, and A3G-T218 are homologous and located within a region of high 

sequence and structural conservation.  

Prior studies demonstrated phosphorylation of AID-T27 in vivo and in vitro by 

mass spectrometry and radiolabeling61,63,67 and A3G-T32 by immunoblotting69. We noted 

that these two threonines are homologous to A3G-T218, which high-resolution structures 

have shown to be located within a solvent-accessible loop108-111 (Fig. 3-1A). This 

threonine anchors a conserved motif that matches a consensus PKA phosphorylation site 

(R-H/R-x-T)122 (Fig. 3-1B). Notably, nearly all AID/A3 family members have 

homologous threonine or serine residues at this exact position (Fig. 3-1C). Rare 

exceptions are only apparent in specific mammalian lineages (carnivores and rodents) or 

in redundant or inactive domains (most alleles of human A3H are unstable)123. In the 

catalytic domain of A3G, the first arginine in this motif (R215) is located adjacent to the 

catalytic glutamate, and it has been implicated in binding substrate single-stranded 

DNA109-111. Taken together, these observations and particularly the high level of 

conservation and the structural positioning next to the active site suggest that 

phosphorylation and dephosphorylation may serve as a post-translational switch that 

helps control the DNA deaminase activity of these mutagenic enzymes. 

 

PKA and CaMKII phosphorylate A3G-T218 in vitro.  

AID-T27 and A3G-T32 can be phosphorylated by PKA61,63,67,69. To determine 

whether these observations extend to A3G-T218, we asked whether recombinant PKA 

could phosphorylate a peptide representing the soluble loop in which this residue resides, 
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VRGRHET218YLCYE. We found that PKA could readily phosphorylate this peptide but 

not a T218A mutant derivative that is otherwise identical (Fig. 3-1D). Similarly, 

CaMKII, which also phosphorylates R-x-x-T motifs122, was able to phosphorylate the 

A3G-T218 peptide but not the alanine mutant derivative. Both enzymes were also able to 

phosphorylate a serine in a control peptide (Kemptide). These data demonstrate that 

A3G-T218 is a suitable substrate for at least two kinases PKA and CaMKII. 

 

Phospho-mimetic mutations inhibit DNA cytidine deaminase activity.  

To address whether phosphorylation is capable of attenuating the DNA cytidine 

deaminase activity of AID and A3G, phospho-null and -mimetic derivatives of these 

proteins were tested in an E. coli-based activity assay. The rifampicin-resistance (RifR) 

mutation assay has been used extensively to assess intrinsic DNA cytidine deaminase 

activity7,124. Consistent with prior reports, AID and A3G triggered 3- and 4-fold increases 

in the median RifR mutation frequency compared to catalytically inactive controls, AID-

E58Q and A3G-E259Q (Fig. 3-2A, B). In comparison, phospho-mimetic AID-T27E and 

A3G-T218E proteins also showed greatly reduced activity approaching background 

levels. Phospho-null alanine mutants showed slightly higher levels of mutator activity. 

Mutation of another predicted surface threonine in AID (T140) or the homologous 

threonine in the non-catalytic N-terminal domain of A3G (T32) had little effect. All 

proteins expressed similarly in E. coli, indicating that these data are not due to variable 

protein expression levels (lower panels in Fig. 3-2A, B).  
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To ask whether these observations extended to A3G purified from human cells, 

we used a DNA oligonucleotide deamination assay optimized to measure catalytic 

activity. As expected, wildtype A3G catalyzes dose-dependent C-to-U deamination of 

labeled deoxy-oligonucleotide substrates, which following uracil excision and NaOH-

mediated phosphodiester backbone cleavage is detected as a shorter DNA fragment (Fig. 

3-3A, C, E). As anticipated from the E. coli mutation experiments, the A3G phospho-

mimetic variant T218E showed considerably lower levels of catalytic activity. 

Interestingly, the A3G phospho-null variant T218A showed significantly elevated levels 

of catalytic activity consistent with a proportion of the wildtype protein being already 

phosphorylated (and thereby inactivated) in HEK293T cells. Taken together, the E. coli 

and the purified protein activity data indicate that phosphorylation of the conserved 

threonine, AID-T27 or A3G-T218, may serve to attenuate the intrinsic DNA deaminase 

activity of these proteins (supported further by HEK293T cell extract data in Fig. 3-S1).  

 

DNA binding is unaffected by phospho-mimetic substitutions.  

To ask whether the diminished catalytic activity of the phospho-mimetic 

substitution mutants is due to defective ssDNA binding, we tested the ssDNA binding 

ability of AID and A3G in electrophoretic mobility shift assays. A3G-myc-His used in 

the deaminase reactions above was used for ssDNA binding experiments. Purified protein 

was diluted serially, incubated with a fluorescently labeled oligo, and fractionated on a 

native polyacrylamide gel. As expected, A3G and the catalytic mutant E259Q bound 

ssDNA in a dose dependent manner (Fig. 3-3B, D, E)125. Likewise, A3G-T218A and 
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A3G-T218E had nearly identical ssDNA binding abilities, which were indistinguishable 

from the wildtype enzyme (Fig. 3-3B, D, E).  

Similar EMSA experiments were done with wildtype AID and mutant derivatives, 

except the sensitivity of the assay had to be increased by using a radiolabeled ssDNA 

oligo substrate. Again, the wildtype and the phospho-null and -mimetic variants produced 

near identical mobility shifts (Fig. 3-3F, G, H). As a control to demonstrate AID’s 

specificity for ssDNA, an AID-R24E mutant was analyzed in parallel and shown to be 

defective in DNA binding. This arginine is conserved and homologous to A3G-R215, 

which NMR chemical shift perturbation and mutagenesis experiments have implicated 

strongly in DNA binding109-111. Additional EMSA data can be found in Fig. 3-S2. Overall, 

these EMSA results clearly show that phospho-mimetic substitutions in A3G and AID do 

not cause visible decreases in each protein’s ability to bind ssDNA. 

  

Mutants of AID and A3G localize normally within living cells.  

The subcellular localization of AID/APOBEC family members has been well 

studied51-53,116,117. A3G is predominantly cytoplasmic. AID is also mostly cytoplasmic, but 

it is imported into the nuclear compartment by an importin-alpha pathway and exported 

back to the cytoplasm by a CRM1 pathway. To ask whether our phospho-null or 

phospho-mimetic mutants retain normal, steady-state subcellular distributions, we 

performed a series of AID/A3G-GFP localization studies in living HeLa cells. No 

detectable alteration in the steady-state cytoplasmic distribution of A3G-EGFP, AID-

EGFP, or their mutant derivatives was detected (Fig. 3-4A, B). Moreover, experiments 
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done in the presence and absence of the CRM1 inhibitor leptomycin B indicated that the 

nuclear import and export activities were also intact for all AID-EGFP constructs. These 

data therefore indicate that A3G, AID, and their mutant derivatives are capable of 

interacting with the cellular factors responsible for localization and, furthermore, that 

AID is able to enter the nucleus where it will have the opportunity to access the 

immunoglobulin loci, its physiologic DNA deamination target. 

 

AID-T27E is defective for class-switch recombination.  

One of the physiological functions of AID is catalyzing C-to-U deamination 

events in immunoglobulin heavy chain gene switch region DNA, and thereby triggering 

additional DNA repair processes that ultimately manifest as antibody isotype switch 

recombination5,8. Therefore, as a functional test of AID activity, we assayed the phospho-

null and phospho-mimetic mutants in an ex vivo B-cell CSR system56,61-63. Naïve splenic 

B-lymphocytes were isolated from AID-deficient mice, cultured in the presence of IL-4 

and LPS to induce cell division and isotype switching from IgM to IgG1, transduced with 

retroviruses encoding AID-IRES-EGFP, mutants of AID, or EGFP alone, and four days 

later subjected to flow cytometry for IgG1-positve cells. Mock (not shown) or EGFP 

virus transduced cells remained AID-defective and showed no class switching to IgG1 

(Fig. 3-5). Also, as expected, wildtype AID expression complemented the endogenous 

defect and enabled class switching to IgG1 in a significant proportion of cells 

(representative plots in Fig. 3-5A and average of 4 experiments in Fig. 3-5B). Conversely 
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and surprisingly, neither T27A nor T27E was capable of promoting the switch to IgG1 

despite similar protein expression levels (Fig. 3-5A, B, C).  

The T27E result was anticipated based on the lower level of catalytic activity, but 

not DNA binding or localization activities, elicited by this mutant. However, the 

aforementioned data on AID-T27A showing normal deaminase, ssDNA binding, and 

cellular localization/trafficking activities strongly suggested that this variant would be 

capable of normal or even elevated CSR levels, in stark contrast to the defect in CSR 

shown here. This result makes the CSR data set more difficult to interpret. One 

possibility, noted previously61, is that phosphorylation of S38 may depend first upon 

phosphorylation of T27. An alternative may be that each of these residues has a distinct 

mechanistic contribution to CSR, with our studies favoring a role for T27 in regulating 

catalysis. 

 

A3G-T218E lacks HIV-1 restriction activity.  

A3G potently inhibits HIV-1 replication by blocking reverse transcription and 

deaminating viral cDNA cytosines to uracils107. This antiviral activity is most evident in 

HIV-1 lacking viral infectivity factor (Vif), a small basic protein that triggers A3G 

degradation. Thus, a rigorous test of A3G’s functional activity is whether it suppresses 

the spreading infection of Vif-deficient HIV-1126-128. We therefore created a panel of 

CEM-SS T cell lines stably expressing wildtype A3G-EGFP, an E259Q catalytic mutant 

control, a phospho-null T218A construct, or a phospho-mimetic T218E protein. As 

anticipated from prior studies, wildtype A3G completely suppressed the replication of 
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Vif-deficient HIV-1 and its strong antiviral effect was largely dependent upon the 

integrity of the catalytic glutamate E25929,129 (Fig. 3-6A). A3G-T218A showed wildtype 

levels of restriction consistent with full or elevated levels of enzymatic activity. In 

contrast, A3G-T218E failed to prevent the replication of Vif-deficient HIV-1. However, 

this mutant protein did cause reproducible delays in peak viral replication consistent with 

severely attenuated but not fully defective catalytic activity. As additional controls, N-

terminal A3G-T32A or T32E substitutions had no discerable effect, and all cell lines 

supported similar levels of Vif-proficient HIV-1 spreading infection (Fig. 3-6A and data 

not shown). It is notable that, although we were able to confirm A3G-T32 

phosphorylation by mass spectrometry, we found no differences in the subcellular 

localization, HIV restriction capacity, or Vif susceptibility in alanine or glutamate 

substituted derivatives (Fig. 3-4 and data not shown). 

An additional possibility is that A3G-T218E may not restrict HIV-1 because it is 

not efficiently packaged into budding virions. To test and eliminate such a possibility, we 

harvested virus produced from HEK293T cells expressing A3G and mutants thereof and 

blotted for the presence of A3G in these viral particles. We found no significant 

difference in the ability of any of the mutants to get into virions as compared to wildtype 

A3G (Fig. 3-6C). 
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Discussion 

The AID/APOBEC family of cytidine deaminases is an important facet of the 

adaptive and innate immune responses in humans. However, their mutagenic activity 

must be tightly regulated in order to prevent potentially detrimental off-target effects. 

Regulation of these proteins has been described at multiple levels including transcription, 

micro-RNAs, cytoplasmic localization, proteasomal degradation, and phosphorylation 

(see Introduction). Here we describe a novel phosphorylation regulatory mechanism 

capable of attenuating the intrinsic deaminase activity of AID and A3G. In this study, we 

demonstrate that phospho-mimetic substitution of a highly conserved threonine renders 

these proteins inactive in several independent assays. We show that ssDNA binding 

ability and steady-state subcellular localization (and for AID also trafficking) are 

unaffected, indicating that these proteins are structurally intact. In functional assays, this 

modification prevents AID from facilitating CSR and A3G from restricting HIV-1ΔVif 

replication. It is intriguing that two neighboring phosphorylation sites can have such 

contrasting effects on AID’s function, with S38 phosphorylation enabling interaction 

with RPA and allowing CSR and SHM, and T27 phosphorylation rendering the protein 

inactive. This begs the question of how PKA is regulated to distinguish between these 

neighboring residues. Further studies are warranted to better understand these post-

translational regulatory events and investigate the possible involvement of other Ser/Thr 

kinases that can also recognize PKA consensus motifs such as CaMKII described here. 

The obvious utility of post-translational regulation by phosphorylation is two-fold 

(illustrated by model in Fig. 3-S3). First, a threonine or serine phosphorylated DNA 
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deaminase would possess a low level of DNA deaminase activity and pose less of a threat 

to genomic DNA. Genomic DNA integrity is further ensured by the fact that AID, A3G 

and many other A3 proteins are predominantly cytoplasmic. Second, signal transduction 

pathways, which are critical for both adaptive and innate immune responses, could 

readily switch-on DNA deaminase activity by triggering the removal of the phosphate 

group (phosphatase or phospho-transferase activity). This would ensure an expedited 

immune response that could be further bolstered by up-regulating AID or A3 expression 

at the transcriptional and/or translational levels. 

 We propose that the post-translational modification of AID and the A3 proteins 

by phosphorylation provides a means of directly controlling the intrinsic DNA cytidine 

deaminase activity of these proteins (Fig. 3-S3). It is likely that this mechanism will be 

conserved in vertebrates because residues homologous to AID-T27, A3G-T32 or -T218 

are apparent in almost all other known polynucleotide cytidine deaminase family 

members (Fig. 3-1). It is further possible that defects in these signal transduction 

pathways may manifest as immunodeficiency syndromes (over-phosphorylated protein), 

autoimmune diseases (under-phosphorylated protein), and/or carcinogenesis (under-

phosphorylated protein), especially in combination with other regulatory defects. 
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Experimental procedures 

DNA constructs- pEGFP-N3-A3G and pEGFP-N3-AID have been described27,28. 

Mutants of AID and A3G were made by Quickchange site directed mutagenesis 

(Stratagene). The retroviral vector pMX-EGFP was constructed by subcloning EGFP 

from plasmid pEGFP-N3 (Clontech) into pMX-PIE (a gift from V. Barreto) using 

EcoRI/NotI. pMX-AID-IRES-EGFP was generated by first amplifying untagged AID 

from pEGFP-N3-AID by PCR using primers (5’- GCT AGC GCC ACC ATG GAC AGC 

CT) and (5’- CCT GCA GGT CAA AGT CCC AAA GTA). The insert was cut with 

NheI/SbfI and ligated into pCSII-IRES-EGFP (a gift from N. Somia). The AID-IRES-

EGFP insert was then PCR amplified using primers (5’- GAA TTC ATG GAC AGC 

CTC TTG ATG AAC) and (5’- CCA CAT AGC GTA AAA GGA GCA AC), cut using 

EcoRI/NotI, and ligated into pMX-PIE. The MLV amphotrophic envelope vector pRK5-

10A1 and the HIV-1 accessory vector ΔNRF were generous gifts from N. Somia. The 

MLV accessory vector pMD-OGP was provided by F. Randow. The Vif-deficient HIV-

1IIIB provirus has been used previously126,128. The E. coli expression constructs pTrc99a-

AID-GST and pTrc99a-A3G-GST were generated by subcloning AID from pEGFP-N3-

AID or A3G from pEGFP-N3-A3G into pTrc99a-GST using NcoI/SalI. Untagged 

bacterial expression plasmids pTrc99a-hAID and pTrc99a-A3G have been described27. 

In vitro peptide kinase assays – CaMKII (New England Biolabs) or PKA [New 

England Biolabs or gift from L. Masterson and G. Veglia130] were incubated with 1 ug of 

either kemptide (CLRRASLG; American Peptide Company), a peptide containing A3G-

T218 (VRGRHETYLCYE; New England Peptides), or an A3G-T218A mutant peptide 
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(VRGRHEAYLCYE; New England Peptides) in the manufacturers recommended buffer 

supplemented with 32P-γ-ATP. Kinase reactions were incubated at 30°C for 1 hour before 

fractionating on a 16% Tricine/urea-acrylamide gel. The gel was dried and imaged by 

phosphorimaging (FLA-5000, Fuji). 

E. coli mutation assays - The rifampicin resistance assay has been published7,124. 

BW310 E. coli cells were transformed with pTrc99a-AID or pTrc99a-A3G expression 

constructs and plated on ampicillin containing media. Four individual colonies were 

picked and seeded into media containing 1 mM IPTG and 100 µg/ml ampicillin. After 

shaking overnight at 37°C, the cultures were plated on ampicillin media to obtain viable 

cell counts and to 100 µg/ml rifampicin containing media for mutational frequency. AID 

and A3G expression levels were determined by western blot using antibodies against AID 

(EK25G9, Cell Signaling) or A3G (#10201 rabbit anti-A3G polyclonal serum provided 

by J. Lingappa through the AIDS Research and Reference Reagent Program). 

Recombinant protein preparations- Protein samples for AID/A3G were prepared 

by growing 500 mL cultures of BL21 E. coli cells transformed with pTrc99a-GST, 

pTrc99a-AID-GST, pTrc99a-A3G-GST, or mutants of AID/A3G. The cultures were 

centrifuged and the cell pellet was resuspended in lysis buffer [50 mM Tris-Cl pH 7.9, 

200 mM NaCl, 50 µM ZnCl2, Complete protease inhibitors (Roche)]. After centrifugation 

(17,000 x g, 20 minutes), clarified lysates were then incubated overnight at 4°C with 

Glutathione Sepharose (GE Healthcare). The resin was washed 4 times with lysis buffer 

and purified protein was eluted by cleavage with TEV protease (Invitrogen). 
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For preparation of A3G from human cells, pcDNA3.1-A3G-myc-his or mutants 

thereof were transfected into HEK293T cells cultured in DMEM (Gibco) and 10% FBS 

(Hyclone) using TransIT-LT1 reagent (Mirus). After 48 hours, cells were lysed in buffer 

(25 mM HEPES pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, 1 mM MgCl2 

1 mM ZnCl, 10% glycerol) and bound to Ni-NTA agarose beads (Qiagen). The beads 

were washed and purified protein was eluted using imidazole (250 µM), as described131. 

DNA binding assays- Protein samples prepared from E. coli as above were used 

for AID DNA binding reactions. 6 pmol of purified protein was diluted serially 1:2 and 

mixed with 0.5 pmol 32-P labeled oligo (5’-ATT ATT ATT ATT CCA ATG GAT TTA 

TTT ATT TWR CTA TTT ATT T) in binding buffer (10 mM HEPES pH 7.6, 10% 

glycerol, 100 mM KCl, 10 mM MgCl2, 100 µM EDTA, 500 µM DTT). Reactions were 

incubated for 30 minutes at 37°C before separation on a 7% TBE-acrylamide gel. The gel 

was dried and imaged by phosphoimager (Storm, Molecular Dynamics).  

Protein samples purified from human cells from above were used for A3G DNA 

binding reactions. 25 pmol of purified protein was diluted serially 1:2 and each dilution 

was mixed with 1 pmol fluorescein labeled oligo (5’-ATT ATT ATT ATT CCA ATG 

GAT TTA TTT ATT TAT TTA TTT ATT T-fluorescein) in binding buffer. The 

reactions were incubated for 30 minutes at 37°C before separation on a 7% TBE-

acrylamide gel. The free and bound oligos were then detected by fluorescence imaging 

(FLA-5000, Fuji). 

Oligo based deaminase assays- Protein samples purified from human cells as 

above were used for A3G deaminase activity reactions. Starting with 1.2 pmol purified 
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protein, 2-fold serial dilutions were made and mixed with 1 pmol of substrate oligo (5’-

ATT ATT ATT ATT CCA ATG GAT TTA TTT ATT TAT TTA TTT ATT T-

fluorescein), 0.1 µg/µl of RNase A (Qiagen) and 0.001 U/µl of UDG (NEB). The 

reactions were incubated at 37°C for 2 hours and then NaOH was added to 100 µM 

before incubating at 90°C for another 30 min. The reactions were separated on a 16% 

Tris/Urea-acrylamide gel and visualized by fluorescence imaging (FLA-5000, Fuji). 

Fluorescence microscopy studies- For steady state A3G and AID localization, 

pEGFP-N3-A3G, pEGFP-N3-AID or mutants thereof were transfected into HeLa cells 

grown in DMEM (Gibco) supplemented with 10% FBS (Hyclone). 48 hours later, the 

cellular localization was determined by fluorescence microscopy (Deltavision). For AID 

import activity, leptomycin-B (20 ng/mL) was added 2 hours prior to imaging as above. 

HIV restriction assays- CEM-SS and CEM-GFP (courtesy of M. Malim) were 

maintained in RPMI 1640 (Gibco) supplemented with 10% FBS (Hyclone). Stable cell 

lines expressing pEGFP-N3, pEGFP-N3-A3G or mutants were generated in the 

permissive cell line CEM-SS by electroporating linearized DNA and selecting for stable 

integrants with 1 mg/ml G418 (Mediatech) as described126. Clones were confirmed to 

have similar expression levels by western blot using an antibody against A3G (rabbit 

polyclonal raised against a C-terminal peptide). Virus was produced by transfecting HIV-

1 provirus using TransIT-LT1 (Mirus) HEK293T cells maintained in DMEM (Gibco) 

supplemented with 10% FBS (Hyclone). 48 hours after transfection, virus-containing 

supernatants were filtered with a 0.45 µm filter. Viruses were then titered using the 

CEM-GFP reporter cell line as described126. Spreading infections were initiated by adding 
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virus to CEM-SS stable cell lines at an MOI of 0.05. Supernatants from infected cultures 

were collected at 2-4 day intervals and added to CEM-GFP. After 48-hours, the cells 

were fixed in 4% paraformaldehyde and analyzed for GFP expression by flow-cytometry 

(Quanta SC MPL, Beckman Coulter). Procedures for the detection of A3G in producer 

cells and viral particles have been described132. 

 Class-switch recombination assays- All experiments were conducted in 

accordance with the University of Minnesota Animal Care and Use Committee 

guidelines. The C57BL/6 AID-/- mice have been described5. Ex vivo CSR assays were 

conducted by purifying resting B-cells from spleen by magnetic sorting (130-090-862, 

Miltenyi Biotech). Isolated B-cells were then cultured in RPMI supplemented with 10% 

FBS, 50 ng/ml IL-4, and 50 µg/ml LPS. After 48 hours, the media was replaced with 

transducing viral supernatant supplemented with 20 mM HEPES and 16 µg/ml polybrene 

and centrifuged (600 x g, 2 hours, 30°C). The cells were then resuspended into fresh 

media containing IL-4 and LPS and cultured for 4 days. Efficiency of switching to IgG1 

was determined by staining with anti-IgG1-PE (BD Biosciences) and analyzed by flow-

cytometry (FACSCanto II, BD Biosciences).  
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Figures 
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Figure 3-1. An active site Thr/Ser is conserved in mammalian DNA cytidine 

deaminases. A. T218 is positioned adjacent to the catalytic glutamate E259 in the crystal 

structure of A3G (3IR2)108. The residues comprising the kinase recognition sequence and 

the side chains of the two cysteines that coordinate zinc are also shown. B. An alignment 

of the PKA consensus sequence, R-x-x-T, found in human AID, mouse AID, human A3G 

C-terminal domain (CTD), and human A3G N-terminal domain (NTD). C. A 

phylogenetic analysis showing the conservation of active site Thr/Ser residues in the 

AID/A3 proteins of nearly all mammals. Domains highlighted in orange represent the 

presence of a threonine and domains highlighted in cyan contain a serine. D. PKA and 

CaMKII can phosphorylate A3G-T218 in vitro.Abbreviations: Hs = human, Mm = 

mouse, Rn = rat, Bt = cow, Oa = sheep, Ss = pig, Tt = peccary, Ec = horse, Cf = dog, Fc = 

cat.  
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Figure 3-2. Intrinsic DNA cytidine deaminase activity of AID and A3G constructs. 

A,B. Results from E. coli-based RifR mutation assays with each X representing data from 

an independent culture. Median mutation frequencies are indicated by horizontal bars and 

numbers. Western blots of AID or A3G constructs from representative cultures with a 

non-specific band (NSB) as a loading control. 
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Figure 3-3. A3G-T218E has diminished deaminase activity but retains DNA binding 

ability. A. Representative images from titrated A3G oligo deaminase assays. The upper 

band is the intact oligo and the lower band is the product of deamination, uracil excision, 

and strand cleavage. B. Representative images from A3G ssDNA binding assays. Free 

oligo and protein bound complexes are labeled. C. Quantification of A3G deaminase 

activity in (a) and replicas not shown. Data are plotted as the mean of 3 independent 

experiments +/- S.D. D. Quantification of A3G EMSA data in (b). Data are plotted as the 

mean of 3 independent experiments +/- S.D. E. Coomassie stained gel illustrating the 

purity of A3G enzymes used in these experiments. F. Representative images from AID 

ssDNA binding assays. G. Quantification of AID EMSA data in (f). Data are plotted as 

the mean of 3 independent experiments +/- S.D. H. Coomassie stained gel illustrating the 

purity of AID enzymes used in the ssDNA binding assays. The identity of the AID bands 

was confirmed by immunoblotting (not shown). 
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Figure 3-4. Mutants of A3G and AID localize normally within living cells. A. 

Representative fluorescent images of A3G-EGFP localization in HeLa cells. B. 

Representative images of AID-EGFP localization in HeLa cells in the presence or 

absence of leptomycin-B (LepB). 
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Figure 3-5. AID-T27E is defective for class switch recombination. A. Representative 

flow cytometry plots of stimulated B lymphocytes transduced with the indicated human 

AID-IRES-EGFP constructs. Transduction is indicated by GFP expression and CSR by 

IgG1 expression. B. A histogram summarizing the CSR activity from 4 independent 

experiments (mean and S.D. of the percentage of IgG1 cells within the GFP-positive 

transduced population). C. A representative immunoblot of AID expression with tubulin 

(TUB) as a loading control.  
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Figure 3-6. A3G-T218E fails to restrict Vif-deficient HIV-1. A. The kinetics of Vif-

deficient HIV-1 replication in the indicated stable A3G expressing T cell lines. An MOI 

of 0.05 was used to initiate infection on day 0, and viral infectivity was measured on 

subsequent days by titering cell-free supernatants on CEM-GFP indicator cells. B. A 

representative immunoblot of A3G-EGFP (anti-GFP) expression with tubulin (TUB) as a 

loading control. C. Western blots indicating the presence of A3G in producer cells and 

viral particles. TUB and p24 are loading controls for cells and viral particles respectively. 
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Fig. 3-S1. A3G-T218E has reduced deaminase activity in human cell lysates. A. 

Schematic representation of the FRET-based DNA deaminase assay. B. Results from a 

FRET-based DNA cytidine deaminase assay for the indicated A3G constructs expressed 

in HEK293T cell lysates. Percent activity is normalized to wildtype and plotted as mean 

activity from 4 independent experiments +/- S.D. An anti-GFP western blot indicates 

similar levels of A3G-EGFP protein expression with tubulin (TUB) serving as a loading 

control. 
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Fig. 3-S2. Phospho-mimetic mutants retain DNA binding ability. A. An 

autoradiogram of a 32P-labeled deoxy-oligonucleotide supershifted by AID binding. A 

coomassie stained gel of the indicated protein preparations is shown below. The identity 

of the GST and AID-GST bands was confirmed by immunoblotting (not shown). B. An 

image of fluorescein-labeled deoxy-oligonucleotide supershifted by A3G binding. A 

coomassie stained gel of the indicated protein preparations is shown below. The identity 

of the GST and A3G-GST bands was confirmed by immunoblotting (not shown). The 

migration of the DNA complexes in panels (a) and (b) is coincident and not intended to 

reflect the underlying protein stoichiometries. 
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Fig. 3-S3. General model for the activation of DNA deaminases during immune 

activation. A. Schematic representation of a quiescent B lymphocyte with inactive AID 

phosphorylated at T27. Upon stimulation by antigen, the phosphate is removed to activate 

the deaminase. B. Schematic diagram of inactive A3G phosphorylated at T218 in a 

quiescent T lymphocyte. Immune stimulation by viral infection would facilitate the 

activation of A3G through phosphatase activity. 
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Chapter 4: Conclusions and Discussion 

 
 The overarching theme of this thesis has been mechanisms of post-translational 

regulation of the AID/APOBEC family of cytidine deaminases. The major findings are 

the identification and characterization of two novel AID interacting proteins that 

potentially have roles outside of the B lymphocyte compartment (Chapter 2 and 

Appendix I), and the discovery that phosphorylation of AID and A3G at a threonine 

conserved in the AID/APOBEC family negatively regulates deaminase activity (Chapter 

2). Appendix II describes the identification of cis-acting sequences involved in the 

nucleocytoplasmic trafficking activities of AID. The following is a discussion of the 

implications, complexities and questions raised by these findings. 

 

Post-translational modifications 
Evidence suggests that APOBEC proteins may be differentially modified when 

expressed in different cell types. For example, A3G isolated from the human kidney cell 

line, HEK293, is fully active in our in vitro deaminase assays. However, when similar 

quantities are purified from E. coli or from human T lymphocytes (e.g., CEM-SS), the 

protein has little to no detectible activity. We hypothesize that these differences may be 

due to alternative modifications on A3G, or alternatively that certain cell lines may 

possess a specific inhibitory protein. Our lab and others have attempted to determine the 

causative modifications (or inhibitory proteins) responsible for this phenotype, but they 

remain elusive133. 
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During the course of these studies, several modifications were identified by mass-

spectrometry work conducted by Nevin Krogan and Jeff Johnson at UCSF. Analyses of 

APOBEC3G purified from Sf9 insect cells using the baculovirus system revealed a 

number of phosphorylation, formylation and ubiquitination sites (Fig. 4-1). In addition to 

confirming phosphorylation at threonine-32, which has been published69, we detected 

phosphorylation at threonine-16 and threonine-231. We also detected formyl 

modifications in a clustering around residues 42-63 on the N-terminus, and at lysine-249 

and 303 in the C-terminus. Very little is known about formyl modification in cellular 

proteins, though it seems to be common in histones and chromatin modifying proteins134. 

Interestingly, three of the residues where formyl modifications were detected, were also 

found to be subject to ubiquitination (K42, K52, K63). This could simply be an artifact 

resulting from the potentially reactive nature of these surface exposed lysines, or there 

could be a biological relationship between these two modifications. To date, we have not 

conducted functional studies to investigate the implications of these modifications. 

It is clear that the AID/APOBEC enzymes are subject to post-translational 

modifications, many of which have not been identified or functionally characterized. In 

the future, I expect to see progression in this area highlighting the importance of these 

modifications in physiologically relevant systems. 

 

AID in germ cell reprogramming 
AID was originally identified for its contributions to antibody diversity in 

developing B lymphocytes. Being the oldest member of the AID/APOBEC family, it is 

conceivable that ancestral AID may have once provided the functions of all the APOBEC 
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proteins present in higher vertebrates today. More recent studies have demonstrated AID 

possesses activities that function outside of the immunoglobulin locus. The discovery that 

AID is capable of inhibiting the replication of LINE-1 provides support for this theory27. 

In addition, building evidence suggests that AID plays a role in epigenetics in germ 

cells135. While this is interesting, the fact remains that AID deficient mice are viable and 

do not develop abnormally. The only described defect is in their ability to diversify the 

immunoglobulin locus. The possibility exists that AID may not be required for normal 

development, however its unregulated expression may result in germ cell defects. AID 

expression in germ cells lacking a specific regulatory protein(s) could result in aberrant 

AID activity. In support of this, the two novel AID interacting proteins described in this 

thesis, CIB1 (Chaper 1) and DND1 (Appendix I), both have phenotypes in the male 

gonads. Male mice lacking CIB1 are deficient in spermatogenesis and DND1-null mice 

have germ cell loss and a propensity to develop testicular tumors82,136. It will be 

interesting to see the results of future studies in the lab utilizing the Aid-/-Dnd-/- mouse 

line.  

 

The complexity of AID trafficking 
AID is the only AID/APOBEC family member known to have genomic DNA as 

its physiologic target (the immunoglobulin locus). As described in Appendix II, AID is 

normally kept out of the nucleus through a combination of active nuclear export and 

cytoplasmic retention activities. However, the mechanisms of nuclear entry have been 

controversial. AID is theoretically small enough (24kD) to be able to passively diffuse 

through the nuclear pore. However, studies utilizing GFP tagged AID have indicated that 
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some form of cytoplasmic retention activity prevents this from occurring and that active 

nuclear import is required53. To complicate this, the position of a GFP tag seems to affect 

the protein’s localization properties as well. Placing the tag on the N-terminus appears to 

block active import activity, while placing the tag on the C-terminus contributes 

cytoplasmic retention53,76.  

Based on published work and my own observations, I think two conclusions can 

be made. First, AID is kept out of the nucleus by the CRM1/exportin nuclear export 

machinery (this is well supported by the literature). Second, AID is actively imported into 

the nucleus. In my opinion, the best evidence for this is that AID accumulates in the 

nucleus within 5 minutes after inhibition of CRM1 export when expressed in HeLa cells. 

Several groups claim to have identified the sole necessary import factor responsible for 

this activity (e.g., importin α, GANP and CTNNBL153,57,58). However, clearly they cannot 

all be correct. It seems more likely that several cellular factors are involved, maybe even 

redundant pathways, in the passage of AID into the nucleus. I believe that several 

observations in the literature are likely influenced by differences in experimental design, 

especially in regards to the cell type used and the method of detecting AID localization 

(GFP tag). 

In the future, I believe this will all be sorted out. This will require a thorough 

investigation of endogenous AID trafficking in primary B lymphocytes and germ cells 

using immunocytochemistry or immunohistochemistry. However, at this time, 

commercially available antibodies to detect AID are not available.  
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Concluding remarks 

 The AID/APOBEC family of cytidine deaminases comprises an important facet of 

mammalian immunity, both innate and adaptive. However, this does not come without 

the potential cost of compromised genomic integrity. Multiple levels of regulation are 

employed to protect the cell’s most valuable information against mistargeted deamination 

reactions. This thesis contributes to our knowledge of these mechanisms through the 

identification of a conserved phospho-regulatory mechanism that is capable of 

dampening the mutagenic activity of these enzymes. Further, this work characterizes two 

novel AID interacting proteins that are potentially involved in the prevention of aberrant 

mutagenesis in developing germ cells.  
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Figures

 
Fig. 4-1. Post-translational modifications of A3G. A3G purified from Sf9 insect cells 

was incubated in vitro with protein kinase A (PKA), or calcium calmodulin kinase II 

(CamKII) before analysis by mass-spectrometry (Jeff Johnson and Nevin Krogan, 

UCSF). A mutant of A3G with a T32A substitution was also subject to analysis. 
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Appendix I: AID interacts with DND1 
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Appendix I Summary 
Activation induced deaminase (AID) functions to generate antibody diversity in 

developing B lymphocytes through the processes of somatic hypermutation and class-

switch recombination. Recent evidence also suggests it has a role in germ cell 

epigenetics.  APOBEC1, a related deaminase, requires an RNA-binding cofactor called 

APOBEC1 complementation factor (ACF) in order to deaminate its physiological target, 

APOB mRNA. We identified dead-end (DND1) as a putative AID interacting protein 

based on its sequence homology to ACF. We hypothesized that DND1 regulates AID 

deaminase activity in antibody diversification reactions, or in epigenetic reprogramming 

in germ cells. Through in vitro GST-pulldown and co-immunoprecipitation studies, we 

confirmed that AID and DND1 are bonafide interactors. Additionally, AID and DND1 

were found to co-localize in distinct foci when co-expressed in living HeLa cells. To 

examine the functional significance of this interaction, we acquired DND1 knockout mice 

and first investigated their ability to generate a diverse antibody repertoire (through AID 

dependent mechanisms). We found that DND1 is not required for antibody diversification 

by class-switch recombination. Interestingly, Dnd1-/- mice are known for a significant 

germ cell defect. Male mice have testicular germ cell loss, and therefore are sterile, and 

are also predisposed to formation of testicular germ cell tumors. To ask whether the 

DND1 and AID interaction is relevant in germ cells, we are in the midst of generating 

Aid-/-Dnd1-/- mice to test the hypothesis that AID activity may be required for the 

generation of testicular tumors in Dnd-/- mice. 



 

 90 

Introduction 

Antibody diversity in developing B lymphocytes is facilitated by the processes of 

class switch recombination and somatic hypermutation. Remarkably, both of these 

processes are initiated by a single enzyme, activation induced deaminase (AID) 

[reviewed in8]. To achieve this, AID converts DNA cytosines to uracil at 

immunoglobulin switch regions (class switch recombination) and variable regions 

(somatic hypermutation). AID has also been implicated in functions outside of the B cell 

compartment beginning with the discovery that AID can deaminate ssDNA methyl-

cytosine to thymine135.  The resulting G:T base pairs are thought to be repaired by the 

cell’s mismatch repair machinery to effectively facilitate germ cell reprogramming by  

replacing the methylated cytosine with a new demethylated cytosine. In support of this 

hypothesis, AID has been shown to be expressed in human and mouse testes27,32 as well 

as very early in development in several lower vertebrates including zebrafish137, frogs138 

and newts139. 

AID is the founding member of a large family of cytidine deaminases found in 

vertebrates3. The namesake of the APOBEC family originates from APOBEC1, which 

deaminates cytidine 6666 of the Apolipoprotein B (ApoB) mRNA140-142. Multiple forms 

of regulation are involved in the transcription, translation and post-translational control of 

AID and related APOBEC members6,38,43,44,51-53,113-117. APOBEC1 forms a complex with an 

accessory factor called APOBEC1 Complementation Factor (ACF) that is required for 

APOB mRNA editing54,55.  ACF is an RNA-binding protein that is believed to provide the 

substrate specificity for APOBEC1 and, in addition, contains a nuclear localization 

sequence that facilitates the complex’s entry into the nucleus143. 
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Through comparative studies in collaboration with Angabin Matin at MD 

Anderson Cancer Center, we identified an RNA-binding protein called dead-end (DND1) 

which has a high level of sequence homology to ACF (Fig. I-1A). DND1 is expressed 

primarily in primordial germ cells, but has also been found in the heart136. Dnd1-/- mice 

are characterized by primordial germ cell loss on all backgrounds and a predisposition to 

develop testicular germ cell tumors on the 129 inbred strain136 (Fig. I-1B). Recent 

evidence suggests it functions to counteract miRNA inhibition in germ cells by 

competitively binding to the target sequence in the 3’-UTR, thus displacing the miRNA 

and relieving inhibition144.  

Due to the common evolutionary history of AID and APOBEC1 and the 

homology between DND1 and ACF, we hypothesize that DND1 regulates AID targeting 

and/or activity in developing B lymphocytes or in germ cells. In the absence of DND1, 

we predict there would be a deficiency in AID dependent antibody diversification in B 

lymphocytes. In germ cells, unregulated AID activity may directly contribute to 

tumorigenesis by causing genomic mutations, or indirectly by altering the epigenetic code 

during development. As an alternative hypothesis, the AID and DND1 interaction may be 

significant in DND1’s ability to regulate miRNA activity in developing germ cells144.  

In this study, we test these hypotheses by examining whether Dnd1-/- mice are 

defective for AID dependent antibody diversification. Further, we describe the generation 

of Aid-/-Dnd1-/- knockout mice to ask whether AID is required for the generation of 

testicular germ cell tumors seen in Dnd1-/- mice. 
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Results 
AID interacts with DND1 

 To determine whether AID and DND1 are capable of interaction, we performed a 

series of GST-pulldown and co-immunoprecipitation experiments. GST-AID expressed 

in E. coli was bound to glutathione beads and incubated with lysates from HEK-293T 

cells expressing DND1-GFP. We found that GST-AID successfully pulled down DND1-

GFP but not GFP alone (Fig. I-2A). Since DND1 and AID have the ability to bind RNA, 

we treated the reactions with RNaseA to rule out the possibility that this interaction was 

facilitated through a nucleic acid bridge. We found that the interaction between AID and 

DND1 persisted in the presence of RNaseA (Fig. I-2A).  

 To validate our findings in another interaction system, we performed a co-

immunoprecipitation assay in human cell lines. AID-HA and DND1-myc were co-

expressed in HEK-293T cells. The cells were lysed and an antibody against myc was 

used to precipitate DND1-myc. Using a detection antibody against HA, we found AID to 

be interacting with DND1 in this system as well (Fig. I-2B). These combined data 

provide strong support for an in vivo interaction between DND1 and AID that is not 

mediated by an RNA bridge. 

 

AID and DND1 co-localize within living cells 

 After confirming that DND1 and AID do indeed interact, we were interested to 

see whether we would be able to see this interaction in vivo. DND1 has been shown to 

localize to perinuclear granules in germ cells, whereas it distributes cell-wide in somatic 

cell lines such as COS7, HEK293T or NIH3T3145-147. We transfected AID-GFP and 
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DND1-mCherry either alone or in combination into HeLa cells, which do not express 

AID endogenously, and examined their localization by fluorescence microscopy. As 

expected in this somatic cell line, AID localized predominantly to the cytoplasm, while 

DND1 was predominantly nuclear with some found in the cytoplasm (Fig. I-3A). 

Interestingly, when AID and DND1 were co-expressed, DND1 was no longer found in 

the nucleus, but instead had relocalized to distinct foci in the perinuclear area where AID 

was also found (Fig I-3B). These results are intriguing because first, they further support 

that DND1 and AID interact in living cells, and second, they implicate AID in having a 

role in DND1’s perinuclear localization seen in germ cells. 

 

DND1 is not required for class-switch recombination 

 To evaluate the functional significance of the interaction between AID and 

DND1, we assayed AID dependent antibody diversification in DND1 knockout mice. 

AID is required to initiate class-switch recombination, a process that creates diversity at 

the constant region of the immunoglobulin. This generates antibodies with different 

constant regions, thus changing their effector function. We collected serum from 

Dnd1+/+ and -/- mice and analyzed it for Ig isotypes by ELISA. We found no significant 

differences in the serum Ig isotype levels between Dnd1+/+ and Dnd1-/- mice (Fig. I-

4A). The levels for IgG3 and IgA appeared slightly lower in the knockout mice, however 

this slight difference was not significant.  

 Another technique commonly used to monitor AID dependent antibody 

diversification is the in vitro class-switch recombination assay. Naïve B cells from 

Dnd1+/+ and -/- mice were isolated from spleen by magnetic sorting. The cells were 
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cultured in the presence of IL-4 and LPS to induce switching to IgG1. After 4 days, the 

cells were assayed by flow-cytometry using an antibody specific for IgG1. We found a 

reproducible modest decrease in the percent of IgG1 positive cells in the DND1-null cells 

as compared to wildtype (Fig. I-4B). While these results may be interesting, B cells from 

Dnd1-/- mice retain ample ability to switch to IgG1 and are not significantly different 

from wildtype mice (Fig. I-4C). Further, we sectioned spleen isolated from Dnd1-/- and 

Dnd1+/+ mice, stained with hematoxylin and eosin and compared them for 

morphological differences. We determined that spleen from Dnd1-/- mice were normal 

with typical germinal centers visible(Fig. I-4D). 

 

DND1 may have a role in regulating AID activity in germ cell reprogramming 

 To test the hypothesis that DND1 is regulating AID activity in germ cells in vivo, 

we are generating Aid-/-Dnd1-/- mice through the crossing of C57Bl/6-Aid-/- and 129-

Dnd1-/- mouse strains we have in the laboratory. On the 129 background, Dnd1-/- mice 

have germ cell loss and testicular tumor formation, whereas on other backgrounds only 

germ cell loss is observed. The AID mice are on a C57Bl/6 background, so repeated 

backcrossing is necessary and still ongoing to generate a congenic mouse line needed for 

these studies (Fig. I-5). To date, we have performed three of the ten backcrosses required 

to generate a fully congenic mouse strain.  
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Discussion 
In this study, we investigated the role of a novel AID interacting partner, DND1. 

DND1 was identified as a putative AID regulatory protein due to its high degree of 

homology to ACF, an accessory factor required for APOBEC1 to deaminate APOB 

mRNA. DND1 has previously been characterized as having a role in germ cell 

development, where its absence in mice results in germ cell loss and a predisposition to 

testicular tumors. We hypothesized that DND1 regulates AID activity in developing B 

lymphocytes, or alternatively, in germ cells. In B lymphocytes, we predicted the absence 

of DND1 would manifest as a deficiency in AID dependent antibody diversification. In 

germ cells lacking DND1, AID activity could promote tumorigenesis directly by causing 

genomic mutation (Fig. I-6A). Alternatively, AID may facilitate cancer through 

epigenetics by relieving suppression of methylated chromatin regions[reviewed in148,149] 

(Fig. I-6A). Indirectly, the AID/DND1 interaction may be significant in DND1’s ability 

to inhibit miRNAs in germ cells (Fig. I-6B).  

We showed that AID and DND1 are capable of interaction using two independent 

in vitro assays, GST-pulldown and co-immunoprecipitation experiments. Importantly, of 

concern because both AID and DND1 are RNA binding proteins, we also showed that 

this interaction is RNase resistant, suggesting that this is not simply occurring through an 

RNA bridge. Using fluorescence microscopy, we examined the cellular localization of 

DND1 in living HeLa cells in the presence and absence of AID. When DND1 was 

expressed alone in somatic cells, it localized predominantly in the nucleus with some 

apparent in the cytoplasm. Remarkably, the addition of AID to the cell resulted in a 

drastic change in DND1 localization, where AID and DND1 were found to co-localize in 
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distinct foci in the perinuclear area. This result is especially intriguing because prior 

reports have shown that DND1 localizes in perinuclear granules only in germ cells, not in 

somatic cells. Additional histological experiments examining endogenous AID and 

DND1 localization in germ cells are warranted to determine if AID co-localizes with 

DND1 in the perinuclear granules (once specific antibodies become available). Notably, 

our colleagues have reported similar findings for an interaction between mouse 

APOBEC3 and DND1, where co-localization is seen in perinuclear granules in COS7 

cells147. However, we have not been able to reproduce the GST-pulldown, co-

immunoprecipitation, or cell localization phenotypes reported (Brown, Demorest, not 

shown). 

Functionally, we examined whether the absence of DND1 had any effect on 

AID’s ability to facilitate antibody diversification by class-switch recombination. We 

collected blood from Dnd1+/+ and -/- mice and compared their serum Ig isotype levels 

by ELISA, but found no significant difference. Additionally, naïve B cells were harvested 

and subjected to an ex vivo class-switch recombination assay. In these experiments, we 

found no significant defect in AID’s ability to promote switching to IgG1 in the absence 

of DND1. These combined data indicate that the AID/DND1 interaction does not have an 

obvious role in class-switch recombination. 

Going forward, we are testing the hypothesis that AID and DND1 are important 

partners involved in germ cell development and reprogramming. The generation of a 

congenic mouse model (129-Aid-/-Dnd1-/-) requires ten consecutive backcrosses between 

the C57Bl/6-Aid-/- and 129-Dnd1-/- founders. To date, we have performed 3 of these 
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backcrosses and anticipate it will take an additional 1-2 years to complete this cross. 

Once the experimental animals are available, they will be assessed for the loss of 

testicular germ cells as well as the prevalence of testicular tumors by histological 

examination such as hematoxylin and eosin staining as in Fig. I-1B. 
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Experimental procedures 

Plasmids 

DND1-myc (pRH909) 

DND1-GFP (pRH1053) 

GST-AID (pRH2502) 

AID-HA (pRH1275) 

AID-GFP (pRH984) 

DND1-mCherry (pRH1054) 

 

GST-pulldowns and co-immunoprecipitation 

 GST-AID was transformed into BL21 E. coli cells and grown in LB media 

supplemented with ampicillin (100 µg/mL). Cells were lysed in GST lysis buffer (5 mM 

HEPES pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, 1 mM MgCl2 1 mM 

ZnCl, 10% glycerol). After clarification by centrifugation, Glutathione Sepharose (GE 

Healthcare) beads were added to immobilize AID-GST. After extensive washing with 

lysis buffer, clarified cell lysates from untransfected HEK-293T cells or cells expressing 

DND1-GFP were added. The GST-AID complexes were eluted from the beads using 

glutathione (10mM), separated on a 10% SDS-PAGE gel and transferred to a PVDF 

membrane. Detection of GST-AID or DND1-GFP was done using an antibody to GST 

(GE Healthcare 27-4577-01) or GFP (Clontech JL8) respectively.  

 For co-immunoprecipitation experiments, AID-HA and DND1-myc were 

transfected into HEK-293T cells using TransIT-LT1 (Mirus). 48-hours after transfection, 

cells were lysed in NP-40 lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% 

NP40) and clarified by centrifugation. An antibody against myc (ThermoFisher 9E11) 

was added, followed by the addition of Protein G Sepharose 4 Fast Flow (GE 

Healthcare). Bound complexes were washed with lysis buffer x4 and eluted with 0.1M 

glycine. The complexes were separted as above and detected with antibodies against 

HA (12CA5 Roche) and myc (Sigma C3956). 

 



 

 99 

 

Microscopy 

 AID-GFP and DND1-mCherry were transfected into HeLa cells using TransIT-

LT1 (Mirus). 48-hours later, AID and DND1 localization was determined by 

fluorescence microscopy (Deltavision).  

 

Mouse experiments 

All experiments were conducted with the approval of the University of Minnesota 

Institutional Animal Care and Use Committee (IACUC). The 129-Ter DND1 knockout 

mice were a kind gift from Angabin Matin136. Genotyping was carried out by PCR 

amplification of tail snip DNA using primers 5’-gta gtt cag gaa ctc cac ttg tg (RSH1952) 

and 5’- gcc taa tga tga cct tca gtg g (RSH1953).  The resulting amplicons were digested 

with DdeI and separated on a 7% acrylamide gel. The presence of 180, 154, and 97 bp 

bands indicates wildtype. Heterozygous animals are indicated by 180, 154, 123, and 97 

bp bands. Homozygous Dnd1-/- animals are identified by 180, 123, and 97 bp bands. 

Analysis of serum Ig isotype levels by ELISA and the in vitro class-switch recombination 

assay have been described121. For histology, mice were euthanized by CO2 inhalation and 

their testes dissected. The tissues were then fixed in 10% buffered formalin and imbedded 

in paraffin before cutting 10µm sections by microtome (Leica Instruments). The sections 

were then stained with hematoxylin and eosin and examined by light microscopy (Zeiss 

Axiovert). 
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Figures 

 
Fig. I-1. Identification of DND1. A. Alignment of ACF and DND1 proteins indicating 

percent conserved identity in each region. The conserved RNA Recognition Motif (RRM) 

is also indicated. Percent sequence identity is listed below each region and the percent 

similarity is shown in brackets. B. Hematoxylin and eosin stained sections of testes 

harvested from Dnd1+/+ and -/- mice. The highly organized seminiferous tubules are 

clearly seen in Dnd1+/+ tissue, while the Dnd1-/- tissue is disorganized and lacks defined 

seminiferous lumen. 
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Fig. I-2. AID interacts with DND1. A. GST-tagged AID pulls down DND1-GFP from 

human cell extracts. B. DND1-myc co-immunoprecipitates AID-HA when co-expressed 

in human cells. 
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Fig. I-3. AID and DND1 co-localize within living cells. A. AID is predominantly 

cytoplasmic under steady state conditions, whereas DND1 is primarily nuclear. B. When 

co-expressed, DND1 re-localizes to distinct foci coincident with AID in the cytoplasm of 

living HeLa cells. 
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Fig. I-4. DND1 is not required for class switch recombination. A. Results from 

analysis of serum Ig isotype levels from Dnd-/- and +/+ mice as measured by ELISA. 

Data are represented as the normalized mean of 4 mice analyzed +/- S.D. B. 

Representative flow-cytometry plots from in vitro CSR assay indicating percent of 

CD19+ B cells that have undergone switching to IgG1. C. Bar graph indicating the mean 

switching activity +/- S.D. from 3 age matched littermates. D. Images of hematoxylin and 

eosin stained sections of spleen isolated from Dnd1+/+ and Dnd1-/- mice. 
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Fig. I-5. AID and DND1 may be involved in testicular tumorigenesis. A. Schematic 

illustrating the breeding scheme required to generate congenic 129-Aid-/-Dnd1-/- mice. 

Current breeding pairs are from the F3 generation.  
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Fig. I-6. Model for functional implications of AID and DND1 interactions. A. In the 

absence of DND1, AID can promote tumorigenesis genetically by converting cytidine to 

uracil. Upon replication, these mutations become fixed as thymine, resulting in a C-to-T 

transition. AID can also promote tumorigenesis epigenetically by converting 5meC to T. 

Replication will result in a C-to-T transition, or these T:G mismatches can be fixed by the 

mismatch repair machinery to result in a replacement with a demethylated cytidine. B. 

The AID/DND1 interaction may be important for regulating miRNA inhibition.  
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Appendix II: Nucleocytoplasmic trafficking of AID 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Z.L. Demorest performed all experiments described in this appendix
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Appendix II summary 
The processes of class switch recombination and somatic hypermutation are 

critically important in the generation of a diverse antibody repertoire in all vertebrates. 

Remarkably, one enzyme, activation induced deaminase (AID), initiates both of these 

processes through deamination of cytosine to uracil at the immunoglobulin locus. AID is 

tightly regulated to prevent aberrant mutations outside of its intended target. One 

mechanism believed to help protect genomic integrity is nuclear export of AID by 

CRM1, thus keeping it away from DNA in the nucleus. However, upon B cell activation, 

AID must enter the nucleus and target the immunoglobulin locus to facilitate antibody 

diversification. Here we show that conflicting reports in the literature regarding 

differential nuclear import and cytoplasmic retention activities in AID are due to 

interspecies differences in AID isolated from human and mouse. We identify a single 

amino acid difference at position 48 in the N-terminus of mouse AID that renders it 

import defective. Further, a single amino acid at position 195 in the cytoplasmic tail of 

mouse AID is responsible for additional cytoplasmic retention activity.  



 

 108 

Introduction 
Activation induced cytidine deaminase (AID) is a small 24kD protein that is 

required to initiate class-switch recombination and somatic hypermutation, two processes 

which diversify antibodies in vertebrates [reviewed in 8]. AID is thought to initiate class-

switch recombination and somatic hypermutation by converting cytidine to uracil at the 

immunoglobulin switch regions or the variable region, repectively. AID is a member of 

the APOBEC family of cytidine deaminases, which are well known for their involvement 

in innate immunity to retroelements, retrotransposons and foreign DNA39,107. Of the 11 

APOBEC members in humans, AID is unique in its targeting of genomic DNA. The 

precise mechanism by which AID is able to specifically identify the immunoglobulin 

locus remains elusive, although multiple levels of regulation of AID have been described.  

AID is normally found in the cytoplasmic compartment of cells, presumably to 

keep it away from genomic DNA and prevent aberrant mutations. This cytoplasmic 

localization is achieved through two mechanisms. First, AID is actively exported from 

the nucleus via the CRM1/exportin1 nuclear export machinery51,52. Second, recent reports 

suggest that AID may also be retained in the cytoplasm, similarly to APOBEC3G53,116,117.  

In order to reach its physiological target, AID must enter the nucleus. AID is 

theoretically small enough to passively diffuse into the nucleus150,151 Alternatively, AID 

may be actively imported into the nucleus by the importin family of nuclear chaperone 

proteins. Indeed, a putative bipartite nuclear localization sequence (NLS) has been 

identified in the N-terminal region of AID51. In this study, AID expressed with a C-

terminal GFP tag shuttled from cytoplasmic compartment to the nuclear compartment 

upon treatment with leptomycin B (LMB), a CRM1-exportin1 inhibitor. Further, they 
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show that the putative NLS from residues 8-25 is indeed functional using deletion and 

point mutants, which disrupt the import activity. In addition, fusion of the N-terminal 29 

residues from AID to GFP resulted in a more nuclear distribution than GFP alone (found 

throughout the cell).  

Unfortunately, there are conflicting reports in the literature regarding import 

activity. Two reports have concluded that the canonical NLS from 8-25 is non-functional 

52,53. In one case, the authors conclude that AID is actively imported, however the NLS is 

conformational and not dependent on the residues from 8-2553. In the other study, the 

authors observed that AID fused to GFP on the N- or C-terminus did not facilitate nuclear 

localization of the fusion protein upon disruption of CRM1 export by treatment with 

LMB or by mutation of the NES sequence in AID (F198A)52. Instead, the authors report 

that AID displays a cell-wide distribution, consistent with the ability to passively diffuse 

through the nuclear pore. 

We hypothesized that the apparent discrepancies in these conflicting studies might 

be due to species differences. Both studies reporting a functional NLS (canonical or 

conformational) used human AID in their experiments51,53, while the other concluding 

that AID enters the nucleus through passive diffusion was performed with mouse AID52. 

We hypothesize that human and mouse AID have differential activities for import, export 

or cytoplasmic retention. To test this, we performed a thorough localization comparison 

between human and mouse AID using chimeric proteins and amino acid substitution 

mutants. 
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Results 
Mouse AID is compromised for import activity 

 To evaluate the import potential of human and mouse AID, hAID and mAID, 

respectively, expression constructs were C-terminally tagged with GFP (with identical 

linker regions), transfected into HeLa cells, and examined by live cell fluorescence 

microscopy. Consistent with prior reports, both human and mouse AID were found 

predominantly in the cytoplasmic compartment (Fig. II-1A). We then added LMB, 

incubated the cells for 2 hours, and again determined the cellular distribution of human 

and mouse AID. Interestingly, only human AID appeared to accumulate in the nucleus, 

whereas mouse AID remained predominantly cytoplasmic (Fig. II-1B). These data 

suggest that mouse AID is defective for import activity, or alternatively, is retained in the 

cytoplasm via a mechanism independent of CRM1 export. 

Differences in the putative NLS do not account for mouse AID import defect 

 Human and mouse AID have several differences in amino acid sequence, 

including within the putative NLS region described51 (Fig II-2A). To determine if these 

differences rendered the NLS in mouse AID non-functional, we generated reciprocal 

mutants of human and mouse AID exchanging human AID asparagine-7 and arginine-8 

for lysine-7 and glutamine-8 (hAID-N7K/R8Q) and vice versa (mAID-K7N/Q8R). We 

chose not to mutate residue 9 because it was similar and of equal charge. We tagged these 

mutants with GFP, transfected them into HeLa cells, and determined their steady-state 

localization. Similar to the wildtype proteins, both the human and mouse AID mutants 

were found to be predominantly cytoplasmic (Fig. II-2B). After treatment with LMB, 

consistent with wildtype proteins, hAID-N7K/R8Q was found to have shuttled into the 
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nucleus while mAID-K7N/Q8R resided in the cytoplasm (Fig. II-2C). These results 

indicate that putative NLS residues are not responsible for nuclear import or for the 

differential import phenotype. 

The C-terminus of mouse AID contains cytoplasmic retention activity 

 Altogether, there are only 15 differences in amino acid sequence between human 

and mouse AID. To gain further insight into the amino acid difference(s) responsible for 

the apparent disparities in nuclear accumulation, we took advantage of a common SexAI 

restriction endonuclease cleavage site in the cDNA (corresponding to  phenylalanine-81) 

to generate chimeras between the human and mouse proteins. This resulted in chimeras 

designated hAID(1-81)mAID(82-198) and mAID(1-81)hAID(82-198) (Fig. II-3A). 

These mutants were tagged with GFP and transfected into HeLa cells as above and 

imaged for their cellular distribution. We found that both chimeras were predominantly 

cytoplasmic under steady-steady state conditions, similar to the wildtype proteins (Fig. 

II-3B). However, upon addition of LMB, two surprising phenotypes were observed. The 

hAID(1-81)mAID(82-198) chimera remained in the cytoplasmic compartment, consistent 

with wildtype mouse AID and indicating there may be cytoplasmic retention activity in 

the region from 82-198. The other chimera, mAID(1-81)hAID(82-198), also displayed an 

interesting localization. This chimera was found to localize throughout the cell, with no 

preference for the cytoplasmic or nuclear compartments. These data are consistent with 

the N-terminal portion of mouse AID containing no import activity and thus achieving 

this localization by passive diffusion.  
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Substitution of a single amino acid in the N-terminus of human AID disrupts import 

activity 

 The region from amino acids 1-81 used in the chimera above contains 8 

differences between human and mouse AID (Fig. II-3A). We previously determined that 

2 of these differences (N7K/R8Q) do not account for the apparent discrepancy in import 

activity (see Fig. II-2). To determine which of the remaining differing residues were 

responsible for the lack of import activity observed in mouse AID, we generated 

reciprocal single point mutants in human and mouse AID. These mutant proteins were 

expressed with a C-terminal GFP tag in HeLa cells for live cell imaging. Of the 5 mutants 

tested (hAID-R9K was never tested), only hAID-Y48H displayed a cellular localization 

phenotype different from the wildtype protein (Fig. II-4A). This mutant localized to the 

cytoplasmic compartment under steady state as expected, however, in the presence of 

LMB, it failed to accumulate in the nucleus in the majority of cells imaged. These data 

suggest that mAID is deficient for import activity due to a specific variance at amino acid 

residue 48. However, the reciprocal substitution in mouse AID (mAID-H48Y) does not 

result in an actively imported protein in the presence of LMB, consistent with 

cytoplasmic retention activity as described in Fig. II-3B or a conformational NLS that 

requires coordination between the N- and C-terminus. 

Substitution of a single amino acid in the C-terminus disrupts cytoplasmic retention in 

mouse AID 

 AID contains a leucine rich nuclear export sequence at its C-terminus which is 

recognized by CRM1 to facilitate exit from the nucleus51,52. In order to characterize the 

residues responsible for the cytoplasmic retention activity seen in the C-terminus of 
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mouse AID, we generated mutants of human and mouse AID to disrupt CRM1 mediated 

export (hAID-L198A and mAID-F198A). These mutants were expressed in HeLa cells as 

GFP fusion proteins and their cellular localization was determined by fluorescence 

microscopy. We found that hAID-L198A was localized predominantly in the nuclear 

compartment, while mAID-F198A was found throughout the cell, consistent with prior 

reports51,52 (Fig. II-5A). To determine which residue(s) were responsible for the 

contrasting localization phenotypes, we substituted single amino acid residues of mouse 

AID with the corresponding residue found in human AID. These mutants were generated 

in the context of mAID-F198A to exclude nuclear export by CRM1. We identified a 

single amino acid substitution in the C-terminus (M195T) that, when paired with F198A, 

facilitated nuclear accumulation of mouse AID (Fig. II-5A). One explanation for the 

apparent differences seen in nuclear accumulation between hAID and mAID could be 

that the cellular import factors are species specific. To address this, we expressed hAID-

L198A, mAID-F198A and mAID-M195T/F198A in murine NIH-3T3 fibroblasts and 

examined their localization. We found no apparent difference between the localization 

phenotypes of these mutants regardless of the host cell species (Fig. II-5B). These data 

are consistent with mouse AID containing additional cytoplasmic retention activity that is 

coordinated by M195 and not present in human AID. 
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Discussion 
 AID contributes to adaptive immunity by initiating the processes of class switch 

recombination and somatic hypermutation in developing B lymphocytes. Because its 

intended target is endogenous genomic DNA, multiple levels of regulation are utilized to 

prevent aberrant mutation. Nuclear export via CRM1 has been shown to keep AID in the 

cytoplasmic compartment, a safe distance away from genomic DNA. However, AID must 

get into the nucleus to facilitate class switch recombination and somatic hypermutation at 

the immunoglobulin locus. Some controversy surrounds this mechanism, with reports 

indicating active import due to a canonical bipartite51 or tertiary conformational NLS53, 

and another proposing passive diffusion52. 

 We noticed that these studies were conducted with AID isolated from different 

species (active import reported for human AID and passive diffusion for mouse). We 

hypothesized that interspecies differences were the source of the discrepancies reported. 

To address this, we performed a thorough analysis of import, export and retention 

activities in human and mouse AID through the use of chimeras and reciprocal point 

mutations. First, we determined that differing residues between human and mouse AID in 

the putative NLS are not responsible for the lack of mouse AID accumulation. We then 

discovered that replacement of the first 81 amino acids in human AID with mouse-

derived sequence rendered this protein unable to accumulate in the nucleus upon 

inhibition of CRM1, suggesting that the N-terminus of mouse AID has a defect in active 

import. Further, through single amino acid substitution, we identify the causative amino 

acid difference at position 48 (tyrosine in human and histidine in mouse). This is 
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especially interesting in light of the report indicating the region in human AID 

responsible for binding to importin-α spans residues 46-5253.  

It is curious however, that making the reciprocal mutation in mouse AID (mAID-

H48Y) does not result in a protein that accumulates in the nucleus upon LMB treatment. 

This implies that mouse AID is not only defective for import, but also contains activity 

that keeps the protein sequestered in the cytoplasmic compartment. In support of this, a 

chimera we tested, hAID(1-81)mAID(82-198), had a surprising phenotype. This protein 

contains human sequence in the N-terminal region and therefore should possess import 

activity. However, upon treatment with LMB, the protein remained predominantly 

cytoplasmic, consistent with cytoplasmic retention preventing it from entering the 

nucleus. To characterize this activity, we made single amino acid substitutions in mAID-

F198A, which is not exported by CRM1, with the corresponding residue from human 

sequence. We showed that exchanging methionine-195 with a threonine (as found in 

human AID) now facilitated nuclear accumulation. This was unexpected, as mouse AID 

was found to have a defect in import activity in the first 81 amino acids. One possible 

explanation is that the residues required for import activity are not in a linear arrangement 

in the protein, but instead are part of a tertiary functional group comprised of residues 

found in both the N- and C-terminal regions of the protein. The methionine at position 

195 in mouse AID may contribute cytoplasmic retention activity while simultaneously 

affecting active import. In support of this, the Di Noia lab reported that AID NLS activity 

is conformational, and also describes cytoplasmic retention activity in the C-terminal tail 

from residues 158-19853.  
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These combined data support a model in which import, export, and cytoplasmic 

retention activity are all involved in contributing to the overall cellular localization of 

AID. The differences we identified between human and mouse AID trafficking are 

intriguing and raise the question of why AID from human and mouse would seemingly 

differ in their nucleocytoplasmic transport processes. One possibility may relate to the 

fact that humans have 6 more APOBEC3 members than mice. AID in mice may have 

retained functions necessary to contribute to innate immunity to retroelements, as the 

human APOBEC3s are known for [reviewed in71]. Further studies examining the cellular 

compartmentalization of AID in human and mouse primary B lymphocytes will be 

critical to resolve this issue. 
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Experimental procedures 

 
Plasmids 

pEGFP-N3-hAID (pRH984) 

pEGFP-N3-mAID (pRH986)  

pEGFP-N3-hAID(N7K-R8Q) 

pEGFP-N3-mAID(K7N-Q8R) 

pEGFP-N3-hAID(1-81)mAID(82-198) (pRH1561) 

pEGFP-N3-mAID(1-81)hAID(82-198) (pRH1562) 

pEGFP-N3-hAID(Q14H) (pRH1777) 

pEGFP-N3-hAID(R25H) (pRH1778) 

pEGFP-N3-hAID(F42C) (pRH1779) 

pEGFP-N3-hAID(Y48H) (pRH1780) 

pEGFP-N3-hAID(N53S) (pRH1781)  

pEGFP-N3-mAID(H48Y) (pRH1785) 

pEGFP-N3-hAID(L198A) (pRH1932) 

pEGFP-N3-mAID(F198A) (pRH1933) 

pEGFP-N3-mAID(M195T-F198A) (RH2326) 

 

Microscopy 

 AID expression constructs in pEGFP-N3 were transiently transfected into HeLa 

cells grown in DMEM (Gibco) supplemented with 10% FBS (Hyclone) using TransIT-

LT1 (Mirus). 48 hours later, the media was removed and replaced with DMEM without 

phenol red. The cellular distribution of AID-GFP fusion proteins was imaged by 

fluorescence microscopy using a 20X or 40X objective (Deltavision). For inhibition of 

CRM1 export, leptomycin B (20 ng/mL) was added to the media 2 hours prior to 

imaging. 
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Figures 

 

 
Fig. II-1. Mouse AID-GFP is compromised for import activity. A. Steady state 

localization of GFP tagged human and mouse AID in HeLa cells. B. Localization of 

human and mouse AID 2 hours after treatment with leptomycin B (LMB). 
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Fig. II-2. Differences in the putative NLS do not account for import defect. A. 

Alignment of human and mouse AID with the putative bipartite NLS highlighted51. B. 

Steady-state localization of GFP tagged mutant human and mouse AID in HeLa cells. C. 

Localization of human and mouse AID mutants 2 hours after leptomycin B (LMB) 

treatment. 
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Fig. II-3. The C-terminus of mouse AID contains cytoplasmic retention activity. A. 

Schematic representation of chimeric human and mouse AID constructs tested. B. 

Steady-state localization of GFP tagged chimeric human and mouse AID in HeLa cells. 

C. Localization of human and mouse AID chimeras 2 hours after leptomycin B (LMB) 

treatment. 
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Fig. II-4. A single amino acid substitution disrupts import activity in human AID. A. 

Localization of human AID mutants tested in steady state and in the presence of 

leptomycin B (LMB). hAID-Y48H displays a cell-wide distribution in most cells. B. The 

reciprocal mutant, mAID-H48Y, does not gain the ability to accumulate in the nucleus.
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Fig. II-5. A single amino acid substitution disrupts cytoplasmic retention in mouse 

AID.  A. Representative images of human AID-L198A, mouse AID-F198A, and mouse 

AID-M195T/F198A localization in HeLa cells. B. Representative images of human AID-

L198A, mouse AID-F198A, and mouse AID-M195T/F198A localization in NIH-3T3 

cells 
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Appendix III: Phospho-peptide mapping of APOBEC3G 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Z.L. Demorest performed all experiments described in this appendix.
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Appendix III Summary 
Post-translational modification by phosphorylation is a common mechanism for 

regulation of protein function. In this study, we used a combination of in vivo and in vitro 

labeling techniques combined with phospho-amino acid and phospho-peptide analyses to 

characterize phosphorylation modifications on APOBEC3G (A3G). We found that A3G 

with a C-terminal strep tag is phosphorylated at multiple sites in vivo comprising at least 

one serine, one threonine and one tyrosine residue. In vitro, we detected at least one 

phosphorylated serine residue on A3G-strep when incubated in the presence of 

recombinant protein kinase A (PKA). In parallel studies utilizing mass-spectrometry, we 

identified a phosphorylated serine residue in the strep tag present on A3G. Further studies 

were performed using untagged A3G generated using the baculovirus expression system. 

In vitro, we found that A3G can be phosphorylated at a number of sites by calcium 

calmodulin dependent kinase II (CaMKII) and have evidence to support the identification 

of threonine-218 as a candidate substrate for phosphorylation.  
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Introduction 
There are several methods for the detection of protein phosphorylation including 

mass-spectrometry, phospho-specific antibodies, in vitro kinase assays, and in vivo 

manipulation of cellular kinases and phosphatases using activators or inhibitors. Another 

powerful method is the use of the radioisotope 32P. Radioactive phosphorus can be used 

either in vitro in the context of γ-32P-ATP, or in vivo using inorganic orthophosphate.  

For in vitro studies, the protein of interest is incubated with a candidate kinase in 

the presence of γ-32P-ATP. The transfer of a radioactive phosphate molecule to the target 

protein can be detected by autoradiography. For in vivo studies, cells expressing a tagged 

version of the target protein are cultured for several hours in the presence of 32P-

orthophosphate. After purification of the target protein, phosphorylation by endogenous 

cellular kinases can be detected by autoradiography. 

As an extension of the labeling techniques outlined above, labeled protein 

samples can be further processed to determine the type of amino acids phosphorylated 

(serine, threonine or tyrosine) by phospho-amino acid analysis. The labeled protein is 

hydrolyzed to individual amino acids with hydrochloric acid and then mixed with excess 

phospho-amino acids standards (phospho-serine, phospho-threonine, and phospho-

tyrosine). The resulting mixture is applied to a thin-layer chromatography (TLC) plate 

and separated by 2-dimensional electrophoresis. The plate is sprayed with ninhydrin to 

visualize the location of the phospho-amino acid standards and imaged by 

autoradiography to detect phosphorylated residues from the protein sample. These two 

images are overlaid to determine the identity of phosphorylated residues. 
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Another powerful technique used in the analysis of protein phosphorylation is 

phospho-peptide mapping. In this analysis, phosphorylated protein labeled either in vivo 

or in vitro is digested with an enzyme (such as trypsin) to generate peptide fragments. 

These peptide fragments are applied to a TLC plate and separated by charge using 

electrophoresis in one direction and by hydrophobicity using chromatography in a second 

direction. The plates are imaged by autoradiography to identify specific phosphorylated 

peptides. For this analysis to be useful, mutant derivatives of the target protein with 

candidate phosphorylation sites mutated to alanine are examined in parallel. The absence 

of a specific phospho-spot in the mutant protein compared to the wildtype implies that 

that residue is a target for phosphorylation. In this study, we performed both in vivo 

metabolic labeling of APOBEC3G (A3G) and in vitro kinase assays utilizing protein 

kinase A (PKA) and calcium calmodulin dependent kinase II (CaMKII) and generated 2-

dimentional maps for phospho-amino acid and phospho-peptide analysis. 
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Results 

APOBEC3G-strep is phosphorylated in vivo 

 To evaluate whether A3G is phosphorylated in vivo, A3G-strep was purified from 

transiently transfected HEK293T cells that were metabolically labeled using 32P-

orthophosphate. Using phospho-amino acid analysis, we determined that A3G-strep is 

phosphorylated at a minimum of three sites in vivo (one serine, one threonine and one 

tyrosine) (Fig. III-1A).   

To determine whether threonine-218 was one of the sites phosphorylated in vivo, 

we performed phospho-peptide mapping using metabolically labeled A3G-strep, 

A3G(191-384)-strep, A3G(191-384)T218A-strep and GFP-strep. We found a number of 

phosphorylated peptides present in A3G-strep, indicated by the presence of spots on the 

autoradiogram (Fig. III-1B, top left). Interestingly, most of the phospho-sites present in 

full-length A3G are also present in the A3G(191-384) construct (Fig. III-1B, top right). 

This suggests that the C-terminal domain of A3G is the predominant substrate for 

phosphorylation. When we compared the maps for A3G(191-384)-strep to A3G(191-

384)T218A-strep, we could not reproducibly detect the disappearance of a specific 

phospho-peptide spot (Fig. III-1B, top right and bottom left). As a control, we also 

purified GFP-strep from metabolically labeled cells and performed phospho-peptide 

mapping. Unfortunately, we discovered that GFP-strep contained one prominent 

phosphorylation site that matched a major site in the A3G analyses (Fig. III-1B, bottom 

right). This is consistent with a phosphorylation site present in the tag that is shared 

between GFP-strep and A3G-strep. However, the A3G-strep maps contain numerous 
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spots that are not present in the GFP-strep map indicating that there are multiple other 

sites that are phosphorylated on A3G in vivo. 

PKA phosphorylates APOBEC3G-strep 

To ask whether PKA is capable of phosphorylating A3G in vitro, we first purified 

A3G-strep from HEK293T cells. The purified protein was incubated with PKA in the 

presence of γ-32P-ATP and then the labeled protein was subjected to phospho-amino acid 

analysis. We found that PKA is capable of phosphorylating at least one serine residue in 

A3G-strep (Fig. III-2A). Many attempts were made to use phospho-peptide mapping to 

pinpoint the identity of the phosphorylated serine residue(s), however they were 

unsuccessful.   

These analyses were also paired with mass-spectrometry studies to assist in the 

identification of novel A3G modification in collaboration with Nevan Krogan and Jeff 

Johnson at UCSF. Using mass-spectrometry, we confirmed the identity of one 

phosphorylation site in A3G-strep as a serine in the tag between strep and the TEV 

protease cleavage site (depicted in Fig. III-2B and data not shown).  

CaMKII phosphorylates untagged APOBEC3G 

To determine whether CaMKII is capable of phosphorylating A3G, we performed 

an in vitro kinase assay using purified CaMKII and γ-32P-ATP. To eliminate experimental 

complications arising from the phosphorylation site identified in the C-terminal strep tag, 

we generated a baculovirus expression vector encoding A3G-TEV-ZZ for expression and 

purification of A3G from Sf9 insect cells. After cleavage with TEV protease, the only 

remaining non-A3G residues on the C-terminus are ENLYFQ, which are not viable 
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targets for serine/threonine kinase phosphorylation. After tryptic digest of the labeled 

proteins A3G, A3G(T32A), A3G(T218A) and A3G(T32A-T218A), we performed 

phospho-peptide mapping to identify phosphorylated peptides. We found at least 4 major 

phosphorylated peptides and several other minor spots indicated on the 2-dimensional 

map for A3G (Fig. III-3, top left). When we compared the maps of A3G and 

A3G(T32A), we could not reproducibly identify the disappearance of a specific phospho-

peptide spot, indicating that T32 is not likely a substrate for phosphorylation by CaMKII 

(Fig. III-3, top panels). However, when we compared the maps for A3G(T218A) and 

A3G(T32A-T218A) with the wildtype protein, we noticed the disappearance of a specific 

phospho-peptide spot (Fig. III-3, black arrow). This provides evidence that A3G-T218 is 

a potential site for phosphorylation by CaMKII.  
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Discussion 
 Phosphorylation can act as a molecular switch to result in the activation or 

inactivation of cellular proteins. In this study, we used phospho-amino acid analysis and 

phospho-peptide mapping to identify candidate residues on A3G that can be 

phosphorylated by cellular kinases in vivo, or in vitro by PKA or CaMKII. We found that 

A3G with a C-terminal strep tag is phosphorylated at a minimum of three sites (one 

serine, one threonine and one tyrosine) in vivo. Unfortunately, a phosphorylation site in 

the tag complicated the interpretation of the phospho-peptide maps generated. However, 

we did observe a number of unique phospho-spots present in the maps for A3G-strep that 

were not present in the GFP-strep control. This indicates that there are several unique 

sites for phosphorylation of A3G in vivo. Further, the majority of these spots were seen in 

the C-terminal domain of A3G(191-384), indicating that this domain is more prone to 

phosphorylation.  

 We then performed an in vitro kinase assay and phospho-amino acid analysis of 

PKA phosphorylated A3G-strep and found that PKA phosphorylates A3G-strep at a 

minimum of one serine residue. Through parallel experiments utilizing mass-

spectrometry, we found that PKA phosphorylated a serine in the tag on the C-terminus of 

A3G. To remove experimental complications arising from the phosphorylation site found 

in the C-terminal tag, we generated a baculovirus expression vector in which A3G can be 

purified using TEV protease to result in untagged purified protein. Using this untagged 

protein preparation, we were unable to detect phosphorylation of A3G by PKA (not 

shown). From these analyses, we do not have sufficient evidence to support PKA as a 

relevant A3G kinase in vivo. 
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 We then asked whether another cellular serine/threonine kinase, CaMKII, was 

capable of phosphorylating A3G by performing an in vitro kinase assay. Examination of 

the phospho-peptide maps revealed that CaMKII phosphorylates A3G at a number of 

sites in vitro. In one experiment, the evidence suggests that CaMKII phosphorylates A3G 

at threonine-218. 

 In summary, we have shown that A3G is subject to post-translational modification 

by phosphorylation at multiple sites in vivo. Our evidence suggests that PKA is not a 

relevant A3G kinase. However, CaMKII phosphorylates A3G in vitro at multiple sites 

with threonine-218 as a potential candidate site. 
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Experimental procedures 

 
Plasmids 

A3G-strep-TEV-ZZ=pRH4403 

A3G(T218A)-strep-TEV-ZZ=pRH2450 

A3G(191-384)-strep-TEV-ZZ=pRH2172 

A3G(191-384)T218A-strep-TEV-ZZ=pRH2169 

GFP-strep-TEV-ZZ=pRH1233 

pFastBac-Dual-A3G-TEV-ZZ=pRH4356 

pFastBac-Dual-A3G(T32A)-TEV-ZZ=pRH4357 

pFastBac-Dual-A3G(T218A)-TEV-ZZ=pRH4359 

pFastBac-Dual-A3G(T32A-T218A)-TEV-ZZ=pRH4361 

 

In vitro kinase assays 

 HEK293T cells transiently transfected with A3G-strep-TEV-ZZ or mutants 

thereof were lysed in buffer (25mM HEPES pH 7.4; 150 mM NaCl; 5 mM EDTA; 1% 

Triton X-100; 0.5% sodium deoxycholate; 0.1% SDS; 10% glycerol; 20 mM beta-

glycerophosphate; 1 mM sodium vanadate; 10 mM sodium fluoride) and clarified by 

centrifugation. IgG sepharose beads were added and incubated overnight at 4°C on a 

rotating shaker. The beads were washed four times in lysis buffer, then three times in 

PKA buffer (NEB). 40 µL of PKA buffer was added, followed by 1 µL γ-32P-ATP and 1 

µL PKA. The reaction was incubated for one hour at 30°C, followed by three washes in 

TEV protease buffer (Invitrogen). 25 µL of TEV buffer and 1 µL of TEV protease were 

added and incubated overnight at 4°C on a rotating shaker. The eluted protein was 

collected, separated by SDS-PAGE, transferred to PVDF membrane, then dried and 

imaged by phosphorimager to detect labeled protein. 

 For CaMKII assays, 10 µg of untagged A3G purified from Sf9 insect cells was 

incubated in 20 µL CamKII buffer (NEB) supplemented with 2 µL γ-32P-ATP and 2 µL 

CaMKII (NEB). The reaction was incubated at 30°C for 1 hour then separated by SDS-
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PAGE, transferred to PVDF membrane, dried and imaged by phosphorimager to detect 

labeled protein. 

In vivo metabolic labeling 

 HEK293T cells were transiently transfected with A3G-strep-TEV-ZZ or mutants 

thereof and incubated for 8 hours in DMEM without phosphate supplemented with 0.5 

mCi/mL 32P-orthophosphate. The labeled cells were lysed in 25mM HEPES pH 7.4; 150 

mM NaCl; 5 mM EDTA; 1% Triton X-100; 0.5% sodium deoxycholate; 0.1% SDS; 10% 

glycerol; 20 mM beta-glycerophosphate; 1 mM sodium vanadate; 10 mM sodium 

fluoride. IgG Sepharose beads were added to clarified lysates followed by 4 washes in 

lysis buffer. The beads were washed 3 times in TEV protease buffer (Invitrogen) then 

A3G-strep was eluted by TEV cleavage.  The eluted proteins were separated by SDS-

PAGE, transferred to PVDF membrane, dried and imaged by phosphorimager to detect 

labeled protein. 

Phospho-amino acid analysis 

 The labeled protein of interest was cut from a PVDF membrane and rehydrated in 

methanol. After several washes with water, 6 M HCl was added and incubated at 110°C 

for 60 minutes to hydrolyze the sample. The sample was then evaporated to dryness in a 

SpeedVac and resuspended in water. After mixing with phospho-amino acid standards (1 

µg each of phospho-serine, phospho-threonine, and phosphotyrosine), the sample was 

spotted on a thin-layer chromatography (TLC) cellulose plate. Electrophoresis was 

performed in a HTLE 7000 in pH 1.9 buffer (0.58 M formic acid, 1.36 M acetic acid) for 

20 minutes at 1.5 kV in the X-direction. The TLC plate was dried and then 

electrophoresis was performed in pH 3.5 buffer (0.87 M acetic acid, 0.5% pyridine, 0.5 

mM EDTA) for 16 minutes at 1.3 kV in the Y-direction. The plate was dried, sprayed 

with 0.25% ninhydrin and incubated at 65°C for 15 minutes to visualize the phospho-

amino acid standards. After phosphorimaging, the presence of specific radiolabeled 

phospho-amino acids is determined by aligning the two images. 

Phospho-peptide mapping 

The labeled protein of interest was cut from a PVDF membrane and rehydrated in 

methanol. The membrane was washed three times with water and then incubated for 30 
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minutes at 37°C in 0.5%PVP-360 in 100 mM acetic acid. After washing three times with 

water and two times in 50 mM ammonium bicarbonate pH 8.0, the membrane was 

incubated overnight at room temperature with 5 µg TPCK-trypsin in 200 µL of 50 mM 

ammonium bicarbonate. The liquid was transferred to a new tube and lyophilized in a 

SpeedVac. 1 mL of water was added and the lyophilization was repeated. The digest was 

resuspended in 10 µL of pH 1.9 electrophoresis buffer (0.58 M formic acid, 1.36 M acetic 

acid) and spotted onto a TLC plate. Electrophoresis was performed in pH 1.9 buffer for 

25 minutes at 1.0 kV. The plate was dried and then chromatography was performed 

overnight using phospho-chromatography buffer (37.5% n-butanol, 25% pyridine, 7.5% 

acetic acid). The plate was then dried and imaged by phosphorimaging to identify 

phosphorylated peptides. 
 



 

 135 

Figures 
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Fig. III-1. APOBEC3G-strep is phosphorylated in vivo. A. Phospho-amino acid 

analysis of in vivo labeled A3G-strep. Phospho-amino acid standards are visualized by 

ninhydrin staining after 2-dimensional electrophoresis (Left panel). The presence of 

phospho-serine, phospho-tyrosine and phospho-threonine is detected by autoradiography 

(Right panel). B. 2-dimensional phospho-peptide maps indicating the presence of 

multiple phosphorylation sites on A3G-strep in vivo. GFP-strep is also phosphorylated on 

one major site. IH:incomplete hydrolysis 
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Fig. III-2. PKA phosphorylates APOBEC3G-strep in vitro. A. Phospho-amino acid 

analysis of in vitro labeled A3G-strep. Phospho-amino acid standards are visualized by 

ninhydrin staining after 2D electrophoresis (Left panel). Only the presence of phospho-

serine is detected by autoradiography (Right panel). IH=incomplete hydrolysis. B. 

Schematic of A3G indicating the phosphorylation site detected by mass-spectrometry in 

the tag between strep and the TEV protease cleavage site. 
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Fig. III-3. CaMKII phosphorylates APOBEC3G in vitro. Phospho-peptide maps 

generated from in vitro phosphorylation of A3G with CaMKII. Several major phospho-

peptide spots can be seen in the WT enzyme. Orange spot indicates the origin. Colored 

arrows indicate matching phospho-peptides. 

 
 

 

  

 


