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Abstract

The immunoglobulin (lg)-based adaptive immune system (AIS) evolved ~ 500 million
years ago in jawed vertebrates, while the jawless vertebrates exhibit their own variable lymphocyte
receptor (VLR)-based AIS. An evolutionarily conserved hallmark of the Ig-based AIS is the
diversification of Ig-class antibodies through somatic hypermutation and/or class switch
recombination of Ig genes, initiated by the DNA-mutating enzyme activation-induced cytidine
deaminase (AID). The VLR-based AIS may also involve activities of AID-like enzymes, but their
specific activities have remained unclear. Each clade of vertebrate fishes possesses genetically
diverse AID and AID-like enzymes, whose biochemical characteristics, and in some cases
functionality, were not known. To elucidate structure-function relationships and to biochemically
characterize these distinct proteins, |1 examined AID homologs from the sea and freshwater
lampreys, nurse shark, zebrafish, tetraodon, coelacanth, and human. First, | discovered that the
nurse shark and coelacanth, both species representative of significant evolutionary junctures of
vertebrate speciation, posses an active AID enzyme. Second, | found the highly unusual human
AID biochemical properties of lethargic activity and high affinity binding to its single-stranded
DNA substrate were conserved across all vertebrates, while other characteristics, like optimal
temperature and sequence preference, diverged. Interestingly, while most vertebrates have only
one AID gene, the freshwater lampreys were found to have multiple AID-like genes, grouped into
cytidine deaminase 1 (CDAL), CDAL-like, and CDAZ2 genes, based on the CDA1 and CDAZ2 genes
found previously in the sea lamprey. Furthermore, each individual expresses different
combinations of the AID-like genes. The CDAL and CDA1-like enzymes exhibited varying pH
sensitivities and enzyme activity levels, similar to the differences between human AID and its

APOBEC family member enzymes, thus suggesting unique roles for the CDA1 and CDA1-like



enzymes in the lamprey AIS. Faint activity was detected for the sea lamprey CDAZ2, similar to
ongoing, yet unpublished, efforts by other research groups. This is the first study to biochemically
and structurally characterize AID and AID/APOBEC-like enzymes covering the span of fish
evolution. This multidimensional approach of multi-species in silico structural analysis and in vitro
biochemical characterization exemplifies a comprehensive method for gaining deep insight into

enzyme activity, function, and evolution.



General Summary

The immune system can be divided into two categories: the innate and adaptive immune
systems. Innate immunity involves physical barriers and cells that act within seconds to defeat
disease-causing pathogens, but is non-specific, so there is danger of pathogens evading this
defense. Adaptive immunity provides specific and long-term, albeit slower, defense, and is
centered around T and B cells. T and B cell surface receptors undergo rearrangement and mutation
during development, such that each new cell contains a unique receptor with the potential to
recognize an invading pathogen; if it does, the associated T and B cells are activated and send out
signals to kill the invader. At this point, about a week after infection, B cell receptors are further
mutated to better recognize the pathogen, thus producing a stronger kill signal. A particular protein,
called activation-induced cytidine deaminase (AID), plays a vital role in the secondary mutation
of B cell receptors, without which adaptive immunity is not as strong and can result multiple
recurring infections. On the other hand, if AID is dysregulated it can mutate DNA in other cells
and cause cancer. Therefore, learning about AID is vital to furthering our understanding of
adaptive immunity. Adaptive immunity, as described above, is only found in mammals; the
majority of animals have innate immunity, with the first hints of mammalian-type adaptive
immunity appearing in the lamprey. Studying AID evolution in the lamprey and other fish can
provide insight into immunity evolution and could help us find other means of fighting pathogens
that escape human immunity. Most protein research focuses on human or mice proteins, using
methodology centered around whole-cell or animal study. Methods that focus on the protein
outside of the cell or those that use computer technology to analyze the protein’s structure are not

as valued. This thesis describes the first research to combine multiple methods of studying AID in



non-human and non-cellular contexts, which reveals deep insight into AID and adaptive immune

system evolution, and thus argues for a more comprehensive method of protein study.
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Chapter 1 Introduction

1.1 Overview of innate and adaptive immunity

The immune system is an interconnected system of physical barriers, cells, and cellular
pathways that defend against the onslaught of disease-causing pathogens that organisms encounter
every day. This system is often divided into two categories: innate and adaptive immunity. The
former is defined by a quick (hours to days), unspecific defense against pathogens and includes
physical barriers such as the skin and nostril hair; chemical barriers such as stomach acid and
mucous; and the extracellular secretion of antimicrobial proteins such as lysozyme and surfactant
proteins, which often work to destroy the cell wall of bacteria and other pathogens. Innate
immunity also defines quick-acting immune cells such as phagocytic macrophages, which are
white blood cells (leukocytes) that recognize ubiquitous pathogen-associated molecular patterns
(PAMPs) on extracellular pathogens via their membrane-bound pattern recognition receptors

(PRRs) and “consume” them, thus destroying them or rendering them or their toxins inert.?

Aside from phagocytosis, PRRs can induce other innate immune responses. Toll-like
receptors (TLRs), made up of leucine-rich repeats (LRRs), recognize multiple pathogens and
induce expression of transcription factors such as nuclear factor (NF)-kB, which triggers the
production of 1) antimicrobial peptides; 2) chemokines, which recruit cells (e.g., neutrophils) to
the site of infection; and 3) cytokines, such as interleukin (IL)-1, IL-6, and tumor necrosis factor
(TNF)-a, which increase vascular permeability, recruit cells, and induce fever. TLRs can also
induce the production of interferon (IFN)a and B, which exert autocrine and paracrine antiviral

effects. C-type lectin receptor (CLR) is another PRR which recognizes specific sugar moieties



such as mannose, fucose, and glucans. CLR can induce phagocytosis, as well as trigger activation
of nuclear factor kappa B (NF-xB) and activator protein 1 (AP-1), the latter of which induces
expression of inflammatory cytokines and IFNR; some CLRs can also trigger anti-inflammatory

signals to reduce tissue damage.*

Soluble pattern recognition proteins, like their membrane-bound counterparts, recognize
PAMPs and initiate various immune responses. Mannose-binding lectin (MBL), C-reactive protein
(CRP), and complement proteins bind to extracellular pathogens and target them for destruction
via the complement pathway, which destroys the pathogen’s cellular membrane, or phagocytosis
(opsonization). Both the complement pathway and opsonization can be enhanced by involvement

of antibodies, which are a vital part of the adaptive immune system.?

The adaptive immune system (AIS) is the slower acting, more specific arm of the immune
system, which encompasses the T and B lymphocytes and their activities. T cells facilitate cellular
adaptive immunity: their T cell receptor (TCR) recognizes foreign or tumour-associated antigens
(proteins or protein pieces recognized by the immune system) presented on major
histocompatibility complexes (MHC) | and Il, which are expressed on all nucleated cells and
professional antigen presenting cells (APC), respectively. Activated T cells that recognize the
MHC-antigen complex will release cytokines that either destroy virally-infected cells or recruit
and activate other immune cells. B cells recognize free antigen via their B cell receptor (BCR).%2
The three terms of BCR, immunoglobulin (1g), and antibody all refer to the same molecule, with
the distinction that BCR includes both the membrane-bound immunoglobulin antigen receptor and

its receptor-associated molecules (CD79a/B or Iga/B) responsible for intracellular signalling for

activation of B cells once its cognate antigen is encountered.!



1.2 Antibody function and structure

Once activated, B cells will transform into plasma cells, secreting their 1g antigen receptor
in the form of antibodies that recognize and bind to either extracellular or cell surface antigens.?
When bound to extracellular antigens, the antibodies “tag” them for phagocytosis and/or
elimination from the body (agglutination or precipitation), and/or rend the external pathogen or
toxin inert (neutralization).> When bound to surface antigens on pathogens or infected cells, the
antibodies mark them for antibody-dependent cell-mediated cytotoxicity (ADCC) by natural killer
cells (NK cells, a type of lymphocyte), where the NK cells release cytolytic granules that cause
the infected or pathogenic cell to lyse or burst.* Antibodies bound to surface antigens can also
activate complement which are circulating precursor proteins that, when processed by activated
proteases, eventually form a membrane attack complex (MAC), a channel through the cellular

membrane, causing the cell to lyse.!®

Antibodies are composed of heavy and light Ig protein chains, each of which can be further
divided into variable (Fab) and constant (Fc) regions (see Figure 1.1). The variable region is the
portion of the receptor that directly contacts the antigen: this portion is unique to each antibody,
thus the term variable. The constant region is consistent amongst all receptors that belong to the
same class (also referred to as isotype) of antibody; this region is also called the effector region.
When excreted as an antibody, this region contacts complement or cellular receptors, affecting the

type of effect the antibodies facilitate.®
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Figure 1.1 Antibody structure and immunoglobulin classes

Adapted from Owen et al., 2013* as non-commercial user-generated content.

Centre, the structure of an antibody, class 1gG. Centre bottom, the mature messenger RNA
(mRNA) transcript that codes for the 1gG protein. The different colours in the protein structures
correspond to the different coloured genes in the mRNA transcript. Left two structures, IgD (top)
and IgA (bottom). Right two structures, IgM (top) and IgE (bottom). V, variable; D, diversity; J,

junction; C, constant; CDR, complementary determining region.



There are five different isotypes or classes of antibodies in mammals. The first classes that
are produced early in the adaptive immune response are IgM and IgD. IgM can activate
complement, leading to the opsonization of pathogens; IgM can also cross mucosal barriers acting
in primary pathogen entry sites such as the gut. IgD is secreted in minute amounts compared to
IgM and its function remains unknown. To initiate a more specific response to the pathogen, B
cells receive differentiating signals from T cells to undergo class-switch recombination (CSR),
which switches the antibodies from IgM/IgD to IgA, 1gG, or IgE (see Figure 1.1). IgA is mainly
found in mucosa and secretions, such as in the gastrointestinal and respiratory tracts, and mostly
acts by inhibiting binding of pathogens to epithelial cells, preventing their transport from inhaled
air or ingested food or water into the body. IgE is involved in defense against parasites, but also
mediates type | hypersensitivity (i.e., allergic reactions), facilitating an immune response to
otherwise harmless antigens. IgG is the most abundant antibody in serum and the most important
effector of pathogen clearance, because it is able to robustly activate complement, agglutinate and

opsonize antigens, and initiate ADCC.5



1.3 V(D)J Recombination: the initiator of the diverse antibody repertoire

The adaptive immune system is capable of producing millions of unique antibodies that
are specific to each antigen the AIS encounters, yet there are not millions of unique antibody-
encoding genes. Instead, the antibody gene loci are comprised of multiple gene segments that are
somatically rearranged and edited during B cell maturation in the bone marrow, resulting in an Ig
gene unique to that particular B cell. Both the single heavy and two light (kappa, k, and lambda,
A) Ig loci are composed of multiple V (variable), J (joining), and C (constant) segments, with the
heavy chain locus also containing multiple D (diversity) segments located in between the V and J

segments (see Figure 1.2).178

Through a process called V(D)J recombination, the intervening gene segments between
two target segments are removed via the V(D)J recombinase consisting of the recombination
activating gene products 1 (RAG1) and 2 (RAG2), which recognize and cleave the DNA at the
border of the recombination signal sequences (RSS) at either end of each segment. The intervening
DNA between the two segments is removed and the two coding gene segments joined via DNA

repair mechanisms of the non-homologous end joining (NHEJ) DNA repair pathway.»’
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Figure 1.2 Primary antibody diversification by RAG-mediated V(D)J recombination

Adapted with permission from Little et al., 2015.°

Both TCR and antibody gene loci are comprised of variable (V), joining (J) and sometimes
diversity (D), segments. Each segment is in close proximity to 1-2 conserved recombination
signal sequence (RSS); the V and J are immediately upstream and downstream, respectively, of
their single RSS sequence, while D is book-ended by two RSS sequences. Recombination
activating gene (RAG) products 1/2 cleave between one RSS and a coding sequence, forming
blunt double-stranded breaks (DSB) that are joined by non-homologous end joining (NHEJ) repair
mechanisms, resulting in the joining of two segments and removal of the intermediate DNA.
Transcription and translation of the V(D)J product results in IgM and/or IgD antibody products

(the latter through alternative splicing mechanisms).



The different combinations of various V(D)J segments constitute the first layer of
diversification for Ig genes, known as combinatorial diversity, while the second layer of
diversification involves junctional diversity. To join the two disparate gene segments, imperfect
DNA repair mechanisms that add or remove nucleotides are employed. Deletional cleavage of
intervening DNA leaves the remaining segments with hairpin-closed coding joints which can be
opened asymmetrically rather than symmetrically, leaving P nucleotides. Terminal
deoxynucleotidyl transferase (TdT), a member of the V(D)J recombinase, adds N nucleotides to
the coding joints, while exonucleases remove them. All, none, or some of these processes can be

utilized at any time, thus further diversifying the coding joints.

Once V(D)J recombination is complete for both light and heavy chains and a structurally-
viable combination of light and heavy chains is produced, the developing B cells are further
selected for a functional and self-tolerant BCR followed by migration of these immature B cells to
the spleen. Here, the B cells are subjected to further self-antigen tolerance testing, which if passed,
causes the B cells to mature into follicular (B2) or marginal zone (MZ) B cells.'® The innate
immune B cells, B1 B cells, are derived from a separate lineage, originating from the fetal liver.1%!
Each B cell expresses a unique, recombined Ig receptor as either IgM or IgD to various degrees
(depending on the B cell subtype) due to alternative messenger RNA (mRNA) splicing of the two

most 5’ constant regions in the heavy Ig chain.!®

MZ and B1 B cells can play regulatory roles, supportive roles in T-dependent activation,
and active roles in T-independent activation. MZ B cells specifically are vital in T-independent B-
cell activation, where ubiquitous antigens on blood-borne pathogens activate these “innate” B cells

into becoming short-lived plasma cells, in the absence of T cells. T-dependent B cell activation



occurs mainly to B2 B cells (hereafter simply referred to as “B cells”), which, after maturing in
the spleen, migrate to lymph nodes where they come into contact with free, complement-bound,
or receptor-bound antigen. The antigen-bound BCRs are then internalized, and the B cell migrates
toward helper T cells that express their own, unique V(D)J-recombined T cell receptors. If these
helper T cells recognize antigens expressed on lymph node-residing APCs, they become activated
and activate nearby naive B cells via the CD40/CD40L axis. The T helper cells also release
stimulating cytokines to the nearby antigen-stimulated B cells, which become fully activated and
begin to divide. Some of the daughter activated B cells become antibody-secreting plasma cells,
which secrete the initial IgM antibodies of the adaptive immune response. Other daughter cells
establish germinal centres in lymph node follicles and undergo secondary antibody diversification

processes, resulting in higher affinity antibodies with specific effector responses.t®?

One such antibody diversification process is somatic hypermutation (SHM). The DNA
sequences in the variable regions of both the light and heavy chains of the antigen-specific,
activated B cell receptors are mutated. The resulting mutated BCRs are “tested” in the germinal
centres: those with higher affinity to the antigen receive survival signals from their interaction with
follicular T helper cells (Ten), those with lower affinities are eliminated via Trn neglect. This is
also achieved through the decreasing concentration of Ag as the immune response proceeds,
thereby selecting for higher and higher affinity BCRs to give those B cells the survival signal. T
cells (and other cells) also direct activated B cells to undergo CSR to change the class of Ig from
IgM to an Ig class customized to the type of pathogen (see section 1.2 above). Regions of DNA
called switch regions are located both up- and downstream of the constant regions on the Ig heavy

chain; mutations in these regions result in double-stranded breaks which are repaired in such a way



to bring two switch regions together, excising the intermediate DNA (see Figure 1.2). This results
in a different constant region being immediately downstream of the rearranged VDJ segment, thus
coding for a BCR with the same variable VV(D)J antigen-recognizing motif, but with a heavy chain

Fc region of a different isotype (1gG, IgE, or IgA).»%*2

Both SHM and CSR are essential mechanisms of antibody diversification. Without SHM,
the immune system is relegated to producing low-affinity antibodies that inefficiently bind their
corresponding antigen.®® Without CSR, the only antibody isotype the body can produce are IgM
and IgD, both of which are not nearly as efficient as 1gG, IgA, or IgE in effecting their respective
immune responses. On the other hand, somatic mutation is something that multi-cellular organisms
generally try to avoid or correct: errant mutation of essential genes such as those responsible for
cellular life cycle and metabolism often leads to cell death, oncogenesis, or other disease.* One
enzyme at the heart of this delicate balance of purposeful and errant mutation is Activation-Induced

Cytidine Deaminase (AID).

10



1.4 Activation-Induced Cytidine Deaminase

AID is a member of the zinc deaminase apolipoprotein B  mRNA-editing catalytic
component (APOBEC) family. It is a small, ~ 200 amino acid enzyme mainly expressed in B cells
upon recognition of antigen by their recombined, surface-expressed Ig protein and reception of
secondary signalling by T cells or TLRs.*® AID deaminates cytidine to uridine in single-stranded
DNA (ssDNA). In AID’s catalytic site, a zinc ion is bound to a histidine, two cysteines, and a
water molecule. The Zn ion charges the water molecule, which protonates a nearby glutamic acid,
which protonates N3 on the substrate. The activated water initiates a nucleophilic attack on C4,
resulting in a tetrahedral intermediate. The glutamic acid then deprotonates the hydroxyl group;
the oxyanion collapses, creating a double-bonded oxygen. The amino group deprotonates the
glutamic acid once more, eliminating ammonia (see Figure 1.3A).1® AID is provided access to
ssDNA by transcription of select genes during initiation of secondary antibody diversification in

B cells.?

During SHM, AID preferentially mutates genetic “hotspots” (WRC motifs in most
vertebrates, where W = T or A and R = G or A) at complementarity-determining regions (CDR)s.
The resulting uridines are recognized by uracil DNA glycosylase (UDG), which flips out and
removes the uracil base. This abasic site could be repaired by error-free mechanisms, however, in
activated B cells error-prone mechanisms are employed, such as nonconventional base excision
repair (BER), which edits either just the bases or a stretch of one DNA strand using error-prone
DNA polymerases. Uracil itself could also be recognized, and a stretch of ssDNA removed and

repaired via nonconventional mismatch repair (MMR; see Figure 1.3). Mutations that result in

11



higher affinity antibodies permit the B cell that houses them to proliferate, while unproductive

mutations force the B cell to die by neglect.t

During CSR, AID mutates cytidines on both strands in AGC-rich switch regions. The
uracils are recognized and excised via UDG and MMR machinery; exonucleases remove a stretch
of DNA on both strands, leading to double-stranded breaks (DSB). DSB are recognized and
repaired by NHEJ and alternative-end joining (Alt-EJ) repair mechanisms, which combine two
previously-unconnected sections of the Ig gene, resulting in excision of the intervening DNA and
a new constant region immediately upstream of the same V(D)J region (see Figure 1.2 and Figure

1.3).7

12



A Tetrahedral

Deoxycytidine Intermediate Deoxyuridine

NH, NH;. OH 0
/]j H:0 NH:
N HN H
| | |
R
Deoxyribose Deoxyribose Deoxyribose
B TGTTAT
1@ Ty
TGTTAT
a9y Ty
unG | )
TGTTAT ncMMR
Lr a0 T T T
l Al
ncBER 1
; I S
Short-patch Long-patch Ao
aNy Ty 1Ty
e N ]
! C N
C AGCT une
-AGCT- -AGCT- -AGUT- E
-TCGA- -TCGA- — © -TCGA- — -TCGA-

1 exonuclease

. o8
NHEJ/AIt-EJ Repair l&/ &

—M<ilSH8-e85—

Transcription, splicing 1
e B—ran
Figure 1.3 Secondary antibody diversification by AID: SHM and CSR

A is adapted from The Mechanism and Catalytic Site Atlas'® under a Creative Commons

License. B is adapted with permission from Feng et al., 2020.%
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Legend: Figure 1.3

A Deoxycytidine deamination involves the addition of water and elimination of ammonia, with a
tetrahedral intermediate. B During somatic hypermutation (SHM), cytidines are mutated to
uridines via AID deamination; these uracils are either excised by uracil DNA glycosylase (UDG)
or recognized by nonconventional mismatch repair (cMMR) machinery, the latter of which
removes and repairs stretches of DNA on either side of the G:U mismatch, resulting in transition
and transversion at A:T base pairs. Excised bases by UDG are repaired via short- or long-patch
nonconventional base excision repair (ncBER). Short-patch ncBER removes the G opposite the
abasic site and synthesizes new DNA, resulting in transition and transversion at G:C base pairs.
Long-patch ncBER, like ncMMR, involves the excision of stretches of DNA around the abasic
site, which is repaired in a similar fashion. Red arrows denote translesion DNA synthesis, red stars
denote abasic sites. C During class switch recombination (CSR), AID mutates cytidines at
multiple switch (S) regions; each uridine is excised via UDG and exonucleases remove stretches
of DNA around the abasic site, resulting in double-stranded breaks (DSB). These DSBs are
recognized and repaired via non-homologous end joining (NHEJ) or alternative-end joining (Alt-
EJ) repair mechanisms; the intervening DNA between the two mutated S regions is removed, and
a new constant region (green C) is joined to the previously recombined VDJ segment.

Transcription and splicing mechanisms produce the final antibody transcript.
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1.5 Regulation of AID

Due to AID’s mutagenic nature, it is thought to be highly regulated by a multitude of
mechanisms to protect genomic integrity. First, expression of AID in B cells is induced by T cell-
dependent and -independent signalling. The AID locus is enriched in binding sites for transcription
factors propagated through various signalling pathways (e.g., NF-kB, signal transducer and
activator of transcription 6 (STAT6), CCAAT-enhancer-binding proteins (C/EBP), mothers
against decapentaplegic homolog 3/4 (Smad3/4), HoxC4, Pax 5, and E protein).'®-?2 Interaction of
the T cell CD40 ligand with the B cell CD40 receptor gives a primary signal to B cells for AID
expression; secondary signals include cytokines released by T cells activated by CD40:CD40L
interaction along with recognition of antigen by the T cell’s TCR. T cell independent signals
include recognition of microbial-associated molecular patterns (MAMPs, e.g., lipopolysaccharide,
LPS) by TLRs on the B cell.*® Inhibitor of DNA (ID) proteins and the micro RNAs miR-155, miR-
181B, and miR-93 may be negative regulators of AID expression after successful CSR and
SHM.182-25 There are multiple splice variants of AID that can be inactive or display higher
hypermutation activity; such isoforms can be found in both healthy and transformed cells.?-?¢ To
downregulate AID activity once CSR and SHM is complete, splicing mechanisms to produce the
inactive forms of AID may be activated.?® Research into the higher activity AID splice variants is

ongoing, with conflicting implications in tumourigenesis.t=

Once AID is expressed, it is localized mainly in the cytosol with its target DNA guarded
in the nucleus. To prevent passive transportation, AID may be retained in the cytoplasm by forming
complexes with the proteins Hsp90-DNAjal and/or eEF1A1.2-3 AID is thought to be actively

transported via recognition of its nuclear localization signal (NLS) by karyopherins and perhaps
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trapped in the nucleus when the nuclear envelope reassembles at the end of mitosis, or it may
stochastically accumulate in the nucleus in short pulses.?323* Once AID enters the nucleus, its stay
is short-lived; the half life of AID is three times shorter in the nucleus than in the cytosol, as it is
readily polyubiquitinated and degraded.?* The C terminal of AID also contains a nuclear export

signal (NES), which signals its active removal from the nucleus.®*3"-3

To initiate SHM and CSR, transportation of AID into the nucleus must coincide with active
transcription of immunoglobulin genes, which consequently unravels the genes from their
chromatin structure, opens the DNA double-helix, and generates ssSDNA for AID mutation.3340-44
Histone modification (H3K9me3 and H3K9Ac), Krippel-associated box-associated protein 1
(KAP1), heterochromatin protein 1 (HP1), and the facilitates chromatin transcription (FACT)
complex may tether AID to switch regions of Ig genes and facilitate their transcription.*-°2 VVarious
splicing factors and cis-acting elements surrounding Ig genes may also target AID to Ig genes.>*
% 1t is hypothesized that stalled transcription machinery may recruit AID, providing access to
ssDNA for a prolonged period of time.>*%% The process of transcription causes multiple
formations and topologies of DNA (DNA-RNA hybrids, supercoiled, relaxed linear, breathing
double-stranded DNA, etc.), all of which are possible targets for AID mutation.**%+¢" In fact, DNA-

RNA hybrids of switch regions may target AID to Ig genes for CSR.®

It is likely that a synchronistic cumulation of events, which includes AID expression,
transportation into the nucleus, and g transcription, must occur to target AID to Ig genes. A further
regulatory layer of error-free (non-Ig genes) and error-prone (Ig genes) DNA repair mechanisms
is likely present to maintain genomic integrity.®®7 Despite this orchestra of mechanisms to regulate

AID mutation, sometimes a bad note is played and the mutations have catastrophic consequences.
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1.6 The role of AID in human disease and cancer

Aside from its role in Ig diversification, the role of AID-mediated mutations in human
diseases, specifically cancer, is the most researched aspect of the enzyme. In spite of the
aforementioned regulatory mechanisms, AID can sometimes off-target and mutate non-lg genes.
Non-Ig genes may be targeted by AID due to them being co-transcribed alongside Ig genes, like
B-cell lymphoma 6 (BCL6), a transcriptional repressor required for germinal centre formation,
thus providing ssDNA for AID targeting.”™"® Other genes may have cis-acting elements in
common with Ig genes, thus attracting AID when they are transcribed.” Remarkably, AID has
been found to mutate 25% of all genes in B cells, some of which are found in both normal and
transformed B cells.®®" Simply mutating these genes may result in silent mutations or could render
their gene products unusable, thus influencing other cellular mechanisms.**”> AID mutations may
also be recognized by UDG and MMR proteins resulting in double-stranded breaks which, similar
to CSR, are joined with unrelated genes, causing chromosomal translocations.” Chromosomal
translocations in B cells could create novel oncogenic genes such as combining the BCR and ABL
genes to create a constitutively-active tyrosine kinase.”®’” Such translocations could also bring the
oncogene MYC under the control of the regulatory elements of the highly-active Ig genes.”"87
AlD-initiated MYC translocations have been linked to Burkitt’s lymphoma, which may be
influenced by Epstein-Barr virus infection of B cells activating AID expression.8-#" AID mutations
have also been linked to chronic lymphocyte leukaemia, non-Hodgkin lymphomas, B cell

lymphomas, T cell lymphomas, and multiple myeloma 882897

Along with the above blood cancers, AID activity has been associated with other types of

cancers. AID has been implicated in the epithelial to mesenchymal transition (EMT) for both breast
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cancer and renal cell carcinoma; in this state, cells lose their physical connections to their
surrounding tissues and potentially metastasize to other areas of the body.%** On the surface of
some of these transformed breast cancer cells are stably-expressed IgG proteins, whose transcripts
have somatic mutations, further suggesting AID activity.'?1! The overexpression of AID has also
been demonstrated in multiple gastric cancers such as bile duct and liver cancers; AID is often
induced by inflammatory signals such as TNFa and mutates several tumour-related genes such as
TP53 and MYC.192-204 UJcerative colitis (UC) involves inflammation throughout the intestinal tract,
which often leads to colorectal cancer; while AID deficiency in mice with UC did increase
morbidity (weight loss, pain, and distress), a lack of AID can decrease the risk of inflammation-

associated colorectal cancer.®

Similar to its APOBEC relative APOBEC3G (A3G), AID may also have antiviral
properties. In cirrhotic patients infected with hepatitis B and C virus (HBV/HCV), AID was
present in 50% of liver samples.!%®® HCV infection induced error-prone DNA polymerases and AID
in liver cells in vitro, which subsequently resulted in mutations in these cells.!” AID was co-
immunoprecipitated with HBV nucleocapsid proteins, suggesting AID may form a
ribonucleoprotein (RNP) complex with these proteins and HBV RNA, similar to how A3G is
packaged into human immunodeficiency virus (HIV) virions'%; once encapsulated, it is
hypothesized that AID mutates the HBV genome, playing a protective, innate antiviral role. 10911
Along with, or instead of, mutating the viral genome, AID may recruit RNA exosome into the

HBV-RNP complex, resulting in the degradation of HBV RNA.!!!

AID may also have antiviral effects without being packaged in viral capsids. Rem protein

produced by mouse mammary tumour virus may downregulate AID, similar to how the HIV
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protein viral infectivity factor (Vif) targets A3G for degradation.’®® However, in this case AID was
not encapsulated.™? In response to Abelson murine leukemia virus infections, AID expression is
induced, resulting in AlD-associated mutations of the infected cell genome; this genotoxic activity
results in checkpoint kinase-1 phosphorylation and subsequent restriction of proliferation of the
infected cell. NKG2D ligand was also upregulated in infected cells, marking these cells for
destruction by NK cells.*®® Similarly, AID triggers the DNA damage pathway and upregulation of
NKG2D ligands in Kaposi’s sarcoma-associated herpesvirus (KSHV)-infected cells. AID
expression in KSHV-infected cells also reduced lytic transcripts, resulting in a ~ three-fold
reduction in virus output, with the produced viruses exhibiting decreased infectivity.!* As
countermoves, KSHV encodes miR-K12-11 and miR-K12-5, which downregulate AID, and has

evolved fewer WRC motifs to protect them from AID mutation.**41%>

Like A3G, AID activity with relation to infection can be a double-edged sword. For
example, HIV infection of peripheral blood mononuclear cells (PBMC) results in CD40 ligand
expression, which induces AID expression in B cells that express CD40'#°; this could explain how
HIV directly stimulates B cells, leading to accumulation of molecular lesions in non-Hodgkin’s
lymphoma.®> Human T-cell leukemia virus type 1 (HTLV-1)-infected T-cell lines expressed high
levels of AID compared to uninfected controls, which may initiate oncogenesis via AID mutation
of the infected cell’s genome.'® Helicobacter pylori, a bacteria species famous in public discourse
for causing common gut problems (e.g., ulcers), has been found to induce aberrant expression of
AID via the NF-xB activation pathway, resulting in TP53 tumour suppressor gene mutations in

gastric cells, possibly leading to oncogenesis.!’
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1.7 Evolution of AID

Compared to studies examining the role and regulation of AID in the health-related fields
of immunity and cancer, the evolution of AID and the APOBEC family is an understudied topic.
All zinc deaminases are thought to originate from tRNA adenosine deaminase (Tad)/ adenosine
deaminase acting on tRNA (ADAT?2), the latter of which forms a heterodimer with ADAT3 to
deaminate adenosine (A) to inosine (1) at position 34 on tRNA. These mutated tRNAs can then
recognize multiple mMRNA codons, as | pairs with U, C, or A in the wobble (3™) position on the
codon.>>8118 Interestingly, ADAT2 may be able to deaminate cytidine in DNA as well,*?
indicating the substrate promiscuity of the AID/APOBEC family (discussed later) may have
evolved before the APOBEC family divided into the multiple family members. Other enzymes
related to Tad/Adat2, but not to the AID/APOBEC family, include Tadlp/Adatl, which
deaminates tRNA at position 37, perhaps in response to stress and/or to stabilize codon-anticodon
interations!?12%; adenosine deaminases acting on pre-mRNA (ADARs 1, 2, and 3) which are
involved in post-translational modifications of RNAM®23: and cytosine deaminase, cytidine
deaminase, and deoxycytidine monophosphate deaminase (dCMP), members of the pyrimidine
salvage pathway which recycles nucleotides.*?® These enzymes are found throughout the metazoan
phylum.*?®* Members of the classical AID/APOBEC family (APOBECs 1, 2, 3, and 4) and their
newly discovered sister clades and members are discussed below, in the order in which they likely

evolved.

The Secreted Novel AID/APOBEC-like (SNAD) enzymes belong to a sister clade to the
classical AID/APOBEC family. SNAD4 was identified in the first animals to diverge from fungi

(sponges), whereas SNAD1 appears throughout the vertebrate phylum (SNAD1). SNAD2 and 3,
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found only in the ray-finned fishes, are likely the result of whole genome duplication events and/or
subsequent expansion of this class. SNAD enzymes are the only AID-like enzymes in multicellular
eukaryotes to be secreted, potentially for delivery to virus-infected cells or extracellular parasites;
however, their catalytic activity and other biochemical characteristics remain unknown. They may

have originated from bacterial toxin proteins.?*

APOBEC4 (A4), a member of the classical AID/APOBEC family, was likely next to
evolve, first appearing in the cnidarians (corals), which diverged after sponges.*?* A4 lacks introns,
indicating it may be the result of early retrotranspositional events.>® A4 is present in the first
vertebrates, the jawless fish (agnathans); the lobe-finned fish (sarcopterygians); and tetrapods, but
is lost in sharks and often lost in ray-finned fishes (actinopterygians).*?* It is expressed in human
testes, but its biological role is uknown.*?® The catalytic activity of A4 also remains unknown;
unlike the other members of the classic AID/APOBEC family which are known to deaminate
polynucleotides, critical amino acids required for polynucleotide deamination (SWS and F in the
middle of the deaminase motif HXE(X),\PCxxC) are missing from A4, indicating it may act on other

substrates.?3

Some of the next AID-like proteins to evolve include cytidine deaminase-like 1 (CDA1);
CDA1-like (CDA1L)1, 2, 3, and 4; and CDAZ2, all of which are found in the agnathans.'?*
Lamprey, one of two groups of extant jawless fish, lack many canonical “pillars” of the adaptive
immune system, such as RAGs and MHC; however, they do possess antibody-like proteins
(variable lymphocyte receptors, VLRS) that are diversified somatically, which led to the discovery
of CDA1 and 2 in the sea lamprey, and the CDA1-like enzymes in the freshwater lampreys.26:1%7

These enzymes will be discussed in detail in Chapters 3-5.
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APOBEC2 (A2), along with AID, are considered the ancestral family members of the
classic APOBEC family, being present in most jawed vertebrates tested to date.'?4128:12% A2 may
be the result of early retrotranspositional events, which used AID as a scaffold.>® Human A2 does
not appear to be able to edit RNA, DNA, or free cytidine in vitro, however, its orthologs may
exhibit deaminase activity in Danio rerio (zebrafish, ray-finned fish) retina and mouse muscle, but
this activity has not yet been confirmed.23130-136 A2 also appears to inhibit Transforming Growth

Factor (TGF)-B in Xenopus (frog, amphibian) and zebrafish.*231%

Novel AID/APOBEC-like Deaminases 1 and 2 (NAD1/2), while not being original
members of the classical AID/APOBEC family, are closer in sequence to other classical members
of the family (Al, A2, A3) compared to A4. NADL1 is found in ray-finned fishes, coelacanth
(sarcopterygian), amphibians, lizards, and marsupials; NAD2 is found only in amphibians.'?*
Neither NAD has been biochemically characterized and their biological relevance remains

unknown.

APOBEC1 (Al) is the founding member of the AID/APOBEC family. It was originally
thought to be first evolved in mammals due to an inverted duplication of AID; however, this
duplication likely occurred in or before the lungfish, the closest fish ancestor to tetrapods. 124138
Al deaminates the cytosine at position 6666 on Apolipoprotein B mRNA, creating a premature
stop codon at this position, altering ApoB100 to ApoB48, which is essential for secretion of
triglyceride-rich chylomicrons.?1*° |t was later discovered that Al is quite promiscuous, acting
on retroviral substrates and ssSDNA.132140-142 Ag A1 is among the later AID/APOBEC family
members to evolve, it is possible that the RNA-editing capabilities seen in other members of this

family is a late-evolved characteristic. On the other hand, due to the progenitors of the
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AID/APOBEC family acting on RNA and, in some cases, both RNA and DNA, substrate
promiscuity may be an original characteristic of the family that many members are capable of,

whose activity has just not yet been fully elucidated.

APOBEC3 (A3) is the last group of AID/APOBEC enzymes to evolve, likely the result of
gene duplication events of AID. In rodents, pigs, and cattle, the two AID-type genes fused to form
a single gene; in horses, bats, and felines, one of the two genes repeatedly duplicated leading to an
expansion of A3 genes. This expansion is greatly pronounced in primates, with seven unique A3
genes (A3A, A3B, A3C, A3DE, A3F, A3G, and A3H).> The duplication and expansion of these
enzymes are likely a result of an arms race between mammals and viruses, the targets of A3.5143144
The origin of A3 is currently contested: the initiating duplication event was thought to take place
in the first placental mammal,>® however, the sequenced lungfish genome appeared to contain a
putative A3C gene.!* Another group could not find any A3 orthologs in animals that diverged
before placental mammals.'?* As this second group delved extensively into AID/APOBEC family

orthologs, it is likely the A3C found in the lungfish was a novel APOBEC-like gene.
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1.8 AID and its target (Ig) in non-human species

As described above, AID is an early vertebrate enzyme, playing a vital role in adaptive
immunity. Adaptive immunity is characterized, among other things, by somatic diversification
(SHM and CSR) of Ig genes. Somatic diversification of Ig, and the Ig loci themselves, vary greatly
between evolutionarily distant species, while still accomplishing the same goal of increasing
affinity for antigen. In this section, the evolution of AID, its target substrate, and its role in antibody
diversification will be discussed in the context of model organisms in chronological, evolutionary

order.

Pre-vertebrate animals, such as protochordates, lack AID but do appear to have AID-like
enzymes, such as the aforementioned SNADs.*?* While also lacking B cell receptors, these animals
do have immune receptors belonging to the immunoglobulin superfamily.4¢-14® Interestingly, the
freshwater snail also experiences somatic diversification of its fibrinogen-related genes, but it

remains unknown whether the SNADs initiate this process.4°

It is believed that a type of proto-AID (or AID ortholog) was present in the first vertebrate
ancestor, which then diverged to CDAZ2 in the lamprey and to AID in the first jawed vertebrates,
the shark.'?5%0 Similarly, it is hypothesized that the targets of this proto-AID (somatically
diversified lymphocyte receptors) diverged into three unique receptors with three unique
lymphocyte cell lineages: a secreted form (VLRB in the lamprey and BCR in jawed vertebrates in
B cell-like cells) and two membrane-bound receptors (VLRA/C in the lamprey and TCRof/yd in
jawed vertebrates in T cell-like cells; discussed further in Chapter 5).15%5! Due to CDA1/1L genes

lacking introns, it has been posited that CDA2 was the original enzyme in all three lamprey
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lineages, with the ability to somatically diversify all three VLRs, and that CDAL/1L genes were
the result of retrotransposon events after which CDA2 was subsequentially silenced in CDA1/1L*
cell lineages.*™ This idea is supported by the fact that AID from shark initiates somatic
hypermutation of both B and T cell receptors'®2>%; SHM of T cell receptors may have been lost
in subsequent vertebrate lineages, appearing in limited later-diverged species, such as the Ballan
wrasse (ray-finned fish)*>* and in camels.’® Lamprey CDAs have been relatively understudied
after their discovery, with their VLR targets holding the most attention®?®; their biochemical
characterization is a main topic of this dissertation, which will be discussed extensively in Chapters

3-6.

The first immunoglobulin loci to evolve are thought to be in the elasmobranchs (sharks and
skates) and are organized quite differently from the most-studied mammalian Ig loci (human and
mice). Shark Ig loci are organized into multiple mini loci (MML),*%7 with a mini locus or
“cluster” equating to one V region placed next to one or more D regions, followed by one J segment
and a single constant region (V-DDD-J-C)n.?%81% Some MML are rearranged in the germline,
while most are rearranged via the RAG recombinase.'®%%” Shark Ig undergo SHM, with long,
tandem substitutions unique to these species as a result of AlID-initiated mutations,?8:158.160-162 ¢
was originally believed that shark Ig did not undergo CSR*®3; however, the recombined VDJ of
one cluster can be “switched” with that of another, leading to a different constant region attached
to the recombined VVDJ region, possibly initiated by AID.'%41% Shark have three types of Ig: IgM,
present in almost all vertebrates, IgW (may be a counterpart to 1gD), and IgNAR, which is unique
to sharks, being made up of only heavy chains.!2:148.158.166 At time of writing, shark AID has not

been biochemically characterized outside that described in Chapter 3 of this dissertation.
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Outside of humans and mice, AID, SHM, and CSR have been the most extensively studied
in ray-finned fish. Poikilotherms (cold-blooded animals unable to regulate their temperature) such
as ray-finned fish have modest changes in antibody affinity, which was found to be initiated by
SHM. 128159167172 Thijs js likely due to inefficiencies caused by a lack of organized germinal
centres; instead, ray-finned fish appear to have germinal centre-like clusters of
melanomacrophages (MMC) with AID-producing cells in the centre.'6%1"1173 Teleost fish (ray-
and lobe-finned fish) appear to have Ig loci made up of both MML and translocon-type
organizations, the latter of which is how most tetrapod Ig loci are arranged. In ray-finned fish, the
V, D, and J segments are arranged as in mammalian Ig loci, with the IgM and IgD constant regions
at the 3’ end, one after the other. However, the teleost-unique IgZ/T constant region is located
further upstream, separated from the IgM and IgD constant regions by D segments (Vn-Dn-Jn-Cz-
Dn-C,,Cs). 128157174176 | yngfish also have IgW and the lungfish-specific IgN and 1gQ."" However,
bony fish Ig loci do not undergo CSR; the IgM and IgD constant regions are “switched” via

alternative splicing, while 1gZ/T is expressed after alternative V(D)J rearrangement.’

The first AID ortholog was identified in the channel catfish.*2217° All teleost fish AID have
a unique insert in the catalytic domain, but the biochemical consequences of this insert are as of
yet unknown.'?%1%° Catfish and fugu AID appear to have nuclear export and localization domains
conserved with other non-mammalian vertebrate domains with expectant results upon their
mutation.38159178.17 There are no reports of AID transcriptional regulators outside of mammals,
so the regulation of bony fish AID is currently unknown; however, it stands to reason that these
enzymes are also highly regulated like their mammalian counterparts, due to the fidelity of the

genomes of this animals and the apparent tight regulation of their AID expression.t%%16%18 Degpite
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the lack of CSR in bony fish, AID from zebrafish, catfish, and fugu were able to drive CSR in
activated B cells from AID-deficient mice, though their relative efficiencies varied,1>%178.179.181 |¢
is likely that CSR developed as a consequence of full translocon organization of the loci along
with evolution of regulatory components, and not due to AID mutations.}?182 Interestingly,
lungfish lack AID and may not experience SHM, but these findings have yet to be confirmed by

other works.14°

The temperature sensitivity of the bony fish AID enzymes were apparent in the
aforementioned CSR experiments and confirmed by subsequent works: the fish AIDs were
catalytically more active at cooler temperatures, while human AID was most active around
37 °C.129.159.179,181,183 pyrified zebrafish AID was found to be more catalytically active than catfish
and human AID when all were tested at their optimal temperatures.'8® Zebrafish AID was also
found to be more efficient than human AID at deaminating methylated cytidines, likely due to its
developmental role in this species.'®18 As seen by these referenced data, most experiments with
teleost AID are performed in a cellular context; AID from the relatively recently-diverged

pufferfish tetraodon is biochemically characterized outside the cell in Chapter 3 of this thesis.

As the first tetrapods, amphibian 1g loci resemble those of other recently-diverged
vertebrates, organized as translocons.? Xenopus antibodies undergo SHM and CSR, however,
the switch regions in Xenopus are interestingly AT-rich compared to the GC-rich switch regions
of mammals, which may affect switching efficiency.?>®#718 |nstead of MMCs or germinal
centres, amphibians may have undefined clusters of dendritic cells with both conventional and
follicular dendritic cell characteristics,15%:167:168.180,189.190 qemonstrating a midpoint between MMC

and GC evolution. Xenopus AID has been shown to demonstrate CSR activity,'**"® and is
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expressed in hematopoietic tissues, hinting at a role in ontogeny.**® Neither xenopus AID nor

other amphibian AID have been extensively biochemically characterized at time of writing.

Avian (bird) Ig loci, at least the ones that have been sequenced (duck, chicken, and ostrich),
are unique among the higher vertebrates in that there is a single functional germline locus (V-Dn-
J or V-J) that is recombined via V(D)J recombination; further diversification occurs via gene
conversion (similar to how VLRs are recombined, discussed in Chapter 4), initiated by avian
AID.1851917193 Asjde from experiments demonstrating that bovine AID can demethylate DNA via
deaminase activity,*** no other non-human, non-mouse AID has been characterized in the higher
vertebrates, and its targets (Ig) and activity (SHM and CSR) in other non-human animals remain
unstudied. A summary of AID/APOBEC enzymes, somatic diversification processes, and Ig loci

organization can be found in Figure 1.4.
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Figure 1.4 AID/APOBEC family members and Ig loci and diversification in animals

*, A3C in the lungfish is likely another APOBEC ortholog and not a true A3 gene. NC,

noncanonical, i.e., the mechanism is different from what is known to take place in most jawed

vertebrate species; /, not found in the clade; MML, multiple mini loci; TL, translocon; ?,

questionable or unconfirmed; Unk, unknown; GC, gene conversion.
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The information gathered thus far is that AID plays a vital role in adaptive immunity with
potential for roles in innate immunity and development. While it is highly regulated by multi-
layered, redundant systems, its dysregulation does occur and can result in catastrophic genomic
consequences. Furthermore, AID from different species likely have unique biochemical
characteristics due to the species-specific roles of AID in immunity and development, the varying
body conditions (e.g., temperature) of these different species, and its ever-changing substrate target
(1g). However, while its roles in human disease and cancers have been extensively studied, its
regulation and biochemical characterization has been less investigated—its evolution and
characterization of its orthologs even less so. The relatively few biochemical studies that have been
performed have been done in cellular contexts; the study of purified AID enzymes is delegated to

only a few investigations.

The remaining sections of this introduction detail a theory as to why that is, based on
analysis of the literature and first-hand experience conducting research in this field. The
advantages and disadvantages of this weighted study are described, and a new framework is
proposed, wherein these different methodologies work together to improve our understanding of

not only AID, but any other enzyme.
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1.9 Of cells, mice, and men

In the study of human immunology and disease, most of the field’s focus is on in vivo
model organisms, such as mice and rats, or in mammalian cell culture experiments.'*> Mice, being
genetically and evolutionarily closely related to humans, provide a time-efficient, cost-effective,
and ethically-favourable whole-organism alternative to studying humans directly.®® Alternatively,
cellular studies provide a microscopic view of immune system mechanisms and disease
pathogenesis, allowing manipulation of the extra- and intracellular environment. The value in these
methods is based on the perception that replicating nature as close as possible produces data that
more accurately mirror what occurs in nature.'%1% As cellular work is outside of the whole
organism, it is often qualified as being less accurate to reality than in vivo work.1%7:199:200
Biochemical studies done outside the confines of the cell (hereafter named in vitro work) are thus
further devalued, being even further separated from conditions within an organism. Lastly, in silico
computational renderings of proteins and biological processes are sometimes perceived as purely
theoretical or mathematical, lacking biological expertise.?* Each method is assigned inherent
value based on its replicability or “closeness” to reality; however, this linear meritocracy is based

on incomplete notions about replicability.

An alternative view to consider is that all forms of experimentation have varying
correlations with reality or “accuracy”. Although more genetically like humans than most other
mammals, mice are insufficient models of various diseases. Mice are 2500 times smaller than
humans, resulting in a much higher metabolic rate and shorter life span, which affect metabolic-
and age-related diseases, such as Parkinsons’.'%72%2 The inconsistency of studying the immune

response to cancer in immunologically-deficient mice grafted with human tumours is clear, yet
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these types of studies persist.'®® Other human diseases which are not accurately replicated in mice
include Lesch-Nyhan syndrome, Lowe syndrome, X-linked andrenoleukodystrophy, and Fabry
disease, among others.?%® Though other species prove to provide more accurate representation of
human disease, such as the rabbit model of tuberculosis, mice work in tuberculosis and other
diseases continues.?%* Attempts are made to “humanize” mice to better represent human health and
disease, for example, by injecting immunocompromised mice with human peripheral blood
mononuclear cells. Humanized mice have increased our understanding of multiple diseases, such
as breast cancer, and development in this methodology has shown great potential in the study of
personalized cancer treatment.?%>-2%" However, “humanized” mice often have short life spans due
to graft-versus-host disease (GVHD) where the human immune cells attack the mouse cells; in
fact, mouse models to study GVHD are often created using humanization methods.?072%
Furthermore, regardless of how “human” you make a mouse, there remain stark differences
between the mouse model and human response to disease, such as augmented regulatory T cell
responses.?%72% Regardless of being humanized or not, all preclinical animal models have shown

to be poor predictors of human responses to drugs, with estimated failure rates as high as 90%.%

Considering the lack of replicability of human disease in mice, over 95% of animal studies
are performed using this species due to their many advantages, such as a sequenced genome,
availability of thousands of strains, and ease of care and genetic manipulation—knowledge
acquired through thousands of years of experience working with these animals.’®®2° These
advantages supersede the inaccuracies of mice work, something the field accepts often without
qualification. Similarly, cellular work is often accepted as a second-best study model, after in vivo

methodologies, due to it being one step removed from the whole animal. The implementation of
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cellular work despite its second-best status is excused due to its inherent favourable qualities, such
as the ability to closely observe and control cellular mechanisms which cannot be done in vivo,
and its ease of care, quicker protocols, and low expense compared to most animal models.
However, cellular work has many disadvantages and inaccuracies, such as the process of
immortalization, which alters the growth and genetic patterns of the original cell type and an
artificial external environment that does not accurately imitate that seen in vivo, although advances
regarding the latter issue are being made (e.g., organoids and 3D biomimetic cultures).?*23
Despite these disadvantages, cellular work is a common experimental methodology that is
accepted by most scientists in the fields of biomedical sciences. It is thus recognized that the
purpose of each method is unique: in vivo experiments study whole system interactions, while cell
culture studies more specific mechanisms, and both must be performed to gain a better and

complete understanding of biological processes.

Even though the field of biomedical sciences enforces a linear meritocracy of in vivo being
more accurate than cellular work, the advantages, disadvantages, and inaccuracies of both are clear
and generally accepted. However, it may be advantageous to expand this analysis and acceptance
to all forms of biomedical study, including in vitro biochemical studies and in silico computational
modeling. The argument takes two forms: 1) like their in vivo and cellular counterparts, both in
vitro and in silico studies have advantages, disadvantages, and relative accuracy, and 2) each has
an inherent value based on what they can reveal about the natural world, that other methods cannot.
| suggest that instead of rating one method over the other, we appreciate each for what it can do,
and use each method when it is most advantageous to gain a more thorough, accurate, and complete

understanding of the immune system and its mechanisms. The methods used in this dissertation
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are entirely cell-free and are often disregarded at first glance by many scientists who are most
familiar with in vivo and cellular work regarding human biology; the aim of these remaining
introductory sections is to extol the many benefits of in vitro, in silico, and non-human

experimentation, to allow a higher appreciation of the work described in the following chapters.
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1.10 The “anthropocentric” view of the biological sciences

It is assumed when discussing an enzyme, receptor, or biological system, that it is the
human version being discussed unless otherwise stated, as though the human version is the baseline
for all biological, biomedical, and biochemical research. To an extent, this is true, if one subscribes
to the philosophy that the purpose of most, if not all, science is for the benefit of humanity: studying
fish health preserves food stocks, studying animal toxins supports drug and product discovery, and
studying cancers in mice is used to cure cancers in humans, not rodents. However, comparative
science is not only beneficial for its direct implications for human health and survival, but also a

crucial investigatory tool for examining the bigger question of natural life—how we got here.

Studying enzymes and biological systems of other species has often revealed important
aspects of human biology or offered solutions to medical problems. In 2002, Hochachka and
colleagues published a hypothesis paper that suggested an explanation for how prostate cancer
cells deal with an increased oxygen demand due to malignancy, when normal prostate cells are
oxygen-limited in both supply and usage.?** Oxygen is required for cellular (aerobic) respiration,
which produces Adenosine Triphosphate (ATP), the energy fuel in cells. In low-oxygen states,
anaerobic metabolism or fermentation occurs instead. Anaerobic metabolism provides energy in
low oxygen states, but does not produce end products that serve the other purpose of oxygen in
cells, which is to balance metabolically-vital redox reactions.?** In their previous works,
Hochachka et al. studied how various animals, including turtles and fish, handle redox balance in
low-oxygen situations, such as diving for air-breathing turtles or ice-covered water environments
for fish.?152%6 The solution is the fatty acid synthesis (FAS) pathway, which produces oxidized

nicotinamide adenine dinucleotide phosphate (NAPDH), which can then be used in other
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metabolic pathways to balance redox.?'* This explanation, derived from comparative biology and
applied to oncology, has been cited over 100 times®** and is a great example of how studying

biological mechanisms in non-human species can provide or inspire solutions to human problems.

A more direct example of comparative immunology helping the field of medicine can be
found in the earthworm. Not only has the earthworm been a consequential model of tissue grafting
and self versus non-self immunological study, but studies of its antimicrobial immunity have
provided the basis for alternative antibiotics.?!"?!® The wide use of antibiotics in the past century
has decreased human suffering and death, however, multiple disease-causing bacteria species have
fought back, evolving antibiotic resistance. While limiting the use of antibiotics can slow down
this process and prevent resistance in the future, the search for alternative antibiotics is quickly
becoming the only means of combatting these diseases.?'*?2% Such weapons can be found in the
most unlikely of places, such as invertebrates, who have thrived for millennia on innate immunity
and limited adaptive immunity.??! In 2003, Tincu and associates published their work on
plicatamide, an antimicrobial octapeptide from a tunicate. Plicatamide was shown to kill MRSA
(methicillin-resistant Staphylococcus aureus), the bacteria responsible for difficult-to-treat
infectious commonly attained in hospitals and nursing homes.??2 Their work in the Journal of
Biological Chemistry was cited in 101 other publications and in two patents for antimicrobial
moieties, which can be used to develop alternative antibiotics.??? Early-diverged animals have a

wealth of valuable information to provide regarding human disease and the treatment thereof.
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1.11 Evolving our current understanding — the value of comparative immunology

Outside of the anthropocentric view of comparative science, studying our more distantly
evolved cousins, such as fishes and invertebrates, has expanded our current understanding of

enzymes, mechanisms, and evolution in a variety of fields, including immunology.

Although we understand the basic mechanism of V(D)J recombination, there is still much
to be elucidated about RAGs 1 and 2, such as the structure-function relationships at play in their
enzymatic activity and their role in the evolution of lymphocyte receptor diversification
mechanisms. While studies on human RAGs 1/2 are still providing valuable insight into these
enzymes, more and more scientists are looking beyond human and mammalian RAGs to explore
earlier-diverged species with non-canonical adaptive and innate immune systems. The RAG 1 and
2 construct is believed to have originated from a transposon that, after a gene duplication event
duplicated the transposon, inserted itself into a proto-lymphocyte receptor gene, then exited the
gene, leaving behind its terminal inverted repeats (TIRs). These TIRs became the RSSs that are
required for V(D)J recombination: each sequence is divided into a heptamer and nonamer,
separated by either 12 or 23 base pairs (bp), known as the 12/23 bp rule. Sometime during or after
this process, the duplicated transposons, now lacking their TIRs, lost their transposase activity and
became recombinases. This theory is based on the organization of the RAG construct (two inward-
facing genes transcribed convergently), the similarity of recombinase and transposon activity, and
the genetic similarity of RSSs to TIRs.?222% The discovery of proto-RAG genes surrounded by
TIRs in invertebrate species lacking T and B cells (sea urchin and lancelet), corroborates this

theory 22422
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In their 2019 Nature paper, Schatz and colleagues studied the structure and activity of
purified human RAG and amphioxus (lancelet) RAG-like proteins, using in vitro structural and
biochemical analysis, followed by activity tests in cells and in vivo.??® The authors found that
RAGTI’s coupled cleavage and dependency on the 12/23 rule was dependent on the presence of its
N-terminal Nonamer Binding Domain (NBD), while BbORAGL1L (the amphioxus RAG-like gene
1) was dependent on its C-terminal tail (CTT) for the same. By creating chimera proteins with
either the RAG or BbRAGI1L cores combined with their respective or the other’s N and C
terminals, the authors concluded that it is the presence of the RAG NBD that transfers dependency
from the CTT to the N-terminal domain, thus describing an evolutionary transformation of DNA

binding domains and sequence preference.??

Amino acid (AA) sequence comparisons between the RAG and RAG-like proteins revealed
interesting structure-function relationships: by mutating Arg848 in RAGL1 to Met (the AA in the
equivalent position in BboRAG1L), RAG1 increased transposition activity. The reverse mutation
in BOoRAGLL decreased its transposition activity. BoRAG2L in amphioxus lacks an acidic hinge;
removing the acidic hinge from RAG2 suppressed RAG transposition, but only in cells, thus
suggesting RAG2 has a role in the post-cleavage steps of transposition. Taken together, these
results suggest specific structural changes that evolved over time to suppress the transposition
activity of RAGs on two fronts, thus protecting the integrity of the genome.??® These revelations
could not have been possible without species-comparative work, which highlighted specific amino
acids and protein structures that, when further explored, unveiled relevant evolutionary changes

and structure-function relationships of an immunologically important enzyme.
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Earlier-diverged vertebrates such as bony fish have different classes of immunoglobulin,
such as IgM and a fish-exclusive IgZ, yet these antibodies do not undergo CSR. However, their
antibodies are mutated through AlD-initiated SHM. This situation begot the obvious question:
why do fish Ig not undergo CSR? In an attempt to answer this question, as described earlier,
multiple groups in 2005 and 2006 tested fish AID in a CSR model and found that certain fish AID
had the ability to initiate class switching in mouse immunoglobulin loci when introduced into AID-
deficient mouse B cells.}’817%181 These results suggested that classic CSR, which appeared in
amphibians at the epoch of tetrapods, was due to the changes in AID target sequences or other
cellular processes required for CSR, not AID itself. This hypothesis is further supported by our
findings that all AID enzymes from varying species simply require a stretch of single-stranded
DNA in order to deaminate cytidine to uridine, albeit with varying substrate preferences,183.226-228
Recently, Hsu and colleagues discovered that the nurse shark immunoglobulin, which was
previously thought to not undergo CSR, was able to switch between IgM and IgW/D, even though
their Ig loci are organized into MML and lack tetrapod switch regions.'#322° This shark-specific
type of class switching was attributed to AID activity, the biochemical characteristics of which are
described further in Chapter 3.14322° These data further support the idea of class switching being a
characteristic of DNA repair mechanisms preferring translocations (rather than BER for example)
at 1g loci to repair AlD-initiated mutations, rather than being a unique attribute of AID. In support
of this model, Zarrin and colleagues demonstrated that total replacement of AID by a restriction

enzyme that cleaves at switch region DNA is sufficient to mediate CSR in mice. 1%

These comparative studies in non-mammalian species have expanded our current

understanding of antibody diversification and AID. Not only is CSR a function of immunoglobulin
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loci organization, but there are multiple methods of CSR that are not solely dependent on switch
regions. There are two valuable outcomes of these findings: 1) these revelations have further
elucidated CSR as a mechanism, which could help better understand dysregulation of human CSR;
and 2) better understanding of the role AID serves in various forms of gene diversification has

inspired the study of the alternative adaptive immunity in the lamprey, which I expand upon below.

With the technology of DNA sequencing becoming more accurate and available, more and
more genomes from different organisms are being sequenced, with norm-shattering discoveries,
such as that in the 2004 Nature paper by Pancer et al., where the jawless vertebrate lamprey was
found to have VLRs in the place of Ig antibodies.?*° Further research from Rogozin and colleagues
published in 2007 verified that the adaptive immune system in these early-diverged species does
not depend on Ig, nor RAGs, nor MHC, which were previously thought to be absolutely required
for adaptive immunity. Although lacking these major AlS factors, AID-like transcripts were found,
named CDA1 and CDA2, with CDA1 showing catalytic activity on cytidines in vitro.*?® This
discovery revolutionized how we think about AIS evolution and the development or evolution of

an AlS overall.

Adaptive immunity was previously thought to be restricted to the jawed vertebrates,
beginning with the evolution of cartilaginous fishes (sharks), who demonstrate graft rejection (self
vs non-self distinction), infection memory, and somatic hypermutation of antibody genes.162231232
The discovery of a totally new and distinct adaptive immune system in the extant jawless
vertebrates reveals an older, “parallel” adaptive immunity that can be exploited for human gain,
such as unique VLR antibodies for research or health applications.?*® This parallel AIS also

contains a vast array of research questions to tease apart for their own sake, such as the apparent
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convergent evolution of cell- and antibody-mediated immunity, and the divergent evolution of
cytidine deaminases. I, along with my colleagues, began exploring the activity of these AID-like
enzymes and their function in this parallel AIS. I recently published data that describe, for the first
time, each individual of a species having a unique set of multiple AID-like genes, the reason for
which is not yet known'?’; these data are discussed in more detail in Chapter 4 of this thesis. This
is one example of what can be gleaned from comparative species study and proves that there is

still much value and knowledge to be gained from this pursuit.
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1.12 Benefits of cellular studies

Comparative immunological investigations often involve identification and analysis of
immunologically relevant enzymes and their targets. This can be conducted in two ways: within
or without the cell. There are two main benefits of cellular assays over biochemical assays
regarding proteins. First, within a cell the protein is translated, folded, and localized in an
environment hypothetically resembling in vivo conditions, especially if using the same cells that
produce said protein, including post-translational modifications and protein-folding chaperones.
The second and most relevant benefit of cellular assays is the interaction between the enzyme and
its substrate in a more “natural” environment, including intracellular conditions like pH and salt
concentration, interplay between localization of enzyme and substrate, and effects of other cellular
proteins and processes. The purpose of cellular assays are to replicate in vivo conditions as closely
as possible to gain an “accurate” view of enzyme activity, while allowing more detailed
manipulation and observation of intracellular processes.'®® In fact, there is a phenomenon of
“moonlighting” proteins, which act completely differently in the test tube compared to inside the
cell due to said protein exhibiting vastly different characteristics within different cellular
compartments.?3* Yet, there is still a case to be made for more stripped-down and reductionist in

vitro assays that focus on the biochemistry of enzyme-substrate interactions.
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1.13 In vitro study — what an enzyme “does”

There are two veins of exploration when researching enzymes. The first is elucidation of
the enzyme’s normal activity and its effect in cancer, disease, and homeostasis. The second is the
thorough investigation of what the enzyme is capable of. Both veins of research can be informed
by biochemical assays. First, cellular assays have the potential to dampen or hide the activity of
the enzyme; for example, AlD-initiated mutations are often corrected by DNA-repair mechanisms
present in the cell. Thus, in order to identify AID activity in the cell, uracil N glycosylase (UNG)-
or mismatch repair-deficient cell lines must be used to leave the dC (deoxycytidine) - dU
(deoxyuridine) mutations intact.*®! In vitro assays that only include the enzyme and substrate
eliminate such corrective effects. Furthermore, often cell assays are “reporter” assays, with specific
targets in mind for the enzyme that give broad or simple indications of activity; for example, AID
activity in a cell grown on rifampicin plates can be indicated if AID mutates the rpoB gene, thus
conferring rifampicin resistance to the cell, which grows into a colony.*’®?® Evidence of class
switching can be elucidated by transforming AID”- mammalian B cell lines with retroviruses
containing AID mRNA, then inducing an immune response via LPS and IL-4; the efficiency of
AlD-initiated CSR is determined by the relative number of 1gG-expressing cells.!! Presuming a
target sequence, such as in the reporter assay example, is quite limiting, especially when examining
previously-untested proteins: any negative result could be because a non-optimal substrate was
used. By keeping the assay simple, as in in vitro methods, one can introduce hundreds of variable
substrates to the enzyme in a cost- and time-efficient manner, resulting in a more thorough test of
possible activity. Furthermore, cellular reporter assays are often difficult to quantify, providing a

simple “yes” or “no” answer with limited ability for gradations. With in vitro assays like alkaline
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cleavage (described in Chapter 2) we can obtain a gradient of activity which enables calculation

of enzyme kinetics, thus allowing objective and delicate comparison between orthologous proteins.

In the search for an enzyme’s normal activity in vivo, cellular assays can also be detrimental
due to their oft-praised complexity. If it is hypothesized that an enzyme requires other co-factors
to work, one cannot ascertain what the purpose of said co-factors are until they are stripped from
the enzyme; these potential co-factors can then be added on one-by-one to logically determine
their order and purpose. It has been proposed that AID has multiple co-factors, but in vitro
biochemical assays have determined that AID alone is sufficient to initiate DNA mutation both in
small, partially single-stranded oligonucleotides, and in single-stranded and breathing double-
stranded plasmids.*32%6-228 These potential co-factors could simply be attracted to AID due to
charge differentials and not for any enzymatic purpose. Enzymatic assays in cells can also be
difficult due to the fragility of the cells themselves. Some enzymes can be toxic to cells if expressed
at the wrong time in the life cycle, or over/under-expressed, which can be required when exploring
an enzyme’s activity in the cell. For example, AID and other APOBECs are DNA-mutating

enzymes, which can be genotoxic if over-expressed in cells (see Section 1.6 above).23®
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1.14 In vitro study — what an enzyme “can do”

Within the second vein of enzyme investigation, searching for what an enzyme is capable
of not only gives us a more accurate view of structure-function relationships, it can also reveal
insights into regulatory mechanisms employed by the organism. To determine the relationship
between certain structural characteristics and function of the enzyme, enzymologists often create
mutations at strategic points in the enzyme to determine what effect those specific amino acids
have on catalytic activity or binding substrate. For example, in Drs. King and Larijani’s 2015
Structure paper, they altered asparagine (Asn) at position 51 in human AID, which is a secondary
catalytic residue conserved in all APOBECsS, to either a glutamine (GIn) or alanine (Ala). Both
mutations resulted in decreased activity in our alkaline cleavage assays, which was hypothesized
to be due to the bulkier side-chain of GIn vs Asn, and the lack of amine side chain in Ala.%® These
delicate differences could have been obstructed in a more complicated environment like the cell,
where mutations to the protein could have indirect influences on activity, such as cellular
localization or co-factor/chaperone binding. These indirect effects are important to explore, but

not before nor at the same time as delineating structure-function relationships.

The complexity and fragility of cells also prevent extensive research of optimal conditions
for the enzyme, such as temperature, pH, salt concentration, etc., as any deviation from the cells’
environmental requirements could be lethal. Deviation from these norms could also alter the cells’
life cycle and normal activities, thus negating the main benefit of cellular work, in that it is closer
to in vivo conditions than biochemical work. Not only do cells not tolerate a large range of
conditions such as pH or temperature, but even within the narrow tolerated range, it would be

extremely difficult to separate the direct impact of these conditions on the enzyme from that on
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the many other cellular processes which could, in turn, impact the outcome of the cell-based
enzyme function assays. Testing these optimal conditions, despite them being outside the realm of
natural probability, can reveal interesting aspects of enzyme regulation. For example, Chester and
associates in 2004 discovered an amazing characteristic of Al: using purified Glutathione S-
transferase (GST)-tagged Al in biochemical in vitro assays, Chester et al. found that the optimal
temperature of Al alone, without its cofactor APOBEC-1 complementation factor (ACF), is closer
to 45 °C rather than the expected human physiological temperature of 37 °C.%" They explained
this is likely due to its substrate RNA spontaneously forming a more Al-favourable conformation
at high temperatures, and that ACF works to fold RNA into these conformations at physiological
temperature.?®’ This raises a lot of interesting questions, such as why did Al evolve to require
RNA to be in an unnatural state? Is it because the RNA-mutating Al evolved from the DNA-
mutating AID,'?3124129 and this unnatural state of RNA is a compromise between the two different
substrates? How did ACF become recruited for this purpose? Aside from these interesting
philosophical and evolutionary questions, this work exposed the thermostability of Al and the true
purpose of ACF: aspects that can be manipulated through drug interactions in a disease situation.
This important work would have been impossible in a cellular assay and demonstrates the capacity

of in vitro biochemical assays for illuminating in vivo characteristics.
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1.15 The relationship of a reductionist in vitro enzyme analysis to physiological in vivo

functions

Previous in vitro analyses of AID biochemical characteristics have already yielded
important discoveries regarding its in vivo activity. In 1992, Rogozin and associates determined
that SHM occurs more frequently in cytidines preceded by an A or T (W) in the —2 position and a
A or G (R) in the —1 position, denoted as WRC motifs.?® Subsequent substrate specificity
experiments on purified AID proved that this preference was due to characteristics inherent in AID
itself, and did not require any co-factors or extraneous conditions.*®523%-241 |n vitro analysis of the
preferred topologies of DNA substrate for purified AID revealed that AID acts on single-stranded
DNA,40-2% Jeading to the conclusion that AID requires transcription of g loci in vivo to provide
single-stranded targets3340-44.243.246-248 thjs discovery eventually led to further revelations on AID
regulation, such as AID transport into the nucleus needing to be synchronous with transcription of

Ig loci (see Section 1.5).

Transcription of DNA produces ssDNA in various conformations: within the transcription
bubble as the strands are separated; adjacent to the DNA/RNA hybrid strands as the DNA is
transcribed; in unwound, double-stranded DNA as it breathes; and in breathing supercoiled DNA.
It is difficult to ascertain the relationship of AID activity to these different DNA topologies in in
vivo and even cellular assays. In vitro analysis of purified AID activity on DNA/RNA hybrids
revealed that such substrates are only preferred if they contain switch region sequences, which
may be another layer of regulation to prevent AID from targeting simultaneously transcribed non-
switch region DNA.® Exploration of AID activity without transcription on supercoiled, single-

stranded, and double-stranded DNA revealed that AID can deaminate cytidines on both
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supercoiled and single-stranded DNA at similar rates, while deamination of double-stranded DNA,
while still present, was much reduced.** While many initial theories suggested AID required
different protein co-factors related to transcription for its activity similar to its Al relative,242:246:249
the addition of transcription only modestly enhanced AID activity on supercoiled DNA. Thus AID
may only require transcription to create sections of single-stranded DNA, rather than provide any

direct protein-protein interaction to increase AlD enzymatic activity.*

Other in vitro assays that have helped elucidate AID’s in vivo role include that which
determined AID’s processivity. In 2003, Pham et al. found that purified AID incubated with
ssDNA mutated only 2% of the available ssDNA, with 10-70 dC->dT (deoxythymidine)
transitions per clone. Furthermore, many of these mutations included five consecutive deaminated
dCs, which negates the possibility of multiple, immobile AID proteins being responsible.
Therefore, AID likely is a processive enzyme, and the mutations seen are due to multiple mutations
once bound, rather than multiple binding events.?*? This finding was affirmed in a separate
experiment in which AID was incubated with ssDNA, double-stranded DNA (dsDNA), and
supercoiled DNA: there was a four to nine-fold difference between the proportion of linear dsSDNA
and supercoiled dsDNA targeted by AID, but a 10-100-fold difference in AID-mediated mutation
frequency, suggesting the preference of AID for supercoiled dsDNA lay in its processivity, not
strand promiscuity.*® This characteristic of AID could have evolved to take advantage of the

fleeting availability of unobstructed ssDNA during transcription in vivo.

More in vitro work explained AID’s processivity biochemically. Electrophoretic mobility

shift assays (EMSA) of purified AID incubated with serial dilutions of sSDNA revealed that AID
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has an unusually high affinity for sSDNA with a long protein-substrate binding half-life, which is

likely due to the large net positive surface charge of most AID enzymes.+3:127:229.240

The ability of in vitro experimentation to strip down a biological activity to its bare
necessities, without cells or cellular processes, helped us to elucidate that AID likely evolved a
high affinity for and long complex half-life with sSDNA to be more processive, in order to take
advantage of transient sSDNA during transcription. These in vitro findings of AID’s biomolecular
characteristics have explained AID’s in vivo activity, which is mutation of 1g genes during B cell
development. Thus, in vitro experimentation is not only capable of explaining in vivo phenomenon

but is often the only manner in which we can appropriately study certain processes.
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1.16 Computational biology: the new frontier

Aside from AID, the APOBEC3s (A3s) are the most studied APOBEC family member,
being implicated both positively and negatively in viral and cancer immunity.'%® Unfortunately,
AID and the A3s are difficult to isolate and purify due to their insolubility, highly-charged
surfaces, formation of polydisperse oligomers, and extensive non-specific protein-
protein/DNA/RNA interactions. Consequently, to increase stability of the protein, all available
AID and A3 structures produced using X-ray and Nuclear Magnetic Resonance crystallography
(XRC and NMR, respectively) are highly altered, so much so that they lose their ability to perform
known functions such as CSR and SHM for human AID.532%0-2%2 That being said, the multiple,
albeit mutated, structures have afforded a core template that King and associates used to generate
computational models of AID based on its amino acid sequence.®® When they focused on the
lowest energy clusters, most were in a closed-pocket state; this discovery explained the low
catalytic rate of AID compared to other APOBECSs, which, when modelled, were more often found
to be in an open-pocket formation.®® These data were confirmed shortly thereafter with mutated
AID and APOBEC X-ray structures, thus showing the validity of the computational-biochemical
approach wherein computational models are explored and their closeness to the actual structure is
scrutinized through testing of specific model-based hypothesis in functional enzyme assays using

mutants or chimeras.®6:23

Aside from the benefit of analyzing difficult enzyme structures, computational analysis is
also more time- and cost-efficient compared to XRC and NMR crystallography, allowing for the
creation of a statistically relevant cohort of structures in different conformations, thus enabling the

pocket-state observation. Due to a relevant lack of time restraints and resources compared to those
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required for XRC and NMR, King et al. could also include intentional mutations and chimeras in
their modelled cohort to explore structure-function relationships.®® Due to the mutations necessary
for protein purification, this exploration would be inappropriate using XRC and NMR
crystallography, as any “purifying” mutation could affect the “intentional” mutations in
unexpected ways. Furthermore, even in easy-to-purify proteins, intentionally altering the enzyme
could have unintended consequences on purification, thus increasing the difficulty of this

exploratory process.

Due to current restrictions of technology and computational analysis, the in silico rendering
of an enzyme’s structure cannot be accurately completed without an in vitro crystal structure. On
the other hand, especially in the cases of difficult-to-purify enzymes, the mutated crystal structures
currently available cannot and should not be solely relied-upon to illustrate the enzyme’s true
structure. It is through careful analysis of both the in vitro and in silico structures that we can form

the most accurate picture of enzyme structure and function.
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1.17 Summary

It is thus apparent that in vitro and in silico methods have some advantages as well as
disadvantages over their cellular and in vivo counterparts, and as technology progresses more will
be capable using these methodologies, such as in silico modeling of an entire cell and all its internal
interacting mechanisms.?>*2% Cellular studies are also progressing to be more like in vivo organ
systems, such as with 3D tissue culture.?0025-2%% Genetic alterations of in vivo animal models are
also becoming more sophisticated, allowing more fidelity in animal-human comparison.'%
Therefore, this pivotal moment in biomedical sciences where all methods are technologically
advancing provides an excellent opportunity to re-evaluate our field’s preconceived notions on the
inherent value or truthfulness of a methodology, and instead recognize that all methods have
advantages and disadvantages. Based on the examples provided in the above sections, my
contention is that only by combining data from multiple types of experiments (in vitro, in silico,
in vivo), in multiple animal models (human, mammals, fishes), from varying points of view (what

a protein does vs. what it can do), can we fully elucidate the intricacies of life’s biological

processes.

52



1.18 Thesis synopsis

The work described in this thesis exemplifies the argument for a comprehensive, multi-
dimensional approach to enzyme characterization. In each chapter, | use in vitro methods to
elucidate the enzymatic activity of AID orthologs from various species, complemented with in
silico modelling and observations from in vivo animal behaviour and immunological responses. |
hypothesize that AID and CDA orthologs from multiple species exhibit unique
characteristics, the elucidation of which can offer insights into the immune mechanisms of
each species, as well as the evolution of the AIS as a whole. In Chapter 2, | describe the materials
and methods used in each subsequent chapter. In Chapter 3, | describe my work comparing AID
orthologs from five vertebrate species representative of key divergence junctures during vertebrate
evolution, identifying evolutionarily conserved similarities and adaptive differences between
them. In Chapter 4, | characterize multiple AID-like enzymes in the freshwater lampreys and
suggest novel activities in this parallel AIS for their expanded AID repertoire. Finally, in Chapter
5, I illustrate my extensive search for CDAZ2 activity, revealing the possibility that this may be an
enzymatically sluggish cytidine deaminase acting on DNA, while also suggesting further methods

of exploration.
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Chapter 2 Materials and Methods

2.1 AID expression and purification

AID- and CDA-encoding open reading frames (ORFs) from Chapters 3 and 5 and the
unspliced CDA variant and APOBEC3G ORFs in Chapter 4 were synthesized in the pBluescript
Il plasmid (Genscript, US) with EcoRI fragments at both 5’ and 3’ ends. The remaining CDA
variants in Chapter 4 were synthesized into either pGem-T_easy (CDA1L1 2 and CDALL1 4)or
pBluescript 1l (CDAL1L1 1 and CDALL1_3). The ORF sequences of Pm-CDA1 and Pm-CDA2
(Sea Lamprey, Petromyzon marinus, CDA1 and CDA2) were based on the previously published
sequences.*?® The Gc-AID (Nurse Shark, Ginglymostoma cirratum, AID) ORF was based on a
cDNA sequence obtained from a nurse shark spleen cDNA library, amplified from the highly
conserved central portion, which was then used as a probe for phage display library. The ORF of
Lc-AlID (coelacanth, Latimeria chalumnae, AID) was assembled from the published coelacanth
genome.?®® Human (Homo sapiens, Hs), zebrafish (Danio rerio, Dr), and tetraodon (Tetraodon
nigroviridis, Tn) AID and human APOBEC3G ORFs were based on published sequences.?6-264
ORFs of the CDA variants in Chapter 4 were sequenced from the freshwater lamprey, Lampetra

planeri (Lp) specimens as described.'?’

GST-tagged, purified proteins: The ORFs of Hs-, Lc-, Tn-, and Gc-AlD, and Pm-CDA1
were excised from their respective plasmids via EcoRlI restriction digestion (1 mg DNA, ~ 10 units
of EcoRI (New England Biolabs Inc. [NEB]), 1x reaction buffer (NEB), incubated at 37 °C in
excess of 1 hour). The total amount of digested DNA was diluted with 1x loading dye, from the
6x loading dye that was made in-house (60% glycerol [Fisher Scientific], 10 mM Tris-HCI, pH

7.6, 60 mM ethylenediaminetetraacetic acid [EDTA], 0.03% Bromophenol Blue, and 0.03%
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Xylene Cyanol FF). The digested DNA was separated on a 1% agarose gel (1% agarose
[ThermoFisher], milliQ water, 1% Ethidium Bromide [EtBr, Sigma-Aldrich], 1x Tris-Borate-
EDTA [TBE]) and the ORF band (~ 600-700 bp) was visualized under ultraviolet light. The ORF
band was excised from the gel using a sterilized scalpel and purified using the Qiaquick Gel
Extraction Kit (Qiagen): note, 3 M sodium acetate, pH 5.0, was added to most gel extractions to
maintain appropriate pH, the optional addition of 0.5 mL Buffer QG was always performed, the
elution buffer was always warmed before addition to the columns (added 30 uL), and the

flowthrough was always re-added to the column and spun again.

To generate GST-AID expression constructs, the EcoRI fragments containing ORFs were
ligated into pGEX-5X-3 (GE Healthcare, USA) at 5:1 and 10:1 ratios (50 ng of the vector, 400
units of T4 DNA Ligase [NEB], 1x ligase reaction buffer [NEB], 16 °C for 16 hours, then 25 °C
for 1 hour). Half of the ligation reaction was transformed into 30-50 pL of XL Blue cells
(incubated on ice for 25 min, heat shocked in a 42 °C water bath for 1 min, and recovered on ice
for 1 min), which were then resuspended in Lysogeny Broth (LB, Miller formula; 250 mL LB, 37
°C, 1 hour, 225 rotations per minute [rpm]), and plated on LB agar + ampicillin (AMP; 100
pg/mL), grown for 16-24 hours at 37 °C, in a humid environment. Colonies were picked using
sterilized toothpicks which were dropped into 5 mL of LB + AMP, grown at 37 °C, 225 rpm, for
16 hours. The DNA was then extracted using the Geneaid High-Speed Plasmid Mini kit: note, the
optional addition of 400 uL of W1 Buffer was always performed, the elution buffer was always
warmed before addition to the column, 30 pL of elution buffer was added, and the flowthrough

was always put back through the column to maximize DNA extraction.

Plasmids that contained correct inserts were verified by restriction analysis and DNA

sequencing (Macrogen, Seoul, South Korea). Two independent correct expression constructs were
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carried forward for expression of each AID homolog. The plasmids were then transformed into
Escherichia coli (E. coli) DE3 cells. Plasmid production was induced by addition of 1 mM IPTG
(isopropyl pB-D-thiogalactopyranoside) to a log-phase culture, followed by incubation at 16 °C for
16 hours. Cells were lysed in a cold (~ 4 °C) French pressure cell press (Thermospectronic) twice,
the supernatant applied to a column of glutathione-Sepharose high-performance beads
(Amersham; located in a 4 °C room), the flowthrough collected and applied to the column again.
The beads were washed twice in 20 mL of 1x PBS (phosphate-buffered saline; Sigma), and GST-
tagged protein was eluted in elution buffer (0.05 M Tris, pH 8.0, and 0.01 M L-glutathione
[reduced]), in 500 pL fractions. Relative amounts of total protein were measured on a
ThermoFisher NanoDrop 2000 spectrophotometer, with the highest 2—4 fractions being chosen for
dialysis. Eluted protein was dialyzed for 16 hours at 4 °C using SnakeSkin 22 mm Dialysis Tubing
(ThermoFisher Scientific) in 1 L of AID storage buffer (20 mM Tris-HCI, pH 7.5, 100 mM NacCl,
and 1 mM dithiothreitol [DTT]). The dialysis buffer was then refreshed and the protein dialyzed
again for 1-2 hours. The protein was then aliquoted and flash frozen in liquid nitrogen. For each

GST-AID clone, 1-4 independent GST-AID preparations were purified.

Purity and relative concentrations of each GST-AID preparation were assessed by SDS-
PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis, BioRad Protean system). For
each SDS-PAGE gel, an 8% acrylamide resolving gel (8% acrylamide/bis solution, 19:1 [BioRad];
0.375 M Tris-HCI, pH 8.8 [Resolving Gel Buffer, BioRad]; 0.1% SDS [Sigma-Aldrich]; 0.066%
APS  [ammonium  persulfate, Sigma-Aldrich]; and 0.04% TEMED [N,N,N’,N'-
Tetramethylethylenediamine, Sigma-Aldrich]) was topped with a 4% stacking gel (4%
acrylamide/bis acrylamide, 19:1; 0.125 M Tris-HCI, pH 6.8 [Stacking Gel Buffer]; 0.1% SDS;

0.066% APS; and 0.08% TEMED).
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To initially test proper protein induction and purity, purified protein in dialysis buffer was
mixed with 2x SSB (0.1 M Tris-HCI, pH 6.6 [Stacking Gel Buffer], 4% SDS, 10% Beta-
Mercaptoethanol, 20% glycerol, and bromophenol blue [for colour]) at two different
concentrations (usually at ratios of 1:3 and 2:2, protein and 2x SSB). IPTG-induced and control
uninduced bacterial samples (1 mL), taken immediately before the 16 °C, 16-hour incubation, were
pelleted, the supernatant poured off, and resuspended in 50 pL and 100 pL of 2x SSB, respectively.
All protein and bacteria samples in 2x SSB were heated in a dry hot bath for ~ 10 minutes at 98
°C, and briefly spun in a microcentrifuge. The 1.0 mm-thick wells were cleaned with 1x running
buffer (2.5 mM Tris [Fisher], 19.2 mM glycine [Fisher], and 0.01% SDS, pH 8.3) and 10 pL of
each sample was loaded in each well; 5-7 pL of protein ladder (Thermoscientific) was also loaded.
The gels were run in 1x running buffer in the BioRad SDS-PAGE apparatus at 50 V (~ 30 minutes)
until the 2x SSB dye had passed the stacking gel, then at 90-120 V until the dye line neared the
bottom of the resolving gel (~ 1 hour). The gels were stained in coomassie stain (0.1% Coomassie
blue R-250 [ThermoFisher], 40% methanol, and 10% glacial acetic acid) followed by destaining
(20% methanol and 6% glacial acetic acid). Gels were imaged on an ImageQuant phosphorimager
(GE Healthcare) to visualize the purified protein bands and induced and uninduced bacterial

cultures, and dried on a vacuum-sealed heater for 4 hours for conservation (see Figure 2.1A).
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Figure 2.1 SDS-PAGE gels of GST-AID to determine relative purity and concentration of

purified proteins
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Legend: Figure 2.1

A SDS-PAGE gel of two dilutions of purified GST-Lc-AID (1:3 and 2:2, protein to 2x SSB),
which is ~ 51 kDa in size. The black arrow is pointing to the GST-Lc-AID protein band in the
induced (+) culture sample, the white arrow points to the same position in the negative control,
which lacks a band. L, ladder. B SDS-PAGE gel of three known amounts of BSA (Bovine Serum
Albumin), 0.25 pg, 0.05 pg, and 1 pg, and four dilutions of the purified dead mutant (*, H56Y,
E58G) of GST-Gc-AlID (2, 4, 6, and 8 pL of purified protein in 13, 11, 9, and 7 pL of 2x SSB,
respectively). BSA is ~ 66 kDa (black outlined arrow) and GST-Gc-AID* is ~ 51 kDa (white
outlined arrow, running slightly low on the gel). The ladder (L) was moved to the left side of the
gel for clarity; the white spaces denote this edit. C Graph of Volume (INT, intensity) versus Mass
(1g) of BSA (closed circles) and GST-Gc-AlID* (open circles). The straight line of regression is

analyzed from the BSA data points. The GST-Gc-AlID* data points are interpolated from this line.
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If there is a prominent protein band of the calculated size of the protein (GST tag + AID
fusion protein) in the induced sample, if it is the same size as the purified protein bands, and if said
band is not present or much reduced in the uninduced sample, it can be assumed that appropriate
protein induction has occurred. The SDS-PAGE gels also indicate the purity of the purified
samples, which is demonstrated by reduced or lack of excess bands compared to the bacteria
culture samples. Previous optimization of this protocol has demonstrated that AID purities of 85—
95% are achieved; further rinsing of the GST beads (4+ rinses of 1x PBS) resulted in inactive
GST-AID, presumably reflecting the requirement of other proteins to keep GST-AID fusion

protein soluble and thus able to effectively interact with substrate in solution.??®

To determine the concentration of purified GST-AID protein, known amounts of Bovine
Serum Albumin (BSA) standard were run on the same SDS-PAGE gel with different dilutions of
purified GST-AID (Figure 2.1B). The gel was imaged and the bands quantified using ImageQuant
software (GE Healthcare). The volumes (in “intensity” units) of the BSA bands were plotted
against their corresponding masses and a regression line drawn (Figure 2.1C). This regression line
was used to calculate two to four concentrations of purified GST-AID protein, which were

averaged to generate the final concentration.

His-tagged proteins: Kpnl and EcoRYV restriction sites were added to the 5’ and 3’ ends,
respectively, during synthesis of each CDA variant ORF by polymerase chain reaction (PCR),
followed by cloning into the multiple cloning site of the eukaryotic expression vector
pcDNA3.1/V5-8xHis-TOPO, upstream of the V5 linker and polyhistidine (His) tag (see previous
section for cloning procedure). Plasmids with correct inserts were verified by restriction analysis

and sequencing. For each CDA variant, two independent correct expression constructs were
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chosen for transfection and protein production. Expression vectors containing Hs-, Dr-, and Gc-

AID and APOBEC3G ORFs were constructed in the same manner, as positive controls.

To prepare for transfection, HEK (human embryonic kidney) 293T cells were split into 25
x 10 cm tissue culture plates and grown (at 37 °C, 5% COy) to 50% confluence in Dulbecco’s
modified Eagle medium, high glucose (DMEM) containing 1 mM sodium pyruvate, 10%
supplemented calf serum, 55 pug/mL streptomycin, and 55 units/mL penicillin (all from Gibco),
resulting in each plate containing 5 x 10° HEK 293T cells. The cells in each of 24 plates were
transfected with 5 pg of purified ORF-containing plasmid using 2.1 uL/mL of PolyJet In Vitro
DNA Transfection Reagent (SignaGen) diluted in serum-free media; one plate was left
untransfected as a control for a total of 25. Cells were incubated at 37 °C, 5% CO. for ~ 48 hours.
One plate of transfected cells was set aside for western blot, the remainder were harvested and

pelleted by centrifugation and frozen.

Before purification, the harvested cells were tested for protein production by western blot.
First, 1 mL of 2x SSB was added to the one plate of cells that was set aside; the cells were left at
room temperature to lyse/detach from the plate, after which they were scraped off and pipetted
into a 1.5 mL tube for storage at —20 °C or immediately used for western blot analysis. Of the cells
+ SSB, 15 pL was added to 10 pL of 2x SSB + dye, vortexed, spun down in a minifuge, boiled for
10 minutes in a dry bath at 98 °C, vortexed, and spun down again. Then, 10 puL was added to an
SDS-PAGE gel prepared as previously described, run at 50 V until the dye line passed the stacking
gel, and at ~ 90 V until the dye line reached the bottom of the plates
(~ 1.5 hours total). Meanwhile, the Bio-Rad Western Blot gel holder cassette, two fiber pads, two
blotting filter paper sheets, and a precut Hybond membrane (GE Healthcare) were soaked in 1x

Transfer Buffer (0.025 M Tris, 0.192 M glycine, 20% MeOH) at 4 °C. The stacking gel was

61



removed from the resolving gel, the latter of which was rinsed with then soaked in 1x Transfer
Buffer for 15 minutes, shaking, at 22 °C ; the buffer was refreshed three times during this period.
The gel holder was then assembled as follows: black side of gel holder cassette, fiber pad, blotting
filter paper sheet, gel, membrane, other blotting filter paper sheet, other fiber pad, and white/red
side of cassette. The assembled gel holder was placed inside the rinsed, cold BioRad apparatus,
which was then filled with cold (4 °C) 1x Transfer Buffer. The apparatus was placed in an ice
bucket and run at ~ 70 V for ~ 1.5 hours. The apparatus was then disassembled and the membrane
placed in ~ 15-20 mL Blotto (5% skim milk in 1x TBST [Tris-Buffered Saline with Tween; 0.02
M Tris, pH 7.6; 0.14 M NaCl; 0.1% Tween 20]) and incubated for 16 hours at

4 °C.

For the primary antibody incubation, the old Blotto was discarded and replaced with
15 mL of new Blotto plus 3 pL of polyclonal rabbit anti-V5 epitope antibody (Abcam) and
incubated with the membrane at ~ 22 °C for two hours, shaking gently. The Blotto + primary
antibody was discarded and the membrane washed four times with 15-20 mL 1x TBST, shaking,
at 22 °C: each wash was discarded and fresh 1x TBST added each time. The last wash was
discarded and 15 mL Blotto plus 3 uL of secondary antibody, goat-anti-rabbit antibody (Abcam),
added to the membrane and incubated at room temperature, shaking, for 1 hour. The Blotto +
secondary antibody was discarded and the membrane again washed four times, as described above.
To image the membrane, the 1x TBST was discarded and 2 mL of each solution in the Millipore
Immobilon Western Chemiluminescent kit added to the membrane and incubated for 5 minutes,
shaking, then imaged on an ImageQuant Phosphorimager (see Figure 2.2). Appropriate protein
expression is confirmed when a distinct band can be seen at the expected size (protein + V5 + 8x

His tag; black arrow) and no band is seen in the untransfected control cell lysate.
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Figure 2.2 Western blot of His-tagged CDA proteins to determine proper induction and

Hs Unt Lp2 Lp3

production of target protein

Chemiluminescence image of a western blot of His-tagged HsAID (Hs, ~ 26.5 kDa),
LpCDA1L1 2 (Lp2, 26.9 kDa), and LpCDAI1L1 3 (Lp3, 25.3 kDa) from transfected and
harvested HEK 293T cells. Untransfected cell lysate (Unt) was run alongside the transfected cell
lysates as a negative control. The ladder is obtained from a digitized image of the same gel,
superimposed on top of the western blot image. The gray line represents the post-image cutting
and removal of a superfluous lane in the gel. The black arrow indicates the three AID and AID-
like protein bands. The grey line denotes the section of the imaged gel that was removed due to it

containing irrelevant bands.
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Cell pellets containing correctly-produced protein were resuspended in 50 mM phosphate
buffer (pH 8.2), 500 mM NaCl, 50 ug/mL RNase A, and 0.2 mM PMSF (phenylmethylsulphonyl
fluoride) and pre-lysed by syringing through a 19.5-gauge needle three to ten times until achieving
an even consistency. The lysate was further lysed using a cold (4 °C) French press pressure cell
(Thermospectronic) twice, then left at room temperature for 30 minutes to allow the RNase A to
completely remove any RNA bound to the protein. The lysate was once more put through the cold

French press.

For the CDA variants and the AID controls in Chapter 4, the cell lysate was centrifuged to
clear cellular debris and the supernatant aliquoted and flash frozen. For the purified His-tagged
A3G in Chapter 4, and the Pm-CDAZ2 and Hs-AlID in Chapter 3, the lysed cells were centrifuged,
and the supernatant was added to 1 mL of prepared nickel bead slurry (Ni Sepharose High
Performance resin, GE Healthcare). The nickel beads were prepared before the French press
protocol: 1-2 mL of bead slurry was centrifuged to separate the beads from the storage solution
(EtOH), which was decanted. Then, 15 mL of Buffer PB (50 mM phosphate buffer, pH 8.2, + 0.5
M NaCl) was added to the beads, which were centrifuged, the supernatant poured off, and the

beads resuspended again in 50 mM Buffer PB at a 1:1 ratio.

The beads were washed twice with Buffer PB plus Imidazole: 15 mL of Buffer PB + 1 mM
Imidazole was added to the beads, which were then rocked gently for 20 minutes, centrifuged, and
the supernatant removed; the second wash consisted of 15 mL of Buffer PB + 30 mM Imidazole,
the beads were again rocked gently for 20 minutes, centrifuged, and the supernatant removed.
Next, 750 uL of 500 mM Imidazole in 1x PBS was added to the beads, which were rocked at top
speed for 30 minutes to elute the protein; the slurry was then centrifuged and the supernatant

collected. Subsequently, 50 pg/mL BSA and 5% glycerol were added to the elute, which was then
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dialyzed using SnakeSkin tubing for 16 hours at 4 °C in 1 L of dialysis buffer (0.1 M NaCl, 0.2 M
Tris pH 7.5, 5% glycerol, 1 mM DTT). The dialysis buffer was refreshed and the protein dialyzed
for another 1-2 hours. The protein was then aliquoted and flash frozen in liquid nitrogen. In
Chapter 4, each independent clone (two per ortholog) was expressed once, therefore each ortholog
had two individual preparations. In Chapter 5, three individual preparations of one clone of Pm-
CDAZ2-His and two preparations from one clone of each Lp-CDAZ2 variant were also prepared

(discussed further in Chapter 5).
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2.2 Preparation of substrates for enzyme assays

Figure 2.3 shows all substrates and target sequences used to test the activity of AID and
AID-like enzymes described in this thesis. The partially single-stranded, fully single-stranded,
double-stranded, RNA/DNA hybrid, and methylated substrates were prepared as previously
described. 183184226227 A1l oligonucleotides (oligos) were synthesized by Integrated DNA
Technologies (IDT); oligos intended for radioactive labelling were further purified via HPLC
purification by the manufacturer. Ten units of T4 polynucleotide kinase (PNK; NEB, USA) were
used to 5°-label 2.5 pmol of the target strand with 10 pCi of [y-32P] ATP in 1x PNK Buffer (NEB);
the reaction was incubated at 37 °C for 1 hour, then at 65 °C for 10 minutes to deactivate the PNK
enzyme. Meanwhile, a mini-Quick spin DNA column (Roche, USA) was prepared by shaking the
column for ~ 30 sec to redistribute the slurry to the bottom of the column, then spun at 1000x g

for 3 minutes to remove excess buffer from the column.

The total amount of the labelling reaction (10 puL) was diluted with 10 uL of TE buffer
(10 mM Tris pH 8.0, 1 mM EDTA pH 8.0) and added to a prepared column, which was then
centrifuged at 1000x g for 2 minutes to remove unlabeled oligo. If the substrate was meant to be
single-stranded, the flowthrough was diluted to a final concentration of 50 fmol/uL with TE Buffer
and stored at —20 °C. If the substrate was to be partially single-stranded or double-stranded, KCI
(100 mM final concentration) and 7.5 pmol of the complementary oligo was added to the column
flowthrough, which was then diluted to 50 fmol/uL with TE Buffer. This “annealing” reaction was
then incubated in the annealing program: 96 °C for 5 minutes, the temperature was then decreased

by 1 °C every 30 sec until it reached 4 °C. These prepared oligos were also stored at —20 °C.
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Figure 2.3 Radioactively labelled DNA substrates used in cytidine deaminase activity assays
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Legend: Figure 2.3

Target cytidines (C), i.e., the only cytidine theoretically available for deamination, are indicated
by black arrows, and NNC motifs by a black underline. Groups of similar substrates are enclosed
in black boxes. Five prime radioactive labelling is indicated by a star. A) Bub7- partially double-
stranded (ds) DNA oligonucleotides (oligos) with a single-stranded (ss) bubble 7 nucleotides (nts)
in size. All oligos in this group have the same double-stranded arms, differing only in the NNC
motif in the ss bubble. All NNC motifs used are shown. B) TG(mC) Experiment- both substrates
in this group have the same arm sequences as those in the Bub7 group. The black arrow indicates
the target methylated C (mC) in the TG(mC)bub7 substrate, while its partner (TGTbub7) lacks
any cytidine in the bubble. Deamination of the methylated C results in a thymine; when the
radioactively labelled top strand is reannealed to the TDGpart2 bottom strand, the newly-formed
thymine is thus mismatched with the guanine in the opposite strand (TDGpart2). This mis-matched
thymine is the target of Thymine-DNA Glycosylase (TDG), denoted by the black crossed arrow.
C) Conformations of TGCbub7- ssDNA (top), dsDNA (middle), and DNA/RNA hybrid versions
of TGCbub7. D) BubB- the three substrates in this group have the same DNA sequence in their
ds arms but differ in their ss bubble sequences. E) AGCbub11- a unique substrate with a large (11
nt) ss bubble with a target AGC motif. F) APOBEC substrates- these two ss substrates have the
optimal NNC motifs for A3G (CCCssA3G) and A3F (TTCssA3F). The substrates in G) and H)
have the same sequences save the middle 5 nts; G) has a ss oligo (top), while both G) and H) have
partially-ss 5 nt (middle) and 13 nt (bottom) bubble substrate versions. The gray arrow indicates a
ss C that is unlikely to be targeted. 1) and J) both contain ssDNA (top), dsDNA (middle), and

DNA/RNA hybrid versions of AT-rich or GC-rich DNA, respectively.
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2.3 Alkaline cleavage deamination assay

To measure cytidine deaminase activity, | used the standard alkaline cleavage assays for
deamination, as previously described.6%127:183-185226227.239 Thjs assay was developed to be high
throughput, extremely sensitive to a variety of variables (e.g., pH, temperature), and able to
provide accurate comparative enzyme Kinetic information. Figure 2.4 describes the chemical
mechanism of this assay, which is pervasive throughout this thesis. Briefly, 5-10 pL of purified
protein or lysate (~ 1 ug of the former, concentration of the latter was unknown) was incubated
with 3-100 fmol radioactively-labelled substrate in 200 mM phosphate buffer pH 5.6-8.0 or 100
mM citrate-phosphate buffer pH 3.9-7.1 (final volume 10 pL or 20 pL) at 4-40 °C, then heat-

inactivated at 85 °C for 20—25 min.

The uracil resulting from cytidine deamination was excised by incubating the deamination
reaction with 0.25-0.5 units of UDG (NEB, USA) in 1x UDG Buffer at 37 °C for 0.5-1 hour.
NaOH was added at a final concentration of 200 mM and the total solution was heated at 98 °C to
induce cleavage at the alkali-labile abasic site of the uracil and denaturation of the DNA, after
which 10 pL of loading dye (95% formamide, 0.25% Bromophenol Blue) was added and the
solution heated again at 98 °C for 10 minutes to ensure complete denaturation of the substrate and

product (Figure 2.4, left).
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Figure 2.4 Alkaline cleavage of a radioactively labelled bubble substrate

Representative alkaline cleavage experiment using a Bub7 bubble substrate (Figure 2.3A). Left,
incubation of the substrate with the chosen cytidine deaminase results in the target cytidine (small
black arrow) being deaminated into a uridine. Incubation with UDG removes the uridine, creating
an abasic site (-). Application of NaOH and heat (triangle) cleaves the substrate at the abasic site
and denatures the double-stranded arms, resulting in a product that is much smaller than the un-
deaminated substrate, which can be separated from each other in an acrylamide gel (right).
Densitometry analysis comparing the volumes of the product and substrate bands (indicated to the
right of the gel) from two different experimental incubations (1, 2) produces % deamination values
(bottom of gel), which correlate to cytidine deaminase activity. L, ladder; -ve, negative (incubation

of phosphate buffer and substrate, lacking protein.
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Negative controls consisting of labelled oligo and buffer and/or labelled oligo, buffer, and
untransfected eukaryotic cell lysate were carried out alongside the deamination reactions and
treated in the same manner. Electrophoresis was performed on a 14% denaturing acrylamide gel
(1x TBE, 25% formamide, 14% acrylamide:bisacrylamide, 45% urea), which was pre-run at 100
V for 0.5-2 hours. The wells of the gel were flushed with the running buffer (1x TBE) and half
the volume of the final deamination reaction (~ 15 pL) was loaded into each well. A ladder
consisting of 50 fmol (total) of 9 x 32P-labelled oligos of various sizes (56, 35, 29, 24, 2, 18, 15,
12, and 8 nucleotides [nts]) was diluted with loading dye to a total volume of 10 uL, heated at
98 °C for 10 min, and loaded in the gel alongside the experimental reactions. The gels were
exposed to a Kodak Storage Phosphor Screen GP (Bio-Rad) for 5-16 hours and visualized using a

Phosphorimager on Quantity One software (Bio-Rad, USA; Figure 2.4, right).
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2.4 Enzyme activity assays to measure thermosensitivity

Chapter 3: 50 fmol TGCbub7 (Figure 2.3A) was incubated with 0.5-1 pg of AID in
100 mM activity buffer (final volume 10 pL) for 0.5-5 hours at temperatures ranging from 4-40
°C. Completed reactions were immediately incubated at 85 °C for 25 minutes to ensure that the
AID or AID-like enzymes were heat inactivated. Reactions were then subjected to UDG and NaOH
treatment as described above. Two to six unique (i.e., AID incubation procedures performed on
different days) experiments were performed for each of the two to four purified preparations of
each AID ortholog. For each experiment, unique or parallel (i.e., performed on the same day), %
deamination was plotted against temperature to generate a curve, with the peak revealing the
optimal temperature of AID in each experiment. Optimal temperatures from six to twelve

experiments were then averaged for each AID ortholog to arrive at its optimal temperature.

Chapter 4: 25-50 fmol of TGCbub7 or TTCbubB (Figure 2.3A, D, respectively) was
incubated with lysates of His-tagged Hs-, Gc-, Dr-AlID, and the CDA variants, respectively, at
temperatures ranging from 4-37 °C in 100 mM activity buffer of the following pH’s: CDAI1L1 1
spliced and unspliced (6.18-6.40), CDA1L1 2 (6.4), CDA1L1 3 spliced and unspliced (6.20—
6.40), CDALL1 4 (7.1), Hs-AID (7.1-7.72), Dr-AID (6.7-7.1), and G¢c-AID (6.7-7.1). The
enzymes and substrates were incubated for the following times, followed by heat inactivation at
85 °C for 20 min: Hs-AID, Dr-AlID, Gc-AlD, and CDALL1 3 spliced and unspliced (4-5 hours),
CDAILL1 2 (16 hours), CDA1L1 4 (16-24 hours), and CDALL1 1 spliced and unspliced (16-30
hours). Reactions were then subjected to UDG and NaOH treatment as described above. Two to
four unique experiments were performed on each of two preparations. For each experiment, %

maximum deamination was plotted against temperature to generate a curve, with the optimal
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temperature at the peak. The optimal temperatures from three to eight experiments were then

averaged for each AID and CDA to arrive at their respective optimal temperatures.

Chapter 5: 50 fmol of TGCbub7 or GTCbub7 (Figure 2.3A) was incubated with one to
two preparations of purified, His-tagged Pm-CDAZ2 and Hs-AlID for 20 or 0.5 hours, respectively,
at 12-42 °C, followed by heat inactivation at 85 °C for 20 min. Reactions were then subjected to

UDG and NaOH treatment as described above.
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2.5 Enzyme activity assays to measure substrate sequence specificity

Chapter 3: To determine substrate sequence specificity, each AID ortholog was incubated
with 50 fmol of 3P-labelled bubble substrates with the following target sequence: TGC, TAC,
AGC, GGC, GAC, or GTC (Figure 2.3A) at each AID ortholog’s optimal temperature for 16 or
24 hours. Reactions were heat inactivated at 85 °C for 20-25 min. Reactions were then subjected
to UDG and NaOH treatment, as described above. Three unique experiments were performed on
each of two to three preparations (at least one of each clone) of each AID ortholog. Relative %
deamination was used to normalize for inter-preparation variations in overall activity levels, to

enable comparison between different purifications of AID.

Chapter 4: Lysate His-tagged CDA1L1 homologs (two preparations of one clone each)
were incubated with 50 fmol of *2P-labelled bubble substrate (Figure 2.3A, D, E) at 16 °C and
22 °C in 100 mM phosphate buffer pH 7.1 for 16 hours, and subsequentially heat killed at 85 °C

for 20-25 min. Reactions were subjected to UDG and NaOH treatment, as described above.

Chapter 5: Purified or lysate HSAID-His and PmCDAZ2-His (one preparation of one clone)
were incubated with 16-50 fmol of *?P-labelled bubble, single-stranded, double-stranded, or
DNA/RNA substrate (Figure 2.3A-C, G-J) at 18-37 °C in 100 mM phosphate buffer pH 6.0-8.0
for 0.5-77 hours. Reactions were heat inactivated at 85 °C for 20-25 min. All reactions except for
those with TG(mC)bub7 were then subjected to UDG and NaOH treatment, as described above.
For TG(mC)bub7 reactions, purified or lysate HsAID-His and PmCDA2-His were incubated with
50 fmol of 32P-labelled TG(mC)bub7 or TGTbub7 at 18-37 °C in 100 mM phosphate buffer pH
7.1 for 16 hours, then heat inactivated at 85 °C for 20—25 min. Next, 1 umol of KCI and 2.5 pmol

of TGC complementary strand (bottom strand in Figure 2.3B TDGpart2) was added to the
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deamination reaction in a final volume of 20 puL and incubated in the annealing program, as
described above. One unit of Thymine DNA Glycosylase (TDG; Trevigen) was incubated with the
annealed reaction and 1x TDG Buffer in a final volume of 30 pL at 65 °C for 16 hours. The samples

were then treated with NaOH and heat, as described above.
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2.6 Time course enzyme Kinetics experiments

Chapter 3: To determine time-point kinetics, each AID ortholog was incubated with
25-50 fmol of TGCbub7 (Figure 2.3A) at each AID ortholog’s optimal temperature for durations
ranging from 5 minutes to 20 hours. Reactions were heat inactivated at 85 °C for 20-25 min.
Reactions were then subjected to UDG and NaOH treatment, as described above. Three
independent preparations of each AID ortholog were used, except for Lc-AlID, for which six
purifications were tested, all in two to seven unique experiments. Fmol deaminated substrate/pg
AID was plotted against time incubated. These experiments were used to determine time of initial

exponential phase of AID activity, in order to proceed to Michaelis-Menten Kkinetics.

Chapter 4: Purified HsAID-His and PmCDA2-His were incubated with 17-25 fmol
TGCbub7 (Figure 2.3A) at 34 °C for 1-60 minutes and 24 °C for 1-48 hours, respectively.
Reactions were heat inactivated at 85 °C for 20-25 min. Reactions were then subjected to UDG
and NaOH treatment, as described above. Two unique experiments were performed on one
preparation of one clone of each enzyme. Percent of deaminated substrate was plotted against time

incubated. These experiments were used to estimate the initial exponential phase of AID activity.

CDAI1L1_3spliced and unspliced, Hs-AID and Dr-AlID His-tagged enzymes in HEK 293T
lysates were incubated with 25 fmol of TTCbubB (Figure 2.3D) in 100 mM phosphate buffer at
pH 6.2 (CDAL1L1s), pH 6.7 (Dr-AlD), or pH 7.7 (Hs-AID) at 14-27 °C for 0.5-12 hours. Reactions
were heat inactivated at 85 °C for 20—-25 min. Reactions were then subjected to UDG and NaOH
treatment, as described above. Two clones (one preparation each) of CDA1L1 3 spliced and
unspliced were used, along with one preparation of one clone each of Hs-AID and Dr-AlID. Percent

deamination was plotted against time incubated.
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2.7 Enzyme assays to determine of optimal pH for activity

To determine the optimal pH of the lysate AID and its orthologs, the enzymes were
incubated with radioactively-labelled substrates in buffers of a range of pH’s. To accurately
determine the effective pH of the final reaction solutions, the high activity 10 pL and low activity
20 pL reaction solutions were scaled up to 50 mL solutions and the pH measured. Large-volume
solutions of lysis buffer (in which the His-tagged lysates are suspended), pH buffer, and TE buffer
(in which the radioactively-labelled DNA substrates are diluted) were created at the following
ratios: 5:4:1 for the 10 pL reactions, and 10:9:1 for the 20 pL reactions. The pH of each solution

was measured, and the resulting effective pH's of each pH buffer are listed in Table 2.1.
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Table 2.1 Effective pH of alkaline cleavage activity buffers

pH

Effective pH

Effective pH

(10 pL) (20 pL)
2.69 4.12 3.89
3.1 4.72 45
§ 35 5.03 4.84
2|41 5.7 55
T (437 5.8 5.7
2 491 6.06 5.96
-‘8 5.37 6.18 6.11
6.41 6.56 6.53
7.24 7.12 7.09
5.58 6.24 6.18
5.93 6.3 6.24
6.22 6.42 6.37
E 6.53 6.59 6.55
2 | 686 6.82 6.76
< (72 7.09 7.05
7.48 7.33 7.29
7.8 7.57 7.55
8.02 7.75 7.73
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To ensure the UDG enzyme worked at the lower pH’s, a test experiment was performed
using 50 fmol of 3?P radioactively-labelled TGUbub7 (Figure 2.3A), which would simulate 100%
AID enzyme activity. The oligo was incubated with ~ 1.0 ug GST-Hs-AID (to simulate the final,
effective pH) and 4 uL of phosphate or phosphate-citrate buffer at a range of pH’s at 37 °C for 5
hours. Enzymatic activity was halted by incubating at 85 °C for 20 min. Next, 0.25 units of UDG
enzyme and 1x UDG buffer was added to the incubation at a final volume of 20 pL, which was
incubated at 37 °C for a further 30 min. Next, 4 uM of NaOH was added, and the reaction incubated
for 10 minutes at 98 °C. All reactions were run on a 14 % acrylamide gel, which was then
visualized (see Figure 2.5). The UDG enzyme worked less efficiently at the lower pH’s than at
the neutral pH’s (Figure 2.5A and B). Therefore, a similar experiment was run using 0.5 units of
UDG enzyme and incubating at this step for 1 hour. This extended UDG step resulted in nearly
100% efficiency (Figure 2.5C and D); therefore, for all pH experiments, the extended UDG step

was used to ensure accurate measurement of the AID orthologs’ activity at the various pH’s.

Chapter 4: The highly active His-tagged enzymes (one preparation each of Hs-AID, Dr-
AID, Gc-AlD; two preparations, two clones of CDALL1 3 and CDALL1 3spl) in cell lysate were
incubated with 25 fmol of TGCbub7 (Figure 2.3A; Hs-, Dr-, and G¢-AlD) or 25 fmol of TTCbubB
(Figure 2.3D; CDAI1L1 3 and CDA1L1 3spl) at 16-22 °C for 1-5 hours in 100 mM phosphate
buffer or 100 mM citrate-phosphate buffer at effective pH’s of 6.2—7.7 and 4.1-7.1, respectively.
The low activity His-tagged enzymes (two preparations, two clones of CDAI1L1 1,
CDA1L1 1spl, CDAI1L1 2, and CDA1L1 4) were incubated with 25-50 fmol TTCbubB
(Figure 2.3D) at 16-22 °C for 24-84 hours in 100 mM phosphate buffer or 100 mM citrate-
phosphate buffer at pH’s of 6.2—7.7 and 3.9-7.1, respectively. The high and low activity His-

tagged enzymes were tested in three to four unique experiments.
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Figure 2.5 Determining conditions for optimal alkaline cleavage using lower pH buffers
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Legend: Figure 2.5

A Alkaline cleavage gel of TGUbub7 incubated with GST-Hs-AID for 5 hours at 37 °C, 0.25 units
of UDG for a half hour. L, ladder. B Graph of % deamination versus effective pH of the gel in A.
C Alkaline cleavage gel of TGUbub7 incubated with 5 uL lysis buffer pH 8.2 for 1 hour at 37 °C,
0.5 units UDG for 1 hour. L, ladder. D Graph of % deamination versus effective pH of the gel in

C. The black arrow indicates the product band on each alkaline cleavage gel.
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One preparation of GST-Pm-CDAL purified enzyme was incubated in two unique
experiments with 8.33 fmol of TGCbub7 (Figure 2.3A) at 16 °C for 6 hours in 100 mM phosphate
buffer of pH 5.9-8.2. One preparation of purified A3G-His was incubated with CCCssA3G
(Figure 2.3F) in modified (1 mM DTT and 0.05 mg/mL RNaseA added) 100 mM phosphate buffer
or 100 mM citrate-phosphate buffer at pH’s of 6.2-7.7 and 4.1-7.1, respectively, at 37 °C for
0.5 hour. All reactions were heat inactivated at 85 °C for 20-25 min, then subjected to UDG and

NaOH treatment, as described above.

For each experiment, % deamination was plotted against effective pH to generate a curve,
with the peak representing the optimal pH of AID/CDA activity in each experiment. These pH’s

were then averaged for each ortholog to arrive at their overall optimal pH.

Chapter 5: Purified His-tagged Hs-AID and Pm-CDA2 were incubated with 50 fmol
GTCbub7 (Figure 2.3A) at 37 °C in 100 mM phosphate buffer at pH’s of 5.9-8.2 for 20 hours,
then treated with UDG and NaOH, as described above. The percent deamination was plotted

against pH.
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2.8 Enzyme assays to examine Michaelis-Menten kinetics

Chapter 3: To determine Michaelis-Menten kinetics for comparison of initial velocities,
0.2 pg of AID was incubated with 1.5-100 fmol of TGCbub7 (Figure 2.3A) at each AID
ortholog’s optimal temperature for 2—7 hours (depending on the results of time-point kinetics, to
ensure that reaction times did not exceed the initial linear phase of time dependency). All reactions
were heat inactivated at 85 °C for 20-25 min, then subjected to UDG and NaOH treatment, as
described above. Two to three independent preparations of each AID ortholog were tested in two
to three unique experiments. Percent deamination was used to calculate velocity (fmol

product/minutes incubation/ug AlID), which was then plotted against substrate concentration.

Chapter 4: To determine initial velocity of PmCDA2-His and to compare it to that of
Hs-AID-His, these lysate enzymes were incubated with 1.5-100 fmol of TGCbub7 (Figure 2.3A)
at 24 °C for 48 hours (Pm-CDA2-His) and 34 °C for 90 minutes (Hs-AlID-His). All reactions were
heat inactivated at 85 °C for 20-25 min, then subjected to UDG and NaOH treatment, as described

above. One experiment was performed on one preparation of one clone of each enzyme.
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2.9 PCR-based deamination assay

Chapter 3: My colleagues and I have previously described the deamination-specific PCR
assay to detect activity of purified AID on a ~ 500 bp-long stretch of denatured plasmid.®8-185:239
100 ng of Hindlll-digested linearized p219 plasmid (see Figure 2.6) was denatured at 99 °C for
10 minutes in 100 mM phosphate buffer (pH 7.1) followed by snap-cooling in an ice bath. ~ 1 ug
of Hs- and Tn-AlID, 1.5 pg of Lc-AlID, 2 ug of Pm-CDA1, and 5 pg of Ge-AlD was added to their
respective denatured plasmid samples and the solution incubated for 1 hour at the optimal

temperature for each AID ortholog as previously determined.

The plasmid substrate was again denatured and snap-cooled, followed by a second round
of AID addition to a final volume of 40 L, and incubated for another hour. Subsequently, 5 ng of
plasmid (2 pL of the incubation solution) was then PCR-amplified using 7.5 pmol of deamination-
specific primers in a total volume of 25 pL (94 °C for 2 min; followed by 35 cycles of 94 °C for
30 seconds, 50-64.7 °C for 1 minute, and 72 °C for 1 minute; with a 72 °C extension phase of 10
minutes). The annealing temperature of the PCR protocol was optimized for each ortholog to avoid
biasing the PCR products toward highly-mutated amplicons in which all dCs were mutated by AID
(see Figure 2.7). The optimized annealing temperature would produce a PCR band for the ortholog
that was stronger than that seen in the AlD-negative control at the same temperature, meaning
some non-mutated strands were amplified alongside mutated strands. Nurse shark AID required
extensive optimization compared to the other AID orthologs, likely due to its comparatively lower

enzymatic activity.
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Figure 2.6 p219 PCR-amplified sequence

The black text is the p219 plasmid with all cytidines converted to uridines, assuming 100%
deamination by a cytidine deaminase. The first reverse primer (P1R, red text) anneals to the
deaminated p219 plasmid, resulting in the replicated (blue text) strand, which is recognized by the
first forward primer (P1F, red text). The resulting amplicons are 411 nt in length (dashed and solid
underlined sequence). The nested primers (P2F and P2R, red text) result in amplicons 328 nt long

(solid underlined sequence).
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Figure 2.7 Optimization of PCR annealing temperature to amplify AID-mutated plasmids

Representative 1% agarose gel showing PCR-amplified bands of AID-mutated p219 plasmid at
different annealing temperatures (inverted for better visibility). Tn-AID, Lc-AlID, and Gc-AlD
were each incubated with p219 linearized plasmid at 20, 25, and 20 °C, respectively. An AID-
negative control (phosphate buffer) was incubated similarly at 25 °C. 2 yL of each incubation
product, plus a water negative (H) lacking plasmid, was subjected to PCR amplification with
deamination-specific primers at different annealing temperatures (50-54 °C in this experiment).
Bands can be visually detected in the AID negative controls up to 52 °C, meaning non-mutated
plasmids are amplified at these annealing temperatures; however, the bands at 51 and 52 °C are
quite faint, thus these annealing temperatures are possible choices for a balance between PCR
amplification and AID mutation. Tn-AID bands are of high intensity at all temperatures tested,
whereas Lc-AlID bands are slightly weaker at the higher temperatures, Ge-AlD even less so. The
optimal annealing temperatures for each ortholog were chosen such that the amplified bands at
those temperatures were visually more intense than those of the AlID-negative control at the same
temperature. Thus, the following annealing temperatures were chosen: Tn-AlID, 51 °C; Lc-AlD,
51 and 52 °C; and Gc-AlD, 51 °C. L, ladder. Black arrow indicates the band of the correct size

(~411 bp).
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Once the primary PCR protocol was optimized, the amplified DNA (407 nucleotides in
size) was then gel purified (Qiagen), and a second more stringent nested deamination-specific PCR
(with the same annealing temperature as the first, unique to each ortholog) was carried out wherein
2 pL of the first PCR reaction was added to the nested PCR reaction (94 °C for 2 min; followed
by 40 cycles of 94 °C for 30 seconds, 50-64.7 °C for 30 seconds, and 72 °C for 30 seconds; with
a 72 °C extension phase of 10 minutes). The nested PCR protocol includes 7.5 pmol of a nested
set of deamination-specific primers, resulting in amplicons of 329 nucleotides in size.?° Both
primary and secondary PCR products were TA-cloned (Invitrogen) and for each AID ortholog
~ 100 amplicons were sequenced (Macrogen, South Korea). To avoid analyzing multiple
amplicons of the same original plasmid, thus biasing the WRC and other analyses, duplicate

amplicons with the same mutation pattern were removed.
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2.10 Electrophoretic mobility shift assay

Chapter 3: 0.4-50 fmol of TGCbub7 (Figure 2.3A) was incubated with 0.1-0.8 ug of
each AID ortholog in binding buffer (1 mM DTT, 2 uM MgClz, 50 uM NaCl, dH20) in a total
volume of 10 pL at 25 °C or its optimal temperature for 1 hour followed by UV-cross-linking on
ice, as previously described.??” The 0.2 mL PCR tubes were laid on their side on a bed of ice slush
in a styrofoam box and cross-linked at 4 °C, 120 mJ/cm?, < 1 cm from the lamps, for 15 sec. The
ice box was rotated 180° and samples were cross-linked for another 15 sec. Next, 5 pL of loading
dye (50% glycerol, 0.25% Bromophenol Blue, 0.25% Xylene Cyanol) was added to each sample
followed by electrophoresis on a pre-run (300 V for 1-2 hours) 8% native acrylamide gel (0.5x
TBE, 8% acrylamide:bisacrylamide, 6% glycerol, dH20) and electrophoresed at 4 °C, 300 V for 3
hours. Gels were exposed to a Kodak Storage Phosphor Screen GP (Bio-Rad) for 16 hours and
visualized using a Phosphorimager (Bio-Rad, Hercules, CA, USA) on Quantity One software (Bio-
Rad, Hercules, CA, USA). Two to three independent preparations of each AID ortholog were
tested, each in two to three unique experiments. Fmol substrate bound to AID was plotted against
nM of free substrate, followed by non-saturation binding kinetic analysis (GraphPad Prism

Software, GraphPad, San Diego, CA, USA) to obtain binding half-saturation Kd values.
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2.11 Structure prediction of AID and AID-DNA complexes

Chapter 3 and 4: Similar to the methods described in King and Larijani 2017%°? and King
et al. 2015%, five resolved homologous APOBEC structures were chosen as templates for
homology modeling: mouse A2 NMR (PDB: 2RPZ), A3SA NMR (PDB: 2M65), A3C (PDB:
3VOW), A3F-CTD (C-terminal domain) X-ray (PDB: 410U) and A3G-CTD X-ray (PDB: 3E1U);
the structures were obtained from http://www.rcsb.org and visualized using PyMOL v1.7.6
(http://www.pymol.org). Using the default parameters of I-TASSER
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/) full-length AID was modeled from the
APOBEC templates to generate 25 models for each of the five structures, totaling 125 models. For
each model, much of the protein was homology-modeled save the non-homologous 18 C-terminal
amino acids, which were modeled ab initio. The indented space containing the Zn-coordinating
and catalytic residues (H56, E58, C87 and C90 in Hs-AID) defined the catalytic pocket. The
PARSE force field in PROPKA 3.0 was used to calculate the protein charge and isoelectric point

(pl) for each AID structure.?65-27

To dock the DNA substrates to each AID model, Swiss-Dock (http://www. swissdock.ch)
was used.?®®?°  Each substrate was constructed in  Marvin Sketch v.5.11.5
(http://www.chemaxon.com/products/marvin/marvinsketch/), while docking parameters and

surface topology were generated using Swiss-Param (http:/swissparam.ch)??; the output files

served as the ligand file in Swiss Dock. The ssDNA substrates for human and bony fish had a
target sequence of 5-TTTGCTT-3' ssDNA, while 5’-TTGTCTT-3" was chosen for Pm-CDAL, as
both substrates were determined to be preferred by their respective enzymes in this and previous
studies.??6:227240.271 Simylations of substrate docking for each AID enzyme resulted in 5,000—

15,000 binding modes, of which 8 or more were clustered based on root mean square (RMS)
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values. The 32 lowest-energy clusters were selected, representing 256 of the lowest-energy
individual binding events for each AID; 5600 low-energy docking clusters in total were analyzed

for AID orthologs in UCSF Chimera v1.7 (https://www.cgl.ucsf.edu/chimera).?’? AID-DNA

structure complexes were chosen based on accessibility of the dC-NH2 substrate group to the
catalytic Zn-coordinating and the glutamic acid residues (H56, C87, C90, and E58 in wild-type

Hs-AID).

Chapter 5: For structural modeling and substrate docking, we used the same strategy as
described above, which was used to arrive at the first published computational-biochemical AID
structure that has since been confirmed by a partial AID crystal structure.®3% Using I-TASSER
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/), full-length orthologous AID and CDA
protein structures were modeled at pH 7.0 from APOBEC templates to generate 9-25 models for
each, totaling 145 models. Nonhomologous regions between the target and APOBEC template
were modeled ab initio. The 5'-TTTGCTT-3’ ssDNA substrates were chosen, as the TGC motif is
the most commonly-preferred motif among all AID enzymes tested thus far. ssSDNA was docked
within 30 x 30 x 30 A (x, y, and z, respectively) from the Zn-coordinating histidine in the catalytic
pocket. CDA-DNA complexes conducive to deamination were defined by the accessibility of the
(d)CNH2 substrate group to the catalytic Zn-coordinating and the glutamic acid residues within

the putative catalytic pockets.
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2.12 Data quantification and statistics

The amino acid alignment analysis was performed wusing STRAP

(http://www.bioinformatics.org/strap/) version 2018-08-11. The nucleotide alignment analysis

was performed using PROMALS3D (http://prodata.swmed.edu/promals3d/promals3d.php).

The sequence logos for the PCR deamination assay in Chapter 3 were generated using
WebLogo 3 software (weblogo.threeplusone.com). The mutation frequencies of the XXC motifs
generated by each AID ortholog were translated into sequence consensus data: the frequency of
mutation for a certain XXC motif is directly correlated to the number of multiples of said motif in

the consensus.

For enzyme activity and binding assays, band densitometry was performed using Image
Lab Analysis Software (Bio-Rad, Hercules, CA, USA) and Quantity One (Bio-Rad, Hercules, CA,
USA). For each experiment, individual lanes of each gel were quantified 2—-3 times; variability
between each quantification was < 5%. Values from individual experiments were averaged and
plotted as a single data point. For thermosensitivity and binding assays, the optimal temperatures
and Kd values, respectively, were calculated using GraphPad Prism Software (GraphPad, San
Diego, CA, USA) for each enzyme in each experiment and were averaged to obtain final values.
For substrate specificity, time course, and Michaelis-Menten kinetics experiments, data points
from all unique experiments were averaged for each AID ortholog. Therefore, each numerical
characteristic (optimal pH/substrate/temperature, Michaelis-Menten Kinetics) is derived from 2-3
quantifications each of up to six individual experiments each of two to four protein preparations
each of one to two clones of each AID ortholog. The data were graphed and statistically analyzed

using GraphPad. Error bars represent standard deviations (SD). P values for the substrate
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specificity assay in Chapter 3 were determined by the Mann Whitney Test, which compared the
relative deamination of different substrates. The P values for the Michaelis-Menten kinetics assay
were determined by two-tailed, non-parametric paired t test, which compared the initial velocities

of the five AID orthologs.
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2.13 Accession numbers

Table 2.2 Accession numbers for AID protein amino acid sequence

Genbank (https://www.nchi.nlm.nih.gov/genbank/)

Protein Name

Chapter Species Accession No
Full Short
3 Homo sapien activation-induced cytidine deaminase Hs-AID AB040430.1
Callithrix jacchus predicted single-stranded DNA cytosine deaminase Cj-AID XP_017832076.1
isoform X1
Pteropus vampyrus  predicted single-stranded DNA cytosine deaminase Pv-AlID XP_011364076.1
Ornithorhynchus predicted single-stranded DNA cytosine deaminase Oa-AlD XP_001516174.2
anatinus
Anolis carolinensis  predicted single-stranded DNA cytosine deaminase Ao-AlD XP_008102036.1
isoform X1
Pleurodeles waltl activation-induced cytidine deaminase Pw-AID CBG76578.2
Danio rerio activation-induced cytidine deaminase Dr-AID NM_001008403
Petromyzon marinus  cytosine deaminase Pm-CDALl ABO15149.1
4 Lampetra planeri cytidine deaminase LpCDAI1L1 1 AVN88307.1
Lampetra planeri cytidine deaminase LpCDA1L1 1sp AVNB88319.1
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Table 2.2 continued

Protein Name

Chapter Species Accession No
Full Short

4 Lampetra planeri cytidine deaminase LpCDA1L1 2 AVNB88308.1
Lampetra planeri cytidine deaminase LpCDA1L1 3 AVNB88309.1
Lampetra planeri cytidine deaminase LpCDA1L1 3sp AVNB88320.1
Lampetra planeri cytidine deaminase LpCDAI1L1 4 AVN88310
Homo sapiens cytidine deaminase APOBEC3G NM_021822.4

5 Petromyzon marinus  cytosine deaminase Pm-CDALl ABO15150.1
Lampetra planeri cytidine deaminase Pm-CDALl AVNB8323.1
Lampetra planeri cytosine deaminase LpCDA2 v3.1 AVNB8324.1
Lampetra planeri cytosine deaminase LpCDA2_v3.2 AVN88325

Uniprot (http://www.uniprot.org/):

3 Tetraodon uncharacterized protein (CMP/dCMP-type Tn-AlID H3CRQ9
nigroviridis deaminase)
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Chapter 3 Biochemical regulatory features of AID have remained conserved from lamprey

to humans

3.1 Authorship statement

The data in this chapter were published in a manuscript titled “Biochemical Regulatory
Features of Activation-Induced Cytidine Deaminase Remain Conserved from Lampreys to
Humans” in the Molecular and Cellular Biology journal in 2017.22° Author E Hsu provided the
sequence of the nurse shark AID gene. CT Amemiya previously sequenced and published the
coelacanth genome in Nature “The African coelacanth genome provides insights into tetrapod
evolution” (2013), and, with Dr. Hsu, assisted in reconstructing the 5’ end of the AID gene. Drs.
Hsu and Amemiya provided scientific analysis and review of the project and final manuscript. JJ
King performed predictive structure modelling and substrate docking of the AID proteins. M
Larijani and | designed and analyzed the research and edited the manuscript. | expressed and
purified all AID proteins, performed all the experimental work except for the aforementioned
structural modeling, conducted the literature review, analyzed the data, and wrote the manuscript

and this chapter. | also illustrated and designed all figures.
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3.2 Introduction

Since their discovery, murine and human AIDs have been subject to intense research, with
the latter proven to cause DNA damage resulting in tumourigenesis through targeting of non-
immunoglobulin genes.%:252273-277 \While its role in cancer and disease has been the main focus of
the majority of research regarding human AID (Hs-AID), some of its biochemical characteristics
have been elucidated. Hs-AID preferentially deaminates dC to dU within WRC (W is A/T; R is
A/G) motifs in SSDNA,185230,240242.244248 Lyman AID has a relatively slow catalytic rate (one
reaction every 1-4 minutes) and exceptionally high affinity (nM range) for ssDNA binding,226:24°
while typical human enzymes have catalytic and substrate on/off rates thousands of times faster.’®
We recently discovered that AID’s strong affinity for negatively-charged ssDNA is due to its
highly positively-charged surface (+14 in neutral pH), resulting in DNA binding non-specifically
outside the catalytic pocket. Further, AID appears to conform to a catalytically unfavourable
structure ~ 75% of the time, which, combined with the positively-charged surface, explains AID’s
lethargic activity: only ~ 1% of AID:ssDNA binding events result in mutation catalysis by AID.
We have proposed that these unusual characteristics evolved to protect genomic
integrity.53226:228.240252 Thjs concept was supported by the finding that AID “upmutants”, which
exhibited higher catalytic rates in vitro, inflicted more damage to the genomes of cells in which

they were expressed.?’

Non-mice AID orthologs from distantly-related vertebrates have also been identified and
their functionality investigated, including AID from the channel catfish (Ictalurus punctatus, Ip-
AID),'"® and zebrafish (Danio rerio, Dr-AlD),?3 yet their activity relative to human AID remained
elusive. This is because orthologous AIDs have been studied in the context of xenogeneic cell lines

with the suppressing effects of cellular DNA repair processes, making it difficult to quantify and
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compare their biochemical and structural properties. To address this issue, our previous studies
comparing the enzymatic properties of Dr-AlID and Ip-AID with Hs-AID involved highly purified
enzymes. We found the fish AID orthologs were more active at colder temperatures compared to
human AID (20-25 °C vs 30-37 °C, respectively). Furthermore, although both earlier-diverged
orthologs bound ssDNA with the same high affinities as human AID, Dr-AlD exhibited the fastest
catalytic rate, followed by Hs-AID, while Ip-AlID was the slowest of the three, 83184 yet all catalytic
activities remained well below that of other common enzymes.?’® Thus, investigation of these
inter-species differences using mutant and chimeric enzymes led to significant insights into
structure-function relationships of AID. However, how well-conserved these characteristics are

across evolution remained unclear.

Complicating interpretation was the fact that Dr-AID may be quite unique among orthologs
in that it appears to play epigenetic roles outside the immune system. Dr-AlID is required for
neurogenesis in developing zebrafish embryos by turning on broad gene expression cascades
through widespread demethylation of promoter CpG motifs.1® We showed that Dr-AlID is unique
among all tested bony fish AID orthologs in its capacity to deaminate 5-methylcytosine (mC) in

CpG motifs, hence its ability to function in mC demethylation.'®*

In this chapter, | sought to study the biochemical properties of other earlier-diverged AID
orthologs to evaluate the conservation or divergence of AID’s unusual properties. | focused on
AID from species representative of key divergence points of adaptive immune systems evolution
in fishes. These include the sea lamprey (Pm-CDAL), the nurse shark (Gc-AID), the ‘living fossil’
fish coelacanth (Lc-AlID), and a recently-diverged bony fish, tetraodon (Tn-AlID). | report that
these earliest-diverged AID orthologs exhibit unique substrate specificities and optimal

temperature tolerances, while AID’s lethargic enzymatic rate and high affinity for ssSDNA are
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remarkably conserved. These results shed light on the molecular evolution of AID in the context
of diverging adaptive immune systems and highlight the importance of its unique biochemical

properties.
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3.3 Results

3.3.1 Selection of AID orthologs covering the broadest window of evolution

The earliest-diverged vertebrates are the agnathans, a.k.a. jawless fish, of which the
cyclostomes are the only remaining lineages, consisting of the lamprey and hagfish (Figure 3.1).26°
The lamprey is of major interest to immunologists due to its unique adaptive immune system
capable of memory and graft rejection, but lacking major cornerstones of canonical adaptive
immunity, such as T and B cell receptors and MHC proteins. However, lamprey do have three
types of variable lymphocyte receptors (VLRA, B, and C) which are expressed on lymphocyte-
like cells. These VLRs have structures similar to Toll-like receptors and play similar roles to those
of immunoglobulin (1g; VLRB) and T cell receptors (VLRA and C). VLRA/C receptors are bound
to the membrane and expressed in cells associated with the thymus-like thymoid tissue in the gills;
VLRB receptors are both bound and secreted by lymphocytes associated with the lamprey
Kidney.1°1:230281-28% These V/LRs are clonally-expressed and somatically recombined in response
to immune stimulation via a type of gene conversion, but both jawless vertebrates lack the

recombination activating gene products (RAG 1 and 2).126:145.151,230,281-284,286-288,290-292
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Figure 3.1 Phylogenetic tree of representative species

Adapted with permission from Figure 1 in Quinlan et al., 2017.2%°

Phylogenetic tree showing the evolutionary relationships between fish species and humans:
Petromyzon marinus (lamprey), Ginglymostoma cirratum (nurse shark), Tetraodon nigrovirigis
(tetraodon), Latimeria chalumnae (coelacanth) and Homo sapiens (human). Vertebrata,
subphylum of chordates with backbones; Cyclostomata, class of jawless vertebrates;
Gnathostomata, superclass of jawed vertebrates; Chondrichthyes, class of cartilaginous fish;
Osteichthyes, superclass of bony fish; Actinopterygii, class of ray-finned fishes; Sarcopterygii,

class of lobe-finned fishes; Tetrapoda, superclass of four-limbed animals.

100



While attempting to identify how VLRs are assembled, Rogozin et al. identified CDA1
and CDAZ2, the earliest-diverged vertebrate AID orthologs identified to date.'? Investigations into
the expression patters of each CDA determined that CDAL is associated with the T-cell-like cells
VLRA and VLRC, while CDA2 is expressed in B-cell-like VLRB cells.?>12%1:292 Both cytidine
deaminases have poor sequence similarity to other AID sequences, yet CDA1 was found to be an
active cytidine deaminase, inducing lg recombination in yeast and dC to dT mutations in E. coli.!?
CDAL exhibited mutagenic activity when expressed in cells, however, it had not yet been purified
to be directly studied. Therefore, | chose to purify CDA1 from Petromyzon marinus (Pm-CDA1)

to biochemically compare the earliest-diverged AID ortholog with the latest-diverged and most

studied, Hs-AID.

The earliest-diverged jawed vertebrates (gnathostomes) are the cartilaginous fish
(chondrichthyes). Sharks are descendants of this lineage and are among the first species to evolve
a V(D)J- and lg-based adaptive immune system,148160163231.29329 ghark g genes undergo
secondary diversification modification via SHM and recent studies suggest they may also undergo
a rudimentary type of class-switching.143163295.2% Eyrthermore, there is evidence of productive
somatic AID mutations in the TCRs of two shark species; a rare occurrence, AlD-initiated SHM
of TCRs has only been found in two other gnathostomes, the dromedary camel and the Ballan
wrasse fish,153154297.2%8 At time of writing, only one cytidine deaminase from a shark species has
been identified (elephant shark),?*? and no AID from any shark species has been biochemically
evaluated. To this end, we identified an AID-coding gene from nurse shark (Ginglymostoma

cirratum, Gc-AlD), and expressed and purified this putative enzyme.

About 50 million years after the divergence of cartilaginous fish, the first bony fish

(Osteichthyes) emerged, eventually giving rise to the ray-finned fish (Actinopterygii). These ray-
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finned fish constitute the largest and most diverse vertebrate group, with unique V(D)J
immunoglobulin loci organization and isotypes (see Section 1.8).22° The AID orthologs of several
earlier-diverged Actinopterygii species have been shown to be functional cytidine deaminases,
mostly in cellular contexts,164169.170.178,179.181,183,184,186.263 Fqr this study, | chose a lesser-studied

Actinopterygii AID ortholog from tetraodon (Tetraodon nigroviridis).

Lastly, the closest fish ancestors to tetrapods (four-legged animals) are the lobe-finned fish
(Sarcopterygii), of which coelacanth (Latimeria chalumnae) is an extant member whose genome,
including its AID gene (Lc-AlD), has been sequenced.’® The only other extant members are
lungfish species, who apparently lack an AID ortholog, making coelacanth our closest fish ancestor
to have an AlD-encoding gene.'* Evidence of VV(D)J recombination of coelacanth Ig has also been
reported.?6%2%° Thus, as shown in Figure 3.1, the four chosen fish AID orthologs are representative
of key points in the evolution of adaptive immunity, while simultaneously covering the broadest

evolutionary distance relative to each other and to Hs-AlID.
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3.3.2 Genetic comparison of AID orthologs

Figure 3.2A shows an alignment of the amino acid (AA) sequences of the five AID
orthologs, while Figure 3.2B shows the degree of AA identity and similarity among the orthologs.
As expected, the ortholog from the earliest-diverged lineage, Pm-CDAL, is the least conserved
with Hs-AID (17% identity, 37% similarity). Also as expected, the most recently diverged fish
AID ortholog, Lc-AlD, exhibited the highest level of sequence similarity with Hs-AID (74%
identity, 85% similarity). Tn-AlID exhibited a moderate level of conservation with Hs-AlID,
between that of Pm-CDAL and Lc-AlID (55% identity, 68% similarity). Tn-AID has two inserts
unique to ray-finned fish spanning AA positions 65 to 79 (Figure 3.2A).183184 Without these
inserts, Tn-AID’s AA identity and similarity to Hs-AID only increases by 2 and 3%, respectively
(Figure 3.2B, dotted line); therefore, Tn-AID’s lower sequence similarity is not due to these
inserts. Gc-AlD exhibited higher conservation with Hs-AID (66% identity, 78% similarity)

compared to Tn-AlD.

Along with the AA sequences, | compared relative conservation among each AID
ortholog’s cDNA sequence (Figure 3.2C). The nucleotide comparison shows a similar pattern of
sequence identity between the AID orthologs as seen in the AA comparison. Pm-CDAL is the least
conserved (39%), while Lc-AlID has the closest nucleotide conservation to Hs-AID (73%). Gce-
AID is slightly more homologous to Hs-AID than Tn-AID (69% vs 63%, respectively). | conclude
that sequence similarity to Hs-AlID generally corresponds with evolutionary distance. This
suggests that if the biochemical properties of AID are indeed divergent among species, this ought

to be observable in our comparative study.
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Figure 3.2 AID in the context of evolution

Adapted with permission from Figure 1 in Quinlan et al., 2017.2%°
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Legend: Figure 3.2

A Alignment of AID protein sequences from human (Hs-AID), coelacanth (Lc-AlID), tetraodon
(Tn-AlID), nurse shark (Gc-AlD), and lamprey (Pm-CDAL1). L, loop; a, helix; and B, strand. B
Percent identity and similarity were calculated by comparing identical and similar amino acids
between the indicated AID orthologs and Hs-AID. To investigate the contribution of the ray-
finned fish insert to sequence identity and similarity, identical and similar homologies between
Tn-AID and Hs-AID were calculated without this insert. The approximate period of species
evolution (mya, million years ago) is shown on the x axis. Sequence identity and similarity to
AID are based on published sequences of AID; some are predicted: 0 mya, Homo sapiens; 50
mya, Callithrix jacchus (Cj-AID); 100 mya, Pteropus vampyrus (Pv-AID); 150 mya,
Ornithorhynchus anatinus (Oa-AlID); 300 mya, Anolis carolinensis (Ac-AlID); 350 mya,
Pleurodeles waltl (Pw-AID); 400 mya, Latimeria chalumnae (Lc-AlID), Tetraodon nigroviridis
(Tn-AlID); 450 mya, Ginglymostoma cirratum (Gc-AlID); and 500 mya, Petromyzon marinus
(Pm-CDAL1). C Percent sequence identity was calculated by comparing the nucleotide sequence
between the AID-encoding cDNA sequences of fish AID orthologs and Hs-AID. The
approximate period of species appearance (mya) is shown on the x axis. The cDNA sequences
of the same non-fish species as used to provide context for amino acid conservation were again
used: 0 mya, Hs-AID; 50 mya, Cj-AlID; 100 mya, Pv-AID; 150 mya, Oa-AlID; 300 mya, Ac-
AID; 350 mya, Pw-AID; 400 mya, Lc-AlID, Tn-AID; 450 mya, Gc-AlD; and 500 mya, Pm-

CDAL.
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3.3.3 Fish AID orthologs are active cytidine deaminases

To compare some of their biochemical properties, | generated expression constructs and
expressed and purified AID orthologs from the aforementioned species as glutathione S-
transferase (GST)-tagged fusion proteins, as previously described.!83184226 First, | verified the
quality and determined the concentrations of multiple independently purified preparations of each
AID on denaturing SDS-PAGE gels (Figure 3.3A). Once appropriate purification of each AID

preparation was confirmed, | tested whether they are active cytidine deaminase enzymes.

For initial activity tests, | utilized the standard alkaline cleavage assay for cytidine
deamination which | and others have previously established to measure AID activity on ssDNA.
142,183-185.227,300.301 | jncubated each AID at long intervals at three different temperatures (18 °C, 25
°C, and 37 °C) with TGCbub7 (Figure 2.3A), which is a standard bubble-type substrate that
contains the WRC motif TGC (Figure 3.3B, top). The longer incubation at three different
temperatures accounts for possible differences in absolute activity levels, as well as optimal
temperatures among AID orthologs, and would allow for enzymatic activity, however faint, to be
seen. As shown in Figure 3.3B, bottom, when a representative preparation of each AID ortholog
was incubated with TGCbub7 overnight, Pm-CDAL1 and Hs-AID showed moderate-to-high levels
of activity (54.7% and 93.0% deamination, respectively), whereas the other AID orthologs

appeared to be less active (1.8%, 5.1%, and 16.3% for Gc-, Tn-, and Lc-AlD, respectively).
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Legend: Figure 3.3

A Representative SDS-PAGE gel of AID purifications. Multiple concentrations (0.25 ug, 0.5 ug
and 1.0 pg) of BSA standard (~ 66.5 kDa, grey arrow) is used to confirm the size and amount (0.5
pg) of wild type Hs-, Lc-, Tn-, Ge-AlID and Pm-CDAL purified preparations (black arrow). All
five GST-AID orthologs are ~ 50 kDa in size. B, top TGCbub7 substrate. *, 3P label. The vertical
black arrow shows the target cytidine in the bubble. B, bottom Representative alkaline cleavage
gel showing activity of 0.5 pug of Pm-CDAL, Gc-, Tn-, Lc-, and Hs-AID, and their corresponding
catalytically dead mutants (single-point mutations were made in two catalytic residues — histidine
56 and glutamic acid 58 in Hs-AID) on TGCbub7, incubated at each enzyme’s optimal temperature
(14.5 °C, 20.5 °C, 20.0 °C, 25 °C, and 31 °C, respectively — discussed further in the following
section). The substrate and product (black arrow) are 56 and 28 nucleotides in length, respectively.
The negative control is the substrate TGCbub7 and activity buffer with no enzyme added. C SDS-
PAGE of purified Hs-, Lc-, Tn-, and Gc-AID and Pm-CDAL catalytically inactive mutant
preparations (0.5 ug each, black arrow) with a BSA standard (grey arrow). D SDS-PAGE of 7-22
pg of GST tag, expressed from the vector bearing only the GST tag with no AID insert, and purified
in the same manner as the wild-type GST-AID preparations (~ 25 kDa, black arrow), with a BSA

standard (grey arrow).
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To confirm that the observed activity was bona fide AID activity through cytidine
deamination, | created catalytically “dead” AID mutants, wherein one of the zinc-coordinating
amino acids and the proton-donating glutamic acid in the catalytic pocket, previously shown to be
necessary for cytidine deamination,3244302 were mutated (H56Y and E58G for Hs-AlID, Lc-AlD,
and Gc-AlID; H53Y and E55G for Tn-AID; and H66Y and E68G for Pm-CDAL). | purified each

mutant, confirming purification on SDS-PAGE (Figure 3.3C).

When a representative preparation of each catalytically dead AID mutant was incubated
with TGCbub7 (Figure 2.3A) overnight and tested alongside the wild-type AID orthologs
(Figure 3.3B), no cleavage of the substrate was observed. As a second independent negative
control of the purity and specificity of the AID purifications, the construct bearing only the GST
tag with no AID insert was expressed, and the GST tag was purified in the same manner as the
wild-type GST-tagged AID orthologs. The purity of this preparation was determined through
visualization on an SDS-PAGE gel (see Figure 3.3D). When the GST tag preparation was
incubated overnight with TGCbub7 (Figure 2.3A) and visualized on an acrylamide gel alongside
the wild-type and dead AID orthologs, the substrate was not cleaved (Figure 3.3B). Thus, any
activity seen in our alkaline cleavage assay can be attributed to cytidine deaminase activity of each

purified AID ortholog.
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To independently confirm that the fish AID proteins were active, | also used a second type
of deamination assay. In this PCR-based assay that we previously established,*®%2% a plasmid
substrate, rendered single-stranded through restriction enzyme digestion and heat denaturation, is
incubated with AID, followed by PCR using deamination-specific primers to selectively amplify

AID-mutated DNA (Figure 3.4A), which is then sequenced to verify AID-mediated mutations.

Using this assay, | confirmed that all five AID orthologs catalyzed dC-to-dU mutations
detectable by PCR (Figure 3.4B). When the p219 plasmid was incubated with the GST tag alone,
purified in parallel with the AID orthologs, no amplification using the deamination-specific
primers was observed (Figure 3.4B); therefore, any cytidine deaminase activity seen in this assay

can be directly attributed to specific AID-mediated dC-to-dU conversion.
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Figure 3.4 AID orthologs are active on long ssDNA

Adapted with permission from Figure 2 in Quinlan et al., 2017.22°

A Schematic of p219 showing the principle of the PCR assay for detecting AID activity on long

stretches (several hundred nucleotides) of plasmid ssDNA. Outside primers: P1F

(GGAAGGTATGAAAATAGGAAAAGAAAATAAATAAATTTTG) and P1R
(CCCCTAACTTTTATACCCAACCCTAACTCCQ). Nested primers: P2F
(CCCCCCGATCCGTATTTTTGGATAGTTAGGTGGT) and P2R

(CCCCCCGATCCAATTAACAACCCTAAAATATAA). Reverse primers are designed to
preferentially anneal with deaminated cytidines; the forward primers anneal to the replicated
mutations. B PCR amplification of a section of p219 plasmid untreated (AID neg) or incubated
with five AID orthologs or GST at their optimal temperature (25 °C for GST) twice for 1 hour
each. To amplify AID-mutated sequences, p219 plasmid incubated with Hs-AID, Pm-CDAL, and
GST was annealed to deamination-specific primers at 52 °C; Lc-, Tn-, and Gc-AlD reactions were

annealed at 51°C. PCR-amplified bands (black arrow) indicate successful dC->dU deamination.
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3.3.4 Fish AID orthologs are cold adapted

Previous studies using cell lines transfected with fish AID, as well as in vitro enzyme assays
with purified fish AID, demonstrated that these orthologs mediate higher mutation rates at colder
temperatures than 37 °C, suggesting that AID orthologs could have unique thermosensitivity
preferences.'?>18 To evaluate this, | measured the activity of each AID on TGCbub7
(Figure 2.3A) at 18 temperature increments ranging from 4 °C to 40 °C (Figure 3.5A). In order
from earliest to most recently diverged orthologs, Pm-CDAL is the coldest adapted out of all five
species tested, with an average optimal temperature of 14.5 °C (Figure 3.5B). Gc-AlID and Tn-
AID are both relatively cold adapted, with average optimal temperatures of 20.5 °C and 20.0 °C,
respectively. Lc-AlD is the warmest adapted of the fish AIDs, preferring an optimal temperature
of 25.0 °C. Hs-AlID is the warmest adapted of all the AID orthologs tested, with an optimal
temperature of 30.8 °C (Figure 3.5B). Based on these data, | conclude that these fish AID
orthologs are active cytidine deaminase enzymes that are colder adapted, one with as much

difference in optimal temperature as 15 °C compared to Hs-AlID.
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Figure 3.5 Fish AID orthologs are cold adapted compared to Hs-AID

Adapted with permission from Figure 3 in Quinlan et al., 2017.2%°

113



Legend: Figure 3.5

A Representative AlD activity alkaline cleavage gels and data from thermosensitivity assays. Gels
show AID incubated with TGCbub7 for temperatures ranging from 4 °C to 40 °C. Graphs present
thermosensitivity curves, the peak of which indicates the AID ortholog’s optimal temperature.
The y axis shows the percentage of maximum deamination. Error bars represent standard
deviations (SD). L, ladder. B Graph of average optimal temperatures for each AID ortholog,
indicated by name in the x axis, with each organism illustrated and the final average optimal
temperature above each bar. Each average is determined from three to six individual experiments
using two to four independently purified preparations expressed from two or three independently
constructed expression vector clones for each AID ortholog, resulting in, from left to right, seven,
four, five, twelve, and five unique experiments, respectively. Error bars represent the standard

errors of the mean (SEM).
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3.3.5 AID orthologs have unique substrate sequence specificities

Hs-AID preferentially mutates dC in signature trinucleotide WRC motifs,227:238-240.248,303-
307 To determine the sequence preference of the earlier-diverged AID orthologs, | tested them using
the alkaline cleavage assay on six different substrates that are identical to TGChub7
(Figure 2.3A) except for the —2 and —1 position nucleotides immediately upstream of the target
dC. Figure 3.6A demonstrates the WRC specificity of Hs-AID. As expected, Hs-AID is three-fold
more active on the WRC substrates (on TGCbub7, TACbub7, and AGCbub7: 62.0%, 47.0%, and
42.7% deamination, respectively) than non-WRC substrates (on GACbub7, GTCbub7, and
GGCbub7: 10.7%, 18.0%, and 27.1% deamination, respectively). We previously demonstrated
that both Hs- and Dr-AlID preferred the three tested WRC motifs at similar rates, whereas Ip-AID
was three-fold more active on TGChub7 than on all other WRC and non-WRC motifs tested.'83
Here, | found that Pm-CDAL was four-fold more active on TGCbub7 and TACbub7 than the non-
WRC GGCbub7 and GACbub7; however, Pm-CDA1 also unexpectedly showed 2.5-fold activity
on the non-WRC GTCbub7 compared to the WRC AGCbub7 (Figure 3.6B). Both Gc-AlID and
Tn-AlD exhibited a statistically significant preference for TGCbub7 over all other motifs tested
(three- and eight-fold, respectively). Lc-AlD also exhibited a slightly skewed WRC preference: it
showed five-fold more activity on the WRC motifs tested compared to GTCbub7 and GACbub7;
however, it was also five-fold more active on the non-WRC GGCbub7 compared to the other non-

WRC substrates (Figure 3.6B).

115



A & O

. 0500 OOVO&OQO

Size (MNP v & O O
56—
<— Substrate

35—

29— \

24 —

L | <— Product
20—
Q A A _QaNl
% deamination AN S RN
B
Pm-CDA1 Gc-AID Tn-AID Hs-AID
=t = c c
£25 5 24y 25 23
g £ £ g
£20 . g3 B4 £
515 g 23 52
fa o2 o) fa
o 10 0 o? o4
205 5 g : 5
o [0] o} 5
£0.0 x0 x0 0.0 ©o
G 0000 O O O 000 O OO0 00 O 00 O G 260
Q7R & Roreacs POy NS PRGN OC & PO &x PO
Substrate Substrate Substrate Substrate

Figure 3.6 AID orthologs exhibit unique substrate specificity

Adapted with permission from Figure 4 in Quinlan et al., 2017.2%°

A Representative alkaline cleavage gel of the substrate specificity assay, showing activity of Hs-
AID on six bubble substrates (TGCbub7, TACbub7, AGCbub7, GACbub7, GTCbub7, and
GGCbub7). B Bar graphs showing substrate specificity of each AID ortholog on six bubble
substrates with the following target sequence: TGC, TAC, AGC, GGC, GTC, and GAC. Two or
three purifications of one or two clones from each AID orthologs were tested two or three times
for a total of three to five unique experiments for each species. The y axis shows relative
deamination efficiency (preference relative to average of all six substrates) to enable comparison
between AID orthologs whose absolute activity levels on each substrate vary. Error bars represent
the SEM. *, P <0.05; **, P <0.005. P values were determined using one way ANOVA test with

Bonferroni’s Multiple Comparison Test.
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The alkaline cleavage assay thus revealed the relative preference of each AID on three
WRC and three non-WRC-bearing oligonucleotide substrates (Figure 3.6A and B); however, to
examine the complete sequence specificity profile of each AID ortholog, | utilized the
aforementioned deamination-specific PCR assay, as the plasmid substrate contains dC in all 16
possible trinucleotide NNC motifs. To this end, PCR amplicons representing plasmid DNA
mutated by each of the five AID orthologs (Figure 3.4B) were sequenced, and the mutations were
mapped (Figure 3.7A). Rates ranged from 0.1 to 6 mutations on average per 100 bp of the PCR
amplicon, with all orthologs mediating either comparable or lower mutation loads than Hs-AID
(Error! Reference source not found.). Pm-CDA1 mutated cytidines in an NYC motif (N= any
nucleotide; Y= C or T) at higher-than-average rates compared to other motifs (Figure 3.7B). Gc-
AID mutated cytidines in the AAC and ACC motifs at four- and three-fold above average,
respectively, while not mutating any C in a trinucleotide motif that begins with G. Tn-AlD
preferred the AAC motif, followed by AGC, CGC, and TGC, with the GNC motifs among the

least mutated. Lc-AlD mutated CCC motifs two-fold above average, followed by AGC and CAC.

Complete agreement between the alkaline cleavage and PCR assays is not expected due to
major differences in the nature of the substrates, one of which is an oligonucleotide with a single
target dC and the other a plasmid with many dCs located in different regions. Nevertheless, when
the substrate specificity data gleaned from the PCR deamination assay is focused on the same six
motifs studied in the alkaline cleavage assay, the similarities between the two results become more
apparent (Figure 3.7C). The WRC versus non-WRC preferences of Gc-, Tn-, and Hs-AID are
maintained, with all three AID orthologs preferring TGC, TAC, and AGC over GTC, GGC, and
GAC. The unique preferences of Pm-CDAL for GTC and Lc-AID for GGC (along with their

preferred WRC motifs) are also conserved.
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Figure 3.7 PCR assay confirms unique substrate specificity of AID orthologs

Adapted with permission from Figure 4 in Quinlan et al., 2017.22°
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Legend: Figure 3.7

A Visualization of mutations. Each horizontal line is one individual sequenced amplicon of p219
that was mutated by the indicated AID ortholog, and PCR amplified; each “X” is a dC>dT
mutation. The x axis maps the section of p219 that is PCR amplified, minus the primers: 407
nucleotides from the first set of primers. The line at the top of each graph shows all possible dC
mutations, indicated by an X. The numbers of amplicons analyzed for each AID ortholog were as
follows: Pm-CDAl, 61; Gc-AID, 82; Tn-AlID, 103; Lc-AID, 112; and Hs-AID, 114.
B Comparison of substrate specificity of Hs-AlID to fish AID orthologs on p219. The y axis shows
the mutability index, where 1 is the average rate of mutation (dotted line) for all 16 NNC motifs.
The relative preference for each individual NNC sequence was obtained by dividing its mutation
rate by the average value for all 16 NNCs. The x axis shows XXC DNA motifs, ordered from most
to least mutated by Hs-AID. Error bars represent the SD. C Bar graphs showing the substrate
specificity of each AID ortholog on six NNC motifs—TGC, TAC, AGC (“hot spots”, white bars)
and GGC, GTC, and GAC (“cold spots”, black bars)—in a PCR-based assay. The y axis shows
the mutability index. The relative preferences for the six NNC sequences were obtained by
dividing the mutation rate by the average value for the six NNC motifs identified. *, P < 0.05; **,
P < 0.005, *** P < 0.0001. P values were determined by using a Mann-Whitney test
(nonparametric, two-tailed). Error bars represent the SEM. D Sequence logos showing the relative
AID specificity of each nucleotide at the —2 and —1 nucleotide positions. The height of the stack
shows the consensus of nucleotides at that position, and the height of each symbol within the stack

indicates the relative frequency of each nucleotide at that position.
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Table 3.1 Mutation rates of AID orthologs on denatured plasmid DNA

AID ortholog Avg dC mutations (per amplicon) Mutation rate (per 100 nt)
Pm-CDA1 13 4

Gc-AID 0.4 0.1

Tn-AID 8 2

Lc-AlID 22 6

Hs-AID 16 4

Adapted with permission from Table 1 in Quinlan et al., 2017.2%8

Avg, average; dC, deoxycytidine; nt, nucleotides
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The corresponding sequence logo analysis of the PCR assay results depicted in
Figure 3.7D agrees with the initial sequence preference analysis. Pm-CDAL is again unique
among the other orthologs tested, since the —2 position in the XXC motif is not as relevant as the
—1 position, showing equal weight for all four nucleotides in the —2 position while T and C in the
—1 position are most preferred. In contrast, Ge-AlID, Tn-AlD, Lc-AlD, and Hs-AID demonstrate a
greater preference for certain nucleotides in the —2 position rather than the —1 position. Overall, |
conclude that each AID ortholog has unique substrate sequence specificity patterns, with lowest
preference for GNC trinucleotides being the only ubiquitous feature among three of the four jawed

vertebrate orthologs.
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3.3.6 Al earlier-diverged AID orthologs have relatively low catalytic rates

| sought to assess the catalytic rates of AID orthologs by comparing initial Michaelis-
Menten enzyme velocities, in the same manner previously used to demonstrate Hs-AID’s lethargic
catalytic rate.??” To determine the optimal duration of incubation with substrate for each AID
ortholog, which will be used later to measure initial catalytic velocities, | first performed time
course enzyme Kkinetics comparisons. Each AID ortholog was incubated with TGChbub7
(Figure 2.3A) at its optimal temperature for durations between 5 and 1,200 minutes (Figure 3.8A).
The substrate TGCbub7 was chosen because | found in this and previous works that it is the most
preferred target of all AID orthologs in the alkaline cleavage assay, which is used to determine
enzyme kinetics.1838 Following a similar pattern to the initial activity test seen in Figure 3.3B, |
found that Hs-AID was the most active, catalyzing the maximum deamination of the second most
active AID ortholog, Pm-CDAL1 (42 fmol/ug at 1,200 min), more than three times as fast. Tn-AID
was as active as Pm-CDAL until 360 min, after which Tn-AID catalyzed 20% less product than
Pm-CDAL at 1,200 min. Gc-AlID activity plateaued at 360 min, after which it catalyzed 0.5
fmol/ug product every hour until it reached a low maximum of 17.5 fmol/ug at 1,200 min, which
is three-fold less than the activity of Hs-AID at this time. Lc-AlD catalyzed a maximum of 10

fmol/ug at 1,200 min, approximately one-fifth the product catalyzed by Hs-AID at this time point.
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Legend: Figure 3.8

A, left Representative time course alkaline cleavage gel. Pm-CDA1 was incubated with TGCbub7
at optimal temperature (14 °C) for 1-20 hrs. Right Graph of combined time course data from two
to seven experiments using three to six independently purified preparations of each AID ortholog;
each point on the graph represents four to ten individual data points. Error bars represent the SD.
B, left Representative Michaelis-Menten enzyme kinetics alkaline cleavage gel used to determine
the initial enzymatic velocity of each AID ortholog. A 0.2 pg portion of
Pm-CDAL was incubated with concentrations of TGCbub7 ranging from 3.15 to 100 fmol/ul at
the optimal temperature (14 °C) for 7 hours. Right Graph of Michaelis-Menten kinetics showing
initial velocities of the different AID orthologs. Each point represents four to six individual data
points from three independent experiments on three to six independently purified preparations of
each AID ortholog. Error bars represent the SD. **, P < 0.005; ***, P <0.0005, determined by

two-tailed, nonparametric t test (Wilcoxon signed rank test).
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The optimal length of incubation for comparison of Michaelis-Menten kinetics between
AID orthologs was determined based on the duration of the initial velocity phase of time course
kinetics: Pm-CDA1, 240 to 420 min; Gc-, Tn-, and Lc-AlID, 150 to 300 min; and Hs-AID, 120
min. | thus measured the catalytic kinetics of each AID ortholog at its optimal time and temperature
on a range of TGChbub7 concentrations (Figure 2.3A and Figure 3.8B). Unsurprisingly, the order
from highest to lowest initial catalytic rate followed the same trend as time course enzyme Kinetics
in Figure 3.8A: Hs-AID exhibited the highest catalytic rate with an initial velocity of 0.75
fmol/pg/min. Pm-CDA1 is 33% less active than Hs-AID, with an initial velocity of 0.50
fmol/pg/min. Tn-AlD and Gc-AlID had lower and similar initial velocities, between 0.18 and 0.22
fmol/pg/min, nearly a quarter the rate of Hs-AID. Similar to the time course kinetics, Ge-AlD and
Lc-AID were again the slowest, having initial velocities of 0.18 and 0.15 fmol/pg/min,
respectively, one-fifth that of Hs-AID. Thus, based on time course and initial catalytic rate
comparisons, | conclude that all orthologs studies have a lower catalytic rate than Hs-AID.

Interestingly, the earliest-diverged ortholog (Pm-CDAZ1) is the most active of the fish orthologs.
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3.3.7 All AID orthologs have high binding affinity to their substrate

An important intrinsic variable that affects enzymatic activity is binding affinity; optimal
enzymatic activity requires not only effective initial binding of the enzyme to its substrate, but also
disassociation from the substrate after processing the substrate, to free the enzyme to act on other
substrates. Binding affinity can be affected by temperature, salt concentration, and other variables
that affect the structure and mobility of the protein and its substrate, as well as the intermolecular

interactions between them.3%

The EMSA allows for analysis of enzymatic binding affinity to its substrate; when
performed on a serial dilution of substrate concentration, a dissociation constant (Kd) can be
calculated. Enzymes with a small dissociation constant have high binding affinity to its substrate
and may have slower enzymatic activity. Enzymes with a large dissociation constant may also
demonstrate slow activity due to an inherently low binding affinity with the substrate, thus
requiring higher concentrations of substrate. In any case, analysis of an enzyme’s binding affinity
to its optimal substrate can further elucidate relationships between the enzyme’s biochemical
properties and its function. In the case of AID and its orthologs, comparison of their dissociation
constants and enzymatic activities can elucidate evolutionary changes, explain genetic and cellular

regulatory mechanisms, and further characterize these understudied proteins.

To ascertain whether the differences in catalytic activity between the AID orthologs are
due to differences in affinity of binding to the substrate sSDNA, | performed EMSASs previously
optimized for measuring affinity of overall AID binding to DNA (Figure 3.9A, left).183226.227 The
average Kd values (in nM) were as follows: Pm-CDA1, 0.11; Gc-AlID, 0.14; Tn-AlD, 0.58; Lc-

AID, 0.044; and Hs-AID, 0.14 (Figure 3.9A, right).
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Adapted with permission from Figure 6 and Supplementary Figure 2 in Quinlan et al., 2017.2%°

127



Legend: Figure 3.9

A, left Representative EMSA gel of Hs-AID incubated with various concentrations of TGCbub7
at optimal temperature (31 °C) for 1 hour. AID in complex with substrate is found in the bound
bands, while free substrate continues to migrate toward the bottom of the gel, as indicated. The
negative control is TGCbub7 in binding buffer with no AID added. A, right To calculate Kd half-
saturation binding affinities for each ortholog, the fraction of shifted substrate was quantified, and
a bound versus free plot was generated. The average Kd value for each AID ortholog is indicated
within each graph, determined from three independently purified preparations of each AID
ortholog. B Scatchard Plot of Velocity versus Binding Affinities of the five AID orthologs studied
in this section compared to those of human APOBEC3G (determined by Chelico et al®%®3%%), The

insert graph is a zoomed-in view of the position of AID orthologs on the graph.
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The differences in binding affinities were not directly correlated with variation in catalytic
activity (see Figure 3.9B, insert); however, since all ssDNA dissociation constants were extremely
low (in the nM range), together they correspond to slower activity, compared to APOBEC3G,
another member of the APOBEC family, that exhibits uM range ssDNA dissociation constants,
and a much faster catalytic rate (Figure 3.9B).3°3% Thus, | conclude that all AID orthologs
examined here are able to bind ssDNA efficiently with very high affinities in the nM range, similar

to Hs-AID.
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3.3.8 Predicted structures of AID orthologs provide insight into biochemical differences

To gain structure-function insights of the different AID orthologs, we modeled each AID’s
structure using several related and solved APOBEC structures as the templates, as previously
described (Figure 3.10, first column).%32%2 We examined the 25 lowest-energy predicted
conformations for each ortholog and found that all formed a core structure akin to the conserved
core architecture of the AID/APOBEC family.%® Consistent with our finding that these orthologs
are active cytidine deaminases, they all exhibited an enzymatically viable catalytic pocket at the
centre of which are the characteristic triad a-B-o Zn-coordinating motif of two cysteines and a
histidine atop the proton-donating catalytic glutamic acid (H66, E68, C97, and C100 for Pm-
CDAZ1,; H56, E58, C87, and C90 for Gc-AlID; H53, E55, C93, and C96 for Tn-AlD; H56, E58,

C87, and C90 for Lc-AlID; H56, E58, C87, and C90 for Hs-AID).

We noted that each predicted AID structure exhibited a high concentration of surface-
exposed, positively-charged residues distributed over the entire surface in locations proximal to
the catalytic pocket, as we previously described for Hs-AlD.%2 Consequently, all AID orthologs
exhibited similar isoelectric properties (pl values for Hs-, Lc-, Tn-, and Gec-AlID and Pm-CDAL1 of
10.0, 9.7, 10.1, 10.2, and 10.0, respectively) and charges at neutral pH (net charges for Hs-, Lc-,
Tn-, and Gc-AID and Pm-CDAL of +14.3, +11, +15.9, +11.7, and +12.7, respectively). This
conservation is remarkable since there is significant divergence in pl and surface charges within
the AID/APOBEC family (-2, -6, +0.5, -9, and —3.5 of human A3A, A3B-CTD, A3C, A3F-CTD,
and A3G-CTD, respectively), thus making the net charge of approximately +14 a defining feature
of AID.?*2 The conservation in high positive net charge is also consistent with our observation that

all AID orthologs bind ssDNA with high-nM-range affinity (Figure 3.9, right).
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Legend: Figure 3.10

Adapted with permission from Figure 7 in Quinlan et al., 2017.2%

Shown are the cartoon (first column), surface topology (second column), surface model with
single-stranded section of TGCbub7 in the DNA binding groove (third column), and catalytic
pocket docked with dC (fourth column) of A, Hs-AID; B, Lc-AID; C, Tn-AlD; D, Gc-AlD; and
E, Pm-CDAL. Each structure is a representative of the 25 lowest-energy predicted conformations,
using multiple related APOBEC X-ray and NMR structures as the templates. N-to-C terminus
progression is shown from blue to red in the cartoon structures. The ribbon diagram shows Zn
coordinated in the catalytic pocket (purple sphere): € is loop, a is helix, and B is strand. All models
illustrate the same global architecture with notable differences found in the N-terminal tails,
connecting loops (€2, t4, £5, €6, and £8), particularly in the loop 5 extension that is unique to
teleost fish, and in the structure/absence of the C-terminal a7. In the surface structures, positive
and negative residues are blue and red, respectively. The catalytic pocket is seen as an indentation
in the centre, with the catalytic residues (Zn-coordinating triad of cysteines and histidine, catalytic
glutamic acid) coloured purple. A large proportion of the surface is positively charged, as reflected
by the relatively high pl and net charge at neutral pH compared to other APOBEC enzymes, and
similar to Hs-AID. The fourth column shows catalytically accessible conformations of each AID
ortholog docked with dC in the catalytic pocket. All orthologs exhibited both open and closed
catalytic pocket confirmations, similar to Hs-AID, and a representative open pocket confirmation
was chosen for dC docking, since closed conformations are unable to dock dC in the pocket and

thus represent an inactive conformation of AID.
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Since | found that all AID orthologs examined had varying but consistently low catalytic
robustness, we compared regions that govern the catalytic pocket and substrate specificity
(Figure 3.10, first and second columns). We previously described a set of secondary catalytic
residues that support the aforementioned primary catalytic residues by stabilizing dC in the
catalytic pocket and contribute to the physical architecture of the catalytic pocket.5® The secondary
catalytic residues are contained in loops 2, 4, 6, and 8 in Hs-AlID; relative breathing motion of
these loops contributes to the fluidity of Hs-AID’s catalytic pocket dynamics.5%2%2 We previously
demonstrated that these loops contain much of the sequence divergence within the human
AID/APOBEC family and that these differences mediate variable breathing dynamics of catalytic
pockets.?? Here, we found that the AID orthologs also had significant differences in these loops.
Pm-CDAL had a three-residue insert and a replacement of two normally conserved secondary
catalytic residues (R32 and C33) in loop 2. Nevertheless, the conformation of loop 2 remains
similar to other AID and APOBECs. We noticed a large insert in loop 4 of Pm-CDAL that
compacts the residues neighboring the catalytic pocket. We also noted considerable sequence
differences in loop 8 among all AID examined, with Pm-CDAL having the shortest loop 8. In Tn-
AID, we observed a unique sequence in loop 5, which is conserved in AID from ray-finned fish.
This sequence contains a high number of helix-breaking residues and was predicted to form an
extension of loop 5. Furthermore, this extension contains a high number of hydrophobic residues
and was found to mediate contact with a2 and the N terminus, which is likely important for

dimerization.

We previously demonstrated that the catalytic pocket of AID transitions dynamically
between accessible and occluded states and that only the former can accommodate dC for

deamination.®® Therefore, we sought to compare the efficiency of dC binding in the catalytic
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pocket of the AID orthologs. To this end, we docked a 7-nucleotide ssSDNA containing the WRC
motif TGC to the surface of AID and measured the proportions of ssDNA bound near the catalytic
pocket and how many of those conformations were catalytically viable (Figure 3.10, third and
fourth columns; Table 3.2). As previously demonstrated for Hs-AID,5 blind docking simulations
showed sporadic binding of the ssSDNA oligonucleotide on the surface, with a minor proportion of
substrate bound proximal to the catalytic pocket: 18% (59/320), 39% (112/288), 29% (56/192),
42% (161/384), and 44% (99/224) of DNA bound clusters for Hs-AID, Lc-AlID, Ge-AlID, Tn-AlD,

and Pm-CDAL, respectively.

We then restricted the docking to the catalytic pocket and surrounding region; for Hs-AID
we found 58% of low-energy binding clusters resulted in DNA bound to the DNA binding grooves.
For Tn-AID, Gc-AlD, Lc-AlID, and Pm-CDAL we found 63% (507/800 clusters), 62% (498/800
clusters), 74% (590/800 clusters), and 72% (572/800 clusters) of low-energy ssDNA binding
clusters bound to the DNA binding grooves located on the surface, respectively. For Tn- and Gc-
AID, the proportions were similar to Hs-AlD, but slightly higher in Lc-AlID and Pm-CDAL. These
higher proportions might be attributed to a slightly more favourably shaped DNA-binding groove.
We also observed that like Hs-AID, each ortholog had only a minority proportion of catalytic
pockets in an open and accessible conformation able to dock dC (40% [10/25], 36% [9/25], 24%
[6/25], 48% [12/25], and 28% [7/25]) for Hs-, Lc-, Tn-, and Gc-AlID and Pm-CDAL, respectively
(Table 3.2)). This observation is consistent with our demonstration here that all fish AID orthologs
have a low catalytic rate and suggests that catalytic pocket occlusion is a crucial aspect of AID

regulation that has been preserved during its divergence.
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Table 3.2 Percent substrate bound to AID near the catalytic pocket and correctly oriented

within the DNA binding groove

% Substrate bound near the catalytic pocket

AID ortholog - ) % Catalytically viable states
Not restricted Restricted*

Hs-AID 18 (59/320) 58 (466/800) 40 (10/25)

Lc-AID 39 (112/288) 74 (590/800) 36 (9/25)

Gc-AID 29 (56/192) 62 (498/800) 24 (6/25)

Tn-AID 42 (161/384) 63 (507/800) 48 (12/25)

Pm-CDA1 44 (99/224) 72 (572/800) 28 (7/25)

Adapted with permission from Table 2 in Quinlan et al., 2017.2%8

“To within 30 by 30 A of the catalytic pocket
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To address the structural basis of the variable substrate sequence specificities, we simulated
TGC- and GTC-containing ssDNAs binding to Pm-CDA1 and Hs-AID. Our docking simulations
reflected our in vitro results: we found that Hs-AID preferred TGC versus GTC (2.1% versus 0.9%
of DNA complexes containing dC in the catalytic pocket), while Pm-CDAL1 has a greater
preference for GTC (2.1% versus 1.1% of DNA complexes containing dC in the catalytic pocket).
These results not only explain our in vitro finding that Pm-CDA1 prefers GTC, the opposite
preference to that of Hs-AID, but also serve as further validation of our AID:ssDNA structural

prediction strategy.
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3.4 Discussion

Previous works have mainly focused on testing ray-finned fish AID in cell-based reporter
assays, determining that these AID orthologs can initiate tetrapod-exclusive CSR in mammalian
cells. 159178179181 This study is the first to compare purified versions of the earliest-diverged known
AID orthologs. | found that all four fish AID orthologs are active cytidine deaminases, supporting
the theory that the downstream effects of AID mutation, like CSR and SHM, are likely more
dependent on substrate availability, such as the concurrent exposure of single-stranded 1g switch-

regions during transcription and transportation of AID into the nucleus of the activated B cell.

| also found that while each fish AID demonstrated various levels of activity, all AID
orthologs share the exceptional biochemical properties of Hs-AID: relatively slow catalytic rates
and high-nanomolar-range ssDNA binding affinities.??"??831 These characteristics are consistent
with predicted shared structural features of frequently occluded catalytic pockets and highly
positively charged surfaces, respectively. We have shown that these two structural features of
Hs-AID mediate sporadic sSDNA binding on its surface and infrequent positioning of dC in the
catalytic pocket that, together, limit the activity of AID. Our finding here that even the most
divergent orthologs studied share these biochemical and structural features points to the

evolutionary importance of this safeguard.®®

In support of our finding that AID orthologs are lethargic in vitro, the relatively slow
catalytic activity of wild-type AID has also been demonstrated in vivo: AID mutants that were
more catalytically active than their wild-type Hs-AID counterpart were shown to increase antibody
diversification and chromosomal translocations in B cells, suggesting that AID has evolved a

suboptimal specific activity to avoid possibly tumourigenic DNA damage.?”® To confirm our
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finding that AID’s lethargy is consistent across species as a protective evolutionary trait against
DNA damage, it will be critical to develop similar in vivo assays using higher-activity mutants of

nonhuman AID orthologs.

The AID orthologs studied here show similarly high nanomolar range binding affinities,
but also unusually low enzymatic activity. An enzyme requires a minimum binding strength to
have any activity, but if the bound complex between product and enzyme is too strong, the product
may remain bound too long and act like a competitor, decreasing activity. Indeed, when a related
enzyme with a much higher specific activity, like APOBEC3G, is considered for comparison, an
inverse relationship between specific activities and binding affinities emerges (see Figure 3.9B).
In this context, it is remarkable that even though the amino acid sequence of Pm-CDAL is more
different from Hs-AID than other human APOBECs are from Hs-AID, Pm-CDA1 has maintained
the high binding affinity and low catalytic activity common to the other AID orthologs, further

supporting the evolutionary importance of these biochemical properties.

Furthermore, as suggested in previous works, 29183184 | found that purified fish AID are
more cold-adapted than their human counterpart, indicating that AID itself has adapted to changes
in body temperature. Adult lamprey inhabit waters at 20 °C,%*? nurse sharks prefer 25 °C to 30
°C,313 tetraodon are found in tropical freshwater environments at 26 °C,%' coelacanths prefer deep
water at 13 °C to 25 °C,%"° and humans keep an internal temperature of 37 °C: these physiological
temperatures are only slightly warmer than the optimal temperatures of the associated AID. The
concurrence of the optimal temperature of an enzyme to the physiological temperature of the
species is referred to as “corresponding states,” where orthologous proteins from species living at
different temperatures are in corresponding stable tertiary structures and exhibit similar

thermodynamic stability at their respective optimal temperatures.3*6-3!8 Cold-adapted proteins are
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often more flexible than their warm-adapted counterparts so as to adopt a similar level of structural

rigidity at lower temperatures.3!8:31°

| demonstrated that Lc-, Gc-, and Tn-AlD is less catalytically active than Pm-CDA1 and
Hs-AID, thus we were surprised not to observe gross differences in apparent compaction of
predicted AID ortholog structures. Rather, structure prediction suggests other reasons for variation
in enzymatic activity. For example, in Tn-AlID there is an extension of loop 5, which is unique to
AID from ray-finned fish (not shown). This modified loop 5, enriched in proline/glycine residues,
effectively bulges loop 5 away from the core toward the B2 face. Based upon the tetrameric
structure of APOBEC2, AID has been proposed to dimerize at this interface, which involves
interactions from 2 and loop 5.32° Given the context of this insert, we suspect this loop 5 insert in
Tn-AID may alter the dimer structure, which in turn may have ramifications on its other
biochemical properties, such as activity. Furthermore, in Pm-CDAL we noticed a distinct structure
of the N-terminal tail in comparison to other AID structures examined. While the N-terminal in
other AID structures forms a short extension, which makes minor contact with 2, the N-terminal
in Pm-CDAL1 forms an extended conformation that maintains significantly more contact with 2
and partial contact with a2. This extended N-terminal tail effectively shields 2, analogous to the
full-length structure of APOBEC2. Unlike the N-terminally truncated APOBEC2 which forms a
tetramer, the full-length APOBEC?2 structure exists solely as a monomer because the extended N-
terminal tail, analogous to Pm-CDAL, effectively shields p2-p2 dimerization. This suggests that
the N-terminal extension in Pm-CDA1 may result in shielding of the dimerization interface,
possibly leading to prevalence of monomers, which would explain our observation of its relatively
higher specific activity. The predicted models also reveal differences in the substrate specificity

loops which explain the unique substrate preferences of these AID orthologs.
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It has been hypothesized that Pm-CDAL is responsible for initiating gene conversion
between the placeholder untranslated region of VLRA/C and the leucine-rich repeats, which form
the completed transcript.26151288 Unlike VLRB, which is predicted to perform the same actions in
cyclostomes as Ig in gnathostomes, VLRA and VLRC are theorized to be more similar to T cell
receptors. Therefore, it is possible that the unique preference for Pm-CDAL1 for non-WRC motifs
(NYC) is a reflection of coevolution with its target substrate (VLRA/C). Based on our work, we
suggest differences present in loops 2 and 8 of Pm-CDAL, as well as the overall compacted state
of the catalytic pocket and surrounding region due to a four-residue insert (G60-R63) pushing
loop 4 closer toward the catalytic pocket, are responsible for its unique substrate preference.
Concurrent with Ig loci appearing as the primary antigen recognition receptor in the shark family,
AID seems to have evolved a preference for substrates with WRC motifs, its substrate specificity
pattern becoming more like that of Hs-AID as the evolutionary distance between the species closes.
Given the involvement of loop 8 in substrate recognition in Hs-AlID and other APOBECS, it was

not surprising to observe considerable differences of loop 8 between the AID orthologs.

This study is the first to carry out an in vitro comparison of specific biochemical properties
in purified earliest-diverging orthologs of a tumourigenic DNA-mutating enzyme. | discovered
that the AID orthologs found in these fish species maintain the uniquely low enzymatic rate and
high-affinity DNA binding of their human counterpart and that, despite structural differences that
lead to various optimal temperatures and DNA substrate sequence preferences, the three defining
regulatory aspects of the structure are remarkably conserved across species: an abundance of high
positive surface charge, catalytic pocket inaccessibility, and frequently catalytically-nonviable
ssDNA binding. Together, these features inherent to AID are responsible for its lethargic catalytic

activity, which | demonstrated is also conserved throughout evolution. Our results provide strong
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evidence that the inherent structural features that limit AID’s “dangerous” mutagenic activities are

biologically significant, as they are remarkably conserved across evolution.
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Chapter 4 Lamprey has an expanded and diverse repertoire of enzymatically distinct AID-

like enzymes

4.1 Authorship Statement

Data described in Section 4.2 are published in “Expansions, diversification, and
interindividual copy number variations of AID/APOBEC family cytidine deaminase genes in
lampreys” in the Proceedings of the National Academy of Sciences of the United States of America
(PNAS) in 2018.1%" Last co-authors T Boehm and M Larijani designed and supervised the research.
Authors SJ Holland, LM lyer, K Sikora, S Peter, F Sugahara, P Shingate, | Trancoso, N lwanami,
E Temereva, C Strohmeier, S Kuratani, B Venkatesh, G Evanno, L Aravind, and M Schorpp
performed DNA extraction, whole genome sequencing, generation of contig assemblies,
phylogenetic comparison of APOBEC genes, RT-PCR, transcriptome assembly, RNA sequence
expression analysis, and the bacterial resistance assays. LM Berghuis expressed and purified the
CDA variants, performed the protein activity assays, and analyzed the resulting data. JJ King
performed structure prediction modeling and prediction of the biochemical characteristics of the
CDA variants. SJ Holland, M Larijani, and T Boehm analyzed the data and wrote the paper. |

assisted in data analysis and designing and creating figures 2, 3A-G, S3B, S8, and s9.

In the subsequent sections, LM Berghuis expressed and purified the CDA variants. JJ King
performed the structure prediction and modelling of the variants and their biochemical
characteristics. David Hubert predicted the biochemical characteristics of some CDA and AID
variants. | designed and performed the cytidine deaminase activity assays, analyzed the data,
performed the literary research, and wrote the chapter. M Larijani supervised the work and edited

this chapter.
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4.2 Introduction

The first report of AID-like enzymes in the lamprey identified two different orthologs:
Pm-CDAL, which is a 208 amino acid (aa) protein with cytidine deaminase activity in cellular
reporter assays, and Pm-CDA2, a longer 331 aa protein without any discernable cytidine
deaminase activity in the reporter assays used. No other “pillars” of an adaptive immune system
were found, such as MHC, RAGs, or T/B cell receptors.*?® However, lymphocyte-like cells were
discovered, with receptors similar to T and B cells; these were similar to TLRs in shape, had many

leucine-rich repeats, and were named Variable Lymphocyte Receptors.?®

Another factor that unites both jawed and jawless vertebrates is somatic rearrangement of
their lymphocyte receptors: mature VLR transcript sequences do not match their genomic
counterparts, suggesting they are somatically rearranged. Each VLR gene contains four exons
which together house the 5’ untranslated region (UTR), a signal peptide, the 3’ end of the LRRCT
(the most 3’ LRR segment), and the C terminal, which contains a glycosylphosphatidylinositol
(GPI) membrane-anchorage motif, with slight variations depending on the type of VLR and the
species. The LRR cassettes that are copied into the non-coding middle region of the mature VLR
are found both up- and downstream of the main gene (see Figure 4.1 ).126230.321 |t s hypothesized
that CDA1 and CDAZ2 initiate the gene conversion events that create the VLR transcript by
mutating cytidines located in the non-coding regions of the VLRA/C and VLRB genes,
respectively, in a process similar to how AID mutation initiates gene conversion events at
immunoglobulin loci in sheep, rabbits, and chickens.®?? In such a gene conversion process, after
the DNA double strand break, DNA repair mechanisms would use the variable LRR segments as
templates to replace the mutated DNA in the non-coding region through nonreciprocal

homologous recombination, 321323
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Figure 4.1 Somatic rearrangement of the lamprey variable lymphocyte receptor

Multiple Cassettes

Copied Sequentially

Adapted from Figure 2, Box 7-2 in Owen et al., 2013* as non-commercial user-generated content.

The Variable Lymphocyte Receptor (VLR) loci is arranged in the genome with the untranslated
region (UTR), signal peptide (sp), N-terminal (NT) Leucine-rich Repeat (LRR), a non-coding
region, the C-terminal (CT) LRR, a stalk, and a hydrophobic peptide (hp). It is hypothesized that
CDA1/2 mutate cytidines at the either end of the non-coding region; the resulting uridine is
removed and the abasic site repaired through DNA repair mechanisms. Often these mechanisms
caused single- or double-stranded breaks, which signals gene conversion (GC) to begin. GC uses
various cassettes found both up- and downstream of the main cassette as templates to fill in and
repair the DNA break, essentially replacing the non-coding region with NT (N-terminal), V
(variable), Ve (end variable), connecting peptide (CP) and CT cassettes. These cassettes are copied
sequentially, one after the other, and may be copied whole or partially, creating diversity in the
final transcript. Diversity is also created via different numbers of V LRR modules and different

combinations of LRR modules, the latter of which is similar to V(D)J recombination.
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P. marinus, discussed in Chapter 3, is one of ~ 40 species of lamprey, which, along with
hagfish, are the only remaining members of the jawless fish superclass Agnatha, i.e.,
cyclostomes.?® Lamprey can be divided into parasitic and non-parasitic species. The parasitic sea
lamprey is arguably the most-studied species, classified as “invasive” in the North American Great
Lakes. Sea lamprey spend over half their life as ammocoetyes (larvae) living on freshwater
riverbeds feeding off detritus, afterwards undergoing metamorphosis to a sexually-immature
parasitic form, migrating to larger bodies of fresh or salt water to feed on the blood of larger
animals. Once sexually mature, the sea lamprey cease to eat, returning to their ammocoetye
riverbed to spawn and die. Non-parasitic lamprey, such as the European brook and Japanese
lampreys, skip the juvenile parasitic phase and metamorphosize almost directly from ammocoetyes
into sexually-mature adults, gaining teeth yet losing the ability to eat, and remaining near their

birth sites to spawn.?*

During embryogenesis, lamprey lose ~ 20% of their genome from their somatic cells.3%
This process is called programmed DNA elimination or programmed genome rearrangement
(PGR, see Figure 4.2) and occurs in ~ 10% of all vertebrates, including the cyclostomes, some
shark species (holocephalans), bandicoots, spiny mice, and Passeriformes (song birds).326-328 |n
lamprey, the eliminated DNA is composed of transposable elements, satellite repeats, and genes.
These eliminated genes are responsible for organism development and have homologs in mice that
are largely silenced by the polycomb repressive complex (PRC).32%328 The PRC plays a protective
role, silencing genes that, while instrumental during development, become detrimental once the
animal has reached reproductive age (e.g., oncogenes), a phenomenon called antagonistic
pleiotropy.®?°3% PGR is believed to play a similar role, eliminating genomic content that has

surpassed its usefulness, protecting the soma while maintaining the integrity of the germline.32633
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| Metaphase | Anaphase | Telophase

Figure 4.2 Mechanism of programmed genome rearrangement in the lamprey

Adapted with permission from Smith et al., 2021.3%

Diagram illustrating the proposed mechanism of programmed genome rearrangement (PGR) in
lampreys. At the sixth cell division, duplicated chromosomes align centrally along the metaphase
plane (left). During anaphase (centre left), as the chromosomes are pulled away from the
metaphase plane via spindle fibres (black lines) towards the spindle poles (purple spheres),
germline-specific chromosomes (orange) remain closer to the metaphase plane than somatic
chromosomes (green). Germline-specific sister chromosomes are prevented from separating due
to an interaction at their terminal ends, where repetitive DNA elements are located (Germ2 and
Germ®; centre right). During telophase (right), retained chromosomes form nuclei (blue dashed
circles), while germline-specific chromosomes form small micronuclei (orange dashed circles).
These micronuclei are enriched in trimethylated H3K9 and accumulate 5-methylcytosine (black

stars), targeting the germline-specific DNA for degradation.
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The ability to manage different pH, temperature, and salinity levels; their vastly different
life stages; the fact their genome undergoes PGR during embryogenesis; combined with their
unique place in vertebrate evolution highlight the lamprey as a fascinating model organism for
studying evolutionary biology and immunology. Thus far, multiple investigations have found
evidence of parallels between lamprey and gnathostome immune systems. For example, Hirano et
al. found that the third lymphocyte lineage (VLRC") not only expressed genes similar to y3T cells
(such as Sex determining Region Y [SRY]-related High Mobility Gene [HMG] 13 [SOX13]
encoding a ydT cell fate-determining transcription factor), but was also localized to lamprey
epithelial tissue where they were dendritic in shape, similar to mouse dendritic epithelial T
cells.’5332 Another example is work by Li, Wu, and associates, who studied lamprey complement
component C1q, an initiator of the mammalian classical pathway, which activates C3 in lamprey.
This group demonstrated that lamprey C1lg mediates complement-dependent cytotoxicity via
interaction with secreted VLRB in vitro,®* while their in vivo C1g-knockdown study suggested
Clgisinvolved in VLRA/C™ T cell-like response; these interactions are analogous to the influence
of gnathostome C1q over humoral and cellular immunity.>33* Study of lamprey innate immunity
revealed further similarities: for example, a lamprey NF-xB homolog with a 3D structure and in
situ activity similar to its human counterpart®®; and the presence of leukocyte autophagy in

response to antigen stimulation, similar to the response in mice and other vertebrates.33®

The aforementioned work is a small portion of what has been investigated, and much is
still not yet known about the immune system of this extant agnathan. My work, and that of my
colleagues, described in the third chapter added to this growing field by highlighting the unique
biochemical characteristics of the sea lamprey CDAL enzyme, which includes the first case of non-

WRC sequence preference shown in an AID ortholog while demonstrating the evolutionarily
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conserved AID characteristics of high substrate binding and relatively low catalytic activity. Our
data suggests that, as an active AID-like enzyme expressed in T cell-like cells, CDAL could play
a mutagenic-diversification role in the sea lamprey cellular adaptive immune system. This chapter
describes our previously published discovery and initial analysis of new freshwater lamprey CDA
genes, research that is expanded in the second half of the chapter describing our as-yet unpublished

work.
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4.3 Expansions, diversification, and interindividual copy number variations of

AID/APOBEC family cytidine deaminase genes in lampreys

To identify AID homologs in freshwater lamprey species, genomic DNA was extracted
from whole larvae and testes of European brook lamprey Lampetra planeri (Lp) and Japanese
lamprey Lethenteron japonicum (Lj), respectively, these two species being closely related non-
parasitic cousins to the comparatively better studied and parasitic P. marinus species. This DNA
was then sequenced and searched for Pm-CDAL and Pm-CDA2 orthologs. Close genetic homologs
of CDA1 and CDAZ2 were found in both species, along with, unexpectedly, multiple CDA1-like
genes that could be divided into two distinct groups (CDALL1 1, 2, 3, 4and CDAlL2 1, 2)
(see Figure 4.3A). Genomic DNA from other individuals were searched for homologs of these
new CDAI-like genes, which were found, along with splice variants of CDA1L1 1 and

CDA1L1 3.'¥
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Figure 4.3. CDA-like genes in Lampetra planeri

Adapted with permission from Figure 2 in Holland et al., 2018.1%7
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Legend: Figure 4.3

A Representative schematic of all CDA-like genes found in the L. planeri fish. Each gene is
colour-coded: different shades of the same colour denote similar genetic sequence, same shades
of the same colour symbolize exact sequence: CDA1, grey; CDA1L1, blue; CDA1L2, red; and
CDA2, purple. The LpCDAI1L1 1spl and LpCDAIL1 3spl 3° end sequences are genetically
exact (yellow). The 3’ ends of LpCDA1L2 1spl and LpCDA1L2 2spl are genetically similar
(different shades of green). All LpCDA2 genes are genetically exact, except for two point
mutations (stars) and truncation in LpCDA2_v2, and a short insert in LpCDA2_v3.2 (orange). B
Alignment of amino acid sequences of human, mouse, and zebrafish AID (Hs-, Mm-, and Dr-
AID, respectively) and CDA-like proteins from L. planeri (LpCDA1L1_1, 1spl, _2, 3, _3spl,

and _4). o, alpha helix; B, beta sheet; £, loop; *, zinc-coordinating motif residues.
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When their amino acid sequences were compared with those of other AID orthologs
(Figure 4.3B), these novel CDA-like proteins were found to contain the conserved deaminase core
catalytic motif (HXE(x)nPCxxC), suggesting they could be active cytidine deaminases. In silico
modeling of each CDA ortholog also demonstrated their possible catalytic activity, as each protein

formed a putative cytidine deaminase catalytic site (Figure 4.4).%%
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Figure 4.4. Comparison of isoelectric points and surface charges of APOBEC
proteins
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Legend: Figure 4.4

Adapted with permission from Figure 2 in Holland et al., 2018.1%

Representative surface topology models of the lamprey CDALL1 proteins, compared with sea
lamprey (Petromyzon marinus) CDAL (Pm-CDA1), zebrafish (Danio rerio) AID (Dr-AlID), house
mouse (Mus musculus) AID (Mm-AID), human (Homo sapien) AID (Hs-AlID), and the C terminal
domain (CTD) of human APOBEC3G (Hs-A3G-CTD). Positively- and negatively-charged
residues are coloured blue and red, respectively. The catalytic pockets are indicated as an
indentation in the centre, with the Zn-coordinating triad (two cysteines and a histidine) and the
catalytic glutamic acid coloured purple. Each protein’s predicted isoelectric point (first number)
and charge at neutral pH (second number, in brackets) is indicated above the associated surface
structure. A Proteins with negative charge at neutral pH (mostly red surface residues). B Proteins

with positive charge at neutral pH (mostly blue surface residues).

154



Another surprising finding was that each individual had a unique repertoire of CDA1L1
spliced and unspliced genes, differing in number and combination of genes (see Table 4.1). Due
to the genetic variation between these CDALL1 genes, the enzymatic activity of the resulting
proteins could also vary; that each individual contained a unique repertoire of these genes suggests
an evolutionary advantage to diversity of these genes, which could be linked to a variation in
enzyme activity. Most intriguing, if one individual lacked a CDA1 gene, it had a CDA1L1 4 gene,
and vise versa; in contrast, each individual could have all, some, or none of the remaining CDA1L1
genes. This suggests CDA1 and CDA1LI1 4 play a similar, necessary role in the animal’s survival,
while the presence or absence of the other CDA1L1 genes is influenced by other factors, further

suggesting a variation in the enzymatic activity or role of these proteins.?’

Additionally, in silico structural modeling of all identified proteins found that the surface
charge of CDAL1L1 4 was more similar to that of Pm-CDAL and AID from mouse, human and
zebrafish (mostly positive at neutral pH), than that of the other CDA1L1 proteins, whose surface
charges matched that of the APOBEC3 enzymes (negative at neutral pH; Figure 4.4).12” While
both are nucleotide mutators, AID and APOBEC3 play vastly different roles in immunity: the
former diversifies and strengthens the antibody response, while the latter mutates viral genomes
to render them ineffectual.'’?>!% The differences between the surface charges of AID and
APOBECS3 is reflective of their different subcellular localizations and enzymatic activities; the
difference in the surface charges of the CDA1L1 proteins similarly suggests different enzymatic
activities.'?” Taken together, these data suggested unique roles for the different CDA1L1 enzymes
that could be further explored using an unbiased, simplified in vitro protocol, as described in the

following sections.

155



Table 4.1 Combinatorial diversity of AID-like genes in the lamprey

L : Lampetra Lampetra Petromyzon
ampetra planeri o : ) .
fluviatillis | japonica marinus
Lp Lp Lp Lp Lf Lf L Lj Pm Pm
#173 | #175 | #236 | #242 | #29 | #33 | #1 #2 #1 | #144
CDA1l X X X
CDA1L1 1| X X X ?
CDA1L1 2| X X X X ?
CDA1L1 3| X X X ?
CDA1L1 4| X X X X X X ? X
CDA1L2 1| X X X X X ? X X
CDA1L2 2 X X ?

Adapted with permission from Figure 4 in Holland et al., 2018.%’

Inventory of CDA and CDA-like genes in individual fishes whose genomes were
extracted, to demonstrate combinatorial diversity. Numbers in row 2 denote individual animal
from which the genomic DNA was taken. CDA1 and CDA1L1 4 are highlighted in red. X,
presence of gene; ?, unexplored presence of genes; Lp, Lampetra planeri; Lf, Lampetra fluviatillis;

Lj, Lampetra japonica; Pm, Petromyzon marinus.
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To enzymatically characterize these novel AID-like proteins in order to better understand
their role in lamprey immunity, each CDA1L1 gene (LpCDA1L1 1, 1spl[spliced], 2, 3, 3spl,
_4) was processed in two of our protein expression systems which use two different plasmids
(pGEX-5X-3 and pcDNA 3.1-V5-HIS-TOPO) containing two different tags (GST and HIS,
respectively) at different terminal ends of the protein (N and C termini, respectively) in different
types of cells (prokaryotic and eukaryotic, respectively, the latter having more extensive post-
translational modifications®¥"). Expressing the same proteins in these two systems would certify if
the enzymatic activity and characteristics were due to any external influences on the protein, such
as the tag or post-translational modifications, or due to an inherent property of the enzyme. That
being said, our previous works have demonstrated that, at least with human AID, the different

expression systems and tags appear to have little influence on the characteristics of the enzyme. 4368

Contrary to the success seen with other AID orthologs, most of these new CDA1 orthologs
could not be successfully cloned and purified using the prokaryotic expression system. The
eukaryotic expression system was more productive, perhaps due to a more native protein
production facilitated by post-translational modifications that are lacking in E. coli cells.®*’
However, the resulting proteins were not purified as in the prokaryotic expression system. To
release the C-terminally His-tagged proteins in this second system, the HEK293T cells are simply
lysed; enzymatic activity declined drastically after purification, therefore, subsequent enzyme
activity tests were performed on whole cell lysates containing the protein of interest. The
previously studied human, zebrafish, and nurse shark AID (Hs-AID, Dr-AlID, and Gc-AlD,
respectively) were cloned and purified in parallel with the CDALL1 genes, acting as controls to
ensure accurate protein production and to serve as positive controls in downstream activity assays.

Accurate protein production was verified by western blot analysis (see Figure 4.5).1%
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Figure 4.5. Western blots of LpCDA1L1 and control enzymes to test for accurate purification

Adapted with permission from Supplementary Figure 8 in Holland et al., 2018.1%

Western blots of His-tagged LpCDAL1L1 orthologs and controls (Hs-, Dr-, and G¢c-AlID, human,
zebrafish, and nurse shark AID, respectively) in whole cell lysate using anti-V5 antibodies. The
ladders come from digitized versions of the same gels, which were inverted and superimposed
onto the original gel. Empty and extraneous lanes containing irrelevant samples were removed
for simplicity, denoted by the white space separating the cut gels. The sizes of each protein
combined with the linker, V5 epitope, and 8xHis tag are thus, following the order each protein
appears above: LpCDALL1 2 (~ 29.0 kDa), LpCDA1L1_3spl (27.5 kDa), Hs-AID (28.6 kDa),
LpCDALL1 4 (~ 29.9 kDa), LpCDA1L1_1spl (~ 27.6 kDa), LpCDALL1 1 (~ 28.9 kDa),
LpCDA1L1 3 (~28.8 kDa), Dr-AID (~ 29.3 kDa), and Gc-AlD (~ 28.5 kDa), the latter of which
is running lower on the gel than expected, but at the appropriate size compared to a Hs-AID
sample run on the same gel (not shown). The correct Ge-AlD band is indicated by a black arrow

to the left of the gel.
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Cell lysate was tested for cytidine deaminase activity in our alkaline cleavage assay,
alongside untransfected cell lysate negative controls (Figure 4.6). Initial activity tests included 16
hour incubations at three temperatures (14 °C, 22 °C, and 37 °C), three phosphate buffers of
different pH’s (5.9, 6.4, and 7.1), on 12 partially single-stranded, radioactively-labelled substrates,
each bearing a different target sequence motif (TGC-, TAC-, AGC-, TTC-, GTC-, GGC-, AAC-,
and GACbub7; ATC-, CTC-, and TTCbubB; and AGCbubl11; see Figure 2.3A, D, E). This wide
variety of parameters was necessary for the initial activity tests of these proteins due to their

activity status and optimal conditions being unknown.

All LpCDAIL1 lysates appeared to be active cytidine deaminases on partially single-
stranded substrates (Figure 4.6A-D), with the LpCDA1L1 2 and LpCDAIL1 4 lysate
preparations demonstrating the lowest enzymatic activity (Figure 4.6B). The untransfected lysate
and negative enzyme controls were indeed negative, therefore, any cytidine deaminase activity
seen in the alkaline cleavage activity could confidently be concluded to represent bona fide activity

of the tested LpCDA1L1 enzymes (Figure 4.6D).?’
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Figure 4.6. Initial activity tests of LpCDA1L1 orthologs and controls




Legend: Figure 4.6

Adapted with permission from Supplementary Figure 9 in Holland et al., 2018.1%

Representative alkaline cleavage gels and % deamination graphs of A LpCDA1L1 1 and
LpCDA1L1_1spl, B LpCDA1L1_2 and LpCDA1L1_4, C LpCDA1L1_3 and LpCDA1L1_3spl,
and D Hs-AID and untransfected control incubated 16 hours at 14 °C or 22 °C, at pH 6.4 or 7.1,
with 12 substrates (TGC-, TAC-, AGC-, TTC-, GTC-, GGC-, AAC-, and GACbub7; ATC-,
CTC-, and TTCbubB; and AGCbub11); only the darkest product bands are shown, indicated by a
black arrow. The % deamination graphs are of the TTCbubB results of each ortholog. L, ladder.
Gels C and D were unable to be quantified due to low-quality imaging of the gels. The white

spaces denote removed areas of the imaged gels that contained empty or irrelevant lanes.
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The optimal temperatures of the CDA1L1 enzymes ranged between 14 and 22 °C (see
Figure 4.6). In line with the differing surface charges of each protein, in the limited range of pH’s
tested, the optimal pH of CDA1L1 4, along with Hs-AID and Dr-AlID, was 7.1, while the other
CDALL1 enzymes showed optimal activity at pH 6.4 or 5.9 (CDAL1L1_1 only; Figure 4.6). All
CDALL1 enzymes showed a preference for TTC (a non-WRC motif) and TAC (a WRC motif)
(Figure 4.7). These results are similar to those seen for GST-tagged Pm-CDA1, which also
demonstrated a substrate specificity of both WRC and non-WRC motifs, while most AID enzymes

tested thus far have solely WRC preferences.*?’
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Figure 4.7. Substrate specificity profiles of LpCDA1L1 enzymes and controls
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Legend: Figure 4.7
Adapted with permission from Figure 3 in Holland et al., 2018.%’

Combined results (graphs) of lysate, His-tagged control enzymes (Hs-AID and Dr-AlID) and
LpCDA1L1 orthologs, and associated representative alkaline cleavage gels. Substrates (whose
products are indicated by a black arrow), in order of appearance on each gel: Hs-AID,
LpCDA1L1 1spl, LpCDAI1L1 2, LpCDAILL1 3spl, and LpCDAI1L1 4> AGCbubll,
TTCbubB, ATCbubB, CTCbubB, TGCbub7, and TACbhub7; Dr-AlID-> TGC-, TAC-, AGC-,
TTC-, GTG-, GGC-, AAC-, and GACbub7; LpCDA1L1_1-> TGCbub7, TACbub7, TTCbubB,
ATCbubB, CTCbubB, and AGCbub11; LpCDA1L1_3-> TACbub7, TTCbubB. Error bars = SD.
*** P <0.005; **, P <0.05; *, P <0.05. P values were determined using unpaired, two-tailed t
test. The white lines denote areas of the imaged gel which were removed due to the lanes being

empty or containing irrelevant samples.
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These results suggest CDAL enzymes from lamprey have unique substrate specificities
compared to AID orthologs from jawed vertebrate species, which may be due to different genes
targeted by jawless versus jawed vertebrate AID enzymes (VLR verses Ig genes, respectively).
These data combined (see Table 4.2) suggest that these CDAs have unique biochemical
characteristics worth exploring in more detail. In the remainder of this chapter, the
thermosensitivity and optimal pH profiles of each CDAL1L1 gene are further characterized in
comparison to Hs-AID, Dr-AlD, and Gc-AlD, whose characteristics were detailed in the previous

chapter and published in Quinlan et al. 2017.2%°
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Table 4.2 Optimal conditions from initial activity tests of CDA-like enzymes

CDA-Variant | Max Deam. (06) | T 10" | STV Buter | Substrate
CDA1L1_1 9.4 22 5.9 GTTCAGG
CDA1L1 1spl | 11.7 14 6.4 GTTCAGG
CDA1L1_ 2 2.88 14 6.4 GTTCAGG
CDA1L1_3 82.79 22 6.4 GTTCAGG
CDA1L1_3spl [92.3 22 6.4 TGTACTT
CDA1L1_4 4.41 22 7.1 GTTCAGG
Human AID 53.51 22 7.1 TGTGCTT
Zebrafish AID | 40.19 18 7.1 TGTGCTT

Adapted with permission from Figure 3 in Holland et al., 2018.%’

Deam., deamination; Inc., incubation; Temp., temperature. The optimal substrate sequences in the

bubble are shown in the last column, the nucleotides in red are the target XXC sequences.
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4.4 Results

4.4.1 Thermosensitivity profiles of eukaryotically-expressed, His-tagged controls

Before determining the optimal temperatures of the CDAILL1 variants, the
thermosensitivity profiles of the eukaryotically-expressed His-tagged (lysate) AID controls (Hs-,
Dr-, and Gc-AID) were compared with those of their prokaryotically-expressed GST-tagged
(purified) counterparts to determine if there were any substantial differences in their enzymatic
characteristics. Two unique preparations of each His-tagged AID control (derived from one clone
each) were incubated for 4 hours with a 3?P radioactively labelled TGCbub7 (see Figure 2.3A) in
phosphate buffer at pH 7.2 at temperatures ranging from 4 °C to 37 °C (Figure 4.8A). The optimal
temperatures from each experiment were combined for each lysate and compared to previously-
determined optimal temperatures from their purified counterparts (Figure 4.8B) — the data for
prokaryotically-expressed, GST-tagged proteins can be found in Chapter 3 (Hs- and Gc-AlD,

Figure 3.5) and Appendix 1 (Dr-AlD).

The jawed vertebrate eukaryotically-expressed HIS-tagged AID proteins in lysate
exhibited lower optimal temperatures than their previously reported, prokaryotically-expressed,
purified, GST-tagged counterparts: Hs-AID (20.5 °C vs 30.8 °C), Dr-AID (14.0 °C vs 20.5 °C),
and Gc-AlID (13.5 °C vs 20.5 °C), though they follow the same general trend of fish AID being

more cold-adapted than their human counterpart (Figure 4.8).183184.229
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Figure 4.8. Optimal temperature profiles of His-tagged control enzymes in eukaryotic lysates
are lower than their GST-tagged, prokaryotic purified counterparts
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Legend: Figure 4.8

A Left Graphs present all thermosensitivity curves of each data set used to determine optimal
temperature for each control AID enzyme, which was determined from the peak of each curve.
The y axis show percentage of maximum deamination to correct for inter-preparation, -clone, and
-experimental activity differences. The x axis show temperature range in °C from 4 °C to 30 °C.
Middle and Right Representative gels (middle) and corresponding graphs (right) from
thermosensitivity assays. Gels show AID incubated with TGCbub7 for temperatures ranging from
4 °C to 30 °C. L, ladder; N, negative control; T, temperature. The product band is indicated by a
black arrow. B Graph of average optimal temperatures for each eukaryotically-expressed, His-
tagged AID ortholog compared to that of their prokaryotically-expressed, GST-tagged
counterparts. The x axis shows the name of each ortholog. Each average is determined from two
to four unique experiments (E) using two independently constructed expression vector clones (C).
Error bars represent SD. **, P <0.005; ***, P <0.0001. P values were determined using one way

ANOVA test with Bonferroni’s Multiple Comparison Test.
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The aforementioned initial activity tests showed a high degree of difference between the
enzymatic activity of the different CDA1L1 enzymes, therefore, the CDAs were divided into two
groups: the “high” activity enzymes (CDALL1 3 and CDA1L1_3spl with maximum overnight
incubation deamination percentages of 82.8% and 92.3%, respectively) and the “low” activity
enzymes (CDAL1L1 1, CDALL1 1spl, CDA1L1 2, and CDAI1L1_4 with maximum overnight
deamination percentages of 9.4%, 11.7%, 2.9%, and 4.4%, respectively). Multiple preparations of
the high and low activity enzymes were incubated for 4 and 16 hours, respectively, with 2P

radioactively-labelled TTCbubB (Figure 2.4) at a range of temperatures (4-37 °C; Figure 4.9).
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Legend: Figure 4.9

A Left Graphs present all thermosensitivity curves of each data set used to determine optimal
temperature for each CDA ortholog, which was determined from the peak of each curve. The y
axis show percentage of maximum deamination to correct for inter-preparation, -clone (C), and -
experimental (E) activity differences. The x axis show temperature range in °C from 4 °C to 30
°C. Middle and Right Representative gels (middle) and corresponding graphs (right) from
thermosensitivity assays. Gels show AID incubated with TGCbub7 for temperatures ranging from
4 °C to 30 °C. L, ladder; N, negative control; T, temperature. The product band is indicated by a
black arrow. The white spaces denote removed areas of the imaged gels that contained empty or

irrelevant lanes.
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There was an unexpected variation between optimal temperatures of the CDAILL1
enzymes, despite being from the same species. CDAL1L1 1and CDA1L1_1spl preferred the lowest
temperatures of 7.3 °C and 6.7 °C, respectively, which were even cooler than the fish AID lysate
controls Dr- and Gc-AlD (14.0 °C and 13.5 °C, respectively). CDA1L1_3 and CDALL1 3spl were
optimal at 22.7 °C and 21.5 °C, respectively, similar to the optimal temperature of Hs-AID lysate
(20.5°C). CDA1L1_4 had maximum activity at 18.3 °C (Figure 4.9 and Figure 4.10). The activity
of CDA1L1 2 in our alkaline cleavage assay was too weak to determine an optimal

thermosensitivity profile.
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Figure 4.10. Comparison of optimal temperatures of His-tagged eukaryotic lysates

Bar chart of optimal temperatures of all eukaryotically-expressed, His-tagged lysates. Black,
controls. White, CDALL1 lysates. Error bars represent SD. Each bar is a mean of optimal
temperatures derived from multiple thermosensitivity experiments. Hs-AID, Dr-AID, Gc-AlID, n
=4; CDALL1 3,CDAILL1 3spl,n=7; CDALL1 1spl,n=8; CDA1Ll1 1,n=3;CDAILLL 4,n
=2.* P<0.05;** P <0.005; *** P <0.0001. P values were determined using one way ANOVA

test with Bonferroni’s Multiple Comparison Test.
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4.4.2 Optimal pH Profiles of CDA1L1 variants

Due to the different predicted surface charges and isoelectric points for each CDA variant,
| surmised that they may exhibit different optimal pH profiles. Therefore, I examined the
enzymatic activity of the CDA1L1 variants in our alkaline cleavage experiment, using a range of
phosphate buffers at different pH’s. | also examined the pH profiles of a number of previously
studied AID and APOBEC orthologs, to not only ensure the accuracy of the experiments, but to
compare their pH profiles with those of the CDA1L1 variants; any similarities between the
different orthologs may offer insight into the enzymatic roles these CDAL1L1 proteins may play in

the lamprey immune system.

| examined the aforementioned AID control enzymes (Hs-, Dr-, and Gc-AlD), along with
Pm-CDAL (see Chapter 3, Quinlan et al., 2017), a close ortholog to the CDA variants, which all
have similar isoelectric points and surface charges to LpCDA1L1 4. | also tested human A3G,
which shares a similar isoelectric point and surface charge to the other LpCDALL1 variants
(Figure 4.4). The Hs-, Dr-, and Gc-AlID enzymes, along with A3G, were eukaryotically-expressed
and His-tagged, while the Pm-CDA1 enzyme was prokaryotically-expressed and GST-tagged due
to the former expression system not producing an active Pm-CDAL enzyme, likely due to its
unique protein-folding needs: 1) it is the most cold-adapted of the aforementioned orthologs, likely
requiring protein production at cooler temperatures than what is optimal for HEK cells, 2) it is also
the most evolutionarily-distant, perhaps requiring unique tRNA codons not present in HEK cells.
Hs-, Dr-, and Gc-AlD-His and GST-Pm-CDAL were incubated with 32P-labelled bubble substrate
TGCbub7 (Figure 2.3A) at 16-22 °C for a maximum of 6 hours at a range of pH’s (4.12-7.75);
A3G-His was incubated with radioactively-labelled single-stranded CCCssA3G (Figure 2.3F) for

30 minutes at 37 °C at a range of pH’s (3.89-7.73; see Figure 4.11).
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Figure 4.11. Control AID enzymes have neutral pH profiles
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Legend: Figure 4.11

Left Graphs present all pH curves of each data set used to determine optimal pH for each
eukaryotically-expressed His-tagged lysate (Hs-, Dr-, and Gc-AlD), eukaryotically-expressed
His-tagged C-terminal domain of human A3G, and for the prokaryotically-expressed, GST-
tagged Pm-CDA1, which was determined from the peak of each curve. The y axis shows
percentage of maximum deamination to correct for inter-preparation, -clonal, and -experimental
activity differences. The x axis shows effective pH range from 4.1-7.8. Middle and Right
Representative gels (middle) and corresponding graphs (right) from the pH assays. Gels show
His-tagged, eukaryotic lysate AID incubated with TGCbub7 at effective pH’s 6.2—7.8 for Hs-
AID, and 6.2-7.7 for Dr-AID and Gc-AlID. The GST-Pm-CDA1 gel shows GST-Pm-CDA1
purified from prokaryotic lysate incubated with TGCbub7 at effective pH’s 6.3—7.1. The A3G
gel and corresponding graph shows His-tagged, eukaryotic purified C-terminal portion of human
A3G incubated with CCCssA3G at effective pH’s 4.1-7.1. L, ladder; N, negative control; E,
experiment number. The product bands are indicated by a black arrow. The white spaces denote

removed areas of the imaged gels that contained empty or irrelevant lanes.
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Hs-AID exhibited the highest activity at pH 7.5, while Dr-AlID and Gc-AlD had slightly
more acidic optimal pH’s of 6.9 and 7.0, respectively (Figure 4.11). Like the thermosensitivity
profiles, the optimal pH’s of these AID orthologs are similar to their prokaryotically-expressed,
GST-tagged counterparts : 7.2—7.5%%83% for Hs-AID and 7.2 for Dr- and Ge-AID (Appendix 2).
Prokaryotically-expressed GST-Pm-CDA1 also demonstrated a somewhat neutral optimal pH of

7.6, while human A3G-His exhibited a vastly more acidic optimal pH of 5.5 (Figure 4.12).
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Figure 4.12 Eukaryotically-expressed, His-tagged AID orthologs have similar optimal pH's
to their prokaryotically-expressed, GST-tagged counterparts

Bar chart of optimal pH’s of eukaryotically-expressed, His-tagged lysates Hs-, Dr-, Gc-AlD, and
human A3G, compared to the optimal pH’s of prokaryotically-expressed, GST-tagged purified
proteins Hs-, Dr-, and Gc-AlD, and Pm-CDAL. Black, His-tagged enzymes. White, GST-tagged
enzymes. Error bars represent SD. The following bars are a mean of optimal temperatures derived
from multiple thermosensitivity experiments: Hs-AlID-His, n = 5; Dr-AlID-His, n = 4; Gc-AlD-
His, n = 4; GST-Pm-CDAL, n =2, GST-Gc-AID, n = 2. The bars denoting GST-Dr-AID, GST-
Dr-AlID, and A3G-His are representative of one experiment each. The bar for GST-Hs-AID is a
mean of two optimal pH values from one previously published report®*® and one manuscript in
progress. *** P < 0.0001. P values were determined using one way ANOVA test with

Bonferroni’s Multiple Comparison Test.
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To determine the optimal pH profiles of the CDALL1 variants, the high activity His-tagged
enzymes in eukaryotic cell lysate (CDA1L1_3 and CDA1L1_3spl) were incubated with 2P
radioactively-labelled bubble substrate TTCbubB (Figure 2.3D) at 1622 °C for a maximum of 5
hours at a range of pH’s (4.12—7.75). Likewise, the low activity His-tagged lysates (CDA1L1 1,
CDAILL1 1spl, CDALL1 2, CDA1L1 4) were incubated with TTCbubB at 16-22 °C for 24-84

hours at a range of pH’s (3.89-7.73).

Similar to their unexpected optimal temperature profiles, which varied between proteins
despite being from the same animal, the CDA1L1 variants had a range of optimal pH’s. Indeed,
two variants displayed optimal activity at two pH’s, which has never been seen before in any
AID/APOBEC enzymes studied to date. The activity curves for CDAL1L1 1 showed two peaks at
pH 6.1 and 7.7, while CDA1L1 1spl also showed two peaks of activity at pH 5.8 and 7.7.
CDAILL1 3 and CDA1L1 3spl had one optimal pH each, at pH 6.0 and 5.5, respectively
(Figure 4.13). CDAL1L1 2and CDA1L1 4 had too low of activity to accurately determine optimal

pH profiles.
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Legend: Figure 4.13

Left Graphs present all pH curves of each data set used to determine optimal pH for each His-
tagged CDA1L1 variant in lysate, which was determined from the peak of each curve. The y axis
show percentage of maximum deamination to correct for inter-preparation, -clonal, and -
experimental activity differences. The x axis shows effective pH range from 3.9-7.7 for the low-
activity CDA1L1 variants (CDA1L1_1 and CDA1L1 1spl) and from 4.1-7.8 for the high-
activity CDALL1 variants (CDAL1L1_3 and CDA1L1 3spl). Middle and Right Representative
gels (middle) and corresponding graphs (right) from the pH assays. Gels show AID incubated
with TTCbubB at effective pH’s 6.2—7.7 for CDA1L1 1, 6.11-7.73 for CDA1L1_1spl, 6.2-7.8
for CDA1L1_3, 4.1-7.1 for CDA1L1 3spl. L, ladder; N, negative control; E, experiment
number; C, clone number — note, each CDA1L1 protein preparation is derived from one unique
genetic clone. The product bands are indicated by a black arrow. The white spaces denote

removed areas of the imaged gels that contained empty or irrelevant lanes.
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The comparison of the optimal pH values of these CDALLL variants with those of
previously-studied AID and APOBEC orthologs has revealed an interesting pattern. While all AID
orthologs studied to date have neutral to slightly-basic optimal pH’s, two of the CDA1L1 variants
have acidic optimal pH’s (CDA1L1 3 and CDA1L1_3spl), which is more akin to that of human
A3G. Two other CDALL1 variants, CDA1L1 1 and CDA1L1_1spl, displayed two optimal pH
values each, one of which being more neutral (like the AID orthologs) and one more acidic (like

A3G). A graph showing the optimal effective pH’s of all enzymes tested is shown in Figure 4.14.
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Figure 4.14. Graph of average optimal pH’s for each His-tagged AID ortholog and CDALL1
variant in lysates.

The x axis shows the name of each ortholog/variant (His-tagged, eukaryotic lysate unless
otherwise stated). Each average is determined from two to four unique experiments using two
independently constructed expression vector clones, except for A3G-His, which is a result of one
experiment on one protein purification derived from one clone, as its low optimal pH has been
previously shown, and GST-Pm-CDAL, which is a result of two experiments on one protein
purification from a single clone. Error bars represent SEM. *, Pm-CDA1 is GST-tagged, purified
from prokaryotic cells. T, A3G is His-tagged, purified from eukaryotic cells. Black, control AID
orthologs; grey, CDALL1 variants that display two optimal pH’s; white, acidic CDALL1 variants
and A3G. *** P < 0.0001. P values were determined using one way ANOVA test with

Bonferroni’s Multiple Comparison Test.
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4.5 Discussion

| previously reported that each CDA1L1 variant had the capacity to bind ssSDNA in silico
in such a way that dC fit in the catalytic pocket in an enzymatically favourable position, thus they
each had the potential to be active cytidine deaminases.*?’ Our initial activity tests on His-tagged
lysates of CDA1L1 1, CDALL1 3, their splice variants, and CDA1L1 2 and CDAI1L1 4
confirmed that they are active cytidine deaminases on ssDNA (Figure 4.6 and Figure 4.7, ). These
initial tests also hinted that each enzyme had unique optimal temperatures and pH profiles (ex.,
CDAILL1 1, 22 °C and pH 5.9; CDALL1 1spl, 14 °C and pH 6.4) , despite being from the same
species, Lampetra planeri; this was unexpected, as orthologous enzymes generally evolve to
accommodate the body temperature of the species in which they are expressed (see theory of
“corresponding states” discussed in Chapter 3).31%1® These different enzyme characteristic

between variants suggested unique biochemical activities, and were thus examined in more detail.

To further elucidate these characteristics, | first tested the optimal thermosensitivity
profiles of each enzyme. The mammalian Hs-AlID-His was more active at a warmer temperature
than the zebrafish and shark AID orthologs (Figure 4.8), as expected due to previous results from
their prokaryotically-expressed, GST-tagged, purified counterparts (see Chapter 3, theory of
corresponding states and Quinlan et al. 2017).2?° That being said, the eukaryotically-expressed,
His-tagged lysate controls (Hs-, Dr-, and Ge-AlD) showed cooler optimal temperatures than their
GST-tagged, purified counterparts.*?”18 The difference in absolute optimal temperatures between
the two types of enzyme preparation could be due to fact that the His-tagged proteins 1) are in full
cell lysates rather than purified form, thus any change in temperature would also change protein-

protein interactions within the lysate, and/or 2) have been subjected to post-translational
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modifications in the eukaryotic cells, which likely result in different thermodynamic influences

that could affect thermostability, compared to purified proteins in dialysis buffer.

| used cell lysates containing CDALL1-His proteins as we were unable to purify the His-
tagged CDALL1 lysates in an active form; this is likely due to the post-translational modifications
that take place in eukaryotic cells happening at 37 °C in our HEK293T cells, rather than at
physiological temperatures for these fish proteins (5-20 °C):340-342 these sub-optimal conditions
possibly result in a majority of the produced protein being misfolded and improperly modified.
Taking this into consideration, the purification process results in extreme loss of protein compared
to full cell lysates, possibly reducing the percentage of properly folded and modified protein. This
hypothesis is strengthened by our previous experience with human proteins such as Hs-AID and
human A3G, which are able to be purified as His-tagged proteins from our HEK293T cells. It is
logical that human proteins are expressed, folded, and modified more “correctly” from human
cells, compared to fish proteins. The His-tagged purification process is currently being optimized,
and these proteins are being cloned into pcDNA3.1/V5-TOPO GST vectors, which we hope will
facilitate expression of active, GST-tagged enzymes. Another avenue of future research includes
expression of these AID orthologs in fish cell lines which could be grown at a cooler temperature,

hypothetically enabling the more accurate (i.e., closer to in vivo) production of these proteins.

Compared to the AID orthologs, the CDA1L1 1 and CDALL1_3 proteins and their spliced
variants exhibited broader thermosensitivity curves, suggesting these proteins are more
thermostable across a wide range of temperatures (Figure 4.8-4.10). This is in contrast to
CDAI1L1 4, which exhibited more narrow thermosensitivity curves similar to that of the control
proteins: these data further support our previously-published theory that CDA1L1 4 is more

similar to Pm-CDA1, Hs-AID, and other AID orthologs, than the other CDA1L1 variants.'?’
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Furthermore, CDA1L1 1 and CDA1L1_1spl preferred much cooler temperatures compared to the
other CDA1L1 variants (~ 7 °C compared to ~ 20 °C). These unique temperature characteristics
for each CDA1L1 ortholog were unexpected, as all of these proteins are from the same species.
That being said, lamprey species are among the rare vertebrates to undergo varied life cycle stages
that involve metamorphosis: brook lamprey change from filter-feeding, stationary larvae to mobile
adults that lack parts of their digestion system.®?* While the optimal water temperatures for the
European Brook Lamprey throughout all their life stages is currently unknown, spawning in British
rivers occurs around 11 °C, the optimal temperatures for larvae survival in laboratory conditions
was found to be 14-18 °C, and freshwater temperatures in Britain range between 5 °C and 20 °C
annually.3#%-342 |t is possible that the expansion of CDA1L1 variants seen in the lamprey serves to
provide immunological support at the different life cycles and temperature fluctuations
experienced by this species. The broad thermosensitivity curves of the CDA1L1 1and CDAL1L1 3
orthologs, meaning these enzymes are active at a wide range of temperatures, also support this

theory.

A second possibility for the optimal temperature variance between LpCDA1L1 orthologs
is that one or more of these CDAI1L1 variants require accessory proteins to function at
physiological temperature. As previously stated in this manuscript, a close relative of AID, Al,
has an optimal temperature of 45 °C, and requires an accessory protein, ACF, to fold its substrate
(mRNA) into an enzymatically-favourable conformation at 37 °C that naturally occurs at >40 °C
237 Future work to explore this theory could involve mRNA analysis on co-transcribed genes, or

pull-down assays using a CDA1L1 variant in developing VLRA/C cells.

A third possibility is that these CDALL1 variants evolved non-physiological optimal

temperatures to maintain genomic integrity, similar to the theory that some characteristics of
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Hs-AID evolved sub-optimally for the same reason.5®2?622° That being said, CDAI1L1 4,
CDAILL1 3, and CDA1L1 3spl have similar optimal temperatures of ~ 20 °C, yet these enzymes
have vastly different maximum overnight % deamination values (4.4%, 82.8%, and 92.3%,
respectively). It is apparent that this characteristic must be further explored, using differently
tagged and expressed enzymes, within and without the cell, in order to better understand these

enzymes and their functions.

The other biochemical characteristic that | studied in this chapter was optimal pH. We
previously determined, in silico, that the surface charge of CDAL1L1 4 was more similar to that of
other AID orthologs (human, zebrafish, sea lamprey CDA1, and mouse), than that of the other
CDALL1 variants, whose overly negative surface charges matched that of the C-terminal domain
of A3G (Figure 4.4). This hypothesis was supported by our preliminary work that showed, out of
three pH’s, CDAI1L1 4 preferred a neutral pH of 7.1 compared to the other CDA1L1 variants,
which preferred more acidic pH’s (6.4, aside from CDA1L1_1, whose optimal pH was 5.9).1%" |
later performed a more thorough pH analysis of the CDALL1 variants and human, shark, and
zebrafish controls. The control AID orthologs preferred roughly neutral pH’s, with human AID
preferring a slightly more basic pH and zebrafish AID preferring a slightly more acidic pH (Figure
4.11 and Figure 4.12). Like their thermosensitivity curves, the pH curves of these control enzymes
were narrow (Figure 4.11). The pH curves of the CDALL1 enzymes were also narrow, suggesting
that, unlike with thermosensitivity, the CDA1L1 variants are more sensitive to changes in pH
(Figure 4.13). However, that is where the similarities end. The CDA1L1 1 spliced and unspliced
proteins show a preference for two pH’s, ~ 6 and ~ 7.7 (Figure 4.14). This is contrasted with the
CDAI1L1 3 spliced and unspliced variants pH curves, which only had one peak; that being said,

in some experiments it appears as though the curve begins to incline towards a second peak at
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more acidic pH’s, but this is not consistent across all experiments (Figure 4.14). In all cases, a

wider range of pH’s is required to get a clearer picture of the pH profiles of these enzymes.

The first optimal pH peak of ~ 6 for CDA1L1 1spland CDALL1 1 is expected due to their
overall negative surface charge. It could be argued that the second peak that is present at higher
pH’s for the weaker CDA1L1_1 spliced and unspliced variants, while lacking in the more active
CDAILL1_3 spliced and unspliced variants, is due to the His tag. Histidine becomes deprotonated
at higher pH’s, potentially causing structural changes that affect protein activity; such changes
might be more apparent in weaker enzymes than in more active enzymes. However, this
phenomenon is not seen in any other His-tagged protein we have tested, regardless of differences
in enzymatic activity; for example, shark AID (Gc-AID) is among the lowest-activity AID
orthologs we’ve tested,??® yet its His-tagged version exhibits the expected single optimal pH.
Furthermore, CDA1L1 1spl and CDALL1 1 also displayed unique temperature preferences as
compared to the other CDA1L1 variants; it is possible that these enzymes have vastly different
biochemical characteristics compared to the other CDA1L1 variants, thus their pH profiles are not

artifacts of His-tag interference, but are in fact representative of these differences.

The dual optimal pH peaks could indicate two different structural states that are
enzymatically favourable, such as oligomerization. Using the results from one pH experiment for
CDAILL1 1 as an example (Figure 4.15), the low deamination activity seen at low pH could be

indicative of low stability of CDALL1 1 as a monomer.
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As the pH of the solution increases, the enzyme reaches peak deamination activity at pH
6.1, indicative of peak stability and activity in its monomeric state. As the solution becomes more
basic, some of the monomers will transition to an unstable dimeric state, while others will remain
as monomers, albeit at suboptimal stability, thus the lower deamination activity at these pH levels.
Then, as the pH increases further and the enzyme becomes more deprotonated, more and more of
it will exist as dimers, thus achieving a second stable and enzymatically favourable state at pH 7.5.
This is currently a hypothesis, as whether CDA1L1 1 dimerizes or disassociates at the lower or
higher pH remains unknown; this hypothesis could be verified by running a purified sample of

CDAILL1 1 onanative PAGE gel in different pH buffers.

Oligomerization of the CDALL1 orthologs would not be unusual. It is hypothesized that
30-50% of all enzymes self-oligomerize and that any protein with free N or C termini can
potentially form domain-swapped dimers.3*334 Many members of the APOBEC family are only
active as multimers (A1, A3B, A3D, A3F, A3G, and A3H),3* a yeast ortholog of AID and Al
(CDD1) acts as a dimer,?* and it is currently debated whether human AID acts in vivo as a
monomer or multimer.301:346347 Both AID and the APOBEC3s have been found to bind to RNA
and that oligomerization may be dependent on such binding.®*” AID oligomerization has been
suggested to be part of the mechanism for CSR, whereas A3G oligomerization is thought to play
a role in its interaction with HIV virions.'®3%7 Thus, oligomerization of CDA1L1 1 and
CDAILL1 1spl could be related to other unknown immune modulating mechanisms. Whether these
proteins oligomerize and, if so, what roles the multimers and monomers play in the lamprey

immune system, is an exciting avenue for future research.

Overall, the CDA1L1 4 optimal neutral pH matches that of human, zebrafish, shark, and

Pm-CDAI1, while the other CDAI1LI variants displayed optimal pH’s more similar to that of
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A3G-His (Figure 4.14). This is corroborated by the thermosensitivity profiles (Figure 4.10).
These data lend credence to our hypothesis that CDA1L1_4 has more biochemical characteristics
in common with those of the AID orthologs and Pm-CDA1, while the other CDA1L1 variants are
more enzymatically similar to A3G. AID and A3G have vastly different roles in the immune
system. While AID acts inside the nucleus of developing B cells to mutate immunoglobulin genes
and is a relatively weak enzyme,1?2°348 A3G works in the cytoplasm of virally-infected cells to
mutate the viral genome and is a highly active enzyme.'® Due to the arms race between primates
and HIV-like viruses, the APOBECS3 sub family has expanded uniquely in primates, from one to
seven different enzymes, with various population-specific allelic differences.'® It is possible that
the expansion of CDA1L1 variants we see in the lamprey, which lacks other members of the
APOBEC family, is a similar evolutionary response to an infectious agent: CDA1 and CDA1L1 4
may play similar, fundamental roles in antibody assembly, while CDA1L1 1, 2, and _3 may
serve anti-pathogen functions, and their variations in copy number between individuals could be

explained by allelic differences due to pathogenic pressure.'?’

The variation between number and type of CDA1L1 genes between individuals could also
be due to the nature of the lamprey genome: lamprey are unique in that during embryonic
development, their somatic cells eliminate ~ 20% of their genome. They end up with two separate
genomes: their full, intact genome in their gonadal cells, and a reduced genome in their somatic
cells. It is hypothesized that the removed genes are developmental in purpose, and are disposed of
when no longer needed, to save energy in replicating them during cell division and growth and to
reduce the risk of these developmental genes becoming inappropriately activated.3?42° |t is
possible that each individual lamprey has, at least, a CDA1L1 4 and/or CDAL gene and most, if

not all, of the other CDA1L1 variants as embryos.'?” During development, either due to embryonic
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contact with environmental pathogens, or epigenetic regulation related to pathogenic interaction
of the parents, the developing somatic cells reject CDA1L1 variants that would not be helpful in
counteracting the infectious agents said individual is likely to encounter. By removing mutagenic
gene products from the somatic genome, the lamprey would save replicative energy and maintain
genomic integrity. That all being said, previous examinations of somatic and gonadal genomes of
the sea lamprey have suggested CDA genes are not affected by programmed genomic
rearrangement.? Further examination of gonadal and somatic genomes in various individuals

from different ecological niches are required to answer these important questions.

If true, the hypothesis that the expansion of the lamprey CDAL repertoire is similar to that
of mammalian AID/APOBEC has interesting implications in evolution. The emergence of
enzymes that somatically mutate antibody genes appears to necessitate their eventual expansion
beyond antibody diversification into antiviral roles, while earlier-evolved animals lacking
AID/APOBEC orthologs, such as arthropods, appear to produce effective immune responses
without AID orthologs. This hypothesis also begs the question, why was this expansion of AID
repertoire required in the lamprey, while lacking in its close evolutionary relatives the lungfish and
shark? The answers may be found in the complex interplay of factors required to balance
evolutionary resources (genetic material, animal fecundity, etc.) with the energy required to elicit
an immune response, while considering the effects of life span, communal living, and other animal
behaviours, on the chance of infection, along with the benefits and disadvantages of eliciting such

a reponse.3*°

For example, perhaps the multiple whole genome duplication (WGD) events which
occurred in the jawed vertebrate lineages provided ample and specific genetic material to expand

other non-AID/APOBEC immune functions.®*°=5? As a case-in-point, codfish, whose ancestors
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also underwent a third WGD event followed by genetic loss,®*? have a truncated AID gene, which
results in depleted AID activity,®3 no SHM nor CSR, and a lack of MHC 11.3** However, the
codfish has expanded MHC | and TLR families; therefore, the codfish has compensated its reduced
adaptive immunity with increased innate immune functions.®* Another example of
“compensatory” immune system evolution is seen in arthropods, which have developed the
adaptive immunity-like RNAI system, which silences viral genomes using small interfering RNA
fragments derived from viral mMRNA, and the DSCAM (Down syndrome cell adhesion molecule)
gene, which encodes an Ig superfamily protein and can undergo alternative splicing, generating
tens of thousands of pathogen-specific isoforms.??! Both codfish and arthropods lack the same
adaptive immunity seen in mammalian species, but have instead developed an expanded innate
immune system and an adaptive-like immune system, respectively, while benefiting from a

decreased chance of errant somatic mutations and autoimmunity from a lack of AID-like enzymes.

355

Perhaps lamprey have an expanded CDA repertoire due to the proto-CDA/AID gene being
available while lacking certain genetic material afforded to the gnathostome lineage, due to the
asymmetrical distribution of genetic material to the cyclostome and gnathostome lineages after the
first WGD event in the vertebrate ancestor.350%13%-358 Therefore, single-gene or -locus
duplication events to expand the lamprey CDA/AID repertoire to create antiviral mechanisms may
have been more energetically favourable than expanding innate immune mechanisms, like the
codfish or arthropods. As for the jawed vertebrate ancestor, perhaps the expansion of their AID
repertoire was not yet needed due to the aforementioned interplay of infection risk, evolutionary
material, and energy balance; for example, sharks have appeared to evolve increased wound-

healing and anti-tumour capabilities beyond that of teleost fish,3>® which may have decreased the
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former’s need for an increased anti-viral AID-like repertoire. Thus, the AID/APOBEC repertoire
remained simplified in the early gnathostome lineage, until viral risk surpassed the benefits of
genetic fidelity, which appears to have occurred at various points throughout jawed vertebrate
evolution (see Figure 1.4). In species such as the primates, with such conditions as low fecundity
(increased need for individuals to survive), long-term communal living (increased viral risk), and
a lack of specific genetic material to create new antiviral mechanisms, expansion of the APOBEC3
lineage may have been the most favourable solution to increased primate-specific retrovirus
activity.198:360-362 Eyrther exploration of the lamprey genome and immune system, and those of
earlier-diverged fish species, could further elucidate the similarities between the lamprey and

mammalian immune systems.
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Chapter 5 Lamprey CDA2 may be an active cytidine deaminase

5.1 Authorship Statement

The data in this chapter are not yet published. Lesley Berghuis expressed and purified the
CDAZ2 variants, assessed protein expression using western blot experiments, and performed initial
cytidine deaminase activity checks. M Larijani supervised, designed, and analyzed the research,
and edited this chapter. | designed and conducted the extended cytidine deaminase activity

experiments, analyzed the data, performed the literary research, and wrote the chapter.
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5.2 Introduction

The first suggestion of lamprey having a type of adaptive immune system occurred in the
1960’s, when it was discovered that they produce circulating “antibodies” (that were not
immunoglobulins) in response to immunization with killed Brucella cells, reject repeated skin
allografts at an accelerated pace, and produce a delayed type hypersensitivity reaction to
tuberculin.®63%* These “antibodies” and the cells that produced them were further investigated,
revealing that lamprey have lymphocytes that behave similarly to those of their jawed vertebrate
counterparts, in that they proliferate in response to antigenic stimulation and express similar
transcription factors.63365-2367 |n 2004, Pancer and colleagues stimulated an immune response in
lamprey larvae by intraperitoneal injections of an antigen/mitogen cocktail, resulting in increased
proliferation of lamprey leukocytes. The cDNA libraries from circulating leukocytes revealed over
200 unique transcripts containing LRRs, thus named variable lymphocyte receptors; further
investigation determined that each leukocyte expressed a single VLR transcript that was

somatically rearranged from a number of LRR modules or cassettes (see Figure 4.1).2%°

A year later, the same group published results from similar experiments on hagfish, the
second group of cyclostomes, and found two homologs of the lamprey VLR, named VLRA and
VLRB. The immature genomic DNA of hagfish VLRA and B, located in two separate loci, were
similar to that of lamprey VLR, containing an UTR, signal peptide, and N-terminal LRR, followed
by a non-coding region, then a C-terminal LRR, stalk, and hydrophobic tail, all of which was
surrounded by LRR modules. The hagfish VLRB and lamprey VLR were found to have a similar
threonine/proline-rich region in the stalk which was not found in the hagfish VLRA. Furthermore,
while all three proteins contained a GPI anchor site, hagfish VLRA lacked a cleavage signal which

was found in the other two VLRs, indicating the former is membrane-bound and likely not secreted
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like hagfish VLRB and lamprey VLR.?®! Subsequent searches of the sea lamprey genome by
Rogozin et al. discovered a second VLR locus similar to the hagfish VLRA and was thus named
VLRA,; due to the similarities between hagfish VLRB and the initial lamprey VLR, the latter was
renamed to VLRB. It was this publication that also revealed the existence of the two CDA proteins
(Pm-CDA1 and Pm-CDAZ2) suspected to be responsible for initiating the gene conversion-like
events that somatically rearranged the mature VLR gene.'?® Lamprey VLRA and B were later
found to be both membrane-bound in unstimulated animals, whereas only VLRB was secreted

upon immune stimulation.291368

Three years after the discovery of a second VLR in the lamprey, another group identified
a third VLR protein in the Japanese lamprey with a distinct 3° terminus, named VLRC. Like the
other VLR proteins, the cells producing VLRC proteins on their surface produced only VLRC and
not any other VLR, and each VLRC+ clone produced a genetically unique VLRC transcript.
Furthermore, like the other VLRS, the germline VLRC gene contained only the 5* and 3’ regions
of the mature transcript (see Figure 4.1), lacking the middle LRR modules. However, the 5’
LRRCT region of the VLRC exhibited low levels of sequence diversity, unlike the same region in
the previously characterized VLRA and VLRB. Despite these differences, phylogenetic analysis
determined that VLRC is more closely related to VLRA than B.%* A third VLR was also found in

the hagfish, and due to its similarity to the VLRC found in the lamprey, was also named VLRC.?%

Therefore, both hagfish and lamprey were found to have three distinct VLR genes which
are somatically rearranged and exclusively expressed in distinct leukocyte populations. It has been
hypothesized that these three VLR proteins are similar to the B and T cell receptors of the jawed
vertebrates, and that both types of receptors derive from a single lineage which also used three

distinct somatically-rearranged receptors for adaptive immunity before the divergence of the jawed
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and jawless vertebrates.™! Recent work has detailed further similarities between these two groups

of receptors, which appear to support this theory.

Aside from expressing only one mature VLR protein, VLR+ cells also exhibit unique tissue
distribution. VLRB+ cells are found primarily in lamprey blood and kidneys, similar to where B
cells are found in jawed vertebrates. VLRA+ cells mainly populate the skin, typhlosole (intestine
inner lining), and gills, the latter of which is the thymus-like organ (thymoid) in the lamprey.
VLRC+ cells are also found in the gills and are found in greater number in the typhlosole than
VLRA+ cells. In the skin, VLRC+ cells were also less genetically diverse than VLRA+ cells.?!
The tissue-specificity of VLRA+ and VLRC+ cells reflects that of af3 and yd T cells, which
populate the T-cell development organ, the thymus?®; y8 T cells are also more abundant than their

off counterparts in the intestinal lining in jawed vertebrates, with limited diversity in the skin.3%

Another similarity between the VLRs and B and T cell receptors is their pattern of secretion
in response to immunization. VLRB+ cells differentiate into plasma cells and secrete their VLRB
receptors when activated, whereas VLRA+ and VLRC+ cells do not secrete their receptors, though
they do proliferate.?>! This appears to be parallel to the B and T cell receptors in jawed vertebrates
where BCRs are secreted by plasma cells and neither population of T cells secrete their receptors

in response to immunization.t

As mentioned above, lamprey lymphocyte cells appear to express homologs of genes that
are often expressed exclusively or more often by jawed vertebrate lymphocytes. For example,
VLRB+ cells express CDA2 and a homolog of gnathostome BCLS, a transcription regulator vital
to the secondary diversification processes in mature B cells*”%; VLRA+ cells express CDA1 and a

homolog of gnathostome T cell factor 1 (TCF1), which is essential in T cell commitment to the of
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T cell CD4+ lineage®'!; VLRC+ cells also expressed CDA1, along with a homolog of mammalian
SOX13, a y& T cell lineage-determining transcription factor.*®372 Interestingly, during lamprey
lymphocyte development in the thymoid, both VLRA and VLRC genes were transcriptionally active
in the same cell, suggesting each T cell-like cell has the potential to become either a VLRA+ or
VLRC+ cell, yet only one receptor is eventually expressed.'>! This is similar to jawed vertebrate
T cells, which, during their development in the thymus, begin to rearrange the B, v, and é receptors,
and the first productive rearrangement, be it either the  chain or both the y and & chains, results
in ap or y8 T cell lineage determination, respectively.! Thus, the similar reaction to immunization,
tissue distribution, and genetic expression profiles of the lamprey and gnathostome lymphocytes
suggest that the lamprey VLRB+, VLRA+, and VLRC+ cells are analogous to jawed vertebrate B

cells, ap T cells, and y3 T cells, respectively.

| have previously shown that Pm-CDA1, and its orthologous variants from freshwater
lamprey, are active cytidine deaminases with a similar protein structure to Hs-AlID, despite being
only 17% identical and 37% similar in aa sequence to human AID (see Chapters 3 and 4, and
Figure 3.2).12"22 The Pm-CDAZ2 protein structure has not yet been determined experimentally,
and its structure is difficult to accurately simulate, as there are multiple stretches of aa sequence
of unknown structure and poor homology to any other known structure; they do not align with Hs-
AID nor Pm-CDAL (see Figure 5.1A). Thus, the 3D modelling program is forced to model these
sections ab initio, leading to low confidence sections of the model that appear intrinsically
disordered. Along with its structure, the activity of Pm-CDAZ2 as a cytidine deaminase has yet to

be demonstrated.
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Figure 5.1. Comparison of Pm-CDA1 and Pm-CDA2 to Human AID

A Ribbon structures of Pm-CDA1 (left; green) and Pm-CDAZ2 (right; green) over human AID
(red). B Alignment of Hs-AID, Pm-CDA1, and Pm-CDA2 amino acid sequence. The CDA motif

is circled in red.

201



However, there are several reasons to believe that Pm-CDA2 is an active deaminase
enzyme. First, Pm-CDAZ2 does contain the canonical cytidine deaminase motif (HXE(X)nPCxxC)
(see Figure 5.1B). Second, CDAZ2 structure modeling, low confidence as it is, does generate a
viable 3D active site with the same arrangement of catalytic residues as AID and the CDAls
(Figure 3.10 and Figure 5.1). Third, the CDA2 ortholog in Lampetra planeri has shown limited
cytidine deaminase activity in cell-based reporter assays performed by our collaborators (oral
communication, Boehm lab). Fourth, CRISPR/Cas9 knockout experiments eliminating CDA2
from lamprey larvae demonstrated that CDA2 is required for VLRB antibody gene assembly.3"
Therefore, there is evidence that this protein is vital for lamprey immunity and might be active in
some enzymatic form. In this Chapter, | present my work to investigate if this enzyme is an active

cytidine deaminase in vitro.
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5.3 Results

5.3.1 Multiple preparations made from transfection of one clone of Pm-CDA2 are active

cytidine deaminases

The Pm-CDA2 ORF was cloned into the pcDNA3.1/V5-8xHis-TOPO vector and
expressed in HEK293T cells. Expression was confirmed via western blot using an anti-V5 epitope
antibody before concentrating the His-tagged protein by batch-binding with nickel beads (Figure
5.2A). As a negative and positive control, the GST tag (forming a GST-V5-His protein) and Hs-
AID, respectively, were concurrently cloned, expressed, and isolated in the same manner. Initial
activity was determined by incubating multiple preparations of multiple clones of Pm-CDA2
(clones 18 and 25) with our TGChub7 substrate (Figure 2.3A) overnight at 25 °C; the only
preparations that demonstrated activity were from one transfection of one clone (clone 25; Figure
5.2B). Furthermore, the deaminase activity seen with these preparations was relatively low (~ 1
%) compared to overnight incubations with other AID orthologs (see Chapters 3 and 4) and to the
Hs-AID-His control which was incubated concurrently with TGCbub7 (Figure 2.3A) for 1 hour
at 37 °C (~ 94%). Untransfected HEK293T cell lysate was used as a negative control for any non-
specific, non-CDAZ2, or non-AlD cytidine deaminase activity that may be present in the cell lysate.
A second negative control containing buffer and substrate, but lacking protein, was also used; both
controls were indeed negative for cytidine deaminase activity. These results indicate that the
cytidine deaminase activity seen with clone 25 of Pm-CDAZ2 is likely due to the enzymatic activity
of Pm-CDAZ2, and not an unknown enzyme or chemical in the cell lysate, buffer, or labelled DNA

preparation.
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Figure 5.2. Pm-CDAZ2-His clone 25 is an active cytidine deaminase
A Western blot (WB) of His-tagged Hs-AID (~ 28.5 kDa); Pm-CDA2, clone 25, Preparation

(Prep) 3 (~ 41 kDa); and a combined GST-V5-8xHis tag (~ 32.5 kDa). The digitized ladder is
superimposed onto the WB image for size reference. B Alkaline cleavage gel of multiple
preparations of two clones of His-tagged Pm-CDAZ2 (the active clone 25 [3 preparations] and the
inactive clone 18 [1 prep]). Radioactively labelled TGCbub7 was incubated with 10 pL of each
preparation of Pm-CDA2 and 5 pL of Hs-AID for 16 hours at 25 °C and 1 hour at 37 °C,
respectively. The numbers on the left of the gel indicate the ladder sizes in nucleotides (nt). The
product band is at the appropriate size (28 nt, black arrow), showing cytidine deaminase activity
(percentage indicated below the gel). L, ladder; Unt, untransfected HEK292T cells; Neg, negative

control (buffer and substrate). 204



5.3.2 Pm-CDAZ2-His showed temperature-sensitive substrate specificity

To determine the substrate specificity of Pm-CDA2, preparations of Pm-CDA2-His Clone
25 were incubated for 20 hours at 18, 25, and 37 °C with six radioactively-labelled bubble
substrates that are identical except for the target C-containing motif in the single-stranded bubble
(TGC-, TAC-, AGC-, GGC-, GTC-, and GACbub7; Figure 2.3A). The three different
temperatures were tested because the optimal temperature for Pm-CDAZ2 activity had not yet been
determined, and these three temperatures encompassed the range of temperatures favoured by

other AID orthologs (see Chapters 3 and 4).

At 18 °C, Pm-CDA2 showed minimal activity on TGC- and TACbub7, with no perceptible
activity on the other four substrates (Figure 5.3A). Surprisingly, at 25 °C, Pm-CDAZ2 not only
showed activity on TGC- and TACbub7, but also AGC- and GTCbub7 (Figure 5.3B). The
substrate specificity profile changed again at 37 °C, when Pm-CDAZ2 activity on the WRC motif
substrates dropped drastically, while its activity on GTCbub7 increased dramatically (Figure
5.3C). The absolute difference between Pm-CDAZ2 activity on TGC- and GTCbub7 at 25 and 37
°C is apparent in Figure 5.3D; the substrate specificity profiles at all three temperatures is shown
in Figure 5.3E. The untransfected and enzyme-negative controls remained negative at all
temperatures, suggesting this difference in substrate specificity profiles at different temperatures

is likely not influenced by lysate contents or experimental reagents (Figure 5.3D).

By contrast, when Hs-AID was incubated with the same substrates at the same
temperatures for 16 hours (Figure 5.3F), the substrate specificity profiles were similar across the
different temperatures, with the WRC motifs showing the highest activity compared to the non-

WRC motifs (Figure 5.3G).
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Legend: Figure 5.3

A, B, C Alkaline cleavage gels showing the activity of Pm-CDAZ2 (preparation 1 of Clone 25) on
32p_Jabelled substrates TGC-, TAC-, AGC-, GAC-, GTC-, and GGCbub7 incubated for 16 hours
at 18 °C (A), 25 °C (B), and 37 °C (C). Negative samples contained just buffer and substrate, no
protein. D Alkaline cleavage gel of Pm-CDA2 (preparation 1 of Clone 25) incubated with
TGCbub7 and GTChbub7 for over 20 hours at 25 °C and 37 °C; Unt, untransfected HEK293T cells
incubated with substrate for 20 hours; Neg, negative control (phosphate buffer and substrate,
lacking protein), also incubated for 20 hours. E Bar graph showing % maximum deamination
results from the gels in A, B, and C; the 25 °C bars also contain data from a second experiment,
not shown. F Alkaline cleavage gel of Hs-AID incubated with TGC-, TAC-, AGC-, GAC-, GTC-
and GGCbub?7 for 16 hours at 18, 25, and 37 °C. G Bar graph showing % maximum deamination
results from the gels in F, along with a second experiment, not shown. Error bars in E and G are
SD. Black arrows next to the alkaline cleavage gels indicate the product band (28 nt). L, ladder.
The white spaces denote removed areas of the imaged gels that contained empty or irrelevant

lanes.
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Due to the thermosensitive nature of Pm-CDAZ2 substrate specificity, more accurate
thermosensitivity assays of the concentrated His-tagged Pm-CDA2 and Hs-AID proteins on
TGCbub7 and GTCbub7 were performed (Figure 5.4). Pm-CDA2 was incubated with TGCbub7
(Figure 2.3A and Figure 5.4A, top) and GTCbub7 (Figure 5.4A, middle) for 20 hours at a range
of temperatures (15-42 °C), while Hs-AID was incubated with both TGCbub7 (Figure 5.4B, top)
and GTCbub7 (Figure 5.4B, middle) for 30 minutes (due to its comparatively high activity rate)
at 12-38 °C. Pm-CDAZ2 showed optimal activity on TGChub7 at ~ 27 °C, while showing optimal
activity on GTChub7 at the hottest temperature tested (42 °C), and still continuing to increase
(Figure 5.4A, bottom). Hs-AID showed the expected optimal temperature of ~ 32 °C on both

TGCbub7 and GTCbub7 (Figure 5.4B, bottom).
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Figure 5.4. Pm-CDAZ2-His has two distinct thermosensitivity profiles

209



Legend: Figure 5.4

A Top and middle, alkaline cleavage gels of Pm-CDAZ2 (preparation 1 of Clone 25) incubated
with TGCbub7 (top) and with GTCbub7 (middle) for 20 hours at temperatures ranging from
15 °C to 42 °C. Bottom, bar graph of the % maximum deamination values from the two gels in
A, along with data from a second preparation of Clone 25 of Pm-CDA2 on GTCbub7 incubated
in the same manner. P1, preparation 1; P2, preparation 2. B Top and middle, alkaline cleavage
gels of Hs-AID incubated with TGCbub7 (top) and GTCbub7 (middle) for 30 min at temperatures
ranging from 12 °C to 38 °C. Bottom, bar graph of the % maximum deamination values from the
two gels in B. Black arrows next to the alkaline cleavage gels indicate the product band (28 nt).
L, ladder. The white spaces denote removed areas of the imaged gels that contained empty or

irrelevant lanes.
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5.3.3 Pm-CDAZ2-His is active on canonical cold spots, sSDNA, and RNA/DNA hybrid bubbles

To test whether Pm-CDA2 is active on different conformations of DNA, preparations of
Clone 25 of Pm-CDAZ2 and Hs-AID (as a control) were incubated at 24 °C (due to this temperature
showing the most inclusive substrate specificity profile for Pm-CDA2) for 24 hours with single-
stranded, double-stranded, and RNA/DNA hybrid substrates with a target TGC motif, and
TGCbub7 with a methylated C (Figure 5.5A, see Figure 2.3B and C for substrate sequences).
Pm-CDAZ2 was more active on the TGC motif in the single-stranded TGCbub7 substrate than in
the partially single-stranded TGCbub7 and the RNA/DNA hybrid substrate. Hs-AID was more
active on the partially single-stranded TGCbub7 and RNA/DNA hybrid substrates compared to
the ssTGCbub7 substrate, similar to the substrate preference previously demonstrated by GST-
tagged, prokaryotic-purified Hs-AID in Chapter 3 and published in Quinlan et al., 20175 (Figure

5.5A).

To test the activity of Pm-CDA2 on different DNA sequences and bubble sizes, Pm-CDA2
and Hs-AID were incubated at 24 °C for 24 hours with single-stranded and partially-single
stranded substrates (with bubble sizes of five or 13 nucleotides) with different target sequences
(GGC, GTC, CCC, GAC, AGC, ACC, TGC, and GCC; Figure 2.3A and Figure 5.5B). Pm-CDA2
was active on GGC and GAC motifs on single-stranded DNA, GTC in a 13 nt bubble, and single-
stranded CCC, while Hs-AID was active on all substrates at multiple motifs, preferring the 5 nt

bubble over the 13 nt bubble.
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Figure 5.5. Pm-CDAZ2-His is active on canonical cold spots, ssDNA, and RNA/DNA hybrid
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Legend: Figure 5.5

Left, alkaline cleavage gels of 10 ul Pm-CDAZ2 and 2 pl Hs-AID incubated at 24 °C for 24 hours
with substrates of different structures and sequences. Right, graphs of % maximum deamination
results from their respective graphs. A TGmC: TGChub7 with a methylated target C; TDG,
control for methylated C alkaline cleavage; ssTGC, single-stranded top strand of TGCbhub7 (see

b

sequence above gel image with XXC motifs underlined; *, 5 radioactive labelling);
SSTGC/ssGGC/ssGAC- XXC motifs in the ssTGCbub7 substrate deaminated by either Hs-AID or
Pm-CDAZ2; TGC, TGCbub7; R/D TGC, RNA/DNA partially single-stranded TGCbub7; dsDNA,
double-stranded TGCbub7; Negative, buffer and substrate, lacking enzyme. The black arrow to
the left of the gel indicates where all product bands should lie for deamination of TGC (28 nt) in
the TGCbub7 substrate. Product bands in the ssTGC substrate are indicated on the gel for clarity.
B ssGGCC, single-stranded top strand of GGCCbubC 32P-labelled on the 5’ end (see sequence
above gel image with XXC motifs underlined; *’, 5° or 3’ radioactive labelling);
SSGGC/ssSTGC/ssGCC/ssGAC, XXC motifs in the 5’-labelled ssGGCCbubC substrate
deaminated by either enzyme; ssGGCC 3’, single-stranded top strand of GGCCbubC 32P-labelled
on the 3’ end; GGCC-5, GGCChubC with a 5 nt bubble; GGCC-13, GGCCbubC with a 13 nt
bubble; GTC-5, GTCbubC with a 5 nt bubble; GTC-13, GTCbubC with a 13 nt bubble
Negative/Neg- buffer and substrate, lacking enzyme; CCCssA3G- optimal substrate of A3G. The
black arrow to the right of the Hs-AID gel indicates where all product bands should lie for
deamination of GGCC or GTC (27 nt) in the GGCCbubC and GTCbubC substrates, respectively.
Product bands in the ssGGCCbubC (motifs) and CCCssA3G (black arrows) substrate lanes are

indicated on the gel for clarity. Error bars represent SEM. L, ladder. The white spaces denote

removed areas of the imaged gels that contained empty or irrelevant lanes.
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To test the effect of the surrounding DNA on the activity of Pm-CDA2 on a target
sequence, Pm-CDA2 and Hs-AID were incubated with AT-rich and GC-rich single-stranded,
double-stranded, or RNA/DNA hybrid substrates (Figure 2.31 and J, Figure 5.6). Pm-CDA2 was
active on one motif (TGC) in the single-stranded, AT-rich DNA, while Hs-AID was also only
active on single-stranded, AT-rich DNA, but on more motifs (TTC, TGC, and GAC; Figure 5.6A).
Pm-CDAZ2 could not be confirmed to be active on any of the GC-rich substrates, while Hs-AID
was active on the single-stranded, GC-rich DNA on the following motifs: TAC, TGC, CCC, and

AAC (Figure 5.6B).
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Legend: Figure 5.6

Left, alkaline cleavage gels of 10 pul Pm-CDA2 and 2 pl Hs-AID incubated at 24 °C for 32 hours
with AT- (A) and GC-rich (B) substrates of different structures and sequences. Right, graphs of
% maximum deamination results from their respective graphs; only ss substrates were measured,
deamination values from bands of the same motif were combined. The sSDNA sequences of both
AT-and GC-rich substrates are written above their respective gels; the star indicates 5’ radioactive
labelling, all possible XXC motifs are underlined. ssAT/GC, single-stranded AT- or GC-rich
substrate, respectively; dsAT/GC, double-stranded AT- or GC-rich substrate, respectively; R/D
AT/GC, RNA/DNA AT- or GC-rich substrate, respectively; 293HEK, untransfected 293HEKT
cells; Negative, buffer anzd substrate, lacking enzyme. 28 nt TGC product bands are indicated by
a black arrow; possible product bands in sSDNA substrate lanes are indicated by the target motif
— motifs with 1 indicate a possible deamination target that could not be confirmed (thus not
measured), as there is a band present of the same length in the 293HEK control lanes. Error bars
represent SEM. The white spaces denote removed areas of the imaged gels that contained empty

or irrelevant lanes.
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5.3.4 Pm-CDAZ2-His is optimal at physiological pH

As the freshwater lamprey CDA1L1 variants showed unique optimal pH profiles, yet GST-
tagged Pm-CDA1 showed a preference for a neutral pH (see Chapter 4),*2” | wanted to determine
the optimal pH for the distinct His-tagged Pm-CDA2 enzyme. Thus, Pm-CDA2 was incubated
with GTCbub7 at 37 °C for 20 hours at a range of pH’s from 5.94-8.20, as these conditions and
substrate showed the optimal activity with Pm-CDA2. Hs-AID was incubated with TGCbub7 at
37 °C for 20 hours at a range of pH’s, as a control (Figure 5.7). Both Pm-CDA2 and Hs-AID

showed optimal activity around neutral pH (7.1 and 7.6, respectively).
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Figure 5.7. His-tagged Pm-CDAZ2 and Hs-AID were optimally active at neutral pH

A Left, alkaline cleavage gel of Pm-CDA2 incubated with GTCbub7 at 37 °C at a range of pH’s
for 20 hours (actual pH of buffers indicated). Right, graph of % maximum deamination values
analyzed from the gel on the left. B Left, alkaline cleavage gel of Hs-AID incubated with
TGCbub7 at 37 °C at a range of pH’s for 20 hours (actual pH of buffers indicated). Right, graph
of % maximum deamination values analyzed from the gel on the left. Pos, positive control,
enzyme incubated with substrate in phosphate buffer at pH 7.3, 37 °C; Neg, negative control, just
substrate and buffer (pH 7.3) incubated at 37 °C. Error bars represent SD. Product bands (28 nt)
are indicated by a black arrow. The white space in A denotes a deleted area of the imaged gel that

contained irrelevant lanes.
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5.3.5 Pm-CDAZ2-His catalytic activity is much slower than that of Hs-AID

Due to both Pm-CDA2 and Hs-AID showing activity on TGCbub7, albeit at different
temperatures, enzyme Kkinetic experiments were performed on both enzymes on TGCbub7 around
their optimal temperatures (24 °C and 34 °C, respectively; Figure 2.3 and Figure 5.8). Pm-CDA2
was not tested on GTChub7 due to its optimal temperature on this substrate being undetermined.
Absolute velocity could not be calculated due to the precise concentration of the enzyme within
the cell lysates being unknown. Assuming the concentrations of each enzyme are not greatly
different, the kinetics can be compared taking into consideration the relative amounts of enzyme
used. Pm-CDA2 lysate was used at 5 times the volume of Hs-AID lysate, thus a factor of 5 was

used for the Pm-CDAZ2 calculations and a factor of 1 was used for Hs-AID calculations.

For the time course kinetics, Pm-CDA2 was incubated for much longer than Hs-AID (up
to 48 hours compared to 60 min, respectively) due to the much lower activity of the former
observed in previous experiments. Pm-CDA2 activity began to plateau around 48 hours at
0.035 fmol/enzyme unit (Figure 5.8A), while Hs-AID activity plateaued ~ 1 hour at
34 fmol/enzyme unit (Figure 5.8B). For the substrate concentration kinetics, Pm-CDA2 and
Hs-AID were incubated with a range of concentrations of TGCbub7 (Figure 2.3) at 24 °C for 48
hours, and 34 °C for 90 min, respectively. Neither enzyme reached saturation at these conditions,
which has been seen previously for prokaryotically expressed, GST-Hs-AID?8184229 (see also
Figure 3.8). At the maximum substrate concentration tested for Pm-CDA2 (5.0 fmol/uL), the
maximum velocity reached was 0.015 fmol/min for Pm-CDAZ2 (Figure 5.8C) and 37 fmol/min for

Hs-AID (Figure 5.8D).
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Legend: Figure 5.8

A Time course experiment of Pm-CDA2 and 293HEKT cells lysate (lacking plasmid, negative
control) incubated with 50 fmol/pL of TGCbub7 at 24 °C for 1 to 48 hours. Left, alkaline cleavage
gel; right, corresponding Relative Velocity versus Time (hours) graph. B Time course experiment
of Hs-AID incubated with TGChub7 at 34 °C for 1 to 120 minutes. Left, alkaline cleavage gel;
right, corresponding Relative Velocity versus time (minutes) graph. Neg, negative: phosphate
buffer and TGChub7, lacking enzyme. C Substrate concentration experiment of Pm-CDA2 and
293HEKT cells lysate incubated with TGCbub7 at 24 °C for 48 hours. Left, alkaline cleavage gel;
right, corresponding Relative Velocity versus Substrate Concentration D Substrate concentration
experiment of Hs-AID incubated with TGCbub7 at 34 °C for 90 minutes. All product bands (28
nt) are indicated by a black arrow. L, ladder; (Hrs), incubation time in hours; (min), incubation
time in minutes; (fmol/uL), substrate concentration. The white spaces denote removed areas of

the imaged gels that contained empty or irrelevant lanes.
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5.3.6 Potential GST-Pm-CDAZ2 activity on ssSDNA

To determine if the tag and expression system had any effect on Pm-CDAZ2 activity,
Pm-CDAZ2 was also cloned into the GST-tagged pGEX plasmid and expressed in our prokaryotic
expression system in the same manner as described in Chapter 3.22° Two protein preparations each
originating from the transfection of two clones (for a total of four preparations) were purified on
GST columns and their purification confirmed on SDS-PAGE gels (Figure 5.9A). An initial
deamination activity test on TGCbub7 (Figure 2.3A; 16 hours at 37 °C) was negative (Figure
5.9B). A second activity test was performed on all four GST-Pm-CDA2 preparations and GST-
Hs-AID as a positive control, incubated with TGC-, TAC-, and ssTGCbub7 (Figure 2.3A) at
25 °C for 16.5 hours. Hs-AID demonstrated activity on all substrates, as expected (Figure 5.9C—
D). One Pm-CDAZ2 preparation caused degradation while the others were negative on TGC- and
TACbub7 (Figure 5.9C, D); all four Pm-CDAZ2 preparations showed potential activity on TTC
and GAC motifs in ssTGCbub7 (Figure 5.9E). Hs-AID and Pm-CDA2 were also incubated with
dsTGCbub7 and TG(mC) (Figure 2.3B and C) at 25 °C for 3 hours; none were active on
dsTGCbub7, while only Hs-AID was slightly active on TG(mC), as previously demonstrated

(Figure 5.9E, F).18
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Figure 5.9. GST-Pm-CDAZ2 activity on various substrates
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Legend: Figure 5.9

A SDS PAGE gels of four unique clones, one preparation each, of GST-Pm-CDA2, ~ 64.6 kDa
(white arrows). L, ladder; P, purified protein; +, induced cell culture sample; -, uninduced cell
culture sample; 1, 2, 3, 4, clone number. B-E Alkaline cleavage gels of different clones of GST-
Pm-CDA2 incubated with 50 fmol of TGCbub7 (B, C), TACbub7 (D), ssTGCbub7 (E),
dsTGChbub7 (F), or TG(mC) (F), in phosphate buffer pH 7.2, for 3 hours (F), 16 hours (B), or
16.5 hours (C, D, E) at 37 °C (B) or 25 °C (C, D, E, F). H+, Hs-AID; Neg, phosphate buffer pH
7.2 and substrate, no enzyme; C#P#, clone # preparation # of Pm-CDAZ2; L, ladder. In (E), letters
on right side of gel denote possible cytidine-containing motifs deaminated by Pm-CDA2 and Hs-
AID. The ssDNA sequence is found above the gel; the * indicates 5’ labelling; and all possible
XXC target motifs are underlined. In (F), the product band produced by Hs-AID activity on
TG(m)C is indicated by a black arrow. The white spaces denote removed areas of the imaged gels

that contained empty or irrelevant lanes.
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To determine if, like its His-tagged eukaryotically-expressed counterpart, prokaryotically-
expressed GST-tagged Pm-CDAZ2 substrate specificity was thermosensitive, GST-Pm-CDA2 was
tested in a similar experiment as Figure 5.10 at three different temperatures (18 °C, 25 °C, and
37 °C), on the same three substrates (TGCbub7 [Figure 5.10A], TACbub7 [Figure 5.10B], and
ssTGChbub7 [Figure 5.10C]), at two different durations (3 and 16 hours) with a GST-Hs-AID
control. The results were similar to those seen in Figure 5.9: no GST-Pm-CDAZ2 activity was seen
in the 7 nt bubble substrates, while some possible activity was seen on GAC and TGC motifs in

the ssTGChbub7 substrate, while GST-Hs-AID was active on all substrates (Figure 5.10).
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Figure 5.10. GST-Pm-CDAZ2 activity at different temperatures

Alkaline cleavage gels of four preparations of GST-Pm-CDA2 (C1P1, C1P2, C2P1, and C2P2)
and GST-Hs-AID incubated with TGChub7 (TGC), TACbub7 (TAC) and single-stranded
TGCbub7 (ssDNA, see sequence above gel in B; *, 5° radioactive labelling; all possible XXC
target motifs are underlined) at 18 °C (A), 25 °C (B), and 37 °C (C) for 3 hours (B, C) or 16 hours
(A) in pb pH 7.2. The black arrow in (A) indicates the TGC product band at 28 nt. “TGC” and
“GAC” on the right side of gels in B and C indicate possible deaminase activity on those motifs
on the ssDNA substrate. The ~18nt bands in the sSSDNA lanes are unlikely to be caused by cytidine
deaminase activity as there are no likely XXC motifs in the ssDNA substrate. L, ladder. The white

spaces denote removed areas of the imaged gels that contained empty or irrelevant lanes.
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Finally, GST-Pm-CDAZ2 activity was tested in phosphate buffers with different additives.
GST-Pm-CDAZ2 was incubated for 16 hours at 37 °C and 25 °C with TACbub7 and ssTGCbub7
in four buffers containing ZnCl,, RNase A, both, or neither, all at pH 7.2. GST-Pm-CDA2 showed
possible activity on TAC and GAC in the ZnCl buffer, TTCC and GAC in the RNase A buffer,
GGC, TGC, GAC, and AGC in the buffer containing both. GST-Pm-CDA2 may have showed
activity on TRC and GAC motifs in the buffer with neither ZnCl2 nor RNase A, but this could not

be confirmed as the bands are close to, but not directly, at the correct size (Figure 5.11).
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Figure 5.11. GST-Pm-CDAZ2 activity in different buffers
Alkaline cleavage gels of one preparation of GST-Pm-CDA2 (C1P1) incubated with TACbub7

(TAC) or single-stranded TGCbub7 (ssDNA, see sequence in the middle of all gels; *, 5’
radioactive labelling; all possible XXC target motifs are underlined) at 25 °C or 37 °C for 16
hours in 100 mM phosphate buffer with RNase A (A), ZnCl2 (B), both (C), or neither (D). Motifs
on the right side of the gel indicate possible deamination activity at those cytidines in the TAC or
ssSDNA substrates; the motifs with the ? indicate possible activity with more uncertainty, as the
bands may be near the correct size but not exact. The white spaces denote removed areas of the
imaged gels that contained empty or irrelevant lanes. L, ladder; Neg, buffer + substrate, lacking

enzyme.
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5.3.7 Cytidine deaminase activity of His-tagged Lp-CDAZ2 proteins remains undetermined

During the same experiments that found CDA1L1 genes in Lampetra planeri described in
Chapter 4, one close CDA2 ortholog was found in both L. planeri and L. japonica species, along
with three CDAZ2 variants (Figure 4.3 and Figure 5.12).12" The Lp-CDA2 ortholog has 84.3%
amino acid similarity to Pm-CDAZ2, whereas the second variant (Lp-CDA2_v2) has 99.4% amino
acid similarity to Lp-CDA2. Lp-CDA2 v3.1 and Lp-CDA2 v3.2 are splice variants of
Lp-CDA2_v2, with the 4" and last exon of Lp-CDA2_v2 edited and two extra exons added. The
Lp-CDA2 v2, v3.1, and v3.2 genes were cloned into our pcDNA3.1/V5-8xHis-TOPO plasmid

and expressed in our HEK293T cell eukaryotic expression system.
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Figure 5.12. Comparison of CDA2 genes from L. planeri and P. marinus

Alignment of the amino acid sequences of Pm-CDA2, Lp-CDA2, Lp-CDA2 variant 2
(Lp-CDA2_v2), and the splice variants of Lp-CDA2_v2 (Lp-CDA2_v3.1 and Lp-CDA2_v3.2).

Potential zinc coordinating amino acids are indicated with a *.
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His-tagged Lp-CDA2 ortholog expression in lysates was confirmed by western blot
(Figure 5.13A), and initial cytidine deaminase activity tests were performed on two preparations
(each derived from a separate clone) of each ortholog for 16 hours at pH 6.4 and pH 7.1, 14 °C
and 22 °C, on five 7 nt and 11 nt bubble substrates (AGCbubl11, TTCbubB, ATCbubB, CTCbubB,
TGCbub7, and TACbub7; see Figure 2.3A, D, E). Figure 5.13B demonstrates clean negative
controls (untransfected HEK293T cell lysate and a “no enzyme” reaction), indicating there is no
background deaminase activity in either the lysate or reagents. A Hs-AlID-His lysate was
transfected and expressed concurrently with the Lp-CDAZ2 orthologs, and in the same experiment
exhibited cytidine deaminase activity on all substrates in all conditions, albeit at varying levels
(Figure 5.13B). Neither Lp-CDA2_v2 (Figure 5.13C), Lp-CDA2_v3.1 (Figure 5.13D), nor Lp-
CDAZ2_v3.2 (Figure 5.13E) exhibited any perceivable activity in these conditions on the tested

substrates.
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Figure 5.13. Lp-CDAZ2-His variants were not active in phosphate buffer pH 6.4 or 7.1
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Legend: Figure 5.13

A Western blots of Hs-AID-His (Hs, 28.6 kDa), GST-V5-8xHis tag (Tag, 31.8 kDa), cell lysate
lacking plasmid (CL), and His-tagged LpCDA2_v2 (V2, 39.6 kDa), LpCDA2_v3.1 (V3.1, 48.3
kDa), and LpCDA2_v3.2 (V3.2, 48.7 kDa), using anti-V5 epitope antibody. The bands of the
latter three are indicated by black arrows on the SDS PAGE gel. B-E Alkaline cleavage gels of
His-tagged enzymes incubated for 16 hours in phosphate buffer pH 6.4 or 7.1 at 14 °C or 22 °C
with radioactively labelled AGCbubll (1), TTCbubB (2), ATCbubB (3), CTCbubB (4),
TGCbub7 (5), or TACbub7 (6). B Control experiments at pH 6.4, the product bands are indicated
by a black arrow; Negative, pb and substrate, lacking enzyme; 293HEK, 293HEKT cell lysate
lacking enzyme. C, Lp-CDA2_v2-His. D, Lp-CDA2_v3.1-His. E Lp-CDA2_v3.2-His. L, ladder.
The white spaces denote removed areas of the imaged gels that contained empty or irrelevant

lanes.
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Additional experiments with new and repeated parameters were performed with the His-
tagged Lp-CDAZ2 lysates to test their cytidine deaminase activity. Neither Lp-CDA2 variant was
active on TGCbub7 nor GTCbub7 (Figure 2.3A) after 16 hours incubation at pH 7.1 at 14 °C
(Figure 5.14A), which were similar to favourable conditions for Pm-CDA2-His (GTCbub7, 18
°C; Figure 5.3). A longer incubation (24 hours) with double the amount of Lp-CDA2 variant
enzyme at neutral pH and a range of temperatures (25-37 °C) on different substrates
(TGC-, TTC-, TAC-, and GTCbub7 (Figure 2.3A) also failed to show any cytidine deaminase
activity of the Lp-CDA2 variants, while Hs-AlID-His was positive on all substrates and the
negative controls were clean (Figure 5.14B; Lp-CDA2 v2, C; Lp-CDA2 v3.1, D; Lp-

CDA2_v3.2, E).
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Legend: Figure 5.14

A Alkaline cleavage gels of 5 uL each of Lp-CDA2 _v2 (V2), Lp-CDA2 v3.1 (V3.1), and Lp-
CDA2 v3.2 (V3.2) lysates incubated with 50 fmol of radioactively-labelled TGCbub7 and
GTCbub7 for 16 hours in pb pH 7.1 at 14 °C. Neg, negative reactions of TGC- and GTCbub7
incubated with just pb pH 7.1 at the same temperature and time. B-E Alkaline cleavage gels of
5 pL Hs-AID-His lysate (Hs, product bands indicated by a black arrow), and 10 pL pb pH 5.64
(Negative), untransfected 293HEKT cell lysate lacking enzyme (Cell Lysate, B), Lp-CDA2_v2
(LpCDA2v2, C), v3.1 (LpCDA2v3.1, D), and v3.2 (LpCDA2v3.2, E) lysate incubated with 50
fmol radioactively-labelled TTC-, TGC-, TAC-, and GTCbub7 in pb pH 5.64 with 0.8 units of
Uracil DNA Glycosylase Inhibitor (UGI) for 4 hours at 25 °C (Hs-AID) or 24 hours at 25-37 °C

(negative controls and Lp-CDA2 orthologs).
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His-tagged, APOBEC proteins expressed in our eukaryotic expression system are often
only active in HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer, which
contains RNase A and Triton X-100 that work to disassemble RNA-protein interactions that may
hinder AID/APOBEC activity. Therefore, to determine if the Lp-CDA2-His variants also require
this buffer to show enzymatic activity in our alkaline cleavage assays, the variants were incubated
with TTC-, TAC-, GTC-, and AGCbub7 (Figure 2.3A) in HEPES buffer pH 7.4 at 16 °C, 25 °C,
and 37 °C for 24 hours. Lp-CDAL_1spl was successfully used as a positive control (Figure 5.15A).
The untransfected 293HEKT cell lysate was negative. A possible band of the correct size was seen
with Lp-CDA2_v3.1 incubated with AGCbub7 at 37 °C, while all other Lp-CDAZ2 reactions were

negative (Figure 5.15B).

Finally, the Lp-CDAZ2 variants were incubated with multiple oligonucleotides (TTC-,
TGC-, GTC-, and AGCbub7; Figure 2.3A) at 18 °C, 25 °C, and 37 °C in phosphate buffer
containing UGI to prevent any DNA repair mechanisms remaining in the HEK293T cell lysate
from removing any uridines caused by CDA activity and therefore preventing CDA activity from
being detected in our alkaline cleavage assay. The Lp-CDAZ2 variants were also incubated for 60
hours to ensure any minute activity could be detected. Furthermore, a second AGCbub7 reaction
was included, which was treated with endonuclease V after AID incubation; if the enzymes acted
as adenosine deaminases instead of cytidine deaminases, and deaminated the adenosine to an
inosine, the endonuclease V would cleave the phosphodiester bond two positions 3’ of the mutated
adenosine, resulting in a 27 nt band (see Figure 2.3A). AGUbub7 and IGChub7 were incubated
with UDG and endonuclease V, respectively, and then NaOH, resulting in nearly 100% cleavage
of the oligonucleotide, providing positive bands for comparison. The Lp-CDAZ2 variants were not

active on any substrate in any of the aforementioned conditions (Figure 5.15A-D).
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Legend: Figure 5.15

A, B Alkaline cleavage gels of HEPES experiment: 10 puL of Lp-CDA1L1 1spl-His lysate,
293HEKT cell lysate lacking Lp enzyme, HEPES buffer pH 7.4, and Lp-CDA2_v2, v3.1, and
_v3.2 incubated with 50 pL radioactively-labelled TTC-, TAC-, GTC-, and AGCbub7 in HEPES
buffer pH 7.4 at 16 °C, 25 °C, and 37 °C for 24 hours. Possible band of correct size indicated by
a black arrow in Lp-CDA2_v3.1 gel; product bands of the correct size in the positive gel (A) were
indicated by a black arrow. C, D Alkaline cleavage gels of longer incubation experiment with
adenosine deamination test: 10 pL of Lp-CDA2_v2-His, v3.1-His, and _v3.2-His lysates were
incubated with radioactively labelled TTC-, TGC-, GTC-, and AGCbub7 at 18 °C, 25 °C, or 37
°Cin pb pH 7.1 and 0.4 units of UGI for 60 hours. The negative samples contained just pb and
substrate. The Lp lysates and negative reactions were treated with UDG as previously described,;
a second reaction with AGCbub7 was treated with 5 units of endonuclease V in NEB buffer #4 at
37 °C for 1 hour. The positive samples included AGUbub7 and IGCbub7 incubated with just UDG

or endonuclease V, respectively (product bands indicated by a black arrow).
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5.3.8 Cytidine deaminase activity of GST-tagged Lp-CDA2 proteins remains undetermined

As the His-tagged Lp-CDAZ2 variant lysate cytidine deaminase activity was inconclusive
in the parameters tested, GST-tagged Lp-CDA2 variants were expressed and purified in our
prokaryotic E. coli expression system, as previously described in Chapter 3 and in our previous
works.5368.183-185229 proper expression and purity was confirmed on SDS-PAGE gels (Figure
5.16A). As an initial activity test, ~ 0.3 pg of each Lp-CDAZ2 variant was incubated with TGC-
and TACbub7 (Figure 2.3A) for 16 hours at 14 °C, 25 °C, and 37 °C. As the temperature increased,
the oligonucleotides became more degraded, making it difficult to confirm activity, despite some
product bands being around the appropriate size (Figure 5.16B-D). Specifically, Lp-CDA2_v2

and Lp-CDA2_v3.1 appear to be active on TACbub7 at 25 °C (Figure 5.16C).
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Figure 5.16. GST-tagged Lp-CDAZ2 variants activity on bubble substrates is inconclusive
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Legend: Figure 5.16

A SDS PAGE gels of purified GST-tagged Lp-CDA2_v2 (63 kDa), Lp-CDA2_v3.1 (72 kDa),
and Lp-CDA2_v3.2 (72 kDa; black arrow), with GST-Hs-AID for reference (52 kDa, white
arrow). B-D Alkaline cleavage gels of GST-LpCDA2_v2 (V2), v3.1 (V3.1), and _v3.2 (V3.2)
and GST-Hs-AID (Hs) incubated with TGCbub7 and TACbub7 for 16 hrs in pb pH 7.2 at 14 °C
(B), 25 °C (C), and 37 °C (D). Neg, substrate and buffer, lacking enzyme. Possible product bands

are indicated by a black arrow (the product bands in the Hs-AID lanes are confirmed).
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Three further, separate experiments were performed with slightly varying conditions to
determine if the GST-tagged and purified Lp-CDA2 were active cytidine deaminases. Figure
5.17A-C shows the results of incubating 0.1-0.16 pg of Lp-CDA2_v2, v3.1, and _v3.2 with five
different 7 nt-bubble substrates (CCC-, CTC-, TGC-, GTC-, and TTCbub7; Figure 2.3A)
radioactively labelled at the 5° or 3’ end (as there were multiple C’s in some substrates) at
14-20 °C for 8-24 hours. The positive controls included GST-tagged, prokaryotically-expressed,
and purified Hs-AID, Pm-CDAL, and Pm-CDA1L1, the latter of which was identified in the same
experiments in Chapter 4 that identified Lp-CDA1 variants and only differs from Pm-CDAL by
two nt mutations, one which is silent (a4g, c124a). Lp-CDA2_v2 and Lp-CDA2_v3.1 may have
some activity at 20 °C for 16 hours on 3’ labelled CCCbub?7, but the bands were very faint (Figure

5.17B).
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Figure 5.17. Activity of prokaryotic expressed, purified GST-Lp-CDAZ2 variants could not
be determined

Alkaline cleavage gels of three separate experiments, where preparations of 1-2 clones (C1, C2)
of GST-tagged, purified Lp-CDA2_v2 (V2), v3.1(V3.1),and _3.2 (V3.2), and one preparation
each of GST-tagged and purified Hs-AID (Hs), Pm-CDA1 (Pm1), and Pm-CDA1L1 (PmL1) were
incubated with 5 (A) or 3’ (B, C) radioactively-labelled CCC- (1), CTC- (2), TGC- (3), GTC-
(4), and TTCbub7 (5) in pb pH 7.1 at various temperatures and durations. A Lp variants: 0.1 ug,
20 °C, 8 hrs. Hs: 0.12 ug, 31 °C, 1 hr. Pm1: 0.12 ug, 14.5 °C, 4 hrs. B Lp variants: 0.16 g, 20
°C, 16 hrs. Hs: 0.09 ug, 31 °C, 1 hr. Pm1: 0.09 ug, 14.5 °C, 4 hrs. C Lp variants: 0.16 ug, 14 °C,
24 hrs. PmL1: 0.17 ug, 14 °C, 2 hrs. A, B, C Neg, negative: just pb and substrate, incubated in

same conditions as Lp variants. Possible product bands are indicated by a black arrow.
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5.4 Discussion

In this chapter, both His- and GST-tagged CDAZ2 orthologs were expressed and their
cytidine deaminase activity tested under various conditions. Multiple preparations of one clone of
His-tagged, purified Pm-CDAZ2 was found to be active on partially single-stranded DNA on WRC
motifs and on the non-WRC motif, GTC. Furthermore, Pm-CDA2-His’ substrate specificity
profile was found to be temperature dependent. This is in contrast to other AID orthologs, where
their substrate specificity profile remains consistent; for example, Hs-AID displays a preference
for WRC motifs no matter the temperature. This could indicate that Pm-CDA2 is more structurally
flexible than other AID orthologs, having multiple temperature-sensitive conformations or
“microstates” that are conducive to cytidine deaminase activity: the 25 °C conformations accept
WRC motifs into the catalytic pocket in deamination-favourable positions, whereas the

conformations at higher temperatures accept GTC into the catalytic pocket.

Sea lamprey can tolerate a wide range of temperatures (1-20 °C) and experience different
environmental conditions as they metamorphosize from ammocoetyes to juveniles to adult
lamprey 324374375 The structural flexibility of Pm-CDA2-His at various temperatures could reflect
unique, temperature-dependent immunological needs. Further biological investigation of lamprey

immunity at its various life stages is required to explore this theory.

Maximum Pm-CDAZ2-His catalytic activity on TGCbub7 appears to be ~ 1000x slower
than maximum Hs-AID-His on the same substrate, which is quite a statement considering that Hs-
AID is already a relatively “slow” enzyme compared to other enzymes.??242"® However, Pm-
CDAZ2-His appears to exhibit higher activity on GTCbub7 at higher temperatures compared to

TGCbub7 at lower temperatures, suggesting the former as its optimal temperature and substrate.
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A thermosensitivity experiment with Pm-CDA2-His on GTCbub7 using temperatures beyond 37
°C would likely determine its optimal temperature, and thus Kinetics experiments performed at this

higher optimal temperature may reveal the true extent to Pm-CDA2-His’ activity.

That being said, as a sea lamprey enzyme, Pm-CDAZ2 is unlikely to ever be at 37 °C or
higher; as a DNA-mutating enzyme, Pm-CDA2 could have evolved to exhibit sub-optimal
catalytic activity at physiological conditions, thereby protecting the sea lamprey’s genomic
integrity. On the other hand, the conditions of the alkaline cleavage experiment that demonstrated
this higher activity on GTCbub7 at 37 °C could lack other factors that are present in vivo, which
may affect Pm-CDA2’s thermosensitivity profile. For example, a relative of Pm-CDA2, human
APOBEC], requires an accessory protein (ACF) to fold its substrate into a catalytically favourable
position at physiological pH, which naturally occurs at higher temperatures.?” Pm-CDAZ2 could
interact with a second protein which may fold non-WRC containing ssDNA into a more
catalytically-favourable form at lower temperatures, or indeed, could influence the structural
formation of Pm-CDAZ2 itself into a conformation similar to that into which it folds alone at higher
temperatures. As suggested in Chapter 4, analysis of co-transcribed genes could indicate proteins
that may interact with CDA2. A pull-down assay or a BiolD assay on cell lysate containing a
tagged CDA2 could also identify interacting proteins. In both cases, a lamprey VLRB cell line

grown at cooler temperatures (~ 15-20 °C) would be optimal.

It remains unknown why one preparation from one transfection of one clone of His-tagged
Pm-CDA2 was active and the others were not. All clones were re-sequenced and were genetically
identical, thus the one clone that was active did not carry mutations that could have affected its
activity. The western blots of different clones also showed similar band densities, therefore the

one clone that was active was not so because it was of a higher concentration than the inactive
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clones. It is possible that there could be mutations in other portions of the plasmid that allowed for
more efficient post-translational modifications for folding of the protein; to know for sure, the
whole plasmid could be sequenced. Regardless, the activity of other CDA2 orthologs suggests that

the activity displayed by this clone of Pm-CDA2-His reflects true cytidine deaminase activity.

Multiple preparations of multiple clones of GST-tagged Pm-CDA2 appear to have
exhibited cytidine deaminase activity on ssDNA, specifically on GAC, AGC, TTCC, and GGC
motifs. This reflects the optimal activity on larger bubble substrates, sSDNA, and both WRC and
non-WRC motifs displayed by His-tagged Pm-CDAZ2. The addition of ZnCl, appears to have a
positive effect on GST-Pm-CDA2 activity; in 2015, Marx et al.3’® suggested that zinc, in addition
to being required for zinc-dependent cytidine deamination, may play a role in increasing cytidine
deaminase activity of A3G by binding to loop 3 of the active C terminal domain, thereby placing
Asp244 in the correct orientation to influence substrate binding towards more a more productive
position within the catalytic pocket. Like all active enzymes with a ZDD domain, Pm-CDAZ2 has
an Asp at a similar position in loop 3 (N59); the addition of ZnCl; to the alkaline cleavage reaction
may have ameliorated GST-Pm-CDAZ2 activity. Further experimentation with ZnCl; buffers and

N59 mutants can better address this hypothesis.

Both His-tagged and GST-tagged Lp-CDAZ2 variants were inactive in the parameters tested.
Future experiments using parameters similar to those tested with GST-Pm-CDAZ2, such as the
addition of ZnCl; to the buffer and with more sSDNA and larger bubble DNA substrates, may
reveal cytidine deaminase activity. What has yet to be tested on all of these potential enzymes is
their activity on RNA. Fellow relatives of the AID/APOBEC family human Al and the yeast
CDD1 have demonstrated activity on both RNA and DNA.*¥22"1 One way to test this theory would

be a similar assay to the alkaline cleavage experiment, instead using fluorescently-labelled RNA,
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which could be translated and labelled immediately prior to incubation with the enzyme to prevent
degradation. Another way would be to incubate the enzyme with RNA, reverse transcribe said
RNA after incubation, and sequence the resulting DNA; however, this method would need to take

superfluous mutations caused by the reverse transcriptase into account.

In summation, the results of these experiments suggest that Pm-CDA2 may be an active
cytidine deaminase on ssDNA, with relatively low catalytic activity and a unique substrate
specificity profile. These data are supported by previous works which demonstrated that Pm-
CDA2 is expressed by activated VLRB+ B cell-like cells and is required for VLRB antibody
assembly.?%37% To my knowledge, this is the first report of Pm-CDA2 being an active enzyme,
giving further credence to the theory of lamprey adaptive immunity involving multiple AID-like
proteins. There is much more work that must be done to further confirm Pm-CDA2’s activity and

to more thoroughly biochemically characterize this interesting enzyme.
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Chapter 6 Discussion

6.1 Summary of results

The research described in this dissertation has provided novel insight into a number of AID
orthologs. Chapter 3 focused on four AID enzymes from species spanning fish evolution: CDAL
in the lamprey, one of the few remaining jawless vertebrates; AID in the nurse shark, a
cartilaginous fish, which evolved from an early-diverged gnathostome lineage; pufferfish AID,
containing the ray-finned fish-specific region in its protein sequence; and AID in the coelacanth,
one of our closest fish ancestors before the divergence of the tetrapods.'#32802% Studying AID
orthologs from this wide range of species, each with unique adaptive immunity characteristics,
enabled us to view AID evolution on a macro scale. While each species has different antibody loci
organization, and while two lack canonical CSR, a vital antibody diversification mechanism
initiated by AID in most jawed vertebrates, AID orthologs from all four fish species were active
cytidine deaminases on partially single-stranded bubble substrates with low enzymatic activity.??°
These common characteristics indicate that since the divergence of jawed vertebrates, AID has
maintained sub-optimal activity on structurally similar substrates, likely as a safeguard against
promiscuous mutagenic activity. The different characteristics of these AID orthologs, such as their

unique thermosensitivity and substrate specificity profiles, suggest that AID has co-evolved with

the thermoregulatory needs and Ig loci of the animal in which it is expressed.

Chapters 4 and 5 focused on AID orthologs in the lamprey, an evolutionarily significant
animal with a unique adaptive immune system. Both the lamprey and hagfish, the only two
remaining extant jawless vertebrates, exhibit characteristics of adaptive immunity, such as delayed

type hypersensitivity and an increased immune response upon second immunization, yet they lack
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the canonical pillars of jawed vertebrate immunity, such as RAG and lg proteins.?®® Upon
discovery of VLRs, it became apparent that jawless vertebrates have lymphocyte-like cells which
act similarly to gnathostome B and T cells. The presence of AID-like proteins expressed in these
cells further suggests that these lamprey CDAs may act in a similar role to gnathostome AID:
mutating antibody loci to initiate their diversification. Surprisingly, multiple CDAs were found in
the lamprey, a rare characteristic in jawed vertebrates, most of whom carry only one AID gene
with multiple APOBEC genes.'?"12° Furthermore, while it appeared that the presence of either
CDAL1 and CDA1L1 4 was necessary, each individual had a unique combination of the remaining
CDA genes, similar to allelic differences in APOBEC genes across human populations.*?”3"7
Combined with the difference in surface charges between CDAILL1 4 and the remaining
CDAI1L1s, which is similar to the difference in surface charges between AID and APOBECS,
respectively, these findings suggest that these CDAs may play a similar role in lamprey adaptive

and innate immunity as AID and the APOBECS3s, respectively.?’

Further investigation into the biochemical characterization of the CDA1L1 orthologs
revealed that all were active cytidine deaminases with optimal activity on a non-WRC substrate,
TTC. These results confirm our previous work which described Pm-CDA1 as having a unique
substrate preference for a non-WRC motif,2? suggesting the target in vivo sequence for lamprey
CDAs may be different from that of gnathostome AID, which uniformly prefer WRC motifs. Each
enzyme exhibited unique thermosensitivity and optimal pH profiles, which was unexpected due to
these proteins belonging to the same animal. These different characteristics suggest these enzymes
occupy unique intracellular locations, similar to how AID is active in the nucleus and APOBECs

are active in the cytoplasm.%®2% An additional possibility is that these enzymes are active at
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different developmental stages of the lamprey, which are dependent on environmental temperature

changes.

The in vitro characterization of CDAZ2 and its variants also identified unique properties of
these lamprey AID orthologs, despite being somewhat inconclusive. Preparations from one
transfection of Pm-CDA2-His expressed in our eukaryotic system displayed temperature-
dependent substrate specificity profiles: a novel characteristic never before seen in any AID
ortholog. GST-tagged, prokaryotically-expressed Pm-CDA2 also displayed unique substrate
preferences for both WRC and non-WRC motifs, however, its activity could not be confirmed with
the same certainty as that of Pm-CDA2-His. Both GST-tagged and the aforementioned His-tagged
preparations of Pm-CDA2 appeared to be even less active than Hs-AID, which is already
thousands of times less active than the average enzyme.?’® None of the His-tagged, eukaryotically-
expressed Lp-CDA2 enzymes were active in our alkaline cleavage experiments. Combined, these

data are the first to suggest that CDAZ2 is an active cytidine deaminase.
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6.2 Limitations

There are a few notable limitations of the methodologies used in this thesis. First, all
enzymes were expressed in bacterial or human cells, not the same species from which the proteins
originate. It can thus be assumed that these proteins were expressed in cellular conditions (such as
salt, pH, etc.) foreign to their natural state, which may have affected their folding and/or post-
translational modification, the latter of which is experienced by all of the studied proteins but is
lacking in our bacterial expression system. Furthermore, these cells produce the target protein at
either 16 or 37 °C, which is not the temperature at which most of these poikilothermic species
reside, which may again affect protein expression, post-translational modification, and folding,
and therefore biochemical activity. Thus, it will be important to purify these proteins in cells and
conditions closer to their natural state in order to ensure that the results seen in this thesis have not

been affected by the purification conditions.

Another limiting factor of this research is the fact that all proteins were tagged with either
eight histidines at the C terminus or GST at the N terminus. GST’s large size and histidine’s
positive charge at neutral pH could influence biochemical activity by obstructing or changing the
confirmation of the catalytic pocket, or by affecting protein dimerization. | have already
ameliorated this concern by creating and successfully expressing Hs-, Dr-, and Gc-AlD with both
tags, with limited differences seen between them. That being said, the results in this thesis could
be confirmed by expressing the CDA1L1 proteins with an N terminal GST tag. | could also confirm
that the tags did not greatly affect enzymatic activity by switching the terminal at which the tag is
attached (i.e., 8xHis at the N terminus and GST at the C terminus), the idea being that perhaps one
end of the protein is more important then the other in oligomerization and could be affected

differently by either tag.

252



Another limitation of my in vitro investigations is that I did not explore all biochemical
properties, such as optimal salt concentration, possible cofactors, or all substrate conditions (more
bubble sizes, different DNA formations such as stem loops, etc.). Therefore, I could have missed
optimal conditions in which to see enzymatic activity from those proteins that displayed
unconfirmed or no activity. Increasing the number of parameters tested would certainly give us a
more detailed view of the biochemical properties of these AID orthologs. However, to produce the
most relevant results in a timely manner, | investigated the most commonly explored enzyme
characteristics for AIDs (temperature, incubation time, substrate concentration, WRC-motif
substrate preferences); this enabled comparison between previous work done my myself, my
colleagues, and others in the field. That being said, | did include properties that are not commonly
studied when investigating AID and AID ortholog biochemical activity, such as pH, which
revealed interesting similarities between the different LpCDALs and the AID/APOBECs (see

Chapter 4).

A limitation of our in silico 3D protein modelling is that the current system requires the
use of mouse and human APOBEC models as bases upon which the algorithm builds the 3D
models of both human and non-human AID orthologs. | have already demonstrated in chapter 3
that the different AID orthologs are genetically dissimilar to human AID, which suggests that using
models of human and mouse APOBEC may inadvertently create inaccurate, “humanized” 3D
models of these fish AID orthologs. My colleagues have demonstrated that it is possible to produce
an accurate human AID 3D model based on mouse and human APOBEC models, despite the
genetic differences between human and mice, and AID and APOBECs®?; however, in silico
modeling can be improved by further XRC and NMR imaging of more non-human enzymes to

more accurately create non-human, non-mouse protein structures.
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Finally, while the ethos of this thesis is that biochemical characterization of enzymes using
in vitro and in silico methods is a worthy endeavour, I also argue for a more comprehensive study
of proteins, which also includes cellular and in vivo research. Therefore, one large limitation of
this thesis is that it only includes the former methods while excluding the latter. That being said,
there were many novel discoveries described in this thesis that could only have been found using
in vitro and in silico methods, such as the difference in optimal pH for the LpCDA1s and the
temperature-dependent substrate specificity of Pm-CDA2-His. This final limitation is discussed

further in Section 6.4.
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6.3 Future Directions

The work described herein has revealed that AID orthologs in fish species have vastly
different biochemical characteristics that have likely evolved in tandem with their heterogenetic
immune receptor targets, along with their intra- and extracellular environments, such as a lower
basal temperature in poikilotherms. This is the first work to have shown an AID ortholog preferring
a non-WRC motif or having such a cold-adaptive temperature preference. These results provide
groundwork for future experiments with other AID orthologs, such as considering the basal body
temperature of the animal to whom the AID ortholog belongs when designing experiments and
expanding the substrate motifs tested beyond the classic WRC motifs. The biochemical
characteristics that remained the same between the AID orthologs, such as lethargic activity and
high binding affinity, may also direct how future work on AID is performed, such as considering
longer incubation times to ensure any minute activity is captured. In other words, this work has
expanded the expected conditions in which AID is believed to be active and encourages future

work to consider broader possibilities for this enzyme.

The differences and similarities between the biochemical characteristics of AID orthologs
can reveal a lot about the different roles these enzymes play; for example, while zebrafish AID is
assuredly responsible for the mutations that initiate secondary antibody diversification
mechanisms, its unique ability to mutate methylated C’s suggests a second role in animal
development, a revelation that was only possible due to in vitro experimentation.*®8 Further
investigation into comparative enzymology regarding these immunologically relevant enzymes,
such as the newly discovered SNADs and NADs,'?* may continue to uncover new roles for these
proteins outside of antibody diversification. One potential avenue is determining if SNADs are

secreted, and if so, are they active mutators in the extracellular environment; secreted mutators
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may serve a role in innate immunity against transposons or other foreign genetic material, similar

to primate APOBEC3G.

The in silico work regarding the fish AID structures in Chapter 3 has confirmed another
biochemical characteristic consistent between AID orthologs: an often-closed catalytic pocket that
rarely opens to allow for substrate deamination. Combined with demonstrated high substrate
binding affinities, these data explain the low catalytic rates of all AID orthologs. | have suggested
in Chapter 3 and in the associated published work??® that these properties have been maintained
across hundreds of millions of years of evolution to protect the genomic integrity of the animal.
To confirm this hypothesis, in situ and in vivo experiments could be developed using upmutants
of AID orthologs to determine if more active versions would result in increased DNA damage

compared to the naturally occurring AIDs.

The shape of the catalytic pocket, also determined by in silico experimentation, can also
inform which substrates the AID ortholog prefers, such as with the lamprey Pm-CDA1, which
appears to have differences in loops 2 and 8, and a more compact catalytic pocket compared to
human AID. This computational modeling methodology may be optimized to the point in which
new AID orthologs can be tested for their optimal substrates in silico, thus narrowing down the
vast numbers of possible substrates for these potentially promiscuous enzymes before in vitro

experiments, saving time and resources.

In Chapter 4 | not only discovered an expansion of CDA1-like enzymes in the freshwater
lamprey, similar to that seen in primate A3s,'?° but that these enzymes exhibited different catalytic
rates, temperature preferences, and optimal pH’s. While the different optimal pH’s can be perhaps

explained by the different cellular localizations of these enzymes, such as in lysosomes versus the
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cytosol or nucleus, the reason behind different temperature preferences is more difficult to
theorize. Is it simply a matter of evolution towards suboptimal activity for genomic protection, or
are there other factors at play? Furthermore, why do some individuals have certain CDA1L1s and
not others? To solve these conundrums, cellular and whole-organism work will have to be
completed. Cell culture of lamprey lymphocyte-like cells will need to be optimized and the cells
possibly immortalized. | will then need to determine how to activate VLRA/C* cells grown in
culture to express CDALLL proteins or create an inducible cell line. Performing pull-down or
BiolD assays may reveal protein co-factors that influence the CDA1L1 orthologs in different ways,
such as altering the optimal temperature of the enzyme-substrate interaction. CDALL1 variant
relationships with these cofactors would be assessed in in vitro assays similar to those described
in this thesis. Why certain individuals have different CDA1L1 orthologs can only be elucidated
through housing lampreys in the lab and sequencing their genomes before and after immunological
and/or developmental events. Lamprey have been notoriously difficult to maintain in the lab, but
recent work®”® has given hope that soon we will have another model animal organism to work
with. As previously stated, in vitro and in silico work, while having more advantages than perhaps
most in the biomedical field give them credit for, can only go so far; by combining what we know
from in vitro and in silico work with in vivo and cellular experimentation, we can gain better insight

into these AID orthologs.

Unlike CDAL and CDALLL1 orthologs, CDAZ2 has proven to be an elusive subject of study.
While one clone of His-tagged Pm-CDA2 exhibited obvious deaminase activity with a unique
temperature-sensitive substrate preference, all other clones of Pm-CDAZ2, and both His- and GST-
tagged CDAZ2 ortholog enzymes showed inconclusive activity. The one consistency is that a

majority of the substrates on which CDAZ2 activity may have occurred were non-WRC substrates,
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similar to the CDAL enzymes, and were on sSDNA and 7-13 nt sized bubbles. The addition of
ZnCl; also appeared to improve GST-Pm-CDAZ2 activity. Further in vitro experimentation with
more sSDNA and larger-bubble substrates, with the inclusion of ZnCl,, may reveal more optimal
conditions for CDA2 activity. Pull-down or BiolD assays of Pm-CDAZ2 in lamprey T cell-like cells
could reveal potential co-factors that, when combined in vitro with purified Pm-CDA2, could

improve enzyme activity enough to allow for better protein characterization.

As mentioned above regarding CDAL orthologs, improved in silico research into the 3D
structure of CDA2 enzymes may reveal why the substrates used thus far have not been very
successful. In silico modeling of CDA2 has been difficult due to it not aligning well with known
APOBEC models; perhaps investigating other models on which to base the CDAZ2 structure, such
as adenosine deaminases, may improve modeling results. XRC and NMR imaging of non-
mammalian AID and APOBEC proteins could improve in silico modelling as well by providing a

base that is closer to CDA2’s true structure than human APOBEC.

The last future direction with great potential is testing all aforementioned AID orthologs
for deaminase activity on RNA. Most APOBECs are active on RNA, and many other
AID/APOBEC orthologs have displayed promiscuous activity on both RNA and DNA
substrates'32271: it is possible that the AID orthologs described in this dissertation may also show
substrate promiscuity or a singular preference for RNA, which could suggest a secondary role

similar to human APOBEC3s in viral immunity or oncogenesis.'®
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6.4 In support of in vitro and in silico enzyme characterization

The AID/APOBEC family is an excellent case-in-point for the main argument of this
thesis, which is that in order to best understand an enzyme, all aspects of its character must be
investigated, including its orthologs in non-human species, using multiple methodologies, such as
in vitro and in silico work. For example, lamprey likely never reach an internal body temperature
of 37 °C or above, yet in vitro work using conditions beyond what is found in nature has revealed
that Pm-CDAZ2-His achieves higher catalytic activity on a non-WRC motif at these temperatures
compared to WRC motifs, a first in the AID literature. These results, combined with the finding
that CDAL and its variants prefer non-WRC motifs, have the potential to shift the current zeitgeist
in AID research, which focuses on WRC motifs when looking for AID activity with regards to
antibody mutations or oncogenesis. By focusing on WRC motifs alone, researchers could be

missing possible AID activity, especially when investigating non-human AlIDs.

Without resorting to time-consuming and expensive crystallization processes that require
mutation of the protein, in silico modelling efficiently solved the CDA1L1 variant structures,
which suggested that CDALL1 proteins have different optimal pH profiles. These data were
confirmed using in vitro experimentation not possible using cell culture or in vivo work, due to
lethal pH changes, and revealed that these various CDA1L1 variants likely play vastly different
roles in lamprey immunity, such as with mammalian AID and APOBECSs. This novel theory is a
major contribution to the ongoing study of apparent convergent evolution of agnathan and

gnathostome immune proteins.

The results described in this dissertation thus have far-reaching implications throughout

AID and enzyme research, expanding what was once thought possible with these enzymes while

259



further elucidating the evolution of adaptive immunity. These findings highlight the advantages of
in silico and in vitro methodologies, findings that will provide the foundations for further in situ
and in vivo work. This dissertation demonstrates that in silico and in vitro experimentation of non-
human enzymes provides immense value to protein characterization and biological science as a

whole, and that this process should be just as highly valued as in vivo study of human biology.
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6.5 Conclusion

While this work has elucidated multiple biochemical characteristics of many AID
orthologs, these results have also invoked plenty of questions about the nature of these proteins
and their role in adaptive immunity and AIS evolution. The answers to these questions will come
through a multidimensional investigation, involving the study of various orthologs from different
non-human species using multiple methodologies. As this dissertation has shown, AID research

still has many surprises left to discover.
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Appendices

Appendix 1 Thermosensitivity profile of prokaryotically expressed, purified, GST-Dr-AlID
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Left, representative alkaline cleavage gel of prokaryotically-expressed and purified GST-Dr-
AID incubated with radioactively labelled TGCbub7 for 1 hour at a range of temperatures
(12-40 °C). The black arrow indicates the product band at 28 nt. Right, graph of the results of
two thermosensitivity experiments on two preparations, each of a unique clone (C1 and C2), of
GST-Dr-AlID. The y axis shows percentage of maximum deamination to correct for inter-
preparation, -clone, and -experimental activity differences. The x axis shows temperature range
in °C from 0 °C to 50 °C. The peaks of both experiments are at 20 °C and 21 °C for C1 and C2,
respectively.
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Appendix 2 pH profiles of prokaryotically expressed, purified, GST-tagged Gc-AID and

Dr-AlID
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% maximum deamination graphs (left) of the results of pH experiments (representative alkaline
cleavage gels, right) of prokaryotically-expressed, purified, GST-tagged Gc-AlID (A) and Dr-
AID (B). One preparation of one clone each of GST-Gc-AID and GST-Dr-AID were incubated
individually with 50 fmol of radioactively labelled TGCbub7 for 5 (Dr) or 6 (Gc) hours at 25
°C in phosphate buffer at a range of pHs (5.94-8.20). The black arrow indicates the product
band at 28 nt. The y axis in the graphs on the left show percentage of maximum deamination
to maintain consistency with pH experiments in Chapter 5. The x axis show pH values from 4
to 9. The peaks of both experiments are at 7.2 for both Ge- and Dr-AlID.
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