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Antibody diversification by somatic mutation:

from Burnet onwards

Michael S Neuberger

The clonal selection theory proposed by Burnet required a genetic process, for which there was then no precedent, which
randomizes the region of the gene(s) responsible for the specification of y-globulin molecules. Work over the subsequent
half-century substantiated Burnet’s speculation, revealing two distinct novel genetic processes. During early development

(when Burnet first thought the randomization took place) programmed gene segment rearrangement catalysed by the
RAG1/RAG2 recombinase generates a substantial diversity of immunoglobulin molecules (the primary repertoire). Somatic
hypermutation (triggered by the activation-induced deaminase (AID) DNA deaminase) then occurs following antigen encounter
in man and mouse, yielding a secondary repertoire. This hypermutation allows both limitless diversification as well as maturation
of the antibody response by a process of somatic evolution akin to that envisioned by Burnet in later formulations of the clonal
selection theory. AlD-triggered antigen receptor diversification probably arose earlier in evolution than RAG-mediated repertoire
generation. Here | trace our insights into the molecular mechanism antibody somatic mutation from when it was first proposed
through to our current understanding of how it is triggered by targeted deamination of deoxycytidine residues in immunoglobulin

gene DNA.
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‘The theory requires at some stage in early embryonic devel-
opment a genetic process for which there is no available
precedent. In some way we have to picture a ‘randomization’
of the coding responsible for part of the specification of gamma
globulin molecules. (Burnet, 1957).

ANTIBODY DIVERSIFICATION AS ORIGINALLY VIEWED

BY BURNET

In his October 1957 formulation of the clonal selection theory,1
Burnet assumed that the production of a repertoire of y-globulin
molecules required a genetic process for the randomization of their
specification that took place at an early stage in embryonic develop-
ment. Interestingly, he seems to have assumed that a somatic gene
diversification process was needed, presumably excluding the possibi-
lity that the germline could provide sufficient y-globulin diversity
(Figure 1). The article gives no indication that Burnet had any great
interest in speculating about the molecular mechanism responsible for
the randomization of the coding responsible for part of the specifica-
tion of y-globulin molecules, other than noting that it required a
genetic process for which there was no available precedent. Indeed,
especially in light of later evidence of his limited affection for
molecular biology,” one might well have thought that the molecular
mechanism of y-globulin randomization was an aspect of the clonal
selection theory which Burnet considered of limited interest as

compared to the other aspects and implications of the theory. This
may indeed have been the case. However, as I first learned at the
fiftieth anniversary meeting, Burnet had indeed given some thought to
the possible mechanism of coding randomization. This is evidenced by
some text and a diagram in a first draft of his 1957 article (Figure 2a),
material that did not make it into the final published version (see
article by Baxter in this volume). This aspect of his speculation is no
less prescient than the many others discussed in his short but wide-
ranging and farseeing paper.

DEVELOPMENT BY LEDERBERG AND SOMATIC EVOLUTION

Lederberg® arrived at the WEHI in August 1957, staying there for 3
months on a trimester’s Fulbright fellowship. He came to the WEHI in
order to learn from Burnet about influenza virus and its recombi-
national processes, only to learn on arrival that Burnet had closed
down his flu work in order to work full blast on the mechanism of
antibody synthesis. It was clearly a period of exciting discussions with
Lederberg subsequently noting? that their ‘discussions became intense,
although somewhat clouded by Burnet’s tendency to resist the
‘simplistic’ mechanisms of DNA-based molecular genetics that are
today’s foundation stone. I would receive his exciting ideas, and then
have to translate them into a contemporary idiom to get the full
benefit of his marvellous biological intuition. During the following
year, Lederberg came to the conclusion that Burnet’s ideas would

Medical Research Council Laboratory of Molecular Biology, Cambridge, UK

Correspondence: Professor MS Neuberger, Medical Research Council Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, UK.

E-mail: msn@mrc-Imb.cam.ac.uk

Received 19 November 2007; accepted 22 November 2007; published online 8 January 2008


http://dx.doi.org/10.1038/sj.icb.7100160
mailto:msn@mrc-lmb.cam.ac.uk
http://www.nature.com/icb

receive greater due if they were retranslated into DNA language.*
Lederberg used the occasion of giving the Howard ] Mueller memorial
lecture at Harvard in November 1958 to frame a reformulation of the
clonal selection theory with this lecture forming the basis of a
manuscript that he submitted to Science and which was published
in June 1959.% It appeared back-to-back with an article by Talmadge®
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Figure 1 Comparison between germline and somatic mutation theories of
antibody diversification. Somatic mutation (illustrated in an extreme form
with the antibody repertoire arising through diversification of a single
germline gene) was originally envisioned by Burnet! to occur only during
early embryonic development but was later speculated to occur throughout
(lymphocyte) proliferation,>8 thereby allowing continuous maturation of the
antibody response through a process of Darwinian somatic evolution.
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(as requested by the two authors), in which Talmadge developed his
own ideas on clonal selection that he had first briefly alluded to in his
1957 article in the Annual Reviews of Medicine’ (and which had been
acknowledged by Burnet).

Lederberg’s 1959 paper> takes the discussion of the possible mole-
cular mechanism of antibody diversification somewhat further than
that was developed in Burnet’s short 1957 article! (Figure 2b). While
Burnet had originally envisioned that the genetic process driving
v-globulin randomization would only occur at an early stage in
embryonic development, Lederberg proposed that this randomization
was a consequence of a high frequency of somatic mutation that took
place throughout lymphocyte proliferation. This was a fundamental
distinction. The scenario originally envisioned by Burnet had the
advantage that it allowed antibody diversification to occur prior to the
period of induced self tolerance. The scenario envisioned by Lederberg
allowed for a continuous neo-Darwinian maturation and evolution of
antibody specificities by an iterative alternation of gene diversification
and antigen-mediated selection. This appealed to Burnet, who in-
corporated such thinking into his later formulations of the clonal
selection theory.?

IMMUNOGLOBULIN POLYPEPTIDE SEQUENCES TRIGGER
NEW MODELS

However, the application of protein sequencing methodology to
myeloma proteins during the early 1960s provided information
about the structural nature of antibody diversity which was hard to
reconcile with the idea of antibody diversity simply being a result of a
high frequency of genome-wide mutation during lymphocyte expan-
sion.”!! Antibody diversity was found to be largely restricted to the
N-terminal domains of the immunoglobulin (Ig) heavy and light
chains with the remainder of the polypeptide chain being composed of
one of a small number of constant regions.

b

Table 1. Nine propositions.

Al, The stereospecific segment of each antibody globulin is determined by a
unique sequence of amino acids.

A2, The cell making a given antibody has a correspondingly unique sequence of
nucleotides in a segment of its chromosomal DNA: its “gene for globulin
synthesis.”

A3. The genic diversity of the precursors of antibody-forming cells arises from a
high rate of spontaneous mutation during their lifelong proliferation.

A4, This hypermutability consists of the random assembly of the DNA of the glob-
ulin gene during certain stages of cellular proliferation,

A5, Each cell, as it begins to mature, spontaneously produces small amounts of the

ibod ponding to its own genotype.
ibody-forming cell is hyy
bination: it will be
at this time,

A7, The mature antibody-forming cell is reactive to an antigen-antibody combi-
nation: it will be stimulated if it first encounters the homologous antigen
at this time, The stimulation comprises the acceleration of protein synthesis
and the cytological maturation which mark a “plasma cell.”

A8, Mature cells proliferate ively under antigenic stimulation but are geneti-
cally stable and therefore generate large clones genotypically preadapted
to produce the homologous antibody.

A9, These clones tend to persist after the disappearance of the antigen, retaining
their capacity to react promptly to its later reintroduction.

Y cor

to an antigen-antibody

A6, The i
[ d if it encounters the homologous antigen

Figure 2 Early thoughts about somatic hypermutation. (a) Reflection on possible mechanisms was included in a draft of Burnet's first paper on the clonal
selection theory but this was not included in the final, published paper.! (Reproduced with kind permission of Elizabeth Dexter.) (b) Lederberg® developed
the idea that the genic diversity of antibodies reflects a high rate of spontaneous mutation during the lifelong proliferation of the antibody-forming cell

precursors. (Reproduced from ref.5)
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is inserted into that which codes for the “common™ region of amino acid sequence by
a mechanism similar to the insertion of the A-virus into a bacterial chromosome (see text).

Figure 3 Some early models envisioning a role for DNA recombination/rearrangement in the generation of antibody diversity. (a) Smithies!2 put forward a
model involving inversional recombination between homologous repeated sequences. (Reproduced from ref.12) (b) Dreyer and Bennett!3 proposed that DNA
encoding the ‘variable’ portion of immunoglobulin (Ig) chains is inserted by DNA rearrangement into the region coding for the ‘common’ (that is, constant)

region. (Reproduced from ref.13)

Alternative explanations needed to be formulated in order to
explain antibody diversity in light of the accumulating amino-acid
sequence information. Several possible mechanisms were put
forward during the 1960s. In 1963, Smithies'? proposed a mechanism
of gene diversification based on multiple recombinations
between homologous sequences—a mechanism somewhat akin to
the gene conversion process now known to contribute to IgV
diversification in chicken as well as some other species (Figure 3a).
Dreyer and Bennett,!> while acknowledging that such recombina-
tion, possibly allied to a hypermutation process, could provide a
plausible account for antibody diversity, rated it unlikely. Instead,
they speculated that a DNA rearrangement process might be involved,
citing the incorporation of bacteriophage-A into the Escherichia coli
genome as providing a precedent for DNA rearrangement (Figure 3b).
In contrast, Brenner and Milstein!* proposed that a hypermuta-
tion process could still be invoked to account for antibody diversity
if the proposals of Lederberg were suitably modified. Thus, they
resurrected Lederberg’s earlier ideas but modified the model by
envisioning that, at some stage during the differentiation of anti-
body-producing cells, an unspecified cleaving enzyme would cut the
DNA in the region of the genome, which specified the Ig variable
region. Subsequent DNA degradation (for example, by an enzyme
akin to bacterial exonuclease III) and repair by an error-prone DNA
polymerase (as had been described for polymerases encoded by
bacteriophage T4 variants) would then lead to localized mutagenesis
(Figure 4a). So again, it was knowledge of the genetic processes in
bacteria and bacteriophage, which provided the precedent for the
proposed mechanism.
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These were not the only possible mechanisms being considered that
might account for antibody diversity. Others considered a role for
joining at the protein or RNA level. Many of the proponents of the
different models were brought together at the 1967 Cold Spring
Harbor meeting on antibodies. In his summing up of this meeting,
Jerne!® congratulated Burnet on his stimulating ideas, noted the
vindication of the clonal selection theory witnessed by the presenta-
tions at that meeting and went on famously to conclude, ‘As this
younger generation of professionals is pressing rapidly towards the
definitive solution of the antibody problem, we older amateurs had
perhaps better sit back, waiting for the End’. In fact, the end did not
come that rapidly. The tools necessary to achieve the solution were still
wanting. It was the development of recombinant DNA technology that
was to facilitate the unveiling of the molecular mechanisms of anti-
body gene diversification. Perhaps, it was the absence of the techniques
needed to identify the antibody diversification mechanism that
resulted in the high level of theoretical discussion and speculation.
It is notable that many of they key post-Burnet (1957) papers
discussing possible diversification mechanisms (for example, those
by Lederberg, Smithies, Dreyer and Bennet, Brenner and Milstein)
were published in major journals but without linking the speculation
to the provision of any fresh experimental data. Indeed, Brenner and
Milstein specifically noted in their letter to Nature,'* ‘We cannot
propose a definitive test of this theory apart from the direct demon-
stration of a cleaving enzyme and a mutagenic polymerase in
precursor cells, which may not be easy to do. They were right; it
was to be more than three decades before activation-induced deami-
nase (AID) and the relevant DNA polymerases were identified.
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Mutation creation itself is viewed as a two-stage process. The
first stage is MSH2 independent and is strongly biased toward major
intrinsic hot spots (which tend to be at G or C). The second stage,
triggered by events occurring atthe hot spots, introduces new muta-
tions with an A/T bias in other parts of the target by emor-prone
DNA synthesis. This second stage is dependent on MSH2; in the
absence of MSH2, diminished mutation accumulation and increased
hot spot focusing would be anticipated.

Figure 4 Development of thinking about somatic mutation mechanisms. (a) Brenner and Milsteinl4 proposed that localized genetic diversity could be
achieved through repair (using an error-prone polymerase) of a DNA break generated by targeted endonucleolytic cleavage. (Reproduced from ref.14) (b) Rada
et al.3® proposed that the mutation spectra in repair-deficient mice and human B-cell lines could best be accounted for by mutation generation occurring in
two phases; the first preferentially at G:C-biased hotspots with mutations at A:T pairs being generated in a second phase that is triggered by MSH2-mediated

recognition of lesions created in the first phase. (Reproduced from ref.36)

GENE REARRANGEMENT

Following the development of recombinant DNA technology, rapid
progress was achieved with the characterization of the Ig loci and the
identification of the central contribution of gene rearrangement to
antibody diversity.'® The multiplicity of V, D and J gene segments, the
process of their assortment and the incorporation of nucleotide
insertions and deletions at the borders of gene segment integration,
all contributed to a substantial antibody repertoire, accounting (at
least in man and mouse) for the early diversification originally
envisioned by Burnet. Subsequently, the lymphocyte-specific enzymes
critical for the process were identified: RAGI/RAG2 for the gene
rearrangement!”!® and terminal deoxynucleotidyl transferase!® for the
non-templated nucleotide insertions at the sites of gene segment
fusion.

SOMATIC MUTATION AND GENE CONVERSION REMAIN
IMPLICATED

It turned out, however, that the amount of diversity generated by gene
rearrangement varied considerably between species as well as between
loci. Thus, whereas gene rearrangement is responsible for substantial
diversity among IgH and Igk chains of man and mouse, the mouse
Igh locus has only few gene segments with rearrangement yielding a
very small repertoire of polypeptide sequences.?® Even more striking is
the situation in the chicken. Here, rearrangement at both heavy and
light chain loci yields practically no diversity, with the dominant
contribution to diversity being achieved by post-rearrangement gene
conversion in which a panel of IgV pseudogenes that flank the single
functional IgV gene are used as donors for a patchwork of gene
conversion following V;—J; or VDy—Jy integration.’!

However, analysis of the mouse Igh locus?® not only provided the
first direct evidence for antibody gene rearrangement: it also gave a
substantial boost to the proposal that diversity was also at least in part
achieved through somatic hypermutation. Thus back in 1970, Weigert
and colleagues?? had used a comparison of amino-acid sequences of

mouse Igh chains to argue powerfully for a major role for somatic
mutation in antibody diversification. This proposal was strongly
supported when the limited diversity of the mouse germline IgVA
segments became apparent from gene cloning.

It was application of hybridoma technology that allowed the very
major contribution of somatic mutation to the maturation of the
immune response to be revealed. The completion of organismal
genome sequences has enabled somatic mutations in individual
antibodies to be unambiguously assigned, confirming its dominant
contribution to antibody diversity. In mouse, it is clear that the
primary Ig repertoire is solely generated by gene rearrangement with
somatic mutation being responsible for the diversification that occurs
subsequent to encounter with foreign antigen (Figure 5). However,
this divvying up of roles with rearrangement being responsible for
primary repertoire generation and somatic mutation acting to drive
subsequent maturation of specific responses is not a ubiquitous
pattern. Somatic mutation has been shown to make a major con-
tribution to the generate of the primary Ig\ repertoire in sheep and a
role for somatic mutation in primary repertoire generation has also
been proposed for a subset of human B cells.??*

FEATURES AND GENETIC REQUIREMENTS OF SOMATIC
MUTATION

Despite this advancing knowledge revealing the importance of somatic
mutation in antibody diversification, understanding of the molecular
mechanism of somatic mutation was slow to develop. The idea that it
was due to some form or localized error-prone DNA synthesis (along
the lines proposed by Brenner and Milstein in 1966'4) persisted for
many years, though without much supportive evidence. Major
insights nevertheless emerged as the amount of DNA sequence
information increased. Comparison of the Ig sequences in dynastically
related hybridomas showed that mutation occurred in a stepwide
manner with roughly one mutation being incorporated over the IgV
domain in each cellular generation following antigen triggering.?®
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Figure 5 Repertoire generation in man and mouse occurs in two main
stages. A primary, antigen-independent repertoire is generated by RAG-
catalysed V-(D)-J joining; the secondary (antigen-dependent repertoire)
occurs by AlD-dependent somatic mutation, underpinning affinity maturation
of the response. For simplicity, diversity (D) segments are not depicted.
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Figure 6 Features of antibody hypermutation.

Early studies on genomic DNA in myelomas and hybridomas revealed
that mutation was not restricted to the IgV coding region but that the
mutation domain extended over some 2kb, starting shortly down-
stream of the IgV promoter.”»?” The discovery that somatic mutation
could be recapitulated on Ig transgenes?® coupled to the development
of PCR enabled information about mutation patterns as well as the
requirements for cis-acting DNA sequences to be rapidly gleaned?’
(Figure 6). It became clear that the transcription regulatory elements
(but not the IgV coding sequence itself) played a major role in
mutation recruitment with the location of the domain being deter-
mined by the position of the IgV promoter.3® The nucleotide
substitutions themselves were shown to occur roughly equally at
C:G and A:T pairs, though with a bias towards transitions over
transversions. Within the IgV, the distribution of nucleotide substitu-
tions was shown to exhibit strong intrinsic biases. This could be seen
even using target sequences that were not a focus for antigen-mediated
selection. Certain positions within the V were scarcely ever targeted for

Immunology and Cell Biology

mutation whereas others constituted favoured hotspots, with major
hotspots usually conforming to the sequence AGCT (with substitu-
tions occurring at the G or C).31-33 (While major hotspots conformed
to the consensus, not all sequences within the IgV that conform to the
consensus constitute hypermutation hotspots.) The major hotspots
are not randomly distributed with analysis of IgV sequences strongly
suggesting that germline IgV sequences have evolved so as to conserve
strategic targeting of somatic mutation, presumably so as to optimize
affinity maturation of the immune response.>*

All this information, while illuminating, did not in itself identify the
molecular mechanism of the hypermutation process. Attempts were
made to gain insight by ascertaining whether mutation was perturbed
in mice or humans deficient in various DNA repair proteins. By and
large, such repair deficiencies either had no effect on mutation spectra
or, alternatively, impeded productive V-D-J joining and were therefore
similarly uninformative regarding hypermutation. However, there
were exceptions. In particular, deficiency in the mismatch recognition
protein MSH2 was shown to lead to a diminished proportion
of mutations at A:T pairs,>>3® a phenomenon similarly observed in
individuals deficient in DNA polymerase-1.3’

DISCOVERY OF AID
In order to facilitate mechanistic investigation, renewed attempts were
made to obtain cell lines in which antibody hypermutation was
ongoing. Success was eventually achieved with the most convincing
examples being provided by several Burkitt lymphoma lines.’83° An
intriguing feature of this mutation was, again, that it was found to be
heavily biased towards C:G pairs.>

Nevertheless, it was an analysis of a cell line that performed class-
switch recombination (rather than hypermutation) in culture that
ultimately led to molecular cloning of the mutator. Honjo and
colleagues*®*! identified mRNAs that were specifically induced on
stimulating a mouse B-cell line to undergo switch recombination
in vitro and went on to show by use of gene targeting that one of them
(which encoded a B-cell-specific protein that he designated AID) was
necessary not only for switch recombination but also for somatic
hypermutation. Durandy and colleagues®? revealed that several
patients with hyper-IgM syndrome (that is, humans who were
deficient in Ig class switching) carried mutations in AID. The ability
to perform directed gene targeting in the chicken DT40 cell line
facilitated the demonstration that AID was also necessary for gene
conversion.*344

The predicted amino-acid sequence of AID revealed that it belonged
to the superfamily of zinc-dependent deaminases (hence its original
designation as activation-induced deaminase). In particular, its closest
homologue was APOBECI (apolipoprotein B-editing catalytic subunit 1),
an enzyme that forms part of a protein complex which edits
apolipoprotein B RNA transforming the glutamine codon CAA at
position 6666 into a termination codon UAA, thereby triggering
tissue-specific production of a truncated form of apolipoprotein B.
With this paradigm in mind, it was initially suggested that AID also
acted as an RNA-editing enzyme with the possibility that this editing
would lead to the production of a DNA cleaving enzyme that could act
as a trigger not only for class-switch recombination but also
(in keeping with the 1966 Brenner—Milstein model) for somatic
mutation.*!

A DNA DEAMINATION MECHANISM EXPLAINS PREVIOUS
FINDINGS

It was, however, the integration of the discovery of AID into the large
amount of information that had already been accumulated on



post-rearrangement antibody diversification that led to unveiling
of the DNA deamination mechanism of antibody diversification
(Figures 7 and 8). Indeed, the discovery of AID provided the missing
piece of the jigsaw, which when interpreted in terms of a DNA
deamination mechanism, made sense of several earlier disparate
findings.*>

Most salient is the fact that the C:G-biased mutation in
MSH2-deficient mice had previously been taken to indicate that
somatic mutation is initiated by diversification at C:G pairs with
MSH2-mediated recognition then triggering a subsequent stage of
diversification at A:T pairs.*® Such a two-stage model was supported
by the observation that C:G-biased mutation was also a characteristic
of somatic mutation in B-cell lines** and had also been noted in the
frog*® as well as in a mutating mouse pre-B-cell line?” (although the
relevance of the mutation in the pre-B line to physiological antibody
hypermutation had been controversial; Figure 4b). While a process
that initially targets mutations to C:G pairs and only subsequently
mutates A:T pairs is not readily compatible with a simple error-prone
polymerase mechanism in the mould of the Brenner—Milstein model,
I am not aware that any significant thought had been given prior to
the discovery of AID of how such C:G-targeted mutation might be
achieved. However, once AID was in the picture, direct deamination of
cytidine in DNA should have provided a ready explanation.

Although the phenotype of AID-deficient mice and humans
provided a dramatic pointer towards switch recombination and
somatic mutation exhibiting some commonality in their early steps,
there were also earlier hints in that direction coming from other
sources. Thus, not only were the intrinsic hotspots of somatic
hypermutation known to share a consensus sequence that was
essentially identical to one of the constituent motifs of S regions; it
had also been noted that MSH2-deficiency caused a refocusing of
switch breakpoints in a manner analogous to the refocusing of somatic
hypermutation.*® Similarly, it had been speculated several years
previously that Ig gene conversion and somatic mutation might
constitute alternative ways of processing a common initiating DNA
lesion,*>* a suggestion that obtained strong support from the
demonstration that the overall pattern of IgV gene diversification in
chicken DT40 cells could be shifted from one of gene conversion to
one of C:G-hypermutation by inactivating genes involved in recombi-
national repair.51 Interestingly, however, the preference for nucleotide
transitions that was evident in in vivo antibody in man and mouse was
not retained in the C:G-biased IgV hypermutation that occurred in
recombination-deficient DT40 cells.

Although there was no precedent for any physiological programme
in vertebrates that depended on targeted deamination of DNA,
invoking such a mechanism of AID action immediately suggested
explanations for these disparate observations that had previously
remained as isolated, unexplained experimental findings.

TESTING THE DNA DEAMINATION MECHANISM

The DNA deamination scheme*> made many predictions, several of
which were readily testable. It did, of course, predict that AID could
act to deaminate cytidine in DNA. This was confirmed using both
bacterial genetic and biochemical assays.*>*>=7 The enzyme has,
however, been relatively refractory to detailed biochemical assay and
structural determination since intact active recombinant protein is not
readily produced in high yield. Nevertheless, it is evident that
recombinant AID as well as AID rescued from B cells will deaminate
cytidine in the context of a single-stranded DNA substrate. This
obviously raises questions about how the Ig target is rendered
single-stranded in vivo in order for AID to gain access; an association
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Figure 7 Mechanism of somatic mutation. AID-mediated cytosine

deamination in the IgV creates U:G mismatches. Replication across the
resultant UNG-generated abasic site leads to nucleotide substitutions at C:G
pairs. Recognition of the U:G mismatch by MSH2/MSH6 yields to an error-
generating patch repair, which generates mutations predominantly at
A:T pairs. In chicken, gene conversion results from recombinational repair
(templated on the IgV pseudogenes) of the UNG-generated abasic site.
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Figure 8 AID-mediated DNA deamination triggers multiple pathways of
antibody diversification. (a) AID acts by deaminating cytosine in DNA to
uracil, generating a U:G mismatch that is recognized by components of
both base-excision (UNG, uracil-DNA glycosylase) and mismatch (MSH,
homologue of bacterial mutS) pathways. (b) Targeted deamination in the IgV
leads to lesions which are resolved by forms of lesion bypass (yielding
somatic hypermutation) or recombinational repair (yielded IgV gene
conversion). (see Figure 7 for more detail.) Targeted deamination in the
vicinity of the switch regions appears to lead (following UNG action) to
double-strand DNA breaks, which result in class-switch recombination
following non-homologous (or, in some cases, microhomology-mediated)
end-joining.

with the single-stranded protein RPA appears to be at least a
significant part of the story.”® AID does not target all cytidines equally
but rather shows preferences that accord with a preference for a
5’-WRC substrate where R=purine and W=A/T. The intrinsic hot-
spots of antibody hypermutation (WRCY, where Y=pyrimidine with
AGCT being the preferred exemplification) might then be explained
by different subunits of an AID oligomer acting on a substrate that
contains overlapping WRC motifs on opposite DNA strands.>
While biochemistry revealed that AID could act on cytidine in
DNA, genetics provided strong support for such targeted DNA
deamination constituting the trigger for antibody diversification. A
clear prediction of the DNA deamination scheme is that deficiency in
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uracil excision should perturb the diversification pathways. This is
indeed the case. Inhibition or deficiency of uracil-DNA glycosylase
(UNG) in DT40 cells caused a shift in IgV diversification from gene
conversion to transition mutations at C:G pairs.®” UNG-deficiency in
mice also leads to a predictable perturbation of antibody diversi-
fication although the block on switch recombination is incomplete
since a pathway that appears to be based on MSH2/MSH6-mediated
recognition of the AID-generated initiating U:G lesion appears to
provide a back up.t %2 (Interestingly, this MSH2/MSH6-triggered
pathway seems to provide less backup switching in man since
UNG-deficiency leads to a robust hyper-IgM phenotype.®® However,
it is possible that the apparent difference between mouse and man
might lie less in a species difference and more with polymorphisms
within species coupled to an ascertainment bias.) The DNA deamina-
tion scheme envisages that mutations at A:T pairs are dependent on
MSH2-mediated recognition of the U:G mismatch and, supporting
this, mutations at A:T pairs are diminished in mice deficient in MSH6
but not in those deficient in MSH3, consistent with the expectation
that a single-base mismatch would be recognized by the MSH2/MSH6
but not MSH2/MSH3 heterodimer.

SOME OPEN QUESTIONS ABOUT THE MECHANISM

While the broad outlines of the molecular mechanisms of somatic
mutation are now apparent, major aspects remain to be elucidated.
How is AID targeted to the IgV region for somatic mutation/gene
conversion but to the S regions for switch recombination. The
targeting is not perfect and, indeed, mistargeted action of AID is
clearly associated with proto-oncogene mutations and translocations
in various B-cell malignancies.®4% Nevertheless, there is clearly
substantial targeting of the deamination. There are abundant pointers
that this targeting is somehow linked to transcription of the Ig gene
substrate, but the details of this linkage remain obscure.

The molecular basis of the mutations at A:T pairs remains to be
elucidated. The diminished abundance of substitutions at A:T pairs in
various mutant mice and humans strongly point to a mechanism in
which MSH2/MSH6 recognition of the AID-generated U:G lesion
leads to a mutagenic patch repair that involves degradation by
exonuclease 1 and mutagenic patch resynthesis by DNA polymerase-
n.3767-70 But it is unclear why MSH2/MSHé6-initiated patch repair
should be mutagenic; why is polymerase-n recruited and are the
mutations generated simply a consequence of misincorporation errors
by this polymerase?

A further issue relates to the issue of how is it that the mutations
occur at all; why is it that the AID-generated U:G lesions are not
simply repaired in a manner analogous to the repair of the products of
spontaneous cytidine deamination. A possible, but speculative, answer
is that the answer lies in the timing of the deamination, such that if it
occurred around the time of passage of the replication fork, fixation
could be preferred over repair.”!

There are also a multitude of questions that relate to the regulation
of AID gene expression, its three-dimensional structure, its nuclear
shuttling, its post-translational modifications and the differential
requirement of somatic mutation and class-switch recombination
for the AID C-terminus.”>">

EVOLUTION OF AID

AID is a member of the AID/APOBEC subgrouping of the zinc-
dependent deaminase superfamily, which contains deaminases active
on free base/nucleotides (cytosine, cytidine and dCTP) and which are
spread throughout the biological world’® (Figure 9). The superfamily
also includes RNA-editing enzymes, which deaminate adenosine in the
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Figure 9 The AID/APOBEC family of polynuclotide deaminases.

context of tRNA (to form the wobble-position inosine), rRNA or the
occasional mRNA (for example, that encoding glutamate receptor).
Whereas the RNA-editing adenosine deaminases as well as the cytidine
deaminases active on free base/nucleotide are found widely distributed
among both prokaryotes and eukaryotes, the AID/APOBEC family
appear to be restricted to vertebrates.

Whereas the RAG enzymes seem only to be found among jawed
vertebrate (although a related protein without evident transposition
activity is found in sea urchin’?), an AID homologue is found in
hagfish’® where its DNA deaminating activity and tissue-specific
expression pattern suggest that it likely contributes to diversification
of the VLR antigen receptors (receptors that are members of the
leucine-rich repeat family which includes TLRs’®). Thus AID-
mediated antigen receptor diversification appears to go back to the
earliest vertebrate, likely predating RAG-mediated antigen receptor
assembly (Figure 10).

TARGETED DNA DEAMINATION IN BOTH ADAPTIVE

AND INNATE IMMUNITY

Investigations into the mechanism of the y-globulin gene randomiza-
tion process anticipated by Burnet revealed the first example of a
physiological programme of targeted DNA deamination. However,
it then became apparent that several other members of the AID/
APOBEC family were also capable of deaminating deoxycytidine in
DNA.8 It transpired®! that APOBEC3G (and also APOBEC3F) acts as
host restriction factors for HIV-1. In the absence of the viral vif gene
product (which targets them for degradation), APOBEC3F and
APOBEC3G become incorporated into the viral particle, they then
deaminate cytidines in the viral replication intermediates.3>#* This
can lead to the production of hypermutated viral genomes and may
underpin APOBEC3-mediated viral restriction. Other members of the
APOBEC3 family may also play a role in the deamination and
restriction of other retroelements (reviewed in Conticello et al.?).
While APOBEC3 family members are restricted to higher vertebrates,
targeted DNA deamiantion may also occur in lower eukaryotes—
accounting for the repeat-induced point mutation observed in
neursospora.3¢ However, in this case it is likely that the deaminations
are catalysed as a side reaction of a cytidine methyl transferase rather
than by a member of the superfamily of zinc-dependent deaminases.?”
Thus, DNA deamination appears to be targeted to the cellular genome
as a strategy for antibody diversification in adaptive immunity and to
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Figure 10 Evolution of the mechanisms of antigen receptor diversification. The suggestion’8 that AID is implicated in VLR assembly in jawless fish is very

reasonable but not definitively established.

invading genomes as a strategy for their destruction in innate
immunity.

CONCLUSION

The process of antibody gene randomization anticipated by Burnet in
fact comprises two broad components. Gene rearrangement is trig-
gered by the RAG1/RAG2 recombinase. Somatic hypermutation, IgV
gene conversion and IgC switch recombination (possibly as well as
assembly of VLR receptors in jawless fish) are all triggered by AID-
catalysed targeted deamination of deoxycytidine. Burnets prescient
assumption that a previously undescribed process might underpin
antibody diversification in early embryonic life and his later incorpo-
ration of the idea of ongoing mutation to allow somatic evolution of
the antibody response have both been fully vindicated. Indeed, in
addition to revealing previously undisclosed mechanisms of pro-
grammed genomic modification, his ideas have provided a stimulating
trigger for ongoing research with many questions still requiring an
answer before we fully understand the molecular processes of gene
diversification that he anticipated.
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