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Abstract

Functional antibody genes are assembled by V-D-] joining and then
diversified by somatic hypermutation. This hypermutation results
from stepwise incorporation of single nucleotide substitutions into
the V gene, underpinning much of antibody diversity and affin-
ity maturation. Hypermutation is triggered by activation-induced
deaminase (AID), an enzyme which catalyzes targeted deamination
of deoxycytidine residues in DNA. The pathways used for process-
ing the AID-generated U:G lesions determine the variety of base
substitutions observed during somatic hypermutation. Thus, DNA
replication across the uracil yields transition mutations at C:G pairs,
whereas uracil excision by UNG uracil-DNA glycosylase creates
abasic sites that can also yield transversions. Recognition of the U:G
mismatch by MSH2/MSHG6 triggers a mutagenic patch repair in
which polymerase eta plays a major role and leads to mutations
at A:T pairs. AID-triggered DNA deamination also underpins im-
munoglobulin variable (IgV) gene conversion, isotype class switch-
ing, and some oncogenic translocations in B cell tumors.
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INTRODUCTION

Vertebrates are able to produce a vast reper-
toire of antibody molecules in order to combat
infection. The number of different antibod-
ies that a human can produce during his life-
time (estimated to be in excess of 107) greatly
exceeds the coding capacity of the inherited
genome. Instead, the size of the expressed an-
tibody repertoire owes much to somatic gene
diversification processes.

The DNA encoding the antigen-com-
bining portion of the antibody is assembled
by gene rearrangement during the early phase
of B lymphocyte development [reviewed in
(1)]. Integration of the immunoglobulin (Ig)
variable (V), diversity (D) and joining (J) seg-
ments allows the production of a primary
repertoire of antibody specificities. The di-
versity of this repertoire derives both from the
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choice of germ line V, D, and J gene segments
available for integration (combinatorial diver-
sity) as well as from imprecision at the sites
of V-D-J gene integration (where deletion or
nontemplated insertion of nucleotides gener-
ates junctional diversity).

The size of the primary repertoire varies
from species to species and locus to locus,
depending on the number of germ line V,
D, and J segments as well, for example,
as on the availability of terminal deoxynu-
cleotidyl transferase (which catalyzes nontem-
plated nucleotide insertion). Thus, whereas
chickens have only one or a few functional V,
D and ] segments in their Ig loci and gener-
ate scarcely any diversity through gene rear-
rangement (2), the rearrangement process in
man and mouse is thought to provide around
10°-10°¢ different antibody specificities.



Annu. Rev. Biochem. 2007.76:1-22. Downloaded from www.annualreviews.org
by Universitadegli Studi di Roma Tor Vergataon 11/19/11. For personal use only.

In no species, however, is the repertoire of
antibodies generated through gene rearrange-
ment large enough to provide high-affinity
antibodies (e.g., K, 10° M) against the wide
range of antigens that an animal might en-
counter. The generation of antibody diversity
therefore depends in a major way on processes
thatoccur following V-D-J integration. These
processes are either somatic hypermutation
(in which multiple, single nucleotide substi-
tutions are introduced in and around the pro-
ductively rearranged V(D)] gene segment) or
gene conversion (in which nonfunctional V
pseudogenes located close to the productively
rearranged V(D)] segment are used as tem-
plates for its patchwork diversification). Here
we focus on somatic hypermutation (SHM),
which accounts for diversification of the pri-
mary antibody repertoire in man and mouse,
although, as we discuss below, gene conver-
sion (which plays a central role in postrear-
rangement diversification in chickens) is trig-
gered by a very similar process [reviewed in

3

HISTORICAL BACKGROUND

The clonal selection theory, which was put
forward 50 years ago, underpins much of our
thinking about the mechanism by which spe-
cific antibody responses are elicited (4). Bur-
net noted that “The theory requires at some
stage in early embryonic development a ge-
netic process for which there is no available
precedent. In some way we have to picture
a ‘randomisation’ of the coding responsible
for part of the specification of gamma globu-
lin molecules.. .. .” Two years later, Lederberg
(5) proposed that this randomization of the
coding sequence might be achieved by “the
precursors of antibody-producing B cells un-
dergoing a high rate of spontaneous mutation
during their lifelong proliferation.”
However, during the ensuing years it be-
came evident that antibody diversity was
largely restricted to the amino terminal por-
tion of Ig polypeptide chains (6-8) making
it unlikely that the diversity was achieved by

the lymphocyte undergoing a period of hy-
permutation across its entire genome. In light
of this, Brenner & Milstein (9) resurrected
Lederberg’s 1959 proposal of SHM but sug-
gested that targeted antibody diversity might
be achieved by some form of localized DNA
synthesis triggered by error-prone repair of
a lesion caused by some unidentified DNA-
cleaving enzyme.

Several other mechanisms that might ac-
count for antibody diversity were also put for-
ward around this time with many of these be-
ing discussed at the 1967 Cold Spring Harbor
meeting on Antibodies (10). With the advent
of molecular cloning in the mid-1970s, it be-
came clear that functional antibodies were as-
sembled by somatic rearrangement of germ
line Ig gene segments and that this could ac-
count for much of antibody diversity. How-
ever, even back in 1970, a comparison of the
amino acid sequences of mouse Ig A light
chains led Weigert et al. (11) to conclude that
their derivation was most likely explained by
spontaneous mutation of a VA germ line pro-
genitor. This interpretation was buttressed
by the subsequent characterization of the ge-
nomic mouse Ig A1 locus (12).

The full extent of the contribution of SHM
depended on the ability to compare the se-
quences of expressed Igs with those available
in the germ line. This was facilitated either
by the use of tagged transgenes (13) or by
increasing knowledge of organismic genome
sequences. Such studies revealed that SHM
makes a major contribution to antibody di-
versity and, indeed, a dominant contribution
to antibody affinity maturation and the diver-
sity of the secondary antibody repertoire in
man and mouse [reviewed in (14, 15)].

THE ROLE OF SOMATIC
HYPERMUTATION IN
ANTIBODY DIVERSIFICATION

SHM in man and mouse takes place follow-
ing V-D-J recombination and occurs both in
a different part of the body as well as in a dif-
ferent phase of the immune response. Thus,
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gene rearrangement occurs during B cell de-
velopment in omentum, fetal liver, or adult
bone marrow and is used to produce a pri-
mary repertoire of antibodies, which is gener-
ated prior to encounter with foreign antigens.
"This provides a first line of defense by way of
IgM antibodies that usually exhibit only low
binding site affinity for the antigen, although
binding of such IgMs to their targets can be
sufficient to trigger physiological responses.
Binding of the antigen to B cells that ex-
press cognate (through low affinity) IgM an-
tibodies causes these B cells to undergo rapid
proliferation forming structures within sec-
ondary lymphoid organs that are termed ger-
minal centers. It is within these germinal cen-
ter B cells that SHM occurs, and an iterative
alternation of SHM and antigen-mediated se-
lection lead to antibody affinity maturation
[reviewed in (15-17)]. Furthermore, in addi-
tion to the introduction of point mutations
in the rearranged immunoglobulin variable
(IgV) segment, regions of the Ig heavy-chain
locus can be targeted for class switch re-
combination (CSR), a process of recombina-
tional deletion that removes the exons of the
IgM constant region, bringing the functional
VD] segment into proximity with the ex-
ons of downstream Ig constant (IgC) regions
(Figure 1a). This recombination among the
IgC regions (which, as discussed below, is trig-
gered by a similar process to SHM and gene

conversion at the IgV) allows the switch from
IgM to IgG, IgA, or IgE [reviewed in (18)].

Thus, over a period of a few days follow-
ing first encounter with antigen, the genes
that encode low-affinity IgM antibodies spe-
cific for the antigen are transformed into
genes encoding high-affinity antibodies, typ-
ically of an IgG, IgA, or IgE isotype. This
neo-Darwinian, real-time evolution of high-
affinity binding sites underpins the produc-
tion of specific antibodies, which gives pro-
tection against subsequent encounter with
the same antigen (immunological memory)
and also provides a biological paradigm
for the rapid evolution of protein-binding
sites.

Although SHM therefore fulfills a central
role in antibody affinity maturation in man
and mouse, it can also function in the gen-
eration of the primary (as opposed to solely
secondary) antibody repertoire in, for exam-
ple, sheep and possibly lower vertebrates (19,
20). The key enzymes for triggering V-D-J
gene integration (the RAG1/RAG?2 recombi-
nase) and for triggering IgV SHM activation-
induced deaminase (AID) both appear to have
arisen around the beginning of vertebrate evo-
lution (21, 22), but it is presently not possi-
ble to say whether SHM arose before or after
gene rearrangement as a mechanism for diver-
sifying the repertoire of antigen-neutralizing
proteins in the body fluids of living organisms.

Figure 1

Antibody gene diversification. (#) Schematic representation of the Ig gene diversification processes as
exemplified in the immunoglobulin heavy chain (IgH) locus. The drawing is not to scale. The double
slash indicates that the Cmu and C gamma regions are not contiguous. Curved lines with arrows indicate
gene rearrangement events; straight lines with arrows indicate the positions of transcription promoters.
The regions where somatic hypermutation accumulates are indicated by curves reflecting the frequency
of mutation (see Reference 94). The VD] region was expanded as a histogram to illustrate the existence
of intrinsic mutational hot spots and of the nonrandom nature of mutational targeting. CDRs
(complementarity-determining regions) constitute the parts of the antibody IgV region that are most
implicated in antigen contact. (b) Table showing the typical percentages of the mutations that are due to
each possible type of base substitution during somatic hypermutation in mice and humans. Transition
mutations are highlighted in red, and the total percentage of mutations that are targeted to each of the
four bases is indicated on the right. Abbreviations: A, deoxyadenosine; C, deoxycytidine; D, diversity
segment; G, deoxyguanosine; J, joining segment; Pur, purines; Pyr, pyrimidines; T, deoxythymidine; V,

variable segment.
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INTRINSIC FEATURES OF
SOMATIC HYPERMUTATION

SHM of IgV genes occurs during only a nar-
row window of B cell development, intro-
ducing single nucleotide substitutions in a
stepwise manner at a frequency of around
10~* per base pair per generation into a do-

a

(i) Germ line IgH gene
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main that starts some 150 nucleotides down-
stream of the IgV promoter and extends over
about 2 kb (15-17) (see Figure 1). All four
bases can be targeted for mutation, and in
man and mouse, C:G pairs and A:T pairs are
targeted with approximately equal frequency
(Figurelbd).
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The targeting of individual bases is, how-
ever, not random. Mutations at A: T pairs are
more likely to occur if the A (rather than the
T) is located on the coding strand. This re-
sults in twofold more mutations occurring at
A (on the coding strand) compared to T. No
such strand discrimination is apparent with re-
gard to mutations at C:G pairs (23, 24) (see
Figure 1). Mutations are also nonrandom in
that preferred mutational hot spots and cold
spots can be discerned within the target re-
gion (25-27). Many of the major mutational
hot spots at C:G pairs occur within a WRCY
consensus (where W = A/T, R = A/G, and
Y = C/T) with AGCT being a preferred
embodiment. Although most major hot spots
conform to the consensus, not all consensus
sequences within the IgV mutation domain
are sites of mutational hot spots.

Interestingly, the sequences of germ line
IgV genes exhibit a biased codon usage such
that certain regions (especially those impli-
cated in antigen binding or maturation of
antigen affinity) are intrinsically more muta-
ble than others (e.g., structurally important
framework residues) (28-30). Thus, germ line
IgV sequences may have evolved so as to opti-
mize the targeting of amino acid replacements
during SHM in order to achieve efficient an-
tibody maturation.

The nature of the substitutions is also
nonrandom with transitions (exchange of a
purine for a purine or of a pyrimidine for a
pyrimidine) accounting for roughly half the
nucleotide substitutions rather than the one
third that would be expected on a random
basis.

TWO PHASES OF SOMATIC
HYPERMUTATION

Although SHM in man and mouse targets
C:G and AT pairs with roughly equal fa-
vor, it was discovered that mice deficient in
the mismatch recognition protein MSH2 ex-
hibit an altered spectrum of mutations with a
marked reduction specifically in mutations at
AT (31-33). This led to the proposition (33)

Di Noia o Neuberger

that somatic mutation occurs in two phases: a
first phase that targets C:G pairs and a second
phase (dependent on MSH2-mediated recog-
nition of a lesion generated during the first
phase) that introduces substitutions at A:T
pairs. In fact, it is this first C:G-biased phase
of somatic mutation that is likely to be the
predominant phase of mutation occurring in
hypermutating B cell lines and possibly also
in vivo in the frog (34-37).

THE FIRST PHASE: DNA
DEAMINATION

Evidence accumulated over the past few years
has revealed that SHM and gene conversion
at the IgV as well as switch recombination of
the IgC are all triggered by targeted deam-
ination of deoxycytidine residues [reviewed
in (38)]. This deamination (which changes
deoxycytidine into deoxyuridine and con-
sequently transforms C:G pairs into U:G
mispairs) is catalyzed by the enzyme AID, an
enzyme which is specifically expressed in acti-
vated B lymphocytes (39). As discussed below,
the precise spectrum of nucleotide substitu-
tions introduced during somatic mutation (as
well as the induction of IgV gene conver-
sion and IgC switch recombination) largely
depends on the way in which the initiat-
ing U:G lesion is recognized, processed, and
resolved.

AID was identified in a subtractive hy-
bridization screen for ¢cDNAs induced dur-
ing cytokine-mediated activation of switch
recombination in a mouse B cell line (39).
It was then discovered that both SHM and
switch recombination were ablated in vivo in
AID-deficient mice and humans, which are vi-
able and show no other obvious phenotypes
except for a hyper-IgM syndrome (40, 41).
The demonstrations that AID was essential
for IgV gene conversion in the context of
an immortalized chicken B cell line (42, 43)
and that introduction of AID could drive IgV
somatic mutation or IgC switch recombina-
tion in mouse cell lines (44, 45) indicated
that AID was closely involved in the antibody
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diversification process rather than simply be-
ing implicated in bringing the B cell to a suit-
able stage of differentiation.

Insight into the molecular function of AID
was provided because it exhibits striking ho-
mology to APOBECI. Thus, APOBECI is
the catalytic component of a tissue-specific
RNA editing complex, which deaminates
Cesss to U in the RNA that encodes the
apolipoptein B polypeptide. This leads to
the creation of a premature stop codon and
the synthesis of the short form of apolipoptein
B polypeptide [reviewed in (46)]. Although it
was initially suggested that AID would also,
by analogy, somehow function in antibody di-
versification through editing of some uniden-
tified RNA molecule (40), it was later pro-
posed that AID might rather act by directly
deaminating C residues within Ig locus DNA
7).

DNA DEAMINATION ALSO
TRIGGERS GENE CONVERSION
AND CLASS SWITCH
RECOMBINATION

DNA deamination was an attractive hypoth-
esis to explain antibody diversification in
view of the evidence already indicating that
SHM/CSR (40, 41, 48, 49) and somatic hy-
permutation/gene conversion (50-52) might
share similar initiating events with, as dis-
cussed above, the data pointing to the initi-
ating event in somatic mutation being the in-
troduction of a lesion specifically at C:G pairs
(33).

Although somatic hypermutation, gene
conversion, and switch recombination are dis-
tinct processes, the DNA deamination scheme
(47) envisages that they are all triggered by
AID-mediated DNA deamination within the
Ig loci. In this scheme (see Figure 2), DNA
synthesis over the AID-generated U:G le-
sion or over the abasic site that is formed by
excision of the uracil through the action of
a uracil-DNA glycosylase is seen as leading
to transitions and transversions at C:G pairs.
Mutations at A:T pairs are envisaged as re-

sulting from a mutagenic patch repair that is
triggered by MSH2/MSH6-mediated recog-
nition of the U:G lesion.

In the case of gene conversion as occurs
in the chicken IgV locus, it is envisaged that
the AID-generated U:G lesion in the rear-
ranged IgV(D)] is resolved by a recombina-
tional repair process using the neighboring
IgV pseudogenes as templates. The choice of
a gene conversion as opposed to SHM out-
come is probably affected by the availabil-
ity of the adjacent IgV pseudogenes, the bal-
ance of available DNA repair factors, and,
possibly, the stage of the cell cycle in which
the lesion is resolved. Modifying any of these
factors might therefore affect the final out-
come. Thus, chicken B cells, which are ei-
ther deficient in one of the RAD51 paralogues
(e.g., XRCC2 or XRCC3, implicated in re-
combinational repair) or which carry a dele-
tion spanning the IgV pseudogenes, largely
diversify their immunoglobulin genes by a hy-
permutation (comprising base substitutions at
C:G pairs) at the expense of gene conversion
(52, 53).

With regard to switch recombination,
AID-mediated deamination in the vicinity of
both donor and acceptor switch regions is
envisaged as leading to DNA double-strand
breaks that promote the switch-associated
deletion of the intervening region. Again, de-
ficiencies in different DNA repair proteins af-
fect the efficiency and features of the switch
junctions differently, probably reflecting that
DNA double-strand breaks at the S regions
can be dealt with in many ways [reviewed in

(18)].

EVIDENCE FOR THE DNA
DEAMINATION SCHEME

This DNA deamination scheme made two
major types of prediction. One was that, un-
like any previously identified enzyme, AID
should have the ability to specifically catalyze
C to U deamination in DNA. The other was
that a U:G lesion in the Ig locus DNA consti-
tutes a central intermediate in antibody gene
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Figure 2

DNA deamination model of immunoglobulin gene diversification, emphasizing somatic hypermutation
and indicating some of the key enzymes implicated in each pathway. Abbreviations: AID,
activation-induced deaminase; Exol, mismatch repair exonuclease I; IgV, immunoglobulin variable
region; NHE], nonhomolgous end joining; MSH2/6, mismatch recognition proteins; Pol, polymerase;
Rev1, Y-family DNA polymerase involved in DNA damage tolerance; TLS, translesion synthesis; UNG,
uracil-DNA glycosylase; Xree2 and Xrec2, Rad51 paralog proteins involved in homologous

recombination repair.

diversification pathways: Modifying or ablat-
ing enzymes involved in processing U:G le-
sions should therefore significantly perturb
antibody gene diversification pathways. Both
types of prediction have been confirmed in a
variety of studies.

Thus, both bacterial genetic studies as well
as biochemical studies of recombinant AID
have confirmed that it is able to deaminate
cytosine in DNA (47, 54-59). Indeed, AID
shows a preference for C residues that lie
within a WRC consensus, suggesting that
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the WRCY hot spots observed during IgV
somatic mutation in vivo could result from
AID oligomers acting preferentially on tar-
gets comprising overlapping WRC motifs on
opposite DNA strands (57, 60).

With regard to genetic evidence that
the U:G lesion is an intermediate in anti-
body diversification, a deficiency in the major
uracil-excision enzyme (UNG) perturbs so-
matic mutation, gene conversion, and switch
recombination exactly as predicted by the
scheme (61-66). Similarly, the second phase
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Organization of activation-induced deaminase (AID) functional domains. AID is drawn to scale with the
N- and C-terminal ends indicated by N and C, respectively. The positions of positively charged amino
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with + and L symbols, respectively. Both regions are in brown with the suggested function indicated
(NLS, nuclear localization signal). Red boxes indicate the deaminase motifs that are likely implicated in
Zn coordination, with the conserved amino acids typed below (H, histidine; V, valine; E, glutamic acid; P,
proline; C, cysteine). In the upper part, blue bars indicate the approximate position of known AID
functional domains. Abbreviations: RPA, replication protein A; NES, nuclear export signal; CSR,
class-switch recombination. Gold circles indicate consensus phosphorylation sites for protein kinase A
(PKA) as well as a tyrosine (Y) that has been found to be phosphorylated in vivo (R, arginine; T,
threonine; S, serine) (88, 89). In the lowest part, a histogram shows that the mutation of AID arginine
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Insertion and deletion mutations were omitted in this figure.
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of somatic mutation (generating mutations
at AT pairs) is disrupted through a defi-
ciency in MSH2 (33) or MSH6 (67), con-
sistent with it being the MSH2/MSHG6 het-
erodimer that recognizes U:G mismatches
(68).

CHARACTERISTICS OF AID

Progress in elucidating the three-dimensional
structure of AID has been hindered by the
difficulty in producing enough active, re-
combinant protein. Nevertheless, sequence
comparisons with other deaminases and mu-
tagenesis studies have provided some infor-

mation regarding functional domains in AID
(see Figure 3).

AID as a Polynucleotide Deaminase

As noticed when AID was first identified (39),
its sequence reveals a domain common to
cytidine deaminases, which includes a mo-
tif (His-X-Glu separated by a few amino
acids from Pro-Cys-X-X-Cys) thatis likely in-
volved in zinc coordination. The sequence of
the AID cytidine deaminase domain is most
similar to that of the APOBEC proteins, with
APOBECI in particular showing the closest
homology. Indeed, the AID and APOBECI1
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loci are closely linked in the genomes of man
and mouse (21, 39, 69).

The AID/APOBEC family members ap-
pear to act specifically on cytidine in the
context of polynucleotides; they do not deam-
inate free cytosine or its corresponding nucle-
oside/nucleotides (56, 60, 70). In vitro stud-
ies reveal that purified AID acts specifically
on single- (as opposed to double-) stranded
DNA substrates (47, 54-59); it has not been
found to deaminate RNA (54, 56). Interest-
ingly, APOBECI1 (while functioning physio-
logically as an RNA deaminase) can deami-
nate DNA in vitro (70, 71), although it does
not substitute for AID in functional antibody
diversification assays (72, 73).

Several models have been proposed for the
three-dimensional structures of APOBEC-
family deaminases on the basis of known
mononucleotide deaminase structures (74—
77), but the models differ from each another
and remain speculative. However, the mod-
els coincide in predicting that AID, like all
known cytidine deaminases, might have a qua-
ternary structure. Indeed, there is experimen-
tal evidence suggesting that AID forms func-
tional homodimers, and the region in between
amino acids Thr27 and His56 has been de-
fined as essential for AID dimerization (78)
(Figure 3). Interestingly, native AID puri-
fied from rabbit appendix shows two forms
differing in apparent electrophoretic mobil-
ity, compatible with the presence of both
monomer and homodimer (79). Intriguingly,
these dimers seem to be resistant to conven-
tional denaturing conditions, a feature shared
by the oligomers formed by recombinant AID
(56).

Subcellular Localization of AID

As might be expected for an enzyme that can
mutate DNA, the access of AID to the nu-
cleus is regulated. The N-terminal region of
AID has a high net positive charge and con-
tains what may well be a bipartite nuclear
localization signal (80). Thus, this region of
AID is sufficient to mediate nuclear compart-
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mentalization when fused to green fluorescent
protein (GFP). Furthermore, AID-GFP chi-
maeras carrying deletions of this N-terminal
region of AID fail to accumulate in the nu-
cleus under conditions when nuclear export is
inhibited (80). However, the N-terminal re-
gion of AID alone is not sufficient to medi-
ate nuclear import of a larger fusion protein
(81), so there might be a need for additional
factors to cooperate in sending AID to the
nucleus.

The C-terminal portion of AID contains a
strong nuclear export signal, which explains
why most AID protein is found in the cy-
toplasm (65, 80-82). The significance of this
~30-amino acid long C-terminal region was
first appreciated when Ta et al. (74) showed
the presence of mutations within this region in
human patients with hyper-IgM syndromes.
"This region of AID is absolutely required for
CSR but seems to be dispensable for both
SHM and gene conversion (74, 83, 84). Thus,
itis tempting to speculate that the C-terminal
region of AID engages in interactions that are
essential for CSR as opposed to SHM. Al-
though MDM2 (a protein that controls p53)
and DNA-PKcs (a protein normally impli-
cated in the joining of broken DNA ends)
have been found to be able to interact with
the C-terminal portion of AID in either yeast
two-hybrid or pull-down assays (85, 86), at
present it is not known whether such interac-
tions are of physiological significance. Thus,
it is not yet possible to conclude whether the
importance of the C-terminal portion of AID
for the execution of CSR does indeed reflect
any CSR-specific protein interactions of AID.

Interestingly, dimerization of AID has also
recently been postulated as essential for CSR
because mutations within the dimerization
region of AID fail to reconstitute during
in vitro CSR assays (78). This is consistent
with the suggestion that AID may act in
CSR through simultaneous deamination of
overlapping WRC motifs on opposite DNA
strands (60). However, although the C ter-
minus of AID is leucine rich (reminiscent
of protein-protein interaction domains), this
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region of AID has not been shown to partake
in oligomerization (74, 78).

Partners of AID

The physiological targeting of AID to the Ig
locus might depend on proteins that interact
specifically with AID. Indeed, the distinct re-
cruitment of AID to sites of CSR or SHM
suggests that the two processes might use sep-
arate factors for AID recruitment. However,
so far, only two proteins have been shown to
interact with AID in B cells: the replication
protein A (RPA) (87) and the protein kinase
A (PKA) alpha regulatory subunit (PKArlx)
(88-90).

The interaction of AID with RPA could
well provide insight into the mechanism by
which AID accesses a single-stranded DNA
substrate in vivo. This interaction dramati-
cally increases the efficiency of AID-catalyzed
deamination of plasmid substrates in vitro
(87), possibly by stabilizing single-stranded
DNA during transcription and allowing AID
access to it. Thus, RPA binds specifically to
single-stranded DNA, whereas the interac-
tion with PKArle could reflect a pathway
for regulation of AID activity. AID associates
with PKArle in the cytoplasm; this interac-
tion allows PKA to phosphorylate AID on
two residues within its N terminus (Ser27
and Thr38 in human AID) (Figure 3) (88-
90). Although nonphosphorylated AID is still
enzymatically competent, this posttransla-
tional modification is important for the bi-
ological activity of the enzyme. AID with
mutated PKA-phosphorylation sites is much
less potent (although not completely inac-
tive) in triggering CSR (88-90) and SHM
(89). Furthermore, the observations that mice
with constitutively activated PKA display en-
hanced CSR and that PKA inhibitors prevent
invitro class switching provide compelling ev-
idence for a physiological regulatory role of
PKA in antibody diversification (90). How-
ever, the molecular basis for the importance of
phosphorylation is notyet fully defined. Phos-
phorylated AID is not especially enriched in

the nucleus, although it is preferentially as-
sociated with chromatin (89). Because phos-
phorylation by PKA affects the interaction of
AID with the 32-kDa subunit of RPA (87, 88),
itis possible that PKA influences the targeting
of AID to single-stranded DNA to potentiate
antibody gene diversification.

TARGETING OF AID AND THE
LINKAGE TO TRANSCRIPTION

The mechanism by which AID is specifically
targeted to the IgV gene for the performance
of SHM and the way in which this IgV tar-
get is rendered single stranded and accessi-
ble to AID action are areas of considerable
ignorance. Early studies using a variety of
transgenic and knockin mice revealed that the
transcription-regulatory elements of the Ig lo-
cus play a major role in the recruitment of
hypermutation [reviewed in (17, 91)]. Thus,
the enhancers (but not the body of the IgV
gene itself) play a significant role in mutation
recruitment, and the IgV gene promoter de-
fines the 5’ border of the mutation domain,
although it can be replaced by a heterolo-
gous promoter. The molecular mechanism
by which these transcription regulatory ele-
ments function in potentiating SHM is, how-
ever, not clearly defined.

These observations would obviously be
consistent with a role for transcription in the
recruitment of AID for SHM, and indeed,
transcription enhances in vitro AID-mediated
deamination of synthetic substrates as well as
AID-catalyzed mutation of Escherichia coli (47,
54,55,57,58, 60, 92). There is also a correla-
tion between AID recruitment and transcrip-
tion of the switch region target in the case of
CSR (93, 94). Transfected AID has been re-
ported to immunoprecipitate with RNA poly-
merase II from in vitro-activated B cells, sug-
gesting a physical interaction between AID
and the transcription complex (93). However,
the nature of the molecular association be-
tween AID recruitment and target gene tran-
scription clearly needs to be defined in greater
detail.
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Analysis of the patterns of nucleotide sub-
stitution introduced into IgV genes during
SHM suggests that, in vivo, AID deami-
nates dC residues on the transcribed or non-
transcribed DNA strand with equal prob-
ability [reviewed in (17) and discussed in
(64)]. This contrasts with many studies of
AID-catalyzed deamination of DNA targets
transcribed in vitro (55, 57-59), although
deamination of both DNA strands has been
observed when supercoiled plasmids were
used as in vitro substrates (95), as well as with
certain loss-of-function reporter selections
(92), suggesting that AID is inherently able
to target both transcribed and nontranscribed
strands.

Even though mutations accumulate during
SHM, with only a very small number (e.g., one
to five) of unclustered mutations incorporated
during each round of cell division [reviewed in
(17)], recombinant AID frequently appears to
act processively in vitro, generating multiple
linked deaminations on the same DNA strand
(57). It may be that there are factors in vivo
that prevent AID from acting processively or,
alternatively, that AID does indeed act proces-
sively in vivo, but many of the U:G mutations
generated are actually repaired such that mul-
tiple linked mutations are not actually fixed in
vivo (94).

The Igloci constitute the major physiolog-
ical targets of AID-mediated DNA deamina-
tion, yet other targets can be subject to deam-
ination, especially under conditions of AID
overexpression (44, 45, 96-99). Most genes
that attract the SHM process contain bind-
ing sites for the E2A transcription factors
(100, 101), and furthermore, antibody diver-
sification in chicken D'T40 cells is affected by
modulating E2A levels (102, 103). However,
demonstration of a direct role of E2A factors
in the execution of SHM is lacking. What-
ever the mechanism, itappears easy to perturb
the proper targeting of AID. Thus, overex-
pression of AID or use of transfected (as op-
posed to endogenous) DNA targets can yield
high levels of mutation accumulation in non-
physiological target sequences (44, 45, 96—
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99). This can complicate experimental strate-
gies for investigating the physiological target-
ing mechanisms. Nevertheless, it is apparent
that targeting of AID to nonimmunoglobulin
targets is of pathological concern because it
is a feature of many B cell tumors where it
likely underpins the chromosomal transloca-
tions and proto-oncogene mutations found in
many Burkitt and follicular B cell lymphomas
(104).

PROCESSING THE
AID-GENERATED U:G LESION

The diversity of changes that result from AID-
triggered deamination (the different types
of nucleotide substitutions introduced during
SHM as well as the triggering of Ig gene con-
version and CSR) reflect the different path-
ways used for processing the initiating U:G
lesion. If the U:G lesion generated by AID-
mediated deamination is simply replicated,
then the nucleotide substitutions generated
during SHM are restricted to C to T'and G to
A transition substitutions (Figure 2). All other
types of nucleotide substitutions (transver-
sions at C:G pairs as well as all substitutions
at A:T pairs) depend on recognition of the
U:G lesion by proteins that are normally in-
volved in either base excision or mismatch re-
pair pathways. The question obviously arises
as to how they are exploited in SHM to as-
sist antibody diversification rather than per-
forming their usual function of error-free
repair.

Uracil Excision by UNG

The most commonly used pathway to remove
uracil from DNA is base excision repair. This
is initiated by enzymes that excise uracil from
the deoxyribose-phosphate backbone. Four
such uracil-DNA glycosylases have been de-
scribed in vertebrates: UNG, SMUGI1, TDG,
and MBD4 (105). UNG provides the main
uracil-excision activity measured in cell ex-
tracts and has also proven fundamental in Ig
diversification wherein it mediates the major
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pathways, leading to transversion mutations at
G:C base pairs (61, 106), Ig gene conversion
(62, 66), and CSR (63, 106). The importance
of UNG is revealed by the profound effect
that UNG deficiency has on antibody gene
diversification (62, 63, 66, 106). None of the
other uracil-DNA glycosylases normally act
as a backup for UNG in SHM or CSR (64,
106-108), suggesting that it is not only uracil
excision itself that is important but specifically
excision by UNG. This notion is reinforced
when transgenic overexpression of SMUG1
partially substitutes for UNG when UNG is
absent, yet SMUGI overexpression in nor-
mal B cells actually diminishes the frequency
of Ig diversification, probably by favoring
faithful repair of the uracil instead of diver-
sification (108). The fact that UNG, rather
than the other uracil-excision enzymes, func-
tions in antibody diversification, it is there-
fore probably not just a reflection on the
abundance of UNG but also likely a correla-
tion with its expression regulation during the
cell cycle as well as with its association with
replication foci and other proteins (105, 108,
109).

Recognition of the U:G Mismatch
by MSH2/MSH6

In addition to generating a foreign base in
DNA that can be recognized by the exci-
sion enzymes of the base excision repair path-
way, introduction of uracil into DNA through
AID-catalyzed deamination of deoxycytidine
also creates a mismatch because uracil is
placed opposite guanine. This U:G mispair
can be recognized by the MSH2/MSHG6 mis-
match recognition heterodimer (68). Such
recognition can trigger a patch DNA syn-
thesis process in which additional mutations
are introduced (the second phase of SHM),
leading to nucleotide substitutions at A:T
pairs (see below). In the absence of MSH2
or MSHS6, the accumulation of mutations at
A:T pairs is substantially diminished (31-33,
67, 110-112).

UNG and MSH2/MSH6 Provide
Alternative Pathways for Processing
the U:G Lesion

Although mutation accumulation at A:T pairs
is diminished to a large extent in mice de-
ficient in MSH2/MSHG6, mutations at A:T
are entirely ablated in mice that are si-
multaneously deficient in both MSH2 and
UNG. Indeed, CSR is similarly ablated
by a UNG/MSH2-double deficiency and
the grosser genomic changes (e.g., dele-
tions/insertions) that occur as occasional by-
products of DNA lesion repair are also re-
duced (64). In such mice, AID-triggered
DNA deamination leads solely to the gen-
eration of C to T and G to A transi-
tion substitutions at C:G pairs [this applies
to both the IgV and switch region targets
(64)]. Thus, it appears that in the absence of
both UNG and MSH2, the U:G mispair is
scarcely recognized as a lesion and is simply
replicated.

It is not known whether the UNG and
MSH2/MSH6 pathways compete for the
recognition of uracil or act on uracils pro-
duced at different times during the cell cycle.
Some degree of competition in recognizing
the same lesion must occur because uracil ex-
cision can provide a minor backup pathway
for the second phase of SHM and because mis-
match recognition provides a backup pathway
for isotype class switching (64, 108). How-
ever, it could be that there is a more complex
interplay between the two pathways. A defi-
ciency in components of the mismatch recog-
nition/processing pathways affects mostly the
second phase of SHM (mutations at A:'T
pairs), but it also results in a significant in-
crease in the proportion of substitutions at
C:G pairs that are transitions as opposed to
transversions (31, 33, 67, 110-112). This as
yet unexplained observation suggests that a
deficiency in these factors results in dimin-
ished uracil excision with the data pointing
to an uncharacterized interaction between
the mismatch-recognition and uracil-excision
pathways.
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Transversion
mutation: a base
change in DNA in
which a pyrimidine
(CorT) is replaced
by a purine (A or G),
or a purine is
replaced by a
pyrimidine

Uracil excision:
removal of the uracil
base from
deoxyuridine in
DNA through
cleavage of the
glycosidic bond by a
uracil-DNA
glycosylase enzyme,
resulting in an abasic
site
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Replication Over the
UNG-Generated Abasic Site

The abasic sites generated by UNG-mediated
excision of the AID-generated uracil consti-
tute lesions that block (or, at least slow down)
DNA replication catalyzed by conventional,
replicative DNA polymerases. Several non-
processive DNA polymerases have been char-
acterized in recent years, many of which might
play a role in synthesis across DNA lesions
(lesion bypass synthesis) (113). Several such
DNA polymerases have been suggested as
participants in SHM (114).

There is good evidence of a role for the
deoxycytidyl transferase Revl in DNA syn-
thesis across abasic sites in the Ig genes.
Not only is Revl effective in synthesizing
DNA across such templates, but Revl also
has a strong preference for inserting de-
oxycytidine residues in the newly synthe-
sized strand, which would result in C to
G and G to C transversion mutations (113,
115). Such transversion mutations are signifi-
cantly diminished during IgV hypermutation
in chicken D'T40 B cells as well as in mouse B
cells that have been rendered deficientin Revl
(116, 117). However, Revl as well as many
other translesion polymerases are expected to
insert only a single base opposite the abasic
site; extension would require the subsequent
action of a mismatch-extending polymerase
(113, 115). This might explain the perturba-
tion of SHM reported following DNA poly-
merase ( knockdown (118, 119).

It is very likely that translesion poly-
merases other than Revl also play a role
in bypassing the abasic site. However, the
interpretation of results is complicated by
the differences between systems analyzed and
the likely redundancy of these polymerases,
whereby deficiency in one polymerase likely
results in a compensatory action by another
one, a circumstance that might not be appar-
ent from the ensuing mutation pattern. For
instance, a deficiency in DNA polymerase 0
results in a relatively modest effect on muta-
tion accumulation, but two groups obtained

Di Noia o Neuberger

different results regarding whether it affects
all mutations similarly or preferendially affects
mutations at C:G pairs (120-122). Similarly,
a deficiency in DNA polymerase 1 correlates
with diminished mutation accumulation in a
B cell line, but this polymerase is dispensable
for SHM in knockout mice (123, 124).

INTRODUCTION OF
MUTATIONS AT A:T PAIRS

All of the nucleotide substitutions occurring at
C:G pairs during SHM can be accounted for
by faithful replication over the AID-generated
U:G lesion together with replication over
the UNG-generated abasic site (where the
polymerase must display some initiative re-
garding base insertion opposite such a non-
instructional lesion). However, an additional
mutagenic process must be invoked to explain
the accumulation of mutations at A:T pairs
that occurs during SHM.

This second phase of mutation creation,
as discussed above, appears to occur during
MSH2/MSHG6-triggered patch repair of the
initiating U:G lesion in a process that also in-
volves exonuclease T (31-33, 125). There is
clear evidence that DNA polymerase 1 plays
a critical role in this process, with both hu-
mans and mice deficient in this polymerase
exhibiting a striking reduction in mutation ac-
cumulation at A:T" (but not C:G) pairs during
SHM (126-128).

Relationship to Conventional
Mismatch Repair

Although MSH2/MSH6 and exonuclease 1
are components of the postreplicative mis-
match repair pathway, it is unlikely for sev-
eral reasons that the second phase of SHM
occurs as part of conventional postreplica-
tive mismatch repair. First, the second phase
of SHM generates mutations at A:T pairs,
and there is no evidence that such muta-
tions are a normal part of postreplicative mis-
match repair. Second, conventional mismatch
repair takes place soon after DNA replication;
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the AID-generated U:G mismatch would al-
ready have been resolved by DNA replication
prior to classical mismatch repair unless AID
deaminates the IgV gene at the same time as
or immediately following the passage of the
replication fork. Third, whereas postreplica-
tive mismatch repair is dependent on PMS2,
MLHI, and MLH3, deficiency in any of these
three proteins has little, or at most a mi-
nor, effect on the second phase of SHM (32,
129-134). Fourth, although the DNA poly-
merases involved in conventional mismatch
repair have not been unambiguously defined,
DNA polymerase b is currently the favored
candidate with no evidence for a dependence
on DNA polymerase 1 [reviewed in (135)]. In
contrast, DNA polymerase 1 clearly plays a
major role in the introduction of A:'T" pairs
during SHM (126-128).

Mechanism of Mutagenesis at
A:T Pairs

How exactly the mutations at A:T are gener-
ated during this process is still unclear. The
dependence on DNA polymerase 1 suggests
that this polymerase plays a critical role in the
incorporation of the mutations—a suggestion
that is nicely supported by the recent finding
that MSH2/MSHG6 both interacts with and
stimulates DNA polymerase 1) (68). The most
straightforward explanation for mutation is
that DNA polymerase 1 is recruited to resyn-
thesize the DNA patch that has been degraded
by exonuclease I and that the mutations sim-
ply reflect the relatively high error frequency
and misincorporation preferences, which have
been described for polymerase 1 from in vitro
studies (68, 126-128, 136, 137). However, al-
though it is certainly simple and attractive to
propose that the mutation generation during
this phase of SHM occurs through base mis-
pairing as a consequence of untemplated poly-
merase error, this leaves several issues unre-
solved, and possible alternative mechanisms
(such as misincorporation of a noncanon-
ical base) cannot be definitively excluded
[discussed in (138)].

With regard to the nature of a patch syn-
thesized during the second phase of SHM,
considerations of the linkage of C:G and AT
mutations as well as of the span of the IgV C:G
and A:T mutation domains give a pointer as
to the length of this patch (around 30-100
nucleotides). Evidence from several studies
of DNA strand polarity with respect to the
accumulation of mutations at A:T (but not
C:G) pairs during SHM also suggests that the
length of the mutagenic repair patch is likely
to differ on the two DNA strands, possibly
reflecting linkage to transcription or passage
of the DNA replication fork. These issues are
discussed more fully elsewhere (138).

There is clearly much to learn about the
molecular processes involved in the second
phase of SHM; a better understanding of the
DNA mismatch repair pathways and of the
role of polymerase 1 in somatic hypermuta-
tion may well prove to be parallel roads.

MUTATION VERSUS REPAIR

With the exception of AID itself, our current
understanding of SHM invokes the actions of
proteins that are widely distributed and that
normally fulfill a role in DNA repair. The
question therefore arises as to how the normal
function of these proteins in predominantly
error-free repair is subverted so as to achieve
mutagenesis. This applies to both phases of
mutation creation.

Thus, with regard to the first phase, why
is the abasic site that is generated by UNG-
mediated uracil excision used as a template
for DNA synthesis (leading to mutation)
rather than excised and replaced by a cyti-
dine residue, using the guanine on the other
strand as template, as would occur with con-
ventional error-free base excision repair? We
have previously proposed that coordination
of the UNG-mediated uracil-excision step
with passage of the DNA replication fork
may play a critical role in ensuring a mu-
tagenic outcome (108). Thus, if excision of
the uracil occurs just before passage of the
replication fork without allowing repair of the
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abasic site, then the abasic site could pro-
vide a noninstructional lesion on the template
strand for DNA synthesis during replication.
However, although attractive and consistent
with the known association of UNG with
replication foci (109), there is no direct evi-
dence of a link between mutation fixation and
replication.

Other mechanisms to explain mutagenesis
at the Ig locus have also been proposed. The
Mrel1-NBS-Rad50 protein complex was re-
cently found to cleave abasic sites in single-
stranded DNA (139), suggesting a way of
creating single strand breaks at the Ig locus
following the sequential action of AID and
UNG. Mutation has been proposed to then
occur through error-prone repair of the break,
but the mechanism hasnotbeen defined in any
detail (139, 140).

With regard to the second phase of muta-
tion, the MSH2/MSHG6-triggered patch re-
pair must be highly mutagenic in order to
yield the abundance of mutations at A:'T pairs
that is observed during SHM. Assuming that
the patch DNA synthesis associated with con-
ventional mismatch repair does not show this
striking infidelity, then some explanation is re-
quired to account for the very high mutation
frequency associated with the second phase of
SHM.

CONCLUSION

It has been 50 years since Burnet proposed
the clonal selection theory of antibody for-
mation, which required an unprecedented ge-
netic process for generating antibody diver-
sity. We now know that there are in fact two
key modifications of the immunoglobulin loci
that underpin the generation of antibody gene
diversity. The first is site-specific gene rear-
rangement (catalyzed by the RAG1/RAG2 re-
combinase and involving terminal deoxynu-
cleotidyl transferase) and yields a primary
repertoire of functional antibody genes. The
second is targeted deamination of deoxycy-
tidine residues in the Ig loci (catalyzed by
AID), which generates a lesion that is re-
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solved by ubiquitous DNA repair enzymes
to yield a diversity of nucleotide substitu-
tions across the IgV (somatic hypermutation).
In other circumstances, the same process of
AID-triggered DNA deamination is also used
as a trigger for IgV gene conversion (in chick-
ens) or in IgC CSR (in many vertebrates).

RAG-mediated rearrangement and AID-
mediated deamination both appear to have
arisen around the time of vertebrate evolu-
tion. However, in man and mouse, RAG-
mediated recombination is now used to
generate the primary repertoire of antibody
specificities, whereas AID-mediated deam-
ination is used to enlarge this repertoire
and drives the iterative process of mutation/
selection that occurs following an antigen en-
counter and that underpins antibody affinity
maturation.

Although the initial trigger (DNA deam-
ination) and broad outlines of the molecu-
lar mechanism of SHM have been identified,
there are many questions that still need to be
answered. In particular, what is the means by
which AID is preferentially targeted to the im-
munoglobulin loci? And is the second phase
of SHM (in which mutations are introduced at
A:T pairs) caused by erroneous base mispair-
ing [essentially as envisioned in the Brenner-
Milstein 1966 model (9)]? Or is there another
mechanism at play?

Investigations of SHM have not only pro-
vided insight into the molecular basis of an-
tibody gene diversification, they have also
unveiled a previously unsuspected physiolog-
ical mechanism for genetic change: the pro-
grammed alteration of the DNA coding infor-
mation through targeted base modification.
Interestingly, targeted deamination of cyto-
sine in DNA appears not to be restricted to
the adaptive immune system. A similar process
is catalyzed by the AID-related APOBEC3
deaminases, a family of restriction factors that
target deoxycytidines in lentiviral replication
intermediates [reviewed in (141)]. Thus, al-
though the presence of uracil in DNA prob-
ably constitutes one of the most primitive
DNA lesions (142), the immune systems of
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higher organisms appear to have evolved a  diversification (the antibodies of the adaptive
strategy of intentionally generating targeted immune system) or for inactivation of foreign
uracil lesions in either theirown orininvading  genes (the antilentiviral pathway in the innate
genomes, thereby providing a trigger for gene  immune system).

SUMMARY POINTS

1. Targeted deamination of deoxycytidine residues within immunoglobulin variable
(IgV) genes generates a deoxyuridine lesion that provides a trigger for IgV gene
diversification and antibody affinity maturation.

2. The targeted deoxycytidine deamination is catalyzed by activation-induced deaminase
(AID), there being an association between transcription of the IgV gene target and
AID recruitment.

3. AID is regulated by protein-protein interactions and posttranslational modifications,
which likely ensure its specific action at the immunoglobulin loci, but our understand-
ing of this area remains limited.

4. The deoxyuridine lesion resulting from AID-catalyzed deamination of deoxycytidine
is detected by either the uracil-DNA glycosylase UNG or by the mismatch recognition
heterodimer MSH2/MSHG6 (as deamination of a C:G pair generates a U:G mispair).
Although both UNG- and MSH2/MSH6-mediated recognition would normally re-
sult in error-free DNA repair, in antibody diversification such recognition triggers
mutagenic resolution.

5. Uracil excision by UNG mediates the major pathways of antibody diversification
through somatic hypermutation at C:G pairs, IgV gene conversion, and isotype class
switching. Recognition by MSH2/MSHG6 provides only a partial backup for these
processes in the absence of UNG.

6. Recognition by MSH2/MSHG6 does, however, play a dominant role in triggering the
mutagenic patch repair that leads to the introduction of mutations at A:'T.

7. Two atypical DNA polymerases, Revl and DNA polymerase eta, have been shown to
have strong, nonredundant roles in antibody diversification with their ablation having
an effect that is not compensated by other DNA polymerases.

FUTURE ISSUES

1. How is AID specifically targeted to the IgV gene and why can it be recruited to
some but not other nonimmunoglobulin targets? In particular, what are the molecular
details of the association between hypermutation and transcription?

2. When during the cell cycle does the generation and resolution of the U:G lesions occur
and why are these lesions fixed as mutations rather than subjected to conventional
repair?

3. What is the mechanism responsible for introducing mutations at A:'T" pairs and, in
particular, does DNA polymerase eta generate these mutations at A:'T pairs through
base mispairing owing to spontaneous polymerase error?

4. What are the three-dimensional structure and detailed catalytic features of AID?
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