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Abstract

The pattern of somatic mutations of shark and frog Ig is distinct from somatic hypermutation of Ig
in mammals in that there is a bias to mutate GC base pairs and a low frequency of mutations.
Previous analysis of the new antigen receptor gene in nurse sharks (NAR), however, revealed no
bias to mutate GC base pairs and the frequency of mutation was comparable to that of mammalian
IgG. Here, we analyzed 1023 mutations in NAR and found no targeting of the mechanism to any
particular nucleotide but did obtain strong evidence for a transition bias and for strand polarity. As
seen for all species studied to date, the serine codon AGC/T in NAR was a mutational hotspot. The
NAR mutational pattern is most similar to that of mammalian IgG and furthermore both are
strikingly akin to mutations acquired during the neutral evolution of nuclear pseudogenes,
suggesting that a similar mechanism is at work for both processes. In yeast, most spontaneous
mutations are introduced by the translesion synthesis DNA polymerase ζ (REV3) and in various
DNA repair-deficient backgrounds transitions were more often REV3-dependent than were
transversions. Therefore, we propose a model of somatic hypermutation where DNA polymerase ζ
is recruited to the Ig locus. An excess of DNA glycosylases in germinal center reactions may
further enhance the mutation frequency by a REV3-dependent mutagenic process known as
imbalanced base excision repair.

Introduction

Antigen-driven somatic hypermutation of Ig genes in humans
and mice generates high-affinity receptors for memory
immune responses (1). Although the hypermutation mechan-
ism has not been elucidated, analysis of passenger trans-
genes, JC (joining/constant regions) intron sequences,
synonymous mutations and even heterologous DNA placed
within Ig constructs has revealed intrinsic properties of the
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mechanism. These include the mutation hotspot sequence
AGC/T, a bias for transitions over transversions, a preponder-
ance of base substitutions over deletions and insertions, and
strand polarity (2–6). Among ectothermic vertebrates, somatic
hypermutation of Ig genes has been shown to occur in the
amphibian Xenopus and in cartilaginous fish (7–9). Shark and
frog Ig hypermutation, however, while displaying the AGC/T
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826 Patterns of NAR hypermutation

Fig. 1. Germline sequences for the V regions of type 1 NAR and type 2 NAR (11), upper and lower sequences respectively. Bold face codons
indicate the CDR.

hotspot sequence, a bias for transitions, and the preference
for base substitutions, differs from the mammalian mechanism
in that mutations usually occur at GC pairs and there is a
lower mutation frequency with no concentration of mutations
to the complementarity determining region (CDR) (10).

NAR is an antigen receptor in the nurse shark that diversifies
somatically by hypermutation (11). We have recently shown
that NAR hypermutation does not generate the primary reper-
toire like in sheep (12), but is probably antigen driven (13).
In a previous study, NAR clones isolated from the spleen of
an adult shark showed a high frequency of mutation, similar
to that observed in human/mouse Ig (11). Given this high
mutation frequency one might expect that the mechanism in
NAR is ancestrally related to the mechanism in mammals.
Conversely, NAR hypermutation may have evolved conver-
gently and displays properties distinct from the mammalian
mechanism. In this study, we analyze the mutational pattern
from 150 NAR clones to further ascertain whether it resembles
hypermutation in mammals. In addition, we compare the types
of mutations found in NAR genes with spontaneous mutations
generated over evolutionary time. Finally, the data are synthe-
sized to generate a refined model for the somatic hypermut-
ation mechanism based on translesion synthesis by the DNA
polymerase ζ (10).

Methods

NAR mutation analysis: RNA isolation, first-strand synthesis,
cloning and sequencing

Reaction conditions and the oligonucleotide primers used for
first-strand cDNA synthesis and PCR amplifications have
been described in detail elsewhere (13). Briefly, RNA was
isolated from peripheral blood lymphocytes (PBL) of three

adult sharks, and cDNA was synthesized from each shark
using primers specific to the transmembrane region (Tm) and
secretory (Sec) tail of NAR. cDNA templates for each set of
samples were PCR amplified with forward primers to the
variable (V) region of NAR (Fig. 1) and reverse primers to the
first constant (C) domain. Genomic DNA was isolated from
erythrocytes as described previously (13) and PCR amplified
with the same forward primer used for cDNA PCR amplification
and reverse primers complementing the joining region. The
PCR products from both cDNA and DNA amplifications were
subcloned into the PCR2.1 vector; ligation and transformation
reactions were performed following the protocol for the
Original TA cloning kit (Invitrogen, Carlsbad, CA). Clones were
sequenced with Sequenase (US Biochemical, Cleveland, OH)
and sequences derived from each set of cDNA samples were
compared to the germline using the Intelligenetics DNA
analysis package (Intelligenetics, Campbell, CA). To establish
a background error rate, cDNA for the J chain locus of the
nurse shark was synthesized, PCR amplified, subcloned
and sequenced as done for the NAR clones (as previously
described) (13). Conditions and experimental procedures for
the generation of a nurse shark spleen cDNA library and
screening of NAR1 clones have been described in detail
elsewhere (11).

Quantitative analysis

The expected frequency for each type of mutation was
estimated by determining how often a given substitution
type can generate a synonymous mutation. The expected
frequency of mutations impacting each of the nucleotides
was determined by the frequency of each nucleotide at
degenerate sites. Finally, the expected number of transitions
and transversions was estimated by multiplying the expected
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Table 1. NAR hypermutation displays a bias for transitions and strand polarity but no targeting to GC bases

To From

G A T C Total

G – 37 (0.41/0.40) 8 (0.20/0.19) 5 (0.6/0.19) 50
A 14 (0.56/0.41)a – 3 (0.07/0.27) 9 (0.12/0.25) 26
T 6 (0.24/0.27) 25 (0.28/0.29) – 63 (0.82/0.56)b 94
C 5 (0.20/0.32) 27 (0.30/0.30) 29 (0.72/0.54) – 61
Total 25 89 40 77 231

Observed 11% 38% 17% 33%
Expected 18% 35% 17% 26%

Observedc Expected

Transitions 143 (115) 111 (95)
Transversions 88 120 (107)

aObserved/expected frequencies in parenthesis.
bIncludes c to t mutations to the agc hotspot. An excess of c to t transitions is still detected when the hotspot c to t mutations are excluded

(0.71/0.56).
cNumbers in parenthesis exclude c to t transitions to the agc hotspot.

frequency of each class (i.e. transitions) to the total number
of observed mutations. The DNASIS software for genetic
analysis (Hitachi Software, South San Francisco, CA) was
used to determine whether potential secondary structures
could be formed within the NAR V region.

Results

Analysis of NAR synonymous mutations

To determine the intrinsic properties of the hypermutation
mechanism, synonymous mutations found in NAR cDNA
clones were enumerated and compared to expected values.
No targeting to any particular nucleotide was detected, such
as the GC bias found in shark and frog Ig mutations (13)
(Table 1). Replacement substitutions did not reflect a GC bias
either (data not shown). A significant bias towards transitions
was observed, even when the bias in the universal code for
synonymous changes to be generated by transitions in 2-fold
degenerate codons was considered (χ2, P , 0.01; Table 1).

The transition bias remained significant when transitions in
the ‘hotspot’ AGC codons in the CDR were removed (χ2,
P , 0.05) and was still apparent when the analysis was
limited to third-base mutations of 4-fold degenerate codons
in clones with ,15 mutations. Previously, we found that the
majority of NAR transmembrane (Tm) clones, unlike secretory
(Sec) clones, had few or no mutations and that the few Tm
mutations displayed no evidence of antigen-driven selection
(13). We concluded in that study that NAR hypermutation in
the nurse shark does not generate the repertoire and sug-
gested that the few Tm mutations were a result of a leaky
mutational mechanism, perhaps during lymphocyte develop-
ment. Consistent with the idea that Tm mutations are not
under antigen-driven selection, a bias for transitions among
replacement substitutions was detected in Tm clones. This
finding further supports the premise that the transition bias is
a property of the NAR hypermutation mechanism as replace-

ments are not prone to generate transitions—any bias from
the universal code favors transversions since third base-
generated replacements occur only via transversions. Finally,
there was a somewhat higher frequency of mutations from C
than from G and the transversion T to A but not A to T was
significantly lower than expected (G-test, P , 0.05; Table 1)
suggesting strand bias.

The pattern of synonymous mutations in NAR and the
frequency of mutation (Figs 2 and 3) is similar to that observed
in mouse Ig passenger transgenes (4), suggesting that the
mutational mechanism of NAR shares many, if not all, the
components of Ig hypermutation. Furthermore, mutations in
NAR and Ig passenger transgenes are similar to the pattern of
mutation seen in the evolution of nuclear non-Ig pseudogenes
(Fig. 3). The bias for transitions in both somatic hypermutation
and pseudogene evolution had been noted previously (4,14).
In addition, mutations from A, both in evolution and in somatic
hypermutation, were more evenly distributed among trans-
itions and transversions while transitions predominated in
mutations from the other nucleotides (Fig. 3). However, in
contrast to mitochondrial genes where .90% of the mutations
were transitions (15,16), there was still a significant number
of transversions in both nuclear pseudogene mutations and
immune gene somatic hypermutation (Table 2). Also, in one
pseudogene study of seven sequences, evidence for strand
bias was found (17).

The high frequency of transitions in one group of
pseudogenes (18) had been attributed to the deamination of
methylated C to form T (2). This possibility, however, was
adjusted for in the pseudogene study and a bias for transitions
was still obtained (54.4%) (18). Furthermore, this biochemical
modification cannot account for the transitional bias from A
and T in pseudogenes. In summary, these results strongly
suggest that the mechanism responsible for the formation of
mutations in pseudogene evolution has been recruited to
somatically mutate antigen receptor genes.
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828 Patterns of NAR hypermutation

Fig. 2. A majority of Sec clones (83 of 97) were mutated with most having four mutations and more, yielding a mutation frequency similar to
mammalian IgG.

Fig. 3. The pattern of mutations of NAR synonymous changes (n 5 231) and passenger Ig transgenes (n 5 71) (4) is similar to that of
pseudogenes in evolution (goat ϕβxglobin, goat ϕβzglobin and human tubulin pseudogenes were included in the analysis) (n 5 265) (18).
Pseudogene data from Wu and Maeda (17) are not shown in this analysis, but revealed a similar pattern. Changes from each nucleotide were
treated as independent groups.

Table 2. The bias for transitions in somatic hypermutation of
NAR and mammalian Ig is similar in magnitude to that
detected in the evolution of nuclear pseudogenes

Sequence analyzed Transitions References
(%)

Nar Syn 62 this paper
Nar Syn (4-fold degeneracy) 56 this paper
Ig passenger transgene 63 Betz et al. (4)
JC intron 60 Gonzalez-Fernandez et al.

(22)
Ig clones out of frame 59 Gonzalez-Fernandez et al.

(22)
Pseudogenes (8) 59.2 Li et al. (18)
Pseudogenes (7) 66 Wu and Maeda (17)
Mitochondria 96 Brown et al. (15)

Insertions, deletions and hotspots

Of 1023 mutations analyzed from four different sharks, 1018
were single base substitutions. The few deletions and inser-
tions are displayed in Fig. 4. Consistent with a previous study
of mutations in human tonsillar cells (19), deletions and
insertions in NAR occurred in triplet or triplet multiples,
presumably to preserve the reading frame. It is likely that
in non-coding sequences single base pair insertions and
deletions may be more common.

Interestingly, three of the five insertions/deletions occurred
near the end of CDR2. This region has a high propensity to
form a hairpin loop (codons 42–50 in Fig. 1), with a stem 9
bases long, in which 8 bp can form, and a loop consisting of
three codons (Fig. 4). At the base of the stem is an AGC
hotspot. An 18 bp duplication begins with the cga codon
after the loop, one of the insertions occurred in the middle of
the loop and the sole deletion removed the agc codon from
the base of the stem.
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Fig. 4. Insertions and deletions in the NAR locus tended to occur in a region of potential secondary structure in CDR2. Codon numbers
(indicated in Fig. 1) are noted in the 59 position. Underlined residues depict the inserted, deleted or duplicated codons. The secondary
structure energy was calculated by the DNASIS program (Hitachi Software).

Among silent mutations, the most commonly modified
sequence in the CDR of NAR is the AGC motif, known to be
a hotspot for somatic hypermutation (shown here for the most
common types of NAR genes, types 1 and 2; Fig. 5A and B
respectively). The TGC and GCA triplets were also mutated
frequently. The GCA triplet had not been previously identified
as a hotspot in any species. However, GCA falls within the
short palindrome, atgcat (see tandem mutation discussion
below). When replacements were included, other potential
hotspot motifs such as AAC, AGT, TAC and AAA were
detected, although a role of selection preserving mutations
at these codons cannot be ruled out (AAC and TAC also
appear to be hotspots in mammalian Ig, (20). In framework
(FR) 3, we detected another hotspot in a GTT codon which
is embedded within a hotspot and a short palindrome: aacagtt.
In fact, some of the small FR peaks were embedded within
this sequence.

Tandem mutations

Unlike mutations found in Ig genes in all other species, many
of the mutations in NAR occurred in doublets and triplets. It
is not clear, however, whether a high frequency of tandem
mutations is a unique property of the NAR mutation mechanism
or a result of NAR’s high mutation frequency combined with
heavy CDR clustering. To differentiate between these two
possibilities, we analyzed tandem mutations in the FR of Sec
clones with ,20 mutations and in the entire NAR V region of
the poorly mutated Tm clones. Two observations suggested
that the generation of tandem mutations is not entirely (if at
all) an intrinsic property of the mechanism (Table 3): (i)
multiple changes tended to occur at hotspot motifs or within
palindromic sequences (in some cases, tandem mutations

were embedded in both a hotspot motif and a palindrome)
and (ii) a string of adenines in FR2 (codons 33–34; Fig. 1)
was a hotspot for mutations, particularly for mutations in
tandem; mononucleotide runs have been implicated in a
hypermutable allelic form of the human APC gene associated
with an inherited form of colorectal cancer (21). The aacagtt
sequence, which is found twice in the NAR V sequence, was
the most common palindrome associated with multiple tandem
mutations, accounting for 34 of 115 mutations in this analysis.
Of the 48 tandem events examined, 46% occurred at or next
to palindromes while only 17.5% of all single mutations (40
mutations) and 17% of tandem events (six events) within FR1,
a region not expected to be a ‘good’ substrate for mutations,
were associated with a palindrome (G-test, P , 0.05). Potential
secondary structures and hotspot association with palin-
dromes have been observed in mammalian Ig (2,19,22–
24) and implicated as potential players in the mutational
mechanism (2). Recently, a mouse transgenic ‘mutational
substrate’ model, designed to contain recognition sites for
restriction enzymes to facilitate mutation analysis, unexpec-
tedly resulted in a dramatic increase in mutations in and
around the repeated palindromic sequences (25). The authors
found a positive correlation between mutation peaks and the
energy required to melt the potential secondary structures
formed by these palindromes, although they argue that
increased mutation is displaced by ~40 nucleotides 59 from
the hairpin structures.

Potential secondary structure formation during the reverse
transcription of the RNA to generate the cDNA clones used
in this study could potentially explain the increased frequency
of tandem events, insertions and deletions near palindromic
sequences. However, the insertions and deletions involved
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830 Patterns of NAR hypermutation

Fig. 5. NAR mutational hotspots. Complex sequence (across-codons including the last base of codon 67–69) represents a short palindrome.
Total mutations at each codon (see Fig. 1) are depicted by dark gray bars and synonymous changes alone are depicted in black bars.

triplets suggesting selection to maintain reading frame, and
a similar mutational analysis of cDNA NAR clones generated
from nurse shark pups revealed low levels of mutation (62
mutations out of 127 clones) in which none of the mutations
were in tandem and no insertions nor deletions were detected
(M. Diaz and M. F. Flajnik, unpublished data).

Discussion

Like Ig of all species studied to date, the NAR hypermutation
mechanism generates more transitions than transversions,
the AGC/T motif is a mutation hotspot and most changes are
base substitutions. Like mammalian but not Xenopus or shark
Ig, the frequency of hypermutation of NAR genes is high
(average of 5.14 mutations/clone, which includes unmutated
clones) and GC base pairs are not targeted (13). Strand bias
is also a property of NAR hypermutation but it is not known
whether mutation in Xenopus and shark Ig targets only one
strand. It is clear from these findings that hypermutation of
NAR in the nurse shark is most similar in its pattern and

frequency of mutations to that of mammalian Ig, and it almost
certainly shares many, if not all, of the components of the
mammalian mechanism. NAR hypermutation apparently dis-
plays one unique characteristic: a significant proportion of
the mutations occurred in tandem. However, a high proportion
of tandem mutations were embedded within hotspot motifs
or palindromes, suggesting that at least some of the frequent
doublets and triplets were sequence driven. Interestingly, Ig
genes in mice deficient to the mismatch repair gene PMS2
had an increased frequency of tandem mutations in Ig genes
(26), suggesting a role for PMS2 in repairing tandem
mutations; perhaps access of PMS2 to the NAR locus during
hypermutation is blocked. The mechanism by which tandem
mutations are introduced near palindromes is unclear at this
time, but we propose that palindromes either form small
‘bubbles’ of secondary structure in the path of a polymerase
or they serve as signal sequences for accessory molecules
to introduce nicks along the V region. The correlation between
the stability of potential secondary structure and mutation
frequency found in the mouse study (25) suggests that hairpin
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Table 3. Tandem mutations in NAR tended to occur at hotspots and/or at short palindromic sequences

Doublets Triplets Quartet Quintet

5acaaaggag 10gaatca 33aaaaaa 53gttaac agc 67ctaacagtt gaa
30tggtatcgc 51gaaacagtt 74acgtatcga
53gttaac agc 28acgtac 71gacagt
28acgtac 6aaggagacg 67ctaacagt t
67ctaacagtt 23tatgcat tg 33aaaaaa
60ttttctttg 33aaaaaa 71gacggtggc
67ctaacagtt ga 29tactggtat 33aaaaaa
44tcgaaaggt* 33aaaaaa 33aaaaaa
60ttttctttg 56ggatcaaag 72ggtggcacg
67ctaacagtt 7gagacggc 60ttttctttg
2agatc a 17gtcctacga
30tggtatcga 6aaggagacg
51gaaacagtt 51gaaacagtt
56ggatc aaag 67ctaacagtt
57tcaaag 54aacagcgga
67ctaacagtt 51gaaacagtt
67ctaacagtt 67ctaacagtt
29tactggtat
60ttttcttg

Total tandem mutations (underlined); germline sequence shown: 111
Mutations in or next to palindromes(bold): 29
Mutations in hotspots (agc,tgc,aac,tac): 8
Mutations in palindromes with hotspots: 22
Mutations in mononucleotide runs (all are aaaaaa): 16
Mutations in other: 34
*In CDR2 hairpin loop (see Fig. 3): 2

structures enhance mutation by presenting obstacles to either
an RNA polymerase as previously suggested (25) or to an
error-prone DNA polymerase. Inverted repeats previously
were shown to be associated with base substitutions, deletions
and insertions in human Ig (19). The authors of that study
proposed that a polymerase with limited proofreading abilities
might associate loosely with the DNA template and be sus-
ceptible to areas of secondary structure.

The similarities in the pattern of synonymous mutations in
NAR and mammalian Ig to that of non-coding sequences and
pseudogenes in evolution, particularly the bias for transitions,
may provide clues to the molecular basis for hypermutation.
These data suggest that an ancient mechanism was recruited
to generate somatic mutations in Ig, implicating replication
and/or DNA repair (both processes have been proposed to
be involved in somatic hypermutation of Ig by others, 27–31).
The intrinsic bias for the genetic code to generate synonymous
changes by way of transitions may have been driven by a
propensity of DNA polymerases to commit such errors more
often than transversions. In fact, a bias for transitions is
characteristic of the error-prone DNA polymerase β (32).
Furthermore, the similar bias for transitions seen in somatic
hypermutation and pseudogenes in evolution cannot be
explained by an active role of repair molecules without
the involvement of a polymerase; repair molecules normally
correct mutations rather than induce them. Errors during
replication and mutagenic bypass of lesions in a process
known as translesion synthesis (33) are thought to be signific-
ant sources of spontaneous base substitutions in most genes.
Previously, we hypothesized that a translesion synthesis poly-
merase homologous to DNA polymerase ζ is responsible for

Fig. 6. Translesion synthesis model of somatic hypermutation. A
‘defective’ Ig transcription activator stalls the transcription machinery
causing a collision with the replication fork (10). The stalled replication
fork sends a lesion signal and DNA polymerase ζ continues synthesis
of the daughter strand. Mutations may be further enhanced by
imbalanced BER where the generation of multiple abasic sites by
DNA glycosylases are then processed or bypassed in an error-prone
fashion by pol ζ.

somatic hypermutation of antigen receptor genes (10). In the
yeast, DNA polymerase ζ, in which the catalytic subunit is
encoded by REV3, is a non-replicative polymerase that carries
out most if not all of the translesion synthesis (34). DNA
polymerase ζ also engages non-damaged templates in sites
near double-strand breaks, increasing the frequency of base
substitutions in the vicinity of the break by at least 100-fold
(35). In REV3 mutants, spontaneous mutations are reduced
to one-fifth of wild-type levels (36). Thus DNA polymerase ζ
is responsible for the majority of spontaneous mutations in
the yeast, where analysis of mutations in non-coding regions
revealed a bias for transitions over transversions (59% trans-
itions) (37). Furthermore, in various DNA repair-deficient back-
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832 Patterns of NAR hypermutation

grounds, transitions were more often REV3-dependent than
transversions (38). In our model, we envisioned that a ‘defect-
ive’ Ig transcription activator stalls the transcription machinery
in the Ig locus during germinal center reactions, causing the
replication fork to stall. The stalled replication fork alerts the
cell with a ‘lesion’ signal and the error-prone translesion
synthesis polymerase is recruited into the Ig locus (Fig. 6).
Recently, it was shown in yeast that imbalanced base excision
repair (BER) can increase the mutation frequency in a REV3-
dependent fashion by up to 600-fold (39). High levels of a
DNA glycosylase (3MeA), relative to the apurinic/apyrimidinic
endonuclease, dramatically increased the level of spontan-
eous mutations, presumably by generating multiple abasic
sites which were then processed or bypassed by DNA
polymerase ζ. We propose that somatic hypermutation of
antigen receptor loci is enhanced by a similar mechanism,
where the lesion signal recruits glycosylases to the Ig locus
to generate abasic sites, that are processed by the translesion
synthesis polymerase ζ. Alternatively, DNA polymerase ζ is
simply recruited to bypass the ‘lesion’ and continue synthesis
of the daughter strand for a ‘short patch’ (34). Human and
mouse homologues to DNA polymerase ζ have recently been
cloned (40,41), and the human homolog appears to be
involved in mutagenic lesion bypass (41).

Most BER in mammals is carried out by DNA polymerase
β (42), but somatic hypermutation is unaffected in mice
deficient for this polymerase (43). It is still possible that a
DNA polymerase β homolog has evolved to somatically
mutate Ig genes (29). However, the recently elucidated REV3-
dependent mutagenic BER pathway in yeast may represent
an ancient alternative pathway in mammals. Interestingly, a
DNA glycosylase (OGG) was recently found to be overex-
pressed in germinal centers, which led the researchers to
propose that this enzyme is involved in somatic hypermut-
ation (44).

The translesion synthesis DNA polymerase ζ (REV3) is a
good candidate; it is mutagenic, in yeast it mostly generates
base substitutions, it appears to have a bias for transitions
and as it is not a processive polymerase (34) it may be
susceptible to DNA secondary structure. The recent cloning
of this enzyme in mice and humans will allow us to test the
model with knockout or antisense technology. A role for
mismatch repair, however, is likely if hypermutation occurs
during or after replication of the Ig locus; regardless of the
method of mutation introduction, post-replication repair must
be down-regulated or blocked from the Ig locus for perpetu-
ation of mutations in B cell clones. However, mice deficient
in the mismatch repair gene, MSH2, display an altered pattern
of mutations (29,43,45,46), suggesting that some level of
mismatch repair does occur in the mutated Ig locus template.
The targeting of mutation to GC bases in shark IgM but not
in NAR does in fact suggest that somatic hypermutation may
in fact be a multi-layered process, as previously suggested
(10,46). It will be interesting to determine whether other locus-
specific differences in the pattern of hypermutation occur in
the sharks, where the cluster type genomic arrangement (8)
of antigen receptor loci may have enabled the disassociation
of the different layers of the mechanism in different loci.
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Abbreviations

BER base excision repair
C constant region
CDR complementarity determining region
FR framework region
JC intron between the joining and the constant regions
NAR nurse shark or new antigen receptor
Sec secretory
Tm transmembrane
V variable region
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