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Immunoglobulin (Ig) genes, and the an- 
tibodies they encode, reign supreme in 
the realm of genetic diversity. These Ig 

genes are recombined, rearranged, and 
mutated by four different molecular pro- 
cesses in B lymphocytes as they develop 
and mature. Initially, Ig genes are assem- 
bled from scattered germline gene ele- 
ments in a process called V(D)J recombi- 
nation (see the figure, A). Thereafter, nu- 
cleotide changes can be introduced into 
the assembled variable exon, which en- 
codes the portion of the antibody that 
makes contact with antigen, through so- 
matic hypermutation (SHM) or gene con- 
version (GC) (see the figure, B and C). 
Finally, the constant region of the Ig gene, 
which determines antibody effector func- 
tions, can be swapped in a process known 
as class switch recombination (CSR) (see 
the figure, D). The molecular processes 
underlying SHM, GC, and CSR have 
proved difficult to delineate. Thus, the re- 
cent discovery that one gene, encoding an 
activation-induced cytidine deaminase 
(AID), is essential for SHM and CSR in 
both mice (1) and humans (2) has generat- 
ed much excitement. On page 1301 of this 
issue, Arakawa et al. (3) neatly complete 
the picture by demonstrating that GC is 
also strictly AID-dependent. These au- 
thors show that disrupting the AID gene in 
the chicken B cell line DT40 results in a 
complete block of Ig gene conversion, and 
that this block can be reversed by reintro- 
ducing AID into the B cells. This finding 
is confirmed by Harris and colleagues in 
their work with DT40 cells, which have 
the advantages that GC is permanently 
switched on and that genes can be target- 
ed efficiently (4). AID is therefore a piv- 
otal player in the generation of antibody 
diversity and represents a fascinating 
point of convergence for the three dis- 
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parate reactions that drive Ig gene assem- 
bly and modification. 

Higher vertebrates rely on an extremely 
diverse repertoire of antibodies to combat 
infectious pathogens. The initial "preim- 
mune" antibody repertoire is generated 
during the assembly of Ig genes by V(D)J 
recombination. In many species, such as 
sheep, rabbit, and chicken, there is addi- 
tional preimmune diversification after an- 
tibody gene assembly mediated by SHM 
and/or GC. An encounter between B cells 
and antigen drives further mutagenesis of 
Ig variable exons by SHM, and this, cou- 
pled with cellular selection events, allows 
the development of antibodies with very 
high affinity for the antigen. This "affinity 
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maturation" process is a crucial compo- 
nent of our ability to resist reinfection by 
the same organism. 

The molecular processes underlying 
V(D)J recombination are well established. 
First, DNA double-strand breaks are made 
by the RAG1-RAG2 enzyme complex, and 
then the broken ends are rejoined in a 
DNA repair process known as nonhomolo- 
gous end joining. In contrast, remarkably 
little is known about SHM, GC, and CSR. 
It has long been assumed that these reac- 
tions, like V(D)J recombination, are initi- 
ated by DNA lesions and completed by 
DNA repair, but only recently has direct 
evidence for this begun to emerge. SHM 
has been linked to both DNA double- 
strand (5, 6) and single-strand (7) breaks, 
and does not seem to require nonhomolo- 
gous end joining for lesion repair (8). The 
DNA double-strand breaks accumulate 
predominantly in the G2 phase of the cell 
cycle (when chromosomes are in the form 
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Trading places. DNA rearrangements and nucleotide exchanges of the immunoglobulin heavy 
chain locus during B cell development and maturation. (A) In a process called V(D)J recombina- 
tion, the exon encoding the antigen-binding domain of the antibody is assembled from V, D, and J 
gene elements (blue boxes). (B) During somatic hypermutation (SHM), point mutations (yellow 
X) are introduced into the VDJ exon through error-prone DNA repair. (C) During gene conversion 
(GC), stretches of nucleotide sequences (yellow boxes) are copied from pseudogene V elements 
(NV) into the functional VDJ exon. (D) During class switch recombination (CSR), the exons en- 
coding the constant region (C, gray boxes) of the antibody are swapped by recombination events 
between highly repetitive switch regions (S, green ovals). AID is required for SHM, GC, and CSR, 
but it is not clear whether this enzyme is involved in the creation or repair of the initial DNA le- 
sion (red circles). 
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of paired sister chromatids) and hence may 
be resolved by homologous repair (6). Al- 
though DNA lesions in GC have not yet 
been reported, lesion repair during GC is 
known to be strongly dependent on factors 
required for homologous repair but not on 
those for nonhomologous end joining (9). 
Thus, GC is likely to resemble SHM 
closely, both in its initiating strand lesion 
and in its lesion repair pathway (9, 10). 
CSR, in contrast, is thought to involve a 
pair of double-strand breaks, which in 
many (but perhaps not all) cases are re- 
paired by the nonhomologous end joining 
machinery (8). Interestingly, the junctions 
formed in CSR are often flanked by point 
mutations (8), and a defect in the mis- 
match repair protein Msh2 has similar ef- 
fects on SHM and CSR (11). It therefore 
seems possible that CSR, SHM, and GC 
have a common intermediate (perhaps a 
common type of DNA lesion) and share 
mechanistic similarities in the processing 
and repair of this intermediate. 

How AID is involved in these three 
processes remains a mystery. The puzzle is 
made all the more tantalizing by the fact 
that the closest homolog of AID is the 
RNA-editing enzyme APOBEC-1 (12), 
which edits the mRNA of the apoB gene. 
The critical catalytic residues of APOBEC- 
1 are strictly conserved in AID, and like 
APOBEC-1, AID has the ability in vitro to 
convert a cytidine nucleotide to a uridine 
nucleotide through deamination (12). It is 
not yet known whether AID manifests 
deaminase activity in vivo-and if it does, 
what its targets might be. 

Experiments thus far have sought to de- 
termine whether AID is essential for gen- 
erating or repairing the DNA lesions of 
CSR, SHM, and GC. The results have not 
provided a single, clear answer. One study 
found that clusters, or "foci," of repair pro- 
teins form in the vicinity of the Ig heavy 
chain locus when B cells from normal, but 
not AID-deficient, mice are stimulated to 
undergo CSR (13). The simplest interpre- 
tation is that AID is required for the initial 
DNA lesions of CSR: no AID, no lesions, 
and hence no repair foci. Another study 
came to exactly the opposite conclusion 
concerning SHM. In the absence of the 
AID gene or AID activity, the double- 
strand breaks of SHM were not reduced in 
frequency (14). 

One possible, albeit inelegant, conclu- 
sion is that AID acts in different ways in 
CSR and SHM. Perhaps AID edits two dif- 
ferent RNA molecules: one encoding a 
factor involved in generating CSR strand 
lesions, and the other encoding a protein 
that operates in the repair phase of SHM 
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SCIENCE'S COMPASS 

One possibility is that AID is required for 
the strand lesions of all three processes, al- 
though this would imply that the abundant 
double-strand breaks associated with SHM 
are neither intermediates of, nor derived 
from intermediates of, the SHM reaction. 
Perhaps most appealing is the notion that 
AID is essential for the processing and re- 
pair phase of all three reactions. In SHM 
and GC, this could involve shunting ho- 
mologous repair into an "atypical" path- 
way, for example, by recruiting error- 
prone polymerases or facilitating the use 
of a pseudogene donor rather than the sis- 
ter chromatid. Recent experiments have 
demonstrated that "perversion" of error- 
free homologous repair can indeed induce 
nucleotide changes that closely resemble 
those observed in SHM (9). For CSR, one 
could imagine that AID acts to prevent 
rapid, nonproductive resealing of the ini- 
tial DNA lesions, which in turn allows 
processing of the breaks and the engage- 
ment of the two switch partners (and the 
formation of repair foci). 

Whatever turns out to be the case, one 
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formation of repair foci). 

Whatever turns out to be the case, one 

thing is certain: Determining the function 
of AID-and, if it is an RNA editing en- 
zyme, the identity of its RNA targets- 
will cast a great deal of light on what is 
currently a rather murky situation. The re- 
sults of Arakawa, Harris, and their col- 
leagues tell us that when this happens, not 
only CSR and SHM but also GC will be 
under the spotlight. 
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A s predictions of the loss of global 
biodiversity grow increasingly pes- 
simistic, identifying the factors that 

determine species richness has become a 
hot topic. The best-known pattern in 
species diversity is the gradient ranging 
from low at the poles to high at the equa- 
tor. This pattern is so general across so 

many taxa that it 
Enhanced online at suggests the exis- 
www.sciencemag.org/cgi/ tence of an equal- 
content/full/295/5558/1245 ly general expla- 

nation. Much at- 
tention, therefore, has been given to find- 
ing the mechanism that explains patterns 
of species richness, with the underlying 
assumption that whatever scale the rela- 
tionship is measured at can be scaled up 
or down in simple fashion. If this were so, 
a model that successfully accounts for lo- 
cal patterns in richness could be scaled up 
to account for variations seen at a coarser 
regional or even global scale. This reason- 
ing resembles that used to explain evolu- 
tionary change, where variations manifest 
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over decades or centuries can be scaled up 
to describe the more dramatic patterns of 
macroevolutionary change over geological 
time. But, as some evolutionists have ar- 
gued (1), biological and environmental 
systems are more complex than this. It is 
becoming increasingly apparent that the 
factors best accounting for patterns of 
biodiversity seem to be delimited by 
scale. This finding needs to be taken into 
account when assessing present or pre- 
dicting future worldwide patterns of 
species richness. 

Rahbek and Graves (2) have examined 
the geographic range of 2869 species of 
birds breeding in South America. By ana- 
lyzing the same species data set over 10 
spatial scales, ranging from 12,300 to 
1,225,000 km2, the authors were able to 
make direct comparisons of patterns of 
numbers of species as a function of scale. 
The number of species was statistically 
analyzed against a suite of environmental 
variables including climate, ecosystem di- 
versity, topography, and latitude. The in- 
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