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The carboxyterminal region of activation-induced deaminase (AID)
is required for its function in Ig class switch recombination (CSR)
and also contains a nuclear-export sequence (NES). Here, based on
an extensive fine-structure mutation analysis of the AID NES, as
well as from AID chimeras bearing heterologous NESs, we show
that while a functional NES is indeed essential for CSR, it is not
sufficient. The precise nature of the NES is critical both for AID
stabilization and CSR function: minor changes in the NES can
perturb stabilization and CSR without jeopardizing nuclear export.
The results indicate that the AID NES fulfills a function beyond
simply providing a signal for nuclear export and suggest the
possibility that the quality of exportin-binding may be critical to
the stabilization of AID and its activity in CSR.

activation-induced deaminase � antibody diversification �
immunoglobulin class switching � exportin � nuclear transport

Activation-induced deaminase (AID) plays a central role in
antibody gene-diversification, triggering both somatic hy-

permutation (SHM) and class-switch recombination (CSR) by
deaminating deoxycytidine residues within the Ig locus to yield
deoxyuridine (1, 2).

AID is largely found in the cytoplasm of activated B cells but
shuttles between cytoplasm and nucleus (3–6). The C-terminal
amino acids of AID comprise a nuclear-export sequence (NES):
removal of this NES causes AID to be restricted to the nucleus,
whereas its addition to a heterologous nuclear protein drives
export of the fusion protein into the cytoplasm (3–5). The
sequence of the AID C-terminus conforms well to the consensus
established for substrates of the Crm1-dependent export ma-
chinery: in keeping with this, export mediated by the AID NES
is sensitive to leptomycin B.

Analysis of both clinical and contrived mutations in AID have
revealed that the AID C-terminal region is also essential for its
function in CSR, although not in SHM (7–9). The C-terminal
mutations that interfere with AID’s ability to potentiate CSR do
not compromise its ability to deaminate deoxycytidine in bio-
chemical or bacterial genetic assays. Thus, as previously sug-
gested by others, either the nuclear/cytoplasmic shuttling of AID
must be specifically required for CSR or, alternatively, factors
specific for CSR must interact with the C-terminal region of AID
in an area overlapping the NES (4, 5, 7–9).

It was with a view to discriminating these possibilities that we
embarked on a refined mutagenic dissection of the AID NES
and investigated the ability of heterologous NESs to substitute
for the AID NES. Our results suggest that although nuclear
export is likely necessary for CSR, this is not the sole function
of the AID C-terminal region, with the data raising the possi-
bility that successful CSR depends on the precise quality of AID
binding to exportin or a related protein.

Results
NES Function and CSR Correlate in Alanine-Scanning Mutagenesis. To
ascertain whether there was a correlation between export activity
and CSR, we performed an alanine-scanning mutagenesis screen of

the C-terminal 10 amino acids of human AID, which comprise its
NES (Fig. 1A). Activity in promoting CSR was tested by monitoring
CSR to IgG1 in LPS�IL4 cultures of splenic B cells from AID�/�

mice that had been transduced with a retrovirus encoding AID (or
AID variants), which also carried a GFP reporter translated from
an internal ribosome entry site (IRES). Intracellular localization
was assessed in NIH 3T3 cells that had been transfected with vectors
directing expression of the relevant GFP-AID-mutant fusion pro-
tein, as well as in transfected COS and 293 cells.

As shown in Fig. 1B and further supported in Table S1, the
most severe effects on intracellular localization were observed
following mutation of any of the 4 hydrophobic amino acids
(L189, F193, L196, or L198). This is in keeping with the fact that
these 4 hydrophobic residues constitute the conserved consensus
that is characteristic of Crm1-dependent export sequences (10).
The F193A and L196A mutations had the most striking effect,
yielding fusion proteins whose expression was largely restricted
to the nucleus. The L189A and L198A mutants of human AID
were located in both nucleus and cytoplasm, consistent with the
similar distribution observed by McBride et al. (5) with the
mouse F198A AID mutant. Mutation of any of these 4 hydro-
phobic amino acids led to a dramatic decrease in CSR activity.
In contrast, individual mutation to alanine of most of the
intervening amino acids that separate the hydrophobic residues
(R190, D191, R194, and T195) did not have a major effect on
either intracellular localization or on CSR activity. The only
exception to a simple correlation between export and CSR
activity observed in these assays was noted with the G197A
mutant, where we detected a cytoplasmic localization similar to
that of the wild type, whereas its activity in CSR was reduced to
40% that of the wild-type parent.

NES Function and CSR Correlate in a Panel of F193 Mutants. These
results (revealing a broad correlation between CSR and export)
were consistent with the idea that export is required for CSR,
rather than that the AID C terminus contains distinct but
overlapping sites for exportin-binding and the recruitment of a
CSR-specific factor. However, to extend this study, we asked
whether CSR and export activity also correlated in a family of
AID mutants in which F193 had been replaced with each of the
19 other possible amino acids. Again, there was a correlation
between AID export and CSR (Fig. 1C). Export was best
retained in those AID mutants in which F193 was replaced by the
hydrophobic amino acids I, L, M, and W, and these gave the best
retention of CSR. Other mutant AIDs were less efficiently
exported (exhibiting greater degrees of nuclear retention) and
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also gave less effective CSR. Thus, CSR was always reduced in
mutants that exhibited compromised nuclear export.

Heterologous NESs Restore Export but not CSR. A straightforward
interpretation of the data would appear to be that CSR requires
AID to shuttle between nucleus and cytoplasm (for example, to
acquire some partner or cytoplasmically generated posttransla-
tional modification) and that the function of C-terminal amino
acids in AID is to provide an NES that allows such shuttling. One
might therefore conjecture that the ability to potentiate CSR
might be readily restored to an AID�[NES] mutant by fusion
with a heterologous NES. This is not the case.

Chimeras of human AID were generated in which its C-
terminal 10 amino acids have been removed and replaced by an
NES from a different source [Protein kinase inhibitor alpha
(PKI), HIV-1 Rev, HTLV-1 Rex, MAP kinase kinase (MAP), or
Ran binding protein 1 (Ran-BP1)], all of which have been shown
by others to mediate export through the Crm1-dependent path-
way as judged by sensitivity to leptomycin B (LMB) (11, 12).
These heterologous NESs were all able to mediate export of
chimeric AID, as assayed as GFP fusion proteins. Thus, the
various fusion proteins were localized in the cytoplasm of
transfected fibroblasts (Fig. 2A; see Table S1) but retained in the
nucleus following incubation with LMB (not shown). A similar
cytoplasmic localization (with nuclear retention following LMB
treatment) was observed when an anti-AID mAb was used to
detect untagged AID-NES chimeras in transfected DT40 B cells.

(Fig. 2B). However, none of the heterologous NESs was able to
restore efficient CSR as judged by in vitro CSR assays (see Fig.
2 A and B, Table S1). This inability to restore CSR also extended
to several other Crm1-dependent NESs analyzed (from p53,
transcription factor TFIIIA, I�B, adenovirus type 5 EIB-55K
protein, and fragile X mental retardation protein) (Table S2).

The fusion of a heterologous NES to full-length AID does not
actually inhibit CSR. Switching is retained using a full-length
human AID to which the MAP NES has been appended at the C
terminus, although there is no rescue of CSR if the same MAP NES
fragment is fused to the C terminus of AID[F193A] (Fig. 2D).

Thus, the AID NES appears to possess features that uniquely
allow it to sustain CSR, as the heterologous NESs do not provide
this function. It is therefore notable that the sequence of the
C-terminal region of AID has not been fully conserved during
evolution. Nevertheless, despite such sequence variation, the
AID C-terminal NES-consensus sequences from chicken, frog,
and fish all exhibit the ability to activate CSR effectively when
tested as chimeras with human AID (Fig. 2C).

Sensitivity of CSR to the Interdigitating Hydrophilic Residues in the
NES. Although the initial alanine-scanning mutagenesis revealed
that disruption of the critical hydrophobic amino acid residues in
the AID NES led to both a disruption of export function and a
substantial reduction in CSR activity, the fusions with the
heterologous NESs indicate that export itself is not sufficient for
CSR. In particular, they suggest that some of the interdigitating
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Fig. 1. Effect of point mutations in the AID NES on protein localization and CSR. (A) Schematic depiction of AID, highlighting the NES, the nuclear localizing
signal, and the Zn-coordination motif. (B) Analysis of AID mutants carrying alanine substitutions in the NES. On the left, representative confocal micrographs
show the localization of GFP-AID-fusion proteins (green) transiently transfected into NIH 3T3 cells with the nucleus highlighted by costaining with propidium
iodide (red). The predominant localization [n: AID staining is predominantly (� 90% of cells) nuclear; c: staining is predominantly cytoplasmic; c�n: staining is
clearly seen in both compartments] with the conclusion agreeing well with that obtained from COS (see Table S1) as well as 293 cell (not shown) transfectants.
Similar localizations were observed with critical mutants when analyzed as AID-GFP (rather than GFP-AID) fusions (not shown). With respect to CSR, the mutant
AIDs were introduced by transduction into splenic B cells from AID�/� mice using a GFP-expressing retrovirus; CSR to IgG1 was analyzed following culture in the
presence of LPS�IL4. The extent of CSR is shown in representative flow cytometry plots [IgG1 staining on the y-axis; GFP fluorescence (a marker of cells infected
with the AID-GFP retrovirus) on the x-axis] with the column ‘‘CSR (%)’’ giving the percentage (mean � SD of 5 experiments) of transfected (GFP�) cells that have
switched to IgG1 following infection with the mutant AID relative to that obtained with wild-type human AID. (C) Analysis of AID mutants in which F193 has
been mutated to each of the other 19 possible amino acids. Mutants were tested for localization and CSR in 5 experiments, as described in the legend to (B).
Representative data obtained with 6 of the amino-acid substitutions are displayed. The sIgG1� GFP� cells observed in the AID-transduced population may reflect
switched B cells that fail to express the IRES-GFP translation unit. (D) The CSR results from the entire set of the 19 different AID F193 substitutions are shown as
a histogram, with the pattern of localization of the AID-GFP chimeras in NIH 3T3 transfectants indicated below the line. The results regarding localization in
transfectants of COS7 cells are summarized in Table S1.
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amino acid residues in the NES are critical for CSR activity, but
not for export function. Informed primarily by a comparison of
the AID and PKI export sequences, we generated a new set of
AID NES mutants carrying a variety of individual or clustered
amino acid substitutions. Although analysis of these mutant
AIDs in immunolocalization and CSR assays does not yield a
simple conclusion as to a unique characteristic required for CSR,
the results (Fig. 3) do reveal that CSR is indeed more fastidious
than export in its dependence on the identity of the interdigi-
tating amino acids, indicating for example that CSR is especially
sensitive to an A-�K substitution at position 192.

Reduced CSR Correlates with Reduced AID Abundance. The half-life
of AID differs considerably, dependent on whether it is located
in nucleus and cytoplasm (13). Indeed, fibroblasts transfected
with the nuclear-restricted AID-GFP chimeras were usually less
bright than those expressing the export-proficient proteins (see
Fig. 1). However, we were interested in obtaining more quan-
titative estimates of the abundance of the different AID NES
mutants, especially assayed in untagged form and in the context
of the retrovirally transduced B cells in which CSR is monitored.
The AID protein levels were monitored in cell extracts by
Western blotting: a remarkable correlation was observable

between the levels of AID polypeptide and the ability of the
same AID mutant to potentiate CSR (Fig. 4A).

Thus, with regard to the alanine-scanning mutagenesis and
consistent with the recent work of Aoufouchi et al. (13), muta-
tion of the hydrophobic residues (L189, F193, L196, L198) that
resulted in reduced nuclear export and CSR also led to reduced
abundance; in contrast, mutation of R190, D191, R194, or T195
to alanine had little effect on localization, abundance, or CSR
(see Fig. 4A). Similarly, of the various substitutions at F193,
those that retained CSR and export exhibited the greatest
abundance.

However, what is striking and unexpected is that AID abun-
dance was greatly diminished with those AID mutants that
retained functional NESs but which exhibited reduced CSR. All
of the NESs from heterologous genes that restored export but
not CSR failed to restore high abundance: of the synthetic NESs
that restored export, only those that restored CSR (M3 and M6,
as well as M7) gave good abundance (see Fig. 4). Thus, the major
correlation is between abundance and CSR rather than between
abundance and cytoplasmic localisation per se.

These observations led us to investigate a clinical mutant of
AID (P20) described by Ta et al. (8), in which an in-frame
insertion of 34 heterologous amino acids at AID position 182
destroyed AID’s ability to potentiate CSR but did not prejudice
nuclear export. We find that, similarly to what is observed with
many of the NES swaps, the P20 and P41AID mutants shows
reduced abundance (see Fig. 4A). In view of the fact that
P41-type truncation mutations can yield a dominant-negative
hyperIgM phenotype in patients (8, 9), it is possible that the
truncations could lead to destabilization of complexes contain-
ing multiple AID polypeptides.

The reduced abundance of the various AID mutants in
retrovirally transduced B cells correlates with faster degradation
of the polypeptide as judged by biosynthetic labeling experi-
ments: GFP-AID has a considerably longer half-life than a
GFP-AID mutant with a deleted NES (AID-P41) (see Fig. 4 B
and C). However, diminished stability was also evident using
AID mutants in which the NES functioned in export but not in
CSR (MAP, PKI, M5, and P20). Thus, instability is not simply
a consequence of nuclear retention: it will be interesting to
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ascertain whether, in light of the findings of Aoufouchi et al. (13),
it is also associated with ubiquitination

Somatic Mutation. Mutant AIDs that have nonfunctional NESs do
not support CSR but have nevertheless been shown in previous
work to be able to potentiate SHM both in transfected cell-lines
and in vivo (7, 8). We were therefore interested in monitoring
SHM in cells transfected with AID mutants carrying an NES that
drove nuclear export but did not potentiate CSR. For the assay,
we transfected the mutant AIDs into AID�/� DT40 cells car-
rying a deletion of the IgV� pseudogenes. As a result of this �V
deletion, AID-triggered dC deamination in the rearranged IgV�
gene leads to SHM (rather than gene conversion): this can be
read out by monitoring the consequent generation of sIgM-loss
variants (14).

As shown in Fig. 5, the F193A mutant (which is present in
much lower abundance than the wild-type control) nevertheless
gives a significantly increased frequency of SHM. This presum-
ably reflects the wholly nuclear localization of this mutant with
its nuclear abundance being higher than that of wild-type AID
(although its overall abundance is less). This agrees with the

conclusion reached by McBride et al. (5), using a somewhat
different assay regarding SHM by mouse AID[F198A]. In con-
trast to the enhanced SHM observed with AID[F193A], the AID
mutants carrying heterologous or altered NESs that function in
export but not in CSR give reduced SHM. [This is a reduction
and not a complete ablation of SHM, consistent with the fact that
patient P20 harbors B cells expressing mutated IgV genes (8).]
These same AID mutants showed diminished abundance in the
stably transfected DT40 cells (see Fig. 5B). Thus, as analyzed
with mutant AIDs and in contrast to what was observed with
CSR, there seems to be a broad correlation between extent of
IgV SHM in these assays and the abundance of AID in the
nucleus. Similarly, whereas AID[F193A] also targets the pre-S�
region for mutation but not CSR, the AID[MAP] chimera gives
only a low level of pre-S mutation, consistent with its low nuclear
abundance (see Fig. 5C).

Discussion
The detailed dissection and substitution analysis of the AID NES
described here was performed to discover whether its functions
in CSR and nuclear export can be dissociated. They can, in that
export is not sufficient for CSR. Comparison of a panel of
mutant AIDs carrying altered or heterologous NESs revealed
that all of a large number of individual amino acid substitutions
that compromise nuclear export also compromise CSR. Thus, a
functional NES appears essential for CSR. However, it is not
sufficient. Many of the mutant/heterologous NESs studied that
allowed export did not potentiate CSR. Thus, NESs can be divided
into 2 classes: one class supports CSR and export whereas the other
merely supports export. We find that these 2 classes of NES also
differ in their ability to confer stability on AID.

The results raise a number of questions. What are the differ-
ences in the molecular interactions mediated by the 2 categories
of NES, which allow members of one category but not the other
to potentiate both CSR and protein stability? What is the
connection between protein stabilization and the ability to
trigger CSR: is CSR simply a consequence of increased AID
stability or are stabilization and CSR independently reliant on a
common molecular interaction? And why is a functional NES
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[MAP]. The mutations identified are provided in Fig. S1.
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required at all for CSR, given that, as shown here and previously
demonstrated by others (7, 8), removal of the C terminus does
not restrict AID activity in various assays of SHM?

The fact that protein stabilization and CSR exhibit a similar
pattern of dependence on the detailed nature of the hydropho-
bic-interdigitating amino acids in the AID NES suggests that
both features might depend on a common molecular interaction.
Indeed, it is possible that the diminished CSR obtained with
some of the export-proficient mutant NESs might at least in part
be the direct result of their diminished stability: the abundance
of AID in normal B cells is known to be tightly controlled, with
the efficiency of CSR being very sensitive to AID expression
levels (15–19). Such a requirement for both export and abun-
dance might nicely explain the CSR-deficiency exhibited by the
AID P20 mutant (8), which carries a 34-aa insertion upstream of
the NES, as we find that this mutant exhibits diminished stability
although retaining a functional export sequence.

The nature of the molecular interactions mediated by the NES
that allow CSR and confer protein stability remains to be
determined. However, the fact that both CSR and stability
require maintenance of key hydrophobic positions in the NES
and show a similar dependence on the identity of the interdig-
itating hydrophilic residues suggests that they might both depend
on the quality of the AID-exportin interaction. Changes in the
hydrophilic interdigitating amino acids in an NES have been
shown in other systems to affect the quality of exportin-binding
and kinetics of intracellular transport (20, 21). The dependence
of CSR and protein stability on the nature of the NES could
therefore simply reflect a requirement for particular kinetics of
nucleocytoplasmic shuttling. A more intriguing possibility is
that CSR (and stabilization) occur while AID is directly
complexed with components of the export machinery. We can
imagine a scenario in which CSR is mediated by AID when it
is complexed with exportin and other factors. Participation in
such a complex might confer stability on AID. The abundance
of AID in the complex could also be critical to achieve
co-ordinated deamination in both donor and acceptor switch
regions; in the absence of this, S region-restricted deamination
could simply lead to localized hypermutation. This might
explain why CSR is much more dependent than SHM on AID
stability and the NES.

Although such a model envisages a role for exportin-binding
that goes beyond its function in nuclear export, it is interesting
that somewhat analogous roles as chaperones for basic proteins
have already been proposed for other karyopherins, such as
importin � (22–24). Furthermore, a very recent study in yeast
indicates that DNA that has been damaged by strand breaks is
targeted to nuclear pores for an E3-ligase-controlled repair
pathway (25). Thus, although the model presented is speculative
and goes considerably beyond the data, our demonstration here
that both CSR and AID stabilization depends not just on a
functional export sequence but also on particular characteristics
of the NES suggest that further investigation of AID-Crm1
interaction may well give significant insight into molecular
processes in antibody-gene diversification.

Materials and Methods
Class Switching. B cells were purified from AID�/� mice and cultured in the
presence of LPS�IL4, as previously described (26). The mice were infected
(24-h incubation) with hAID-encoding retroviruses that had been harvested
from Plat-E cells 36 h after they had been transfected using Genejuice (Nova-
gen) with pMx-GFP-derived plasmids in which hAID expression (along with
that of GFP from an IRES, to provide an internal control) is directed from the
retroviral LTR (27). CSR to IgG1 was analyzed by flow cytometry 3 days after
retroviral infection, gating on live B cells that amounted to 5 to 7% of events,
regardless of the identity of the retroviral construct (26). Procedures involving
the use of animals were carried out under UK Home Office Project License
80/2226.

Somatic Mutation. AID-induced IgV gene somatic mutation was monitored by
measuring the frequency of sIgM-loss variants in AID�/� �V�/� sIgM� DT40
cells (14) transfected with hAID-encoding vectors based on pExpressPuro2
(gift from J.-M. Buerstedde, Munich, Germany). From transfectants that had
been expanded under selection (0.25 �g/ml puromycin) and checked for AID
expression by Western blot analysis, flow-cytometrically sorted GFP�/sIgM�

cells were seeded (about 100 cells per well) into the wells of a 96-well plate,
expanded for 3 weeks, and analyzed by flow cytometry for the percentage of
cells retaining surface IgM expression. For analysis of mutations in the pre-S�

region, genomic DNA was prepared from GFP�-sorted splenic B cells 3 days
after retroviral infection. The pre-S� region was PCR-amplified from about
10,000 sorted-cell equivalents and cloned and sequenced as described in Xue
et al. (28).

AID Localization. Constructs encoding hAID fused to the C terminus of GFP
were generated by PCR-based mutagenesis, cloned into pEGFPc3 (Clontech),
transfected into fibroblasts in a 6-well format using Genejuice and replated
onto glass slides 24 h after transfection. Cells were fixed in 4% paraformal-
dehyde, permeabilized with 0.5% Triton X-100 and, after incubation (2 h,
37 °C) with 10 �g/ml DNase-free RNase A, mounted in PI-containing mounting
medium (Vectashield). For localization in B cells, pExpressPuro2 constructs
expressing the relevant untagged AID chimera were introduced into AID�/�

�V�/� sIgM� DT40 cells and immunofluoresence analysis performed using
biotinylated mouse anti-hAID mAb hAnp52–1 (raised against a peptide cor-
responding to residues 5–19 of human AID; Mason Lu and M.S.N., unpublished
data), developing with Streptavidin-AlexaFluor 680 (Invitrogen) (red), coun-
terstained with DAPI (cyan).

AID Abundance and Turnover. Extracts prepared by heating 106 cells in 50 �l of
reducing SDS-sample buffer were subjected to SDS/PAGE; AID abundance was
monitored by Western blot analysis using mAb h52–1 (29). GFP was detected
using HRP-conjugated goat anti-GFP antiserum (Abcam). For analysis of AID
turnover, 293 cells were transiently transfected with pEGFPc3-hAID and trans-
ferred after 36 h into methionine-free RPMI medium supplemented with 25
mM Hepes, 2%-FBS, 4 mM-glutamine. After a 1 h preincubation, L-[35S]me-
thionine (Amersham; 30 �Ci and 1.5 � 106 cells in 200 �l per time-point) was
added to the culture and, after 45 min, cells were washed with prewarmed
medium that had been supplemented to 1 mM in methionine and resus-
pended in 3 ml methionine-supplemented medium per time-point. Cells were
lysed at the indicated timepoints in 0.5%-Nonidet P-40, 20 mM-Tris pH8.0, 125
mM-NaCl, 10%-glycerol. The GFP-AID fusion proteins were immunoprecipi-
tated using rabbit anti-GFP antiserum (Abcam) and protein G Sepharose
(Sigma Aldrich) and then subjected to SDS/PAGE and autoradiography.
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