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During immune responses, B cells producing 
high-affinity antibodies of the IgG, IgA, and 
IgE classes are generated from the low-affinity, 
IgM+ B cells that initially recognize the invad-
ing antigens. The molecular mechanisms un-
derpinning the affinity maturation and change 
of class of the antibody response are somatic hy-
permutation (SHM) and class switch recombi-
nation (CSR), respectively; mutagenic processes 
that modify the antibody genes. The enzyme 
activation-induced deaminase (AID) initiates 
SHM and CSR by converting deoxycytidine to 
deoxyuridine in DNA. Repair enzymes that 
recognize uracil in DNA trigger further muta-
genic processing to generate the full spectrum 
of SHM or the DNA breaks that are necessary 
for CSR. Human patients lacking AID have no 

antibody affinity maturation or class switching 
and are immunodeficient (Revy et al., 2000). 
On the other hand, excessive or deregulated AID 
activity can be cytotoxic (Zahn et al., 2014), 
contribute to autoimmunity (Diaz, 2013), or pre-
dispose to B cell lymphomas (Robbiani et al., 
2009). The delicate balance between the physi-
ological and pathological effects of AID is en-
forced by multiple levels of AID regulation 
(Vuong and Chaudhuri, 2012; Keim et al., 2013).

Subcellular localization and protein stability 
are major points of AID regulation (Orthwein 
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Activation-induced deaminase (AID) initiates mutagenic pathways to diversify the antibody 
genes during immune responses. The access of AID to the nucleus is limited by CRM1-
mediated nuclear export and by an uncharacterized mechanism of cytoplasmic retention. 
Here, we define a conformational motif in AID that dictates its cytoplasmic retention and 
demonstrate that the translation elongation factor eukaryotic elongation factor 1  
(eEF1A) is necessary for AID cytoplasmic sequestering. The mechanism is independent of 
protein synthesis but dependent on a tRNA-free form of eEF1A. Inhibiting eEF1A prevents 
the interaction with AID, which accumulates in the nucleus and increases class switch 
recombination as well as chromosomal translocation byproducts. Most AID is associated to 
unspecified cytoplasmic complexes. We find that the interactions of AID with eEF1A and 
heat-shock protein 90 kD (HSP90) are inversely correlated. Despite both interactions 
stabilizing AID, the nature of the AID fractions associated with HSP90 or eEF1A are differ-
ent, defining two complexes that sequentially produce and store functional AID in the 
cytoplasm. In addition, nuclear export and cytoplasmic retention cooperate to exclude AID 
from the nucleus but might not be functionally equivalent. Our results elucidate the mo-
lecular basis of AID cytoplasmic retention, define its functional relevance and distinguish it 
from other mechanisms regulating AID.

© 2015 Methot et al. This article is distributed under the terms of an Attribution– 
Noncommercial–Share Alike–No Mirror Sites license for the first six months after 
the publication date (see http://www.rupress.org/terms). After six months it is  
available under a Creative Commons License (Attribution–Noncommercial–Share  
Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/ 
by-nc-sa/3.0/).
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functional maturation of AID in the cytoplasm, which im-
pacts on the efficiency of antibody gene diversification and its 
collateral damage.

RESULTS
AID cytoplasmic retention is evolutionarily conserved
The structure of the AID/apolipoprotein B mRNA edit-
ing enzyme catalytic polypeptide-like (APOBEC) family 
proteins along evolution shows that many of these deami-
nases have acquired unique extensions at either end of the 
common catalytic domain, as epitomized by the C-terminal 
tail that APOBEC1 acquired in mammals (Severi et al., 2011; 
Fig. 1 A). These extensions are often encoded by a single 
exon of the corresponding gene, such as exon 1 of APO-
BEC2 or exon 5 of mammalian APOBEC1 (Fig. 1 A). Simi-
larly, AID has a specific C–terminal extension of 17 residues 
encoded by exon 5 (henceforth E5). E5 is critical for AID 
nuclear exclusion, as it harbors both the NES and a poorly de-
fined cytoplasmic retention motif (Brar et al., 2004; Ito et al., 
2004; McBride et al., 2004; Patenaude et al., 2009). The 
NES is conserved between AID homologues (Fig. 1 B). Two 
acidic residues important for cytoplasmic retention are also 
conserved, albeit in poikilotherms Glu replaces Asp187 and 
the region preceding it is very different (Fig. 1 B). To deter-
mine whether both nuclear exclusion mechanisms of AID 
were functional throughout evolution, we analyzed the sub-
cellular localization of multiple AID orthologs. AID-GFP fu-
sions from all tested homeotherms were excluded from the 
nucleus of HeLa cells, whereas AID-GFP from poikilotherms 
was not (Fig. 1 C). These differences in localization did not 
reflect proteolytic generation of free GFP, as controlled for 
by Western blot, and were also observed in HEK293 and 
mouse NIH3T3 cells (unpublished data). Treatment with the 
CRM1 inhibitor leptomycin B (LMB) led to increased nu-
clear abundance of every AID ortholog in all cell lines tested 
(Fig. 1 C and not depicted), indicating that the NES of all the 
orthologs was functional. Thus, the homogenous distribution 
of AID from poikilotherms in mammalian cells could reflect 
defective cytoplasmic retention. However, the sequence di-
vergence of the E5 domain during evolution could prevent 
the interaction of fish and frog AID with the human/mouse 
retention factors. We therefore expressed AID from poikilo-
therms species in the catfish B cell line 1B10. We found that 
all fish AID were excluded from the nucleus in 1B10 cells 
and that this exclusion was partially relieved by LMB treat-
ment (Fig. 1 D). These results indicate that nuclear export 
was functional in 1B10 cells and that fish AID were retained 
in the cytoplasm in the proper cellular context (Fig. 1 D).

We discovered the mechanism of cytoplasmic retention 
using human AID (Patenaude et al., 2009). However, for 
reasons described in this study, the C-terminal GFP fusion 
weakens the retention of human AID-GFP so that this mech-
anism is not readily apparent in HeLa cells (Fig. 1 C). This is 
probably also the case for pig and chicken AID-GFP that 
have E5 regions identical to the human’s (Fig. 1 B). In con-
trast, the mouse and rat orthologs accumulated only partially 

and Di Noia, 2012; Vuong and Chaudhuri, 2012). AID is a 
nuclear-cytoplasmic shuttling protein (Brar et al., 2004; Ito et al., 
2004; McBride et al., 2004) and its stability is intricately related 
to its compartmentalization. AID is stabilized in the cytoplasm 
by a heat-shock protein 90 kD (HSP90) molecular chaperon-
ing pathway that requires the DnaJa1 HSP40 (Orthwein et al., 
2010; 2012) and destabilized in the nucleus by ubiquitin- 
dependent and -independent pathways (Aoufouchi et al., 
2008; Uchimura et al., 2011). The small size of AID (24 kD) 
should allow it to diffuse through the nuclear pores; how-
ever, it requires active import to enter the nucleus (Patenaude 
et al., 2009) and 90% of AID is localized to the cytoplasm 
under steady-state conditions (Rada et al., 2002; Pasqualucci 
et al., 2004). Two mechanisms that exclude AID from the 
nucleus have been identified. AID is exported from the nu-
cleus by CRM1, which recognizes a Leucine-rich nuclear 
export signal (NES) within positions 188–198 of AID (McBride 
et al., 2004). AID is also retained in the cytoplasm by a still 
ill-defined mechanism that requires residues Asp 187 and 
188 in human AID, which overlap with the NES (Patenaude 
et al., 2009). The relative contribution of CRM1-mediated 
nuclear export and cytoplasmic retention to nuclear exclu-
sion and functional regulation of endogenous AID is also 
unknown because of the lack of reagents to block each mech-
anism without resorting to AID mutants that might affect 
both processes.

HSP90 and DnaJa1 bind cytoplasmic AID but do not 
mediate its retention (Orthwein et al., 2012; 2010). Cyto-
plasmic AID also interacts with the translation elongation fac-
tor eukaryotic elongation factor 1  (eEF1A) in human, mouse 
and chicken B cells (Häsler et al., 2011). This factor delivers 
aminoacyl-tRNA to the elongating ribosomes (Andersen et al., 
2003) but it has other functions that are unrelated to protein 
synthesis (Mateyak and Kinzy, 2010). Because mutations in 
AID residues Asp187 and Asp188 disrupt cytoplasmic reten-
tion (Patenaude et al., 2009), as well as the interaction with 
eEF1A (Häsler et al., 2011), it is possible that eEF1A is part 
of a complex retaining AID in the cytoplasm (Häsler et al., 
2012). However, mutating Asp187/188 could also disrupt the 
interaction of AID with other factors. Moreover, the N-terminal 
region of AID is required for the interaction with eEF1A (Häsler 
et al., 2011) but not for cytoplasmic retention (Patenaude et al., 
2009). In addition, eEF1A and AID form part of an unchar-
acterized 350 kD cytoplasmic complex (Häsler et al., 2011), 
which could contain redundant or additional factors. Thus,  
the mechanism of cytoplasmic retention and the involvement 
of eEF1A remain to be elucidated. In addition, whether AID 
forms distinct complexes with HSP90 and eEF1A and the pos-
sibility that AID shuttles between these two factors, as well as 
the comparative functional relevance of each of these inter-
actions also remain to be determined.

Here, we demonstrate that the mechanism of AID cyto-
plasmic retention depends on a specific AID conformation and 
on eEF1A and that it limits AID function. We also identify 
differences between eEF1A-, HSP90-, and CRM1-mediated 
AID regulation that suggest a model to explain the transit and 
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Given that the mouse AID NES is functional (McBride et al., 
2004; Fig. 1, B and C), our results suggested that there are 
amino acid differences between mouse and human AID that 
could modulate the strength of cytoplasmic retention in the 

in the nuclei of HeLa cells after LMB treatment (Fig. 1 C). 
Even in mouse CH12F3 B cells stimulated for CSR, mouse 
AID-GFP remained largely cytoplasmic after LMB treatment, 
whereas human AID-GFP accumulated in the nucleus (Fig. 1 E). 

Figure 1. Cytoplasmic retention of AID 
is conserved. (A) In-scale representation of 
AID/APOBEC family members, indicating pro-
tein regions encoded by different exons and 
their phylogenetic distribution. Domains 
unique to specific members of the family are 
colored. (B) Amino acid alignment of the E5 
region from AID homologues. Arrows indicate 
positions according to, and dots denote iden-
tities with, human AID. The NES and a motif 
required for cytoplasmic retention are high-
lighted. An N-J tree built on the full-length 
proteins’ alignment (left) illustrates the phy-
logenetic distances between homologues.  
(C) Representative confocal microscopy im-
ages of HeLa cells transiently expressing  
AID-GFP homologues under steady-state 
conditions or after inhibition of nuclear ex-
port with LMB (50 ng/ml, 2 h). Bars represent 
the proportion of n cells from ≥3 experiments 
showing the indicated types of subcellular 
distribution (cytoplasmic, black; homogenous, 
gray; nuclear, white). The color bars at the top 
identify AID-GFP homologues that show simi-
lar subcellular distributions in human cells 
(human-like, teal; stronger retention, blue; 
weaker retention, pink). (D) Representative 
confocal microscopy images of AID-GFP ho-
mologues transiently expressed in catfish 
1B10 B cells and treated as in (C). Nuclear 
GFP signals were measured by line intensity 
analysis for n cells from ≥2 experiments and 
the mean + SEM, plotted (graph below). Dif-
ferences were assessed by Student’s t test  
(*, P < 0.05; **, P < 0.001). (E) Representative 
confocal microscopy images of mouse 
CH12F3 B cells overexpressing human or 
mouse AID-GFP and stimulated with CIT  
(1 µg/ml anti-CD40, 1 ng/ml TGF-, and  
10 ng/ml IL-4) for 24 h before treatment with 
either vehicle or 10 ng/ml LMB for 2 h. Im-
ages are representative of two independent 
experiments. (F) Representative confocal  
microscopy images of HeLa cells transiently 
expressing mouse and human AID-GFP and 
indicated mutants. Cells were treated as in C 
and subcellular localization scored from three 
independent, pooled experiments. Bars, 10 µm.
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possible. We modeled the AID catalytic core using as tem-
plate APOBEC3C (Kitamura et al., 2012), which among the 
AID paralogs of known 3D structure displays the highest se-
quence similarity (42%). The C-terminal tail of AID is absent 
in the APOBECs (Fig. 1 A) and cannot be modeled by com-
parison. However, secondary structure predictions for AID 
of all species consistently showed an amphipathic helix within 
the E5 (helix 7), in which the hydrophobic residues of the 
NES and the Asp187 and 188 are on opposite sides (not  
depicted). We used the Rosetta suite (Das and Baker, 2008) 
to perform a conformational sampling of the AID E5 from 
human, mouse and zebrafish, all of which yielded a similar 
result (Fig. 2 E). In all the best energy clusters (see Materials 
and methods), E5 sat within the same circumscribed region 
interacting with the helix 6 and the strand 5 from the cata-
lytic core. This convergence of all three models despite sig-
nificant sequence differences (zebrafish and human AID are 
59% similar) strongly suggests that E5 spontaneously adopts 
this conformation.

The predicted binding of the helix 7 buries the hydro-
phobic residues of the NES (Phe193, Leu196, and Leu 198 in 
human AID) in a groove on the catalytic core conformed by 
residues Leu126, Ala137, Ile138, Leu176, Leu180, and Leu181, 
thus avoiding their exposure to the solvent (Fig. 2 F). The 
model shows several contacts between NES residues and  
the AID core, such as a salt bridge between the side chain of 
Arg177 and the C-terminal carboxylate in Leu198 and mul-
tiple van der Waals contacts (Leu183:Arg127, Leu183:His130, 
Arg177:Phe193, Phe109:Leu196, etc.). Such a conformation 
predicts that mutating the NES would not only eliminate nu-
clear export but also compromise cytoplasmic retention by 
affecting the position of E5. Indeed, we have shown that  
mutating the NES caused more efficient AID nuclear accumu-
lation than inhibiting CRM1 (Patenaude et al., 2009). More-
over, the reduced retention of AID-GFP (compare Fig. 2 A to  
Fig. 2 B) and of the P20 variant (Fig. 2 D), were also consis-
tent with our model, as the GFP fusion or the insertion sepa-
rating E5 from the core would interfere with this conformation. 
To further validate the model, we mutated other residues, out-
side the NES, that would participate in the interaction be-
tween E5 and the enzyme core. Mutations L183A and R177E 
compromised cytoplasmic retention of AID, as judged by 
faster nuclear import kinetics (Fig. 2 G). Charged residues 
Asp187, Asp 188, and Arg194, were predicted to be on the 
solvent-exposed face of helix 7 (Fig. 2 F) and could mediate 
the interaction with retention factors. Consistently, mutants 
R194A and D187E had faster nuclear localization kinetics 
than WT AID (Fig. 2 G).

The AID paralogs APOBEC1, APOBEC3A, and APO-
BEC3G have mechanisms for nuclear exclusion (Chester et al., 
2003; Bennett et al., 2006; Stenglein et al., 2008; Land et al., 
2013), which might have evolved from those of AID. Inter-
estingly, the AID model predicted interactions between E5 
and an internal region corresponding to residues 103–118, 
which is homologous to a cytoplasmic retention determinant 
identified in APOBEC3G (Stenglein et al., 2008; Bennett et al., 

context of AID-GFP fusions. We confirmed that cytoplasmic 
retention was preventing mouse AID-GFP nuclear accumu-
lation in LMB-treated cells by mutating Asp187 and 188. 
Substituting Asp187 with the Glu residue present in fish was 
sufficient to render mouse AID-GFP responsive to LMB 
(Fig. 1 F), which could partially explain the lack of retention 
of fish AID-GFP in HeLa cells. Mutating both positions to 
Ala eliminated its nuclear exclusion (Fig. 1 F). We then fo-
cused on the only two positions within E5 that are different 
between human and mouse AID (Fig. 1 B). Mutating mouse 
AID Met195 and Phe198 to the human residues (Thr and Leu, 
respectively) allowed nuclear accumulation of mouse AID-
GFP when nuclear export was inhibited (Fig. 1 F), suggesting 
reduced cytoplasmic retention. Conversely, mutations T195M 
and L198F in human AID-GFP synergistically reduced its re-
sponse to LMB (Fig. 1 F), thus suggesting increased retention.

We conclude that AID cytoplasmic retention was acquired 
early on during evolution and therefore likely plays an im-
portant function in AID biology. We also find that amino acid 
sequence differences between AID homologues could dictate 
cytoplasmic retention efficiency, at least in the context of AID-
GFP fusions.

Cytoplasmic retention requires a specific AID conformation
We then asked whether the difference in cytoplasmic reten-
tion efficiency between human and mouse AID-GFP held 
true for the endogenous enzymes in B cells. In the human 
Ramos B cell line, in which transfected human AID-GFP 
completely relocalized to the nucleus after LMB treatment 
(Fig. 2 A), endogenous AID detected by immunofluorescence 
(IF) responded significantly less (Fig. 2 B). The same modest 
response to LMB was observed for endogenous AID in two 
other human B cell lines (Fig. 2 B), as well as for the endoge-
nous mouse AID in stimulated CH12F3 cells (Fig. 2 C). Thus, 
in contrast to their C-terminal GFP fusion counterparts, en-
dogenous human and mouse AID show similar cytoplasmic 
retention, which plays a large role in their nuclear exclusion 
(Fig. 2, B and C).

The effect of the GFP fusion on the human AID C ter-
minus was still informative. The different behavior of human 
AID-GFP and endogenous AID was not an artifact of over-
expression. Untagged human AID also accumulated much 
less than AID-GFP in the nucleus of HeLa cells after LMB 
treatment (Fig. 2 D), suggesting that the C-terminal GFP fu-
sion weakened cytoplasmic retention. We also observed that a 
natural human AID variant bearing an insertion of 34 amino 
acids between exons 4 and 5 (Ito et al., 2004) was not excluded 
from the nucleus despite having an intact NES (Fig. 2 D). To-
gether, our results suggested that cytoplasmic retention re-
quires that the E5 domains adopt a certain conformation with 
respect to the enzyme core. This conformation would be vari-
ably affected by a GFP fusion depending on the sequence of 
E5 (Fig. 1 F).

Because AID has not been crystallized, we resorted to mo-
lecular modeling to ask whether an interaction between the E5 
region and the catalytic core of AID was thermodynamically 
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Figure 2. A specific conformation of AID is necessary for cytoplasmic retention. (A) Representative confocal microscopy images of AID-GFP in 
human Ramos B cell stable transfectants treated for 4 h with either vehicle (EtOH) or 10 ng/ml LMB. The proportion of nuclear AID signal was calculated 
as the ratio between the AID signal overlapping with propidium iodide signal to the total AID signal, and was plotted for n individual cells (dots). The 
mean for each group is indicated by a horizontal line (graph below). (B) Representative confocal microscopy images of endogenous AID detected by IF in 
the indicated human B cell lymphoma lines treated, and quantified as in A (graph below). DG75 cells were used as negative control. A Western blot of AID 
and actin expression in total cell extracts for each cell line is shown (bottom). (C) Representative confocal microscopy images of endogenous AID detected 
by IF in mouse CH12F3 B cells stimulated with CIT for 24 h before LMB treatment and quantification as in (A; graph below). Nonstimulated cells were 
used as negative control. A Western blot as in B is shown (bottom). (A–C) Representative data from one out of two independent experiments. (D) Repre-
sentative confocal microscopy images of HeLa cells transiently expressing human AID-GFP or untagged AID WT or variant P20 with 34 amino acids  
inserted upstream of E5. Localization was assessed by detecting GFP, or by IF for overexpressed untagged AID. Cells were treated with either vehicle or  
50 ng/ml LMB for 2 h. The aligned schemes of the proteins are shown on the top panel and quantification of subcellular localization in n cells from 2 inde-
pendent, pooled experiments is shown below each image (cytoplasmic, black; homogenous, gray; nuclear, white). (E) Ensemble of top scoring models from 
the best represented cluster were derived from the conformational sampling of the E5 C-terminal tail for zebrafish, mouse, and human AID in which the 
catalytic core was modeled on the APOBEC3C structure. Models were colored according to the root-mean-square deviation (rmsd) differences for each 
position with a ramp from blue (low) to red (high). The lower the rmsd, the better the coincidence between multiple models at any given position. (F) Top 
scoring model of human AID from the best represented cluster. The electrostatic potential (negative in red, positive in blue) was mapped onto the mo-
lecular surface of the core domain, while the C-terminal tail is represented as a cartoon. Selected residues are represented as sticks. This model is rotated 
120° counter-clockwise relative to the models in E. (G) Nuclear localization kinetics of the indicated human AID-GFP variants were assessed in HeLa cells. 
Cells were treated with 50 ng/ml LMB and fixed at the indicated times. The mean ± SEM proportion of cells with full nuclear localization were plotted for 
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untagged human AID WT, D187E, and D187A to perform 
SHM. We used an engineered AID-deficient DT40 B cell 
line, in which the SHM capacity of transduced AID variants 
is directly proportional to the fraction of cells losing surface 
IgM expression over time (Arakawa et al., 2004; Zahn et al., 
2014; Fig. 3 B). In line with their relative effect on retention, 
AID D187E and D187A displayed increasingly higher SHM 
capacity (Fig. 3 B) despite the fact that their expression levels 
and catalytic activity were similar to or lower than WT AID 
(Fig. 3, C and D). These results strongly suggest that eEF1A 
is part of the AID cytoplasmic retention complex and that 
this interaction limits SHM, with the caveat that mutations in 
AID E5 could affect other AID interactions that we cannot 
control for. We also conclude that eEF1A and HSP90 form 
distinct complexes with AID.

eEF1A is necessary for AID cytoplasmic retention
The fact that eEF1A is extremely abundant and an essential 
cellular factor (Trachsel, 1996) precludes genetic ablation  
approaches to test whether it is necessary to retain AID in  
the cytoplasm. To circumvent this limitation, we resorted to 
didemnin B (DidB), a natural cyclic depsipeptide that binds 
eEF1A to inhibit its function and block protein synthesis (Crews 
et al., 1996; Marco et al., 2004). DidB treatment rapidly in-
creased the nuclear abundance of both AID-GFP and un-
tagged AID in HeLa cells (Fig. 4 A). This effect was specific; 
APOBEC3G-GFP and GFP-APOBEC1, which do not in-
teract with eEF1A (Häsler et al., 2011), as well as endoge-
nous GAPDH and HSP90, remained largely cytoplasmic after 
treatment (Fig. 4 A). We also found that DidB prevented the 
coIP of eEF1A with AID (Fig. 4 B). To exclude the possibility 
that these effects were a result of off-target consequences of 
DidB, we used two other inhibitors of translation elongation. 
These were cytotrienin A (CytA), an ansamycin compound 
chemically distinct from DidB (Fig. 4 C) that we previously 
showed inhibits translation elongation specifically by inter-
fering with eEF1A function (Lindqvist et al., 2010) and cy-
cloheximide (CHX), an elongation inhibitor that targets the 
ribosome (Robert et al., 2009). CytA had similar effects to 
DidB in inducing nuclear accumulation of AID-GFP, but 
not GFP-APOBEC1, in HeLa cells, whereas CHX did not 
affect either protein (Fig. 4 D).

To confirm these results in B cells, we first used Ramos  
B cells stably expressing human AID-GFP (twofold over en-
dogenous AID, not depicted). As expected, the three drugs 
inhibited translation elongation in Ramos to similar extents, 
as inferred from polysome stabilization profiles (Fig. 5 A). 
None of the treatments changed the relative distribution of 
AID, HSP90, or eEF1A in sucrose gradients, according to 

2006; Fig. 2 H). Mutating AID Ile108-Phe109-Thr110 to 
Ala, in which Phe109 would form van der Waals interactions 
with Leu196 in E5, abrogated AID nuclear exclusion (Fig. 2 H). 
On the other hand, mutating residues 114 to 116, which do 
not contact E5 in the 3D model, did not affect AID localiza-
tion (Fig. 2 H).

We conclude that cytoplasmic retention of AID relies on 
a specific conformation in which E5 interacts with the enzy-
matic core through the NES, leaving residues around Asp187 
poised to interact with the retention factors. The measurable 
effect of the conservative D187E substitution in human and 
mouse AID (Figs. 2 G and 1 F) suggested that even subtle 
changes on the surface could affect this interaction.

Mutually exclusive interaction of AID  
with eEF1A and HSP90
The factors mediating AID retention in the cytoplasm are 
unknown. eEF1A is a likely candidate because its interaction 
with cytoplasmic AID is prevented by AID mutations D187A/ 
D188A (Häsler et al., 2011), but whether it is necessary for 
AID retention is unknown. Moreover, eEF1A is in a large 
cytoplasmic complex with AID and whether HSP90 is part 
of the same or a distinct AID complex is unknown (Häsler 
et al., 2011). The graded cytoplasmic retention efficiency of 
AID-GFP proteins from different species and of human AID-
GFP with amino acid substitutions in E5 provided us with 
unique tools to probe the interaction of AID with eEF1A  
and HSP90. Co-immunoprecipitation (coIP) experiments 
showed that the binding efficiency of each tested AID homo-
logue or point mutant to eEF1A in human cells directly cor-
related with its relative cytoplasmic retention efficiency  
and was inversely correlated to its interaction with HSP90 
(Fig. 3 A). Thus, the fish AID-GFP homologues, which were 
not retained, barely interacted with eEF1A, whereas mouse 
AID-GFP, of stronger retention, bound more efficiently than 
human AID-GFP. The reciprocal replacement of the two 
amino acid differences between human and mouse AID E5 
affected their eEF1A binding, exactly mirroring the effect of 
each replacement on cytoplasmic retention. Human AID-GFP  
with the Ile108-Phe109-Thr110 motif mutated to Ala failed 
to interact with eEF1A, in line with its loss of nuclear exclu-
sion. Finally, substituting human AID Asp187 with Glu or 
Ala showed a progressive decrease in their interaction with 
eEF1A that was proportional to their relative effect on AID 
localization. As mentioned, the relative interaction of each AID 
variant with HSP90 was inversely correlated to their eEF1A 
binding. Because the effect of mutating Asp187 on cytoplas-
mic retention of human AID does not depend on the GFP 
tag (Häsler et al., 2011), we compared the relative ability of 

each time point from 2 independent experiments, after scoring >40 cells per time point, per experiment. (H) Sequence alignment of an APOBEC3G (A3G) 
cytoplasmic retention motif with its homologous AID region. The structural model of AID shows the relative position of residues 108–110 (blue spheres) 
and 114–116 (magenta spheres; left). Representative confocal images of HeLa cells transiently expressing human AID-GFP variants in which either one of 
these residue stretches were mutated to Ala. Cells were treated with either vehicle or 50 ng/ml LMB for 2 h, and scored as in D, from 2 independent, 
pooled experiments (right panels). Bars, 10 µm.
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keeping with the weaker cytoplasmic retention of AID-GFP 
compared with untagged AID (Fig. 2 D).

Mechanistically, DidB and CytA, but not CHX, impaired 
the interaction of eEF1A with AID (Fig. 5 E). There are two 
distinct conformers of eEF1A depending on whether it is 
bound to GTP or GDP (Andersen et al., 2003; Fig. 5 F). It is 
unknown if AID binds specifically to one form or the other, 
but the GTP-bound form of eEF1A binds to the aminoacyl-
tRNA, which largely overlaps with the eEF1A domain III 
that is necessary for the interaction with AID (Häsler et al., 
2011; Fig. 5 F). It is thought that DidB freezes eEF1A in the 
GTP-bound conformation (Marco et al., 2004). Accordingly, 
we found that in cells treated with DidB or CytA, the associa-
tion of eEF1A with tRNA was increased at the same time that 
the interaction with AID was decreased; neither interaction 
was affected by CHX (Fig. 5 E). This suggests that the inter-
action of AID and tRNA with eEF1A is mutually exclusive.  
We conclude that cytoplasmic retention of AID is mediated by 

Western blots of the fractions (unpublished data). However, 
DidB and CytA significantly increased nuclear AID accu-
mulation in a dose-dependent and saturable manner, whereas 
CHX had little effect (Fig. 5 B). Anticipating toxicity issues 
(see below), we tested very low doses of DidB that were tol-
erated for extended periods of time. Even at 1 nM DidB, we 
could detect a significant increase in nuclear AID-GFP in 
Ramos cells by 24 h (Fig. 5 C). Because nuclear AID is ac-
tively destabilized (Aoufouchi et al., 2008), the reduction  
in cellular AID-GFP levels in DidB-treated cells quantified 
by flow cytometry (Fig. 5 C), was also consistent with an in-
creased proportion of nuclear AID. CHX did not increase 
nuclear AID-GFP and had a much smaller effect on its levels 
(Fig. 5 C), indicating that inhibiting translation per se was not 
at the root of our observations with DidB and CytA. Finally, 
we confirmed that endogenous AID in Ramos B cells also 
relocalized to the nucleus in response to DidB treatment, al-
though with slower kinetics than AID-GFP (Fig. 5 D), in 

Figure 3. Cytoplasmic AID is present in 
at least two mutually exclusive complexes. 
(A) Total lysates from HEK293 cells trans-
fected with GFP-tagged APOBEC2 (A2), AID 
orthologs, or AID mutants were immunopre-
cipitated with anti-GFP microbeads and ana-
lyzed by Western blot as indicated (top). One 
of ≥3 independent experiments is shown. Hs, 
human; Mm, mouse; Ip, catfish; Dr, zebrafish; 
Tr, pufferfish. Quantification of Western blot 
signals by densitometry from ≥3 coIP for each 
AID variant were plotted to compare their 
binding to eEF1A (white circles) and HSP90 
(black circles; bottom). Values were normal-
ized to that of human AID in each experiment, 
indicated with a dotted line across the plot. 
Gray columns indicate medians. Inset shows 
an expanded view of eEF1A binding for  
human AID and D187 point mutants that are 
used in B–D. (B) SHM assay in IgM+ DT40 
VL Aicda/ B cells complemented with 
AID variants in pMXs-(AID)-ires-GFP or empty 
vector (Ctrl). SHM frequency is proportional to 
the median accumulation of surface IgM cells 
in multiple populations over time (top). Medi-
ans IgM-loss (gray bars) for 24 individual 
populations (black dots) per variant were 
plotted (bottom). One representative out of  
2 experiments is shown. (C) Western blots for 
AID and GFP expression in total cell lysates 
from (C) are shown. One representative out of 
2 repeats. (D) Relative enzymatic activity of 
AID variants was estimated from the fre-
quency of rpoB mutation they induce in E. coli. 
Means (gray bars) of the relative medians 
(black dots) from ≥3 independent experiments 
normalized to AID are shown. (B and D) Dif-
ferences relative to wt AID were tested by 
Anova with Dunnett’s post-test  
(***, P < 0.0004; ****, P < 0.0001).
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whether cytoplasmic retention would limit the potential of 
AID to induce the chromosomal translocations that occur  
as side effects of CSR (Ramiro et al., 2004). We used B cells 
from TP53/ mice because they facilitate the detection of cells 
with translocations (Ramiro et al., 2006). As observed for 
WT B cells, 1 nM DidB increased CSR by 50% in activated 
TP53/ B cells (Fig. 6 G) and concomitantly increased the 
frequency of translocations by 3-fold (Fig. 6 H). We conclude 
that cytoplasmic retention of AID mediated by eEF1A limits 
CSR and oncogenic translocations.

Functional integration of mechanisms  
regulating cytoplasmic AID
The existence of two mechanisms to exclude AID from the 
nucleus (i.e., nuclear export and cytoplasmic retention) begs 
the question as to their relative roles in regulating AID. We 
analyzed the localization of endogenous AID in Ramos B cells 
treated with the eEF1A inhibitors and/or LMB. Incubation 
with 100 nM DidB, 1 µM CytA or 10 ng/ml LMB each 
modestly increased nuclear signal of AID after 2 h (Fig. 7 A). 
However, the combination of DidB or CytA with LMB had 
a synergistic effect, resulting in full nuclear accumulation of 
AID (Fig. 7 A). CHX showed little effect alone and no inter-
action with LMB (Fig. 7 A). An increase in the proportion  
of nuclear AID would be reflected in reduced AID stability 

a mechanism dependent on the tRNA-free conformer of 
eEF1A but independent of eEF1A’s role in translation.

eEF1A limits isotype switching  
and chromosomal translocations
eEF1A could be expected to limit AID activity through cytoplas-
mic retention, and/or promote it by stabilizing AID (Fig. 5 C).  
To measure the biological relevance of the AID cytoplasmic 
retention mechanism by eEF1A, we induced isotype switch-
ing in mouse splenic B cells, which also induces the expres-
sion of eEF1A (Fig. 6 A), and 24 h later treated with DidB. We 
used DidB at around 1 nM, which had low toxicity over sev-
eral days and still caused a measurable accumulation of AID 
in the nucleus (Fig. 5 C). We observed a dose-dependent 
increase in overall CSR efficiency to IgG1 in B cells treated 
with DidB, with the 1 nM dose increasing CSR by 70% and 
to IgG3 by 50% (Fig. 6, B and C). Even at these low concen-
trations, DidB still reduced B cell proliferation, as measured by 
CFSE dilution (Fig. 6, B and C), so the results likely underes-
timate the positive effect of DidB on CSR. Indeed, when we 
compared cells that had undergone the same number of cell 
divisions, DidB increased CSR to IgG1 by >100% (Fig. 6 D). 
CytA treatment caused an increase in CSR per cell division 
similar to that caused by DidB (Fig. 6 E), whereas CHX caused 
only a marginal increase in CSR (Fig. 6 F). Next, we asked 

Figure 4. eEF1A inhibition causes nuclear accumulation of AID. (A) Representative confocal microscopy images of HeLa cells transiently expressing 
GFP-tagged AID, APOBEC3G (A3G), or APOBEC1 (A1) or untagged AID are shown. Localization was assessed by detecting GFP, or by IF for overexpressed 
untagged AID and endogenous GAPDH and HSP90. Cells were treated with either vehicle or 100 nM Didemnin B (DidB) for 2 h before fixation. Bars repre-
sent the proportion of n cells from two independent, pooled experiments showing each subcellular distribution (cytoplasmic, black; homogenous, gray; 
nuclear, white). (B) Total cell extracts from HEK293 cells transiently transfected with GFP-tagged APOBEC2 (A2) or AID and treated for 4 h with either 
vehicle or 100 nM DidB were immunoprecipitated with anti-GFP microbeads and analyzed by Western blot as indicated. One representative out of three 
independent experiments is shown. (C) Chemical structure of Didemnin B and Cytotrienin A. (D) Representative confocal microscopy images of HeLa cells 
transiently transfected with GFP-A1 or AID-GFP are shown. Cells were treated with DMSO, 2.5 µM CHX, 100 nM DidB or 1 µM CytA for 2 h and scored as 
in (A) from 2 independent, pooled experiments. Bars, 10 µm.
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Figure 5. eEF1A is necessary for cytoplasmic retention of AID. (A) UV absorbance profile of total extracts from Ramos B cells treated for 2 h with 
vehicle, 2.5 µM CHX, 100 nM DidB, or 1 µM CytA, and fractionated by sucrose gradient. One representative out of three independent experiments is 
shown. (B) Representative confocal microscopy images (left) and nuclear signal quantitation (right) of Ramos B cells stably expressing AID-GFP treated 
for 2 h with either vehicle or increasing concentrations of DidB (top), CytA (middle), or CHX (bottom), as indicated. Plots (right graphs) indicate the quan-
titated nuclear signal in >40 individual cells per point, from 1 out of 2 independent experiments. Mean values are shown as black horizontal bars, and  
the mean value of untreated cells is shown as a blue line across the plot. (C) Ramos B cells stably expressing AID-GFP were treated for 24 h with DMSO,  
10 nM CHX, or 1 nM DidB, and the nuclear GFP signal was quantified as in (B, left). One out of two independent experiments is shown. The mean fluor-
escence intensity (MFI) of AID-GFP measured by flow cytometry and normalized to DMSO + SD was plotted (right) for three independent experiments.  
Differences relative to DMSO were analyzed by ANOVA with Dunnett’s post-test (*, P < 0.05; **, P < 0.005; ****, P < 0.0001). (D) Representative confocal 
microscopy images are shown (left) of endogenous AID (detected by IF) in Ramos B cells after DMSO or 100 nM DidB treatment for the indicated times. 
Plots show nuclear signal quantified as in B from one out of two independent experiments (right). (E) Total cell extracts from HeLa cells transiently ex-
pressing AID and GFP or GFP-eEF1A1 and treated for 4 h with either vehicle, 2.5 µM CHX, 100 nM DidB, or 1 µM CytA, were immunoprecipitated with 
anti-GFP microbeads and analyzed by Western blot or by Urea-PAGE, stained with SYBR Gold to detect tRNA. One representative out of three indepen-
dent experiments is shown. The mean binding of GFP-eEF1A1 to AID or tRNA normalized to DMSO (measured by densitometry) is indicated under the 
relevant blots. (F) Structure of the eEF1A homologue EF-Tu (33% identical to eEF1A1) in the GDP- (PDB:1TUI) and GTP-bound forms (PDB:1TTT, drawn 
with and without the tRNA molecule (gray)). The domains of EF-Tu (I, red; II, blue; III, green), and bound nucleotide (teal) are indicated. Bars, 10 µm.
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Figure 6. AID cytoplasmic retention limits CSR and chromosomal translocations. (A) Western blot analysis was performed with anti-eEF1A and 
anti-actin antibodies on 40 µg of total lysate from mouse splenic B cells at 0, 24, and 72 h after stimulation with 5 µg/ml LPS and 5 ng/ml IL-4. One rep-
resentative experiment out of two is shown (n = 1 mouse/experiment). (B–F) CSR assays were performed on purified mouse naive splenic B cells loaded 
with CFSE and stimulated with 5 µg/ml LPS and 5 ng/ml IL-4 to induce switching to IgG1 or with 15 µg/ml LPS for IgG3. The indicated inhibitors were 
added to the medium 24 h after stimulation and CSR was assayed 3 d after stimulation by flow cytometry using biotinylated anti-IgG1 or anti-IgG3 anti-
bodies, followed by anti-biotin APC. (B) Representative flow cytometry plots (left) of B cells induced for class switching to IgG1, and treated with vehicle 
or DidB as indicated. The graph (right) compiles the proportion of IgG1+ B cells from 10 mice in 6 independent experiments. Means were compared by 
one-way ANOVA (**, P = 0.0029; ****, P < 0.0001). (C) Representative flow cytometry (left) and compilation plots (right) as in (B) for class switching assays 
to IgG3 of 6 mice in 3 independent experiments (n = 2 mice/experiment). Means were compared by Student’s t test (**, P = 0.0047). (D–F) Representative 
graphs of the proportion of IgG1

+ splenic B cells per cell division were plotted below their corresponding CFSE plots as shown (top). Graphs in the bottom 
panels show compiled data from 6 mice in 4 independent experiments in which B cells were treated with DidB (D) or CytA (E), and from B cells which 
were treated with CHX (n = 4 mice; 2 experiments; F). Differences for each point were analyzed by two-way Anova (*, P < 0.05; **, P < 0.005; ****, P < 0.0001). 
(G) CSR to IgG1 in B cells from three TP53/ mice was performed as in (B) in 2 independent experiments, compared by Student’s t test (*, P = 0.0151).  
(H) Igh-cMyc chr12 derivative translocations were measured in B cells from (G; left graph). Each dot indicates the frequency of translocations for an indi-
vidual mouse and bars show the means, compared by Student’s t test (*, P = 0.0387). The gels show representative ethidium bromide staining of PCR 
bands for Igh-cMyc fusions from 2 of the mice (right). Translocations were confirmed by sequencing (not depicted).
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Figure 7. eEF1A, CRM1, and Hsp90 associate with functionally distinct AID fractions. (A) Representative confocal microscopy images are shown 
of endogenous AID (detected by IF) in Ramos B cells (left). Cells were treated for 2 h with DMSO, 2.5 µM CHX, 100 nM DidB, or 1 µM CytA in combination 
with either vehicle or 10 ng/ml LMB. Scale bar, 10 µm. The proportion of nuclear AID signal for ≥100 cells per point was assessed as the ratio of AID signal 
overlapping DAPI signal to total AID signal × 100. The nuclear AID signal of each cell (dots), and the mean for each group (black bars) are shown for one 
out of 2 independent experiments, (right graph). (B) Ramos B cells were treated as in (A) for 6 h and expression of AID, actin and eEF1A were analyzed by 
Western blot. One representative out of 2, independent experiments is shown. The mean ratio of AID to actin measured by densitometry, normalized to 
DMSO is indicated under the relevant blots. (C) Ramos B cells stably expressing either GFP or human AID-GFP were treated in duplicate as in (A). The MFI ±  
SEM of GFP was measured by flow cytometry at different times post-treatment and normalized to t0 = 100%, and was plotted over time for one out of  
≥2 representative, independent experiments. (D) Ramos B cells stably expressing AID-GFP were treated for 24 h, as indicated, and the nuclear GFP signal 
was quantified as in A (top). The MFI + SD of AID-GFP was measured by flow cytometry and normalized to vehicle, and was plotted from 4 independent 
experiments (bottom). Means were compared by Student’s t test (*, P < 0.05; **, P < 0.005). (E and F) Representative plots of the proportion of IgG1

+ cells 
per division are shown below the corresponding CFSE profiles in wt mouse naive splenic B cells stimulated with 5 µg/ml LPS and 5 ng/ml IL-4 in the  
presence of the indicated inhibitors 24 h later. The proportions of IgG1

+ cells were determined by flow cytometry 3 d after stimulation (shown in bottom 
graphs). Data were compiled from 4 mice from 2 experiments, (n = 2 mice/experiment). Differences relative to vehicle were analyzed by two-way ANOVA 
(*, P < 0.05; **, P < 0.005; ****, P < 0.0001).
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retention efficiency of different AID-GFP variants correlates 
perfectly with their relative ability to interact with eEF1A. 
Second, two translation elongation inhibitors that target eEF1A, 
DidB, and CytA, disrupt its interaction with AID, increase 
the AID nuclear accumulation, and boost CSR and Igh-cMyc 
fusions. The very different chemical nature and structures of 
DidB and CytA make it extremely unlikely that nonspecific 
(i.e., eEF1A-independent) effects can explain their identical 
effects on AID biology at so many levels. In addition, eEF1A 
is by far the most abundant target of DidB (Crews et al., 
1994, 1996), which has a 20 nM IC50 for translation inhibi-
tion (Robert et al., 2009). The only other known target of 
DidB, a lysosomal palmitoyl thioesterase, is inhibited at 5 µM 
IC50 (Meng et al., 1998). Thus, at the 1 nM doses we used 
in functional assays, eEF1A is in all likelihood the main target 
of DidB. The mechanism whereby eEF1A retains AID in the 
cytoplasm is neither related to its role in mRNA translation, 
as shown by the lack of effect of CHX, nor to the transcription-
dependent nuclear export pathway in which eEF1A partici-
pates. The latter pathway requires a sequence signal that is absent 
in AID and is inhibited by Actinomycin D (Khacho et al., 
2008), which does not affect AID localization (unpublished 
data). Rather, our data indicates a mechanism in which DidB 
and CytA favor a specific conformer of eEF1A that is unable 
to interact, directly or indirectly, with AID. Although DidB 
does not inhibit the GTPase activity of eEF1A, it stabilizes  
a GTP-bound-like conformer by bridging domains I and II 
of eEF1A and preventing the conformational change after 
GTP hydrolysis (Marco et al., 2004). Our results are consistent 
with this mechanism, as DidB and CytA both favor the asso-
ciation of eEF1A to tRNA (Fig. 5 E). The tRNA binds to 
eEF1A domain II but it is large enough to sterically interfere 
with AID (or an adaptor) binding to domain III (Fig. 5 F). 
Thus, AID is retained in the cytoplasm in a complex with the 
eEF1A-GDP conformer. The complex does not contain poly-
ribosomes or ribosomal units, as judged from sucrose gradient 
fractionations, either under basal conditions or after DidB treat-
ment (unpublished data), and is distinct from the complex that 
AID forms with HSP90. Future work will determine the com-
position of this complex.

Optimal binding of AID to eEF1A, and thus cytoplasmic 
retention, is conformation dependent. We present a structural 
model in which the C-terminal E5 domain is folded onto the 
catalytic core of AID, interacting largely through the hydro-
phobic NES residues. We obtained the same model of AID 
from phylogenetically distant species simply based on ther-
modynamic restrictions. Additionally, the model is consistent 
with several experimental results: (1) mutations in the NES 
are more efficient than LMB at disrupting nuclear exclusion of 
AID (Ito et al., 2004; McBride et al., 2004; Geisberger et al., 
2009; Patenaude et al., 2009); (2) the C-terminal GFP fusion, 
or an insertion separating the E5 from the core, interferes 
with AID retention (Fig. 2 D); (3) several model-guided mu-
tation of non-NES residues have the predicted effect on nu-
clear import kinetics (Fig. 2, G and H); (4) Asp187 and 188, 
which mediate cytoplasmic retention and the eEF1A interaction 

(Aoufouchi et al., 2008). Indeed, DidB and CytA reduced 
AID stability in Ramos B cells, as shown by Western blot of 
endogenous AID, and by the kinetics of AID-GFP decay 
(Fig. 7, B and C). CHX had a very small effect on AID stability, 
indicating that the effect of DidB and CytA was not caused 
by inhibiting translation. Note that DidB and CHX have 
equal effects on translation at the doses used (Robert et al., 
2009). DidB and CytA synergized with LMB to destabilize 
AID, whereas CHX did not (Fig. 7, B and C). However, we 
noted that LMB alone did not destabilize endogenous AID  
to the same extent as DidB or CytA (Fig. 7 B). We then asked 
whether nuclear export and cytoplasmic retention were also 
complementary in limiting AID function. Treating activated 
mouse splenic B cells with LMB was toxic, but low doses that 
significantly increased the proportion of AID-GFP in the 
nucleus of Ramos B cells over 24 h (Fig. 7 D) were tolerated, 
although they reduced cell proliferation (Fig. 7 E). Nonethe-
less, LMB failed to increase CSR, whereas DidB increased CSR 
in the same cells (Fig. 7 E). Together, these results show that 
cytoplasmic retention is complementary to nuclear export in 
excluding AID from the nucleus. However, the data suggest 
that these two mechanisms might not be functionally analogous.

We then compared the functional roles of the interaction 
of AID with HSP90 and eEF1A. Despite the HSP90 inhi-
bitor 17-AAG affecting cell proliferation and AID stability 
(Orthwein et al., 2010) similarly to DidB, testing both drugs 
in parallel showed a clear difference, with DidB increasing 
and 17-AAG decreasing CSR per cell division (Fig. 7 F). We 
conclude that, unlike HSP90-associated AID, the eEF1A com-
plex stores functionally competent AID in the cytoplasm. Al-
together our results suggest a model in which shuttling between 
different complexes underpins the production and storage of 
CSR-competent AID in the cytoplasm.

DISCUSSION
We identify a mechanism that retains AID in the cytoplasm 
through eEF1A, thereby excluding functional AID from the 
nucleus of B cells and limiting CSR per cell division and  
oncogenic chromosomal translocations. We also compare cy-
toplasmic retention to nuclear export and cytoplasmic stabili-
zation of endogenous AID by HSP90 in B cells to propose a 
minimal model for the transit of AID through distinct cyto-
plasmic complexes to acquire functional competence.

The stoichiometric interaction between AID and eEF1A 
in the cytoplasm, which required AID Asp187 and 188, sug-
gested a role for eEF1A in cytoplasmic retention of AID 
(Häsler et al., 2011). This observation was not conclusive  
because the same mutations prevent the interaction of  
AID with other factors, at least with PABPC1 and hnRNPA1 
(unpublished data). Moreover, it is unknown whether AID 
and eEF1A interact directly or not (Häsler et al., 2012). Thus, 
those observations were insufficient to tell whether eEF1A was 
necessary for AID cytoplasmic retention or just part of a larger 
complex containing both proteins (Häsler et al., 2011). We 
demonstrate that eEF1A is a necessary component of the com-
plex that retains AID in the cytoplasm. First, the cytoplasmic 
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CSR increases with the number of cell divisions (Hodgkin 
et al., 1996). Because AID levels also increase with subsequent 
B cell divisions, AID expression probably requires reaching a 
certain threshold, contributing to division-linked CSR (Rush 
et al., 2005). Cytoplasmic retention of AID is another mech-
anism limiting CSR per cell division. Releasing AID from 
eEF1A increases the probability of CSR by increasing the ef-
fective concentration of functional AID in the nucleus, thereby 
reducing the threshold level of total AID required. This release 
comes associated to a large increase in chromosomal translo-
cations, indicating that cytoplasmic retention is important in 
moderating the oncogenic potential of AID.

MATERIALS AND METHODS
Mice. C57BL6/J WT and TP53/ mice (JAX) were kept under specific 
pathogen-free conditions at the IRCM animal house. All animal experimen-
tation was approved by the IRCM Animal Protection Committee according 
to the guidelines from the Canadian Council of Animal Care.

DNA constructs. GFP fusions of APOBEC2, rat APOBEC1, and APO-
BEC3G have been described previously (Orthwein et al., 2010). Xenopus 
tropicalis AID, a gift from A. Bottaro (University of Rochester, Rochester, 
NY), was PCR amplified using oligonucleotides OJ492 and OJ493 and 
cloned into pEGFP-N3 as a BamHI–EcoRI fragment. All other AID or-
thologs were a gift from R.S. Harris (University of Minnesota, Minne-
apolis, MN) and were cloned in pEGFP-N3 as HindIII–SalI fragments. 
Retroviral expression vectors were made by subcloning HindIII–NotI 
fragments from pEGFP-N3 into pMXs. Point mutations were introduced 
by QuikChange (Stratagene). Oligonucleotide sequences are available 
upon request. Human eEF1A1 was PCR amplified from cDNA using oli-
gonucleotides OJ641 and OJ642 and cloned into pEGFP-C1 as an EcoRI–
SalI fragment.

Reagents and antibodies. Stock aliquots of 50 µg/ml LMB (LC Labora-
tories) and 100 mM CHX (Sigma-Aldrich) were made in Ethanol. 17-AAG 
(LC Laboratories) and DidB (NSC 325319; provided by the Natural Prod-
ucts Branch, National Cancer Institute, Bethesda, MD), were prepared as  
20 mM stock solutions in DMSO. CytA (Cayman Chemical) was prepared 
as a 1-nM stock solution in DMSO. Drugs were kept in the dark at 20°C, 
and diluted fresh before each use. Antibodies (dilutions) for IF were as follows: 
mAb anti-GAPDH (1:500; SC Biotechnology), mAb anti-HSP90 (1:500; 
BD), mouse mAb anti-AID (to detect human AID; 1:500; Invitrogen), rat 
mAb anti-AID (1:500; eBioscience or Cell Signaling Technology), mAID-2 
(to detect mouse AID; 1:250; eBioscience). Secondary antibodies (all 1:500; 
Invitrogen) were anti–mouse Alexa Fluor 488, anti–rat Alexa Fluor 680, 
anti–rabbit 546, anti–rabbit 680. For Western blot, we used rat mAb anti-
AID (1:1,000; Cell Signaling Technology), rabbit anti-GFP (1:2,000; Invit-
rogen), mouse mAb anti-PCNA (1:3,000; Abcam), rabbit anti-eEF1A 
(1:2,000; Abcam), mouse mAb anti-HSP90 (1:3,000; BD), and rabbit mAb 
anti-Actin (1:3,000; Sigma-Aldrich).

Microscopy and immunofluorescence. HeLa, HEK293, and NIH3T3 
cells were plated on coverslips and transfected using TransIT-LT1 (Mirus) 
according to manufacturer’s instructions. Cells were treated as indicated  
36–48 h after transfection and before fixation. Human Ramos B cells stably 
expressing AID-GFP were described previously (Patenaude et al., 2009). 
Mouse CH12F3 B cells were retrovirally transduced using culture medium of 
HEK293 cells co-transfected with pMXs vectors encoding the protein of in-
terest and vectors encoding VSV-G and GAG-Pol. Virus was attached to 6-well 
plates coated with 0.2 µg/ml Retronectin (Takara) by centrifugation (32°C, 
30 min, 2000 g), cells were layered on top by centrifugation (32°C, 30 min, 
600 g) and cultured for 2 d. Infected cells were sorted for similar levels of 
GFP expression. For GFP visualization, cells were fixed with 3.7% (wt/vol) 

(Patenaude et al., 2009; Häsler et al., 2011), are exposed on 
the surface.

The need for a specific AID conformation for interacting 
with eEF1A is consistent with AID forming a distinct com-
plex with HSP90 (Fig. 4). Because HSP90 does not assist the 
initial folding of proteins but stabilizes metastable conforma-
tions (Young et al., 2004), one straightforward interpretation 
of our data are that this chaperoning pathway facilitates an 
eEF1A-compatible AID conformation (Orthwein et al., 2010, 
2012). Accordingly, inhibiting HSP90 releases mostly unsta-
ble AID that is degraded in the cytoplasm (Orthwein et al., 
2010), thus placing the interaction of AID with HSP90 be-
fore its association to eEF1A during the cellular life cycle of 
AID. This would also explain the slow kinetics of degradation 
of AID after HSP90 inhibition compared with other HSP90 
client proteins in B cells (Orthwein et al., 2010). Indeed, the 
pool of AID in complex with eEF1A is insensitive to HSP90 
inhibitors and stable in the cytoplasm, thereby delaying the 
decay of cellular AID levels observed after HSP90 inhibition.

Our results definitely demonstrate that nuclear export and 
cytoplasmic retention of AID are different mechanisms, as 
they are mediated by different factors and inhibited by differ-
ent drugs. The AID 3D model suggests how this is possible 
despite being mediated by the same very small region of AID. 
The NES is hidden to expose the cytoplasmic retention motif. 
In turn, the E5 region must at some stage adopt an extended 
conformation for interacting with CRM1 (Sun et al., 2013). 
The combined use of DidB or CytA and LMB indicates that 
cytoplasmic retention and nuclear export are complementary 
in excluding endogenous AID from the nucleus. However, 
the data suggest that they are not functionally equivalent be-
cause the eEF1A inhibitors increase CSR whereas the CRM1  
inhibitor does not, despite both similarly augmenting the  
nuclear abundance of AID (Fig. 7 E, and compare Fig. 5 C to 
(Fig. 7 D). Thus AID in complex with eEF1A is competent for 
CSR, as indicated by the increased CSR upon its release by 
DidB. It has been reported that DidB can increase the titer of 
antigen-specific antibodies after immunization (Montgomery 
et al., 1987), suggesting it could work similarly in vivo. It is also 
conceivable that boosting the activity of AID through DidB or 
CytA could be used to sensitize cells expressing AID to DNA 
repair inhibitors (Lamont et al., 2013). In contrast, the AID 
pool that is exported by CRM1 seems unable to perform 
CSR. We cannot rule out that LMB prevents CSR by some 
other means, but it is intriguing that LMB has a smaller effect 
on endogenous AID stability than DidB or CytA (Fig. 7 B). 
We speculate that AID may enter the nucleus in either CSR-
proficient or not-proficient states. The transit of AID through 
the eEF1A complex may promote the association of AID with 
some factors that masks the NES and/or are necessary for its 
function. AID imported without those associated factors would 
be recognized by CRM1 and exported, rather than degraded 
in the nucleus. Other possibilities exist, but our results provide 
a working model to test in future work.

Finally, our findings have implications for the well-established 
observation that the probability of activated B cells to undergo 
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After lysate clarification, GFP immunoprecipitation was performed using the 
MACS GFP isolation kit according to manufacturer’s instructions (Miltenyi 
Biotec), with the exception of washing. For AID-GFP coIP, washing was 
done 3× with 200 µl of wash buffer (20 mM Hepes, pH 7.5, 150 mM NaCl, 
0.1% Triton X-100, and 1× Complete). For GFP-eEF1A1 coIP, washing 
was done 5× with 200 µl of wash buffer (50 mM Tris, pH 7.5, 300 mM KCl, 
12 mM MgCl2, 1% Triton X-100, 1 mM DTT, and 1X Complete). When 
indicated, cells were treated with DMSO, 2.5 µM CHX, 100 nM DidB  
or 1 µM CytA for 4 h before lysis. Elutions and total lysates were ana-
lyzed by Western blot using the Li-Cor Odyssey infrared imaging system 
(Li-COR Biosciences).

Protein stability assays and biochemistry. For endogenous protein sta-
bility, Ramos cells were plated at 0.5 × 106 cells/ml density and treated with 
indicated drugs for 6 h. After drug incubation, cells were counted, and 2 × 
106 cells were harvested, washed with PBS, and lysed directly in SDS-PAGE 
loading buffer. Protein levels were analyzed by Western blot. For GFP-fused 
protein stability assays, the GFP signal in stably transfected Ramos B cells was 
measured by flow cytometry at specific times after the indicated drug treat-
ments, as done previously (Orthwein et al., 2010). Protein expression in 
mouse splenic B cells was measured by Western blot. Protein lysates were 
collected from either resting B cells, or B cells stimulated for 24 or 72 h with 
5 µg/ml LPS and 5 ng/ml IL-4. At least 5 × 106 cells were pelleted, resus-
pended in PBS + 5X complete protease inhibitor cocktail and lysed in NP-
40 lysis buffer [20 mM Tris-HCl pH.8, 137 mM NaCl, 10% glycerol, 2 mM 
EDTA and 1% NP-40] for 30 min on ice. Protein was quantified in clarified 
lysates using a BCA protein assay kit (Thermo Fisher Scientific), and 40 µg 
total protein loaded for each Western blot. Sucrose gradient fractionation 
was done as previously described (Robert et al., 2009) using 20 × 106 Ramos 
B cells. Cells were treated for 2 h with DMSO, 2.5 µM CHX, 100 nM 
DidB, or 1 µM CytA, washed with PBS, then lysed in hypotonic lysis buffer 
(5 mM Tris, pH 7.5, 2.5 mM MgCl2, 1.5 mM KCl, 2 mM DTT, 1% Triton 
X-100 and 0.5% sodium deoxycholate) in the presence of the appropriate 
inhibitor. Cleared lysates were loaded onto a continuous 10–50% sucrose 
gradient column (10% to 50% sucrose, 20 mM Hepes pH 7.6, 100 mM KCl, 
5 mM MgCl2, and 1 mM DTT), and centrifuged at 35,000 rpm for 2 h at 
4°C in a SW41 rotor. Polysomes were visualized and fractionated using a 
fraction collector connected to a UV254 nm detector (ISCO) and 10-drop 
fractions were collected. Proteins from each fraction were then concentrated 
using StrataClean resin (Agilent Technologies) and separated on SDS-PAGE 
gels for analysis by Western blot.

Monitoring AID activity. E. coli rpoB mutation assays were performed 
using the ung BW310 strain expressing 6XHis-AID fusions, as previously 
described (Zahn et al., 2014). SHM activity was assessed in IgM+ DT40 
VL Aicda/ cells (Arakawa et al., 2004) retrovirally complemented with 
AID variants. Fluctuation analysis of IgM phenotype was performed as pre-
viously described (Zahn et al., 2014) using initial populations of 1,000 GFP+ 
IgM+ cells FACS-sorted into 96-well plates and expanded for 15 d in  
24-well plates before staining with anti–chicken IgM-RPE (Southern Biotech) 
and measuring the proportion of GFP+ IgM cells by flow cytometry. CSR 
was measured in resting B cells purified from spleens of C57BL6/J mice 
using MACS anti-CD43 microbeads depletion (Miltenyi Biotech), as de-
scribed (Orthwein et al., 2010). Cells were stained with CFSE (Invitrogen) 
according to manufacturer’s instructions, plated at 106 cells/well in 24-well 
plates, and stimulated with 5 µg/ml LPS and 5 ng/ml IL-4 for IgG1 or 15 µg/ml 
LPS for IgG3. 24 h after stimulation, cells were treated as indicated and ana-
lyzed 48 h later. B cells were stained with biotinylated rat anti–mouse IgG1 
or IgG3 antibody (BD), followed by APC-conjugated anti-biotin antibody 
(Miltenyi Biotec). IgG1 or IgG3, as well as CFSE dilution, were measured by 
flow cytometry on a FACSCalibur (BD), and analyzed on FlowJo. Chromo-
somal translocations were detected by nested PCR amplification of the Igh-cMyc 
fusion chr12 derivative as previously described (Ramiro et al., 2004; Zahn et al., 
2014). PCR products were purified and sequenced at Macrogen using oli-
gonucleotide OJ317.

formaldehyde for 10 min, washed three times with PBS, and nuclei stained 
with propidium iodide (PI). Catfish 1B10 B cells (Miller et al., 1994) were 
cultured at 28°C, cells were electroporated as described (Ellestad and Magor, 
2005), treated for 2 h with EtOH or 50 ng/ml LMB 48 h later, and then 
fixed as above. Fixed cells were cytospun onto microscopy slides and nuclei 
were stained with PI before mounting for imaging. EL1 BL, Daudi, and 
DG75 B cell lymphoma lines were a gift from M. Neuberger (Medical Re-
search Council, London, UK). B cells were kept in suspension at 106 cells/ml 
during treatments, after which they were attached to poly-L lysine (Sigma-
Aldrich)–coated coverslips and processed for IF. Cells were fixed in either 
3.7% formaldehyde (for AID) or 20°C methanol (for GAPDH and HSP90), 
before permeabilization and incubation for 30 min in blocking solution 
(PBS, 0.5% [vol/vol] Triton-X100, 1% [wt/vol] BSA, 5% [vol/vol] goat 
serum). Cells were then stained overnight at 4°C in blocking solution con-
taining primary antibodies followed by 3 washes with 0.01% Triton X-100 
PBS (PBS-T) and a 1-h incubation with secondary antibody in blocking  
solution and 3 PBS-T washes.

Specific AID signal in IF was confirmed using DG75 and unstimulated 
CH12F3 cells. The ability of anti-AID antibodies to detect nuclear AID was 
confirmed using LMB-treated AID-GFP Ramos B cells. The results were 
identical with the three different anti-AID antibodies listed above. After  
nuclear staining with either PI or Dapi (300 nM in PBS), coverslips were 
washed with ddH2O and mounted on slides using Lerner Aqua-Mount 
(Thermo Fisher Scientific). Images were acquired at room temperature using 
ZEN 2010 on either a Zeiss LSM 510, or LSM 700 confocal microscope 
with excitation lasers at 405 nM (DAPI), 488 nM (EGFP and Alexa Fluor 
488), 543 nM (PI and Alexa Fluor 546), and 633 nM (Alexa Fluor 633, 
Alexa Fluor 680), using either 40×/1.3 or 63×/1.4 oil immersion objectives, 
and collected with a Hamamatsu PMT. Subcellular localization of fluor-
escent signal in HeLa, 293T, and NIH3T3 cells was scored using ImageJ 
(National Institutes of Health, Bethesda, MD). In ImageJ, we quantified the 
proportion of nuclear signal intensity using the profile tool to calculate the 
mean GFP fluorescence signal across the nucleus (i.e., overlapping with PI 
signal) over the total mean fluorescence signal along the line for multiple 
cells. In Volocity (Perkin Elmer), for each individual cell, we made masks for 
nuclear and total GFP or IF signal. The proportion of nuclear signal was cal-
culated as the ratio of nuclear signal/total signal × 100. For each experiment, 
multiple fields were analyzed for subcellular localization. Cells showing satu-
rated signal, abnormal DNA structure, or mitotic figures were excluded. For 
making figures, images were transferred to Photoshop for adjusting con-
trast throughout the whole image when necessary to enhance visibility and 
for cropping.

Structural modeling. We generated a structural model of the core domain 
of AID using the Rosetta suite (version: rosetta_2013wk51) and APOBEC3C 
(PDB ID 3VOW) as template by comparative homology modeling. To sys-
tematically sample suitable positions of the C-terminal tail of AID, we gen-
erated 20,000 models using the core domain as a rigid seed and the E5 was 
sampled with fragments of 9, 3, and 1 residues. All models were evaluated by 
the Rosetta energy score and the top-ranking ones were clustered using VMD 
(Humphrey et al., 1996), eventually selecting the most populated ones. Whereas 
human and mouse models resulted in one major cluster, zebrafish displayed 
three isoenergetic groups, one of them being equivalent to the major cluster 
found in the other two species.

coIP. For AID-GFP coIP, HEK293 cells were transiently transfected with 
APOBEC/AID-GFP constructs using CaPO4 precipitation 48 h before lysis. 
Cells were lysed for 30 min on ice in lysis buffer (20 mM Hepes pH 7.5,  
150 mM NaCl, 10% glycerol, 0.2% Triton X-100, 1× Complete protease 
inhibitor cocktail (Roche) and 2x HALT protease and phosphatase inhibitor 
cocktail (Thermo)]. For GFP-eEF1A1 coIP, HeLa cells were transiently 
transfected with AID and GFP or GFP-eEF1A1 using TransIT-LT1 48 h 
before lysis. Cells were lysed for 10 min on ice in lysis buffer (5 mM Tris, 
pH 7.5, 1.5 mM KCl, 2.5 mM MgCl2, 0.1% Triton X-100, 0.1% Na deoxy-
cholate, 1 mM DTT, 40 U/ml RNaseIN [Promega], and 2× Complete). 
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