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Enzymes of the AID/APOBEC family, characterized by the
targeted deamination of cytosine to generate uracil within
DNA, mediate numerous critical immune responses. One
family member, activation-induced cytidine deaminase (AID),
selectively introduces uracil into antibody variable and switch
regions, promoting antibody diversity through somatic hyper-
mutation or class switching. Other family members, including
APOBEC3F and APOBEC3G, play an important role in retrovi-
ral defense by acting on viral reverse transcripts. These enzymes
are distinguished from one another by targeting cytosine within
different DNA sequence contexts; however, the reason for these
differences is not known. Here, we report the identification of a
recognition loop of 9-11 amino acids that contributes signifi-
cantly to the distinct sequence motifs of individual family mem-
bers. When this recognition loop is grafted from the donor
APOBECS3F or 3G proteins into the acceptor scaffold of AID, the
mutational signature of AID changes toward that of the donor
proteins. These loop-graft mutants of AID provide useful tools
for dissecting the biological impact of DNA sequence prefer-
ences upon generation of antibody diversity, and the results
have implications for the evolution and specialization of the
AID/APOBEC family.

The polynucleotide cytosine deaminases have been iden-
tified as key contributors to both the adaptive and innate
immune responses to pathogens. This enzyme family includes
activation-induced cytidine deaminase (AID),” which initiates
antibody diversification, and the APOBEC3 enzymes, which
inhibit retroviral infection (1, 2). Although the enzymes share a
common chemical mechanism for catalyzing the deamination
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of cytosine to generate mutagenic uracil within DNA, they
have distinct biological functions based on differences in their
expression, localization, and DNA sequence specificity (2, 3).

AID is a B-cell-specific enzyme whose catalytic action on
mammalian antibody genes initiates somatic hypermutation
and class switch recombination (4, 5). The uracil deamination
product is processed by familiar DNA repair proteins, including
uracil DNA N-glycosylase (UNG) and mismatch repair en-
zymes. However, the cellular environment within activated
B-cells promotes mutagenic processing by these pathways,
resulting in point mutations that ultimately enhance antibody
affinity in somatic hypermutation or promote clustered dou-
ble-strand breaks that alter antibody isotype in class switch
recombination (6, 7).

The activity of AID is restricted to relatively small 3-kb
regions within the immunoglobulin locus around rearranged
variable genes and heavy chain switch regions. Within these
regions, the targeting of AID is partially dictated by its DNA
sequence preferences. For example, it has been noted that the
mutable complementarity determining regions from variable
gene segments have an abundance of AGC codons as compared
with adjacent framework regions that function in stabilizing
antibody structure (8). In vivo, somatic hypermutation is
focused on WRCW (W = A/T, R = A/G) motifs in variable and
switch regions (9—11). Biochemical assays with heterologously
expressed AID have confirmed that this mutational footprint
reflects the inherent sequence preferences of AID for deamina-
tion within WRC motifs (12—14).

In contrast to AID, members of the APOBEC3 subfamily
have evolved to function in the innate immune response (15). In
the case of HIV, a significant number of hypermutated viral
sequences can be found in infected patients, with viral genomes
showing a high frequency of G — A substitutions within two
sequence motifs, GA and GG (16). The family members
APOBEC3F and APOBEC3G preferentially target TC and CC
motifs, respectively, within viral cDNA following reverse tran-
scription, accounting for the observed mutational spectrum in
the HIV genome (17-19). APOBEC3F and -3G both contain
duplicated deaminase domains, with sequence preference and
catalytic activity attributed to the C-terminal domain (20, 21).
Controversy exists over the protective mechanisms used by
APOBECS3 family members, as antiviral activity can be dissoci-
ated from deamination (22). However, sequence specificity of
the APOBEC family is thought to be significant for antiviral
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effects, as almost all of the viral open reading frames in the
hypermutated HIV genomes contain mutations that lead to
premature termination (18).

Despite the fact that these distinguishing sequence prefer-
ences are important for activity, the enzymatic determinants of
sequence targeting have not been elucidated. Here, we report
that a protein loop in the AID/APOBEC family is a key contrib-
utor to the unique sequence preferences of individual family
members. Grafting the loop from the antiviral deaminases
APOBECS3F or -3G into the AID scaffold alters hot spot selec-
tivity toward that of the two donor enzymes. These constructs
reveal the modular nature of substrate recognition and provide
biochemical tools to probe the importance of sequence speci-
ficity in the physiologic function of this important enzyme
family.

EXPERIMENTAL PROCEDURES

Cloning of AID and Loop Variants—A synthetic gene encod-
ing Escherichia coli codon-optimized AID was synthesized by
GenScript and cloning oligonucleotides were obtained from
Integrated DNA Technologies (supplemental Table S1). The
AID construct was cloned downstream of an N-terminal mal-
tose-binding protein (MBP) sequence. Expression plasmids for
the loop variants and C-terminal truncations of AID were gen-
erated through a multistep PCR-based procedure (supplemen-
tal Fig. S1).

Protein Expression and Purification—Expression vectors
were transformed into BL21(DE3)-Star E. coli (Novagen) in the
presence or absence of a trigger factor expression plasmid (gen-
erously provided by LiChung Ma and Gaetano T. Montelione,
Rutgers University). For protein production, 600-ml cultures
were grown to an A, of 0.6 at 37 °C. Cultures were shifted to
16 °C for 16 h after induction with 1 mm isopropyl 1-thio-B-b-
galactopyranoside. The pelleted cells were resuspended in 50
mM Tris-Cl (pH 7.5), 150 mm NaCl, 10% glycerol (wash buffer)
and lysed through a microfluidizer. The soluble fraction, fil-
tered after high-speed centrifugation, was incubated with 3 ml
of amylose resin (New England Biolabs) for 2h at 4 °C. The resin
was washed extensively prior to elution with wash buffer plus
10 mMm maltose. For small scale analysis, 1 ml of culture was
processed with BugBuster reagent (Novagen) into soluble and
insoluble fractions.

Deamination Assay on Oligonucleotide Substrates—Unla-
beled 60-mer oligonucleotide substrates (S60-XXC) contained
a solitary C at position 24 and differed only at the —1 and —2
positions relative to the target cytosine (for full sequences see
supplemental Table S1). Variants for XX include all 16 permu-
tations of A, G, T, or 5-methyldeoxycytosine (mC). 20-ul assays
were carried out in 20 mwm Tris-Cl (pH 8.0), 30 mMm NaCl, 1 mm
dithiothreitol, 5 mm EDTA. Substrate (1 uMm) was incubated
with no enzyme or 0.5-3 ug of enzyme and 2.5 units of UNG
(New England Biolabs) for 2—12 h at 30 °C, then heated to 95 °C
for 20 min. Abasic sites were cleaved by addition of 10 mm
magnesium acetate and incubation with human apurinic-apyri-
midinic endonuclease 1 (APE), purified as previously described
(23), for 2 h at 37 °C, along with RNase A (0.2 ug) to degrade
contaminating RNA from the enzyme purification. Samples
were run on a 20% acrylamide/Tris-borate-EDTA/urea gel.
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Gels were stained with SybrGold (Invitrogen) and imaged using
UV transillumination. A standard titration curve with a uracil-
containing product control (S60-AGU) was run on each gel and
used to quantify product formation. Sequence preference pro-
files were generated by a two-step calculation. First, the product
formation was averaged for all sequences that contain the same
nucleotide at either the —1 or —2 positions. For example, P60-
XAC (the average product formation for the S60-XAC sub-
strates) was calculated by averaging product formation with
S60-AAC, -mCAC, -GAC, and -TAC. Next, the probability of
deamination for each nucleotide at the —1 or —2 positions was
calculated relative to other nucleotide variants. For example,
the percent preference for A at —1 was calculated as (P60-XAC/
(P60-XAC + P60-XmCC + P60-XGC + P60-XTC)) X 100.
The in vivo sequence preference profiles for AID are taken from
sequencing data on the ung™'~, msh2~'~ mice as previously
reported and interpreted (12, 24). The mutational sequence
preference profile for APOBEC3F and APOBEC3G are derived
from the previously reported mutagenesis patterns on the ret-
rovirus Moloney leukemia virus, which packages APOBEC3
molecules in an analogous manner to HIV (20).

Sequence Preferences Determined by Rifampin Mutagenesis
Assay—A synthetic gene for uracil DNA-glycosylase inhibitor
was obtained from GenScript and cloned into the Sphl/AvrII-
digested plasmid pETcoco-2 (Novagen). The plasmid was
transformed into BL21(DE3)-pLysS (Novagen) cells followed
by pET41 control plasmid or enzyme expression plasmids. A
saturated culture derived from a single colony was diluted to
Agoo 0f 0.15. After growth for 1 h at 37 °C, the log-phase culture
was induced with 1 mwm isopropyl 1-thio-B-p-galactopyrano-
side. After 4 h, an aliquot was plated on LB-agar containing
rifampin (100 pug/ml, Sigma) and LB with selection antibiotics to
determine total cell density. The mutagenesis frequencies were
calculated by the ratio of rifampin-resistant colonies divided by the
total cell population. Single colonies were subjected to colony
PCR, and rpoB mutations that conferred rifampin resistance were
determined by well established protocols (25).

RESULTS

Identification of a Potential DNA Sequence Recognition Loop—
Although recent structures of the C-terminal catalytic domain
of APOBEC3G have increased our understanding of the overall
enzymatic-fold, there are currently no structures of a polynu-
cleotide cytosine deaminase bound to nucleic acid to elucidate
how hot spot sequences are recognized (26, 27). To overcome
this limitation, we examined the more distantly related struc-
ture of RNA-bound TadA, an adenosine deaminase that gener-
ates the universal base inosine at the wobble position of
tRNAA'€ (28). Alignment of the unliganded APOBEC3G struc-
ture with TadA suggested that aloop between the 34 strand and
the o4 helix is poised to interact with the sequence 5’ to the
deamination target (Fig. 14) (2, 27). Although flanked on either
side by highly conserved amino acid residues, this loop itself
is poorly conserved between family members, supporting a
potential role in specific substrate recognition (Fig. 1B). In
prior studies, site-directed mutations have also suggested
subtle shifts in specificity that point to this loop. For exam-
ple, the D311Y mutation of APOBEC3F modestly increased
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FIGURE 1. A protein loop in the AID/APOBEC family is poised for potential interactions with target DNA. A, a role for the hot spot recognition loop.
Unliganded APOBEC3G (Protein Data Bank code 3E1U) and the RNA-bound TadA (Protein Data Bank code 2B3J) structures were aligned by the Dali server (43).
The structure shown is APOBEC3G with the aligned TadA RNA substrate. The structure suggests a role for a loop (red) in recognition of the nucleotides (—1
position in green) upstream of the deamination target (*). B, alignment of AID/APOBEC family members. An area downstream from the catalytic residues is
shown in partial sequence alignment. The structural loop noted in A is poorly conserved (red box) and flanked by highly conserved sequences. AID and the
C-terminal catalytic domains of APOBEC3F and -3G are shown schematically with their distinct sequence preferences noted. The active site residues are
upstream from this loop and AID residue numbering is noted. The loop variants were constructed by replacing the highlighted loop from AID with that from
APOBEC3F (AID-3FL) or APOBEC3G (AID-3GL) and their sequence preferences investigated in this work.

deamination of normally disfavored sequences with A at the
—1 position (20). Similarly, the D316R/D317R double
mutant of APOBEC3G increased deamination of the off-tar-
get cytosines at the —1 or —2 positions in the preferred CCC
motif of APOBEC3G (27).

To examine the role of this loop in substrate specificity, we
aimed to construct AID mutants where the peptide sequence from
Leu'"? to Pro'*® was directly replaced with the corresponding
loops from the catalytic domains of APOBEC3F or APOBEC3G
(Fig. 1B). These enzymes were selected based on their distinct
sequence preferences relative to AID that allow for evaluation of
the proposal that loop graft mutants of AID may alter sequence
preferences in a predictable manner (19-21, 29, 30).

High Level Expression System for AID—Biochemical charac-
terization of AID has been hampered by difficulties in obtaining
large amounts of soluble enzyme from either native B-cell
sources or heterologous expression systems (6). To facilitate
evaluation of AID and loop graft mutants, we first aimed to
develop a facile route to large amounts of soluble, active protein
from bacterial cultures. Through screening of multiple fusion
constructs, we found that an N-terminal fusion of MBP to AID
yielded some encouraging expression of soluble proteins (Fig.
2A). Then, based on the hypothesis that a potentially poorly
structured C-terminal region of AID may contribute to its
insolubility, we deleted residues 182—198. C-terminal trunca-
tion was expected to be non-perturbing based on prior obser-
vations that truncation resulted in higher in vivo mutagenesis
rates, as well as the lack of conservation of this sequence within
the larger APOBEC family (31). Indeed we found that soluble
expression increased with MBP-AID-AC (hereafter AID-WT)
and that the catalytic activity was enhanced about 3-fold over
the full-length protein (supplemental Fig. S2). Finally, we found
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that co-expression of the ribosome-associating chaperone trig-
ger factor produced soluble protein in high yield (~10 mg/liter)
upon purification by amylose resin affinity chromatography
(Fig. 24).

AID-WT Prefers to Deaminate WRC Hot Spot Sequences—To
examine the sequence preferences of the new AID-WT con-
struct, we assayed an array of substrates with a single cytosine
and variations at the —1 and —2 positions immediately 5’ to the
target cytosine (Fig. 2B). The assay is based on the notion that
AID-catalyzed deamination generates uracil, which can be
excised by UNG. The abasic product is then nicked by APE to
cleave the DNA phosphate backbone and generate two product
fragments of different lengths. The array includes substrates
with an XXC sequence where X = A, G, or T or mC. mC serves
as a surrogate for cytosine recognition at these positions, as
competing cytosines would be potential sites for deamination,
thereby complicating the analysis. In contrast, it has been pre-
viously shown that mC s a poor substrate for AID, and if a small
amount of deamination were to occur at the mCsites, the prod-
uct (T) would not be a substrate for UNG (32). The assay there-
fore cleanly reports on deamination of the single cytosine in the
S60-XXC oligonucleotide substrates.

To quantify the sequence preferences of AID-WT, we car-
ried out multiple replicates of the assay under fixed enzyme and
substrate conditions where product formation was approxi-
mately =35% for all substrates. As expected, incubation of
AID-WT with the substrate array resulted in preferential
deamination of substrates containing A or T at the —2 position,
with selection against mC and G (Fig. 2C). At the —1 position, a
slight preference of G over A, discrimination against T, and
strong selection against mC, was observed. Thus, in vitro
sequence specificity of the truncated AID protein with an MBP
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FIGURE 2. AID-WT targets deamination to WRC hot spot sequences. A, expression of soluble AID-WT. 1-ml
cultures from full-length MBP-AID, the C-terminal truncation (MBP-AID-AC or AID-WT), and co-expression with
the chaperone trigger factor (TF) were separated into soluble (S) and insoluble (/S) fractions demonstrating
progressively increasing soluble expression. The elution from the amylose affinity resin is shown (E). B, oligo-
nucleotide deamination assay. An array of substrates (S60-XXC) with a single substrate cytosine in a 60-mer
single-strand DNA are incubated with AID-WT and UNG. The substrates include variations where the —1 (X~ )
or —2 positions (X 2) are A, G, or T or mC. The resulting abasic sites (") are cleaved with the endonuclease APE,
giving P24 and P36 products. C, AID-WT prefers WRC hot spot sequences. 1 um substrate was incubated with 1
g of AID-WT (or no enzyme control) for 3 h. The P24/P36 products generated by UNG and APE treatments
were detected on a denaturing gel by staining with SybrGold. S60-AGU serves as a product control for the

activity of UNG and APE and as a size standard.

tag is similar to that previously reported for full-length AID
constructs (14, 33).

The in vitro sequence preferences of AID-WT also recapitu-
late the observed hypermutation sequence preferences derived
from in vivo data. In vivo sequence preferences of AID were
previously obtained through genetic studies by knocking out
both the base excision repair enzyme UNG and the mismatch
repair enzyme MSH2 with the aim of preventing AID-gener-
ated uracil from being processed by downstream repair path-
ways. Accordingly, the mutational spectrum of the immuno-
globulin variable regions of B-cells from ung ™/~ , msh2~'~ mice
reflects the in vivo sequence preferences for AID-catalyzed
deamination (Fig. 34) (12, 24). By measuring deamination effi-
ciency of AID-WT with individual members of our substrate
array, we constructed an analogous in vitro sequence prefer-
ence activity profile for AID-WT and compared it with the in
vivo profile (Fig. 34). The two profiles are very similar, with
clear preservation of the WRC sequence preference. Of inter-
est, mC appears to be an excellent surrogate for C at the —2
position and a good surrogate at the —1 position, as judged by
similar activity profiles derived from in vivo experiments with C
and the in vitro system that used mC.

Construction and Expression of Loop Graft Mutants—Clon-
ing of the loop variants was achieved by overlap extension
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To examine sequence preferences,
we assayed the enzymes for deami-
nation of the S60-XXC substrate
array. Qualitative differences be-
tween the loop variants are easily
observed under high turnover con-
ditions (supplemental Fig. S4). To
allow for quantitative comparisons
using the substrate array, each of
the three enzymes were assayed
using a fixed concentration of substrate (1 um) and enzyme
(1 pg) under conditions where product formation was =35%
to approximate the initial rate conditions (Fig. 3). The
reported values in Fig. 3 are averages from three to five rep-
licate measurements.

Loop grafting in AID-3FL and AID-3GL did not significantly
compromise enzymatic activity. This conclusion is supported
by the observation that AID-WT activity against its best sub-
strate (S60-AGC) is equivalent to the activity of AID-3FL
against its best substrate (S60-TGC). This indicates that the
specificity and not the overall activity of AID-3FL has been
altered relative to AID-WT. Similarly, AID-3GL is 6.5-fold
more active with its preferred substrate (S60-mCmCC) as com-
pared with AID-WT with the same substrate, even though the
maximal activity of AID-3GL is about one-third of AID-WT
with its preferred substrate. Thus, loop grafting in AID-3GL
results in a more selective, albeit slightly less active enzyme.
Notably, the sequence preference profiles are unlikely to be
affected by modest differences in activity, as these comparisons
involve the same enzyme acting on different substrates in the
S60-XXC array.

As compared with AID-WT, significant changes in sequence
preferences for deamination were introduced by the AID-3FL
and AID-3GL loop swaps, and these preferences mimic those
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FIGURE 3. Grafting of a loop from APOBEC enzymes onto AID results in predictable shifts in sequence preference profiles. A, product formation with
AID-WT correlates with in vivo sequence preferences. B, loop grafting in AID-3FL, and C, AID-3GL alter sequence preferences. For each condition, 1 um S60-XXC
substrate was subjected to 1 ug of enzyme for 3 h under assay conditions. The products from 3 to 5 replicates of each condition were quantified and the
average values for % product formation are shown for AID-WT, AID-3FL, and AID-3GL. The best substrates for each construct are shown in bold italics. The
detection limit of the assay is =1%. For substrates with 2-5% conversion to product, standard deviation was 1-2%; for 6-10% conversion, standard deviation
was 2-3%; for 11-20% conversion, standard deviation was 5-10%; for 21-33% conversion, standard deviation was 6 —11%. The data were used to construct the
sequence preference profile for AID-WT and the loop graft variants. The in vivo deamination sequence preferences are shown for comparison. These values are
derived from previously reported sequences of variable regions of B-cells mutated in ung~/~, msh2~/~ mice for AID (12, 24) or from the reported sequencing

of hypermutated retroviral genomes for APOBEC3F and APOBEC3G (20).

inferred from hypermutated retroviral genomes (Fig. 3, B and
C) (20). For AID-3FL, S60-TGC was the best substrate, accu-
rately reflecting the preference of APOBEC3F for T at the —2
position. The shifts to APOBEC3F-like preferences were also
extended to the —1 position. For instance, AID-3FL shows a
>2-fold increase in its preference for a —1 T and a >5-fold
selection against —1 A relative to AID-WT, which mimics the
preferences of APOBEC3F that have been surmised from anal-
yses of hypermutated retroviral genomes (19 -21).

The AID-3GL loop swap negated the classic AID substrate
preference, in agreement with poor recognition of WRC
sequences by APOBEC3G (Fig. 3C) (20, 29, 30). As compared
with AID-WT, the overall preference for a —1 mC increased
more than 9-fold with AID-3GL, in line with the preference of
APOBEC3G. At the —2 position, where selectivity is less strin-
gent with the entire AID/APOBEC family members, a modest
~1.5-fold increase in deamination of mC containing substrates
was observed with AID-3GL relative to AID-WT. Thus, the
AID-3GL loop swap recapitulates the two main sequences tar-
geting attributes of APOBEC3G: its preference for the CCC
sequence and its discrimination against the WRC sequence
preferred by AID-WT.

Loop Grafting Alters Mutational Hot Spot Targeting in E. coli—
To further explore the changes in sequence preferences, we
examined the mutagenesis patterns using a rifampin-based
mutagenesis assay in E. coli (25). Rifampin resistance is con-
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ferred by a limited number of C/G — T/A transition mutations
in a small portion of the RNA polymerase gene, rpoB. These
mutations occur in various trinucleotide sequence contexts.
Prior studies have established that each deaminase family
member has a distinctive mutational spectrum based on their
individual hot spot preferences, which provides a second sys-
tem to validate the observed shifts in sequence preference (20,
21, 25, 30). The assay takes advantage of the potent protein,
uracil DNA-glycosylase inhibitor, to prevent repair of uracil
lesions. C/G — T/A transition mutations therefore persist and
can be located by sequencing individual rifampin-resistant
colonies.

Expression of AID-W'T, AID-3FL, or AID-3GL results in a
6—20-fold increase in the frequency of mutations resulting in
rifampin resistance in E. coli (Fig. 4A). Sequencing of rpoB from
rifampin-resistant clones established that the in vitro sequence
preferences extended to the intracellular environment, where
potentially competitive DNA binding sequences could have
attenuated the expected results. For all resistant clones, only a
single mutation was observed within the sequenced portion of
rpoB, and all were known mutations that confer rifampin resist-
ance (25). The mutations on the coding strand were exclusively
C — T or G — A, and therefore attributable to replication over
unrepaired uracil introduced by the deaminase on either the
coding or non-coding strands. For AID-WT, 84% of rifampin
mutations were G1586 to A transitions, which can result from a
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FIGURE 4. Loop graft variants alter the mutational targeting conferring
resistance to rifampin in E. coli. A, induction of a mutator phenotype in
E. coli. Expression of AID or loop variants along with the uracil DNA glyco-
sylase inhibitor leads to an increase in rifampin resistance. The mutagenesis
frequency was calculated based on the number of rifampin-resistant colonies
per total cells. Shown are the data for eight individual experiments (+) for
each expression plasmid. The average mutagenesis frequency is shown with
the gray bar graph. The ratio of mutagenesis frequency with AID-WT, AID-3FL,
or AID-3GL over the control pET41 plasmid are listed below the plot. B, loop
variants have an altered mutational spectrum. The rpoB gene from individual
colonies was sequenced to determine the mutation spectrum generated by
each enzyme. The total number of sequences obtained were: AID-WT (43),
AID-3FL (43), and AID-3GL (36). The mutated position of the rpoB gene is
shown, along with the surrounding trinucleotide sequence targeted for
deamination with the deaminated cytosine underlined. The plot reports on
the frequency of mutation at all detected positions demonstrating the alter-
ation in mutational targeting by AID-3FL and AID-3GL.

non-coding strand C — T mutation within an ATC trinucle-
otide sequence (Fig. 4B). Notably, this is the only locus within
the rpoB gene where a C — T mutation at a canonical WRC hot
spot has been shown to result in rifampin resistance in wild-
type E. coli. For AID-3FL, a new mutational spectrum was seen,
with many of the new deamination sites containing T at the —1
position, which is the same preference observed in the in vivo
studies (Fig. 4B). Remarkably, the most preferred site for muta-
tion by the loop variant AID-3FL was C1576 (30% frequency),
which has been previously reported as the preferred site of
deamination by APOBEC3F with identical frequency (19). For
AID-3GL, more than 40% of the mutations occurred at CCC
locus C1691, which has been previously established as the pre-
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ferred site of deamination for APOBEC3G (30, 34). This pref-
erence contrasts significantly with AID-WT, where <3% of
mutations were observed at this site. Thus, the predicted shift
in preferences for both loop-grafted AID variants extend to an
in vivo environment.

DISCUSSION

This work identifies a recognition loop that significantly
accounts for the different substrate sequence preferences in the
AID/APOBEC family. These studies were facilitated by an
improved protein expression system that yielded large amounts
of soluble AID, expressed as N-terminal MBP fusion and
C-terminal truncation. Importantly, this construct exhibits
improved activity relative to the full-length protein and the
same hot spot preferences seen in B-cells or with heterolo-
gously expressed full-length enzyme (12-14, 35).

The hot spot recognition sequence of AID, and its degree of
specificity for this sequence, would be expected to reflect an
evolutionary balance between multiple potentially competing
requirements. The requirement to generate a broad range of
amino acid changes by somatic hypermutation would select
for a certain degree of promiscuity in the selectivity of AID.
In this regard, deaminated products can be detected for all
S60-XXC substrate sequences, which would tend to enhance
diversification of target sequences. Class switch recombina-
tion has different requirements, where clustering of specific
AID target motifs could result in recombinogenic double-
strand breaks. High activity of AID on WGC sequences and
the prevalence of WGCW in switch regions are also consist-
ent with this requirement.

A significant unanswered question in the understanding of
the generation of antibody diversity by AID is the mechanism
by which the enzyme is targeted. Targeting occurs at multiple
levels. Globally, AID must target the immunoglobulin locus,
because aberrant global targeting could result in oncogenic
lesions (36, 37). Upon finding the immunoglobulin locus, AID
must then be preferentially localized to the variable regions to
promote somatic hypermutation and to the heavy chain switch
regions to yield class switch recombination. Within these
regions, AID further selects its hot spot WRCW sequences,
preferentially promoting productive mutations within the anti-
gen complementarity determining regions over structurally
essential framework regions.

In exploring these layers of targeting, our work serves as a
basis for understanding how AID can achieve sequence level
targeting and demonstrates the utility of loop swapping in
manipulating sequence preferences. Examination of related
enzyme structures led us to postulate that a loop region with
poor sequence conservation in the AID/APOBEC family might
play a role in DNA sequence recognition. The loop is enriched
for aromatic, acidic, and basic side chains, which make it a
potential source of base stacking and hydrogen bonding inter-
actions that could contribute to sequence specificity. Flexible
loops often play useful roles in the recognition of macromole-
cules (38). Indeed, antibody molecules themselves exploit the
flexibility of protein loops to make diverse antigen recognition
pockets (39). As compared with random point mutagenesis,
loop grafting has several advantages. Grafting potentially pre-
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serves subtle geometric constraints important for binding,
accommodates differences in loop sizes, and allows for the
directed evaluation of a specific hypothesis, namely that a large
part of the individual specificities of these enzymes are encoded
in their unique loop architectures.

The discovery that a recognition loop can be grafted from
APOBEC family members to AID and confer altered specificity
has implications for the evolution of this enzyme family (40).
The APOBEC enzymes have undergone rapid gene expansion
in higher mammals and exhibit one of the strongest positive
selection signals in the human genome, which suggests an
essential and growing role for these enzymes in pathogen
defense (15, 41). The apparently modular nature of the APO-
BEC family, with segregation of hot spot recognition from the
deaminase catalytic core, would offer an elegant strategy for
rapid evolution of sequence specificities that are tailored to
their individual niches in the immune response to foreign anti-
gens and retroviruses. To further evaluate the generality of loop
swaps in the AID/APOBEC family, it will be interesting to see if
reciprocal loop swaps, introducing foreign loops into an APO-
BEC3 scaffold, will alter deamination specificity. This could
potentially be pursued by in vivo analysis of loop graft variants
acting on retroviral genomes given that in vitro characteriza-
tion in the AID/APOBEC family often presents potentially sig-
nificant biochemical challenges (6).

These loop variants provide potentially useful biochemical
tools for addressing the importance of sequence specificity in
the individual cellular functions of AID/APOBEC family mem-
bers. The growing enzyme family has clear evidence of special-
ization. For instance, APOBEC3G and APOBEC3F are able to
counteract HIV, whereas many of the other APOBEC enzymes
cannot, and APOBECI1 cannot compensate for AID deficiency
in B-cells (3, 42). It is unclear if these restricted activities are
related to enzymatic sequence preferences. These catalyti-
cally competent variants with altered specificities provide
valuable tools to now explore the contribution of sequence
specificity to antibody diversity, improper gene targeting,
and antiviral defense.
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