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Background: HIGM-2 syndrome results from mutations spanning AID.
Results: AID mutations are characterized biochemically and analyzed using a surrogate Apo3G structure.
Conclusion: Catalytically active mutants retain salient enzymatic properties of WT AID; catalytically inactive mutants retain
salient ssDNA binding properties of WT AID.
Significance:We identify four structural classes of mutants and discuss the catalytic consequences of each mutation.

Hyper-IgM syndrome type 2 stems frommutations in activa-
tion-induced deoxycytidine deaminase (AID) that abolish
immunoglobulin class-switch recombination, causing an accu-
mulation of IgM and absence of IgG, IgA, and IgE isotypes.
Although hyper-IgM syndrome type 2 is rare, the 23 missense
mutations identified in humans span almost the entire gene for
AID resulting in a recessive phenotype. Using high resolution
x-ray structures forApo3G-CD2as a surrogate forAID,we iden-
tify three classes of missense mutants as follows: catalysis (class
I), substrate interaction (class II), and structural integrity (class
III). Each mutant was expressed and purified from insect cells
and compared biochemically to wild type (WT) AID. Four point
mutants retained catalytic activity at 1/3rd to 1/200th the level
ofWTAID. These “active” pointmutantsmimic the behavior of
WTAID for motif recognition specificity, deamination spectra,
and high deamination processivity. We constructed a series of
C-terminal deletion mutants (class IV) that retain catalytic
activity and processivity for deletions <18 amino acids, with
�C10 and �C15 having 2–3-fold higher specific activities than
WT AID. Deleting 19 C-terminal amino acids inactivates AID.
WT AID and active and inactive point mutants bind coopera-
tively to single-stranded DNA (Hill coefficients �1.7–3.2) with
microscopic dissociation constant values (KA) ranging between
10 and 250 nM. Active C-terminal deletionmutants bind single-
stranded DNA noncooperatively with KA values similar to wild
type AID. A structural analysis is presented that shows how
localized defects in different regions of AID can contribute to
loss of catalytic function.

Hyper-IgM syndrome type 2 (HIGM-2)2 is a genetic disorder
caused by mutations in AID, a B-cell-specific protein (1–3).

AIDpossessesC3Udeamination activity preferentially target-
ing WRC (W � (A/T); R � purine) hot spot motifs on ssDNA
and transcribed dsDNA (4–6). In activated B-cells, AID acts at
the variable (V) and switch regions of Ig genes initiating two
tightly regulatedmechanisms of Ab diversification, class switch
recombination (CSR), and somatic hypermutation (SHM)
(7–9). CSR produces Abs of isotypes IgG, IgA, and IgE by
region-specific recombination during which the Ig heavy C�

exon of IgM is exchanged for a downstreamC exon, such as C�,
C�, or C� (9). SHMgenerates pointmutations in V regions at an
extremely high rate of 10�3 to 10�4 per cell division, resulting in
the production of Abs with high affinity for antigen (8).
Clinical studies of families with HIGM-2 syndrome showed

that the affected individuals usually have normal or elevated
serum levels of IgM but low serum levels of IgG, IgA, and IgE,
suggesting a common deficiency in CSR (1–3). To date, at least
39 different naturally occurringAIDmutations have been iden-
tified in HIGM-2 patients (10–12). Although many mutations
are nonsense or deletions, 23 missense HIGM-2 mutations
were found at 20 distinct AID loci (Fig. 1). In most cases,
HIGM-2 mutations are autosomal recessive, and the patients
exhibit deficiency in both CSR and SHM (1–3, 13). A rare auto-
somal dominant form of HIGM-2 has been described for sev-
eral patients who appeared to have defective CSR but not SHM
(3, 14). Two patients with a dominant form ofHIGM-2 had loss
of 9 or 17 C-terminal amino acids (14). Clinical features of nat-
urally occurring HIGM AID mutations have been well charac-
terized (1–3, 13). In contrast, except for nonsense and deletion
HIGM-2 mutations that lead to the production of truncated
proteins, and for AIDmutations in the C-deaminase active site,
the underlying biochemical causes of HIGM-2 missense muta-
tions have not been studied.
AID belongs to the APOBEC family of cytidine and deoxycy-

tidine deaminases with diverse cellular functions, including the
regulation of adaptive and innate immunity and themodulation
of protein expression (15). High resolution structures of the
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deaminase domain of APOBEC enzymes have been determined
for Apo2 (16) and for theC-terminal catalytic domain (CD2) of
Apo3G (17–20). Overall, these structures showed a highly
conserved deaminase domain with a five-stranded �-sheet
core flanked by six �-helices (Fig. 1). Alignment of AID to the
Apo2 and the CD2 domain of Apo3G showed that missense
HIGM-2 mutations are distributed throughout AID without
concentrating in any specific region of the protein (Fig. 1). We
have identified three classes of missense mutants, “catalysis”
(class I), “substrate interaction” (class II), and “structural integ-
rity” (class III). C-terminal deletions (class IV) are grouped
separately.
In this study, we provide a biochemical characterization of

HIGM-2missense and C-terminal deletion AIDmutants.Most
HIGM-2 missense mutations abolish AID activity, but four
retain partial C deamination activity. The partially active
mutants are compared with WT AID in terms of deamination
motif specificity, mutation spectra, ssDNA binding, and pro-
cessivity (5, 21). The C-terminal region of AID, which is needed
to bind cofactors essential for class switching (22), has not been
studied systematically to determine its contribution to func-
tionality. We have measured AID deamination activity for a
series of C-terminal deletionmutants to determine theminimal
number of amino acids required for AID to remain active. We
investigate each of the HIGM-2 point mutants and C-terminal
deletions using the Apo3G-CD2 structure (17) to infer how
localized structural defects in AID can cause a loss of AID
function.

EXPERIMENTAL PROCEDURES

Enzymes and Substrates—Point mutation and C-terminal
deletion mutant AID were constructed by site-directed
mutagenesis (QuikChange site-directedmutagenesis kit, Strat-
agene) using the pAcG2T-AID vector (4) as the template.
Recombinant baculoviruses encoding WT and mutant AID
were generated according to the recommended protocol (BD
Biosciences). Wild type and mutant GST-AID proteins were
expressed and purified as described previously (5, 23). AID pro-
teins were dialyzed in a buffer containing 20 mM Tris-HCl (pH
7.5), 250 mM NaCl, 1 mM dithiothreitol, 1 mM EDTA, and 10%
glycerol and stored at �80 °C. Unmodified and fluorescein-dT
oligonucleotide substrates were synthesized and purified by
denaturing PAGE. M13mp2 gapped DNA substrate was pre-
pared as described (5, 23).
Deamination Assay to Measure AID-specific Activity on

ssDNA—Activities of WT and mutants AID proteins were
measured using 32P-labeled 36-nt ssDNA5�-AGAAAAGGGG-
AAAGCAAAGAGGAAAGGTGAGGAGGT-3�. Deamination
reactions (30-�l volume)were carried out in a buffer containing
20mMTris (pH 8.0), 1mM dithiothreitol, 1mM EDTA, 25 nM of
the substrate DNA, 200 ng of RNase A. Following incubation at
37 °C, the reactions were quenched by a double extraction with
phenol/chloroform/isoamyl alcohol (25:24:1), and the deami-
nation product was analyzed as described previously (4). WT
AID (10 nM) was used to measure C deamination activity. AID
mutantswere screened forCdeamination activity using protein
concentrations in a 10–90 nM range using a 60-min reaction
time. Specific activities, calculated as picomoles of deaminated

ssDNA substrate/min/�g of enzyme, were determined in the
linear range of protein concentration and incubation times.
The following protein concentrations were used in calculating
AID specific activities:WTAID, S43P, and C-terminal deletion
mutants (10 nM); L98R (75 nM); and R174S (79 nM). The linear
time range for WT, S43P, and C-terminal deletions was �5
min, L98R �10 min, and R174S �20 min.
Analysis of AID-targeted C Deamination on lacZa-gapped

Substrate—Deaminations ofWT andmutant AID on the lacZa
target were measured using the following reaction conditions:
30-�l volume, 20 mM Tris (pH 8.0), dithiothreitol (1 mM),
EDTA (1 mM), gapped DNA (500 ng), RNase A (0.2 �g), and
appropriate amount of WT or mutant AID. Following incuba-
tions for 5 min at 37 °C, the reactions were quenched by a dou-
ble extraction with phenol/chloroform/isoamyl alcohol (25:24:
1). Conversions of C3U on the DNA substrate were detected
as white or light blue plaques indicating C3T mutations in a
lacZ� target gene after transfection into uracil glycosylase-de-
ficient (ung�) Escherichia coli (5, 21). Mutation spectra and
mutability indices were calculated as described previously (5,
21, 23).
Steady-state Rotational Anisotropy Binding Assay—WT and

mutant AID binding to ssDNA was monitored by changes in
steady-state fluorescence depolarization (rotational anisot-
ropy). A fluorescein-labeled (FdT) ssDNA substrate containing
a single C was used to measure AID binding: 5�-AGAAAAGGG-
GAAAGCAAAGAGGAAAGG(FdT)GAGGAGGT-3�. Reaction
mixture (200 �l), containing fluorescein-labeled DNA (10 nM)
in buffer (20 mM Tris-HCl (pH 8.0), 1 mM DTT, 1 mM EDTA, 4
�g of RNase A), was incubated with increasing concentrations
(0–600 nM) ofAID at room temperature. Rotational anisotropy
was measured using a QuantaMaster QM-1 fluorometer (Pho-
ton Technology International) with a single emission channel.
Samples were excited with vertically polarized light at 494 nm,
and both vertical and horizontal emission were monitored at
520 nm (7 nm band pass). The microscopic dissociation con-
stant (KA) is defined as the concentration of AID at which half
of the total ssDNA is bound.
The KA and Hill coefficient parameters were calculated by

fitting the data to either a rectangular hyperbola for noncoop-
erative binding or to a sigmoidal curve for cooperative binding
using Sigma Plot 10.0 software. The data were calculated from
three independent experiments.
StructuralModeling—The 3D-JIGSAW comparative model-

ing program (24) was used to generate the AIDmodel using the
crystal structure ofApo3G-CD2 (ProteinDataBank code 3IQS)
as a template. The root mean square deviation value was deter-
mined by superposition of theAIDmodelwith theApo3G-CD2
structure in PyMOL (25). Structure figures were created using
PyMOL.

RESULTS

There are 23 base substitution mutations occurring at 20
distinct sites in AID that have been identified in patients suffer-
ing from HIGM-2 syndrome (10–12). Three of the mutated
sites contain two different amino acids. These missense muta-
tions are distributed over the entire gene for AID (Fig. 1). Two
C-terminal deletionmutants of AID, involving the loss of either
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9 or 17 amino acids, have also been found in individuals with
HIGM-2 syndrome (Fig. 1) (14). AID exhibits strong homology
with the catalytically active CD2 domain of Apo3G. We have
used the x-ray crystal structure of Apo3G-CD2 (17) as a surro-
gate to identify the corresponding locations of eachmutation in
AID (Fig. 1) and to explore how catalysis and ssDNA binding
might be influenced. The structural analysis allows us to group

the HIGM-2 point and C-terminal deletion mutants into four
classes that reflect the contributions of each of the mutants to
catalysis (class I),AID-DNAsubstrate interactions (class II), struc-
tural integrity (class III), and C-terminal deletions (class IV).
A Biochemical Analysis of HIGM-2 AID Amino Acid Substi-

tutionMutants—Using a 32P-based polyacrylamide gel assay to
measure AID-catalyzed deamination of C3U (see under

FIGURE 1. A structural model of AID. A, AID model (wheat) was generated using Apo3G-CD2 as a template. Class I residues H56Y, E58K, and C87R/C87S
(magenta sticks) are important for catalysis. His-56 and Cys-87 are involved in coordinating the zinc ion (red sphere), and Glu-58 is involved in proton shuffling.
Residues in class II (R24W, S83P, S85N, A111E, R112C/R112H, L113P, and R174S, cyan sticks) are likely involved in interaction with the ssDNA substrate. B, class
III residues (Met-6, Phe-11, Phe-15, Trp-80, Leu-98, Leu-106, Ile-136, Met-139, and Phe-151, green sticks) are important for maintaining the structural integrity of
AID. C, alignment of AID and Apo3G-CD2. HIGM-2 base substitution mutations and C-terminal deletion mutations are indicated on top. Secondary structure
predictions based on the AID model are indicated above the AID sequence. �-Helices and �-strands depicted below the A3G-CD2 sequence are from its x-ray
crystal structure (17). Active site residues are highlighted in red.
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“Experimental Procedures” andFig. 2A), we found that of the 23
HIGM-2 point mutants, 18 appear to be catalytically inactive,
having no detectable C-deamination activity in an AGC hot
motif (Fig. 2B). The five catalytically active mutants are S43P,
L98R, R174S, F15L, and R112C. Of these, S43P, L98R, and
R174S show activity in a 32P gel-based assay (Fig. 2B). S43P (13)
has about 1⁄3 the specific activity ofWT AID (Fig. 2C), in agree-
ment with previous data (21). L98R and R174S have not been
characterized previously. L98R is 25-fold less active than WT
AID, and R174S is 200-fold less active than WT AID (Fig. 2C).
F15L and R112C, which appear to be inactive in the 32P-based
gel assay (Fig. 2B), have detectable deamination activity in a
high sensitivity M13 lacZ mutation reporter assay (“Experi-
mental Procedures”) (Table 1) (5, 21). C3Tmutations initiated

by AID-catalyzed C3U deaminations in lacZ were measured
in all 16 triplet hot (WRC), cold (SYC), and neutral motifs
(Table 2). The concentrations of AID and ssDNA and incuba-
tion times were chosen so that ratio of mutant (white)/WT-
(blue) plaques was �5% (5, 21). These conditions were used to
ensure that each substrate is acted on by no more than a single
AID molecule, as prescribed by Poisson statistics (26). DNA
clones isolated from individualmutant plaqueswere sequenced
to determine the number of deaminated motifs per clone and
the frequency of deaminations occurring in hot, cold, and neu-
tral motifs in lacZ.
We measured the clonal distribution of C3T lacZ muta-

tions for WT AID and four AID mutants S43P, L98R, R174S,
and F15L (Fig. 3A). The average number of mutations/clone is

FIGURE 2. Analysis of deamination activity of WT and mutant AID on an ssDNA oligonucleotide substrate. A, schematic representation of the C-deami-
nation assay. A 32P-labeled 36-nt substrate was incubated with AID followed by UDG and hot alkali treatment to generate a 14-nt fragment product.
B, screening for deamination activity for AID HIGM-2 missense mutants. WT AID (10 nM) or mutant AID (10 to 100 nM) was incubated with ssDNA substrate for
60 min at 37 °C. The appearance of a 14-nt fragment product demonstrates that three AID missense mutants (S43P, L98R, and R174S) retain deamination
activity with specific activities shown in C. D and E, analysis of ssDNA deamination (D) and specific activity (E) of C-terminal deletion AID mutants. AID protein
concentrations and incubation times used to calculate specific activities are described under “Experimental Procedures.” Error bars represent �1 S.E. derived
from �3 independent measurements.
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about the same forWTAID and for eachAIDmutant,WTAID
(15 mutations), L98R (15 mutations), R174S (12 mutations),
and F15L (21mutations).WTAIDgenerates 1–20mutations in
55% of the clones and 21–40 mutations in 45% of the clones. A
similar broad mutational distribution also occurs for each AID
mutant (Fig. 3A). For L98R, 70% of the clones have 1–20 muta-
tions and 30% have 21–50 mutations; for R174 S, 80% of the
clones have 1–20 mutations and 20% have 21–40 mutations;
for F15L, 55% of the clones have 1–20 mutations and 45% have
21–60 mutations. Thus, once bound to an ssDNA substrate,
each AID mutant catalyzes processive multiple deaminations
for the entire length of lacZ and has a spatial distribution sta-
tistically similar toWTAID (supplemental Fig. S1). Represent-
ative clones for each mutant class contain combinations of sin-
gletons and clusters of mutations suggesting repetitive sliding
and hopping/jumping movement on ssDNA (26) (supplemen-
tal Fig. S2).
A calculation of themutability index (27), which is defined as

the observed frequency that each trinucleotide motif (XYC) is
deaminated compared with the expected frequency with no
sequence bias, provides quantitative comparison ofmutant and
WTAID deamination specificities (5, 21).We have determined
the MI values in the 16 trinucleotide motifs for WT AID and
four of the point mutants, L98R, R174S, F15L, and S43P (Table
2). WT AID and three AID mutants have about the same aver-

age MI for WRC hot (�1.9), intermediate (�0.9), and SYC
(�0.4 to 0.5) cold motifs (Table 2). The results for S43P agree
with previous data (21). Because there are few mutants in each
motif, differences in WT and mutant AID MI values for indi-
vidual motifs, typically less than 2-fold (Table 2), most likely
result from statistical fluctuations. Although L98R, R174S, and
F15L show large reductions in activity comparedwithWTAID,
they nevertheless catalyze processive deaminations with muta-
tion spectra andmotif specificities similar toWTAID (Table 2;
supplemental Fig. S1).
Biochemical Properties of AID C-terminal Deletion Mutants—

The C-terminal region binds proteins targeting AID to Ig
switch regionDNA (28, 29). Twonaturally occurringmutations
causing a loss of 9 and 17 C-terminal amino acids of AID (�C9
and�C17)were found inHIGM-2patients (14); the patientwith
�C17 also has an insertion in theC-terminal region (14). A�C10
mouse also has an IgMphenotype (30). In these examples, SHM
is almost normal (14, 30), suggesting that AID retains signifi-
cant C deamination activity when 17 C-terminal amino acids
are deleted. To determine the effect of deleting C-terminal
amino acids on AID activity, we have constructed C-terminal
deletion mutants (�C10, �C15, �C17, �C18, �C19, and �C20).
The �C10 and �C15 mutants are �2.5-fold more active than
WTAID, and�C17 is slightly less active (Fig. 2,D and E). AID is
inactivated by removal of 19 C-terminal amino acids (Fig. 2, D
and E). The C-terminal deletionmutants retain high processiv-
ity. For example, �C10 generates 1–20 mutations in 40% of the
clones and 21–80mutations in 60% of the clones (Fig. 3B). The
average MI for the C-terminal deletion mutants is similar to
WTAID for the hot and neutralmotifs, but fewer deaminations
are found in GCC causing an overall lower average MI for cold
motifs (Table 2).

TABLE 2
Mutability index for WT and AID mutants
The mutability index is defined as the number of times a given trinucleotide motif
within a segment of DNA contains a mutation, divided by the number of times the
oligonucleotide would be expected to be mutated for a mechanism with no
sequence bias (5, 40).

Mutability index
Motif WT F15L S43P L98R R174S �C15 �C10

Hot spots
AAC 1.75 1.65 1.87 1.72 1.84 1.65 2.21
AGC 1.61 1.55 1.97 1.48 1.74 1.59 2.15
TAC 2.05 2.10 1.84 2.38 2.26 2.20 2.13
TGC 1.97 1.93 2.01 2.16 1.90 2.06 2.96

MI average
(WRC)

1.85 1.81 1.92 1.94 1.94 1.88 2.36

Cold spots
CCC 0.50 0.59 0.40 0.59 0.56 0.42 0.32
CTC 0.68 0.53 0.46 0.54 0.48 0.53 0.33
GCC 0.32 0.15 0.13 0.17 0.27 0.13 0.02
GTC 0.53 0.31 0.46 0.29 0.45 0.30 0.46

MI average
(SYC)

0.51 0.40 0.36 0.40 0.44 0.35 0.28

Intermediates
ACC 0.88 0.94 0.62 0.82 0.94 0.91 0.56
ATC 1.10 1.44 0.86 1.61 2.11 0.98 0.59
CAC 0.99 1.08 0.91 0.92 1.01 1.09 0.81
CGC 1.09 1.00 1.52 1.01 1.03 1.25 1.47
GAC 0.43 0.44 0.58 0.44 0.19 0.65 0.59
GGC 0.72 0.76 0.77 0.77 0.56 0.81 0.42
TCC 1.03 1.02 0.89 0.99 0.63 0.84 0.64
TTC 0.76 0.98 0.71 0.93 0.82 0.83 0.62

MI average 0.88 0.96 0.86 0.94 0.91 0.92 0.71

TABLE 1
AID-catalyzed deaminations in a lacZa reporter gene on an M13-
gapped DNA
WT and mutant AID activity on lacZa gap assay were monitored as an increase in
frequency of mutated (white or light blue) plaques over the background mutant
frequency without AID (5).

AID
mutant

No. of mutant
plaques

Total
plaques

Mutant
frequency

WT 126 6104 206 � 10�4

Class I (catalysis)
H56Y 0 7546 �1.3 � 10�4

E58K 0 9947 �1.0 � 10�4

C87R 3 7177 4.2 � 10�4

C87S 0 5011 �2.0 � 10�4

Class II (substrate interaction)
R24W 0 12,634 �0.8 � 10�4

S83P 0 13,143 �0.8 � 10�4

S85N 0 14,383 �0.7 � 10�4

A111E 6 29,437 2.0 � 10�4

R112C 13 6989 18.6 � 10�4

R112H 1 9488 1.1 � 10�4

L113P 0 9290 �1.1 � 10�4

R174S 46 13,203 34.8 � 10�4

Class III (structural integrity)
M6T 0 5636 �1.8 � 10�4

F11L 1 8415 1.2 � 10�4

F15L 56 13,741 40.8 � 10�4

W80R 2 16,623 1.2 � 10�4

L98R 368 20,851 176.5 � 10�4

L106P 0 4768 �2.1 � 10�4

I136K 0 17,526 �0.6 � 10�4

M139T 0 11,400 �0.9 � 10�4

M139V 0 7935 �1.3 � 10�4

F151S 0 10,511 �1.0 � 10�4

S43P 73 8332 87.6 � 10�4

Class IV (C-terminal deletion)
�C10 101 11,840 85.3 � 10�4

�C15 226 23,232 97.3 � 10�4

�C19 3 11,300 2.7 � 10�4

�C20 0 15,304 �0.7 � 10�4

No
AID

4 8271 4.8 � 10�4
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Binding WT and Mutant AID to ssDNA—Binding of AID to
fluorescein-labeled DNA was measured by an increase in
steady-state rotational anisotropy (Fig. 4 and supplemental Fig.
S3).WTAIDbinds to ssDNAwith an apparentKA �47 nM (Fig.
4). A least squares fit to a sigmoidal curve (Hill coefficient�1.7)
is much better than to rectangular hyperbola, suggesting the
possibility that WT AID might bind cooperatively as a dimer.
The active site mutants H56Y and E58K bind ssDNA (sup-

plemental Fig. S3A). Thus, the absence of the detectable C
deamination activity in both assays (Fig. 1B and Table 1) is
unlikely to result from an inability to bind ssDNA. We note,
however, that a complete saturation binding curve was not
obtainable for the class I mutants (supplemental Fig. S3)
because of limitations in obtaining sufficiently high concentra-
tions of purified proteins (�10 �g/ml).

There are eight HIGM-2 class II (substrate interaction) point
mutants. Only one, R174S, has measurable deamination activ-
ity in the 32P gel-based assay (1/200th compared withWTAID,
see Fig. 2, B and C) and is active in theM13 plaque assay (Table
1). R174S binds to ssDNA cooperatively but with about 5.3-fold
lower apparent affinity compared withWTAID (Fig. 4). R112C
has a low level of activity above background in the plaque assay
but is inactive in the 32P biochemical assay (Fig. 2B). R112C also
binds ssDNA cooperatively having a 2-fold reduced affinity
compared withWTAID (Fig. 4). R112H and L113P are inactive
yet bind ssDNAcooperatively with similar affinities asWTAID
(supplemental Fig. S3B).

The class III structural integrity mutant S43P is the most
active of the HIGM-2 point mutants, 1⁄3 as active asWTAID in
the 32P assay (Fig. 2, B and C). S43P binds ssDNA with a 4-fold
higher apparent affinity (KA �12 nM, see supplemental Fig. S4)
compared with WT AID (KA �47 nM, see Fig. 4). Binding is
cooperative with a Hill coefficient �1.5, similar to WT AID
(Hill coefficient�1.7). L98R is 25-fold less active thanWTAID
in the 32P assay (Fig. 2, B and C). The low activity L98R mutant
does not bind DNA cooperatively (supplemental Fig. S4),
whereas F15L, which is weakly active in the lacZ plaque assay,
bindsDNAcooperatively as does inactiveW80R (supplemental
Fig. S4), having apparent affinities similar toWT AID. Catalyt-
ically inactive L106P binds DNA with relatively high affinity
and cooperativity (KA �6.9 nM and Hill coefficient �2.9, see
supplemental Fig. S4).

The active C-terminal deletion mutants (�C10, �C15, and
�C18) bind ssDNAabout the same asWTAID (KA�29–42nM,
see Fig. 4 and supplemental Fig. S5). However, unlikeWTAID,
binding is not cooperative. Catalytically inactive �C20 binds
ssDNA with a much lower apparent affinity (KA �137 nM), yet
exhibits clear sigmoidal binding, with a Hill coefficient �2
(supplemental Fig. S5).
The data suggest that the absence of activity for the various

classes of pointmutants does not reflect a failure to bind ssDNA
nor does cooperative binding appear to play amajor role. There
is also no correlation of activity with binding affinity or coop-
erativity for the deletionmutants. Instead, insights into the bio-
chemical properties of the missense and deletion mutants
might reflect structural perturbations in AID that can be
revealed through comparative homology modeling with
Apo3G-CD2.
Structural Evaluation of HIGM-2 Point Mutants and C-ter-

minal Deletion CSR Mutants Using Comparative Homology
Modeling—We previously solved the crystal structures of trun-
cated Apo2 and the C-terminal domain of Apo3G (Apo3G-
CD2) (16, 17). Four other structures (three NMR and one crys-
tal) of Apo3G-CD2 have also been solved (17–20). Apo2 and
Apo3G-CD2 show substantial overlap of an overall core struc-
ture containing a five �-strand sheet surrounded by six �-heli-
ces. All APOBEC family proteins share considerable sequence
homology between the family members. AID shares 44%
homology (31.1% identity and 44% similarity) with Apo2 and
54% homology (39.4% identity and 54.3% similarity) with
Apo3G-CD2.
Because of the high sequence homology between AID and

Apo-3G-CD2, the x-ray crystal structure of Apo3G-CD2 was
used to generate a comparative homologymodel ofAID (Fig. 1).
Mapping the HIGM-2 and C-terminal mutations onto the AID
model can provide insight into the structural consequences of
AID mutations on biochemical function. Superposition of the
“homology AID model” onto the A3G-CD2 structure gives a
low global root mean square deviation of 0.173 Å, providing
validation that the modeling is likely to provide an accurate
picture of salient biochemical properties of AID, subject to the
caveat that at present there is no APOBEC protein-nucleic acid
co-crystal structure. Each AID mutant was examined in terms
of how a substituted amino acid (HIGM-2 pointmutant) or loss

FIGURE 3. Distribution of WT and mutant AID-catalyzed deaminated M13 phage clones in a lacZa target gene. AID deaminations in lacZa are detected as
C3T mutations in white or light blue M13 plaques. The distribution of clones with C3T mutations is tabulated as a percentage of clones containing 1–20,
21– 40, or 	40 mutations. A, mutant clones (%) for WT AID and F15L, S43P, L98R, and R174S HIGM-2 AID missense mutants, and B, mutant clones (%) for WT AID
and �C10 and �C15 C-terminal deletion mutants.
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of amino acids (C-terminal deletions) might influence catalytic
and ssDNA interaction properties. The AIDmutants lie in four
distinct classes as follows: catalysis (class I), ssDNA substrate
interactions (class II), structural integrity (class III), and C-ter-
minal deletions (class IV).
Class I active center residues are responsible for catalysis

(Fig. 1A,magenta sticks). The point mutants (H56Y, E58K, and
C87R/C87S) abolish C deaminase activity (Fig. 2A). The H56Y
and C87R/C87S mutants presumably are no longer able to
coordinate the catalytic Zn2
 ion in the enzyme active center,
whereas E58K may lose the ability to mediate proton shuffling
needed for C deamination (16–20).
Class IImutants (R24W, S83P, S85N, A111E, R112C/R112H,

L113P, and R174S, Fig. 1A, cyan sticks) contain amino acid res-
idues located on or near the protein surface; these mutants are
predicted to alter the AID interaction with the DNA substrate.
Of the seven predicted substrate interaction mutants, six
(R24W, S83P, S85N, A111E, R112C, and L113P) showed no
detectable activity in the 32P C deamination assay (Fig. 2B), nor
did they give rise to C3T mutations in the highly sensitive
lacZamutational assay (Table 1). Arg-24, conserved for the two
available APOBEC structures, Apo2 (16) and Apo3G-CD2 cat-
alytic domain (17), is located on the putative flexible active cen-
ter loop 1 (AC-loop 1), and has been shown to be essential for
DNA binding (31). R24W shows nomeasurable C deamination
activity (Fig. 2B). S83P and S85N are located next to the con-
served Trp-84 that may be involved in positioning the target
cytidine into the active center; therefore, mutations in this sur-
rounding area likely inhibit deamination activity. The “specific-
ity loop” (loop 7) has previously been shown to contain residues
that determine an APOBEC-specific hot spot deamination
motif within the ssDNA target substrate (32–34). Mutations in
this loop (A111E, R112C, and L113P) may alter the stability of
the specificity loop, leading to the inability of AID to properly
position the substrate in the active center.

We were able to purify and concentrate a sufficient amount
of protein to measure ssDNA binding for two class II mutants,
R174S and R112C (Fig. 4). R174S shows strongly reduced but
detectable deamination activity in the 32P assay (Fig. 2,B andC).
R174S binds to ssDNA weakly, but cooperatively, having a
5-fold higher apparentKA (250nM) comparedwithWTAID (47
nM) (Fig. 4). In contrast, R112C, which has no measurable
deamination activity in either assay (Fig. 2B, Table 1), neverthe-
less binds cooperatively to ssDNA (Hill coefficient � 3.2, KA �
89 nM; Fig. 4). Although substrate binding is reduced for both
mutants, the substantial loss in activity may result from
improper motif alignment in the active cleft. In the case of the
conserved residue Arg-112, its role may be to maintain the
structural integrity of the motif specificity loop (loop-7), where
Arg-112 is located just below the active center at the N termi-
nus of loop-7 (Fig. 1) (33). Arg-174 is located on �-helix 6 (Fig.
1) (33), which has also been shown to be important in ssDNA
binding and deamination (17). We refer here to an “equiva-
lency” of AID residue Arg-174 with Apo3G Arg-374 and Arg-
376 (Fig. 1) (33), where we have shown that the Apo3G-CD2
R374D/R376D mutant shows a reduced binding and catalytic
activity (17), similar to that shown by AID R174S.
Class III structural integrity mutants are composed of nine

conserved hydrophobic amino acid residues (Met-6, Phe-11,
Phe-15, Trp-80, Leu-98, Leu-106, Ile-136, Met-139, and Phe-
151) located in the interior of AID (Fig. 1B, green sticks) (33) and
one amino acid (S43P) that likely disrupts the stability of the
�2-strand. The introduction of charged residues in the hydro-
phobic core of an enzyme typically can result in amajor disrup-
tion of protein folding and an attendant loss of catalytic activity.
Based on the structures for Apo2 (16) and Apo3G-CD2 (17),
W80R, I136K, and L106P are predicted to destabilize �-helices
2 and 3 (Fig. 1). None of these mutants show detectable activity
in either assay (Fig. 2B and Table 1). M139V and F151S are
predicted to destabilize �-helix 5, which packs on one side of

FIGURE 4. WT and mutant AID binding to ssDNA. AID-ssDNA binding was measured by rotational anisotropy using a fluorescein-labeled 36-nt oligonucleo-
tide substrate. The changes in rotational anisotropy with increasing AID concentrations were fit to either a sigmoidal or hyperbolic binding curve. Values for
each data point represent the mean � S.E. determined from three independent measurements.

Structure-Function Analysis of HIGM-2 AID Mutants

AUGUST 10, 2012 • VOLUME 287 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 28013



the five-stranded �-sheet core structure, by disrupting hydro-
phobic packing of �-helix 5 (Fig. 1). These twomutants are also
catalytically dead in both assays (Fig. 2B and Table 1). A com-
plete loss of deamination functionwas also observed forApo3G
when mutations were introduced at residues corresponding to
Met-139 and Phe-151 (M338A and F350A) (35).

�-Helix 1 is likely to be destabilized by mutants F11L and
F15L, present in the helix, and byM6T, which is located nearby
on theN-terminal loop of helix 1 (33).�-Helix 1 is the only helix
that varies in position between the Apo2 and A3G-CD2 struc-
tures, probably because these structures are N-terminal dele-
tion constructs. Nevertheless, in Apo2 and all but one of the
A3G-CD2 structures (NMR Protein Data Bank code 2KBO is
different),�-helix 1 is anchored to the structure throughhydro-
phobic bond interactions with �-helix 5 and the C-terminal
region of the�1-strand. The stabilization of�-helix 1 also helps
stabilize the open conformation of AC-loop 1, which has previ-
ously been predicted to be part of the APOBEC substrate
groove (17).Mutations onAC-loop 1 ofAID andApo3G inhibit
deaminase activity, most likely by disrupting the AC-loop 1
conformation and substrate-binding groove (17, 31). HIGM-2
mutants F11L, F15L, andM6Tmaydisrupt�-helix 1 hydropho-
bic packing to the structure resulting in destabilization of the
AC-loop 1 anddisruption of theAID substrate groove shownby
a complete loss of deamination activity for F11L and M6T in
both assays (Fig. 2B and Table 1). However, F15L, although it
has no detectable catalytic activity in the 32P substrate cleavage
assay (Fig. 2B), is active in the more sensitive M13-lacZ assay
(Table 1). Remarkably, DNA sequenced from the mutant
plaques shows that F15L catalyzes highly processive C deami-
nations similar to WT AID (Fig. 3) suggesting that perhaps
about 2% of the F15L mutants may retain sufficient structural
integrity of the AC-loop 1 to permit an essentially normal
deamination pattern. However, the absence of a detectable 32P
cleavage band (Fig. 2B) implies that the specific activity of F15L
is far less than 1/50th of WT AID. The detection limit for the
assay is �1/200th of WT AID (see, e.g. R174S, Fig. 2B).

Class IV mutants consist of a series C-terminal deletions
(�C10, �C15, �C17, �C18, �C19, and �C20). It has been sug-
gested that the C terminus is essential for binding proteins such
as UNG, MSH2, 14-3-3, and DNA-PKcs required to target AID
to switch-region (28, 29, 36). For the HIGM-2 C-terminal
mutants, although CSR is absent, SHM is almost normal (14,
30), suggesting thatAID retains a considerable level of Cdeami-
nation activitywhen asmany as 17C-terminal amino acids have
been removed.We find that�C10 and�C15, are�2.5-foldmore
active thanWT AID (Fig. 2E), accompanied by �2-fold tighter
binding and a loss of binding cooperativity (Fig. 4). A reduction
in activity compared with WT AID begins to be apparent for
�C17, is much more pronounced for �C18, and activity is abol-
ished for �C19 and �C20 (Fig. 2, D and E). An alignment with
APOBEC single domains indicates that AID has an extended
C-terminal tail (Fig. 1C) that differs from all other APOBEC
proteins and therefore is not visualized in any of the previously
solved APOBEC structures. A secondary structure prediction
(PredictProtein) (37) of this region suggests that residues
within this 13-amino acid tail likely form a helix (“putative”
�-helix 7). The C terminus of �-helix 6 is near the predicted

substrate groove. The loss of activity for�C19may result from a
partial truncation of the C-terminal portion of the structured
�-helix 6, which could destabilize the helix. Helix 6 contains
residues important for AID (Arg-174) and Apo3G (Arg-374/
Arg-376) DNA binding (see DNA binding data, Fig. 4) (17).

DISCUSSION

Following low affinity Ab formation by V(D)J recombination
(38), AID initiates Ab diversity by deaminating C3U, during
transcription of Ig variable and switch regions DNA (8, 9). The
absence of a repertoire of high affinity Abs resulting from a loss
of either SHMorCSR, although not fatal, nonetheless results in
a severe loss of immune response (39). HIGM-2 syndrome,
characterized by an inability to carry outCSRneeded to convert
IgM to IgG, IgA, or IgE, is caused predominantly by missense
mutations in AID that occur over almost the entire gene.
HIGM-2missense mutations are deficient in SHM and CSR. In
contrast, the C-terminal deletions, �C9 and �C17, cause a loss
of CSR, but SHM is virtually normal (14). The widespread dis-
tribution of HIGM-2 mutations encompassing the entire AID
gene (Fig. 1) provided the impetus to explore the functional
biochemical properties for thesemutants in relation to the pre-
dicted structural properties of AID.
The “holy grail,” a high resolution structure for AID either

alone or bound to ssDNA, is not available. However, there are
two high resolution apo-APOBEC protein structures, one for
Apo2 (16) and another forApo3G-CD2 (17), which offer a next-
best strategy tomodelAID.Apo2 andApo3G-CD2 show strong
homologieswithAID (33), and both structures have served suc-
cessfully as surrogates to predict how mutations in conserved
corresponding amino acid residues in AID abolish catalysis
directly or by inhibiting binding to DNA substrates or via
improper positioning of the deamination motif relative to the
catalytic zinc atom (17, 33).
We have placed the 23 missense mutations at 20 sites in AID

into three classes based on the structural analysis, and four of
these retain partial catalytic activity. None of the four class I
active center mutants have detectable C-deaminase activity in
either the 32P-cleavage assay (Fig. 2) or lacZ reporter assay
(Table 1). One of eight class II DNA substrate interaction
mutants, R174S, is active at a level of 1/200th compared with
WTAID (Fig. 2,B andC). Two of 11 class III structural integrity
mutants are active in the 32P assay, S43P having 1⁄3 and L98R
with 1/20th the activity of WT AID, respectively (Fig. 2, B, and
C). Class III F15L, inactive in the 32P assay, is active in the lacZ
M13 reporter assay (Table 1).
An inability to bind ssDNA would account a priori for an

absence of activity. Yet many of the catalytically inactive
mutants bind ssDNA with apparent affinities comparable with
WT AID. For example, two of the dead class II substrate inter-
action mutants, R112H (KA �40 nM) and L113P (KA �35 nM),
bind ssDNA with apparent affinities indistinguishable from
WTAID (KA �47 nM), each showing cooperative binding with
a Hill coefficient of about 2 (Fig. 4 and supplemental Fig. S3B).
Inactive class III structural integrity mutants also mimic WT
AID-ssDNA binding, F15L (KA �31 nM, Hill coefficient �2.2)
and W80R (KA �35 nM, Hill coefficient �2.9) (supplemental
Fig. S4). The inactive L106P class III mutant binds coopera-
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tively to ssDNAwith about 7-fold higher affinity thanWTAID
(KA �6.9 nM, Hill coefficient �3) (supplemental Fig. S4). The
catalytically active S43P, which has 1⁄3 the specific activity of
WTAID, binds ssDNAwith about a 4-fold higher affinity (sup-
plemental Fig. S4).
WT AID-catalyzed deaminations are targeted to trinucle-

otide motifs, with WRC hot motifs favored over SYC cold
motifs (5, 26). The HIGM-2 point mutants and the C-terminal
deletionmutants all havemotif specificities similar toWTAID,
with relatively small differences for individualmotifMIs for the
various mutants (Table 2). A distinctive property ofWTAID is
its ability to catalyzemultiple deaminations processively, with a
single molecule sliding and hopping/jumping along a single
ssDNA molecule, prior to switching to a different DNA sub-
strate (5, 21, 23, 26). S43P and L98R, which have 1⁄3 and 1/20th
the specific activity of WT AID, respectively, have about the
same distributions of mutations/clone as WT AID, with about
2–5% exceeding 40 mutations (Fig. 3). The least active of the
HIGM-2 AID missense mutants, R174S (1/200th compared
with WT AID) (Fig. 2, B and C) and F15L, with no detectable
activity in the 32P gel-based assay (Fig. 2B), are processive;
remarkably, about 12% of F15L clones havemore than 40muta-
tions (Fig. 3). The combined data show that, except for having
reduced deamination activities, the “active” missense mutants
exhibit properties similar to WT AID with respect to motif
specificity, substrate binding, processivity, mutation spectra
(supplemental Fig. S1), and spatial deamination patterns (sup-
plemental Fig. S2).
It is well established that the C-terminal region is needed for

binding proteins that target AID to Ig switch regions DNA (28,
29, 36). Deletions in this region cause a loss of CSR, but not
SHM (14, 30). Our biochemical data show that significant
deamination activity is retained for deletions of as many as 18
C-terminal amino acids, whereas removal of 19 amino acid res-
idues abolished activity. Because deletions of 19 ormore amino
acids lead to a partial truncation of the structured�-helix 6, our
data suggested that whole �-helix 6 is required for the struc-
tural integrity of the core deaminase domain of AID, as well as
of APOBEC proteins. With the exception of a replacement of
amino acids located directly in the catalytic active site (H56Y,
E58K, and C87R/C87S), it was not clear why the remaining 19
HIGM-2 missense mutants were unable to support either CSR
or SHM. Our surrogate structural model for AID suggests how
awide variety of single amino acid substitutions over almost the
entire gene are able to strongly suppress, and inmost instances,
completely abolish AID catalytic activity. These seemingly
more subtle effects involve perturbations to the specificity loop,
hydrophobic core, and secondary structures.
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