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Abstract

Activation-induced deoxycytidine deaminase (AID) initiates somatic hypermutation (SHM) and
class-switch recombination (CSR) by deaminating C—U during transcription of Ig-variable (V)
and Ig-switch (S) region DNA, which is essential to produce high-affinity antibodies. Here we
report the crystal structure of a soluble human AID variant at 2.8 A resolution that favors targeting
WRC motifs (W = AT, R = A/G) in vitro, and executes Ig V SHM in Ramos B-cells. A specificity
loop extending away from the active site to accommodate two purine bases next to C, differs
significantly in sequence, length, and conformation from APOBEC proteins Apo3A and Apo3G,
which strongly favor pyrimidines at -1 and -2 positions. Individual amino acid contributions to
specificity and processivity were measured in relation to a proposed ssDNA binding cleft. This
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study provides a structural basis for residue contributions to DNA scanning properties unique to
AID, and for disease mutations in human HIGM-2 syndrome.

Keywords

AID X-ray crystal structure; Antibody diversity; IgV somatic hypermutation; scanning
processivity; human HIGM-2 syndrome

1. INTRODUCTION

Activation-induced deoxycytidine deaminase (AID) plays an indispensible role in
immunoglobulin (1g) diversification by initiating somatic hypermutation (SHM) and class-
switch recombination (CSR) in B-cells [1]. When acting on-target, AID initiates SHM and
CSR by deaminating C—U during the transcription of 1g variable (V) and switch (S) regions
[274]. Replication of U generates C—T mutations at the deamination site; mutations at
distal A and T sites occur when GeU mispairs are subjected to mismatch or base excision
repair, involving error-prone DNA polymerases to fill in the repair gaps [5' 6]. Acting in
concert, CSR and SHM give rise to diversified isotype-switched and antigen specific high
affinity antibodies [274]. However, when acting off-target, AID can generate non-Ig
genomic mutations causing B-cell lymphoma [7: 8].

AID deaminates C—U on ssDNA,; it does not function on dsDNA or RNA [9]. AID scans
sSDNA processively, catalyzing multiple deaminations per binding event [10712]. AID has a
distinctive catalytic specificity, favoring C targets in WRC (W = A/T, R = A/G) “hot” motifs,
while acting much less frequently at SYC (S = G/C, Y = C/T) “cold” motifs [10' 13].
Despite exhibiting a clear mutational preference for hot motifs, AID is nonetheless highly
inefficient typically deaminating its most favored hot spots, AAC and AGC, at only 1 - 7%
per motif encounter [11+ 12]. Owing to the intrinsic inefficiency of AID, one observes a
broad clonal mutational heterogeneity within V-regions [14716], which is key to generating
a diverse Ab repertoire. The processive and stochastic behavior of AID scanning sSDNA
[10712] is also a major contributor to deleterious off-target consequences. Repetitive back-
and-forth scanning of persisting regions of genomic ssDNA results in a characteristic
mutational signature, namely the presence of random clusters of mutations in WRC hot
motifs, termed kataegis, found in B-cell lymphomas [17] or yeast [18: 19].

AID is a member of the APOBEC protein family of polynucleotide C or dC deaminases that
contribute to diverse cellular functions, such as innate immunity against retroviruses and
endogenous retroelements [20+ 21]. In contrast to AID, which acts at 5'-WRC motifs
preferentially, all other APOBECs favor pyrimidines at adjacent -2 and -1 bases on the 5'-
side of C. For example, APOBEC3A (Apo3A) favors YYC motifs [22' 23], whereas Apo3G
strongly favors only a single CCC motif [24+ 25]. Despite a high degree of homology among
APOBEC protein members and the availability of structural information for deaminase
domains of Apo3A, Apo3B, Apo3C, Apo3G, Apo3F and Apo2 [26735], the structural basis
underlying the mechanism for the uniqgue WRC deamination signature of AID is not
understood.
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Here, we report the crystal structure of a soluble human AID variant, AID,(A15), at 2.8 A
resolution. Native AID, expressed either in insect cells or £. coli, is poorly soluble, tends to
aggregate, and is difficult to obtain in a highly purified form at sufficiently high
concentrations suitable for X-ray structural analysis. We show that AID,(A15) generates IgV
SHM in Ramos B-cells, exhibiting mutational spectra similar to native AID in vivo. AID
differs distinctively from the other APOBEC:S, in the size and orientation of its substrate
specificity loop. The larger AID loop extends away from the active site, allowing AID to
accommodate two purines next to a target C. A biochemical analysis carried out using AID
mutants reveals significant contributions to catalytic specificity and processivity made by
amino acids within and outside the specificity loop. In addition, the structure provides fresh
insight into how point mutations that cause human hyper IgM type 2 syndrome (HIGM-2)
may alter the structure and function of AID.

2. MATERIAL AND METHODS
2.1. AID/APOBEC enzymes

SP expressed GST-tagged AID, Apo3G and untagged Apo3A were purified as described
[10: 23: 25]. A plasmid for expression of AIDv in baculovirus infected S/ insect cells was
constructed by cloning the coding portion of AIDv into the pAcG2T vector (BD
Biosciences). Recombinant virus was obtained by co-transfection of pAcG2T-AlIDv and
linearized baculovirus DNA (BD Biosciences) into SM insect cells (Invitrogen). AIDv was
expressed in S insect cells following infection with the recombinant baculovirus at an MOI
of 3 and harvested after 72 h. Cells harvested from 1 L cultures were suspended in 50 ml
insect cell lysis buffer (10 mM HEPES pH 7.5, 250 mM NacCl, 0.1 % Triton X-100, 10 mM
NaF, 10 mM NaH,POy4, 10 MM Na4P,07, 1 mM EDTA, 10 mM dithiothreitol, 50 pg/ml
RNAseA, 10% glycerol and protease inhibitor) and lysed by sonication. The crude lysate,
containing soluble GST-AIDv was collected after centrifugation at 12,000 rpm for 30 min
followed by incubation with Glutathione Sepharose resin (GE healthcare) at 4 °C overnight.
After extensive washing with PBS buffer, 120 units of Thrombin (Calbiochem) were
incubated for 6 hr at room temperature to cleave the GST-tag. AIDv was eluted and
concentrated using an Ultracel-10K filter unit (Millipore) and applied to Superdex 75 gel
filtration column (GE Healthcare), equilibrated with GF-buffer (20 mM Tris pH 7.5, 500
mM NaCl, 2 mM dithiothreitol and 0.5 mM EDTA). Fractions containing
chromatographically homogeneous monomeric AIDv were pooled, dialyzed in GF buffer
containing 10% glycerol, and stored at =80 °C.

MPB-AIDv(A15) expression vector was constructed by cloning the coding sequence of
AIDv(A15) into pMALX plasmid [36]. MPB-AIDv(A15) mutants were constructed by site
directed mutagenesis using QuickChange |1 site-directed mutagenesis kit (Agilent). £. coli
cells (CSH50 strain) harboring the MPB-AIDv(A15) or mutant expressing plasmid were
grown at 30°C until OD600 = 0.5 and the protein was expressed for 4 hours at 18°C. Cells
harvested from 5 liters of culture were resuspended in 250 ml of lysis buffer (20 mM Tris,
pH 7.5, 0.5 M NaCl, 1 mM DTT, 2 mM EDTA and 1 mM PMSF) and lysed by French press.
After centrifugation at 15,000 x g for 30 min, the crude lysate was incubated with 12 ml
amylose resin (New Englend Biolabs) at 4°C. MPB-AIDv(A15) was washed then eluted
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using the lysis buffer containing 40 mM maltose and applied to Superdex 75 gel filtration
column (GE Healthcare), equilibrated with GF-buffer (20 mM Tris pH 7.5, 500 mM NacCl, 1
mM dithiothreitol and 1 mM EDTA and 5 mM maltose). Fractions containing monomeric
MPB-AIDv(A15) were pooled, concentrated to ~20 — 30 mg/ml and stored at —80°C in the
presence of 5% glycerol.

2.2. Crystal growth and structural determination

Original crystals of the MBP-AIDv(A15) were grown at 4° C in space group P32 using the
sitting drop vapor diffusion technique by mixing 325 nl of 15 mg/ml protein in 20 mM Tris
pH 7.5, 500 MM NaCl, 1 mM EDTA, 1 mM DTT, 5% glycerol and 5 mM Maltose with 225
nl of reservoir solution containing 5% 2-n-propanol, 50 mM MES pH 6.5, and 100 mM
calcium acetate. For data collection, the crystal was transferred to a cryo-solution consisting
of 74% reservoir and 26% ethylene glycol, then flash frozen in liquid nitrogen. A 2.8 A data
set was collected from a crystal grown in space group P2, that was obtained at 4°C by
mixing the protein with a 3 fold molar excess of DNA (5’ATCGAGGTGCG/iSp18/
CGCACC-3’) then diluting down to a solution consisting of 25 mM MES pH 6.0, 75 mM
NaCl, 1 mM EDTA, 5 mM Maltose and 5% glycerol followed by concentrating the protein
to 9.5 mg/ml. Crystals were grown using the sitting drop vapor diffusion technique by
mixing 400 nl of protein:DNA solution with 250 nl of reservoir solution consisting of 15%
PEG8000, 100 mM MES pH 6.5, and 200 mM calcium acetate. For data collection crystals
were transferred to a cryo-solution consisting of 85% reservoir solution and 15% ethylene
glycol then flash frozen in liquid nitrogen. Data were collected at Southeast Regional
Collaborative Access Team (SER-CAT) 22-1D beamline at the Advanced Photon Source,
Argonne National Laboratory at a wavelength of 1.0 A. All data were processed with
HKL2000 [37]. To solve the structure with molecular replacement a model for MBP from
PDBID_code 3DMO and a modified model of Apo3G PDBID_code 3E1U for AID were
used against data collected from the P32 crystal. The structure was subsequently refined at
3.1 A resolution. A partially refined version of this model was then used for molecular
replacement with the data collected from the P24 crystal at 2.8 A resolution. All molecular
replacements and refinements were carried out in Phenix [38' 39] and model building to the
electron density (Supplementary Fig. 5) in COOT [40' 41]. The P2, data set consists of 3
molecules of MBP-AIDv(A15) in the asymmetric unit with a maltotetraose bound to each
MBP. The structure possesses good geometry with 96.5% of the residues in the
Ramachandran favored region with 0.1% outliers [42].

2.3. Analysis of AID/APOBEC deamination specificity and processivity on lacZ target

AID/APOBEC deamination specificities were determined by measuring mutational spectra
ina LacZa reporter ssDNA gapped region of M13mp2 dsDNA, as described previously [10-
43]. M13mp2 gapped DNA (500 ng) was incubated with native AID, AIDv(A15), AlDv,
Apo3A, Apo3G, or AIDv(A15) mutants, in a 30 pl reaction volume, for 10 min at 37 °C.
The ratio of the enzyme to DNA was chosen so that the fraction of mutant phage to wild
type phage is ~ 5%, which ensures that each mutant phage reflects the action of a single
AID/APOBEC molecule acting on M13 DNA. The reactions were quenched by a double
extraction with phenol:chloroform:isoamyl alcohol (25:24:1). The DNA product was
transfected into ung~ E. coli competent cells and plated on a-complementation host cells.
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Conversions of C—U on the DNA substrate were detected as C—T mutations in a LacZa
target gene. To measure relative deamination activity of AIDv(A15) mutants, 4 g of purified
AIDvV(A15) or each of the AIDv(A15) mutants were incubated with 500 ng of the gapped
substrate for 10 min at 37 °C. Relative activities were calculated as the ratio of the frequency
of M13 mutant plaques for each AIDv(A15) mutant to the frequency of M13 mutant plaques
for AIDv(A15). Deamination spectrum for each AID/APOBEC enzyme was obtained by
sequencing ~ 48 deaminated clones and mutability indexes were calculated as described
previously [10- 43+ 44].

3. RESULTS

3.1. AID crystal structure

AID, when expressed in its native form, is tightly associated with non-specific inhibitory
RNAs [9], which interfere with the ability to isolate a soluble protein at a high
concentration. The association of AID with RNAs is caused by the positively charge N-
terminus containing a cluster of Arg and Lys residues. To obtain a “better behaved” AID
construct we introduced 12 mutations and three amino acid deletions at the N-terminus in
helix 1 and loop 1 and three surface mutations at the end of strand 1 (Fig. 1a) which
reduced the charge of AID from +11.9 to +3.4 at neutral pH. The resulting highly soluble
AID variant, AID,, containing the N-terminus similar to Apo3A, was readily expressed and
purified as monomer from S and £. coli (see details in Methods). To enhance
crystallization, a 15 residue C-terminal truncation of AID,, AID,,(A15), was generated.
Although these C-terminal residues are critical for AID function in CSR [45' 46], they are
not required for SHM [45747] and do not affect AID’s preference for WRC motifs [44]. As
described in detail below in Results, we have verified that AID,(A15) retains all hallmark
biochemical properties of AID /n vitro, as well as the important ability to induce SHM in
Ramos B-cells with mutation spectra similar to native human AID (Supplementary Fig.1).

AID,(A15) was crystallized as an MBP-fusion protein in space group P2; with three
molecules in the asymmetric unit that maintain very similar structures (RMSDs 0.27-0.38 A
on ~170 Ca’s) (see Fig.1b, c and Supplementary Fig. 2). These crystals were grown in the
presence of ssSDNA overhang substrate, but no DNA was observed in the crystal structure.
AID maintains the canonical APOBEC fold with 6 a-helices surrounding a central 5-
stranded p-sheet. At the heart of the active site are four highly conserved residues. Three of
these residues (His56, Cys87 and Cys90) are bound to a catalytic zinc ion and the forth,
Glu58 has been proposed to serve as a proton shuttle during catalysis [48]. A water molecule
is also bound to the Zn ion at the likely position of the amine group for the substrate dC
(Fig. 1d).

A superposition of the crystal structure of the dCMP deaminase from bacteriophage S-TIM5
(pdb 4P9C) with dUMP bound at the active site [49]onto AID suggests a probable binding
position for the dC nucleotide substrate with the carbonyl product of dU near the position of
the Zn chelating water in AID,(A15) (Fig. 1d). In the S-TIM5 crystal structure Tyr116 forms
a perpendicular base stack with the uridine and the O2 and O4 atoms of the base form
hydrogen bonds with the backbone amides of Ala68 at the top of helix 2 and Cys95. In
addition, the 3’OH of the ribose forms a hydrogen bond with Asn43 [49]. These interactions
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are likely preserved in AID with residues Tyr114, Val57, Cys87 and Asn51 (Fig. 1d,
Supplementary Fig. 3), but in AID the substrates 3’OH would be a bridging oxygen in the
phosphodiester backbone.

Loop 7 of AID consists of a unique sequence from residues Leul13 to Pro123 that have
been shown to dictate the substrate specificity of APOBEC proteins [50752] (Fig. 1d, e). It
has previously been demonstrated that swapping loops between APOBEC proteins switches
the specificity of these enzymes [50752]. The crystal structure reveals that Leu113 and
Cys116 cap a hydrophobic pocket of AID consisting or residues from p-strand 5 and a-
helices 4 and 6. Cys116 is found packed between Leul13 and Pro123 helping to stabilize the
conformation of the loop. In addition Glu122 is found in a position to potentially form a
hydrogen bond with the backbone amide of Tyr88 (average distance between 3 molecules in
the asymmetric unit 3.2 A), which could also help stabilize this conformation (Fig. 1e).

The major structural differences between our crystal structure of AID,(A15) and those of
APOBEC Apo3A [34] and Apo3G [35] are at loop 3 and the substrate specificity loop 7
(Fig. 2a — d). The specificity loop 7 of AID,(A15) shares only one conserved residue with
the others (Tyrl114) and is two residues longer (Supplementary Fig. 4). After the conserved
Tyr, the structures of the loop deviate with Phe115 stacking against Tyr114 and side-chains
from E117, R119, and K120 all located on the same side of the loop (Fig 1d, 2b, 2d). The
significant difference in the sequence and structures of this loop likely confer the specificity
differences of these enzymes. Although not sequentially conserved, the carboxylate moiety
of residues Asp133 from Apo3A and Asp317 from Apo3G is structurally conserved with
that of Glu122, and in both Apo3A and Apo3G these residues form hydrogen bonds with the
amide at the top of helix 3.

3.2. Structural determinants for AID WRC deamination specificity

While a co-crystal of an AID/APOBEC bound to DNA remains elusive, the superimposed
dUMP molecule bound to the active site of S-TIM5 deoxycytidylate deaminase suggests
how the ssDNA substrate might bind to AID. Producing an electrostatic surface [53] of
AID,(A15) shows that the superimposed dUMP fits cleanly in the catalytic pocket without
manipulation (Fig. 3a). The 3’-side of substrate DNA is likely to extend from the 3'-bridging
oxygen of the ribose associated with the positively charged crest of the pocket formed by
residue N51 and exits adjacent to loop 3, while the 5'-side of DNA starts from the 5’-
phosphate extending away from the catalytic pocket toward a cleft between loop 7 and loop
1 (Fig. 3a, yellow lines). The putative DNA path across the active site of AID,(A15) (Fig.
3a) suggests that beside the substrate specificity loop 7, loop 1 may also be involved in
interacting with the 5' adjacent nucleotides on the other side of the positively charged cleft.

3.3. Catalytic motif selectivity

To verify the crystal structure of AID,(A15) is a good surrogate for that of AID, we have
determined the motif selectivity of AID,(A15) and AID,, in comparison with native AID,
Apo3A and Apo3G. LacZa mutational spectra were measured for native AID and AID,,
lacking MBP, expressed in S insect cells, and for AID,(A15) expressed in £. colias an
MBP fusion protein (Fig. 4a). The spectra for AID,(A15) and AID,, show basically similar
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spatial distributions of mutations at hot WRC motifs (Fig. 4, red bars), cold SYC motifs
(Fig. 4, blue bars) and neutral motifs (Fig. 4, green bars). While the three AID spectra favor
mutations in hot motifs and decrease mutations in cold motifs, the native AID spectrum
exhibits a more prominent distribution of hot spot mutations and less pronounced
distribution of cold spot mutations compared to both AID variants (Fig. 4). However, in
contrast to the three AID spectra, the spectral data for Apo3A contains numerous mutations
at AID cold spots, several AID neutral spot mutations, and a few AID hot spot mutations
(Fig. 4), while Apo3G strongly favors cold spot mutations (Fig. 4). A clearly distinctive
feature is the dense distribution of mutations over the entire LacZa target for the three AID
enzymes (Fig. 4), compared to the sparse humbers of mutations for Apo3A and Apo3G (Fig.
4), owing presumably to the strong inhibition of C deamination in the presence of proximal
purines for both APOBECs [22725].

These qualitative observations of comparative motif specificity can be converted to
quantitative measurements by determining a mutability index (MI) for each enzyme obtained
from the LacZa spectral data. The MI can be used to quantify catalytic selectivity for hot
WRC, cold SYC and neutral motifs. Ml is calculated as the ratio of the number of times a
given trinucleotide motif within a segment of DNA (365 nt LacZa target) contains a
mutation, divided by the number of times the motif would be expected to be mutated for a
mechanism with no sequence bias [10' 16].

We have measured the average mutability index (MI) for the purified native forms of human
AID, Apo3A, Apo3G, and for two variant forms of AID, AID,(A15) and AID,, (Table 1). A
comparison of native AID, and both AID variants, with Apo3A and Apo3G confirms that the
WRC hot motifs for AID (Average MI ~ 1.1 — 1.8) are cold for Apo3A (Average Ml =0.2)
and Apo3G (Average MI = 0.1), and that SYC cold motifs for AID (Average Ml ~ 0.5 -1.0)
are hot for Apo3A (Avergae Ml = 2.1) and Apo3G (Average MI = 3.2) (Table 1). The
spectral and M1 data for the native forms of AID, Apo3A, and Apo3G measured here agree
with previous data obtained for each of the native enzymes [10' 22725]. We conclude that
the variant forms of AID, containing a modified N-terminal region, retain AID’s distinctive
catalytic specificity favoring WRC motifs and disfavoring SYC motifs (Table 1). A detailed
tabulation of MI, was made for all 16 trinucleotide motifs at 106 target C spanning the entire
LacZa (Supplementary Table 2).

3.4. Effects of active site pocket, specificity loop, and “substrate contact” mutants on
processivity

We turn now to the effects on catalytic processivity caused by mutations in the specificity
loop (loop 7, Fig. 1d), near the active site (Fig. 1d), and at presumed DNA contact points
(Fig. 3a,b). Catalytic processivity is defined as the number of C deaminations (scored as
C—T mutations in LacZa) that occur during an encounter of a single AID molecule with
one ssDNA substrate, prior to dissociation and subsequent reassociation with another
substrate [10™ 12]; we have shown at single molecule resolution that AID remains bound to
a sSDNA substrate for a median time of ~ 4.5 min [54]. Our experimental conditions
(AID/DNA ratio, incubation time) are adjusted so that ~ 5 % of the DNA substrates are
mutated (white or light blue M13 plaques), which ensures that essentially all of the mutated
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DNA clones are acted on by a single molecule of AID, in accordance with Poisson statistics.
A detailed description of the “single-hit” assay and analysis has been reported previously
[10712].

We’ve investigated the effects on processivity involving three classes of AID mutants,
“active site pocket”, “specificity loop”, and presumed “substrate contact” mutants. Based on
the crystal structure of AID,(A15), Ala substitutions were introduced into AID,,(A15) at two
highly conserved sites near the active center (N51 and Y114) (Figs. 1d, and 3a), at 6 sites in
the substrate specificity loop 7 (F115, C116, E117, R119, K120, E122) (Fig. 1d), and at 3
sites located on helix a6 (R171, Q175, R178), which, based on our structural model, could
potentially interact with the 5'-side of the DNA substrate (Fig. 3a, b). In addition, K52 from
loop 3, presumably located on the 3'-side of the dC substrate, was also mutated. The active
site pocket N51A mutant having an average of 3.7 mutations/clone is 2.7-fold less
processive than its parent AlD,(A15) with 10 mutations/clone, while an adjacent K52A
mutation reduces processivity by about 1.7-fold (Table 2). A mutation at the edge of the
specificity loop, Y114A, reduces processivity by about 4.3-fold, which is comparable to
active site mutant N51A; both mutants are roughly 20-fold less active than AID,(A15),
which is likely responsible for these mutants having the fewest mutations/clone among the
twelve evaluated (Table 2). Based on the crystal structure, it appears that Y114 is positioned
optimally to stabilize dC in the active site (Fig. 1d,e). The rest of the specificity loop mutants
(positions 115 — 122) have little effect on processivity, although R119A does show about a
1.5-fold increase in processivity (~ 15 mutations/clone). Resides117 — 120 of loop 7 are
“flipped-away” with respect to the active site (Fig. 1d).

The presumed substrate contact mutants on helix a6 at residues R171, Q175, R178 and K52
from loop 3, show about a 2-fold lower processivity (Table 2). Since these amino acids are
remote from the active site (Fig. 3), their influence in reducing processivity may reflect
direct non-specific interactions with sSDNA outside the WRC motif, which presumably
regulate AID’s slide/hop scanning motion [10712: 54].

3.5. Impact of HIGM-2 mutations on AID structure and functions

Based on the crystal structure of AID we are now able to better understand how point
mutations in AID may lead to phenotypic disease states associated with HIGM-2 [55]. Each
of the 23 missense mutations identified in patients with HIGM-2 syndrome is displayed on
the AID,(A15) structure (Fig. 3c).

Mutations of H56Y, E58K, C87R, and C87S are all of residues found at the catalytic core of
the enzyme. Both His56 and C87 bind the catalytic zinc ion while E58 is the proposed
catalytic proton shuttle for the deaminase reaction. Mutations M6T, F11L, F15L, W80R,
L98R, L106P, A111E, 1136K, M139T, M139V and F151S all alter residues that are tightly
packed in or against hydrophobic pockets. Mutations in these residues likely affect the
structural integrity of the protein. The L113P mutation may also affect the structural
integrity of the protein, but L113 is also located at the beginning of the substrate specificity
loop where such a mutation could- alter the conformation of this loop and disrupt substrate
binding. Mutations at S83P and S85N, in addition to potential steric effects, likely
destabilize the enzyme as the hydroxyls from both residues are involved in forming
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hydrogen bonds with amides from neighboring residues. Similarly, the side chain of R112,
located right before the substrate binding loop, points back into the core of the molecule
forming hydrogen bonds with backbone carbonyls from Asn14 and Asn16. The mutations
R112C and R112H would disrupt these seemingly important interactions. The most likely
mutations that would directly affect substrate binding are R24W from loop 1 and R174S
from helix 6 as these arginine residues are located in an area consistent with sSDNA binding.
Mutations at these residues as well as S43P are located on the surface of the protein and thus
could potentially disrupt protein-protein interactions important for either SHM or CSR.

4. DISCUSSION

We have obtained a crystal structure for a human AID variant, AID,(A15), at a resolution of
2.8 A (Fig. 1b—d). When expressed in Ramos B-cells, AID,(A15) catalyzes SHM showing a
similar increase in IgVy hypermutation frequency, accompanied by a similar C—T base
substitution mutational spectrum, compared with the expression of native human AID
(Supplementary Fig. 1). AID,(A15) and native AID exhibit similar catalytic properties
favoring deamination in WRC over SYC motifs (Fig. 4, Table 1). By mirroring these key
criteria, SHM and mutational spectra /n vivo, and catalytic deamination specificity /n vitro,
our structure for AID,(A15) can be used as a surrogate for native AID to investigate the
molecular basis for AID’s unique mutational signature.

Catalytic specificity is perhaps the most distinctive feature that sets AID apart from other
APOBEC-family members. AID exhibits a moderately strong catalytic preference for
converting C—U in 5’-WRC trinucleotide motifs accompanied by a moderately strong
aversion against acting in SYC motifs [10- 43](Table 1). In contrast, Apo3G is most active
by far in 5’-CCC (Table 1). Apo3A, Apo3B, and Apo3F also tend to favor 5-YYC, but in a
less restrictive manner compared to Apo3G. Each of these APOBEC dC deaminases
discriminates strongly against WRC matifs. These reciprocal AID vs. APOBEC motif
specificity constraints can be represented quantitatively by their respective Ml values: AID
(WRC) ~ 1.8, AID (SYC) ~ 0.5; Apo3A (WRC) ~ 0.2, Apo3A (SYC) ~ 2.1; Apo3G (WRC)
~ 0.1, Apo3G (SYC) ~ 3.2 — (Table 1). The crystal structures for the APOBEC enzymes are
indeed all quite similar, sharing a conserved fold and a loop (loop 7) of similar size, located
before helix 4, that determines the enzymes specificity for SSDNA.

The crystal structure for AID reveals the specificity loop is decidedly different. The
specificity loop 7 for AID is significantly larger compared to the APOBEC structures, and it
extends out from the active site (Figs. 1, 2, 3). These two distinguishing features likely
account for the different catalytic motif specificities allowing AID to accommodate two
purines on the 5’-side adjacent to the substrate dC (WRC motif) without stringently
discriminating against pyrimidines. The shorter loops of the other APOBEC enzymes on the
other hand strongly favor two smaller pyrimidines bases at these positions (SYC motif).
Since the pocket for AID can accommodate nearest-neighbor Pur or Pyr, that might explain
why AID exhibits a wide range of C deamination patterns, which include WRC, SYC and
neutral trinucleotide motifs [10' 43](Table 1). A comparison of Ml ratios can be used to
illustrate this point: the ratio of hot WRC/cold SYC Ml values for AID ~ 3.6, which is 36-
fold greater than Apo3A ~ 0.1, and 120-fold greater than Apo3G ~ 0.03 (Table 1). As yet
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there are no structural data with AID bound to DNA. Nevertheless, the AID,(A15) structure
with a superimposed dUMP, based on a co-crystal structure of S-TIM5 dCMP deaminase,
suggests a plausible ssDNA binding path paved with positively charged amino acids (Fig.
3a, yellow lines). The structure also suggests how missense mutations that span almost the
entire gene for AID (Fig. 3c) contribute to loss of catalytic function that results in human
HIGM-2 syndrome, a defect in CSR causing an accumulation of IgM and absence of 1gG,
IgA, and IgE isotypes [55].

On the biochemical side of the ledger, AID scans ssDNA processively in short slides/hops
[10712' 54]. Yet, despite exhibiting distinct catalytic preferences, AID shows no discernible
difference in binding to ssDNA having hot motifs, cold motifs, or even no motifs, i.e., the
absence of C [44' 56]. Even its hottest motifs, AAC, AGC, are largely ignored by AID, with
deaminations occurring from 1 — 7% per motif encounter [11: 12: 57]. The AID(A15)
structure contains a positively charged channel on both sides of the active site that could
perhaps serve as a sSSDNA substrate binding surface (Fig. 3a) on which AID can move along
freely, pausing infrequently to act on WRC, and even less frequently at SYC. Our data show
that mutations at four residues along the surface, R171A, Q175A, and R178A helix 6 and
K52A on loop 3, cause a 2-fold reduction in AID processivity, which is consistent with these
presumed AID-ssDNA contacts being reduced by a decrease in positive charge. An intuitive
picture would have AID scanning essentially unconstrained along ssDNA in short back-and-
forth slides/hops. This type of inefficient, haphazard catalytic process would seem ideal for
an enzyme whose central function is to generate mutational diversity to guarantee Ab
diversity. On the other side of the coin, however, this same type of stochastic recurrent
scanning in non-1g genomic sSDNA appears responsible for B-cell lymphomas, which
contain a clear spatial signature of AID in the form of kataegis, mutational clusters
concentrated in WRC motifs [17].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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loop 1

AID MDSLLMNRRKFLYQFKNVRWAKGRRETYLC SATSF.......... FRTLGL 1098
AIDv ----LMDPHIFTSNFNNGI---GRHKTYLCYEVERLDSATSF.......... FRTLGL 198

Figure 1. AID crystal structure
a) Sequence differences at the N-terminus between AID and AlDv. b) Ribbon diagram of

the crystal structure of the MBP-AIDv(A15) fusion protein. The MBP is colored metallic
blue (with bound maltotetraose in yellow) and the AID is colored peach. ¢) Residues that
were modified in AID for solubility purposes are colored cornflower blue. d) Active site
region of AIDv with a dUMP (cyan) superimposed in to the active site from a crystal
structure of deoxycytidylate deaminase from bacteriophage S-TIM5 (pdb 4P9C). Active site
residues chelating the Zn ion and the proposed proton shuttle (E58) are shown in magenta. A
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water molecule coordinating the Zn ion is also shown (red). e) Interactions of the substrate
binding loop. Residues Tyr114 base stacks with Phe115 and is in position to form a
perpendicular base-stacking arrangement with the substrate dC. Leul13 and Cys116 cap off
a hydrophobic pocket consisting of residues from beta strand 5, helix 4, and the C-terminal
helix 6. Cys116 is sandwiched between residues L113 and Pro123 that define the ends of the
substrate binding loop. Glu122 forms a potential hydrogen bond with the backbone amide
from Tyr88 at the top of helix 3. These interactions may help maintain the loops
conformation. In all figures the Zn ion is colored green and the substrate loop is colored
orange.
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Y315(B)
Y114

Figure 2. Comparisons of the crystal structure of AID to Apo3A and Apo3G
a) Global superposition (RMSD 1.1 A over 168 Ca) of the crystal structure of AID (peach)

and Apo3A (cornflower blue, pdb 4XXO0). b) Differences in the conformations and
sequence within the substrate binding loop of AID and Apo3A. c) Global superposition
(RMSD 1.1 A over 166 Ca) of the crystal structure of AID and Apo3G (green, pdb 4ROV).
d) Differences in the conformations and sequence within the substrate binding loop of AID
and Apo3G. Both Apo3A and Apo3G contain an Asp residue (Asp131, Asp317 from
Apo3A and Apo3G respectively) that form a similar backbone interaction with the top of
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helix 3 as Glu122 but reside in a different portion of the loop. Zn ion and active site residues
from AID are displayed in green and magenta and the superimposed dUMP from S-TIM5 is
shown in cyan.
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d

4
|‘:: 4

Figure 3. Potential residues responsible for interaction with ssDNA
a) Electrostatic surface representation of AIDv. Arrows indicate position of loop 1, loop 3

and specificity loop 7. The superimposed dUMP from S-T1MD5 structure suggests a probable
path for the 5’ and 3’ sides of substrate DNA (yellow). /nset, zoom-in the active site with the
superimposed dUMP. Zn ion is shown in green and a water molecule coordinating the Zn ion
is shown in red. b) Selected residues surrounding the active site that could potentially
interact with ssDNA that were mutated in this study. The dUMP from S-TIM5 is
superimposed in the active site for reference. ¢) Positions of the HIGM-2 disease state
mutations found in AID. Residues whose mutations likely affect the stability of AID are
shown in cyan. Residues that may interact with the DNA or form protein-protein interactions
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are shown in purple and S43 which may be involved in protein-protein interactions is shown
in green. Zn ion is shown in green and catalytic and Zn ion binding residues are shown in
magenta.
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AID

AIDV(A15)

AlDv
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Apo3G

T T T T
—200 -100 0 100

Figure 4. C — U deamination spectra of AID, AIDv(A15), AIDv, Apo3A and Apo3G
a) Deamination spectra of purified S/ expressed AID, AIDv, Apo3A, Apo3G and E. colr-

expressed AIDV(AL5). Each colored bar represents a fraction of mutated clones witha C —
U deamination at the indicated position on the /acZa target sequence (=217 to +149). Red
bars identify C deaminations occurring in 5’-WRC hot motifs, blue bars represent 5’-SYC
cold motifs, and green bars represent neutral motifs (i. e., neither WRC nor SYC).
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Effects of point mutations on AIDv(A15) activity and processivity

Enzyme Activity* Number of C—=U p-value**
AIDv(A15) 1 10

N51A 0.04 3.7 <0.01

K52A 0.75 5.8 <0.01
Y114A 0.05 2.3 <0.01
F115A 0.44 5.7 <0.01
C116A 0.35 9.5 0.68
E117A 0.13 8 0.14
R119A 0.69 15.2 <0.01
K120A 11 11.7 0.23
E122A 0.24 7.1 0.06
R171A 0.17 5.3 <0.01
Q175A 0.47 5.3 <0.01
R178A 0.73 4.7 <0.01

Table 2

Deamination activity was measured using the /acZa gap deamination assay.
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*
Relative activities were calculated as the ratio of the frequency of M13 mutant plaques for each AIDv(A15) mutant to the frequency of M13
mutant plaques for AIDv(A15).

Ak
P-values for comparison of mutants to AIDv(A15) processivity were calculated using an unpaired ~test.
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