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Biochemical Regulatory Features of
Activation-Induced Cytidine Deaminase
Remain Conserved from Lampreys to
Humans

Emma M. Quinlan,a Justin J. King,a Chris T. Amemiya,b Ellen Hsu,c Mani Larijania

Department of Biomedical Sciences, Faculty of Medicine, Memorial University of Newfoundland, St. John's, NL,
Canadaa; Molecular Genetics Program, Benaroya Research Institute, Seattle, Washington, USAb; Department of
Physiology and Pharmacology, SUNY Downstate Medical Center, New York, New York, USAc

ABSTRACT Activation-induced cytidine deaminase (AID) is a genome-mutating en-
zyme that initiates class switch recombination and somatic hypermutation of anti-
bodies in jawed vertebrates. We previously described the biochemical properties of
human AID and found that it is an unusual enzyme in that it exhibits binding affini-
ties for its substrate DNA and catalytic rates several orders of magnitude higher and
lower, respectively, than a typical enzyme. Recently, we solved the functional struc-
ture of AID and demonstrated that these properties are due to nonspecific DNA
binding on its surface, along with a catalytic pocket that predominantly assumes a
closed conformation. Here we investigated the biochemical properties of AID from a
sea lamprey, nurse shark, tetraodon, and coelacanth: representative species chosen
because their lineages diverged at the earliest critical junctures in evolution of adap-
tive immunity. We found that these earliest-diverged AID orthologs are active cyt-
idine deaminases that exhibit unique substrate specificities and thermosensitivities.
Significant amino acid sequence divergence among these AID orthologs is predicted
to manifest as notable structural differences. However, despite major differences in
sequence specificities, thermosensitivities, and structural features, all orthologs share
the unusually high DNA binding affinities and low catalytic rates. This absolute con-
servation is evidence for biological significance of these unique biochemical proper-
ties.

KEYWORDS biochemistry, enzymes, evolution, evolutionary immunology

Activation-induced cytidine deaminase (AID) is a DNA-mutating enzyme that is
a member of the apolipoprotein B mRNA-editing catalytic component (APOBEC)

family (1, 2). It is primarily expressed in mature B lymphocytes and initiates the antibody
secondary diversification processes of somatic hypermutation (SHM) and class switch
recombination (CSR) by mutating deoxycytidine (dC) to deoxyuridine (dU) in the
variable and switch sequences of immunoglobulin (Ig) loci, respectively (3, 4). Since
their discovery, murine and human AIDs (Hs-AIDs) have been subject to intense
research, and AID has been shown to cause DNA damage resulting in tumorigenesis
through targeting nonimmunoglobulin genes (5–11). Hs-AID preferentially deaminates
dC to dU within WRC (W is A/T; R is A/G) motifs in single-stranded DNA (ssDNA) (12–17).
We previously described certain unique biochemical properties of purified Hs-AID: it
has a slow catalytic rate (one reaction every �4 min) and exceptionally high affinity (nM
range) for binding ssDNA, such that once bound to its ssDNA target, the bound
AID:ssDNA complex lasts, on average, 5 to 8 min before the first dissociation event (18).
These characteristics, which were subsequently confirmed by others (19), stand in sharp
contrast to most typical human enzymes that have catalytic and substrate on/off rates
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�1,000-fold faster (11, 20). We postulated that the enzymatic lethargy and high-affinity
ssDNA binding have evolved to protect genomes from promiscuous AID activity by
preventing rampant “jumping” around the genome (11, 18, 19, 21, 22). Direct proof of
this concept was provided by the finding that AID “upmutants” that exhibited higher
catalytic rates in vitro also inflicted more damage to the genomes of cells in which they
were expressed (23).

Our recent solution of AID’s functional and native structure provided insight into
several features of the structure that are responsible for these unusual biochemical
properties. We found that the surface of AID is home to two ssDNA binding grooves
that pass over the catalytic pocket. AID’s surface is extremely positively charged (net
charge of �14 in neutral pH), explaining its unusually high affinity for binding nega-
tively charged DNA; however, this also results in the vast majority of ssDNA binding
nonspecifically and sporadically on the surface of AID such that the ssDNA does not
pass over the catalytic pocket. Furthermore, we demonstrated that the majority (�75%)
of AID conformations at any given time contain catalytic pockets that are closed and
unable to carry out a mutation reaction. Taking these results together, we found that
only �1% of AID:ssDNA binding events result in mutation catalysis by AID, thus
explaining the low catalytic rate (11, 21).

Aside from human and murine AIDs, AID orthologs in more distantly related vertebrates
have been identified and some have been investigated for functionality. Due to
evidence of SHM in the early diverging vertebrate fish lineages (24–28), Saunders et al.
hypothesized that an AID ortholog could be found in bony fish and thus discovered AID
transcripts in the channel catfish (Ip-AID) (29). Shortly thereafter, Zhao et al. determined
that zebrafish also has a bona fide AID gene (the Dr-AID gene) and noted that it, along
with the predicted AID genes from other ray-finned fish, encodes an additional 9 amino
acids (aa) in the cytidine deaminase motif, along with a different N-terminal motif
compared to tetrapod AIDs (30). Even though canonical CSR only occurs in tetrapods
(31), multiple fish AID orthologs were able to initiate both SHM and CSR in Escherichia
coli, Saccharomyces cerevisiae, and murine cells, albeit less effectively than mammalian
AID (32–35), thus suggesting that CSR evolved due to the emergence of switch regions
within immunoglobulin loci and not due to adaptations of the different AID orthologs.

The aforementioned studies examined the function of AID orthologs in cell-based
reporter assays, but the biochemical and structural characteristics of these AIDs have
not been studied. Since orthologous AIDs have been studied in the context of xeno-
geneic cell lines with the dampening effects of cellular DNA repair processes, it is
difficult to form a direct comparison of their molecular properties. To address this issue,
we previously compared the enzymatic properties of purified Dr-AID and Ip-AID with
Hs-AID. We found that Dr-AID and Ip-AID were more active at a colder temperature (20
to 25°C) compared to Hs-AID (30 to 37°C). Furthermore, although both bony fish
orthologs bound ssDNA with nanomolar range affinities akin to human AID, Dr-AID
exhibited a faster catalytic rate than Hs-AID, while Ip-AID had a significantly slower
catalytic rate (36, 37). Characterization of these differences using AID mutants and
chimeric enzymes led to significant insights into structure-function relationships within
AID, although it remained unclear how well conserved AID’s low catalytic rate would be
across evolution. Complicating interpretation was the fact that Dr-AID may be quite
unique among orthologs in that it appears to play epigenetic roles outside the immune
system. Dr-AID is required for neurogenesis in developing zebrafish embryos by turning
on broad gene expression cascades through widespread demethylation of methylated
promoter CpG motifs (38). We showed that Dr-AID is unique among all tested bony fish
AID orthologs in that it is capable of deaminating 5-methylcytosine (mC) in CpG motifs,
hence its ability to function in mC demethylation (37).

Here, we sought to study certain biochemical properties of AID orthologs that are
the earliest diverged and cover the breadth of AID’s evolution from its earliest emer-
gence in jawless vertebrates in order to evaluate the conservation, or lack thereof, of
AID’s unusually lethargic activity and high binding affinity. To this end, we focused on
AIDs from species representative of key divergence points in regard to evolution of
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adaptive immune systems. These include the sea lamprey (Pm-CDA1), the nurse shark
(Gc-AID), the “living fossil” fish coelacanth (Lc-AID), and a relatively more recently
diverged bony fish, tetraodon (Tn-AID). We report that these earliest-diverged AID
orthologs exhibit unique substrate specificities and optimal temperature tolerances but
that AID’s lethargic enzymatic rate and high affinity for ssDNA are remarkably con-
served. These results shed light on the molecular evolution of AID in the context of
diverging adaptive immune systems and highlight the importance of its unique bio-
chemical properties.

RESULTS
Selection of AID orthologs covering the broadest window of AID’s existence.

Lamprey and hagfish are cyclostomes: the two remaining lineages of agnathans, the
earliest-diverged extant vertebrates (Fig. 1A) (39). The jawless fish lamprey is of major
interest for immunologists due to a unique adaptive immune system involving variable
lymphocyte receptors (VLRs) rather than immunoglobulin (Ig) (40–50). The lamprey has
three types of VLRs (A, B, and C), whose genes are proposed to be somatically
rearranged by a type of gene conversion, the mechanisms of which are as yet unknown
(40–44, 46–49, 51–54). While attempting to identify how VLRs were assembled when
jawless vertebrates lack the recombination activating gene proteins (Rag 1 and 2) (55),
Rogozin et al. identified cytidine deaminases 1 and 2 (CDA1/2), constituting the
earliest-diverged AID orthologs identified to date (52). Both have a rather poor se-
quence similarity to other AID sequences, yet CDA1 was found to induce C to T mutations
in E. coli and recombination in yeast (52). Two other groups identified the expression
patterns of each CDA, determining that CDA1 was associated with VLRA and C cells which
are T cell like, while CDA2 was expressed in B-cell-like VLRB cells (47, 53, 54). CDA1 exhibited
mutagenic activity when expressed in both E. coli and yeast cells (52); however, it has not
yet been purified in order to be directly studied. Therefore, we chose to purify CDA1 from
Petromyzon marinus (Pm-CDA1) to biochemically compare to the well-characterized Hs-AID.

Another AID we chose to compare with Hs-AID comes from the cartilaginous fish
nurse shark (Chondrichthyes) Ginglymostoma cirratum (Gc-AID), descendant of an early
gnathostome lineage, representing the earliest-diverged Ig loci that is V(D)J-based (25,
56–60). Shark Ig loci do undergo SHM and recent studies suggest they may also
undergo a type of rudimentary class-switching (26, 56, 59). To date, only a putative
cytidine deaminase from elephant shark has been identified (61), and the functionality
of AID from any shark species has not been evaluated. To this end, we isolated and
identified an AID-encoding cDNA from the spleen of nurse shark and expressed and
purified this putative enzyme.

Around the era the cartilaginous fish diverged from other early gnathostomes, the
bony fish (Osteichthyes) class emerged, eventually giving rise to the ray-finned fish
(Actinopterygii), who also evolved unique V(D)J immunoglobulin loci organization and
isotypes (39). The AIDs of several earlier-diverged bony fish have been shown to be
functional cytidine deaminases (29, 30, 32–34, 36–38, 62, 63). Here we chose a pufferfish
belonging to a more recently derived lineage from the ray-finned fish clade, the
pufferfish tetraodon (Tetraodon nigroviridis) to study its AID (Tn-AID).

Lastly, the closest fish ancestors to tetrapods are the lobe-finned fish (Sarcopterygii),
of which coelacanth (Latimeria chalumnae) is an extant member whose genome has
been recently sequenced, including its AID gene (the Lc-AID gene) (64). The other extant
member of Sarcopterygii is the lungfish, whose genome apparently does not contain an
AID ortholog, making coelacanth the only member of this clade to have an AID-
encoding gene (55). Coelacanth Ig has also been shown to undergo V(D)J recombina-
tion (65, 66). Thus, as shown in Fig. 1A, the four fish AIDs chosen for this study are
representative of key divergence points in the evolution of adaptive immunity, while
covering the broadest evolutionary distance relative to Hs-AID and to each other.

Figure 1B shows the degree of amino acid identity and similarity among the
orthologs, while Fig. 1C shows an alignment of the five AID orthologs’ amino acid
sequences. As expected, the ortholog from the earliest-diverged lineage, Pm-CDA1, is
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FIG 1 AID in the context of evolution. (A) Phylogenetic tree showing the evolutionary relationships between early-diverged fish species and
humans: Petromyzon marinus (lamprey), Ginglymostoma cirratum (nurse shark), Tetraodon nigrovirigis (tetraodon), Latimeria chalumnae (coela-
canth), and Homo sapiens (human). Images of the species were illustrated by Emma Quinlan. (B) Percent sequence identity and similarity were
calculated by comparing identical and similar amino acids between the indicated AID orthologs and Hs-AID. To investigate the relative
contribution of the ray-finned fish insert to sequence similarity, identical and similar homologies between Tn-AID and Hs-AID were calculated
without this insert. The approximate period of species appearance (mya, million years ago) is shown on the x axis. Sequence identity and similarity
to AID are based on published sequences of AID; some are predicted: 0 mya, Homo sapiens; 50 mya, Callithrix jacchus; 100 mya, Pteropus vampyrus;
150 mya, Ornithorhynchus anatinus; 300 mya, Anolis carolinensis; 350 mya, Pleurodeles waltl; 400 mya, Latimeria chalumnae and Tetraodon
nigroviridis; 450 mya, Ginglymostoma cirratum; and 500 mya, Petromyzon marinus. (C) Alignment of AID protein sequences from human (Hs-AID),
coelacanth (Lc-AID), tetraodon (Tn-AID), nurse shark (Gc-AID), and lamprey (Pm-CDA1). L, loop; �, helix; �, strand. (D) Percent sequence identity
was calculated by comparing the nucleotide sequence between the AID-encoding cDNA sequences of fish AID orthologs and Hs-AID. The
approximate period of species appearance is shown on the x axis. The cDNA sequences of the same nonfish species used to provide context for
amino acid conservation were again used: 0 mya, H. sapiens; 50 mya, C. jacchus; 100 mya, P. vampyrus; 150 mya, O. anatinus; 300 mya, A.
carolinensis; 350 mya, P. waltl; 400 mya, L. chalumnae and T. nigroviridis; 450 mya, G. cirratum; and 500 mya, P. marinus.

Quinlan et al. Molecular and Cellular Biology

October 2017 Volume 37 Issue 20 e00077-17 mcb.asm.org 4

http://mcb.asm.org


the least and quite poorly conserved with Hs-AID (17% identity, 37% similarity). At the
other end of the spectrum, and also as expected, the most recently diverged AID
ortholog relative to tetrapods, Lc-AID, exhibited the highest level of sequence similarity
with Hs-AID (74% identity, 85% similarity). Tn-AID exhibits a modest level of conserva-
tion with Hs-AID between that of Pm-CDA1 and Lc-AID (55% identity and 68% simi-
larity). Tn-AID has two inserts spanning positions 65 to 79; as of yet, this insert has only
been found in ray-finned fish (Fig. 1C) (36, 37). However, Tn-AID’s lower sequence
similarity is not due to this insert: without it, Tn-AID’s amino acid identity and similarity
to Hs-AID only increases by 2 and 3%, respectively (indicated in Fig. 1B by a dotted line).
Gc-AID exhibited higher conservation with Hs-AID (66% identity and 78% similarity)
compared to Tn-AID. In addition to the amino acid sequences, we compared relative
conservation among each AID’s cDNA sequence (Fig. 1D). The nucleotide comparison
shows a similar pattern of percent sequence identity between the AID orthologs as
seen in the amino acid comparison. Lc-AID has the closest nucleotide conservation to
Hs-AID (73%), whereas Pm-CDA1 is the least conserved (39%). Tn-AID is again modestly
conserved with Hs-AID (62%), while Gc-AID is slightly more homologous (69%). We
conclude that sequence similarity to Hs-AID generally corresponds with evolutionary
distance; however, relative to the AIDs of land-dwelling tetrapods, all orthologs studied
here have the lowest similarities to Hs-AID. This suggests that if the biochemical
properties of AID are indeed divergent among species, this ought to be observable in
our comparative study.

Fish AID orthologs are cold-adapted cytidine deaminases. In order to compare
some of their biochemical properties, we generated expression constructs and ex-
pressed and purified AID orthologs from the aforementioned species as glutathione
S-transferase (GST)-tagged fusion proteins, as previously described (18, 36, 37). First, we
verified the quality and determined the concentrations of multiple independently
purified preparations of each AID on denaturing SDS-PAGE gels (see Fig. S1A in the
supplemental material). Once appropriate purification of each AID preparation was
confirmed, we tested whether they are active cytidine deaminase enzymes. For initial
activity tests, we utilized the standard alkaline cleavage assay for cytidine deamination
which we and others have previously established to measure AID activity on ssDNA (15,
36, 37, 67–70). We incubated each AID at long intervals at three different temperatures
(18, 25, and 37°C) with TGCbub7, which is a standard bubble-type substrate that
contains the WRC motif TGC (Fig. 2A, top). The longer incubation at three different
temperatures accounts for possible differences in absolute activity levels, as well as
optimal temperatures among AID orthologs, and would allow for enzymatic activity,
however faint, to reveal itself. As shown in Fig. 2A, when a representative preparation
of each AID ortholog was incubated with TGCbub7 overnight, Pm-CDA1 and Hs-AID
showed relatively similar levels of activity (54.7 and 93.0% deamination, respectively),
whereas the other AID orthologs appeared to be less active (1.8, 5.1, and 16.3% for Gc-,
Tn-, and Lc-AID, respectively).

To confirm that the observed activity was bona fide AID activity through cytidine
deamination, we created catalytically “dead” AID mutants, wherein one of the zinc-
coordinating amino acids and the proton-donating glutamic acid in the catalytic
pocket, previously shown to be necessary for cytidine deamination (13, 21, 71), were
mutated (H56Y and E58G for Hs-AID, Lc-AID, and Gc-AID; H53Y and E55G for Tn-AID;
and H66Y and E68G for Pm-CDA1). We purified each mutant, confirming purification on
SDS-PAGE (see Fig. S1B in the supplemental material). When a representative prepa-
ration of each catalytically dead AID mutant was incubated with TGCbub7 overnight
and tested alongside the wild-type AID orthologs (Fig. 2A), no cleavage of the substrate
was observed. As a second independent negative control of the purity and specificity
of the AID purifications, the construct bearing only the GST tag with no AID insert was
expressed, and the GST tag was purified in the same manner as the wild-type GST-
tagged AID orthologs. The purity of this preparation was determined through visual-
ization on an SDS-PAGE gel (see Fig. S1C in the supplemental material). When the GST
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tag preparation was incubated overnight with TGCbub7 and visualized on an acryl-
amide gel alongside the wild-type and dead AID orthologs, the substrate was not
cleaved (Fig. 2A). Thus, any activity seen in our alkaline cleavage assay can be attributed
to cytidine deaminase activity of each purified AID ortholog.

To independently confirm that the fish AID proteins were active, we also used a
second type of deamination assay. In this PCR-based assay that we previously estab-
lished (14, 15), a plasmid substrate, rendered single stranded through restriction
enzyme digestion and heat denaturation, is incubated with AID, followed by PCR using
deamination-specific primers to selectively amplify AID-mutated DNA (Fig. 2B, left
panel), which is then sequenced to verify AID-mediated mutations. Using this assay, we
confirmed that all five AID orthologs catalyzed dC-to-dU mutations detectable by PCR
(Fig. 2B, right panel). When the p219 plasmid was incubated with the GST tag alone,
purified in parallel with the AID orthologs, no amplification using the deamination-
specific primers was observed (Fig. 2B, right panel); therefore, any cytidine deaminase
activity seen in this assay can be directly attributed to specific AID-mediated dC-to-dU
conversion.

Previous studies using cell lines transfected with fish AID, as well as in vitro enzyme
assays with purified fish AID, demonstrated that these orthologs mediate higher
mutation rates at colder temperatures than 37°C, suggesting that AID orthologs could

FIG 2 AID orthologs are active cytidine deaminase enzymes. (A, top) TGCbub7 substrate. *, 32P label. The arrow shows the target
cytidine in the bubble. (Bottom) Representative alkaline cleavage gel showing activity of 0.5 �g of Pm-CDA1, Gc-, Tn-, Lc-, and Hs-AID,
and their corresponding catalytically dead mutants on TGCbub7, incubated at each enzyme’s optimal temperature (14.5, 20.5, 20.0,
25, and 31°C, respectively). The substrate and product are 56 and 28 nucleotides in length, respectively. The negative control is the
substrate TGCbub7 and activity buffer with no enzyme added. (B, left) Schematic of p219 showing the principle of the PCR assay for
detecting AID activity on long stretches (several hundred nucleotides) of plasmid ssDNA. Outside primers: P1F (GGAAGGTATGAAAA
TAGGAAAAGAAAATAAATAAATTTTG) and P1R (CCCCTAACTTTTATACCCAACCCTAACTCC). Nested primers: P2F (CCCCCCGATCCGTATT
TTTGGATAGTTAGGTGGT) and P2R (CCCCCCGATCCAATTAACAACCCTAAAATATAA). Reverse primers are designed to preferentially
anneal with deaminated cytidines; the forward primers anneal to the replicated mutations. (Right) PCR amplification of a section of
p219 plasmid untreated (AID neg) or incubated with five AID orthologs or GST at their optimal temperature (25°C for GST) twice for
1 h each. For PCRs to amplify AID-mutated sequences, p219 plasmid incubated with Hs-AID, Pm-CDA1, and GST was annealed to
deamination-specific primers at 52°C; Lc-, Tn-, and Gc-AID reactions were annealed at 51°C.
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have unique thermosensitivity preferences (2, 36). To evaluate this, we measured the
activity of each AID on TGCbub7 at 18 temperature increments ranging from 4 to 40°C
(Fig. 3A). In order from earliest to most recently diverged orthologs, Pm-CDA1 is the
coldest adapted out of all five species tested, with an average optimal temperature of
14.5°C (Fig. 3B). Gc-AID and Tn-AID are both relatively cold adapted, with average
optimal temperatures of 20.5 and 20.0°C, respectively. Lc-AID is the warmest adapted
of the fish AIDs, preferring an optimal temperature of 25.0°C. Hs-AID is the warmest
adapted of all the AID orthologs tested, with an optimal temperature of 30.8°C (Fig. 3B).
Based on these data, we conclude that these fish AID orthologs are active cytidine
deaminase enzymes that are colder adapted, one with as much difference in optimal
temperature as �15°C compared to Hs-AID.

FIG 3 Fish AID orthologs are cold adapted compared to Hs-AID. (A) Representative AID activity alkaline cleavage gels and
data from thermosensitivity assays. Gels show AID incubated with TGCbub7 for temperatures ranging from 4 to 40°C.
Graphs present thermosensitivity curves, the peak of which indicates the AID ortholog’s optimal temperature. The y axis
shows the percentage of maximum deamination. Error bars represent standard deviations (SDs). (B) Graph of average
optimal temperatures for each AID ortholog, indicated by name in the x axis, with each organism illustrated and the final
average optimal temperature above each bar. Each average is determined from three to six individual experiments using
two to four independently purified preparations expressed from two or three independently constructed expression vector
clones for each AID ortholog, resulting in, from left to right, 7, 4, 5, 12, and 5 independent experiments. Error bars represent
the standard errors of the mean (SEM).
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AID orthologs have unique substrate sequence specificities. Hs-AID preferen-
tially mutates dC in signature trinucleotide WRC motifs (14, 16, 17, 69, 72–77). To
determine the sequence preference of the earlier-diverged AID orthologs, we tested
them using the alkaline cleavage assay on six different substrates that are identical to
TGCbub7 (Fig. 2A, top) except for the �2 and �1 position nucleotides immediately
upstream of the target dC. Figure 4A demonstrates the WRC specificity of Hs-AID. As
expected, Hs-AID is �3-fold more active on the WRC substrates (on TGCbub7, TACbub7,
and AGCbub7: 62.0, 47.0, and 42.7% deamination, respectively) than non-WRC sub-
strates (on GACbub7, GTCbub7, and GGCbub7: 10.7, 18.0, and 27.1% deamination,
respectively). We previously demonstrated that both Hs- and Dr-AID preferred the three
tested WRC motifs at similar rates, whereas Ip-AID was 3-fold more active on TGCbub7
than on all other WRC and non-WRC motifs tested (36). Here, we found that Pm-CDA1
was 4-fold more active on TGCbub7 and TACbub7 than the non-WRC GGCbub7 and
GACbub7; however, Pm-CDA1 also showed 2.5-fold activity on the non-WRC GTCbub7
compared to the WRC AGCbub7 (Fig. 4B). Both Gc-AID and Tn-AID exhibited a statis-
tically significant preference for TGCbub7 over all other motifs tested (3- and 8-fold,
respectively). Lc-AID also exhibited a slightly skewed WRC preference: it showed 5-fold
more activity on the WRC motifs tested compared to GTCbub7 and GACbub7; however,
it was also 5-fold more active on the non-WRC GGCbub7 compared to the other
non-WRC substrates (Fig. 4B).

The alkaline cleavage assay thus revealed the relative preference of each AID on
three WRC and three non-WRC-bearing oligonucleotide substrates (Fig. 4A and B);
however, to examine the complete sequence specificity profile of each AID ortholog,
we utilized the aforementioned deamination-specific PCR assay, since the plasmid
substrate contains dC in all 16 possible trinucleotide NNC motifs. To this end, PCR
amplicons representing plasmid DNA mutated by each of the five AID orthologs (Fig.
2B, right panel) were sequenced, and the mutations were mapped (Fig. 4C). Rates
ranged from 0.1 to 6 mutations on average per 100 bp of the PCR amplicon, with all
orthologs mediating either comparable or lower mutation loads than Hs-AID (Table 1).
Pm-CDA1 mutated cytidines in an NYC motif (N, any nucleotide; Y, C or T) at higher than
average rates compared to other motifs (Fig. 4D). Gc-AID mutated cytidines in the AAC
and ACC motifs at 4- and 3-fold above average, respectively, while not mutating any C
in a trinucleotide motif that begins with G. Tn-AID preferred the AAC motif, followed by
AGC, CGC, and TGC, with the GNC motifs among the least mutated. Lc-AID mutated
CCC motifs 2-fold above average, followed by AGC and CAC.

Complete agreement between the alkaline cleavage and PCR assays is not expected
due to major differences in the nature of the substrates, one of which is an oligonu-
cleotide with a single target dC and the other a plasmid with many dCs located in
different regions. Nevertheless, when the substrate specificity data gleaned from the
PCR deamination assay is focused on the same six motifs studied in the alkaline
cleavage assay, the similarities between the two results become more apparent (Fig.
4E). The WRC versus non-WRC preferences of Gc-, Tn-, and Hs-AID are maintained, with
all three AID orthologs preferring TGC, TAC, and AGC over GTC, GGC, and GAC. The
unique preferences of Pm-CDA1 for GTC and Lc-AID for GGC (along with their preferred
WRC motifs) are also conserved.

The corresponding sequence logo analysis of the PCR assay results depicted in
Fig. 4F is in agreement with the initial sequence preference analysis. Pm-CDA1 is again
unique among the other orthologs tested, since the �2 position in the XXC motif is not
as relevant as the �1 position, showing equal weight for all four nucleotides in the �2
position while T and C in the �1 position are most preferred. In contrast, Gc-AID,
Tn-AID, Lc-AID, and Hs-AID demonstrate a greater preference for certain nucleotides in
the �2 position rather than the �1 position. Overall, we conclude that each AID
ortholog has unique substrate sequence specificity patterns, with lowest preference for
GNC trinucleotides being the only ubiquitous feature among three of the four jawed
vertebrate orthologs.
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FIG 4 AID orthologs exhibit unique substrate specificity. (A) Representative alkaline cleavage gel of the substrate specificity assay, showing
activity of Hs-AID on six bubble substrates (TGCbub7, TACbub7, AGCbub7, GACbub7, GTCbub7, and GGCbub7). (B) Bar graphs showing substrate
specificity of each AID ortholog on six bubble substrates with the following target sequence: TGC, TAC, AGC, GGC, GTC, and GAC. Two or three
purifications of one or two clones from each AID orthologs were tested two or three times for a total of three to five independent experiments
for each species. The y axis shows relative deamination efficiency (preference relative to average of all six substrates) to enable comparison

(Continued on next page)
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All earlier-diverged AID orthologs have relatively low catalytic rates. We sought
to assess the catalytic rates of AID orthologs by comparing initial Michaelis-Menten
enzyme velocities, in the same manner previously used to demonstrate Hs-AID’s
lethargic catalytic rate (69). In order to determine the optimal duration of incubation
with substrate for each AID ortholog to measure initial catalytic velocities, we first
performed time course enzyme kinetics comparisons. Each AID ortholog was incubated
with TGCbub7 at its optimal temperature for durations between 5 and 1,200 min (Fig.
5A). The substrate TGCbub7 was chosen because we found in this and previous works
that it is the most preferred target of all AID orthologs in the alkaline cleavage assay,
which is used to determine enzyme kinetics (36, 37). Following a similar pattern to the
initial activity test seen in Fig. 2A, we found that Hs-AID was the most active, catalyzing
the maximum deamination of the second most active AID ortholog, Pm-CDA1 (42
fmol/�g at 1,200 min), more than three times as fast. Tn-AID was as active as Pm-CDA1
until 360 min, after which Tn-AID catalyzed 20% less product than Pm-CDA1 at 1,200
min. Gc-AID activity plateaued at 360 min, after which it catalyzed �0.5 fmol/�g
product every hour until it reached a low maximum of 17.5 fmol/�g at 1,200 min, which
is 3-fold less than the activity of Hs-AID at this time. Lc-AID, catalyzed a maximum of 10
fmol/�g at 1,200 min, approximately one-fifth the product catalyzed by Hs-AID at this
time point.

The optimal length of incubation for comparison of Michaelis-Menten kinetics
between AID orthologs was determined based on the duration of the initial velocity
phase of time course kinetics: Pm-CDA1, 240 to 420 min; Gc-, Tn-, and Lc-AID, 150 to
300 min; and Hs-AID, 120 min. We thus measured the catalytic kinetics of each AID
ortholog at its optimal time and temperature on a range of TGCbub7 concentrations
(Fig. 5B). Unsurprisingly, the order from highest to lowest initial catalytic rate followed
the same trend as time course enzyme kinetics in Fig. 5A: Hs-AID exhibited the highest
catalytic rate with an initial velocity of 0.75 fmol/�g/min. Pm-CDA1 is 33% less active,
with an initial velocity of 0.50 fmol/�g/min. Tn-AID and Gc-AID had lower and similar
initial velocities, between 0.18 and 0.22 fmol/�g/min, nearly a quarter the rate of
Hs-AID. Similar to the time course kinetics, Gc-AID and Lc-AID were again the slowest,
having initial velocities of 0.18 and 0.15 fmol/�g/min, respectively, one-fifth that of
Hs-AID. Thus, based on time course and initial catalytic rate comparisons, we conclude

FIG 4 Legend (Continued)
between AID orthologs whose absolute activity levels on each substrate vary. Error bars represent the SEM. *, P � 0.05; **, P � 0.005. P values
were determined by using a Mann-Whitney test. (C) Visualization of mutations. Each horizontal line is one individual sequenced amplicon of p219
that was mutated by the indicated AID ortholog and PCR amplified; each “X” is a C¡T mutation. The x axis maps the section of p219 that is PCR
amplified, minus the primers: 407 nucleotides from the first set of primers. The line at the top of each graph shows all possible dC mutations,
indicated by an X. The numbers of amplicons analyzed for each AID ortholog were as follows: Pm-CDA1, 61; Gc-AID, 82; Tn-AID, 103; Lc-AID, 112;
and Hs-AID, 114. (D) Comparison of substrate specificity of Hs-AID to early-diverged AID orthologs on p219. The y axis shows the mutability index,
where 1 � average rate of mutation (dotted line) for all 16 NNC motifs. The relative preference for each individual NNC sequence was obtained
by dividing its mutation rate by the average value for all 16 NNCs. The x axis shows XXC DNA motifs, ordered from most to least mutated by
Hs-AID. Error bars represent the SD. (E) Bar graphs showing the substrate specificity of each AID ortholog on six NNC motifs—TGC, TAC, AGC, GGC,
GTC, and GAC—in a PCR-based assay. The y axis shows the mutability index. The relative preferences for the six NNC sequences were obtained
by dividing the mutation rate by the average value for the six NNC motifs identified. *, P � 0.05; **, P � 0.005, ***, P � 0.0001. P values were
determined by using a Mann-Whitney test. Error bars represent the SEM. (F) Sequence logos showing the relative AID specificity of each
nucleotide at the �2 and �1 nucleotide positions. The height of the stack shows the consensus of nucleotides at that position, and the height
of each symbol within the stack indicates the relative frequency of each nucleotide at that position.

TABLE 1 Mutation rates of AID orthologs on denatured plasmid DNAa

AID ortholog Avg dC mutations (per amplicon) Mutation rate (per 100 nt)

Pm-CDA1 13 4
Gc-AID 0.4 0.1
Tn-AID 8 2
Lc-AID 22 6
Hs-AID 16 4
ant, nucleotides.
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that all orthologs studies have a lower catalytic rate than Hs-AID. Interestingly, the
earliest-diverged ortholog (Pm-CDA1) is the most active of the fish orthologs.

To ascertain whether the differences in catalytic activity between the AID orthologs
are due to differences in affinity of binding to the substrate ssDNA, we performed
electrophoretic mobility shift assays (EMSAs) previously optimized for measuring affin-
ity of overall AID binding to DNA (Fig. 6A) (18, 36, 69). The average Kd values (in nM)
were as follows: Pm-CDA1, 0.11; Gc-AID, 0.14; Tn-AID, 0.58; Lc-AID, 0.044; and Hs-AID,
0.14. The differences in binding affinities were not directly correlated with variation in
catalytic activity (see Fig. S2 in the supplemental material); however, since all the ssDNA
dissociation constants were extremely low (in the nM range), together they correspond
to slower activity, compared to APOBEC3G, a sibling of AID that exhibits �M range
ssDNA dissociation constants but a much faster catalytic rate (see Fig. S2 in the
supplemental material) (78, 79). Thus, we conclude that all AID orthologs examined
here are able to bind ssDNA efficiently with very high affinities in the nM range, similar
to Hs-AID.

Predicted structures of AID orthologs provide insight into biochemical differ-
ences. In order to gain structure-function insights into the differences among or-
thologs, we modeled each AID’s structure using several related solved APOBEC struc-
tures as the templates, similarly to the computational phase of our combined
computational-biochemical approach used to solve the functional and native structure
of Hs-AID (11, 21) (Fig. 7, first column). We examined the 25 lowest-energy predicted

FIG 5 Early-diverged AID orthologs exhibit lower enzymatic efficiency compared to Hs AID. (A, left) Representative time course
alkaline cleavage gel. Pm-CDA1 was incubated with TGCbub7 at optimal temperature (�14°C) for 1 to 20 h. (Right) Graph of
combined time course data from two to seven experiments using three to six independently purified preparations of each AID
ortholog; each point on the graph represents four to ten individual data points. Error bars represent the SD. (B, left)
Representative Michaelis-Menten enzyme kinetics alkaline cleavage gel used to determine the initial enzymatic velocity of each
AID ortholog. A 0.2-�g portion of Pm-CDA1 was incubated with concentrations of TGCbub7 ranging from 3.15 to 100 fmol/�l
at the optimal temperature (�14°C) for 7 h. (Right) Graph of Michaelis-Menten kinetics showing initial velocities of the different
AID orthologs. Each point represents four to six individual data points from three independent experiments on three to six
independently purified preparations of each AID ortholog. Error bars represent the SD. **, P � 0.005; ***, P � 0.0005
(determined by two-tailed, nonparametric t test).
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conformations for each ortholog and found that all orthologs formed a core structure
akin to the conserved core architecture of the AID/APOBEC family (21). Consistent with
our finding that these orthologs are active cytidine deaminases, they all exhibited an
enzymatically viable catalytic pocket at the center of which are the characteristic triad
alpha-beta-alpha Zn2�-coordinating motif of two cysteines and a histidine atop the

FIG 6 Differences in activity between AID orthologs are not due to ssDNA binding. (A) Representative
EMSA gel of Hs-AID incubated with various concentrations of TGCbub7 at optimal temperature (31°C) for
1 h. AID in complex with substrate is found in the bound bands, while free substrate continues to migrate
toward the bottom of the gel, as indicated. The negative control is TGCbub7 in binding buffer with no
AID added. (B) In order to calculate Kd half-saturation binding affinities for each ortholog, the fraction of
shifted substrate was quantitated, and a bound versus free plot was generated. The average Kd value for
each AID ortholog is indicated within each graph, determined from three independently purified
preparations of each AID ortholog.
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FIG 7 Predicted structures and substrate docking of AID orthologs. Shown are the cartoon (first column), surface
topology (second column), surface model with single-stranded section of TGCbub7 in the DNA binding groove
(third column), and catalytic pocket docked with dC (fourth column) of Hs-AID, Lc-AID, Tn-AID, Gc-AID and
Pm-CDA1. Each structure is a representative of the 25 lowest-energy predicted conformations, using multiple
related APOBEC X-ray and NMR structures as the templates. N-to-C terminus progression is shown from blue to red in
the cartoon structures. The ribbon diagram shows Zn coordinated in the catalytic pocket (purple sphere): � is loop, � is
helix, and � is strand. All models illustrate the same global architecture with notable differences found in the N-terminal
tails, connecting loops (�2, �4, �5, �6, and �8), particularly in the loop 5 extension that is unique to bony fish, and in the
structure/absence of the C-terminal �7. In the surface structures, positive and negative residues are blue and red,
respectively. The catalytic pocket is seen as an indentation in the center, with the catalytic residues (Zn-coordinating triad
of cysteines and histidine, catalytic glutamic acid) colored purple. A large proportion of the surface is positively charged,
as reflected by the relatively high pI and net charge at neutral pH compared to other APOBEC enzymes, and similar to
Hs-AID. The fourth column shows catalytically accessible conformations of each AID ortholog docked with dC in the
catalytic pocket. All orthologs exhibited both open and closed catalytic pocket confirmations, similar to Hs-AID, and a
representative open pocket confirmation was chosen for dC docking, since closed conformations are unable to dock dC
in the pocket and thus represent an inactive conformation of AID.
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proton-donating catalytic glutamic acid (H66, E68, C97, and C100 for Pm-CDA1; H56,
E58, C87, and C90 for Gc-AID; H53, E55, C93, and C96 for Tn-AID; H56, E58, C87, and C90
for Lc-AID; H56, E58, C87, and C90 for Hs-AID). We noted that each predicted AID
structure exhibited a high concentration of surface-exposed positively charged residues
distributed over the entire surface in locations proximal to the catalytic pocket, as we
previously described for Hs-AID (21). Consequently, all AID orthologs exhibited similar
isoelectric properties (pI values for Hs-, Lc-, Tn-, and Gc-AID and Pm-CDA1 of 10.0, 9.7,
10.1, 10.2, and 10.0, respectively) and charges at neutral pH (net charges for Hs-, Lc-,
Tn-, and Gc-AID and Pm-CDA1 of �14.3, �11, �15.9, �11.7, and �12.7, respectively).
This conservation is remarkable since there is significant divergence in isoelectric points
and surface charges within the AID/APOBEC family (�2, �6, �0.5, �9, and �3.5 of
human A3A, A3B-CTD, A3C, A3F-CTD, and A3G-CTD, respectively), thus making the net
charge of approximately �14 being a unique and defining feature of AID (11). The
conservation in high positive net charge is also consistent with our observation that all
AID orthologs bind ssDNA with high-nM-range affinity (Fig. 6B).

Since we found that all AID orthologs examined had varying but consistently low
catalytic robustness, we compared regions that govern the catalytic pocket and sub-
strate specificity (Fig. 7, first and second columns). We previously described a set of
secondary catalytic residues that support the aforementioned primary catalytic residues
by stabilizing dC in the catalytic pocket and contributing to the physical architecture of
the catalytic pocket (21). The secondary catalytic residues are contained in loops 2, 4,
6, and 8 in Hs-AID; relative breathing motion of these loops contributes to the fluidity
of Hs-AID’s catalytic pocket dynamics (11, 21). We previously showed that these loops
contain much of the sequence divergence within the human AID/APOBEC family and
that these differences mediate variable breathing dynamics of catalytic pockets (11).
Here, we found that the AID orthologs also had significant differences in these loops.
Pm-CDA1 had a three-residue insert and a replacement of two normally conserved
secondary catalytic residues (R32 and C33) in loop 2. Nevertheless, the conformation of
loop 2 remains similar to other AID and APOBECs. We noticed a large insert in loop 4
of Pm-CDA1 that compacts the residues neighboring the catalytic pocket. We also
noted considerable sequence differences in loop 8 among all AID examined, with
Pm-CDA1 having the shortest loop 8. In Tn-AID we observed a unique sequence in loop
5, which is conserved in AID from ray-finned fish. This sequence contains a high number
of helix-breaking residues and was predicted to form an extension of loop 5. Further-
more, this extension contains a high number of hydrophobic residues and was found
to mediate contact with �2 and the N terminus, which is likely important for dimeriza-
tion.

We previously demonstrated that the catalytic pocket of AID transitions dynamically
between accessible and occluded states and that only the former state can accommo-
date dC for deamination (21). Therefore, we sought to compare the efficiency of dC
binding in the catalytic pocket of the AID orthologs. To this end, we docked a
7-nucleotide ssDNA containing the WRC motif TGC to the surface of AID and measured
the proportions of ssDNA bound near the catalytic pocket and how many of those
conformations were catalytically viable (Fig. 7, third and fourth columns; Table 2). As

TABLE 2 Percent substrate bound to AID near the catalytic pocket and correctly oriented
within the DNA binding groove

AID ortholog

% substrate bound near the
catalytic pocket

% catalytically viable statesNot restricted Restricteda

Hs-AID 18 (59/320) 58 (466/800) 40 (10/25)
Lc-AID 39 (112/288) 74 (590/800) 36 (9/25)
Gc-AID 29 (56/192) 62 (498/800) 24 (6/25)
Tn-AID 42 (161/384) 63 (507/800) 48 (12/25)
Pm-CDA1 44 (99/224) 72 (572/800) 28 (7/25)
aThat is, to within 30 by 30 by 30 Å of the catalytic pocket.
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previously demonstrated for Hs-AID (21), blind docking simulations showed sporadic
binding of the ssDNA oligonucleotide on the surface, with a minor proportion of
substrate bound proximal to the catalytic pocket (18% (59/320), 39% (112/288), 29%
(56/192), 42% (161/384), and 44% (99/224) of DNA bound clusters for Hs-AID, Lc-AID,
Gc-AID, Tn-AID, and Pm-CDA1, respectively). We then restricted the docking to the
catalytic pocket and surrounding region and for Hs-AID found 58% of low-energy
binding clusters resulted in DNA bound to the DNA binding grooves. For Tn-AID,
Gc-AID, Lc-AID, and Pm-CDA1 we found 63% (507/800 clusters), 62% (498/800 clusters),
74% (590/800 clusters), and 72% (572/800 clusters) of low-energy ssDNA binding
clusters bound to the DNA binding grooves located on the surface, respectively. For Tn-
and Gc-AID, the proportions were similar to Hs-AID, but slightly higher in Lc- and
Pm-CDA1. These higher proportions might be attributed to a slightly more favorably
shaped DNA binding groove. We also observed that like Hs-AID, each ortholog had only
a minority proportion of catalytic pockets in an open and accessible conformation able
to dock dC (40% [10/25], 36% [9/25], 24% [6/25], 48% [12/25], and 28% [7/25]) for Hs-,
Lc-, Tn-, and Gc-AID and Pm-CDA1, respectively (Table 2). This observation is consistent
with our demonstration here that all early-diverged AID orthologs have a low catalytic
rate and suggests that catalytic pocket occlusion is a crucial aspect of AID regulation
that has been preserved during its divergence.

To address the structural basis of the variable substrate sequence specificities, we
simulated TGC- and GTC-containing ssDNAs binding to Pm-CDA1 and Hs-AID. Our
docking simulations reflected our in vitro results: we found that Hs-AID preferred TGC
versus GTC (2.1% versus 0.9% of DNA complexes containing dC in the catalytic pocket),
while Pm-CDA1 has a greater preference for GTC (2.1% versus 1.1% of DNA complexes
containing dC in the catalytic pocket). These results not only explain our in vitro finding
that Pm-CDA1 prefers GTC, the opposite preference to that of Hs-AID, but also serve as
further validation of our AID:ssDNA structural prediction strategy.

DISCUSSION

Previous works have mainly focused on testing ray-finned fish AID in cell-based
reporter assays, determining that these AID orthologs can initiate tetrapod-exclusive
CSR in mammalian cells (32–35). This study is the first to compare purified versions of
the earliest-diverging known AID orthologs. We found that all four early-diverged AID
orthologs are active cytidine deaminases, supporting the theory that the downstream
effects of AID mutation, like CSR and SHM, are likely more dependent on substrate
availability, such as the concurrent exposure of single-stranded Ig switch-regions
during transcription and transportation of AID into the nucleus of the activated B cell.

We also found that while each fish AID demonstrated various levels of activity, all
AID orthologs share the exceptional biochemical properties of Hs-AID of relatively slow
catalytic rates and high-nanomolar-range ssDNA binding affinities (19, 22, 69). The low
catalytic rate and high binding affinity for ssDNA are consistent with predicted shared
structural features of frequently occluded catalytic pockets and highly positively
charged surfaces, respectively. We have shown that these two structural features of
Hs-AID mediate sporadic ssDNA binding on its surface and infrequent positioning of dC
in the catalytic pocket that, together, limit the activity of AID. Our finding here that
even the most divergent orthologs studied share these biochemical and structural
features points to the evolutionary importance of this safeguard (21).

In support of our finding that AID orthologs are lethargic in vitro, the relatively slow
catalytic activity of wild-type AID has also been demonstrated in vivo: AID mutants that
were more catalytically active than their wild-type Hs-AID counterpart were shown to
increase antibody diversification and chromosomal translocations in B cells, suggesting
that AID has evolved a suboptimal specific activity to avoid possibly tumorigenic DNA
damage (23). To confirm our finding that AID’s lethargy is consistent across species as
a protective evolutionary trait against DNA damage, it will be critical to develop similar
in vivo assays using AID upmutants of nonhuman AID orthologs.

The AID orthologs studied here show similarly high nanomolar range binding
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affinities but also unusually low enzymatic activity. An enzyme requires a minimum
binding strength to have any activity, but if the bound complex between product and
enzyme is too strong, the product may remain bound too long and act like a compet-
itor, decreasing activity. Indeed, when a related enzyme with a much higher specific
activity, like APOBEC3G, is considered for comparison an inverse relationship between
specific activities and binding affinities emerges (see Fig. S2 in the supplemental
material). In this context, it is remarkable that even though the amino acid sequence of
Pm-CDA1 is more different from Hs-AID than other human APOBECs are from Hs-AID,
Pm-CDA1 has maintained the high binding affinity and low catalytic activity common
to the other AID orthologs, further supporting the evolutionary importance of these
biochemical properties.

Furthermore, as suggested in previous works (2, 36, 37), we found that purified fish
AID are more cold adapted than their human counterpart, indicating that AID itself has
adapted to changes in body temperature. Adult lamprey inhabit waters at �20°C (80),
nurse sharks prefer 25 to 30°C (81), tetraodon are found in tropical freshwater envi-
ronments at �26°C (82), coelacanths prefer deep water at 13 to 25°C (83), and humans
keep an internal temperature of 37°C: these physiological temperatures are only slightly
warmer than the optimal temperatures of the associated AID. The concurrence of the
optimal temperature of an enzyme to the physiological temperature of the species is
referred to as “corresponding states,” where orthologous proteins from species living at
different temperatures are in corresponding stable tertiary structures and exhibit
similar thermodynamic stability at their respective optimal temperatures (84–86). Cold-
adapted proteins are often more flexible than their warm-adapted counterparts so as
to adopt a similar level of structural rigidity at lower temperatures (86, 87). In this
context, we were surprised not to observe gross differences in apparent compaction of
predicted AID ortholog structures. Rather, structure prediction suggests other reasons
for variation in enzymatic activity. For example, in Tn-AID there is an extension of loop
5, which is unique to AID from ray-finned fish (not shown). This modified loop 5,
enriched in proline/glycine residues, effectively bulges loop 5 away from the core
toward the �2 face. Based upon the tetrameric structure of APOBEC2, AID has been
proposed to dimerize at this interface, which involves interactions from �2 and loop 5
(88). Given the context of this insert, we suspect this loop 5 insert in Tn-AID may alter
the dimer structure, which in turn may have ramifications on its other biochemical
properties, such as activity. Furthermore, in Pm-CDA1 we noticed a distinct structure of
the N-terminal tail in comparison to other AID structures examined. While the
N-terminal in other AID structures forms a short extension which makes minor contact
with �2, the N-terminal in Pm-CDA1 forms an extended conformation that maintains
significantly more contact with �2 and partial contact with �2. This extended
N-terminal tail effectively shields �2, analogous to the full-length structure of APOBEC2.
Unlike the N-terminally truncated APOBEC2 which forms a tetramer, the full-length
APOBEC2 structure exists solely as a monomer because the extended N-terminal tail,
analogous to Pm-CDA1, effectively shields �2-�2 dimerization. This suggests that the
N-terminal extension in Pm-CDA1 may result in shielding of the dimerization interface,
possibly leading to prevalence of monomers, which would explain our observation of
its relatively higher specific activity. The predicted models also reveal differences in the
substrate specificity loops which explain the unique substrate preferences of these AID
orthologs.

It has been hypothesized that Pm-CDA1 is responsible for initiating gene conversion
between the placeholder untranslated region of VLRA/C and the leucine-rich repeats,
which form the completed transcript (46, 47, 52). Unlike VLRB, which is predicted to
perform the same actions in cyclostomes as Ig in gnathostomes, VLRA and VLRC are
theorized to be more similar to T cell receptors. Therefore, it is possible that the unique
preference for Pm-CDA1 for non-WRC motifs (NYC) is a reflection of coevolution with
its target substrate (VLRA/C). Based on our work, we suggest differences present in loop
2 and 8 of Pm-CDA1, as well as the overall compacted state of the catalytic pocket and
surrounding region, due to a four-residue insert (G60-R63) pushing loop 4 closer toward
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the catalytic pocket, are responsible for its unique substrate preference. Concurrent
with Ig loci appearing as the primary antigen recognition receptor in the shark family,
AID seems to have evolved a preference for substrates with WRC motifs, its substrate
specificity pattern becoming more like that of Hs-AID as the evolutionary distance
between the species closes. Given the involvement of loop 8 in substrate recognition
in Hs-AID and other APOBECs, it was not surprising to observe considerable differences
of loop 8 between the AID orthologs.

This study is the first to carry out an in vitro comparison of specific biochemical
properties in purified earliest-diverging orthologs of a tumorigenic human DNA-
mutating enzyme. We discovered that the AID orthologs found in these fish species
maintain the uniquely low enzymatic rate and high-affinity DNA binding of their human
counterpart and that, despite structural differences that lead to various optimal tem-
peratures and DNA substrate sequence preferences, the three defining regulatory
aspects of the structure are remarkably conserved across species: an abundance of high
positive surface charge, catalytic pocket inaccessibility, and frequently catalytically
nonviable ssDNA binding. Together, these features inherent to AID are responsible for
its lethargic catalytic activity, which we demonstrated is also conserved throughout
evolution. Our results provide strong evidence that the inherent structural features that
limit AID’s “dangerous” mutagenic activities are biologically significant since they are
remarkably conserved across evolution.

MATERIALS AND METHODS
AID expression and purification. AID-encoding open reading frames (ORFs) were synthesized in

pBluescript (GenScript, USA). The ORF sequence of Pm-CDA1 was based on the published sequence (52).
The Gc-AID ORF was based on a cDNA sequence obtained from nurse shark spleen cDNA library,
amplified from the highly conserved central portion, which was then used as a probe for phage library.
The ORF of Lc-AID was assembled from the published coelacanth genome (65). ORFs of these AID
orthologs were cloned into PGEX-5X-3 (GE Healthcare, USA) to generate GST-AID expression constructs,
as we have previously described for Hs-, Dr-, Ip-, and Tn-AID (36, 37). The catalytically dead AID mutants
were created by site-directed mutagenesis, as previously described (36, 37). For each AID, a minimum of
two independently cloned expression constructs of correct sequence in PGEX-5X-3 were selected for
protein expression, and for each clone a minimum of two and up to four independent GST-AID
preparations were purified, as described previously (36, 69). Purity and relative concentrations of each
GST-AID preparation were assessed on Coomassie blue-stained SDS-PAGE, and protein concentrations
were equalized using bovine serum albumin (BSA) standard curves, as previously described (36, 37, 69).

Preparation of substrates for enzyme assays. The partially single-stranded substrates containing
a 7-nucleotide single-stranded bubble in the middle were prepared as previously described (18, 69). Six
substrates were used, differing in the dinucleotide sequence immediately upstream of the target dC
nucleotide; these substrates included three AID hot-spot (WRC, where W is T/A and R is G/A) and three
cold-spot (non-WRC) motifs, where dC is the target for AID mutation. Polynucleotide kinase (NEB, USA)
was used to 5= label 2.5 pmol of the target strand with [�-32P]ATP, followed by purification using
Mini-Quick spin DNA columns (Roche, USA) and annealing with a 3-fold excess of the complementary
strand to generate bubble substrates, as previously described (36, 37, 69).

Alkaline cleavage deamination assay. To measure AID activity, we used the standard alkaline
cleavage assays for deamination as previously described (11, 18, 36, 37, 69). Briefly, AID was incubated
with radioactively labeled substrate in 100 mM phosphate buffer (pH 7.2; final volume, 10 �l) and then
heat inactivated at 85°C for 25 min. After uracil excision by UDG, NaOH and heat were used to induce
cleavage at the alkali-labile abasic site of the uracil and denaturation; loading dye was then added, and
electrophoresis was performed on a 14% denaturing acrylamide gel (1� Tris-borate-EDTA [TBE], 25%
formamide, 14% acrylamide-bisacrylamide, 45% urea). The gels were exposed to a Kodak Storage
Phosphor Screen GP (Bio-Rad) and visualized using PhosphorImager Quantity One software (Bio-Rad,
USA). To initially ascertain whether a preparation of GST-AID was enzymatically active, it was incubated
with 50 fmol of TGCbub7, which has previously been demonstrated to be an optimal substrate for AID
orthologs studied thus far (36, 37), at 18, 25, and 37°C overnight.

To determine thermosensitivity profiles, 50 fmol TGCbub7 was incubated with 0.5 to 1 �g of AID in
100 mM activity buffer (final volume 10 �l) for 0.5 to 5 h at temperatures ranging from 4 to 40°C.
Reactions were then heat inactivated at 85°C for 25 min and subjected to UDG and NaOH treatment as
described above. Two to six individual experiments were performed per unique preparation (2 to 4) of
each purified AID ortholog. For each experiment, the percent deamination was plotted against temper-
ature to generate a curve, with the peak revealing the optimal temperature of AID in each experiment.
Optimal temperatures from 6 to 12 individual experiments were then averaged for each AID ortholog to
arrive at its optimal temperature.

To determine substrate specificity, each AID ortholog was incubated with 50 fmol of 32P-labeled
bubble substrates with the following target sequence: TGC, TAC, AGC, GGC, GAC, or GTC at each AID
ortholog’s optimal temperature for 16 or 24 h. Three experiments were performed on each AID ortholog,
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with two or three purifications of each AID ortholog being used. The relative percent deamination was
used to normalize interpreparation variations in overall activity levels to enable comparison between
different purifications of AID.

To determine time point kinetics, each AID ortholog was incubated with 25 to 50 fmol of TGCbub7
at each AID ortholog’s optimal temperature for durations ranging from 5 min to 20 h. Three independent
preparations of each AID ortholog were used, except for Lc-AID, for which six purifications were tested,
all in two to seven separate experiments. The amount of deaminated substrate in fmol/�g of AID was
plotted against time incubated. These experiments were used to determine time of initial exponential
phase of AID activity in order to proceed to Michaelis-Menten kinetics.

To determine Michaelis-Menten kinetics for comparison of initial velocities, 0.2 �g of AID was
incubated with 1.5 to 100 fmol of TGCbub7 at each AID ortholog’s optimal temperature for 2 to 7 h
(depending on the results of time point kinetics). Two or three independent preparations of each AID
ortholog were tested in two or three individual experiments. The percent deamination was used to
calculate the velocity (fmol of product/min of incubation/�g of AID), which was then plotted against the
substrate concentration.

PCR-based deamination assay. We have previously described the deamination-specific PCR assay
to detect activity of purified AID on an �500-bp stretch of denatured plasmid (14, 15). Briefly, 150 ng of
HindIII-digested p219 plasmid was denatured at 99°C for 10 min in phosphate buffer (pH 7.2), followed
by snap-cooling in an ice bath. AID was added and the solution was incubated for 1 h at the optimal
temperature for each AID ortholog as determined in this study. The plasmid substrate was again
denatured and snap-cooled, followed by a second round of AID addition to a final volume of 40 �l,
followed in turn by incubation for another hour. Then, 4 ng of plasmid (2 �l of the incubation solution)
was PCR amplified using deamination-specific primers in a total volume of 25 �l, as previously described
(15). The DNA was then gel purified (Qiagen) and TA-cloned (Invitrogen) and, for each AID ortholog,
�100 amplicons (each 407 nucleotides in size) were sequenced (Macrogen, South Korea). If mutations
were not present, a second, more stringent nested deamination-specific PCR was carried out wherein 2
�l of the first PCR was added to the nested PCR, which had 7.5 pmol of a nested set of deamination-
specific primers, resulting in amplicons of 329 nucleotides (15). In order to analyze substrate specificity
patterns, annealing temperatures were kept at the minimum required to detect mutated sequences so
as to avoid biasing the PCR products toward highly mutated amplicons. The resulting DNA was then TA
cloned (Invitrogen) and sequenced (Macrogen). Amplicons with unique mutation patterns were then
analyzed for the load and location of mutations induced by each AID ortholog.

EMSA. The use of an electrophoretic mobility shift assay (EMSA) to determine AID’s binding affinity
for ssDNA has previously been described (18, 36, 69). Briefly, 0.4 to 50 fmol of TGCbub7 was incubated
with each AID ortholog in binding buffer (1 mM dithiothreitol, 2 �M MgCl2, 50 �M NaCl, dH2O) in a total
volume of 10 �l at 25°C or its optimal temperature for 1 h, followed by UV-cross-linking on ice, as
previously described (69). Then, 5 �l of loading dye was added to each sample, followed by electro-
phoresis on an 8% native acrylamide gel (0.5� TBE, 8% acrylamide-bisacrylamide, 6% glycerol, dH2O) and
electrophoresed at 4°C. The gels were exposed to a Kodak Storage Phosphor Screen GP (Bio-Rad) and
visualized using a PhosphorImager (Bio-Rad, Hercules, CA) on Quantity One software (Bio-Rad). Two or
three independent preparations of each AID ortholog were tested, each in two or three independent
experiments. The amount of substrate bound (fmol) to AID was plotted against the concentration (nM)
of free substrate, followed by nonsaturation binding kinetic analysis (Prism software; GraphPad, San
Diego, CA) to obtain binding half-saturation Kd values.

Structure prediction of AID and AID-DNA complexes. We followed a similar approach as previ-
ously used in our combined computational-biochemical methodology for obtaining AID’s native and
functional structure (11, 21). Briefly, five resolved homologous APOBEC structures were chosen as the
templates for homology modeling: mouse A2 NMR (PDB 2RPZ), A3A NMR (PDB 2M65), A3C (PDB 3VOW),
A3F-CTD X-ray (PDB 4IOU), and A3G-CTD X-ray (PDB 3E1U). All APOBEC structures were obtained from
the Protein Data Bank (http://www.rcsb.org) and visualized by using PyMOL v1.7.6 (http://www.pymol
.org). Using the default parameters of I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/), full-
length AID was modeled from the APOBEC templates to generate 25 models for each, totaling 125
models. For each model, the majority of the protein was homology-modeled with the exception of the
nonhomologous 18 C-terminal amino acids, which were modeled ab initio. The catalytic pocket was
defined by the indented space containing the Zn-coordinating and catalytic residues (H56, E58, C87, and
C90 in Hs-AID). The protein charge and isoelectric point (pI) were calculated for each AID structure using
the PARSE force field in PROPKA 3.0 (89–91).

DNA substrates were docked to each AID model using Swiss-Dock (http://www.swissdock.ch) (92, 93).
Each substrate was constructed in Marvin Sketch v.5.11.5 (http://www.chemaxon.com/products/marvin/
marvinsketch/), while surface topology and docking parameters were generated using Swiss-Param
(http://swissparam.ch) (94). These output files served as the ligand file in Swiss Dock. 5=-TTTGCTT-3=
and 5=-TTGTCTT-3= ssDNA substrates were chosen, since the former has been shown to be the
preferred substrate of both human and bony fish AID (16–18, 69, 95), and the latter was among the
preferred substrates of Pm-CDA1 in this study. Substrate docking simulations for each AID enzyme
resulted in 5,000 to 15,000 binding modes, 8 or more of which were clustered based on root mean
square values. The 32 lowest-energy clusters were selected, thus representing 256 of the lowest-
energy individual binding events within 32 low-energy clusters for each AID. For blind docking, we
simulated ssDNA binding with the entire surface of AID. For restricted docking, we simulated ssDNA
binding within 30 by 30 by 30 Å (x, y, z) from the Zn-coordinating histidine in the catalytic pocket.
In total, 7,008 low-energy clusters were analyzed for each protein, per substrate. In total, 5,600

Quinlan et al. Molecular and Cellular Biology

October 2017 Volume 37 Issue 20 e00077-17 mcb.asm.org 18

http://www.rcsb.org/pdb/explore/explore.do?structureId=2RPZ
http://www.rcsb.org/pdb/explore/explore.do?structureId=2M65
http://www.rcsb.org/pdb/explore/explore.do?structureId=3VOW
http://www.rcsb.org/pdb/explore/explore.do?structureId=4IOU
http://www.rcsb.org/pdb/explore/explore.do?structureId=3E1U
http://www.rcsb.org
http://www.pymol.org
http://www.pymol.org
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://www.swissdock.ch
http://www.chemaxon.com/products/marvin/marvinsketch/
http://www.chemaxon.com/products/marvin/marvinsketch/
http://swissparam.ch
http://mcb.asm.org


low-energy docking clusters were analyzed for AID orthologs in UCSF Chimera v1.7 (https://www
.cgl.ucsf.edu/chimera) (96). Deamination-conducive AID-DNA complexes were defined by the accessi-
bility of the dC-NH2 substrate group to the catalytic Zn-coordinating and the glutamic acid residues (H56,
C87, C90, and E58 in wild-type Hs-AID).

Data quantitation and statistics. The amino acid alignment analysis was performed using STRAP
(http://www.bioinformatics.org/strap/) version 2018-08-11. The nucleotide alignment analysis was per-
formed using PROMALS3D (http://prodata.swmed.edu/promals3d/promals3d.php). The sequence logos
for the PCR deamination assay were generated using WebLogo 3 software. The mutation frequencies of
the XXC motifs generated by each AID ortholog were translated into sequence consensus data: the
higher the frequency of mutation for a certain XXC motif, the higher the number of multiples of said
motif in the consensus, and vice versa. These sequence consensus data were then entered into the
WebLogo 3 algorithm.

For enzyme activity and binding assays, band densitometry was performed using Image Lab Analysis
Software (Bio-Rad) and Quantity One as previously described (18, 21, 36, 37, 69). For each experiment,
individual lanes of each gel were quantitated three times (variability was �5%). Values from individual
experiments were then averaged and plotted as a single data point. For thermosensitivity and binding
assays, the optimal temperatures and Kd values, respectively, were calculated for each AID ortholog in
each experiment and were averaged to obtain final values. For substrate specificity, time course, and
Michaelis-Menten kinetics experiments, data points gathered from all independent experiments were
averaged for each AID ortholog. The data were graphed and statistically analyzed using GraphPad Prism
software. Error bars represent standard errors of the mean (SEM) or standard deviations (SD) as indicated.
P values for the substrate specificity assay were determined by the Mann-Whitney test, which compared
the relative deamination of different substrates. The P values for the Michaelis-Menten kinetics assay
were determined by using a two-tailed, nonparametric paired t test, which compared the initial velocities
of the five AID orthologs.

Accession numbers. NCBI accession numbers were as follows: Homo sapiens activation-induced
cytidine deaminase, AAS92920.1; Callithrix jacchus predicted single-stranded DNA cytosine deami-
nase isoform X1, XP_017832076.1; Pteropus vampyrus predicted single-stranded DNA cytosine deami-
nase, XP_011364076.1; Ornithorhynchus anatinus predicted single-stranded DNA cytosine deaminase,
XP_001516174.2; Anolis carolinensis predicted single-stranded DNA cytosine deaminase isoform X1,
XP_008102036.1; Pleurodeles waltl activation-induced cytidine deaminase, CBG76578.2; Petromyzon ma-
rinus cytosine deaminase, ABO15149.1. The UniProt (http://www.uniprot.org/) accession number was as
follows: Tetraodon nigroviridis uncharacterized protein (CMP/dCMP-type deaminase), H3CRQ9.
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