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Cytidine deaminases of the AID/APOBEC family catalyze C-to-U
nucleotide transitions in mRNA or DNA. Members of the APOBEC3
branch are involved in antiviral defense, whereas AID contributes
to diversification of antibody repertoires in jawed vertebrates via
somatic hypermutation, gene conversion, and class switch recombi-
nation. In the extant jawless vertebrate, the lamprey, two members
of the AID/APOBEC family are implicated in the generation of somatic
diversity of the variable lymphocyte receptors (VLRs). Expression
studies linked CDA1 and CDA2 genes to the assembly of VLRA/C
genes in T-like cells and the VLRB genes in B-like cells, respectively.
Here, we identify and characterize several CDA1-like genes in the
larvae of different lamprey species and demonstrate that these
encode active cytidine deaminases. Structural comparisons of the
CDA1 variants highlighted substantial differences in surface charge;
this observation is supported by our finding that the enzymes require
different conditions and substrates for optimal activity in vitro. Strik-
ingly, we also found that the number of CDA-like genes present in
individuals of the same species is variable. Nevertheless, irrespective
of the number of different CDA1-like genes present, all lamprey lar-
vae have at least one functional CDA1-related gene encoding an en-
zyme with predicted structural and chemical features generally
comparable to jawed vertebrate AID. Our findings suggest that, sim-
ilar to APOBEC3 branch expansion in jawed vertebrates, the AID/
APOBEC family has undergone substantial diversification in lamprey,
possibly indicative of multiple distinct biological roles.
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The activation-induced-cytidine-deaminase/apolipoprotein-B-
RNA-editing-catalytic polypeptide-like (AID/APOBEC) family

of enzymes comprises a group of RNA and DNA cytidine de-
aminases that catalyze a (d)C-to-(d)U transition (1, 2). All family
members share a common structural core consisting of a central
β-sheet, which is made up of five strands, sandwiched between six
or seven α-helices joined by flexible loops of variable lengths. The
deaminase superfamily is characterized by two highly conserved
motifs, which contribute two cysteines and one histidine—chelating
a Zn atom—and a proton-donating glutamic acid to the catalytic
pocket (3). Many APOBEC genes are involved in immune re-
sponses and hence have shown rapid expansion in jawed verte-
brates, particularly notable for the antiviral APOBEC3 genes; for
example, a single APOBEC3 gene is present in rodents, expanding
to three copies in cattle and seven copies in primates (4). Recent
work identifying several AID/APOBEC genes across metazoans,
including nonvertebrates, has indicated that lineage-specific

expansions, rapid evolution, and gene loss are also prevalent
evolutionary trends, suggesting a primary role for them in im-
mune responses (2).
A unique and functionally conserved AID/APOBEC gene

present in all jawed vertebrates encodes activation-induced de-
aminase (AID) (5). First identified in mouse (6) and human (7),
AID has been shown to be required for the somatic diversifica-
tion of Ig genes in all jawed vertebrates examined so far (4).
Upon B-cell activation, AID drives secondary diversification of
antibody repertoires by the induction of somatic hypermutation
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of the variable antibody regions resulting in higher affinity vari-
ants; in addition, AID-mediated mutations result in double-strand
breaks downstream of constant region exons, thus initiating class
switch recombination to alter the Ig’s isotype without changing
antigen specificity (8, 9). In chickens, rabbits, and some cattle, the
generation of the primary antibody repertoire depends on AID-
mediated gene conversion (10–15). Despite some differences in
the precise composition of the target sequence, AID preferentially
deaminates cytidines in WRC (W = A or T, and R = A or G)
motifs in single-stranded DNA (ssDNA) (16–23). Critically, AID
from all jawed vertebrates so far analyzed exhibit the unusual and
unique biochemical property of high-affinity DNA binding with a
low catalytic rate (22, 24, 25).
The extant jawless vertebrates (agnathans), namely hagfishes

and lampreys, lack Ig-based adaptive immunity and have instead
evolved an alternative system, producing diverse clonal repertoires
of leucine-rich repeat (LRR) encoding variable lymphocyte re-
ceptors (VLRs) (26–31). Lampreys possess three distinct lym-
phocyte populations: two T-like and one B-like, each distinguished
by expression of a unique VLR isotype (32–35). The B-like cells
express a GPI-linked VLRB receptor, which can also be secreted
in multimeric complexes that bind directly to antigen in an
antibody-like manner (36, 37). Both T-like lineages express dis-
tinct membrane-bound VLRs, VLRA or VLRC, and assemble
their receptors in thymus-like organs termed thymoids, where they
likely undergo a selection process that modifies their final reper-
toires (38–40).
A copy–paste gene conversion-like process comparable to Ig

gene conversion has been proposed to underlie VLR gene as-
sembly in lamprey (27, 41, 42). Two cytidine deaminase genes,
designated cytidine deaminase 1 (PmCDA1) and 2 (PmCDA2)
were subsequently identified in the genome of the sea lamprey
Petromyzon marinus (41). PmCDA1 is a single exon gene
encoding a polypeptide of 208 amino acids, whereas PmCDA2
encodes a protein of 331 amino acids in four exons. PmCDA2 is
preferentially expressed in VLRB+ lymphocytes isolated from
the kidney and typhlosole, whereas PmCDA1 expression is as-
sociated with VLRA+ and VLRC+ lymphocytes; RNA in situ
hybridization analysis indicates the lamprey thymus equivalent as
the sole site of PmCDA1 expression in lamprey larvae (38).
However, so far, evidence that either PmCDA acts directly on
any of the VLR loci is lacking (43).
Despite significant deviation from the primary sequences of

jawed vertebrate AID/APOBEC enzymes, sequence analysis of
lamprey CDAs suggested that they are active enzymes related to
the classical AID/APOBEC family of proteins (2, 41, 44). In-
deed, using bacterial and yeast expression and in vitro assays,
PmCDA1 was shown to deaminate cytidines (41); however, no
such activity was reported for PmCDA2. Despite remarkable
sequence divergence (<20% amino acid identity) from mam-
malian AID/APOBEC proteins, PmCDA1 is an active cytidine
deaminase enzyme that shares AID-like characteristics of high-
affinity substrate binding, low catalytic rate, temperature adap-
tation, and trinucleotide sequence specificity (25); together,
these findings suggest the possibility that PmCDA1 may have a
similar DNA-editing function in vivo.
Given the evolutionary dynamics of the AID/APOBEC gene

family, we revisited the lamprey CDA gene family to gain further
insight into their potential diversity and evolutionary history. In
addition to identifying splice forms of the CDA2 gene, we dis-
covered an unexpected diversity of CDA1-like genes in lampreys
with implications for their potential roles in VLR receptor as-
sembly and immune defense.

Results
Identification of CDA-Like Genes in Lamprey. Using the two identi-
fied CDA genes of P. marinus, designated PmCDA1 (accession
EF094822) and PmCDA2 (accession EF094823) (41), we con-

ducted homology searches in genomic sequences of the Euro-
pean brook lamprey Lampetra planeri and the related Japanese
lamprey Lethenteron japonicum. Though assembly of the L.
japonicum genome from the testis of a single individual has re-
cently been reported (45), no such resource yet exists for L.
planeri. Therefore, we generated shotgun libraries using genomic
DNAs isolated from two L. planeri larvae, Lp#173 and Lp#175
(SI Appendix, Fig. S1 and Table S1). Initial homology hits were
extended in both directions and the sequences assembled into
contigs, often containing full-length genes or particular exons of
interest. For comparative purposes, we generated a similar re-
source from testis DNA of the same individual (here designated
Lj#1) that was used previously for the assembly of the L. japo-
nicum genome (45). Using each of the PmCDA2 exon sequences
as queries, closely related sequences were found in both L.
japonicum and L. planeri genomes; identical exon/intron
boundaries and similar predicted protein sequences suggested
that L. japonicum and L. planeri each possess a single CDA2
gene (SI Appendix, Fig. S2 A and B).
By contrast, a similar approach using the PmCDA1 sequence

as a query against the two L. planeri larvae sequence collections
failed to recover closely related sequences. Instead, several dif-
ferent CDA1-like genes were identified (Fig. 1 A and B and SI
Appendix, Fig. S3). These genes belong to two distinct but related
groups, which we termed CDA1-like 1 (CDA1L1) and CDA1-like
2 (CDA1L2) (Fig. 1A). The genome of individual Lp#173 con-
tained four different CDA1L1 genes (CDA1L1_1 to CDA1L1_4)
and a single CDA1L2 gene (CDA1L2_1) (Fig. 1B and SI Ap-
pendix, Fig. S1). Analysis of the genome sequences of individual
Lp#175 identified one CDA1L1_2 gene (with 99.5% sequence
identity at amino acid level to the corresponding gene in indi-
vidual Lp#173) and one CDA1L1_4 gene (with complete iden-
tity at the amino acid level); intriguingly, no sequences corresponding
to CDA1L1_1 and CDA1L1_3 were found (Fig. 1B and SI Appendix,
Fig. S1). One of the two CDA1L2 sequences retrieved from the
Lp#175 genome was identical to CDA1L2_1 of Lp#173; a sec-
ond distinct sequence (CDA1L2_2) shared 89.4% identity with
CDA1L2_1 at the amino acid level (SI Appendix, Fig. S3). To con-
firm the presence of these CDA1L1 genes in other individuals,
CDA1L1_1, CDA1L1_2, CDA1L1_3, and CDA1L1_4 genes were
amplified using gene-specific primers from genomic DNAs isolated
from the whole body of another larva (Lp#196) (SI Appendix, Figs.
S1 and S4A). Genomic DNA from individual Lp#196 was then
subjected to Southern filter hybridization analysis using probes
generated from LpCDA1L1_1 and LpCDA1L1_4 gene sequences,
representing the two most divergent sequences of the CDA1L1
gene family. In HindIII digests, three fragments of ∼7.5 kb, 12 kb,
and ≥15 kb were detected; both probes (with 92% nucleotide
identity) hybridized to the same three bands, albeit with different
intensities, indicating that the genomic fragments also differ in
nucleotide sequence (Fig. 1C). By contrast, digests of geno-
mic DNA with the restriction enzymes BfaI and MseI pro-
duced fragments of ∼3 kb and 1 kb, respectively, indicating that
the flanking sequences of the four CDA1L1 genes are similar
(Fig. 1C).
Homology searches of the L. japonicum genome assembly and

the shotgun library of the same DNA revealed clear homologs of
CDA2 exons (SI Appendix, Fig. S2), but no highly conserved
PmCDA1 homolog was found. However, a single CDA1L1
(LjCDA1L1) gene was identified in the genome assembly (scaf-
fold 00511: 303521–304156), sharing 93% identity at the protein
sequence level with LpCDA1L1_1 (SI Appendix, Fig. S3). Se-
quences corresponding to this gene were also identified in the
shotgun library, along with sequences of a second gene (desig-
nated Lj_CDA1L1_4), exhibiting 89% identity with LpCDA1L1_4
at the protein sequence level (SI Appendix, Fig. S4B). Two
CDA1L2 genes (designated LjCDA1L2_1 and LjCDA1L2_2),
which exhibit between 84% and 91% sequence identity to
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LpCDA1L2_1 and LpCDA1L2_2 at the protein sequence
level were also identified in the L. japonicum genome as-
sembly (scaffold 00078: 2091925–2092732; contig APJL01098605:
2832–2013) and in the collection of L. japonicum shotgun reads (SI
Appendix, Fig. S5 A and B). Further analyses uncovered a previously
unappreciated complexity of splice variants of CDA1-like and CDA2
genes, all of which are predicted to introduce variations in their
C-terminal regions (SI Appendix, Figs. S2–S7 and Table S2); the
functional significance of these variants is unclear.

Divergence and Diversity Among CDA1 and CDA1-Like Genes in
Lamprey. We searched the available sequence collections of P.
marinus for the presence of genes corresponding to the divergent
CDA1-like genes identified in the L. planeri and L. japonicum
genomes. We also sequenced the genomes of four additional
individuals: two P. marinus (Pm#1 and Pm#144) and two fur-
ther L. planeri specimens (Lp#236 and Lp#242) (SI Appendix,
Fig. S1). Sequences corresponding to the four exons of PmCDA2

were readily identifiable in the genomic sequence collections of
all four individuals (SI Appendix, Fig. S2B). Notably, the exon
sequences of CDA2 genes of Pm#1 and Pm#144 were identical
to the previously described P. marinus sequence and clearly
distinguishable from the corresponding L. planeri and L. japo-
nicum CDA2 gene sequences (SI Appendix, Fig. S2A). Similarly,
the exon sequences of CDA2 genes from Lp#236 and Lp#242
were identical to those identified in Lp#173 and Lp#175.
Analysis of the Pm#1 genome revealed the presence of se-
quences corresponding to the previously described PmCDA1
gene, with no evidence of additional CDA1L1 sequences (Fig. 1B
and SI Appendix, Fig. S4B). By contrast, the second P. marinus
individual (Pm#144) lacked PmCDA1 homologs, but instead
exhibited sequences homologous to LpCDA1L1_4 (Fig. 1 A and
B and SI Appendix, Fig. S4B). As is the case for many L. planeri
individuals, the Lp#236 shotgun genome sequences lacked de-
tectable PmCDA1 sequences, but contained a single CDA1L1
gene, CDA1L1_4 (Fig. 1B and SI Appendix, Fig. S4B); this result
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was confirmed by Southern filter hybridization (Fig. 1D) and
PCR (Fig. 1E) analyses. Indeed, additional variations in
CDA1L1 gene content were revealed upon further study; the
genomes of L. planeri individuals Lp#8a and Lp#8b contained
three and two CDA1L1 genes, respectively (Fig. 1E). One ad-
ditional combination of three CDA1L1 genes was observed
in a specimen of another lamprey species, Lampetra fluviatilis
(Lf#33) (SI Appendix, Table S3); L. planeri and L. fluviatilis are
considered to be highly related paired species (46). Conversely,
while the genome sequences of Lp#242 revealed copies of
LpCDA1L1_2 and LpCDA1L1_3, no LpCDA1L1_4-related se-
quences were found. However, this individual possessed a clear
ortholog of PmCDA1, named LpCDA1 (Fig. 1 and SI Appendix,
Fig. S1). This LpCDA1 sequence was not detectable in any of the
other L. planeri genomes studied here. Of note, in the course of a
study aimed at genetic interference with lamprey gene functions,
we obtained a cDNA clone of a CDA1-like gene from an addi-
tional L. japonicum specimen (Lj#2); interestingly, the derived
protein sequence (designated LjCDA1) is clearly distinct, yet
more related to LpCDA1 and PmCDA1 than to LjCDA1L1_4
sequences (Fig. 1A and SI Appendix, Fig. S3B). Although it was
not possible to examine the presence of additional sequences in
this individual, this observation indicates that L. japonicum, like
P. marinus and L. planeri also exhibit interindividual differences
in the type, and possibly also the number, of CDA1-like genes.
Collectively, these results reveal previously unappreciated as-

pects of the CDA1-like gene family. First, they indicate a striking
variability in the number of CDA1L1 genes, best illustrated by L.
planeri genomes, which encode either four, three, two, or just
one CDA1-like genes. Second, the representation of CDA1-like
genes in lamprey genomes appears to follow a certain pattern;
irrespective of the total number of CDA1L1 genes present in L.
planeri genomes, the CDA1L1_4 gene is almost always present
[7/8 animals analyzed by PCR and/or whole genome sequencing
(WGS)]. The single animal that lacked this gene (Lp#242) in-
stead possessed a bona fide ortholog to PmCDA1. This striking
intraspecific variability of CDA1-like genes is also present in the
P. marinus genomes analyzed here; individuals of this species
either possess the canonical PmCDA1 gene or instead exhibit a
homolog of the CDA1L1_4 gene. A similar phenomenon ap-
pears to hold for individuals of L. japonicum, possessing variants
of either the CDA1L1_4 or the CDA1 genes. Assuming that the
canonical PmCDA1 gene has essential and nonredundant func-
tions in supporting cellular immunity in P. marinus, our obser-
vations predicted the presence of structural and/or functional
similarities between CDA1 and CDA1L1_4 genes, which we
sought to evaluate further.
Next, we examined the complement of CDA1L2-like sequences.

The genomes of Lp#236 and Lp#242 contained a single
CDA1L2 sequence (SI Appendix, Fig. S5A) with 100% identity to
LpCDA1L2_1 of Lp#173 (SI Appendix, Fig. S5B). Interestingly,
for P. marinus, identical pseudogenized variants of a single
CDA1L2 gene were identified in both the published genome as-
sembly (scaffold GL479158: 189872–190543) (47) and the se-
quence collections obtained from the two P. marinus individuals
studied here; the differences between these three sequences were
confined to only four SNPs (SI Appendix, Fig. S5B), indicating that
they are orthologous sequences. Notably, the P. marinus CDA1L2
gene exhibits several insertion/deletion mutations and a large in-
ternal deletion, compared with the seemingly functional L. planeri
and L. japonicum CDA1L2 genes. However, another sequencing
study identified a complete version of CDA1L2 in a P. marinus
individual (referred to as CDA4 in GenBank accession no.
ALO81575.1; SI Appendix, Fig. S3A) that is closely related to
the sequence of L. japonicum CDA1L2_2, suggesting that like
CDA1L1 genes, the CDA1L2 genes are also subject to pseudo-
genization or loss.

Predicted Biochemical Features and Structures of Lamprey CDA
Proteins. The lamprey deaminases comprise a distinct clade of
the AID/APOBEC sequences that are exclusively found in jawed
vertebrates (SI Appendix, Fig. S3A) (44). To understand the di-
versification of the CDA genes in lampreys, we generated a
comprehensive alignment of all available sequences from dif-
ferent lamprey species. With respect to a presumptive role of
CDA1-like genes in VLRA and VLRC gene assembly, the results
summarized above suggest that in the absence of CDA1,
CDA1L1_4 might play a similar role. While CDA1 and
CDA1L1_4 proteins are not specifically related to the exclusion
of other CDA1-like proteins, they encode a stretch of basic
amino acid residues toward the C-terminal end of the proteins
that are not present in the predicted protein sequences encoded
by other CDA1L1 and the CDA1L2 genes (Fig. 2A). Consistent
with this characteristic feature, the isoelectric points (pI) for
PmCDA1 and CDA1L1_4 fall in the basic range (pI = 9.4, 10,
respectively), similar to mammalian and fish AID (25), whereas
the isoelectric points of other CDA1L1 proteins are in the
neutral to acidic range, closer to that of APOBEC3 enzymes
(Fig. 2B) (3, 48, 49).
Next, we sought to examine whether these newly identified

transcripts of CDA1L1 genes could potentially encode cytidine
deaminase enzymes. To this end, we first generated predicted
model structures of each variant based on resolved X-ray and
NMR structures of five related AID/APOBEC enzymes; this
approach is based on a computational methodology, which
allowed us—in combination with biochemical verification—to
present the first native and functional structure of human AID
(50) that was subsequently confirmed by a partial X-ray crystal
structure (51). We noted that all variants form the conserved
core structure of a central β-sheet, flanked by 6–7 α-helices,
which is the common hallmark of the AID/APOBEC core
structure (Fig. 2C and SI Appendix, Fig. S8A) (3). Although the
core structure of the CDA1L1 variants was well conserved with
that of AID/APOBECs, we noted significant differences among
the variants in predicted surface charge composition (Fig. 2C),
corresponding to aforementioned isoelectric point differences
(Fig. 2B). CDA1L1_1 (both splice variants), CDA1L1_2, and
CDA1L1_3 (both splice variants) have an acidic pI and exhibit
negative surface charges at neutral pH, while CDA1L1_4 is the
only variant that exhibits a basic pI and a highly positively
charged surface, identical to the positive charge predicted for
human and zebrafish AIDs, and PmCDA1 (Fig. 2B). Indeed, a
comparison of structural models indicates a surprisingly high
degree of similarity between mammalian AID, CDA1L1_4, and
PmCDA1 (Fig. 2C). Despite the predicted surface composition
differences, we noted that all variants formed the conserved
surface groove and core architecture of the catalytic pocket of
AID/APOBECs, with the characteristic Zn-coordinating triad of
histidine and two cysteines, and the catalytic proton-donating
glutamic acid that is necessary for the process of cytidine
deamination (for both splice variants of CDA1L1_1 and
CDA1L1_3, and CDA1L1_2, the coordinates are H64, E66, C95,
and C98; for CDA1L1_4, the coordinates are H64, E66, C96,
and C99) (Fig. 2A and SI Appendix, Fig. S8A). In addition to
conservation of the core catalytic residues, we noted conserva-
tion of the most important so-called secondary catalytic residues,
which impact deamination by forming the walls or floors of the
catalytic pocket, stabilizing the core catalytic residues and con-
tributing to the stabilization of the (d)C substrate in deamination-
conducive angles within the catalytic pocket (25, 50). In human
AID, key secondary catalytic residues are T27, N51, W84, S85, P86,
and Y114 (25, 50); indeed, these residues are also conserved in the
primary and predicted tertiary structures of the newly identified
lamprey proteins, suggesting that they too possess a catalytically
active pocket.
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To examine whether the structure of this catalytic pocket
could adopt a deamination-conducive conformation, a poly-
nucleotide ssDNA substrate was docked with each predicted
protein structure. We observed that the putative catalytic pock-
ets of all variants were capable of accommodating a (d)C, in
orientations that have previously been shown to support a de-
amination reaction (Fig. 2D and SI Appendix, Fig. S9) (25, 50).
The aforementioned computational-biochemical studies of AID
structure and the subsequent partial AID X-ray crystal structure
(51) both suggested the presence of two deamination-conducive
ssDNA binding grooves on the surface of human AID; in-

terestingly, we recently reported that DrAID and PmCDA1 bind
ssDNA using the same positively charged surface residues (52).
In the present ssDNA docking experiments, we observed similar
productive enzyme–ssDNA complexes for CDA1L1_1–4, further
hinting at the possibility that all variants have the potential to be
active cytidine deaminase enzymes.

Cytidine Deaminase Activity of Lamprey CDAs. To functionally ex-
amine the cytidine deaminase activities of lamprey CDAs, we
expressed each of the six CDA1L1 variants of L. planeri in
HEK293T cells. As positive controls, human and zebrafish AID

A

B

C

D

Fig. 2. Structural characteristics of CDA1-like proteins. (A) Sequence alignment of Homo sapiens AID (HsAID), Mus musculus AID (MmAID), Danio rerio
AID (DrAID), Petromyzon marinus CDA1 (PmCDA1), Lampetra planeri CDA1 (LpCDA1), L. japonica CDA1 (LjCDA1), L. planeri (Lp), and L. japonica (Lj)
LpCDA1L1 proteins. The secondary structure of HsAID was used to denote α-helical (α), β-strand (β), and secondary catalytic loop (L) regions. The
conserved Zn-coordinating residues (cysteines, histidine, and glutamic acid) are denoted by asterisks. Conserved secondary catalytic residues are in-
dicated by diamonds; note that the replacement of threonine 27 by cysteine in PmCDA1 (and by inference in LpCDA1 and LjCDA1) does not impair
enzymatic activity (25) (Fig. 3). Positively and negatively charged residues are colored blue and red, respectively. (B) Summary table indicating the
predicted chemical properties of human AID and L. planeri CDA1L1 proteins. (C ) Representative surface topology models of the lamprey
CDA1L1 proteins, compared with P. marinus CDA1 (PmCDA1), zebrafish AID (DrAID), mouse AID (MmAID), and human AID (HsAID), respectively.
Positively and negatively charged residues are colored blue and red, respectively. The catalytic pockets are indicated as an indentation in the center,
with the Zn-coordinating triad of two cysteines and a histidine, as well as the catalytic glutamic acid colored purple. The net charge differed among the
LpCDA1L1 genes such that LpCDA1L_1– 3 were net-negatively charged, while LpCDA1L1_4 was net-positively charged, akin to PmCDA1, DrAID, MmAID,
and HsAID. Regardless of net charge, a concentration of positively charged residues near the catalytic pocket in all LpCDA1L1 proteins is notable. (D)
Models of the catalytic pockets of LpCDA1L1_4 and human AID (HsAID) docked with (d)C in a deamination-feasible configuration, showing the in-
teractions between the Zn-coordinating triad and target (d)C; the coordinated Zn is depicted as a gray sphere, with the Zn-coordinating and catalytic
glutamic acid residues colored purple.

Holland et al. PNAS | vol. 115 | no. 14 | E3215

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720871115/-/DCSupplemental


proteins, both of which have been extensively characterized as
active cytidine deaminases (24, 25, 50, 52), were expressed in
293T cells in parallel (SI Appendix, Fig. S8B). Extracts of
293T cells expressing each protein were tested for cytidine de-
amination in the standard alkaline cleavage assay for cytidine
deaminase activity. It has previously been demonstrated that,
compared with human AID, AID orthologs from bony and car-
tilaginous fish, as well as PmCDA1, are cold-adapted enzymes
that exhibit unique sequence specificities diverging from human
AID’s classical WRC (W = A/G, R = A/T) sequence preference
(24, 25, 52). Given this likelihood of divergent enzymatic prop-
erties and having ascertained major differences in their surface
charge and pI, the newly identified putative enzymes were tested
across a range of conditions, varying incubation temperature,
pH, and substrate sequence motifs surrounding the target cyti-
dine (SI Appendix, Fig. S9A). As expected, enzymatic activities
could be detected in vitro for human AID (Fig. 3A and SI Ap-

pendix, Fig. S9B) and zebrafish AID (SI Appendix, Fig. S9C) with
the expected WRC target preference for human AID (TGC and
TAC substrates were preferred over CTC, ATC, and TTC sub-
strates) (SI Appendix, Fig. S9 B and C). Cytidine deaminase ac-
tivities were also recorded for CDA1L1_4 (Fig. 3B and SI
Appendix, Fig. S9D), CDA1L1_2 (Fig. 3C and SI Appendix, Fig.
S9E), and both variants of CDA1L1_1 (Fig. 3D and SI Appendix,
Fig. S9 F and H) and CDA1L1_3 (Fig. 3E and SI Appendix, Fig.
S9 G and I), as summarized in Fig. 3F. Notably, CDA1L1_4, the
invariant member of the CDA1L1 family, and distinguished by a
surface charge distribution comparable to PmCDA1 and human
AID, also exhibited cytidine deaminase activity (Fig. 3B and SI
Appendix, Fig. S9D). Moreover, as expected from our previous
studies (24, 25, 50), all CDA1L1 enzymes appeared to be cold
adapted, exhibiting an optimal temperature of 14–22 °C, com-
pared with human AID (optimal temperature of 32–37 °C); the
optimal pH varied among the enzymes in a manner that correlated
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Fig. 3. Cytidine deamination activity of CDA1L1 variants. (A) Representative alkaline cleavage gel of human AID (Hs-AID) activity using different substrates,
each containing the target (d)C in varying nucleotide sequence contexts at various temperatures [results are shown for assay conducted at 37 °C, pH 7.1 (cf. SI
Appendix, Fig. S9A, Middle)]. A representative negative control deamination assay using extracts of untransfected 293T cells is shown at Right. (B) Repre-
sentative alkaline cleavage assay of LpCDA1L1_4. (C–E) Representative alkaline cleavage assays for LpCDA1L1_2, LpCDA1L1_1, and LpCDA1L1_3, the latter
two proteins in spliced versions (cf. SI Appendix, Fig. S4). The enzyme assays in B–E were conducted at 22 °C in phosphate buffer (pH 6.4), except for
LpCDA1L1_4, which was tested at pH 7.1. (F) Summary table indicating the enzymatic activities of human AID and Lampetra planeri CDA1L1 proteins (cf. SI
Appendix, Fig. S9). (G) Representative alkaline cleavage assay gels of LpCDA1L1_4 (Left) and PmCDA1L1 (Middle) purified as N-terminally tagged GST fusion
proteins expressed in E. coli. The proteins were incubated at 14 °C with different bubble substrates containing the target (d)C in varying nucleotide sequence
contexts, in phosphate buffer (pH 7.1). The Right gel depicts the negative control experiment wherein substrates were incubated with buffer alone and no
enzyme, under the same conditions. (H) Mutagenic activities of the mouse AID (MmAID), PmaCDA1, and LpCDA1L1_4 in bacteria containing a mutation in the
ung-1 gene that encodes for uracil-DNA glycosylase 1 (UDG1), which prevents repair of deaminase-induced C-to-U DNA transitions. Activity was measured as
the number of rifampicin-resistant (RifR) colonies per 109 viable cells (number of ampicillin-resistant colonies) (53). Deaminase activities were evaluated
against the vector control using an unpaired Student’s t test with Welch’s correction. ***P < 0.0001, **P < 0.0021. In this assay, LpCDA1L1_1 and _2 also
showed significant deaminase activities. Some display items were combined from different parts of the same autoradiographic films; the splice sites are
indicated by solid lines.
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with each variant’s pI and predicted overall surface charge (Fig.
3F). The only variant (CDA1L1_4) which carries a positive
charge similar to human AID, preferred a neutral pH, while the
other negatively charged variants were active at lower pH con-
ditions (pH 5.9–6.4). To further validate these results, we
employed two additional and independent experimental systems
for measuring cytidine deaminase activity. First, we used a pro-
karyotic system (24, 25, 52) to express LpCDA1L1_4 in parallel
with PmCDA1. Confirming the aforementioned observations,
both proteins exhibited cytidine deaminase activities (Fig. 3G).
Second, we employed a rifampicin-resistance assay upon expres-
sion of mouse AID, PmCDA1, and LpCDA1L1_4 in Escherichia
coli (53). The results shown in Fig. 3H provide independent
support for the mutagenic activity of LpCDA1L1_4. Thus, we
conclude that the newly identified proteins indeed encode active
cytidine deaminases enzymes.

Discussion
We have identified members of the AID/APOBEC family in
jawless vertebrates, including two CDA1-like clades, designated
CDA1L1 and CDA1L2. Previous analyses showed that, despite
the low sequence identity between them, PmCDA1 and human
AID share certain commonalities, namely, the ability to bind
DNA substrate with high affinity and catalyze deamination at an
unusually slow rate (25). Here, we show that the newly identified
proteins of the CDA1L1 subgroup, which are substantially di-
vergent from both PmCDA1 and human AID, sharing no more
than ∼26% amino acid sequence identity with either, are active
cytidine deaminase enzymes. More detailed biochemical analysis
will be necessary to elucidate whether any of the CDA1 variants
share the unusual binding affinity and catalytic rates with other
AID orthologs (25). Interestingly, unlike other CDA1L1 proteins
in lampreys, the CDA1L1_4 protein, encoded by the CDA1L1_4
gene, shares a unique chemical property with PmCDA1 and
AID, namely, a high net positive surface charge. This positively
charged surface is a feature of AID that distinguishes it from
related APOBEC3 proteins, which have neutral or net negative
charges (3). We speculate that as in human AID, this highly
positive surface charge modulates the efficiency of ssDNA sub-
strate on/off binding kinetics (50), functionally distinguishing
CDA1L1_4 from the other CDA1-like proteins.
Combined with its cytidine deamination activity, our data are

consistent with the evolution of CDA1L1_4 toward a similar
DNA editing function in vivo as PmCDA1. Therefore, our findings
raise the intriguing possibility that lampreys have found different
solutions for VLRA/C assembly; the gene conversion process might
be governed by either a canonical CDA1 gene in P. marinus, or by a
variant thereof, in L. japonicum and L. planeri or, alternatively, by
CDA1L1_4, found to exist in individuals of four lamprey species:
P. marinus; L. planeri; L. fluviatilis, and L. japonicum. Of note, so
far, CDA1 and CDA1L1_4 genes have not been found in the same
individual, indicating a mutually exclusive genetic complement (Fig.
4), although large-scale population surveys are required to de-
termine the frequencies of these genes in different populations.
Recent work on the evolution of the AID/APOBEC super-

family suggests that its members initially evolved to serve a role
during the development of immune facilities, and that their rapid
evolution and expansion was subsequently driven by a host-
pathogen arms race (44). In humans, the members of the
APOBEC3 subfamily exist within a single chromosomal locus.
To varying degrees, each individual APOBEC3 branch member
(A3A, A3B, A3C, A3D, A3F, A3G, and A3H) exhibits activity
against different viruses, including retroviruses, like HIV (20,
54–57). The copy number variability (CNV) of APOBEC3 clade
members from a single copy in mice to up to seven genes in
primates, and the striking sequence divergence among primate
APBOEC3 orthologs, may have arisen in response to pathogen
pressure; indeed, variability in copy numbers also exists among

different human populations, with some individuals lacking
APOBEC3B (58). Our present analysis indicates that the situa-
tion of CDA genes in lampreys is similarly complex. We estab-
lished that each of the four species analyzed in this study,
L. planeri, L. fluviatilis, L. japonicum, and P. marinus possesses
one highly conserved ortholog of the CDA2 gene, hinting at
nonredundant function(s), which may include assembly of VLRB
genes. By contrast, individuals of the four lamprey species exhibit
different complements of up to six CDA1-like genes (Figs. 1A
and 4). The precise sequences and numbers of these genes dif-
fered between species and, remarkably, between individuals of
the same species sampled from different locations; however,
because our animals were collected over a period of several
years, it is not yet possible to establish a correlation between the
number of CDA1-like genes and a specific ecological niche.
With respect to CDA1 and CDA1L1_4 genes, one could en-

visage that lampreys possess both but invariably delete either one
during early embryonic development; however, our analysis of
the germ-line DNA of the Lj#1 (which exhibits only CDA1L1_4)
renders this possibility unlikely. Since lampreys are known to
undergo programmed genome rearrangement with loss of up to
20% of their genome (59), it is formally possible that the variable
gene numbers of the other members of the CDA1 gene family
(Fig. 4) could be due to this phenomenon. However, we believe
this possibility is unlikely because programmed gene loss is
proposed to primarily target genes important for embryonic
development (60, 61); furthermore, comparison of germ-line and
somatic genomic sequences provided by an improved genome
assembly of the sea lamprey (62) suggests that CDA1-like genes
are not subject to programmed gene loss.
Hence, with respect to the evolutionary trajectory of lamprey

CDA1-like genes, two major themes emerge. First, all lamprey
individuals studied possess a gene encoding a cytidine deaminase
with chemical features comparable to the originally described
PmCDA1. Analogous to AID, the enzymes encoded by this
group of CDA1-like genes are highly positively charged and
possibly function in assembly of the VLRA/C loci. These genes
thus represent a core component of the genetic network
underlying the development of the two T-like cell lineages in
lampreys. Second, variable numbers of other CDA1-like genes were
also found in lampreys. They appear to be functionally divergent, as
illustrated by distinct predicted surface topologies and substantial
net negative charge with correspondingly optimal in vitro activity at
acidic pH, more akin to APOBEC3A and 3G than AID (48, 49);
this property may reflect adaptation to functions in acidic cellular
compartments, such as endosomes and may thus be related to an-
tiviral activities. We propose that the presence or absence of these
genes in lamprey is analogous to copy number variations observed
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Fig. 4. Summary of the genomic configurations of CDA1-related genes in
different lamprey species analyzed in this study and schematic representa-
tion of unique CDA1 and CDA1-like genotypes in different lamprey species.
Each column represents a different animal of that species. Colored dots
represent confirmed presence of genes (green, CDA1L1_1, _2, or _3; blue,
CDA1L1_4; and red, CDA1); open dots correspond to absent; “?” corresponds
to unexplored presence of genes. For details, see SI Appendix, Table S3.
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for APOBEC3 genes in jawed vertebrates and a direct result of
distinct kinds of pathogen pressure.
While sharing relatively low sequence homology (around

26%) at the protein level, CDA1L1 genes are most closely re-
lated to CDA1 (Fig. 1A). Indeed, both still show the same genetic
structure and can encode full-length ORFs in a single exon.
Recent analysis has demonstrated that APOBEC3 genes evolved
from AID in eutherian animals with subsequent paralog expan-
sions resulting in multiple antiviral APOBEC3 genes (44). One
can speculate about a comparable situation in lamprey, wherein
CDA1-like genes evolved from CDA1, resulting in a similar
paralog expansion that has also produced variable copy numbers
of these genes between species and individuals. Further work is
required to delineate the range of biological functions of the
CDA1 group members in lamprey immunity, for instance with
respect to their substrate specificities and the structures of in-
teraction surfaces of viral inhibitors; encouraging preliminary
results indicate that it might be possible to generate biallelically
mutant animals using the CRISPR/Cas9 methodology (63).

Materials and Methods
Animals. All animal experiments were performed in accordance with the
relevant guidelines and regulations and were approved by the review
committee of the Max Planck Institute of Immunobiology and Epigenetics
and the Regierungspräsidium Freiburg, Germany.

WGS. For DNA extraction, kidney, gills, and intestine were mechanically
disrupted; whole bodies were snap frozen in liquid nitrogen and ground to
powder; blood cells were pelleted by centrifugation. Tissues/cells were
proteinase K digested and nucleic acids extracted using phenol-chloroform
using standard protocols. RNA was removed with RNase. The final DNA
preparations were dissolved in TE buffer and their concentrations measured
on a Qbit 3.0 instrument (Invitrogen) and integrity assessed by agarose gel
electrophoresis. Sequencing libraries were prepared from a minimum of
500 ng of total genomic DNA using the Illumina TruSeq DNA PCR-Free LT
Sample Preparation Kit (FC-121-3001); libraries were sequenced in 2 × 250 bp
paired-end mode to a depth of 150 million reads using the rapid mode on an
HiSeq2500 instrument (Illumina). The average size of sequenced DNA frag-
ments (∼400–500 bp) allowed us to fuse the paired reads into single contigs.

Generation of BLAST Databases from WGS. Illumina adapter sequences were
trimmed off the read ends using cutadapt in paired-end mode (64). Low-
quality bases were removed using prinseq (65) with minimum base quality
20 in a window of three bases with a step size of two bases, retaining reads
of at least 30-nt length. For lower quality libraries, window and step size
were increased. Reads with mean quality below 26 were removed as ap-
propriate. Forward and reverse mates were merged using flash (66), allow-
ing for up to 300 bases overlap. Spaces in read names were replaced with
underscores using the sed command. The resulting merged as well as
unmerged read files were formatted into one nucleotide blast database
allowing for read name parsing.

CDA Contig Assembly from BLAST Databases. Genomic sequence collections
were searched for CDA-like sequences using the BLASTn algorithm on the
SequenceServer BLAST server (version 1.0.9) (67), installed in-house. BLAST
parameters were set to an expectation cutoff of 1E−5, allowing a maximum
number of 1,000 returned sequences. From the resulting hits, contigs were
assembled with SeqMan Pro (version 13.0.0, DNASTAR) using a match size of
25 nucleotides and a minimum match percentage of 99% with otherwise
default parameters. Contigs were manually curated and used as queries
against the nonredundant National Center for Biotechnology Information
protein database using the BLASTx algorithm to identify bona fide CDA-
encoding sequences.

Phlyogenetic Comparison of AID/APOBEC Family Members with Lamprey CDAs.
Phylogenetic relationships were derived using an approximate maximum
likelihood (ML) method as implemented in the FastTree program (68) and the
full ML method implemented in MEGA7 (69). To increase the accuracy of
topology in FastTree, we increased the number of rounds of minimum-
evolution subtree-prune-regraft (SPR) moves to 4 (-spr 4) as well as utilized
the options -mlacc and -slownni to make the maximum-likelihood nearest-
neighbor interchanges (NNIs) more exhaustive.

Southern Filter Hybridizations. Southern filter hybridizations were carried out
as described (39). Final wash conditions were 0.1 × SSC/0.1% SDS at 60 °C.

PCR of CDA Genes with Version-Specific Primers. PCR was carried out on ge-
nomic DNA using the proof-reading Phusion polymerase (New England
Biolabs) as described (39). CDA1L1 version-specific forward primers (CDA1L1_1,
5′-GTCAGAAATAATCCCTTGGAC-3′; CDA1L1_2, 5′-CAGAAATAATCCCTCGTTCCG-3′;
CDA1L1_3, 5′-CTGAAGAAACAGCACAAGCTG-3′; and CDA1L1_4, 5′-GCGGCGAA-
CAATAAAGACAAG-3′) were used with a universal reverse primer (CDA1L1_Ne-
w_Rev1, 5′-AGGGTTTGTCATGTAAACAGG-3′). Long-range PCR to link CDA1L1
gene bodies to their 3′ exons was carried out using the same forward primers but
with a reverse primer designed to anneal to the presumptive 3′-UTRs of the 3′ exons
(CDA1L1_ExC_UTR2, 5′-ACAGCTAGACGATCAAACGTTAA-3′) (10-s denaturation at
98 °C, 30-s annealing at 58 °C, 10-min elongation at 72 °C for 35 cycles).

RT-PCR. Total RNA was extracted using TriReagent (Sigma), treated with
RNase-free DNase (Roche) and converted to cDNA using SuperScript II and
random hexamer primers, following the manufacturer’s instructions (Invi-
trogen). cDNAs were amplified using the CDA1L1 version-specific primers
described above, coupled either to one universal reverse primer specific for
unspliced products (CDA1L1_New_Rev1, described above) or for the spliced
product (LpCDA1L1_r, 5′-GCTTCCTCAGCCCTCAGAACCTG-3′). The actin con-
trol was amplified using the following primers: LjActin1 5′-TGAAGTGC-
GACGTGGACATC-3′ and LjActin4 5′-CAAGAGCCTTCCTGCAACTCTG-3′.

Transcriptome Assembly. Total RNA was isolated from gills, kidney, intestine,
and blood as described above and quality checked using an Agilent 2100
Bioanalyzer to ensure RNA integrity numbers (RIN) greater than 8. RNA-seq
libraries were made from 3,000 ng of total RNA using the Illumina TruSeq
stranded mRNA library prep kit (RS-122-2101) utilizing polyA selection to
enrich for mRNA. Libraries were then amplified for seven cycles. Libraries
were sequenced at 2 × 100 bp paired end using HiSeq2500 (Illumina).
Trimmomatic (version 0.30) (70), Trim Galore! (version 0.3.3) (www.bio-
informatics.babraham.ac.uk/projects/trim_galore/), and fastx-toolkit (han-
nonlab.cshl.edu/fastx_toolkit/) program suites were used to trim adapters
and low-quality bases and remove reads that were too short for assembly or
had overall low quality. The reads from each organ were combined per in-
dividual for de novo transcriptome assembly. We additionally applied in silico
fragment normalization to 30× coverage using the normalize_by_kmer_coverage.pl
utility from Trinity. The assembly was performed using Trinity (version r20131110)
(71) with default settings. The best ORFs were subsequently extracted using the
Transdecoder tool from Trinity; ORFs with identical amino acid sequences
were collapsed together using CD-Hit (version 4.6.1–2012-08-27) (72). Col-
lections of unique ORFs for each animal were converted into BLAST data-
bases as described above.

RNA-Seq Expression Analysis. Using the trimmed and processed reads de-
scribed above as an input, reads were aligned from each organ from L. planeri
specimen Lp#131 and Lp#132 against the different CDA gene variants using
HiSAT2 (Galaxy version 2.0.5.1) (73) with default parameters and alignments
with a quality score of less than 30 filtered out. Read counts per gene were
extracted using Samtools IdX Stats and converted to log2 counts per million
(log2 cpm).

Expression of CDA Variants. The newly identified CDA variants were expressed
in bacterial and eukaryotic cells as previously described for human and bony
fish AID (21, 24, 25, 74). Briefly, for expression in 293T cells, amplicons
containing ORFs of CDA variants were obtained and KpnI and EcoRV re-
striction sites were added to the 5′ and 3′ ends, respectively, of each ORF by
PCR, followed by cloning into the expression vector pcDNA3.1/V5-His-TOPO,
upstream of the V5 linker and polyhistidine tag. Plasmids that contained
correct inserts were verified by restriction analyses and sequencing. Two
independent correct expression constructs were carried forward for ex-
pression of each CDA variant. As positive controls for enzyme assays, ex-
pression vectors containing human AID and zebrafish AID ORFs were
constructed in the same manner. To express each CDA variant, purified
plasmid from each of the two sister expression constructs was transfected at
a concentration of 5 μg per plate into 25 × 10 cm tissue culture plates each
containing 5 × 105 HEK293T cells. To prepare for transfection, HEK 293T cells
were grown to 50% confluence in Dulbecco’s modified Eagle medium con-
taining 10% supplemented calf serum, 1 mM sodium pyruvate, and 55 units/
mL penicillin and 55 μg/mL streptomycin. The cells were transfected using
PolyJet In Vitro DNA Transfection Reagent (SignaGen) diluted in serum-free
media and harvested by centrifugation 48 h posttransfection. Protein ex-
pression was confirmed by Western blot using a polyclonal rabbit anti-V5
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Tag antibody (Abcam). Each cell pellet was suspended in 50 mM phosphate
buffer (pH 8.2), 500 mM NaCl, 50 μg/mL RNase A, 0.2 mM PMSF, and then
lysed using a French press pressure cell (Thermospectronic). The lysate was
centrifuged to clear cellular debris and the supernatant was flash frozen.
Expression of N-terminally tagged GST-fusion CDA proteins was carried out
as previously described for human and bony fish AID (21, 24, 25). ORF se-
quences encoding each CDA were cloned into the expression vector pGEX5.3
(GE Healthcare) using the EcoR1 site downstream of the GST tag. Expression
constructs were verified by restriction analyses and sequencing. E. coli con-
taining each expression vector were induced to express protein with 1 mM
IPTG at 16 °C for 16 h. Cells were lysed using the French pressure cell press
(Thermospectronic), followed by purification using glutathione sepharose
high-performance beads (Amersham) as per manufacturer’s recommenda-
tions. GST-CDA proteins were stored in 20 mM Tris·HCl pH 7.5, 100 mM NaCl,
1 mM DTT.

Cytidine Deamination Enzyme Assays. To test the activity of CDA variants, we
used the standard alkaline cleavage assay for cytidine deamination as pre-
viously described for human AID/APOBECs (19, 21, 24, 25, 52). Partially single-
stranded substrates containing a target (d)C inside bubble regions of varying
sizes and nucleotide sequence contexts surrounding the target (d)C, were
used to test for deamination activity. Substrates were prepared as previously
described (19, 21, 24, 25, 52). Briefly, polynucleotide kinase (NEB) was used
to 5′ label 2.5 pmol of the target strand with [γ-32P] ATP (PerkinElmer),
followed by purification by mini-Quick spin DNA columns (Roche) and
annealing with threefold excess of the complementary strand to generate
bubble substrates.

To determine the activity of the CDA variants and controls, the two in-
dependent preparations of each CDA variant were incubated in parallel with
human and zebrafish AID positive controls, and untransfected 293T lysate
negative controls, with 10–50 fmol radioactively labeled substrates, in
100 mM phosphate buffer pH 6.4 or 7.1, to a final volume of 20 μL, for 1–16 h
at temperatures ranging from 14 °C to 37 °C, followed by heat-inactivation at
85 °C for 15 min, uracil excision by uracil-DNA glycosylase (UDG) for 30 min in a
final volume of 30 μL, addition of NaOH to a final 180 mM, and heating to
95 °C for 10 min to induce cleavage at the alkali-labile abasic site. Following
addition of loading dye and denaturation, electrophoresis was performed on a
14% denaturing acrylamide gel. The gels were exposed to a Kodak Storage
Phosphor Screen GP (Bio-Rad) and visualized using a PhosphorImager on
Quantity One software (Bio-Rad). Percent deamination of each substrate (d)C
was calculated for each CDA variant using Quantity One software (Bio-Rad)
and averaged between two independent duplicate preparations of
each variant.

Bacterial Resistance Assays. cDNA sequences corresponding to MmAID,
PmCDA1, and LpCDA1L1_4 were cloned into the pTrc99A vector (Pharmacia;
a kind gift from Cristina Rada, MRC Laboratory of Molecular Biology,
Cambridge, UK) using NcoI/HindIII restriction sites and transformed into the
ung-1 derivative of the KL16 E. coli strain, BW310 (a kind gift from Cristina
Rada). Six independent cultures per construct were grown overnight at 37 °C
to saturation in LB medium supplemented with 100 μg/mL ampicillin and
1 mM IPTG. Mutagenic activity is expressed as the number of colony-forming
units grown on LB agar plates containing 100 μg/mL rifampicin per 109 viable
cells grown on LB agar plates containing 100 μg/mL ampicillin relative to a
vector only control as previously described (53).

Structure Prediction of CDA Variants. For structural modeling and substrate
docking, we used the same strategy as previously described for determination
of AID’s functional and breathing structure (3, 50), which has since been
confirmed by a partial AID crystal structure (51). Briefly, five homologous
APOBEC structures were chosen as 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). APOBEC structures
were obtained from the Protein Data Bank (www.rcsb.org) and visualized
using PyMOL v1.7.6 (https://pymol.org/2/). Using I-TASSER (https://zhanglab.
ccmb.med.umich.edu/I-TASSER/), full-length orthologous AID and CDA pro-
tein structures were modeled at pH 7 from APOBEC templates to generate
9–25 models for each (variability due to model convergence), for a total of
145 models. Nonhomologous regions between the target and APOBEC
template, such as the N and C termini, were modeled ab initio. The catalytic
pocket was defined by the solvent accessible cavity containing the Zn-
coordinating and catalytic residues. Protein charge and pI were predicted
for each protein structure using the PARSE force field in PROPKA 3.0.
DNA substrates were docked to each AID or CDA model using Swiss-Dock
(www.swissdock.ch). Each substrate was constructed in Marvin Sketch
v.5.11.5 (www.chemaxon.com/products/marvin/marvinsketch/), while surface
topology and docking parameters were generated using Swiss-Param
(swissparam.ch). These output files served as the ligand file in Swiss Dock.
The 5′-TTTGCTT-3′ ssDNA substrates were chosen, since the former has been
shown to be the preferred substrate of both human and bony fish AID.
ssDNA was docked within 30 × 30 × 30 Å (x, y, and z) from the Zn-
coordinating histidine in the catalytic pocket. Substrate docking simula-
tions for each AID or CDA enzyme resulted in 5,000–15,000 binding modes,
eight or more of which were clustered based on root mean square (rms)
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 or CDA, and these were analyzed in University of California San
Francisco Chimera v1.7 (https://www.cgl.ucsf.edu/chimera) (75). Deamination-
conducive CDA-DNA complexes were defined by the accessibility of the (d)C-
NH2 substrate group to the catalytic Zn-coordinating and the glutamic acid
residues within the putative catalytic pockets.

Sequence Deposition. Whole genome reads (accession nos. SAMN08109814–
SAMN08109820) and raw transcriptome reads (accession nos. SAMN08109821–
SAMN08109828) were submitted to the Sequence Read Archive at the NCBI.
cDNA sequences were submitted to GenBank at the NCBI (accession nos.
MG495252–MG495272).
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