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Table S1. Phyletic distribution and Clade-specific synapomorphies of various novel AADs

Clades

Phyletic distribution

Synapomorphies

Secreted novel
AID/APOBEC like
deaminases 1 (SNAD1)

Ray-finned fishes, sporadic in amphibia,
cryptodira, and lepidosauria, 2 copies in
coelacanth, a one in Ornithorhynchus

(platypus)

Signal peptide; intervening helix between Str-2 and 3; neomorphic Str-6 and Str-7 instead of
canonical Hel-5 and 6 after Str-5; “C---CxxC---C“ signature with the first C at the end of Str-5,
CxxC in Str-6 and terminal C in Str-7; CxsC active site motif in loop next to Str-3; conserved
cysteines in the loop next to Str-1 and at the beginning of Str-3 that might be involved in
disulfide linkages; Several members harbor long substrate binding loop-7

Secreted novel
AID/APOBEC like
deaminases 2 (SNAD2)

Ray-finned fishes

Signal peptide; intervening helix between Str-2 and 3; novel Str-6 and 7 instead of canonical
Hel-5 and 6 after Str-5; “C---CxxC---C“ signature shared with SNAD1; Cx»C active site motif in
loop next to Str-3 (n=2-3); conserved tyrosine in middle of Str-3; highly variable loop-3
containing 4-64 residues and three cysteines that might stabilize the loop by disulfide
linkages; C in Str-1 (only in minority, substituted by S)

Secreted novel
AID/APOBEC like
deaminases 3 (SNAD3)

Ray-finned fishes

Secondarily loss of signal peptide; extended bi-helical N-terminal segment before canonical
Hel-1; novel (a+B) domain insert between the core Str-5 and Hel-5 containing four helices and
two strands. This novel insert contains mostly conserved cysteines in Hel-1, Hel-2 and Hel-3
and Hel-4 that are predicted to form disulfide bridges; highly variable Cx»C active site motif
(n=2 to 15); conserved aromatic (Y/F) and a T in Str-3 before Cx,C signature; highly variable
loop-1

Secreted novel
AID/APOBEC like
deaminases 3 (SNAD4)

Porifera; found in Amphimedon
Queenslandica (7) and Haliclona tubifera
(18)

Signal peptide; Conserved Cx,C active site signature; W in loop-7 instead of canonical Y;
conserved W at the end of Str-5; stretch of negatively charged residues at the end of loop-7;
Conserved charged residue (K/D(E)) before Cx,C signature

Novel AID/APOBEC like
deaminases 1 (NAD1)

Sporadic in Ray-finned and bony fishes,
amphibia, lepidosauria, coelacanth, and
metatherian mammals (marsupials)

Extended C-terminal segment after Hel-6, conserved FNN motif at the beginning of loop-1;
conserved YNN motif in the beginning of loop-3. Conserved C in the middle of Str-1.
Conserved Cx,C active site signature; Conserved C in the middle of Hel-5

Novel AID/APOBEC like
deaminases 2 (NAD2)

Sporadic in amphibia (Microhyla fissipes,
Rhacophorus dennysi, Rana catesbeiana)

Conserved HY at the beginning of loop-1; HLTNT motif in loop-3; Conserved C in the middle of
Str-1; Conserved Cx,C active-site signature; Conserved C in the middle of Hel-5

Novel Lophotrochozoan
Echinoderm and
Cnidarian clade (Lop-
Ech-Cni)

Found across several Lophotrochozoan
Echinoderm and Cnidarian species;
multiple paralogs in many species: Patiria
miniata (12), Ophiothrix spiculata (8),
Evechinus chloroticus (4), Anthopleura
elegantissima (8) among others

Variable Cx,C active site motif (n= 2 to 13 residues). Conserved NYS motif before the Cx,C
active site motif. Conserved WP before strand 1




AADs in Arthropods

Currently detected in 29 hexapod species
and a crustacean Proasellus parvulus;
Multiple losses across hexapods; found as
single copy in 19 species, and multiple
paralogs in 10 species: Coptotermes
gestroi (6), Periplaneta americana (4),
Atelura formicaria (4) among others

Partially conserved C at the beginning of Str-1, Canonical Y in loop-7 is often substituted by
other aromatic residues F/H in several homologs; Conserved Cx,C signature; Partially
conserved C at the end of Str-5; Partially conserved C in the loop after Hel-3

AADs in Nematodes

Found across 35 species, single copies in
most species

Nematode versions are highly conserved across species and are often fused to their N-
terminus to eight repeats of a CxC-like domain. Conserved C in loop-1; Conserved CxsC active
site signature; Extended loop-5 constitutes two additional conserved Cysteines; Conserved
Cysteine at the beginning of Hel-3; Conserved Cysteine at the middle of Hel-4 and Hel-6;
Extended C-terminal regions with additional helices after Hel-6. All nematode sequences are
closely related

Novel Lophotrochozoan
Echinodermata (Lop-
Ech-Zn2 novel metal

chelating clade: loop-1

and loop-7)

Found in several Lophotrochozoans and
Echinoderms; expansions in many species
including Strongylocentrotus purpuratus
(15), Crassostrea gigas (13),
Cipangopaludina cathayensis (9) among
others

In addition to the active site Zn chelating site, this clade forms a novel Zn chelating site with
residues involving loop-1 and loop-7. Conserved H in the beginning of loop-1 or end of Hel-1
(GLH motif), Conserved SC in loop-7, followed by two additional positions in loop-7 that
constitute either C or H forms a neomorphic H-C-C/H-C/H Zn chelating signature. Conserved
WP motif in loopl before Str-1. Lengthy loop-7 contributing to novel Zn chelation can vary
between 9 to 28 residues. Conserved DW in helix-5. CxnC active site motif (n=2 to 6 residues)

APOBEC4 and Cnidarian
algae clade
(novel metal chelating
clade: loop-1/Helix-1
and loop-3)

APOBEC4 is found across most vertebrates
including lamprey. Cnidarian members of
the clade are found across several species
including LSEs in some. Members of this
clade are also found in haptophytes
Prymnesium parvum (2 copies) and
Emiliania huxleyi (5 copies) as well as a
green algae Micromonas commoda

Conserved C in loop-1/Hel-1, Conserved H in loop-1/Hel-1, Conserved NC motif at the
beginning of loop-3; RxxxD motif in Hel-6. In addition to the active site Zn chelating site, this
clade forms a neomorphic Zn-chelating site with residues from loop-1/Hel-1 and loop-3. They
do show some differences in the configuration. Thus, APOBEC4’s neomorphic Zn chelating site
is formed by three residues from loop-1 (C-C-H) and another C from loop-3 (NC motif) next to
the characteristic loop-3 asparagine. The equivalent neomorphic Zinc-chelating residues from
Cnidarian-algae homologs is formed by C and H from end of helix-1, C from loop-1 and
another C from loop-3 (NC motif). The Cnidarian-algae homologs also encodes an additional
predicted Zn-chelating site formed between N-terminal stretch containing CxxC-----H and
another C from loop-3. Variable length of Cx,C active site signature (n=2 to 25 residues)

Secreted Dictyosteliid
AADs

LSEs in Dictyosteliida: Dictyostelium
fasciculatum (7 copies), Tieghemostelium
lacteum (6 copies). Acytostelium
subglobosum LB1 has a lone member

Signal peptide, Distinct C-terminal domain that are likely to form disulfide bridges. An insert
after Helix-1 and strand-1. Conserved W in loop-7, equivalent to the signature Y. Conserved
polar/small residue (S/Q) in loop-1. Conserved polar (Q) at the beginning of loop-3




SI Methods

S. purpuratus, C. gigas and L. antina gDNA extraction and WGS

Live C. gigas samples were obtained from Christian Buschbaum (Alfred-Wegner Institute, Sylt,
Germany). Shells were opened and body sliced into smaller pieces with a fresh scalpel before
being snap frozen in liquid nitrogen and ground using a mortar and pestle. Half of the material
was put in 10ml of TriReagent (Sigma) for RNA extraction (see below) and the remaining half
used for gDNA extraction. For gDNA extraction the material was re-suspended in 30ml “shellfish
extraction buffer” (10mM Tris pH8, 100mM EDTA, 200mM NaCl and 0.5% SDS) and 400ul
20mg/ml proteinase K was added. The sample was digested at 55°C overnight. Whole L. anatina
samples were provided by Elena Temereva (Moscow State University, Moscow, Russia)., stored
in RNALater® (Sigma). The sample was briefly washed in PBS before being processed as for C.
gigas. S. purpuratus coelemocytes stored in RNALater® were provided by Eric Davidson
(California Institute of Technology, Pasadena, USA). The sample was diluted with PBS and cells
were pelleted at 3000xg for 5 minutes at room temperature and re-suspended in 600ul “sea
urchin sperm isolation buffer” (20mM NaCl, 50mM Tris pH8, 20mM EDTA). 3ul of 20mg/ml
proteinase K and 15ul 20% SDS was added and mixed by inversion and incubated for 1 hour at
65°C and followed by overnight at 37°C. gDNA of all proteinase K digests was extracted using
phenol-choloform, including an RNAase treatment step before re-precipitation and elution in TE
buffer. Concentration was measured on a Qbit 3.0 (Invitrogen) and genomic integrity was
assessed on an agarose gel. Both C. gigas and S. purpuratus showed fully intact gDNA whereas L.
anatina showed some degradation. Sequencing libraries were made from a minimum of 1pug of
total gDNA using the [llumina TruSeq® DNA PCR-Free LT Sample Preparation Kit (FC-121-3001).
Libraries were sequenced at 2x250bp paired-end to a depth of 150 million reads using the

HiSeq2500 Rapid Mode (Illumina).

Generation of BLAST databases from WGS.

[llumina adapter sequences were trimmed off the read ends using cutadapt in paired-end mode.
Low quality bases were removed using prinseq with minimum base quality 20 in a window of 3
bases with a step size of 2 bases, retaining reads of at least 30nt in length. For lower quality
libraries, window and step size were increased. Reads with mean quality below 26 were removed
as appropriate. Forward and reverse mates were merged using flash, allowing for up to 300 bases
overlap. Spaces in read names were replaced with underscores using sed. The resulting merged
as well as unmerged read files were formatted into nucleotide blast databases allowing for read

name parsing.



S. purpuratus, C. gigas and L. antina RNA extraction and RNA-seq

Samples were processed as described above and total RNA was extracted using TriReagent
(Sigma) and treated with RNAase-free DNAse (Roche) before being re-extracted in the same way.
The RNA-seq library was made from 300ng - 3000ng 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 5 cycles. Libraries were sequenced at 2x100bp paired-end to a

depth of 100 million reads.

Generation of de novo transcriptomes

Adapter sequences were trimmed with Trim Galore! (Galaxy Version: 0.4.2) with subsequent
read-ends below a quality score of 15 also removed and resulting reads shorter than 20
nucleotides also discarded. Reads were directly assembled de novo using Trinity (1) (Galaxy
Version: 2.4.0.0) using default parameters for stranded libraries using paired end reads. We
included in silico fragment normalisation to 30x coverage and set a minimum contig length cut-
off of 200 nucleotides. The best ORF per transcript was extracted, setting a minimum cut-off of
30 amino acids and identical ORFs at the amino acid level were collapsed using CD-HIT PROTEIN
(2) (Galaxy Version: 1.3) with default parameters and an identity threshold of 0.99. A second,
more stringent set of transcripts was also identified where “Good” transcripts from the de novo
assembly were identified using TransRate (3) (Linux version 1.0.3) using default parameters.

ORFs were extracted and collapsed as before.

Organism Trinity Initial Output Transrate Output
Transcripts ORF Unique Transrate ORF Unique
ORF Good ORF
C. gigas 350337 158676 116046 191968 27421 25638
L. antina 94726 17665 14675 62620 10177 9858
S. purpuratus 124787 22911 17187 81902 12224 11667

1. Grabherr MG, et al. (2011) Full-length transcriptome assembly from RNA-Seq
data without a reference genome. Nature biotechnology 29(7):644-652.

2. Li W & Godzik A (2006) Cd-hit: a fast program for clustering and comparing large
sets of protein or nucleotide sequences. Bioinformatics 22(13):1658-1659.

3. Smith-Unna R, Boursnell C, Patro R, Hibberd JM, & Kelly S (2016) TransRate:
reference-free quality assessment of de novo transcriptome assemblies. Genome
research 26(8):1134-1144.
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Hydra oligactis

Placozoa Trichoplax adhaerens

Ctenophora
Porifera Amphimedon queenslandica 7 |:| 1-5
25 Haliclona tubifera m |:|
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EREE

Fig. S2. Phyletic distribution of AID/APOBEC-like proteins. Blue boxes with red outline

represent the median values within the lineage, colored boxes with no red outline show the

absolute protein counts. Absolute counts range between 1-5,6-10,11-15, 15-20, and >20 are

colored pale brown, yellow, green, orange and red respectively. Black box for urochordates

represent inactive versions. The oveall count shown in red below the names of the major lineages

(on the left) are an estimate at 95% sequence identity. In mammals, NAD1 is present only in Metatherians
(Marsupials), whereas APOBEC3 is present only in Eutherians. To access the all protein sequences identified
in this study refer ftp://ftp.ncbi.nlm.nih.gov/pub/aravind/AAD/apobec.html



Helix-6

Helix-5

Strand-5

Helix-4

Strand_—Ab

Helix-3

Strand-3

Helix-2

Strand-2

Strand-

Helix-1

FINAL

00V ONT 10000 NLNOOMOOCOr I MIT T r O—T O rT—TNCEHOTOOMOOOWNOr
Ao HoO oMo ooo oY HHt AT N—A—ATM =M = O = = N 00—
el AN ANNEANEATA AN A AT NN ANNANANANNNANNANANANNANANNANANANNANAN AN
JdaL Jddddd 0000 dddddddddddddddd 0000 ddddd4 -
VLOVLVLLVLLLVLLLVLLVLLVLLVLVLLVLLU I VLLLLLVLLVLLVLLVLLLLLLLLLVLLVLLVLLVLLVLLLLLLL O
Al ddddddd 0000 dddddd 000 dddddddd 0SS dddddd -
FHFHHddAFHHEFHH | ddHddddddddddddddddddddd4d4 —
XXxxIOoOO>0XYxOO I WUk YYYYYYYYEYXEYYYYYLLIILIILI .
(VI Ty Iy Iy Iy Iy Iy Iy Iy Gy Iy Iy Iy S Iy Iy Iy Iy Iy gy iy Iy Wy 'y gy gy Vg 1 (TR
CACCCLCL > CLCLCLLCL I > ACCLCLCLCLCCLCLCLLCLLCLCLCLICICIC>O0O>000 S
o

0z o

A1 0d5S>ddd 400001 A== ddd b ddddddd b 00 ddddd4 —
> (a)

|

>>>>>===>>>>>H Il <<=+ HFFFFFFFEFEFFEFEFEREERERFRFOEREREE
o

VOUFFLLLLLLULVLLVLLVDLVLLVLUXUVUUUVUVNLVULUULUU
L O e e L I e e e e |
[a Y a Y a T a W T WY WY WY o WY o W W W WY T WY Y WY Yo WY T WA WY WY WY WY
000 1000000000000 000 1000000
R B B B [ QB [ [
HHHHHHHHHHHHHHHHHS>HHHHHHHH
o o

ZZzzZzzzZzx0OZZZZZZZZZQWIX>Z0ZZZ2Z2
A0 dddd 0000 dddddd 0044

o

>>>>>>>>>>0>>>
N R [ ' WY Y W P S [ [ [
[a WY W T W a T a WY WY WY W WA WY WY T
41 100000 ddd 14
N T [ Y Y [ [ [
HHHHHHHHHHHHHH

e x £t o
Al dddddddddd4d4d
[egey o o

RN [ [ | [ [l | R R [ (| RS [ (R | R [ U Rl [ | R R [ [ | [N [ R [ Y (B [ (e |
o

>>>>>>>>>>>>>>

nunungcnnLnununununumnm

Z2Z2Z2Z2Z2Z2Z2ZZZZZ2Z2Z2ZZ

oot oot

S>>>>>3>3>3>3>>3>>>HHH>>3>3>>H>>>>

NN>NNNNEFEFNNNNNU>>>NNNnnNuNLLNNN

ZZZZZ2ZZZZZZZZZZZZZZZ2ZZZZZZ2ZZ

Qo000 0000000000000xXx oW OO
z o

N [ S B [ Y

QLULLOLLVLLOLLLLLLLLOLOUL

Y [ Sy [ (P B | U Y [
LLULUWLWAOAQAWVLLLLLLLLVLOUWWWLWLVLLVLUOLVLLVLUAOUV
< z
=EEEE=E=E=E=E=EEEEE=EEE
ACACCCCCAVVICICAC K
W w
(T T T N R TR T T TR R TR R TR T
FFFFFEFYYOFFRFRFRFEF
XYY nooxxo ¥
[IETETET R A T R RTTRTIRTI R TN N e A4
IITxYOxXeYY Y XXX oe
ZZZFFFFZF-zZzZZzZz2Z2z2Z
Ll b bl b bbb ud o
>>>5>3>3>>>>3>>>>>
[ T I I I VI W W W N T T T
-4

EEE=E=EE=E=E=E===================
L G0 G- R gL~ g a N~ G- g « By a By a By a iy a By a g S g a ML S RS S a B SR R SR O

FKSW-SLHbNSVRLSR+LpPRILbP.

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

I I I I I I O I I I I O I I I I 1 I I I 1 I I I

US> dJUINMZYNMYNYYYYYYYNMYNZOULCNNONWN I

XXNFFONONNNNNNNNNUNNNNEFEXY Y XX |

[Mes4 Y eojfododofofofofodododofof - JIIRVAITNe ST RITNTINITRY]

YK ENYYYOMYNZZYNZZYXY Y XZXXXY |

oy I QUMYX XXXNO XX XX |

A LCOOCALALCLCLCIAIFCALCCCLCLLCCCLCLCCC !

S>SS>S>53>3>3>3>3>3>3>3>3>3>3>3>3>>>>3>>>>>>> 1

I T I I I I I I I I I I I I I I I I W

Z+-Z 1

ZZZ2ZZ2Z2Z2Z2Z2Z2Z2Z2Z2Z 1 OQ0O0IQOO0OIoWOOOOOOOOOIT OO0 O |

EEEEEEEEEEEEEE S EEEEEEEEEEEEEEEEEEEEEEEEE

VULULVUVUULU I VLULVULVULUULU T VUVDLVULVLLVLULVULVULLLVLLVLVUULVULLLVLLVULVULVDULULUULUVUU I
>>=>>> >
[T TR TR TN T TS
>>=>>> >

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

pppp.

I
I
1
I
I
1
I
I
1
I
I
1
I
I
1
I
I
1
I
I
1
I
I
1
I

NFNNNCNIAINCANELF I KKAKVNNLIEFEFLINCILANNEFEFNNNAFEFNTNNS S>>
1
I
I
1
I
I
1
I
I
1
I
I
1
I
I
1
I
I
1
I
I
1
I
I
1

> > > > > O > > > > > > > > > > > > > > > > > > > > > > > > >
[T I I N NI N I I S I I I I T I Y I I I VI I T F O T T T U
S>> >>>>NM>>>>>LLL>>>>>>>>nL >l >>>
o
@) W w
Ll >>>L L LWL >>>>>>>>>>>>>>>>>>>>>>>>>>
L z0
S>3 =E>S=E>=Z5Z=Z35Z=Z=Z5Z3Z35Z5Z35Z3Z35Z=Z35Z=Z3Z=Z3Z=Z=Z=Z=Z=Z=Z=Z=Z=Z=Z=Z====
HHH>>>>SHHHHHHS>SS>SS>SHHDS>>>>>>>>>>>>>>>>>>>>>
<LULCLLVLUAINCLICELICCEKLSK <K VNFFFNFFVLWVANAFFFFFFFFFFFFFFRFRFODEFEODON
HHHd1 4> 1HHHHHH A IHHS>FHHHHHHHHHH JAHHHH>HHHH
Qo000 O OOOI OO0 O0OXYOOOIIIIIXIIIIIIIOOOOOO
S>>5>5>53>5>53>5AILS>DALISDSDODSDODSDD>>D>>>>5>>2>>2>>2A>>>>>>>
(CAVAUVAGAVAVAUVAVAVAUVAVAVAUVAUVAVAVAUVAVAVAUVAGVAVAUVAUVAVAUVAUVAVEVAUVAUVAVAVAUVAVEVAUVAGVRGAUAU)
CAICCCLCLCLCLCLCLCLCLCLCLCLCLCLLCLLCLCLCLCL > >ACCLCLCLCLCLCLCLCCLCCCCLCC
oo = L z
IITIIIITIOOOIIIIIIIMYOOXYONMYYYYYYYYYYYYYYOONXNXYYY
R B [ T O Y S [ P Y [ [ |
XYy IXEYYyYYYry¥erxz2 1 1S 1SS Jd5SH>>>SF=SS=S=S=SITUITITITxT
I
R B [ T O Y S [ P Y [ [ |
QLOLOLLVLLUVLLLLOLLOLLVLLLLLVLLLLOLLLLLLLVLLLLOLLOLLLLLLULLLLOLLLLLLULU

oaKDaFYCWpPTFV.

[n W a Wy WY o Wy WY o Wy Y o WY WY o Y WY o Y Y o Y n WYV I " o A o A o' o A o' o A o A A o A A s A A A A Y A A 2 4
< <
CACCCLCLCLCLCLCLCLCCCCLUNITIT O XX XXX XUXES IOS>SOO0>
¥MYSZZZFZMXMYZZZZZONUONUNNNNNNNNNNNNNNNNNNNNNNONON
z z z

Ll > dSISSESSESSESAISETESESSES I AT EST Wl wwlwl

1O
QLUOLOLVLOLLVLLLVLOLLVLOLLVLLLOLLVLOLLLLVLLLVLLLVLLLVLLLLVLLLLLLLLLVLOLLLLOLULUL
I I I I I I I I I I I I I I I I Ny I I I I I I 1 I I I Iy I I I I I W T N T Y

e e > > > > > > > > > > > > > > > > > >

N R B [ R B B | B [ B | [ [ [ (|
24
AANNCLCECCCCCCSACSNNNCECENNNNNACENCENNCNNNNACENNNNANCC S
FF<XFFFRFUOWODEZEAS>SXISKFUSSOSHSS>S>S>S>>3>3>3>3>3>3>3>>>5>5>5>>>>>4A>0n
I I I I I O I I I I I I I IS I I I 1 I I O I I ) I I I Iy I I T W N B I T T
HHHHHHHHHHHHHHHHHHHHHHHHHAHHHHHHHAHHHHHHHAHEHEAHA A
[~'4
N B R R B [ S B [ U B [ B [ [ [ (|
NVNNEXNVNNFRFRFFFFEYEY Y YN Q
N B [ I [ R B | B B [ B | [ [ [ (|
ZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZITZ2Z
[ W WA Y a W o W o W WY WY WY WY W o W WY WY WY WY W W W WY WY WY WA W o W WY WY WY WY W o W WY WY WY WY Y a o W o WY WY WY W o WY o
ZZZzTxTxrTxrTxIT>>>>>>>+HHHFFH=E=Z=+++H++H+-++HHHFFEFHFFFFERFRFREFE>X
VELOUWLAZ0NNAICICIC>xXxOo00Ox 000000000000 x 0000 0n <
XX OOS>SYIXKXXXUXEFFVNNVNNNEXYNZNZZIZZODNZNNNnnnnne e o
dddJdJdd 0 dddddddddddddddddddddddddddS o ddadd
I I I I I O I I I I I O I I I I I I I I I I I I T Iy I I Iy I I R R N B I T T
QuUWAOAQAWAWZZOO0OOOQOIITOORFOOOOOOOOOOOOO0O00OQNZX I I I I WS
CCCCCLCICCCCCCIF AN NN CACCICLCLCCCCCSSKNNEFNCSFFIICC>S
S>S>S>FFFFEF>D>H>>>>> ddd> 00 ddddddddddddddddddddd>e—
< oooown +
XYoo O x> >I<HHWL JUJLiLiLlL 1< LT OoOToOWoOO 110
AN NUNNCTNNNNNNNNNNNNNNNNCECEILILTNTT TS

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCE.

OO0O0O0O0000000000N0Z0O00N0ZZZZZZO0ZZZZZOXAQACZZXXX Y YT UWWNV
>>>>E2E>>>>>>>>>UNNNICIL SIS NNNNNNL >

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCE.

[ W W WY T o WY T n Y o WY WY n W Y m Y Y T m Y VY T Y Y Y Y T m Y Y Y Y Y Y Y T m Y Y Y o Y Y m Y o WY T Y o WY Y o WY Y o'

w0
XTI ==

w0
FFkFFFLULWVEEFFFFEFFOOOUOUDOUOUDOUVDOUVDOOODOOLODOLUDUDOLVDOUDODODODODOLODLUDLUDLVDOLUDUCON W
| Iy I Wy Iy Iy I Iy Wy ey Iy I W Iy Iy I Iy Iy Iy Iy I Iy Iy O I Iy Iy Iy Iy I Iy Wy I Iy Wy Iy iy Iy Iy Iy Iy Iy Yy Iy Wy Iy W
Z=Z===Z==Z==Z=Z===Z=T=ZTTZTZZTTZTTZTZTTZTTTTZTT=====

T
S>> HH>>>> D HH>> > HH>> > > > > > O HHHHHHHHHHHHHHESH>S>H>> > > > > A
XXX XXX XX XXX XNNONNNONNNNONNNONNNNNNNNNACAANACICIT<xYx o
D > > > > L L D= 3 D= 3= > 3= > > > > > > > > = > > > > > > > > > > > > > > > > > > > > > >

o0 > dddddddddddddddddJadd4d
OQLULLUVNMLLLULLLULLLOLLLOLLLOLLLOLLOLVLLOLLLOLLOLOLU

I T T T O O O T Y Y N O T Y Y N O I Y NN N A (N IO I B B |

QULUULUUS=SzZoouLLUANLUUUONNNNNNNNNNNNNNNNNICUVUSUREFW

Ll ddl dddA>S>SHES>S>S>S>S> A0 0 0

el AU Y Y Y Y EYYYYYVEX XY IS A 1 S 1|
42 >0 Vz=z +

VVULVOITIZITLVLVLLVLUXXXFLNV>DOWWLWLWOOOWLWWLWWWLWWOSD> > X W

oA QAN A a0V LOLOLOLLLLOLLOLLOLLLLLLOLLVLLLLOLLLUAOA WV

[ajaaNalb dalalaaaaalaNaNaRUNBaURE- G ol olieal ol ol ol ol ol ol ol OGRS d SR - galaalalalalal-40)

A Jd AdSSOITIT A A dHNVNCFAWOULILS>S>S>S>>>>0ONNS>S>>>>>

LT QOO T ZL0000WLWLO0O0O0LVLVLLVLVLLLLVLLOLLUAOVUVUVNVNNZZA

I T O O S o e O O Y N O T T Y Y N O T Y Y N O I Y NN Y A (N I I B B B

L >G> NNU>>>>>>>>>>>>>nunnnnnn i

| Y T B LT QuUUVUAOALVLLVLVLLVLLVLLVLLLVLLVLLLLLVLLVLLVLLLVLLUCLVLLVLOYO I I

[ O T Ll EEEEEAIENEEEEEEELEEEEE A==

[ N I | I T T T O L I O T T e e T Y A A (O T B B B |

I N R | I T O T T T O N 2N 2 T T T Y N T TN Y Y N N T Y A (NN (O O B B B |

[ N I | I N T T I I [

[ N I | I N T T O I [

[ I 1 (| [

| I |
| I |
| |
| I |
| I |
| |
I o oo [ W N Yo WY W WY WA WY W WY W WY W WY W o WY W o WY W WY W WY W o W W .
OO Z 1 I 1 O00AQAWAO 1 UCCVUUUULULLLVLLULULLLLULLVLULLULULUULUUULU L 1T n
=EEEEEEEEEEEEEEEA009d0dddddddddddddddddddd == C
OOV VNOHHAICLCICLC LU LCL > AL CICLCLCLCIFCACICLCLSDOICICAICICXO 0
NNN>>NACANNACANNNNFLVLWLUOLVLLLVLLVLLVNLLULLVLLVLLLLLVLLLUCWOUOLOLOLOLUVLUICEF S
HHHHS 0 dHHHHHHA O O 0 g H o H <€ A
> >>>>>>>>>>>>LIT JddIT>>>0OIT>>>>IT>>>L>IT>>ITIITIIT I

7)) o
JddJddddJddJddddJddddddddddddddddddddddddddddS 4
T I I I I I I I I I I I I I I I Y I I I ) I ) Y ) T T T
JddJd 00 dddd 00> ddddddddddddddddddddddddda0>4
A1 JA>DHSE>>=S>>>sSdd>> 1 dHddddA>> 4> s s ddddd 11 A0S 5

® Key residues (substrate interacting)

@ Catalytic Zn Chelating

@

>>>5>3>3ALL>>>3>>>>3>3>2>2>2>22>2>2>2>2>22>22>2>2>2>2>2>2>2>>2>2>2>>2>2>>4>

=@

VLLLLLLLLLLLLLLLLLLLLLLLLLLLLULLLLLLLLLLLU >V
OO0OLOLLLLULLOLLLLLLULLLLLLLLLLLLUXXLULLUZLUXUVULOUOULOLOLOLLLLLOUOLOOLLU
ZVNLEZXNZZZ0NV0NNNNNVNVNVNNVNNZZZZZZZZZZZZZNNNNZNNNEFnoouom

ooy +

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN‘

0 o

dddd 0 dddd 00 dddddddddddddddddddddddddddddddda
>ITII>>I>>>>>>>>LIIIIIIIIIIIIIIIIIIIIIIIIIILL G
QUOULOLLLOVLLLLVLLVLLLLVLLVLLLVLLVLLLLVLLLLVLLVULLLVLLLLVLLVLLLLVLLVLLLLVLLLLLLLUOU
I I T I I I I I I I I I I I I I I I I I I Y I W I I T W W W VY T TR T T
[a)

N [~~~ [~ [ B [y [ I I I I I I I I I I I O I I N 1 I I I I I Y I I~ [
<N < wn
LLLUVUUFU>VULVUVVU> Tz 0 ddddd dHdHAdS dddddddddwne
wn
FFFFOW>>>SEFERFEFFRFE<OZZZZOOooaWWOOOOOOOQOZOOOOOOOQOOWNEW
CLCACCANNNCLCCLCCCOL O AL AAAAAAAANALAAAAANACAAAANAADNADNOADDAWN
NUNNNNLUNLNNLNLNLNNLNLNZ000LVLLLLLULLLLLLLLVLLLLLULLVMLVNLLLLLUOWW S
OOO0OQQ>>>00000Z>0O>ZH>>>>5>5>52LA>>>>>>2>>2ZZHFFRHWAOWV
o

>> o o

¥
SSOSOH>D>>>>>>>3>3>>5>2>>>>>>2>2>D2HHHHD>D>>>>>H>>>>>>>>>
SSOSS5SHHHHH>D>>>3>235H>>32>2>3>3>3>32>2>32>3>3>3>32>2>32>2>>>2>2>22>2>2>2>2>2>2H>
S>> >>>>>>>>>>>ulL bbb bbbl >>
VVULULVUVULVULVULVLLVLULVLVULVULLVDUVULVLVLVLLVLLVDLVLVLVLLVUDLVDLVULVLLVDLVDLVDULVULVLLVDLVDULVULVLLUU
N R R [ R [~ [ B [ [ O [ O [ B B B [ R [ |
> > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > >>>>>IT > |

o
X I IIIIIIXIIIIIIIIVUZUIZTUVUUVUUVUVUVUUVUUIZIIIZIIIZX

COO0OLOLLLVLLULLOLLOLLLLLULLOULLOLLLLLLOULLOULLLLLLULUOULLLLLUOLLLLLUOLOO

CCCCLCLCLCCCLCLCLCCCCLCLCLCLCCLCLCCLCLCLCLCCLCCLCCCCCCCCC
ES=E=E=E==E=E=E=EY=======S===E=E======E=2E=E=2E=2=========

>>>331d3dddd1dA53>>53>d35>>5J1Jd1d33=2=>>>=>>>>>
ZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZ

_
_
_
_
_
_
Ll Ll L > > L > > L Ll L L L L D= 3= > 3= 3= 3= 3= 3= 3= 3= 3= 3= > 3 3= >= > > > > > > > > > > |
OIIIrIrIrIrIZZZZZI I IIZIIIIIIIIIIIIIITIIITITITITITZI
S>> > > > > > > > > > > > > > > > >>>>>>>>> > il >>uhn
Y Y g I g I I IHJ I T S T JIHHHHHHHJAHHHAHHHHHHHAHAHHAHEHHAHAH |
(I Yy I Ty Iy Iy I Iy Wy Iy Iy I W Ay Iy I Iy Ay Iy Iy I I Iy Iy O I Iy Ty Iy Iy I Iy oy Iy Iy Wy Iy Iy Iy Iy Yy Iy Wy Iy |
J | 1

I

|

I

I

|

AFVENYTNVRWA

FzZzZZ
XxOOYKYYXX X OOOONX OO0 XYY Y XA XY OO
ZYZMY YN NMYNMYNYOMMYYYOl<<<OooooooooooooooooOo<ZHRFEFER
SSsS5Ss5S14d4d45S55SSsSsSSsSdddddSsS dddddddddddddd 1S5S S
Y [ R Y P B Y [ I I [ B [ [ B [ Y |

.b+KFlapaKNhRWA+GRp

FMKR
Lh

555578572E;152259959Qa:i29969799?a;gf992999151
o~ N < <N Mm ™M o — o™

niloticus

XP_004078001.1_Actinopterygii_oryzias_latipes

es_formosus

1

salmo_salar
Lates_calcarifer

Catla_catla

XP_016347175.1_Actinopterygii_Sinocyclocheilus_anshuiensis

XP_015672522.1_Lepidosauria_Protobothrops_mucrosquamatus
XP_018981523.1_Actinopterygii_Cyprinus_carpio

XP_014350178.1_coelacanthidae_Latimeria_chalumnae
XP_017561520.1_Actinopterygii_Pygocentrus_nattereri

JT410613.1_Actinopterygii_Ictalurus_punctatus

NP_001008403.1_Actinopterygii_banio_rerio
AAV52630.1_chondrichthyes_Scyliorhinus_canicula

XP_017271006.1_Actinopterygii_Kryptolebias_marmoratus
XP_013868023.1_Actinopterygii_Austrofundulus_1limnaeus
XP_005798841.1_Actinopterygii_Xiphophorus_maculatus
XP_015226245.1_Actinopterygii_Cyprinodon_variegatus
GCES01016713.1_Actinopterygii_Fundulus_heteroclitus
XP_019948206.1_Actinopterygii_Paralichthys_olivaceus
XP_019115814.1_Actinopterygii_Larimichthys_crocea
BAJ83938.1_Actinopterygii_Plecoglossus_altivelis
consensus/80%

XP_019337860.1_Crocodylia_Alligator_mississippiensis
XP_015273444.1_1 epidosauria_Gekko_japonicus
XP_012688972.1_Actinopterygii_Clupea_harengus
XP_019724492.1_Actinopterygii_Hippocampus_comes
XP_010786757.1_Actinopterygii_Notothenia_coriiceps
GEML01348477.1_Actinopterygii_Channa_argus
XP_003450730.2_Actinopterygii_Oreochromis
XP_008293976.1_Actinopterygii_Stegastes_partitus
GDCV01095326.1_Actinopterygii_Amphiprion_bicinctus
AGN91177.1_chondrichthyes_cCallorhinchus_milii

GEGL01032944.1_Amphibia_Megophrys_sangzhiensis
XP_006120004.1_cCryptodira_relodiscus_sinensis
XP_019896589.1_Actinopterygii_Esox_lucius

XP_001516174.2_Mammalia_ornithorhynchus_anatinus
XP_018426850.1_Amphibia_Nanorana_parkerii

BAV35202.1_Amphibia_Cynops_pyrrhogaster
GFBM010327505.1_Amphibia_Ambystoma_mexicanum

XP_018591770.1_Actinopterygii_Scleropa

KFP72867.1_Aves_Acanthisitta_chloris
XP_010399254.1_Aves_Corvus_cornix_cornix
XP_014006857.1_Actinopterygii_

NP_065712.1 Mammalia_Homo_sapiens
XP_575660.2_Mammalia_Rattus_norvegicus
NP_001089181.1_Amphibia_Xenopus_Tlaevis

XP_018538197.1_Actinopterygii_
GEAE01058469.1_Actinopterygii_
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Fig. S3. Multiple sequence alignment of AID
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XP_002929246.1_Mammalia_Ailuropoda_melanoleuca

GEXR01012147.1_Cryptodira_Malaclemys_terrapin_terrapin

AKL90513.1_Dipnoi_Protopterus_annectens

GEXz01032047.1_cCryptodira_Malaclemys_terrapin_terrapin
consensus/80%

IAAC01007205.1_Lepidosauria_Protobothrops_mucrosquamatus
XP_006119994.1_cCryptodira_Pelodiscus_sinensis

XP_017591323.1_Aves_cCorvus_brachyrhynchos

XP_014742841.1_Aves_Sturnus_vulgaris
XP_010309576.1_Aves_Balearica_regulorum_gibbericeps

XP_009983744.1_Aves_Tauraco_erythrolophus
GEX001032411.1_cryptodira_Malaclemys_terrapin
XP_006120002.1_cCryptodira_Pelodiscus_sinensis
Jw306032.1_Cryptodira_Trachemys_scripta_elegans

XP_011581464.1_Aves_Aquila_chrysaetos_canadensis
GEX001032409.1_cCryptodira_Malaclemys_terrapin

XP_019337862.1_Crocodylia_Alligator_mississippiensis
KQL50284.1_Aves_Amazona_aestiva

XP_006032683.1_Crocodylia_Alligator_sinensis

XP_009081671.1_Aves_Acanthisitta_chloris

XP_009685478.1_Aves_Struthio_camelus_australis
XP_010114413.1_Aves_Chlamydotis_macqueeniii

XP_014126835.1_Aves_zonotrichia_albicollis
XP_017685556.1_Aves_Lepidothrix_coronata
GDQP01175669.1_Aves_Aegypius_monachus
XP_009925239.1_Aves_Haliaeetus_albicilla
XP_009948666.1_Aves_Leptosomus_discolor

XP_014379676.1_Crocodylia_Alligator_sinensis
Jv170127.1_Aves_Junco_hyemalis

XP_005531098.2_Aves_Pseudopodoces_humiTis

XP_015502503.1_Aves_Parus_major

XP_013055305.1_Aves_Anser_cygnoides_domesticus
XP_005038318.1_Aves_Ficedula_albicollis
XP_018763850.1_Aves_Serinus_canaria

XP_019330578.1_Aves_Aptenodytes_forsteri
XP_017685562.1_Aves_Lepidothrix_coronata

XP_013224936.1_Aves_Columba_T1ivia
XP_005012473.1_Aves_Anas_platyrhynchos

XP_005493197.1_Aves_zonotrichia_albicollis
XP_009925240.1_Aves_Haliaeetus_albicilla

GAFN01000494.1_Lepidosauria_Anolis_carolinensis
Jv165153.1_Aves_Junco_hyemalis

XP_019337750.1_Crocodylia_Alligator_mississippiensis

GEXS01005868.1_cCryptodira_Malaclemys_terrapin_terrapin
XP_019371538.1_cCrocodylia_Gavialis_gangeticus

GEXU01020243.1_cCryptodira_Malaclemys_terrapin_terrapin
GEXU01020244.1_Cryptodira_Malaclemys_terrapin_terrapin
XP_006028840.2_cCrocodylia_Alligator_sinensis

GESS01056854.1_Amphibia_Tylototriton_wenxianensis
XP_005295790.1_cCryptodira_Chrysemys_picta_belTl1i1
XP_014427435.1_Cryptodira_Pelodiscus_sinensis
XP_007055684.1_cCryptodira_chelonia_mydas
XP_019399769.1_cCrocodylia_Crocodylus_porosus
XP_019399771.1_cCrocodylia_Crocodylus_porosus

XP_012425312.1_Aves_Taeniopygia_guttata

NP_001635.2_Mammalia_Homo_sapiens
NP_112436.1_Mammalia_Mus_musculus
GFBM010707394.1_Amphibia_Ambystoma_mexicanum
XP_018763853.1_Aves_Serinus_canaria
XP_005427483.2_Aves_Geospiza_fortis
XP_010201589.1_Aves_cColius_striatus
XP_014141136.1_Aves_Falco_cherrug
XP_008501460.1_Aves_Calypte_anna
XP_014795596.1_Aves_Calidris_pugnax
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Fig. S4. Multiple sequence alignment of APOBEC1
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consensus/80%

XP_016354732.1_Actinopterygii_Sinocyclocheilus_anshuiensis
GFIP01032334.1_Actinopterygii_Pantodon_buchholzi

XP_016404679.1_Actinopterygii_Sinocyclocheilus_rhinocerous
GFIX01030803.1_Actinopterygii_Gadus_morhua

GFIK01001560.1_Actinopterygii_Gnathonemus_petersii
KTF99531.1_Actinopterygii_Cyprinus_carpio

XP_008302304.1_Actinopterygii_Stegastes_partitus

GAZ101001739.1_Actinopterygii_Neolamprologus_brichardi
GCES01140634.1_Actinopterygii_Fundulus_heteroclitus

GFIz01000189.1_Actinopterygii_Thymallus_thymallus
GAQL01003094.1_Actinopterygii_Lates_calcarifer

GESS01028851.1_Amphibia_Tylototriton_wenxianensis

GEXQ01018846.1_Cryptodira_Malaclemys_terrapin_terrapin
GAQK01005473.1_Amphibia_Hynobius_chinensis

XP_006119402.1_cCryptodira_Pelodiscus_sinensis
AKL90514.1_Dipnoi_Protopterus_annectens

NP_001006722.1_Amphibia_Xenopus_tropicalis
XP_005995520.1_coelacanthiformes

GDRL01076515.1_Amphibia_Bufotes_viridis
GEGH01044182.1_Amphibia_Polypedates
GETY01034692.1_Actinopterygii_A

GAEC01097311.1_Lepidosauria_Anolis_carolinensis
XP_015274933.1_Lepidosauria_Gekko_japonicus
XP_007423059.1_Lepidosauria_Python_bivittatus
GEXA01014827.1_Lepidosauria_Bothrops_jararaca
GDRF01001199.1_Lepidosauria_oOphiophagus_hannah
GFBM010794038.1_Amphibia_Ambystoma_mexicanum
XP_018412277 .1_Amphibia_Nanorana_parkeri
GEGJ01019437.1_Amphibia_Odorrana_margaretae
0CT94516.1_Amphibia_Xenopus_Tlaevis
XP_018104881.1_Amphibia_Xenopus_Tlaevis
GECV01052190.1_Amphibia_Microhyla

XP_006270143.1_Crocodylia_Alligator_mississippiensis
XP_013912036.1_Lepidosauria_Thamnophis_sirtalis

XP_007063573.1_Cryptodira_cChelonia_mydas

XP_017691298.1_Aves_Lepidothrix_coronata
XP_010283597.1_Aves_Phaethon_Tlepturus
XP_008935618.1_Aves_Merops_nubicus

KQL52049.1_Aves_Amazona_aestiva
XP_009076807.1_Aves_Acanthisitta_chloris

XP_008497656.1_Aves_Calypte_anna

XP_015740752.1_Aves_Coturnix_japonica
GBIK01019122.1_Aves_Acanthis_fTammea

NP_006780.1_Mammalia_Homo_sapiens
NP_033824.1_Mammalia_Mus_musculus

Jw871299.1_chondrichthyes_

Fig. S5. Multiple sequence alignment of APOBEC2
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ABD72584.1_Mammalia_Miopithecus_talapoin

ACJ60858.1 _Mammalia_Gorilla_gorilla

XP_014304294.1_Mammalia_Myotis_Tlucifugus

XP_009215573.1_Mammalia_Papio_anubis

AOM73730.1_Mammalia_Cercocebus_atys_Tlunulatus

XP_004443953.2_Mammalia_Ceratotherium_simum_simum

XP_019590113.1_Mammalia_Rhinolophus_sinicus
XP_015449024.1_Mammalia_Pteropus_alecto

ACJ39157.1_Mammalia_Equus_caballus
_Pteropus_vampyrus

XP_011384361.1_Mammalia_Pteropus_vampyrus

ADK38646.1_Mammalia_Mus_fragilicauda

ADK38634.1_Mammalia_Mus_caroli

XP_007189136.1_Mammalia_Balaenoptera_acutorostrata_scammoni

XP_007454168.1_Mammalia_Lipotes_vexillifer

XP_012392104.1_Mammalia_Orcinus_orca
XP_006979257.2_Mammalia_Peromyscus_maniculatus_bairdii

XP_010341885.1_Mammalia_Saimiri_boliviensis_boliviensis
XP_008849457.1_Mammalia_Nannospalax_galiTli

XP_017400083.1_Mammalia_Cebus_capucinus_imitator

XP_012410263.1_Mammalia_Trichechus_manatus_Tlatirostris
XP_012880331.1_Mammalia_bipodomys_ordii

XP_011819600.1_Mammalia_Colobus_angolensis_palliatus
XP_010597672.1_Mammalia_Loxodonta_africana

ANB32177.1_Mammalia_Cercopithecus_neglectus
XP_011887428.1_Mammalia_Cercocebus_atys

XP_010341750.1_Mammalia_Saimiri_boliviensis_boliviensis
XP_003905602.1_Mammalia_Papio_anubis

XP_017820791.1_Mammalia_cCallithrix_jacchus

XP_003933035.2_Mammalia_Saimiri_boliviensis_boliviensis
Q694B9.1_Mammalia_Saguinus_labiatus

XP_011819597.1_Mammalia_Colobus_angolensis_palliatus
XP_012590574.1_Mammalia_Condylura_cristata

XP_010387570.1_Mammalia_Rhinopithecus_roxellana

XP_011819599.1_Mammalia_Colobus_angolensis_palliatus
AEG79279.1_Mammalia_Macaca_mulatta

AOR05763.1_Mammalia_Cercocebus_torquatus

XP_525657.2_Mammalia_Pan_troglodytes_APOBEC3D
ANY26449.1_Mammalia_Macaca_leonina

AOR05758.1_Mammalia_Chlorocebus_tantalus
NP_001333059.1_Mammalia_Canis_lupus_familiaris

XP_004438081.1_Mammalia_Ceratotherium_simum_simum
consensus/80%

ADI39334.1_Mammalia_Sus_scrofa
XP_007454069.1_Mammalia_Lipotes_vexillifer

XP_012966578.1_Mammalia_Mesocricetus_auratus
XP_012392103.1_Mammalia_Orcinus_orca

XP_010387564.1_Mammalia_Rhinopithecus_roxellana
XP_005354245.1_Mammalia_Microtus_ochrogaster

XP_015984355.1_Mammalia_Rousettus_aegyptiacus
XP_005567312.1_Mammalia_Macaca_fascicularis

XP_019590109.1_Mammalia_Rhinolophus_sinicus
XP_525599.2_Mammalia_Pan_troglodytes_APOBEC3H

QlwBT4.1_Mammalia_Pongo_pygmaeus
XP_007625760.1_Mammalia_Cricetulus_griseus

XP_007939954.1_Mammalia_Orycteropus_afer_afer
NP_001332866.1_Mammalia_Chlorocebus_sabaeus
XP_007974006.1_Mammalia_Chlorocebus_sabaeus
XP_012363142.1_Mammalia_Nomascus_Tleucogenys
ABD72586.1_Mammalia_Lagothrix_lagotricha
ABD72585.1_Mammalia_Saguinus_labiatus
XP_004589806.1_Mammalia_Ochotona_princeps
NP_001028875.1_Mammalia_Rattus_norvegicus
XP_006521616.1_Mammalia_Mus_musculus

XP_019516121.1_Mammalia_Hipposideros_armiger
XP_012804189.1_Mammalia_Jaculus_jaculus

XP_003419877.2_Mammalia_Loxodonta_africana
XP_012370907.1_Mammalia_oOctodon_degus

NP_001333061.1_Mammalia_Canis_lupus_familiaris
NP_001229380.1_Mammalia_Equus_caballus

XP_015994966.1_Mammalia_Rousettus_aegyptiacus
XP_014407208.1_Mammalia_Camelus_ferus

AGE34483.1 _Mammalia_Allenopithecus_nigroviridis
AGE34501.1_Mammalia_Trachypithecus_francoisi
XP_017364525.1_Mammalia_Cebus_capucinus_imitator
XP_008562868.1_Mammalia_Galeopterus_variegatus
XP_004589807.1_Mammalia_Ochotona_princeps
XP_015984356.1_Mammalia_Rousettus_aegyptiacus
XP_015994968.1_Mammalia_Rousettus_aegyptiacus
XP_011384004.1_Mammalia

XP_017361869.1_Mammalia_Cebus_capucinus_imitator
AGE34499.1_Mammalia_Colobus_guereza

XP_012314401.1_Mammalia_Aotus_nancymaae
XP_013819804.1_Mammalia_Capra_hircus

AAI14798.1_Mammalia_Bos_taurus

XP_013008555.1_Mammalia_Cavia_porcellus
ACH69765.1_Mammalia_Pecari_tajacu

XP_014387689.1_Mammalia_Myotis_brandtii
XP_014304304.1_Mammalia_Myotis_Tlucifugus
XP_014304300.1_Mammalia_Myotis_Tlucifugus
XP_015416620.1_Mammalia_Myotis_davidii
XP_011384362.1_Mammalia_Pteropus_vampyrus
XP_014705610.1_Mammalia_Equus_asinus
XP_008510250.1_Mammalia_Equus_przewalskii
XP_014706791.1_Mammalia_Equus_asinus
NP_001157152.1_Mammalia_Equus_caballus
XP_014706789.1_Mammalia_Equus_asinus
XP_001916555.2_Mammalia_Equus_caballus

XP_012493462.1_Mammalia_Propithecus_coquereli
XP_020143372.1_Mammalia_Microcebus_murinus

XP_011834232.1_Mammalia_Mandrillus_Teucophaeus
XP_017364524.1_Mammalia_Cebus_capucinus_imitator
XP_017400080.1_Mammalia_Cebus_capucinus_imitator
XP_012314407.1_Mammalia_Aotus_nancymaae
NP_001306288.1_Mammalia_Macaca_fascicularis
AKE33289.1_Mammalia_Macaca_fascicularis
AD085881.1_Mammalia_Chlorocebus_aethiops
AER45711.1_Mammalia_Chlorocebus_aethiops
AER45710.1_Mammalia_Colobus_guereza
NP_001332901.1_Mammalia_Nomascus_leucogenys
XP_009232653.1_Mammalia_Pongo_abelii
XP_020143370.1_Mammalia_Microcebus_murinus
XP_012493461.1_Mammalia_Propithecus_coquereli

NP_001332870.1_Mammalia_Papio_anubis
AGE34485.1 _Mammalia_Cercopithecus_neglectus

Q694C5.1_Mammalia_Erythrocebus_patas

XP_004063536.1_Mammalia_Gorilla_gorilla_gorilla
Q694cC2.1_Mammalia_Macaca_fascicularis

AOR05754.1_Mammalia_Symphalangus_syndactylus
Q694B5.1_Mammalia_Gorilla_gorilla

NP_001332900.1_Mammalia_Nomascus_Tleucogenys
NP_055323.2_Mammalia_Homo_sapiens_APOBEC3C

NP_001254671.1_Mammalia_Callithrix_jacchus
XP_002760834.2_Mammalia_cCallithrix_jacchus
XP_017820524.1_Mammalia_cCallithrix_jacchus
Q694B8.1_Mammalia_Lagothrix_lagotricha
NP_001288774.1_Mammalia_cCallithrix_jacchus
AD085882.1_Mammalia_Aotus_trivirgatus

XP_011834234.1_Mammalia_Mandrillus_1leucophaeus
XP_012669583.1_Mammalia_oOtolemur_garnettiii

XP_010387572.1_Mammalia_Rhinopithecus_roxellana
XP_009215570.1_Mammalia_Papio_anubis

EDM15775.1 _Mammalia_Rattus_norvegicus_APOBEC3
ANY26447.1_Mammalia_Macaca_leonina

P60705.1_Mammalia_Rattus_norvegicus_APOBEC3
ABW83271.1_Mammalia_Felis_catus

ADK38645.1_Mammalia_Mus_minutoides
XP_017716811.1_Mammalia_Rhinopithecus_bieti

AEM44676.1_Mammalia_Chlorocebus_aethiops
XP_009232652.1_Mammalia_Pongo_abelii

AEM44674.1_Mammalia_Erythrocebus_patas

XP_008977157.1_Mammalia_Callithrix_jacchus
AEM44670.1_Mammalia_Gorilla_gorilla

XP_012365174.1_Mammalia_Nomascus_Tleucogenys
XP_009232650.1_Mammalia_Pongo_abelii

NP_001157155.1_Mammalia_Equus_caballus
XP_005606532.1_Mammalia_Equus_caballus
XP_008047765.1_Mammalia_Carlito_syrichta
XP_006150840.1_Mammalia_Tupaia_chinensis
XP_006155445.1_Mammalia_Tupaia_chinensis
XP_014202772.1_Mammalia_Pan_paniscus
AEM44679.1_Mammalia_Nomascus_leucogenys
AEM44680.1_Mammalia_Gorilla_gorilla
NP_689639.2_Mammalia_Homo_sapiens
AOR05755.1_Mammalia_Papio_anubis
ABB77892 .1 _Mammalia_Nomascus_leucogenys
AAT72158.1_Mammalia_Pongo_pygmaeus
XP_011887342.1_Mammalia_Cercocebus_atys
AER45720.1_Mammalia_Saguinus_oedipus
AER45713.1_Mammalia_MandriTllus_sphinx
AER45716.1_Mammalia_Gorilla_gorilla
ADO85891.1_Mammalia_Hylobates_lar

ADK38630.1_Mammalia_Mus_cervicolor_cervicolor
XP_008510207.1_Mammalia_Equus_przewalski‘i

NP_663745.1_Mammalia_Homo_sapiens_APOBEC3A
ADK38635.1_Mammalia_Mus_cookii

NP_068594.1_Mammalia_Homo_sapiens_APOBEC3G
ERE82474.1_Mammalia_Cricetulus_griseus

ADK38637.1_Mammalia_Mus_saxicola
NP_084531.2_Mammalia_Mus_musculus_APOBEC3

ADK38639.1_Mammalia_Mus_tenellus

FINAL

@ Key residues (substrate interacting)

@ Catalytic Zn Chelating
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Fig. S6. Multiple sequence alignment of APOBEC3
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Fig. S7. Multiple sequence alignment of NAD1

® Key residues (Substrate interacting)

@ Catalytic Zn chelating
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Fig. S8. Multiple sequence alignment of NAD2

@ Catalytic Zn chelating

® Key residues (Substrate interacting)
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Fig. S9. Multiple sequence alignment of Lophotrochozoan-Echinoderm-Cnidarian clade of AID/APOBECSs closely related to the core vertebrate clade
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1_N_O_GCCAAT_1

1_N_O_GCCAAT_1

GEDz01098113.1_2_Wwatasenia_scintillans

GAGS01028218.1_Bithynia_siamensis

GAG501064133.l_Eithynia_siamensis

SN7001180_297_H7HGVBCXY_2_2101_20424_50629_1_N_0_GCCAAT_1

SN7001180_297_H7HGVBCXY_1_2112_18882_93463_1_N_0_GCCAAT_2
SN7001180_297_H7HGVBCXY_2_1214_19965_17284_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_1_2212_4742_70642_1_N_0O_GCCAAT_2
SN7001180_297_H7HGVBCXY_1_2207_17595_18401_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_1_1213_6631_37188_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_2_2112_10761_37846_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_2_2201_13625_88676_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_2_2206_3040_58747_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_1_2111 2206_24328_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_2_1113_6554_71156_1_N_0_GCCAAT_1
TRINITY_DN16872_Strongylocentrotus_purpuratus
SN7001180_297_H7HGVBCXY_1_1103_6700_36019_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_2_1211_8928_31285_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_2_2115_5214_36499_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_1_2204_17898_75127_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_2_2216_3820_10733_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_2_1103_7462_95158_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_1_2214_1765_31663_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_1_1206_17469_58096_1_N_0_GCCAAT_1
SN7001180_297_H7HGVBCXY_1_1113_11939_87193_1_N_0_GCCAAT_1
GCEL01142755.1_Cipangopaludina_cathayensis

TRINITY_DN24832_sStrongylocentrotus_purpuratus
GCEL01118623.1_cCipangopaludina_cathayensis

GBzz01015928.1_Pomacea_canaliculata

SN7001180_297_H7HGVBCXY_1_2107_5960_58442_
GDJY01027942.1_Lingula_anatina

GCEL01095971.1_5_cCipangopaludina_cathayensis
AAGJ05080529.1_strongylocentrotus_purpuratus
AAGJ05137869.1_Strongylocentrotus_purpuratus
AAGJ05137865.1_Strongylocentrotus_purpuratus
AAGJ05100128.1_strongylocentrotus_purpuratus
AAGJ05093321.1_Strongylocentrotus_purpuratus

GCEL01095970.1_5_cCipangopaludina_cathayensis
LFLW010603323.1_Conus_tribblei

GCEL01111904.1_cipangopaludina_cathayensis
GDIA01071331.1_Rapana_venosa

AAGJ05050109.1_strongylocentrotus_purpuratus
GCEL01105827.1_cCipangopaludina_cathayensis
GCEL01105828.1_cCipangopaludina_cathayensis
GCEL01027051.1_cCipangopaludina_cathayensis

AAGJ05050110.1_Strongylocentrotus_purpuratus
LFLW010780893.1_Conus_tribblei

AAGJ05003720.1_Strongylocentrotus_purpuratus
SN7001180_297_H7HGVBCXY_2_1210_2898_65825_
GAGS01088633.1_5_Bithynia_siamensis

AAGJ05003723.1_Strongylocentrotus_purpuratus
GAQQ01007933.1_Bithynia_siamensis

GCEL01073489.1_cCipangopaludina_cathayensis
AAGJ05050106.1_Strongylocentrotus_purpuratus
AAGJ05036725.1_Strongylocentrotus_purpuratus
AAGJ05098974.1_Strongylocentrotus_purpuratus
GAGS01109837.1_2_Bithynia_siamensis

AAG]05144241.1_Strongylocentrotus_purpuratus
LFLW010758828.1_Conus_tribblei

GDIA01008365.1_Rapana_venosa
LFETI01001070.1_2_Lingula_anatina

XP_011418311.1_Crassostrea_gigas
XP_011418310.1_Crassostrea_gigas
GECI01029835.1_Crassostrea_gigas
LFETI01001070.1_5_L1ingula_anatina
GDJY01027842.1_2_Lingula_anatina
GAGS01085889.1_Bithynia_siamensis
consensus/70%

GECI01019951.1_Crassostrea_gigas
GECI01028791.1_Crassostrea_gigas
GECI01019955.1 _Crassostrea_gigas
XP_011444525.2_Crassostrea_gigas
GECI01019953.1_Crassostrea_gigas
GECI01014522.1 _Crassostrea_gigas
GECI01027805.1_Crassostrea_gigas
GECI01039625.1_Crassostrea_gigas
GECI01006922.1_Crassostrea_gigas
GECI01017230.1_Crassostrea_gigas

GAGS01088634.1_6_Bithynia_siamensis
GEIE01007574.1_Sepia_pharaonis

GEDW01084122.1_Wwatasenia_scintillans
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Helix-6

Helix-5

Strand-5

Helix-4

Strand-4

™

Helix-

Strand-3

y conserved E after the second C of the CxnC motif

ensptor
elix-2

Strand-2 ﬁ'

Strand-1

Below is a subclade within the overall Lopho-echino metal binding clade. This is specifically conserved across gastropods: lacks glutamate in the HXE motif but possess a com
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