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ABSTRACT

Using iterative database searches, we identified a new subfamily of the AID/APOBEC
family of RNA/DNA editing cytidine deaminases. The new subfamily, which is represented
by readily identifiable orthologs in mammals, chicken, and frog, but not fishes, was
designated APOBEC4. The zinccoordinating motifs involved in catalysis and the secondary
structure of the APOBEC4 deaminase domain are evolutionarily conserved, suggesting
that APOBEC4 proteins are active polynucleotide (deoxy)cytidine deaminases. In recon-
structed maximum likelihood phylogenetic trees, APOBECA4 forms a distinct clade with a
high statistical support. APOBEC4 and APOBEC1 are joined in a moderately supported
cluster clearly separated from AID, APOBEC2 and APOBEC3 subfamilies. In mammals,
APOBEC4 is expressed primarily in testis which suggests the possibility that it is an editing
enzyme for mRNAs involved in spermatogenesis.

INTRODUCTION

Cytidine deaminases (CDAs; EC 3.5.4.5) catalyze the deamination of cytidine to
uridine and are important in the pyrimidine salvage pathway in prokaryotes and eukaryortes.
These enzymes contain a zinc-coordinating domain with the characteristic motif (H/C)xE
... PCxxC (x stands for any residue). The Zn ion in the active site plays a central role in
the proposed catalytic mechanism by activating a water molecule to form a hydroxide ion
that performs a nucleophilic attack on the substrate.!

The cytidine deaminase superfamily also includes the AID/APOBEC family, which is
a vertebrate-specific RNA/DNA editing expansion of deaminases. One of the best charac-
terized modes of mRNA-editing is cytidine to uridine (C > U) deamination catalyzed by
APOBECI. APOBECI is the catalytic component of a complex that edits apolipoprotein
B mRNA by catalyzing the C6666U deamination which creates a premature stop codon
and causes tissue-specific production of a truncated apolipoprotein B polypeptide chain. 4>
The AID/APOBEC protein family contains four subfamilies (AID, APOBECI,
APOBEC2, and APOBEC3) and includes several members with an experimentally con-
firmed capability of deaminating cytosine to uracil in single-stranded polynucleotides,
while fulfilling diverse physiological functions.®® AID functions in the adaptive humoral
immune response, namely, somatic hypermutation of the immunoglobulin V gene and
switch recombination of the immunoglobulin C gene.”!? Two members of the diverse
APOBECS3 subfamily (human APOBEC3G and APOBEC3F) are involved in an innate
pathway of restriction of retrovirus infection, presumably, by deaminating cytosines in
viral first-strand ¢cDNA replication intermediates”!!:1? although more complex models
have also been proposed.'® The physiological functions of APOBEC2!4!5 and of other
APOBEC3s are unknown.”*%12 However, the expansion and rapid evolution of APOBEC3
proteins in the primate lineage (there are eight human APOBEC3 genes) suggests that at
least some of these proteins might have antiviral functions.®

APOBECI was the first member of the family to be discovered®> and has become the
paradigm for subsequent studies. However, phylogenetic analysis indicates that
APOBECI is a recent evolutionary arrival whereas AID and APOBEC2 are the ancestral
family members.® We analyzed distant similarities of AID/APOBEC protein sequences
and identified a previously undetected subfamily of AID/APOBEC homologs which we
provisionally named APOBEC4. Phylogenetic analysis suggests that this protein subfamily
is most closely related to APOBECI, however, it has a wider phyletic distribution similar
to that of AID/APOBEC2 and, accordingly, appears to have emerged early in vertebrate

evolution.
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MATERIALS AND METHODS

Table T The APOBEC4 subfamily of predicted cytidine deaminases
The non-redundant (nr) data-
base of National Center for Species Name Refseq Gl ESTs
Biotechnology Information (http:// Human Hypothetical protein NM_203454 44888831 8 testis, 1 brain, 1 uterus

ncbi.nlm.nih.gov/) and vertebrate

L ENSEMBL web o Macaca fasicularis Testicular cDNA - 17026052
%ﬁm’fnes avthe websiee Mouse Hypothefical protein ~ XM_355245 38073497 2 festis
ttp://www.ensembl.org/) were
searched using the BLASTP pro- Rat Hypothetical protein XP_573474 62945336 1 testis
gram.'®  Nucleotide — genome Cow Hypothetical protein XP_613244 61875234
sequences were searched using Chicken Hypothetical protein XP_426631 50751204

TBLASTN with protein sequences

. . i Xenopus tropicalis
as queries. Iterative sequence simi-

Hypothetical protein

. GENSCANO00000137932
larity searches were performed
using PSI-BLAST with a single
sequence used as the query and
with default parameters.'® Each search was run for a minimum N . . .
of three iterations or to convergence. Multiple alignments Table 2 Number of amino acid substitutions per site in human

were generated using the MUSCLE program with 50 itera-

and mouse orthologs of the AID/APOBEC family

tions.!” The resulting multiple alignment was corrected
manually using the PSI-BLAST results, the known three
dimensional structures of CDAs, and predicted secondary
structure of APOBECs as additional guides. Protein
secondary structure was predicted using JPRED.!8

Protein

Number of substitutions
Standard error

AID APOBECI APOBE(C2 APOBEC3 APOBEC4
0.09 0.31 0.10 1.03 0.30
0.03 0.05 0.03 0.12 0.05

Phylogenetic analyses were performed using minimum
evolution (least-square) and maximum likelihood methods.
To generate the input file, all columns containing gaps were
either deleted pairwise or entirely deleted from the corrected
alignment. Minimum evolution trees were constructed using
either MEGA3'? with the Poisson correction model and pairwise deletion
of gaps and 1000 bootstrap replicates or using the FITCH program of the
PHYLIP package?® with 1000 bootstrap replicates, after complete removal
of all gapped columns. Maximum likelihood trees were generated using a
two-step procedure. At the first step, a minimum evolution tree was gener-
ated using FITCH, and at the second step, the topology of this tree was used
as the input to PROTML?! to produce a maximum likelihood tree using
local rearrangements. The statistical significance of the internal nodes of the
resulting maximum likelihood tree was then determined using relative estimate
of logarithmic likelihood bootstrap (RELL-BP) as implemented in
PROTML.2! In the second method, an initial tree was constructed using the
PROTML program of the PHYLIP package, with star decomposition. The
tree topology was used as a guide to generate maximum likelihood trees
using the PhyML program with 100 bootstrap replicates generated from the
input alignment.?? The consensus tree of these 100 bootstrapped trees was
derived using the CONSENSE program of the PHYLIP package to obtain
the bootstrapped the full maximum likelihood tree. Both methods produced
phylogenetic trees with the same topology with respect to the main branching.

RESULTS AND DISCUSSION

Identification of APOBEC4 by sequence similarity searches. A PSI-
BLAST secarch with the human AID sequence as the query returns hits to
AID/APOBEC proteins in the first and second iterations. Unexpectedly,
from the third iteration onward, this and other searches with AID/
APOBEC sequences started to recover uncharacterized vertebrate proteins
(Table 1). Reciprocal searches using these sequences as queries readily recovered
the AID/APOBEC sequences, suggesting that these proteins and AID/
APOBEC proteins are, indeed, homologs. We called this newly discovered
protein subfamily APOBEC4. BLAST searches with the human APOBEC4
sequence (GI: 44888831) as a query readily identified the presence of the
APOBEC4 gene in the Xenopus tropicalis genome. By contrast, these searches
failed to identify APOBECH4 protein in any of the available (nearly) complete
fish genomes.

Sequence and structural features of APOBEC4. To further examine the
sequence and structural conservation between CDA, AID, APOBECI,
APOBEC2, APOBEC3, and APOBECA4, we constructed a multiple alignment
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The number of amino acid substitutions and standard errors were calculated using the Poisson correction as implemented in
MEGA3." In the case of APOBEC3, the human APOBEC3F and mouse APOBEC3 proteins were used.

of 4 CDA sequences and 45 AID/APOBEC sequences (Fig. 1). In the case
of the dimeric APOBEC3 proteins,8 the more conserved C-terminal
domain, which determines the specificity of retrovirus hypermutation induced
by human APOBEC3F and APOBEC3G,?? was used for this analysis. The
alignment shows notable conservation of the Zn-coordinating motif,
(H/C)xE... PCx, C (Fig. 1). However, the proline residue, which is present
in the middle of the HXE motif in most of the APOBEC4 sequences, aligns
with an alanine in the CDA sequences whereas AID/APOBEC sequences
contain several other amino acids in this position (Fig. 1). Interestingly, the
Xenopus tropicalis APOBEC4 contains an alanine in the middle of the HxE
motif (Fig. 1) suggesting that this could be the ancestral state of the motif.
A distinctive feature of APOBEC4 is the insertion of four amino acids
between the conserved cysteines of the PC...C motif; the presence of this
insert complicates the detection of APOBEC4 in sequence similarity searches
(see above). It should be noted that even longer inserts are present in this
motif in several deaminases outside the CDA/AID/APOBEC superfamily,24
which is compatible with the prediction that APOBECA4 is an active deam-
inase.

Structural homology models based on E. coli or yeast CDA structures
have been previously proposed for APOBECI, AID and APOBEC3G.?>%7
The deaminase domain of APOBEC4 conforms to the b1b2alb3a2b4a3b5
arrangement (a designates an 0-helix and b designates a B-strand) typical of
the AID/APOBEC family rather than the b1b2alb3a2b4b5 arrangement
(with the a3 helix missing) seen in the CDAs (Fig. 1). The additional a3
helix is a signature of the AID/APOBEC family.?” With the exception of
this helix, the predicted secondary structural elements of APOBEC4 show a
nearly perfect correspondence with the elements derived from the 3D
structure of CDAs, supporting the notion that these proteins contain a
domain with the same fold (Fig. 1).

Phylogenetic analysis and evolutionary implications. To gain insight
into the evolution of the AID/APOBEC family and, in particular, the origin
of APOBECA4, we constructed phylogenetic trees from the multiple alignment
shown in Figure 1. The APOBEC1, APOBEC2 and APOBEC4 subfamilies
each formed a clade with high statistical support (data not shown).
Unexpectedly, the members of the APOBEC3 subfamily did not form a
distinct clade but instead were interspersed with the AID proteins (data not
shown) although previous phylogenetic analyses suggested monophyly of
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CDA_Homsa_263657
CDA_Sacce_6323274
CDA_Thema_ 4981379
CDA_Bacsu_B0258

APOBEC3_ Musmu_26340722
APOBEC3_Crilo_48474310
APOBEC3F_Homsa_ 24416443
APOBEC3G_Macni_48476259
APOBEC3G_Gorgo_50254066
APOBEC3G_Pantr_ 48476269
APOBEC3G_Lagla_48476319
APOBEC3G_Sagla_48476309
APOBEC3G_Ponpy_ 48476299
APOBEC3B_Pantr 5566194E
AROBEC3_Canfa_57093121
APOBEC3C_Homsa_9294747
APOBEC3A_Pantr_ 55661364
APOBEC3D Homsa_ 22507041
AID_Canfa_ 50879250
AID_Homsa_ 22297288

RAID Musmu_6753018

RID Galga_ 50729359
AID_Ictpu_ 40949661

AID Danre_ 46487636

AID _Takfu_41016736

AID Tetni_ 47221672
APOBECZ Danre 61651784
APOBECZ_Ratno_276B1627
APOBECZ_Canfa_ 570594514
APOBECZ_Galga_ 50760475
APOBECZ Tetni 47228640
APOBECZ_Xentr_ 459523039
APOBECZ_Xenla_ 49256526
APOBEC] Mondo_ 23396444
APDBEC] Musmu_ 13624299
APOBEC1_Mesau_12002871
APOBEC1_Ponpy_ 4B476239
APOBEC1 _Orycu_g27785
APOBEC]1_Homsa_2696116
APOBEC1_Ratno_6978519
APOBEC4_Bosta_ 61875234
APDBEC4 Ratno_ 62945336
APOBEC4_Macfa_17026052
APOBEC4_Homsa_ 448B8831
RBPOBEC4 Musmu_3B073497
APDBEC4 Galga 50751204
RPOBEC4_Xentr

CDA_Homsa_263657
CDA_Sacce_6323274
CDA_Thema_4981379
CDA_Bacsu_B0258

APOBEC3_Musmu_26340722
APOBEC3_Crilo_ 48474310
APOBEC3IF_Homsa_24416443
APOBEC3G_Macni_48476259
APOBECIG_Gorgo_50254066
APOBEC3G_Pantr 48476269
APOBEC3G_Lagla_48476319
RPOBEC3G_Sagla_48476309
APOBEC3G_Ponpy_ 484762599
APOBEC3B_Pantr_ 55661948
AROBEC3_Canfa_57093121
APOBEC3C_Homsa_9294747
APOBEC3IA_Pantr 55661364
APOBEC3D_Homsa_22807041
AID _Canfa_ 50979250

RID Homsa_ 22297288

RID Musmu_6753018

RID Galga_50729359

AID Ictpu_409%49661

AID Danre_ 46487636

AID Takfu_ 41016736

AID Tetni_47221672
APOBEC2 Danre_ 61651784
APOBECZ_Ratno_27681627
APOBECZ Canfa_ 57094914
APOBECZ Galga_ 50760475
APOBECZ2_Tetni_ 47228640
APOBECZ_Xentr_4952303%
APOBECZ_Xenla_49256526
APOBEC1_Mondo_23396444
APOBEC1_Musmu_1362429%9
RPOBECL Mesau 12002871
RPOBECL Ponpy 48476239
APOBECL _Orycu_6277B5
APOBECL _Homsa_ 2696116
APOBEC1_Ratno_697851%
APOBEC4_Bosta
APOBEC4_Ratno

APOBEC4 _Macfa
APOBECY_Homsa
APOBECY_Musmu

RPOBECY _Galga
RPOBEC4_Xentr

14 aa QQLLVCSQEAKQ----SAYCPYSHFPVGAALLTQEGRIFK
11 aa EALKRAALKACE ~LSYSPYSHFRVGCSILTNNDVIET-
4 aa EKLVEMALEARE ~KAYARYSGFRVGAALLTESGKIYT=====

3 aa QELITERLKARD----MAYAFYSKFQVGAALLTKDGEVYR
HHHHHHHHHHH EEEEEEE EEE

204 aa EEEFYSQFYNQRVKHLCYYHRMKPYLCYQLEQFNGQOAPLK-----
204 aa EEEFYSQFYNQRVEKHLCYYHRMEPYLCYQLEQFNGOAFPLE--
197 aa PHIFYFHFKNLR -KAYGRNESWLCFTMEVVEHHSPISWKR--GVFR-
198 aa PGTFTSNFNNKP =WVSGOHETYLCYKVERLHNDTWVPLNQHRGFLR~
198 aa PPTFTSNFNMEH----WVRGRHETYLCYEVERLHNDTWVLLNQRRGFLC-
198 aa PPTFTSNFNNEL----WVRGRHETYLCYEVERLHNDTWVLLNQRRGFLC--=
195 aa PVTFTYNFTNDP =SVLGOHOSYLCYKVEHLRNGTWVFPLHQHRGFIL-
195 aa PGTFTYNFTNDPF =SVLGRHQTYLCYEAEHLHSGTWVPLHQHRGFIL-
198 aa PLTFTSNFNNEP =CVEGRHETYLCYKVERLHNDTWVLLNQRRGFLC-
269% aa QRTFYYNFENEP----ILYGRSYTWLCYEVKIRRGHSNLLWDT--GVER--=-
5 aa EETFYQQFSNQR--VPKPTYQRRTYLCYQLKPHEGSVIAK
13 aa PGTFYFQFKNLW ~EANDENETWLCFTVEGIKRRSVVSWKT --GVFR-
15 aa AHRLLYGASGCWV =WEYLVEGSFLPCGIGGPDLSGSQ=-~
13 aa RDTFYDHNFENEF

HHHHHHHH

ENACYPLGICAERTAIQK--AVSEG-YKD
~ENASYSNCICAERSAMIQ--VLMAG-HRS
------ ENSSYGLTVCAERVAVFK--AVSEG-ERE
ENARAYSMCNCAERTALFK--AVSEG-DTE
HHHH

SEKGKCHAEILFLDE--IRSME-LS-
==-SEKGKQHAEILFLDK--IRSME-LS-
~NQVDPETHCHAERCFLSW-~FCDDI-LSFP
HOAFPNIHGFPKGRHAELCFLDL--IFFWK-LDG
==-HOAPHKHGFLEGRHAELCFLDV=--IFPFWK~LDL
==HOAPHEHGFLEGRHAELCFLDV--IFPFWK-LDL
--HEASNSVSFPEGRHAELCLLDL--ISFWK-LKQ
=-HEASNNLSFPEGRHAELCLLDL--ISFWK~LDF
NOAPAIHGFPEGRHAELCFLDV--IFFWK-LDG
GOMYSQPEHHAEMCFLSW--FCGNQ-LSA
NOEKRHAEICFIDD--IKSRQ-LOF
===NOVDSETHCHAERCFLSW-~FCDDI-LSP
==CQOARKNLLCGFYGRHAELRFLDL--VESLO-LDF
=ILYGRSYTWLCYEVKIKRGRSNLLWDT --GVFRGEVLEKROSNHRQEVY FRFENHAEMCFLSW--FCGNR-LER

7 aa QREFLYHFENVR----WAKGRHETYLCYVVKRRDSATSFSLDF-=GHLR================ NESGCHVELLFLRY--ISDWD-LOF

7 aa RREFLYQFENVRE----WAKGRRETYLCYVVKRRDSATSFSLDF--GYLR=-==

7 aa QKKFLYHFENVRE----WAKGRHETYLCYVVKRRDSATSCSLDF--GHLR--=-

7 aa RELFLYNFEMNLR----WAKGREETYLCYVVERRDSATSCSLDF--GYLR---
10 aa QRKFIYHYKNVE ~WARGRNETYLCFVVEKRNSPDSLSFDF-~-GHLR-
11 aa QRKFIFHYKNVR----WARGRHETYLCFVVERRIGPDSLSFDF--GHLR=-=-=
>1 aa --KFIYHYKNVR----WARGRHETYLCFVVERRVGPDTLTFDF--GHLR---
>4 aa REKFLYHYKNVR----WARGRHETYLCFVVERRVGPDTLTFDF--GHLR---
80 aa PFFFEKFQFKNVE----YSS5GRNKTFLCYLVDHGGEGLMR GYIE

48 aa VNFFKFQFRNVE =YS5GRNKTFLCYVVEAQSKGGOVOATQ--GYLE-~~
48 aa VHNFFEFQFRNVE----YS5GRNKTFLCYVVEAQGEGGOVOASR--GYLE---
47 aa AIFFKFQFRNVE----YS5GRNKTFLCYVVETQGKESKTSR----GYLE---
118 aa PFYFEFQFRNVE -¥YS55GRMKTLLCFRVDT PGGSTEPLK-—--GYME-—-

NENGCHVELLFLRY--ISDWD-LOP
NESGCHVELLFLRY--ISDWD-LDP
HEMGCHVEVLFLRY--ISAWD-LDP
~NWRSGCHVELLFLSY-~LGV=--~-LCP
NRSGCHVELLFLRH=--LGA=--=LCP
NESGCHVELLFLRY=--LGA---LCP
NENGCHVELLFLRY--LGA---LCP
DEHAGGHAEEAFFQQ--ILTN--YDP
===-DEHAGAHAEEAFFNT--ILPA--FDFP
----DEHARAHAEEAFFNT--ILET--FDP
----DEHARSHAEIAFFNT--ILPK--CES
--—--DEHATAHAEEAFFQQ--VLP----NF

51 aa ASSFMFQFKNVE =YSSGRNKTILCYTVERPEGQVFH GYLE DEHASAHAEDAFFTS--VLEPQF-LTS
54 aa ASSFMFQFKNVE -YSSGRNKTILCYTVERPEAQIFH GYLE DEHVSAHAEEAFFTS--VLEPQF-LTS
1% aa PWEFVAFFNPQE------- LRKETCLLYEIKWGHQNIWRH SHONTSQHABRINFMEK--FTAERHFNS
19 aa PHEFEVFFDPRE--—-—-- LRKETCLLYEINWGGRHSVWE HTS ONTSNHVEVNFLEK-—FTTERYFRP
1% aa PHEFDAFFDQGE------- LREETCLLYEIRWGGRHNIWR---=-~ HTG======memmencaaan QNTSRHVEINFIEK--FTSERYFYP
31 aa SWEFDVFYDPRE------- LREKETCLLYEIK KIWRSSG KNTTNHVEVNFIKK--FTSERRFHS
19 aa PWEFEVFFDEQE -LRKEACLLYEIKWGASSKTWRSSG KNTTHHVEVNFLEK--LTSEGRLGE
19 aa PWEFDVFYDPRE--—--—-—- LRKEACLLYEIKWGMSRKIWRSSG ENTTHHVEVNF IKK-—FTSERDFHE
1% aa PHEFEVFFDPRE------- LREETCLLYEINWGGRHSIWR------ HT§=====—cmmmmmmeem QNTHEHVEVNFIEK--FTTERYFCP
46 aa EFYQIFGFPYGP---—-- TYPPTKHLTFYELKTSSGSLVQK: GHAS SCTGNDTHPESMLFEVNGYFDSATHNN
46 aa EFHQTEGFPWST------ YEQTKHLTFYELRSSSGNLIQK GLAS NCTGSHTHEESMLFERDGYLDSLIFHD
46 aa EFCQIFGFFYGT -TYPQTKHLTFYELKTSSGSLVQK GHAS SCTGNY IHPESMLFEMNGYLDSAIYNN
46 aa EFCQIFGFPYGT----- TFPQTKHLTFYELKTSSGSLVQK: GHAS SCTGNYIHPESMLFEMNGYLDSATIYNN
46 aa EFHQTEGFEWST------ YEQTKHLTFYELRSSSKNLIQK GLAS NCTGSHNHEEAMLFEKNGYLDAVIFHN
49 aa EFLRAFGFPCRT--—-TAHPQTHHLLEYELKSFSGTVVQK GHAT SCREQDNHFESMLFEADGYLDAVIHAY
46 aa EFYEAFGFPYGP-——-- TMPENKQLIFYEVEDFSGTNIQK GQVT NCISSNIHAESILFEDSGYLDALLYHH
HHHEE EEEEEEE EEEE HHHHEH EEE
bl bz al
FRAIAIASDMQDDFISPEGA---—CRQVMREFGTNWR-VYMT KPDGTYIVMTVQ 16 aa
WKCMVICGDSEDQCVSPCGV--——CRQFINEFVVKDFPIVMLN STGSRSKVMTMG 13 aa
EVAIAIASDSPDKT-APCGA---—CROVLYEF-SDDLOVIMA DROGNFEIVKLKE 14 aa
FOMLAVARDTPGEV-SPCGRA-~--CROVISELCTKDVIVVLT NLOGQIKEMTVE 18 aa
EEEEEE HH HHHHHHHH EEEEE EEEEE
OVTITCYLTW---5SPCPN----CAWOLAAFKRDRPDLILHIYTSRLYFHWER=-~-=~~ PFOEGLCSLW--QSGILVDVMDLE 44 aa
OVTITCYLTW---5SPCPN----CAWRLAAFKRDRPDLILHIYTSRLYFHWER- -PFOKGLCSLW--QSGILVDVMDLE 59 aa
N THYEVIWYTSW---SPCPE----CAGEVAEFLARHSNVNLTIFTARLY YFWDT-----DYQEGLRSLS--QEGASVEIMGYK 39 aa
QQYRVTCFTSW---SECF: CAQEMAKFISNNEHVSLCIFAARRIYDDQGR--——-— YQEGLRTLE--RDGAKIAMMNYS 43 aa
H QDYRVTCFTSW---SBEFS CAQEMAKFISNKKHVSLCIFARRIYDDQGR--———— QEGLRTLA--EAGAKISIMTYS 43 aa
e QDYRVTCFTSW--—-SPCF5--—-CAQEMAKFISNNKHVSLCIFAARTYDDQGR— ~CQEGLRTLA--KAGAKISIMTYS 43 aa
Bm=mmmmmmm QRYRVTCFISW---SPCFS----CAEKVAEFLOENPHVNLHISARRIYDYQRG-~—~~< YEKGLERLD--RAGTPISMMEYS 43 aa
Bm=mmmmmm QTYRVTCFISW---SPCFS----CAQEVAEFLHENPHVNLRIFARRIYDYRPG=~-~=< YEEGLLRLS--WAGAPISMMEYS 43 aa
K QRYRVTCFTSW SECFR CACEMAKFISNNQHVSLCIFARRIYDDQGR ===~~~ CEEGLRTLD--EAEAKISIMTYD 43 aa
Yommmmmme KCFQITWFVSW---TPCPD----CVAKLAKFLAEHPNVTLTISAARLYYYWER==~~~ DYRRALCRLS--QAGARVEIMDDE 39 aa
L QKFEITCYVTW-~--SPCPT-~-~-CAKKLIAFVNDHPHISLRLFASRLY FHWRQ-~~-~KYKRELRHLQ--KSGIPLAVMSYL 118 aa
N TKYQVIWYTSW---SPCPD----CAGEVAEFLARHSNVNLTIFTARLYYFQYP---—- CYQEGLRSLS--QEGVAVEIMDYE 143 aa
QIYRVIWFISW---SPCFSWG--CAGQVRAFLOENTHVRLRIFAARIYDYDPL-————~ YKEALQMLR--DAGAQVSIMTYD 278 aa
———————— RREQITWFVSW---NPCLP----CVVKVTKFLAEHPNVTLTISAARLY YYRDR---—--DWRWVLLRLH--KAGARVKIMDYE 118 aa
~RCYRVTWETSW- ~CARHVADFLRGYPNLSLRIFAARLYFCEDR----KAEPEGLRRLH--RAGVQIAIMTFK 56 aa
~RCYRVTWETSW- ~CARHVADFLRGNPNLSLRIFTARLYFCEDR----KAEPEGLRRLH--RAGVQIAIMTFK 56 aa
———————— RCYRVTWFTSW---SPCYD----CARHVAEFLEWNPNLSLRIFTARLYFCEDR----KAEPEGLRRLH--RAGVQIGIMTFK 56 aa
———————— RCYRITWFTSW---SPCYD----CARHVADFLRAYPNLTLRIFTARLYFCEDR----KAEPEGLRRLH--RAGRQIATIMTFK 56 aa
G (10 aa) VAYAITWFCSW- -CAHRLSRFMSQMPNLRLRIFVSRLYFCDEE--~-DSQEREGLRCLQ--RAGVQVIVMTYK 54 aa
G (10 2a) LCYSVTWFCSW- -CAQQLAHFLSQTPNLRLRIFVSRLYFCDEE---DSVEREGLRHLE--RAGVQISVMTYK 55 aa
G (11 a2a)LSYSVTWFCSW- ~CSIQLCQFLNNTPNLRLRIFVSRLYFCDLE-~-~DSLEREGLRMLT-~KAGVRISVMSYK 55 aa
G (11 2a) LSYSITWFCSW---SPCAN----CSIQLSQFLRNTPNLRLRIFVSRLYFCOME---DSLEREGLRML---SRAGTFSIAGRN 31 aa
CKYTITWYMSS---SPCAN----CATKLAEILRSRKNIRLAIFSSRLFEWEEP----- EIQAGLKLLA--SVGCKLRMMKPL 39 aa
~LEYNVTWYVSS- ~CADRILKTLSKTENLRLLILVSRLFMWEEF- -EVQRALKKLK--EAGCKLRIMKPQ 42 aa
LEYNVTWYVSS---5SPCAR----CADRIIRTLGKTENLRLLILVGRLFMWNEEP—-—-- EVQAALRKLE--EAGCRLRIMKFQ 42 aa
LEYNITWYVSS---5SPCVT----CADRISETLRKNKNLRELT IMVGRLFMWEEP—-—-- EMOAALKKME--SAGCKLRIMKPQ 43 aa
LEYDITWYVSS- ~CANKLASILOQRKKVRLCIFCSRLFEWEQP- -DEVEALRTLA--RAGCKLEMMKPS 39 aa
--------- SVTVTCYVSS~- -CAASVAQCLRRNKTVRIQLAVARLFQWEEP- -EIRRALKGLR--SAGCQVRMMRGA 53 aa
VTVTCYVSS -CAARSTAQCLRENKTVRIQLAVARLFQWEEP- -EIRRALKGLR--SAGCQVRMMRGA 53 aa
VRCSITWFLSW---SPCWE----CSKAIRKFLDHYPNVTLAIFISRLYWHMDQ=-~~~~ QHRQGLKELV--HSGVTIQIMSYS 89 aa
TRCSITWFLSW---SPCGE----CSRAITEFLSRAPYVTLFIYIARLYHHTDQ=~-~~ RNRQGLRDLI--SSGVTIQIMTEQ 82 aa
—TRCSIVWELSW- -CSKAITEFLSGHPNVTLFIYARRLYHHTDQ-----RNRQGLRDLI--SRGVTIRIMTEQ 81 aa
—ISCSITWELSW- -CSQRIREFLSQHPGVTLVIYVARLEWHMDQ-----RNRQGLROLV--NSGVTIQIMRAS 89 aa
—TCCSITWELSW- -CSMAIREFLSQHPGVTLIIFVARLFQHMDR--—--RNRQGLKDLV--TSGVIVRVMSVSE 89 aa
———————— ISCSITWFLSW---SPCWE----CSQAIREFLSRHPGVTLVIYVARLFWHMDQ-----QNRQGLROLV--NSGVTIQIMRAS 89 aa
-------- TRCSITWFLSW---SPCGE----CSRAITEFLSRYPHVTLFIYIARLYHHADP=-----RNRQGLRDLI--S5GVTIQIMTEQ 82 aa
=CIRHIILYSSN---SPCNEANHCCISKMYTFLAKYPDITLSVYFSQLYHTEAEFPASPWNREALRSLASLWPQVTLSPISGG 175 aa
-NIRHIILYSNN---SBCDEANHCCISKMYNFLMNYPEVTLSVFFSQLYHTENQFPTSAWNREALRGLASLWPQVTLSAISGG 196 aa
=SIRHIILYCHN---SPCNEANHCCISKVYNFLITYPGITLSIYFSQLYHTEMDFPASAWNREALRSLASLWPRVVLSPISGG 171 aa
———————— SIRHIILYSNN---SPCNEANHCCISKMYNFLITYPGITLSIYFSQLYHTEMDFPASAWNREALRSLASLWERVVLSPISGG 175 aa
S-—mmmm NIRHIILYSNN---SPCNEAKHCCISKMYNFLMNYPEVTLSVFFSQLYHTEKQFPTSANNRKALQSLASLWPQVTLSPICGG 183 aa
-NIGCITLYSNY---SPCNEAYHCCVSKIYNFLLKYPEITLCLYFSQPYHTEDSFETATWNRQALHSLASLWEQVTLQPLPTG 318 aa
Go——m———— SVGYITLYANY---TBCNEYGHYCISKMYNFLLKYEDTRLDIYFSQLYHVEEDSPAAAWNRQALRSLASLWERVTVNELSEG 170 aa
EEEEEEE HHHHEH EEEE EEEEEE HHHEHHHHHHHH EEEE
b3 al b4 al b5
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Figure 1 (previous page). Multiple alignment of the CDA/AID/APOBEC superfamily. Only the deaminase domain that is conserved in all proteins is shown.
The proteins are designated by the corresponding species abbreviation appended by Gl numbers. The secondary structure of the CDA proteins derived from
the available crystal structures?” is shown under the CDA sequences. The a-helices are denoted by “H”s and marked a1 and a2, and the B-strands are
denoted by “E”s and marked b1-b5. The predicted secondary structure of the APOBEC4 subfamily is plotted below the alignment. Columns with 100%
conserved residues are shaded gray. The species abbreviations are as follows: Bacsu, Bacillus subtilis; Bosta, Bos taurus; Canfa, Canis familiaris; Crilo,
Cricetulus longicaudatus; Danre, Danio rerio; Galga, Gallus gallus; Gorgo, Gorilla gorilla; Homsa, Homo sapiens; Ictpu; Ictalurus punctatus; Lagla, Lagothrix
lagotricha; Macfa, Macaca fascicularis; Macni, Macaca nigra; Mesau, Mesocricetus auratus; Mondo, Monodelphis domestica; Musmu, Mus musculus;
Orycu, Oryctolagus cuniculus; Pantr, Pan troglodytes; Ponpy, Pongo pygmaeus; Ratno, Rattus norvegicus; Sacce, Saccharomyces cerevisiae; Sagla,
Saguinus labiatus; Takru, Takifugu rubripes; Tetni, Tetraodon nigroviridis; Thema, Thermotoga maritima; Xenla, Xenopus laevis; Xentr, Xenopus tropicalis.

this subfamily.? The problems with the
APOBEC3 subfamily are likely to be caused
by long-branch attraction artifacts (long
branches tend to corrupt the phylogenetic
signal)?® given the dramatic differences in
the evolutionary rates between the fast-
evolving APOBEC3 and other subfamilies
(Table 2). We showed that APOBEC4
evolved at an intermediate rate, much lower
than that of APOBECS3, similar to that of
APOBECI, but considerably greater than
APOBEC2 and AID (Table 2).

To minimize long-branch attraction
artifacts in tree reconstruction, we removed
the fast-evolving APOBEC3 subfamily (see
Table 2) from the present analysis. In the
reconstructed tree, which can be rooted with
the CDAs, APOBEC1 and APOBEC4 form
distinct clades that are joined in a moderately
supported cluster (Fig. 2). The APOBEC2
and AID subfamilies form a third clade with
a high bootstrap support (Fig. 2).
Interestingly, APOBEC4 is present in
mammals, birds and amphibia (but so far
not fishes) similarly to AID and APOBEC2
but unlike APOBEC1 which is so far
restricted to mammals (Fig. 2 and Table 1).
This suggests that the duplication leading to
the distinct APOBEC1 and APOBEC4
genes might have occurred prior to the
amphibia-reptile divergence, perhaps, with

APOBEC?2

APOBEC1

APOBEC4

AID

subsequent loss of APOBECI in some
lineages. This interpretation contradicts the
hypothesis that APOBEC1 is a mammalian-
specific derivative of AID.® However, phylo-
genetic reconstructions for families with a
high rate variation among subfamilies (Table 2)
should be interpreted with utmost caution due to the substantial impact of
long-branch attraction artifacts on tree topology.?® In particular, it cannot
be strictly ruled out that the APOBEC1-APOBECH4 clade is a result of such
an artifact.

The deep internal branches of the tree, particularly, the branch connecting
CDA and AID/APOBEC families, are very long compared to the branches
within the CDA clade and within each clade of the AID/APOBEC family
(Fig. 2). This suggests that the ancestor of AID/APOBEC family had an
accelerated rate of evolution which still can be observed in the APOBEC3
subfamily (Table 2). Such acceleration of evolution characteristic of proteins
involved in direct interactions with infectious agents (e.g., viruses)?? which
is compatible with the accelerated rate of evolution and the confirmed
antiviral function of some APOBEC3 subfamily members.”>11:12:30.31 Ty,
suppression of infectious agents might be the original function of
AID/APOBEC ancestors. Later in evolution, ancestors of AID, APOBECI,
APOBEC2 and APOBEC4 proteins gained functions different from the
ancestral one and their evolution substantially slowed down (Table 2 and

Fig. 2).

in Figure 1.
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Figure 2. A maximum likelihood phylogenetic tree of the CDA/AID/APOBEC superfamily. Maximum likeli-
hood RELL bootstrap support values are shown next to internal branches. The species abbreviations are as

BIOLOGICAL IMPLICATIONS AND CONCLUSIONS

The spectrum of biological functions of the editing enzymes of the AID/
APOBEC family is expanding. In particular, it has been recently shown that
these deaminases, in addition to mRNA editing, are required for innate
immunity to retroviruses and humoral immunity.”?1? Here we describe a
new subfamily of AID/APOBEC homologs, APOBEC4, which is repre-
sented by readily identifiable orthologs in mammals, chicken, and frog, but
not fishes. The Zn-coordinating motifs and the secondary structure of the
APOBEC4 deaminase domain are evolutionarily conserved which suggests
that APOBEC4 proteins possess the polynucleotide (deoxy)cytidine deamina-
tion activity. Examination of mouse expression arrays (Fig. 3) and Expressed
Sequence Tag (EST) data for human, mouse, and rat showed that
APOBECH4 is expressed primarily in testis (Table 1). Based on this observation,
it is tempting to speculate that APOBECA4 is an editing enzyme for mRNAs
involved in spermatogenesis.

2005; Vol. 4 Issue 9
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Figure 3. Preferential expression of mouse APOBEC4 in testis. The expression data are from the Novartis Gene Expression Atlas 2.32 The figure shows a
“thermal map” representation of the expression array data for APOBEC4 for the indicated mouse tissues. Colors are scaled to the relative expression level
(REi) for each tissue (i). REi is equal to log2(Ei/M), where Ei is the signal intensity for each tissue and M is the median signal intensity for the gene. Tissue
designations are given in the body of the figure. The >4x excess of APOBEC4 expression in testis over the median expression for all tissues was highly
statistically significant according to one-sample ttest (p = 1.4e-36).
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