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Abstract: Activation induced cytidine deaminase (AID) and apolipoprotein B mRNA editing
enzyme catalytic peptide (APOBEC) constitute a conserved family of cytidine deaminase enzymes.
The family members have different functions in the body, and they play an important role in the
immune defense of the host. AID plays a role mainly in the adaptive immune systems of
vertebrates, mediating class switch recombination, antibody affinity maturation, and antibody
diversity generation. APOBEC1 capable of catalyzing cytosine deamination, mediating RNA
editing for cellular regulation, and resisting retroviral infection is involved in tumorigenesis and
cancer development. APOBEC2, most abundant in cardiac and skeletal muscle, is associated with
muscle fiber type switch, loss of weight, muscle development, and myopathy. Moreover, it may
have potential indirect effects in controlling gene expression. APOBEC3s play key roles in both
innate and adaptive immune responses. They are involved in the inhibition of retrotransposon
functioning and viral infection, DNA degradation, RNA editing, and cell cycle regulation. The
APOBEC4 gene is conserved in various animal species, with the active center sequence different
from those of other APOBEC proteins. It is widely recognized that APOBEC4 is a uridine-editing
enzyme, which has antiviral activity. The research is limited regarding the animal-derived
APOBEC family members. This review describes the structural characteristics and biological
functions of APOBEC family members, providing reference for research on the roles of animal-
derived APOBEC family members in the immune responses and disease control. In addition, this
review provides new ideas for the development of antivirals by enhancing the activities of
APOBEC family members.

Keywords: apolipoprotein B mRNA editing enzyme, catalytic polypeptide (APOBEC); activation-
induced cytidine deaminase (AID); APOBEC3s; biologic function
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APOBEC F i Je— M IERIIA NI, H
B DY B e, G T A S A 2
fiff (activation-induced cytidine deaminase, AID),
# JI§ & H B mRNA % 5 0§ fiE 1k £ JIk -1
(apolipoprotein B mRNA-editing enzyme, catalytic
polypeptide, APOBEC1). APOBEC2., APOBEC3
(T FX A3, 17 A3A. A3B., A3C. A3DE,
A3F, A3G. A3H)HI APOBEC4 W K%, #tit
11 A M, APOBEC SR H 1A M AL N 56
B EEE, TR TR R S N
orh k4 EAE P B UF ST IR
APOBEC ZJi% J 53 75 [] 75 THI 1) 23 RE 32 1 b
7N o APOBEC ZZJiR i 53 AMAXAE LA AP G i
TR E R DIRE, T EAE KR S rh L [l A
HAT AR ] 5k (9 78 DY, Feng A 58 & BE
AID 38 73K DNA Ji i e it 28 e il b Wi e K I 5y
PR 241 it 8 2€ 2% (somatic hypermutation, SHM) A9t
& 25 51 % ¥ E 4 (class switch recombination,
CSR). APOBEC! I Ge % fifi Wi L. 0 ¥ i) 14 9 1)
RNA it & 55, APOBEC3s 25 11 W At i 41
DNA Ji 5 Hl RNA Ji 8¢ 19 2 i, X S s s B¢
0 184 B R A AT LSV T L T L BB 52 Wil S e
SEICERR ST, B IAE AR S R G0 P R A%
AR Mehh, BFFE R APOBEC3 MEZ I
AT 575 9K B 5 728 I T iR G O A
RS0 e AL, TR AE 282U B A ) Y 7
JE R, A S HT AR R IR PRIG 7 k45

His-X-Glu-Xaa

23-28

e ¥, MK Z F, % F APOBEC2 A
APOBEC4 [ IIRERFFE AR D

APOBEC X Ji% 1 51 1 il 1 it 2 Bl 1) g IX
(catalytic domains, CD) A Fr M B BE 48 45 44 4
(His-X-Glu-Xp3_3-Pro-Cys-X, 4-Cys, F: X &
TR EIERR), IR FIE NS B I P
Oy P AR T 5 2 R g 235 A SR 1 AN
[f], APOBEC KIEM A4k 225 —KE
AID. APOBECI, A3A. A3C., A3H &HH, X
L5 AN 71 —2502 A3B. A3DE. A3F
M A3G, % 2 D45, APOBEC %K% ik
T A PR R R ) R S MR A R 7 o R I
SERARAE, 40 APOBEC3B 1 APOBEC3F
FEAE 3'-CC A1 3'-TC Ay B H R ¥ 514k &
A gAY, BeAh, HR4E APOBEC3 K%L
BN PRSI R BRI TCIT S, A Hy
Z1 (A3A. A3B-CD2. A3G-CD2). Z2 (A3B-CDI,
A3C. A3DE. A3F. A3G-CD1)#I Z3 (A3H) 3 2%
(Bl 2). fEMGEZEs, A3 BEREME 14
A3 B TERTPEE 2 ST 6 s
FERE AL 4 OB AR KRS A3
i 24 5B e W4 Hh 1 R GE(A3A-A3H), Tk
RELEYIH) A3 Bk NS T Z Z5H580
FEAE S IR T

AN APOBEC ZR 545 B G2 (R S5 76 A AE )
A DIRETE E NSNS HE R IEAT T 2738 (1),
S0 A 35 APOBEC 4115 il 51 Th BE (1 BF

-Pro-Cys-Xaa, ,-Gys

Single zine-coordinating domain|

AID/APOBEC1/
A3A/A3C/A3H

Double zine-coordinating domain | I

S

|A3B/A3DE/A3F/A3G

T AICDIIBEIX Conserved CD domain

Lt Br 2

E1 ABAPOBECKEH D H~=E
Figure 1

¥4 Active Zn-center

Distribution diagram of the human APOBEC family.
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Figure 2 Schematic diagram of the structures of the human AID/APOBEC family members.

#*1 AID/APOBECZI&A R R HINRE
Table 1 Members and functions of the AID/APOBEC family

HxE X, XXx,, S W(ET) PCx,, Cx, Fx, Lx, R 1Yx,, Lx,Lx, xMx,,

S WE/T) PCx, Cx, Fx, Lx, RL Yx,, Lx,Lx,, xMx,

EA N it SCHR
Name Function References
AID AID relies on loop7 in its structure, which is far away from the active center, to recognize the [14]
immunoglobulin single chain gene fragment 5'-WC-3' (W=A/T, R=A/G) and exert C-to-U gene
editing function
Editing the genome of viruses (such as hepatitis B virus) or deaminase independent mechanisms to [15]
inhibit virus replication
APOBECI1 APOBECI has a conserved zinc finger domain and deamination active site, and its N-terminus [16]
contains a nuclear localization signal that plays an important role in editing reactions and may
participate in the binding of accessory proteins
Single mutants of L180, L182, 1185, and L189, as well as double mutants of P190A/P191A, can all [17]
cause partial or almost complete loss of editing activity of APOBEC1
Specific editing of cytosine in ApoB 100 pre mRNA yields truncated ApoB48, ApoB 100 can transport [18-19]
endogenous cholesterol and triglycerides in the blood. ApoB48 plays a role in metabolizing dietary
lipids
RBM46 can promote APOBECI to do the C-to-U editing of ApoB mRNA [20]
Inducing DNA mutations or other mechanisms to inhibit certain viruses and reverse transcriptase [21-22]
elements
(F52%)
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(C=3))
EA N it SCHk
Name Function References
Promote polarization of M1 macrophages [23-24]
Affects cancer genes or other pathological processes, such as, affects central nervous system lesions, [25-27]
APOBECI catalyzed C-to-U editing also exists in neurofibromas and lung adenocarcinoma
APOBEC2 Regulating and maintaining muscle development in mammals, leading to changes in muscle fiber [28-29]
subtypes, weight loss, and myopathy
Related to lung tumors, liver inflammation, and liver cancer [30]
APOBEC3A  Specific deamination effect [31]
Synergistic dimerization regulates the binding specificity of ssDNA [32-33]
Responding to interferon-a in macrophages and monocytes, inhibiting viruses such as HIV-1, HPV, [34-36]
AAV, RSV, HTLV-1, etc.
During the polarization process of M1 macrophages, APOBEC3A mediates specific C to U RNA [37-38]

editing, thereby altering the amino acid sequences of proteins related to the pathogenesis of viral
diseases and other large quantities of proteins

APOBEC3A exerts deamination ability by recognizing 5-methylcytosine (SmC), which is related to [39]
the clearance of viruses carrying CpG methylation

Editing the DNA of HeLa cells and U937 cells with Nox enzyme leads to ROS production, inducing [40]
the formation of pro-inflammatory state, which may be related to tumorigenesis

APOBEC3B  Effectively inhibit HIV-2 by relying on Vif [41]

Human A3B has catalytic activity and inhibits HIV-1, while rhesus monkey A3B has no ability to [42]
inhibit HIV-1

DExD/H-box helicase 9 inhibits the binding of A3B to pgRNA and antagonizes the inhibitory effect of [43]

A3B on HBV
May be an important factor in inducing cancer mutations [44-46]
Related to cell cycle deviation, cell death, DNA breakage, accumulation of y-H2AX, and Cto T [47]
transition

APOBEC3C  The antiviral function of A3CS188 dimer is significant [48-49]

The inhibitory effect on HIV-1 is weak, but the anti-SIV function is strong. Simultaneously possessing [50-53]
the ability to inhibit viruses such as HSV-1, EBV, HBYV, etc.

APOBEC3DE Inhibition of HIV-1 and SIV virus replication [54]
APOBEC3F  Inhibition of PERV and PRRSV replication [55-56]
CAEV’s Vif induces degradation of sheep A3F and antagonizes the inhibitory effect of A3F on the [57]
virus
The driving factors of mutations in human monkeypox virus [58]
A3F expression in cancer triple negative breast cancer is associated with tumor microenvironment [59]

invasion, activation of cancer immunity, and improved survival rate

APOBEC4 Participate in mouse spermatogenesis [60]
Enhance HIV-1 production in a dose-dependent manner and have an effect on viral LTRs [61]
Chicken APOBECH4 can inhibit the replication of NDV, IBDV, and H9 [62]

http://journals.im.ac.cn/actamicrocn
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98 M FLAE B J2 A 0 2 s g v VR LR Ay
e PR ), RISk L3S 5% APOBEC %%
A D3 T BE G 3% S B0 A B B 0 7 24 ) B
TEHLR

1 AID &M A Y oh ek

AID & A 1% 5 AL AF 5 F1HOE 12 i R
(chromosome region maintenance 1, CRM1)f%4% i
A5 (&1 3), AID BERS 5 HAZIEMI T 1o, #A
PRFCEE T 90 LA AT BERY RNA AHE AR, i
1SRRG R, AID BIZEFIEL S 6 4 o BEiE
M5A B IS, fEfsdfedh, B U
PERRTE I BABE SR A BE 57-WRC-3" (W=A/T, R
=A/G)If K5 C-to-U BN G i T AE, X —)
AR T35 B 16 R0 Y Toop 7!,

YER DNA Zifi i, AID i ad s o pe ek
FIEER A ST At I f 46 5 2H (CSR) A
PR AN EE 2875 (SHM), 5200 B 40 ZRE4EN,
AN, AID i RE i S S5 2 (A1 BT S 75 )
L D] 2 B35t 2 ot I RS 1 L ) R 410 ) o 7 R
HIUT R R I, RSN 4 19 AID By
5878 f& 5 CRMI A E #8354 fif 7 1A
(eukaryotic translation elongation factor 1A, eEF1A)

ghb, AE AID 3 AR AE 2% I8 T & 45 4R Y,

i, AID G PEJR 76 B 20 e 4 b i 4
PEBR AR B R KR e-Myce B0 B HL 5 i Hh ke
B REEERP,

2 APOBEC1 ) 4% # fu £ ¥
T f

APOBEC1 HAG {55 (1R85 45 F4 3R i 22 5L
TR, N A B X g e B E A
MW e Y, s 5 EA Mg
AU C i 180-196 aa SRS 158 R & X
1 (& 4), Teng “FU7VHF 57 % W L180. L182,
1185 1 L189 [ 548 {& , L)L K& P190A/P191A
GEARA, YREFE APOBEC] 14 4 i 343

APOBECI fig ¢ 5 ¥ %% # ApoB 100 pre-
mRNA WIHLRENE, 774 1 A2 k%,
MM 15 2] ApoB £ [ 1 #J5 1& ApoB 48, Hrr,
ApoB 100 17 7 12 i 11 A% P 51 JIE ] Pt A
W= REE, HX —VEHAA B kb FE R Ak i
RS, ApoB48 7E AR i £ i 28 b & 151
FH ., %F B 3h bk s BE R AL XURS B A iR
FAML, APOBECT i 5 1) 5 g s i i 22 5 1
T 5 M oBh % 1 APOBEC1 H #h A T
(APOBEC1 complementation factor, AICF) I

- Cytidiné deamingse

B3 ANRAIDZMRERE. NLS: @S NES: BhiiihfES;
RRFLEHYIE; Apobec-like domain: ApobecFE5F4a3aR

linker Apobdd-like dorh SNES:

Cytidine deaminase domain: i+ ik

Figure 3 Schematic diagram of structure of human AID. NLS: Nuclear localization signal; NES: Nuclear export

signal.

61 96

180 196

[\S]

0 221229236

Catalytic domain

E4 AJEAPOBEC1E AL ~=E

Leucine-rich motif

Dimerization domain

Figure 4 Schematic diagram of the structural domain of human APOBECI protein.
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RNA % & #5 K % 1 -47 (RNA binding motif,
RBMA47)JE A RNA ZifB G vEay «gmdg Al 1t
4h, Wang 52054 % BB B4 R F RBM46 1] LA
{237 APOBEC1 %} ApoB mRNA ) C-to-U %%k .
%7 RNA 4% P4, APOBECI if fE1E 1115
S DNA 782l Al B ] 00 1) S5 5 75 bt
SRR,

APOBECI1 X I 2 a2 . B2tk 4 g A
i 20 S5 2 Ah 40 LA RNA g /e 4h
TEEPYIRESE & W, APOBEC] 7] i H RNA
% 5 DI BE R W IL-12b /%) 3'-UTR 5 RBP 454,
PSR 2 SWIE A, M R TL-12b 45358
KA, R R M1 Y A0 B AR . b,
Rosenberg Z52WF 57 & ¥, APOBECI i 3 4 i
AP T mRNA 37 -t A 138 DX ol b 1 b 7 057 1)
THRE, 5% e s i 5 PN sl R s B AR . 94,
VAR 11 2 B9 mRNA ¥ APOBEC1 45
WA IA R B TR, FEOPKM S RGN
AR AR f 8 AF Y R LA I il R R TP AF AR
APOBECI k1) C-to-U Zw#B ",

3 APOBEQC2 Hy £ fu 4 M3

e BST B R Rt AR T 5
APOBEC!1 [A] J& 9 3% Fl APOBEC2, X 4 K
APOBEC2 ¥ HEA5 W it B e IR HAE W rh S o
AR, H N 35 APOBEC2 R EREH
KO Ak, BB N i 40 PN EIERR B BT I
R 0 S RZE R, TR T S X 3k T U
AR B EEIR DU SRR S5 (1] 5)104,

Li 22858 & 3, APOBEC2 ‘Efi TABEHF
(O LA B WLET 4 0, 1E L sh 9 1
WL % & Hl % 2 JE 1 F4ERsE ] . Sato
SO0k N APOBEC2 &4 S 33k, M|
2 PRI LR 2 AL AR | PR DR UL .
TEFE D IR iGd, APOBEC2 & 2 LR E e 4%
PEFNIE 2 Hsp90a A 15 4% B 2 WLET 24 Jor b
7 AT, 7R XS A LA UL, APOBEC2
mRNA [ RB AN F&E, MAER FIgIH412L.

Bl5 AIRAPOBEC2E R4 HmREE
Figure 5
domain of human APOBEC2 protein'® (cite from
https://www.rcsb.org/structure/2NYT).

Schematic diagram of the structural

P IR A 2 kAR X AR, Pennings ZF1°0)
KIL APOBEC2 I R ERG s/ L AHEEH, 7E
F T AR At AR rh B, IR R AR T h
2B F IR G ARG T R B AIE . Ak,
Li P8 & B, 78 APOBEC2 i 8 T fE 7E—
K WLTEAE PR I F MyoD & 25 Al 1 i 25 A 1ir
MO SRR AE . B WG Esh YA
NETEN ) ZFh s e i 2 srng, xR
W] APOBEC2 &K 3Rk F fE3Z MyoD 75, Jf
Al et — I E R E .

DTS, AR APOBEC2 W] REELA 1
FEMIVER, APOBEC2 11t 3 1k 5 JH-Ji Rl it e e
A&, FIBET | & W T i 110 55 DR RN G B A% R 2%
EIR T 4y2 B AEP], Matsumoto P15
FENZEIARME A, £ 98 4 M DA 38 o s A%
kB (nuclear factor kappa-B, NF-«kB)i 5 APOBEC2
Fik, JFH APOBEC2 A BEAEIE A AE (19 # A
Pz R AEE

4 APOBEC3 Hy £+ f0 4 M3 ¢k

4.1 APOBEC3A

A2 APOBEC3A & — M & Bk, Hor
2K bt & iR (cysteine, Cys)H14H 2 /2 (histidine, His)
SR U RAE R, A 2 R (glutamic acid,
Glu) W 7E A A i 72 v 9 o 5 45 v e # C HAE
. APOBEC3A HHEA L VR EEAEH,
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HXFE TC M 5i4E DNA |- C LA /E BT
JEC A A% 1 1 0 1 A1 (1 6) BT it Ah Bohn
S35 B, APOBEC3A (i — B Ak 4 % 4k
DNA (single-stranded DNA, ssDNA) [ 2% & %7 5+
P, A ssDNA JEY) A9 MeC B SERHN T,
C i3 A UPY, APOBEC3A BES 1M £ Fh
W BE, AR NS %R % B FE K BE -1 (human
immunodeficiency virus 1, HIV-1), ALk 8¢
(human papilloma virus, HPV), ff A 3¢ 5 7
(adeno-associated virus, AAV) ., W & & H s 7%
(respiratory syncytial virus, RSV)FI AZEFE T R
40 fifL 9% B 1 Y% BF (human T-cell lymphotropic
virus, HTLV-1) P31 5 R 2 F 3t & - o B,
APOBEC3A 7t . Wit 20 JifL 1 B A2 240 Jifg v oK i 36
kPO fEE AN M1 Al B, APOBEC3
A FEEEPERY C-to-U RNA %, it 5
I 1 M R R 1 R A G A BT Kim 2P
WH5E 7, APOBEC3A. APOBECI #1 APOBEC3G
RE A {1 ™ B 2P T I 255 AE el IR 58 2 (severe
acute respiratory syndrome coronavirus 2, SARS-
CoV-2) RNA H1HI4ERE (7 7= C-to-U AL ; SR
M, f& Caco-2 #ififirf, iX4& APOBECs [J3&iA
IR SARS-CoV-2 1 & il #1455 7 1R 14 7>
Az AEBCH, WPA R APOBEC3s 12 ik Kb
it # T SARS-CoV-2 Wy & fil/% 5 , X % W

El6 AAPOBEC3AHIGikzE#g™!
Figure 6 Crystal structure of human APOBEC3AF?

(cite from https://www.rcsb.org/structure/4xxo).
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SARS-CoV-2 F| 1 T APOBEC 45 1y & 2% #k 47
& N A PE4L . It 4h, APOBEC3A i i i %
5- F LAk ifd W% BE (5-methylcytosine, SmC) /& 1% i
FILBE S, X 5WEBREEW CpG W LAk i 5
A B APOBEC3A 4 1] L) i i Nox il 4
HeLa 4fl fifd 71 U937 40 il i) DNA T B3 1
(reactive oxygen species, ROS) ) 7= A=, MM i5
SR RRESMIE AL, X 1T g5 80w 1A 50,
4.2 APOBEC3B

APOBEC3B FZ A T4, HBeus/edn
Jit 5 5 A A 22 ) 27 APOBEC3B LUK i
9 B B YL IR 1 (viral infectivity factor, Vif) 1) J7 =
A R HIv-2H¥1, gt Ak, APOBEC3B & 5L 1R
J751) (1) 25 S % LA b T 736 1 104 52 i 43 S B
B4, A& APOBEC3B HY5S 316 v 4 1 ik &
D, HA ML FL ARSI S HIV-1; 1 7e e
i) APOBEC3B H, AV & 316 i & 3Lk &
N, HAREAMH HIV-1 /968 119, Chen 454
B BF 9836 & B, DExD/H-box fi# i€ i 9 (DExH-
box helicase 9, DHX9)gESH S APOBEC3B i
L ZH RNA (pre-genome RNA, pgRNA) 454,
M54 APOBEC3B X} 2, KU T & % B (hepatitis
B virus, HBV)IHIHIAEH . ZEZLARIE . i 56
JE 4, APOBEC3B i i ik, RU4F HikHL
il ANV R, AR S5 R T 58 AR I EE 2
5N N 11 oW B e ST o e
5 APOBEC3B 1y il it K ik ff &, APOBEC3B
R TE DNA W5 y-H2AX B & Cto T A8
RAEHEEAEAN,
4.3 APOBEC3C

A2 APOBEC3C ) S188 HA{A X} HIV-1 1y
TRIVE &S, 18 1188 AR B IE PEAcH:, H
A 0 5 1 5 T HIV-1 Wl aE 71, BeAhd & R
A3C S188 M JRIKEA WEMbumiEdhng, &£
ZET A3C 118841 4% APOBEC3C Xf A
G BRI T HIV-1 A9 064 R A X 855, (3
BEXT Vif SR 10 S siE SR s 75 DX 0 S s Sk b

J4 B (simian immunodeficiency virus, SIV) %] Ji2 #{
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SRR A S EPY Sheehy ZEPU A, R K
75 APOBEC3C 5 Vif M4 &, P IEELEEIE T
Tk, XxFH] APOBEC3C TEHUHIYE /L h
TP B e B . A, APOBEC3C Ry 3
IKFEAR T HeLa 20 it Fh HSV-1 115 75 Tk 5 g
Jubk, i H ARG SN E AL AR, AR ek
% 21 I8 14 £ 5iF i 7% (epstein-Barr virus, EBV) [y
DNA £ 7 #% APOBEC3C % %8 iy ¥8 4%, Li
SR R IR, AR P RAR B 5 I T ) HBY
& W ¥ APOBEC3C W & #0 #l . It 4h,
APOBEC3C it A] LAl ] non-LTR ¥ % st oo |
£ 8 FE #% 7T 14 (long-interspersednuclear element,
LINE-1, & FK L)1 Alu Joff, JoH X L1 Al
Alu (IR Ty 2500
44 APOBEC3DE

7EAE AR VPRI 40 il APOBEC3DE kit Rik,
FEREFN ] HIV-1 A1 STV Ji 8¢ 19 & Hl, HH G M
It APOBEC3G #il APOBEC3F 5. 4, A5
MR IR ) APOBEC3DE 24 KR 2 9\ 77 AE i & 22
S, BURYEY) APOBEC3DE X H s Bl 25 HIV-1
1 SIV 1y g BA FR&I/EH, 1 A APOBEC3
DE % HIV-1 30 H 4255 AOPTm a2 76 1Y
4.5 APOBEC3F

APOBEC3F 1) mRNA 4K 2 672 bp, Zih
HEH 1122 bp, Zifith 373 DEILEY, & A0
Ma gt ) HA HIV ST L . APOBEC3F 1]
PLis S I 5% S 7 cDNA XUBE B 1 B P 1l
5'-TC Ffomsng & A Wk ik, 530 DNA 1 i
5'-TC 287484 TT, T APOBEC3G N4 5 1 b
MR IEAL 57-CC WY 3" S mEnE s 3% 2 Fh B
FRo A PREENE , JETIS ] & DNA gk 57-CC #|
CT 122519 Dorrschuck 59T s, 3%
5 YLk FAEAE APOBEC3 BL[H, 2 P Baghty
WL A3Z2 F1 A3Z3 U0, b 4 FPASTR
mRNA: A3Z2. A3Z3. A372-Z3 (H APOBEC3F)
I A3Z2-7 YR Sk dE— B R, M
APOBEC3 H.A5 i s# 4 5 14 19 5% 5% BF (porcine

endogenous retrovirus, PERV) F1/IN i FH 1L 94 &
(murine leukemia viruses, MuLV) I 1% ¥ ; 4%
A372. A3Z3 1 A3Z2-7Z3 #if1% 5] PERV ki
L I DR AR Y 7 Xl PERV B, T
X R isi % 5w 5 M VE 5 5% APOBEC3s 11
o TG VEAI G, A3Z2 I A3Z2-Z3 MAZ T R 2
B MW N 5'-TGC, A3Z3 W i K
5'-CACP>™_ Jonsson 7N HFSE 7", PERV
Al REXT % APOBEC3F A — M5 HifEH . 1t
Fh, 1E Marc145 4l it K35 APOBEC3F A |
S AR R P M R BT S 0 R 25 A A R B
(porcine reproductive and respiratory syndrome
virus, PRRSV) 19 3% 58 , 10 24 T 0 N I& 14
APOBEC3F i, M2 #F PRRSV () 38 ),
AN, L35G R Il 4% 0 B (caprine arthritis-
encephalitis virus, CAEV)4i fi5 ity Vif 7 DA% S 45
- A372-73 (0aA3Z2-Z3) 1) A A FE LA il 95 o5
FIVEFHE™, Suspene ZBHIFST £, APOBEC
3F J& 2022 42 K& NS 7 1 58 AR DR 3 [A]
2. {EJREAEJ5 T, APOBECS3F 1 = FAYE 2L Ij i
Ik 5 R SRR BRI L SR E UG A
P R AT RAH P

VLA SET LU /N b R i TPEC-J2 K
PR A, 8k — 25k RT-PCR ¥ 14 3K 15 4%
A372 FEH 405 ¥ 51 (coding sequence, CDS)IX.,
WAL T KB, A3Z2 SN B D
FoOBREL AL /NERRTHE SR APOBEC3 i T
[F—ANES s WG B ir iR, 3 A3Z2 h
AREEA, g% 280 NMEILRR, HR &R
ez, BERSTERD; W AZ2 EATE
34 N-BEELALA S A 26 DRERRILAL S, ANTEAE
5 R DX RN 5 IR DRI o s &5 SRR, %
A3Z2 AW LML o180 F; FE A3Z2
FasE IR0y IPEC-12-A3Z2 Atk PG A7 e
5% B (porcine epidemic diarrhea virus, PEDV) ¥
HOTEGE D I, R E A3Z2 &R PEDV &
HlmE EN T2 —,
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4.6 APOBEC3G

A2 APOBEC3G £ i 7 A~ & 11 8 4
AT 41, cDNA K 1 155 bp, A] ¥
384 AN FER, HIAK/NAH 46 kDa (K 7)1,
Yang 2558 % B APOBEC3G LA Jifd s i Jit
e, MM & 4 BT HIV-1 9% 3 89 76 A .
APOBEC3G Y e 13 3 fifu ms e J5d 244 4 1 7
A AT HIV-1, 1 H A3G 7 2L 5 HIV-1 2% 4 FE
HAEH, AT AS T DNA IR Y, Ak,
APOBEC3G it fig 5 HIV-1 Y3054 SRR AH B AR,
ATAME] HIV-1 A5 AR M, HIV-1 Zifis
#y Vif 25 19 % APOBEC3G HAHEH/EH, S5
7z Z AL APOBEC3G #i & 1 Bl A 5 "%, 1t
4k, 4 APOBEC3G IIREX ¥k Vif &5, &
ERESEROE TR N E 2 T AN E Y =]
BT | APOBEC3G 2 [K 7% 5% J5 1 3R ik Fil &
AR,

[f] B}, APOBEC3G it H A Il #] SIV,
HTLV ., 5 1% 44 %% Il %5 7% (equine infectious
anaemia, EIAV), MuLV DA i IR 5 75 55 22 il
B SEm R ME T, 5 IV MR, bR
APOBEC3G (mA3G) 5 Gag & H 1 45 & & #

E7 £KAPOBEC3G E/Q (pH 7.0)K) &k LEHy™
Figure 7 Crystal structure of full length APOBEC3G
E/Q (pH 7.0) " (cite from https://www. rcsb. org/
structure/6P3X).

P4 actamicro@im.ac.cn, 7% 010-64807516

MuLV %55 RNA BHET, F3 mA3G #iFRR; 3¢
HAE MLV R 2V5 , /MR mA3G 84
VG B R AR, Wang BRI A3G 5
7 iE %7 71 % (enterovirus 71, EV71)AY RNA 4K
#i P RNA 34 i (RNA-dependent RNA polymerase,
RdRp) %8 RNA M EAEH, IFp e 2] 118
e, R EVTL 0G0, IKAh, A3G
wnl Lhil a5 2 R E L A & 1 (poly C
binding protein-1, PCBP1)3& 4+ 454 5'-UTR, if
iR EV71T RNA A BRI 2 2 1 A0 BHE 2
FHR, EV71 Reflid 175 40 A medE RSt
A3G HEFMBOREEAE, kIR fE 3209 KR
B,

L4k, APOBEC3G it REHH| HBV F174 7Y
¥ 4% 4% 7% (hepatitis C virus, HCV) A4 . AR
FIK ) APOBEC3G £ [ 7] LA & P& X HBV %
HH ¢ DNA Fil RNA 7K1, Jf H A3G figi
T HBV WYL 1 & 31k DNA 43+ (covalently
closed circular DNA, cccDNA) & A= i 58 7584
7E HBV R IR BE, S5 DNA A &
LA g 48 45 5 1 O X B APOBEC3G 1) 1™
[F), HBV Y30 5% Skl RNA AL {55 e 25
5 APOBEC3G #HHAE I # 1 3% i# HBV K
Ft, M &G 3 9 E RS e4h, HBV
core 1 M fE B 1% 5 APOBEC3G fEH, #A
HBV JiE 8 kL3 0 8, FHAS HBV Kotk
HAYIE AL, #EMi52m HBV core 25 H X pgRNA
A%, T3 HBV 89 2E 4y A 157, Komohara
BN HOV BB RN Y APOBEC3G #4740 #r
Bf &8, SRR HE ML, IFN-a fEH )G
APOBEC3G My # ik & F+ 5, #£/~5 APOBEC3G
ARES 5 T M TP HOV RG24
o — 2 uEsE, AMIEYE APOBEC3G AT L
K PE A H HCV 24, Jf H APOBEC3G
SRR HOV BT Rm s ki, &
B APOBEC3G J& 15 E 4 N 45HT HCV & il Y
IR ] e PR 90

Fehrholz 2%} T APOBEC3G 5 HiAth i %
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HIRESE % B, APOBEC3G fit fi% 1 il J§F 12 9 75
(measles virus, MV) . [ I % 95 5 (mumps virus,
MuV) K I W5 8 4 M 9% B (respiratory syncytial
virus, RSV)B & il , 11 EH A3G 9 ad 23k mT LAJak
/L RSV (1 & il F1 A B & /9 7% Y. Shichijo
DU I HTLV-1 552 hA3G FIS4N , hA3G 7]
i i ¥ % TGF- B/Smad (transforming growth
factor-B/Smad) i % fie i JEk U 20 it i H4 5, [
WerE P I IR i A3G s AN EhfE,
X 5B & HLH A & . Esnault 2505 % B
APOBEC3G HJ 7F K 7K ¥ #1 &2 4514 (long terminal
repeat, LIR) DNA & G to A B%4E, MIMiRH
W 2 SR T A FR G % 4 . Dutko Z5PE R, 7E
BB 40 g APOBEC3G fEi5 S Tyl i1 DNA &
A= Gto A A, WATTTRH BT Tyl fyaif i s JAE A
. MAh, Chiu ZPVHF 5 KB, B A
APOBEC3G X} LINE-1 f4% JA& JG i 2 i /E H
{HE R L] LINE-1 2511 Alu A1 hY (1645
SRR
4.7 APOBEC3H

ANZE APOBEC3H £t A i T 22q13.1, #hd
6 oM F, APOBEC3H E A % R £ 74
4: (single nucleotide polymorphisms, SNPs), 437/
4 NI15A. RI8L. R105G. KI121D F1 E178D,
X Z A S 3 APOBEC3H 7 AE AR [F] (158458
& . APOBEC3H /A~ [A] i 55 U4 N A1 i
PRGN, LA KT AR R SN [ 4 4 R Y g
K 3O 3 s B R Ay 44 O Hap 1
(NRGKE), Hap [II (NRRDD)., Hap I
(ARRDD), HapIV(ALRDD), Hap V (NRRDD),
HapVl (ALGKD) A1 Hap VI (NRRKE) %,
APOBEC3H Hap Il #il HapIV # 1 SNP AN15 &
HENIARES RNA 454, 1 APOBEC3H Hap
I AISN G 238 i g A 4 A HIV-1 J 8k
ok KRB #EAE IS,

APOBEC3H H 5 & 3 1Y ¥ i 2 o 5EP”,
APOBEC3H 1] L i At 2 Bl A< 65 R =l E AR A0 11
PLE S xFpT HIV-1001, 4k, Zhu 25000 % B

APOBEC3H 4} 7 2 19 rs139293 T 5 FE[H 5
il 98 % 99 R B BRARAE & . RIE, X APOBEC3H
SRR ReRE S SE, PTREAIRYTIRAE . 3L
P9 S AT B LB RN 1k

5 APOBEC4 Hy 25+ 0 & M3 ¢

APOBEC4 23 i 1AL [R5 18 2 e AR & it
0y, FEmE THALF A 1S ek B E,
APOBEC4 JE[HTEBAM . HRp . M. 4. /)
NN I R S R e B Y PSS B
HAth APOBEC % 1] . K [F], APOBEC4 (i
P SR Pro-Cys-X6-Cys! ™. Hfl, XF
APOBEC4 [ Bf 5% B¢ SR AH XF & > o R
APOBEC4 # A TA R M X IR AT 1 S il , (EL7E
PR AN AN T P 2 TR P A R L O S BT 0%,
/NEEALH APOBEC4 JEH (1) F 8 n RE S T &
Az FEAT 0, Marino ZFUFE 293T 41 i i &
k255 T APOBEC4 5 HIV-1, 453 & ¥
APOBEC4 AU HIV-1 A& I, S imi AT
AR R 77 SR T HIV-1 19774, AL
i B 1 K K i 75 &2 ¥ 51 (long terminal repeat,
LTR)ENEM; APOBEC4 7EARAN A B vl 46
T I T, O LS A E DNA B AH BLAR
FH#55 . XS APOBEC4 HE % 311 1 57 J6k 928 5 25
(newcastle disease virus, NDV), 3§ YetE 7 <45
R4 7% (infectious bronchitis virus, IBDV)F1 H9 I
£S5 I 8% B (H9 subtype avian influenza virus,
HO-AIV)E I, ELCF 0 i VR FH A 7 AR
£, %% APOBEC4 A2 ik RNA S dE A 19 1F
X, mEE A 55 ADAR % H B
AR FRAN e #E D REC

6 RE5EE

AID/APOBEC & ji% £ [ HA7 4 Jf M 2 il
PR, HDGH RS 4 1 3 6 R A 58 21 R Y 37 5 44
AL R AR 0 B R 25 R S B 8 L A R RN s
e HEZ (45 i . APOBEC Jlid 22 il 3 X i #2314 2%
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W2 48 2 53 DNA Fl mRNA ¥ 91 ) K im A8
b, SRS & Z P s RGN 1gM 255
HE) LA KW g (40 B 41 B ibk U088 . A0 i g
U, ATD it 2 i3 1 7E ZE N 41 DNA 5| A
RANKBEAMERR, S5 B k40 Rz 2k
A, VDI A B RN = 58 A8 | iR (AP
RUFEI5OR B 40 2 A sl 210, B gk
AID 19305 38 5 i B 40 MY 32 AR A Lo T
CD40. TLR ST A 35 25 0% 240 At DR - [ an
120 i/ 2 -4 (interleukin 4, IL-4) . #54k2E K A
“F B (transforming growth factor-B, TGF-B)mk 14
% -v (interferon-vy, IFN-y)| i /M5 5 75 5 T fir
KU fuh K AID 23k i) 2 B S R T4 % NF-
kB Al HoxC4U'l, [RI, % Hok 3 Wik 15 14
PRI, AID B — 0T 6. — 5 T,
AT AR e %, Rk ik,
ALK B AU A2, RO A SRR
Ny —J5 T, BT AR, 0 REAE
Fogm B R . KTk, A
5 AID WMRIEMIIRE R CHE B, ASEX) AID ¥
TV AE ML I 70K R 4 7 T SR T B 2
(149 2 PR AL T4 - T 3%, 0 v PN S B
H B R tEsn . I BB LE AR . ke
HABIEE , X LA FEAT AT R R BT TR YT B
HRIT w0,

APOBEC1 1] g /Ny - R 240 it v 19 28018 2
FH B (apolipoprotein B, apoB) mRNA, 7£ H il —
i 00 JIEL T 2 (%) AL G A, 3 i RS FE R R 1S
FE/ERI, A, APOBECI 75 [ 75 b fi i
e S35 T A B S T A4k T T Al & 5 A G R
FHUO101 - APOBEC2 % 5 5 % LA .C LAY 43
fEBON IR TGF-B (554 S, %I 5% Sk
T HES Y IR G & Ok R A O 1) AN X BR
PO APOBEC2 551l b . FF 38 IR IE 48 i
Z [ A7 AE— 2 i 28K 78 APOBEC3 119 7 4
YR, B APOBEC3E 4b, HFEAIEMIIfE
BATH LU0, APOBEC3 AN ELAG Jif w5 i i
QRS EHAKEEEN; FAREERC

>4 actamicro@im.ac.cn, 7 010-64807516

fy &t #Ed, APOBEC3DE Hil APOBEC3
F R¥ELETEANE; DNA B & it Bt b &
APOBEC3A. APOBEC3B #1 APOBEC3C [ £
5, M+ APOBEC3H 25 T DNA 2 H 3kt
#£; APOBEC3A. APOBEC3B. APOBEC3C Al
APOBEC3H 75 J: K 4L i R FeE 5 98 iE S5 9w 1
b R R B ERT s Ah, APOBEC3 A
A PUIRTE R T, i 8 58 AR R R ) 1
SRR I SROTIE RN 2 AR R R ], T
Z5RERPENE, TEDUARHRANS BB A i
PR L A hAE! ), Kim P85 &
W, FERTEi s G I, 2RAE K SARS-CoV-2
R B Y e a nT pE bk B E, BAT
V2 YR EETE TR A A 3 APOBEC Jifd s i i 42 i ]
RE 7F Hovh & ¥ & 22 /E 1, APOBEC3A.
APOBEC]! #il APOBEC3G 1] A %4 SARS-CoV-2
) RNA e, 724 C-to-U R7AF, X R
SARS-CoV-2 A fig #| 1 APOBEC 413 i %€ 748 %
& )% R E 4k . APOBEC4 =2 i 4F 3k & ¥ Y
AID/APOBEC ZEH b1, X T H A+ Ihe A
TR YR S R ST AR G A /b, (HR T AR SR 1 —
ERFSY Al & I APOBEC4 5 B IR YL AEAE — 2 1Y
KR

AN, W5k B ) APOBEC K% %A
R 2 A s 8 o 35 R £ 2 7R A R Ol AU g
JEOASE , MBS e fEl R A, AR &
T T —AH T 2 A b 32 40 1) ool DAL A5
B, ZAERIN) ccRCC HE R R4, FFIE 1
APOBEC3B Wl REZM, K8 S PRIGYT A K
¥ APOBEC3B fE & ccRCC Y316 Y7 ¥ ik 2 4t
T HBEMO yang 2510 % BLfE [ # APOBEC3G
FLEPERN K I 30 DNA B4R IIaE, #FR-C g0
B 3T AR AE R AA B GA IR
FESp s, xR B T APOBEC3G A
DIRER AL, 0T T B4 FH S H X e i
FERHRAF ) TIRR BT E . Ferré 5 2RAL T
T 7 4 5 DR 4RI R KPR 38t A% 22 R A
APOBEC3 i F % 48 , & MK K S Y HPV
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(low - risk HPVs, IrHPVs) i1 [t & K K % HPV
(high-risk HPVs, hrHPVs) 1 8 4 i APOBEC3 5
FIRAE; FXHEH ULAY THPV6 F1 ItHPV 1 LA
K hrHPV16 il hrHPV18, APOBEC3 i & i 28
A5 FHAE IrtHPVs (1 E4 F1 E6 Ke[H & 3K, {HAE
hrHPVs [ 3 26 3 5 v JL T AN 776 5 v AR 1
APOBEC3 RZFHHIE 0] fB 7 8 HPV Z [A] B3 A
W BRI T, 75— 20 B 5T ok e 40
APOBEC3 % # /K V- 2 75 5 K [R] 2 B A 2 1)
HPV S /1A % . Kawale ZE'SIHF 57 0
i RE 20 M APOBEC3A I APOBEC3B ) 5 &
FeIk F B 2 MR S b HLAT R LA I A
FRIEM AR s bR T84, APOBEC
3A F APOBEC3B ifif i HiftEfb % VE15 % DNA
IR . DNA e ek A fae, 51k —
ZYI MR ; I, APOBEC3A/B T8 M
JiE K it R S R A A IR B I R, A
BT kA Mg S B ERNR T I 2. It
4k, Van Norden Z5!M A L FH RNA F1 Cto T
ALY 4.5% BYETR] S DNA BARE R £ 85 n]
fit J& APOBEC3A/G RNA Zi A0 &5 H X Fb
Z A AR AR SR AT RE AR DR RNA Zi
FIZET s X2 RS 10 2R R 20% 11
222 IR REAH G, AL HG 5 TR AR R . T
O BIR FIP 2 RGP0 ; T RNA 4l 2
FEETY, R AR R 1 TAE X 0 DA 3k o 20 4 %o
NZE R R

1E# TR = A

SRARZAN s A ORI DG N 25 Y SCR A TR AT T 28,
WIFRRE ; EAME: APOBEC3 FRHE A T
3 W A8 SR SR A T A B s S S AID A
APOBEC1 £ [ H & 43 14 18 2o Rt STk A s 4
B, . APOBEC2 £ 1A &R OB kAl
SCHRA IR AN, DL RN SR RS
CEMERMEE, S H5NCERT | DK
AR SCE BT AR

1E& A 5 v¢ RATE 7 A

VR P AT AEAT AR T RE 23 52 R AS SCHI 4
o TAERME AT £ s AR

RPN
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