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Abstract The apolipoprotein B mRNA-editing enzyme

catalytic polypeptide (APOBEC) family of cytidine de-

aminases has emerged as an intensively studied field as a

result of their important biological functions. These

enzymes are involved in lipid metabolism, antibody

diversification, and the inhibition of retrotransposons, ret-

roviruses, and some DNA viruses. The APOBEC proteins

function in these roles by deaminating single-stranded (ss)

DNA or RNA. There are two high-resolution crystal

structures available for the APOBEC family, Apo2 and the

C-terminal catalytic domain (CD2) of Apo3G or Apo3G-

CD2 [Holden et al. (Nature 456:121–124, 2008); Prochnow

et al. (Nature 445:447–451, 2007)]. Additionally, the

structure of Apo3G-CD2 has also been determined using

NMR [Chen et al. (Nature 452:116–119, 2008); Furukawa

et al. (EMBO J 28:440–451, 2009); Harjes et al. (J Mol

Biol, 2009)]. A detailed structural analysis of the APOBEC

proteins and a comparison to other zinc-coordinating de-

aminases can facilitate our understanding of how APOBEC

proteins bind nucleic acids, recognize substrates, and form

oligomers. Here, we review the recent development of

structural and functional studies that apply to Apo3G as

well as the APOBEC deaminase family.
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Introduction

The apolipoprotein B mRNA-editing enzyme catalytic

polypeptide (APOBEC) family of cytidine deaminases

consists of 11 members: APOBEC-1 (Apo1), APOBEC-2

(Apo2), activation-induced cytidine deaminase (AID),

APOBEC-3A, -3B, -3C, -3DE, -3F, -3G, -3H (Apo3A–H),

and APOBEC-4 (Apo4). These enzymes catalyze deami-

nation of cytidine to uracil on single-stranded (ss) DNA or

RNA. The APOBEC enzymes have a catalytic domain

defined by a conserved cytidine deamination sequence

motif (H-X-E-X23–28-P–C-X-C) [6]. The residues within

the motif coordinate a Zn atom, which carries out the

nucleophilic attack in the cytidine deamination reaction.

Four APOBEC enzymes, Apo3G, Apo3F, Apo3B, and

Apo3DE, are composed of two catalytic domains con-

taining the residues necessary for catalysis. Current data

indicate that the N-terminal domains (CD1) of Apo3G and

Apo3F are enzymatically inactive and that the C-terminal

catalytic domains (CD2) are active [7–11]. Both domains

of Apo3B are enzymatically active [12]. The reason why

some APOBEC domains are inactive is not understood. For

all of the APOBEC proteins, excluding Apo2 and Apo4,

catalytic activity has been observed and biological roles

have been determined.

Overview of the biological roles of the APOBEC family

The founding member of the APOBEC family, Apo1, has a

well-characterized role in lipid metabolism [13–15]. Apo1

deaminates the 6,666 cytidine in the apolipoprotein B

(apoB) mRNA, thereby creating two isoforms of the apoB

protein. The apoB100 (full-length) and apoB48 (truncated)

are used to transport cholesterol and triglyceride,
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respectively, in the blood [15]. Although Apo1 can

deaminate ssDNA, the apoB mRNA is its only known

substrate in vivo [16]. Apo1 is the only APOBEC protein

known to deaminate a RNA substrate. Further, Apo1 RNA

deamination requires a cellular co-factor [17].

Another APOBEC protein, AID, is required for antibody

affinity maturation [18]. In activated germinal center B cells,

AID presumably initiates somatic hypermutation (SHM) by

introducing dC ? dU mutations in the VDJ region of the

immunoglobulin (Ig) gene [19]. The Ig gene hypermutation

enhances the ability of the antibody to bind and neutralizes

the antigen. The biochemical characterization of AID

deamination activity demonstrates that AID specifically acts

on ssDNA substrates and targets cytidines in SHM hotspot

sequence motifs (WRCY) observed in vivo [20–22]. Tran-

scription of the Ig gene provides a ssDNA substrate for AID

[23]. AID also initiates class switch recombination (CSR),

which enables the expression of different antibody isotypes

(for example, IgM or IgA, etc.) by a rearrangement of the

constant regions of the Ig gene [18]. AID introduces

dC ? dU deaminations in the transcribed switch regions

located upstream of the constant regions [19, 24]. AID-

induced deamination events lead to the DNA double-strand

breaks that are required for switching the constant regions

[25]. Individuals who lack a functional AID protein develop

a rare immunodeficiency disease called Hyper-IgM-2

(HIGM-2) syndrome [26]. Immuno-compromised HIGM-2

patients suffer with severe and recurrent inflammatory and

autoimmune disorders [26–28].

While AID is important in the adaptive immune

response, the Apo3A-H deaminases have a role in the

innate immune response. Apo3G (Apo3G, previously

named CEM15) inhibits the replication of an HIV-1

strain that is deficient for the viral infectivity factor (Vif)

protein [29]. The HIV-1 Vif protein counters the Apo3G

replication block primarily by targeting Apo3G for poly-

ubiquitylation and proteasomal degradation [30–34]. The

action of Vif significantly depletes the cell of Apo3G and

prevents the incorporation of Apo3G into HIV-1 virions

[35]. In the absence of Vif, Apo3G multimers are packaged

into budding HIV-1 virions [36]. Virion recruitment of

Apo3G depends on its binding to the nucleocapsid com-

ponent of the Gag polyprotein, the viral genomic RNA, or

both [37–42]. When these virions fuse with new target cells

and the viral genomic RNA is reverse transcribed into

cDNA, Apo3G introduces multiple cytidine deaminations on

the HIV-1 minus strand cDNA [43–48]. Apo3G hypermu-

tation of the HIV-1 cDNA may inactivate the provirus or

induce degradation of the viral cDNA by cellular repair

enzymes. Apo3G can also impair the integration of the

provirus [49, 50]. Additionally, a non-enzymatic mode of

Apo3G HIV-1 inhibition [7, 8] involves disruptions of HIV-1

reverse transcription [49, 51–55].

Both domains of Apo3G are important for HIV-1 inhi-

bition. The catalytically inactive CD1 domain of Apo3G is

required for binding RNA, interactions with HIV-1 Gag

and incorporation into HIV-1 virions [7, 8, 12, 38, 39, 56,

57]. Deamination activity of the catalytically active CD2

domain is also required for restriction of HIV-1 [58, 59].

The APOBEC enzymes with double catalytic domains,

Apo3G, Apo3F, Apo3B, and Apo3DE, most efficiently

inhibit HIV-1 replication, while the single domain Apo3

proteins, Apo3A and Apo3C, are weakly active against

HIV-1[11, 56, 60–62].

Apo3G, Apo3F, Apo3B, and Apo3C can also disrupt

HBV replication because the HBV RNA packaged within

virions must undergo a reverse transcription step to form a

double-stranded DNA genome [63–67]. The adeno-asso-

ciated virus, which replicates as ssDNA, is inhibited by the

action of Apo3A [68]. Even the human papillomavirus

(HPV) is susceptible to editing by APOBEC proteins,

Apo3A, Apo3C, and Apo3H, expressed in keratinocytes

[69]. Finally, Apo3A, Apo3B, Apo3C, Apo3F, and Apo3G

are capable of restricting various types of retrotransposi-

tions (reviewed in [70]).

The APOBEC proteins are powerful DNA mutators that

play critical roles in many important biological processes.

However, their mutator activities outside their designated

roles can be detrimental as they are implicated in various

types of diseases, including cancers and immune disorders

[71–77]. Thus, understanding the detailed molecular

mechanisms of APOBEC function is important for under-

standing their biological processes and for developing new

therapeutics for related diseases. The availability of new

APOBEC structures is an important advance toward

understanding APOBEC biology and creating strategies

that take advantage of the intrinsic anti-viral properties of

the APOBEC proteins.

Structural insights for APOBEC deaminases

The only high-resolution APOBEC crystal structures are

that of Apo2 and Apo3G-CD2 [1, 2]. The structures of an

Apo2 monomer (amino acids 41–224) and Apo3G-CD2

(amino acids 197–380) have a common b-sheet core con-

sisting of five b-strands surrounded by six a-helices

(Fig. 1a, b). A zinc molecule is coordinated by active site

residues that reside on helices 2 and 3 (Fig. 1a, b). The

positions of two active center (AC) loops 1 and 3 are

important for substrate access to the active site (Fig. 1a, b).

The core structures of Apo3G-CD2 and Apo2 monomers

are strikingly similar with the obvious differences found in

the position and lengths of the AC-loops [1]. Also, the

three NMR structures of Apo3G-CD2 are similar to the

crystal structure except for the length of the b2 strand,
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where a short b2 strand is followed by a large bulge [3–5]

(Fig. 1b, c). Among all of the Apo3G-CD2 structures,

including the NMR and the X-ray structures, there are

significant differences in the positions of helix 1 (h1) and

the AC-loops 1 and 3 (Fig. 1b, c). The structural differ-

ences between the Apo3G-CD2 structures are a source of

controversy concerning how the two domains of Apo3G

are predicted to fold together in the full-length protein as

discussed later in the text.

The Apo2 and Apo3G-CD2 structures show similar core

structural features with other cytidine deaminases within

the superfamily of zinc-coordinating deaminases [1, 78].

All high-resolution structures of cytidine deaminases have

a typical core b-sheet consisting of five b-strands and an

active site conformation with a zinc atom coordinated by

three residues (two Cys and a His/Cys) from the second and

the third a-helices (see supplementary in [1]) (Fig. 1a–d).

The number and position of surrounding helices differen-

tiate the APOBEC structures from other known zinc-

deaminase structures [1]. The long h4 and h6 of Apo3G-CD2

and Apo2 are unique structural features that are absent

from the other cytidine deaminases (Fig. 1a–d). For

example, in the Escherchia coli cytidine deaminase

(ECDA), h6 is completely absent [79] (Fig. 1d). Addi-

tionally, the equivalent ECDA h4, also known as the

ECDA linker region, forms a long flexible loop with one or

two small 310 helices that connects with the smaller

pseudo-catalytic domain at the C-terminus (Fig. 1d).

Originally, APOBEC catalytic domains were modeled to

have the same structural organization as the ECDA with

one catalytic active site region, a linker region and a

pseudoactive site region [80, 81] (Fig. 1d). However, the

Fig. 1 Comparison of APOBEC and fntCDA structures. a An Apo2

monomer (PDB 2nyt, chain A-closed loop conformation) showing the

catalytic residues and a zinc molecule (red sphere) in the active

center. b The crystal structure of an Apo3G-CD2 monomer (PDB

3e1u) contains 5 beta strands similar to Apo2 and other deaminases.

c An Apo3G-CD2 structure solved by NMR (PDB 2KBO) which is

very similar to the other APOBEC structures (see a and b). In contrast

to the Apo3G-CD2 crystal structure, the NMR structure has a

discontinuous beta 2 strand that contains a bulge. Also, AC-Loop 1

and h1 are positioned differently in comparison to the Apo3G-CD2

structure in (b). d The structure of an ECDA monomer containing a

pseudo-catalytic domain (light blue) connected to the catalytic

domain (light purple with yellow beta strands) via a long flexible

loop. The active center zinc is represented as a red sphere. Unlike the

APOBEC structures that contain a long h4 and h6, the equivalent

ECDA h4 forms a long flexible loop and small 310 helices that

connect to the pseudo-catalytic domain (inset). The square-shaped E.
coli CDA dimer (PDB 1ALN) with the monomers shown in green and

purple, each containing an active center zinc (red sphere). e The

Apo2 tetramer (PDB 2nyt) displays a novel type of oligomerization

forming dimers through a head–head interaction. H4 and h6 allow for

the extended tetramer formation with interactions occurring though

residues from Loop 7, AC-Loop 1, h4 and h6. The closed AC-Loop 1

conformations found in the inner monomers (light pink and light blue)

at the tetramer interface may block substrate access to these active

centers. Each monomer is colored differently with a zinc ion in the

active center (red sphere) (inset). The human CDA square-shaped
tetramer (PDB 1mq0) with the monomers shown in different colors
and the zinc ion represented as a red sphere
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recent APOBEC structures clearly show the inaccuracies of

such models. Additionally, the structures reveal important

differences in how these deaminases oligomerize.

The crystal structure of the Apo2 tetramer reveals a

novel type of cytidine deaminase oligomerization [2]. An

Apo2 dimer is formed by two Apo2 monomers pairing

their b2 strands, thereby doubling of the width of the beta-

sheet (Fig. 1e). This type of dimerization has not been

observed in any other CDA structures. The Apo2 tetramer

is formed by two Apo2 dimers forming head-to-head

interactions via h6, AC-loop 1 and a flexible loop (Loop 7)

connected to h4 on two inner Apo2 monomers (Fig. 1e).

The position of the h4 and h6 prevent the formation of the

square-shaped dimers and tetramers formed by free

nucleotide cytidine deaminases (fnt CDAs) (Fig. 1d, e,

insets). In contrast to the square-shaped fnt CDA tetramers

(Fig. 1e, inset), the elongated Apo2 tetramer (126.9 Å) has

accessible active sites that can accommodate large DNA or

RNA substrates (Fig. 1e). However, the active sites of the

inner monomers that form the Apo2 tetramer do not appear

to be accessible to nucleic acid substrates as the AC-loop 1

is collapsed over the active sites (Fig. 1e). Therefore, Apo2

oligomerization could possibly inactivate deamination

activity of the Apo2 monomers in the tetrameric interface.

Deamination activity for Apo2 has not yet been observed.

The APOBEC active site and DNA binding

The active sites of Apo2 and Apo3G-CD2 involve a

canonical type of zinc coordination where the active center

Zn atom is coordinated by three residues (His, Cys and

Cys) (Fig. 2a). Structural superposition of the active cen-

ters of Apo3G-CD2 and the mouse cytidine deaminase in

complex with a free cytidine substrate allow for the crea-

tion of a model of an APOBEC protein with a target

cytidine base positioned in the active center [82] (Fig. 2a).

The closely positioned water molecule serves as a hydro-

gen donor during deamination [78, 83], and the conserved

glutamate residue (E100 in Apo2 and E259 in Apo3G-

CD2) facilitates catalysis by functioning as a proton shuf-

fler during the hydrolytic reaction (Fig. 2a). The proposed

APOBEC cytidine deamination reaction is derived from

the mechanism of the fntCDAs [78, 83].

The APOBEC enzymes deaminate cytidines within spe-

cific trinucleotide sequence motifs. For example, Apo3G has

a very strong preference for a CCC motif whereby it dea-

minates the third cytidine of the triplet on ssDNA and seldom

deaminates other cytidines outside that motif [85]. AID

favors cytidines in the hot spot motif of WRC (R = purine;

W = A or T), but also often deaminates cytidines outside

that motif [22]. Apo3F prefers cytidines in a TTC motif [10].

Recently, a report utilizing nucleoside analog interference

mapping demonstrates that the pyrimidine rings of the two

cytidines at positions-1 and -2 in the CCC motif are impor-

tant for Apo3G specificity and activity [89]. Residues located

on Loop 7 between the b4 strand and h4 of catalytically

active APOBEC domains play an important role in DNA

substrate specificity [1, 78, 90] (Fig. 2b). The Apo3G mutant

D316R/D317R has an altered preference for the second

cytidine in the CCC motif [1] (Fig. 2b). Also, mutating

aspartic acid residues on A3F within the same loop signifi-

cantly alters substrate specificity [21] (Fig. 2b, inset). The

A3F D311A mutant has an increased preference for G or C in

the -1 position of the tri-nucleotide motif (TG/CC) instead

of the wildtype A3F preference for TTC [21] (Fig. 2b, inset).

The A3F D313A mutant has an altered preference for G in

the -2 position (GTC) [21] (Fig. 2b, inset). A sequence

alignment analysis of APOBEC proteins reveals differences

in amino acids within this Loop 7 region that may account for

APOBEC preferences for cytidines in the context of different

sequence motifs (Fig. 2c). The residues on Loop 7 may

interact with DNA bases through electrostatic, hydrophobic,

or base stacking interactions.

Two interesting properties of Apo3G deamination

activity, processivity and polarity, have been observed on

purified ssDNA substrates and HIV-1 cDNA [47, 84–86].

Apo3G, as well as AID, can deaminate multiple cytidine

residues on a single ssDNA target molecule before acting

on another substrate [22, 85, 86]. Publications from

Goodman’s group [86, 87] define this type of deamination

activity as ‘‘processive’’ and propose that this mechanism

can involve jumping and sliding on the DNA as well as the

intersegmental transfer mechanism proposed by Nowarski

et al. [88]. Additionally, Apo3G deaminates cytidines with

a 30 ? 50 polarity bias, whereby deamination events pref-

erentially occur near the 50-end of the ssDNA substrate

[86]. How Apo3G interacts with DNA to produce these

effects is not well understood and remains controversial

[87].

Data from structure guided mutagenesis studies and

NMR chemical shift perturbation experiments identify

Apo3G residues near the active center that likely interact

with the target ssDNA substrate [1, 3, 4]. Chemical shift

perturbations were observed for the active site residues

(E259, H257, C291, and C288) and for positively charged

residues capable of interacting with the negatively

charged phosphate backbone of ssDNA (R215, R256, and

R313) [3, 4] (Fig. 2d). Additionally, hydrophobic and

negatively charged residues (Y285, Y315, F289, D316,

and D317) are also proposed to make contact with the

ssDNA based on chemical perturbation shifts and muta-

genesis results [1, 3, 4] (Fig. 2d). Many of these residues

are located on the AC-loops 1 and 3 of Apo3G-CD2

(Fig. 2d). Residues R374 and R376 on helix 6 may also

contact the ssDNA [1], as well as other residues (L271,
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D272, D274 and Q275) located on the loop between h2

and the b3 strand [4] (Fig. 2d). An asparagine, N244,

which is conserved throughout the zinc-dependent deam-

inase family, is likely to contact the target substrate base

[1] (Fig. 2b, c). This contact has been shown in other

structural studies with other deaminases, such as TadA

and hCDA [83, 91]. Mutation of N244 on Apo3G and

N51 of AID to alanine completely disrupts deamination

activity of both enzymes [1, 92].

DNA binding models have been proposed based on the

current structures of Apo3G-CD2 [1, 3, 4]. A surface

representation of the Apo3G-CD2 crystal structure reveals

a substrate groove that may accommodate single-stranded

(ss) DNA or a RNA substrate [1] (Fig. 2d, magenta line).

In this representation, the DNA could be positioned

between the AC-loops 1 and 3, then sink into the deep

pocket of the active site, and extend out across Loop 7 and

over h6. DNA binding studies of Apo3G mutants suggest

that the DNA interacts with residues on Loop 7 and h6 [1].

Furukawa et al. and Chen et al. propose that the DNA

positions near h2 and h3, then into the active site, and out

above h5 [3, 4] (Fig. 2d, orange line). In support of this

model, Furukawa et al. observed chemical shift perturba-

tions on residues located along the proposed path near the

Fig. 2 APOBEC DNA Binding. a The APOBEC active site

containing a cytidine base. The Apo3G-CD2 crystal structure was

superimposed with the mouse CDA co-crystal structure with cytidine

in the active site (PDB 2fr6) in order to place the cytidine base in this

position (shown in cyan). Three residues (2 cysteines and 1 histidine)

coordinate the zinc ion (red sphere) along with a water molecule (blue
sphere). The conserved glutamate shuffles the protons from the water

molecule to the cytidine during the hydrolytic deamination. The

proposed mechanism occurs via the glutamate acting to protonate N3

of the cytidine ring by transferring a hydrogen molecule from the

water. Next, the activated water molecule (a Zn-hydroxide) attacks

the C4 of the cytidine ring resulting in the release of ammonia. b The

Apo3G-CD2 structure (PDB 3e1u) which shows the residues on Loop

7 which influence APOBEC substrate specificity. Residues previously

shown to be important for Apo3G-CD2 substrate specificity (D316

and D317) are shown in green. Other residues on Loop 7 (shown in

purple) may contact the residues neighboring the target cytidine

through electrostatic, hydrophobic or base stacking interactions. N244

on AC-Loop 3 is conserved throughout the zinc-dependent deaminase

family and has been shown to contact the target base directly (inset).
The model of Apo3F-CD2 shows the predicted Loop 7 residues. The

SWISS-MODEL homology modeling program was used to generate

the model using the Apo3F sequence and the Apo3G-CD2 crystal

structure (PDB 3e1u) as a template [106]. Residues D311 and D313

shown in green on Loop 7 have previously been shown to be

important in substrate specificity. The conserved N241 which may

directly contact the target cytidine is shown on AC-Loop 3. c An

alignment of APOBEC proteins showing residues predicted to be in

Loop 7. The domains are categorized according to whether they have

been shown to be active for deamination activity. d Apo3G-CD2

residues previously reported to be important for DNA binding. The

cytidine base is colored cyan and DNA binding residues are colored

green. e The proposed Apo3G-CD2 DNA binding models. The target

cytidine (cyan) is shown in its proposed position in the active center

(see a). The DNA binding model proposed by Holden et al. [1] is

shown in magenta. The model proposed by the Chen et al. and

Furukawa et al. is shown in orange [3, 4]. A combination of both

models is shown in blue
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active site and on the loop between h2 with the b3 strand

(Loop 4) [3, 4]. The substrate groove of the Apo3G-CD2

crystal structure would allow for this possibility of DNA

binding near h2 and h3; however, the location of the AC-

loop 1 and h1 in the crystal structure would block the

proposed path of DNA across h5 (Fig. 2d). The position of

the AC-loop 1 and h1 is different in all of the Apo3G-CD2

structures, and the exact positioning of this region may

differ in the full-length Apo3G molecule. Also, the DNA in

the model based on the NMR structures is not positioned

near the residues on Loop 7 that are important for target

sequence specificity (Fig. 2d, orange line). Perhaps a

combination of both models would be a possibility where

the DNA binds near h2 and h3, the target cytidine binds

deep into the active center, and passes over Loop 7 and h6

(Fig. 2d, blue line). Although the current data are not

sufficient to determine a definitive position of DNA bind-

ing in the full-length Apo3G active site, these models

suggest new possibilities for consideration and further

investigation. A co-crystal structure containing the protein

and DNA substrate will help resolve these detailed

interactions.

Models of full-length Apo3G

Two different full-length Apo3G structures containing

CD1 and CD2 have been modeled based on the current

APOBEC structures [5, 57, 93] (Fig. 3a, b). The close

similarity of the Apo3G-CD2 structure with Apo2 and a

high sequence similarity between Apo3G-CD1 and

Apo3G-CD2 suggest that the structure of Apo3G-CD1

would be similar to that of Apo3G-CD2 as well as of Apo2.

In the full-length Apo3G model proposed by Hutthoff et al.

and Zhang et al., CD1 and CD2, interact with each other by

pairing their b2 strands to form a double domain structure,

analogous to two Apo2 monomers within a dimer [57, 93]

(Figs. 1e, 3a). In this model, h6 of CD1 would need to

connect with h1 of CD2 (Fig. 3a). The amino acids nec-

essary (three not shown on the model) to link CD1 h6 to

CD2 h1 cannot physically make that connection unless one

or both of those helices are somehow repositioned. The

long flexible CD2 AC-loop 1 could stretch and reposition

in the full-length structure to make a connection with h6 on

CD1. Whether the CD2 AC-loop 1 can stretch to CD1 h6

without disrupting deamination activity in the CD2 domain

is uncertain. Alternatively, h6 on CD1 may reposition to

connect with the h1 on CD2. An altered position of h6 on

CD1 could explain why CD1 is enzymatically inactive.

Recently, Harjes et al. proposed a different type of fold

for the Apo3G monomer based on structural differences

within the NMR structure in contrast to the crystal structure

of Apo3G-CD2 [5] (Fig. 3b). Harjes et al. claim that a

bulge observed in the b2 strand of the NMR structure

would preclude interaction of Apo3G domains by pairing

of their b2 strands and contend that the CD2 h1 cannot be

repositioned to connect with the CD1 domain without

disrupting deamination activity in the CD2 domain. In

contrast to the first model, the active centers are located on

opposite faces of the monomer [5] (Fig. 3b). Although very

thought provoking, all the current full-length Apo3G

models are speculative and await verification by a high-

resolution structure of a full-length Apo3G structure

determined experimentally.

Structural insights for the inactive Apo3G CD1

and Apo3G oligomerization

Residues on the inactive CD1 of Apo3G are important for

interactions with HIV-1 Vif, RNA binding and dimeriza-

tion. A single amino acid residue on Apo3G CD1, D128,

determines species-specific interactions with Vif proteins

from HIV-1 or simian immunodeficiency virus (SIV) of the

African green monkey (AGM) [45, 94–96]. The corre-

sponding Apo3G residue in the AGM is K128. Mutant

human Apo3G D128K is resistant to HIV-1 Vif and sen-

sitive to SIVagm Vif. Conversely, mutant Apo3Gagm K128D

is resistant to SIVagm and sensitive to HIV-1 Vif [45, 94–

96]. In a mutagenesis study, Huthoff et al. further charac-

terize this HIV-1 Vif binding region on the human Apo3G

CD1 domain and show that electrostatic interactions occur

between Vif and the D128 and D130 residues [97]. Addi-

tionally, the mutation of P129 to an alanine or glycine

severely disrupts interactions with Vif suggesting a struc-

tural requirement for the interaction [97]. This DPD128–130

Vif binding region is located on the predicted CD1 Loop 7,

the same loop on CD2 that influences substrate specificity

(Figs. 2b, 3c). While residues in the Apo3G CD1 domain

are necessary for Vif binding, residues extending into the

CD2 domain (157–245) are required for Vif-mediated

proteasomal degradation [98].

Not all the APOBEC proteins interact with Vif in the

same manner. Vif does not bind to Apo3F in the same

region as Vif binds to Apo3G [99–102], and an E127K

mutation does not render Apo3F resistant to Vif degrada-

tion as does the corresponding D128K mutation on Apo3G

[62, 101]. Additionally, Vif can bind Apo3B and Apo3C

but cannot induce proteasomal degradation of these

APOBEC proteins [103]. Vif does not bind wild-type

Apo3A but does bind an Apo3A mutant with residues

YDYD125–128 mutated to match residues (YYFW124–127)

on an analogous region of Apo3G CD1 [56]. However, Vif

does not induce proteasomal degradation of this Apo3A

mutant. These residues on the Apo3A mutant and Apo3G

are also important for their interactions with the HIV-1 Gag
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protein and virion incorporation [56]. This region on

Apo3G is further discussed below.

Adjacent to the Apo3G DPD128–130 Vif binding region, a

cluster of hydrophobic residues (YYFW124–127) are nec-

essary for HIV-1 Gag protein interactions, virion

incorporation, and Apo3G dimerization [56, 57, 97]

(Figs. 2c, 3c and d). These residues are located on the

predicted CD1 Loop 7. Of these residues, the Y124 and

W127 are most critical for virion incorporation and Apo3G

dimerization, since mutating either one of these residues

severely disrupts both functions [57]. The Apo3G double

mutant (F126D/W127Y) fails to interact with the HIV-1

Gag protein suggesting that Gag only recognizes Apo3G

dimers or multimers [56]. These results are congruous with

a previous report that shows Apo3G multimers are incor-

porated into HIV-1 virions [36]. The model structure of

Apo3G-CD1 shows that Vif binds very close to this Apo3G

dimerization interface (YYFW124–127). Given that the

Y124A and W127A Apo3G mutants remain sensitive to

Vif degradation, Vif must be able to recognize an Apo3G

monomer as well as a dimer [57]. Gooch et al. propose that

Vif may compete with Gag for two different binding sites

Fig. 3 Models of Apo3G monomers and dimers. a A model of an

Apo3G monomer whereby the two domains fold similar to an Apo2

dimer by pairing of the b2 strands. The inter domain connection

between Apo3G-CD1 and Apo3G-CD2 would have to be made

through an additional three amino acids (194–196) that could connect

Apo3G-CD1 h6 (L193) to h1 of Apo3G-CD2 (M197) (connection to

be made is highlighted in red). The SWISS-MODEL protein

homology modeling program was used to generate the Apo3G-CD1

model using an Apo2 monomer in a closed conformation as a

template [106]. PyMOL was used to generate the full-length Apo3G

monomer using an Apo2 dimer as a template (PDB 2nyt): the Apo3G-

CD1 model was aligned with one Apo2 monomer and the structure of

Apo3G-CD2 (PDB 3e1u) with the other Apo2 monomer [107].

Apo3G-CD1 is colored grey, Apo3G-CD2 is colored wheat and the

two zinc molecules are represented by red spheres. b A different

model of an Apo3G monomer adapted from Harjes et al. where the

two active center domains of Apo3G-CD1 and Apo3G-CD2 lie on

opposite faces (zinc ion represented by red spheres). The Apo3G-

CD2 structure (3e1u) was aligned with the Apo3G-CD1 model

according to Harjes et al. [5]. c A model of Apo3G-CD1 displaying

the residues on Loop 7 important for dimerization (yellow residues)

and Vif binding (green residues). d A model of the proposed Apo3G

dimer CD1–CD1 (head–head) interface based off the Apo2 tetramer

interface (PDB 2nyt). Yellow colored residues (Y124, Y125 and

W127) have been proposed to be important for dimerization and

virion incorporation. The residues (D128, P129 and D130) that

interact with Vif are colored green. Residues important for binding

RNA, R24, R30 and R136, are colored cyan
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that partially overlap. This proposal accounts for the ability

of Vif to inhibit Apo3G virion incorporation in the absence

of Apo3G proteasomal degradation [56]. Finally, the data

clearly demonstrate that Apo3G dimerizes via head-to-

head interactions of two Apo3G-CD1 domains (Fig. 3d).

There are conflicting reports on whether Apo3G

dimerization is dependent upon RNA binding. Crosslinking

studies of Apo3G in the cell extracts reveal monomers and

dimers that are RNA-dependent [57]. However, highly

purified Apo3G from insect cells, is observed as mono-

mers, dimers and higher ordered oligomers by AFM

analysis in the absence RNA [86]. The AFM study shows

that salt concentration alone, as well as the addition of

ssDNA, can alter the oligomerization state of Apo3G [86].

In another report, SAXS data reveal that purified recom-

binant Apo3G, in the absence of RNase treatment, forms an

elongated oligomer that is likely to be two Apo3G dimers

[104]. When Apo3G is pretreated with RNase, the SAXS

data reveal an elongated structure with dimensions and a

molecular weight that suggests an Apo3G dimer [104].

Although RNA may promote the formation of Apo3G

dimers, tetramers or higher oligomers, there is evidence

that Apo3G can dimerize in the absence of RNA [86, 104].

The conflicting results of RNA dependence on Apo3G

dimerization may be due to differences of salt concentra-

tions in the experimental conditions.

How Apo3G monomers interact with each during

dimerization also remains controversial. Bennett et al.

propose that Apo3G forms dimers via interactions of the

CD2 domain that are independent of RNA [105]. Based on

Fret and co-immunoprecipitation experiments, Bennett

et al. show that the truncated Apo3G-CD1 proteins do not

self associate, while the truncated Apo3G-CD2 proteins do

[105]. However, these results remain controversial as two

other reports demonstrate that Apo3G-CD2 protein exists

as a monomer [1, 3]. Hutthoff et al. propose a model of an

Apo3G dimer based on their mutagenesis data and the

Apo2 tetramer structure [2, 57] (Fig. 3d). Similar to Apo2,

the Apo3G dimer forms by the head-to-head interactions of

the CD1 domains. In this model, the active sites of the CD1

domains would not be accessible to ssDNA substrates,

which may explain why the CD1 domains are inactive

(Fig. 3d). The residues that are critical for Apo3G dimer-

ization are predicted to form hydrophobic interactions

within the dimeric interface, similar to the Apo2 tetramer

interface. Positively charged residues are clustered around

the surface of the dimeric interface and are predicted to

bind RNA. Mutagenesis data indirectly suggest that R24,

R30 and R136 bind RNA (Fig. 3d, cyan residues) as

mutation of these residues to alanines disrupts Apo3G

RNA-dependent oligomerization [57]. Also in this model,

the HIV-1 Gag protein could not interact directly with

residues F126 and W127 since these residues are buried

(Fig. 3d, yellow residues). Therefore, Gag may be recog-

nizing the Apo3G dimeric interface, which would certainly

overlap with the Vif binding region (Fig. 3d, green resi-

dues). Therefore, a drug designed to inhibit Apo3G and Vif

interactions would need to be carefully crafted so as not to

disrupt interactions with Gag or RNA.

Concluding remarks

Rapid advancement has been made in the studies of the

biological functions of APOBEC deaminase enzymes in

recent years. The structural and functional studies of Apo2,

AID, and Apo3G have provided a great deal of information

for understanding the mechanisms by which these three

enzymes and other APOBEC enzymes function. However,

there are still many questions that remain unanswered. For

example, how do the two domains in the double deaminase

APOBEC proteins such as Apo3G fold together in a full-

length molecule? Why are some APOBEC catalytic

domains inactive even though they contain the residues

necessary for catalysis? How do APOBEC enzymes bind

DNA versus RNA? Precisely, how do APOBEC enzymes

oligomerize? Most importantly, how can we exploit the

potent anti-viral activity of Apo3G and Apo3F to prevent

and treat HIV infections? These questions will be the

subject of future investigations in the exciting field of the

APOBEC deaminases.
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