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During studies of APOBEC3 (A3) anti-human immunodeficiency virus type 1 (anti-HIV-1) mechanisms, we
identified a single cysteine at position 320 (C320) that disrupts A3DE activity. This residue is located in the
recently identified DNA binding domain in A3G. Replacing C320 with a corresponding tyrosine from A3F
(Y307) increased A3DE antiviral activity more than 20-fold. Conversely, replacing A3F Y307 with a cysteine or
inserting a similar cysteine into A3B or A3G disrupted the anti-HIV activity of A3. Further investigation
uncovered that C320 significantly reduces A3DE catalytic activity.

1 192 382
A3B
1 204 386

1 191 373

A3DE
A3F
A3F

1 190/190 373
A3B+F
A3DE

A3F

190/203 386

1
A3B+DE
1 202/190 373

PN S —
PR S ——
T e
Asp+Deper [ [N [N o]

B

A3DE
A3F

3
8

Relative AVif HIV-1 infectivity
o

o
2

50 kDa

AntiV5 —> |- 37 kDa

25 kDa

50 kDa
-
37 kDa

Arm-acnn—»l— — e ———

327
314

205 MEAMYPHIFYFHFKNLLKACGRNE SWLCFTMEVTKHHSAV] GVFRNQVDPETHCHAER
192 MEAMYPHIFYFHFKN: \YGRNE SWLCFTMEVVKHHSPIS! GVFRNQVDPETHCHAER
o2
266 CFLSWFCDDILSPNTNYEVTWYTSWSPCPECAGEVAEFLARHSNVNLTI FT:E@YFWDTD

'YFWDTD

ol

—Bly B2y PZ,

3 a3 4

253 CFLSWFCDDILSPNTNYEVTWYTSWSPCPECAGEVAEFLARHSNVNLTIFT

©320/Y307

o4 % as a6

YQEGLCSLSQEGASVKIMGYKDFVSCWKNFVYSDDE PFKPWKGLRQTNFRLLKRRLREILQ 386
YQEGLRSLSQEGASVE IMGYKDFKYCWENE’VYNEDE PFKPWKGLKYNFLFLDSKLQEILE 373

Relative AVif HIV-1 infectivity

Anti-V5 —»

0.1

A3DE mutants

Al A3BHF  A3B+

DeFF

A3B+  A3B+
FFDe  DeDeF

A1 L1221 TAFR> C320Y C332 VSKS>
C224 VPSW K342 KYEN

>RY >RE
e —

Ani-actin —> |—— — I l |

FIG. 1. Mapping of A3DE residues for low anti-HIV-1 activity. (A) Schematic presentation of chimeras created in this study. A3B, A3DE, and
A3F are shown in orange, blue, and green, respectively. Three variable regions I, II, and III are indicated. (C) Alignment of A3DE and A3F CTD
amino acid sequences. Conserved residues are shown in red, nonconserved residues are shown in black, and residues in the CDA motif are shown
in blue. Three C-terminal variable regions (I, IL, III) are boxed, and both A3DE C320 and A3F Y307 residues are indicated. Secondary structure
elements used in making the A3DE model in Fig. 3A are shown on top of the sequence. (B and D) Anti-HIV-1 activity of A3 chimeras and A3DE
mutants. AVif HIV-1 luciferase reporter viruses were produced in 293T cells in the presence of each of these proteins, and their infectivity was
determined after infection of GHOST cells. The value of infectivity was calculated from quantitation of luciferase enzyme produced in the GHOST
cells, after normalization by levels of viral input (p249“¢). The infectivity of virions produced in the presence of Al was considered 100%, and
others were calculated as relative values according to this standard. The expression of indicated proteins in 293T cells was also determined by
Western blotting (lower panels). The standard errors of the means (SEM) were calculated from three independent experiments.

The A3DE gene was originally proposed as two genes, i.e.,
separated A3D and A3E genes (8). Later, we and others found

* Corresponding author. Mailing address: 2215 Biomedical and
Physical Sciences Building, East Lansing, MI 48824-4320. Phone: (517)
884-5314. Fax: (517) 353-8957. E-mail: zhengyo@msu.edu.

¥ Published ahead of print on 23 March 2011.

5691

that they are expressed as a single gene (4, 13), which was
renamed A3DE (4). Despite sharing high homology with other
A3 proteins that have two cytidine deaminase (CDA) motifs,
A3DE exhibits relatively low levels of anti-human immuno-
deficiency virus type 1 (anti-HIV-1) activity, and Vif still neu-
tralizes this activity (4). To map the domain responsible for its
low activity, we used overlap extension PCR to create three
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FIG. 2. Characterization of A3 DNA binding domain. The anti-HIV-1 activity of A3DE mutants (A), A3F mutants (C), A3B mutants (D), and
A3G mutants (E) were determined as in Fig. 1. Lower panels show protein expression in viral producer cells, which were determined by Western
blotting with the indicated antibodies. (B) Amino acid sequence alignment of A3B, A3DE, A3F, and A3G regions, where the A3DE C320 residue
is located. Completely conserved, partially conserved, and nonconserved residues are shown in red, blue, or black, respectively. WT, wild type.

chimeras. The A3B+F chimera contains the A3B N-terminal
domain (NTD) and A3F C-terminal domain (CTD), and
A3B+DE and A3DE+F chimeras contain other combinations
of the NTD and CTD from A3B, A3DE, or A3F (Fig. 1A). We
then compared the anti-AVif HIV-1 activity of the chimeras
with those of wild-type proteins. AVif HIV-1 was produced
from 293T cells ectopically expressing each of these pro-
teins, and viral infectivity was analyzed using GHOST cells.
APOBECI (A1) was used as a negative control since it does
not have any antiretroviral activity. It was found that despite
having similar levels of protein expressions, A3B, A3DE, A3F,
A3G, A3B+F, A3B+DE, and A3DE+F reduced AVif HIV-1
infectivity 485-, 6-, 313-, 1,565-, 1,316-, 24-, or 500-fold,
respectively (Fig. 1B). Thus, A3B+F and A3DE+F have
anti-HIV-1 activity as potent as that of A3B, A3F, and A3G,
whereas A3B+DE has anti-HIV-1 activity as poor as that of
A3DE, indicating that the A3DE CTD is responsible for its
low activity.

The CTDs of A3DE and A3F are expected to have six «
helixes and five B sheets, and they share 88% sequence simi-
larity (Fig. 1C). Nonetheless, the CTDs contain three variable
regions (I, II, IIT), which may account for the different activity

levels of A3DE and A3F. We then created three other chim-
eras that have the A3B NTD but have different CTDs contain-
ing three combinations of these variable regions, from A3DE
or A3F. Chimera A3B+DeFF contains A3DE I and A3F II
and I1I, A3B+FFDe contains A3F I and II and A3DE III, and
A3B+DeDeF contains A3DE I and II and A3F III regions
(Fig. 1A). When the anti-AVif HIV-1 activity of these chimeras
was compared, it was found that A3B+DeDeF had much
lower activity than A3B+DeFF and A3B+FFDe, although
they were expressed at similar levels (Fig. 1D). Since both
A3B+DeFF and A3B+FFDe proteins lack the A3DE region
II, it is apparent that this region is responsible for the low
activity of A3DE.

To map the responsible residues, we exchanged A3DE res-
idues in I and II regions with the corresponding A3F residues
and created five A3DE mutants. The L221C224>RY mutant
has L221 and C224 residues replaced with R and Y; the
TAFR>VPSW mutant has T238, A243, F245, and R246 re-
placed with V, P, S, and W; the C320Y mutant has C320
replaced with Y; the C332K342>RE mutant has C332 and
K342 replaced with R and E; and the VSKS>KYEN mutant
has V350, S351, K354, and S359 replaced with K, Y, E, and N,
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FIG. 3. (A) Ribbon diagram of A3G and predicted A3DE and A3F CTD three-dimensional structures. A3DE C320, A3DE Y320, A3F Y307,
and A3G Y315 residues are shown and labeled in green, and the zinc molecule is shown in magenta. All helices and B strands are numbered, and
N and C termini are indicated. (B) Anti-AVif HIV-1 activity of the A3DE wild type and C320Y mutants bearing CDA mutations. Protein
expression in viral producer cells was detected by Western blotting. (C) Inhibition of HIV-1 reverse transcription by A3 proteins. AVif HIV-1
virions carrying Al, A3B, A3DE, A3DE C320Y, A3F, or A3G were used to infect CEM-SS cells. Six hours later, cellular DNAs were extracted
from these infected cells, and viral early and late RT products were quantified by real-time PCR.

respectively. It was found that despite comparable protein ex-
pression levels among the mutants, only the C320Y mutant
showed increasing anti-HIV-1 activity, which was at least 20-
fold higher than the wild-type protein activity (Fig. 1D). This
activity is comparable to A3B and A3F activities, although it is
still lower than A3G activity. Thus, a single C320Y mutation
recovers A3DE anti-HIV-1 activity, indicating that C320 is
responsible for the low activity of A3DE.

To obtain more insight into this gain-of-function mecha-
nism, we replaced A3DE C320 with other types of amino acids
and determined antiviral activity. Initially, we replaced C320
with alanine (A) and leucine (L) that have nonpolar, aliphatic
R groups, serine (S), threonine (T), asparagine (N), and glu-
tamine (Q) that have polar, uncharged R groups, lysine (K)
that has a positively charged R group, and aspartate (D) that
has a negatively charged R group. It was found that although
they were well expressed except for the C320N mutant, all
C320A, C320L, C320S, C320T, C320Q, C320K, and C320D
mutations failed to recover the anti-HIV-1 activity of A3DE
(Fig. 2A). Next, we replaced C320 with phenylalanine (F) and
tryptophan (W), which have aromatic R groups similar to that
of tyrosine. However, both C320F and C320W mutations were
still poorly active (Fig. 2A). We also created a C320 deletion
mutant, C320A, and a LCYFW>I-YDD mutant that has the
LCYFW subdomain replaced with a corresponding A3G I-
YDD subdomain. Again, both mutations failed to increase
the anti-HIV activity of A3DE (Fig. 2A). These results in-

dicate that charge, polarity, and hydrophobicity do not play
any role at this position and that only the tyrosine rescues
A3DE activity.

The A3DE C320 residue is located in a domain that con-
tains 9 to 10 amino acids, which are heterologous among
A3B, A3DE, A3F, and A3G (Fig. 2B). It is replaced with a
tyrosine in A3F, and it does not exist in A3G and A3B. We
then created multiple A3B, A3F, and A3G mutants to study
this domain’s function. Initially, we first targeted the A3F
Y307 residue and created four substitution mutants, the
Y307C, Y307A, Y307R, and Y307K mutants, and one de-
letion mutant, the Y307A mutant. It was found that all these
mutations disrupted A3F anti-HIV-1 activity (Fig. 2C).
Next, we introduced mutations into A3B and A3G. Five
A3B mutants were created: C313V that has a cysteine
insertion, Y313V that has a tyrosine insertion, and
D314Y315>FW, P317L318>TD, and K320A322>QG mu-
tants that have the corresponding residues replaced with those
from A3DE. Three A3G mutants were created, including two
insertion mutants, C315V and Y315V, and one substitution
mutant, I-YDD>LCYFW, that has the I-YDD subdomain re-
placed with the corresponding A3DE LCYFW subdomain. It
was found that despite having similar levels of protein expres-
sion, only the A3B D314Y315>FW and P317L318>TD mu-
tants were still active and all the others lost activity (Fig. 2D,
and 2E). Thus, this domain is also very critical for A3B, A3F,
and A3G, although not every residue is equally important.



5694 NOTES

C320Y A3DE

A3G

A3DE

C320Y

A3G

J. VIrROL.
5890 B A3DE
ARACIG (+) strand | Number | Frequency
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bp sequenced | 4200 | 0.02%
C320Y
(+) strand | Number | Frequency
5-GG 6 1%
5-GA 29 51%
5-GT 1 1%
5-GC 21 37%
# of G-to-A 57 100%
bp sequenced | 4200 1.36%
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(+) strand | Number | Frequency
5-GG 54 84%
5-GA 9 14%
5-GT 0 0%
5-GC 1 2%
# of G-to-A 64 100%
bp sequenced 3780 1.69%

FIG. 4. Sequencing of newly synthesized viral cDNAs. (A) Nucleotide sequence alignment of HIV-1 ¢cDNA from cells infected with HIV-1

carrying A3DE, A3DE C320Y, or A3G. The pNL4-3 sequence from nucleotides 5699 to 6076 is shown on the top. Only the mutated nucleotides
are shown. Dots indicate nucleotides identical to pNL4-3 sequences. (B) Comparison of dinucleotide consensus sequences for A3DE C320Y and
A3G editing. Higher frequencies are in bold. Targeted guanines are underlined.

Recently, three groups reported that this domain (Fig. 2B)
indeed determines A3G and activation-induced cytidine
deaminase (AID) substrate sequence specificity via DNA bind-
ing (1, 9, 14). To further understand this domain’s function in
A3DE, we predicted the A3DE CTD structure based on the
known A3G191-384-2K3A crystal structure (12) using
YASARA (10) and PYMOL (http://www.pymol.org). After
that, we compared A3DE C320, A3F Y307, and A3G Y315
locations (Fig. 3A). All known A3G structures show that the
Y315 residue is located in a loop adjacent to the a4 helix,
which is accessible to solvent (2, 5-7), and the originally pre-
dicted A3G substrate binding surface contains R313, Y315,
D316, D317, and R320 in this domain. The importance of
R313, Y315, or R320 to A3G cytidine deaminase activity has
been experimentally shown (2, 3, 7), and the role of Y315 in
base stacking or forming a hydrogen bond with cytosine at
position —1 (which is next to the target cytosine at the 5’ side)
has been predicted (11). We then decided to study how the
C320Y mutation affects A3DE catalytic activity during viral
inhibition.

Initially, we addressed whether the enhancement of
A3DE activity by the C320Y mutation is dependent on
its catalytic activity. We mutated the 2nd CDA motif,
202HXEX,,PCX,C*, by introducing a single E264Q muta-
tion or triple HXE>3A mutations into the C320Y mutant. It
was found that these mutations completely disrupted C320Y
activity (Fig. 3B), and they did not impair virion packaging
capability (data not presented). Thus, the activity of C320Y
does require an active CDA. Next, we determined how this
mutation affects A3DE inhibition of HIV-1 reverse tran-
scription (RT). Cells were infected with AVif HIV-1 virions
containing Al, A3B, A3DE, A3DE C320Y, A3F, or A3G,
respectively, and viral RT products were quantitated by

real-time PCR, as we did before (15). It was found that
while A3G and A3DE had the highest or least inhibitory
activity, respectively, A3B, A3DE C320Y, and A3F had sim-
ilar medium levels of activities to reduce early and late RT
products (Fig. 3C), indicating that the C320Y mutation in-
creases A3DE inhibition of HIV-1 RT. Finally, we directly se-
quenced newly synthesized viral cDNAs and compared levels of
G-to-A hypermutation, as we did before (4). By sequencing
~4,000 bp from each sample, it was found that A3DE introduced
extremely low levels, whereas the A3DE C320Y mutant intro-
duced very high levels of G-to-A mutations (Fig. 4A). Indeed, the
frequency of G-to-A hypermutations caused by A3DE C320Y
(1.36%) was similar to that of A3G (1.69%) (Fig. 4B). Such a high
mutation rate made it possible to reanalyze A3DE-specific dinu-
cleotide sequence for editing. It was found that while A3G largely
preferred 5'-GG sequence (84%) (targeted guanines are under-
lined), A3DE frequently targeted 5'-GA (51%) and slightly less
frequently targeted 5'-GC (37%) (Fig. 4B). Thus, A3DE prefers
both 5'-GA and 5’-GC sequences, which confirms our previous
observation (4). Taken together, these results demonstrate that
the C320Y mutation significantly increases A3DE catalytic activ-
ity, which in turn increases its antiviral activity. In addition, since
both C320F and C320W mutations did not rescue A3DE
activity (Fig. 2A) and the only difference between tyrosine
and phenylalanine is a hydroxybenzene versus benzene R
group, our results further suggest that instead of aromatic-
ity, an -OH group plays a unique role at position 320 in
A3DE substrate recognition.
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